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ABSTRACT 
 

 
Radical S-adenosylmethionine (SAM) enzymes harbor a [4Fe-4S] cluster in their 

active sites that coordinates a catalytically relevant small molecule SAM. During catalysis 
the S-5’C bond of SAM is reductively cleaved to generate a 5’-dAdo• radical that 
subsequently abstracts an H atom from substrate, allowing functionally diverse reactions 
to be achieved. Trapping of the 5’-dAdo• radical intermediate during turnover had proven 
difficult likely due to the formation of omega (Ω) intermediate resulting from the oxidative 
addition of the 5’-dAdo• radical to the unique iron of the cluster. Recently, our laboratory 
showed that this elusive 5’-dAdo• can be liberated, captured, and characterized, in the 
absence of substrate, via photoinduced electron transfer (ET)-mediated reductive cleavage 
of SAM. Further, photolysis of [4Fe-4S]+-SAM complexes in different radical SAM 
enzymes revealed that the regioselective bond cleavage of SAM is dependent on the active 
site environment where either a 5’-dAdo• or a •CH3, depending on the enzyme. When S-
adenosyl-ethionine is used in place of SAM in the [4Fe-4S]+-SAM complex of HydE or 
HydG an ethyl radical is trapped. In either case, annealing of the methyl and ethyl radicals 
yields corresponding Ω-like species, ΩM and ΩE, respectively. 

Functionally, HydE and HydG work together with a third protein HydF, to 
synthesize the H-cluster of [FeFe]-hydrogenase enzymes. HydG lyses tyrosine to generate 
CO and CN- ligands of the diiron core of the H-cluster, while the role and substrate of 
HydE are yet to be elucidated; however, it is hypothesized that this enzyme is responsible 
for dithiomethylamine (DTMA) bridge assembly. Our hypothesis is that HydE uses 
ammonium as a co-substrate and we propose that this polyatomic ion condenses with two 
CH2S- like species to assemble the DTMA.  We demonstrate for the first time via EPR and 
ENDOR spectroscopic techniques that HydE harbors an ammonium binding site; this NH4

+ 
would be stored in the active site of HydE prior to DTMA synthesis. Additionally, through 
in vitro [FeFe]-hydrogenase assays, we investigate what component of the essential E. coli 
lysate is required for H-cluster assembly. Results from this work suggest that the Hyd 
maturases are not the only proteins needed for H-cluster biosynthesis.
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CHAPTER ONE 

INTRODUCTION 

Iron Sulfur Clusters in Biology 

Background 

Iron sulfur clusters ([Fe-S]) are among some of the most versatile prosthetic groups, 

in terms of both their function and structure. [Fe-S] clusters were first found to be involved 

in catalysis that occurs in the respiratory and photosynthetic systems, in the 1960s.[1] As 

years go by and new proteins are discovered, it has been shown that these cofactors are 

now found in all kingdoms of life: eukarya, bacteria, and archaea.[2] [Fe-S] cluster types 

range from simple low nuclearity clusters to complex high nuclearity clusters, where some 

contain just iron and sulfide, while in other cases these clusters are coupled to other atoms 

such as Ni, C, Mo, and Va, among others. The most common types of cluster are [2Fe-2S], 

[3Fe-4S], and [4Fe-4S] (Figure 1.1); the former two generally assist in simple electron 

transfer, while the roles of the [4Fe-4S] clusters are more diversified and generally depend 

on the type of protein in which these clusters are anchored.[2, 3] The ability of [Fe-S] 

clusters to access various redox potentials, delocalize electron density between the iron 

ions and the sulfides, makes them ideal for electron transfer.[1, 3, 4] These clusters are 

commonly bound to the protein by cysteine ligands generally, giving the iron a complete 

tetrahedral co-ordination environment.[1-4]  

In some proteins such as the radical S-adenosylmethionine (SAM) enzymes 

however, three irons of the [4Fe-4S] cluster are coordinated to the protein via the cysteine 
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thiolates of a conserved CX3CX2C motif. [5-7]The site differentiated iron of the [4Fe-4S] 

in these enzymes anchors SAM  as the 4th ligand, instead of a cysteine ligation to the 

protein.[8] Other amino acids such as aspartate, histidine, serine, and arginine coordination 

to the iron ions are occasionally encountered in some proteins that participate in electron 

transport and proton-coupled electron transfer reactions.[9] This is mainly because the 

redox potentials of these clusters can be finely tuned by the coordination environment 

through hydrogen bonding, and most importantly, the electronic properties of where the 

clusters are anchored in the protein.[2]  

While the low nuclearity clusters mentioned above are generally single-electron 

transporters, the more complex [8Fe-7S] double cubane cluster (Figure 1.1) of the 

nitrogenase enzyme has the unique ability to act as a two-electron carrier.[10] [Fe-S] 

clusters exhibit a large range of redox potentials (-500 mV─ +500 mV), which is greater 

than most simple cofactors involved in redox reactions.[2] Some proteins may only anchor 

one [4Fe-4S] cluster, if that is the only one required to achieve catalysis; however, in some 

enzymes multiple clusters are present to either participate in catalysis or serve as electron 

conduits within one polypeptide chain, such as seen in some hydrogenases [11] and 

nitrogenases.[12] Long distance electron transfer (≥10 Å) can also happen in multiprotein 

systems like ubiquinone oxidoreductase (complex I) of the respiratory chain.[13] [Fe-S] 

clusters have been found to have high sensitivity to molecular oxygen, peroxides, 

superoxides, and nitric oxides, making them beneficial in gene regulation, where cofactors 

act as sensors for the cellular levels of these molecules.[1, 2, 14] It is worthy to note that 

there are proteins that harbor iron-sulfur clusters, whose roles in catalysis are not known 
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and thus, are considered to be playing structural roles. For an example, HydE, an enzyme 

involved in the maturation of [FeFe]-hydrogenase has two [4Fe-4S] clusters, one of which 

is involved in the radical SAM chemistry of this enzyme and is conserved among HydE 

proteins from different organisms. The other cluster is not conserved and seems to not be 

necessary for catalysis.[15] Interestingly, when the C-terminal cluster is present, the cavity 

of this enzyme is more open and exposed to solvent, which is not the case when this 

prosthetic group is absent.[16]  

 

Figure 1.1.  Simple iron sulfur clusters common in biology and their spectroscopic 
properties. 
 

Assembly of Simple Iron Sulfur Clusters 

In the early 1970s it was discovered that [Fe-S] clusters can be assembled in vitro 

by incubating Fe2+/Fe3+ and S2-, along with apo protein.[1, 2, 9] Although the spontaneous 

in vitro incorporation of these ions into proteins sparked an interest in different 

laboratories, this notion was not compatible with the assembly of clusters in vivo due to 

the physiological toxicity of Fe and S; thus, extensive studies had to be done to understand 



4 
 

 
 

the mechanism for FeS synthesis and incorporation into apo proteins within the cell.[2] 

This meant that the Fe and S ions had to be mobilized and delivered to the apo proteins in 

non-toxic forms, facilitated by scaffolds and carrier proteins. The discovery of different 

machineries (Nif, Isc, Suf) complemented this idea; these systems were found to share the 

involvement of their respective pyridoxal phosphate (PLP) dependent cysteine desulfurase 

(NifS, IscS, SufS), which generate sulfur from cysteine.[3, 9, 17, 18] Another unifying 

theme was the presence of scaffold proteins (NifU, IscU, IscA or SufA), onto which the 

clusters are formed; moreover, these proteins are also believed to shuttle the fully 

assembled clusters to the recipient apo proteins. During the first step of cluster biogenesis, 

sulfur is mobilized from cysteine as a persulfide (S0), bound to the active site of the 

desulfurase.[9, 17-19] This is followed by its transfer to the scaffold proteins, where the 

persulfide is reduced to sulfide and combined with iron to make the FeS clusters (Figure 

1.2).[20]  

The last step includes the transport of the assembled clusters to apo proteins that 

have cysteine thiolate or other amino acid ligands to coordinate them. This process is 

believed to be facilitated by protein chaperones/carrier proteins. In general, [2Fe-2S] 

rhombs are considered to be the simplest building blocks, from which [4Fe-4S] clusters are 

assembled. On the other hand, the cubanes can be used to build [3Fe-4S] and [8Fe-7S] 

through one Fe loss and fusion of two [4Fe-4S] units, respectively.[20] While all the 

mentioned iron sulfur cluster machineries seem to follow the same mechanisms of cluster 

synthesis, it is unclear as to why an organism would require several machineries. One 

would suggest that the Nif system, found in nitrogen fixing organisms is needed because 
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nitrogenase maturation involves formation of unique clusters such as, the P-cluster and 

FeMoco that requires this specific machinery for assembly. Additionally, it is possible that 

organisms, may employ a different machinery depending on the growth conditions. For 

example, the Suf system is recruited during conditions of Fe deficiency in the cell or during 

oxidative stress.[2, 3, 9] Another question that could also be asked is where the iron comes 

from. In the Isc system, it is believed that the iron is delivered by a fratataxin protein 

(CyaY)[20], but the source of the iron is still a mystery.  

