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ABSTRACT 
 

 
Electrons, whether from carbon-based radicals or metals, can generate oxidative 

stress and disease in biological systems; however, when directed properly by a protein, 
these electrons are responsible for crucial life-sustaining reactions, including 
photosynthesis, oxygen transport in blood, and nitrogen fixation. Beneficial use of 
radicals and metallocofactors is abundant in nature, and both are essential in one of the 
largest superfamilies in biology - the radical SAM (RS) enzyme superfamily. Found in all 
kingdoms of life, RS enzymes contribute to critical processes such as DNA repair, 
complex metallocluster assembly, and vitamin synthesis. Understanding how 
metalloenzymes, such as RS enzymes, control electron flow is critical for comprehending 
biological system functionality and potentially improving productivity through rational 
design. This work examines radical control in RS enzyme mechanism and then expands 
scope to consider RS enzyme contribution to assembly of the complex metallocluster (H-
cluster) of [FeFe]-hydrogenase. Focusing in on the fundamental chemistry of RS enzyme 
radical initiation, this work investigated intermediate states in 5’deoxyadenosyl radical 
formation by: 1) slowing the radical reaction with a SAM analogue, anSAM, and 2) 
swiftly stopping catalysis via rapid freeze quench techniques. Employing primarily EPR 
and ENDOR spectroscopies, two intermediate states were characterized: 1) an analogue 
of the 5’-deoxyadenosyl radical, formed from anSAM, and 2) an organometallic 
intermediate, Ω, formed during reaction with SAM. To probe how certain RS enzymes 
(HydE and HydG) contribute to build the 2Fe H-cluster subcluster precursor on the 
[FeFe]-hydrogenase scaffold HydF, FeS cluster intermediate states were analyzed using 
UV-Vis, EPR, FTIR, CD, Mössbauer spectroscopies and gas chromatography. These 
results demonstrate: 1) HydF initially binds a [4Fe-4S] and a [2Fe-2S] cluster, 2) HydG 
contributes small molecule diatomics and perturbs the [2Fe-2S] cluster environment, 3) 
HydE can generate a subcluster precursor on HydF capable of generating catalytically 
active HydA, and 4) the HydF dimer, not tetramer, delivers the 2Fe H-cluster subcluster 
precursor for activation. Collectively, this thesis illuminates key mechanistic states RS 
enzymes use to productively control the 5’deoxyadenosyl radical during catalysis and 
identifies [FeFe]-hydrogenase H-cluster precursor intermediates suggesting RS enzyme 
sequentiality. 
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CHAPTER ONE 
 
 

INTRODUCTIONa 
 
 

Metals in Biology 
 

 
Existing in all kingdoms of life,1 metalloproteins comprise at least half of all 

proteins, performing diverse chemical and biological roles, such as electron transfer, 

molecular transport, metal ion storage, catalysis, structural conformation, signal 

transduction, and radical generation1. Remarkably carried out at physiological pressure 

and temperature, these functions are possible due to potential tunability of the metal sites 

by the proteins, a fine craftsmanship human engineers have yet to master. Due to the 

metals ability to exist in multiple oxidation states, metals in biological contexts may be 

potentially toxic if uncontrolled2, however, when properly constrained they can serve as 

precision tools that perform directed and specific chemistries. Determining how and 

when key amino acids of the proteins interact with their active-site metal is critical to 

engineering these proteins to perform calculated or new functions.  

Protein-based metal centers can include mono-nuclear sites, di-nuclear sites, and 

complex metallocofactors (Figure 1.1). While these metal sites can contain transition 

metals such as nickel, cobalt, copper, and iron, this work focuses on iron-based metal 

                                                
a As this chapter includes sections adapted from Byer, A. S., et al., (2015) “Radical S-
Adenosyl-L-methionine Chemistry in the Synthesis of Hydrogenase and Nitrogenase 
Metal Cofactors”, J. Biol. Chem., 290 (7) 3987-3994, DOI: 10.1074/jbc.R114.578161 
and Byer, A.S., et al., (2017) “Mechanistic Studies of Radical SAM Enzymes: Pyruvate 
Formate-Lyase Activating Enzyme and Lysine 2,3-aminomutase Case Studies”, Meth. 
Enz., DOI: 10.1016/bs.mie.2018.04.013, footnotes identify these texts. 
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sites. Protein-bound iron can be found in several forms: 1) ions such as in rubredoxin 

(Figure 1.1A) or the di-iron mineralization site in ferritin, 2) iron ions bound to organic 

molecules, such as heme in hemoglobin (Figure 1.1B), protoporphyrin IX of Photosystem 

II, and guanylylpyridinol in [Fe]-hydrogenase, 3) iron-sulfur clusters ([2Fe-2S], 3Fe-4S], 

[4Fe-4S]) such as in Rieske proteins (Figure 1.1C), ferredoxins, and high potential iron-

sulfur proteins (HiPIP), and 4) more complex iron-sulfur (FeS) clusters with organic 

molecules bound, such as in radical S-

adeonsyl-L-methionine (SAM) enzymes 

(a [4Fe-4S] cluster with SAM bound, 

Figure 1.1D) or in [FeFe]-hydrogenase 

(a [4Fe-4S] cluster coordinated through 

a cysteine thiolate to a 2Fe subcluster 

with cyanide and carbon monoxide 

ligands). Coordination spheres and 

solvent access tune the FeS cluster 

electronic properties, allowing a 

reduction potential (E˚’) range of -650 

mV for a ferredoxin [7Fe-8S] to +450 

mV for a HiPIP [4Fe-4S]. FeS clusters 

are commonly bound by the sulfur of a 

cysteine, with histidine nitrogens being another common ligand; however, the oxygens of 

glutamates, aspartates, tyrosinates, glutamines, aspartamines, the peptide bond backbone, 

 
Figure 1.1. Protein Active-sites with Iron. 
A) rubredoxin from Pyrococcus furiosus 
(PDB 1BRF), B) hemoglobin from Homo 
sapiens (PDB 2DN2), C) Rieske from 
Spinacia oleracea (PDB 1RFS), D) radical 
SAM from Thermotoga maritima (PDB 
3IIZ). External black lines denote 
continuation of protein structure. (Color 
scheme: Fe, rust sphere; S, yellow spheres; 
N, blue spheres) 
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and the sulfur of methionines, can also be potential ligands. Iron ions and FeS clusters 

with small organic molecule ligands may perform more difficult chemistries, depending 

on the surrounding active-site construction; for example, nitrogenase can reduce one of 

the strongest multiple bonds in Nature, the triple bond of nitrogen, to generate ammonia, 

a more biologically-accessible molecule, and radical SAM enzymes are capable of a 

variety of chemical reactions, including carbon-carbon bond cleavage, radical reactions, 

electron transfer, isomerization, oxidation and reduction reactions, among others yet to be 

uncovered. Possibly because of the inherent precision required for the more complex 

metalloenzymes, radical SAM enzymes are employed to assemble these metalloclusters 

as evidenced in the construction of the metal centers of [Fe]-hydrogenase, [FeFe]-

hydrogenase, and nitrogenase.  

 
Radical SAM Enzyme Structure and Mechanism 

 
 

 Enzymes in the radical SAM superfamily use an iron–sulfur cluster in 

conjunction with SAM to catalyze a diverse range of radical reactions.1a The radical  

 
Figure 1.2. Generation of the 5’-dAdo radical in radical SAM enzymes. The 
resting enzyme with a [4Fe–4S]2+ cluster (left: sulfur, yellow spheres; iron, rust-colored 
spheres) is reduced by one electron to generate the catalytically active state containing a 
[4Fe–4S]1+ cluster (center). An electron is thought to undergo inner-sphere electron 
transfer to the sulfonium of SAM, promoting S-C(5’) bond cleavage and generation of 
the 5’-dAdo radical intermediate (red) and methionine  (right). 
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SAM iron–sulfur (FeS) cluster is a site-differentiated [4Fe–4S] cluster coordinated at 

three of the irons by cysteines in a conserved cysteine motif (CX3CX2C). The iron 

lacking a cysteine ligand, referred to as the unique iron, is coordinated by the amino and 

carboxylate moieties of SAM; as this site-differentiated iron is unusual in FeS cluster 

enzymes, this SAM–cluster interaction likely plays a central role in catalysis.3 Radical 

SAM catalysis requires that the [4Fe–4S] cluster be in its reduced  (1 +) state, which is 

achieved in vivo by partner proteins such as flavodoxin.4 Because the cluster reduction 

potentials are generally in the -400 to -600 mV range, strong reductants such as dithionite 

are often required to achieve this reduced state in vitro.5 The [4Fe–4S]+ has been 

proposed to transfer an electron to  the bound SAM to promote the hemolytic S-C (5’) 

cleavage that generates methionine and a 5’-deoxyadenosyl radical (Figure 1.2).6  This 

5’-deoxyadenosyl (5’-dAdo) radical is thought to be a 

central intermediate in radical SAM enzyme 

mechanism and to abstract a hydrogen atom from 

substrate initiating subsequent mechanistic steps that 

diverge widely depending on the specific enzyme and 

substrate in question.1a Recently, a novel 

organometallic intermediate (Ω) was discovered 

during pyruvate formate-lyase activating enzyme 

(PFL-AE) catalysis; Ω involves a direct C-Fe bond 

between the 5’-carbon of a deoxyadenosyl moiety and 

 
Figure 1.3. The 
organometallic intermediate 
Ω. Captured through rapid 
freeze-quench preparations, Ω 

  direct  
 the 5’   the  

  the iron of 
the cluster by EPR and 
ENDOR spectroscopy (sulfur, 
yellow spheres; iron, rust-
color spheres). 
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the unique iron of the [4Fe–4S] cluster (Figure 1.3).7 Whether Ω is a central feature of 

radical SAM mechanisms more broadly remains to be determined and is addressed in this 

work. 

Radical SAM enzymes can be divided into two broad categories based on their 

mode of SAM utilization: some use SAM as a substrate and catalyze a net oxidative  

 
 
Figure 1.4. Radical SAM enzyme catalysis scheme. This scheme represents a 
simplification of current understanding of how radical SAM enzymes use SAM as a 
cofactor (green pathway) or a cosubstrate (orange pathway). Prior to catalysis, radical 
SAM enzymes house a [4Fe–4S] cluster in the 2+ state (A: sulfur, yellow spheres; iron, 
rust-color spheres). One electron reduction of this cluster generates the catalytically 
active [4Fe–4S]+ state; in this cluster state, an electron can be transferred to the sulfonium 
of SAM to promote homolytic bond cleavage of the S-C(5’) bond to generate a 5’-dAdo 
radical intermediate (B). This dAdo radical abstracts a hydrogen from substrate to 
generate a substrate-based radical and dAdoH (C). From here, the scheme branches 
depending on whether SAM is used as a cofactor (green arrows) or as a cosubstrate 
(orange arrows). If SAM is used as a cofactor, a product radical abstracts a hydrogen 
from dAdoH regenerating the dAdo radical (C -> B) and the product leaves the active 
site. If SAM is used as a cosubstrate, the substrate-based radical reacts to form the 
product, while methionine and dAdoH leave the active site (C -> D) allowing a new SAM 
molecule to enter the enzyme active site (D -> A) and catalysis to begin again. 
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reaction on substrate, while others use SAM as a cofactor and catalyze a rearrangement 

reaction that involves no net redox chemistry on the substrate (Figure 1.4).8 Most  

characterized radical SAM enzymes, including PFL-AE, fall into the former category, 

cleaving SAM stoichiometrically with substrate turnover, to produce methionine and 5’- 

dAdo as products (the orange pathway in Figure 1.4). A few radical SAM enzymes,  

including lysine 2,3-aminomutase (LAM) and spore photoproduct lyase, use SAM as a 

cofactor that is not consumed during substrate turnover (the green pathway in Figure 1.4). 

 

Figure 1.5. Radical SAM enzymes full or partial TIM barrels. In all structures, the alpha-
helices of the TIM barrel are shown in light blue and the beta strands are displayed in  
dark blue and the enzyme structure remainder is shown in light grey; in the center of the 
TIM barrel, essential components of radical SAM enzymes are displayed: the [4Fe–4S] 
(sulfur, yellow spheres; iron, rust-colored spheres), SAM (green sticks), and substrate 
(orange sticks, when present). (A) The full TIM barrel structure (ßα)8 is [FeFe]-
hydrogenase maturase, HydE; no substrate is present in this structure (PDB:  3IIZ). (B) In 
LAM’s partial TIM barrel (ßα)6, the substrate (lysine, orange sticks) and LAM’s second 
cofactor PLP (pyridoxyl 5’-phosphate, pink sticks) are visible above the SAM bound 
[4Fe–4S] cluster; a zinc ion (blue–grey sphere) resides at the subunit interface, however 
the additional subunits are not displayed (PDB: 2A5H). (C) PFL-AE’s partial TIM barrel 
(ßα)6 houses the cluster, SAM, and a peptide (orange sticks) representing the arm of PFL 
that sits in the PFL-AE active site; additionally in this active site, a monovalent cation 
(Na+, magenta) is positioned in close proximity to SAM and the cluster (PDB: 3CB8). 
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This remarkable chemistry catalyzed by radical SAM enzymes is harbored within 

the ancient triose-phosphate isomerase barrel fold, with the FeS cluster at one end of the 

barrel (Figures 1.5 and 1.6). While some radical SAM enzymes comprise a full TIM 

barrel (βα)8 (Figure 1.5A), others function with only partial TIM barrels (Figure 1.5B and 

C). The completeness of the TIM barrel appears to inversely correlate with substrate size 

in that the radical SAM enzymes catalyzing reactions with large substrates tend to have 

partial TIM barrels. Many radical SAM enzymes also have additional domains beyond 

the TIM barrel (Figure 1.5B), and some harbor accessory FeS clusters that can serve a 

variety of catalytic functions. Beyond these FeS clusters, additional metal centers can be 

found in radical SAM enzymes. For example, some radical SAM enzymes also use B12 

cofactors, and recently PFL-AE has been shown to require a monovalent cation  

 

A. B.  
 
Figure 1.6. Radical SAM enzyme active-site. Both structures of LAM (A) and PFL-AE 
(B) illustrate similar positioning (from bottom to top) of the [4Fe–4S] cluster (sulfur, 
yellow spheres; iron, rust-colored spheres), SAM (green sticks), and substrate (orange 
sticks). (A) LAM X-ray crystal structure (PDB: 2A5H) with additional cofactor PLP 
(pink sticks). (B) PFL-AE’s active site (PDB: 3CB8) depicts a monovalent cation (Na+, 
magenta sphere) and part of PFL (orange sticks; for clarity only three residues are shown, 
S733–G734–Y735, with the G734 highlighted in a darker orange). 
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interacting directly with SAM in the active site for optimal activity (Figure 1.6B).b9 

Throughout the radical SAM enzyme superfamily, diverse chemistries are 

performed from carbon-carbon bond cleavage in spore photoproduct lyase and HydG, to 

isomerization reactions in LAM, to sulfur insertions in BioB. These reactions contribute 

to critical functions such as defense against viral infection in Viperin, cofactor 

biosynthesis in MOCS1, and metallocluster assembly in HydE and NifB. Given the 113, 

775 unique sequences, as of this writing, with approximately 30,000 enzymes, this work 

focuses on radical SAM enzyme contribution to metallocluster assembly, specifically in 

regards to the [FeFe]-hydrogenase H-cluster. 

 
Complex Metallocluster Assemblyc 

 
 

Metalloenzymes such as nitrogenase, [FeFe]-hydrogenase, and [Fe]-hydrogenase 

enzymes perform catalysis at metal cofactors with biologically unusual non-protein 

ligands. The FeMo cofactor of nitrogenase has a MoFe7S9 cluster with a central carbon, 

whereas the H-cluster of [FeFe]-hydrogenase contains a 2Fe subcluster coordinated by 

cyanide and CO ligands as well as dithiomethylamine; the [Fe]-hydrogenase cofactor has 

CO and guanylylpyridinol ligands at a mononuclear iron site. Intriguingly, radical SAM 

enzymes are vital for the assembly of all three of these diverse cofactors.  

 

                                                
b End section adapted from Byer, A. S., et al.,  “Mechanistic Studies of Radical SAM 
Enzymes: Pyruvate Formate-Lyase Activating Enzyme and Lysine 2,3-aminomutase 
Case Studies”, Meth. Enz., DOI: 10.1016/bs.mie.2018.04.013 
c This section was adapted from Byer, A. S. et al., (2015) J. Biol. Chem., 290 (7) 3987-
3994, DOI: 10.1074/jbc.R114.578161 
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Figure 1.7. Active-site complex metalloclusters within protein structures. A) nitrogenase 
with the FeMo cofactor magnified (oval) (PDB ID 1M1N). B) [FeFe]-hydrogenase with 
the H-cluster magnified (oval) (PDB ID 3C8Y). C) [Fe]-hydrogenase with the FeGP 
cofactor magnified (oval) (PDB ID 3F47). The additional cluster in nitrogenase is the P-
cluster at the interface between NifD (green) and NifK (dark gray); the additional 
clusters in [FeFe]-hydrogenase are the F-clusters involved in electron transfer. Multiple 
protein subunits are distinguished by color: for nitrogenase, the MoFe protein tetramer is 
illustrated with one ß3-subunit including NifD (green) and NifK (dark gray), whereas the 
second ß3-subunit is light gray; for [Fe]-hydrogenase, one subunit of the dimer is pink, 
whereas the other is dark gray. In the cofactor magnifications, the protein-based ligands 
touch the outside of the oval. Blue, nitrogen; red, oxygen; orange, phosphorus; yellow-
orange, sulfur; rust, iron; aqua, molybdenum; magenta, unknown; gray, carbon, unless 
part of a protein-based ligand, in which case, the carbons are the same color as the protein 
schematic. H4-MPT, tetrahydromethanopterin. 

 

Despite the potential deleterious effects of radical reactions and unconstrained 

metal ions, the exquisitely controlled protein armature of metalloenzymes and the 

orchestration of their biosynthetic accessory proteins allow for the creation of complex  

metal centers that accomplish formidable catalysis. N2 reduction to ammonia occurs at 

the nitrogenase FeMo cofactor, which can be viewed as a complex bridged metal 
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assembly consisting of a [4Fe-3S] cluster linked to a [Mo-3Fe-3S] cluster by three 

sulfides and a central carbon (Figure 1.7A and 1.8A).10 The reversible conversion of 

methylenetetrahydromethanopterin to methenyltetrahydromethanopterin and H2 is 

catalyzed at a mononuclear iron active site, the ligands of which include two CO factors 

and one guanylylpyridinol cofactor (Figures 1.7C and 1.8C).11 Reversible reduction of 

protons to H2 occurs at the [FeFe]-hydrogenase  H-cluster, a [4Fe-4S] cubane bridged by 

a cysteine to  a  2Fe  subcluster  containing  CO,  CN,  and  dithiomethylamine ligands 

(Figures 1.7B and 1.8B).12 

 
Figure 1.8. Structural drawings of the metallocofactors. A) FeMo cofactor of nitrogenase. 
B) H-cluster of [FeFe]-hydrogenase. C) FeGP cofactor of [Fe]-hydrogenase. X* and **X, 
locations of catalysis; Hcit, homocitrate). 

 

Metal cofactor assembly begins with the synthesis of FeS clusters by either the 

housekeeping iron-sulfur cluster assembly machinery13 in the case of [FeFe]-hydrogenase 

or the Nif (nitrogen fixation)-specific homologs in the case of nitrogenase. The 

biosynthetic steps necessary for preparation of [FeFe]-hydrogenase and nitrogenase 
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active sites require additional dedicated proteins that include scaffolds for assembly of 

the nascent cluster, as well as radical SAM10b enzymes that synthesize unique non-protein 

ligands. Whereas less is known about the assembly of the iron-guanylylpyridinol (FeGP) 

cofactor of the [Fe]-hydrogenase, it is clear that radical SAM chemistry is involved.14 It is 

interesting to note that in all three enzymes discussed here, the metal cofactors are 

organometallic in nature and exist with only minimal protein coordination (Figures 1.7 

and 1.8). The FeMo cofactor of 

nitrogenase is covalently bound to the 

protein by only one histidine and one 

cysteine ligand; the 2Fe subcluster of 

the H-cluster of [FeFe]-hydrogenase 

and the FeGP cofactor of [Fe]-

hydrogenase have only a single 

cysteine ligand. 

Radical SAM chemistry is 

required for the synthesis of each of 

these inorganic cofactors, despite the 

fact that there is no single non-protein 

ligand shared by all three cofactors. 

The requirement for radical SAM 

chemistry to synthesize this diverse 

array of non-protein ligands reflects 

 
Figure 1.9. Schematic illustration of the 
biosynthesis of [FeFe]-hydrogenase H-
cluster. From top to bottom, assembly steps 
are radical SAM-based ligand synthesis, 
assembly of precursor cluster on scaffold 
protein HydF, and transfer of cluster 
precursor to the apoenzyme, HydA∆EFG. 
Gray, carbon; blue, nitrogen; red, oxygen; 
orange, phosphorus; yellow, sulfur; rust, 
iron; magenta, unknown.  
 



12 
 
the wide variety of chemical transformations that can be initiated by hydrogen atom 

abstraction.1a Herein, the roles of radical SAM enzymes HydE and HydG are examined 

with regards to assembly of the [FeFe]-hydrogenase metallocofactor, the H-cluster. 

[FeFe]-Hydrogenase H-cluster Biosynthesis 

 
In contrast to [NiFe]-hydrogenases which primarily catalyze hydrogen 

oxidation, [FeFe]-hydrogenases are unique among hydrogenases in that the 

characteristics of the active-site H-cluster, and the protein environment, are primed for 

proton reduction to yield molecular hydrogen (H2) without any additional cofactors. As 

[FeFe]-hydrogenases exist across numerous species from anaerobic prokaryotes such as 

sulfate reducers and firmicute bacteria, to anaerobic eukaryotes, green algae, protozoa, 

protists, and fungi,15 some [FeFe]-hydrogenases include accessory [4Fe-4S] or [2Fe-2S] 

clusters in addition to the H-cluster; however, green algae, Clamydomonas reinhardii 

(Cr), can evolve protons to molecular hydrogen with only the H-cluster. Thus, this H-

cluster in the macromolecular protein is the minimal cluster required for H2 evolution, 

and the accessory clusters are considered to contribute to electron shuttling into and out 

of the active site. 

The H-cluster (Figure 1.7B) consists of a [4Fe-4S] cluster linked via the thiolate 

of a cysteine residue to a 2Fe subcluster coordinated by three CO and two CN- ligands 

and a bridging dithiomethylamine (Figure 1.8B). Only three accessory proteins are 

required for generation of this active-site cluster; these include the radical SAM enzymes 

HydE and HydG and the GTPase HydF16. Evidence suggests that these three accessory 

proteins are specifically directed toward the synthesis of only the 2Fe subcluster of the H-
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cluster ([2Fe]H, Figure 1.9).16b, 17 When these three maturation proteins are expressed 

together in Escherichia coli and then HydF is purified from the cells, this HydFEG is able 

to generate an active hydrogenase in the absence of other proteins or exogenous small 

molecules, indicating that HydF serves as a scaffold or carrier during H-cluster 

assembly.17a, 17b Observation of vibrational bands associated with Fe-CO and Fe-CN and 

Fe-CO-Fe species18 on HydFEG, but not on HydF expressed without HydE and HydG 

(HydF∆EG),18a further supports a scaffolding role for HydF. Most recently, synthetic 

models of the 2Fe subcluster of the H-cluster have been inserted into HydF∆EG, and this 

semisynthetic holo-HydF has been shown to be competent for hydrogenase maturation, 

providing yet further evidence that HydF acts as a scaffold/carrier for the 2Fe subcluster 

precursor.d19  

 
HydF Scaffold/ Carrier. Despite having only three conserved cysteines per HydF 

monomer (Figure 1.10), HydF is expected to house the 2Fe subcluster H-cluster precursor 

and possibly serve as the scaffold for its assembly. How and where precursor cluster(s) 

and the 2Fe subcluster H-cluster precursor could bind to HydF are subjects of current 

research.  

Housed in Domain III of HydF and nestled between	Domain	I	(GTP	binding	

Domain)	and Domain II (dimer interface), the iron sulfur binding residues (C304xH306x-

xH352C353xxC356) inhabit the most complexly arranged domain of HydF with 4 parallel β-

sheets intermixed with 5 α-helices, and form an uncommon iron-sulfur binding motif not  

                                                
d End of section adapted from in Byer, A. S., et al., (2015) J. Biol. Chem., 290 (7) 3987-
3994, DOI: 10.1074/jbc.R114.578161 
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Figure 1.10. HydF Structure from Thermotoga neapolitana. (PDB: 3QQ5) The dimer is 
depicted on the left, while the GTPase domain (top purple box) and FeS binding domain 
(bottom orange box) are depicted on the right. The view in the GTPase Domain box is 
rotated 90 degrees in the zy plane. This figure is adapted from Broderick, J. B., et al., 
2014, J. Biol. Inorg. Chem., (19) 747-57; DOI:10.1007/s00775-014-1168-8. 

 

common in other FeS binding proteins.20 Though the number of residues between C304 

and C353 in HydF varies across species, the cysteine and histidine ligands in this motif  

appear conserved, construing inherent value. While the residues specifically responsible 

for cluster ligation remain under investigation, the value of key conserved residues 

(C304, H306, C353 and C356) have been demonstrated by site-directed mutagenesis to 

affect FeS cluster binding in HydF.16b, 21 Initial EPR spectroscopic analysis displayed 

putative ligation of an FeS cluster to nitrogen in Thermotoga maritima (Tm) HydF22 and 

further studies honed the nitrogen coordination to the [4Fe-4S] via a histidine residue in 

CaHydF23 with X-ray absorption spectroscopy studies on reduced CaHydF23 reinforcing 

this. Site-directed mutational studies (C353S and C356S) hobbled HydFEG ability to 

activate HydAΔEFG, indicating these ligands as critical for FeS cluster binding and 
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hydrogenase activity24 with further mutagenesis studies25 adding C304 and H306 as key 

ligating residues. Further, while UV-Vis spectroscopy, in conjunction with iron number 

calculations, revealed that the H306Q/S and the C353S variants are capable of binding 

FeS clusters, only the histidine-mutated proteins retained the ability to activate HydA21a. 

Finally, a crystal structure with a [4Fe-4S] cluster reinforced the signifgance of the 

cysteine residues.25  

The HydF cysteine and histidine residues, presumably responsible for cluster 

binding, are located adjacently across the chasm formed between two monomers.20  

Given the proximal positions of the cluster binding sites in HydF, gel filtration studies 

indicating dimer and tetramer predominance, and a strong dimer interface,20, 25 cluster 

ligation might occur between protomers. However, which intermediate clusters are 

ligated in HydF remains unknown.  

 

HydG Catalyzes CO and CN- Biosynthesis.e HydG26 exhibits significant sequence 

homology to ThiH, a radical SAM enzyme that catalyzes the Ca–Cß  bond cleavage of 

tyrosine to produce p-cresol and dehydroglycine (DHG), the latter of which is a precursor 

in thiamine biosynthesis.27 This sequence homology ultimately led to testing of tyrosine 

as a substrate for HydG, and p-cresol was observed as a product.28 At the time, it was 

proposed that the presumed DHG product of HydG served as a precursor for the 

dithiomethylamine of the H-cluster; however, the source of this ligand remains unknown. 

Driesener et al.29 demonstrated that CN- was formed in the HydG-catalyzed reaction at a 

                                                
e This section was adapted from Byer, A. S., et al., (2015) J. Biol. Chem., 290 (7) 3987-
3994, DOI: 10.1074/jbc.R114.578161 
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1:1:1 stoichiometric ratio with p-cresol and 5'-deoxyadenosine. Subsequent HydG assays 

in which deoxyhemoglobin was included in the assay mixture demonstrated the 

conversion of deoxyhemoglobin to carboxyhemoglobin, resulting from the HydG-

catalyzed production of CO.30 In both the CN- and CO assays, use of isotopically labeled 

tyrosine coupled with mass spectral or FTIR analysis demonstrated that the diatomic 

products are derived from tyrosine.29-30 Interestingly, similar rate constants for formation 

of both CO (kcat = 11 x 10-4 s-1 at 30°C for carboxyhemoglobin)29 and CN- (kcat = 20 x 

10-4 s-1 at 37°C for the CN- adduct)30 in separate experiments provided support that these 

species arose from the same intermediate, presumably DHG. Furthermore, isotopic 

labeling has revealed that all of the diatomic ligands of the H-cluster are derived from 

tyrosine,21b implying that HydG provides all of the diatomic ligands of the H-cluster. 

Intriguingly, the reaction catalyzed by HydG as shown in Figure 1.5 should provide CO 

and CN- in a 1:1 stoichiometric ratio, and yet the H-cluster contains these ligands in a 3:2 

ratio. Therefore, assembly of the H-cluster may require three turnovers of HydG, 

producing three CN- and three CO molecules. As only two CN- molecules are 

incorporated into the H-cluster, the rate of the third CN- is undefined at this time. 

The mechanism by which HydG catalyzes this intriguing reaction is currently 

under active investigation (Figure 1.11). HydG binds two [4Fe-4S] clusters,30-31 both the 

radical SAM cluster at the N-terminal CX3CX2C motif and a second site-differentiated 

cluster in the C-terminal domain at a CX2CX22C motif. Both clusters are essential for 

synthesis of the diatomic products and for achieving hydrogenase maturation.16b, 30-31 A 
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recent study has shown that the N-terminal cluster alone is involved in the reductive 

cleavage of SAM and the Ca–Cß bond cleavage of tyrosine to produce p-cresol.31 

However, the C-terminal domain is essential for the subsequent production of the 

diatomic products from DHG31-32. These two site-differentiated [4Fe-4S] clusters are 

expected to be bound at opposite ends of a (ßa)8 TIM barrel based on comparison with 

PylB and HydE, structurally characterized radical SAM enzymes with considerable 

sequence similarity.12, 33 

 
 
Figure 1.11. Schematic illustration of the reactions catalyzed by HydG. For the HydG 
reaction, the 5’-dAdo radical produced upon reductive cleavage of SAM abstracts an 
hydrogen atom from tyrosine, eventually generating a 4-hydroxybenzyl radical and DHG; 
further reaction of DHG leads to the formation of CO and CN- ligands ultimately found 
in the 2Fe subcluster of the H-cluster. 
 

To separately analyze the SAM and C-terminal clusters, variant proteins were 

created: 1) a C-terminal deletion (∆CTD) variant, in which the entire C-terminal domain 

was eliminated, and 2) a C96A/C100A/C103A variant, in which the cysteines of the 

SAM-binding cluster were mutated to alanines. EPR analysis of purified, reconstituted, 

and photoreduced HydG∆CTD demonstrated an axial signal akin to wild-type HydG that 

was perturbed by addition of SAM;31 in contrast, the C96A/C100A/C103A variant 

lacking the N-terminal SAM-binding cluster showed no perturbation of the wild-type 
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axial EPR signal with addition of SAM.31 Furthermore, the ∆CTD variant catalyzed 

reductive cleavage of SAM and tyrosine to generate p-cresol, but could produce neither 

CO nor CN- .31-32 Together, these results suggest that the N-terminal cluster alone is 

responsible for the radical SAM chemistry resulting in the initial tyrosine reaction to 

produce p-cresol, whereas diatomic ligand production requires elements in the C-terminal 

domain and the accessory cluster itself. 

The specific mechanistic steps involved in the synthesis and delivery of the 

diatomic products of HydG remain a subject of current inquiry. Although tyrosine was 

proposed to coordinate to the C-terminal cluster34 in a manner similar to the coordination 

of GTP to the C-terminal cluster of the radical SAM enzyme MoaA,35 recent results 

demonstrate that the C-terminal cluster is not involved in or required for tyrosine 

cleavage, making tyrosine binding to this cluster unlikely.12, 26, 31 However, spectroscopic 

evidence does suggest that a fragment of tyrosine may bind to this cluster,36 consistent 

with a role for this cluster in breaking down DHG to CO and CN-. It was originally 

proposed that HydG synthesized and delivered only the diatomic products; however, 

recent studies provide evidence that CO and CN- produced by HydG coordinate to an 

iron on the protein, possibly the unique iron of the C-terminal cluster.36 Furthermore, use 

of 57Fe-enriched HydG has provided evidence that iron from HydG becomes incorporated 

into the H-cluster.36 Although some specifics of the diatomic ligand production and 

delivery by HydG are debated, the steps illustrated in Figure 1.11 provide a reasonable 

framework consistent with current data. In the initial step, SAM bound to the N-terminal 

[4Fe-4S] cluster undergoes reductive cleavage to generate 5’-dAdo radical. This 5’-dAdo 
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radical abstracts a hydrogen from tyrosine to produce a radical that undergoes heterolytic 

Ca–Cß bond cleavage to give a 4-hydroxybenzyl radical and DHG.26, 31, 34 Presumably, 

DHG decomposition occurs in the C-terminal domain and is key for the generation of CO  

and  CN-.  The breakdown of DHG to these diatomics is unprecedented and novel 

chemistry, and it seems most likely to occur via a radical mechanism, possibly initiated 

by hydrogen atom abstraction from DHG by the 4-hydroxybenzyl radical. 

 
Role of HydE in H-cluster Biosynthesis. In contrast to HydG, several crystal 

structures of HydE have been solved (PDB ID: 3IIZ, 3IIX, 3CIX, and 3CIW)37. These 

structures illustrate a complete (ßa)8 TIM barrel with an internal electropositive channel 

that extends from the SAM-binding cluster at the top of the barrel to the bottom of the 

barrel. The channel appears to include three specific anion-binding locations, including 

one near the bottom of the barrel, which was found to bind thiocyanate in soaking 

experiments.37b Thus, at the top of the barrel, radical SAM chemistry could act on 

substrate to form intermediates that travel the length of the barrel before being transferred 

to another protein such as HydF.37b, 38 Although previously annotated as having sequence 

similarity to the radical SAM enzyme biotin synthase (BioB), a greater similarity exists 

with the methylornithine synthase PylB.39 

Because HydG is known to synthesize the diatomic ligands of the H-cluster, 

HydE is presumed to synthesize the dithiomethylamine ligand;40 however, the substrate 

for HydE has yet to be identified. It has been suggested that HydE plays no essential role 

in hydrogenase maturation,41 although this seems unlikely given the in vivo and in vitro 
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evidence that HydE is essential to the assembly process and conservation of  hydE across 

species with hydF and hydG.16, 17b  

Although the substrate and product of HydE have yet to be identified, the 

interactions between HydE and the other maturase enzymes have been investigated. Both 

HydG and HydE have been observed to stimulate the rate of GTP hydrolysis in HydF,17b 

possibly implying a connection between GTP hydrolysis on HydF and the interactions 

with the other two maturases. Surface plasmon resonance experiments corroborated this 

result, as the presence of GTP increased the rate of dissociation of HydG and HydE from 

HydF.42 Furthermore, although surface plasmon resonance experiments revealed that 

neither HydG nor HydE could displace each other from HydF, a stronger interaction 

between HydE and HydF compared with that between HydG and HydF was observed.42 

The strength of this interaction is perhaps related to the observation that HydE and HydF 

are fused in some organisms,16b as the radical SAM enzyme NifB is fused to the NifEN 

scaffold in Clostridium acetobutylicum,43 and could be interpreted to emphasize the 

independent role of both HydE and HydG in hydrogenase maturation. As depicted in 

Figure 1.4, the radical SAM enzymes are expected to deliver the CO and CN- (HydG) 

and dithiomethylamine-bridging (HydE) ligands to form the 2Fe subcluster on HydF, 

which is essential for the formation of the complete H-cluster and activation of 

hydrogenase.f 

 
 

                                                
f End section adapted from Byer, A. S., et al., J. Biol. Chem., 290 (7) 3987-3994, DOI: 
10.1074/jbc.R114.578161. Start section adapted from Byer, A.S., et al., , Meth. Enz., 
DOI: 10.1016/bs.mie.2018.04.013 
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Research Questions 
 

 
Despite significant progress, important aspects of the overall metallocofactor 

assembly pathways and the specific roles and mechanism of radical SAM enzymes 

remain unresolved. In radical SAM enzyme mechanism, details regarding how the radical 

is controlled remain unknown. For H-cluster biogenesis, the products of the radical SAM 

enzymes HydE and HydG that are delivered to HydF, and the detailed steps involved in 

assembly and delivery of the 2Fe subcluster of the H-cluster are not fully defined. Thus, 

to examine how these radical SAM enzymes function, this work takes two approaches: 1) 

spectroscopic characterization of active-site intermediates during catalysis to probe the 

fundamental chemistry of radical initiation and 2) analysis of roles in metallocluster 

assembly, specifically H-cluster maturation in [FeFe]-hydrogenase. Chapters Two, Three, 

and Four focus on radical SAM enzymes, with Chapter Two reviewing method 

development of enzyme preparation and SAM synthesis. To probe the mechanism in 

radical SAM enzymes, Chapters Three and Four employ EPR and ENDOR spectroscopy 

techniques to further elucidate intermediate states in the radical SAM mechanism. 

Specifically, Chapter Three examines a mechanistic intermediate state observed when the 

radical SAM reaction is slowed with the aide of a SAM analogue, anSAM, which 

generates a more stable spectroscopically-observable radical; Chapter Four discusses 

spectroscopy of the active-site when the reaction is swiftly stopped via rapid freezing 

around 500 ms, further characterizing the organometallic intermediate Ω, and illustrating 

that Ω forms in multiple radical SAM enzymes. Chapters Five and Six examine the 

cluster assembly on HydF either before the influence of HydE and HydG (HydF∆EG) and 
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after both have interacted with HydF (HydFEG). Chapter Seven focuses on the effects of 

only HydE on cluster assembly on HydF, and Chapter Eight examines how HydG alone 

affects this process on HydF. In sum, this work brings insight to how radical SAM 

enzymes function in relationship with other metalloenzymes, specifically [FeFe]-

hydrogenase maturase HydF, and delves into radical SAM enzyme mechanistic control 

that allows for exquisite radical reaction functionality. 
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CHAPTER TWO 

MECHANISTIC STUDIES OF RADICAL SAM ENZYMES: 

PYRUVATE FORMATE-LYASE ACTIVATING ENZYME 

AND LYSINE 2,3-AMINOMUTASE 
 
 

Abstract 
 
 

The radical SAM enzyme superfamily is large and diverse, with ever-increasing 

numbers of examples of characterized reactions. This chapter focuses on the methodology 

we have developed over the last 25 years for working with these enzymes, with the 

specific examples discussed being the pyruvate formate-lyase activating enzyme (PFL-

AE) and lysine 2,3-aminomutase (LAM). Both enzymes are purified from overexpressing 

Escherichia coli, but differ in that PFL-AE is expressed without an affinity tag and does 

not require iron–sulfur cluster reconstitution, while LAM purification is carried out 

through use of a His6 affinity tag and the enzyme benefits from cluster reconstitution. 

Because of radical SAM enzymes’ catalytic need for a [4Fe–4S] cluster, we present 

methods for characterization and incorporation of a full [4Fe–4S] cluster in addition to 

enzyme activity assay protocols. Synthesis of SAM and its analogs have played an 

important role in our mechanistic studies of radical SAM enzymes, and their synthetic 

methods are also presented in detail. We also describe the methodology we have 

developed for synthesizing SAM and SAM analogs, which are useful in a wide range 

of spectroscopic and biochemical approaches to investigating these radical SAM 

enzyme mechanisms. 
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Preparation and Characterization of Radical SAM Enzymes 

 
 

Owing to the ISC content, radical SAM enzymes usually require protection 

from oxygen exposure to minimize cluster oxidation and degradation. Without 

anaerobic conditions, enzyme purification is often accompanied by partial or complete 

loss of the ISC. We have developed approaches for preparation of a number of 

different radical SAM enzymes such that more FeS clusters remain intact. Here we 

describe these methods for two representative examples, PFL-AE and LAM. In the 

case of PFL-AE, no affinity tag is present on the protein, and purification involves 

multiple runs over a size exclusion column with no need for ISC reconstitution; our 

LAM construct introduces a His6 tag for protein purification on an affinity column, 

and the enzyme benefits from cluster reconstitution. Techniques for ISC 

reconstitution, characterization of protein and ISCs, and enzyme activity assays are 

presented in this section. 

 
Preparation of PFL-AE and Its Substrate Protein PFL 
 

PFL-AE is a glycyl radical enzyme activating enzyme, or GRE-AE, that converts 

pyruvate formate-lyase (PFL) to its catalytically active state by generating a stable glycyl 

radical in the active site at G734. Once activated, PFL catalyzes the conversion of 

pyruvate and CoA to formate and acetyl-CoA (Figure 2.1) during anaerobic glucose 

metabolism. 

PFL was the first enzyme discovered to require a stable glycyl radical for catalytic 

activity1, and although many other glycyl radical enzymes (GREs) are now known, PFL 
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remains the best characterized.2 During the early studies of PFL, PFL-AE was 

discovered.3 Though PFL-AE’s cofactor requirements were not immediately clear, 

absorption features in the visible region of the spectrum pointed to a possible metal 

cofactor.3a This metal cofactor was ultimately shown to be an ISC4; and this finding, 

together with the dependence of PFL activation on SAM3b, 5, revealed a striking 

similarity to LAM, which also requires SAM and an ISC to carry out radical catalysis.6  

Together, these discoveries in PFL-AE and LAM helped to set the stage for the 

identification of the radical SAM superfamily.7 

 

 

Figure 2.1. PFL reaction scheme. Through this proposed ping pong mechanism 
pathway, PFL converts pyruvate into formate, and CoA into acetyl-CoA. Activated 
PFL (PFLa) has a glycyl radical at residue G734 which abstracts a hydrogen from 
residue C418, generating a cysteinyl radical which initiates a nucleophilic attack on the 
2’C of pyruvate to generate an oxygen-centered pyruvate-based radical. Homolytic 
cleavage between the C1 and C2 position on pyruvate produces a carbonyl radical, 
which quickly reacts to form a different cysteinyl radical, this time on C419, while 
formate is released from the active site. This C419-based radical initiates a 
nucleophilic attack on the incoming CoA, generating a CoA sulfur-based radical. 
Finally, this CoA-based radical initiates a nucleophilic attack on the C418 bound 
carbonyl to form acetyl-CoA and reestablish the C418 sulfur-based radical so the 
catalytic cycle can repeat. 
 
 

The critical discovery of an ISC in PFL-AE arose from early purification trials 

under partially anaerobic conditions, which revealed a red-brown color that was easily 

lost upon exposure of the protein to oxygen. This observation led to our development 

of methods to reliably purify this protein with an intact [4Fe–4S] cluster. 4, 8 
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In contrast, the substrate protein PFL does not house a metallocofactor and thus 

a stringent O2-free preparation is not initially necessary; however, the activated PFL 

enzyme harbors a glycyl radical which is extremely reactive with oxygen. In order to 

produce effective PFL-AE substrate, therefore, we combine aerobic overexpression 

and purification, with subsequent Schlenk techniques to make the enzyme anaerobic 

prior to activation experiments. The methods described below for PFL purification 

were adapted by us from the early work published by Knappe and coworkers.3a 

 
Overexpression  of PFL-AE. PFL-AE can be overexpressed to high levels in the 

Escherichia coli cell line BL21(DE3)pLysS. The expression vector we use has the pflA 

gene, encoding PFL-AE, inserted at the NdeI/HindIII sites of pCAL-n-EK,8a thereby 

putting the gene under the control of   the T7 promoter and allowing for induction 

with isopropyl ß-D-1-thiogalactopyranoside (IPTG). Using this system, PFL-AE 

induces to such a high level that we are able to use Mössbauer spectroscopy to 

characterize the cluster states in the induced cells, prior to protein purification.9 In an 

effort to minimalize the protein’s contact with oxygen, the lysis, purification, and 

concentration of PFL-AE are conducted in an anaerobic chamber using anaerobic 

techniques to minimize oxygen contamination, as is detailed later. 

To prepare for the growth, the freshly transformed BL21(DE3)pLysS cells (~25 

µL) or cells from a small amount of glycerol stock are spread on a LB agar plate 

containing 50 µg/mL ampicillin (amp) and incubated at 37°C overnight (14–16 h). After 

incubation, colonies should be small and scattered across the plate, and can be used to 

inoculate media for about a week if handled properly (plate sealed with parafilm and 
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stored at 4°C).   The day before the large-scale growth, two 250 mL Erlenmeyer flasks of 

media (50 mL LB media, 50 µg/mL amp) are inoculated, each with a different cell colony; 

these cultures are grown overnight (14–16 h) at 37°C with shaking (220 rpm), and then 

either used directly to inoculate the large-scale growth or stored at 4°C until use. 

For the large-scale growth, LB media (9.0 L divided between 6 baffled 2.8 L 

Fernbach flasks) are sterilized and brought to 37°C. Prior to inoculation with the 

overnight culture (10 mL overnight culture per liter of growth media), amp is added to 

a final concentration of 50 µg/mL. After inoculation, the cells are grown in an 

incubator shaker (New Brunswick Scientific I 26) at 37°C with shaking at 200 rpm. 

The pH is monitored every 30 min and adjusted as necessary with 6 M NH4OH and 6 

M HCl to maintain pH between 7.2 and 7.5. 

Once the cells have reached an optical density (OD600) of 0.3, glucose is added 

(final concentration, 5 mg/mL); and when the OD600 reaches 0.8, a 1 mL aliquot of 

the culture is removed and then the remaining culture is induced by adding IPTG to a 

final concentration of 0.25 mM. At induction, ferrous ammonium sulfate (FAS) and L-

cysteine are added to a final concentration of 0.20 mM each, and the temperature is 

lowered to 30°C. The culture is then incubated with shaking until the pH no longer 

undergoes a significant change in 30 min; often this requires ~5 h. 

At this point, additional FAS and L-cysteine are added (bringing the final 

concentrations to 0.40 mM) before removing flasks to a 4°C refrigerator and sparging 

cultures with nitrogen overnight (15–16  h). After the ~15 h anaerobic phase, another 

1 mL aliquot of the culture is removed and the rest of culture is transferred to 
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centrifuge bottles for harvesting; to minimize exposure to oxygen, N2(g) is bubbled 

into the centrifuge bottle while adding the sparged culture. The cell cultures are 

then centrifuged (12,000 x g, 10 min), the supernatant is gently poured off, and 

the pellets are flash frozen in liquid nitrogen immediately; these pellets are stored at -

80°C until ready to begin purification. 

 

 

Figure 2.2. PFL-AE and PFL overexpression. (A) SDS-PAGE of PFL-AE shows cellular 
protein content before induction (-IPTG) and after (+IPTG, 2 x dilute) induction. (B) 
SDS-PAGE of PFL showing cellular protein content before induction (-IPTG) and after 
(+IPTG, 2 dilute) induction. All samples are run against a BioRad Broad Range Molecular 
Marker with molecular weights indicated; in (B), the gel fragments are juxtaposed and 
aligned appropriately, but remain separated to illustrate gel lanes were not adjacent. 

 

To assess overexpression, the two 1 mL aliquots of culture (pre- and 

postinduction) are centrifuged, the supernatant is discarded, and sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (50 µL for 

preinduction and 100 µL for postinduction) is used to resuspend each cell pellet. This 

suspension is boiled for 5 min, centrifuged for 1 min at 14,500  x g, and 

approximately 2 µL of this supernatant is loaded onto a 12% SDS-PAGE gel to check 

expression levels (Figure 2.2A). 

 
Purification  of PFL-AE. All lysis and purification steps are carried out in a 

vinyl anaerobic chamber (Coy Laboratory Products, Inc.), unless otherwise indicated. 
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Prior to lysis, a Superdex-75 prep grade gel filtration column (volume ~1000 mL, 5 

cm x 55 cm) is equilibrated with two column volumes (CVs) of anaerobic gel 

filtration buffer (50 mM Tris, 100 mM sodium chloride (NaCl), 1 mM dithiothreitol 

(DTT), and pH 7.5) in an anaerobic chamber. If there are any concerns about potential 

oxygen contamination in  the  column,  the column should be rinsed with 1.5 CVs of a 1 

mM dithionite solution, prior  to equilibration with buffer. To the anaerobic lysis buffer 

(50 mM Tris, 100 mM NaCl, 1% (w/v) Triton X-100, 5% (w/v) glycerol, 10 mM 

magnesium chloride (MgCl2), and pH 7.5), the following components are added to the 

indicated final concentrations: phenylmethylsulfonyl fluoride (PMSF, in ~200 µL 

methanol, 1.0 mM), lysozyme  (0.20 mg/mL), DTT (1.0 mM), and RNAse and DNAse (10  

g/mL each). The final lysis volume depends on the cell mass, such that for every 1.0 g of 

cell pellet, 1.0 mL of buffer is used. The PFL-AE cell pellet (typically ~15–20 g) is 

added to the lysis mixture and gently broken up with a spatula. The lysate is placed on 

ice and agitation is continued with an 18-gauge needle and 30 mL syringe until the 

cell lysate consistency becomes watery  (~45–60 min). The lysate is transferred to 

centrifuge bottles (using o-ring caps) and then brought out of the anaerobic chamber 

for centrifugation (38,000 x g, 1 h, 4°C). The centrifuged lysates are then brought 

back into the anaerobic chamber, and the supernatant is immediately  and gently 

decanted into a Superloop (50 mL). This clarified lysate is loaded onto the Superdex 

75 column at 3 mL/min using a fast protein liquid chromatography (FPLC) system, 

and is eluted with the same buffer used for the initial column equilibration. PFL-AE 

will begin to elute a little after 0.5 CVs. Fraction (10 mL) collection begins as PFL-
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AE first elutes off the column, as judged by the position of the brown band on the 

column, and the darker color of eluate; PFL-AE should be a clearly visible dark 

brown band on the column. The darkest fractions are collected (Figure 2.3A), 

combined, and concentrated to ~10 mL. If the remainder of purification can- not be 

immediately completed, the protein is flash frozen in liquid nitrogen and stored at -

80°C. 

 

A. B.  

Figure 2.3.  PFL-AE purifications. PFL-AE is purified twice on a Superdex 75 prep grade 
gel filtration column, while UV–vis traces at 280 and 426 nm monitor protein and iron 
content, respectively. (A) First PFL-AE purification. The elution chromatogram shows 
two peaks, wherein the first peak is an impurity and the second is the PFL-AE protein; in 
this chromatogram, the 0–1600 mAU scale applies only to the 426 nm trace,  as  the  280 
nm  trace  is  on  a  scale  of  approximately  0–4500 mAU.  A representative fraction 
(inset) illustrates the brown color of the PFL-AE solution isolated from a first purification; 
select fractions (highlighted in blue) are run over the column a second time. (B) Second 
PFL-AE purification. This second purification chromatogram shows PFL-AE eluting at 
the same volume as the first run, but without the impurity; both UV–vis traces are on the 
same scale. The brown color of PFL-AE isolated from this second purification (inset) is 
often darker than that of the first purification fractions. To select enzyme with the best 
cluster content, fractions are partitioned into A (highlighted in blue) and B (highlighted in 
green) sets, based on A426nm:A280nm ratios. 
 
 

The pooled and concentrated protein from the first column purification is 

reapplied to the same column, after it has been re-equilibrated. The second gel 

filtration utilizes the same procedures as for the first column run, except that 5 mL 

fractions are collected once the colored protein begins to elute from the column 
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(Figure 2.3B). To determine which fractions will be kept, aliquots (100 µL) of the 

darkest fractions are diluted to 1 mL with gel filtration buffer, and UV–vis absorbance 

is measured at 426 and 280 nm, to quantify the ISC and protein content, respectively. 

Fractions with the highest A426/A280 ratios, typically in the 0.18–0.19 range, are 

pooled, concentrated, and designated as the “A-fractions.” Fractions with the second 

highest A426/A280 ratio, typically in the 0.17–0.18 range, are pooled, concentrated 

separately, and designated the “B-fractions.” To minimize protein freeze/thaw cycles, the 

A-fraction protein is aliquoted (250  µL) and flash frozen in liquid nitrogen before 

storage at -80°C. B-fractions are combined, concentrated, and run over the gel 

filtration column a third time to collect more A-fractions. 

 
Manipulation of the Monovalent Cation Site in PFL-AE. Recently, we reported 

the identification of a monovalent cation site in PFL-AE.10  Intriguingly, the presence 

and identity of this cation have a strong effect on PFL-AE’s activity, with potassium 

giving rise to the highest activity, while other cations of larger or smaller radii 

providing lower activity, and divalent cations eliminating activity completely.10  

To control the cation present in PFL-AE’s active site, PFL-AE is prepared 

similar to the procedures described; however, all alkali metal cations are omitted from 

lysis and purification buffers. To provide buffer lacking alkali metal cations, the 

buffer is made from Tris base and the pH is adjusted with HCl. Owing to the lack of 

simple salts in the lysis buffer (50 mM Tris pH 7.4, 5% (w/v) glycerol, 1% (w/v) 

Triton X-100), lysis requires additional time, up to 1–1½ h total lysis time. After 

purification using alkali metal-free gel filtration buffer (50 mM Tris, pH 7.5), this 
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PFL-AE is diluted into 100 mM Tris, pH 7.6 buffer containing 100 mM of the desired 

alkali metal cation. If a divalent cation is needed, the final salt concentration is 1 mM. 

Before initiating a reaction of PFL-AE with PFL, excess metal cations must also be 

removed from the PFL solution by buffer exchange. Typically this salt removal from 

PFL is performed by buffer exchange into 20 mM Tris pH 7.2 buffer (made from Tris 

base with pH adjusted using HCl) and prior to Schlenk line gas exchange. 

 
Overexpression of PFL. Overnight cultures and media for large-scale growth 

are prepared as described in the PFL-AE protocol. Fernbach flasks (2.8 L) containing 

LB/amp are inoculated with the overnight culture, and then placed in an incubator 

shaker (New Brunswick Scientific I 26) at 37°C, with shaking at 200 rpm. Once cells 

have reached an OD600 of 0.8, a 1 mL aliquot is removed for SDS-PAGE analysis, and 

then IPTG is added to a final concentration of 0.20 mM.  The incubation temperature  is  

lowered to 30°C and the culture   is allowed to grow overnight (~16 h) with shaking at 200 

rpm. The following morning, another 1 mL aliquot is removed for SDS-PAGE post-

induction analysis, and then the culture is transferred to centrifuge bottles and centrifuged 

to harvest the cells (12,000 x g, 10 min, 4°C). The supernatant is decanted, and the cell 

pellet is flash frozen in liquid nitrogen. While cultures may produce foam growing 

overnight, antifoam (200 µL) can be added to each flask before allotting into centrifuge 

bottles to make culture transfer easier.  Cells  are  stored  at  -80°C  until  lysis  and  

purification.  Induction  is verified by SDS-PAGE  using  aliquots  taken  before  and  

after  induction,  as described earlier for PFL-AE. Strong overexpression of PFL should be 

observed (Figure 2.2B). 
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Purification of PFL. To prepare PFL cell lysis solution, the following 

components are combined in lysis buffer (20 mM Tris, 1% (w/v) Triton X-100, 5% 

(w/v) glycerol, 10 mM MgCl2, pH 7.2) to the specified final concentrations: PMSF 

(dis- solved in methanol, 1.0 mM), lysozyme (0.20 mg/mL), and RNAse and DNAse 

(10 µg/mL). Using 2 mL buffer for every 1 g of cell pellet, PFL cell pellets (typically 

15–25 g) are added to lysis buffer and gently broken up with a spatula. Using an 18-

gauge needle and 30 mL syringe, with care to avoid bubbles, agitation is continued 

until the cell lysate has a watery consistency (30–45 min). The lysate is centrifuged 

(38,000 x g, 1 h, 4°C), and the supernatant (~50 mL) is decanted and immediately 

purified or stored at -80°C. Initial chromatographic separation of PFL occurs on an 

Accell Plus quaternary   methylamine   (QMA)   (300  Å)   AP5-ion   exchange   

column (600 mL, 5.0 cmx 30 cm). After the column is equilibrated with two CVs of 

no salt buffer (20 mM Tris, pH adjusted to 7.2 with HCl), ~50 mL lysate is loaded 

onto the column at 3 mL/min, and then a three-step program is run at 5 mL/min using 

an FPLC system. The first step is a wash with 0.5 CVs of no salt buffer. Next, a 1.5 

CV linear gradient is run starting with 100% no salt buffer and ending in 100% high 

salt buffer (20 mM Tris, 500 mM NaCl, 1 mM DTT, pH 7.2). Finally, the column is 

washed with 0.5 CVs of high salt buffer. 

Beginning halfway through the linear gradient, fractions (10 mL) are collected  

 (Figure 2.4A). SDS-PAGE is used to determine which PFL fractions are sufficiently 

pure to be saved: 10 µL of each fraction is mixed with an equal volume of SDS-PAGE 

sample buffer, boiled for 3 min, centrifuged, and then 2–5 µL is loaded into the well 
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of a 12% SDS-PAGE gel (Figure 2.9A, inset). PFL monomer will run around 85 kDa. 

The main criteria for saving PFL fractions from this first column require those with a 

strong band at ~30 kDa be avoided, as this impurity will not be removed by 

subsequent purification steps. The pooled fractions are concentrated to ~10 mL using 

centrifuge filters with a molecular weight cut off (MWCO) of 10 kDa. The  pooled  

concentrated  protein  is  buffer   exchanged  into   Buffer  B (20 mM Tris, 1 M 

ammonium sulfate, 1 mM DTT, pH 7.2) by bringing the 10 mL of protein up to 50 

mL with Buffer B then concentrating back to 10 mL and repeating this two additional 

times for a total of three exchanges. 

 

A)  

B)	 	

Figure 2.4.  PFL protein purifications. (A) PFL elution off the Accell Plus™ quaternary 
methylamine anion exchange column will show a trailing  peak beginning roughly 
halfway through the linear gradient. The SDS-PAGE (inset and boxed) illustrates only 
those fractions without the lower molecular weight impurity are kept for buffer exchange 
and further purification. (B) PFL elution off of the HR 16/10 Highload phenyl Sepharose 
high-performance column commences around 70 mL, halfway through the linear gradient 
into the no salt buffer. The collected fractions (boxed) are predominantly PFL protein  
(inset). 
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The final purification step employs a HighLoad 16/10 phenyl Sepharose high-

performance column (20 mL, 1.6 cmx 10 cm) equilibrated with two CVs of Buffer B. 

The protein is loaded onto the column and eluted via a three-step program: (1) wash 

with 2.5 CVs of Buffer B; (2) run a linear gra- dient from 100% Buffer B to 100% no 

salt buffer over 2.5 CVs; and (3) wash with 2.5 CVs of no salt buffer. Beginning 

halfway through the linear gradient, fractions (2 mL) are collected (Figure 2.4B) and 

SDS-PAGE analysis (as described for the previous step) determines which fractions to 

save. Fractions of acceptable purity are collected (Figure 2.4B, inset), concentrated, 

and flash frozen in liquid nitrogen; protein is stored at -80°C. 

Because PFL is purified under aerobic conditions, it is necessary to remove O2 

prior to experiments. To make it anaerobic, PFL is placed in  a Schlenk flask and three 

pump purge cycles are applied. First the protein solution is frozen in the Schlenk flask 

by swirling while slowly dipping in liquid nitrogen to achieve a thin layer of frozen 

protein along the bottom. With the flask submerged in liquid nitrogen, three vacuum 

and nitrogen cycles are applied and then the flask is transferred to an anaerobic 

chamber (O2 < 1 ppm) before thawing. To minimize further oxygen exposure, PFL is 

aliquoted into anaerobic vials with compressible o-rings before flash freezing in liquid 

nitrogen and storage at -80˚C. 

 
Preparation of LAM 

 
LAM, another well-characterized radical SAM enzyme, has been the subject of 

a multitude of studies examining cluster content and mechanism. Through several 

radical intermediates, this exquisite isomerase converts alpha-lysine to the antibiotic 
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precursor ß-lysine using both SAM and PLP as cofactors.11 As LAM is a 

representative member of the group of radical SAM enzymes that use SAM as a 

cofactor, SAM is regenerated in the active site during catalysis. 

The crystal structure of LAM reveals a homohexameric protein, wherein each 

subunit has a (βα)6 TIM barrel (49,200 kDa) that houses an active site with the 

canonical radical SAM machinery, the [4Fe–4S] cluster ligated by a tricysteine motif 

and SAM, in addition to the alpha-lysine substrate bound to PLP. Zinc ions at the 

subunit interface are expected to play a structural role in the tertiary and quaternary 

assembly.12  

Using substrate and SAM surrogates, many intermediate steps of the LAM 

mechanism have been  spectroscopically  identified.11b, 11c, 13 Detailed  reduction potential 

studies  found LAM’s [4Fe–4S]  cluster  bound  without  (-470 mV)  and with (-430 

mV) SAM had higher reduction potentials than when lysine and  PLP  were  also  

bound  (-600 mV)  addressing  longstanding  energetic questions in the radical SAM 

mechanism.14 The methods for LAM described later are adaptions from these studies. 

 
Overexpression of  LAM. Genetic constructs with a C-terminal His6 tag (such as 

pET14-b) containing the LAM gene from Clostridium subterminale SB4 can be 

transformed into E. coli—BL21(DE3)pLysS (Stratagene) cells for overexpression. The 

transformed cells are plated on LB agar plates containing 50 µg/mL amp. A single 

colony is used to inoculate 50 mL of LB media containing amp (50 µg/mL) in a 250 

mL flask, and this culture is grown in a 37°C incubator shaker at 250 rpm overnight 

(~15 h). The overnight culture is used to initiate the large-scale growth in minimal 
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media. To prepare minimal media for a 10 L growth, casamino acids (110 g), 3-(N-

morpholino)propanesulfonic acid (MOPS) buffer (84 g, 40.1 mM), tricine (8 g, 4.5 

mM), NaCl (29.3 g, 50.1 mM), potassium hydroxide (KOH) (16 g, 28.5 mM), and 

ammonium chloride (5.1 g, 9.5 mM) are dissolved in water to make 9.8 L and 

autoclaved in a 14 L fermenter flask. A sterile filtered 200 mL solution containing 

amp (2.5 mM), glucose (50 g), CaCl2 (31.25 mM), K2SO4 (17.25 mM), KH2PO4 (125 

mM), and “O solution” (25 mL) is used to wash vitamins (pyridoxine, niacinamide, 

riboflavin, folic acid, thiotic acid, thiamine, vitamin B12, pantothenic acid, and biotin 

at ~10 mg each) into the autoclaved, cooled media in the 14 L fermenter flask. The “O 

solution” contains FeCl2 (0.1 g) dissolved in 10 mL concentrated HCl, mixed with 10 

mL H2O, 2.68 g MgCl2 · 6H2O, and “T solution” (1 mL) brought to a final volume of 

50 mL. The “T solution” is CaCl2 · 2H2O (0.0184 g), H3BO4 (0.064 g),  MnCl2 · 4H2O 

(0.04 g), CoCl2 · 6H2O (0.018 g), CuCl2 · 2H2O (0.004 g), ZnCl2 (0.340 g), and 

Na2MoO4 · 2H2O (0.605 g) dissolved in 8 mL concentrated HCl and diluted to 100 

mL in filtered water. The 10 L of minimal media is inoculated with the overnight 

culture, and then incubated at 37°C with shaking (250 rpm) to an OD600nm of ~0.5. 

IPTG is then added to 0.5 mM final concentration and the growth is supplemented 

with FAS (0.75 g) and zinc sulfate (0.09 g). The culture is incubated at 37°C with 

shaking for an additional 2 h, before being cooled to approximately 30°C and 

supplemented with additional FAS (0.75 g). The culture is then cooled to 4°C and 

purged with nitrogen for an additional ~15 h; a drop of antifoam may be added prior 

to initiation of this anaerobic step. The cells are then centrifuged with minimal cell 
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pellet exposure to oxygen as described above and the resulting cell pellets are stored 

at -80°C until use. 

 
Purification of LAM. Cell lysis and protein purification are performed under 

anaerobic conditions, typically in a vinyl anaerobic chamber (Coy Laboratory 

Products, Inc.). Cell pellets  (~15 g)  are  thawed  and resuspended in a lysis buffer 

(2 mL per 1 g of cell paste) containing 50 mM 3-[4-(2-hydroxyethyl)piperazin-1-

yl] propane-1-sulfonic acid (EPPS), 300 mM KCl, 0.1 mM lysine, 10 µM PLP, pH 

8.0, 1% Triton X-100 (w/v), 0.2 mg/mL PMSF, 0.18 mg/mL lysozyme, and 

rv0.02 mg/mL each RNAse A and DNAse I. The lysis mixture (rv50 mL) is 

gently stirred for rv1 h, though mechanical lysis via sonication (5 min total 

sonication, 60% amplitude, 5 s on, and 15 s off) or passage through an 18-gauge 

needle may supplement the chemical lysis. The lysate is removed from the 

anaerobic chamber in gas tight bottles, centrifuged at 38,000 x g for 30 min, and 

brought back into the anaerobic chamber prior to decanting the supernatant. This 

resulting clarified lysate is loaded onto a 5 mL HisTrap Ni
2+ 

affinity column (GE 

Healthcare) equilibrated with 5 CV of Buffer A (50 mM EPPS, 300 mM KCl, 0.1 

mM L-lysine, 10 µM PLP, 10 mM imidazole, and pH 8.0). By increasing the 

imidazole concentration in a stepwise manner from 10% to 20% to 50% to 75% to 

100% using Buffer B (50 mM EPPS, 300 mM KCl, 0.1 mM L-lysine, 10 µM PLP, 

pH 8.0, and 500 mM imidazole) and allowing absorbance (280 nm) to return to 

baseline prior to step initiation (rv50–100 mL per step), the purest LAM fractions 

elute at 20% and 50% Buffer B. This eluate is concentrated using a Millipore (13–
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14 kDa MWCO) spin concentrator. After purification and concentration, the 

protein is flash frozen in liquid N2 and stored at -80°C or in liquid N2 until further 

use. The concentrated protein is dialyzed or buffer exchanged into 50 mM EPPS, 1 

mM DTT, 0.1 mM L-lysine, 10 µM PLP, pH 8.0 prior to ISC reconstitution. 

Typically, LAM purifies with about 3.2 irons/subunit, which is lower than an 

optimal four irons per LAM subunit and thus an iron–sulfur reconstitution is 

performed. 

Prior to reconstitution, the swiftly thawed LAM enzyme is centrifuged (14,500 

x g, 5 min), diluted to about 100–150 µM, and incubated with DTT (5 mM) for ~5 

min, similar to that described above. From 10 mM stock solutions, sodium sulfide 

nonahydrate and FAS (to a final concentration that is 6 the protein concentration) are 

added incrementally over 1–2 h, with gentle stirring. This reconstitution solution is 

incubated for 6–12 h at 4°C before being centrifuged (14,500 x g, 5 min), 

concentrated (10 kDa MWCO filter), passed over a desalting G25 column in Buffer   

C (50 mM EPPS, 1 mM DTT, 10 µM PLP, pH 8.0), and finally, reconcentrated. To 

minimize freeze/thaw cycles, LAM is aliquoted into several anaerobic vials (with 

compressible o-rings and screw-tops) and flash frozen in liquid nitrogen prior to 

storage at -80°C. Concentration can be assessed by Bradford assay or UV–vis 

absorbance, wherein ε280 =7.63 x 104 subunit M
-1 cm

-1
. 14 
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Enzyme  Activity Assays 

Coupled Enzyme Activity 

Assay for PFL-AE. We can probe PFL-

AE activity through a coupled assay that 

mimics a    small segment of the citric 

acid cycle; using minimal amounts of 

PFL and PFL-AE, this assay indirectly 

quantifies PFL-AE activity by measuring 

malic dehydrogenase catalyzed NADH 

formation via  UV–vis  spectroscopy.3a, 15 

For this coupling assay, two solutions are 

prepared, a coupling mixture containing 

coupling enzymes and substrates, and an  

activation  mixture  containing  PFL-AE  

and PFL; once combined, activated PFL (PFLa)  converts  pyruvate  and  CoA to formate 

and acetyl-CoA (Figure 2.5). To couple the PFL-catalyzed reaction to the 

spectroscopically observable production of NADH,  two  citric acid cycle enzymes are 

included; malic dehydrogenase replenishes oxaloacetate from malate while reducing 

NAD+, and citrate synthase catalyzes the conversion of acetyl-CoA and oxaloacetate to 

citrate. 