 

Figure 1.2. Model representation of iron sulfur cluster synthesis in bacteria, highlighting 
both the SUF and ISC machineries. Reprint from [20]. 
 

Assembly of Complex and Heterometallic FeS Clusters  

[FeFe]-hydrogenases, Mo-nitrogenases, and carbon-monoxide dehydrogenases 

(CODH) are some of the most fascinating enzymes involved in redox reactions of gases, 

H2, N2, and CO, respectively. These enzymes harbor complex metalloclusters in their active 

sites that are generally derived from modification of simple [4Fe-4S], through ligation of 

unique subclusters to them, fusion and insertion of other atoms other than Fe and S, and 
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insertion of a different metal in a preexisting [4Fe-4S] cluster. Due to the complexity of 

the clusters in these enzymes (Figure 1.3), the iron sulfur cluster assembly machineries 

mentioned above are not sufficient to fully activate these enzymes. Rather, organisms that 

have endogenous genes that code for these three enzymes, also have specific maturation 

genes/proteins that are expressed along with them that are necessary, and these have been 

proven to be involved in building these unique clusters. For an example, the maturation of 

the [FeFe]-hydrogenase H-cluster, requires maturases HydG, HydE, and HydF [21, 22], 

which will be discussed in more detail in chapter six of this thesis. Assembly of the Mo-

nitrogenase FeMoco (M) cluster, which serves as the site for reduction of one of the 

strongest bonds, the nitrogen-nitrogen triple bond, requires the participation of nifS, nifU, 

nifB, nifE, nifN, nifV and nifH, gene products.[23, 24] Formation of this cluster is arguably 

one of the most complex processes in bioinorganic chemistry that involve formation of an 

Fe/S core, insertion of a carbide and Mo, and the transfer of the fully built cluster to 

nitrogenase.[12] 

 

Figure 1.3. Examples of the more common heteroatomic clusters. 
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On the other hand, the CODH [Ni-3Fe-4S] cluster commonly referred to as the C-

cluster also requires, in addition to the iron sulfur cluster assembly machinery, genes CooC, 

CooT or CooJ.[25, 26] While the exact mechanism for maturation of this heterometallic 

cluster is not well studied, it is speculated that the aforementioned genes are involved in 

the delivery of Ni to the active site of CODH, where it is incorporated into [4Fe-4S] cluster 

to activate this enzyme.[25, 26]  

 
The FeMo-nitrogenase and its unique clusters. Nitrogenase enzymes catalyze the 

ambient reduction of atmospheric dinitrogen, and thus play a key role in the global nitrogen 

cycle. These enzymes are normally found in nitrogen fixing bacteria/ microorganisms 

referred to as diazotrophs.[23] While there are other classes of these enzymes, categorized 

depending on the atomic cluster content (vanadium and iron only), the iron-molybdenum 

nitrogenase from Azobacter vinelandii has been the most intensely studied type of 

nitrogenases; the reduction and production of ammonia in this class happens at the unique 

cofactor designated the M-cluster found in these enzymes, in an adenosyl triphosphate 

(ATP) dependent process.[12] This complex cluster found in the Mo-nitrogenase consists 

of [MoFe3S3] and [Fe4S4] subclusters connected by three sulfides and hexadentate 

interstitial carbide at the center.[12, 23, 27] This cluster along with another high-nuclearity 

cluster, the P-cluster, are located in the a2ß2-tetramer of NifDK, which is considered to be 

the catalytic component.[10, 12, 23, 24, 27, 28] In addition to these two clusters, this 

protein also exhibits g2-dimer, NifH that harbors an ordinary [4Fe-4S] cluster and an ATP 

binding site within each subunit.[24]  
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During catalysis, NifDK and NifH form a complex, promoting electron transfer 

between the subunits.[12, 23, 27, 29] Electrons are transferred from the [4Fe-4S] cluster to 

the P-cluster, then to the M-cluster followed by subsequent reduction of the substrate, 

N2.[12, 23, 24] Between the two complex metalloclusters, P and M clusters, synthesis of 

the former seems to be simpler. Studies done by the Ribbe and Hu labs, using extended X-

ray absorption spectroscopy (EXAFS), magnetic circular dichroism (MCD), and EPR, all 

support the idea that this cluster is synthesized from reductive coupling of [4Fe-4S] clusters 

to generate the [8Fe-7S] cluster. Structurally this seems plausible, as in general this cluster 

can be viewed as two [4Fe-3S] partial clusters ligated by a hexadentate sulfide.[12, 23, 24, 

27] The building units ([4Fe-4S]) are thought to be supplied by NifS and NifU, which serve 

as the source of sulfur and scaffold for cluster assembly, respectively. Utilizing X-ray 

absorption spectroscopy (XAS), it was showed that redox chemistry was important during 

the P-cluster assembly, due to the amount of P-cluster incorporation being highly 

dependent on the concentration of reductant.[23] Unlike the P-cluster that is built at the 

target location, NifDK (in situ), the M-cluster is assembled at a different location (ex 

situ).[12, 23] The biosynthesis of this complex heteroatomic cluster involves various genes: 

nifS, nifU, nifB, nifE, nifN, nifV, and nifH. This is achieved in three different stages: 1) the 

formation of the iron-sulfur cluster that involves the insertion of the interstitial carbide; 2)  

the incorporation of Mo and homocitrate; and 3) the transfer of the M-cluster to NifDK 

(Figure 1.4).[23]  

Construction of the iron-sulfur core of the M-cluster is initiated on a radical SAM 

enzyme, NifB.[12, 23, 27] During this step, two conventional [4Fe-4S] clusters, referred 
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to as the K-clusters are combined together by insertion of an interstitial carbide, to form an 

L* cluster which lacks the ninth sulfur.[27, 29] This is achieved through radical mediated 

chemistry as described in the “functions of radical SAM enzymes” section of this chapter. 

The conversion of the intermediate L* to an L cluster that has the 9th sulfur then follows, at 

which point this fully assembled iron-sulfur core can be transferred to NifEN, where Mo 

and homocitrate are incorporated.[23, 27, 29] The in vivo maturation of the L-cluster to 

the M-cluster requires the presence of NifH (a reductase), ATP, Mo, and homocitrate, and 

NifEN (scaffold).[24] Studies from the nitrogenase field have shown that the absence of 

ATP, due to a mutation or omission of this nucleotide during an in vitro maturation of 

nitrogenase, obliterates the formation of the M-cluster.[12, 23] Moreover, the usage of the 

ATP during the incorporation of Mo into the L-cluster is considered to be redox dependent. 

Interestingly, replacement of ATP by ADP in an in vitro assay, also leads to no M-cluster 

accumulation on NifEN.[12, 23] However structural and spectroscopic studies provide an 

impression that the Mo loaded NifH has the Mo bound to the g-phosphate of ATP, 

suggesting the involvement of this triphosphate in the early step of Mo mobilization by 

NifH.[23] The transfer of the fully assembled M-cluster to the final destination and binding 

site is facilitated by NifEN through direct protein-protein interaction between NifEN and 

NifDK. In support of this, is the fact that holo- NifEN can complex with NifDK, allowing 

transfer of the cluster, thus activating the “apo” FeMo-nitrogenase (Figure 1.4).[27]  
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Figure 1.4. Scheme representation of bioassembly of the FeMoco cluster of iron-
molybdenum nitrogenase. Figure inspired by ref [43]. 
 

Radical S-Adenosyl-L-Methionine Enzymes 

The radical S-adenosyl-L-methionine enzyme (RSE) superfamily is one of the 

largest and rapidly growing families of enzymes, consisting of over 113,775 members. 

[30]During catalysis, these enzymes use a small molecule S-adenosyl-L-methionine 

(SAM), whose most highlighted biological role up until recently, was to be a methylating 

agent.[31-33] New discoveries, however, have shown that SAM is utilized to generate 

organic radicals that are central to catalysis.[34-36] A great example is the 5’-

deoxyadenosyl radical (5’-dAdo•) that is produced through the homolytic cleavage of the 

5’-C-S bond of SAM. In RSEs, this radical goes on to abstract an H-atom from their 

corresponding substrates, catalyzing reactions that would otherwise be challenging or 
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impossible to achieve.[35] Although RSEs were first classified as a superfamily in 2001 

through bioinformatics[5], the study of these enzymes had been going on for almost a 

decade prior to their recognition as a superfamily. In one of these studies, it was discovered 

that pyruvate formate lyase activating enzyme (PFL-AE), activated pyruvate formate lyase 

(PFL) by inducing production of a stable protein radical, the formation of which was 

dependent on the availability of iron and SAM [37, 38]. It was later established by 

Broderick and coworkers that PFL-AE harbored a catalytically essential [4Fe-4S] 

cluster.[39, 40]  

Early studies of other RSEs: biotin synthase (BioB), which catalyzes the insertion 

of sulfur in dethiobiotin, ribonucleotide reductase activating enzyme (RNR-AE), and 

lysine-2,3-aminomutase (LAM) involved in the reversible conversion of L-lysine to ß-

lysine, showed that all these enzymes necessitate [4Fe-4S] cluster and SAM.[41-43] 

Classification of RSE candidates was done based off of the presence of the cluster, the 

highly conserved motif that coordinates the cluster, and their requirement of SAM. 

Addition of new members to the already large group came with the discovery of the very 

diverse functions and reactions accomplished by enzymes of this superfamily.  

 
Characteristics of RSE Superfamily 

 
 

Cluster Binding Motif 
 

Most proteins in this family are characterized by the presence of a CX3CX2C motif 

that binds a [4Fe-4S] cluster, through the cysteine thiolates.[5, 44] The cysteines in this 

motif are highly conserved in canonical radical SAM enzymes and typically situated at the 
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N-terminus end of the radical SAM domain.[15, 42, 45] Although this characteristic feature 

is one that is mostly used to discern whether an enzyme belongs to this group or not, there 

are some enzymes in the RSEs that are considered to be outliers. Such proteins include: 

ThiC, a thiamin pyrimidine synthase that has a CX2CX4C motif located near the C-terminus 

of the sequence,[46] PhnJ, which catalyzes the cleavage of C-P bonds of phosphonates. 

This catalytically essential cluster is coordinated by a CX2CX21CX5C motif also found at 

the C-terminus of the sequence.[47] Finally, QueE, a 7-carboxy-7-deazaguanine synthase 

contains a CX14CX2C cluster binding motif[48].  

 
Other Important Motifs 

Although the motif that coordinates [4Fe-4S] cluster is one that seems more 

important, there are other short motifs conserved among radical SAM enzymes. In some 

RSE, there are glycine-rich motifs, GGE and GXIXGX2E;[42, 48, 49] it is believed that 

the large hydrophobic residues (isoleucine and leucine) in the latter motif are ideal for 

stacking against the adenine moiety, while the glycine and glutamate residues are thought 

to play a role in providing a suitable binding site for SAM. [49] Residues that are not part 

of the motif such as Glu, Asp, and Asn stabilize the ribose group of SAM through hydrogen 

bonding between the side chains of these amino acids and the hydroxyl groups of the 

ribose.[49] 

 
Interactions of SAM and the [4Fe-4S] cluster 

  The other feature essential for catalysis by RSE is the [4Fe-4S] cluster in the active 

site, which is ligated to the protein through the cysteine residues of the conserved motif.[45, 
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50, 51] This leaves one iron, referred to as the unique or site differentiated iron that is 

generally labile due to the lack of a ligand. It is thought that this iron, whose natural ligand 

during turnover is SAM, could be binding a small-molecule thiol from solvent or solvent 

itself, in the absence of SAM.[52] The lability of the fourth iron, explains why in as-isolated 

enzyme or oxidation upon air exposure, the cluster exists in an inactive [3Fe-4S]+ state. 

Interestingly, addition of mild reducing agent dithiothreitol (DTT), converts this cluster to 

a [4Fe-4S]2+, by promoting Fe labilization into the [3Fe-4S]+cluster .[44] The [4Fe-4S]2+ 

cluster can be reduced to the catalytically active [4Fe-4S]+ state either chemically or 

photolytically using sodium dithionite (NaDT) and 5’-deazariboflavin mediated 

photoreduction, respectively.[44, 53] Radical SAM enzymes are air sensitive and thus, 

their isolation, biochemical and spectroscopic studies have to be done in anoxic conditions; 

exposure to air briefly could lead to destruction of the cluster first by losing the 4th iron.[44] 

However, prolonged exposure could lead to disintegration of the whole cluster, followed 

by protein precipitation. In the active site, the unique iron is chelated by SAM in a bidentate 

fashion through its carboxylate and amine moieties forming a five-membered ring chelate, 

thus positioning this ligand in a proper configuration for subsequent reaction with the 

cluster (Figure 1.5).[54] 
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Figure 1.5. Representation of cluster coordination by radical SAM enzymes. A) Three 
cysteines of the CXXXCXXC motif coordinate three irons (red spheres) of the [4Fe-4S] 
cluster. B) SAM coordinates to the fourth Fe through the amino and carboxylate moieties. 
 

Role of the [4Fe-4S] Cluster in  
Generation of the 5’-dAdo• Radical 
 

Evidence for SAM cleavage was established during the earlier studies of radical 

SAM enzymes, where it was shown that 5’-deoxyadenosine (5’-dAdoH) and methionine 

were produced.[8] Using isotopologues of substrates, it was also determined that 5’-dAdoH 

was a result of H-atom incorporation from substrate into 5’-dAdo•. This was reminiscent 

of the reactions achieved by adenoslycobalamin (AdoCbl)-dependent reactions, where it 

was thought that an intermediate 5’-dAdo• radical was generated during catalysis.[33] Due 

to its highly reactive nature, this 5’-dAdo radical has never been observed directly before, 

however, more recently as will be discussed in later chapters, our lab successfully trapped 

and characterized this much sought after 5’-dAdo•, using electron nuclear double 

resonance (ENDOR) and electron paramagnetic resonance (EPR) spectroscopies[55]. In 

years preceding this, allylic radical species derived from both anhydrocobalamin and 
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reductive cleavage of a SAM analogue, S-3’,4’-anhydroadenosyl-L-methionine (anSAM), 

were observed due to the radical being more stable in comparison to an alkyl radical.[56]  

 
Generation of the 5’-dAdo• Radical 

B12 dependent enzymes were the first class of enzymes to be shown to generate 

and use the 5’-dAdo during catalysis.[33] The adenosyl in cobalamin is coordinated to a 

cobalt (II), surrounded by a porphyrin ring and another alkyl group to give it an octahedral 

geometry. In this complex, the Co-C bond dissociation energy is relatively low (≈30 

kcal/mol), whereas the C-S bond of SAM is higher in energy (≈ 76.6 kcal/mol), making 

direct homolysis of this bond harder compared to the former.[57, 58] Thus, in RSEs, 

liberation of the 5’-dAdo radical is achieved through a single-electron reduction of SAM 

while it is still in complex with the [4Fe-4S] cluster. For initiation of catalysis to occur, the 

enzyme has to be in the catalytically active state ([4Fe-4S]+). This was demonstrated in 

early PFL-AE studies where it was observed via EPR spectroscopy that upon addition of 

substrate to the reduced enzyme, the quantity of the glycyl radical (Gly•) generated on PFL, 

was equivalent to the amount of [4Fe-4S]+ that was on PFL-AE.[39] Additionally, it was 

shown that as the Gly• was liberated, the EPR signal of the [4Fe-4S]+ cluster disappeared, 

due to its oxidation to a diamagnetic [4Fe-4S]2+ state, hence EPR silent; this indicates the 

[4Fe-4S]+ cluster provides the electron required for the reductive cleavage of SAM.[39] 

Unlike PFL-AE which uses SAM as a co-substrate, correlation of the product produced to 

the oxidized cluster was not that straight forward in LAM; this is because LAM uses SAM 

as a cofactor; after each catalytic cycle of this enzyme, SAM is regenerated, and the cluster 

is re-reduced.[8, 57, 59] However, in LAM studies a correlation between the amount of 
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[4Fe-4S]+ cluster with the activity of the enzyme was observed, meaning that the [4Fe-4S]+ 

is the catalytically relevant state in this enzyme too.[60]  

 
Structural Characteristics of Radical SAM Enzymes 

Crystal structures of more than 16 radical SAM enzymes have been determined. 