As the PFL glycyl radical and the PFL-AE cluster are extremely susceptible to 

oxygen, the entire assay is carried out under anaerobic conditions   (O2 < 1 ppm). All 

			

	
	

Figure 2.5. PFL-AE coupling assay scheme. 
Inactive PFL (PFLi) is activated by PFL-AE 
and  SAM to generate active PFL (PFLa) and 
enable conversion of pyruvate and CoA to 
formate and acetyl-CoA. Catalyzed by citrate 
synthase, acetyl-CoA reacts with oxaloac- 
etate (replenished by the reversible reaction 
catalyzed by malic dehydrogenase) to 
produce CoA and citrate. Monitored by UV–
vis absorbance (A340), PFL-AE activity is 
measured by malic dehydrogenase catalyzed 
NADH (purple) production. As the assay 
requires mixing of two solutions, this scheme 
illustrates select components of the coupling 
solution (blue) and activation solution   
(green). 
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solutions are made anaerobic before entering the anaerobic chamber, and the quartz 

spectroscopy cuvette is fitted with a septum (Tuf-bond Teflon disks 72) in a screw cap 

to keep the contents anaerobic when outside the anaerobic chamber. 

The coupling mix is prepared in anaerobic coupling buffer (100 mM  Tris, pH 8.1) 

and contains NAD+ (3 mM), CoA (55 µM), bovine serum albumin  (0.05 mg/mL),  

pyruvate (10 mM), malate (10 mM), DTT (10 mM), citrate synthase (40 U), and malic 

dehydrogenase (600 U). The activation mix is prepared in anaerobic activation buffer (100 

mM  Tris, 100 mM KCl, pH 7.5) and contains oxamate (10 mM), DTT (8 mM), PFL-AE 

(0.05 µM), PFL (5.0 µM), SAM (0.1 mM), and 5-deazariboflavin (25 µM). To guard 

against unintended reduction, the 5-deazariboflavin is added last and the activation mix 

is covered with foil until ready to initiate the reaction. 

To start the assay, the activation mix is placed in a glass or quartz tube 

(shortened EPR or NMR tube) that is submerged in an ice bath with the tube rv5 cm 

from a 500 W halogen lamp; multiple activation mixes can be photoreduced 

simultaneously. In order to minimize air pockets that would introduce O2  into the 

chamber, the ice for the ice bath is bathed   in liquid nitrogen, and then crushed prior 

to bringing it in to the anaerobic chamber. The reaction is initiated by turning on the 

lamp to start deazariboflavin-mediated photoreduction. At desired times (starting as 

early as 1 min and going as late as 60 min), an aliquot (generally 5 µL) is removed from 

the activation mix and carefully placed on the lid of a cuvette that contains 895 µL of the 

coupling mix. The cuvette is carefully sealed and placed in a 30°C water bath to 

equilibrate for 30 s. To initiate the analysis of active PFL, the cuvette is inverted several 
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times and a kinetic scan at 340 nm (0.1 s scan, 1.5 min cycle) is run to measure the rate 

of NADH production.  A control reaction is also run in the same way by adding 5.0 µL of 

unreduced activation mix to 895  µL of coupling mix.  

To determine the specific activity of PFL-AE, the units of PFL activity must 

first be calculated, and then converted to AE-specific activity. To determine the units 

of active PFL (PFLa) in the activation assay, Eq. (1) incorporates the activity assay 

slope (AA slope), the path length of the cuvette (cm), the extinction coefficient for 

NADH (ε340 = 6.2 mM
-1 cm

-1
), the assay volume in the cuvette (Vc) of the combined 

coupling and activation mixes, the total volume of activation mix that was 

photoreduced (VAM Total), the volume of the activation mix added to the cuvette lid 

(VAM Lid), and a few conversion factors. PFLa units are reported in µmol/min. 
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The specific activity of PFL-AE (SAAE) is calculated as shown in Eq. (2), using 

the relationship that 35 PFLaU:1 nmol PFL active sites (PFLAS)5a and 1 U AE is the 

amount of enzyme activating 1 nmol PFL per min. The illumination time (hν time) and 

the total milligram of AE in the activation mix (AEAM) also appear in this calculation. 
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The PFL-AE assay is challenging due to the complexity and the multiple 

components involved. Care must be taken to ensure that the coupling enzymes have 

the needed specific activity and that fresh DTT is used. Unexpectedly, low activities can 

also be due to oxygen contamination, as even minimal O2 contamination can quench 
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the glycyl radical of activated  PFL. Other causes of low measured activity could be 

partial [4Fe–4S] cluster content of PFL-AE, or poor photoreduction due to overheating 

or improper illumination geometry. Finally, for accurate activity measurements, it is 

important to perform the reaction analysis as soon as possible after removing an aliquot 

from the activation mix. 

 
EPR-Based Activity Assay for  PFL-AE. An alternative approach to measuring 

PFL-AE activity is a direct assay mon- itoring the production of glycyl radical over time 

using EPR spectroscopy; this assay is effective and simpler, however requires more 

enzyme if exper- iments are performed with X-band EPR spectroscopy. To carry out this  

assay,  a  mixture  containing  PFL  (50–200 µM),  PFL-AE  (1–10 µM),  20 mM oxamate, 

2 mM SAM, and 100 µM  5-deazariboflavin is prepared  in Tris (100 mM), KCl (100 

mM), pH 7.5 buffer. This mixture (rv180 µL)  is illuminated in an EPR tube as in a typical 

photoreduction for times ranging from 5 min to 1 h. After photoreduction, the solution is 

immediately frozen. EPR  spectra  are  recorded  in  an  X-band  instrument at 60 K, 20 

µW, and 5.054 G modulation amplitude. Under these conditions, the glycyl radical is 

centered at g  ~2.007 with a splitting of 17 G. In order to quantify the glycyl radical, signal 

intensity is compared to a K2(SO3)2NO (1.04 mM) standard.16 Plotting the glycyl radical 

spin concentration as a function of illumination time will give the PFL-AE activity 

directly. 

 
Activity Assay for LAM. As LAM activity assays generate beta-lysine from 

alpha-lysine, analysis requires distinguishing between these isomers; thus, detection 
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involves either radioactive assessment of these molecules6b, 11a or a derivatization 

based on the Edman degradation method of polypeptides and high-performance liquid 

chromatography (HPLC) analysis.11c, 17 For both approaches, an initial incubation   is 

followed by the activity assay; and as with other radical SAM enzymes, the assay is 

carried out under strict anaerobic conditions. 

For activity assessment via radiolabeled substrate,6b, 11c, 13a is reductively 

incubated, transferred to the appropriate buffer, and assayed for activity. The initial 

reductive incubation mix is composed of ferrous ammonium citrate (0–4.5 mM) or 

FAS (0–2 mM), dihydrolipoate (87–91 µM), PLP (2.1–2.2 mM), cysteine (0–10 mM), 

lysine (80 µM), DTT (0.8 mM), sodium dithionite (6 mM), EPPS (20–200 mM), pH 8.0, 

and rv14–270 µM LAM, incubated for 4 h at 37 ˚C. After this activation, the solution 

can be passed over a Sephacryl S200 column (e.g., 2.5 cm x 15 cm), dialyzed, or 

buffer exchanged into 30–42 mM EPPS, 1 mM DTT, 10 µM PLP, 0–20 µM FAS, pH 

8.0, whereafter it is concentrated (via Amicon YM10, 10 kDa MWCO centrifugation 

filters) to 1 mM and can be frozen and stored at 80°C.  This LAM solution  (prepared  

as  described  earlier, 3 µL, 200 µM) is combined with a cofactor-radiolabeled 

substrate mixture (12 µL) to achieve the following final concentrations: L-U
14

C-

lysine (0–180 mM, 0–0.045 µCi/µmol), cysteine (0–1.2 mM), SAM (1.2 mM), pH 8.0, 

and sodium dithionite (20 mM). To assess the formation of beta- lysine, radiolabeled 

assays can also be performed in Tris buffer (60 mM) pH 8.0. The reaction is quenched 

after 30 s by adding 25 µL of 0.2 M formic acid. Alpha- and beta-lysine are separated by 

paper electrophoresis. Activity can  be  observed  to  be  28–38 IUmg
-1

.6b, 11a, 11c, 17b 
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An alternate method for distinguishing alpha- and beta-lysine requires 

derivatization using phenylisothiocyanate (PITC) and separation via reverse-phase 

HPLC.11c, 17-18 The initial reductive incubation mix is composed of ferrous ammonium 

citrate  (0–4.5 mM)  or  FAS (0–2 mM), dihydrolipoate (0.08–91 mM), PLP (2.1–2.2 

mM),  cysteine (0–10 mM), lysine (80 µM), DTT (0.8 mM), EPPS (20–200 mM), pH  

8.0, and 14–270 µM LAM, incubated for 3–4 h at 37°C. Under anaerobic con- ditions, an 

assay solution includes LAM (85 µM), EPPS (80–340 mM), SAM (0.16–1.3 mM), sodium 

dithionite (0.7–2.3 mM), L-lysine (1–200 mM), pH 8.0, 37°C; at specific intervals under 

30 min, aliquots (30 µL) of the reaction are quenched with perchloric acid (2 N, 12 µL) 

and centrifuged. To derivatize samples, assay aliquots (10 µL, 100 nmol lysine) are dried 

to a solid and incubated at room temperature with a coupling buffer (acetonitrile: 

pyridine: triethylamine: water (10:5:2:3), 100 µL) and PITC (5 µL); the solution is then 

redried and resuspended in 250 µL of ammonium acetate (50 mM), water, or water: 

acetonitrile (7:2). To separate derivatized samples via HPLC, samples (25–250 pmol 

lysine) are applied to an analytical C8 column under a linear 1.25% min
-1 gradient (70% 

A to 70% B) at 1 mL min
-1

, wherein Buffer A is ammonium acetate (50 mM, pH 6.8) 

and Buffer B is ammonium acetate (100 mM, pH 6.8) in a water:acetonitrile:methanol 

(23:22:5) solution. Recording absorbance at 254 nm, beta-lysine elutes at 11.5 min, 

and alpha-lysine elutes at 13 min.17a  

 
Assessing Cluster Content via Iron and Protein Assays.  

As [4Fe–4S] cluster content is necessary for functional radical SAM enzyme 

catalysis, determining this cluster content is critical and relies on identifying both protein 
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concentration as well as iron number per protein. To gauge protein concentration, 

Bradford assays are performed;19 this time sensitive assay requires the standards and 

samples be run at the same time. To understand “loading” or ISC content of the protein, 

iron assays are performed via the colorimetric method20 or via an atomic absorption 

spectrometer; a value of four irons per protein, for an enzyme  that is expected to house 

one [4Fe–4S] cluster, suggests the majority of the clusters are [4Fe–4S] clusters without 

further spectroscopic characterization. This iron content assessment is performed after 

radical SAM enzyme purification to identify if an in vitro ISC reconstitution is needed and 

is particularly helpful as EPR spectroscopy cannot detect diamagnetic  [4Fe–4S]
2+  cluster 

species. 

 
In Vitro Reconstitution of Iron-Sulfur Clusters.  

As discussed in above, radical SAM enzymes require the presence of [4Fe–4S] 

clusters to accomplish catalysis. In vivo, these clusters are assembled by the help of ISC 

and sulfur assimilation (SUF) multicomponent ISC systems21 and though organisms 

can use either of these systems, the ISC machinery encoded by the isc operon is 

primarily responsible for cluster assembly; however, in conditions of insufficient iron or 

when cells are under oxidative stress, the SUF machinery is recruited to generate and 

repair clusters.22 Cysteine desulfurase enzymes, which catalyze the conversion of 

cysteine to alanine and sulfide, generate the inorganic sulfur for ISCs; these FeS 

clusters are built on a scaffold protein prior to their transfer to target proteins such as 

radical SAM enzymes. How well the cluster assembly machinery systems work during E. 

coli growth and gene overexpression significantly affects in the cluster content of the 
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radical SAM enzyme after purification. Although enzymes such as PFL-AE can be 

isolated with near-full cluster occupancy, in cases where the iron loading is lower than 

4.0 irons per protein subunit, the [4Fe–4S] clusters are chemically reconstituted in 

vitro. 

To increase the number of these catalytically relevant [4Fe–4S] clusters, 

chemical reconstitution is accomplished by addition of exogenous sulfide and iron. 

During reconstitution, a color change (light brown to dark brown) can be observed as 

iron and sulfide are being incorporated into the protein active site; after removal of 

excess iron and sulfide, UV–vis spectroscopy can quantify the increase in cluster 

content as judged by the ligand-to-metal charge transfer (LMCT) bands characteristic 

of ISCs (Figure 2.6A). Additionally, EPR spectroscopy  may  be  employed  to  further  

identify clusters types. The following protocol describes a generic reconstitution for 

radical SAM enzymes. Owing to FeS cluster susceptibility to degradation upon exposure 

to oxygen, all steps should be performed in an anaerobic chamber, and are generally 

carried out on ice to maintain protein integrity. 

Prior to reconstitution, the protein is adjusted to a concentration generally 

between 100 and 150 µM using a buffer appropriate to the enzyme, and then DTT is 

added from a freshly made stock solution to a final concentration of 5 mM DTT. The 

protein is allowed to sit for 5 min, and then iron is added from a 10 mM stock of Fe
3+ 

(typically ferric chloride) via 10–20 aliquots dispensed at intervals over an hour to a 

final concentration that is 6 x more than the protein concentration. This slow addition 

maximizes distribution of the iron and minimizes protein precipitation. Following iron 
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addition, sulfide is added from a stock solution of 50 mM Na2S·9H2O in a similar 

manner and to the same final concentration as the iron. This mixture is incubated on 

ice with gentle stirring for 3–12 h, depending on the radical SAM enzyme. After 

incubation, the mixture should look visibly darker brown than before reconstitution 

(Figure 2.6B); however, a solution that appears black often has significant FeS 

particulates and/or adventitiously bound iron that can be deleterious. After 

incubation, the protein solution is centrifuged (14,500 x g, 10 min) to remove 

precipitated protein and FeS particulates, and the supernatant is concentrated (10 

kDa MWCO Amicon spin filters, 4000 x g) and run over a desalting column to 

remove free iron, sulfide, and FeS particulates. After this gel filtration step, the 

enzyme solution is concentrated again, aliquoted, and flash frozen in liquid N2, prior 

to stored at -80°C. 

To evaluate the reconstitution success, pre- and post-reconstitution samples are 

examined via UV–vis spectroscopy (350–700 nm) to check for increase in absorbance 

at wavelengths associated with LMCT bands typical for ISCs (Figure 2.6). Further 

characterization can be achieved through low temperature (10–50 K) EPR (Figure 2.8) 

and/or Mössbauer spectroscopies. 

 
Reduction of Iron-Sulfur Clusters.  

In radical SAM enzymes, the [4Fe–4S] cluster must be reduced from the 

resting 2 + state to the catalytically active 1 + state prior to SAM cleavage. The 

reductant in vivo is one of the several electron transfer proteins, however in vitro 

chemical reducing agents are generally used. This section addresses two different 
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approaches to reducing the [4Fe–4S] cluster: chemical reduction via dithionite and 

photoreduction via 5-deazariboflavin. Each approach has advantages, and the choice of 

reducing method depends on the particular enzyme, experiment, and objectives. 

 

A.  B.  
Figure 2.6. UV–vis  spectroscopy  of  a  radical  SAM  enzyme  pre-  and  
postreconstitution. (A) Radical SAM enzyme solutions pre- and postreconstitution 
demonstrate iron–sulfur cluster content changes can be observed with the human eye. (B) 
The UV–vis absorbance spectrum of an as-purified radical SAM enzyme (dashed line) 
illustrates iron–sulfur cluster content; however, after reconstitution, this same radical SAM 
enzyme has significantly increased iron–sulfur cluster content (solid line) as demonstrated 
by an increase in intensity of the LMCT bands between 400 and 500 nm. 

 

The advantage of dithionite reduction is the convenience and ease with which 

this chemical can reduce clusters. The addition of dithionite, in several fold excess over 

the [4Fe–4S] cluster content, quickly reduces these clusters requiring only brief 

incubation and therefore allowing swift sample preparation. The disadvantage of 

dithionite reduction is that this small molecule remains in solution, providing a 

strongly reducing environment that is not always compatible with particular 

experiments. In the specific case of radical SAM enzymes, this reducing environment 

can result in the some- times problematic nonproductive SAM cleavage, which is the 

reductive cleavage of SAM to produce methionine and dAdo in the absence of 

substrate. Furthermore, in certain instances dithionite can react with radical species, and 
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therefore lead to artifactual results.23 

The benefit of 5-deazariboflavin-mediated photoreduction is that reducing 

equivalents are present only during illumination and are removed by simply putting the 

sample in the dark. Under light and in the presence 5-deazariboflavin, the [4Fe–4S]
2+ 

clusters can be reduced to the 1+ state, however once the light is removed and 

catalysis is initiated, no exogenous sources of reduction exist near the active site. The 

control inherent in this technique minimizes off-pathway reactions and experimental 

artifacts. 

While this diminished potential for artifacts is invaluable, the set-up for 

photoreductions requires more investment than a dithionite reduction. The most 

substantial initial work is in the synthesis of 5-deazariboflavin, which is described  

elsewhere.24  Once  the  5-deazariboflavin  is in hand, photoreduction can be carried out 

in a strict anaerobic environment (< 1 ppm O2). Typically, photoreductions  are  

performed  for about an hour and use a protein concentration between 50 and 500 µM, and 

5-deazariboflavin concentrations typically ranging between 10 and 50 µM. Photoreduction 

time  may  vary  with  each  enzyme,  and  photoreductions at  higher  enzyme  

concentrations  can  be  hampered  by  self-absorption and therefore may require longer 

illumination times. If the protein is   not in Tris buffer, then some Tris buffer must be 

added as a sacrificial electron donor. To carry out the photoreduction, the enzyme 

solution  is placed in an EPR or NMR tube in an ice water bath, and photoreduction is 

initiated by sample illumination with a standard 500 W halogen (Xe) lamp. To 

minimize heat and IR radiation damage during photolysis, the EPR or NMR tubes 
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containing the enzyme solutions are placed in the ice water bath in a glass beaker kept 

~5 cm from the lamp, with ice being replenished as needed. The ice for this ice water 

bath is brought into the anaerobic chamber after bathing it in liquid nitrogen and 

breaking it apart with a metal spatula; when the ice appears more opaque than 

translucent, it can be brought into the anaerobic chamber while maintaining O2 levels 

below 1 ppm. 

After photoreduction, 

several details must be considered 

in order to obtain optimal results. 

As the [4Fe–4S]
+ cluster may begin 

to reoxidize once the photoreduction 

ends, the sample must be swiftly 

frozen or assayed. If the exact 

photoreduction time is critical, as in 

activity assays, the sample must be 

isolated from light by foil or a 

secondary container; though this 

reduction will be minimal in 

comparison with the halogen lamp, the 5-deazariboflavin in the sample can continue 

to reduce in the presence of ambient light. Congruently, to maintain integrity of the 5-

deazariboflavin stock, it should remain protected from light. 

Regardless of the reduction technique (chemical or photoreduced), the 

	
Figure 2.7. UV–vis spectroscopy of FeS 
clusters pre- and postreduction. The UV–vis 
absorbance spectrum of a reconstituted radical 
SAM enzyme (dashed line) displays iron–
sulfur cluster content that can be associated 
with a [4Fe–4S]

2+ cluster state; after partial 
reduction, the LMCT bands diminish, 
illustrating the oxidation state change in 
clusters to the [4Fe–4S]

+ state (solid line). 
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intensity of the dark brown enzyme coloration should diminish to a paler brown during 

the course of the reduction. UV–vis and EPR spectroscopies (Figures 2.7 and 2.8) can 

inform on the success of either reduction process. 

 
Spectroscopic Characterization of Radical SAM Enzymes.  
 

As radical SAM enzymes need a [4Fe–4S] cluster to function properly, spec- 

troscopic tools to identify and characterize these clusters are critical. Fortunately, these 

clusters are spectroscopically rich, with EPR, UV–vis, CD, and Mössbauer spectroscopies  

providing  important  insights  into  cluster  type, oxidation state, and coordination 

environment. However, a key preliminary tool is simply our eyes; the LMCT bands in the 

visual region lead to the characteristic brown or tan coloration that can visually report on 

FeS cluster content. UV–vis absorption spectroscopy (Figures 2.6 and 2.7) and EPR 

spectroscopy (Figure 2.8) provide more detailed and quantitative information as to cluster 

content and type. Additionally, CD spectroscopy in the visible region can inform on 

cluster content,25 and Mössbauer spectroscopy has the advantage of reporting on all 

types of cluster species. This section will focus primarily on UV–vis absorbance and EPR 

spectroscopies as tools for further cluster analysis.  

 
UV–Visible Spectroscopy of ISCs. Owing to the sulfur-to-iron LMCT bands 

inherent to ISCs, and the changes that occur to these bands with oxidation, reduction, 

or change in cluster type, UV–vis spectroscopy is a useful tool for characterizing 

proteins with ISC content. As these protein solutions are generally tan to reddish-

brown in color, broad absorption features in the 350–700 nm region can be easily 
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observed (Figures 2.11 and 2.12).  Due to the breadth of these features and the 

similarities between different cluster types, UV–vis spectroscopy is not generally 

considered as a means to unequivocally determine all cluster types present; however, it 

can provide valuable insight regarding presence of certain cluster types and oxidation 

states. 

In general, [4Fe–4S]2+ clusters have high absorbance around 420 nm, and the 

majority of spectroscopic analyses of radical SAM enzymes report a λmax around 420 

nm, although λmax values at 410 or 400 nm are reported in some cases.26 While [2Fe–

2S] clusters also absorb in this 400–500 nm region, they can also have additional 

shoulders at lower energy (550–600 nm) where [4Fe–4S] clusters typically have little 

absorption. 

UV–vis spectroscopy can be useful for measuring changes in these LMCT bands 

upon cluster oxidation and reduction. For example, reduction  of [4Fe–4S]
2+ clusters 

results in a significant decrease in intensity of the visible absorption features, such that 

even to the naked eye the color of the protein appears to “bleach” with reduction. Thus this 

decrease in visible absorption upon reduction is a useful indicator of reduction of the 

cluster (Figure 2.7). 

 
EPR Spectroscopy of Iron-Sulfur Clusters. EPR spectroscopy can be a more 

definitive spectroscopic tool for determining cluster content; however, the disadvantage of 

EPR spectroscopy is that it only reports on paramagnetic species, such as [4Fe–4S]+, 

[3Fe–4S]+, and [2Fe–2S]+ clusters. Regardless, this technique is quite useful for  radical 
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SAM enzymes as the [4Fe–4S]+ cluster is the catalytically relevant state. Typically, 

continuous wave EPR spectroscopy of FeS clusters is carried out in the X- or Q-band 

(~9.5 and 35 GHz, respectively), at temperatures below 30 K due to the relaxation 

properties of ISCs. The  predominant signals for [4Fe–4S]+, [3Fe–4S]+, and [2Fe–2S]+ 

clusters appear in the same region of the spectrum near g ~ 2; however, these cluster 

species can often be distinguished 

based on lineshape (Figure 2.8) and 

relaxation properties, as illustrated by 

temperature and power dependences 

of the signal intensity.  

To examine the temperature 

dependence of EPR signals, the 

power and microwave frequency are 

held constant, and EPR spectra are 

recorded at several temperatures. 

Often [2Fe–2S] clusters relax more 

slowly than [4Fe–4S] and [3Fe–4S] 

clusters due to the fewer accessible 

electronic states; thus, [2Fe–2S] 

clusters can be observed at higher 

temperatures, and often the signal 

reaches maximal intensity between 

	
Figure 2.8. EPR spectroscopy of FeS 
clusters in radical SAM enzymes. The 
top spectrum (black) is of an as-purified 
enzyme and illustrates an isotropic [2Fe–
2S]+ cluster signal shown at 40 K, Topt. 
The middle spectrum (blue) is of a 
reduced enzyme and displays     an axial 
[4Fe–4S]+ cluster signal. The lower 
spectrum (red) is of a reduced enzyme 
with exogenous SAM added and displays 
two overlapping axial [4Fe–4S]+ cluster 
signals, suggesting cluster content with 
and without SAM bound. The lower two 
spectra are shown at 10 K, as this 
temperature is the Topt  for these [4Fe–
4S]+  cluster  signals. 
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35 and 50 K. In contrast, a [4Fe–4S]+ cluster signal displays  maximum  signal  

intensity  between 12 and 20 K, while the maximum signal intensity of [3Fe–4S]+ 

clusters is in a temperature region between that of [2Fe–2S]+ and [4Fe–4S]+ clusters. 

Thus, collecting EPR data at a range of temperatures can help to distinguish between 

these three cluster types. 

Power-dependence studies are carried out by collecting EPR data over a range 

of powers while the temperature is held constant, generally at Topt (the temperature 

with the maximum signal intensity). Among many advantages, power-dependence 

studies may distinguish between two clusters with nearly identical temperature profiles 

and similar or overlapping g-values, such as two different [2Fe–2S]+ clusters. 

In order to accurately assign g-values and to help deconvolute overlapping 

signals, simulations of the EPR spectra are often performed using EasySpin software 

(http://www.easyspin.org/).27 This graphical software allows the user to set several 

constraints, such as g-values, to simulate the observed signal and identify the multiple 

cluster signals present in a given spectrum. For example, these simulations can be 

particularly helpful for distinguishing the [4Fe–4S]+ cluster signal from the [4Fe–

4S]+ cluster with SAM bound, if both happen to be present in one spectrum. 

EPR spectroscopy of radical SAM enzymes in the as-purified state often reveals 

the presence of [2Fe–2S]+ (g-values of ~ 2.01, 2.00, 1.96 at 30 K) and/or [3Fe–4S]+ 

(g-values of ~ 2.03, 2.01, 1.99 at ~15 K) clusters  (Figure 2.8, top), although these are 

frequently minor components in a protein that contains primarily EPR-silent [4Fe–
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4S]2+ clusters. The more the enzyme is exposed to trace oxygen during purification 

and/or reconstitution, the more of these [3Fe–4S] and [2Fe–2S] cluster states are 

likely to be observed in the EPR spectrum, as oxidation of [4Fe–4S]2+ clusters, 

particularly those that are site-differentiated like the radical SAM clusters, can lead to 

oxidative degradation to these cluster states. The reduced [4Fe–4S]+ state is unlikely to 

be observed in as-isolated protein, as the low reduction potential for radical SAM 

clusters means that strong reductants are required to achieve the 1 + state. Upon 

reduction with dithionite or photoreduction with  5-deazariboflavin,  typically  a  [4Fe–

4S]+ cluster  signal  appears  (g-values of  ~2.03, 1.92, 1.90 at ~10 K, Figure 2.8, 

middle). Addition of SAM to a reduced sample often perturbs this EPR spectrum 

lineshape as SAM binding slightly alters the electronics of the [4Fe–4S]+ cluster (g-

values of ~ 2.00, 1.88, 1.84 at ~10 K, Figure 2.8, bottom). EPR spectroscopy can thus 

provide evidence for SAM binding to the enzyme-bound [4Fe-4S] cluster. 

Knowing the concentration of [4Fe–4S]+ spins per protein is valuable because 

it reflects the amount of catalytically active enzyme. To quantify the percent of 

catalytically active [4Fe–4S]+ state in a particular sample, the sample is compared to 

that of a standard of known spin quantity, often a copper standard (Cu(II)-

ethylenediaminetetraacetic acid  (EDTA)). 

Specifically, a standard calibration curve is constructed by taking the double 

integration  of  the  standard’s  derivative  shaped  EPR  signals  at  multiple 

concentrations with the applied correction factor to account for how the spread of g-
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values affects the signal intensity;16a the double integration of the derivative shaped EPR 

signal of the sample is then compared to this standard curve to provide a number that 

reflects the quantity of spins. Furthermore, the sensitivity of EPR spectroscopy means 

that [4Fe– 4S]+ cluster can be detected even if it is present in low quantities; for certain 

experiments, it is essential to know whether 10% of the protein, or 100%, is present in 

this catalytically active state. 

It may be helpful to keep in mind a few practical considerations regarding the 

handling of EPR samples. Owing to the expansion of water while freezing, protein 

samples in EPR tubes must be slowly lowered into liquid nitrogen, or liquid 

isopentane, over ~10 s. If the tube is lowered too quickly, the top of the sample may 

freeze before the bottom of the sample, causing the tube to rupture as the remainder 

expands during freezing. Furthermore, due to increased brittleness of the quartz tubes 

at low temperature, EPR tubes should be handled carefully when placing them in 

dewars or inserting them into the EPR cavity. Finally, to minimize oxygen 

contamination, EPR samples are capped with a rubber septum prior to removing them 

from the anaerobic chamber, and samples are stored in liquid N2. Removal of the 

rubber septum after freezing can sometimes introduce a broad signal associated with 

oxygen, which can be eliminated by returning the EPR sample to a minimal oxygen 

environment, recapping, and refreezing. 

EPR spectroscopy can be an incredibly valuable tool for FeS cluster anal- ysis, 

particularly for radical SAM enzymes. Knowing a radical SAM enzyme has high [4Fe–

4S]+ cluster content can yield more productive investigations into the function of these 
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magnificent  enzymes. 

 
Synthesis of SAM and SAM Analogs 

 
 

As SAM is essential to the radical SAM enzyme mechanism, securing optimal 

preparations of this small molecule minimizes experimental artifact. SAM, the progenitor 

to the deoxyadenosyl (dAdo) radical,26 comprises the nucleotide adenosine and the amino 

acid methionine and can be enzymatically synthesized from adenosine 5’-triphosphate  

(ATP)  and  methionine.  Though  SAM  can  be  obtained commercially,  synthesis  is  

preferable  as  this  approach  generally  yields SAM with fewer racemic contaminants 

and impurities.28  While SAM can be made in vivo by supplementing yeast cultures with 

methionine, we prefer to generate SAM in vitro while monitoring the reaction 

progress  to achieve optimal yields. The relatively simple synthesis of SAM provides 

not only high quality SAM for a range of experiments but also the flexibility to 

incorporate isotopic labels from methionine or ATP. The following sections present 

methods associated with the enzymatic synthesis of SAM, including preparation of 

isotopically labeled SAM and SAM analogs. 

 
SAM Synthetase 
 

SAM synthesis requires the enzyme SAM synthetase (EC 2.5.1.6), which is 

found in E. coli. Our lab received a SAM synthetase strain as a generous gift from the 

Markham lab, and the methods for preparation of SAM sythetase arise from this lab.29  

This SAM synthetase gene is on the pk8 plasmid, a pBR322 plasmid derivative 

containing the metK (SAM synthesis) gene. This pk8 plasmid is in the DM22 E. coli 
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strain, itself a derivative of E. coli EWH154 wherein the entire region of speC, a 

protogenic exotoxin, has been deleted.30 SAM synthetase is generated in abundance 

from these cells without the necessity for induction or any special treatments. The 

clarified lysate of SAM synthetase is sufficient for use in the SAM synthesis reaction 

and thus purification of SAM synthetase is not required. 

 
Growth of the SAM Synthetase Strain. Using sterile technique, a LB agar plate 

(oxytetracyclin 30 µg/mL final) is streaked from a glycerol stock of the strain 

described and is incubated at 37°C for ~15 h. A single colony is used to inoculate LB 

media (50 mL, oxytetracyclin 30 g/mL) in a 250 mL Erlenmeyer flask and incubated 

at 37°C overnight (rv15 h) with shaking (240 rpm). A small amount of this culture 

(~3.5 mL per 700 mL) is used to inoculate the large-scale growth (five 2.8 L beveled 

Fernbach flasks with 700 mL media and antibiotic in each). This culture is grown at 

37°C for 12–14 h with shaking (240 rpm). The cells are aerobically harvested by 

centrifugation (4000 g, 12 min, 4°C); the supernatant is discarded and the resulting 

cell pellets are flash frozen in liquid nitrogen and stored at -80°C. 

 
Preparation of  the SAM Synthetase Lysate. As the SAM synthesis reaction is 

performed aerobically, lysis of SAM synthetase cells can be done in aerobic 

conditions. The lysis buffer contains 100 mM Tris–HCl, pH 8.0, 50 µg/mL lysozyme, 

0.1 mM PMSF (dissolved in 1 mL methanol), 1 mM EDTA, and trace DNase and 

RNase. Lysis buffer is added to the cell pellet at a ratio of 3 mL buffer per 1 g of cell 

paste. The lysis mixture is incubated at ~25°C with gentle stirring for 30 min, 
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followed by sonication (5 min total sonication, 60% amplitude, 15 s on, and 60 s off ) 

on ice. After chemical and mechanical lysis, the lysate is centrifuged (27,000 x g, 30 

min, 4°C) and the clarified lysate is aliquoted into 1 mL microcentrifuge tubes and 

frozen immediately in liquid nitrogen. The lysate aliquots are stored at -80°C, and 

should only be thawed immediately prior to use in the SAM synthesis reaction. 

 

SAM Synthesis and Purification 

Using SAM synthetase, SAM can be synthesized from ATP and methionine, and 

subsequently purified on a cation exchange column. Since SAM can decompose into 

methylthioadenosine and other derivatives, efforts are made to minimize the duration 

between synthesis initiation and final freezing. The following section details how SAM 

is synthesized and purified. 

 
SAM Synthesis  Reaction. The assay components (50 mM  KCl, 26 mM  

MgCl2, 0.9 mM EDTA, 14.4 mM ATP, 12.0 mM L-methionine, 0.114 mM 2-

mercaptoethanol, ~0.25 U inorganic pyrophosphatase, and 1 mL SAM synthetase 

clarified lysate) are mixed in 100 mM  Tris  HCl (pH 8.0) to a total volume of   10 mL 

and incubated with stirring for ~18 h at room temperature. The reaction progress is 

monitored by thin-layer chromatography (TLC) using a silica TLC plate and a mobile 

phase containing an 8:2:2:1 ratio of butanol, glacial acetic acid, water, and 2 M formic 

acid. Upon completion  (Figure 2.9A), the reaction is quenched using 1 M HCl and 

centrifuged (38,000 x g, 30 min, 4°C). The supernatant is saved to a clean tube and 

the pellet discarded. 
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SAM Purification. Prior to SAM purification, the 15S cation exchange column 

(HR 16/10) is primed with the following wash steps: (1) water (40 mL, 4 mL/min), (2) 1 

M HCl (20 mL, 4 mL/min), and (3) water (40 mL, 4 mL/min). The supernatant from the 

centrifuged SAM synthesis reaction is loaded via a Superloop (10–50 mL) onto the 

column and SAM is eluted (Figure 2.9B) with a combination of isocratic flow and 

linear gradients using water (solution A) and 1 M HCl (solution B). At 2 mL/min, an 

isocratic elution of water (100% A) is run for 13 min (26  mL) followed by a linear 

gradient over 6 min to 10% B; another isocratic elution at 10% B is maintained for 8  

	

A.  B.  
 
Figure 2.9. SAM purification monitors. (A) TLC can illustrate formation of SAM, using a 
solvent system of butanol:acetic acid:water:2 M formic acid (8:2:2:1) on a silica solid 
phase. (B) While the SAM elution profile is reproducible, monitoring the UV–vis 
absorbance during the described purification can be incredibly useful for SAM analogs 
that can have a slightly altered elution profile. 

 
 

min, until 54 mL total elution volume, at which point a linear gradient over 60 min to 

100% B is applied. While impurities wash off at lower HCl concentration, SAM 

elutes between 0.35 and 0.55 M HCl, corresponding to about 50–60 min, based on the 

method described. 

To finalize SAM preparation, SAM is dried to a solid and resuspended in buffer 
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as delineated here. The SAM eluate is concentrated to ~2 mL using a rotary evaporator 

with a water bath temperature set between 28 and 30 C; to minimize chances of 

degradation, the duration for which SAM is    kept above 4°C is limited as much as 

possible. After transfer to either a 10-mL Schlenk flask, or a 4-mL round bottom tube 

(covered with perforated foil) within a Schlenk flask, this concentrated SAM solution is 

frozen and ready for lyophilization; this vessel should have a sufficiently    large 

surface area to lyophilize SAM quickly, but be small enough to minimize SAM loss 

during resuspension in 200 µL buffer. SAM is lyophilized to a solid overnight and the 

colorless SAM solid is resuspended in ~200 µL of 100 mM Tris at pH 7.0 (or an 

appropriate assay buffer), in an anaerobic chamber at <1 ppm O2. Since SAM elutes in 

HCl, the pH is adjusted to 7.5 with KOH (6 M). To minimize thaw/freeze cycles and 

oxygen exposure, SAM is aliquoted (~25 µL), flash frozen, and immediately stored at 

-80°C. The final SAM concentration is calculated from the absorbance at 260 nm 

based on the molar extinction coefficient (ε260) of 15,400 M
-1 cm

-128, 31 and typical 

yields are  ~200 µL of a 25 - 35 mM SAM solution. The purity of SAM can be evaluated 

via mass spectrometry and  NMR  spectroscopy as needed. 

 
Isotopically Labeled SAMs. SAM synthesis provides facile access to isotopically 

labeled SAMs by using 
2
H-, 

13
C-, and/or 

15
N-labeled methionine or ATP. The resulting 

labeled SAMs can be used to trace the fate of specific atoms or probe the structural 

features of paramagnetic states using EPR and ENDOR spectroscopies. 
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While methods for generation of these labeled SAMs are similar to that for 

SAM, the reaction and purification may need to be reoptimized due to differences in 

the salts/buffer components of the commercially purchased labeled ATP and 

methionine. Common alterations may include: (1) extended reaction time, (2) higher 

or lower concentration of HCl required to elute SAM off the cation exchange column, 

and (3) need to maintain SAM at a lower temperature due to increased susceptibility to 

degradation. When synthesizing labeled SAMs, therefore, the following approaches 

are helpful: (1) using TLC (or HPLC) to carefully monitor the SAM synthesis reaction 

to ensure optimal reaction time, (2) monitoring UV–vis absorbance at 260 nm during 

purification to ensure the optimal fractions are collected; (3) minimizing the total time 

between reaction initiation and final freezing of purified SAM; and (4) always keeping 

SAM cool. These precautions 

will ensure successful 

generation of labeled SAM. 

 
SAM Analogs 

  
As SAM analogs can 

exhibit altered reactivity and/or 

spectroscopic characteristics, 

these analogs have been 

employed in spectroscopic and mechanistic studies of radical SAM enzymes. The 

distinct properties of these SAM analogs are due to minor structural differences, such as 

the presence of a double bond or selenium in place of sulfur. In some cases, such as the 

	
	
Figure 2.10. SAM analog - anSAM. The structure 
of anSAM is depicted on the left illustrating the 

   the  the 3’C and 4’C  
the    cleavage during 
radical SAM enzyme catalysis, an allylic radical is 
generated and stabilized across the3’, 4’, and 5’ 
carbons (as depicted in red) allowing for 
spectroscopic observation. 



 
 

71 

synthesis of seleno-SAM, only minor adjustments (akin to those  described above) to 

the standard SAM synthesis are required. In other  cases,  as  with  the  synthesis  of  3’,4’-

anhydroadenosyl-L-methionine (anSAM), more elaborate procedures are required. 

Thus, the following sections provide details for the preparation of anSAM. 

The SAM surrogate, anSAM, has a double bond in the sugar moiety between the 

3’  and 4’  carbons, such that upon cleavage of the S-C(5’) bond, an allylically stabilized 

radical is formed (Figure 2.10). Owing to the stability of this allylic anAdo radical, it 

reacts with substrate more slowly than the dAdo radical and thus builds up to 

spectroscopically observable quantities during turnover in some radical SAM enzymes, 

while remaining competent as an intermediate in catalysis.13b, 13c 

The following sections discuss methods for preparing anSAM, including the 

preparation of anATP and the altered conditions required for the anSAM synthesis 

reaction. The preparation of anATP starts with the organic synthesis of 

anhydroadenosine (anAdo), which   is described elsewhere.32 Phosphorylation of 

anAdo to generate anATP is performed enzymatically using three   enzymes: 

adenosine kinase (AdoK), to phosphorylate adenosine, (2) adenolate kinase (AK), to 

phosphorylate AMP, and (3) phosphocreatine kinase (PCK), to phosphorylate ADP. 

While AK (from rabbit muscle) and the PCK (from rabbit muscle) can be obtained 

from commercial sources and prepared with minor modifications, as of this writing, 

AdoK is not easily sourced; thus, AdoK enzyme overexpression and purification are 

required. 

 
Adenosine Kinase Preparation. The adenosine kinase gene (AdoK), from 
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human T cell cDNA (MOLT-14), is isolated  and amplified  with the  following  

promoters:  

forward:  5’-CGG GCA GCA  TAT  GAC GTC AGT  CAG AGA AA-3’ 

reverse:  5’-GCG TTC GGA TCC A TC AGT GGA AGT CTG G-3’ 

Upon amplification, the AdoK gene can be ligated into any expression vector 

employing standard molecular biology techniques. Here, the plasmid construct 

includes the described gene inserted in a T7-based expression vector pET-14b 

(Novagen) and is transformed into XL1 Blue supercompetent cells, followed by 

BL21(DE3)pLysS for overexpression. As AdoK is not air sensitive, all growth and 

purification steps can be carried out under aerobic conditions. 

From glycerol stocks or a new transformation, a culture swab is transferred from 

the glycerol stock onto an LB/amp (50 µg/mL) plate and the plate is grown at 37°C 

overnight. One colony is removed from this plate with sterile technique and placed in a 

250 mL Erlenmeyer flask of LB (50 mL) with amp (50 µg/mL) and grown overnight 

(rv15 h) with shaking (250 rpm). For large- scale growths, media (6 L of sterile LB) is 

prepared in four Fernbach flasks (2.8 L). This LB media are warmed at 37°C for an 

hour with shaking, and then, amp (50 µg/mL final concentration) along with 10 mL of 

the overnight growth is added to each Fernbach flask. These cultures are grown for 2.5 h 

at 37°C with shaking (240 rpm) until the OD600nm reaches ~0.35, at which point the 

temperature is dropped to 22˚C so the culture is near 22°C at induction. Keeping the 

temperature low at induction minimizes percentage of AdoK protein in inclusion 

bodies that remain in the pellet after centrifugation; however, the initial growth phase is 
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the best to perform at 37°C to minimize total growth time. Cultures are induced at an 

OD600nm of 0.5 by adding IPTG (1 mM, final concentration), and 8 h after 

inoculation (not induction) glucose (4.5 g/1500 mL) is added to each flask. After 

induction, the cells are grown for 22 h at 22°C with ~240 rpm shaking, after which 

they are harvested by centrifugation (4000 x g, 10–12 min, 4°C). Cell pellets are flash 

frozen in liquid nitrogen, and stored at -80°C until lysis. 

 

A.  B.  
Figure 2.11.  AdoK affinity purification. A) AdoK elution profile off the HisTrap™ 
column has a double peak; all fractions in the red highlighted section contain useful AdoK 
protein and are collected. B) In the SDS-PAGE of fractions collected, the red highlighted 
fractions show presence of AdoK and appear relatively pure, despite the need for further 
purifi- cation; the BioRad Broad Range Molecular Marker shows weights of 66.2, 45, 
31, and 21.5 kDa (top to bottom) with AdoK protein correlating to  ~45 kDa. 
 

Lysis buffer (50 mM Tris–HCl, 7.5 pH, 1% Triton X-100, 0.2 mg/mL 

lysozyme, 1 mM PMSF, 20 µg/mL DNAse, 10 µg/mL RNase, 10 mM magnesium 

sulfate, and 1 mM DTT) is added to cell pellet at a ratio of 10 mL per gram of cell 

pellet. Generally, approximately 25 g of cell pellet is lysed, corresponding to the 

amount from 3 L of culture. The lysis is per- formed chilled, in a 4°C fridge or 

surrounded by ice packs, with a syringe and 18-gauge needle used to help homogenize 

the solution. In addition to chemical lysis, use of freeze/thaw cycles yields more 

protein; thus, the lysis suspension undergoes three freeze/thaw cycles in a 500 mL 
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Erlenmeyer flask, with freezing by rotation in liquid nitrogen, and thawing under cold 

water. Then the solution is centrifuged (38,000 x g, 30 min, 4°C) and the AdoK 

containing supernatant is saved. 

 

A  B  
 
Figure 2.12. DEAE sephacel AdoK purification. (A) AdoK elution profile with AdoK 
fractions highlighted, (B) SDS-PAGE illustration of fraction purity, wherein “Ldr” refers 
to the same BioRad Broad Range Molecular Marker, “FT” is the flow through during 
loading of the column, “0%” is the wash with 0% Buffer B, and “F1”–“F5” are fractions. 
Fractions F2  and F3 both have active AdoK. 

 

AdoK purification is adapted from previous work.13c, 33 The initial purification 

is via an ammonium sulfate precipitation, in which the first cut at 65% ammonium 

sulfate  (430 g ammonium sulfate/1 L) precipitates most of the unwanted cellular 

proteins. After centrifugation (38,000 x g, 30 min, 4°C), the final 100% cut (266 g 

ammonium sulfate/1 L) precipitates AdoK, as long as care is taken to add the ammonium 

sulfate slowly with stirring. A second centrifugation isolates the AdoK in the pellet and 

this AdoK pellet is resuspended in the least amount of buffer (10 mM Tris, 1 mM DTT, 

and pH 7.50) necessary; this volume is usually between 5 and 10 mL if the AdoK protein 

is from about 25 g of cells (from 3 L of a growth). The resuspended AdoK is then 

dialyzed against the resuspension buffer to remove residual salt from the ammonium 

sulfate fractionation. The dialysis proceeds overnight (15 h) at 4°C in 12–14 kDa 

MWCO tubing in 1–2 L of buffer; however, due to the high concentration of salt, the 



 
 

75 

AdoK solution volume will increase during dialysis, so care must be taken to leave 

sufficient dialysis tubing to allow for the expansion. 

This dialyzed AdoK solution should be affinity purified immediately. After a 

HisTrap (5 mL CV) column has been equilibrated with Buffer A (20 mM Tris, 10 mM 

imidazole, 100 mM KCl, and pH 7.5), the protein is loaded via a 50 mL Superloop at 

a rate of 0.5 mL/min and eluted with Buffer B (20 mM Tris, 500 mM imidazole, 100 

mM KCl, and pH 7.5). To elute the AdoK protein, the following method is used: 0% 

B (40 mL, eight CVs), 5% B (25 mL, five CVs), linear gradient 5%–80% B (40 mL, 

eight CVs), and 100% B (25 mL, five CVs). As Figure 2.11A illustrates, the AdoK 

elutes in two peaks starting at around 30%–40% B, or ~182 mM imidazole, and all 

fractions (~12–18) with AdoK are saved for further purification; these fractions are 

mostly pure (Figure 2.11B), but do retain an additional band, around 31 kDa, which 

renders the AdoK protein inactive without further purification. Upon elution from the 

HisTrap column, the AdoK fractions are dialyzed into 10 mM Tris, 1 mM DTT, and 

pH 7.5 to remove the imidazole. This buffer exchange into a no salt buffer is critical 

as the next step involves ion exchange chromatography and therefore requires low 

ionic strength for the protein to adsorb. Once in the low salt buffer, the protein can be 

frozen if needed. 

On a HR 16/10 DEAE Sephacel column equilibrated with new Buffer A (10 

mM Tris, 1 mM DTT, and pH 7.5), the AdoK solution is loaded and then eluted with a 

new Buffer B (10 mM Tris, 1 mM DTT, 100 mM KCl, and pH 7.5) according to the 

following method: 0% B (20 mL, one CV), 5% B (20 mL, one CV), linear gradient 
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5%–80% B (145 mL, 120 min, ~7 CVs), and 100% B (40 mL, two CVs). The 

increasing ionic strength causes the AdoK to elute off the column around 20%–60% 

Buffer B as seen in the chromatogram (Figure 2.12A). Both peaks, from ~75 to 105 

mL and from ~105 to 140 mL (Figure 2.12B) exhibit AdoK activity, as tested by 

assays (described later) that confirm phosphorylation of adenosine. 

The activity of the AdoK is tested to confirm phosphorylation of adenosine to 

form AMP. The total volume of this is 0.5–1 mL and reaction progress is monitored 

by HPLC (Figure 2.13A and B) or TLC (Figure 2.13C) with the same methods 

described for monitoring the anATP synthesis. The assay components include 

piperazine-N,N-bis(2-ethanesulfonic acid) (PIPES) buffer (25 mM), MgCl2 (1.25 

mM), bovine serum albumin (0.01%, w/v), adenosine (1 mM), ATP (0.6 mM), and 

AdoK (50 µL in   1 mL total reaction volume). For assays measured by HPLC, 

aliquots of 100 µL are taken every 3 h. To minimize HPLC column blockages, the 

assay aliquot is centrifuged (14,000 x g, 5 min, 4°C), and the supernatant is applied to 

a microspin column sufficient to catch AdoK (15 kDa MWCO); this flowthrough (15 

µL) is then injected onto the HPLC instrument. AdoK activity between 1 and 5 µmol 

substrate min
-1 mg

-1 is sufficient for anSAM preparations. 

 
Adenylate  Kinase  (AK) Preparation. AK and PCK phosphorylate AMP and 

ADP, respectively, and in addition to AdoK, are required to generate anATP; both AK 

(rabbit muscle) and PCK (rabbit muscle) are available from commercial sources. The 

PCK solid often can be used, as received, unless high salts are present; however, the 

AK arrives in concentrated ammonium sulfate and must be dialyzed into conditions 
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close to the assay conditions to minimize conflicts. To do this, AK (200–400 µL) is 

dialyzed against buffer (25 mM PIPES, pH 7.0, 1.25 mM MgCl2, 1 mg/mL bovine 

serum albumin). Owing to the high amount of salt in the AK solution prior to dialysis, 

the AK concentration must be reassessed after dialysis.  

 

A B C D  
Figure 2.13. HPLC and TLC distinguish nucleotides during anATP synthesis. (A) HPLC 
standards elution profile illustrates baseline separation between nucleotides and adenosine; 
the peak at 31.5 min is a column impurity. (B) HPLC method details using the appropriate 
C18 reverse-phase column and buffer system. (C) TLC plate drawing demonstrates 
distinction between adenosine, AMP, and ADP using a solvent system of formic acid 
(0.15 M) : EtOH (2:3) on a silica solid phase. (D) TLC plate drawing illustrates separation 
between ADP and ATP using a solvent system of dioxane : isopropanol : NH4OH : H2O 
(4:2:3:4) on a silica solid  phase. 
	

 
AnATP Synthesis and Purification. AnAdo is converted to anhydroATP 

(anATP) through enzymatic synthesis requiring three enzymes: AdoK, AK, and PCK. 

Usually this reaction is pre- pared in 20 mL batches at room temperature (19–20°C) 

and includes: PIPES (25 mM), MgCl2 (1.25 mM), bovine serum albumin (0.01%, 

w/v), anAdo (3 mM), phosphocreatine (20 mM), AdoK (1000 IU), AK (2000 IU), 

PCK (2000 IU), pH 7.0, and GTP (0.6 mM). The anAdo is typically difficult to get 

into solution, so a little heating (no greater than 42°C) is necessary. As GTP can 

initiate phosphorylation, it is used here instead of ATP because GTP is not a substrate 
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of SAM synthetase; since ATP and anATP purify together, if ATP were used, then 

this synthesis reaction would generate a mixture of SAM and anSAM. To maintain 

reactivity, the pH must remain between 7.0 and 7.5, and be monitored over the full 

course of the reaction, about 18 h. 

Reaction progress is assessed by HPLC (Figure 2.13A and B) or TLC  (Figure 

2.13C and D) as delineated here. This HPLC method clearly separates the nucleotides 

of adenosine and guanosine, in addition to the nucleoside adenosine.  This method 

employs  a  reverse-phase column (Waters “Symmetry” column [WAT054210], C18, 5 

µm, 4.6 mm x 150 mm, reversed phase, 19.1% carbon load, spherical silica with 100 A˚ 

pore size, surface area of 335, pH range 2–8, and volume 2.5 mL) with Buffer A as 10 

mM tetrabutylammonium bromide in 50 mM sodium phosphate, pH 6.5, and Buffer B 

as methanol:isopropanol (1:1, v/v). Though the flow rate varies (Figure 2.13B), the 

column temperature is held at 34°C, and the absorbance   is monitored at 254 nm. 

An alternate qualitative approach to monitoring the reaction progress is TLC with 

silica as the solid phase. To distinguish adenosine from AMP and ADP, a mobile phase 

of 0.15 M formic acid: EtOH (2:3) is used. This set-up will clarify if starting material 

(adenosine) remains and confirms that AdoK and AK are generating the 

phosphorylation products, AMP and ADP. To confirm formation of ATP, a mobile 

phase of dioxane:isopropanol: NH4OH: H2O (4:2:3:4) is used; this set-up clearly 

distinguishes ADP from ATP to determine reaction completion. Both TLC methods 

use silica gel on aluminum (Silica gel 60/kieselguhr F254 EMD 5567-7) as the 

stationary phase and a handheld UV light is sufficient to see results if the plate is dry 
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(Figure 2.13C and D). 

Upon completion of the anATP synthesis reaction, the reaction mixture is 

centrifuged (38,000 x g, 10 min, 4°C) and immediately purified using an HR10/30 

DEAE Sephadex A25 column equilibrated with 10 mM NH4HCO3, pH 8.0 (50 mL). 

The reaction is introduced to the column  via superloop at 0.5 mL/min. At a flow rate 

of 3 mL/min, a 20 CV linear gradient from 10 to 500 mM NH4HCO3 (pH 8.0) is run, 

eluting anATP around 350 mM ammonium bicarbonate. Reaction intermediates can 

be sep- arated; anAMP and anADP elute around 270 mM NH4HCO3 and 344 mM 

NH4HCO3, respectively, while anATP elutes around 400 mM NH4HCO3. If GTP 

initiates the reaction, it elutes around 462 mM NH4HCO3. The anATP is immediately 

rotovapped or lyophilized to a solid; to minimize degradation of anATP, the rotovap 

bath temperature is set to 28°C. The com- ponent (anAMP, anADP, and anATP) 

concentrations can be determined by HPLC (Figure 2.13A and B) and/or UV–vis 

spectroscopic analysis. 

 
AnSAM Synthesis  and Purification. In a reaction similar to that described for 

SAM, SAM synthetase can enzymatically transform anATP into anSAM. The optimized 

anSAM assay components include: EPPS buffer (50 mM, pH 8.00), MgCl2 (20 mM), L-

methionine (5 mM), anATP (3.25 mM), inorganic pyrophosphatase (~0.25 U), SAM 

synthetase (1 mL, clarified lysate) with a total volume under 20 mL. In contrast to the 

regular SAM reaction, the anSAM reaction is generally run for only 3–6 h, and should not 

be run  for more than 12 h. This anSAM reaction can be monitored in the same way as a 

SAM reaction via TLC (Figure 2.9A). 
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Purified following the same procedure as for SAM, the anSAM is treated 

slightly differently after purification. To minimize degradation, it is rotovapped to 

about ~3 mL at a lower temperature (28°C bath) and kept as cold as possible at all 

times post-purification. Once lyophilized, the anSAM solid should appear white to 

clearish and be stored at -80°C until it is resuspended in anaerobic buffer in an anaerobic 

chamber. Resuspension of anSAM in buffer proceeds in a similar manner to that for SAM, 

including the need for adjusting pH, with care taken to avoid pH extremes. The anSAM 

concentration is determined by absorbance at 254 nm  with  the  extinction  coefficient  

ε254 ≈ 15.4 mM
-1 cm

-1
.  Owing to anSAM’s sensitivity to freeze/thaw cycles and the 

propensity to degrade with mild heating, distributing the anSAM solution into multiple 

small aliquots (~25 µL) maximizes use. 

 
Conclusion 

 
 

Functional radical SAM enzymes require a [4Fe–4S] cluster and SAM be 

positioned precisely in the active site pocket so that, during catalysis, the dAdo radical 

is generated in a protected environment in close proximity to the target H-atom of 

substrate. Here we have outlined our approach to preparing these functional radical 

SAM enzymes, using as examples two of the most well-characterized radical SAM 

enzymes, PFL-AE and LAM. While these two canonical radical SAM enzymes use 

SAM in different ways, as a cosubstrate (PFL-AE) or a cofactor (LAM), the keys to 

generating productive enzyme are similar and include anaerobic purification, cluster 

characterization, and appropriate techniques for cluster reduction to the catalytically 
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active state. Methods for synthesizing SAM and SAM analogs are also described 

herein. These methods should be of use to researchers setting out to investigate one of 

these fascinating but challenging enzymes. 
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CHAPTER THREE 

 
WHY NATURE USES RADICAL S-ADENOSYL-L-METHIONINE ENZYMES 

SO WIDELY: ELECTRON NUCLEAR DOUBLE RESONANCE STUDIES 

OF LYSINE 2,3-AMINOMUTASE SHOW THE 5’-dADO 

‘FREE RADICAL’ IS NEVER FREE 
 

 
Abstract 

 

Lysine 2,3-aminomutase (LAM) is a radical S-adenosyl-L-methionine (SAM) 

enzyme and, like other members of this superfamily, LAM utilizes radical-generating 

machinery comprising SAM anchored to the unique Fe of a [4Fe-4S] cluster via a 

classical five-membered N,O chelate ring. Catalysis is initiated by reductive cleavage of 

the SAM S−C5′ bond, which creates the highly reactive 5′-deoxyadenosyl radical  (5′-

dAdo•),  the  same radical generated by homolytic Co−C bond cleavage in B12 radical 

enzymes. The SAM surrogate S-3′,4′-anhydroadenosyl-L-methionine (anSAM) can 

replace SAM as a cofactor in the isomerization of  L-α-lysine to  L-β-lysine by LAM,  via  

the   stable  allylic anhydroadenosyl radical (anAdo•). Here electron nuclear double 

resonance (ENDOR) spectroscopy of the anAdo• radical in the presence of 
13

C, 
2
H, and 

15
N-labeled lysine completes the picture of how the active site of LAM from Clostridium 

subterminale SB4 “tames” the 5′-dAdo• radical, preventing it from carrying out harmful 

side reactions: this “free radical” in LAM is never free. The low steric demands of the 

radical-generating [4Fe-4S]/SAM construct allow the substrate target to bind adjacent to 

the S−C5′ bond, thereby enabling the 5′-dAdo• radical created by cleavage of this bond to 
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react with its partners by undergoing small motions, ~0.6 Å toward the target and ~1.5 Å 

overall, that are controlled by tight van der Waals contact with its partners. We suggest 

that the accessibility to substrate and ready control of the reactive C5′ radical, with “van 

der Waals control” of small motions throughout the catalytic cycle, is common within the 

radical SAM enzyme superfamily and is a major reason why these enzymes are the 

preferred means of initiating radical reactions in nature. 

 
Introduction 

 
Lysine 2,3-aminomutase (LAM) is a member of the radical S-adenosyl-L-

methionine (SAM) enzyme superfamily,
1,2 whose reactions are initiated by radical-

generating machinery comprising SAM anchored to the unique Fe of a [4Fe-4S] cluster 

via a classical five-membered N,O chelate ring formed by the methionine.
3 
This novel 

structural motif for radical generation was discovered by electron nuclear double 

resonance (ENDOR) 

spectroscopy of pyruvate 

formate-lyase activating 

enzyme (PFL-AE)
4−6  and 

LAM,
7   and subsequently 

visualized  by  X-ray structure determination of these two enzymes as well as other 

superfamily members.
1,8−10 Electron transfer from the [4Fe-4S]

1+ cluster initiates radical 

SAM reactions by reductive cleavage of the S−C5′ bond to create the highly reactive 5′-

Scheme 3.1. 
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deoxyadenosyl radical  (5′-

dAdo•)  (Scheme 3.1).
1
 

The 5′-dAdo• radical 

is common to both radical 

SAM and B12-dependent  

enzymes,  with  the  latter  generating  this  radical through homolytic cleavage of the 

Co−C5′ bond of the B12 coenzyme.
11 

LAM utilizes the radical-SAM machinery to 

isomerize L-α- lysine to L-β-lysine (Scheme 3.2) in a reaction directly analogous to the 

B12-dependent isomerases.
11−13 

 

 
 
Figure 3.1. Steps in the reaction catalyzed by LAM. State 0 is the oxidized [4Fe-4S]2+ 
state with SAM coordinated to the unique iron of the cluster and substrate Lys present as 
a Schiff base. One-electron reduction of the cluster provides state 1, which initiates 
reductive cleavage of SAM to generate the 5′- dAdo• in state 2. States 3−6 represent the 
radical rearrangement of α-lysine to β-lysine, abstraction of H• from 5′-dAdoH, and 
reformation of SAM. PLP is depicted in grey, while lysine is in blue. 
 

Scheme 3.2. 
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The reactive 5′-dAdo• radical formed by reductive cleavage of SAM (Figure 3.1, state 2)
1 

abstracts an H atom from substrate bound to pyridoxal 5′-phosphate (PLP) to form 5′-

deoxyadenosine (5′-dAdoH) and the α-Lys• radical (Lys•) (state 3). This radical 

isomerizes to the β-Lys• radical (state 4), which then abstracts an H atom from 5′-dAdoH 

to form β-Lys and 5′-dAdo• radical (state 5); the latter then regenerates SAM. A 

schematic representation of these states is provided in Figure 3.1, with individual states 

numbered for easy reference throughout this paper. 

Multinuclear ENDOR spectroscopy (
13

C, 
1,2

H, 
31

P, and 
14

N) led us to propose that 

inner sphere electron transfer from the reduced [4Fe-4S]+ cluster cleaves the S−C5′ bond 

of SAM to form the 5′-dAdo•  radical,  while  the  sulfur  of methionine becomes the 

sixth ligand to the unique iron.
7 
This approach also was used to characterize the active 

site of LAM in intermediate states that contain the isomeric substrate radicals or 

analogues.
14 

With L-α-lysine  as  substrate,  the  β-Lys•  radical  (state  4) produced by H 

atom abstraction and rearrangement was monitored. In parallel, state 3 was probed 

through use of two substrate analogues (trans-4,5-dehydro-L-lysine and  4-thia-L-lysine), 

which generate stable analogues of the α-Lys•  radical. This study provided a first 

glimpse of the motions of active site components during catalytic turnover, and suggested 

a possible major movement of PLP during catalysis. The principal focus of that work, 

however, was on the relative positions of the carbons involved in H atom transfer. By use 

of ENDOR to study hyperfine couplings to the substrate radicals it was concluded that the 

active site facilitates hydrogen atom transfer by enforcing van der Waals contact between  

radicals  and  their reacting partners, and that this constraint “tames” the highly reactive 
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5′- dAdo• radical,  enabling  the  enzyme  to  minimize  and even eliminate side reactions 

of this highly reactive species. 

Noticeably absent from this or any study of radical SAM enzymes was any direct 

examination of the central event in the catalytic cycle of a radical SAM enzyme: the 

creation of the 5′- dAdo•  radical  by  reductive  S−C5′  bond  cleavage,  and its 

subsequent migration to the site of H atom abstraction from substrate (state 2). Of all 

steps in the cycle, one would presume this must be the most tightly controlled, so as to 

occur without side reaction of the 5′-dAdo• radical with the environment. The 

intermediate 5′-dAdo• radical, however, is so reactive that it has never been observed, 

either in radical SAM or B12-dependent enzymes, precluding characterization of this step. 

To overcome this obstacle, Frey, Reed, and co-workers developed the SAM 

surrogate,  S-3′,4′-anhydroadenosyl-L-methionine (anSAM).
15,16  The compound is a true  

cofactor for LAM, catalyzing the isomerization shown in Scheme 3.2 with a specific 

activity of 0.10 ± 0.02 

IU/mg, compared to 35−40 

IU/ mg for the natural 

cofactor SAM.
15 

However, 

when the [4Fe-4S]
1+ donates 

an electron to anSAM, cleaving the S−C5′ bond, this forms the stable allylic 

anhydroadenosyl radical  (anAdo•) (Scheme 3.3) which can be used to investigate active 

site rearrangements through use of ENDOR spectroscopy.  Once the catalytically 

competent  5′-dAdo• or  anAdo• radicals are “born”, the active site must than precisely 

Scheme 3.3. 
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shepherd the radical to the substrate site of H atom abstraction, so as to avoid side 

reactions, a process that has been incisively studied with B12-dependent enzymes.
17−25 We 

here probe this rearrangement in LAM through the use of 
13

C/
1,2

H/
15

N ENDOR to 

monitor the distances and interactions between the anAdo•  radical and multiple sites of 

isotopically labeled Lys substrate, especially the site of H atom abstraction. We also 

probe the distance to the −S
13

CH3 of the methionine formed by SAM cleavage. 

Comparison of these ENDOR results for state 2 with the X-ray crystal structure of 

state 0, both of enzyme from C. 

subterminale, reveals how the 

active site of LAM “tames” the 

5′-dAdo• radical: this “free 

radical” is never free. Substrate 

binds with the 3-C atom of Lys, 

from which the target H is 

abstracted, adjacent to the S− 

C5′ bond of SAM, Figure 3.2A, 

an arrangement similar to that 

found in all other structures of 

radical SAM enzymes with 

bound substrate.
10 

As a result, 

upon cleavage of the S−C5′ bond only minimal motions of the 5′-dAdo• radical are 

needed for it to carry out H atom abstraction from substrate, during which the radical is 

 
Figure 3.2. Active site structure of LAM (A) and 
ethanolamine ammonia- lyase (EAL) (B). The 
illustration of EAL contains the B12 cofactor as 
modeled from the crystal structure of EAL with the 
analogue adeninylpentylcobalamin. The yellow 
arrows show the distance from C5′ prior to S−C5′ or 
Co−C5′ bond cleavage, to target carbon atom in 
the substrate. PDB IDs: 2A5H (LAM) and 3ABS   
(EAL). Carbon atoms are colored as: blue for 
substrate, dark grey for adenosine and SAM, and 
light grey for cobalamin and PLP). 
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chaperoned by van der Waals contact with its reaction partners. Integration of this study 

with our previous study
14 

of states 3 and 4 completes a picture in which side reactions of 

the 5′-dAdo• radical are eliminated both at the beginning and the end of the catalytic 

cycle because this radical undergoes only small motions, which are controlled by “van 

der Waals constraints”. 

We suggest that the accessibility of the C5′ radical to highly diverse substrates is a 

major reason why evolution spread the use of this construct across all of the kingdoms of 

life. In contrast, for B12 enzymes, the steric demands of the cofactor force the substrate 

target to bind farther from the nascent radical at C5′, Figure 3.2B), and C5′ must therefore 

migrate larger distances to reach the target.
17−23   The high steric constraints of the 

coenzyme B12 thus may explain why evolution has found so few uses for this radical 

generating machinery, which is limited to a few reactions involving small molecules, and 

to the animal kingdom.11,13,26−30 

 
Materials and Methods 

 
 
Materials 

Adenosine triphosphate (ATP), L-methionine, L-cysteine, L-lysine, pyridoxal 5′-

phosphate (PLP), adenylate kinase, phosphocreatine kinase, and phosphocreatine were 

purchased from Sigma. Uniformly labeled 
13

C and 
15

N L-lysine were purchased from 

Cambridge Isotope Laboratories. D,L-lysine-1,2-
13

C and D,L-lysine-2-
13

C were 

purchased from Aldrich. L-Lysine-2,6,6-
2
H, L-lysine-3,3,4,4,5,5,6,6-

2
H and D,L-lysine-
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2-
15

N were purchased from CDN Isotopes. Sodium dithionite was purchased from Acros 

Organics and ammonium iron(II) sulfate was purchased from Fisher Chemicals. L-

[Methyl-
13

C]- methionine was purchased from Cambridge Isotope Laboratories. All 

labeled substrates had a minimum of 99 atom % labeling. L-[U-
14

C] lysine was obtained 

from NEN Life Sciences Products. SAM and anSAM were prepared in our laboratory as 

described in the following sections. All other chemicals and reagents were of the highest 

purity and used as supplied. 