Structural analyses have brought us to the conclusion that all these enzymes share a 

common fold, the triose phosphate isomerase (TIM) barrel fold. A complete/full TIM 

barrel is comprised of eight alpha helices alternating with eight beta strands; the parallel 

strands construct the core of the protein and are surrounded by a-helices to prevent the 

inner cavity from solvent exposure. Some radical SAM enzymes, biotin synthase (BioB), 

hydrogenase maturases, HydE and HydG, and ThiC exhibit full (ßa)8 TIM barrels.[8, 15, 

42, 61, 62] Others such as PFL-AE, lipoyl synthase (LipA), LAM, and 

coproporphyrinogen-III oxidase (HemN) structures contain partial (ßa)6 TIM barrel folds 

(Figure 1.6).[8] All partial TIM barrels are not (ßa)6, as RNR-AE, the smallest RS enzyme 

is comprised of a (ßa)4 barrel.[8] Apart from secondary structures/units that comprise their 

TIM barrels, most radical SAM enzymes have helical extensions, or sometimes additional 

beta strands to further protect the inner cavity from solvent.[15, 42, 45] The active site of 

these proteins is located on the top portion of the barrel where the radical SAM cluster 

([4Fe-4S]RS) is located that binds SAM.  

As mentioned earlier, the [4Fe-4S]RS is coordinated by the conserved CX3CX2C 

motif through the cysteine thiolates. This motif is located on a flexible loop that is 

surrounded by other loops to hinder solvent access. Although the [4Fe-4S]RS is the only 

one that is required for the generation of the catalytically relevant 5’-dAdo•, some RS 
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enzymes such as HydG, BioB, and LipA have accessory clusters.[42, 45, 51, 61] In the 

case of HydG, BioB, and LipA, the secondary clusters, located near the C-terminus are 

absolutely necessary for their mechanisms; the motifs that ligate these accessory clusters 

to the proteins are unique to each enzyme and are generally conserved.[42, 51, 61] In BioB 

and LipA, two enzymes involved in sulfur insertion reactions, the auxiliary cluster is 

cannibalized to generate the sulfur that gets inserted into their substrates.[51, 53] The 

second cluster in HydG, as will be explained in greater detail later, is a used as a catalytic 

site for CO synthesis. [34]  

 

Figure 1.6. Radical SAM enzymes with full or partial TIM barrels.  In all structures, the 
catalytically relevant cluster is located on a loop on top of the barrel. A) Top view of the 
partial (ßa)6 TIM barrel of PFL-AE with parallel beta strands on the inside, surrounded by 
alpha helices. B) Full TIM barrel of HydG colored in gray with helical extension domains 
colored in light pink and light purple. This structure also shows an auxillary [4Fe-4S] 
cluster. C) Top view of the partial TIM barrel (ßa)6 of HemN with helical and beta strand 
domains to protect from solvent exposure. 
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Unifying Mechanism  

In vivo initiation of radical SAM catalysis happens through a single electron 

transfer from flavodoxin or other electron donors to the [4Fe-4S]2+ cluster chelated by 

SAM, converting the cluster into the [4Fe-4S]+ state (Figure 1.7).[8] In vitro this can be 

achieved by using strong reducing agents such as sodium dithionite, and 5-

deazaribofliavin-mediated photoreduction.[8] Through inner sphere electron transfer, an 

electron is donated from the catalytically active state to the sulfonium of SAM, followed 

by the homolytic cleavage of the 5’C-S bond, generating a 5’-dAdo• radical and methionine 

still bound to the unique iron.[63] Up until 2016, it was widely believed that after this 

highly reactive radical is liberated, the 5’-dAdo• immediately abstracts a H-atom from the 

corresponding substrate of that radical SAM enzyme. The discovery of a 5’-dAdo-derived 

intermediate omega (Ω), first in PFL-AE, then in 6 other radical SAM enzymes by the 

Broderick laboratory in collaboration with Hoffman lab, called for a revision of this 

mechanism.[64-66] Although it is currently unclear whether Ω is formed when the free 5-

dAdo• undergoes oxidative addition to the unique iron, or whether it is a concerted process 

via a nucleophilic attack of the unique iron at the 5’C of SAM (Figure 1.7).[66]  
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Figure 1.7. Reductive cleavage of SAM to generate the catalytically relevant intermediate 
omega and 5’deoxyadenosyl radical. 
 

Functions of Radical SAM Enzymes 

 
Radical SAM enzymes are found in all domains of life (prokaryotes, eukaryotes, 

and archaea).[67]  Even though the radical initiation mechanism is generally the same for 

enzymes in this class, their substrates and what follows after formation of the SAM derived 

radicals is unique and specific for each enzyme, hence the diversity in functions.[8, 48, 67, 

68] This subsection will shine a light on radical SAM enzymes that are involved in sulfur 

insertions (LipA and BioB), epimerization (LAM, (PoyD), and OspD), complex metal 

cluster assembly (HydG, HydE, and NifB) and glycyl radical enzyme activating enzymes 

(GRE-AEs), among many others.   
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Sulfur Insertion 

Two radical SAM enzymes, Lipoyl synthase and biotin synthase, catalyze the 

incorporation of sulfur into C-H bonds during the synthesis of lipoic acid and biotin, 

respectively. Formation of these bridging thioesters involves cleavage of the unactivated 

aliphatic using the 5’-deoxyadenosyl radical generated from the reductive cleavage of 

SAM.[69] In this section, the mechanism of how this is achieved will be discussed.  

 
Biotin Synthase. Biotin is a water-soluble B-vitamin that is synthesized and mostly 

used in plants, animals, and fungi. While the biosynthesis of this small molecule requires 

a lot of enzymes, the last and most important step is achieved by BioB.[70] This enzyme 

catalyzes  the reaction that involves dethiobiotin and the accessory [2Fe-2S] cluster of this 

enzyme, where the sulfur is derived from within the purified protein and substitutes the 

hydrogen at two unactivated aliphatic carbon positions.[71, 72] During catalysis, BioB uses 

two molecules of SAM to abstract two hydrogens from C6 and C9, leading to the 

accumulation of 5’-dAdoH and methionine. The mechanism for sulfur insertion between 

these two carbons is thought to be sequential, where C9 is activated first by the removal of 

an H atom by one 5’-dAdo•, generating a dethiobiotinyl radical.[71] This radical is then 

thought to attack the [2Fe-2S]2+ cluster. It is proposed that through inner sphere electron 

transfer, the cluster is reduced to a 1+ state. Following this, another 5’-dAdo• radical, from 

cleavage of another SAM molecule, abstracts the second H atom from C6, introducing a 

radical that is quenched by the bridging thiolate ligand to produce biotin.[71]  
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Lipoyl Synthase. LipA catalyzes the final step in the biosynthesis of lipoic acid, 

which as a lipoyl cofactor is required in various pathways such as pyruvate dehydrogenase 

complex, where it plays an important role in the conversion of pyruvate to acetyl-CoA.[73] 

LipA is involved in the attachment of two sulfurs onto inactivated C6 and C8. Like in BioB, 

carbons are activated by the 5’-dAdo•, from SAM cleavage that abstracts H-atoms, first 

from the C6 and followed by C8.[74] Additionally, in a similar manner to BioB, the sulfurs 

that substitute for the hydrogens also originate from the auxillary cluster; however, unlike 

BioB, the cannibalized cluster is a [4Fe-4S] in nature. Consistent with BioB again, it is 

believed that upon the bridging of the first sulfide, the cluster Fe3+ are reduced to Fe2+, 

increasing lability and promoting the loss of the reduced iron. Since the full conversion of 

the precursor to lipoic acid requires two sulfurs, this means that C8 must next be activated 

by introduction of the radical, which subsequently attacks a different sulfur from the 

cluster.[51]  

 
Amino acid and Peptide Epimerization 

Lysine 2,3-aminomutase. LAM catalyzes the reversible conversion of L-lysine to 

L-ß-lysine in a reaction where a 1,2-amino migration occurs in parallel with hydrogen 

transfer using a radical mediated mechanism.[56] Unlike other lysine amino mutases such 

as ß-lysine mutase and D-lysine 5,6-aminomutase which are adenosyl cobalamin 

dependent, LAM is a radical SAM enzyme, however the reactions catalyzed by these 

enzymes are directly analogous. Similar to the aforementioned enzymes, the chemistry of 

LAM is also PLP-dependent.[59] Isomerization of L-lysine is initiated by the abstraction 

of a H atom from a-lysine to generate an a-Lys• radical and a quenched 5’-dAdoH, which 
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rearranges to form a ß-Lys•. The latter then abstracts an H-atom from the 5’-dAdoH, and 

thus regenerates the 5’-dAdo• radical that will be used in the subsequent catalytic cycle.[53, 

75] Interestingly, LAM is one of the few radical SAM enzymes that doesn’t use SAM as a 

co-substrate, where after each turnover, SAM cleavage products (methionine and 5’-

dAdoH) leave the active site and are replaced by a new SAM molecule.[43, 53] 

 
Peptide Epimerase: OspD and PoyD  

OspD and PoyD are radical SAM enzymes that have been found to participate in 

the post-translational modifications of peptides used as antibiotic precursors. Although 

their mechanisms are not well known it has been shown in recent publications that PoyD 

is an epimerase that converts L-valine in its substrate peptide, PoyA, to D-valine, which is 

a modification that is important in the synthesis of polytheonamides.[76] Similarly, OspD 

works on OspA an Oscillatoria proteusin, to epimerize both L-Val and L-lle to their 

corresponding D-counterparts. [77] 

 
Assembly of Complex Metalloclusters 

Simple clusters in cells are generally assembled by either the ISC or SUF 

machineries. As mentioned in earlier sections, these systems will assemble these cluster 

units using cysteine and iron on protein scaffolds, and later transfer them to apo proteins 

via chaperones. Interestingly, the assembly of more complex clusters in biology such as 

the FeMo-co and H-cluster of nitrogenase and [FeFe]-hydrogenase, respectively, require 

corresponding radical SAM enzymes to accomplish their complete assembly. The 
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following section will briefly discuss NifB (involved in FeMo-co), HydE and HydG (H-

cluster maturation). 

 
NifB. The FeMo-co cluster (M-cluster) of the iron-molybdenum nitrogenase is the 

most complex cluster known in biology. This cluster is particularly important, as it cleaves 

one of the toughest bonds, the nitrogen-nitrogen triple bond during the fixation of N2 

gas.[28] The study of nitrogenase enzymes is of great interest to people in the 

biogeochemical fields, as this nitrogen can be used for various environmental functions, 

such as making fertilizers.  The M-cluster is comprised of a seven Fe, nine S, one C, and a 

Mo bound to a homocitrate ligand. This cluster can be viewed as [MoFe3S3] and [Fe4S3] 

clusters, bridged by a µ6-intersitial carbide and further coordinated by three bidentate 

sulfides.[27] This fascinating M-cluster is assembled by a radical SAM enzyme NifB, first 

by combining two conventional [4Fe-4S] clusters through a radical mediated mechanism 

to generate the L cluster and then transferring it to the scaffold NifEN, where Mo and 

homocitrate are added; NifEN shuttles the M-cluster to its binding site, NifDK.[12]  It is 

hypothesized that coupling of the 4Fe units is achieved by the attachment of a methyl group 

from SAM, to one of the sulfides of the K-cluster.[27] A SAM derived 5’-dAdo• then 

abstracts one H atom from the methyl forming a CH2• that is subsequently gets 

deprotonated further to generate a carbide radical that attacks the second K-cluster to form 

the L-cluster. [12, 23, 24, 27]After the ninth sulfur is inserted from an unknown source, 

likely sulfite from sulfur metabolism, the L-cluster is finally ready to be transferred to 

NifEN for further modifications.[27]  
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HydE and HydG. As will be discussed in detail, in the following chapters, [FeFe]-

hydrogenase catalyses the reversible redox reaction between protons and electrons to 

generate hydrogen gas.[11, 78, 79] This class of hydrogenases is of interest mostly because 

of its ability to favor the forward reaction which leads to H2 production, making it about 

100-fold more efficient than its counterpart, [NiFe]-hydrogenase[22]. The chemistry of this 

enzyme happens in the active site which, like FeMo-nitrogenase, is complex. Unlike the 

M-cluster however, the assembly of the H-cluster requires two radical SAM enzymes in 

addition to the scaffold protein, HydF.[80] This so-called H-cluster consists of a [4Fe-4S] 

unit, bridged by a cysteine thiolate to a unique [2Fe-2S] subcluster. The irons of the [2Fe-

2S] cluster are decorated by CO and CN- ligands and further bridged by a 

dithiomethylamine (DTMA). While the π-acid ligands are synthesized by HydG [81, 82], 

it is widely believed that HydE plays a  role in assembling the DTMA bridge.[15, 61] The 

mechanism and details of assembly of the H-cluster will be discussed in later chapters. 

 
GRE-AEs 

PFL is a glycyl radical enzyme (GRE) that is widely used in facultative anaerobes 

to provide the citric acid cycle with acetyl-CoA.[83] This enzyme catalyzes the radical 

mediated reaction of pyruvate and CoA to produce formate and acetyl-CoA in anaerobic 

conditions. Activation of this enzyme requires an RSE PFL-AE, which uses a 5’-dAdo• to 

abstract an H-atom from Gly734 of PFL, and thus activating it.[39] Another important 

GRE-AE, RNR-AE, activates anaerobic RNR in a similar manner as PFL-AE. After 

anRNR is activated by generation of the catalytically essential glycyl radical, it can then 

convert ribonucleotide to deoxyribonucleotides that can be used in DNA synthesis.[84] 

A)
) 
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Figure 1.8. Reactions of select radical SAM enzymes: A) Lysine 2,3-amino mutase (LAM). 
C) Biotin synthase. B) Glycyl radical enzyme activating enzyme. D)Coproporphyrinogen 
III Oxidase (HemN). Amino acid epimerase E) (OspD/PoyD). 
 
 

B) 

C) 

D) 

E) 

A) 
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Research Goals and Highlights: Radical Initiation 

 
Trapping Highly Reactive Radicals  
in Active Sites of Radical SAM enzymes 
 

The mechanism of radical SAM enzymes involves the liberation of a radical 

intermediate, 5’-dAdo•, which abstracts an H-atom during catalysis. This highly reactive 

radical is formed after the reductive homolytic cleavage of the 5’C-S bond of SAM. While 

other intermediates such as the ubiquitous organometallic intermediate omega Ω [66, 85] 

and substrate radicals[39] were able to be trapped and characterized under turnover 

conditions, numerous attempts of capturing this 5’-dAdo• radical failed. As a side project, 

in collaboration with members in the Hoffman lab at Northwestern University, we 

attempted to trap this radical using two main approaches. The first hypothesis was that if a 

sample in which the organometallic intermediate Ω had been trapped via rapid freeze 

quench is irradiated with a 450 nm laser, homolytic cleavage of the Fe-5’C of the Ω 

intermediate could be achieved, and this could possibly generate the 5’-dAdo• trapped in 

the active site of a radical SAM enzyme at cryogenic temperatures; this approach was 

unsuccessful likely because the cluster is in the highly oxidized [4Fe-4S]3+ state. 

Our second approach which was to irradiate the [4Fe-4S]+-SAM complex first as a 

control experiment to observe if the homolysis of the S-5’C bond could be accomplished 

via photoinduced electron transfer which in turn would promote homolysis of the S-5’C 

bond. As  discussed in more detail in Yang et al[55], this method worked, and we trapped 

and characterized the elusive 5’-dAdo• in the active site of PFL-AE. After realizing that 

this method was successful, we decided to try other radical SAM enzymes; in a surprising 
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turn of events, we trapped a methyl radical in another canonical radical SAM enzyme, 

HydG (Chapter 3). These results were very intriguing and further supported the idea that 

all the three C-S bonds have similar bond energies and that any of them could potentially 

be cleaved during catalysis.[86] The questions left were whether we could capture the third 

radical product, the amino carboxy propyl radical (ACP•), and investigate why different 

radical SAM enzymes made different radicals when photolyzed at cryogenic temperatures, 

but made one universal radical intermediate during turnover (Chapter 4)? Furthermore, we 

explored the possibility of changing the length of the methionine side chain of SAM using 

ethionine in place of methionine to see if the outcome of S-C bond cleavage could be 

altered due to perturbation of the local active site environment. In Chapter 5, results of a 

stable ethyl radical trapped in HydG and HydE that can be annealed to an organometallic 

intermediate are discussed. 
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CHAPTER TWO 
 
 

GENERAL METHODS 
 
 

Expression of [FeFe]-Hydrogenase Maturation Enzymes 

 
Bacterial Transformation 

A 5 µL aliquot of 100 ng/nL DNA plasmid was incubated on ice for 30 min along 

with 100 µL of BL21-DiscR::kan; the DiscR strain was prepared via chromosomal 

substitution of the iscR and contains a kanamycin resistant gene. This mixture was then 

heat shocked in a 42˚C water bath for 45 s, prior to being incubated on ice once more for 

2 min. After this incubation, Luria Bertani (LB) or super optimal broth (SOC) media were 

added to the mixture, followed by incubation (37˚C) while shaking at 180 rpm. The 

transformation was then spread on an agar plate containing the appropriate antibiotics. 