 
Preparation of LAM 
  

All experiments described herein utilized LAM from Clostridium subterminale 

SB4. Genetic constructs containing the LAM gene from C. subterminale SB4 (a gift from 

Perry Frey) were appended with a C-terminal 6-histidine tag by ligation into pET-23a and 

then transformed into Escherichia coli BL21(DE3)pLysS (Stratagene) cells for protein 

overexpression. The transformation was plated on LB agar plates containing 50 µg/mL of 

ampicillin. A single colony was used to inoculate 50 mL of LB media containing 

ampicillin in a 37°C incubator shaker at 250 rpm. The overnight growth was then 

transferred to  a New Brunswick Bioflo 110  anaerobic  fermentor (10 L) with nutrient 

enriched LB/ampicillin, and grown with shaking at 250 rpm to an optical density (OD) of 

~0.5 at 600 nm. Once the desired OD was reached, protein expression was induced with 

IPTG (1 mM final concentration) and supplemented with ferrous ammonium sulfate and 

zinc sulfate. Cells were then allowed to grow with shaking for an additional 2 h, then they 

were cooled to approximately 30°C and additional ferrous ammonium sulfate was added. 

The culture was ultimately cooled to 4°C and purged with nitrogen for an additional 15 h. 
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The cells were then centrifuged and the resulting cell pellets were stored at −80°C until 

further use. 

Cell lysis and protein purification were carried out under anaerobic conditions in a 

Coy chamber. Cell pellets were thawed and resuspended in a lysis buffer containing 50 

mM EPPS, 300 mM KCl, 0.1 mM lysine, 10 µM PLP, pH 8.0, 1% Triton X-100, 10 mg 

PMSF, 9 mg lysozyme, ~1 mg RNase A and DNase I per 50 mL, respectively. The lysis 

mixture was stirred for ~1 h and then the lysate was centrifuged in gastight bottles at 18 

000 rpm for 30 min. The resulting supernatant was loaded onto a HisTrap Ni
2+ affinity 

column (GE healthcare) equilibrated with 50 mM EPPS, 300 mM KCl, 0.1 mM L-lysine, 

10 µM PLP, 10 mM imidazole, pH 8.0 (buffer A). Buffer A was utilized for column 

equilibration and washing. The protein elution was accomplished by increasing the 

imidazole concentration in a stepwise manner from 10 to 20 to 50 to 75 to 100% using 

buffer B (50 mM EPPS, 300 mM KCl, 0.1 mM L-lysine, 10 µM PLP, pH 8.0, 500 mM 

imidazole). Eluted protein (20 and 50% B) was concentrated using a Millipore (13−14 

kDa MWCO) spin concentrator. After purification and concentration, the protein was 

flash frozen in liquid N2 and stored at −80°C or in liquid N2 until further use. The 

concentrated protein was dialyzed in 50 mM EPPS, 1 mM dithiothrietol, 0.1 mM L-

lysine, 10 µM PLP, pH 8.0 prior to reconstitution. The concentration of the protein was 

determined by the Bradford
31 

method, and the iron analysis was done by the colorimetric 

iron assay described by Fish.
32

 

A reconstitution was performed after protein centrifugation and incubation with  

dithiothreitol  (5  mM)  similar  to  that   previously described.
33 Sodium sulfide 
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nonahydrate and ferrous ammonium sulfate were added incrementally over 1−2 h, with 

gentle stirring, to a final concentration of 6× the protein concentration. The solution was 

incubated for 6 h at 4°C before being centrifuged, concentrated and passed over a 

desalting G25 column in buffer (50 mM EPPS, 1 mM DTT, 10 µM PLP, pH 8.0). The 

protein sample was then concentrated further. All purification was performed in an 

anaerobic coy chamber. 

 
Preparation of anSAM 
 

The synthesis of (3′,4′)-anhydroadenosine and subsequent preparation of anSAM 

was similar to that described by Magnusson and Frey,
16 but with alterations as described 

herein. The enzymatic reaction implemented to phosphorylate  (3′,4’)-anhydroadenosine 

requires adenylate kinase, adenosine kinase, and phosphocreatine kinase. The adenylate 

kinase and the phosphocreatine kinase were obtained from commercial sources and 

dialyzed into the assay buffer. The adenosine kinase was prepared in our lab with 

methods similar to those described previously,
34 with the following adjustments. Human 

T cell cDNA (Molt 14) was a generous gift of the Jutila lab at MSU, and was used for 

amplification of the adenosine kinase gene with the following promoters: 

Forward: 5′ CGG GCA GCA TAT GAC GTC AGT CAG AGA AA 3′. 

Reverse: 5′ GCG TTC GGA TCC ATC AGT GGA AGT CTG G 3′. 

The amplified DNA was ligated into the T7 based expression vector, pET-14b 

(Novagen), which also introduces a polyhistidine tag for protein purification. The plasmid 

with insert was transformed into XL1 Blue supercompetent cells for plasmid 

amplification, and the purified plasmid was then transformed into BL21(DE3)pLysS for 
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protein expression. Successful expression of this protein required culture temperatures 

near 22°C due to formation of inclusion bodies at higher temperatures. Protein expression 

was induced by addition of IPTG at OD600 of approximately 0.5; the growth was 

supplemented with glucose (2 mg/mL) ~5 h after induction and harvested 22 h after 

induction. The cells were lysed in Tris pH 7.5 buffer (10 mL/g of cells) containing 

lysozyme (0.2 mg/mL), PMSF (0.5 mg/mL), DNase I (10 µg/mL), RNase A (10 µg/mL), 

MgSO4 (1 mM), and dithiothreitol (1 mM), by sequentially freezing and thawing the 

suspension three times. The clarified lysate was fractionated by ammonium sulfate 

precipitation, and the adenosine kinase precipitated in the 65% to 100% ammonium 

sulfate cut. The precipitated adenosine kinase was dissolved in 10 mM Tris-HCl/1 mM 

DTT pH 7.5 and dialyzed against the same buffer before applying it to a HisTrap column 

equilibrated with 20 mM Tris- HCl/100 mM KCl/10 mM imidazole (pH 7.5). The protein 

was eluted using a gradient to 20 mM Tris-HCl/100 mM KCl/500 mM imidazole (pH 

7.5), eluting at ~182 mM imidazole. After buffer exchange into Tris-HCl (10 mM, pH 

7.5) with dithiothreitol (1 mM), the AdoK was loaded onto an HR16/10 DEAE Sephacel 

column equilibrated with the same buffer. AdoK was eluted with a linear gradient of 

0−100 mM KCl in the same buffer, eluting at ~40 mM KCl. The AdoK was then 

exchanged into PIPES (25 mM), MgCl2 (1.25 mM), pH 7.5. 

In order to convert anhydroadenosine to anhydroATP, PIPES (25 mM), MgCl2 

(1.25 mM), BSA (0.01% w/v), anhydroadenosine (3 mM), phosphocreatine (20 mM), 

adenosine kinase (1000 IU), adenylate kinase (2000 IU), and phosphocreatine  kinase 

(2000 IU) were combined while maintaining pH at approximately 7.0; GTP (0.6 mM) 
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was added to initiate the phosphorylation. The reaction was monitored by TLC and 

quantified by HPLC. Upon completion of the phosphorylation reactions,  the  

anhydroadenosine triphosphate (anATP) was purified using a HR10/30 DEAE Sephadex 

A25 column with a linear gradient of NH4HCO3 (10−500 mM); the anATP elutes around 

350 mM ammonium bicarbonate. The anATP was then rotovapped or lyophilized to a 

solid. 

SAM synthetase was expressed and purified as described by Markham et al.,
17 

with some minor modifications.
4 
In a reaction similar to that described by Park et al.

35 
and 

modified by us previously
4 
and further modified herein, we utilized SAM synthetase to 

enzymatically transform anhydroadenosine triphosphate into anhydro-S-adenosyl-L-

methionine (anSAM) in EPPS buffer (50 mM, pH 8.0). The anSAM was then purified on 

a Source 15S cation exchange column with a linear gradient of 0 to 1 M HCl, as 

confirmed by NMR (Bruker Cryomagnet BZH 500/ 51; 64.2A, 11.70 T) and LC−MS 

(Agilent HPLC 1100 with Bruker MicroTOF). AnSAM containing 
13

C in the methyl 

group was synthesized from ATP and L-[methyl-
13

C]-methionine by use of SAM 

synthetase-catalyzed reactions as described herein.
4 

 

Preparation of ENDOR Samples  

ENDOR samples were prepared under anaerobic conditions in a Coy anaerobic 

chamber. The purified LAM (0.90 mM LAM, ~270 µM active sites) was activated by 

incubation with 10 mM L-cysteine in the presence of 0.90 mM PLP, 1.0 mM ammonium 

iron(II) sulfate, and 15% glycerol in 42 mM EPPS buffer at pH 8.0 and 37°C for 4 h. The 
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activated enzyme was concentrated with Microcon 30 centrifugal filter devices 

(Millipore) so that the concentration of enzyme active site was ~1.2 mM. The 

concentrated enzyme was quickly mixed with anSAM (or [methyl-
13

C]-anSAM), sodium 

dithionite, and L-lysine (one of the following: unlabeled L-lysine, [u-
13

C,
15

N]-L-lysine, 

[1,2-
13

C]-D,L-lysine, [2-
13

C]- D,L-lysine, [2,6,6-
2
H]-L-lysine, [3,3,4,4,5,5,6,6-

2
H]-L-

lysine, [2-
15

N]-D,L-lysine) in a 0.65 mL microcentrifuge tube. The mixed sample was 

rapidly transferred to an ENDOR sample tube and frozen in liquid nitrogen. The time 

scale from mixing to sample freezing was from 1 to 1.5 min, sufficient time for 

equilibrium to be attained in the reaction of 0.9 mM LAM. In all samples, the 

concentrations of the enzyme active site were ~0.9 mM; the concentrations of anSAM, 

sodium dithionite, and lysine (or its analogue) were 3.0, 6.0, and 40 mM, respectively. 

All assays were performed in an MBraun anaerobic chamber at <1 ppm oxygen. 

 

EPR and ENDOR Spectroscopy  

X-band CW electron paramagnetic resonance (EPR) measurements were 

performed by a Bruker ESP 300 spectrometer equipped with an Oxford Instruments ESR 

910 continuous He flow cryostat. Q-band CW ENDOR spectra were collected on a 

spectrometer with a helium immersion dewar previously reported.
36,37 All measurements 

technique, which has been first reported by Brueggeman and Niklas,
38 

was here utilized 

for 
1
H ENDOR measurement. In the stochastic ENDOR sequence, RF is randomly 

hopped over the range of spectrum region with the subtraction of background signal (RF 

off) at each frequency. 
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Pulsed ENDOR spectra were collected on a spectrometer described earlier,
19 

equipped with a helium immersion dewar for measurements at 2 K. ENDOR 

measurements employed the Mims pulse sequence (π/ 2−τ−π/2−T−π/2−τ−echo, RF 

applied during interval T) for small hyperfine couplings or the Davies pulse sequence 

(π−T−π/2−τ−π−τ−echo)  for  large  hyperfine  couplings.
39  To  determine  the  sign  of 

hyperfine couplings we utilized the recently developed Pulsed ENDOR Saturation and 

Recovery (PESTRE) technique, which employs a multipulse sequence comprised of the 

Davies ENDOR sequence.
40

 

For nuclei (N) of spin I = 1/2(
13

C, 
1
H, 

15
N) interacting with a S = 1/2 

paramagnetic center, the first-order ENDOR spectrum for a single molecular orientation 

is a doublet with frequencies (ν+/ν−), 

ν±  = νN ± A/2                                                   (1) 

where νN is the Larmor frequency and A is the orientation-dependent hyperfine 

constant. For nuclei with I = 1 (
2
H), the first-order ENDOR condition can be written: 

!± ±  = !!  ±  !!  ±  !!!                                       (2) 

where P is the orientation-dependent quadrupolar splitting. For a nucleus with 

hyperfine coupling, A, Mims pulsed ENDOR has a response R that depends on the 

product, Aτ, according to the equation,  

R ~ [1 − cos(2πAτ)]                                               (3) 

This function has zeros, corresponding to minima in the ENDOR response 

(hyperfine “suppression holes”), at Aτ = n; n = 0, 1, ..., and maxima at Aτ = (2n + 1)/2; n = 
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0, 1, ...
8,20 The “holes” at A = n/τ, n = 1, 2, 3, ..., can be adjusted by varying τ. However, 

the “central”, n = 0, hole at ν= νN persists regardless. This can be of significance in 

distinguishing a tensor that is dominated by anisotropic interactions from one that is 

dominated by isotropic ones. The latter would never lead to ENDOR intensity near νN; 

the former does so for certain orientations, but the ν = 0 Mims hole tends to diminish the 

differences between the two cases. 

Neither the very small dispersion of g values nor the hyperfine coupling to the 

nuclei of anAdo• radical are resolved in the 35 GHz EPR spectra of state 2 of LAM 

prepared with anSAM. Consequently, ENDOR spectra of nuclei hyperfine-coupled to the 

radical collected at the field of maximum EPR intensity are an isotropic powder-averaged 

pattern. Simulation of these powder patterns for nuclei of the anAdo• radical itself are 

analyzed in terms of the spin distribution among the carbons of the allyl fragment as a 

test of the reported spin distribution.
16 

Simulation of the ENDOR patterns for nuclei of 

substrate yield hyperfine tensors that allow estimation of distances between the radical 

center and those nuclei, as well as bonding and orbital overlap properties, but do not yield 

orientations relative to the g-frame or molecular frame. All simulations were done with 

the program, ENDORSIM.
41 

The central goal of these measurements is to determine the position of the reactive 

C5′ carbon relative to the atoms of the L-Lys substrate through analysis of the hyperfine 

coupling tensor, A, between the nuclei of Lys and C5′ of the anAdo• radical. Such a 

tensor is the sum of   a possible contribution from spin delocalization across the 

noncovalent “interface” between anAdo• radical and atoms of Lys (see Discussion), the  
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so-called  isotropic  coupling  (coupling  constant,  Aiso),  and the through-space dipolar 

coupling between the nucleus of Lys and the spin of the anAdo• radical. The distance-

dependence of this latter term yields the sought-for metrical result. 

In principle, the dipolar term is the sum of the interactions with the spin density 

on all three allyl carbons, the two with large spin densities ρ(C5′) ~ρ(C3′) ~0.59, and the 

one with small spin density, ρ(C4′) ~−0.18.
16 However, C5′ of anAdo• is close to or even 

in van der Waals contact with Lys nuclei, whereas the other carbon with high spin 

density, C3′, is much farther away, and C4′ has low spin density, and so we began our 

determination of distances between C5′ and atoms of Lys by ignoring the contribution 

from spin on the allyl carbons other than C5′. In this case the through-space hyperfine 

coupling to anAdo• radical spin on C5′ is described by the axial form 

T = [T1,  T2, T3]  = [−T , −T , 2T]                                           (4) 

In the point-dipole approximation for the electron spin, the parameter T is related 

to the distance from C5′ to the nucleus being examined through the relationship, 

2T = 2gNβNgeβeρ(C5′)/r
3                                            (5) 

where ρ(C5′) = +0.59. As described in the Discussion, at the (relatively) short 

distances associated with 2-
13

C and 3-
2
H: one must take into account a correction to the 

point-dipole equations associated with the distributed nature of the spin in the 2pπ orbital 

of C5′ through use of equations presented by McConnell and Strathdee.
42

 

We tested the validity of the ignoring the effects of spin density on C4′ and C3′ in 

the determination of distances between C5′ and atoms of Lys, in the following fashion. 
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As described below we used the distances between C5′ and various nuclei of Lys as 

calculated through the use of spin density on C5′ alone to estimate the position of C5′ of  

anAdo• radical, then approximated the position of the remainder of the radical by simply 

translating the Ado fragment present in the state 5 crystal structure so as to place C5′ at 

that position (see Figure 3.7, below). The positions of C4′ and C3′ within this heuristic 

structure were then used as input into previously published equations
43 to test whether the 

spin density on those atoms materially alters the dipolar interaction tensor, T, and hence 

the calculated distances of C5′ to the Lys nuclei. The extended treatment shows that the 

small negative spin density on C4′ adjacent to C5′, ρ(C4′) = −0.18, would tend to slightly 

shorten the estimated distance from C5′ to target atoms and to introduce a small 

rhombicity (|T2| > |T1|, eq 4) to the coupling tensor. However, within the precision of 

these calculations, this effect is countered by the effect of the large positive spin density, 

ρ(C3′) = +0.59, on the more remote C3′ to lengthen the calculated distance and to 

introduce a rhombicity of the opposite sense (|T2| < |T1|, eq 4), the two effects thus largely 

cancel each other; most importantly even when the extended model predicted a non-

negligible rhombicity, it gave a value of 2T, the largest dipolar splitting, not significantly 

different from that obtained by using    the distance to C5′ in eq 5. Hence, for the 

purposes of this paper, the simplified analysis in terms of spin density on C5′ alone is 

satisfactory. 
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Results 
 
EPR Measurements and Analysis for Stochastic 

1
H ENDOR for anAdo• Radical  

To help refine the analysis of the anAdo• radical properties, we collected 35 

GHz echo-detected EPR spectra and stochastic CW 
1
H 

ENDOR spectra, of the radical presented in Figure S3.1. 

The simulation parameters that best fit the 
1
H ENDOR 

spectra (Table S3.1) differ only minimally from those 

previously reported.
16

 

Substrate 
13

C ENDOR Measurements  

The 35  GHz Pulsed Davies 
13

C ENDOR spectra 

of LAM with anSAM and PLP linked to isotopically 

labeled lysines (Chart 1;[u-
13

C]-L- lysine, [1,2-
13

C]- and [2-
13

C]- D/L-lysine) are shown 

in Figure 3.3. These spectra were obtained by subtracting the spectrum of a sample 

prepared with natural-abundance lysine, which exhibits a broad signal at δν ~−3 MHz 

attributable to the ν+ partner of the 
14

N double-quantum transitions (Figure S3.2 (gray)), 

and  then normalizing the electron spin echo amplitudes.  

Chart 3.1. 
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The spectrum for uniformly labeled Lys consists of two 
13

C ENDOR doublets, 

one with couplings (splittings) ranging from 

~3 to ~8 MHz, the other with a weak coupling 

of ~0.4 MHz. The larger coupling is shown to 

be associated with 2-
13

C by its persistence in 

the samples prepared with [1,2-
13

C]- and [2-

13
C]-lysine (Figure 3.3, lower). The weak 

coupling is associated with 1-
13

C, as shown by 

its persistence in the [1,2-
13

C]-Lys sample and 

its negligible presence in the [2-
13

C]- sample 

(Figure S3.3, S3.4); the analysis of the 2-C 

response is given in the next subsection; that 

of 1-C is given in SI.
44

 

Interestingly, the intensity of both 

ENDOR signals in Figure 3.3, which are 

normalized to the EPR echo intensity from the 

anAdo• radical formed by anSAM cleavage, is larger in the spectra with [u-
13

C]-L-Lys, 

compared to those with D/L-Lys [1,2-
13

C] and [2-
13

C]. We interpret this to mean that 

anSAM is cleaved in ternary complexes with both D- and L-Lys, but that L-Lys is bound 

preferentially, and with the 2-
13

C of D-Lys farther from the anAdo• radical. This 

inference is derived from the spectra   of Figure 3.3, lower and the expansion of the 

 
Figure 3.3. Davies 13C ENDOR for 
LAM with anSAM, PLP and 
substrate with simulation spectrum. 
Spectra were collected at the radical 
peak. The baseline spectrum from 
unlabeled Lys has been subtracted for 
all Davies spectra. Upper: u-13C Lys, 
with assignments derived from 
spectra of isotopologues. Simulation, 
upper, in blue calculated with 
parameters: Aiso = 4.5 MHz, 2T = 2.0 
MHz, ENDOR line-width, 0.35 MHz. 
Lower: as described in text using 
partially labeled Lys (Chart 1). 
Experimental conditions: MF = 
34.6−34.8 GHz, MW pulse length (π) 
= 120 ns, τ = 600 ns T = 2 K. 
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frequency range, ±2 MHz in Figure S3.5. These spectra show that the ENDOR responses 

for both D/L-Lys [1,2-
13

C] and [2-
13

C] exhibit an extremely weak, sharp doublet with an 

intermediate  coupling (Aobs = ~2 MHz), that we may assign to 2-
13

C of D-Lys bound in a 

nonproductive conformation, farther from C5′ of the anAdo• radical. 

 
Analysis of 2-

13
C ENDOR Response 

 
The shape of the [2-

13
C]-Lys signal is typical of a powder ENDOR “Pake pattern” 

(see Materials and Methods) in which an axial anisotropic coupling (T = [−T, −T, +2T]) is 

combined with an isotropic coupling (Aiso), where T and Aiso have the same sign; as it is 

expected that T is dominated by through-space dipolar interactions between spin on C5′ 

and 2-
13

C with T  > 0,  this implies that Aiso > 0. The sign of the 2-
13

C hyperfine coupling 

constants is confirmed by pulsed ENDOR saturation and recovery (PESTRE) 

measurements (Figure S3.6). 

In such a Pake pattern spectrum, the splitting between the intense “perpendicular” 

peaks of the two branches of the spectrum is A� = (Aiso − T), that between the extremal 

shoulders, is A� = (Aiso + 2T), and the width of each branch is 3T/2. 

Simulation of the spectrum gives Aiso = +4.5 MHz and T = +1.0 MHz. As the 

EPR and ENDOR measurements of anAdo• radical confirm that this radical has not 

formed a covalent bond to Lys, the observation of a substantial isotropic coupling to the 

noncovalently bonded 2-
13

C (Cα) of Lys therefore is remarkable. Such couplings are 

normally found only when spin is transferred along a covalent pathway between electron 
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spin and   coupled nucleus. We show below that this finding instead is the consequence of 

a tight van der Waals contact between C5′ of anAdo• radical and 2-
13

C (Cα) of Lys. 

The anisotropic coupling matrix in principle is the sum of two axial matrices, the 

nonlocal contribution (Tn-loc) from through-space dipolar interaction between the electron 

spin of anAdo• radical and the 
13

C nuclear spin, and a local contribution (Tloc), caused by 

interaction of electron spin density delocalized into the C−H bonds of 2-C of Lys: T = 

Tloc+ Tn-loc. Assuming the latter term comes from the point-dipolar interaction between  2-

13
C nucleus and the spin density on C5′ (ρ = 0.59; SI), the distance from C5′ to 2-

13
C of 

lysine, r, is estimated (see SI) to be r ~2.7 Å. 

However, the point-dipole treatment underestimates the interaction at short 

distances: the spin on C5′ is not confined to a point, but is distributed within its 2pπ 

orbital.
42 Application of the McConnell−Strathdee correction to the highly resolved axial 

2-
13

C ENDOR pattern (Figure 3.3) indicates that 2-C lies along the axis of the 2pπ C5′ 

orbital, as illustrated in Figure 3.4;
45 

if 2-C lay appreciably off the π-orbital axis, the 

anisotropic coupling would acquire a rhombic component absent here. Taking 2-C to lie 

precisely on-axis for concreteness, the correction yields a C5′ 2-C distance of ~3 Å,
42 

satisfyingly in agreement with the van der Waals distance expected when a 2pπ-orbital 

contact is involved.  
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Pauli Spin Delocalization. Given 

the absence of a covalent bond between 

anAdo• radical and lysine, the presence 

of a significant isotropic hyperfine 

coupling to the 2-C (Cα) of substrate 

lysine, Aiso = +4.5 MHz, might appear 

surprising, as such couplings normally 

arise from through-bond spin 

delocalization. However, such spin 

transfer across a noncovalent contact is 

well documented. The paradigm for such 

spin transfer from a paramagnetic center 

to a closed-shell neighbor not linked by a covalent bond was provided long ago by H 

atoms incorporated in a noble gas (e.g., Kr) matrix, which shows a strong hyperfine 

coupling to matrix nuclei in the absence of covalent bond formation.
46,47

 

The analysis of H-atom to noble gas-atom spin transfer
48 

considered the 

consequences of a tight van der Waals contact between a paramagnetic center and a 

closed-shell neighbor. In such a structure, the electron charge cloud of the paramagnet’s 

spin-bearing orbital overlaps the electron charge cloud(s) of the doubly occupied orbitals 

of the closed-shell neighbor, and a simple description of the electronic structure in terms 

of orbitals localized on only one or the other of the two centers violates the Pauli 

exclusion principle. Such overlap can, however, be properly described by requiring that 

 
Figure 3.4. “Cone model” for ENDOR-
derived constraints on the distances 
between C5′ of the anAdo• radical and the 
carbons and deuterons of Lys. The anAdo• 
2pπ orbital is oriented towards 2-C of Lys. 
Following the practice of McCracken and 
co-workers,45 the direction of a C5′-
nucleus vector is shown as lying roughly 
within the cone associated with the 
nucleus, similarly for the 3-C−D vector. 
All distances are shown in Table 3.1. 
 



 
 

111 

the one-electron orbital containing the unpaired electron, in this case the C5′ 2pπ orbital 

(|2pπC5′⟩) of the anAdo• allyl radical, be orthogonalized to the one-electron orbital(s) of 

the closed-shell neighbor, in this case 2-C.
48 This process delocalizes the spin-bearing 

orbital onto the closed-shell neighbor,  2-C:  the  spin-bearing  C5′ 2pπ orbital (|2pπC5′⟩) 

acquires a small contribution from sp
3 orbitals of 2-C (|sp

3
⟩i), and this “Pauli 

delocalization” introduces an isotropic hyperfine interaction with the closed-shell 

neighbor. Thus, the presence of an isotropic coupling to 2-
13

C reveals that this substrate 

atom is in tight van der Waals contact with the C5′ π atomic orbital of the spin-bearing 

allyl, π molecular orbital on the anAdo• radical.  

This delocalization of the odd electron results in a hyperfine coupling for 2-
13

C 

that can be approximated as 

!!! ≈ !! 1 4 !! ! 2!", !!! !
!

!,!"        ! 2− ! !" ≈  +!!!!!          (6) 

where ρ2s is the spin density transferred into the 2s orbital of Lys 2-C, the sum is over the 

four sp
3 orbitals of 2-C, S(2pπ, sp

3
)i is the C5′(2pπ) ↔ 2-C(sp

3
)i overlap integral, ρ(C5′) 

= +0.59 is the spin  density  in  C5′(2pπ),  the  factor  of  4  reflects  the   2s contribution 

to the 2sp
3 hybrid orbitals on 2-

13
C, and N is the 

normalization factor for the orthogonalized orbital. 

Insertion of A(2-
13

C) = 4.3 MHz into this formula 

shows that the actual spin delocalization onto 2-C is 

extremely small, ρ2s ~10
−3

. The operation of Pauli 

Chart 3.2. 
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delocalization is supported by the PESTRE measurements, which show that A(2-
13

C) > 0, 

in agreement with the prediction of eq 6. Mims ENDOR from 
2
H-Lys. In the conversion 

of state 2  to state 3 (Figure 3.1), a hydrogen atom on 3-C of Lys is abstracted by the C5′ 

radical to generate β-Lys• radical. Thus, the most important distance in state 2 is that 

between C5′ and the target proton on 3-C. In the X-ray crystal structure of state 0, the 

distance from the C5′ in SAM to the nearest H on 3-C of Lys is 2.9 Å. This distance is 

too great to abstract a hydrogen atom from substrate,
49,50 so in the formation of state 2, 

the 5′-dAdo• radical must move toward this hydrogen atom immediately after SAM 

cleavage, as is definitively shown by the 
13

C ENDOR results described above. 

 
Mims ENDOR from 2H-Lys. To determine the distance from the C5′ of anAdo• 

radical to the substrate hydrogen atoms in state 2, we collected 
2
H Mims ENDOR of 

anAdo• radical in samples prepared with variously deuterated lysines (Chart  3.2; 

[3,3,4,4,5,5,6,6-
2
H]-,   [2,6,6-

2
H]-) and unlabeled Lys (Figure 3.5, inset). The [2,6,6-2H]-

Lys, which is not deuterated at the target 3-C site, showed a 
2
H response with observed 

breadth of, A(
2
H) ~0.6−7 MHz; when scaled by the ratio of nuclear g-factors, this 

corresponds to a 
1
H response, A(

1
H) ∼ 4 MHz. The 

13
C ENDOR discussed above clearly 

shows that upon cleavage of anSAM the anAdo• radical moves toward 2-C/3-C, which 

puts C5′ far from the 6-H, so we may assign  the  breadth  of  the  [2,6,6-
2
H]-Lys  signal  

as  being determined by the dipolar 
2
H coupling between spin on C5′ of anAdo• radical to 

2-H of Lys, giving a rough distance of about 3.8 Å between C5′ and 2-
2
H. 
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The 
2
H Mims ENDOR spectrum 

for [3,3,4,4,5,5,6,6-
2
H]-Lys is much 

broader, Figure 3.5, and exhibits two 

well-defined pairs of shoulders on the 

“outsides” of the pattern. These 

shoulders are the quadrupole-split 

features associated with the maximum 

dipolar splitting, 2T = 0.96 MHz, by a 

single target 3-
2
H nucleus of Lys. A C5′ 

↔ 3-
2
H distance in the reactive state 3 

of 2.4 Å is obtained by interpretation of 

2T within the point-dipole model, eq 5; 

incorporation of a McConnell and 

Strathdee
42 

correction lowers the 

distance slightly, to 2.2−2.3 Å. As 

shown in the figure, the ENDOR 

response is well reproduced by a 

simulation that adopts such a dipolar 

coupling; the quadrupole coupling of a C−
2
H bond is well-known to have axial symmetry 

with the unique axis along the bond,
51 and the magnitude of the observed quadrupolar 

splitting used in the simulation implies a large angle between the unique axis of the 

 
Figure 3.5. 2H Mims ENDOR of LAM with 
anSAM/PLP/2H-Lys. Experimental spectrum 
with [3,3,4,4,5,5,6,6-2H]-Lys (red) overlaid 
with sum (blue) of simulations of 3-2H (black 
dashed) and 4-2H (gray dashed) signals. Inset: 
Overlay of experimental spectra for 
[3,3,4,4,5,5,6,6-2H]-Lys (red) and [2,6,6-2H]-
Lys (green) and unlabeled Lys (grey). 
Simulation in main figure: Point-dipole 
interaction with 3-2H, 2T = 0.96 MHz, P = 
[42, 42, 84] kHz, ENDOR line width = 0.05 
MHz; additional intensity in frequency range, 
±0.4 MHz is assigned to 4-2H, with point-
dipole interaction having with 2T = 0.45 MHz 
and ENDOR line width = 0.05 MHz. 
Conditions: microwave frequency = 34.77 
GHz for [2,6,6-2H]-Lys, 34.61 GHz for 
[3,3,4,4,5,5,6,6-2H] Lys, MW pulse length 
(π/2) = 50 ns, τ = 1000 ns for [2,6,6-2H]-Lys, 
500 ns for [3,3,4,4,5,5,6,6-2H]-Lys, T = 2 K. 
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hyperfine tensor, associated with the  C5′-3H  vector,  and  the  3C−3H  bond.  (see  

Figure 3.4). 

Regardless of the precise details 

of the analysis, the size of the hyperfine 

coupling to 3-
2
H, as manifest simply in 

the breadth of the spectrum, clearly 

indicates that the reactive C5′ site of the 

adenosyl radical achieves direct contact 

with its target proton upon cleavage of 

SAM. 

Finally, we can comment on the 

other  2H of the deuterated Lysine. 

Considerations of a model for the full 

structure of state 5 presented below suggest that ENDOR intensity in the inner part of the 

ENDOR signal likely arises mostly from a 4-
2
H, and this is included in the simulation. 

Given the tetrahedral geometry at 3-C and the close contact between one 3-
2
H and C5′, 

then the other 3-
2
H must be pointed “away” such that its distance to C5′ is so great as to 

yield an unresolvably small hyperfine coupling. 

 
Distance from C5′ Methyl-

13
C Methionine of anSAM.  

A 35 GHz Pulsed Mims 
13

C ENDOR spectra of LAM with [methyl-
13

C]-anSAM, 

Lys and PLP is shown in Figure 3.6. The spectrum comprises a hyperfine-split doublet of  

 
 

Figure 3.6. 13C Mims ENDOR for LAM 
with [13C-methyl]-anSAM, PLP and 
substrate with simulation spectrum. 
Spectrum collected at radical peak. 
Experimental conditions: MF = 34.74 GHz, 
MW pulse length (π/2) = 50 ns, τ = 400 ns 
for Mims, and T = 2 K. Simulations (blue) 
with ENDOR line-widths of 0 and 0.28 
MHz; parameters, Aiso = −0.61 MHz, T = 
0.21 MHz (distance r = 3.6 Å). 
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asymmetric peaks in which individual features are unresolved because the line width is 

comparable to the dipolar coupling and because of Mims holes effects. Because of the 

poor resolution, simulations yield only a range of possible values for the hyperfine 

couplings: 0.39 <|Aiso| < 0.70 (MHz); 0.12 < T < 0.43 (MHz) (Figure S3.7). As with 2-

13
C, the presence of an isotropic coupling implies van der Waals contact between the 

spin-bearing C5′ of the anAdo• radical and [methyl-
13

C]-anSAM. The point-dipolar 

coupling corresponds to a range in distance between C5′ and    methyl- carbon in 

methionine, 3.0 < r < 4.7 (Å), substantially greater than the distance to C5′, with the 

favored simulation, shown in Figure 3.6, yielding a distance of C5′ of the anAdo• radical 

to the methyl carbon of cluster-bound methionine of r ≈ 3.6 Å. The crystal structure 

shows that before reductive cleavage of SAM this distance is 2.94 Å. The lengthening of 

this distance after cleavage is in agreement with the idea that the distance between C5′ of 

anAdo• radical and the methyl-
13

C of methionine has  slightly lengthened as the radical 

moved toward the substrate after cleavage of anSAM. The simulation yields a negative 

value for Aiso, which implies the longer distance involves radical contact with a methyl-

H, with spin-polarization of the C−H bond yielding a negative spin density of the C. 

 
Constraints on the Distances from C5′ to other Lys Nuclei  

ENDOR measurements have also been carried out on Lys 1-
13

C and 2-
15

N, as 

presented in SI. These spectra, like those for [methyl-
13

C]-anSAM, yield constraints on 

the distance from C5′- to these nuclei; they are included in Table 3.1 and visualized in 

Figure 3.4. 
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Discussion 

 
Radical SAM enzymes use a site-differentiated [4Fe-4S] cluster and SAM to 

initiate remarkably diverse radical reactions, nearly all of which are initiated by the 5′-

dAdo• radical intermediate generated upon the reductive cleavage of SAM.
1,2 The 5′-

dAdo• radical intermediate is a highly reactive primary carbon radical that has never been 

directly observed, although numerous lines of indirect evidence support its central role in 

both radical SAM and B12 reactions.
12,13,52 Key mechanistic questions for radical SAM 

enzymes revolve around how the reactivity of this initial radical is controlled and directed 

toward a single, well-defined hydrogen atom on substrate, in a reaction that is often both 

regio- and stereospecific. Because the 5′-dAdo• radical is so reactive, however, it has not 

been possible as of yet to directly observe it in an enzyme active site. 

In the present work, we utilize the functional SAM analogue S- 3′,4′-

anhydroadenosyl-L-methionine (anSAM, Scheme 3.3), which contains a 3′-4′-double 

bond that provides allylic stabilization to the anAdo• radical, in order to directly probe 

the initial radical intermediate in lysine 2,3-aminomutase. Use of this stabilized anAdo• 

radical intermediate in conjunction with isotopically labeled Lys substrates and isotopic 

labeling of the methionine fragment of anSAM shows that the C5′ of SAM/anSAM 

moves a small distance toward the substrate site of H atom abstraction and away from the 

cluster-bound methionyl fragment upon anSAM S−C5′ bond cleavage. 

 

 



 
 

117 

Structural Consequences of SAM Cleavage 
  
The ENDOR-derived metrical information for the relative position and 

orientation of the C5′ carbon of anAdo• radical analogue for the reactive 5′-dAdo• radical 

bound at the active site of C. subterminale SB4 LAM is summarized in Table 3.1 and 

Figure 3.4. When considered in the context of the crystal structure of C. subterminale 

SB4 LAM with bound SAM and Lys in precursor state 0, these findings reveal the 

minimal extent of the active site rearrangements accompanying reductive S−C5′ bond 

cleavage and H atom abstraction from Lys, and the driving force for that rearrangement. 

Of  fundamental  

importance  to  efficient  

catalysis  is   the remarkably 

intimate positioning of the 

target H of substrate adjacent 

to C5′ of SAM in the ternary 

complex of state 0, a separation of only 2.8 Å (Figure 3.2A). In conjunction with the 

dense packing of the LAM active site (Figure S3.10), this highly constrains  the  

movements  of  5′-dAdo•  radical,  and limits possible side reactions on its remarkably 

short journey to its destined reaction with a 3-H of Lys. To illustrate the efficiency 

introduced  by  the  compact  LAM  active  site,  consider the implications of the two 

most robust C5′ ↔ substrate distances in state 2 as measured here. 

Table 3.1. 

 
a Signal not resolved. 
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The C5′ ↔ 2-C (Lys) distance in the LAM/SAM/Lys state 0 structure is 4.2 Å, 

while the S−C5′ bond length in SAM is 1.98 Å. Breaking that S−C5′ bond must force the 

two atoms apart, to a distance that 

approximates the sum of their van 

der Waals radii, ~3.2 Å (assuming 

1.8 Å for S and 1.5 Å for the sp
2 

carbon of C5′).
53 

Thus, the reductive 

cleavage of the S−C5′ bond would 

immediately lengthen the S−C5′ 

distance by ~1.3 Å, quite likely 

“ballistically” driving the radical  

toward  substrate.  If bond- breaking 

were accompanied by the “most 

efficient” concomitant movement of 

C5′, namely displacement directly 

toward  2-C relative to a motionless 

S, no additional movement would be 

required  to  achieve  the  C5′ ↔  2-

C  van  der  Waals contact distance of ~3 Å as found by ENDOR spectroscopy. 

Correspondingly, the C5′ distance to the actual target, 3-H (Lys), in the LAM/SAM/Lys 

state 0 structure is 2.79 Å, and C5′ would need to move toward 3-H by only ~0.6 Å, or 

just half the obligatory elongation of the S−C5′ distance upon    reductive cleavage, to 

 
 
Figure 3.7. Inferred motion of 5′-dAdo• 
radical upon reductive cleavage of SAM (state 
1 → 2). The C5′ radical position (magenta) is  
situated within  the  X-ray  crystal  structure  
(state  0)  based  on  ENDOR constraints. The 
rest of the 5′-dAdo• radical is simply shifted 
from cluster bound SAM (state 0, shown in 
gray). 
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achieve the ENDOR-estimated distance in the radical state of ~2.2 Å, indicative of van 

der Waals contact. 

The distance constraints of Figure 3.4 (Table 3.1) can in fact be self-consistently 

combined in a least-squares optimization of the position for C5′ of the anAdo•/5′-dAdo• 

radical within the LAM/SAM/Lys structure (state 0), as shown in Figure 3.7. This figure 

further presents an heuristic representation of state 5 by incorporating a representation of 

the 5′-dAdo• radical generated by translating the corresponding fragment of SAM so as to 

place C5′ at the location relative to the substrate Lys as obtained with the ENDOR 

constraints. Of particular note, in this structure the 2pπ orbital on a trigonalized C3′ of the 

anSAM allyl radical would indeed point toward 2-C of Lys, as inferred above from the 

analysis of the hyperfine interaction. 

There of course will be other, but we suggest secondary, active site 

rearrangements that contribute to this placement of the 5′-dAdo• radical relative to  the  

substrate  target  in LAM. The flexibility of the lysyl tail, in particular, is shown by the 

fact that the X-ray structure does not have resolved density for atoms 3−6 within the tail 

(Figure S3.11). This flexibility, among other factors, must lie at the ability of the active 

site to accommodate both D- and L-lysine, as noted above, although with a preference for 

the L-isomer. For completeness, we note that one must expect some conformational  

changes  in  5′-dAdo•  radical  itself.
54 Such refinements to the overall structure of state 5 

presented in Figure 3.7 should be revealed by subsequent molecular dynamics 

simulations. 
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Regardless of any possible imperfections in the details, Figure 3.7 dramatically 

reveals how the active site of LAM “tames” the highly reactive 5′-dAdo• radical: this 

“free radical” is never free. As seen in the state 0 structure of LAM (Figure 3.7) the low 

steric demands of the radical-generating [4Fe-4S]/SAM construct allows the 3-H target 

site of L-Lys substrate to bind adjacent to the S−C5′ bond. ENDOR shows that the 

reductive cleavage of the S−C5′ bond propels the C5′ radical site through a total motion 

of only ~1.5 Å, essentially equal to the total motion (~1.3 Å) that would be imparted just 

by S−C5′ bond cleavage and separation of the atoms to the sum of their van der Waals 

radii.53 This motion moves C5′ into van der Waals contact with the 3-H target of Lys, 

having crossed a mere ~0.6 Å gap from its target as implied by the state 0 structure 

(Figures 3.2, 3.4). At this stage the radical site is nestled in a highly constrained pocket 

where its position is enforced by van der Waals contacts with Lys and 1-C as well. In 

addition, C5′ remains in contact 

with the CH3−S of methionine. 

Placed in context with 

our earlier study of states 3 and  

4,
14 these observations fill in a 

picture of how the active site 

exerts “van der Waals control” 

of small motions throughout the LAM catalytic  cycle.  The study of  state  3  showed  

that  H atom abstraction creates the α-NH2 Lys substrate radical in van der Waals contact 

with the 5′-dAdoH. Substrate rearrangement forms the β-NH2 product radical in van der 

Table 3.2. X-ray crystal structure measurements of 
distances from C5’ to target carbon for radical SAM 
enzymes. 
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Waals contact with the 5′-methyl, state 4, thereby enforcing the reciprocal abstraction of 

an H atom from the 5′-dAdoH, 5′-methyl by the product radical, to generate β-NH2 Lys 

product and regenerate the 5′-dAdo• radical, state 5. As noted just above, the constrained 

environment places the 5′-dAdo• radical in contact with the S of methionine, and thus 

poised for recombination to regenerate SAM (conversion of state 5 to state 6) to complete 

the catalytic cycle. 

It is important to note that the short C5′ ↔ 2-C (Lys) target distance in the 

LAM/SAM/Lys state 0 structure is not unique to this enzyme/substrate pair, but rather 

comparable distances from the SAM C5′ to the target C of substrate are found in the other 

structurally characterized radical SAM enzymes (Table 3.2).
8,10,55−62  Given that the  

target  H  of  substrate  is  bound  adjacent to the S−C5′ bond of SAM in this wide array 

of radical SAM enzymes, it seems likely to us that this mechanism of “van der Waals 

control” of small motions for taming the  5′-dAdo• radical, and indeed for such control of 

the entire catalytic cycle of radical reactions, is common throughout the radical SAM 

enzyme superfamily. 

 
Lessons from LAM about Coenzyme B12 Enzymes 

B12-dependent radical enzymes share a common mechanism in which a hydrogen 

atom and a substituent exchange places on neighboring sp
3
-hybridized carbon atoms,

63 

precisely as occurs in the isomerization of Lys by LAM. In both B12 enzymes and radical-

SAM enzymes such as LAM, a 5′-dAdo• radical formed by homolytic bond cleavage, 

S−C5′ in radical-SAM and Co−C5′ in the B12 enzymes, carries out the catalytic 

conversion of substrate to product. In both cases the catalytic cycle is completed by the 



 
 

122 

reformation of the parent cofactor. 

The mechanism we  describe  here  for “taming” 5′-dAdo• radical by proximity to 

substrate coupled with van der Waals control of its motion is, however, in sharp contrast 

to the behavior of the coenzyme B12-dependent enzymes. The C5′ bound to Co in the B12 

coenzyme necessarily faces into the sterically demanding corrinoid ring, away from any 

possible substrate, and as a result, necessarily is further screened from the substrate target 

by the 5′-dAdo moiety, which lies between C5′ and the target, as shown in Figure 3.2B. 

This geometry forces the target site of substrate to lie “far away” from the Co−C5′ bond, 

restricting access to the target by the C5′ radical formed through Co−C5′ bond cleavage.
64 

As a result, the radical must migrate long distances to the site of reaction, as explicitly 

shown in the elegant advanced paramagnetic resonance studies of ethanol- amine 

ammonia-lyase (EAL) by Warncke,
17 

LoBrutto,
22 

and co- workers, as well as studies of 

the B12-dependent lysine 5,6-aminomutase by Frey, Ke, and co-workers,
25 

which revealed 

that C5′ of 5′-dAdo• radical migrates over 6 Å from its location in the Co−C5′ bond to the 

reactive position adjacent to substrate. The migration of C5′ required for reaction with its 

substrate in EAL was modeled by keeping the adenine ring of 5′-dAdo•  radical 

essentially fixed, and introducing a ribosyl rotation around the N- glycosidic bond.
65 

For 

glutamate and methylmalonlyl-coenzyme A mutases, the C5′ appears to undergo 

migration of at most only a few Å, and in fact the cob(II)alamin intermediate has been 

proposed to function as a conductor rather than a mere spectator in these radical 

rearrangements.
66 

The smaller movement in these B12 enzymes is achieved by rotation of 

the entire adenosyl group,
67 or by pseudorotation of the ribose moiety from the C2′-endo 
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to the C3′-endo conformation.
23,68

 

 
Why B12 enzymes?  
 

Iron−sulfur proteins are widely accepted to be evolutionarily ancient, perhaps 

emerging from prebiotic iron−sulfur minerals that catalyzed the synthesis of key 

molecular precursors of life.
69 The ubiquitous iron−sulfur protein ferredoxin has been 

described as a living relic of these primordial FeS catalysts.
70 

At the present moment in 

evolution, radical SAM enzymes are found throughout the life on earth, with over 100 

000 predicted radical SAM enzymes
71 

and substrates that range from large proteins such 

as pyruvate formate lyase, through small molecules such as lysine, and including key 

roles in nucleotide chemistry and cofactor biosynthesis.
10,52 Cobalamin, a highly complex 

radical-generating cofactor, in contrast, is thought to have emerged more recently than 

radical SAM enzymes,
12 yet there are only 12 known cobalamin enzymes, catalyzing a 

much more limited range of reactions. These observations lead to two obvious questions. 

The first question is, why have radical SAM enzymes retained their dominance 

among extant radical enzymes? Certainly, one factor must be that “they got here first”. 

However, the results reported here suggest that a significant contributing factor is that 

these ancient enzymes provide a more flexible architecture for carrying out highly 

controlled radical catalysis on diverse substrates. For most B12 radical enzymes, catalysis 

requires that the active site control long-distance (~6 Å) migrations of C5′ of 5′-dAdo• 

radical because steric congestion shrouds the site of radical generation (Figure 3.2B), 

forcing remote binding of substrate. This may be contrasted with the minimal, roughly 



 
 

124 

0.6 Å, motion of the C5′ toward the 3-H target of Lys estimated in this study of LAM 

(Figure 3.7), which is enabled by the nearly unfettered access of the Lys 3-H substrate 

target to the radical- generating [4Fe-4S]-SAM machinery of LAM (Figure 3.2A). 

Available structural data on other radical SAM enzymes points to similar uninhibited 

access as reported here for LAM (Table 3.2). We suggest that the low steric constraints of 

the [4Fe-4S]/SAM construct and resultant accessibility to substrate of the C5′ radical 

provided a major reason why evolution spread and retained the use of this construct 

across all of the kingdoms of life, with thousands of family members catalyzing 

transformations of the widest range of substrates. The contrasting high steric demands of 

the coenzyme B12 force the target in B12-dependent enzymes to bind further from the site 

of the nascent C5′ radical, and require the radical to migrate longer distances to the target 

site. It seems plausible that this has contributed strongly to the restricted use of B12 

radical enzymes. 

This analysis, however, raises the evolutionary question: with radical SAM 

enzymes readily available and apparently more amenable to diverse substrates, why did 

B12 radical enzymes emerge and persist? One possible answer may be that iron− sulfur 

clusters are notoriously oxygen-sensitive.  Perhaps, with the increase in oxygen in the 

atmosphere after the evolution of oxygenic photosynthesis, cobalamin appeared where  

oxygen sensitivity and lability of iron−sulfur clusters posed too much of a detriment to 

the function of radical SAM enzymes. The cobalamin cofactor has the added advantage 

of being “self- contained”, without the need of an external reductant as required by 

radical SAM enzymes. Another very intriguing hypothesis has been proposed by Bückel 
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and co-workers, who suggest that the cob(II)alamin intermediate plays an integral role in 

catalysis in some B12 radical enzymes, namely glutamate and methylmalonyl-CoA 

mutases, by interacting with and stabilizing both the 5′-dAdo• radical and product 

methylene radicals.
66  Because of this intimate interaction between the cob(II)alamin and 

radical intermediates, it is argued, other radical-generating systems such as [4Fe-4S]-

SAM cannot provide a direct replacement of this reactivity. We anticipate further 

conversations regarding why and how nature evolved the B12 enzymes, considering that 

the low steric constraints of radical SAM enzymes lead to their inherent substrate 

diversity, a property based on the use of [4Fe-4S]-SAM as “the rich man’s adenosyl 

cobalamin”.
52
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Supporting Information for Chapter Three 
 

 
Figure S3.1. (A) 35 GHz echo-detected EPR spectra for LAM with anSAM, PLP and 
substrate as indicated (B) 35 GHz stochastic CW 1H ENDOR spectrum of LAM with 
anSAM, PLP and α-Lys. Experimental conditions: (A) microwave frequency = 34.6 ~ 
34.8 GHz, τ = 600 ns, microwave pulse length (π/2) = 40 ns, repetition rate = 2 Hz and T 
= 2 K (B) microwave frequency = 34.773 GHz, modulation amplitude = 4.0 G, rf on = 
5.0 ms, rf off = 5.0 ms, sample collection time = 1.0 ms and temperature = 2 K. 
Simulation parameters are listed in Table S1. (B) CW stochastic 1H ENDOR Spectrum 
collected at peak of radical EPR (g = 2.00). The experimental spectrum and sum of 
simulation spectrum were drawn in red and blue, respectively. Each simulation spectrum 
is colored to correspond to 1H positions in the anAdo• radical picture.  
 
 
Determination of local contribution to 13C dipolar coupling 

The anisotropic coupling matrix in principle is the sum of two axial matrices, the 

non-local contribution (Tn-loc) from through-space dipolar interaction between the electron 

spin of anAdo• radical and the 13C nuclear spin, and a local contribution (Tloc), caused by 

interaction of electron spin density delocalized into the C-H bonds of 2-C of Lys: , T = 
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Tloc+ Tn-loc. Treating the two as coaxial, as required by the axial experimental matrix, Tloc 

can be estimated from the measured Aiso, through the following equation,1 

 !!"# = (!!"#!!
)!!!                                   (S1) 

where n is the hybridization coefficient of the spin-brearing carbon, spn, in this case n = 

3, and T0 and a0 are axial hyperfine constant and isotropic hyperfine constant for carbon, 

respectively. From this and the parameters obtained from the simulation, Tloc = +0.38 

MHz, giving Tn-loc = +0.66 MHz. Assuming the latter term comes from the point-dipolar 

interaction between 2-13C nucleus and the spin density on C5’ (ρ = 0.59), the distance 

from C5’ to 2-13C of lysine, r, is estimated from eq 5 to be r ~ 2.7 Å. However the point-

dipole treatment needs a correction at such short distances: the spin on C5’ is not 

confined to a point, but is distributed within its 2pπ orbital, and an accurate treatment 

requires integration of the dipolar interaction over the spin distribution in the 2pπ orbital.2 

 

       
Figure S3.2. 35 GHz 13C Davies ENDOR for LAM with anSAM, PLP, and substrate as 
indicated. All experimental conditions are the same as Figure 3.   
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Analysis of 1-13C ENDOR Response 

 The weakly coupled ENDOR signal from 1-13C of Lys is best visualized by 

applying the Mims pulse ENDOR technique, Figure S3. The small coupling compared to 

that of 2-13C implies that 1-C is much farther away from C5’ of anAdo• radical than is 2-

C, but with such a small coupling the line-width is large compared to the differences 

between hyperfine coupling matrix components, and the two branches of the spectrum 

are featureless. Simulations that employed a range of values for Aiso and T, indicated a 

possible range of the hyperfine values: -0.25 < Aiso < -0.10 (MHz); point-dipole through-

space coupling, 0.23 < T < 0.36 (MHz). The latter corresponds to a range in distances 

from C5’ to 1-C of Lys, 3.2 < r < 3.7 (Å) (Figure S4). 

 

 
 
Figure S3.3. 35 GHz 13C Mims ENDOR and simulation spectra. Spectra were collected at 
the radical peak. Experimental conditions: MF = 34.6 ~ 34.8 GHz, MW pulse length (π/2) 
= 50 ns, τ = 1000 ns and T = 2 K. Simulation spectra are drawn in blue (top); unlabeled 
lysine sample is grey. Simulation parameters: Aiso = -0.25 MHz, T = 0.21 MHz, ENDOR 
line width = 0.18 MHz 
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Figure S3.4. 35 GHz 13C Mims ENDOR and all simulation spectra. Experimental 
spectrum is 13C Mims ENDOR for LAM with anSAM, PLP and [1,2-13C]-Lys. 
Experimental conditions are same as Figure S3. Simulation parameters are listed in insert 
table with ENDOR line-width (LW) 0 MHz (top) and 0.18 MHz (bottom). 
 
 

 

 

 

 

 

 

 

Figure S3.5. 35 GHz 13C Davies ENDOR (small range) for LAM with anSAM, PLP and 
substrate as indicated. All experimental conditions are the same as Figure 3. 
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Figure S3.6. PESTRE technique for LAM with anSAM, PLP and [u-13C]-Lys. The 
frequency at which the PESTRE measurements were acquired is denoted by an asterisk in 
the inset figure, which is the 13C Davies ENDOR spectrum for the LAM/anSAM/PLP 
sample with [u-13C]-Lys collected g = 2.00. Experimental conditions: microwave 
frequency = 34.77 GHz, microwave pulse length (π) = 200 ns, τ = 1000 ns, mixing times 
are indicated in figure as rf-tail and T = 2 K. 
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Figure S3.7. 35 GHz 13C Mims ENDOR and simulation spectra. Experimental spectrum 
is 13C Mims ENDOR for LAM with [13C-methyl]-anSAM, PLP and Lys. Experimental 
conditions are same as Figure 6. Simulation parameters are listed in inset table with 
ENDOR line-width (LW) 0 MHz (top) and 0.28 MHz (bottom). 
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Distance from the Radical to Amine Nitrogen 

Figure S8 (bottom) shows weakly coupled 15N Mims ENDOR signals for 

uniformly labeled 15N (red), 2-15N (black) and unlabeled Lys (gray) at τ = 1000 ns. The 

observation of the same signal from the samples prepared with isotopically labeled 

lysines (Figure S8, right; L-Lys [u-15N] and D/L-Lys [2-15N]) confirms that the signal 

comes from the weakly-coupled α-amino 15N of Lys bound to PLP.  

 

 
 
 
 
 
 

 
 
 
 

 
Figure S3.8. 15N Mims ENDOR for LAM with anSAM, PLP and substrate and simulation 
spectra. (Left)  Spectra collected at the peak of radical EPR for each labeled Lys, as 
indicated; simulation shown in blue (top); unlabeled lysine shown in gray (bottom). 
Experimental conditions; microwave frequency = 34.74 GHz, MW pulse length (π/2) = 
50 ns, τ = 1000 ns and T = 2 K. Simulation parameters; Aiso = -0.19 MHz, T = 0.16 MHz, 
ENDOR line width = 0.07 MHz. (Right) Labeled lysine. 
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The concentration of D/L-Lys [2-15N] used to prepare the sample is twice as large 

as that of L-Lys [u- 15N]. The similar intensities of the signals for the two samples again 

(see above) implies that the L-Lys binds preferentially. The absence of additional features 

in the [u-15N]-Lys sample indicates, unsurprisingly, that the 6-15N of the side-chain is too 

far from C5’ of anAdo• radical to give a detectable ENDOR response. The distance of 

C5’ of anSAM to 6-N before the reductive cleavage is 6.3 Å, outside the range of 

detectability, and that distance is not anticipated to decrease appreciably. 

 The crystal structure shows that the distance of C5’ of the SAM to 2-N before the 

reductive cleavage is 5.5 Å, again probably too far for 15N couplings to be detected. The 

existence of a detectable signal then implies a shortening of this distance subsequent to 

anSAM cleavage. However, as with 1-13C, the 15N line width is large compared to the 

differences between hyperfine matrix components, and the two branches of the 15N 

spectrum are featureless. As with the 13C Mims simulation, simulations with a range of 

hyperfine coupling parameters (Figure S9) set limits on the possible coupling parameters, 

but with Aiso and T of opposite signs, suggesting a different mechanism for the tiny 

transfer of spin to 2-N: -0.28 < Aiso <-0.09 (MHz); 0.07 < T < 0.26 (MHz). The latter 

yields a range of distances between C5’ of the radical and the 2-15N, 3.2 < r < 4.8 (Å). 

We note that in simulations with uniformly narrow or strongly anisotropic line widths, 

parameters near the middle of this range would predict ‘A||’ shoulders corresponding to 

those observed at ~ ± 0.06 MHz; these are ‘washed out’ by the uniform line width chosen 

to reproduce the rest of the spectrum. Whether the observed shoulders reflect an 
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anisotropic line width or a second conformer with smaller coupling cannot be 

determined. 

 

 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure S3.9. 35 GHz 15N Mims ENDOR and simulation spectra. Experimental spectrum 
is 15N Mims ENDOR for LAM with anSAM, PLP and [2-15N]-Lys. Experimental 
conditions are same as Figure S8. Simulation parameters are listed in inset table with 
ENDOR line-width (LW) 0 MHz (top) and 0.07 MHz (bottom). 
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Figure S3.10. Illustration of the Constraint within the LAM active site. PDB ID is 2A5H. 
Color scheme: carbon atoms of lysine, SAM and PLP are green; nitrogen is dark blue; 
oxygen is red; phosphorous is orange; sulfur is yellow; iron is rust; inside of pocket is 
highlighted in blue; protein cartoon is blue-grey. This image was made using PyMol. 
 
 

 
 
Figure S3.11. Electron density map of the LAM active site. PDB ID is 2A5H. Figure is 
drawn in Coot. Carbon, nitrogen and oxygen are colored yellow, blue and red, 
respectively. The oxygens of the water molecules are shown as red crosses. The electron 
density map of the substrate lysine is somewhat disordered. 
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Table S3.1. 
 

Nucleus A1 (MHz) A2 (MHz) A3 (MHz) Aiso (MHz) 
5’Hexo 64 21 42 42.3 
5’Hendo 54 17 36 35.7 
3’H 60 18 39.5 39.2 
2’H 42.5 42.5 51.5 45.5 
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CHAPTER FOUR 

 
 

NEW PARADIGM FOR RADICAL SAM ENZYME REACTIONS: 

ORGANOMETALLIC INTERMEDIATE Ω IS  

CENTRAL TO CATALYSIS 
 

 
Abstract 

 
 

Radical SAM enzymes comprise a vast superfamily catalyzing diverse reactions 

essential to all life through homolytic SAM cleavage to liberate the highly-reactive 5ʹ-

deoxyadenosyl (5ʹ-dAdo) radical. Our recent observation of a catalytically competent 

organometallic intermediate Ω that forms during reaction of the radical SAM enzyme 

pyruvate formate-lyase activating-enzyme (PFL-AE) was therefore quite surprising, and 

led to the question of its broad relevance in the superfamily. We now show that Ω in 

PFL-AE forms as an intermediate under a variety of mixing order conditions, suggesting 

it is central to catalysis in this enzyme. We further demonstrate that Ω forms in a suite of 

radical SAM enzymes chosen to span the totality of superfamily reaction types, 

implicating Ω as essential in catalysis across the RS superfamily. Finally, EPR and 

electron nuclear double resonance spectroscopy establish that Ω involves an Fe-C5ʹ bond 

between 5ʹ-dAdo radical and the [4Fe-4S] cluster. An analogous organometallic bond is 

found in the well-known adenosylcobalamin (coenzyme B12) cofactor used to initiate 

radical reactions via a 5’-dAdo radical intermediate. Generation of a 5’-dAdo radical 

intermediate via homolytic metal-carbon bond cleavage thus appears to be similar for Ω 
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and coenzyme B12. However coenzyme B12 is involved in enzymes catalyzing of only a 

small number (~12) of distinct reactions, while the radical SAM superfamily has more 

than 100,000 distinct sequences and over 80 reaction types characterized to date. The 

appearance of Ω across the radical SAM superfamily therefore dramatically enlarges the 

sphere of bio-organometallic chemistry in Nature. 

 
Introduction 

 
 

Radical SAM enzymes comprise a 

vast superfamily, catalyzing diverse reactions 

essential to all life through homolytic SAM 

cleavage to liberate the highly reactive 5ʹ-

deoxyadenosyl (5ʹ-dAdo) radical.1 In the 

consensus mechanism for radical SAM 

enzymes, electron-transfer to the sulfonium 

center of SAM from a reduced active-site 

[4Fe-4S] cluster causes reductive cleavage of 

the S-C(5ʹ) bond to directly liberate 5ʹ-dAdo 

radical for H-atom abstraction from substrate 

(Figure S4.1).2 However, this mechanism of 

radical initiation was put in question by the 

report of an organometallic reaction 

intermediate, denoted Ω , in catalysis by the 

 

Figure 4.1. Top, pre-mixed (PFL + 
SAM), RFQ with PFL-AE. Middle, 
(PFL-AE + SAM) RFQ with PFL. 
Bottom, (PFL-AE + PFL) + SAM; the 
slight increase in g|| suggests a slightly 
different conformation of  Ω. Feature to 
low field of Ω signal in bottom 
spectrum due to Cu2+ contamination 
from Cu wheels used for freezing in 
RFQ apparatus. Conditions: Freeze-
quenched, 500 ms;  frequency, 9.374 
GHz (top), 9.374 GHz (middle), 9.375 
GHz (bottom); modulation, 10 G; T = 
40 K. Samples cryoannealed at 150 K to 
remove a small overlapping signal, see 
Figure S4.2.  
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radical SAM pyruvate formate-lyase activating enzyme (PFL-AE).3 This intermediate, 

which has a carbon of 5ʹ-dAdo radical bonded to the unique Fe of the [4Fe-4S] cluster, 

formed subsequent to SAM cleavage, and 5ʹ-dAdo radical was only liberated through 

homolysis of the Fe-C bond of Ω .3  Here rapid freeze-quench (RFQ) EPR/ENDOR 

studies of a suite of enzymes, selected to collectively represent the broad range of RS 

superfamily reactions, implicate this organometallic intermediate as central to radical 

initiation across the RS superfamily.  This leads us to propose a new paradigm for radical 

initiation in these enzymes,  that, with completion of the Ω  structure determination, 

mechanistically unifies the radical SAM and adenosylcobalamin (coenzyme B12) 

enzymes: both involve homolysis of a metal-5ʹ-deoxyadenosyl bond to liberate 5ʹ-dAdo 

radical for initiation of radical chemistry. 

 
Is Ω the result of protein conformational rearrangements during  
assembly of the PFL-AE/SAM/PFL ternary complex?  
 

The observation of Ω formation during rapid freeze-quench after mixing reduced 

PFL-AE  with the two substrates, (PFL + SAM),3 raised the possibility that Ω  was 

perhaps a means by which to store and control the nascent 5ʹ-dAdo radical during the 

complex conformational changes required for positioning of the target H-atom as PFL-

AE binds SAM and its 170 kDa substrate protein PFL.4 To examine this possibility, we 

employed three different mixing conditions to RFQ trap intermediate states of the PFL-

AE/SAM/PFL reaction (Figure 4.1). In all cases, reactions were RFQ trapped at 500 ms, 

as our previous work showed that Ω formation was maximal at this time.3 We repeated 

our original protocol,3 rapid mixing of reduced PFL-AE with a solution that contained 
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both the SAM and PFL substrates; in 

that case, both substrates must properly 

bind to PFL-AE prior to reaction. We 

then examined two other mixing 

conditions. In one, a solution of reduced 

(PFL-AE + SAM) was mixed with PFL; 

in this case, the SAM substrate is pre-

bound but PFL has to bind after mixing. 

Finally, we prepared reduced (PFL-AE 

+ PFL), thus pre-forming the PFL-

AE/PFL complex with its attendant 

rearrangement of both proteins, and 

rapid-mixed with SAM. Figure 4.1 

shows that in all three cases, Ω  is 

formed with its characteristic EPR axial 

signal, (g|| = 2.035, g⊥ = 2.004).3  We 

conclude that in the PFL-AE catalyzed reaction, an extreme case of active-site and target 

protein rearrangement,4b, 4c Ω  is a central intermediate that is formed regardless of the 

details/order of mixing.  

 
 
 
 
 

 

Figure 4.2 Reactions catalyzed by the radical 
SAM enzymes studied in this work. Glycyl 
radical enzyme activating enzyme (GRE-AE) 
refers to both PFL-AE and RNR-AE.   
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Is Ω  mechanistically formed throughout the radical SAM superfamily?  

To test the intermediacy of Ω broadly across the RS superfamily, we freeze-

quench trapped intermediates in the reactions of PFL-AE and six additional canonical 

radical SAM enzymes that perform diverse enzymatic functions representative of the 

entire superfamily (Figure 4.2).1c Firstly, these enzymes span the two major radical SAM 

sub-classes by including representatives that use SAM as a cosubstrate (RNR-AE, HydG, 

PoyD, and OspD) and those that use SAM as a cofactor (LAM and SPL).1c Of these 

enzymes, two (RNR-AE5 and SPL6) catalyze reactions on macromolecular substrates 

(anaerobic ribonucleotide reductase and DNA, respectively), two act on peptide 

substrates (PoyD and OspD),7 two catalyze reactions of small molecule substrates 

(tyrosine for HydG8 and lysine for LAM9), and finally one involves a second iron-sulfur 

cluster in catalysis (HydG).10 

As described in Supporting Information, samples of all these diverse radical SAM 

representatives were expressed in E. coli, purified under anoxic conditions, subjected to 

Fe/S cluster reconstitution where necessary, photoreduced to generate the catalytically 

active [4Fe-4S]+ cluster, rapid-mixed with a solution containing SAM and the appropriate 

substrate, and quenched 500 ms after mixing, followed by brief annealing at 150 K to 

remove a small contaminating signal (Figure S4.3). The resulting EPR spectra show that 

in every instance the reactant [4Fe-4S]1+ cluster signal has been completely replaced by 

the organometallic intermediate, Ω  (Figures 4.3, S4.3, S4.4). Moreover, we have 

initiated experiments to monitor how Ω  converts to product upon annealing, as 

previously shown for PFL-AE,3 using representative enzymes from each of the two major 
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RS sub-classes, those using SAM as cosubstrate (RNA-AE, HydG) and as cofactor 

(LAM), and preliminary indications are 

that this occurs as anticipated (Figure 

S4.5). 

The Ω  spectra show slight 

variations from enzyme to enzyme in the 

shape of the g|| feature of this axial signal 

(Figure 4.3); these differences likely arise 

from small variations in the conformation 

of the intermediate, as seen in the Ω  

signal for PFL-AE/PFL generated under 

different mixing conditions (Figure 4.1). 

 
Detailed structure of Ω:  

With Ω  now identified as a 

ubiquitous intermediate, we carried out 

EPR and ENDOR measurements to 

refine the determination of its structure. 

Originally, Ω  was identified as involving 

the [4Fe-4S] cluster by its 57Fe ENDOR response.3 The 57Fe line-broadening of the Ω  

EPR signal (Figure S4.6), whose simulation requires inclusion of hyperfine interactions 

with multiple cluster 57Fe ions, further confirms that the spin of omega is carried by the 

[4Fe-4S] cluster. Incorporation of the 5’-dAdo fragment of SAM in Ω  3 is confirmed here 

 

Figure 4.3 Normalized EPR spectra of Ω 
formed in RS reactions freeze-quenched at 
500 ms, taken after annealing 1 min at 150 
K; spectra before annealing, Figure S4.3. 
RFQ mixing condition: (substrate + SAM) 
+ RS enzyme, freeze-quenched 500 ms 
after mixing. Conditions: frequency, 9.375 
GHz; modulation amplitude, 10 G; T = 40 
K. 
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by observation of a loss of 1H ENDOR 

signals when Ω  is prepared with uniformly 

labeled [D8-ado]-SAM ([adenosyl-2,8-D2-

1ʹ,2ʹ,3ʹ,4ʹ,5ʹ,5ʹʹ-D6]-SAM) (Figure 4.4). 