These plates were allowed to settle for a few minutes and subsequently placed in an 

incubator set at 37˚C, allowing the transformants to grow overnight. 

 
Culture Growth 

The three of the four Hyd proteins (HydE, HydF, and HydG) are expressed, 

purified, and reconstituted utilizing similar procedures that were published by our lab and 

others in the field. [1-3] Clostridium acetobutylicum (C.a) genes of hydE, hydG, and hydF, 

were cloned into Novagen pET23b, pCDF-Duet1, and PRSF vectors, respectively. 

Constructs that had the correct sequences per Genscript verification were transformed into 

in-lab developed BL21-DiscR competent cells as detailed above, that were subsequently 
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used to express the recombinant Clostridium acetobutylicum (C.a) histidine tagged 

maturases. The fourth hyd gene, hydA, from Chlamydomonas reinhardtii (Cr) was also 

cloned and transformed into BL21-DE3 cell lines to express this enzyme that either had an 

N-terminal hexa-histidine tag or Strep-tag-II. In most cases, each of these proteins were 

expressed singly, however, in some instances some maturases were co-expressed.  

Transformed cells that contained each maturase were plated individually on LB 

agar plates containing corresponding antibiotics, dependent on the plasmid; 50 µg/mL 

ampicillin (amp) for pET23b, 50 µg/mL streptomycin (strep) for pCDF-Duet1, and 30 

µg/mL kanamycin (kan) for pRSF. It should be noted, however, that due to the kanamycin 

resistance gene present in the BL21-DiscR cell line, this antibiotic was supplemented along 

with amp and strep, during the overexpression of HydG and HydE. The LB agar plates 

containing freshly transformed cells were incubated at 37˚C for approximately 12 h. To 

prepare for overexpression trials, fresh colonies were picked off the plates and used to 

inoculate 5 mL LB growths that were consequently incubated at 37˚C while shaking 

overnight. These were then used to start small-scale cultures that helped determine the 

colonies that expressed more of each protein; the remainder of the overnight culture 

growths were mixed with sterile glycerol and frozen immediately, prior to storage at -80˚C. 

At an O. D600=0.5, a small aliquot is taken out of each flask followed by induction with 1 

mM isopropyl ß-D-1-thiagalactopyranoside (IPTG). The induced cultures were allowed to 

incubate for an additional 2-hour period, at which point post induction samples were taken 

out. The pre-and post-induction samples were treated with sodium dodecyl sulfate (SDS) 

Coomassie loading dye and ran over an SDS gel to determine overexpressing colonies 
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(Figure 2.1). The colony (glycerol stock) that showed better overexpression was then used 

to streak a fresh LB agar plate. 

 

 

Figure 2.1. SDS-PAGE showing overexpression trial of HydE (≈41 kDa); a more intense 
band is observed in the post induction samples, indicative of HydE expression. 
 

 For larger-scale culture growths, two Erlenmeyer flasks containing 50 mL LB 

media (Table 1) and the corresponding antibiotics were inoculated by addition of single 

colonies from the plate; these cultures were allowed to grow as mentioned above, and 

afterwards used to inoculate six 1.5 L flasks of sterile media (also containing the correct 

antibiotics and glucose). This was done by adding 8 mL of the overnight growths to each 

flask. The cells were grown at 37˚C while shaking until an O. D600=0.5 was reached; IPTG 

(1 mM) was added to induce protein expression, followed by 0.3 mM ferrous ammonium 

sulfate (FAS) supplementation. In certain growths, cysteine and fumarate were added when 

21.5 

14.4 

66.2 
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needed to increase the chances of cluster incorporation. After induction, the cells were 

grown for an additional 3 hours with shaking. At that point the cultures were cooled to 

room temperature on the bench top, then moved to a 4˚C refrigerator where they were 

sparged under nitrogen for 12-16 h. After this phase the cultures were spun down (6000 

rpm, 12 min, 4˚C). The supernatant was discarded, while the wet cell pellet was scooped 

and flash frozen in liquid nitrogen immediately; if the purification was not planned to be 

done on that same day, the frozen cell pellets were stored in -80˚C until usage.  

Table 2.1. Low salt media recipe used to express HydE, HydG, and HydF 

Component Amount  
KH2PO4 16.67 mM (pH 7.2-7.5) 
K2HPO4 33.34 mM (pH 7.2-7.5) 
Tryptone 90 g 
Yeast extract 45 g 
NaCl 45 g 

 
 
Purification of HydG, HydE, and HydF 

The buffers to be used during purification of the maturases were sparged under 

nitrogen and cycled into an anaerobic chamber (Coy laboratory products, Grass Lake, MI); 

all lysis and purification steps were also carried out in this chamber. Depending on whether 

the protein to be isolated contained a hexa-histidine or Strep-tag-II, Immobilized metal 

affinity (IMAC) nickel nitrilotriacetic acid (Ni-NTA) or StrepTactin columns were 

equilibrated with several column volumes (CV) of binding buffer (50mM Tris pH 8.0, 

250mM KCl, 10 mM imidazole, and 5% glycerol); imidazole is omitted for Strep-tagged 

protein purifications. 20-40 g of frozen cell pellet expressing the maturases were thawed 

in the chamber and resuspended in 40-80 mL (dependent on cell mass i.e., 2 ml buffer for 
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1 g of cells) of binding buffer containing 1% W/V Triton X-100, 10 mM MgCl2, 1 mM 

PMSF, and trace amounts of RNase, DNase, and lysozyme. To increase protein yields, 

chemical lysis was sometimes accompanied by sonication. The crude lysate obtained was 

then transferred into tubes and sealed in the anaerobic chamber prior to centrifugation 

(18000 rpm, 1h, 4˚C).  

After spinning down, the clarified lysate was transported back to the chamber where 

the supernatant (at this point contained the soluble protein) was gently poured off into a 

super loop if an FPLC (AKTA by GE healthcare) is employed, or directly over the column 

if gravity flow purification was the method used. After loading, the column turned visibly 

brown with most of the dark color concentrated on the top and lightly dispersed at the 

bottom. In cases where the purification was done using the FPLC, the column was washed 

with binding buffer until the A280nm signal dropped back to baseline. On the other hand, 

after gravity flow loading, to know that non-specifically bound protein had been 

sufficiently washed off, fractions had to be collected; light/colorless flow-through was a 

good indication that the wash was done. To elute pure protein, first, a 33 mM imidazole (in 

50 mM Tris (pH 8.0), 250 mM KCl, and 5% glycerol) wash was performed to remove more 

impurities. Pure fractions of HydE and HydG that had good iron loading generally eluted 

at imidazole concentrations of 106 mM and 250 mM respectively; further confirmation of 

the purity of the fractions was done via SDS-PAGE. Colored fractions were subsequently 

pooled together and immediately buffer exchanged into 50 mM Tris pH 8.0, 250 mM KCl, 

and 5% glycerol to remove the imidazole. The imidazole-free protein was collected, 

concentrated to a desired final volume, aliquoted, and immediately flash frozen before 



39 
 

 
 

storing at -80˚C. Purification of HydF and HydA was accomplished following a similar 

procedure as described above with the only difference being the buffer stocks used; (50 

mM HEPES (pH 7.4), 300 mM KCl, 5% glycerol) and (50 mM HEPES (pH 8.0), 100 mM 

KCl, 5% glycerol ). Pure fractions of these two maturases eluted at 250- and 125-mM 

imidazole (in the corresponding stock buffers), respectively. 