The use of specifically labeled [5ʹ,5ʹʹ-D2-

ado]-SAM produces the same loss of 1H 

ENDOR signal as seen for Ω  made with 

uniformly [D8-ado]-SAM (Figure 4.4), 

unambiguously identifying the C5ʹ carbon 

of 5ʹ-dAdo radical as forming the Fe-C 

bond in Ω . Note that both the 1H coupling, 

A(1H) ~ 7-8 MHz, which also causes a distinct reduction in EPR line-width upon 2H 

replacement (Figure S4.7), and the previously observed 13C couplings from uniformly 

13C-labeled SAM, aiso(13C) ~ 9 MHz 3 are far too small to arise from an isolated 5ʹ-dAdo 

radical. Finally, 14/15N-Met-SAM give 14/15N ENDOR signals characteristic of direct 

coordination to the Fe, A(14N) ≈ 4 MHz (Figure S4.8), confirming the retention of 

methionine coordination at the unique iron. 

Together these EPR/ENDOR observations leave no doubt that the Ω  EPR signal 

arises from an organometallic complex that contains a bond between a cluster Fe and the 

C5ʹ carbon of 5ʹ-dAdo radical, with the methionine fragment of SAM anchored to the 

cluster via amino coordination, as shown in Chart 4.1 (left). The g-values of Ω  follow the 

pattern of a [4Fe-4S]3+
 cluster, g||  > g⫠  ≳ 2,11  which suggests a formal description of the 

 

Figure 4.4. 35 GHz CW 1H ENDOR at g = 
2.0134 of Ω for PFL-AE/PFL with (black) 
1H-SAM; (blue-dashed) [D8-ado]-SAM 
([adenosyl-2,8-D2-1ʹ,2ʹ,3ʹ,4ʹ,5ʹ,5ʹʹ-D6]-
SAM); (red) [5ʹ,5ʹʹ-D2-ado]-SAM 
([adenosyl-5ʹ,5ʹʹ-D2-SAM]). Mixing 
conditions: (PFL + SAM) + PFL-AE. 
ENDOR conditions: microwave frequency, 
35.05 GHz; modulation amplitude, 0.5 G, 
+0.75 MHz/s; T = 2 K. 
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intermediate as an [4Fe-4S]3+ cluster whose unique Fe is bound to the C5ʹ-adenosyl 

carbanion (Chart 1). The resulting structure and reactivity of Ω  exhibit intriguing 

similarity to adenosylcobalamin (AdoCbl, coenzyme B12), which has a bond from the C5ʹ 

carbon of a deoxyadenosyl moiety to the cobalt of cobalamin, Chart 1, and undergoes 

homolytic Co-C bond cleavage to generate 5ʹ-dAdo radical to abstract an H• from 

substrate. 

 
Chart 4.1. 
 

 
Mechanism: How does Ω form, and then liberate 5ʹ-dAdo radical?  
 

Formation of Ω  might be indirect, (a) via reductive cleavage of SAM followed by 

combination of 5ʹ-dAdo radical with the unique Fe of the [4Fe-4S]2+ cluster (Figure 4.5, 

path 1); or it may occur in a single concerted step (Figure 4.5, path 2), via either (b) direct 

nucleophilic attack of the unique [4Fe-4S]1+ cluster Fe at the 5ʹ-C of SAM; or (c) 

concerted reductive cleavage/Ω  formation initiated by interaction of the Fe with the SAM 

sulfur. The active-site geometry of canonical radical SAM enzymes places the S-C(5ʹ) 
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bond of SAM trans to the Fe-S interaction (Figure 4.5).12 This geometry is not conducive 

to nucleophilic attack of the unique Fe at the 5ʹ-C of SAM to produce Ω , thus disfavoring 

mechanism (b), but it would permit reductive cleavage routes (a) and (c) to Ω  (Figure 

4.5).13 However, these two pathways themselves pose the perplexing question: why does 

5ʹ-dAdo radical move towards the cluster and bind to the unique Fe to form Ω  upon 

cleavage of the S-C bond, rather than directly moving away and attacking the substrate? 

Given the active-site geometry, we suggest that Ω  formation is a direct mechanistic 

consequence of SAM activation for reductive cleavage by either routes (a) or (c): in both 

cases the SAM sulfur must migrate, in the transition state, toward the unique Fe of the 

[4Fe-4S] cluster, and when the S-C(5ʹ) bond breaks through reductive cleavage, the 5ʹ-

dAdo radical fragment need only continue along this trajectory to interact with the unique 

iron and form Ω . In a structural contrast, Lin and coworkers recently reported that in the 

non-canonical radical SAM enzyme Dph2, the active-site architecture is set up for direct 

nucleophilic attack of the unique iron on the Cγ(met) to form a kinetically competent 

organometallic intermediate with an Fe-Cγ(met) bond.14 These considerations suggest 

why both Dph2 and canonical RS enzymes generate their key radical intermediates 

through prior formation of organometallic species, Ω  in the case of canonical radical 

SAM enzymes.  

 
How is the Fe-C(5ʹ) bond of  Ω  then activated to homolytically  
liberate 5ʹ-dAdo radical for reaction with substrate?  
 

This issue applies equally to the Co-C(5ʹ) bond in the organometallic AdoCbl Co-

C(5ʹ) of B12-radical enzymes, and this question in fact highlights not only the similarities, 
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but also the differences between AdoCbl and Ω . The AdoCbl cofactor is a stable, isolable 

compound, and requires significant activation for Co-C(5ʹ) bond homolysis.15 In contrast, 

Ω  is a true reactive intermediate, and in PFL-AE, Ω  undergoes facile Fe-C bond cleavage 

even at low temperature  (~170 K).3 

 
Overview 

 
 

The novel organometallic intermediate Ω , whose structure is shown in Chart 4.1, 

forms in a suite of enzymes that represent the broad range of superfamily reactions, 

regardless of whether the enzymes consume SAM as cosubstrate or re-use SAM as 

cofactor, and independent of the size and complexity of the target of H-atom abstraction. 

This indicates that Ω  is a mechanistically central feature for radical initiation throughout 

the superfamily. In the long-held mechanism of radical initiation (Figure S4.1), reductive 

 

Figure 4.5.  Pathways for liberating 5ʹ-dAdo• for H-atom abstraction through formation 
of catalytically competent Ω upon SAM cleavage. Ω may be formed via reductive SAM 
cleavage then recombination of 5ʹ-dAdo radical with [4Fe-4S]2+ cluster (pathway 1), or 
directly (pathway 2) via concerted reductive cleavage/Fe-C bond formation or 
nucleophilic attack of the unique iron on the 5ʹ-carbon. In addition, at present it cannot 
be excluded that a minority of the generated 5ʹ-dAdo radical ‘escapes’ to attack 
substrate directly, without Ω formation. 
 



 
 

155 

cleavage of SAM directly liberates 5ʹ-dAdo radical, which then abstracts a H-atom from 

substrate.1c Our results reveal a sharply different picture: liberation of the 5ʹ-dAdo radical 

for substrate H-atom abstraction proceeds through the initial formation of Ω , followed by 

homolytic cleavage of the Fe-C(5ʹ) bond to liberate 5ʹ-dAdo radical for reaction (Figure 

4.5). This is a paradigm shift for the mechanism of radical initiation by enzymes of the 

radical SAM superfamily. 

The identification of Ω  as integral to the mechanism of radical SAM enzymes 

clearly unifies the radical SAM and B12-dependent radical-forming enzymes, despite the 

differences in reactivity of AdoCbl and Ω : both utilize the cleavage of a metal-carbon 

bond (Chart 1) to liberate the reactive 5’-dAdo radical for H-atom abstraction from 

substrate. Our findings thus complete the integration of the two enzyme classes, as first 

contemplated by both Knappe16 and Frey.17 Beyond that, given the vast reach of the 

radical SAM superfamily across all domains of life,18 these results dramatically enlarge 

the scope and importance of bio-organometallic chemistry in Nature. 
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Supporting Information for Chapter Four 
 
 

Materials and Methods 
 

[13C10,15N5]-Adenosine 5ʹ-triphosphate sodium salt and adenosine-2,8-D2-

1ʹ,2ʹ,3ʹ,4ʹ,5ʹ,5ʹʹ-D6-5ʹ-triphosphate sodium salt solutions were purchased from 

MilliporeSigma/ISOTEC® Stable Isotopes. [15N]-Methionine was purchased from 

Cambridge Isotope Labs, Inc. (96- 98%, NLM 752). Iron-57 (93-95%) was purchased 

form Cambridge Isotope Labs, Inc. (FLM-1812PK). All unlabeled adenosine 5ʹ-

triphosphate and L-methionine were purchased from MilliporeSigma. 

 
Enzyme Preparations 
 

[FeFe]-Hydrogenase HydG. [FeFe]-hydrogenase maturase HydG preparations 

were performed as described previously,1 with minor modifications. Briefly, the HydG 

gene (hydG from Clostridium acetobutylicum) cloned into a pCDF DUETTM-1 vector 

allowed for expression of HydG with an N-terminal His6 tag in BL21-(∆IscR) E. coli 

cells. After inoculation from overnight starter cultures, cell culture growth in phosphate 

buffered LB media (9 L in six 2.8 L Fernbach flasks), supplemented with kanamycin (30 

µg/mL) and streptomycin (50 µg/mL) antibiotics, glucose (5 g/L), and iron in the form of 

ferric ammonium citrate (4.2 g total in 9 L) and maintained at 37˚C with 200 rpm 

shaking, exhibited good over-expression of HydG upon induction with IPTG (0.5 mM) at 

an OD600 of 0.5 AU via comparatively high protein concentrations on SDS-PAGE. After 

transfer to 4°C, this culture was sparged overnight (14 - 16 h) with N2(g) until cell pellets 

(~30 - 40 g) were harvested the next day and stored at -80°C.  
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To isolate HydG with minimal cluster loss, all lysis and purification steps were 

performed in an anaerobic Coy vinyl glove box (Coy Laboratories, Grass Lake, MI). At a 

ratio of ~2 mL of buffer per 1 g of cell pellet, lysis was performed at 4˚C in Buffer A (50 

mM HEPES, 250 mM KCl, 5% glycerol, 10 mM imidazole, pH 8.0) in the presence of 

lysozyme (180 µg/mL), phenylmethylsulfonyl floride (PMSF, 180 µg/mL final, added in 

1 mL MeOH), DNase (50 µg/mL), RNase (50 µg/mL), 0.5% TritonTM X-100 (v/v), and 

MgCl2 (2 mg/mL). After centrifugation (38,000 x g, 60 min., 4˚C), the HydG clarified 

lysate was purified via FPLC using a step gradient into Buffer B (50 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 250 mM KCl, 5% glycerol, 500 

mM imidazole, pH 8.0) on a Ni2+-affinity column (5 mL). The purified enzyme solution 

was buffer exchanged into Buffer C (50 mM HEPES, 50 mM KCl, 5% glycerol, pH 8.0) 

before reconstitution.  

To increase [4Fe-4S] cluster content in HydG, an iron-sulfur cluster reconstitution 

was performed at 4˚C as described elsewhere.2 Briefly, purified HydG (100 µM) was 

incubated with DTT (5 mM) for 5 minutes in Buffer C, before sodium sulfide (0.6 mM 

final concentration, from a 50 mM stock) and ferric chloride (0.6 mM final concentration, 

from a 10 mM stock) were added, respectively, over the course of an hour. After a 3.5 

hour incubation at 4˚C, the reconstitution solution was centrifuged (26,000 x g, 10 min., 

4˚C), gel filtrated, and concentrated to yield a final iron content of 7.8 ± 0.1 irons/protein. 

EPR spectroscopy confirmed [4Fe-4S]+ cluster presence and π-rate flux in photoreduced 

enzyme. 
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Lysine 2,3-aminomutase. Lysine 2,3-aminomutase (LAM) preparations were 

performed as described previously2 to yield a final iron content of 3.9 ± 0.1 irons/protein. 

EPR spectroscopy confirmed [4Fe-4S]+ cluster presence in photoreduced enzyme. 

 
OspD and OspA (substrate). The gene encoding OspD (OSCI_3660007 from 

Oscillatoria sp. PCC 6506) cloned into a modified pCDF DUETTM-1 vector allowed for 

expression of OspD protein with a TEV protease cleavable N-terminal His6 tag in BL21-

(∆IscR) E. coli cells. After inoculation from overnight starter cultures, cell culture growth 

in terrific broth media (1.2% tryptone, 2.4% yeast extract, 0.5% glycerol and 89 mM 

phosphate; 6 L in six 2.8 L Fernbach flasks) was supplemented with spectinomycin (50 

µg/mL) and kanamycin (34 µg/mL) antibiotics and maintained at 37˚C with 200 rpm 

shaking. At an OD600 of 1.2, the cultures were chilled on ice for 15 minutes and 

supplemented with ferrous ammonium sulfate (FAS, 0.25 mM), induced with IPTG (1 

mM), and incubated for over 24 h at 16˚C, with shaking at 220 rpm and N2(g) sparge until 

cell pellets (~40 g) were harvested the next day and stored at -80 °C.  

To isolate OspD with minimal cluster loss, all lysis and purification steps were 

performed in an anaerobic Coy vinyl glove box. At a ratio of ~2 mL of buffer per 1 g of 

cell pellet, lysis at ~21˚C in Buffer A (50 mM HEPES, 150 mM KCl, 10% glycerol 

(w/v), pH 8.0) in the presence of imidazole (1 mM), fresh DTT (2 mM, added 5 min prior 

to lysis), MgCl2 (2.5 mg/mL), lysozyme (0.18 mg/mL), TritonTM X-100 (1% w/v), PMSF 

(2.1 mM), and DNase and RNase (0.18 mg/mL each). After centrifugation (38,000 x g, 

60 min., 4˚C), the OspD clarified lysate was purified via gravity-flow on a Ni-NTA 

agarose column (5 mL) pre-equilibrated with Buffer A with the following procedure: 1) a 
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10 CV wash step with Buffer A, 2) a 10 CV wash with 15% Buffer B (50 mM HEPES, 

150 mM KCl, 10 % glycerol (w/v), 100 mM imidiazole, pH 8.0), 3) elution of pure OspD 

in 75% Buffer B. Pure fractions (confirmed by SDS-PAGE) were concentrated, gel 

filtered (Sephadex G25 resin column, 75 mL) in Buffer A, and re-concentrated with 

Amicon 10 kDa MWCO spin filters.  

To increase [4Fe-4S] cluster content in OspD, an iron-sulfur cluster reconstitution 

was performed at 4˚C as described elsewhere.2 Briefly, purified OspD (100 µM) was 

incubated with DTT (5 mM) for 5 minutes in Buffer A, before ferric chloride (0.6 mM 

final concentration, from a 10 mM stock) and sodium sulfide (0.6 mM final 

concentration, from a 50 mM stock) were added, respectively, over the course of an hour. 

After a 2 hour incubation at 4˚C, the reconstitution solution was centrifuged (26,000 x g, 

10 min., 4˚C), gel filtrated, and concentrated to yield a final iron content of ~4.0 ± 0.2 

irons/protein. EPR spectroscopy confirmed [4Fe-4S]+ cluster presence in photoreduced 

enzyme. 

The gene encoding OspA (OSCI_3660009 from Oscillatoria sp. PCC 6506) in 

pET28 was used to produce the peptide substrate OspA with a thrombin-cleavable N-

terminal His6 tag, which was prepared as described previously.3 If the lysis and 

purification steps were performed aerobically, the OspA protein was made anaerobic 

through several Schlenk line nitrogen/vacuum cycles.   

 
PFL-AE and PFL (substrate). PFL-AE preparations were performed as described 

previously2, 4 with minor modifications. Briefly, the PFL-AE gene (pflA from E. coli) 

cloned into a pCAL-n-EK vector allowed for expression of PFL-AE protein without a tag 
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in BL21(DE3)pLysS E. coli cells. After inoculation from overnight starter cultures, cell 

culture growth in LB media (9 L in six 2.8 L Fernbach flasks) was supplemented with 

ampicillin (50 µg/mL) antibiotic and maintained at 37˚C with 200 rpm shaking. At an 

OD600 of ~0.3, the cell culture was supplemented with glucose (5 g/L); at an OD600 of 

~0.8, the cell culture induced with IPTG (0.25 mM) and supplemented with FAS (0.20 

mM) and L-cysteine (0.20 mM), wherein the temperature was reduced to 30°C and the 

pH maintained (every 30 min.) between pH 7.2-7.5 with NH4OH (6 M) or HCl (6 M) as 

necessary, until the pH no longer showed a significant change (~4 - 5 h). Additional FAS 

and L-cysteine were added (0.40 mM, final), and the culture was transferred to 4˚C and 

sparged overnight (14 - 16 h) with N2(g) until cell pellets (~50 - 60 g) were harvested the 

next day and stored at -80 °C.  

To isolate PFL-AE with minimal cluster loss, all lysis and purification steps were 

performed in an anaerobic Coy vinyl glove box. At a ratio of ~1- 1.5 mL of buffer per 1 g 

of cell pellet, lysis was performed at 4˚C in buffer (50 mM Tris, 100 mM NaCl, 5% w/v 

glycerol, 1% TritonTM X-100, 10 mM MgCl2, 1.0 mM dithiothreitol (DTT), pH 7.5) in 

the presence of lysozyme (0.32 mg/mL), PMSF (2 mM), DNase I and RNase A (0.01 

mg/mL). After centrifugation (38,000 x g, 60 min., 4˚C), the PFL-AE clarified lysate was 

purified as previously described 4 except a lower concentration of NaCl was used in the 

purification buffer (50 mM Tris, 100 mM NaCl, 5% w/v glycerol, 1.0 mM dithiothreitol 

(DTT), pH 7.5). As the final cluster content determined by atomic absorbance 

spectroscopy was 3.9 ± 0.1 or 4.0 ± 0.1 Fe/protein, iron-sulfur cluster reconstitution was 
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not needed. EPR spectroscopy confirmed [4Fe-4S]+ cluster presence in photoreduced 

enzyme. 

PFL preparations were performed as described previously2, 4 with minor 

modifications. The PFL gene (pfl from E. coli) cloned into the pKK plasmid vector 

allowed for expression of PFL protein without a tag in BL21(DE3)pLysS E. coli cells. 

PFL was grown, lysed, and purified as described previously 4a, 4c with the following 

exceptions: 1) during growth, induction with IPTG (0.2 mM) was immediately followed 

by a temperature drop to 30˚C and 14 – 16 hours of additional incubation, 2) during lysis 

and purification, DTT was not present in buffers (Buffer A: 20 mM Tris, pH 7.2; Buffer 

B: 20 mM Tris, 500 mM NaCl, pH 7.2; Buffer C: 20 mM Tris, 1 M (NH4)2SO4, pH 7.2). 

If the lysis and purification steps were performed aerobically, the PFL protein was made 

anaerobic through several Schlenk line nitrogen/vacuum cycles. 

 
PoyD and PoyA (substrate). The gene encoding PoyD (poyD from Candidatus 

Entotheonella factor TSY1) cloned into a modified pCDF DUETTM-1 vector allowed for 

expression of PoyD protein with a TEV protease cleavable N-terminal His6 tag in BL21-

(∆ISCR) E. coli cells. After inoculation from overnight starter cultures, cell culture 

growth in terrific broth media (1.2% tryptone, 2.4% yeast extract, 0.5% glycerol and 89 

mM phosphate; 6 L in six 2.8 L Fernbach flasks) was supplemented with spectinomycin 

(50 µg/mL) and kanamycin (34 µg/mL) antibiotics and maintained at 37˚C with 200 rpm 

shaking. At an OD600 of 1.2, the cultures were chilled on ice for 15 minutes and 

supplemented with FAS (0.25 mM), induced with IPTG (1 mM), and incubated for over 



 
 

162 

24 h at 16˚C, with shaking at 220 rpm and N2(g) sparge until cell pellets (~40 g) were 

harvested the next day and stored at -80°C.  

To isolate PoyD with minimal cluster loss, all lysis and purification steps were 

performed in an anaerobic Coy vinyl glove box. At a ratio of ~2 mL of buffer per 1 g of 

cell pellet, lysis at ~21˚C in Buffer A (50 mM HEPES, 150 mM KCl, 10 % glycerol 

(w/v), pH 8.0) in the presence of imidazole (1 mM), fresh DTT (2 mM, added 5 min prior 

to lysis), TritonTM X-100 (1% w/v), PMSF (180 µg/mL final, added in 1 mL MeOH), 

DNase and RNase (0.18 mg/mL each) was performed via sonication (15 sec. pulses, 59 

sec. rest, 60% amplitude, 5 min. total pulse time). After centrifugation (38,000 x g; 60 

min.; 4˚C), the PoyD clarified lysate was purified via FPLC using a HisTrapTM column (5 

mL) pre-equilibrated with Buffer A with the following procedure: 1) a 10 CV wash step 

with Buffer A, 2) a 10 CV wash with 25% Buffer B (50 mM HEPES, 150 mM KCl, 10 % 

glycerol (w/v), 100 mM imidiazole, pH 8.0), 3) elution of pure PoyD in 100% Buffer B. 

Pure fractions (confirmed by SDS-PAGE) were gel filtered (Sephadex G25 resin column, 

75 mL) in Buffer A and concentrated with Amicon 15 kDa MWCO spin filters.  

To increase [4Fe-4S] cluster content in PoyD, an iron-sulfur cluster reconstitution 

was performed at 4˚C as described elsewhere.2 Briefly, purified PoyD (100 µM) was 

incubated with DTT (5 mM) for 5 minutes in Buffer A, before ferric chloride (0.6 mM 

final concentration, from a 10 mM stock) and sodium sulfide (0.6 mM final 

concentration, from a 50 mM stock) were added, respectively, over the course of an hour. 

After a 2 hour incubation at 4˚C, the reconstitution solution was centrifuged (26,000 x g, 

10 min., 4˚C), gel filtrated, and concentrated to yield a final iron content of 3.6 ± 0.1 
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irons/protein. EPR spectroscopy confirmed [4Fe-4S]+ cluster presence in photoreduced 

enzyme. 

The gene encoding PoyA (poyA25 gene from Candidatus Entotheonella factor 

TSY1) cloned into a modified pET-28b vector allowed for expression of PoyA protein 

with a TEV protease cleavable fusion with an N-terminally His6-tagged maltose binding 

protein (MBP) in BL21(DE3) E. coli cells. Though full length PoyA cannot be expressed 

without co-expression of PoyD epimerase and has very limited unepimerized production 

as an MBP fusion, the truncation variant PoyA25 can be produced in good yields.5  After 

inoculation from overnight starter cultures, cell culture growth in LB (or TB) media (1 L 

a 2.8 L Fernbach flask) was supplemented with kanamycin (25 µg/mL) antibiotic and 

maintained at 37˚C with shaking (~220 rpm) to an OD600 of 0.7 – 1.0 for the LB media or 

an OD600 of 1.5 – 2.0 in the TB media. The cultures were chilled to 16 – 20˚C, induced 

with IPTG (1 mM), and incubated overnight at 16 – 20˚C while shaking (~220 rpm). To 

harvest the cells, the cultures were centrifuged (12,000 x g; 10 min.; 4˚C) and the wet cell 

pellets were immediately frozen in liquid nitrogen and stored in -80˚C.  

As PoyA does not contain an FeS cluster, all lysis and purification steps were 

performed aerobically. To cleave the MBP solubility tag, purification of PoyA required a 

double Ni-affinity purification with a TEV cleavage step in between. Isolation of PoyA 

started with cell lysis by sonication (10x 10 sec on, 10 sec off, 70% amplitude 6.4 mm 

probe QSonica Q700 sonicator) in 4 mL per gram cell pellet cold Buffer P (100 mM 

NaPO4, 300 mM NaCl, 10% glycerol, 5 mM imidazole, pH 8.0) supplemented with 

protease inhibitor cocktail (cOmplete Protease Inhibitor Cocktail tablets, Roche) and 1 
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mg/mL lysozyme treatment for 1 h prior to sonication. After sonication, the cell lysate 

was centrifuged (27,000 x g, 30 min., 4 ˚C) and the clarified lysate supernatant was 

bound to cOmplete His-tag Purification Resin (Roche) for 1 h before being transferred to 

a gravity flow column and treated with the following wash steps: 1) 4x 5 CV Buffer P; 2) 

1x 5 CV Buffer P with 20 mM imidazole; and 3) 3x 1 CV Buffer P with 250 mM 

imidazole to elute PoyA.  Fractions with the His6-MBP-PoyA identified by SDS-PAGE 

were pooled, concentrated (Amicon Ultra 10 kDa MWCO filter units), and buffer 

exchanged into Buffer T (50 mM Tris, 0.5 mM EDTA, 1 mM DTT, pH 8.0) using a PD-

10 BioRad desalting column (load 2.5 mL, elute 3.5 mL). TEV cleavage at room 

temperature overnight with a ratio of 1:100 of His6TEV-protease to His6-MBP-PoyA 

(expressed and purified as previously described6) removed the His6-MBP tag, as 

monitored by SDS-PAGE. Once complete, this cleavage reaction was supplemented with 

NaCl (150 mM), centrifuged to clarify any precipitant that formed, and the supernatant 

was passed over a cOmplete His Purification resin twice to isolate PoyA. The 

flowthrough and first wash (1 CV Buffer T) were pooled and concentrated to give 

relatively pure PoyA, which was then supplemented with 10% glycerol and flash frozen 

in liquid nitrogen prior to storage at -80˚C. As this substrate protein doesn’t coordinate 

FeS clusters, reconstitution was not needed. If the lysis and purification steps were 

performed aerobically, the PoyA protein was made anaerobic through several Schlenk 

line nitrogen/vacuum cycles. 

 
Anaerobic RNR-AE and RNR (substrate). From E. coli, the gene encoding RNR-

AE was isolated using primers 5ʹ-TAC ATA TGA ATT ATC ATC AGT ACT ATC CTG 
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TCG-3ʹ (forward) and 5ʹ-CTA AGC TTT CAT CGC AAA TGA ACC ACC -3ʹ (reverse) 

which imparted restriction enzyme cleavage sites for NdeI and HindIII restriction 

enzymes.  This RNR-AE gene (nrdG from E. coli) cloned into a pCAL-n-EK vector 

allowed for expression of the 17 kDa RNR-AE protein without a tag in BL21(DE3)pLysS 

E. coli cells. After inoculation from overnight starter cultures, cell culture growth in 

minimal media (9 L in a 14 L fermenter) supplemented with ampicillin (50 µg/mL) and 

chloramphenicol (50 µg/mL) antibiotic and FAS (0.3 mM) and maintained at 37˚C with 

200 rpm shaking exhibited good over-expression. Upon induction at OD600 of 0.5 with 

IPTG (0.5 mM), the temperature was dropped to 25˚C and 2.5 hours later to 4˚C, wherein 

this culture was sparged overnight (14 - 16 h) with N2(g) until cell pellets (~20 g) were 

harvested the next day and stored at -80°C.  

To isolate RNR-AE with minimal cluster loss, all lysis and purification steps were 

performed in an anaerobic Coy vinyl glove box. At a ratio of ~2 mL of buffer per 1 g of 

cell pellet, lysis at 4˚C in buffer (50 mM Tris, 200 mM NaCl, 5% glycerol, pH 8.5, 1% 

TritonTM X-100, 10 mM MgCl2) was supplemented with PMSF (1 mM), lysozyme (8 

mg/40 mL), and DNase and RNase (0.1 mg per 40 mL).  After 15 minutes on ice, the 

cells were chemically lysed for 1 h, with stirring.  The lysate solution was centrifuged 

(38,000 x g, 30 min., 4˚C) and the supernatant was subjected to two ammonium sulfate 

cuts (0 – 20% ammonium sulfate and 20 – 60% ammonium sulfate). After centrifugation 

of the last cut (38000 x g, 30 min., 4˚C), the RNR-AE was found in the pellet which was 

solubilized on ice in Buffer R (50 mM Tris, 200 mM NaCl, 1 mM DTT, pH 8.5) and 

loaded at 3 mL/min via a chilled Superloop (50 mL) onto a Superdex 75 AP5 column 
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(~800 mL column volume). The RNR-AE eluted between 575 mL and 750 mL and the 

pooled fractions were concentrated (Amicon YM-10 spin filter) and reloaded onto the 

same column that had been equilibrated in Buffer R. The RNR-AE fractions with the best 

iron content as illustrated by the A426 : A280 ratio (~0.160 – 0.150) eluted between 700 

mL and 720 mL and were pooled and concentrated (on ice).  

To increase [4Fe-4S] cluster content in RNR-AE, an iron-sulfur cluster 

reconstitution was performed at 4˚C as described elsewhere.2 Briefly, purified RNR-AE 

(100 µM) was incubated with DTT (5 mM) for 20 minutes in buffer (100 mM Tris, 200 

mM NaCl, pH 8.5), before sodium sulfide (0.5 mM final concentration, from a 50 mM 

stock) and ferric chloride (0.5 mM final concentration, from a 10 mM stock) were added, 

respectively, over the course of two hours. After a 2.5 hour incubation at 4˚C, the 

reconstitution solution was centrifuged (38,000 x g, 10 min., 4˚C), gel filtrated, and 

concentrated to yield a final iron content of 3.5 ± 0.2 irons/protein. EPR spectroscopy 

confirmed [4Fe-4S]+ cluster presence in photoreduced enzyme. 

From E. coli, the RNR gene was isolated using primers 5ʹ-TAC ATA TGA CAC 

CGC ATG TGA TGA AAC CAG ACG-3ʹ (forward) and 5ʹ-CTA AGC TTT TAA CCT 

ATC TGC CCA TTC CCC AAA -3ʹ (reverse) which imparted restriction enzyme 

cleavage sites for NdeI and HindIII restriction enzymes. The RNR gene (nrdD from E. 

coli) cloned into a pCAL-n-EK vector allowed for expression of RNR protein without a 

tag in BL21(DE3)pLysS E. coli cells. After inoculation from overnight starter cultures, 

cell culture growth, in LB media (4.5 L in three 2.8 L Fernbach flasks) supplemented 

with ampicillin (50 µg/mL) and maintained at 37˚C with 250 rpm shaking, exhibited 
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good over-expression of RNR upon induction with IPTG (1mM) at an OD600 of 0.5 AU 

via comparatively high protein concentrations on SDS-PAGE. After induction, cultures 

were grown with shaking for an additional 3 hours; the cells were centrifuged (12,000 x 

g, 10 min, 4˚C) and the cell pellet (~25 g) was flash frozen in liquid nitrogen and stored 

at -80˚C.  

As RNR does not contain FeS cluster content, all lysis and purification steps were 

performed aerobically. At a ratio of ~2 mL of buffer per 1 g of cell pellet, lysis in buffer 

(20 mM Tris, 1 mM DTT, 10 mM MgCl2, 1% TritonTM X-100, 5% glycerol, pH 7.8) in 

the presence of PMSF (1 mM), DNase and RNase (0.5 mg each). After centrifugation 

(38000 x g, 30 min., 4˚C), the supernatant was loaded onto an Accell PlusTM QMA Ion 

exchange AP5 column (~600 mL) that had been equilibrated with Buffer A (20 mM Tris, 

1 mM DTT, pH 7.8) at 3 mL/min. The purification steps included an 300 mL isocratic 

step with Buffer A, followed by a linear gradient from 0% into 100% Buffer B (20 mM 

Tris, 500 mM NaCl, 1 mM DTT, pH 7.8) over 900 mL, and ended with a 300 mL 

isocratic step in 100% Buffer B; all steps were performed at 5 mL/min. Fractions 

collected between ~1000 and 1500 mL were pooled and concentrated (Amicon YM-80 

spin filters) and buffer exchanged into Buffer C (20 mM Tris, 1 mM DTT, 1M 

(NH4)2(SO4), pH 7.8).  The protein solution was briefly centrifuged and, using a 

superloop (50 mL), the supernatant was loaded at 1 mL/min onto a Phenyl Sepharose HR 

16/10 column (~20 mL column volume) equilibrated with Buffer C. This second stage of 

the RNR purification had three steps: 1) equilibration in Buffer C for 50 mL, 2) linear 

gradient from 0% to 100% Buffer A (20 mM Tris, 1 mM DTT, pH 7.8) over 50 mL and 
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3) a final wash step with Buffer A (50 mL); all steps were performed at 1 mL/min. The 

RNR protein that eluted between ~90 and 105 mL was collected and reapplied to the 

same Phenyl Sepharose column that had been equilibrated into Buffer C and the identical 

purification procedure was repeated. The RNR that eluted between ~90 and 105 mL from 

this final purification was concentrated. As this substrate protein doesn’t coordinate FeS 

clusters, reconstitution was not needed. If the lysis and purification steps were performed 

aerobically, the RNR protein was made anaerobic through several Schlenk line 

nitrogen/vacuum cycles.  

 
Spore Photoproduct Lyase. SPL preparations were performed as described 

previously7 with minor modifications. Briefly, the splB gene from Clostridium 

acetobutylicum, cloned into a pET14b vector allowed for expression of SPL protein with 

a N-terminal His6 tag in Tuner(DE3)-pLysS E. coli cells. After inoculation from 

overnight starter cultures, cell culture growth in phosphate buffered LB media (9 L in 2.8 

L Fernback flasks) supplemented with chloramphenicol (34 µg/mL) and ampicillin (100 

µg/mL) antibiotic and FAS (0.3 mM) and maintained at 37˚C with 200 rpm shaking 

exhibited good over-expression of SPL upon induction with IPTG (1 mM) at an OD600 of 

0.8 AU. Grown for 3 more hours before transfer to 4°C, this culture was then sparged 

overnight (14 - 16 h) with N2(g) until the cell pellet (~35 g) was harvested the next day 

and stored at -80°C.  

To isolate SPL with minimal cluster loss, all lysis and purification steps were 

performed in an anaerobic Coy vinyl glove box (Coy Laboratories, Grass Lake, MI). At a 

ratio of ~2 mL of buffer per 1 g of cell pellet, lysis was performed at 4˚C in buffer (20 
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mM sodium phosphate pH 7.5, 350 mM NaCl, 5% glycerol, 10 mM imidazole) in the 

presence of 1% TritonTM X-100 (w/v), MgCl2 (10 mM), PMSF (1 mM), lysozyme (0.5 

mg/cell g), DNase I and RNase A (< 1 mg/cell g).  After centrifugation (38,000 x g, 60 

min., 4˚C), the SPL clarified lysate was purified via FPLC on two 1 mL in-line HisTrap 

column with the following step gradient: 1) 0% Buffer B (20 mM sodium phosphate pH 

7.5, 350 mM NaCl, 5% glycerol, 500 mM imidizole) wash for 5 CV, 2) 5% Buffer B for 

5 CV, 3) 50% Buffer B to elute SPL. After brief centrifugation, the enzyme solution was 

gel filtrated (Sephadex G-25 resin column, 75 mL) and immediately reconstituted to 

increase [4Fe-4S] cluster content in SPL; this iron-sulfur cluster reconstitution was 

performed at 4˚C as described elsewhere. Briefly, purified SPL (204 µM) was incubated 

with DTT (5 mM) for 5 minutes in buffer (20 mM sodium phosphate pH 7.5, 350 mM 

NaCl, 5% glycerol), before ferrous ammonium sulfate (1.2 mM final concentration, from 

a 10 mM stock) and sodium sulfide (1.2 mM final concentration, from a 10 mM stock) 

were added, respectively, over the course of an hour. After a 2-hour incubation at 21˚C, 

the reconstitution solution was centrifuged, desalted (Sephadex G-25 resin column, 75 

mL) into buffer (20 mM sodium phosphate pH 7.5, 350 mM NaCl, 5% glycerol), and 

concentrated (Amicon 30 kDa MWCO centrifugation filters) to yield a final iron content 

of 3.2 ± 0.2 irons/protein. EPR spectroscopy confirmed [4Fe-4S]+ cluster presence in the 

photoreduced enzyme.  

The R-spore photoproduct (R-SP) was prepared as previously described.7-8  
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SAM Preparation 

Unlabeled SAM and the following labeled SAMs ([13C10,15N5-Ado]-SAM, 

[adenosyl-2,8-D2-1ʹ,2ʹ,3ʹ,4ʹ,5ʹ,5ʹʹ-D6]-SAM, and [15N-(amino)]-SAM) were synthesized 

from L-methionine and ATP (labeled as needed to achieve the indicated labeled SAM) 

and purified as previously described.9 Lyophilized SAM was reconstituted in a degassed 

100 mM Tris, pH 7.0 – 8.1 buffer and brought up to a pH between 7.0 and 8.0 in an 

anaerobic (<1 ppm O2) environment.  

For preparation of 5ʹ-labeled SAMs (including [5ʹ,5ʹʹ-D2]-SAM), synthesis from 

methionine and the corresponding labeled ATPs were according to previously published 

methods;10 specifically 5ʹ-labeled ATP ([5ʹ,5ʹʹ-D2]-ATP) was synthesized from the 

corresponding [5ʹ,5ʹʹ-D2]-ribose based on established procedures.11 For a 10 mL reaction, 

8 mL of SAM synthetase prepared as described previously10 was mixed with 1 mL of 130 

mM ATP (pH 7.50) 1 mL of 250 mM L-methionine (pH 7.5), and 10 µL of inorganic 

pyrophosphatase (1 unit/ µL).  The reaction mixture was incubated for 1 h at 30°C in a 

water bath and the progress was monitored using an HPLC.  The reaction was quenched 

by filtration through a 1 kDa MWCO filter.  The resulting small molecule fraction was 

diluted with ten volumes of 0.2 M sodium acetate pH 4.0, and loaded onto an Amberlite 

CG-50 column (50 mL, Ammonium form).  The column was washed with 500 mL of 0.2 

M sodium acetate and eluted by a linear gradient (125 x 125 mL)) of 0 - 0.5 M 

hydrochloric acid.  The fractions containing SAM were identified based on HPLC, 

pooled, and adjusted to pH 6.0 using ammonium hydroxide.  The samples were then 

lyophilized and the residue was dissolved in water. The resulting solution was then 
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loaded to a Biogel P2 column (20 mL) and SAM was eluted using water. Typically, SAM 

eluted after 2-3 column volumes. The fractions containing SAM were then combined and 

lyophilized. 

 
RFQ Sample Preparation 

For all RFQ experiments, the same sample preparation was carried out in an 

anaerobic Coy chamber. Generically, a solution of each radical SAM enzyme in the 

appropriate buffer was placed in an EPR or NMR tube and photoreduced by illumination 

with a 500 W halogen lamp for 1 h in an ice water bath; if the radical SAM enzyme 

substrate was a protein (PFL-AE and RNR-AE) or peptide (OspA and PoyA), solutions 

of these substrates were simultaneously photoreduced employing the identical method as 

for the enzyme.  If the enzyme was not prepared in a Tris buffer, then some Tris buffer 

(50 mM, final) was added as a sacrificial electron donor. After photoreduction, and 

except where specifically stated otherwise, the radical SAM enzyme solution was loaded 

into one syringe, while SAM (1  - 5 mM) was added to the substrate solution and loaded 

into the second syringe. RFQ was performed as soon as possible after photoreduction 

completion. In general, the RFQ sample preparation for each enzyme was nearly 

identical, however the details for each radical SAM enzyme can be found in the 

following paragraphs. 

A HydG stock solution containing 220 µM HydG, 200 µM 5-deazariboflavin, 50 

mM Tris, and 5 mM DTT in buffer (50 mM HEPES, 300 mM KCl, 5% glycerol, pH 8.0) 

was photoreduced in conjunction with a separate substrate mixture containing 2 mM 

tyrosine, 50 - 200 µM 5-deazariboflavin, and 50 mM Tris in the same buffer (50 mM 
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HEPES, 300 mM KCl, 5% glycerol, pH 8.0). After photoreduction, SAM (5.5 mM) was 

added to the tyrosine solution, unless otherwise noted, and this set-up yielded a sample 

with the following concentrations: 110 µM HydG, 1 mM tyrosine, 125 - 200 µM 5-

deazariboflavin, 2.5 mM DTT, 2.25 mM SAM. 

A LAM stock solution containing 1.2 mM LAM, 10 mM cysteine, 1 mM ferrous 

ammonium sulfate, 15% glycerol, 1.2 mM pyridoxal 5ʹ-phosphate (PLP) was incubated 

at 37˚C for 4 h prior to photoreduction in 42 mM EPPS, pH 8.0 buffer. This stock 

solution was combined with 200 µM 5-deazariboflavin and photoreduced for one hour.  

A separate substrate solution containing 40 mM L-lysine, 50 - 200 µM 5-deazariboflavin 

was photoreduced for at least 15 minutes. After photoreduction, SAM (5.5 mM) was 

added to the substrate solution, unless otherwise noted. This set-up yielded a sample with 

the following concentrations: 450 µM LAM, 20 mM L-lysine, 125 - 200 µM 5-

deazariboflavin, 2.25 mM SAM in buffer (40 mM EPPS, pH 8.0). 

A OspD stock solution containing 200 µM OspD, 200 µM 5-deazariboflavin, 50 

mM Tris, 10 mM DTT in buffer (50 mM HEPES, 150 mM KCl, 10% glycerol, pH 8.0) 

was photoreduced in conjunction with a separate OspA mixture containing 300 µM 

OspA, 100 - 200 µM 5-deazariboflavin, 50 mM Tris, and 10 mM DTT in the same buffer. 

After photoreduction, SAM (3 mM) was added to the OspA solution, unless otherwise 

noted, to yield a sample with the following concentrations: 100 µM OspD, 150 µM 

OspA, 150 - 200 µM 5-deazariboflavin, 50 mM Tris, 10 mM DTT, 1.5 mM SAM. 

A PFL-AE stock solution containing 550 µM PFL-AE, 200 µM 5-deazariboflavin 

and 1 mM DTT in buffer (100 mM Tris, 200 mM KCl, pH 7.6) was photoreduced in 
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conjunction with a separate PFL mixture containing 770 µM PFL, 50 - 200 µM 5-

deazariboflavin, 10 mM oxamate, and 1 mM DTT in the same buffer (50 mM Tris, 100 

mM KCl, pH 7.6). After photoreduction, SAM (5.5 mM) is added to the PFL solution, 

unless otherwise noted. The protein concentrations used were such as to achieve a ratio of 

PFL-AE: PFL of 1:1.4 after mixing. This set-up yielded a sample with the following 

concentrations: 275 µM PFL-AE, 385 µM PFL, 125 - 200 µM 5-deazariboflavin, 5 mM 

oxamate, 1 mM DTT, 2.25 mM SAM in buffer (100 mM Tris, 200 mM KCl, pH 7.6). 

A PoyD stock solution containing 200 µM PoyD, 200 µM 5-deazariboflavin, 50 

mM Tris, 10 mM DTT in buffer (50 mM HEPES, 150 mM KCl, 10% glycerol, pH 8.0) 

was photoreduced in conjunction with a separate PoyA25 mixture containing 300 µM 

PoyA25, 100 - 200 µM 5-deazariboflavin, 50 mM Tris, and 10 mM DTT in the same 

buffer. After photoreduction, SAM (3 mM) was added to the PoyA25 solution, unless 

otherwise noted, to yield a sample with the following concentrations: 100 µM PoyD, 150 

µM PoyA25, 150 - 200 µM 5-deazariboflavin, 10 mM DTT, 1.5 mM SAM in buffer. 

A RNR-AE stock solution containing 500 µM RNR-AE, 200 µM 5-

deazariboflavin, and 1 mM DTT in buffer (100 mM Tris, 200 mM NaCl, pH 8.5) was 

photoreduced in conjunction with a separate RNR mixture containing 500 µM RNR, 200 

µM 5-deazariboflavin, 10 mM sodium formate, and 1 mM DTT in the same buffer (100 

mM Tris, 200 mM NaCl, pH 8.5). After photoreduction, SAM (5.5 mM) was added to the 

RNR solution, unless otherwise noted, and this set-up yielded a sample with the 

following concentrations: 250 µM RNR-AE, 250 µM RNR, 200 µM 5-deazariboflavin, 1 

mM DTT, 2.25 mM SAM in buffer (100 mM Tris, 200 mM NaCl, pH 8.5). 
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A SPL stock solution containing 550 µM SPL, 200 µM 5-deazariboflavin, and 5 

mM DTT in buffer (20 mM sodium phosphate, 350 mM NaCl, 5% glycerol, pH 7.5) was 

photoreduced. A separate substrate mixture containing 770 µM SP substrate, 10 mM 

DTT, and SAM (5.5. mM) was prepared in the same buffer. After photoreduction, SAM 

(5.5 mM) was added to the substrate solution, unless otherwise noted to yield a sample 

with the following concentrations: 275 µM SPL, 385 µM R-SP, 100 µM 5-

deazariboflavin, 5.5 mM DTT, 2.25 mM SAM. 

 
Rapid Freeze-Quench Experiments 

Rapid freeze-quench experiments were performed with a System 100 apparatus 

from Update Instrument. In general, each RS enzyme, photoreduced in the presence of 5-

deazariboflavin to generate the catalytically relevant [4Fe-4S]+ cluster, was loaded into 

one loop while the corresponding substrate and SAM (substrate+SAM) mixture was 

loaded into the other loop, with the aim of achieving a post-mixing ratio between 1:20 

and 1:1 of RS enzyme: substrate. However, two additional mixing procedures were also 

examined with PFL-AE: 1) (PFL-AE+SAM) + PFL, and 2) (PFL-AE+PFL) + SAM. In 

all cases, samples were loaded in an anaerobic chamber and, despite the RFQ instrument 

location outside of an anaerobic environment, strict anaerobic technique was maintained 

for all samples. Both enzyme loop and substrate loop tubing(s) were each connected to 

respective syringes that had been washed several times with a dithionite solution (100 

mM, in water) and then dried with N2 gas before loading. Each enzyme or substrate 

solution was preceded and followed by a small plug of N2 gas and a dithionite solution 

(100 mM, in water) to create the following set-up: dithionite solution, N2 gas, sample 
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(enzyme or substrate/SAM solution), second N2 gas, second dithionite solution. The N2 

gas was introduced in the loops between the dithionite and the sample solutions to 

prevent dithionite contamination of the samples; in addition to minimizing the likelihood 

of potential protein oxidation, the dithionite solution helped to ensure all sample solutions 

exited the loop into the mixing chamber and onto the copper wheels.  The mixture was 

quenched by spraying onto two rotating copper wheels cooled to liquid nitrogen 

temperatures as previously described12 after 500 ms mixing times, though a range of 

times between 250 ms and 1 sec were tested. The frozen powder was collected in a funnel 

and packed into precision Q-band tubes (2.5 mm OD) for EPR and ENDOR analysis. 

 
EPR and ENDOR Measurements 

X-band CW EPR spectroscopy was conducted on a Bruker ESP 300 spectrometer 

equipped with an Oxford Instruments ESR 910 continuous helium flow cryostat. Typical 

experimental parameters were at 40 K, 9.37 GHz, 1.99 mW microwave power, 100 kHz 

modulation, and 8 G modulation amplitude. EPR simulation were performed with 

QPOW.13  

The 35 GHz CW ENDOR measurements employed 100 kHz field modulation and 

dispersion mode detection under rapid passage conditions at 2 K. 1H CW ENDOR spectra 

employed broadening of the RF to 100 kHz to improve signal-to-noise.14 For a single 

molecular orientation and for nuclei with nuclear spin of I = 1/2 (1H, 15N), the ENDOR 

transitions for the ms = ±1/2 electron manifolds are observed, to first order, at frequencies, 

where νn is the nuclear Larmor frequency, and A is the orientation-dependent hyperfine 
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coupling. For I ≥ 1 (14N, I = 1), the two ENDOR lines are further split by the orientation-

dependent nuclear quadrupole coupling (P) into 2I lines given by equation: 

            I = ½: n    
2
A

υ υ± = ±         (1)  

I ≥ 1:  I
n

3 (2M ) 1     
2 2

PA
υ υ±

−⎛ ⎞= ± ± ⎜ ⎟
⎝ ⎠

                  (2) 

where P is a parameter that characterizes this coupling (see ref,15).  
 
 
EPR of isotopically labeled Ω with PFL-AE 

 
56Fe and 57Fe PFL-AE: Fig. S3 (top panel) shows the EPR spectrum of Ω with 

57Fe labeled PFL-AE and non-labeled PFL-AE. The EPR spectrum of 57Fe-Ω shows the 

most distinguishable broadening between g|| and g⫠ in comparison to 56Fe-Ω. The EPR 

spectrum of 56Fe-Ω is best simulated with g|| = 2.035, g⫠ = 2.004, and EPR line-width 

[40, 26, 26] MHz for the unresolved hyperfine coupling. The EPR spectrum of 57Fe-Ω is 

simulated with the same spin Hamiltonian as 56Fe-Ω except with varied 57Fe hyperfine 

coupling to account for the broadening pattern. As shown in Fig. S3 (bottom panel), a 

singly coupled 57Fe nuclei with hyperfine coupling A = [30, 35, 30] MHz marginally 

matches the broadening, while the simulation of two equivalents of A(57Fe) = [30, 35, 30] 

MHz, or one large coupled A(57Fe) = [30, 35, 30] MHz in addition to two small coupled 

A(57Fe) ~ [20, 20, 20] MHz closely match the broadening pattern; although the latter two 

simulations do not distinguish each other. The simulation shows more than one 57Fe 

nuclei is required to reproduce the broadening pattern, which suggests the spin density 

resides within a multi-iron cluster, namely [4Fe-4S]3+ of PFL-AE consistent with our 

previous 57Fe ENDOR analysis. 
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EPR and ENDOR of Ω prepared with 1/2H SAM: 

The loss of 1H ENDOR signals from Ω  upon deuteration of SAM is described in 

the main text. As a parallel measurement, Fig. S4 shows the EPR spectrum of Ω  with 1H, 

[D8-ado]-SAM ([adenosyl-2,8-D2-1ʹ,2ʹ,3ʹ,4ʹ,5ʹ,5ʹʹ-D6]-SAM), and [5ʹ,5ʹʹ-D2-ado]-SAM 

([adenosyl-5ʹ,5ʹʹ-D2-SAM]). The EPR spectrum of [D8-ado]-SAM and [5ʹ,5ʹʹ- D2-ado]-

SAM display roughly the same line-width at g|| = 2.035, and both are noticeably narrower 

than 1H-SAM, which indicates the Ω  Fe spin center specifically interact with the 5ʹ-H/D 

nuclei of SAM. This confirms the presence of the direct Fe-(5ʹ-C) bond as discussed in 

main text.  
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Figure S4.1. The previously accepted mechanism for RS enzymes, involving reductive 
cleavage of SAM to generate methionine and the 5ʹ-dAdo radical, followed directly by 
H-atom abstraction from substrate. Here, the substrate from which the H-atom is 
abstracted is represented by “R” (red). 
 

 

Figure S4.2. EPR spectra of Ω as freeze-quenched at 500 ms. Top, pre-mixed PFL and 
SAM solution, is rapidly mixed and freeze-quenched with PFL-AE solution. Bottom, pre-
mixed PFL-AE and PFL solution, is rapidly mixed and freeze-quenched with SAM 
solution. EPR conditions: microwave frequency, 9.374 GHz (top), 9.375 GHz (bottom); 
modulation amplitude, 10 G; T = 40 K. 
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Figure S4.3. Normalized EPR spectra of Ω with all the radical SAM enzymes examined. 
Left, as freeze-quenched at 500 ms; Right, after annealing 1 min at 150 K. RFQ mixing 
condition: pre-mixed substrate (PFL, tyrosine, PoyA, RNR, OspA, α-lysine, and R-SP) 
and SAM solution, is rapidly mixed and freeze-quenched with radical SAM enzyme 
solution (PFL-AE, HydG, PoyD, RNR-AE, OspD, LAM, and SPL, respectively). In 
addition to the Ω signal, variable amounts of a second, free-radical-like signal, which is 
lost during brief (1 min) annealing at ~150 K, can be seen in each of these enzymes; the 
origin of this second signal has yet to be identified As noted in main text, HydG, and to a 
lesser extent LAM, spectra contain a feature from Cu(II) introduced by Cu freezing 
wheels. EPR conditions: microwave frequency, 9.375 GHz; modulation amplitude, 10 G; 
T = 40 K. 
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Figure S4.4.  Normalized representative EPR spectra of [4Fe-4S]+ and ([4Fe-4S]++SAM) 
cluster for PFL-AE in comparison with spectra of freeze-quenched samples, which show 
that the formation of Ω accompanies the complete loss of the cluster signal for each of 
the enzymes studied: PFL-AE, HydG, PoyD, RNR-AE, OspD, LAM, and SPL. Note, the 
‘derivative-shaped’ feature to low field of the Ω signal, ~3250 G is from Cu contaminant 
derived from the Cu wheels on which the RFQ samples are frozen. Conditions: 
microwave frequency, 9.375 GHz; modulation amplitude, 10 G; T = 12 K. 
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Figure S4.5. EPR spectrum of product Gly radical formed upon annealing RNR-AE Ω as 
indicated, overlaid with spectrum of hand-quenched enzyme with radical . The Gly 
radical in RNR-AE has a considerably longer T1/slower relaxation than that in PFL-AE, 
and as a result the hyperfine-split doublet in both the annealed RNR-AE rfq sample and 
hand-quenched sample are highly saturated at any usable power at 40 K, unlike the 
reported spectra for PFL-A;4 at 77K, where the unsaturated signal with resolved 
hyperfine doublet from the hand-quenched sample is seen, the signal from the 
rfq/annealed sample is too weak to study. As in ref 4, residual signal from Ω has been 
subtracted. It was not possible to determine whether the extremely sharp signal with low 
integrated intensity, which overlays the glycyl radical signal, is present before annealing 
or forms as a minority byproduct during annealing.  EPR conditions: microwave 
frequency, 9.375 GHz; power, 2 mW; modulation amplitude, 10 G.  
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Figure S4.6. Top, the EPR spectra of Ω formed with 57Fe labeled PFL-AE (red); 56Fe 
PFL-AE (black) and simulation (black dash), g|| = 2.035, g⫠ = 2.004, LW|| = 40 MHz, 
LW⫠ = 26 MHz. Bottom, spectrum of Ω - 57Fe) (red) and simulations with varied 57Fe 
hyperfine couplings as indicated. RFQ mixing condition: pre-mixed PFL with SAM 
solution is rapidly mixed with PFL-AE solution and freeze-quenched. EPR conditions: 
microwave frequency, 9.375 GHz; modulation amplitude, 10 G; T = 12 K. As noted in 
main text, this figure and the simulation confirm that the spin of Ω is localized on the Fe-
S cluster. In response to a reviewer question, we note that no attempt is made to precisely 
fit the signal, which likely contains a slight distribution in parameters originating in a 
slight spread in geometries. The origin of the small, variable signal primarily to high field 
of Ω, which is not seen in any of the other samples of any of the enzymes (eg. Fig 3) is 
not known. 
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Figure S4.7. X-band EPR spectra of Ω for PFL-AE/PFL with 1H-SAM (black), [D8-ado]-
SAM ([adenosyl-2,8-D2-1ʹ,2ʹ,3ʹ,4ʹ,5ʹ,5ʹʹ-D6]-SAM, blue), and [5ʹ-D2-ado]-SAM 
([adenosyl-5ʹ,5ʹʹ-D2-SAM], red), showing the distinct narrowing of the g|| feature upon 
uniform and specific deuteration. The apparent shift of that feature upon deuteration is a 
consequence of different microwave frequencies. RFQ mixing condition: pre-mixed PFL 
with SAM solution is rapidly mixed with PFL-AE solution and freeze-quenched. EPR 
conditions: microwave frequency 9.373 GHz (1H SAM), 9.375 GHz ([D8-ado]-SAM), 
9.375 GHz ([5ʹ-D2-ado]-SAM); modulation amplitude, 10 G; T = 40K. 
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Figure S4.8. 35 GHz CW 15N/14N ENDOR of Ω. 15N EDNOR shows A(15N) ~ 5.6 MHz 
corresponding to the hyperfine coupling of the “anchor” amine group of adenosyl 
methionine.  Based on the nuclear g factor ratio gn(14N)/gn(15N) = An(14N)/An(15N) = 
|0.71|, A(14N) ~ 4 MHz is calculated which is further split by quadrupole coupling, 
denoted 3P (see equation 2), as marked by the goalpost. RFQ mixing condition: pre-
mixed substrates, PFL and SAM, solution, is rapidly mixed and freeze-quenched with 
PFL-AE solution. ENDOR conditions: microwave frequency, 35.042 GHz; scan rate, 0.5 
MHz/s; scan direction, reverse; T = 2 K. 
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Table S4.1. Overview of radical SAM enzymes examined in this study. Iron content is 
reported as irons/monomer. 
 
 
 
 
 
 
 

 
 

 

 
 

SI References 
 
 
1. Duffus, B. R.; Ghose, S.; Peters, J. W.; Broderick, J. B., Reversible H atom 
abstraction catalyzed by the radical S-adenosylmethionine enzyme HydG. J. Am. Chem. 
Soc. 2014, 136 (38), 13086-13089. 
 
2. Byer, A. S.; McDaniel, E. C.; impano, S.; Broderick, W. E.; Broderick, J. B., 
Mechanistic Studies of Radical SAM Enzymes: Pyruvate Formate-Lyase Activating 
Enzyme and Lysine 2,3-Aminomutase Case Studies. Methods Enzymol. 2018, in press. 
 
3. Morinaka, B. I.; Vagstad, A. L.; Helf, M. J.; Gugger, M.; Kegler, C.; Freeman, M. 
F.; Bode, H. B.; Piel, J., Radical S-adenosylmethionine epimerases: Regioselective 
introduction of diverse D-amino acid patterns into peptide natural products. Angew. 
Chem. Int. Ed. 2014, 53, 8503-8507. 
 
4. Horitani, M.; Shisler, K. A.; Broderick, W. E.; Hutcheson, R. U.; Duschene, K. 
S.; Marts, A. R.; Hoffman, B. M.; Broderick, J. B., Radical SAM catalysis via an 
organometallic intermediate with an Fe-[5'-C]-deoxyadenosyl bond. Science 2016, 352 
(6287), 822-825.  
 
5.  Broderick, J. B.; Henshaw, T. F.; Cheek, J.; Wojtuszewski, K.; Smith, S. R.; 
Trojan, M. R.; McGhan, R. M.; Kopf, A.; Kibbey, M.; Broderick, W. E., Pyruvate 
formate-lyase activating enzyme: strictly anaerobic isolation yields active enzyme 
containing a [3Fe-4S]+ cluster. Biochem. Biophys. Res. Comm. 2000, 269, 451-456.  
 
6.  Nnyepi, M. R.; Peng, Y.; Broderick, J. B., Inactivation of E. coli pyruvate 
formate-lyase: Role of AdhE and small molecules. Arch. Biochem. Biophys. 2007, 459, 1-
9. 
 

RS 
Enzyme 

Iron 
Content Substrate SAM role 

HydG 7.8 ± 0.2 tyrosine co-substrate 
LAM 3.9 ± 0.1 alpha-lysine co-factor 
OspD 4.0 ± 0.2 OspA peptide co-substrate 

PFL-AE 3.9 ± 0.1 PFL protein co-substrate 
PoyD 3.6 ± 0.1 PoyA peptide co-substrate 

RNR-AE 3.5 ± 0.2 RNR protein co-substrate  
SPL 3.2 ± 0.2 DNA co-factor 



 
 

186 

7. Freeman, M. F.; Gurgui, C.; Helf, M. J.; Morinaka, B. I.; Uria, A. R.; Oldham, N. 
J.; Sahl, H.-G.; Matsunaga, S.; Piel, J., Metagenome mining reveals polytheonamides as 
posttranslationally modified ribosomal peptides. Science 2012, 338, 387-390. 
 
8. Tropea, J. E.; Cherry, S.; Waugh, D. S., Expression and purification of soluble 
His(6)-tagged TEV protease. Methods Mol. Biol. 2009, 498, 297-307. 
 
9. Silver, S. C.; Chandra, T.; Zilinskas, E.; Ghose, S.; Broderick, W. E.; Broderick, 
J. B., Complete Stereospecific Repair of a Synthetic Dinucleotide Spore Photoproduct by 
Spore Photoproduct Lyase. J. Biol. Inorg. Chem. 2010, 15 (6), 943-955. 
 
10. Chandra, T.; Broderick, W. E.; Broderick, J. B., Chemoselective deprotection of 
triethylsilyl ethers. Nucleosides, Nucleotides, & Nucleic Acids 2009, 28 (11-12), 1016-
1029. 
 
11.  Chandra, T.; Silver, S. C.; Zilinskas, E.; Shepard, E. M.; Broderick, W. E.; 
Broderick, J. B., Spore Photoproduct Lyase Catalyzes Specific Repair of the 5R but Not 
the 5S Spore Photoproduct J. Am. Chem. Soc. 2009, 131 (7), 2420-2421. 
 
12.  Chandra, T.; Broderick, W. E.; Broderick, J. B., An efficient deprotection of N-
trimethylsilylethoxymethyl (SEM) groups from dinucleosides and dinucleotides. 
Nucleosides, Nucleotides, & Nucleic Acids 2010, 29, 132-143. 
 
13. Walsby, C. J.; Hong, W.; Broderick, W. E.; Cheek, J.; Ortillo, D.; Broderick, J. 
B.; Hoffman, B. M., Electron-nuclear double resonance spectroscopic evidence that S-
adenosylmethionine binds in contact with the catalytically active [4Fe-4S]+ cluster of 
pyruvate formate-lyase activating enzyme. J. Am. Chem. Soc. 2002, 124 (12), 3143-3151. 
 
14.  Walsby, C. J.; Ortillo, D.; Broderick, W. E.; Broderick, J. B.; Hoffman, B. M., An 
anchoring role for FeS Clusters: Chelation of the amino acid moiety of S-
adenosylmethionine to the unique iron site of the [4Fe-4S] cluster of pyruvate formate-
lyase activating enzyme. J. Am. Chem. Soc. 2002, 124 (38), 11270-11271. 
 
15. Iwig, D. F.; Booker, S. J., Insight into the polar reactivity of the onium chalcogen 
analogues of S-adenosyl-L-methionine. Biochemistry 2004, 43 (42), 13496-13509. 
 
16. Scott, L. G.; Geierstanger, B. H.; Williamson, J. R.; Hennig, M., Enzymatic 
synthesis and 19F NMR studies of 2-fluoroadenine-substituted RNA. J. Am .Chem. Soc. 
2004, 126, 11776-11777. 
 
17. Kim, S. H.; Perera, R.; Hager, L. P.; Dawson, J. H.; Hoffman, B. M., Rapid 
Freeze-Quench ENDOR Study of Chloroperoxidase Compound I:  The Site of the 
Radical. J. Am. Chem. Soc. 2006, 128 (17), 5598-5599. 



 
 

187 

18.  Lin, Y.; Gerfen, G. J.; Rousseau, D. L.; Yeh, S.-R., Ultrafast Microfluidic Mixer 
and Freeze-Quenching Device. Analytical Chemistry 2003, 75 (20), 5381-5386. 
 
19.  Aitha, M.; Moller, A. J.; Sahu, I. D.; Horitani, M.; Tierney, D. L.; Crowder, M. 
W., Investigating the position of the hairpin loop in New Delhi metallo-beta-lactamase, 
NDM-1, during catalysis and inhibitor binding. J. Inorg. Biochem. 2016, 156, 35-39. 
 
20. Nilges, M. J. University of Illinois - Urbana Champaign, 1979. 
 
21.  Maurice, A. M. University of Illinois, Urbana-Champaign, 1989. 
 
22. Hoffman, B. M.; DeRose, V. J.; Ong, J. L.; Davoust, C. E., Sensitivity 
Enhancement in Field-Modulated CW ENDOR via RF Bandwidth Broadening. J Magn 
Reson 1994, 110, 52-57. 
 
23. DeRose, V. J.; Hoffman, B. M., Protein structure and mechanism studied by 
electron nuclear double resonance spectroscopy. Methods Enzymol. 1995, 246, 554-589. 
 



 
 

 

188 

References 
 
 

1. Sofia, H. J.; Chen, G.; Hetzler, B. G.; Reyes-Spindola, J. F.; Miller, N. E., Radical 
SAM, a novel protein superfamily linking unresolved steps in familiar biosynthetic 
pathways with radical mechanisms: functional characterization using new analysis and 
information visualization methods. Nucleic Acids Res. 2001, 29 (5), 1097-1106.  
 
2.  Frey, P. A.; Hegeman, A. D.; Ruzicka, F. J., The radical SAM superfamily. Crit. 
Rev. Biochem. Mol. Biol. 2008, 43 (1), 63-88.  
 
3.  Broderick, J. B.; Duffus, B. R.; Duschene, K. S.; Shepard, E. M., Radical S-
Adenosylmethionine Enzymes. Chem. Rev. 2014, 114, 4229-4317. 
 
4. Frey, M.; Rothe, M.; Wagner, A. F. V.; Knappe, J., Adenosylmethionine-
dependent synthesis of the glycyl radical in pyruvate formate-lyase by abstraction of the 
glycine C-2 pro-S hydrogen atom. J. Biol. Chem. 1994, 269 (17), 12432-12437. 
 
5.  Moss, M.; Frey, P. A., The role of S-adenosylmethionine in the lysine 2,3-
aminomutase reaction. J. Biol. Chem. 1987, 262 (31), 14859-14862.  
 
6.  Cheek, J.; Broderick, J. B., Direct H atom abstraction from spore photoproduct C-
6 initiates DNA repair in the reaction catalyzed by spore photoproduct lyase: Evidence 
for a reversibly generated adenosyl radical intermediate. J. Am. Chem. Soc. 2002, 124 
(12), 2860-2861. 
 
7.  Magnusson, O. T.; Reed, G. H.; Frey, P. A., Spectroscopic Evidence for the 
participation of an allylic analogue of the 5'-deoxyadenosyl radical in the reaction of 
lysine 2,3-aminomutase. J. Am. Chem. Soc. 1999, 121, 9764-9765.  
 
8.  Horitani, M.; Byer, A. S.; Shisler, K. A.; Chandra, T.; Broderick, J. B.; Hoffman, 
B. M., Why Nature Uses Radical SAM Enzymes so Widely: Electron Nuclear Double 
Resonance Studies of Lysine 2,3-Aminomutase Show the 5'-dAdo• "Free Radical" is 
Never Free. J. Am .Chem. Soc. 2015, 137, 7111-7121. 
  
9.  Horitani, M.; Shisler, K. A.; Broderick, W. E.; Hutcheson, R. U.; Duschene, K. 
S.; Marts, A. R.; Hoffman, B. M.; Broderick, J. B., Radical SAM catalysis via an 
organometallic intermediate with an Fe-[5'-C]-deoxyadenosyl bond. Science 2016, 352 
(6287), 822-825. 
 
10. Becker, A.; Fritz-Wolf, K.; Kabsch, W.; Knappe, J.; Schultz, S.; Wagner, A. F. 
V., Structure and mechanism of the glycyl radical enzyme pyruvate formate-lyase. Nat. 
Struct. Biol. 1999, 6 (10), 969-975. 
 



 
 

 

189 

11.  Vey, J. L.; Yang, J.; Li, M.; Broderick, W. E.; Broderick, J. B.; Drennan, C. L., 
Structural basis for glycyl radical formation by pyruvate formate-lyase activating 
enzyme. Proc. Natl. Acad. Sci. U.S.A. 2008, 105 (42), 16137-16141. 
 
12.  Peng, Y.; Veneziano, S. E.; Gillispie, G. D.; Broderick, J. B., Pyruvate formate-
lyase, Evidence for an open conformation favored in the presence of its activating 
enzyme. J. Biol. Chem. 2010, 285 (35), 27224-27231. 
 