 
Traditional Reconstitution  
of Iron Sulfur Clusters 
 

As mentioned in the earlier sections, all the maturases harbor catalytically relevant 

iron sulfur clusters. In the cell, cluster biosynthesis is achieved by iron sulfur cluster 

assembly machineries which build the clusters on scaffolds and then transfer these 

cofactors to the apo proteins. How successful these machineries work during protein 

overexpression affects the cluster content of the as-purified protein. HydF and C.r HydA 

are thought to each have a maximum of four iron atoms per monomer, while HydE and 

HydG each harbor two [4Fe-4S] clusters per protein subunit and an additional dangling 

iron in the case of HydG.[4] While HydA can in most cases be purified with near full 

cluster (3.5-4.0 irons/monomer) occupancy as confirmed by flame atomic absorption 

spectroscopy (FAAS) and EPR, HydE, HydF, and HydG are isolated with 

substoichiometric iron content, which calls for in vitro cluster reconstitution. To improve 

the number of these catalytically relevant clusters, in vitro reconstitutions were performed 

where excess exogenous iron (ferric chloride (FeCl3) form) and sulfide (Na2S.9H2O) are 

added. While the color change (light brown to dark brown) can be observed as iron and 

sulfide are being added to the protein during reconstitution, UV-vis absorbance monitoring 
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is a more reliable method, as it shows increase in ligand to metal charge transfer (LMCT) 

bands characteristic of [Fe-S] clusters. Additionally, EPR may be employed to further 

identify what types of clusters are present. Below, a generic reconstitution for radical SAM 

enzymes is described. 

Before reconstituting, the protein concentration is adjusted to a known 

concentration using buffer, followed by incubation with 5 mM DTT for 5 mins in an 

anaerobic COY chamber. 10-20 aliquots of 10 mM Fe3+ are then titrated in slowly, to a 

final concentration that is 6.0-fold over the protein. To avoid protein precipitation to the 

acidic nature of Fe3+, the iron is supplemented over a 45 min period. During the next step, 

4-8 aliquots of 50 mM S2- are added in a similar fashion and at the same concentration as 

the iron. The mixture is then incubated for 3 h after addition of the last aliquot. To remove 

any precipitated protein and FeS particulates, the protein is centrifuged for 10 mins at 

13,000 rpm. The supernatant is then run over a pre-equilibrated a Sephadex G25 column 

to remove any adventitiously bound iron and sulfide ions (Figure 2.3). After dialysis, the 

protein is spun down at 6000 rpm to a desired volume, using 30 kDa MWCO Amicon spin 

filters and immediately aliquoted, flash frozen in liquid N2, and stored in a -80 0C freezer. 

The concentration and iron content of the enzyme are determined using Bradford assay and 

FAAS, respectively. To monitor the success of the reconstitution, pre-and post-

reconstitution samples are run to check for increase in absorbance at wavelengths between 

395, 410 nm, 420 nm indicative of [4Fe-4S]2+ cluster loading[1, 5, 6]. 
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Note: In some cases 57Fe was used in place of 56Fe(NH4)2(SO4)2•6H2O  (during protein 

concentration) and (56FeCl3) to get 57Fe protein samples for electron paramagnetic 

resonance (EPR) and electron nuclear double (ENDOR) spectroscopic studies.  

 

Figure 2.2. Traditional reconstitution of HydG achieved by incubation of protein with 8-
fold excess of Fe3+ and S2- along with the protein and SAM (to stabilize the radical SAM 
clusters). Colorimetric comparison clearly shows change in color from lighter to dark 
brown, indicative of increase in cluster content. 
 
 
Preparation of Dangler Loaded HydG 

Unlike the HydE, HydF, and HydA, full reconstitution of HydG cannot be 

accomplished through one phase. This is due to the presence of a fifth iron that is 

coordinated to the [4Fe-4S]Aux through a cysteine molecule.[4] Loading of this dangler site 

requires an extra step after the traditional reconstitution, a procedure that was modified 
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from a previously published one[4]. During this phase, HydG that has 6-8 iron ions/ per 

monomer is first incubated with excess NaDT (2 mM) for 5 mins, followed by addition of 

1.25 equivalents of Fe3+ (all at once). After this iron addition step, 20-fold excess of SAM 

is added to stabilize the radical SAM cluster. Seven equivalents of cysteine are then added 

to allow coordination of the dangler iron to the auxiliary cluster. This mixture is incubated 

while stirring for 20-60 min followed by a quick centrifugation step to remove precipitated 

protein. At this point the supernatant is run immediately over a Sephadex G-25 column. 

The eluate is concentrated using 30 kDa MWCO filters, aliquoted and flash frozen for 

storage. To confirm whether this dangler loading step was successful, EPR samples are 

prepared for low temperature analysis. 

 
Hydrogenase Maturation Assay 

Purified HydE, HydG, HydF, and HydA were used together along with a suite of small 

molecules that consisted of PLP, SAM, GTP, cysteine, tyrosine, and in some cases FeCl3 

and Na2S.9H2O were also added at concentrations listed in Figure 2.4. Additionally, an E. 

coli lysate is also supplemented during these assays and has been proven to be essential 

during the biosynthesis of the H-cluster. This is in agreement with what was published by 

Kuchenreuther et al [7] where it was reported that omission of E.coli lysate obliterates the 

activity of hydrogenase. We hypothesize that this is because this lysate may contain 

an(other) protein and/or small molecule required during H-cluster assembly. This mixture 

of protein and small molecules is incubated for 6-16h in 100 mM HEPES, 50 mM KCl, at 

pH 8.3. At this point, the samples are centrifuged to precipitated protein. 200 µL of this 

sample is transferred into a 25 mL vial that contains 1700 µL of buffer (50 mM Tris, pH 
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6.9), 10 mM methyl viologen. Hydrogen production is initiated by addition of 100 µL of 

400 mM NaDT; the vial is capped immediately to prevent H2 from diffusing out. At the 

earliest possible time (3 min) after initiation, 100 µL is assayed out of from the vial 

headspace, using a gas-tight Hamilton syringe. To quantify H2-production, we used a gas 

chromatograph (Shimadzu GC-2014) equipped with a thermoconductivity detector and a 

Supelco 80/100 Porapak N (6 ft x 1/8 in x 2.1 mm) SS column, using nitrogen as a carrier 

gas; the column and detector temperatures were set to 30˚C and 100˚C, respectively. 

 

 

Figure 2.3. Summary of the [FeFe]-hydrogenase activation assay adapted from [7]. 

Preparation of Lysate Used in Activation 

A 200 µL aliquot of competent E. coli (BL21-DiscR) was added to 50 mL of sterile 

phosphate buffered media that contained 30 µg/mL kanamycin. The flask was incubated at 
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37˚C while shaking for 13h. This culture was used to inoculate 9 L of media (1.5 L X 6 

flasks) by adding 8 mL to each flask. These cultures were grown up until an O.D600 = 0.5-

1.0, at which point the cells were harvested as described above. To resuspend the wet cell 

pellet, buffer (100 mM HEPES (pH 8.3), 50 mM KCl) that contained trace amounts of 

RNase and DNase, 1% W/V Triton-X-100, MgCl2, and PMSF at a ratio of 1:1 was added. 

This crude mixture was incubated while stirring for 30 minutes and then sonicated. The 

lysate was then centrifuged to generate a supernatant that was then passed through 0.2 µM 

nylon syringe filters to remove debris. The clarified lysate was then aliquoted, flash frozen 

and stored until needed.  