13. Sun, X.; Eliasson, R.; Pontis, E.; Andersson, J.; Buist, G.; Sjöberg, B.-M.; 
Reichard, P., Generation of the glycyl radical of the anaerobic Escherichia coli 
ribonucleotide reductase requires a specific activating enzyme. J. Biol. Chem. 1995, 270, 
2443-2446. 
 
14. Rebeil, R.; Sun, Y.; Chooback, L.; Pedraza-Reyes, M.; Kinsland, C.; Begley, T. 
P.; Nicholson, W. L., Spore Photoproduct Lyase from Bacillus subtilis spores is a novel 
iron-sulfur DNA repair enzyme which shares features with proteins such as class III 
anaerobic ribonucleotide reductases and pyruvate formate-lyases. J. Bacteriol. 1998, 180 
(18), 4879-4885. 
 
15. Morinaka, B. I.; Vagstad, A. L.; Helf, M. J.; Gugger, M.; Kegler, C.; Freeman, M. 
F.; Bode, H. B.; Piel, J., Radical S-adenosylmethionine epimerases: Regioselective 
introduction of diverse D-amino acid patterns into peptide natural products. Angew. 
Chem. Int. Ed. 2014, 53, 8503-8507. 
 
16. Shepard, E. M.; Duffus, B. R.; McGlynn, S. E.; Challand, M. R.; Swanson, K. D.; 
Roach, P. L.; Peters, J. W.; Broderick, J. B., [FeFe]-Hydrogenase maturation: HydG-
catalyzed synthesis of carbon monoxide. J. Am. Chem. Soc. 2010, 132, 9247-9249. 
 
17.  Driesener, R. C.; Challand, M. R.; McGlynn, S. E.; Shepard, E. M.; Boyd, E. S.; 
Broderick, J. B.; Peters, J. W.; Roach, P. L., [FeFe]-hydrogenase cyanide ligands derived 
from S-adenosylmethionine-dependent cleavage of tyrosine. Angew. Chem. Int. Ed. Engl. 
2010, 49 (9), 1687-90. 
 
18. Chirpich, T. P.; Zappia, V.; Costilow, R. N.; Barker, H. A., Lysine 2,3-
aminomutase.  Purification and properties of a pyridoxal phosphate and S-
adenosylmethionine activated enzyme. J. Biol. Chem. 1970, 245 (7), 1778-1789. 
 
19. Driesener, R. C.; Duffus, B. R.; Shepard, E. M.; Bruzas, I. R.; Duschene, K. S.; 
Coleman, N. J.-R.; Marrison, A. P. G.; Salvadori, E.; Kay, C. W. M.; Peters, J. W.; 
Broderick, J. B.; Roach, P. L., Biochemical and kinetic characterization of radical S-
adenosylmethionine enzyme HydG. Biochemistry 2013, 52, 8696-8707. 
 
20. Cutsail, G. E., III; Telser, J.; Hoffman, B. M., Advanced paramagnetic resonance 
spectroscopies of iron-sulfur proteins: Electron nuclear double resonance (ENDOR) and 



 
 

 

190 

electron spin echo envelope modulation (ESEEM). Biochim. Biophys. Acta 2015, 1853, 
1370-1394. 
 
21. Vey, J. L.; Drennan, C. L., Structural Insights into Radical Generation by the 
Radical SAM Superfamily. Chem. Rev. 2011, 111, 2487-2506. 
 
22. Kampmeier, J. A., Regioselectivity in the homolytic cleavage of S-
adenosylmethionine. Biochemistry 2010, 49 (51), 10770-2. 
 
23.  Nicolet, Y.; Amara, P.; Mouesca, J.-M.; Fontecilla-Camps, J. C., Unexpected 
electron transfer mechanism upon AdoMet cleavage in radical SAM proteins. Proc. Natl. 
Acad. Sci. U.S.A. 2009, 106 (35), 14867-14871. 
 
24. Dong, M.; Kathiresan, V.; Fenwick, M. K.; Torelli, A. T.; Zhang, Y.; Caranto, J.; 
Dzikovski, B.; Sharma, A.; Lancaster, K. M.; Freed, J. H.; Ealick, S. E.; Hoffman, B. M.; 
Lin, H., Organometallic and radical intermediates reveal mechanism of diphthamide 
biosynthesis. Science 2018, in press. 
 
25. Banerjee, R., Radical carbon skeleton rearrangements: catalysis by coenzyme 
B12-dependent mutases. Chem.Rev. 2003, 103 (6), 2083-94.  
26.  Brown, K. L., Chemistry and Enzymology of Vitamin B12. Chem. Rev. 2005, 
105, 2075-2149. 
 
27. Knappe, J.; Neugebauer, F., A.; Blaschkowski, H. P.; Gänzler, M., Post-
translational activation introduces a free radical into pyruvate formate-lyase. Proc. Natl. 
Acad. Sci U.S.A. 1984, 81, 1332-1335. 
 
28. Frey, P. A., Lysine 2,3-aminomutase: is adenosylmethionine a poor man's 
adenosylcobalamin? FASEB J. 1993, 7, 662-670. 
 
29. Akiva, E.; Brown, S.; Almonacid, D. E.; Barber, A. E.; Custer, A. F.; Hicks, M. 
A.; Huang, C. C.; Lauck, F.; Mashiyama, S. T.; Meng, E. C.; Mischel, D.; Morris, J. H.; 
Ojha, S.; Schnoes, A. M.; Stryke, D.; Yunes, J. M.; Ferrin, T. E.; Holliday, G. L.; Babbitt, 
P. C., The structure-function linkage database. Nucl. Acids Res. 2014, 42, D521-D530. 

 
 
 



 
 

 

191 

CHAPTER FIVE 
 
 

A REDOX ACTIVE [2Fe-2S] CLUSTER ON THE 

HYDROGENASE MATURASE HydF 

 
Contribution of Authors and Co-Authors 

 
 

Manuscripts in Chapters 5 
 
Author: Eric M. Shepard 
 
Contributions: Designed and performed research; purified protein except HydE and PFL-
AE; performed EPR, CD and UV-Vis experiments; analyzed data; wrote initial draft of 
manuscript; made figure 5.1A, 5.4 – 5.7, S5.1, S5.3-5.13; heavily involved with editing. 
 
Co-Author: Amanda S. Byer 
 
Contributions: Performed and designed research; designed and performed gel filtration 
experiments; performed EPR experiments; analyzed data; wrote sections of the 
manuscript and SI; made figures: TOC, 5.1B, 5.2, 5.3, S5.2, Table S5.2; heavily involved 
in editing. 
 
Co-Author: Jeremiah Betz 
 
Contributions: Provided EPR sample of HydE; edited manuscript. 
 
Co-Author: John W. Peters 
 
Contributions: Participated in overall conceptual development; provided critical edits to 
the manuscript. 
 
Co-Author: Joan B. Broderick 
 
Contributions: Provided overall direction to the research; designed research; facilitated 
interpretation of results; provided critical edits to the manuscript. 
  



 
 

 

192 

Manuscript Information 
 
 

Eric M. Shepard, Amanda S. Byer, Jeremiah N. Betz, John W. Peters, Joan B. Broderick 
 
Biochemistry 
 
Status of Manuscript: [Put an x in one of the options below, delete this] 
____ Prepared for submission to a peer-reviewed journal 
____ Officially submitted to a peer-reviewed journal 
____ Accepted by a peer-reviewed journal 
_x__ Published in a peer-reviewed journal 
 
The American Chemical Society 
2016, 55, 3514 – 3527, May 27, 2016; DOI:10.1021/acs.biochem.6b00528 
 
 
 
  



 
 

 

193 

CHAPTER FIVE 
 

 
A REDOX ACTIVE [2Fe-2S] CLUSTER ON THE 

HYDROGENASE MATURASE HydF 

 
Abstract 

 

[FeFe]-hydrogenases are nature’s most prolific hydrogen catalysts, excelling at 

facilely interconverting H2 and protons. The catalytic core common to all [FeFe]-

hydrogenases is a complex metallocofactor, referred to as the H-cluster, which is 

composed of a standard [4Fe-4S] cluster linked through a bridging thiolate to a 2Fe 

subcluster harboring dithiomethylamine, carbon monoxide, and cyanide ligands. This 2Fe 

subcluster is synthesized and inserted into [FeFe]-hydrogenase by three maturase 

enzymes denoted HydE, HydF, and HydG. HydE and HydG are radical S-

adenosylmethionine enzymes and synthesize the nonprotein ligands of the H-cluster. 

HydF is a GTPase that functions as a scaffold or carrier for 2Fe subcluster production. 

Herein, we utilize UV−visible, circular dichroism, and electron paramagnetic   resonance 

spectroscopic studies to establish the existence of redox active [4Fe-4S] and [2Fe-2S] 

clusters bound to HydF. We have used spectroelectrochemical titrations to assign 

iron−sulfur cluster midpoint potentials, have shown that HydF purifies with a reduced 

[2Fe-2S] cluster in the absence of exogenous reducing agents, and have tracked iron−sulfur 

cluster spectroscopic changes with quaternary structural perturbations. Our results provide 

an important foundation for understanding the maturation process by defining the 

iron−sulfur cluster content of HydF prior to its interaction with HydE and HydG. We 
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speculate that the [2Fe-2S] cluster of HydF either acts as a placeholder for HydG-derived 

Fe(CO)2CN species or serves as a scaffold for 2Fe subcluster assembly. 

 

Introduction 

 

Biological H2 metabolism is primarily accomplished by [FeFe]- and [NiFe]-

hydrogenase, two evolutionarily unrelated enzyme families that have distinct active site 

metal clusters but similar iron-bound carbon monoxide (CO) and cyanide (CN−) ligands.1 

[FeFe]-hydrogenases exhibit a lower tolerance for O2 than [NiFe]-hydrogenases, but the 

former generally catalyze  the  evolution  of  H2(g)  more  readily with turnover  rates  of  

10
4  events  per  second.

2−6  
The complex metallocofactor at the active site of the [FeFe]-

hydrogenases (HydA) is referred to as the H-cluster and is composed of a [4Fe-4S] 

cubane linked through a bridging cysteine thiolate to a diiron subcluster, with the 

remaining ligands to the latter subcluster comprising three CO, two CN−, and a bridging 

dithiomethylamine  (DTMA)  (Figure 5.1).
7−9

 

H-cluster biosynthesis is achieved by HydE, HydF, and HydG; the coexpression 

of all three proteins from Clostridium acetobutylicum  (C.a.)  in  Escherichia  coli  (E.  

coli) was demonstrated to be an essential requirement to achieve the heterologous 

expression of active HydA.
10−12 HydE and HydG belong to the radical SAM enzyme 

superfamily.
10,13 While it was long presumed that HydE plays an essential role in H-

cluster maturation,
10,11 

insight into its putative substrate and reaction mechanism has been 
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provided only recently. We demonstrated that select compounds containing a thiol 

functional group exerted significant   effects on the level of deuterium atom incorporation 

from D2O into 5′-deoxyadenosine.
14  This observation led  to the hypothesis that  HydE  

catalyzes  Cα−Cβ  bond  cleavage  of  two thiol-containing molecules to generate two 

thioformaldehyde species that condense with ammonia to yield the DTMA bridge (Figure 

5.1);
14 

this chemistry is analogous to in vitro DTMA synthesis in which formaldehyde and 

ammonia condense on an Fe2(SH)2(CO)6 scaffold.
15 

Biochemical characterization of 

HydG has offered direct insight into the role of this protein during H-cluster biosynthesis, 

as it utilizes tyrosine as substrate to form p-cresol
16 

along with the diatomic species CN−
17  

and CO (Figure 5.1).
18 

While the initial H atom abstraction from  

 

 
 

Figure 5.1. Left panel. X-ray crystal structure of [FeFe]-hydrogenase from Clostridium 
pasteurianum I (CpI) (PDB: 3C8Y). The H-cluster is highlighted within the oval. The H-
cluster and accessory FeS clusters are depicted as spheres. Color scheme is as follows: 
iron, rust; sulfur, yellow; carbon, gray; oxygen, red; nitrogen, blue. Right panel. 
Hypothetical maturation scheme for 2Fe subcluster biosynthesis (see main text for 
additional details). 
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and cleavage of tyrosine to produce p-cresol occurs near the radical SAM [4Fe-4S] cluster 

in the N-terminal region of the protein, the subsequent chemical steps to produce CO and 

CN− appear to occur at or near a second iron−sulfur cluster in the C-terminal region of 

HydG, although the mechanistic aspects of this process require additional 

clarification.
19−27

 

Sequence annotation of HydF shows the presence of Walker A P-loop and Walker 

B Mg
2+ binding motifs associated with small RAS GTPases, as well as a putative FeS 

cluster-binding C- terminal CXHX46−53CXXC motif; both of these motifs   were shown to 

be essential for achieving active HydA.
11 The GTP hydrolysis functionality of HydF has 

been proposed to act in gating protein−protein interactions between the maturase proteins 

during H-cluster precursor assembly.
21,28,29  A  report on Thermotoga maritima (T.m.) 

HydF demonstrated coordination of a [4Fe-4S]+ cluster and GTP hydrolysis.
30 

Our  

s tudies have revealed that the heterologous coexpression of C.a. HydF with HydE and 

HydG (HydF
EG

) results in FTIR bands consistent with Fe−CO and Fe−CN− species 

bound to the purified protein,
28 

a result corroborated by similar studies on homologously 

overexpressed C.a. HydF
EG

.
31 Significantly, our work has shown  that HydF

EG  is capable  

of in vitro HydA activation when the latter is expressed in the absence of HydE, HydF, 

and HydG (HydA
ΔEFG

), suggesting that HydF acts as a scaffold or carrier protein during 

H-cluster assembly (Figure 5.1).
28,32,33 Clarification of HydF’s role as either a scaffold 

(wherein the 2Fe subcluster is synthesized on HydF) or carrier (wherein HydF accepts a 

preassembled 2Fe subcluster) requires additional experimentation. Supporting this 
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scaffold/ carrier hypothesis, purified HydF can be loaded with synthetic 2Fe subcluster 

analogues, which can then be transferred to HydA
ΔEFG

.
34,35 

When C.a. HydF is expressed in the absence of HydE  and HydG  (HydF
ΔEG

),  

binding  of  both  [2Fe-2S]  and  [4Fe-4S] clusters has been suggested based on 

UV−visible absorbance
32 and EPR spectra of the enzyme in as-isolated and reduced 

preparations.
28 The [2Fe-2S] cluster (g = 2.00, 1.96) was suggested as a possible site for 

delivery and coordination of the nonprotein ligands synthesized by HydE and HydG 

during the assembly of the 2Fe subcluster of the H-cluster.
28 

The existence of a [2Fe-2S] 

cluster was challenged in a subsequent report on Shewanella oneidensis (S.o.) HydF
ΔEG

, 

where a slow-relaxing g ≈ 2.0 species that disappeared upon reduction was instead 

attributed to a [3Fe-4S]+ cluster.
36 

In EPR studies  performed with  Thermotoga  

neapolitana  (T.n.)  and  C.a.  HydFΔEG, dithionite  (DT)  reduced  enzyme  preparations  

showed  an axial  [4Fe-4S]+  cluster  signal  with  an  overlapping  g  ≈ 2.0 feature; while 

the origin of the overlapping g ≈ 2.0 signal was not examined, it was presumed to arise 

from a protein-derived radical species resulting from treatment with DT.
37,38 Here we 

report extensive spectroscopic (UV−vis, circular dichroism, EPR) analysis of freshly 

prepared HydF under both nonreducing and reducing conditions, and assign midpoint 

potentials to the FeS clusters. We also demonstrate the effects of sample handling 

(freeze/thaw, dialysis, concentration) on FeS cluster spectroscopic features and changes 

to the quaternary structure during these processes. The results have provided a more 

complete picture of the FeS cluster states associated with HydF prior to “loading” by 
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HydE and HydG, and demonstrate the existence of a redox active [2Fe-2S] cluster bound 

to this protein. These results are significant given the likely mechanistic relevance of the 

iron−sulfur clusters bound to HydF and provide a foundation for understanding the 

pathway by which the loaded HydF
EG is generated. 

 
Experimental Procedures 

 
HydF Protein Expression and Purification 
   

Constructs encoding Clostridium acetobutylicum hydF were transformed into E. coli 

BL21(DE3) (Stratagene) cells as previously described.
32 

Fresh plates were streaked and 

single colonies were chosen for small scale overnight culture growth in media 

supplemented with 30 µg/mL kanamycin. The following morning the seed cultures were 

used to inoculate 9 L of media which comprised 10 g/L tryptone, 5 g/L yeast extract, 5 g/L 

KCl, 5 g/L glucose, 50 mM potassium phosphate  buffer pH 7.5, and 30 µg/mL 

kanamycin. Cell cultures were grown at 37 °C and 230 rpm shaking until OD600 values 

reached 0.5−0.6. The culture was then induced with IPTG  (1 mM final concentration), 

and the flasks were then transferred to a 4 °C refrigerator and sparged with N2(g) for 

~15 h. Cells were harvested  by  centrifugation,  and  resulting  cell  pellets were 

immediately flash frozen in liquid nitrogen. Composite cell pellet mass was recorded, and 

cells were further use. Cell lysis and protein purification were performed with minor 

modifications to previous methodologies.
28 All techniques were accomplished under 

anaerobic conditions in a Coy  anaerobic chamber (Grass Lake, MI) maintained with a 

96%   N2(g), 4% H2(g) atmosphere that was operated in a 4°C walk-in refrigerator. Cell 



 
 

 

199 

pellets were transferred to a Coy anaerobic chamber in a frozen state and were then 

thawed and resuspended in a lysis buffer containing 50 mM HEPES pH 7.4, 0.3 M KCl, 

5% glycerol, and 10 mM imidazole (Buffer A). The cell lysis mixture was supplemented 

with 10 mM MgCl2, 1 mM PMSF, 0.8% Triton X-100, 0.07 mg DNase, and RNase per 

gram cell, and ~0.4 mg of lysozyme per gram cell. This mixture was then  stirred  for  70  

min,  loaded  into gastight centrifuge bottles, and centrifuged at 18 000 rpm for 30 min. 

Then the supernatant was loaded onto a 5 mL HisTrap Ni
2+

- affinity column (GE 

Healthcare) using an ÄKTA  Basic 100 FPLC (GE Healthcare). The column was pre-

equilibrated in Buffer A, and following supernatant loading was washed with 15 column 

volumes of Buffer A or until baseline absorbance resumed. HydF elution was 

accomplished by using a step gradient of Buffer B (50 mM HEPES, pH 7.4, 0.3 M KCl, 

5% glycerol, 500 mM imidazole). Absorbance intensities at both 280 and 415 nm were 

tracked, and the ratios revealed that substantially pure HydF eluted at both 20% and 50% 

Buffer B wash steps. In most cases, only the peak protein fraction (as determined by the 

fraction with the highest 415 to 280 nm ratio) eluting at 50% Buffer B was utilized for 

experiments. The protein eluting at 50% Buffer B with a buffer composition of 50 mM 

HEPES, pH 7.4, 0.3 M KCl, 5% glycerol, and 255 mM imidazole is defined as the 

“freshly purified” state. Purification fractions that were pooled together and either dialyzed 

or buffer exchanged into a 50 mM HEPES, pH 7.4, 0.3 M KCl, 5% glycerol buffer, prior 

to concentration with a Prochem BJP 10/40 (or EMD Millipore Minicon B15) static 

protein concentrator, will heretofore be referred to as the “as-isolated” state. 

Freshly purified HydF was routinely spectroscopically analyzed via UV−vis and 



 
 

 

200 

CD techniques immediately after elution from the HisTrap column following the     

procedures outlined in sections below. Aliquots from the parent fraction were taken, and 

while spectroscopic data collection was occurring, fractions would be simultaneously run 

over a gel filtration column. Immediately following spectral collection, samples were 

transferred into the MBraun chamber for preparation of EPR samples. Remnant aliquots 

of the freshly purified enzyme were flash frozen in liquid N2 and stored at −80 °C until 

further use. 

Chemical reconstitution of HydF
ΔEG samples with Na2S and FeCl3 was carried out 

with minor modifications to our previously described protocol.
28  Briefly, HydF samples   

(2.24 ± 0.49 Fe/dimer) were supplemented with 5 mM dithiothreitol (DTT), followed by a 

6-fold excess of FeCl3 and Na2S·9H2O and allowed to incubate under stirring for 2.5 h. 

At this time, samples underwent centrifugation to remove bulk FeS particulates, and the 

clarified supernatant was then buffer exchanged using a Sephadex  G25  resin  column.    

The reconstitution process was monitored via UV−vis absorbance spectroscopy of HydF 

before and after treatment with iron and sulfide. 

Protein concentration was calculated via Bradford assay using a bovine serum 

albumin standard solution (Thermo Scientific). All HydF protein concentration values 

reported herein are based on the dimeric content of samples; HydE and pyruvate formate 

lyase activating enzyme (PFL-AE) concentration values are based on the monomeric 

content of samples. Iron content was determined either through using the 

spectrophotometric method of Fish, wherein protein is digested with 4.5% (w/v) KMnO4 

and 1.2 N HCl and soluble iron is then complexed with ferrozine,
39 

or via a Varian 



 
 

 

201 

SpectrAA 220 FS flame atomic absorption  spectrometer. 

 
HydE and PFL-AE Protein Expression and Purification.  
 

HydE was purified and chemically reconstituted with Na2S and FeCl3 as 

previously published.
14 HydE samples were made up in a 25 mM HEPES, pH 8.0, 0.5 M 

KCl, 5% glycerol buffer. PFL-AE was purified as previously described, and samples were 

prepared in 50 mM Tris, 200 mM NaCl, pH 7.5 buffer.
40,41 

 
UV−Visible Spectroscopic Analysis. 

 
Samples analyzed by UV−vis spectroscopy were loaded into a 1.4 mL anaerobic 

cuvette (Spectrocell Inc.) within either an MBraun glovebox or a Coy anaerobic chamber. 

A Cary 6000i UV/vis/near-IR spectrophotometer (Varian) was used to acquire spectra at 

ambient temperatures at a scan rate of 600 nm/min. All experimental spectra were 

graphed in OriginPro 8.5 (OriginLab Corp. Northampton, MA, USA). 

 
Circular Dichroism Spectroscopy.  
 

A Jasco-710 spectropolarimeter was utilized to collect CD spectra on HydF 

samples. Samples were loaded into a 650 µL, 1 cm path length anaerobic cuvette (Hellma 

Analytics). Spectra were recorded from 300−700 nm at a sensitivity of 100 millidegrees, 

data pitch of 0.1 nm, continuous scanning mode at a 100  nm/min scanning speed, and 10 

spectral accumulations. Baseline spectra of the background buffer (50 mM HEPES, pH 

7.4, 0.3 M KCl, 5% glycerol, and 255 mM imidazole) were collected and subtracted from 

the experimental spectra using OriginPro 8.5 software. All data were collected under 
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ambient temperature and anaerobic conditions. 

 
Gel Filtration 
  

Freshly purified and as-isolated C.a. HydF samples were gel-filtered via Superose 

12 (GE Healthcare) size- exclusion media packed in an HR 10/30 column (1 cm i.d., 30 

cm length; GE Healthcare) housed within an anaerobic vinyl Coy chamber at room 

temperature. A mobile phase of 50 mM HEPES pH 7.4, 0.3 M KCl, and 5% glycerol was 

utilized at a flow rate of 0.2 mL/min using an ÄKTA Purifier FPLC  (GE Healthcare); 

column wash steps comprised at least five column volumes of buffer equilibration and at 

least two column volumes of wash between samples. Freshly purified samples were 

injected directly onto the gel filtration column within minutes of elution from the HisTrap 

column. As-isolated samples were quickly thawed in the Coy chamber and then 

immediately loaded onto the column. Sample injections were typically performed in 

duplicate. A BioRad Standard (#151- 1901) that contained thyroglobin (bovine), γ-

globulin (bovine), ovalbumin (chicken), myoglobin (horse), and vitamin B12 was used 

to calibrate sample oligomeric content. HydF tetrameric (~189 kDa) and dimeric (~94.5 

kDa) species eluted with retention volumes of ~9.5 mL and ~10.5 mL, respectively. 

 
Electron Paramagnetic Resonance (EPR)  
 

Sample Preparation and Data Collection. EPR samples were prepared in an 

MBraun box at O2 levels ≤1 ppm. Freshly purified samples, in either an as-eluted or 

photoreduced state, were loaded into EPR tubes (Wilmad LabGlass, 4 mm OD, NJ, USA), 

capped with a rubber septum and flash frozen outside the box in either liquid N2 or liquid 
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propane. Photoreduced samples were prepared by supplementing enzyme with 100 µM 5-

deazariboflavin and 5 mM DTT in 50 mM Tris, pH 7.4 buffer. Samples were illuminated 

with a 300 W Xe lamp in an ice water bath for 1 h, then immediately removed from the 

MBraun box and flash frozen in the same manner as described above. All samples were 

stored in a liquid N2 dewar until data collection occurred. 

Low temperature (≤70 K) EPR measurements were made using either a Bruker 

(Billerica, MA) EMX X-band (9.4 GHz) spectrometer equipped with a 4119HS 

resonator, ESR900 liquid helium cryostat, and temperature controller (ITC503) from 

Oxford instruments, or a Bruker Cold Edge (Sumitomo Cryogenics) 10 K waveguide 

cryogen free system with a Mercury iTC controller unit. Unless otherwise noted, typical 

EPR parameters were 9.38 GHz microwave frequency, 1 mW microwave power, 100 

kHz modulation frequency, 10 G modulation amplitude, time constant settings that varied 

between 20.48 and 163.84 ms, and spectra were averaged over either four or eight scans. 

OriginPro 8.5 was utilized to baseline correct and plot all experimental spectra. 

Simulations of experimental data  were  carried  out  using  the EasySpin software 

platform,
42 and the resulting g-values are presented in the text and Supporting Information. 

For determination of spin concentration, double integrations were performed using a 

standard sample of PFL-AE (200 µM protein with 3.75 ± 0.08 Fe/protein) that was 

photoreduced for 1 h in the presence of 5-deazariboflavin to generate the [4Fe-4S]+ state.
41 

EPR spectra for standards were collected under identical temperature and spectrometer 

settings as HydF samples. 
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Temperature Relaxation and Power Saturation Profiles 
  

For select samples of freshly purified, as-isolated, and photoreduced (both freshly 

purified and as-isolated) HydF, and as-isolated HydE and PFL-AE, spectra were collected 

under identical parameter settings at various temperatures. This allowed for direct 

comparison of Topt values (defined as the optimum temperature setting for maximum 

signal intensity) for [4Fe-4S]+, [3Fe-4S]+, and [2Fe-2S]+ cluster signals among the 

different samples. In order to determine the power for half saturation (P1/2) for [4Fe-

4S]+, [3Fe-4S]+, and [2Fe-2S]+ cluster signals, power dependence studies were 

performed on samples at constant temperatures by varying the    microwave power 

attenuation. Data collected at temperatures ≤15 K allowed for P1/2 determination for all 

three cluster types ([4Fe-4S]+, [3Fe-4S]+, and [2Fe-2S]+).
43  Data were also collected 

at30 K because this is near Topt this temperature [4Fe-4S]+ and [3Fe-4S]+ cluster signals 

exhibited substantial line broadening and thus did not measurably interfere with [2Fe-

2S]+ cluster signals.
43

 

Power saturation curves were constructed by plotting the log (S/√P) against log P, 

where P is the microwave power and S is the peak-to-peak derivative signal amplitude 

(peak height); the most intense features were chosen for measuring S. In the case of PFL-

AE, the peak-to-peak height of the g ≈ 2.030, 2.009, 1.988 feature was chosen for the 

[3Fe-4S]+ signal (12 K), and the peak-to-peak height of the g ≈ 2.005 centered feature 

was chosen for the [2Fe-2S]+ signal (30 K) (Table S1). For HydE FeS cluster signals at 

15 K, only the features at magnetic field values of ∼3305 G ([3Fe-4S]+) and ∼3332 G 
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([2Fe-2S]+) were plotted due to the overlap between these signals. The peak-to- peak 

height of the g ≈ 1.88 centered feature at 15 K (representing the [4Fe-4S]+ cluster signal) 

was plotted for DT reduced HydE.14 The peak-to-peak height of the g ≈ 2.006 centered 

feature was chosen for the [2Fe-2S]+ signal in HydE at 30 K (Table S1). For HydF FeS 

cluster signals at ≤15 K, only the features at magnetic field values of ~3315 G ([3Fe-

4S]+) and ~3334 G ([2Fe-2S]+) were plotted due to the overlap between these signals. 

The peak-to-peak height of the g ≈ 1.89 centered feature at 13 K (representing the [4Fe-

4S]+ cluster signal) was plotted for photoreduced HydF.
28,44 The peak-to-peak height of 

the g ≈ 2.002 centered feature was chosen for the [2Fe-2S]+ signal in HydF at 30 K 

(Table S1). In plots of log (S/√P) versus log P, FeS signals that do not exhibit power 

saturation effects result in lines that are parallel to the abscissa, while FeS signals that 

exhibit power saturation effects have lines that slope toward the abscissa with increasing 

power.
43 

P1/2 values along with the inhomogeneity parameter (b) were both calculated 

from fits to lines using a form of the equation S  = √P/(1+P/P1/2)0.5b.
43 

All curve fitting 

was performed in OriginPro 8.5. 

 
Midpoint Potentiometric Titrations 
  

The midpoint potentials of the FeS clusters associated with HydF were 

determined by titration experiments on freshly purified enzyme according to published 

protocols.
45,46 Two titration experiments were performed using 121 µM protein at 2.14 ± 

0.06 Fe/dimer and 132 µM protein at 2.28 ± 0.12 Fe/dimer, respectively. Mediated 



 
 

 

206 

potentiometric titrations on the freshly purified HydF were carried out in an MBraun 

anaerobic chamber. The solution potential was continuously monitored using a Fisher 

Scientific Accumet Basic pH/mV meter coupled to a Ag/AgCl platinum ORP electrode 

(Orion, Thermo Scientific) filled with 4 M KCl; electrode calibration was checked against 

an Orion 967901 ORP standard solution. All Ag/AgCl values are adjusted to the standard 

hydrogen electrode scale by the addition of 200 mV. To facilitate the redox equilibrium,  

the  following  mediator  cocktail was employed: indigo disulfonate (Em = −125 mV), 

phenosafranine (Em = −255 mV), benzyl viologen (Em = −361 mV), and methyl 

viologen (Em = −440 mV). The mediator cocktail was added to freshly purified HydF to a 

final concentration of 20− 25 µM; the solution was buffered against a 50 mM HEPES, pH 

7.4, 0.3 M KCl, 5% glycerol (w/v) solution and was kept under constant stirring for the 

duration of the titration experiment. Stock solutions of NaDT at 2, 4, 8, and 10 mM were 

prepared in 50 mM HEPES, pH 7.4, 0.3 M KCl, 5% glycerol (w/v) and were 

subsequently used to poise the solution potential. Following DT additions, the solution 

potential was allowed to reach equilibration and at appropriate intervals, 200 µL of the 

solution was removed and immediately added to an   EPR tube, which was capped, 

removed from the MBraun, and flash frozen in a liquid propane bath in ≤30 s. EPR 

samples were subsequently stored in a liquid N2 dewar. 

Peak-to-peak signal amplitudes for the g ≈ 2.0 ([2Fe-2S]+) and g ≈ 1.89 ([4Fe-

4S]+) cluster signals were plotted versus solution potential.  The  [4Fe-4S]2+/+  midpoint 

potential  was determined by fitting the data to the Nernst equation, wherein E is the 

system potential and Em is the midpoint reduction potential for a n = 1 reduced iron sulfur 
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cluster.
47 

All data fitting was carried out in OriginPro 8.5.  

 
Dithiothreitol versus Dithionite as Reducing Agent. In order to examine the effects 

of different reducing agents on the HydF FeS cluster signals, experiments were conducted 

wherein protein was either supplemented with (i) buffer alone, (ii) buffer containing DTT 

(5 mM final concentration), or (iii) buffer containing DT (5 mM final concentration). Final 

sample volumes were kept identical (250 µL) in order to directly compare signal 

intensities. Following mixing, samples were allowed to sit for a 10 min incubation period 

before being transferred to EPR tubes, capped, removed from the MBraun anaerobic 

chamber, and flash frozen in liquid N2. 

 
Results 

 
 

HydF serves as a scaffold for assembly of the 2Fe subcluster of the H-cluster, as 

evidenced by the ability of HydF
EG to activate HydA

ΔEFG containing a [4Fe-4S] cluster 

in its active site.
12,32,48,49 

Spectroscopic evidence for an assembled 2Fe subcluster on 

HydF
EG 

includes the observation of FTIR bands associated with iron-bound CO  and 

CN−, and  XAS results pointing to a dinuclear iron unit, in addition to a [4Fe-4S] 

cluster.28,31,50 The nature of the iron−sulfur cluster species on HydF prior to its “loading” 

by HydE and HydG, however, is less well-defined. The presence of a [4Fe-4S] cluster in 

HydF
ΔEG is widely accepted and is supported by data on enzymes from various organisms 

(including C.a., T.m., S.o., and T.n.)  reported  by   a   number  of  different 
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laboratories.
28,30,31,36−38,44,51,52 Evidence for a [2Fe-2S] cluster on HydF

ΔEG  has  come  

from  EPR  and  XAS  spectroscopic studies;
28,31,50 however, the EPR data have been  

disputed, with the suggestion that the g ≈ 2.0 EPR signal arose from a [3Fe-4S]
+ cluster 

or a protein radical.
36−38  The nature of the FeS cluster species bound to HydF prior to its 

interaction with HydE and HydG is directly relevant to the process of maturation, as it 

determines the identity of species that must be transferred from HydE and HydG, and the 

processes that must occur during assembly of the 2Fe precursor of the H- cluster  on  

HydF. We therefore  set out  to  provide  a  more definitive description of the clusters 

present on HydF
ΔEG

. 

 
Characterization of HydF Freshly Purified and After Further Handling.  
 

FeS cluster lability is likely an important aspect of the function of HydF in 

scaffolding the assembly of, and then delivering, the 2Fe precursor of the H-cluster; 

lability, however, makes characterization of the cluster states challenging. Over the 

course of many HydF purifications and experiments, we found that sample handling, 

such as concentration and freezing/thawing, affected FeS cluster spectroscopic 

properties. We therefore set out to define the cluster states of HydF in “freshly purified” 

protein, by which we mean HydF that has been eluted off the purification column without 

further handling of any kind, and to evaluate the cluster changes occurring upon further 

handling. Our results provide a description  of  HydF  iron−sulfur  clusters  that  unifies  

and provides context for the previously contradictory results from multiple laboratories. 
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HydF  freshly  eluted  from  the  HisTrap  column  exhibits LMCT transitions in 

the visible region with a prominent λmax at 405 nm, and careful examination also shows 

bands in the 510− 575  nm  region,  albeit  at  low  intensity  (Figures  5.2  and S5.1). 

Analysis of these samples by circular dichroism reveals positive features centered at 306, 

387, and 449 nm, with negative bands centered at 359, 417, 474, and 512 nm (Figures 

5 . 2 and S5.1). These UV−visible and CD spectral features change following either 

concentration or a single freeze/thaw event under anaerobic conditions (Figures 5.2, S5.1 

and S5.2). Specifically, LMCT features in the 510−575 nm region in UV−vis spectra 

intensify upon successive freeze/thaw events, while CD analysis shows that positive bands 

at 306 and 387 nm and negative bands at 474 and 512 nm all lose intensity as features at 

560 and 610 nm develop (Figures 5.2 and S5.1); these new spectroscopic features are 

consistent with an increase in [2Fe- 2S]2+ cluster content.
53

 

Gel filtration analysis of freshly purified HydF shows that the protein is 

predominantly dimeric in nature with low amounts of tetramer species (Figures 5.2 and 

 

Figure 5.2. Changes in spectroscopic properties and oligomeric state accompanying a 
freeze/thaw event for a single sample of HydF. (A) UV−visible absorbance changes 
for freshly purified HydF before (black; 99 µM protein at 2.18 ± 0.08 Fe/dimer) and 
after a single freeze−thaw event (red). ε values are reported for the total Fe 
concentration in sample. (B) The corresponding circular dichroism spectra for the 
UV−vis spectra represented in panel A; Δε values shown are for total iron content in 
samples. (C) Gel filtration data for the samples shown in panels A and B. Solid lines 
represent the absorbance reading at 280 nm, while dashed lines represent absorbance 
reading at 426 nm. Color scheme is consistent in all   panels. 
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S5.2). Sample handling (concentration and/or freeze/thaw), however, results in an 

increase in tetramer/dimer ratio that occurs concomitantly with the FeS cluster 

spectroscopic changes described above. Isolation of low levels of pure dimer and pure 

tetramer HydF species by gel filtration was possible; however, over several hours these 

species re-equilibrated into a mixture of dimer and tetramer species (data not shown), 

demonstrating the presence of a dynamic equilibrium of protein quaternary states. Low 

temperature (T ≈ 12 K) EPR spectra of freshly purified HydF samples reveal the existence 

of a nearly isotropic signal with g-values of 2.010, 2.002, and 1.963 (Figures S5.3, S5.4, 

and S5.5), along with a signal centered at g = 4.3 attributed to adventitiously bound high-

spin Fe(III) species (data not shown). As the temperature is raised from 12 to 25 K, the g 

≈ 2.00  signal  intensifies  before  gradually  diminishing  with further temperature  

 
Table 5.1. EPR Spectroscopic Properties of the [2Fe-2S]+, [3Fe-4S]+, and [4Fe-4S]+ 

Clusters Associated with HydF, PFL-AE, and HydE aThe [4Fe-4S]+ cluster signal 
properties reported here are for the reduced enzyme in the presence of exogenous SAM. 
bTOPT is defined as the temperature at which maximal peak to peak signal intensity is 
observed at 1 mW power. cTemperature values for reported P1/2 measurements range 
between 12−15 K. dThe term “b” represents the inhomogeneity parameter, as described in 
ref 43. eN/A, not applicable. fMeasurements made on samples following an anaerobic 
thaw and freeze event. 
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increase (Figure S5.4), behavior that is 

consistent with [2Fe-2S]+ clusters. 

EPR signals arising from [3Fe-4S]+ 

clusters have been observed in samples 

of as-isolated (following sample 

handling) HydF and are easily 

distinguished from [2Fe-2S]+ signals 

given their relaxation behavior; HydF 

[3Fe-4S]+ cluster signals exhibit fast 

temperature relaxation behavior and 

show substantial intensity loss between 

12 and 20 K, consistent with the typical 

behavior of protein-bound [3Fe- 4S]+  

clusters (Table 5.1,  Figure  

S5.4).
40,54,55

 

Freshly purified HydF 

photoreduced using 5-deazariboflavin, 

a catalytic source of low potential 

electrons,
56 exhibits both a g ≈ 2 signal 

of low intensity that is comparable to 

that in the freshly purified enzyme and 

 
Figure 5.3. Low temperature CW X-band EPR 
spectroscopy of HydF samples. (A) As-
isolated HydF (600 µM protein at 1.14 ± 0.08 
Fe/ dimer); spectra collected at 14 K. Data 
shown are for the same sample in its as-
purified state (blue) and in its photoreduced 
state before (black) and after (red) a 
thaw/freeze event. (B) Temperature relaxation 
profile for as-reconstituted HydF (98 µM 
protein at 4.8  ± 0.8 Fe/dimer). (C) As-
reconstituted, photoreduced HydF (110 µM 
protein at 4.8 ± 0.8 Fe/dimer) before (black) 
and after (red) a thaw/ freeze event. Spectra 
recorded at 10.5 K. 
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an overlapping axial [4Fe-4S]+ signal with g-values of 2.05, 1.89, and 1.86, similar to 

what we previously   reported   (Figure   S5.3B).
28,44   

When   the   milder reducing  agent  

DTT  (E°′ =  −0.33  V)  is  added  to freshly purified enzyme, an intensification of the g ≈ 

2 signal, but no overlapping [4Fe-4S]+ signal, is observed. In contrast, addition of the 

strong chemical reductant DT (E°′ = −0.66 V)  causes significant diminution of the g ≈ 2 

signal concomitant with the generation of the axial [4Fe-4S]+  signal (Figure S5.5). DT 

has been the reducing agent of choice for multiple HydF studies on enzyme from T.m.,
30 

T.n.,
37 S.o.,

36 and C.a.;
37 our observation that DT significantly lessens the g ≈ 2 signal 

could well explain why many have failed to observe this signal.
36,37 The existence of the g 

≈ 2.00 signal in our anaerobic preparations of HydF, which do not include exogenous 

reducing agents, coupled with the intensification of this signal in the presence of DTT, is 

fully consistent with its assignment as arising from a [2Fe-2S] cluster, which would be 

expected to have a 2+/1+ potential in the range accessible by DTT.
57 

If the g ≈ 2 signal 

arose from either  a  [3Fe-4S]+  cluster  or  a  protein  radical  as  has been proposed by 

others,
36,37 however, we would expect it to be lessened, not increased, by the addition of 

DTT. In chemically reconstituted  samples  of  HydF,  the  [2Fe-2S]2+/+ cluster persists, 

as judged by the existence of LMCT features in UV−vis spectra in as-reconstituted 

samples (data not shown), as well as by the presence of a slow relaxing g ≈ 2.00 signal in 

DTT treated as-reconstituted protein (Figure 5.3). Table S5.2 reports the EPR spin 

quantitation of HydF [4Fe-4S]+ and [2Fe-2S]+ cluster signals in the various samples 

described above. 
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Characterization of HydE and PFL-AE [2Fe-2S] Clusters. 
 

In order to provide a frame of reference for the [2Fe-2S]+ cluster signal in HydF, 

we analyzed [2Fe-2S]+ cluster signals in both PFL-AE and HydE by EPR. Our previous 

characterization of PFL-AE demonstrated that the as-isolated enzyme contained 

predominantly S = 1/2 [3Fe-4S]+, given the existence of a fast relaxing, nearly isotropic 

signal at 12 K.
40 Some preparations of PFL-AE were noted to exhibit small contributions 

of a slow-relaxing axial signal with g-values of 2.01, 2.01, and 1.97 which was still 

observable at 100 K.
58 Moreover, Mössbauer characterization showed the presence of 

small amounts of [2Fe-2S]
2+ clusters in as-isolated enzyme.

59 
Taken together, these 

findings indicate that in some anaerobic PFL-AE preparations, partial reduction of [2Fe-

2S]
2+ clusters occurs during lysis, leading to the fortuitous existence of [2Fe- 2S]+ 

clusters bound at the CX3CX2C radical SAM cluster site. Recent sample preparations 

reveal that a fast relaxing, nearly isotropic [3Fe-4S]+ signal with g-values of 2.030, 

2.009,  and 1.988 exists that accounts for the vast majority of signal intensity at 12 K; 

spectra obtained at higher temperatures (30− 77 K) show the persistence of an axial [2Fe-

2S]+ signal with g-values of 2.010, 2.005, and 1.964 (Figure S5.6, Tables S5.1 and S5.2). 

The existence of both cluster types in a single sample allowed for the definitive 

assignment of power saturation and temperature relaxation profiles for [3Fe-4S]+ and 

[2Fe-2S]+ clusters, which in turn provided a benchmark for HydF spectral assignments 

(Table 5 . 1). HydE contains an accessory FeS cluster site comprising Cys311, Cys319, 



 
 

 

214 

and Cys322 residues which are located ~20 Å from the CX3CX2C motif.
60 An early X-

ray structure of  T.m. HydE treated with DTT revealed the presence of a [2Fe-2S] cluster 

in this accessory site; additional structures have been obtained where this site was either 

vacant or was occupied by a [4Fe-4S] cluster.
60,61 We found that in our preparations of as- 

reconstituted C.a. HydE, this site was either empty or was occupied by a [2Fe-2S] cluster,  

 

 
 
Figure 5.4. EPR power saturation curves for PFL-AE and HydE. (A) Power saturation 
behavior of as-isolated PFL-AE (1.68 mM protein with 2.70 ± 0.10 Fe/protein) FeS 
cluster signals ([3Fe-4S]+ cluster signal (blue), 12 K, gain setting of 1 × 102; [2Fe-2S]+ 

cluster signal (red), 30 K, gain setting of 1 × 103). (B) Power saturation behavior of FeS 
cluster signals in HydE. The [3Fe-4S]+ (blue) and [2Fe-2S]+ (black) cluster signals in as- 
reconstituted enzyme (344 µM protein at 7.64 ± 0.10 Fe/protein) are depicted for 15 K; the 
[2Fe-2S]

+ cluster signal at 30 K (red) is also shown for comparative purposes. Also 
graphed is the [4Fe-4S]+ cluster signal at 15 K (green) from DT reduced enzyme with 
exogenous SAM added (275 µM protein at 7.64 ± 0.10  Fe/protein). 

 

depending on the iron number following the reconstitution process.
14 

The assignment as a 

[2Fe-2S]+ was based on temperature relaxation EPR profiles of different samples that 

consistently showed the presence of fast relaxing [3Fe-4S]+ cluster signals (presumably 

present in the radical  SAM CX3CX2C  motif)   overlapping   with variable amounts  of  
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slow  relaxing  [2Fe-2S]+  cluster  signals (Figure S5.7). As was the case for PFL-AE, the 

existence of both cluster types in a single sample enabled the definitive assignment of 

power saturation and temperature relaxation profiles for [3Fe- 4S]+ and [2Fe-2S]+ 

clusters (Table 5.1). Power  saturation profiles for the various FeS clusters associated with 

PFL-AE and HydE are shown in Figure 5.4. 

 

Figure 5.5. EPR power saturation curves of the g ≈ 2.0 signal in HydF. (A) The power 
saturation behavior of the g ≈ 2.0 signal in freshly purified HydF (111 µM protein at 2.50 
± 0.08 Fe/dimer) at 13 K (black) and 30 K (red). Also shown for comparative purposes is 
the power saturation behavior of the g ≈ 2.0 signal in as-isolated HydF (600 µM protein 
at 1.14 ± 0.08 Fe/dimer) at 30 K (blue). (B) The power saturation behavior of the g ≈ 2.0 
signal in freshly purified photoreduced HydF (110 µM protein at 2.50 ± 0.08 Fe/dimer) 
that has undergone a thaw/freeze event (13 K, black; 30 K, red). 
 
EPR Power  Saturation  Profiles  Support  Assignment  of a [2Fe-2S]+ Cluster in HydF 
  

In order to characterize the g ≈ 2 signal in HydF, we examined power saturation 

behavior in freshly purified, as-isolated, and photoreduced enzyme samples. As mentioned 

above, the g ≈ 2 signal in HydF exhibits Topt values   (defined   as   the   optimum   

temperature  for signal intensity) between 25 and 30 K (Figures 5.3 and S5.4, Table 5.1). 

EPR power saturation curves were collected at different temperatures in order to better 

probe saturation effects on  the g ≈ 2 signal. Figure 5.5 highlights the power saturation 
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curves for freshly purified, as-isolated, and photoreduced HydF g ≈ 2 signals as a function 

of temperature. The spectral profiles reveal that the signals are more susceptible to 

increasing power at lower temperatures (≤15 K), while a noticeable shift occurs at 30 K 

where the signals are more resistant to increasing power levels (Figures 5.5 and S5.8). 

Similar temperature dependence of the power saturation behavior has been previously 

reported for  [2Fe-2S]+-containing ferredoxin proteins from various sources
43 

and offers 

compelling experimental support that HydF coordinates a [2Fe-2S]+ cluster in freshly 

purified, as-isolated, and photoreduced enzyme states. Figure S5.9 shows power 

saturation curves for [2Fe-2S]+, [3Fe-4S]+, and [4Fe-4S]+ HydF cluster species. 

Compelling similarities exist between the power dependence of the g ≈ 2 signals 

of HydF, PFL-AE, and HydE: all three proteins have cluster signals that are more 

resistant to power saturation effects near TOPT values for the signals, and all exhibit similar 

P1/2 values at 30 K ranging between 9 and 13 mW (Table 5.1). Moreover, the shift in 

P1/2 for the HydE [2Fe-2S]+ cluster signal as a function of temperature mirrors the 

shift observed in HydF samples (Figures 5.4 and 5.5, Table 5.1); this observation is in 

line with previously published results with [2Fe-2S]+-containing ferredoxin proteins.
43

 

Figure 5.6 shows the direct comparison of   [2Fe-2S]+ cluster signals in as-isolated PFL-

AE, as-reconstituted HydE, freshly purified HydF, freshly purified photoreduced HydF, 

as-isolated HydF, and chemically reconstituted HydF. The only remark- able distinction 

among these signals is the presence of the low field g = 2.035 feature most prominent in 

PFL-AE; this feature is assigned as arising from residual [3Fe-4S]+ component at 30 K, 



 
 

 

217 

as it is absent at higher temperatures (Figure S5.10). In as- isolated HydF samples, a low 

intensity feature is observed with g-values of 2.045, 2.008, and 1.981; this signal does not 

appear to  be  residual  [3Fe-4S]+ cluster  given  its  persistence at temperatures above 30 

K (Figure S4). Moreover, the power dependence of this feature appears to track with the 

main g ≈ 2.0 centered signal and is therefore more likely to be [2Fe-2S]+ in nature 

(Figure S8). Simulations demonstrate that the 30 K signals for freshly purified HydF and 

HydE are both adequately fit with a single [2Fe-2S]+ spin system, whereas the signals for 

PFL-AE and as-isolated HydF require two spin systems to fit the data ([3Fe-4S]+ and 

[2Fe-2S]+ in the case of PFL-AE and two [2Fe-2S]+ spin systems for HydF) (Figure 

S5.11). It is not currently clear why a second [2Fe-2S]+ cluster signal is apparent in the 

more concentrated HydF samples, but it could presumably arise from a low occupancy 

FeS cluster with a different ligation environment than the primary g = 2.010, 2.003, 1.961 

[2Fe-2S]+ cluster (Table S5.1). 

Gating [2Fe-2S]+ Cluster Signals in Reduced HydF Preparations 

As illustrated in Figure 5.6, HydF exhibits an EPR signal we assign as arising from 

a [2Fe-2S]+ cluster and that strongly resembles the signal observed in PFL-AE and 

HydE. While we have demonstrated that HydF’s [2Fe-2S]+ cluster signal is dramatically 

intensified by addition of DTT to freshly purified enzyme (Figure S5.5), sample 

preparations in a reduced state (using either DT or photoreduction via 5-deazariboflavin) 

have a substantially diminished overlapping g ≈ 2.00 signal despite the prevalence of 

axial [4Fe-4S]+ cluster signals (Figures S5.3 and S5.5). Surprisingly, the g ≈ 2.00 signal 
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intensity in photoreduced samples was 

affected by introducing a thaw/ freeze 

event. When frozen photoreduced 

samples are thawed (under anaerobic 

conditions) and quickly refrozen, the 

spectra exhibit large [2Fe-2S]+ signal 

intensification (Figure 5.3). Importantly, 

these observations have been made 

using freshly purified (data not shown), 

as-isolated, and chemically 

reconstituted preparations of HydF 

(Figure 5.3). These data suggest that 

upon photoreduction, the [2Fe-2S] 

cluster is present as a diamagnetic 

species, perhaps in the diferrous [2Fe-

2S]
0 oxidation state, and that the 

thaw/freeze process results in partial 

oxidation to [2Fe-2S]+. 

We have examined the effects of 

DT reduction on the appearance of paramagnetic signals following this treatment. As-

isolated HydF that exhibited [2Fe-2S]+ cluster signals was treated with 5 mM DT, 

causing the loss of the [2Fe-2S]+ cluster signals with concomitant generation of a [4Fe-

 
Figure 5.6. CW X-band EPR spectra of [2Fe-
2S]+ cluster signals in HydF, PFL-AE, and 
HydE. The depicted spectra are as-isolated PFL- 
AE (1.68 mM protein with 2.70 ± 0.10 
Fe/protein), black; as- reconstituted HydE (344 
µM protein at 7.64 ± 0.10 Fe/protein), blue; 
freshly purified HydF (111 µM protein at 2.50 ± 
0.08 Fe/dimer), green; as-isolated HydF (600 
µM protein at 1.14 ± 0.08 Fe/dimer), orange; 
chemically reconstituted HydF (98 µM protein 
at 4.8 ± 0.8 Fe/dimer), red; photoreduced, 
freshly purified HydF (110 µM protein at 2.50 ± 
0.08 Fe/dimer) following an anaerobic 
thaw/freeze event, purple. As a reduced sample, 
this latter spectrum also contains the axial [4Fe-
4S]+ cluster signal. Signal intensities for all data 
were arbitrarily normalized. All spectra shown 
were collected at 1 mW power. Residual [3Fe-
4S]+ content is in the 30 K spectrum of PFL-AE 
(*, see also Figures S5.6 and S5.10). A second 
[2Fe- 2S]+ cluster signal is prevalent in the as-
isolated HydF sample (orange asterisk, Figures 
S5.4, S5.8D, and  S5.11D). 
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4S]+ cluster signal; treating this sample to a single anaerobic thaw/ freeze event caused 

the appearance of a very weak overlapping [2Fe-2S]+ cluster signal (Figure S5.12). This 

result suggests that the appearance of the [2Fe-2S]+ signal in reduced preparations 

following anaerobic thaw/freeze treatment occurs substantially only in the absence of 

excess exogenous reducing agent (the reducing power of the photoreduced samples is lost 

in the absence of white light exposure); we conclude that the DT- treated sample, which 

retains its reducing power due to excess DT, keeps the [2Fe-2S] cluster in the diferrous 

state upon sample thawing. 

Midpoint Potentials of the HydF [2Fe-
2S]+ and [4Fe- 4S]+ Clusters.  

The presence of a [2Fe-2S]+ 

cluster in freshly purified HydF (in the 

absence of exogenous reducing agents) 

prompted us to explore the midpoint 

potential of this cluster. EPR spectral 

analysis revealed the presence of the 

[2Fe-2S]+ cluster signal at the resting 

solution potential (prior to any addition 

of DT) (Figure 5.7). As the solution 

potential was gradually lowered with 

small additions of a concentrated DT 

 
Figure 5.7. Potentiometric titration curve for 
freshly purified HydF. The plot shows the 
disappearance of the [2Fe-2S]+ cluster signal 
as a function of decreasing solution potential 
(blue), concomitant with the appearance of 
the [4Fe-4S]+ cluster signal (black). The 
[4Fe-4S]2+/+ midpoint potential was 
determined by fitting the increase in the 
signal intensity of the g = 1.89 feature as 
observed in 12.5 K, X-band EPR spectra to 
the Nernst equation for a 1 electron redox 
process (red line). HydF sample details are 
132 µM protein at 2.28 ± 0.12 Fe/ dimer. 
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solution, the [2Fe-2S]+ signal intensity substantially decreased in intensity until a point 

where the g ≈ 2.0 mediator radical signals began to appear concomitant with growth of 

the axial [4Fe-4S]+ signal at lower solution potentials. Two independent titration 

experiments yielded [4Fe-4S]2+/+ Em values of −380 ± 10 mV and −357 ± 3 mV 

(average Em = −368.5 ± 10.4 mV). 

From this data we can estimate the Em for the reduction of the [2Fe-2S]+ cluster 

(and by extension the [2Fe-2S]2+/+) to be  ≥ −200 mV (Figure 5.7). This estimated 

potential for the [2Fe-2S] cluster would be consistent with the reduction from the 2+ to 

the 1+ state by DTT (Em = −330 mV vs NHE), as well as for the reduction from the 1+ to 

0 state by DT (Em = −660 mV vs NHE). 

 

Discussion 

 

HydF plays a central role in the H-cluster maturation process, and determining the 

FeS cluster state(s) of this protein is a pivotal aspect of defining the pathway by which 

HydE, HydF, and HydG assemble an active [FeFe]-hydrogenase. Moreover, clarifying 

the nature of the FeS cluster species bound to HydF prior to its interaction with HydE and 

HydG is directly relevant to this maturation process, as it informs on the species that 

must be transferred from HydE and HydG, and the processes that must occur during 

assembly of the 2Fe precursor of the H- cluster on HydF. Herein, we demonstrate that 

freshly purified, as-isolated,  and  chemically  reconstituted  preparations of HydF  all 
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coordinate a redox active [2Fe-2S] cluster that is amenable to spectroscopic and 

electrochemical characterization. 

The  results  presented  herein  demonstrate  that [2Fe-2S]+ cluster EPR signal 

intensity in HydF samples can be gated both by the use of reducing agent and by sample 

handling (Figures 5.3 and S5.5). While the addition of DTT to freshly purified HydF 

causes intensification of the [2Fe-2S]+ cluster signal, DT addition results in nearly 

complete abolition of [2Fe-2S]+ signal intensity; this signal loss suggests that the [2Fe-

2S] cluster is susceptible to reduction to a diamagnetic state. Moreover, the ability to gate 

the appearance of the [2Fe-2S]+ cluster signal in reduced samples by introducing a 

thaw/freeze event (Figure 5.3) is intriguing, and our hypothesis is that this phenomenon is 

a consequence of quaternary structural changes to HydF that accompany sample handling 

(Figure 5.2). While we do not currently understand the exact mechanism for the 

reappearance of the [2Fe-2S]+ signal, as sample thawing should not inherently result in 

oxidation, it is clear that [2Fe-2S]+ signal gating is directly dependent upon the reducing 

power of the solution; samples reduced with DT do not exhibit [2Fe-2S]+ signal 

reappearance (Figure S5.12), whereas photoreduced samples that have lost their reducing 

power in the absence of exposure to light consistently show this behavior (Figure 5.3). It 

is possible that in the case of DT treatment, the excess strong reductant keeps the cluster 

in the diamagnetic diferrous state. There is precedence for protein bound all-ferrous [2Fe-

2S] and [4Fe-4S] clusters, and these super-reduced states are stable and amenable to 

characterization,
62−64  providing support for   the notion that a diferrous [2Fe-2S] cluster 



 
 

 

222 

in DT reduced samples of HydF could be stable to sample manipulation. EPR spectral 

characterization of the [2Fe-2S]+ cluster signal in HydF shows that it exhibits similar 

TOPT and P1/2 values as the [2Fe-2S]+ cluster signals in PFL-AE and HydE (Table  5.1); 

additionally, the [2Fe-2S]+ signals also display similar shifts in the magnitude of P1/2 as 

a function of temperature, a result mirrored by [2Fe-2S] ferredoxin proteins.
43 While we 

and others previously proposed that the as-isolated form of HydF exhibited [3Fe-4S]+ 

cluster signals based on the appearance of a g ≈ 2 component in low temperature EPR 

spectra in the absence of added reductant,
28,37,44 the analysis presented herein shows that 

this signal instead arises from a    [2Fe-2S]+ cluster which is present in HydF 

preparations lacking exogenous reducing agents. The spectroscopic data of freshly 

purified HydF presented here demonstrate that the protein as-eluted with minimal sample 

handling contains [4Fe-4S]2+, [2Fe-2S]2+, and [2Fe-2S]+ clusters (Figures 5.2, 5.6, 5.7, 

S5.1, and S5.4). Subsequent handling of the protein induces intensification in [2Fe-2S]2+ 

LMCT features (Figures 5.2, S5.1, and S5.2) concomitant with changes to the quaternary 

structure as greater amounts of tetramer are observed (Figures 5.2 and S5.2). At this time 

we cannot determine if the dimer and tetramer forms of HydF bind distinct FeS cluster 

species, although this is an area of active research. 

The estimated midpoint potentials for HydF’s [2Fe-2S]2+/+ (Em ≥− 200 mV) and 

[4Fe-4S]2+/+ (Em = −368.5 ± 10.4 mV) clusters fall near the positive end of the range 

typically measured for [2Fe-2S]2+/+ (−150 to −450 mV) and [4Fe- 4S]2+/+ (−400 to 
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−600 mV) clusters in biology.
45,57,65−68    The observed [2Fe-2S] cluster potential is 

consistent with the freshly purified form of HydF containing some [2Fe-2S]+ cluster 

despite the lack of any exogenous reducing agents in the purification process; 

intracellular reducing agents likely reduce HydF during the lysis procedure, and the 

employment of strictly anaerobic conditions during purification and sample handling 

enables the persistence of this [2Fe-2S]+ cluster. Moreover, this more positive [2Fe-2S] 

cluster potential is consistent with the ability to increase [2Fe-2S]+ cluster signal 

intensity upon treatment with DTT. The observation that sequential DT additions cause 

the [2Fe-2S]+ cluster signal intensity to decrease in a stepwise manner (Figure 5.7) 

suggests that the [2Fe-2S]+ state is being reduced to the [2Fe-2S]0 state or converted to 

another diamagnetic cluster form. This hypothesis is substantiated further by the lack of 

significant [2Fe-2S]+ cluster signal intensity in DT treated samples (Figures S5.5 and  

S5.12). 

It is not clear at this time why the FeS clusters associated with HydF exhibit 

cluster midpoint potentials that are at the positive end of the range typically observed. 

The X-ray structure of HydF in a metal free state showed that the putative FeS cluster 

residues CXHX46−53HCXXC (see refs 10 and 11) from two monomeric subunits are 

located adjacent to one another in the tetrameric structure; FeS cluster coordination in 

the dimer state would presumably occur with residues from each monomeric subunit at the 

dimer interface.
69 It is apparent that in both tetrameric and dimeric states, the FeS cluster(s) 

associated with HydF would be exposed and solvent accessible (although presumably to 
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varying extents), and this is likely related to HydF’s in vivo function to transiently bind and 

transfer the 2Fe subcluster to HydA
ΔEFG

.
21 Furthermore, the FeS cluster binding ligands 

are found on loop regions within a cleft; this architecture would provide substantially more 

degrees of freedom for the rearrangement of the FeS cluster species.21 The accessibility 

of HydF’s [4Fe-4S] cluster has been corroborated by a recent hydrogen/deuterium 

exchange, 3p- ESEEM and HYSCORE spectroscopic study on T.n. HydF
ΔEG

; this  report  

shows  that  H2O  molecules  are  bound  in close proximity to the [4Fe-4S] cluster and 

that a protonated exogenous molecule (assigned as a hydroxyl group) acts as a ligand to 

the exchangeable, site-differentiated iron of the cluster (see Discussion below).
38 Similar 

analysis of the [2Fe-2S] cluster environment on HydF is currently lacking, and it is 

therefore difficult to discern at this point in time if it is bound in a similar pocket as the 

[4Fe-4S] cluster. In other words, it is unknown if the [2Fe-2S] cluster also contains an 

exchangeable, site-differentiated iron, or if the [2Fe-2S] cluster site is as solvent exposed 

as the [4Fe-4S] cluster appears to be. If the dimer and tetramer states of HydF each 

coordinate distinct FeS cluster species, then these FeS clusters should be expected to 

reside in different environments despite the commonality in their protein-derived ligands. 

These putative differences may very well reflect distinct in vivo roles for the individual 

clusters during the maturation process. The role of Cys304, Cys353, and Cys356 

(numbering  from C.a. sequence) in FeS cluster coordination has been examined by site-

directed mutagenesis, and perturbations to these amino acids resulted in deleterious 

effects on either HydA
ΔEFG activation, iron quantitation, or FeS cluster binding, leading   
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to the conclusion that these residues play a critical role in FeS cluster coordination.
11,37,44 

Remarkably, the presence of histidine coordination to the [4Fe-4S] cluster appears to be 

variable among HydF proteins from different sources.
21 HYSCORE spectroscopy has 

demonstrated that in C.a. HydF
ΔEG

, His352 is the fourth ligand to the [4Fe-4S] cluster, 

although a His352Ala variant was observed to bind a [4Fe-4S] cluster suggesting that on 

some level this amino acid is dispensable.
31,37 It should be noted, however, that His306 

and His352 residues in the C.a. protein play crucial roles, as expression of histidine 

variant HydF
EG proteins does not afford HydA

ΔEFG activation.
37,44

 

Interestingly, HYSCORE data with both T.m. and T.n. HydF
ΔEG proteins reveal 

that histidine coordination is absent; nitrogen coordination to the [4Fe-4S] cluster is, 

however, observed in the presence of exogenous imidazole, supporting the notion that 

one ligand site of the cluster is exchangeable and accessible to solvent.30,37,51 Along these 

lines, coordination to the [4Fe-4S] cluster in T.m. HydF
ΔEG by a histidine from the affnity 

tag present at the protein’s N-terminus has been observed.
51 The studies described herein 

utilized wild type His- tagged C.a. HydF
ΔEG protein, and the enzyme analyzed in the 

freshly purified state contained exogenous imidazole. It is important to note that the [4Fe-

4S]2+/+ and [2Fe-2S]2+/+ spectroscopic features described herein were observed in 

freshly purified, as-isolated, and chemically reconstituted samples of HydF; thus the FeS 

cluster spectroscopic signatures were retained when excess imidazole was removed either 

by dialysis or gel filtration. Moreover, we tested the effects of imidazole on freshly 

purified protein by immediately removing it from the protein via gel filtration after it was 
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eluted from the HisTrap column; the sample was analyzed by UV−vis and CD 

spectroscopy concomitant  with  the  preparation  of EPR spectroscopic samples. The 

FeS cluster spectroscopic features of these samples were indistinguishable from those 

observed in freshly purified enzyme (Figure S13). Although we cannot unambiguously 

demonstrate that imidazole is not acting as a ligand to the FeS cluster(s) in our 

preparations of HydF, given that His352 is an FeS cluster ligand in the native Strep-tag II 

C.a. HydF
ΔEG protein

37 
and that the His-tagged C.a.  HydF

EG
 protein binds the 2Fe 

subcluster and activates HydA
ΔEFG

,
28,32,44 we  expect  that  the  spectroscopic  features  

shown herein represent the native FeS cluster states associated with the protein. 

It should be noted that the existence of an accessible site on the [4Fe-4S] cluster 

may implicate this location as being involved in the coordination (through a bridging 

ligand) of the 2Fe subcluster.21,34,50,51 It is intriguing to speculate that the [2Fe-2S] cluster 

observed herein may occupy this same site, either acting as a placeholder for HydG-

derived Fe(CO)2CN units
22 or serving as a scaffold for 2Fe subcluster assembly.

28 A 

critical issue for delineating the pathway of 2Fe subcluster biosynthesis is to clarify the 

source of the two iron species. While it has been reported that HydG-derived 
57

Fe is 

transferred to HydA during the maturation process,
22 

careful examination of the 

experimental conditions underlying these results reveals that 
57

Fe in the HydG lysate used 

in activation could have accounted for the label ending up in the H-cluster; thus, it is 

difficult at this point to definitively rule out a [2Fe- 2S] cluster precursor bound to 

HydF
ΔEG as the source of   the iron species that are transformed into the 2Fe subcluster.

28 
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Moreover, the apparent ability to cycle between oxidation states may support the notion 

that the [2Fe-2S] cluster functions in a scaffold-type role during biosynthesis, as the 

accessibility of lower cluster oxidation states may be an essential property of a cluster 

scaffold that sequentially accepts π-acid CO and CN− ligands. The experimental 

demonstration that the dimer and tetramer species of HydF are in dynamic equilibrium 

with one another raises the intriguing question as to which quaternary form interacts with 

HydE and HydG. We are currently working toward clarifying this issue, as well as 

demonstrating the FeS cluster states through Mössbauer spectroscopy. These future 

studies should help delineate the role that the redox active [2Fe-2S] cluster on 

HydF
ΔEG plays during maturation of the 2Fe subcluster. 

 

Conclusions 

 

EPR spectroscopic studies of HydF
ΔEG 

from different sources and prepared in 

multiple laboratories have provided consistent evidence for the presence of [4Fe-4S] 

clusters; however the evidence for [2Fe-2S] clusters in this protein has proved more 

controversial. EPR signals similar to what we originally assigned to a [2Fe-2S]+ cluster in 

reduced HydF
ΔEG28 have more recently been proposed to arise from a protein-derived 

radical species or a [3Fe-4S]+ cluster, despite temperature profiles that are inconsistent 

with either of these species.
36−38 While a similar g ≈ 2 EPR signal was observed for S.o. 

HydF, the authors concluded  that it could  not arise  from  a   [2Fe-2S]+ cluster because 
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no exogenous reducing agents were used in sample preparations, and treatment with DT 

resulted in the disappearance of this signal.
36 

Here we have resolved these discrepancies 

by demonstrating that C.a. HydF
ΔEG purifies with a mixture of [2Fe-2S]2+/+ states in the 

absence of   exogenous reducing agents, with the 1+ state giving rise to the g ≈ 2 EPR 

signal observed  in HydF
ΔEG  from  multiple sources. Use of strong reducing agents such 

as DT can reduce this cluster to a diamagnetic state, thus explaining the absence of the 

[2Fe-2S]+ cluster  signal,  as  well  as  its  variable  intensity,  in many studies.30,36−38,51  

The  precise  environment  of,  and  role for,  the [2Fe-2S] cluster of HydF has yet to be 

determined. We previously proposed that this cluster was the scaffold for assembly of the 

2Fe subcluster precursor of the H-cluster upon delivery of the H-cluster ligands 

synthesized by HydE and HydG. It is also possible that the [2Fe-2S] cluster of HydF is a 

placeholder that is displaced upon delivery of “synthons” from HydG. Alternatively, the 

[2Fe-2S] cluster could play a role in electron transfer during assembly of the 2Fe 

subcluster on HydF. While our current study cannot differentiate between these 

possibilities, it provides the framework for a more complete understanding of the function 

of HydF. An important next step will be to determine whether the [2Fe-2S] cluster is near 

to, or even bridged to, the [4Fe-4S] cluster of HydF in a manner reminiscent of the H-

cluster, as has been proposed by others.
50
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Supplemental Information for Chapter Five 
 
 

Figure S5.1. Changes in spectroscopic properties accompanying successive 
freeze/thaw events for a single sample of HydF. A. UV-visible absorbance changes 
for freshly purified HydF (152 mM protein at 2.34 ± 0.10 Fe/dimer; black), freshly 
purified enzyme following a single freeze-thaw event (red), and freshly purified 
enzyme following a second freeze-thaw event (blue). The ε values are reported for 
total Fe concentration in sample. B. The corresponding circular dichroism spectra 
for the  UV-vis  spectra  represented  in  panel  A  (color  scheme  is  consistent); ∆ε 
are for total iron content in samples. 
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Figure S5.2. Changes in visible absorbance and oligomeric state upon sample 
handling of freshly purified HydF. A. UV-visible absorbance spectra for freshly 
purified HydF  (black,  peak fraction, 99 mM protein at 2.18 ± 0.08 Fe/dimer) and 
freshly purified HydF after concentration (green, side fractions pooled and 
concentrated, 102 mM protein at 2.48 ± 0.06 Fe/dimer). Side fractions were pooled 
together and concentrated using a Minicon B15 sponge well concentrator prior to 
UV-Vis and gel filtration analysis without undergoing a freeze/thaw event. B. The 
corresponding gel filtration data for the samples in A (color scheme is consistent 
between panels); for Panel B, the solid trace represents the signal at 280 nm, and the 
dashed trace represents the signal at 426 nm 
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Figure S5.3. Representative CW X-band EPR spectra for freshly purified HydF. A. 
EPR spectra for freshly purified HydF (red, 111 mM protein at 2.50 ± 0.08 
Fe/dimer) relative to freshly purified HydF that has been concentrated (black, 102 
mM protein at 2.48 ± 0.06 Fe/dimer; see data and sample description provided in 
Figure S5.2). B.  Photoreduced EPR spectra of the  samples represented in panel A 
(red, 110 mM protein at 2.50 ± 0.08 Fe/dimer; black, 97 mM protein at 2.48 ± 0.06 
Fe/dimer).  All spectra recorded at 12 K with 1 mW microwave power. 
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Figure S5.4. CW EPR (X-band) temperature relaxation profiles for HydF. A. 
Temperature relaxation profile for freshly purified HydF (111 mM protein at 2.50 ± 
0.08 Fe/dimer) at 1 mW microwave power setting. The magnitude of the signal 
intensity (S.I., defined as the absolute value of the g ~ 2.00 peak-to-peak feature) at 
each temperature value is provided. B. Temperature relaxation profile for as-isolated 
HydF (600 mM protein at 1.14 ± 0.08 Fe/dimer) at 1 mW microwave power setting. 
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Figure S5.5. EPR spectra showing the effects of exogenous reducing agents on 
freshly purified HydF. A. The enzyme freshly purified in the absence of reducing 
agents (black), in the presence of 5 mM dithiothreitol (red), and in the presence of 5 
mM dithionite (blue).  All samples used  104 mM protein at 2.18 ± 0.08 Fe/dimer. 
Freshly purified and DTT spectra were recorded at 16  K, while the DT treated 
sample was recorded at 10.5 K. B.  The signal of the DTT treated  sample at 16 K 
(black) and 30 K (red) at 1 mW microwave power. 
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Figure S5.6. Low temperature CW (X-band) EPR spectroscopy of as-purified PFL-
AE (1.68 mM protein with 2.70 ± 0.10 Fe/protein). A. Temperature relaxation 
profile (black, 12K; red, 20 K; blue, 30 K; magenta, 40 K). B. Overlay of the [3Fe-
4S]+ (black) and [2Fe-2S]+ (red) cluster signals in PFL-AE at low power settings. 
The [3Fe-4S]+ cluster signal was recorded at 12 K and 63 mW microwave power 
using a gain setting of 1x102. The [2Fe-2S]+ cluster signal was recorded at 30 K and 
63 mW microwave power using a gain setting of 1 x 103. The red asterisk denotes 
residual [3Fe-4S]+ content in the 30 K spectrum. 
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7. Low temperature CW X-band EPR spectra of as-reconstituted HydE. A.  
Temperature relaxation behavior of as-reconstituted enzyme. The [3Fe-4S]+ 

component of the signal at 12 K rapidly relaxes as temperature is raised concomitant 
with the intensification of the [2Fe-2S]+ component.  B.  The effects of increasing 
microwave power (12 mW - 50 mW) on  the [3Fe-4S]+ and [2Fe-2S]+ cluster signals 
of as-reconstituted HydE at 12 K. The red highlighted spectrum shows the [2Fe-2S]+ 

component signal at 63 mW whose signal intensity increases and then decreases as a 
function of power (red arrows); the blue highlighted spectrum is at 6 mW power 
where the [2Fe-2S]+ component signal exhibits substantial saturation effects. The 
signal intensity of the [3Fe-4S]+ cluster, which steadily grows as a function of 
increasing power, is highlighted by the black arrows. C. The effects of increasing 
microwave power (12 mW - 50 mW) on the [2Fe-2S]+ cluster signal of as-
reconstituted HydE at 30 K.  The signal intensity of  the [2Fe-2S]+ cluster, which 
steadily increases as a function of increasing power, is highlighted by the black 
arrows.  For all panels, HydE enzyme was 344 mM protein at 7.64 ± 0.10 Fe/protein. 
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Figure S5.8. Low temperature CW X-band EPR spectra of HydF as a function of 
varying microwave power settings. A. The [2Fe-2S]+ cluster signal in freshly 
purified HydF as a function of increasing microwave power (31 mW - 50 mW) 
recorded at 30 K (111 mM protein, 2.50 ± 0.08 Fe/dimer).  The signal intensity of 
the [2Fe-2S]+ cluster, which steadily increases as a function of increasing power, is 
highlighted by the black arrows. B. The [2Fe-2S]+ cluster signal in freshly purified, 
photoreduced HydF as a function of increasing microwave power (31 mW - 50 mW) 
recorded at 30 K (110 mM protein, 2.50 ± 0.08 Fe/dimer).  The feature present at ~ 
3525 G is residual [4Fe-4S]+ cluster signal. The signal intensity of the [2Fe-2S]+ 

cluster, which steadily increases as a function of increasing power, is highlighted by 
the black arrows. C. The effects of increasing microwave power (12 mW - 50 mW) 
on the [3Fe-4S]+ and [2Fe- 2S]+ cluster signals of as-isolated HydF at 15 K (600 
mM protein, 1.14 ± 0.08 Fe/dimer). The red highlighted spectrum shows the [2Fe-
2S]+ component signal at 12 mW whose signal intensity increases and then 
decreases as a function of power (red arrows); the blue highlighted spectrum is at 6 
mW power where the [2Fe-2S]+ component signal exhibits substantial saturation 
effects. The signal intensity of the [3Fe-4S]+ cluster, which steadily grows as a 
function of increasing power, is highlighted by the black arrows. D. The effects of 
increasing microwave power (12 mW - 50 mW) on the [2Fe-2S]+ cluster signal of 
as-isolated HydF at 30 K (600 mM protein, 1.14 ± 0.08 Fe/dimer). The signal 
intensity of the [2Fe-2S]+ cluster, which steadily grows as a function of increasing 
power, is highlighted by the black arrows. 
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Figure S5.9. EPR microwave power saturation curves for HydF qualitatively 
comparing [2Fe- 2S]+, [3Fe-4S]+, and [4Fe-4S]+ cluster signal behavior.  A.  As-
isolated HydF (600 mM protein at 1.14 ± 0.08 Fe/dimer) FeS cluster states. B. 
Photoreduced, freshly purified HydF (110 mM protein at 2.50 ± 0.08 Fe/dimer) FeS 
cluster states. 
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Figure S5.F  
Figure S5.10. Low temperature CW X-band EPR spectroscopy of as-purified PFL-AE 
(1.68 mM protein with 2.70 ± 0.10 Fe/protein). A. Temperature relaxation behavior 
recorded at 1 mW microwave power and either 30 K (red) or 40 K (black) highlighting 
the disappearance of the [3Fe-4S]+ g = 2.035 feature.  B.  Spectral changes at 30 K for the 
[3Fe-4S]+ and [2Fe-2S]+ cluster signals in PFL-AE as a function of increasing microwave 
power (12 mW - 50 mW). The red spectrum highlights the 50 mW data wherein the [3Fe-
4S]+ cluster signal at g = 2.035 continues to increase in signal intensity, whereas the g ~ 
2.0 centered [2Fe-2S]+ cluster begins to visibly show saturation behavior. Collectively 
this data provided support for the assignment of two paramagnetic species present in the 
30 K data which in turn aided spectral simulations (see Figure S5.11). 
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Figure S5.11.  EasySpin spectral simulations of [2Fe-2S]+ cluster signals as 
observed at 30 K and 1 mW microwave power. In all panels, experimental data are 
shown in black while spectral simulations are represented in red. A. As-isolated 
PFL-AE (1.68 mM protein with 2.70 ± 0.10 Fe/protein). The experimental spectrum 
is simulated as components of [2Fe-2S]+ and [3Fe-4S]+ cluster signals (see Figure 
S5.6 and Figure S5.10).   B.   As-reconstituted HydE (344 mM protein at 7.64 ± 0.10 
Fe/protein). The experimental spectrum is simulated as a single [2Fe-2S]+ cluster 
signal. C. Freshly purified HydF (111 mM protein at 2.50 ± 0.08 Fe/dimer). The 
experimental spectrum is simulated as a single [2Fe-2S]+ cluster signal.  D.  As-
isolated HydF (600 mM protein at 1.14 ± 0.08 Fe/dimer). The experimental 
spectrum is simulated as two distinct [2Fe- 2S]+ cluster signals (see discussion in 
main text). 
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Figure S5.12. Low temperature CW X-band EPR monitoring the effects of 5 mM 
dithionite on HydF’s FeS cluster signals. As-isolated, dithionite reduced HydF (72 
mM protein at 2.54 ± 0.04 Fe/dimer) before (black) and after (red) a thaw/freeze 
event.  Spectra recorded at 10.5 K. 
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Figure S5.13. Changes in spectroscopic properties accompanying a freeze/thaw event in 
freshly purified HydF following gel filtration. A. UV-visible absorbance changes for 
HydF before  (black; 71 mM protein at 3.10 ± 0.11 Fe/dimer) and after a single freeze-
thaw event (red). Inset. The corresponding circular dichroism spectra for the UV-vis data 
(the color scheme for spectra is consistent). B. Low temperature, CW X-band EPR 
spectra for freshly purified HydF following gel filtration. Freshly purified enzyme (68 
mM protein at 3.10 ± 0.11 Fe/dimer) recorded at 12.0 K (black trace). The 10.5 K EPR 
spectrum for photoreduced HydF (red trace) following an anaerobic thaw/freeze event 
(72 mM protein at 2.54 ± 0.04 Fe/dimer). 
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Table S5.1. Reported EPR spectroscopic g-values for [2Fe-2S]+ and [3Fe-4S]+ 
cluster signals. Values obtained via simulation with EasySpin as described in the 
main body. 

 
 
 
 

Table S5.2.  EPR spin integrations for HydF and PFL-AE iron sulfur cluster signals. 
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CHAPTER SIX 

 
 

[FeFe]-HYDROGENASE MATURASE HydF: INSIGHTS INTO [2Fe-2S] 

AND [4Fe-4S] CLUSTER COMMUNICATION AND 

HYDROGENASE ACTIVATION1 

 
 

Abstract 
 
 

Nature utilizes [FeFe]-hydrogenase enzymes to catalyze the interconversion 

between H2 and protons and electrons.  Catalysis occurs at the H-cluster, a carbon 

monoxide, cyanide, and dithiomethylamine-coordinated [2Fe]H subcluster bridged via a 

cysteine to a [4Fe-4S] cluster.  Biosynthesis of this unique metallocofactor is 

accomplished by three maturase enzymes denoted HydE, HydF, and HydG.  HydE and 

HydG belong to the radical SAM superfamily of enzymes and synthesize the nonprotein 

ligands of the H-cluster.  These enzymes interact with HydF, a GTPase that acts as a 

scaffold or carrier protein during [2Fe]H subcluster assembly.  Prior characterization of 

HydF demonstrated the protein exists in both dimeric and tetrameric states and 

coordinates both [4Fe-4S]2+/+ and [2Fe-2S]2+/+ clusters.  Herein, electron paramagnetic 

resonance (EPR) is utilized to characterize the [2Fe-2S]+ and [4Fe-4S]+ clusters bound to 

HydF.  Examination of spin relaxation times using pulsed EPR in HydF samples 

                                                
1 Chapter Six is a modified version of the paper published as Shepard, E.M. and Byer, 
A.S., et al., (2017) “Electron Spin Relaxation and Biochemical Characterization of the 
Hydrogense Maturase HydF: Insights into [2Fe-2S] and [4Fe-4S] Cluster Communication 
and Hydrogenase Activation”,Biochemistry, 56, 3234-3247 
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exhibiting both [4Fe-4S]+ and [2Fe-2S]+ cluster EPR signals, supports a model in which 

the two cluster types are either bound to widely separated sites on HydF, or are not 

simultaneously bound to a single HydF species.  Gel filtration chromatographic analyses 

of HydF spectroscopic samples strongly suggest the [2Fe-2S]+ and [4Fe-4S]+ clusters are 

coordinated to the dimeric form of the protein.  Lastly, we examined the 2Fe subcluster 

loaded form of HydF and showed the dimeric state is responsible for [FeFe]-hydrogenase 

activation.  Together, the results indicate a specific role for the HydF dimer in the H-

cluster biosynthesis pathway. 

 
Introduction 

 
 

[FeFe]- and [NiFe]-hydrogenase are two evolutionarily unrelated enzyme families 

responsible for catalyzing the majority of H2 metabolism in biology.  These two enzyme 

families share similar active site morphology as evidenced by the presence of iron-bound 

carbon monoxide (CO) and cyanide (CN–) ligands.1  [FeFe]- and [NiFe]-hydrogenases 

exhibit different O2 tolerances, and it is the [FeFe]-hydrogenase class that is 

predominantly responsible for H2(g) evolution with turnover rates of 104 events per 

second.2-6  In [FeFe]-hydrogenase (HydA) enzymes, the active site metallocofactor is a 

6Fe entity, known as the H-cluster, that involves a standard [4Fe-4S] cubane linked 

through a cysteine thiolate to a diiron subcluster; ligands to the two Fe ions of the 

subcluster include three CO, two CN−, and a bridging dithiomethylamine (DTMA) 

(Figure 6.1).7-9 
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Figure 6.1. [FeFe]-Hydrogenase and H-cluster maturation.  A.  [FeFe]-hydrogenase from 
Clostridium pasteurianum I (CpI) (PDB ID: 3C8Y).  The oval highlights the catalytic H-
cluster.  Below the oval, a cartoon of the crystal structure is depicted in purple with the 
accessory FeS clusters and the H-cluster all shown as spheres.  B.  A hypothetical 
maturation scheme for the biosynthesis of the 2Fe subcluster H-cluster precursor on 
HydF (see main text for additional details).  The color scheme for the FeS clusters 
depicted in this figure is as follows: iron, rust; sulfur, yellow. 

 
In conjunction with the ISC (Iron Sulfur Cluster assembly) machinery of the 

cellular environment, biology utilizes three proteins denoted HydE, HydF, and HydG to 

accomplish the biosynthesis of the H-cluster.  The heterologous expression of active 

HydA in Escherichia coli (E. coli) is accomplished by co-expression of the [FeFe]-

hydrogenase with HydE, HydF, and HydG.10-12  The classification of HydE and HydG as 

radical SAM enzyme superfamily members establishes a parallel between H-cluster 

synthesis and nitrogenase complex metallocofactor biosynthesis, while also further 

distinguishing it from [NiFe]-hydrogenase active-site biosynthesis.1,10,13-16  Radical SAM 

enzymes utilize the unique Fe site of a site-differentiated, redox-active [4Fe-4S] cluster to 

anchor SAM through its carboxylate and amine groups; this interaction leads to inner 
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sphere electron-transfer from the [4Fe-4S] cluster into SAM’s sulfonium group, 

ultimately generating a 5’-deoxyadenosyl (5’-dAdo) radical species that carries out a 

spectacular array of substrate-derived H-atom abstraction events.17   

While several studies on [FeFe]-hydrogenase maturation suggest the absolute 

requirement for HydE in the maturation process 10,11, this enzyme’s exact role in H-cluster 

biosynthesis has remained elusive.  We demonstrated that the HydE catalyzed cleavage 

of SAM is stimulated by select thiol-containing compounds, which also exhibit 

significant effects on the amount of deuterium atom incorporation into 5’-

deoxyadenosine from D2O.18  Drawing from in vitro synthesis, we hypothesized that 

HydE-based Cα−Cβ bond cleavage of two thiol-containing species could generate two 

thioformaldehyde molecules able to condense with ammonia to produce the bridging 

DTMA ligand (Figure 6.1).18,19  Recent X-ray crystallographic studies made the 

unexpected discovery that the 5’-dAdo• radical could attack (2R,4R)-2-methyl-1,3-

thiazolidine-2,4-dicarboxylic acid to form a new 5’-C to sulfur bond in the S-adenosyl-

cysteine product.20  Despite the ability of HydE to react directly with the sulfur atom in 

1,3-thiazoldine compounds, these molecules do not appear to be this enzyme’s 

physiological substrate due to their inability to enhance activation of [FeFe]-

hydrogenase.20 

While HydE’s natural substrate and chemical reaction remain unclear, substantial 

insight into HydG’s role in H-cluster maturation has been provided by several different 

laboratories.  HydG contains two distinct FeS cluster motifs located at opposite ends of 

the TIM barrel structure.21,22  At the N-terminal radical SAM [4Fe-4S] cluster, substrate 
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tyrosine is activated by reversible H-atom abstraction and decomposed into p-cresol and 

dehydroglycine (DHG);23-26 the DHG fragment is the source of the diatomic species CN− 

and CO (Figure 6.1).24,26-29  Recent spectroscopic and structural work has shown that the 

accessory cluster site in HydG is occupied by a [4Fe-4S][(k3-Cys)Fe] moiety that is  

proposed to be the site of Fe(CO)2(CN)Cys synthon formation, although the precise 

mechanistic details of DHG breakdown at this site require further clarification.22,26,30-34 

 

Figure 6.2.  HydF Structure.  The crystal structure of the HydF dimer (PDB ID: 3QQ5) is 
depicted with one subunit in transparent dark blue and the other in bright green.  Domains 
I, II, and III, are approximately defined and labeled in grey.  The conserved residues that 
are expected to bind the FeS cluster(s) are depicted as sticks and highlighted in gold in 
the green subunit.  The blow-up box highlights the proximity of the conserved histidine 
and cysteine residues that are shown as sticks and spheres.  Residues that are involved in 
binding and hydrolyzing GTP are located in Domain I.  The color scheme for this figure 
is as follows: carbon, grey; nitrogen, blue; oxygen, red; sulfur, yellow. 
 
 

HydF contains Walker A P-loop and Walker B Mg2+ binding motifs common to 

small Ras GTPase enzymes,35 and additionally includes a C-terminal CXHX46-53CXXC 
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motif responsible for coordination of an FeS cluster; these protein motifs are absolutely 

necessary for achieving active HydA.11  The apo crystal structure of Thermotoga 

neopolitana (T.n.) HydF has been solved to 2.99 Å resolution.36  The HydF monomer is 

comprised of three domains.  Domain I contains the residues responsible for coordinating 

and hydrolyzing GTP.  Domain II is the dimerization domain and is responsible for 

stabilizing the dimeric state via 1800 Å buried surface and a four-stranded parallel β-

sheet bridging the two monomers.  Domain III contains the CXHX46-53CXXC motif, 

which is located approximately 35 Å from the GTP binding site (Figure 6.2).  

HydF’s GTPase activity has been demonstrated both in Thermotoga maritima 

(T.m.) and Clostridium acetobutylicum (C.a.) proteins, and preliminary evidence suggests 

that GTP binding acts as a molecular switch in gating the protein-protein interactions 

between HydF and HydE/HydG during the maturation process.29,37-40  Insight into the 

role HydF plays during H-cluster assembly was provided by biochemical characterization 

of the heterologously expressed and purified C.a. HydF protein (HydFΔEG) relative to the 

purified C.a. HydF protein that was co-expressed in a genetic background with HydE and 

HydG (HydFEG) 38,41; importantly, HydFEG exhibits the ability to activate purified HydA 

when the latter is expressed in the absence of HydE, HydF, and HydG (HydAΔEFG).41,42  

Moreover, FTIR analysis of purified HydFEG shows Fe−CO and Fe−CN− species, 38 a 

result further substantiated by similar spectroscopic studies using homologously 

overexpressed C.a. HydFEG.43  On the other hand, HydFΔEG contains neither Fe−CO or 

Fe−CN− spectroscopic features, nor can it activate HydAΔEFG.38  Together these results 

support a model wherein HydE and HydG interact with HydF to assemble the 2Fe 
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subcluster of the H-cluster on HydF (Figure 6.1B).  Additional experimental support for a 

scaffold/carrier hypothesis has been provided by studies that show HydAΔEFG can be 

activated by HydF that has been loaded with synthetic 2Fe subcluster analogs.44,45  

Further experimentation is needed to clarify HydF’s precise role, including whether HydF 

provides the iron or sulfur components of the 2Fe subcluster, or whether all components 

are delivered by the actions of HydE and HydG.   

Our recent spectroscopic characterization of HydF using UV-Vis, CD, and EPR 

techniques demonstrated this protein coordinates redox active [2Fe-2S] and [4Fe-4S] 

clusters and that the HydF dimer is the dominant oligomeric state.46  While the 

biosynthetic roles of the dimer and tetramer forms of HydF and the coordinated [2Fe-2S] 

cluster are unresolved, cluster content in both oligomeric forms suggests each holds a 

relevant role in cluster assembly and that this [2Fe-2S] cluster is a possible delivery site 

for the small molecule ligand products synthesized by HydE and HydG.29,38,46 Thus, here 

we probe the role of the tetramer and dimer forms of HydF and examine the [2Fe-2S]+ 

cluster coordinated state of HydF. By establishing the quaternary structural state of the 

HydF protein in the EPR samples via gel filtration, we use pulsed EPR and relaxation 

enhancement experiments to probe whether the [2Fe-2S] cluster is bridged to the [4Fe-

4S] cluster. These approaches allow us to draw conclusions regarding whether or not the 

different quaternary forms of HydF coordinate distinct iron sulfur clusters.  We then 

demonstrate that HydAΔEFG activation is exclusively accomplished by the dimeric state of 

HydFEG, finally defining a role for this oligomeric state in cluster maturation. Together, 

these results not only contribute to the deep understanding of the iron sulfur cluster states 
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associated with HydF prior to interaction with HydE and HydG, but also expose the 

choreography of HydFEG with HydA∆EFG to generate functional [FeFe]-hydrogenase. 

 
Experimental Procedures 

 
 

Expression and Purification of HydF   
 

HydFΔEG and HydFEG proteins were overexpressed, grown, and purified with very 

minor alterations to our previously described protocols.41,46  The genes for Clostridium 

acetobutylicum (C.a.) hydE, hydF (containing an N-terminal 6x-histidine tag), and hydG 

were cloned into pETDuet, pRSFDuet, and pCDFDuet vectors, respectively.  For 

expression of the HydFΔEG protein, only the hydF construct was transformed into E. coli 

BL21(DE3) (Stratagene) cells.  For expression of the HydFEG protein, all three of the 

above constructs were transformed into E. coli BL21(DE3)RIL or BL21(DE3)pLysS or 

BL21(DE3) (Stratagene) cells, wherein all proteins overexpress in similar amounts. 

The transformed constructs were used to streak fresh LB-agar antibiotic plates; 

single colonies from these plates were chosen for pilot scale overnight culture growth.  

The following morning the pilot cultures inoculated 9 L of media that contained 10 g/L 

tryptone, 5 g/L yeast extract, 5 g/L KCl, 5 g/L glucose, 50 mM potassium phosphate 

buffer pH 7.5, supplemented with appropriate antibiotics.  All cell cultures were grown at 

37 °C and 230 rpm shaking and were induced with 1 mM IPTG and supplemented with 

0.16 mM ferrous ammonium sulfate at OD600 values of 0.45 - 0.55.  Cultures were 

allowed to continue to grow at 37 °C and 230 rpm for 2.5 hours, at which time they were 

cooled to room temperature prior to addition of a final aliquot of ferrous ammonium 
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sulfate (0.16 mM).  Cultures were then sparged with N2 (g) for ∼ 15 hours at 4 °C; cells 

were harvested by centrifugation and pellets were flash frozen in liquid N2 and stored at -

80 °C until further use. 

All cell lysis and purification techniques were performed in a Coy anaerobic 

chamber (Grass Lake, MI) maintained with approximately a 96% N2 (g), 4% H2 (g) 

atmosphere that was housed inside a 4 °C walk-in refrigerator.  Frozen cell pellets were 

resuspended in a lysis buffer containing 50 mM HEPES pH 7.4, 0.3 M KCl, 5% glycerol, 

and 10 mM imidazole (Buffer A).  The lysis buffer was supplemented with 10 mM 

MgCl2, 1 mM PMSF, 0.5% Triton X-100, 0.07 mg DNAse and RNAse per gram cell, and 

~ 0.4 mg lysozyme per gram cell; the mixture was stirred for 10 minutes and then 

subjected to sonication (5 min total pulse time at 60% amplitude) using a model FB505 

sonic dismembrator (500 W, Fisher Scientific).  The lysate was centrifuged at 18,000 rpm 

for 30 minutes and the supernatant was loaded onto a 5 mL HisTrapTM Ni2+-affinity 

column (GE Healthcare) using an ÄKTA Basic 100 FPLC (GE Healthcare).  All 

subsequent wash and elution steps (using 50 mM HEPES, pH 7.4, 0.3 M KCl, 5% 

glycerol, 500 mM imidazole buffer) were performed as previously described, wherein 

only the HydF his-tagged protein was isolated.46  “Freshly purified” HydF denotes 

protein eluting at 50% Buffer B with a buffer composition of 50 mM HEPES, pH 7.4, 0.3 

M KCl, 5% glycerol, and 255 mM imidazole.  “As-isolated” HydF denotes protein that 

was either dialyzed or buffer exchanged into a 50 mM HEPES, pH 7.4, 0.3 M KCl, 5% 

glycerol buffer.   
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Chemical reconstitution of as-isolated HydFΔEG using Na2S and FeCl3 was carried 

out in a Coy anaerobic chamber as previously described.46  Briefly, purified HydF 

containing 2.24 ± 0.49 Fe/dimer was supplemented with 5 mM dithiothreitol (DTT), prior 

to the stepwise addition of a 6-fold excess of FeCl3 and Na2S·9H2O.  The solution was 

allowed to incubate for 2.5 hours under stirring, at which time the mixture was 

centrifuged to remove bulk FeS particulates; the clarified supernatant was then buffer 

exchanged into 50 mM HEPES, pH 7.4, 0.3 M KCl, 5% glycerol using a Sephadex G25 

column. 

All protein concentration values were calculated via Bradford assay using a bovine 

serum albumin standard solution (Thermo Scientific).  The values reported herein for 

HydF protein concentration refer to the dimeric content of samples, whereas HydE and 

pyruvate formate lyase activating enzyme (PFL-AE) concentration values are reported for 

the monomeric content of samples.  Iron quantification for all protein samples was 

determined using a Varian SpectrAA 220 FS flame atomic absorption spectrometer; 

unknowns were calculated against a 0.4 – 2.0 ppm Fe standard curve made from a 1000 

ppm Iron AA standard (Ricca Chemical Company). 

 
Protein Expression and Purification of HydE and PFL-AE 
  

C-terminally His-tagged C.a. HydE was purified and chemically reconstituted 

according to our previously published methods.18  All HydE protein used herein 

contained an iron number of 7.64 ± 0.10 Fe/protein and all HydE samples were made up 

in a 25 mM HEPES, pH 8.0, 0.5 M KCl, 5% glycerol buffer.  Previously published 

methods were followed for the purification of PFL-AE.47,48  PFL-AE samples utilized 
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herein contained an iron number of 2.70 ± 0.10 Fe/protein and were made up in a 50 mM 

Tris, 200 mM NaCl, pH 7.5 buffer. 

 
Gel Filtration 
 

Samples of C.a. HydF were analyzed via Superose 12 (GE Healthcare) size-

exclusion chromatography (HR 10/30 column; 1 cm i.d., 30 cm length) at room 

temperature within a Coy anaerobic chamber, maintained as described above.  Column 

equilibration into a 50 mM HEPES pH 7.4, 0.3 M KCl, and 5% glycerol buffer was 

accomplished using an ÄKTA Purifier FPLC (GE Healthcare) at a flow rate of 0.2 

mL/min.  Sample runs were performed at least in duplicate on one of two columns, with 

slightly different bed volumes.  Sample oligomeric content was calibrated against a 

BioRad standard (#151-1901) that contained thyroglobin (bovine), γ-globulin (bovine), 

ovalbumin (chicken), myoglobin (horse), and vitamin B12.  Samples were injected either 

into the mixer port of the FPLC with a ~2 foot tube (0.076 cm i.d.) lead on the column, or 

directly onto the column.  Under these conditions, tetrameric (~189 kDa) and dimeric 

(~94.5 kDa) HydF species eluted with retention volumes of ~9 - 11 and ~10 - 12 mL, 

respectively, with variability due to altered injection techniques or the specific column 

used.  Separate calibration curves using the BioRad standard solution were created for 

each sample injection to ensure accurate assessment of HydF oligomeric forms.  

 
HydF Dimer versus Tetramer Activation of HydAEFG 

 
Gel filtration of HydFEG was linked to in vitro hydrogenase activation assays in 

order to directly probe which quaternary state of HydF is responsible for HydAΔEFG 
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activation.  Aliquots of purified HydFEG were run over the Superose 12 HR 10/30 column 

and peak fractions (as judged by the 280 nm [protein] and 426 nm [FeS LMCT band] 

absorbance traces) associated with tetramer and dimer states were collected and 

immediately incubated with HydAΔEFG.  Assays (2 mL final volume) were prepared in a 

Coy or MBraun anaerobic chamber at room temperature in 24 mL sealable glass crimp 

vials.  Reaction mixtures were supplemented with sodium dithionite and were initiated 

via addition of oxidized methyl viologen; in this scheme, dithionite acts as an electron 

donor for methyl viologen which serves as an electron conduit to HydA.41  The assay 

concentrations were as follows: 50 mM HEPES, pH 7.4, 300 mM KCl, 5% glycerol, 20 

mM dithionite, 10 mM methyl viologen, 0.3 – 0.5 µM HydAΔEFG, and 3 – 50 µM 

HydFEG.  HydA was purified from either Chlamydomonas reinhardtii (C.r.) (his-tagged) 

or Clostridium pasteurianum (C.p.I) (strep-tagged) to a final concentration of 35 – 50 

mg/mL, as per previous protocols.12,38,41  HydFEG and HydAΔEFG were incubated at 30 °C 

for 5-10 minutes, prior to addition of dithionite and methyl viologen.  Assay preparation 

occurred in an MBraun at O2 concentration ≤ 1 ppm and using buffers freshly de-

oxygenated on a Schlenk line.  For the duration of the assay, the samples were kept at 

either 30 °C or 37 °C with slight agitation.  The production of H2(g) was monitored via 

gas chromatography, as previously described.41  

To determine hydrogen concentration, the sample assay hydrogen content was 

compared to a standard calibration curve of a hydrogen:nitrogen (1:99) gas mixture.  

Hydrogen content was measured with a Shimadzu GC-8A gas chromatography 

instrument with a thermal conductivity detector, nitrogen carrier gas, and a Supelco 
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80/100 Porapak N column (6 ft. x 1/8th in.) with a column temperature of 70°C and an 

injection/detector temperature of 100°C.  Under these conditions the retention time of 

hydrogen was ~0.9 minutes.  For each assay time point, at least two technical replicates 

were taken, and the assays were performed multiple times.  Assay headspace was injected 

on the GC manually with a gas-tight Hamilton (50 or 100 µL) syringe whose gas space 

was purged with 100% nitrogen prior to sample headspace withdrawal.  

 
 
Electron Paramagnetic Resonance Sample Preparation and Data Collection 
 

EPR samples were all prepared in an MBraun box at O2 levels ≤ 1 ppm using 

buffers which had been freshly degassed on a Schlenk line.  Protein samples were loaded 

into EPR tubes (Wilmad LabGlass, 4 mm OD, NJ, USA), capped with a rubber septum, 

and then immediately flash frozen outside the box in liquid N2.  Photoreduced protein 

was prepared by supplementing HydF (in 50 mM HEPES pH 7.4, 0.3 M KCl, and 5% 

glycerol buffer) with 5 mM DTT and 100 µM 5-deazariboflavin in 50 mM Tris, pH 7.4 

buffer and illuminating samples with a 300 W Xe lamp in an ice water bath for 1 hour.  

Photoillumination of target protein samples in the presence of 5-deazariboflavin and Tris 

buffer (the source of reducing equivalents) produces a catalytic source of low potential 

electrons.49  Immediately following photoillumination, EPR samples were flash frozen 

and stored under liquid N2 until data collection occurred.   

Low temperature (≤ 70K) continuous wave (CW), X-band EPR measurements at 

Montana State University were made using a Bruker EMX spectrometer fitted with a 

Bruker Cold Edge (Sumitomo Cryogenics) 10 K waveguide in-cavity cryogen free 
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system and Oxford Mercury iTC controller unit.  Helium gas flow was maintained at 100 

psi and, unless otherwise indicated, the set point for the sample temperature setting was 

10.5 K.  Typical EPR parameters were: 9.38 GHz microwave frequency, 100 kHz 

modulation frequency, 3 G modulation amplitude, time constant 163.84 msec, and 

spectra were averaged over 4 scans.  The software program OriginPro 8.5 (OriginLab 

Corp. Northampton, MA, USA) was used to baseline correct and plot all experimental 

spectra.   

X-band CW and pulsed EPR data at the University of Denver were acquired on a 

Bruker E580 spectrometer using a split ring resonator and an Oxford ESR935 cryostat.  

Spin-spin relaxation times, T2, were measured by two-pulse spin echo using a 90o-180o 

pulse sequence and a 90o pulse length of 40 ns.  Spin-lattice relaxation was measured by 

inversion recovery using a 180o-90o-180o pulse sequence and a 90o pulse length of 40 ns.  

For the [2Fe-2S]+ cluster measurements were performed at g⊥=2.006 and at an 

intermediate g value of 1.99, which is higher than g|| = 1.96.  There does not appear to be 

significant anisotropy in T1.  The spin echo decays and inversion recovery curves were fit 

to a single exponential, unless otherwise noted.  Standard deviations for replicate 

measurements are about 5%.   

The g values and inhomogeneous broadening of the low temperature CW spectra 

were found by simulation using the locally-written program MONMER that is based on 

the equations in 50.  The g⊥ regions of the temperature-dependent CW spectra at 110 to 

150 K were simulated using SATMON in which the line shape is a Gaussian distribution 

of Lorentzian spin packets characterized by T2.51  In the temperature range in which line 
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widths are temperature-dependent, it was assumed that T1 = T2 for [2Fe-2S]+.  A detailed 

description of the calculations is in 52. The temperature dependence of T1 for [2Fe-2S]+ 

was fit with the function 52 

      (1) 

where T is the temperature in Kelvin, Cdir is the contribution from the direct process, 

CRam is the coefficient for the contribution from the Raman process, θD is the Debye 

temperature, J8 is the transport integral, , Corb is the coefficient 

for the contribution from the Orbach process, and Δorb is the energy separation between 

the ground and excited states for the Orbach process. 

 
Results 

 
 
The capacity to achieve HydAΔEFG activation by HydFEG in the absence of any 

exogenous small molecules or accessory proteins supports the notion that HydF either 

acts as a carrier of, or serves as a scaffold for, assembly of the [2Fe]H subcluster.12,41,53,54  

Assembly of the [2Fe]H subcluster on HydFEG is additionally supported by the 

spectroscopic observation of FTIR bands associated with Fe−CO and Fe−CN− species in 

purified protein, as well as X-ray absorption spectroscopy results that point to both a 

dinuclear iron unit and a [4Fe-4S] cluster.38,43,55  While defining the FeS cluster species 

bound to HydFΔEG is essential to understanding the [2Fe]H assembly process and how this 

protein acts as either a scaffold or carrier during maturation. A comprehensive 
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spectroscopic study (UV-vis, CD, and EPR techniques) on HydF demonstrated that 

HydFΔEG coordinates both redox active [4Fe-4S]2+/+ and [2Fe-2S]2+/+ clusters,46 however, 

outstanding questions remain, including how the [4Fe-4S] and [2Fe-2S] clusters are 

bound in HydF and the role of the HydF oligomeric forms. Here we use pulsed EPR 

spectroscopy with relaxation enhancement calculations, together with biochemical 

studies, to address these questions.   

 
HydF Quaternary Structure with Iron-Sulfur Cluster Content 
 

To confirm HydF∆EG samples analyzed herein contained similar quaternary state 

content, size exclusion chromatography was performed. The three HydFΔEG samples 

included freshly purified protein that had been treated with DTT, and both as-isolated and 

chemically reconstituted protein that was photoreduced in the presence of DTT.  Gel 

filtration analysis of HydFΔEG reduced with DTT (Figure 6.3A) demonstrated that the 

protein sample utilized for EPR analysis (Figure S6.1A) existed primarily in the dimeric 

state, with only very low levels of tetramer, in congruence with gel filtration studies (data 

not shown) that indicate DTT decreases tetramer content and increases dimer content in 

HydFΔEG.  Likewise, gel filtration analysis of as-isolated and chemically reconstituted 

HydFΔEG in photoreduced states (Figure 6.3B and 6.3C) demonstrated that these EPR 

samples (Figure S6.1B and S6.1C) both existed primarily in the dimeric state, with low 

levels of tetramer.  Analysis of the chemically reconstituted protein gel filtration 

chromatogram (Figure 6.3C) through simulation using Gaussian curve fitting in 

OriginPro Fit Peaks (pro) software provides evidence for oligomeric speciation (data not 

shown).  Notably, a higher molecular weight oligomeric species elutes prior to the 



 
 

269 

tetramer and a smaller molecular weight species (presumably monomeric in nature) 

elutes after the dimer.  While we do not fully understand why these additional oligomeric 

states persist in chemically reconstituted HydFΔEG, they clearly compose a minor portion 

of the protein analyzed by EPR, with the dominant species distinctly being the dimer 

state. Furthermore, as the photoreduced chemically reconstituted and as-isolated HydF 

sample sets overlay in the pulsed EPR analysis, this minor speciation has little noticible 

effect on cluster relaxation.  

 

 

Figure 6.3.  Gel filtration results for the HydFΔEG EPR samples used to measure the T2 
and T1 values reported in Figures 4 and 5.  For each set of gel filtration spectra, depicting 
absorbance (280 nm, black line; 426 nm, red line).  A.  Chromatogram for purified 
HydFΔEG (104 µM protein, 2.2 ± 0.1 Fe/dimer) with 5 mM dithiothreitol.  The tetramer 
fraction elutes at ≈ 11.2 mL; the dimer elutes at ≈ 12.2 mL. B.  Chromatogram for the as-
isolated photoreduced HydFΔEG (600 µM protein, 1.1 ± 0.1 Fe/dimer).  The tetramer 
fraction elutes at ≈ 10.1 mL; the dimer fraction elutes at ≈ 11.1 mL.  C.  Chromatogram 
for the chemically reconstituted photoreduced HydFΔEG (78 µM protein; 5.0 ± 0.7 
Fe/dimer). The tetramer fraction elutes at ≈ 11.1 mL; the dimer fraction elutes at ≈ 12.2 
mL. 
 
 
EPR Spectroscopy 
 

Previously, we have shown that treatment of as-purified HydFΔEG with DTT 

causes reduction of existing [2Fe-2S]2+ states and intensification of [2Fe-2S]+ cluster 

EPR signals; preparation of DTT-treated HydFΔEG thus results in enzyme that exhibits a 
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[2Fe-2S]+ cluster without any other overlapping FeS cluster signals (Figure S6.1A).46  In 

contrast, as-isolated and chemically reconstituted HydFΔEG samples that are photoreduced 

in the presence of DTT are poised in a state in which both [2Fe-2S]+ and [4Fe-4S]+ 

cluster EPR signals are observed (Figure S6.1B and S6.1C).46  To provide insight into the 

electronic structure and local environment of these clusters and to determine the electron 

spin relaxation properties of HydFΔEG containing both FeS cluster species, we used 

pulsed EPR spectroscopy to probe the spatial proximity of the [2Fe-2S]+ cluster to the 

[4Fe-4S]+ cluster.56-58.   

For comparative controls, we performed the same spectroscopic measurements 

using an enzyme with only one [4Fe-4S] cluster, PFL-AE, and an enzyme with two FeS 

clusters within ~23 Å, HydE, to give context to the HydF results.  The single [4Fe-4S] 

cluster in PFL-AE is bound with the classic radical SAM CX3CX2C motif.17  As-purified 

PFL-AE coordinates predominantly [4Fe-4S]2+ and [3Fe-4S]+ clusters at this site, 

although some preparations additionally contain low amounts of [2Fe-2S]+ clusters 

(Figure S6.2); in all cases, however, only a single cluster can be bound in the enzyme at a 

time, so PFL-AE serves as a standard for cluster spin relaxation unaffected by a nearby 

cluster.46,47,59-61  In contrast, HydE binds two iron-sulfur clusters, with one cluster 

coordinated by the classic radical SAM CX3CX2C motif and the second cluster via a 

CX7CX2C motif.62  While structural studies of T.m. HydE show this accessory site can 

coordinate a [2Fe-2S] or [4Fe-4S] cluster depending on preparation conditions,62,63 HydE 

used in this study primarily houses a [2Fe-2S]+ cluster, based on iron number following 

chemical reconstitution and EPR spectroscopy temperature (Figure S6.3).18,46  A [3Fe-
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4S]+ cluster signal was also observed but is expected to be associated with a cluster 

bound at the radical SAM site. Thus, we have measured cluster spin relaxation properties 

for the [2Fe-2S] cluster in HydF to compare with those in PFL-AE and HydE to 

determine which spin relaxations are most similar and thus clarify if the clusters on HydF 

are further or less than ~23Å apart.  

The dominant contributions to the spin relaxation for both [2Fe-2S]+ and [4Fe-

4S]+ clusters are the Raman and Orbach processes.56-58,64-66  The spin relaxation rates that 

result from both processes are determined by the spin-orbit coupling, where larger 

coupling enhances relaxation.57,67  The Orbach energy, Δorb, is the energy separation 

between the ground state and the lowest excited state, which is determined by the spin-

spin interaction within the iron-sulfur cluster.  Literature values of Δorb obtained by 

analysis of the temperature dependence of electron spin-lattice relaxation are 250 to 570 

cm-1 for [2Fe-2S]+ clusters, 56,57,68 88 cm-1 for a [3Fe-4S]+  ferredoxin cluster, 69 and 120 

to 140 cm-1 for two [4Fe-4S]+ clusters.58,65  Literature values of the Debye temperature 

(Eq. 1) are 60 to 120 K for [2Fe-2S]+ clusters, 57,64 and 60 to 100 K for [4Fe-4S]+ 

clusters.58,65 

The CW spectra of the reduced HydFΔEG samples between 10 and 70 K are 

similar to spectra shown in the supplementary material of previous work 38,70 (Figure 

S6.1).  At temperatures below 100 K, the linewidths of the CW spectra of the [2Fe-2S]+ 

cluster are independent of temperature and are attributed to g−anisotropy, distributions in 

g−values, and unresolved nuclear hyperfine interactions.  The temperature independence 

of the linewidths indicates they are not dominated by electron spin relaxation.  At 
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temperatures above 110 K, the signal from the [2Fe-2S]+ cluster in HydFΔEG broadens 

significantly (Figure S6.4B); this behavior for the C.a. HydFΔEG [2Fe-2S]+ cluster signal 

is parallel to that reported for as-purified S.o. HydFΔEG.71  In this temperature regime, T2 

becomes short enough that the relaxation broadening of the signal is significant relative 

to the inhomogeneous broadening that defines the linewidths at lower temperatures.  For 

PFL-AE and HydFΔEG samples, 

spectra at 80 K were simulated with 

SATMON 51 to evaluate the g-

values and the non-relaxation 

dependent contributions to the 

linewidths.  Those parameters were 

held constant and the spin relaxation 

rates (1/T2) were varied to fit the 

spectra at 110 to 150 K (Figure 

S6.4).  Analysis of the temperature 

dependent contribution to the 

linewidths and the assumption that 

T1 ~ T2, in the line-broadening 

regime, can be used to calculate T1.  

Importantly, the temperature-

dependent broadening at 110 to 150 

K is similar for the [2Fe-2S]+ 

 
Figure 6.4.  Temperature dependence of X-band 
spin−spin relaxation rates at g = 2.006 for the 
[2Fe-2S]+ cluster signals in various samples.  
Data are shown for the following proteins:  as-
purified PFL-AE (1.68 mM protein with 2.7 ± 
0.1 Fe/protein; p), as-reconstituted HydE (340 
µM protein with 7.6 ± 0.1 Fe/protein; +), as-
isolated, photoreduced HydFΔEG (600 µM 
protein at 1.1 ± 0.1 Fe/dimer; Δ), and freshly 
purified HydFΔEG (104 µM protein at 2.2 ± 0.1 
Fe/dimer) in the presence of 5 mM 
dithiothreitol (¸). 
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signals in PFL-AE, photoreduced HydFΔEG, and freshly purified HydFΔEG treated with 

DTT.  Since the spin-lattice relaxation rates for [4Fe-4S]+ and [3Fe-4S]+ clusters are 

much faster than for the [2Fe-2S]+ cluster, the signals for either the [4Fe-4S]+ or [3Fe-

4S]+ clusters are only observed in the CW spectra at temperatures below about 50 K 38,70, 

and below about 25 K in the field-swept echo detected spectra (Figure S6.5). Direct 

measurements of T1 and T2 for the [2Fe-2S]+ cluster in HydFΔEG and related samples 

were obtained by inversion recovery and spin echo decay at temperatures below ≈ 60 K.  

Below 20 K, overlap with the much broader signals from the [4Fe-4S]+ and [3Fe-4S]+ 

clusters made it difficult to distinguish contributions to the inversion recovery curves.  

The temperature dependence of T2 measured by spin echo is shown in Figure 6.4.  Values 

of T2 below about 40 K are approximately independent of temperature and T2 is between 

about 1.5 and 1.9 µs, which is in the range found for many S = ½ species at relatively low 

spin concentrations.52  The temperature independence below 40 K suggests that the spin-

spin relaxation is dominated by nuclear spin diffusion among the many proton spins in 

the vicinity of the iron-sulfur clusters.  Above about 40 K, the values of T2 become 

strongly temperature dependent due to the increasingly fast spin-lattice relaxation and its 

contribution to T2.  It should be noted that the data shown in Figure 6.4 for photoreduced 

HydFΔEG is for the as-isolated enzyme.  Importantly, the values for as-isolated, 

photoreduced HydFΔEG are indistinguishable from data obtained for chemically 

reconstituted, photoreduced HydFΔEG that were recorded at a subset of these temperatures 

(data not shown). 
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Table 6.1.  Parameters for Modeling Temperature Dependence of 1/T1 for the [2Fe-2S]+ 
cluster signals. 
Sample Adir s-1 θD   (K) CRam (s-1 K-9) Δorb (K) Corb (s-1 K-3) 
PFL-AE 16±2 100 ± 20 (1.6±0.4)x106 500 ± 50 15 ± 3 
a Photoreduced 
HydFΔEG 

0b 170 ± 20 (13±3)x106 560 ± 50 14 ± 3 

Freshly 
purified 
HydFΔEG + 5 
mM DTT 

0b 170 ± 20 (10±3)x106 550 ± 50 15 ± 3 

a Values are reported for the merged data set created by measurements with both as-
isolated, photoreduced HydFΔEG and chemically reconstituted, photoreduced HydFΔEG 
samples (see Figure 6.5 legend).  b Values of T1 at 10 K were not included in the 
modeling.  The limited data at temperatures less than 20 K were insufficient to define Adir 

 
 

The temperature dependence of T1 for the [2Fe-2S]+ cluster in HydFΔEG and 

related samples is summarized in Figure 6.5.  Values of T1 below ≈ 60 K were obtained 

by inversion recovery and values at temperatures between 110 and 150 K were obtained 

by analysis of the temperature dependent contributions to the CW lineshapes (see above 

and Figure S6.4).  T1 relaxation times for the [2Fe-2S]+ cluster signals in as-isolated, 

photoreduced HydFΔEG and in chemically reconstituted, photoreduced HydFΔEG were so 

similar that the results are treated as a combined data set in Figure 6.5 (see legend for 

details).  The relaxation rates for these clusters are more than an order of magnitude 

slower than have been reported previously for other [2Fe-2S]+ clusters.57  The relaxation 

rates for PFL-AE, photoreduced HydFΔEG, and freshly purified HydFΔEG reduced with 

DTT were modeled as the sum of contributions from the Raman and Orbach processes.  

There is substantial uncertainty in the Debye temperatures because there is a relatively 

narrow temperature range (about 15 to 35 K) in which the Raman process dominates.  
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However, the significantly smaller value of θD for the [2Fe-2S]+ cluster signal in PFL-

AE, relative to HydFΔEG, suggests substantially different local environments for the [2Fe-

2S]+ clusters between these samples (Table 6.1).  The Orbach process dominates at 

higher temperatures.  The Orbach energies for the [2Fe-2S]+ clusters in PFL-AE and in 

HydFΔEG range between 500 – 560 K (Table 6.1, 350 ± 35 cm-1), which is approximately 

in the middle of the range for previously reported values.56,57,68  The coefficients for the 

Raman process, CRam, that were used to generate the fit lines shown in Figure 6.5 are 106 

to 107 s-1 K-9 (Table 6.1), which is several orders of magnitude smaller than the ~1010 s-1 

K-9 reported for other [2Fe-2S]+ clusters.57  Similarly, the values of COrb for HydFΔEG are 

about 15 s-1 K-3 (Table 6.1), which is more than an order of magnitude smaller than the 

~103 s-1 K-3 reported for other [2Fe-2S]+ clusters.57  The smaller coefficients are required 

in the fitting because the rates are so much slower.  The g-value anisotropy for the [2Fe-

2S]+ cluster signal in HydFΔEG is only 2.006 – 1.96 = 0.046, which is considerably 

smaller than reported for other [2Fe-2S]+ cluster signals, such as the Rieske cluster from 

cytochrome bc1 (2.0265 – 1.7670 = 0.2595).57  Smaller g anisotropy indicates smaller 

spin-orbit coupling, which leads to slower electron spin relaxation.57,67.  It has also been 

proposed that the coefficients for the Raman and Orbach processes are smaller for more 

rigid systems.57,72  The very small values of CRam and Corb for the [2Fe-2S]+ cluster in 

HydFΔEG and PFL-AE (Table 6.1) suggest that the environment of the cluster in these 

systems is relatively rigid. 
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Relaxation Enhancement Calculations: Distance Constraints  
on HydFΔEG [2Fe-2S]+ and [4Fe-4S]+ Cluster Signals 
 

The plot of log (1/T1) vs. log T for the [2Fe-2S]+ signals in various samples over 

the full range of temperatures studied shows that there is not a large relaxation 

enhancement (Figure 6.5).  However, based on this plot it is difficult to evaluate subtle 

differences between samples.  To more carefully examine small differences, Figure 6.5B 

depicts only data between 20 and 50 K.  This temperature range was selected because at 

temperatures less than about 20 K the overlap with signals with more rapid relaxation 

rates result in inversion recovery curves with contributions from both [2Fe-2S]+ and 

either [4Fe-4S]+ or [3Fe-4S]+ cluster signals.  Above about 50 K, the signal-to-noise in 

the inversion recovery curves is poorer and the intrinsic relaxation rates for the [2Fe-2S]+ 

centers are sufficiently fast that the fractional change due to interaction with the faster 

relaxing [4Fe-4S]+ at relatively long interspin distances is smaller.  Data in Figure 6.5B 

show that at 20 K the relaxation rates fall into two sets.  The rates are very similar for the 

[2Fe-2S]+ clusters in PFL-AE and HydE; these rates are about two-fold faster than for the 

[2Fe-2S]+ cluster in HydFΔEG samples at 20 K, which indicates that there are differences 

in the environments of the clusters between these enzymes.  However, at 30 K to 50 K 

the relaxation rates for the [2Fe-2S]+ cluster in PFL-AE are very similar to those for the 

[2Fe-2S]+ cluster in HydFΔEG samples.  These differences are small enough that it seems 

reasonable to use the relaxation rates from the PFL-AE sample as models for the 

relaxation in HydFΔEG in the absence of interactions with a more rapidly relaxing 

paramagnetic center.  
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Figure 6.5.  Temperature dependence of X-band spin−lattice relaxation rates at g = 2.006 
for the [2Fe-2S]+ cluster signals in various samples.  A.  The data are for the following 
samples: as-purified PFL-AE (1.68 mM protein with 2.7 ± 0.1 Fe/protein; p), as-
reconstituted HydE (340 µM protein with 7.6 ± 0.1 Fe/protein; +), and freshly purified 
HydFΔEG (104 µM protein at 2.2 ± 0.1 Fe/dimer) in the presence of 5 mM dithiothreitol 
(¸).  The red triangles (Δ) represent a merged data set for measurements collected on 
both as-isolated, photoreduced HydFΔEG (600 µM protein at 1.1 ± 0.1 Fe/dimer;) and 
chemically reconstituted, photoreduced HydFΔEG (78 µM protein at 5.0 ± 0.7 Fe/dimer).  
Data were obtained for as-isolated, photoreduced HydFΔEG and chemically reconstituted, 
photoreduced HydFΔEG samples at temperatures between 17 and 40 K.  Data for 
chemically reconstituted, photoreduced HydFΔEG was analyzed at 110 to 150 K.  The 
solid lines are the modeling of the relaxation rates for PFL-AE (green), the merged data 
set for photoreduced HydFΔEG (red), and freshly purified HydFΔEG in the presence of 5 
mM dithiothreitol (blue) as the sum of contributions from the Raman and Orbach 
processes.  B.  Expanded plot of data between 20 K (log T = 1.3) and 50 K (log T = 1.7).  
The symbols and color designations are the same as in panel A except that as-isolated, 
photoreduced HydFΔEG is represented by (Δ) and chemically reconstituted, photoreduced 
HydFΔEG is represented by (�). 
 
 

At 20 to 50 K the relaxation rates for the [2Fe-2S]+ cluster signals in the three 

HydFΔEG samples are very similar to each other, and comparable to that for the [2Fe-2S]+ 

cluster in PFL-AE.  The notable similarity in relaxation rates between these enzymes, 
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along with the analysis of two photoreduced HydFΔEG samples with different degrees of 

FeS cluster loading (Figure 6.5B), strongly argues against a significant relaxation 

enhancement in HydFΔEG.  The differences in relaxation rates at 20 K may raise some 

concern about the use of PFL-AE as a model system for HydFΔEG (Figure 6.5B).  

However, even if the intrinsic relaxation rates in HydFΔEG are somewhat slower than for 

PFL-AE, relaxation enhancement in HydFΔEG by a nearby [4Fe-4S]+ must be very small.   

Importantly, at 30 to 40 K the relaxation rates for the [2Fe-2S]+ cluster in HydE 

are faster than in PFL-AE (Figure 6.5B), which suggests a small, but significant 

enhancement of the relaxation rate for the [2Fe-2S]+ cluster in HydE due to interaction 

with the neighboring [3Fe-4S]+ cluster.  The relaxation rate for the [3Fe-4S]+ cluster in 

HydE is faster than for the [2Fe-2S]+ cluster at 20 K, but not fast enough to significantly 

enhance relaxation, so there is no observable relaxation enhancement for the [2Fe-2S]+ 

cluster in HydE relative to that in PFL-AE at 20 K.  At 40 K the relaxation rate for the 

[2Fe-2S]+ cluster in HydE is about 35% faster than in PFL-AE, which is well beyond the 

estimated uncertainties in relaxation rates. The relaxation enhancement at 40 K is larger 

than at 30 K because of the faster relaxation rates for the [3Fe-4S]+ cluster at higher 

temperature. Above about 40 K the intrinsic relaxation rate for the [2Fe-2S]+ cluster 

increases so much that it becomes less sensitive to enhancement by other paramagnetic 

centers.  

Modeling of the relaxation enhancement was carried out via the program 

MENOSR, which has been used previously to calculate spin-lattice relaxation 

enhancement for interaction of paramagnetic metal centers with nitroxide radicals and 
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semiquinone radicals.73-75  Since the two FeS clusters in HydE each have net S = ½, this 

program also is applicable to mapping the cluster-cluster interaction.  Figure S5 shows 

the inversion recovery curve at g⊥ for the [2Fe-2S]+ cluster signal in HydE at 40 K.  

Simulations based on an interspin distance of 45 Å (which is defined as providing no 

relaxation enhancement) do not adequately fit the experimental data.  However, a 

simulated curve using an interspin distance of 22 Å does provide a relatively good fit and 

thus we are able to conclude that the interspin distance in HydE between these 

paramagnetic centers is about 22 Å (see supplementary text associated with Figure S6.5).  

This distance should be a reasonable approximation for the distance between the centers 

of the two FeS clusters if we assume that the unpaired electron is uniformly distributed 

over the clusters.  It should be noted that a distance of 22 Å is consistent with the HydE 

X-ray crystal structure (3IIZ.pdb), where the distance between the two FeS clusters is ≈ 

22.3 Å, averaging all atom-to-atom distances between each S and Fe between both 

clusters.62  Calculations with MENOSR indicate that increasing the interspin distance to 

about 25 Å decreases the relaxation enhancement to the extent that it is not detectable for 

the [2Fe-2S]+ cluster in HydE at 30 to 40 K (data not shown).  By analogy, the modeling 

provides distance constraints that can be applied to the [2Fe-2S]+ and [4Fe-4S]+ clusters 

in HydFΔEG; if, for example, these two FeS clusters are coordinated within the dimer 

structure then their interspin distance must be ≥ 25 Å. Intriguingly, a HydF model (Figure 

6.6) designed to simulate potential allosteric movement demonstrates that if both clusters 

bound in HydF∆EG at the interface between the subunits, they would be within 20 Å of 

each other, akin to those clusters in HydE. This suggests that the [2Fe-2S] cluster is not 



 
 

280 

coordinated to the [4Fe-4S] with the same proximity as the [2Fe]H is coordinated (via a 

protein-based cysteine thiolate ligand) to the [4Fe-4S] on HydA. 

 

 

Figure 6.6.  Collapsed model of the HydFΔEG dimer structure.  A model of the HydFΔEG 
structure (PDB ID: 3QQ5) created by severing residues T.n. 182–183 and 240–241 in the 
tether region that connects domains I and II, and then utilizing symmetry mates (Pymol) 
to produce the collapsed structure shown above.  These tether-region amino acids are in 
inter-domain S-shaped loops, suggesting that the domain architecture of HydFΔEG may 
undergo substantial movement.  The color scheme for the different subunits is the same 
as shown in Figure 6.2, and the conserved residues that are expected to bind the FeS 
cluster(s) are depicted as sticks (red).  The tables at right give the distance in Å for sets of 
corresponding residues within the conserved motifs for the native structure (center) and 
the collapsed model (right). 
 
 
HydFEG Dimer vs Tetramer Activation of HydAΔEFG 
 

Given the observation that HydFΔEG purifies as a mixture of tetramer and dimer 

species that both coordinate FeS clusters,36,46 it was important to determine if expression 

of HydF with HydE and HydG similarly resulted in an oligomeric mixture in the as-

purified protein.  Gel filtration analysis of as-purified HydFEG indeed reveals that the 
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protein exists in a mixture of dimer and tetramer states that both coordinate FeS cluster 

species (Figure 6.7 and S6.7).  It was previously established that HydAΔEFG contains only 

the [4Fe-4S] cluster of the H-cluster, and is activated by delivery of the 2Fe subcluster 

from purified HydFEG;15,38,41,42,53,54 the existence of both dimer and tetramer species in as-

purified HydFEG poses the question of whether or not these two quaternary states have 

distinct roles in HydAΔEFG activation.  In order to investigate this issue, we tested the 

ability of HydFEG-dimer and HydFEG-tetramer fractions collected off the size-exclusion 

column to activate HydAΔEFG in vitro.      

 

 
 
Figure 6.7.  HydAΔEFG activation upon exposure to HydFEG-dimer or HydFEG-tetramer gel 
filtration fractions.  A. Gel filtration of as-purified HydFEG which guided the dimer and 
tetramer fraction collection for the activity assay. The black trace represents experimental 
absorbance at 280 nm; simulations of the composite spectrum (green), dimer fraction 
(blue), tetramer fraction (red), and an additional component (orange) are displayed. In 
this experiment, the tetramer and dimer fractions were collected at 9.2 mL – 9.8 mL and 
10.1 – 10.7 mL, respectively.  B. HydAΔEFG activation resulting from incubation with the 
tetramer and dimer fractions collected as in panel A (see also Figure S6.7).  The symbols 
refer to: HydAΔEFG incubated with HydFΔEG (▲), HydAΔEFG incubated with 
HydFEG−dimer (n), and HydAΔEFG incubated with HydFEG−tetramer (n).  In these activity 
assays, the concentration of HydAΔEFG was 0.5 μM, while the concentrations were 6.2 μM 
for the HydFEG−dimer (or 12.4 μM active sites) and 6.2 μM for the HydFEG−tetramer (or 
24.8 μM active sites). 
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For our experiments, isolated dimer or tetramer fractions of HydFEG were 

incubated with HydAΔEFG and hydrogen production was monitored to determine which 

species was better able to activate HydAΔEFG.  To isolate these oligomeric states, purified 

HydFEG was run through a size exclusion column, and the peak fractions of the dimer and 

tetramer states were independently collected (Figure 6.7A) such that the HydF tetramer 

retained less than 6% dimer content and the dimer HydF had negligible tetramer content.  

These purified oligomeric forms of HydF were individually incubated with HydAΔEFG 

and methyl viologen under reducing conditions, and then anaerobically assayed for H2 

production via gas chromatography.  In order to provide a baseline for this experiment, 

control assays were also performed monitoring HydAΔEFG alone and HydAΔEFG incubated 

with HydFΔEG; neither of these assay mixtures exhibited any measurable ability to 

generate H2 over the same time duration.     

Importantly, only the assays containing both HydFEG and HydAΔEFG exhibited 

detectable H2 production.  The assay mixtures that included HydAΔEFG and the HydFEG-

dimer showed more rapid H2 production (by an average factor of at least 3x) relative to 

those assays that included the HydFEG-tetramer (Figure 6.7B).  To quantitatively 

determine the percent of dimer in the tetramer fraction, the gel filtration chromatogram 

was simulated as the sum of three Gaussian curves, using OriginPro Fit Peaks (pro) 

software.  From the Gaussian for the HydFEG−tetramer, the volume range collected for 

the tetramer fraction (9.2 mL – 9.8 mL) was selected, and the area under this portion of 

the curve was integrated. The Gaussian for the HydFEG−dimer was similarly integrated 

over the 9.2 mL – 9.8 mL volume range.  The ratio of these two areas showed that 
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approximately 6% HydFEG−dimer was present in the HydFEG−tetramer fraction that was 

used in the activity assay (Figure 6.7); we take this as a lower limit for the amount of 

dimer in the HydFEG−tetramer fraction due to the observation that these forms re-

equilibrate over time.46  The low level of H2 production in the HydFEG−tetramer 

HydAΔEFG activation experiment is therefore attributable to either a small amount of 

(active) dimer in the tetramer fraction, or to low inherent activation activity of the 

tetramer state of HydF. In addition to technical replicates for these assays, the dimer 

HydFEG activation of HydA∆EFG was repeated as the concentration of HydFEG dimer (and 

tetramer) was dropped to ~1 µM active sites, or increased to ~50 µM active sites. Thus, 

our results clearly indicate that the HydFEG-dimer state of the protein readily and 

productively interacts with and transfers the 2Fe subcluster to HydAΔEFG.   

 
 

Discussion 
 
 

Maturation of the H-cluster proceeds through a multistep biosynthetic process 

involving HydF, which plays a pivotal role as either a scaffold or carrier protein.  Our 

previous work has defined the nature of the FeS cluster species bound to HydF prior to its 

interaction with HydE and HydG, 38,46 and that HydFΔEG purifies as a mixture of dimeric 

and tetrameric states.46  While this prior work demonstrated that HydFΔEG coordinated 

redox active [4Fe-4S]2+/+ and [2Fe-2S]2+/+ clusters, 46 it did not resolve [4Fe-4S]+ and 

[2Fe-2S]+ cluster proximity, nor did it examine the FeS cluster state(s) associated with 

the two respective quaternary forms of HydFΔEG.  Moreover, prior work did not examine 

the roles of dimeric− and tetrameric−HydF in the maturation of HydAΔEFG.  Insight into 
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these questions is presented herein, allowing us to refine the steps involving HydF both 

before and after interaction with HydE and HydG. 

The proximity of the individual subunit CXHX46-53CXXC motifs in the tetramer 

structure of HydF (a dimer of dimers) is such that these putative ligands approach one 

another, as evidenced by inter-disulfide bond formation between pairs of Cys302 residues 

from different dimers in the initial crystal structure.36  This leads to the possibility that 

FeS cluster coordination in HydFΔEG involves ligand sets from two different monomers in 

the tetramer.  In the HydF dimer structure, these intersubunit distances between pairs of 

corresponding residues within the CXHX46-53CXXC motifs (Figure 6.2) show that these 

residues are 30 − 41 Å apart (Figure 6.2 and 6.6).  Not only are these ligands located on 

loop regions (Figure 6.2) that could allow for considerable flexibility in terms of FeS 

cluster coordination, rearrangement, and transfer,29,36  but, the domain architecture of the 

dimer state reveals the possibility for substantial structural flexibility given the existence 

of S-shaped loop regions of amino acids that link between domains I and II and between 

domains II and III.36,76  The resulting conformational flexibility in the dimer could allow 

formation of a collapsed structure, decreasing the distance between corresponding 

residues within the CXHX46-53CXXC motifs to 21 − 23 Å or less (Figure 6.6).  These 

observations suggest that FeS cluster coordination in dimeric HydF could be 

accomplished via interfacial binding, thus providing a mechanism to establish interaction 

between the two monomeric subunits beyond the dimerization domain29,76 and mirroring 

allosteric movements in the heat shock protein 90 studies.81 
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As HydFΔEG predominantly exists as a dimer in vitro and coordinates a [4Fe-4S] 

and [2Fe-2S] cluster,36,46 we hypothesize that one or both clusters may bind at 

thisinterface. In order to examine the FeS cluster loaded forms of HydFΔEG via low 

temperature EPR, we treated the protein with different chemical reducing agents, thus 

generating HydFΔEG that either exhibited only a [2Fe-2S]+ cluster signal (Figure S6.1A) 

or showed overlapping [2Fe-2S]+ and [4Fe-4S]+ cluster signals (Figure S6.1B and 

S6.1C).46  An important observation drawn in this current study is that the spectroscopic 

samples of HydFΔEG that exhibited either only [2Fe-2S]+ or both [4Fe-4S]+ and [2Fe-2S]+ 

cluster signals are predominantly dimeric in nature (Figure 6.3).  While the current data 

cannot rule out the possibility that the tetramer coordinates either one or both of these 

FeS clusters, it is clear from the abundance of the dimer species in the EPR samples that 

the measured electron spin relaxation properties for the [2Fe-2S]+ and [4Fe-4S]+ cluster 

signals associated with HydFΔEG (Figures 6.4 and 6.5, Table 6.1) correspond primarily 

with the dimeric state of the protein.   

The relaxation enhancement measurements reported herein demonstrate that the 

[4Fe-4S]+ cluster does not alter the relaxation properties of the [2Fe-2S]+ cluster in 

photoreduced HydFΔEG.  A comparison of the temperature-dependent inversion recovery 

T1 relaxation rates in Figure 6.5 shows similar values for [2Fe-2S]+ cluster signals in 

HydFΔEG samples in either DTT alone or DTT and photoreduction conditions.  The 

photoreduced as-isolated HydFΔEG would be expected to exhibit faster relaxation rates if 

relaxation enhancement of [2Fe-2S]+ by proximate [4Fe-4S]+ clusters existed.  It should 

be stated that overexpression of HydFΔEG from various sources commonly yields protein 
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that contains a low complement of FeS clusters.36-38,41,46,77-80  This low iron content may 

be due in part to the inherent lability of these clusters as an intrinsic function of HydF’s 

role in not only scaffolding multiple cluster intermediates in the assembly of the [2Fe]H 

subcluster , but also transfering the matured [2Fe]H precursor to HydAΔEFG. While FeS 

cluster lability makes characterization of relevant FeS cluster states in this system 

challenging,46  we supplemented these studies of as-isolated HydF with those of 

chemically reconstituted HydF, to probe if the low FeS cluster occupancy was a potential 

source for the lack of enhanced relaxation in photoreduced as-isolated HydFΔEG. 

Reconstitution of HydFΔEG resulted in a significant increase in the iron number associated 

with the protein to 5.0 ± 0.7 Fe/dimer and examination of the CW spectra for the 

photoreduced protein reveals that chemically reconstituted HydFΔEG contains greater 

[2Fe-2S]+ cluster occupancy, relative to as-isolated HydFΔEG (compare the relative peak 

height ratios for the g = 2.006 ([2Fe-2S]+) to the g = 2.050 ([4Fe-4S]+) in Figure S6.1B 

and S6.1C); however, inversion recovery T1 relaxation rates for chemically reconstituted, 

photoreduced HydFΔEG showed no significant differences relative to as-isolated, 

photoreduced HydFΔEG.  While we acknowledge the possibility that the FeS cluster 

coordination state of HydF under physiological conditions (during maturation of HydA) 

may be distinct from the overexpressed protein that we are currently analyzing, the 

collective results reported herein do not support any FeS cluster interspin relaxation 

effects in dimeric HydFΔEG.   

Moreover, the ability to observe [2Fe-2S]+ cluster relaxation enhancement in 

HydE via its proximity to a [3Fe-4S]+ cluster (with an interspin distance r = 22 Å) allows 
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us to conclude that if the [2Fe-2S]+ and [4Fe-4S]+ clusters are both coordinated to 

dimeric HydFΔEG, that they must be at a distance ≥ 25 Å (Figure S6.6). This observation, 

however, does not rule out the possibility that a single cluster species [2Fe-2S] or [4Fe-

4S] may be coordinated at the dimer interface.     

The simulations of relaxation rates for HydE help to establish that the [2Fe-2S]+ 

cluster in these HydFΔEG samples is not near to, nor directly bridged to, the [4Fe-4S]+ 

cluster, which in turn suggests that the [2Fe-2S]+ and [4Fe-4S]+ clusters are either 

coordinated within different monomeric subunits of the dimer form, or that one 

population of dimeric HydFΔEG contains only the [2Fe-2S]+ while another population of 

dimeric enzyme contains only the [4Fe-4S]+ cluster.  

Interestingly, an unanticipated observation emerged from these pulsed EPR 

measurements regarding the [2Fe-2S] cluster environment on HydF∆EG. The [2Fe-2S]+ 

cluster signal associated with dimeric HydFΔEG exhibits weak spin-orbit coupling that is 

reflected in the relatively small g-value anisotropy (0.046) for this signal; this observation 

coupled to the small values of Cram and Corb (Table 6.1) that were utilized to generate the 

fit lines in Figure 5 suggest that the [2Fe-2S]+ cluster in HydFΔEG is in a rigid structural 

environment.57  While the exact ligand environment of the [2Fe-2S] cluster in HydF 

remains unknown, the observations herein suggest that the [2Fe-2S]+ cluster resides 

within the dimer coordinated by the residues of the conserved CXHX46-53CXXC motif; 

given the observed rigidity of the [2Fe-2S] cluster binding and the obvious ligand solvent 

exposure in the non-collapsed dimer, it can be surmised that the clusters bind at the dimer 

interface, though further studies are required.   
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It has been previously proposed that the [2Fe-2S] cluster was the scaffold cluster 

for 2Fe subcluster assembly via delivery of the DTMA, CO and CN– ligands synthesized 

by HydE and HydG (Figure 6.1B).38  Alternatively, the [2Fe-2S] cluster could either be 

  

Figure 6.8.  A hypothetical maturation scheme depicting the transfer of the 2Fe subcluster 
precursor from the HydFEG-Dimer to HydAΔEFG.  For the HydF tetramer (wherein “HydF” 
signifies HydFEG), one dimeric subunit is depicted as a transparent surface map while the 
other dimeric subunit is illustrated by a transparent surface surrounding a non-transparent 
cartoon depiction of the structure.  In both cases, one monomeric subunit is colored green 
and the other monomeric subunit is colored blue.  For the HydFEG dimer appearing on the 
right, the 2Fe subcluster H-cluster precursor is depicted on this protomer and shown to be 
transferred to HydAΔEFG to allow for maturation of HydA.  The arrows indicate that the 
dimeric and tetrameric protomers are in dynamic equilibrium.  The color scheme for the 
FeS clusters depicted in this figure is as follows: iron, rust; sulfur, yellow. 

 

involved in electron transfer steps during [2Fe]H precursor assembly, or it may act as a 

placeholder for HydG-derived Fe(CO)2(CN)Cys synthons.22,30,31,33  Given that the cluster 

binding sites in tetrameric HydF appear to be less accessible for direct protein-protein 

cluster transfer, it has been proposed that HydE and HydG interact with the dimeric form 
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of HydF where the cluster binding sites are more exposed; these interactions are thought 

to occur stepwise and may be gated by GTP binding and hydrolysis.36,38,39  Moreover, our 

results show that the HydFEG−dimer state exhibits significantly greater HydAΔEFG 

activation capability as compared to HydFEG−tetramer state (Figure 6.7), thereby 

establishing that [2Fe]H subcluster transfer to HydAΔEFG more readily occurs from the 

dimer state of HydFEG (Figure 6.8).  While the role of the tetramer species in H-cluster 

maturation is still unresolved, the observation that the dimer and tetramer states exist in a 

dynamic equilibrium with one another 46 and both retain FeS cluster content, suggests the 

possibility of a physiologically relevant role for the tetramer during H-cluster maturation; 

thus, it is plausible that this tetramer form of HydF may act to protect the 2Fe subcluster 

when copy numbers of HydA in the cell are low. Together, the results help to establish a 

vital role for the dimeric form of HydF in the biosynthesis of the 2Fe subcluster. 

 
Conclusions 

 
 

As-purified HydF exists as a mixture of dimer and tetramer forms that each 

coordinate FeS cluster species.  Prior to interacting with HydE and HydG to build the 

[2Fe]H subcluster precursor, HydFΔEG is primarily dimeric and binds both [4Fe-4S] and 

[2Fe-2S] clusters. Our results show that these clusters are not, however, in close 

proximity, and thus are not necessarily poised to generate an H-cluster-like 6Fe species 

simply upon ligand delivery by HydE and HydG. Furthermore, until now, no information 

existed regarding the roles of either of the quaternary states of HydF during H-cluster 

biogenesis.  Our results show that the dimeric HydFEG productively interacts with and 
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transfers the [2Fe]H subcluster precursor to HydAΔEFG. The implications of these results 

and the delineation of HydF FeS cluster intermediates during maturation of the [2Fe]H 

subcluster precursor in the overall scheme of H-cluster maturation await further studies.  
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Supporting Information for Chapter Six 
 

 
Figure S6.1. HydF low temperature X-band CW EPR spectra for samples studied by 
pulsed EPR.  A.  Freshly purified HydFΔEG (104 µM protein at 2.2 ± 0.1 Fe/dimer) in the 
presence of 5 mM dithiothreitol.  B.  As-isolated HydFΔEG (600 µM protein at 1.1 ± 0.1 
Fe/dimer) following photoreduction.  C.  Chemically reconstituted HydFΔEG (78 µM 
protein at 5.0 ± 0.7 Fe/dimer) following photoreduction.  Spectra were all collected at 
800 µW microwave power with the same gain settings.  
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Figure S6.2.  Low temperature X-band CW EPR spectra for the as-purified PFL-AE 
sample studied by pulsed EPR.  A.  Spectra as a function of temperature for the as-
purified (no reducing agents are present) enzyme (1.68 mM protein with 2.7 ± 0.1 
Fe/protein) show that two FeS cluster species are present.  The signal for the [3Fe-4S]+ 
component of the sample dominates at 12 K.  This signal rapidly broadens as the 
temperature is raised and only the [2Fe-2S]+ cluster signal is observed at 40 K.  Spectra 
were all collected at 1 mW microwave power with the same gain settings.  B.  Spectral 
overlay of the [3Fe-4S]+ (black) and [2Fe-2S]+ (red) cluster signals in PFL-AE.  The 
[3Fe-4S]+ cluster signal was recorded at 12 K and 253 µW microwave power using a gain 
setting of 1x102.  The [2Fe-2S]+ cluster signal was recorded at 40 K and 1 mW 
microwave power using a gain setting of 1 x 103. 
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Figure S6.3.  Low temperature X-band CW EPR spectra for the HydE sample studied by 
pulsed EPR.  Spectra as a function of temperature of the as-reconstituted (no reducing 
agents are present) HydE (340 µM protein with 7.6 ± 0.1 Fe/protein) show that two FeS 
cluster species are present.  The signal for the [3Fe-4S]+ component of the sample 
dominates at 12 K.  This signal rapidly broadens as the temperature is raised and only the 
signal for the [2Fe-2S]+ cluster is observed at higher temperatures.  Spectra were all 
collected at 1 mW microwave power with the same gain settings. 
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Figure S6.4.  Temperature dependence of X-band CW spectra of [2Fe-2S]+ cluster.  A.  
As-purified PFL-AE (1.68 mM protein with 2.7 ± 0.1 Fe/protein).  Spectra (black lines) 
were acquired with 2 G modulation amplitude at 100 kHz modulation frequency, 
microwave power of 0.78 mW, and scan time of 42 seconds/scan.  The number of scans 
averaged was 20 at 80 K and 130 K and 30 at 150 K.  B.  Freshly purified HydFΔEG (104 
µM protein at 2.2 ±0.1 Fe/dimer) in the presence of 5 mM dithiothreitol.  Spectra (black 
lines) were acquired with 3 G modulation amplitude at 100 kHz modulation frequency, 
microwave power of 0.83 mW and scan time of 42 seconds/scan.  The number of scans 
averaged was 20 at 80 K, 30 at 130 K, and 50 at 140 K.  Resonator background and 
baseline corrections were subtracted.  Simulations obtained with SATMON are shown as 
dashed red lines in both panels.  The relaxation rates calculated with SATMON are 
included in the plots of the temperature dependence of 1/T1 in Figure 6.5 in the main text.   
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Figure S6.5.  X-band field-swept echo-detected spectra obtained with 40 ns π/2 pulses.  
The y-axis scales are selected to give similar spectral amplitudes.  The vertical dashed 
lines mark g = 2.006, which is g⊥ for the [2Fe-2S]+ cluster signal.  A.  Spectra for as-
purified PFL-AE (1.68 mM protein with 2.7 ± 0.1 Fe/protein). Analogous to the CW 
spectra in Figure S6.1, the echo-detected spectrum at 10 K is dominated by [3Fe-4S]+.  
Spectra at higher temperatures are dominated by  [2Fe-2S]+.  B.  Spectra for as-
reconstituted HydE (340 µM protein with 7.6 ± 0.1 Fe/protein) following background 
subtraction. The contributions to the spectrum at 10 K from [3Fe-4S]+ are present, but 
less conspicuous than in the CW spectrum in Figure S6.2.  The CW spectrum at 12 K in 
Figure S6.2 was obtained with 1 mW microwave power, which likely was saturating the 
more slowly relaxing signal from the [2Fe-2S]+ cluster, and thereby emphasized the 
signal from the [3Fe-4S]+ cluster.  By contrast, when the field-swept echo-detected 
spectrum at 10 K was recorded, a long shot repetition time was utilized to permit the 



 
 

296 

slowly relaxing spins to relax well and thereby obtain a spectrum with accurate relative 
intensity for the slowly relaxing [2Fe-2S]+ component relative to the broader rapidly 
relaxing [3Fe-4S]+ component.  This approach ensured the best possible characterization 
of the [2Fe-2S]+ cluster signal.  C.  Spectra for as-isolated HydFΔEG (600 µM protein at 
1.1 ± 0.1 Fe/dimer) following photoreduction. The spectrum at 10 K is dominated by the 
[4Fe-4S]+ (g = 1.89).  Spectra are higher temperatures are dominated by [2Fe-2S]+.  D.  
Spectra for freshly purified HydFΔEG (104 µM protein at 2.2 ± 0.1 Fe/dimer) in the 
presence of 5 mM dithiothreitol after background subtraction, which are dominated by 
[2Fe-2S]+.  
 
 
 

 
Figure S6.6.  Inversion recovery data at g⊥ for the [2Fe-2S]+ cluster in as-reconstituted 
HydE at 40 K and calculations with MENOSR.  Experimental data (black line).  
Simulation calculated with intrinsic T1 = 24 µs and interspin distance r = 45 Å (red solid 
line).  Simulation calculated with intrinsic T1 = 24 µs and interspin distance r = 22 Å (red 
dashed line). 

 
 
Modeling with MENOSR   
 

Calculations of the relaxation enhancement require values of the relaxation rates 

of the [4Fe-4S]+ cluster.  There are two data sets in the literature that could provide 

estimates.  In reference (1) there is a plot and a fit function for 1/T1 as a function of 

temperature for an [4Fe-4S]+ cluster in Bacillus stearothermophilus ferredoxin.  In 

reference (2), the temperature dependence of 1/T1 for the [4Fe-4S]+ cluster in ETF-QO 
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was reported.  The relaxation rates for these two clusters differ by less than a factor of 2 

in the temperature range of 10 − 50 K, which will make very little difference in the 

relaxation enhancement calculations.  The relaxation rates for these clusters were used as 

the estimates for behavior of the [3Fe-4S]+ cluster in the HydE system or [4Fe-4S]+ in the 

HydFΔEG systems, which is proposed to be a reasonable approximation.  Based on the 

plot in reference (2), the following values were used: 30 K; T1 =  3x10-9 s;  35 K; T1 = 

8x10-10 s;  40 K;  T1 = 5x10-10 s  along with gx = 2.089, gy = 1.934, and gz = 1.875.  

Simulations were performed for inversion recovery curves recorded at g⊥ of the 

[2Fe-2S]+ cluster signal because the signal:noise ratio is better than at other positions in 

the spectrum. There was no indication of orientation dependence of T1 for the [2Fe-2S]+ 

cluster so sensitivity to relaxation enhancement is not expected to be orientation 

dependent.  The scenario of "no relaxation enhancement" was modeled with an interspin 

distance of r = 45 Å, which is much too long to result in an observable relaxation 

enhancement.  The calculated relaxation enhancement is weakly dependent on the 

relative orientations of the g tensors for the two FeS clusters, but that variation is a 

relatively small contribution to the estimate of interspin distance.  

The enhancement of the relaxation for the [2Fe-2S]+ cluster in HydE at 40 K is 

shown in Figure S6.6.  The solid red line is calculated with T1 = 24 µs (which is the T1 

for the [2Fe-2S]+ cluster in PFL-AE at 40 K) and an interspin distance to the [3Fe-4S]+ of 

45 Å.  As shown in Figure S6.6, there is a significant difference between the calculated 

line for 'no interaction' and the experimental data.  The dashed red line was calculated 

with r = 22 Å and all other parameters held constant.  This line is a relatively good fit to 

the experimental data.  The fractional change in relaxation due to interaction with the 

[3Fe-4S]+ at 30 and 35 K is smaller than at 40 K, but consistent with r = 22 Å.  It is 

therefore concluded that the interspin distance in HydE is about 22 Å.  It should be noted 

that MENOSR is based on a point dipole approximation.  For these relatively large 

distances it should be a reasonable approximation for the distance between the centers of 

the clusters if the unpaired electron is uniformly distributed over the clusters.  One caveat 

is that the electronic structures of the FeS clusters are complicated and the electron spin is 
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not uniformly distributed.  Even so, these point dipole distances can provide approximate 

constraints on plausible geometries. 

 

 
 

Figure S6.7.  Illustration of FeS cluster content of HydFEG−tetramer and HydFEG−dimer 
fractions utilized in HydAΔEFG activation assays (Figure 6.7).  This plot displays the gel 
filtration 280 nm absorbance data (black trace) which guided the dimer and tetramer 
fraction collections for the activity assays. The volumes collected for the tetramer and 
dimer fractions were 9.2 mL – 9.8 mL and 10.1 – 10.7 mL, respectively. The red trace 
(426 nm) reflects FeS cluster content; both the dimer and the tetramer species retain FeS 
clusters.  
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Figure S6.8.  Electrostatic map of collapsed model of the HydFΔEG dimer structure (PDB 
ID: 3QQ5) created as described in Figure 6.3. When the HydF dimer is in this 
conformation, a sizable positive pocket exists where the iron-sulfur cluster are expected 
to bind.  
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CHAPTER SEVEN 
 
 

ACTIVATION OF HYDROGENASE IN THE ABSENCE OF HydG 
 

 
Abstract 

 
 

[FeFe]-hydrogenase reduces protons to H2 at a complex metallocofactor, the H-

cluster. Biosynthesis of this active-site H-cluster requires three maturation enzymes; the 

radical SAM enzymes HydE and HydG synthesize the nonprotein ligands, while the 

GTPase HydF scaffolds assembly of the 2Fe subcluster of the H-cluster ([2Fe]H) prior to 

its transfer to hydrogenase. To delineate the assembly and delivery steps for the [2Fe]H 

subcluster, we have heterologously expressed HydF in the presence of HydE alone 

(HydFE) or HydG alone (HydFG), and then assayed whether the isolated HydFE or HydFG 

was able to activate a [FeFe]-hydrogenase lacking the [2Fe]H, HydAΔEFG. We find that 

HydFE is capable of activating HydAΔEFG, even though the normal source of CO and CN– 

ligands of [2Fe]H (HydG) was absent. We infer that trace diatomics from the cellular 

environment provide the ability to assemble a [2Fe]H-like precursor on HydF even in the 

absence of HydG. In contrast, HydFG is unable to activate HydAΔEFG, demonstrating that 

the product of HydE, presumably the dithiomethylamine ligand of [2Fe]H, is absolutely 

essential to the activation process. 
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Activation of Hydrogenase in the Absence of HydG 

 

The [FeFe]-hydrogenase (HydA) harbors a unique active-site cluster (the H-

cluster) comprising a [4Fe-4S] cluster ([4Fe]H) bridged by a cysteine thiolate to a 2Fe 

subcluster ([2Fe]H) coordinated by two cyanide (CN–) and three carbon monoxide (CO) 

ligands, as well as a bridging dithiolmethylamine (DTMA).1-4 Reversible proton 

reduction occurs at the distal iron 

of this [2Fe]H cluster (Figure 7.1).5 

The [4Fe]H is built by the same 

cellular machinery responsible for 

synthesizing other biological iron-

sulfur clusters,6-7 however 

efficiently assembling [2Fe]H 

requires three dedicated maturation 

proteins denoted HydE, HydF, and 

HydG. HydF is an iron-sulfur 

cluster-binding GTPase, and 

evidence points to its role as a 

scaffold or carrier of the [2Fe]H 

precursor that is transferred to 

HydA during activation.8-11 HydE 

and HydG are radical S-

A.  
 

B.  
Figure 7.1. A) Schematic representation of 
[FeFe]-hydrogenase maturation.  RS enzymes 
HydE and HydG synthesize and deliver [2Fe]H 
ligands; HydF transfers the [2Fe]H precursor to 
HydA. B) HydF dimer structure. 
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adenosylmethionine (SAM) enzymes involved in generating the form of HydF containing 

the [2Fe]H precursor. HydG catalyzes the radical decomposition of tyrosine to produce p-

cresol, CO, and CN–, and these latter two species are then delivered to HydF either as 

free diatomics or as part of an [Fe(CO)2(CN)] synthon.12-18 HydE is thought to synthesize 

the DTMA ligand of the [2Fe]H precursor, although this has yet to be unequivocally 

demonstrated as the natural substrate of HydE is unknown at this time.19-20 The activation 

of HydA∆EFG (HydA with only the [4Fe]H) therefore involves the interaction of both 

HydE and HydG with HydF to systematically assemble the [2Fe]H precursor, followed by 

the interaction of HydF with HydA∆EFG to deliver this precursor and build the H-cluster 

(Figure 7.1).1-4  

To delineate the order of events in the assembly of the [2Fe]H precursor, we 

prepared constructs in which HydF is co-expressed with each of the two radical SAM 

maturation enzymes individually. The resulting purified HydF proteins are designated as 

HydFE (HydF co-expressed with HydE) and HydFG (HydF co-expressed with HydG). 

Here we demonstrate that an H-cluster assembly intermediate is present on HydFE, as it 

can be transferred to HydA∆EFG to produce an active hydrogenase; no similar activation is 

observed with HydFG.  Our results provide insights into 1) the order of events during 

[2Fe]H assembly; 2) the essential role of HydE in maturation; and 3) the ability of free 

diatomics to participate in [2Fe]H assembly.  

HydF was prepared by transforming E. coli BL21(DE3)-RIL cells with two 

expression vectors: pRSF-Duet/hydF and pET Duet-1/hydE to generate HydFE, or pRSF-

Duet/hydF and pCDF Duet-1/hydG to generate HydFG. In each construct, HydF is over-
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expressed along with one of the radical SAM enzymes, but only HydF contains a 6-His 

tag, allowing for facile purification of HydF from HydE or HydG as well as other cellular 

proteins. 

If the radical SAM maturases are capable of modifying HydF independently, then 

expression of HydF with HydE could install the DTMA ligand, presumably on an iron-

sulfur cluster on HydF. Likewise, 

expression of HydF with HydG would 

provide a cluster on HydF with CO and 

CN– ligands. To probe whether such 

putative assembly intermediates might be 

capable of activating HydA∆EFG, we 

performed in vitro hydrogenase assays of 

HydA∆EFG in the presence of either HydFE 

or HydFG. Previous work has shown that 

HydF expressed with both radical SAM 

maturases (HydFEG) can activate HydA∆EFG, 

while HydF∆EG cannot.9 Our assays of HydFE demonstrate that it, like HydFEG, is able to 

activate HydA∆EFG (Figure 7.2), though not to the same extent. HydFG, by contrast, 

provides no detectable activation of HydA∆EFG (Figure 7.2). The activation of HydA∆EFG 

by HydFE occurs in the absence of HydG, the normal source of CO and CN–,13, 18 and 

therefore suggests either that hydrogenase activity is not dependent on these diatomic 

 

Figure 7.2. Activation of HydA∆EFG by 
HydFE (•) and HydFG (n). HydFE 
activates HydA, and this activation is 
modestly stimulated by the addition of 
SAM, iron, sulfide, cysteine (◦), and 
tyrosine (∆). HydFG shows no detectible 
activation of HydA. 

 



 
 

315 

ligands, or that another source of these diatomics is playing a role in the absence of 

HydG.   

In order to determine whether HydE might have a previously unreported activity 

resulting in diatomic ligand production, we assayed HydE according to procedures 

established for HydG,13 using both cysteine and tyrosine as potential substrates; these 

experiments demonstrate that HydE does not produce CO, at least to our level of 

detection (Figure S7.1). Because we hypothesize that a competent [2Fe]H precursor on 

HydF cannot be formed without CO and/or CN– ligands, we conclude that small 

quantities of these ligands are provided by the cellular environment, and/or arise from the 

atmosphere, due to the fact that early stages of growth of the cell cultures are carried out 

aerobically. Indeed, expression of myoglobin variants in E. coli has been shown to result 

in some CO-bound protein on 

purification.21 Carbon monoxide is also 

a known product of certain cellular 

processes such as heme catabolism,22 

and thus could be present at low levels 

in the culture. In addition, E. coli has 

native [NiFe]-hydrogenases that harbor 

CO and CN– ligands;4 these diatomics 

must therefore be available in the cell at 

low levels and could bind to the cluster 

precursor on HydFE during expression, 

 
 

Figure 7.3. Activation of HydA∆EFG by 
HydFE in the absence and presence of added 
CO and CN–. Plot shows HydA∆EFG 
incubated with HydFE only (n), with HydFE 
and CO-saturated buffer (◦) or CN– (Δ). 
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due to the proposed scaffold/carrier role of HydF.  

To further probe the presence of cluster assembly intermediates on HydF, we 

examined the ability for exogenous CO and CN– to increase the ability of HydFE to 

activate HydA∆EFG. As seen in Figure 7.3 and similar to HydFEG (Figure S7.2), addition 

of CO or CN– to HydFE doubles the activation of HydA observed in the experiments. The 

observed activity enhancement effected by exogenously added CO and CN– leads to two 

important conclusions.  First, HydFE has some partially assembled [2Fe]H precursors that 

are converted to more fully assembled versions by accepting these π-acid ligands, and 

that these more fully assembled [2Fe]H precursors are capable of activating HydA∆EFG. 

Second, the results demonstrate that presence or addition of exogenous CO/CN- is 

sufficient to produce a competent [2Fe]H precursor on HydF, provided the product of the 

HydE-catalyzed reaction (presumably DTMA) is present.  These results suggest that the 

[Fe(CO)2(CN)] synthon proposed16 to be synthesized by HydG and transferred to HydF is 

not an essential requirement for activating hydrogenase. It is of interest to note that 

exogenous CO and CN– also increase the ability of HydFEG to activate HydA (Figure 

S7.2), indicating that HydFEG also has some partially assembled [2Fe]H precursors. 

The nature of the [2Fe]H precursor on HydFE is not clear at this point. Electronic 

absorption spectra of the purified proteins suggest that the cluster speciation on HydFE is 

distinct from that of HydF∆EG and HydFEG (Figure S7.3 and S7.4), indicating that the 

catalytic activity of HydE has altered the iron-sulfur clusters on HydF. Specifically, the 

UV-visible data support the hypothesis that HydE can act independently of HydG to 

affect the cluster states on HydF, presumably to generate a [2Fe]H subcluster assembly 
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intermediate. 

EPR spectra of as-isolated and reduced HydFE were collected (Figure 7.4) in 

order to further characterize these intermediate states in [2Fe]H subcluster assembly. The 

results reveal that as-isolated HydFE has a [2Fe-2S]+ cluster as its primary EPR-active 

state (Figure 7.4A). The observed spectrum is a result of two overlapping signals (signal 

1: g = 2.011, 2.007, 1.958;  signal 2: g = 2.042, 2.007, 1.976) (Figure S7.5) whose 

lineshapes, temperature dependence (Figure 7.4A), and power dependence (Figure S7.6) 

are characteristic of [2Fe-2S]+ clusters.  Photoreduction of the enzyme using 5-

deazariboflavin results in the loss of this [2Fe-2S]+ signal and concomitant appearance of 

a [4Fe-4S]+ signal (Figures 7.4B and S7.7). Overall, the EPR spectral features of as-

isolated and reduced HydFE resemble those of HydFEG, moreso than those of HydF∆EG 

(Figure 7.4 and S7.8), consistent with modification of a cluster on HydF during its co-

expression with HydE. 

HydF is a cation-activated GTPase that functions as a scaffold or carrier during 

maturation of the [FeFe]-hydrogenase,9-11 with its GTPase domain perhaps functioning as 

a molecular switch.23 It is capable of binding both [2Fe-2S] and [4Fe-4S] clusters, 

although the precise roles of these clusters have not yet been defined.2, 8-9, 24-25 

Hydrogenase activation studies and FTIR spectroscopy demonstrated that when HydF is 

co-expressed with HydE and HydG, HydF contains a CO and CN–-ligated H-cluster 

precursor that is capable of being transferred to HydA to generate the active 

hydrogenase.10-11 The observation of this H-cluster precursor on HydF when it is 
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A  B  

 
Figure 7.4. Electron praramagnetic spectra of HydFE. A. Enzyme as isolated at the 
indicated temperatures. B. Photoreduced enzyme (12 K, solif; 20 K, dash; 30 K, dot). 

  

expressed with HydE and HydG has led to questions of the order of events that occur to  

build a [2Fe]H precursor on HydF and transfer it to HydA. An early computational 

analysis proposed that the initial step would involve installation of the DTMA ligand by 

alkylating the sulfides of a [2Fe-2S] cluster bound to HydF, whereafter the diatomic 

ligands would be delivered.26 More recently, it has been proposed that HydG delivers not 

free diatomics, but rather an [Fe(CO)2CN] synthon;16 in this scenario, the synthon could 

be delivered to a binding pocket in HydF, with two of the synthons then bridged by the 

DTMA provided by HydE. In either case, evidence has suggested that the [2Fe]H may be 

bridged to a [4Fe-4S] cluster of HydF, in a manner reminiscent of the 6Fe H-cluster of 

the [FeFe]-hydrogenase.27 

Here we use activation assays and spectroscopic studies to demonstrate that HydE 

is capable of acting on HydF, independently of HydG. This result has a number of 
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significant implications. First, it is clear that HydE can interact with HydF to deliver the 

DTMA ligand in the absence of any [Fe(CO)2CN] synthons provided by HydG; this 

acceptance would imply that HydF provides the iron for [2Fe]H precursor assembly, 

perhaps from a [2Fe-2S] cluster on HydF. Second, our results show that exogenous CO 

and CN– can be used to assemble a [2Fe]H-like precursor on HydF, demonstrating that the 

[Fe(CO)2CN] synthon previously proposed to be delivered by HydG is not essential for 

[2Fe]H precursor assembly. Together, these results provide the first experimental 

evidence of reaction sequentially in maturation, with HydE interacting with HydF prior to 

HydG, priming the intermediate cluster for subsequent derivation.  
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Supporting Information for Chapter Seven 

 
 

 

A   B   
 

 
Figure S7.1. Neither HydFE∆G Nor HydE Generate Detectable CO. After incubation with 
HydFE∆G or HydE, the hemoglobin Soret band remains at 430 nm (deoxy hemoglobin, 
shown above) and does not shift to 419 nm (carboxy hemoglobin), indicating these 
enzymes generate little if any CO. A) Employing techniques to detect CO from [FeFe]-
hydrogenase maturase HydG, several HydFEΔG lysate assays assessed CO formation, but 
none were observed to release sufficient exogenous CO to result in a deoxyhemoglobin 
Soret band shift. Briefly, HydFEΔG lysate was reductively incubated with dithionite (1 - 2 
mM), SAM (940 µM – 2 mM), deoxyhemoglobin (12.5 µM heme), and cysteine (0 - 500 
µM), Congruent assays with purified HydFE∆G yielded identical results with no 
measurable detection of CO (data not shown). B) Purified C.a. HydE incubated with 
purified HydF∆EG was not observed to release exogenous CO as would be detected by the 
Soret band shift to carboxyhemoglobin.  Assays with purified protein included the 
following concentrations: HydE (7 - 20 µM), dithionite (1 - 2 mM), SAM (940 µM – 2 
mM), deoxyhemoglobin (12.5 µM heme), cysteine (200 - 500 µM), and HydF∆EG (5 µM). 
Additional experiments performed in the absence of HydF∆EG, in the presence of various 
small molecules, such as cysteine and SAM, with C.a. HydE lysate, or with C.t. HydE 
instead of C.a. HydE (not shown), also yielded no Soret band shift.  
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Figure S7.2. HydA∆EFG Activation By HydFEG Can Be Increased When HydFEG Is 
Incubated With Exogenous CO. This plot shows the activity of HydA∆EFG alone (�), 
HydA∆EFG activated by HydFEG (n), and HydA∆EFG activated by HydFEG that was 
previously incubated with CO (▲). Experimental details are provided in Materials and 
Methods/ Experimental Section. For all activity assays, including those in the main text 
that utilized HydFE∆G, controls were performed that either contained HydA∆EFG alone or 
HydA∆EFG incubated with HydF∆EG.  In no case was H2 production observed for these 
control experiments, in agreement with our previous findings.  For simplicity, this figure 
shows only the HydA∆EFG control. 
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Figure S7.3. UV-Vis Spectroscopy of HydF from Different Backgrounds. UV-visible 
absorbance spectra (273 K) on as-isolated HydF proteins reveal differences in iron-sulfur 
cluster speciation for HydF grown in different backgrounds: HydF∆EG (dot), HydFE∆G 
(solid), and HydFEG (dash). The electronic absorption spectrum of HydFE∆G (solid line, 
134 µM, 0.9 Fe/monomer) is red-shifted in comparison with HydFEG (dashed line, 117 
µM, 1.1 Fe/monomer) and HydF∆EG (dotted line; 102 µM, 1.2 Fe/monomer). These 
spectral differences are most notable around 425 - 450 nm, 500 - 550 nm, and 575 - 610 
nm. Comparing features around 500 - 550 nm, HydF∆EG has a less well-defined feature 
than HydFEG and HydFE∆G, and a λmax closer to 510 nm; the spectral feature of HydFEG 
appears more well-defined and to have a λmax around 520 nm, while the comparative 
spectral feature of HydFE∆G is most well-defined, but red-shifted to 530 nm. Examining 
the 575 - 610 nm λmax feature, HydF∆EG ( λmax = ~575 nm) and HydFE∆G (λmax = ~610 nm) 
present the most extreme spectral differences, while the HydFEG (λmax = ~600 nm) feature 
is in between. Though freeze/thaw cycles had been shown to affect these signals, all 
enzymes in these spectra were treated with the same number of freeze/thaw cycles and 
these results were demonstrated over several protein purification replicates. Thus, while 
these results may seem subtle, they are consistent and reflect altered clusters or cluster 
binding environments in HydF from different backgrounds.  
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Figure S7.4. Circular Dichroism Spectroscopy of HydF from Different Backgrounds. 
Visible CD spectra (273 K) of the iron-sulfur clusters on as-purified HydF proteins: 
HydF∆EG (dot), HydFE∆G (solid), HydFEG (dash).  Similarities between the HydFEG 
(dashed line; 38 µM, 1.1 Fe/monomer) and HydFE∆G (solid line; 47 µM, 0.9 
Fe/monomer) samples are notable at 350 nm, 420 nm, 500 nm, 610 nm, and 700 nm.  In 
contrast, the HydF∆EG spectrum (dotted line; 55 µM, 1.2 Fe/monomer) has slightly red-
shifted λmax values and more well-defined peaks at these wavelengths for enzyme with 
similar concentration and iron content. Specifically, examining the HydF∆EG spectrum 
(dot) in comparison to the HydFE∆G and HydFEG spectra (solid and dash, respectively) 
around 350 nm, the λmax in the HydF∆EG spectrum is shifted closer to 366 nm, while the 
λmax in HydFE∆G and HydFEG spectra are red-shifted to 348 nm; further, the λmax peaks at 
460 nm, 510 nm, 610 nm, and 700 nm are more pronounced only in HydF∆EG. As 
freeze/thaw cycles had been shown to affect these signals, all enzymes in these spectra 
were treated with the same number of freeze/thaw cycles and these results were 
demonstrated over several protein purification replicates. Thus, while these results may 
appear subtle, they are consistent and reflect altered clusters or cluster binding 
environments in HydF from different backgrounds.  
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A B  
Figure S7.5. EPR Simulation of the [2Fe-2S]+ Cluster Signals in As-Isolated HydFE∆G. 
Simulations were performed on an as-isolated HydFE∆G spectrum collected at 44 K and 1 
mW. A) Experimental data is shown in black, while the composite simulation is shown in 
red. B) The two spin systems (green and blue) utilized to generate the composite 
simulation (black). These [2Fe-2S]+ cluster simulations are similar to those reported for 
HydFEG and HydF∆EG as-isolated spectra. 
 

Table S7.1. EPR Simulation Values of the [2Fe-2S]+ Cluster Signals in As-Isolated 
HydFE∆G. Based on the spectral simulations displayed in Figure S5.B, this table reports 
the g-values, with associated g-strain, for each spectrum from the two spin systems.                   
 

Cluster g1 g1 strain g2 g2 strain g3 g3 strain 
[2Fe-2S]+ 2.011 0.02136 2.007 0.01363 1.958 0.02053 
[2Fe-2S]+ 2.042 0.01623 2.007 0.00910 1.976 0.03647 
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A         B  

C        D   

E  

Figure S7.6. EPR Spectroscopy Power Saturation Studies of As-Isolated HydFE∆G. As-
isolated HydFE∆G X-band EPR spectra, recorded at several temperatures over a range of 
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powers (~5 µW – 100 mW), were analyzed to determine power saturation plots 
(log[signal/√power] vs power); shown here are spectra recorded at 12 K and 44 K (A and 
C, respectively). The power saturation plots (B, for the 12 K spectra; D, for the 44 K 
spectra) illustrate the change in log[signal/√power] over the power range, where signal is 
determined by peak height at the stated g-value. The last plot (E) shows the signal 
intensity (peak height) at each g-value as a function of temperature when the power is 
held constant at 1 mW; the lines are present to guide the eye. In conjunction with the 
temperature dependent study (Figure 5A), these power saturation plots illustrate HydFE∆G 
houses [2Fe-2S]+ cluster signals that reach Topt between 28 K and 44 K. The presence of 
the g ~2.02 signal at lower temperatures could be from a [3Fe-4S]+, or a second [2Fe-
2S]+ cluster in a different chemical environment reflecting subtle differences in ligand 
coordination; as this signal disappears with increasing temperature and is mostly absent at 
44 K, where only the [2Fe-2S]+ cluster signals with similar temperature and power 
saturation are present, these power studies illustrate the presence of more than one cluster 
set at or below 30 K, wherein this low temperature cluster signal has a lower Topt and 
power saturation dependence. Determining the optimal temperature and power conditions 
to observe only one sete of cluster signals, allowed for more productive simulation of the 
[2Fe-2S] cluster signal(s) (Figure S5, Table 1). 
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A    B  

C    D  
 
 
Figure S7.7. EPR Spectroscopy Power Saturation Studies of Reduced HydFEΔG. 
Photoreduced HydFE∆G X-band EPR spectra, recorded at several temperatures over a 
range of powers (~5 µW – 100 mW), were analyzed to determine power saturation plots 
(log[signal/√power] vs power); shown here are spectra of photoreduced HydFEΔG at 8.5 K 
and 16 K (A and C, respectively), and power plots for these signals at the stated g-values 
for the 8.5 K and 16 K spectra sets (B and D, respectively). These power saturation plots 
illustrate the change in log[signal/√power] over the power range, where signal is 
determined by peak height at the stated g-value. These spectral plots illustrate the signals 
are more susceptible to increasing power at 8.5 K; at 16 K, the signals are definitively 
resistant to increasing power as indicated by the nearly horizontal data profile. This 
resistance to increasing microwave power is consistent with previous studies and 
suggests the Topt for this [4Fe-4S]+ cluster is closer to 16 K. 
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A   B    
Figure S7.8. Comparative EPR Spectroscopy Power Saturation Studies of HydF. These 
plots compare HydF∆EG (grey triangles, filled and outline), HydFE∆G (black/orange 
squares, filled and outline), and HydFEG (grey/blue circles, filled and outline) power 
saturation profiles for as-isolated protein (A) and reduced protein (B) at two 
temperatures, Topt (outline shapes) and below Topt (filled shapes). X-band EPR spectra, 
recorded at multiple temperatures over a range of powers (~5 µW – 100 mW), were 
analyzed to determine power saturation plots (log[signal/√power] vs power); signal was 
defined as the peak height at g = 2.01 for the as-isolated spectra and g = 1.86 for the 
reduced spectra. While all clusters measured at Topt (outline shapes), show less 
susceptibility to power saturation, as expected and as illustrated by relatively small 
changes in log[signal/√power] from the lowest to highest powers, a noticeable difference 
between the HydF from different backgrounds is illustrated for the signals recorded 
below Topt. Both HydFE∆G (black/orange squares) and HydFEG (grey/blue circles), in both 
the as-isolated and reduced samples, display greater susceptibility to power saturation 
than HydF∆EG (grey triangles) across this ~5 µW to ~100 mW power range. This 
susceptibility to power saturation for HydFE∆G and HydFEG is most notable in the as-
isolated samples at 16 K (HydFE∆G, filled black/orange squares; HydFEG, filled grey/blue 
circles) and in the reduced samples at 8.5 K (HydFE∆G, filled black/orange squares; 
HydFEG, filled grey/blue circles), as exhibited by more change in log[signal/√power]. In 
the as-isolated and reduced samples at Topt (outline shapes), less power saturation 
susceptibility is observed as expected, regardless of background; however, the as-isolated 
HydFE∆G (outline black/orange squares) and HydFEG (outline grey/blue circles) appear 
more susceptible to power saturation than HydF∆EG (outline grey triangles), even at Topt. 
This susceptibility to power saturation could be due to the presence of additional cluster 
signals at temperatures below Topt, or an altered ligand environment, but regardless, these 
patterns are consistent across multiple protein purifications. These data do not likely 
represent clusters relevant to [FeFe]-hydrogenase activity nor specifically the [2Fe]F 
cluster as this cluster is expected to be EPR silent; these spectral comparisons illustrate a 
consistent set of environmental cluster conditions (whether that be similar cluster content 
or similar ligand environment, or both remains to be determined) for HydFE∆G and 
HydFEG that are not present in HydF∆EG.  
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A) As-Isolated HydF∆EG (16 K, grey solid triangle; Topt, outline grey triangle), HydFE∆G 

(16 K, black/orange solid square; Topt, outline black/orange square), and HydFEG (16 K, 
grey/blue solid circle; Topt, outline grey/blue circle) as measured at g = 2.01. 
B) Reduced HydF∆EG (8.5 K, grey solid triangle; Topt, outline grey triangle), HydFE∆G (8.5 
K, black/orange solid square; Topt, outline black/orange square), and HydFEG (8.5 K, 
grey/blue solid circle; Topt, outline grey/blue circle) as measured at g = 1.86. 
 

Experimental / Materials and Methods. 

Expression and Purification. To prepare the HydFE∆G and HydFG∆E constructs, protocols 

similar to preparation of HydFEG and HydF∆EG were employed. Clostridium 

acetobutylicum (C.a.) HydF in the pRSF-Duet plasmid was transformed into E. coli 

BL21(DE3)-RIL cells with either HydG (in the pCDF-Duet vector) or HydE (in the pET-

Duet vector). A small scale over-expression trial was performed and glycerol stocks 

prepared; only glycerol stocks that illustrated over-expression of both proteins (HydF and 

HydG, or HydF and HydE) in similar amounts were used for future sample preparations. 

Prior to large-scale growth (9 L), an aliquot from the glycerol stock was streaked on a LB 

agar plate with appropriate antibiotics and incubated overnight at 37 ˚C. Without 

noticeable difference, fresh transformations were plated, incubated overnight at 37 ˚C; 

over-expression was checked after induction to confirm equivalent amount of proteins. In 

each case, one colony seeded small-scale (50 mL) overnight cultures. From these over-

night cultures, 8 mL was used to inoculate 1.5 L media in each of 6 Fernbach flasks. 

Media for large-scale growths was comprised of tryptone (10 g/L), yeast extract (5 g/L), 

KCl (5 g/L), glucose (5 g/L), potassium phosphate (50 mM) to a pH of ~7.5, and 

appropriate antibiotics. Cultures were grown aerobically at 37 ˚C and ~220 rpm shaking, 

induced with IPTG (1 mM) at an OD600nm of ~0.5 and iron (ferrous ammonium sulfate, 
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FAS, 0.06 mg/mL; or ferric ammonium citrate, FAC, 0.23 mg/mL) was added; after half 

an hour, cysteine (0.2423 mg/mL) was added. The cultures were grown for another 2.5 

hours before cooling to 4 ˚C, adding additional iron (FAS, 0.12 mg/mL final; or FAC, 

0.46 mg/mL final), and initiating anaerobic growth (under N2(g)) which continued for the 

next ~15 hours; after centrifugation (12,000 x g; 10 min.; 4 ˚C), cells were flash frozen in 

N2(l) and stored at -80 ˚C until lysis and purification. 

 
 

Figure S7.9. Over-expression of HydF and HydE Compared with As-Isolated HydFE∆G. 
A) SDS PAGE illustrating presence of HydF and HydE in cells with over-expression of 
HydF and HydE to generate HydFE∆G, wherein both pre-IPTG-induction (lane ‘1’) and 
post-induction (lane ‘2’) cell cultures are represented. B) SDS PAGE of purified as-
isolated HydFE∆G illustrating presence of only HydF, and not HydE. In both gel sets, all 
lanes are from the same gel with a white spacer inserted if the lanes were not adjacent; 
the BioRad Broad Range Molecular Marker components are labeled. 
 
 With the initiation of cell thawing, this and all subsequent lysis and purification 

steps were performed in an anaerobic environment at 4 ˚C. Anaerobic lysis and 

purification was performed in a vinyl anaerobic chamber (Coy Laboratories, Inc.). Cell 

lysis was accomplished through chemical and mechanical means (sonication: 5 min. total 

pulse time at 60% amplitude; 505 W sonicator, Fisher Scientific) and performed in a 

solution (50 mM HEPES, 10 mM imidazole, 0.3 M KCl, 5% glycerol, 10 mM MgCl2, 

0.5% TritonTM X-100, 1 mM phenylmethane sulfonyl fluoride (PMSF), and 0.001 mg 

DNAse and RNAse and 0.009 g lysozyme per 50 mL) twice the cell mass (v/w). Lysate 
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centrifugation (38,000 x g; 30 - 60 min.; 4 ˚C) immediately preceded loading of 

supernatant (clarified lysate) onto a HisTrapTM Ni2+ affinity column (5 mL; GE 

Healthcare) equilibrated with buffer A (50 mM HEPES, 0.3 M KCl, 5% glycerol, 10 mM 

imidazole, pH 7.5). If lysates were required for experiments, this clarified lysate was 

used, typically as 1 - 5% of total assay volume. Purified HydF (without the other 

maturases and proteins) was eluted at about 255 mM imidazole and concentrated. This 

as-purified protein was concentrated and buffer exchanged to remove imidazole via 

dialysis (15 kDa MWCO) and concentrated via sponge well (BJP 10/40 or Merck 

Millipore Minicon B15) to generate as-isolated protein. All protein was flash frozen in 

N2(l) and stored at -80 ˚C until further use. Analysis of protein concentration and iron 

content was performed on samples via Bradford assay and Varian SpectraAA 220 FS 

flame atomic absorption spectrophotometry, respectively.  

Prior to HydF and HydE assays monitoring for formation of CO, oxyhemoglobin 

(human, 5.38 mM) was incubated with dithionite (DT, 26.9 mM) for 20 minutes in an 

anaerobic environment, before being dialyzed into assay buffer (50 mM HEPES, 500 mM 

KCl, 5% glycerol, pH 7.4). The presence of deoxyhemoglobin (430 nm) was confirmed 

by UV-Vis absorbance spectroscopy prior to assays with HydF or HydE.  
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Spectroscopic Characterization 
 

UV-Vis Spectroscopy and Analysis 

UV-Vis spectroscopy was performed on a Varian Cary 6000i UV/vis/near-IR 

spectrophotometer. Anaerobic cuvettes (Spectrocell Inc.) were prepared in an MBraun (≤ 

1 ppm O2) glovebox and spectra were taken at ambient temperature and a scan rate of 600 

nm/min. Baseline spectra of HydF buffer were subtracted by the instrument and spectra 

were plotted in OriginPro (OriginLab Corp. Northampton, MA).  

 

Circular Dichroism Spectroscopy and Analysis 

Circular Dichroism (CD) spectroscopy was performed on a Jasco-710 

spectrophotometer. Anaerobic cuvettes (Hellma Analytics) were prepared in an MBraun 

(≤ 1 ppm O2) glovebox and spectra were taken at ambient temperature, a sensitivity of 

100 millidegrees, continuous scanning mode at 100 nm/min., data pitch of 0.1 nm, and 10 

scan compilation. Baseline spectra of HydF buffer were subtracted and spectra were 

plotted in OriginPro software.  

 

Electron Paramagnetic Resonance (EPR) Spectroscopy and Analysis 

EPR spectroscopy was performed at low temperature (≤ 70 K) using either a 

Bruker (Billerica, MA) EMX X-band (9.4 GHz) spectrometer with a 4119HS resonator, 

ESR900 liquid helium cryostat, and ITC503 temperature controller (Oxford Instruments), 

or a Bruker/Cold Edge (Sumitomo Cryogenics) 10 K waveguide cryogen-free system and 

controller (MercuryiTC). Samples were prepared anaerobically in an MBraun (≤ 1 ppm 
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O2) glovebox in EPR tubes (Wilmad LabGlass, NJ; 4 mm OD) capped with a rubber 

septa, transferred outside the box and immediately frozen in N2(l). Photoreduced samples 

were prepared by addition of 5-deazariboflavin (100 µM), dithiothreitol (5 mM), Tris 

buffer (50 mM, pH 7.4) and illumination (1 hour) with a 300 W Xe lamp in EPR tubes 

immersed in an ice water bath; upon completion of photoreduction, samples were capped, 

removed from the anaerobic environment, immediately frozen, and subsequently stored 

in N2(l) prior to analysis. Unless specified, EPR parameters were as follows: 9.38 GHz, 1 

mW power, 10 G modulation amplitude, 100 KHz modulation frequency, 20.48 time 

constant, 4 scans, and spectra were recorded between 8 and 70 K. Baseline spectra of 

HydF buffer were subtracted and spectra were plotted in OriginPro software.  

Simulations were generated via EasySpin software, version 5.1.11, using the 

“pepper” core function. To determine Topt values (optimum temperature setting for 

maximum signal intensity) for HydF clusters ([4Fe-4S]+, [3Fe-4S]+, [2Fe-2S]+), power 

dependence studies were performed at specific temperatures by varying the power from 

~5 µW to ~100 mW power. Power saturation curves are illustrated by plots of 

log(signal/√power) on the y-axis and power (log) on the x-axis, with the signal defined as 

peak height at specific g-values. The specific g-values analyzed are listed in the figure 

legends. Power saturation effects are illustrated by data that are not parallel to the x-axis; 

samples with less power saturation susceptibility are parallel to the x-axis. P1/2 values and 

inhomogeneity parameter (b) were calculated from fits from the equation S = 

√P/(1+P/P1/2)0.5b in OriginPro software. 
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H2 Production HydA∆EFG Activation Assays 
 
 

Measurement of hydrogen generation was performed anaerobically via gas 

chromatography analysis. Assays (2 mL final volume) were prepared in an MBraun 

anaerobic chamber at ambient temperature in 24 mL sealable glass crimp vials. The assay 

concentrations were as follows: 50 mM HEPES, pH 7.4, 300 mM KCl, 5% glycerol, 20 

mM dithionite, 10 mM methyl viologen, 0.3 – 0.5 µM HydAΔEFG, and 3 – 50 µM 

HydFEG.  HydA was purified from either Chlamydomonas reinhardtii (C.r.) (his-tagged) 

or Clostridium pasteurianum (C.p.I) (strep-tagged; only used for lysate experiments) to a 

final concentration of 10 – 50 mg/mL, as per previous protocols. KCN (76 nmol) or CO-

saturated buffer (143 nmol) were incubated with HydF (8 or 16 nmol, respectively) in 20 

– 50 µL for 15- 30 minutes. CO-saturated buffer was prepared by sparging HydF buffer 

with CO(g) anaerobically for ~10 minutes, incubating this buffer with HydF for 15 - 30 

minutes at ~21 ˚C. This HydF-buffer solution was quickly (within a minute) transferred 

to a Schlenk flask (25 mL) and submitted to  ~10 Schlenk line vacuum/N2(g) cycles to 

remove excess carbon monoxide that might inhibit HydAΔEFG activation; as KCN was not 

expected to inhibit HydAΔEFG activation, KCN was not removed prior to assaying for 

hydrogen production. In comparison with the HydF concentration, the CO and KCN 

concentrations in the buffer were ~10-18x and 10x, respectively. At this point, 

HydFE∆G/G∆E/EG/∆EG and HydAΔEFG were incubated at ~30 °C for 5-10 minutes, prior to 

addition of dithionite and methyl viologen.  Assay preparation occurred in an MBraun at 

O2 concentration ≤ 1 ppm and using buffers freshly de-oxygenated on a Schlenk line.  

Methyl viologen was added last and its addition marked assay initiation. For the duration 
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of the assay, the samples were kept at either 30 °C or 37 °C with slight agitation.  The 

production of H2(g) was monitored via gas chromatography, as described below. Assay 

headspace was injected on the GC manually with a gas-tight Hamilton syringe whose gas 

space was purged with 100% nitrogen prior to sample headspace withdrawal.  

To assay hydrogen production, we used a Shimadzu GC-8A gas chromatography 

instrument with a thermal conductivity detector, nitrogen carrier gas, and a Supelco 

80/100 Porapak N column (6 ft. x 1/8th in.) with a column temperature of 70°C and an 

injection/detector temperature of 100°C.  Under these conditions the retention time of 

hydrogen was ~0.9 minutes.  For each assay time point, at least two technical replicates 

were taken, and the assays were performed multiple times. To determine hydrogen 

concentration, the sample hydrogen content was compared to a standard five-point 

calibration curve with triplicate technical replicates of a hydrogen:nitrogen (1:99) gas 

mixture.   
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CHAPTER EIGHT 
 
 

[FeFe]-HYDROGENASE METALLOCLUSTER ASSMEBLY ON HydF  
 

AS INFLUENCED BY HydG 
 
 

Abstract 
 
 

Complex metallocluster assembly of the H-cluster of [FeFe]-hydrogenase is a 

multi-step multi-enzyme process in vivo. Here we examine the construction of the 

metallocofactor, the H-cluster, responsible for hydrogen generation in [FeFe]-

hydrogenase; this metallocofactor is comprised of a [4Fe-4S] cluster bridged by a protein 

thiolate to a [2Fe]H subcluster decorated with cyanide, carbon monoxide and a 

dithiomethylamine bridging ligand. Three maturase enzymes, HydE, HydF, and HydG, 

are required to build the [2Fe]H subcluster precursor, however, details of this 

metallocluster assembly remain undefined.  Here we probe catalytically relevant cluster 

intermediates in the generation of the H-cluster by examining HydF over-expressed and 

matured in the presence of HydG (HydFG). Through spectroscopic analysis of HydFG, we 

observe of FTIR bands attributed to diatomic ligands on HydF, Mössbauer signals 

consistent with an all ferrous [2Fe-2S] cluster, and an unusual EPR signal thought to arise 

from a [2Fe-2S]+ in a new ligation environment. Through studies with HydFG variants, 

we suggest residues D312 and E302 play roles in cluster ligation. Collectively these 

observations provide new insights into metallocluster assembly and the complicated tasks 

[FeFe]-hydrogenase matureases HydG and HydF must navigate in contribution to 

development of the [2Fe]H precursor.  



 
 

341 

Introduction 
 

 One of the most prolific hydrogen catalysts, [FeFe]-hydrogenase (from 

Clostridium pasteurianum I, CpI HydA) favors the reversible reduction of molecular 

hydrogen from electrons and protons at a complex metallocluster, called the H-cluster.1 

This metallocofactor which comprises a [4Fe-4S] cluster linked by a protein thiolate to a 

2Fe subcluster ([2Fe]H) functionalized with cyanide (CN–) and carbon monoxide (CO) 

and a dithiomethylamine (DTMA) bridging ligand,2 wherein the [2Fe]H subcluster 

employs the CN– and CO ligands to tune the oxidation state of the irons. The distal iron 

of the [2Fe]H subcluster, in conjunction the 

bridgehead amine of the DTMA bridging 

ligand, is expected to provide a dock for proton 

and hydride species to allow for reversible 

reduction during the formation of H2(g)
1d, 3 such 

that at this [2Fe]H subcluster’s distal iron, 

protons and electrons are reduced to form 

hydrogen. 

  In addition to iron-sulfur cluster 

housekeeping machinery of the cell, three 

maturase enzymes (HydE, HydF, and HydG) 

are essential for the construction of this H-

cluster in vivo.4 HydF serves as the scaffold for 

construction of the [2Fe]H subcluster precursor. The radical SAM enzymes, HydE and 

 
Figure 8.1. [FeFe]-hydrogenase 
Maturation Scheme  
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HydG, are responsible for delivering the [2Fe]H subcluster precursor ligands; however, 

the complex process of [2Fe]H precursor assembly remains to be delineated.  

By examining cluster intermediates from in vivo interactions between HydF and 

HydG (or HydE), we hope to identify clusters assembled on HydF after HydG (or HydE) 

catalysis products are delivered to probe relevant cluster intermediates in the maturation 

of the H-cluster. Previous work in Chapter Seven, demonstrated HydF matured in the 

presence of HydE, (HydFE) can activate HydA∆EFG to generate molecular hydrogen. Here, 

to identify relevant steps in the development of the [2Fe]H precursor, this work 

spectroscopically analyzes cluster intermediates on purified HydF that has been over-

expressed and matured in the presence of HydG (HydFG).  

Radical SAM enzyme HydG uses both a radical SAM [4Fe-4S] cluster and an 

auxiliary iron-sulfur cluster, respectively ligated by the classic Cx3Cx2C motif and a 

Cx2Cx22C motif,5 to initiate Cα-Cβ bond cleavage of L-tyrosine, and to ultimately form 

CO and CN–, p-cresol, and water.1b, 6 Though HydG catalysis produces CN– and CO that 

can detect CN– by derivatization analysis by mass spectrometry6a and CO by soret band 

shifts after binding to hemoglobin,6c it is unclear exactly what products HydG delivers to 

HydF, specifically whether an iron is included. Work describing T.t. HydG crystal 

structure5b depicted the auxiliary cluster with a “dangler” iron species and correlated this 

iron species with an EPR spectroscopic S = 5/2 signal (from S.o. HydG);5b further work 

proposed that the HydG product is a sython comprised of the CN– and CO ligands bound 

to the “dangler” iron species, scaffolded by cysteine for delivery to HydF.5b However, it 

remains unclear what is directly delivered to HydF. Is HydG delivering free CO and CN–
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? Does HydF use the entire synthon, including the iron? Though it seems clear that the 

dangler iron plays a role in HydG mechanism, debate remains about whether the iron 

serves as a framework for diatomic delivery or acts catalytically. We sought to delineate 

[2Fe]H subcluster assembly contributions of HydG through analysis of HydF, specifically 

HydFG. 

The HydF scaffold enzyme is a GTPase with a strong dimer interface and a unique 

cluster binding domain, that exists in vitro as a dimer and a tetramer.7 Shaped like Heat 

shock protein 90, the GTPase domain sits furthest from the dimer interface and adjacent 

to the FeS binding domain. While a GTPase role in gating protein-protein interactions has 

been suggested,8 allosteric movements associated with GTP binding and catalysis, have 

yet to be defined. Much spectroscopic characterization of HydFEG and HydF∆EG cluster 

content has been performed and shows HydF binds both [4Fe-4S] and a [2Fe-2S] redox 

active clusters (Chapters Five and Six). However, HydF has only three cysteines per 

subunit with which to bind FeS clusters. While a scaffold enzyme is meant to harbor 

clusters only temporarily and likely won’t bind clusters as securely as enzyme performing 

catalysis, three cysteine residues are scant support for both a [4Fe-4S] and a [2Fe-2S] 

cluster. Thus, the combination of this minimal ligand environment and the proximity of 

the FeS cluster binding domains in the dimer, the hypothesis that clusters bound at the 

subunit interface arose. Though the [2Fe-2S] and [4Fe-4S] clusters bind at greater then 20 

Å in HydF∆EG (Chapter Six), work remains to assess proximity of cluster binding in the 

other HydF preparations, HydFEG, HydFE, and HydFG. Thus, whether a cluster is bound 

at the subunit interface or harbored within one subunit remains an area of active research. 
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If HydG is not providing the iron that constitutes the [2Fe]H subcluster, this iron likely 

comes from cannibalization of a [4Fe-4S] or directly employs a [2Fe-2S] cluster. 

Regardless, the iron oxidation state must be low (likely zero) to be capable of accepting a 

pi-acid diatomic ligand such as CO or CN–; however, [2Fe-2S]0 all ferrous clusters are 

not common in nature. Finally, the subcluster present on HydFEG can be transferred to 

HydAΔEFG, the structural protein not yet influenced by the three maturases with only a 

[4Fe-4S] cluster, to allow for generation of molecular hydrogen. While a small amount of 

activity can be produced by incubating HydA∆EFG with HydFE, no molecular hydrogen in 

produced from HydA∆EFG with HydFG activity assays. 

To begin to answer what products HydG delivers to HydF, we spectroscopically 

probe intermediate states of the [2Fe]H precursor on HydFG. By appending only HydF 

with an affinity tag (8-amino acid Streptavidin-binding or 6-Histidine) necessary for 

affinity purification, we can isolate HydF (Figure S8.1) after bound clusters have 

received HydG products. While growth media is supplemented with iron, no additional 

small molecules are added prior to spectroscopic and biochemical analysis performed on 

the purified enzymes. Thus, we probe the intermediate clusters generated in vivo on HydF 

in the presence of HydG, but perform analysis on the isolated HydF. We 

spectroscopically analyze HydFG in the ‘as-isolated’, ‘reduced’, and ‘reduced + GTP’ 

states. Where appropriate we have modified the wildtype enzyme with mutations to tease 

out functionality of specific HydF residues. To gain clarity, we employed a range of 

spectroscopic techniques including UV-Vis, CD, EPR, FTIR and Mössbauer 

spectroscopies.  



 
 

345 

Experimental Procedures 
 
 

Protein Expression and Purification   

To generate HydF∆EG, constructs encoding Clostridium acetobutylicum (C.a.) hydF 

were transformed into E. coli BL21(DE3)RIL (Stratagene) cells as previously described9 

(Chapters 3 and 4). To generate HydFG∆E and HydFE∆G, constructs encoding C.a. hydF 

and hydG or hydE were transformed into E. coli BL21(DE3)RIL (Stratagene) cells. These 

constructs impart a his-tag (or strep tag) to HydF and no tag to the other enzymes. 

Additionally, these constructs were transformed into a ∆IscR E. coli BL21(DE3) cell line 

with no noticeable changes in the spectroscopic evaluations of the purified enzymes.  

 Fresh plates were streaked and single colonies were chosen for small scale 

overnight culture growth in media supplemented with 30 µg/mL kanamycin. The 

following morning the seed cultures were used to inoculate 9 L of media which 

comprised 10 g/L tryptone, 5 g/L yeast extract, 5 g/L KCl, 5 g/L glucose, 50 mM 

potassium phosphate buffer pH 7.5, and 30 µg/mL kanamycin. Cell cultures were grown 

at 37 °C and 230 rpm shaking until OD600 values reached 0.5−0.6. The culture was then 

induced with IPTG  (1 mM final concentration), and the flasks were then transferred to 

a 4°C refrigerator and sparged with N2(g) for ~15 h. Cells were harvested by 

centrifugation,  and  resulting  cell  pellets were immediately flash frozen in liquid 

nitrogen. Composite cell pellet mass was recorded, and cells were further use. Cell lysis 

and protein purification were performed with minor modifications to previous 

methodologies. 
 
All techniques were accomplished under anaerobic conditions in a Coy 

anaerobic chamber (Grass Lake, MI) maintained with a ~96% N2(g), ~4% H2(g) 
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atmosphere that was operated in a 4°C walk-in refrigerator. Cell pellets were transferred 

to a Coy anaerobic chamber in a frozen state and were then thawed and resuspended in a 

lysis buffer containing 50 mM HEPES pH 7.4, 0.3 M KCl, 5% glycerol, and 10 mM 

imidazole (Buffer A). The cell lysis mixture was supplemented with 10 mM MgCl2, 1 

mM PMSF, 0.8% Triton X-100, 0.07 mg DNase, and RNase per gram cell, and ~0.4 mg 

of lysozyme per gram cell. This mixture was then stirred  for  70  min,  loaded  into 

gastight centrifuge bottles, and centrifuged at 18,000 rpm for 30 min. Then the 

supernatant was loaded onto a 5 mL HisTrap Ni
2+

- affinity column (GE Healthcare) using 

an ÄKTA Basic 100 FPLC (GE Healthcare). The column was pre-equilibrated in Buffer 

A, and following supernatant loading was washed with 15 column volumes of Buffer A 

or until baseline absorbance resumed. HydF elution was accomplished by using a step 

gradient of Buffer B (50 mM HEPES, pH 7.4, 0.3 M KCl, 5% glycerol, 500 mM 

imidazole). Absorbance intensities at both 280 and 415 nm were tracked, and the ratios 

revealed that substantially pure HydF eluted at both 20% and 50% Buffer B wash steps. 

In most cases, only the peak protein fraction (as determined by the fraction with the 

highest 415 to 280 nm ratio) eluting at 50% Buffer B was utilized for experiments. The 

protein eluting at 50% Buffer B with a buffer composition of 50 mM HEPES, pH 7.4, 0.3 

M KCl, 5% glycerol, and 255 mM imidazole is defined as the “freshly purified” state. 

Purification fractions that were pooled together and either dialyzed or buffer exchanged 

into a 50 mM HEPES, pH 7.4, 0.3 M KCl, 5% glycerol buffer, prior to concentration with 

a Prochem BJP 10/40 (or EMD Millipore Minicon B15) static protein concentrator, 

will heretofore be referred to as the ‘as-isolated’ state. Aliquots of the freshly purified 
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enzyme were flash frozen in liquid N2 and stored at −80 °C until further use. 

Protein concentration was calculated via Bradford assay using a bovine serum 

albumin standard solution (Thermo Scientific). Iron content was determined either 

through using a spectrophotometric method, wherein protein is digested with 4.5% (w/v) 

KMnO4 and 1.2 N HCl and soluble iron is then complexed with ferrozine, or via a 

Varian SpectrAA 220 FS flame atomic absorption spectrometer. 

 
Circular Dichroism Spectroscopy 

 
A Jasco-710 spectropolarimeter was utilized to collect CD spectra on HydF 

samples. Samples were loaded into a 650 µL, 1 cm path length anaerobic cuvette (Hellma 

Analytics). Spectra were recorded from 300−700 nm at a sensitivity of 100 millidegrees, 

data pitch of 0.1 nm, continuous scanning mode at a 100  nm/min scanning speed, and 10 

spectral accumulations. Baseline spectra of the background buffer (50 mM HEPES, pH 

7.4, 0.3 M KCl, 5% glycerol, and 255 mM imidazole) were collected and subtracted from 

the experimental spectra using OriginPro 8.5 software. All data were collected under 

ambient temperature and anaerobic conditions. 

 
Gel Filtration 

 
Freshly purified and as-isolated C.a. HydF samples were gel-filtered via Superose 

12 (GE Healthcare) size-exclusion media packed in an HR 10/30 column (1 cm i.d., 30 

cm length; GE Healthcare) housed within an anaerobic vinyl Coy chamber at room 

temperature. A mobile phase of 50 mM HEPES pH 7.4, 0.3 M KCl, and 5% glycerol was 

utilized at a flow rate of 0.2 mL/min using an ÄKTA Purifier FPLC  (GE Healthcare); 
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column wash steps comprised at least five column volumes of buffer equilibration and at 

least two column volumes of wash between samples. As-isolated samples were quickly 

thawed in the Coy chamber and then immediately loaded onto the column. Sample 

injections were performed in duplicate or triplicate. A BioRad Standard (#151- 1901) 

that contained thyroglobin (bovine), γ-globulin (bovine), ovalbumin (chicken), 

myoglobin (horse), and vitamin B12 was used to calibrate sample oligomeric content. 

HydF tetrameric (~189 kDa) and dimeric (~94.5 kDa) species eluted with retention 

volumes of ~9.5 mL and ~10.5 mL, respectively. 

 
Electron Paramagnetic Resonance Spectroscopy  

 
For all HydFG∆E EPR spectroscopy, samples were prepared in, at least, triplicate 

redundancy to confirm signals; this replication not only meant a new sample started with 

a new growth, but additionally involved replication using different glycerol stocks, HydF 

constructs (with different affinity tags), and different E. coli cell lines. For all other EPR 

spectroscopy, samples were prepared in triplicate (from a new growth). 

EPR samples were prepared in an MBraun box at O2 levels ≤1 ppm. Purified ‘as-

isolated’ samples were loaded into EPR tubes (Wilmad LabGlass, 4 mm OD, NJ, USA), 

capped with a rubber septum and flash frozen outside the box in either liquid N2 or liquid 

propane. ‘Reduced’ samples were prepared by supplementing enzyme with 100 µM 5-

deazariboflavin and 5 mM DTT in 50 mM Tris, pH 7.4 buffer and photoreducing as 

follows. Samples were illuminated with a 300 W Xe lamp in an ice water bath for 1 h, 

then immediately removed from the MBraun box and flash frozen in the same manner as 

described above. All samples were stored in a liquid N2 dewar until data collection 



 
 

349 

occurred. ‘Reduced + GTP’ samples were prepared as parallel ‘reduced’ samples but with 

GTP (1-5 mM) added immediately after photoreduction. In all photoreduced preparations, 

samples were frozen within 5 minutes of ending photoillumination, allowing time for 

centrifugation (13,000 rpm; 1 min.) and, as needed, GTP addition. 

Low temperature (≤70 K) EPR measurements were made using either a Bruker 

(Billerica, MA) EMX X-band (9.4 GHz) spectrometer equipped with a 4119HS 

resonator, ESR900 liquid helium cryostat, and temperature controller (ITC503) from 

Oxford instruments, or a Bruker Cold Edge (Sumitomo Cryogenics) 10 K waveguide 

cryogen free system with a Mercury iTC controller unit. Unless otherwise noted, typical 

EPR parameters were 9.38 GHz microwave frequency, 1 mW microwave power, 100 

kHz modulation frequency, 10 G modulation amplitude, time constant settings that varied 

between 20.48 and 163.84 ms, and spectra were averaged over either four or eight scans. 

OriginPro 8.5 was utilized to baseline correct and plot all experimental spectra. 

Simulations of experimental data  were  carried  out  using  the EasySpin software 

platform. 
 
EPR spectra for standards were collected under identical temperature and 

spectrometer settings as HydF samples. 

 
Temperature Relaxation and Power Saturation Profiles. For select samples of 

as-isolated, photoreduced, and photoreduced + GTP HydF spectra were collected under 

identical parameter settings at various temperatures. This allowed for direct comparison of 

Topt values (defined as the optimum temperature setting for maximum signal intensity) for 

[4Fe-4S]+, [3Fe-4S]+, and [2Fe-2S]+ cluster signals among the different samples. In 

order to determine the power for half saturation (P1/2) for [4Fe-4S]+, [3Fe-4S]+, and 
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[2Fe-2S]+ cluster signals, power dependence studies were performed on samples at 

constant temperatures by varying the microwave power attenuation.  

Power saturation curves were constructed by plotting the log (S/√P) against log P, 

where P is the microwave power and S is the peak-to-peak derivative signal amplitude 

(peak height); the most intense features were chosen for measuring S. In plots of log 

(S/√P) versus log P, FeS signals that do not exhibit power saturation effects result in lines 

that are parallel to the abscissa, while FeS signals that exhibit power saturation effects have 

lines that slope toward the abscissa with increasing power.  

 
FTIR Spectroscopy 

 
FTIR spectra (512 scans, 2 cm-1 resolution) were collected on a Nicolet 6700 

FTIR spectrometer using a high D*MCT detector and custom built cryogen-free cryostat 

(ColdEdge Technologies, Inc.). Small aliquots of sample (15 µL) were loaded into a 

sample cell consisting of a set of CaF2 windows with a 15 µm spacer. Spectra were 

manually baseline corrected using the OMNIC software program (Thermo Fisher 

Scientific). 

 
Mössbauer Spectroscopy 

 
Double integration of first-derivative EPR signals was conducted using the 

graphing and analysis program KaleidaGraph (Synergy Software). Comparison to the 

corresponding double integral for the spectrum of a CuII(ClO4)2 standard with correction 

for the different g-value permitted calculation of absolute spin concentration. Analysis 

was performed as previously described.10  
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Activity Assays 
 
Assays (2 mL final volume) were prepared in a Coy or MBraun anaerobic 

chamber at room temperature in 24 mL sealable glass crimp vials.  Reaction mixtures 

were supplemented with sodium dithionite and were initiated via addition of oxidized 

methyl viologen; in this scheme, dithionite acts as an electron donor for methyl viologen 

which serves as an electron conduit to HydA. The assay concentrations were as follows: 

50 mM HEPES, pH 7.4, 300 mM KCl, 5% glycerol, 20 mM dithionite, 10 mM methyl 

viologen, 0.3 – 0.5 µM HydAΔEFG, and 3 – 50 µM HydFEG.  HydA was purified from 

either Chlamydomonas reinhardtii (C.r.) (his-tagged) or C.p.I (strep-tagged) to a final 

concentration of 35 – 50 mg/mL, as per previous protocols.9 HydFEG and HydAΔEFG were 

incubated at 30 °C for 5-10 minutes, prior to addition of dithionite and methyl viologen.  

Assay preparation occurred in an MBraun at O2 concentration ≤ 1 ppm and using buffers 

freshly de-oxygenated on a Schlenk line.  For the duration of the assay, the samples were 

kept at either 30°C or 37°C with slight agitation.  The production of H2(g) was monitored 

via gas chromatography, as previously described.9  

To determine hydrogen concentration, the sample assay hydrogen content was 

compared to a standard calibration curve of a hydrogen:nitrogen (1:99) gas mixture.  

Hydrogen content was measured with a Shimadzu GC-8A gas chromatography 

instrument with a thermal conductivity detector, nitrogen carrier gas, and a Supelco 

80/100 Porapak N column (6 ft. x 1/8th in.) with a column temperature of 70°C and an 

injection/detector temperature of 100°C.  Under these conditions the retention time of 

hydrogen was ~0.9 minutes.  For each assay time point, at least two technical replicates 
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were taken, and the assays were performed multiple times.  Assay headspace was injected 

on the GC manually with a gas-tight Hamilton (50 or 100 µL) syringe whose gas space 

was purged with 100% nitrogen prior to sample headspace withdrawal. 

 
Results 

 
Mössbauer Spectroscopy of HydFG∆E  

As Mössbauer spectroscopy can detect all cluster oxidation states, we expect these 

studies to supplement other spectroscopic characterization and provide critical insight on 

clusters not otherwise observable. Initial Mössbauer studies focused on HydFG whole 

cells, but yielded a mixture of cluster states such that deconvolution was not worthwhile 

(Figure S8.2); thus we initiated Mössbauer studies with purified proteins. Mössbauer 

spectroscopy confirmed HydFG ‘as-isolated’ protein contained [2Fe-2S]+ cluster content, 

as shown in HydFG EPR spectroscopy, but also identified an unexpected all-ferrous 

cluster species (Figure 8.2). In the HydFG ‘as-isolated’ state, the majority (~70%) of the 

cluster content is [3Fe-4S] clusters, mainly as reduced [3Fe-4S]0 clusters. However, 

~21% of the total iron content was diamagnetic 4Fe and 2Fe clusters ([2Fe-2S]0 + [2Fe-

2S]2+ + [4Fe-4S]2+). The presence of the all-ferrous [2Fe-2S] cluster at a low but 

resolvable amount (~5%), identified as a minor quadrupole doublet with large quadrupole 

splitting, was particularly surprising. Addition of dithioerythritol (DTE, 15 mM), did 

little to convert cluster content (Figure 8.2B); however, while dithionite (15 mM) 

addition caused cluster conversion to mainly reduced [4Fe-4S]+ clusters, intriguingly, the 

high spin all-ferrous [2Fe-2S] cluster species (Figure 8.2C) remained.  
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A B C  

Figure 8.2. Mössbauer Spectroscopy of HydFG. A) In the upper spectrum, the green 
simulation curve represents the diamagnetic ([2Fe-2S]0 + [2Fe-2S]2+ + [4Fe-4S]2+) part 
(21% of the total area), and the blue simulation curve represents the reduced [3Fe-4S] 
cluster part (72% of the total area). In the lower spectrum, the blue simulation curve 
represents the all-ferrous [2Fe-2S] part. B) HydFG as-isolated (black) and in the presence 
of dithioerythritol (15 mM, red) show mainly reduced [3Fe-4S] clusters ([3Fe-4S]0), and 
a small amount (<10%) of high-spin ferrous species, half cluster-associated. C) Dithionite 
reduced HydFG. Top spectra: 100 K, 0 kG experimental (black) and simulation (magenta) 
with the following parameters: species 1 - δ  ~0.55 mm/s, ∆EQ ~1.32 mm/s, 45%; species 
2 - δ  ~0.51 mm/s, ∆EQ ~0.95 mm/s, 45%; species 3 (ferrous) - δ  ~0.70 mm/s, ∆EQ ~3.30 
mm/s, 8%; Bottom spectrum: 4.2 K, 0.45 kG. 
 
 
FTIR Spectroscopy 

FTIR spectroscopic analysis was employed since the Mössbauer spectroscopy 

results indicate a cluster present on HydFG capable of accepting diatomic ligands, FTIR 

spectroscopy facilely displays Fe-diatomic species on HydFEG, and the products of HydG 

include at least the CO and CN– diatomics (Figure 8.6). The features observed in HydFG 

can be compared to those on HydFEG, but illustrate distinct iron-diatomic species. Figure 

8.3 shows an FTIR spectrum for HydFG with definitive stretching bands associated with a 

Fe-CO, and a bridging Fe-CO species, but not Fe-CN species. Additional FTIR spectra 

with broader peaks (Figure S8.3) were also observed; the broad signals are expected to be 

due to overlap of several stretching bands, reflecting the transient nature of this cluster 
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and its possible proclivity for movement to alternate ligand environments whether cluster 

or protein-based. This broader peaked FTIR spectrum is expected to depict a degraded 

form of the intermediate species illustrated in Figure 8.3. Most FTIR spectroscopy was 

performed on ‘as-isolated’ HydFG; the few samples of HydFG purified with dithionite (1-

2 mM) did not yield FTIR stretching band signals.  

 

 
Figure 8.3. FTIR Spectroscopy of HydFGΔE Illustration of Fe-diatomic Ligands. Spectrum 
taken at 10 K. 
 
 
Activity Assays of HydFG∆E 

 
Considering that the [NiFe]-hydrogenases active-site cluster and protein 

environment can reduce and oxidize hydrogen despite lacking a DTMA bridging ligand 

and given the critical role of the H-cluster diatomics in tuning the [2Fe]H irons during 

catalysis on HydAEFG and the spectroscopy mentioned thus far, it is conceivable that 

minimal activation of HydAΔEFG by HydFGΔE might be observed. Further, incubation of 

HydFEG with HydAΔEFG has been shown to generate an active hydrogenase capable of 

proton reduction, and, as described in Chapter Seven, HydF over-expressed in the 
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background of HydE (HydFE) displays spectroscopic features similar to HydFEG and is 

capable of activating HydA∆EFG. To address the functionality of the HydFG intermediate 

clusters, we performed activity assays incubating HydAΔEFG with HydFG, assessing the 

headspace for H2 production via gas chromatography. However, the intermediate state 

HydFG was not able to activate HydAΔEFG in activity assays measuring H2 production.  

 
EPR Spectroscopy of HydFG 

As-Isolated HydFG. EPR spectroscopy revealed the presence of 1) a typical [4Fe-

4S]1+ reduced cluster axial signal in ‘reduced’ HydFG∆E, and 2) a modified or multiple 

[2Fe-2S]+ cluster species in ‘as-isolated’ and ‘reduced + GTP’ HydFG. The existence of 

[4Fe-4S]+ and [2Fe-2S]+ clusters on HydF has been observed for HydF∆EG, HydFE, and 

HydFEG (Figure 8.4A); however, comparison of [2Fe-2S] cluster species on HydFG, with 

those of HydF from other backgrounds, illustrates significant line-shape and power 

susceptibility differences. EPR spectroscopic investigation of this unknown signal on 

HydFG involved sets of temperature studies, performed in the range of ~8 K to 80 K (at 1 

mW), and power studies, between ~7 µW and 70 mW (at select temperatures).  

The temperature relaxation profile of the unknown intermediate signal present on 

as-isolated HydFG is consistent with a [2Fe-2S] cluster as marked by the persistence of 

signal up to 80 K (not shown) and a peak in signal intensity around 40 K (Figure 8.4B). 

However, when temperature sensitivity is analyzed on a per-feature basis, two different 

temperature responses unfold, one maximizing at ~20 K, and the other at ~40 K (Figure 

8.4C). Possibly, this first signal, with a ~20 K maximum, could be correlated with a [3Fe-
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4S] cluster, while the signal maximizing at 40 K is likely from [2Fe-2S] contributions. 

Regardless, this [2Fe-2S] signal line-shape has not been seen on HydF before.  

 

A B C  
Figure 8.4. EPR Spectroscopy of HydFG ‘As-Isolated’ Illustrates Presence of [2Fe-2S] 
cluster. A) ‘As-isolated’ HydF (His-tagged) HydFΔEG (black), HydFEG (grey), HydFE 
(blue), and HydFG (orange) at 10 K, B) Temperature Dependence of ‘As-isolated’ HydFG 
between 12 and 50 K at 1 mW, C) Temperature Dependence of ‘As-isolated’ HydFG by 
g-value, reported as peak intensity at 1 mW. 
 
 

Power saturation studies demonstrate this ‘as-isolated’ HydFG unknown 

intermediate responds differently to power, than cluster signals from HydF in other 

backgrounds. In contrast to the [2Fe-2S] cluster signal on as-isolated HydFΔEG which 

displays susceptibility to power changes below 250 µW and above 10 mW, examination 

of the entire intermediate cluster signal on HydFG illustrates this signal has very little 

susceptibility to changes in power (Figure S8.4). This lack of susceptibility to power 

changes suggests HydFG has a different cluster content or ligand environment than that 

on HydFΔEG, HydFEG, or HydFE. Akin to the ‘as-isolated’ HydFG [2Fe-2S] cluster signal 

temperature studies, power studies display non-identical responses at each separate g-

value and suggest multiple cluster signals or environments (Figure S8.4).  
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Reduced and Reduced plus GTP HydFG. Similar to cluster content on HydF from 

other backgrounds, the ‘reduced’ HydFG does not display [2Fe-2S]+ cluster signals, but 

only a single [4Fe-4S]+ cluster signal. However, in contrast to signals observed on HydF 

from other backgrounds, ‘reduced + GTP’ HydFG displays a [2Fe-2S]+ cluster signal 

similar to that observed in ‘as-isolated’ HydFG (Figure 8.5A). This pattern suggests that 

GTP, or conformational changes associated with GTP binding or hydrolysis, might gate 

the electronics of at least one of the cluster signals observed in ‘as-isolated’ HydFG 

(Figure S8.5). Though the line-shape of the [2Fe-2S]+ cluster differs in intensity for each 

feature of the ‘as-isolated’ and the ‘reduced + GTP’, the g-values parallel in the two 

samples (e.g., 2.04, 2.03, 2.01, 1.99 and 1.91). Furthermore, though temperature and 

power studies indicate multiple cluster species are present in the ‘as-isolated’ sample, 

similar temperature and power studies suggest only one cluster type is present in the 

‘reduced + GTP’ samples.  

Temperature studies of ‘reduced + GTP’ HydFG (Figure 8.5B) display two 

predominant signals: 1) an axial [4Fe-4S]+ signal, most intense at 12 K, and 2) a [2Fe-

2S]+ cluster, illustrated by the presence of the signal above 80 K (Figure 8.5B) with a 

signal maximum ~40 K. The temperature plot (Figure 8.5C) helped determine the ideal 

temperature at which to perform power studies, wherein the signals would not be 

saturated nor contain a mixture of different cluster types. These temperature studies, of 

‘reduced + GTP’ HydFG cluster intermediates, display signal intensities with the same 

temperature responses, as illustrated by the similar maximum peak intensity for signals at 

all g-values around 44 K (Figure 8.5C). This consistent maximum peak intensity is in 
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contrast to the multiple maximums observed for the ‘as-isolated’ HydFG samples. Thus, 

the consistency in the ‘reduced + GTP’ HydFG signal possibly suggests a more uniform 

set of cluster types or environments.  

 
 

A B C  
 
Figure 8.5. EPR Spectroscopy of HydFG ‘Reduced + GTP’ Illustrates Presence of [2Fe-
2S] cluster. A) ‘Reduced + GTP’ HydFΔEG (black), HydFEG (grey), HydFE (blue), and 
HydFGΔE (orange) at 20 K and 1 mW, B) ‘Reduced + GTP’ HydFG Temperature 
Dependence at 1 mW, C) Temperature Dependence of ‘reduced + GTP’ HydFG by g-
value reported as peak intensity at 1 mW. 
 
 

Power saturation studies, of this ‘reduced + GTP’ HydFG cluster intermediate, 

reinforce the observations from the temperature studies (Figure S8.6); power studies 

show a uniform response to changes in power across all g-values measured, possibly 

suggesting a single cluster type or local environment. Interestingly, in comparison with 

the ‘as-isolated’ HydFG and HydF∆EG [2Fe-2S] signals, the HydFG ‘reduced + GTP’ signal 

intensities display a larger total change across the power range, suggesting a slightly 

higher susceptibility to power saturation overall for this cluster type. 

 
HydF Variants Effects on [2Fe-2S]+ Cluster Ligation Environment 
 

As spectroscopy alone could not conclusively identify the nature of the 

intermediate clusters on HydFG, to further investigate the [2Fe-2S]+ EPR spectroscopic 
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signals in ‘as-isolated’ and ‘reduced + GTP’ HydFG∆E, HydF variants were prepared and 

analyzed. Interestingly, the HydFEG variant C353S (Figure 8.5, blue spectrum) ‘as-

isolated’ displays a signal similar to that observed in the HydFG∆E enzyme, although with 

slightly broader anisoptropy, suggesting that the source of the HydFG∆E signal may be an 

alternate ligand environment, specifically one with oxygen ligation. Despite line-shape  

 

 

 
Figure 8.6. EPR spectroscopy of HydFG and a HydFEG variant C353S display similar 
EPR spectroscopy signals. Top spectrum (orange) ‘as-isolated’ his-tagged HydFG at 10 
K, 1 mW. Second spectrum (red) ‘reduced’ his-tagged HydFG plus GTP (3 mM) at 20 K, 
1 mW. Third spectrum (blue) ‘as-isolated’ his-tagged HydFEG at 25 K, 1 mW. Fourth 
spectrum (pale pink) ‘as-isolated’ strep-tagged HydFG at 60 K, 1 mW. Fifth spectrum 
(dark pink) ‘as-isolated’ strep-tagged HydFG at 20 K, 1 mW. 
 
differences between the spectra displayed in Figure 8.6, the g-values of the signals in 

Figure 8.6 are similar; slight differences in line-shape possibly may be accounted for by 

additional proximal clusters and/or altered ratios of these clusters. To probe congruence 

between the ‘as-isolated’ HydFEG C353S and HydFG EPR signals, further characterization 

of the C353S variant in the ‘reduced + GTP’ state is needed, followed by EPR 

simulations. However, the EPR spectral similarity between these signals, paralleled 
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investigation in HydFG∆E of residues that may actually impart this type of coordination in 

the native enzyme. Two absolutely conserved surface residues, a glutamate and an 

aspartate are within ~10 Å of the three cysteines of the HydF FeS cluster binding pocket 

and rest in a cleft easily assessable from this pocket. These residues were mutated to 

prepare variants in HydF∆EG, HydFEG and HydFG though most spectroscopic 

characterization has been of HydF∆EG and HydFEG. 

UV-Vis, CD and EPR spectroscopy characterization (Figures S8.8 and S8.10, 

respectively) demonstrate HydF∆EG and HydFEG variants D312A/S and E302A/S retain 

[2Fe-2S] and [4Fe4S] cluster content akin to that observed in wildtype; size exclusion 

chromotography further exhibits theses HydF variants exist primarily in dimer form 

(Figures S8.9), also congruent with wildtype. However, D312A and E302A HydFEG 

variants were found to be less capable of activating HydA∆EFG (Figure S8.7).  

To probe potential D312 and E302 ligation that may give rise to the unusual [2Fe-

2S] EPR signals, HydFG variants E302A and D312A were spectroscopically analyzed 

with the hypothesis that the unusual [2Fe-2S]+ signals, (Figure 8.4 and 8.5) would now be 

lost. Preliminary studies show that certain variants, such as HydFG D312A variant, do not 

display the unusual [2Fe-2S]+ cluster signals. EPR signals were very weak, possibly due 

to low iron content, and this lack of signal may be due protein conformational changes 

that result in loss of the unknown intermediate cluster giving rise to the unusual [2Fe-

2S]+ EPR signal on HydFEG ‘as-isolated’ and ‘reduced + GTP’.  
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Discussion 
 
 

While Berggren et al.11 have shown that in vitro addition of a synthetic [2Fe] 

subcluster to HydA∆EFG can result in hydrogenase activation, the in vivo assembly of the 

H-cluster requires multiple construction steps, many of which remain unknown despite 

large and small breakthroughs. While HydF is thought to be the scaffold for assembly of 

the [2Fe]H subcluster, the specific products from HydE, presumably the 

dithiomethylamine (DTMA) bridging ligand components, are not yet defined. And while 

HydG is expected to provide HydF with the CO and CN– ligands, possibly in an iron-

bound state, the intermediate subclusters on HydF, after the influence of HydG, are 

unknown. This work probes the assembly process through examination of HydF 

overexpressed in the presence of HydG. We use a number of spectroscopic and 

biochemical techniques to investigate the interaction of HydF with HydG. We show 

HydFG displays the presence of Fe-diatomic stretching bands via FTIR spectroscopy and 

a [2Fe-2S]0 cluster signal via Mössbauer spectroscopy, and present evidence that the 

HydFG∆E [2Fe-2S]+ cluster EPR signals are perturbed, possibly suggesting non-cysteine 

cluster ligation. 

The FTIR spectra of ‘as-isolated’ HydFG∆E illustrate a species ligated by CO 

ligands, with both Fe-CO and Fe-CO-Fe species observed (Figures 8.3 and S8.3). The 

presence of a bridging CO species (Fe-CO-Fe) in this cluster intermediate on HydFGΔE is 

intriguing, particularly since we observe no bridging CO species in HydFEG, however 

once the [2Fe]H subcluster becomes part of the H-cluster housed in HydA, it exhibits a 

CO-bridging species.19 Previous work has shown HydFEG displays several FTIR 
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spectroscopic features associated with Fe-CO and Fe-CN LMCT bands, though 

intriguingly no bridging Fe-CO-Fe LMCT bands with further treatment of the HydFEG 

sample with hydrogen or CO having little affect on these bands.13,12 Though difficult to 

capture, the bridging Fe-CO bands on HydFG are intriguing, raising possible questions of 

which iron ions are bridged. As HydE has yet to interact with HydF here, likely the 

DTMA is not present. Given the possible role of the bridging CO to tune iron oxidation 

during turnover on HydA and the flexible positioning of these small diatomics on a 

HydFG intermediate cluster, tuning of the [2Fe]H cluster precursors on HydF in 

preparation for additional diatomic ligands may be satisfied by this CO bridging ligand. 

While the lack of Fe-CN stretching species in the HydFG FTIR spectroscopy is surprising, 

possibly CN– is more labile; given the lack of stability of this intermediate cluster state, 

possibly CO has replaced these cyanides as CO is a stronger pi acceptor than CN–. 

The EPR spectroscopic analysis of HydFG illustrates the presence of multiple 

[2Fe-2S]+ and possibly a [3Fe-4S]+ cluster signals in ‘as-isolated’ samples, a typical [4Fe-

4S]+ cluster axial signal in ‘reduced’ and ‘reduced + GTP’ samples, and an unknown 

[2Fe-2S]+ cluster signal in ‘as-isolated’ and ‘reduced + GTP’ samples (Figures 8.4 and 

8.5). However examination of low field HydFG signals, reveals a lack of the S = 5/2 EPR 

signal observed on HydG and associated with the dangler iron, suggesting that a synthon 

species is not bound in HydFG. Though HydFG typically purifies with higher iron content 

per protein, than HydF in the other backgrounds, this iron loading is typically not higher 

than 3 irons per protein; while analysis of the enzyme with better iron loading may bring 

more clarity, this high iron content doesn’t necessarily suggest delivery of iron by HydG. 
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Focusing on the [2Fe-2S]+ cluster EPR signals observed for HydFG, clear 

differences can be observed in comparison with HydF from all other backgrounds. ‘As-

isolated’ HydFG exhibits [2Fe-2S]+ cluster content that, based on power and temperature 

studies, may contain some [3Fe-4S] clusters, but still exhibits a line-shape and 

susceptibility to power saturation that is different from [2Fe-2S] cluster signals on 

HydF∆EG, HydFE, and HydFEG. At elevated temperatures that preclude [4Fe-4S]+ cluster 

signals, ‘reduced + GTP’ HydFG EPR spectroscopy spectra display a similar and unusual 

[2Fe-2S]+ cluster signal.  

Initially this unknown [2Fe-2S] cluster signal was intriguing, and baffling, as it 

was not clear what might be causing it. Reduction, and GTP addition after reduction, 

seemed to gate it, but addition of GTP alone to ‘as-isolated’ HydF had no effect. We 

presume that this signal is not due to diatomic ligands, as an iron species housing these 

ligands or capable of accepting them, likely would be in reduced, low-spin, EPR silent 

states. Further, no intermediate subclusters generated on HydFGΔE were able to activate 

HydAΔEFG in activity assays measuring H2 production. Possibly this lack of activity is due 

to the delicate nature of this intermediate cluster, but more likely this inactivity is due to 

either 1) the inability of HydF to transfer a less than fully assembled [2Fe]H subcluster 

precursor to HydAΔEFG or, 2) if this partially assembled cluster could somehow be 

transferred, the HydA protein environment being only optimized to oxidize and reduce 

hydrogen by using the [2Fe]H subcluster decorated with CO, CN–, and the bridging 

DTMA ligand. Regardless, the source of the unusual EPR signals remained unclear. 
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Intriguingly, HydF variants provide a potential avenue for further investigation of this 

unusual [2Fe-2S]+ cluster EPR spectroscopy signals on HydFG.  

The HydFEG C353S variant’s similar EPR signature to HydFG (Figure 8.6) 

suggested that oxygen coordination13 to the cluster could be causing these perturbed 

[2Fe-2S]+ EPR signals on HydFG.  The nearest, absolutely conserved, residues that could 

provide potential oxygen coordination are D312 and E302, and thus we proceeded with 

spectroscopic characterization of these HydF variants over-expressed in the background 

of wildtype HydG. Several variants were prepared (HydF D312A/S, HydF E302A/S, and 

HydF D312A/E302A) and full characterization of these variants is in progress.  And 

though only performed once and resulting in an unfortunately weak signal, ‘as-isolated’ 

EPR spectrum of certain HydFG variants appears to be similar to ‘as-isolated’ HydF∆EG, 

with a g ~ 2 [2Fe-2S]+ cluster signal simulated with two [2Fe-2S] cluster signals (not 

shown). While preliminary, the loss of the unusual EPR signal in HydFG, concomitant 

with the removal of ligands that could potentially provide oxygen coordination, suggests 

this unknown EPR signal could be the result of a change in ligation environment, as 

initiated by interaction with HydG; however, the loss of the unusual [2Fe-2S] cluster 

signal in HydFG∆E variants may also be due to structural conformational changes that 

result in loss of this cluster.  

If indeed, HydG is interacting with HydF after HydE has interacted with HydF, as 

previous results from Chapter Seven might suggest, the movement of a [2Fe-2S] cluster 

away from an initial FeS cluster binding pocket on HydF is not unreasonable. One can 

surmise the three cysteines in HydF provide a good initial capture site for FeS cluster for 
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multiple types of clusters ([4Fe-4S], [3Fe-4S], [2Fe-2S], etc.). However, to assemble the 

[2Fe]H subcluster precursor, multiple steps are required including actions that prepare the 

cluster for transfer to HydA. If HydG acts second, it would not be surprising if part of its 

role were to adjust the location of the cluster to make transfer to HydA more favorable. 

During assembly, not only is it unclear whether the [2Fe]H subcluster precursor binds at 

the HydF dimer interface or in a subunit of the dimer, it is also unclear if it binds directly 

to the HydF protein, or to another cluster on HydF. Though likely the binding of HydA to 

HydF is the largest factor in transfer of the [2Fe]H subcluster precursor, a possible 

contributing factor for removing the assembled [2Fe]H subcluster precursor is an ousting 

by the more favorable binding of another FeS cluster; possibly HydG helps move a [2Fe-

2S]+ cluster into (or out of) position to promote [2Fe]H subcluster precursor transfer and 

this is why we observe perturbation of the ligand environment on HydFG∆E. Further 

studies are required to inform on this intricate process.  

 
 

Conclusion 
 
 
Collectively, this work further examines cluster content on HydF as influenced 

only by HydG. To address relevant [2Fe]H subcluster assembly, we present experiments 

that allow for intermediates to be formed on HydF in vivo, followed by HydF isolation 

via affinity chromatography and spectroscopic analysis. This work presents evidence that 

HydFG houses an all-ferrous [2Fe-2S] cluster, though whether this all-ferrous cluster 

retains the diatomics remains to be illustrated. FTIR spectroscopy of HydFG depicts 

stretching bands associated with Fe-CO and Fe-CO-Fe, and possibly Fe-CN, species. In 
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illustration of the multiple complex steps required for cluster assembly, we present 

evidence, through EPR spectroscopy of HydF variants, that HydG also possibly alters the 

positioning of a [2Fe-2S]+ cluster on HydF. Thus, through spectroscopic and biochemical 

techniques, this work brings new insight into the [FeFe]-hydrogenase maturases HydF 

and HydG by addressing the intricate and carefully orchestrated roles these maturases 

must perform in the 2Fe subcluster H-cluster precursor assembly. 
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Supporting Information for Chapter Eight 
 
 

 

Figure S8.1.	SDS PAGE Gels of HydF protein. A) Over-expression gel shows HydF and 
HydG presence in HydFGΔE sample with lane designations as follows: “Pre” is pre-
induced sample; “Post” is post-induced sample; far-right lane is Biorad Broad Range 
Molecular Marker; B) SDS PAGE of purified in HydFGΔE illustrates isolation of HydF 
and passage of HydG in flow-through on column.  

 

 

Figure S8.2. HydFG∆E Whole cell Mössbauer Spectroscopy Illustrates [2Fe2S]0 Presence 
at 4.2 K and 100 K. The majority of the spectral signal includes 1) ~90% fast-relaxing 
Fe3+ and 2) ~10% non-cluster high-spin Fe2+. The all ferrous [2Fe2S]0 cluster simulation 
(~2-3% of the total iron) is shown by the green line. 
 
 



 
 

368 

 

 

 

Figure S8.3. Additional FTIR Spectroscopy of ‘As-Isolated’ HydFGΔE at 10 K. This  
FTIR spectrum was observed in addition to that in Figure 3, presumably due to 
intermediate cluster degradation. The broader peaks observed in this spectrum are 
expected to be the overlap of multiple signals, likely from alternate cluster species or 
from clusters in alternate ligand environments that slightly perturb the Fe-diatomic 
stretching frequencies. 

 

 

A  B  
 
Figure S8.4. Power Saturation Studies of ‘As-isolated’ HydFG. A) Power Saturation plots 
of HydFG at 40 K between 8 µW and 67 mW, B) HydFG power saturation curve (peak 
intensity) by g-value reported at 40 K. 
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A B C  

Figure S8.5.	EPR Spectroscopy of HydFG Illustrating effects of GTP. A) As-Purified 
HydFGΔE at 20 K, B) Reduced HydFGΔE at 20 K, C) Reduced plus GTP  HydFGΔE at 25 K. 
All spectra are from His-tagged HydF. If GTP is directly added to the ‘as-isolated’ 
sample, the signal (panel C) is not observed. The axial [4Fe-4S] signal is considerably 
stronger at 10 K, but is depicted here at 20 K to illustrate change in the [2Fe-2S] cluster 
signal, notably its absence. 
 

 

 

A  B  
 
Figure S8.6. EPR Spectroscopy of HydFG ‘Reduced + GTP’ Illustrates Presence of [2Fe-
2S] cluster. A) Power Saturation Curve of HydFG (whole signal) at 44 K, B) peak 
intensity plot of Panel A at specific g-values. 
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Figrue S8.7.  HydFEG D312A and E302A Variants Display Diminished HydAΔEFG 
Activation in Comparison with wildtype HydFEG. 

 

 

 

Figure S8.8. HydF Variants E302 and D312A Circular Dichroism (CD) Spectroscopy. 
The left panel illustrates wildtype HydF from multiple backgrounds: ∆EG (black), E∆G 
(pink), G∆E (blue), and EG (purple). The middle panel displays HydF variant E302A CD 
spectra immediately after purification (blue line; ‘50% fraction’), after a freeze/thaw (red 
line) and after dialysis (green line). The right panel displays HydF variant D312A CD 
spectra immediately after purification (red line; ‘50% Peak Fraction’), after a freeze/thaw 
(blue line) and after dialysis (green line). As seen in HydF∆EG wildtype spectra in Chapter 
Five, sample handling perturbs signals and diminishes CD signal intensities. 
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Figure S8.9. HydF Variants E302 and D312A Gel Filtration Spectroscopy. For both plots, 
the absorbance at 280 nm is depicted with a solid line and the absorbance at 426 nm is 
depicted with a dashed line. The left panel displays HydF variant E302A gel filtration 
immediately after purification (red line; ‘Off Column’), ‘After a Freeze/Thaw’ (blue line) 
and ‘After Dialysis’ (green line). The right panel displays HydF variant D312A gel 
filtration immediately after purification (red line; ‘50% Peak Fraction’), ‘After a 
Freeze/Thaw’ (blue line) and ‘After Dialysis’ (green line). The tetramer (~9.5 mL) and 
dimer (~10.5 mL) peaks are identified on each plot. In both variants, the dimer HydF is 
the more dominant species. 
 
 
 

 

Figure S8.10. HydFEG Variant E302 ‘As-Isolated’ EPR spectroscopy. This EPR plot 
illustrates the temperature dependence of the signals, clarifying the presence of a [3Fe-
4S]+ cluster at low temperature (12 K, black line) that disappears with the increase in 
temperature and is not found at 20 K and above (grey, blue, and green lines).  

 

 



 
 

 

372 

References 
 

1. (a) Peters, J. W.; Broderick, J. B., Emerging paradigms for complex iron-sulfur 
cofactor assembly and insertion. Annu Rev Biochem 2012, 81, 429-50; (b) Shepard, E. 
M.; Mus, F.; Betz, J. N.; Byer, A. S.; Duffus, B. R.; Peters, J. W.; Broderick, J. B., 
[FeFe]-Hydrogenase maturation. Biochemistry 2014, 53, 4090 – 4104; (c) Peters, J. W.; 
Schut, G. J.; Boyd, E. S.; Mulder, D. W.; Shepard, E. M.; Broderick, J. B.; King, P. W.; 
Adams, M. W., [FeFe]- and [NiFe]-hydrogenase diversity, mechanism, and maturation. 
Biochimica et biophysica acta 2015, 1853, 1350-1369; (d) Lubitz, W.; Ogata, H.; 
Rüdiger, O.; Reijerse, E., Hydrogenases. Chemical Reviews 2014, 114 (8), 4081-4148. 
 
2. (a) Peters, J. W.; Lanzilotta, W. N.; Lemon, B. J.; Seefeldt, L. C., X-ray crystal 
structure of the Fe-only hydrogenase (CpI) from Clostridium pasteurianum to 1.8 
angstrom resolution. Science 1998, 282, 1853-1858; (b) Nicolet, Y.; Piras, C.; Legrand, 
P.; Hatchikian, C. E.; Fontecilla-Camps, J. C., Desulfovibrio desulfuricans iron 
hydrogenase: the structure shows unusual coordination to an active site Fe binuclear 
center. Structure 1999, 7, 13-23. 
 
3. Mulder, D. W.; Guo, Y.; Ratzloff, M. W.; King, P. W., Identification of a 
Catalytic Iron-Hydride at the H-Cluster of [FeFe]-Hydrogenase. Journal of the American 
Chemical  Society 2017, 139 (1), 83-86. 
 
4. (a) Posewitz, M. C.; King, P. W.; Smolinski, S. L.; Zhang, L.; Seibert, M.; 
Ghirardi, M. L., Discovery of two novel radical S-adenosylmethionine proteins required 
for the assembly of an active [Fe] hydrogenase. J Biol Chem 2004, 279 (24), 25711-20; 
(b) King, P. W.; Posewitz, M. C.; Ghirardi, M. L.; Seibert, M., Functional studies of 
[FeFe] hydrogenase maturation in an Escherichia coli biosynthetic system. J Bacteriol 
2006, 188 (6), 2163-72; (c) McGlynn, S. E.; Ruebush, S. S.; Naumov, A.; Nagy, L. E.; 
Dubini, A.; King, P. W.; Broderick, J. B.; Posewitz, M. C.; Peters, J. W., In vitro 
activation of [FeFe] hydrogenase: new insights into hydrogenase maturation. J Biol Inorg 
Chem 2007, 12 (4), 443-7. 
 
5. (a) Caserta, G.; Pecqueur, L.; Adamska-Venkatesh, A.; Papini, C.; Roy, S.; 
Artero, V.; Atta, M.; Reijerse, E.; Lubitz, W.; Fontecave, M., Structural and functional 
characterization of the hydrogenase-maturation HydF protein. Nat. Chem. Biol. 2017, 13 
(7), 779-784; (b) Cendron, L.; Berto, P.; D'Adamo, S.; Vallese, F.; Govoni, C.; Posewitz, 
M. C.; Giacometti, G. M.; Costantini, P.; Zanotti, G., Crystal structure of HydF scaffold 
protein provides insights into [FeFe]-hydrogenase maturation. J Biol Chem 2011, 286 
(51), 43944-50. 
 
6. Vallese, F.; Berto, P.; Ruzzene, M.; Cendron, L.; Sarno, S.; De Rosa, E.; 
Giacometti, G. M.; Costantini, P., Biochemical analysis of the interactions between the 



 
 

 

373 

proteins involved in the [FeFe]-hydrogenase maturation process. J Biol Chem 2012, 287 
(43), 36544-55. 
 
7. (a) Nicolet, Y.; Pagnier, A.; Zeppieri, L.; Martin, L.; Amara, P.; Fontecilla- 
Camps, J. C., Crystal structure of HydG from Carboxydothermus hydrogenoformans: a 
trifunctional [FeFe]-hydrogenase maturase. ChemBioChem 2014, 16 (3), 397-402; (b) 
Dinis, P.; Suess, D. L.; Fox, S. J.; Harmer, J. E.; Driesener, R. C.; De La Paz, L.; Swartz, 
J. R.; Essex, J. W.; Britt, R. D.; Roach, P. L., X-ray crystallographic and EPR 
spectroscopic analysis of HydG, a maturase in [FeFe]-hydrogenase H-cluster assembly. 
Proc. Nat. Acad. Sci., U.S.A. 2015, 112, 1362-1367. 
 
8. (a) Driesener, R. C.; Challand, M. R.; McGlynn, S. E.; Shepard, E. M.; Boyd, E. 
S.; Broderick, J. B.; Peters, J. W.; Roach, P. L., [FeFe]-hydrogenase cyanide ligands 
derived from S-adenosylmethionine-dependent cleavage of tyrosine. Angew Chem Int Ed 
Engl 2010, 49 (9), 1687-90; (b) Kuchenreuther, J. M.; Myers, W. K.; Stich, T. A.; 
George, S. J.; Nejatyjahromy, Y.; Swartz, J. R.; Britt, R. D., A radical intermediate in 
tyrosine scission to the CO and CN- ligands of FeFe hydrogenase. Science 2013, 342 
(6157), 472-5; (c) Shepard, E. M.; Duffus, B. R.; George, S. J.; McGlynn, S. E.; 
Challand, M. R.; Swanson, K. D.; Roach, P. L.; Cramer, S. P.; Peters, J. W.; Broderick, J. 
B., [FeFe]-hydrogenase maturation: HydG-catalyzed synthesis of carbon monoxide. J Am 
Chem Soc 2010, 132 (27), 9247-9; (d) Driesener, R. C.; Duffus, B. R.; Shepard, E. M.; 
Bruzas, I. R.; Duschene, K. S.; Coleman, N. J.; Marrison, A. P.; Salvadori, E.; Kay, C. 
W.; Peters, J. W.; Broderick, J. B.; Roach, P. L., Biochemical and kinetic characterization 
of radical S-adenosyl-L-methionine enzyme HydG. Biochemistry 2013, 52 (48), 8696-
707. 
 
9. Shepard, E. M.; Byer, A. S.; Aggarwal, P.; Betz, J. N.; Scott, A. G.; Shisler, K. 
A.; Usselman, R. J.; Eaton, G. R.; Eaton, S. S.; Broderick, J. B., Electron Spin Relaxation 
and Biochemical Characterization of the Hydrogenase Maturase HydF: Insights into 
[2Fe-2S] and [4Fe-4S] Cluster Communication and Hydrogenase Activation. 
Biochemistry 2017, 56 (25), 3234-3247. 
 
10. (a) Jiang, W.; Hoffart, L. M.; Krebs, C.; Bollinger, J. M. J., A 
manganese(IV)/iron(IV) intermediate in assembly of the manganese(IV)/iron(III) 
cofactor of Chlamydia trachomatis ribonucleotide reductase. Biochemistry 2007, 46 (30), 
8706-8716; (b) Dassama, L. M.; Yosca, T. H.; Conner, D. A.; Lee, M. H.; Blanc, B.; 
Streit, B. R.; Green, M. T.; DuBois, J. L.; Krebs, C.; Bollinger, J. M. J., O2-Evolving 
Chlorite Dismutase as a Tool for Studying O2-Utilizing Enzymes. Biochemistry 2012, 51 
(8), 1607-1616. 
 
11. (a) Berggren, G.; Adamska, A.; Lambertz, C.; Simmons, T. R.; Esselborn, J.; 
Atta, M.; Gambarelli, S.; Mouesca, J. M.; Reijerse, E.; Lubitz, W.; Happe, T.; Artero, V.; 
Fontecave, M., Biomimetic assembly and activation of [FeFe]-hydrogenases. Nature 
2013, 499, 66–69; (b) Esselborn, J.; Lambertz, C.; Adamska-Venkatesh, A.; Simmons, 



 
 

 

374 

T.; Berggren, G.; Noth, J.; Siebel, J.; Hemschemeier, A.; Artero, V.; Reijerse, E.; 
Fontecave, M.; Lubitz, W.; Happe, T., Spontaneous activation of [FeFe]-hydrogenases by 
an inorganic [2Fe] active site mimic. Nat. Chem. Biol. 2013, 9, 607-609. 
 
12. (a) Saichana, N.; Tanizawa, K.; Ueno, H.; Pechousek, J.; Novak, P.; Frebortova, 
J., Characterization of auxiliary iron–sulfur clusters in a radical S-adenosylmethionine 
enzyme PqqE from Methylobacterium extorquens AM1. FEBS Open Bio 2017, 7 (12), 
1864-1879; (b) Berkovitch, F.; Nicolet, Y.; Wan, J. T.; Jarrett, J. T.; Drennan, C. L., 
Crystal structure of biotin synthase, an S-adenosylmethionine-dependent radical enzyme. 
Science 2004, 303, 76-79. 

 
13.        Scott, A. G.; Szilagyi, R. K.; Mulder, D. W.; Ratzloff, M. W.; Byer, A. S.; King, 
P. W.; Broderick, W. E.; Shepard, E. M.; Broderick, J. B., Compositional and structural 
insights into the nature of the H-cluster precursor on HydF. Dalton Trans 2018, 47 (28), 
9521-35. 

 

 

 



 
 

 

375 

CHAPTER NINE 
 
 

CONCLUDING REMARKS 
 

 
Prebiotic iron−sulfur minerals, hypothesized to catalyze initial metabolic and 

replication reactions responsible for molecular precursors to biological life,1 may have 

contributed to the emergence of evolutionarily ancient iron−sulfur cluster proteins. A subset 

of these proteins, radical SAM enzymes coordinate a small organic molecule (SAM) 

through a site-differentiated iron of the [4Fe-4S] cluster. Currently one of the largest 

enzyme superfamilies with over 113,000 predicted unique radical SAM sequences and
 

found in all kingdoms of life,2 radical SAM enzymes perform key roles in nucleotide 

chemistry, cofactor biosynthesis, and complex metallocluster assembly3. Despite 

significant progress, key mechanistic details and precise roles of radical SAM enzymes 

remain unresolved. Thus, to examine how these radical SAM enzymes function, this 

work has taken two approaches: 1) spectroscopic characterization of active-site 

intermediates during catalysis to probe the fundamental chemistry of radical initiation, 

and 2) analysis of roles in metallocluster assembly, specifically H-cluster maturation in 

[FeFe]-hydrogenase.  

Chapters Three and Four focus on radical SAM enzyme mechanism, with Chapter 

Two reviewing method development of enzyme preparation and SAM synthesis. To 

probe the mechanism in radical SAM enzymes, we employed EPR and ENDOR 

spectroscopic techniques to elucidate intermediate states in the radical SAM mechanism. 

Specifically, Chapter Three focuses on a mechanistic intermediate state observed when 
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the radical SAM reaction is slowed with the aid of a SAM analogue, anSAM, which 

generates a relatively stable spectroscopically-observable radical. Chapter Four discusses 

spectroscopy of the intermediate state trapped when the reaction is swiftly stopped via 

rapid freezing around 500 ms, including characterization of the organometallic 

intermediate Ω, and illustrating that Ω forms in multiple radical SAM enzymes.  

Chapters Five through Eight probe complex metallocluster assembly mediated by 

radical SAM Enzymes HydE and HydG, through analysis of H-cluster construction on 

[FeFe]-hydrogenase maturase HydF. Chapters Five and Six examine cluster assembly on 

HydF either before or after the influence of radical SAM enzymes HydE and HydG 

(HydF∆EG and HydFEG, respectively), while Chapter Seven and Eight focus on effects of 

individual radical SAM enzymes on HydF. Chapter Seven describes results showing that 

HydF matured in the presence of only HydE (HydFE) can activate the hydrogenase 

enzyme to produce molecular hydrogen. Chapter Eight describes the spectroscopic 

characterization of HydF matured in the presence of only HydG (HydFG). Our results 

show that HydF∆EG houses [4Fe-4S] and [2Fe-2S] clusters, further apart than ~20 Å. 

Results discussed in Chapters Seven and Eight further suggest that assembly of the 

[2Fe]H subcluster proceeds first through incorporation of the dithiomethylamine bridging 

ligand followed by installation of the cyanide and carbon monoxide ligands, with the 

resulting [2Fe] subcluster transferred to HydA∆EFG to generate the active hydrogenase. 
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Radical SAM Enzyme Mechanistic Intermediates 
 
 

Radical SAM enzyme mechanistic investigation requires specific biochemical 

techniques to maintain active-site molecules (SAM, [4Fe-4S] clusters, and substrate).4 

Chapter Two describes methodology for preparing these enzymes with the site-

differentiated iron of the [4Fe-4S] cluster intact in the presence of viable substrate and for 

synthesizing SAM and SAM analogs, using LAM and PFL-AE as case studies. While 

general methods for LAM and anSAM preparations had been published, optimization 

of both procedures was required and described in detail in this chapter. Whereas 

LAM’s His6 tag allows for facile protein purification via affinity chromatography and 

the active-site cluster content is improved by reconstitution, PFL-AE purification 

relies on only size exclusion chromatography and iron-sulfur cluster reconstitution is 

unnecessary. For both enzymes, characterization includes iron-sulfur cluster content 

quantification and enzyme activity assays. Iron-sulfur cluster reconstitution 

techniques are described, both specifically for LAM and for radical SAM enzymes in 

general. Given SAM’s critical role in this enzyme system, detailed synthetic 

approaches for SAM and SAM analogs are discussed, including the analog S-3′,4′-

anhydroadenosyl-L-methionine (anSAM). Methodology for complex mechanistic 

studies presented herein provides valuable tools not only for preparing FeS cluster 

containing enzymes, but also for isolation and implementation of radical SAM 

enzymes.  

Using techniques established in Chapter Two, EPR and ENDOR spectroscopic 

experiments examined LAM active-site molecules positioning after SAM/anSAM 
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cleavage. Probing the anAdo radical (the anSAM cleavage product) in the presence of 

isotopically labeled substrates, ENDOR spectroscopy creates a snapshot of catalysis after 

SAM cleavage, suggesting how the LAM protein structure guides the highly-reactive 5′-

dAdo radical away from deleterious unproductive reactions. This spectroscopic work 

demonstrated the 5′-dAdo radical likely moves very little (~0.6 Å toward the intended 

hydrogen and ~1.5 Å overall) during catalysis; given similar binding proximity of 

substrate to SAM in the crystal structures of several other radical SAM enzymes, this 

tight van der Waals control exhibited in the radical SAM enzyme LAM may be common 

among other superfamily members, a contrast with most B12 radical enzymes whose 5′-

dAdo radical must migrate ~6 Å to reach substrate.  

Further probing radical SAM enzyme mechanism intermediates, Chapter Four 

reveals a novel catalytically-competent organometallic intermediate (Ω) in a suite of 

radical SAM enzymes, implicating Ω as essential in catalysis across the superfamily. 

After first evidence in PFL-AE, the Ω structure is elucidated here by using EPR and 

ENDOR spectroscopies to clarify the presence of a Fe-C5ʹ bond between the [4Fe-4S] 

cluster and the 5ʹ-dAdo radical. We then show Ω presence in an array of radical SAM 

enzymes spanning the superfamily diversity with representatives: 1) that consume SAM 

as cosubstrate and those that re-use SAM as cofactor, 2) with independent substrate sizes 

and complexities, 3) with auxiliary domains housing additional FeS clusters, and 4) that 

perform vastly differently chemistries from carbon-carbon bond cleavage to radical 

generation to isomerization reactions. While the long-held radical SAM enzyme 

mechanism involves generation of the 5’-dAdo radical immediately upon SAM cleavage 
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with subsequent H-atom abstraction from substrate, the observation of Ω changes this 

proposed scheme. Though the 5’-dAdo radical yet eludes observation, the new 

mechanism involves the formation of Ω after S-C(5’) bond cleavage and then homolytic 

cleavage of the Ω Fe-C(5’) bond liberates the 5’-dAdo radical for substrate H-atom 

abstraction. Identification of Ω as a central component of the radical SAM mechanism 

forces a shift away from the long-held view including only a 5’-dAdo radical 

intermediate, and towards a mechanism strongly reminiscent of those invoked for B12 

radical enzymes.  

The fundamental chemistry of radical SAM enzymes’ radical initiation, addressed 

in these first set of experiments, allows for intriguing comparison between radical SAM 

enzymes and B12 radical enzymes; characteristics of both enzyme families include 

cleavage of a metal-carbon bond liberating a reactive 5’-dAdo radical, and yet significant 

structural distinctions between the enzyme families exist. Work on LAM in the presence 

of anSAM demonstrates that while tight van der Waals control by the active-site 

minimizes movement of the 5’dAdo radical during SAM enzyme catalysis, considerably 

more movement (~6 Å) is required for the 5’-dAdo radical of B12 enzymes to establish 

the appropriate distance to the abstractable H-atom of substrate5. The relative simplicity 

of the radical SAM active-site cofactors, comprising the basic building blocks of an iron-

sulfur cluster and SAM, are in contrast with the complexity adenosylcobalamin 

(coenzyme B12) cofactor, a macrocylic ring binding the less earth-abundant metal 

cobalt.1a These differences possibly contribute to the vast disparity between the size and 

structural diversity of the two enzyme families; within the radical SAM superfamily there 
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are approximately 30,000 expected enzymes and over 113,000 unique sequences,2 and 

members perform diverse chemistries from carbon-carbon bond cleavage to radical 

generation to sulfur insertions, which is in contrast with the B12 enzyme family, limited to 

~12 members6 that primarily complete rearrangement reactions with 1,2-hydrogen 

migrations. Despite these differences, both families include species with a 5’C-metal 

bond whose cleavage releases a 5’-dAdo radical, a remarkably powerful radical species, 

with early evolutionary roots possibly pre-dating photosynthesis and prolific reactive 

oxygen species, capable of removing H-atoms from unreactive molecules. While work 

here on Ω established comparison of these parallel organometallic species containing a 

biologically uncommon metal-C(5’) bond, the organometallic bond of the B12 radical 

enzyme adenosylcobalamin cofactor is more stable7 than the radical SAM Ω 

intermediate, which maximizes at 500 ms, dissipates within 2 sec, and can be 

cryoannealed to product radical at 170 K. Hypothesizing that the relative simplicity of 

this radical SAM active-site configuration contributes to the immense distribution of this 

superfamily, questions arise regarding why B12 radical enzymes persist amidst this 

evolutionary competition. However, advantages for the B12 enzymes include 

comparatively increased oxygen insensitivity and the ability to stabilize the highly 

reactive 5’-dAdo radical (and product radicals) through a stronger, 5’C-Co, bond.  

 This work identifies details on critical mechanistic steps, however a definitive 

step-by-step mechanism has yet to be elucidated in the radical SAM enzyme pathway. 

EPR studies of Ω in an array of radical SAM enzymes, also display a precursor, named 

“X”, which has yet to be spectroscopically characterized. (Figure 4.S2 & 4.S3) This “X” 
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species can be cryoannealed to yield Ω, as discussed in the supplemental section of 

Chapter Four, implicating its catalytic relevance. Parallel experiments probing this “X” 

radical signal generated using various isotopically labeled SAM and substrate molecules 

should help resolve the nature of this radical species. Furthermore, as we surmise that the 

new radical SAM mechanism temporarily expands the scope of cluster oxidation states 

typically associated with one [4Fe-4S] cluster from two states (e.g., [4Fe-4S]1+/2+ or [4Fe-

4S]2+/3+) to three ([4Fe-4S]1+/2+/3+), considerably more experimentation is required to 

understand the details of the S-5’C bond cleavage, electron movement, and subsequent 

active-site molecular rearrangement within the macromolecular protein environment.  

And though identification of each intermediate in the radical SAM mechanism will be an 

in-depth process requiring more research, nonetheless informative conclusions can be 

formed about how proteins control a highly reactive radical, potentially generating 

broader hypotheses not only about radical control, but also tailoring radical reactivity to 

an intended end, such as designing approaches for re-direction of the 5’-dAdo radical to 

abstract an alternate H-atom from substrate.  

 
Radical SAM Enzymes Assembly of a Complex Metallocofactor 

 
 

Members of the radical SAM enzyme family perform critical functions in the 

biosynthesis of complex metallocofactors of several reduction-oxidation enzymes, 

including the hydrogenases, nitrogenases, that catalyze small molecule activation 

chemistry, (i.e., H2, N2, respectively). Expanding the scope of these studies to include 

radical SAM enzymes role in metallocluster assembly, this thesis’s second set of 
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experiments (Chapters Five – Eight) builds on builds on mechanistic studies of radical 

SAM enzymes to delve into the biosynthesis of the complex metallocofactor of the 

[FeFe]-hydrogenase (the H-cluster) to assess the functional contributions of the radical 

SAM enzymes HydE and HydG. [FeFe]-hydrogenases are prolific hydrogen catalysts 

that favor formation of H2 from protons and electrons8 at their catalytic core, the H-

cluster, a complex metallocofactor composed of a [4Fe-4S] cluster linked through a 

bridging thiolate to a 2Fe subcluster ([2Fe]H) with dithiomethylamine, carbon monoxide, 

and cyanide ligands.8-9 This [2Fe]H subcluster is synthesized and inserted into [FeFe]-

hydrogenase by three maturase enzymes: HydE, HydF, and HydG. Radical SAM enzymes 

HydE and HydG are responsible for the nonprotein ligands of the H-cluster, while the 

GTPase HydF functions as a scaffold or carrier for this [2Fe]H subcluster assembly. 

Work described herein probes cluster content on HydF as influenced by the products of 

the two radical SAM enzymes, HydE and HydG.  

Before examining effects of the HydE and HydG products on [2Fe]H precursor 

cluster formation on HydF, investigating the cluster content on HydF prior to their 

influence (HydF∆EG) was a priority. While previous EPR spectroscopic studies of 

HydF
ΔEG 

prepared from different organisms and/or alternate protocols consistently 

identify [4Fe-4S] cluster content, [2Fe-2S] cluster presence had been more controversial 

with suggestions of protein-based radicals or a [3Fe-4S]+ cluster.10  In Chapter Five, we 

resolve these discrepancies by demonstrating that HydF
ΔEG purifies with a mixture of 

[2Fe-2S] + states in the absence of exogenous reducing agents and strong reducing agents, 

such as dithionite, can reduce this cluster to the diamagnetic state. Characterization here 
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demonstrates HydF exists in both dimer and tetramer form in vitro with both coordinating 

[4Fe-4S]+ and [2Fe-2S]+ clusters. These results help define the iron−sulfur cluster content 

of HydF∆EG, imparting a useful foundation for the [2Fe]H subcluster genesis and 

maturation.  

Building on biophysical and biochemical characterization of HydF from Chapter 

Five, Chapter Six more deeply examines the interaction between the [4Fe-4S]+ and [2Fe-

2S]+ clusters and define a role for the HydF dimer. Employing pulsed EPR spectroscopy, 

the spin relaxation effects of the [4Fe-4S]+ cluster on the [2Fe-2S]+ provide support for a 

model in which the two cluster types are bound to widely separated (< 20 Å) sites in 

dimeric HydF∆EG.  Gel filtration chromatography of HydF∆EG and HydFEG demonstrate 

that these [2Fe-2S]+ and [4Fe-4S]+ clusters are both coordinated in the dimeric state. The 

HydFEG dimer was shown to activate [FeFe]-hydrogenase, indicating a specific role for 

the HydF dimer in the H-cluster biosynthesis pathway. While the role of the tetramer 

remains unresolved, the dimer and tetramer appear to be in dynamic equilibrium, 

suggesting a physiologically relevant role for the tetramer during H-cluster maturation, 

such as in shielding and protecting nascent clusters content until fully maturated. 

To delineate assembly and delivery steps for the [2Fe]H subcluster, we then 

describe the characterization of HydF heterologously expressed in the presence of either 

HydE (HydFE) or HydG (HydFG), probing the hypothesis that HydE11 acts first in [2Fe]H 

subcluster maturation. In addition to the detailed spectroscopic studies, biochemical 

assays assessed hydrogen production indicating HydF is capable of activating a [FeFe]-

hydrogenase lacking the [2Fe]H (HydAΔEFG). Employing H2 activation assays described 
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in Chapter Seven, we show HydFE is capable of activating HydAΔEFG. This activation is 

intriguingly as the theoretically typical source of CO and CN– ligands of [2Fe]H (HydG) 

is removed; thus, we hypothesize that in the absence of HydG, trace amounts of diatomic 

ligands (i.e., CN–, CO) may be provided from the cellular environment to assemble a 

[2Fe]H-like precursor on HydFE. In contrast, HydFG is unable to activate HydAΔEFG, 

demonstrating that the product of HydE, presumably the dithiomethylamine ligand of 

[2Fe]H, is essential for activation. These results have important implications. First, HydE 

interacts with HydF to deliver the DTMA ligand in the absence of [Fe(CO)2CN] 

synthons12 provided by HydG; and since HydG is not needed for this initial step, this 

activity implies HydF may provide the iron for [2Fe]H precursor assembly, perhaps via a 

[2Fe-2S] cluster on HydF. Second, exogenous CO and CN– can be used to assemble a 

[2Fe]H-like precursor on HydF, demonstrating that the [Fe(CO)2CN] synthon is not 

essential for [2Fe]H precursor assembly, though this synthon may make [2Fe]H 

construction more efficacious. Together, these results provide experimental evidence of 

reaction sequentially in maturation, with HydE interacting with HydF prior to HydG.  

Despite inability to activate HydA∆EFG, HydFG intermediate clusters display 

complex intermediate states that contain FTIR bands attributed to diatomic ligands, 

Mössbauer signals consistent with an all ferrous [2Fe-2S] cluster, and an unusual EPR 

signal thought to arise from a [2Fe-2S]+ cluster in a new ligation environment. While 

HydFG  houses an all-ferrous [2Fe-2S] cluster, whether this cluster contains diatomic 

ligands remains to be shown. However, FTIR spectroscopy of HydFG depicts stretching 

bands associated with Fe-CO and Fe-CO-Fe, and possibly Fe-CN species; the difficulty 
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with which these spectra were obtained suggests the transitory nature of these 

intermediate clusters. Through EPR spectroscopy of HydF variants (D312A and E302), 

we present evidence that HydG possibly alters the positioning of a [2Fe-2S]+ cluster on 

HydF such that these residues contribute to [2Fe]H subcluster transfer from HydFEG. 

Thus, this work brings new insight into the intricate and carefully orchestrated roles 

[FeFe]-hydrogenase maturases HydF and HydG perform in [2Fe]H subcluster assembly 

and the complex problem of how HydF binds multiple intermediate clusters. 

While the cluster assembly delineation on HydF is complicated, elucidation of 

this process may come through careful site-directed mutagenesis studies, mass 

spectrometry analysis, and GTPase domain function experiments. Spectroscopic studies 

and activity assays of HydF variants, D312A and E302A, suggest possible roles for these 

residues in cluster assembly or transfer. Performing more conservative mutations, such as 

supplementing these negatively charged glutamate and aspartate residues with neutral 

residues such as glutamine or asparagine, may create variants that provide more nuanced 

structural information, possibly stalling cluster development if a positively charged 

cluster can no longer bind to the enzyme. With recent mass spectrometry advances, 

instruments such as the Waters Synapt G2 are more adept at identifying cluster content 

on metalloenzymes, though intermediate cluster states on a scaffold enzyme may still 

prove difficult to capture. Thus, while initial HydF (HydF∆EG, HydFG, and HydFEG) 

experiments employing this instrument resulted in signals that were unable to resolve 

HydF dimer and tetramer oligomeric states, less convoluted signals capable of identifying 

intermediate clusters states may be found by altering sample preparation conditions for 
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HydF, for example: a) HydF sample conditions with lower glycerol and salt 

concentrations, b) HydF purification in mobile phase buffer (ammonium acetate), or c) 

inclusion of HydE, HydG, or HydA as a binding partner to increase HydF stability. Given 

potential flexible structural dynamics of HydF, investigating allosteric conformational 

changes induced by GTPase activity via small angle X-ray scattering spectroscopy and 

X-ray crystallography may help show GTP’s role. While surface plasmon resonance 

spectroscopy experiments suggest that GTP may play a role in HydE and HydG protein-

protein interactions with HydF,13 dimeric GTPases with similar structures to HydF have 

been shown to impart allosteric conformational changes in subunit positioning to receive 

cofactors, as is the case with heat shock protein 9014 and IcmF, an adenosylcobalamin-

dependant isobutyryl-CoA-mutase.15 Whether HydF GTP hydrolysis modulates HydE 

and HydG maturase binding, perturbs iron-sulfur cluster positioning, or determines 

oligomeric state, assessing the function of the HydF GTPase domain will be helpful in 

completing this [2Fe]H maturation story.  

[FeFe]-hydrogenase maturase HydF is scaffold enzyme capable of harboring 

multiple FeS cluster intermediates, with and without non-protein ligands; the 

combination of broad conformational flexibility with precision amino acid ligation 

versatility makes this enzyme potentially a useful molecular tool. Delineating cluster 

states on HydF as influenced by radical SAM enzymes HydE and HydG not only clarifies 

[FeFe]-hydrogenase [2Fe]H maturation, but also may provide insight into intermediate 

FeS cluster protection and maturation, particularly as enzymes are engineered with 

functions not intrinsically evolved.  
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APPENDIX A 
 
 

SPECTROSCOPIC CHARACTERIZATION OF  

RADICAL SAM ENZYME PoyD: 

A PEPTIDE EPIMERASE  

 
PoyD Preparation 

 
 

  The poyD gene from Candidatus Entotheonella factor TSY1 cloned into a 

modified pCDF-Duet vector with a TEV protease cleavable N-terminal His6 tag, a 

generous gift from the Jörn Piel Lab, was transformed into BL21(DE3)RIL cells, grown 

and over-expressed. Growths were supplemented with ferrous ammonium sulfate (0.25 

mM) and incubated in an anaerobic environment after induction with IPTG. All lysis and 

purification steps were performed in an anerobic environment. In lieu of a chemical lysis, 

a mechanical lysis via sonication (15 sec. pulses, 59 sec. rest, 60% amplitude, 5 min. total 

pulse time) was performed. PoyD was purified from the clarified lysate with the 

following process: 1) a wash step with Buffer A (50 mM HEPES, 150 mM KCl, 10 % 

glycerol (w/v), pH 8.0), 2) a wash with 25% Buffer B (50 mM HEPES, 150 mM KCl, 10 

% glycerol (w/v), 100 mM imidiazole, pH 8.0), 3) elution of pure PoyD in 100% Buffer 

B; this purification was followed by gel filtration through a Sephadex G25 column. The 

as-purified PoyD contained approximately 3.2 – 4.2 Fe/protein as confirmed by flame 

atomic absorption spectroscopy and typically was not reconstituted. Additional 

preparations, as described in Chapter 8 SI, were also performed with the goal of isolating 
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the highest quality enzyme with the most cluster content; however, little spectroscopic 

differences were observed between these two preparations. 

 
PoyD Spectroscopy 

 
 

Several growths and purifications of PoyD were conducted. After purification, the 

EPR spectroscopy of the as-purified enzyme showed only [2Fe-2S]+ cluster content.  This 

cluster content maintained intensity to 80 K, above which no further spectra were 

collected. Addition of dithiothreitol (55 mM) did not seem to perturb the signal shape. 

 

A. B.  
 

Figure A.1. EPR spectroscopy of As-Isolated PoyD. A) As-purified PoyD at 20 K (blue) 
and 30 K (green); as-purified PoyD plus SAM at 30 K (red). (179.4 µm PoyD, 4.2 
Fe/protein, 2 mM DTT) B) As-purified PoyD at 10 K (black and 30 K (blue); (153 µM 
PoyD; 3.2 Fe/protein, 2 mM DTT). 
 

A set of reduced EPR samples were prepared in which reduction proceeded via 

DT (1.5 mM) or via photoreduction. Regardless of how the sample was reduced, typical 

[4Fe-4S]+ cluster content was displayed. The cluster content in the DT reduced sample 

represented about 50% of the spin content, while the signal in the photoreduced sample 

represented about ~25% of the spin content. Regardless of reduction method, the addition 

of SAM drastically reduced the intensity of the [4Fe-4S]+ cluster signal.  
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A. B.  
 
Figure A.2. EPR spectroscopy of Reduced PoyD. (153 µM PoyD; 3.2 Fe/protein, 2 mM 
DTT). A) PoyD reduced with dithionite (1.5 mM, black trace) and with SAM addition 
(red trace). B) PoyD photoreduced (black trace) and photoreduced plus SAM (red trace). 
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