 
Enzymatic Synthesis and Purification of SAM 

S-adenosyl-L-methionine (SAM) was synthesized using either isotopically labeled  

or natural abundant adenosine triphosphate (ATP) and methionine via a reaction 

catalyzed by SAM synthetase, following a protocol detailed in Byer et al [8]. In general, 

no modifications were made to this procedure, however in some cases methionine 

analogues such as ethionine and S-methyl-cysteine were used to synthesize SAM 

analogues for photolysis experiments. 
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CHAPTER FOUR 

 
PHOTOLYTIC CLEAVAGE OF S-ADENOSYLMETHIONINE  

 
 

Introduction 

 
Radical S-adenosyl-L-methionine (SAM) enzymes use SAM as either a cofactor or 

co-substrate to initiate numerous reactions that would otherwise be challenging.[1] It was 

long believed that during catalysis, these enzymes generate a 5’-dAdo• resulting from a 

single electron transfer from a reduced [4Fe-4S]+ to the sulfonium of SAM, leading to the 

homolytic cleavage of the 5’C-S bond.[1, 2] This radical goes on to abstract an H atom 

from substrate, initiating various downstream reactions. The discovery of an 

organometallic intermediate Ω which has the 5’C of this 5’-dAdo• bonded to the unique 

iron of the [4Fe-4S] cluster, called for a revision of the pre-existing mechanism.[3] This Ω 

intermediate was first trapped in pyruvate formate lyase activating enzyme (PFL-AE), 

where via rapid freeze quench (RFQ), the enzyme-catalyzed reaction was quenched 500 

ms after initiation of the reaction with SAM and substrate PFL. The Ω intermediate trapped 

via this process was then characterized using electron nuclear double resonance (ENDOR) 

and electron paramagnetic resonance (EPR) spectroscopies.[4] Two years later it was 

established by our lab that Ω was not uniquely found in PFL-AE, rather, this intermediate 

was formed in a wide range of radical SAM enzymes, supporting its central role in the 

radical initiation mechanism.[5] The identification of this intermediate in the RS 

mechanism, and the implication that Ω generates a 5’-dAdo• by homolytic Fe-C bond 

cleavage, is reminiscent of the adenosylcobalamin (or B12) dependent radical enzymes, 
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which also catalyze their reactions via a 5’-dAdo• liberated from the homolysis of the 

Co(III)-5’-dAdo bond. In the adenosylcobalamin enzymes, generation of the 5’-dAdo• 

radical is initiated via conformational changes resulting from substrate binding.[6] The 

5’dAdo• radical can also be generated from coenzyme B12 by photolysis, as visible light 

induces homolysis of the Co-C5’.[7]  

 

 
Figure 4.1. Comparison of the organometallic complexes that store the 5’-dAdo• radical in 
B12-dependent enzymes (A) and radical SAM enzymes (B). 

 
The similarity in structure between adenosylcoblamin and Ω, with both species 

having a direct metal-carbon bond to the 5’-C of a deoxyadenosyl moiety, raised questions 

regarding similarities in reactivity. Specifically, we asked the question of whether Ω, like 

B12, might undergo photolysis to cleave the metal-carbon bond to generate a 5’-dAdo• 

radical. To date, however, attempts to photolyze the Fe-C5’ of Ω have yielded inconclusive 

results. As part of this experimental approach, we examined the photolysis of the resting 
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[4Fe-4S]+/SAM complex of PFL-AE as a control, and were surprised to find this treatment 

to result in quantitative conversion to the [4Fe-4S]2+ cluster and a 5’-dAdo• radical! In these 

experiments, reduced PFL-AE that had SAM bound to the cluster was photolyzed using 

blue light at cryogenic temperatures (12 K), which allowed trapping and full 

characterization of the 5’dAdo• next to the diamagnetic [4Fe-4S]2+ cluster. These results 

indicate that photoinduced ET in a radical SAM active site can lead to reductive cleavage 

of SAM.[8]  

Interestingly, when similar photolysis experiments were carried out with HydG, a 

radical SAM enzyme involved in the maturation of [FeFe]-hydrogenase, a methyl radical 

was trapped rather than a 5’-dAdo•.[9] The observation that PFL-AE/SAM photolysis leads 

to quantitative reductive cleavage of SAM to yield the 5’-dAdo•, and HydG/SAM 

photolysis gives quantitative reductive cleavage to give the •CH3, led to two key questions: 

1) what controls the regioselectivity of S-C bond cleavage in photolysis experiments at 

cryogenic temperatures, and 2) would the third S-C bond of SAM be homolyzed by 

photolysis in some radical SAM enzymes. In order to begin to address these questions, we 

have investigated the photolytic properties of a range of radical SAM enzymes with SAM 

bound. Here we report the results of photolysis of eight radical SAM enzymes. Four of 

these enzymes generate the 5’dAdo• species (pyruvate formate lyase activating enzyme 

(PFL-AE)[10], amino acid epimerase OspD[11], spore photoproduct lyase (SPL)[12]), and 

ribonucleotide reductase activating enzyme (RNR-AE)), and four that generate the CH3• 

species (lysine 2,3 amino mutase (LAM) [4], [FeFe]-hydrogenase maturases HydE and 

HydG [13], and amino acid epimerase PoyD [14]). We also rationalize that the 
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configuration of SAM and structural conformational changes in the active site may 

contribute to these regioselective cleavage events. 

 
Materials and methods 

 
Materials 

[Methyl-13C]-l-methionine and 2,8-D2-1′,2′,3′,4′,5′,5″-D6-adenosine 5′-triphosphate 

salt solution was purchased from Cambridge Isotope Laboratories, Inc, and 3,3,4,4-l-

methionine-d4 was obtained from CDN Isotopes. 

 
Enzymatic SAM synthesis 

Natural abundant and isotopically labeled SAMs were synthesized following a 

previously published protocol [15].  

 
Preparation of Proteins 

Growth, purification, and reconstitution of RNR-AE, PFL-AE, LAM, OspD, PoyD, 

and SPL were carried out following published protocols with no modifications[5]. 

Preparation of  HydG was achieved using procedures detailed in our recent publication [9]. 

 
Expression and Preparation of HydE  

HydE was expressed, purified and reconstituted following previously published 

protocols [16] with minor modifications. In short, the codon-optimized hydE genes from 

Clostridium acetobutylicum and Thermatoga maritima were cloned into Novagen pET23b 

and pET 21b vectors respectively, and subsequently transformed into BL21-(DE3)-DiscR 

competent cells to express this protein either with a C- or N-terminal poly-histidine tag. 
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The transformed cells were streaked on fresh LB agar plates (containing 50 µg/mL of 

ampicillin and 30 µg/mL) and single colonies from these plates were used for pilot 

expression trials, where pre- and post-induction samples were compared on an SDS-PAGE 

gel.  A glycerol stock made from the colonies that had the best overexpression was used to 

streak fresh LB agar plates and single colonies picked from these were used to start 50 mL 

overnight cultures. An aliquot (8 mL) of the overnight culture was used to inoculate 9 L 

low salt phosphate buffered LB media containing 50 µg/mL ampicillin and 30 µg/mL 

kanamycin. The cultures were grown at 37˚C while shaking to an OD600=0.5, at which point 

they were induced by addition of IPTG to 1 mM, followed by addition of ferric ammonium 

citrate (0.3 mM final concentration) and incubated for an additional 4 hours at 30˚C. After 

this aerobic incubation period, the cultures were cooled down to room temperature, prior 

to being transferred to a 4˚C refrigerator to be sparged with N2 overnight. This phase was 

followed by centrifugation (6000 rpm, 10 min, 4˚C). The supernatant was decanted, and 

the wet cell pellet was immediately flash frozen in liquid nitrogen and stored at -80˚C until 

lysis and purification.  

 
Purification and Reconstitution 

Both protein isolation and reconstitution processes were carried out in an anaerobic 

Coy chamber (Glass lakes, MI) at ≤20 ppm oxygen, maintained with a 96% N2 and 4% H2 

atmosphere. Cell pellet (20 g) containing HydE from either organism was resuspended in 

40 mL buffer A (50 mM Tris pH 8.0, 250 mM KCl, and 5% glycerol) supplemented with 

10 mM imidazole, 1 mg of lysozyme, DNaseI, RNase A, PMSF, and 1% Triton X-100. 

This mixture was stirred at room temperature for 1 hour, followed by centrifugation (60 
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min, 18000 rpm, and 4˚C); the clarified lysate containing the soluble protein was then 

decanted. The supernatant was loaded onto a HisTrap Ni-NTA affinity column pre-

equilibrated with Buffer A containing 10 mM imidazole. Using a GE Healthcare AKTA 

Basic FPLC, a step wash method was to elute the protein with buffer A containing different 

concentrations of imidazole (0, 12.5, 33, 106, and 250 mM). Fractions (10 mL) were 

collected during elution and analyzed by SDS-PAGE, revealing that pure HydE eluted at 

106 mM Imidazole. Colored fractions that showed best purity on the gel were combined 

and then buffer exchanged using a Sephadex-G25 desalting column into imidazole free 

buffer (Buffer A). The protein was then concentrated to 3 mL using 30 kDa MWCO 

Amicon spin filters (Millipore). The purified concentrated protein was then aliquoted, and 

flash frozen in liquid nitrogen prior to storage in the -80˚C freezer. Iron quantitation and 

protein concentration analyses were accomplished via flame atomic absorption 

spectroscopy and Bradford assay, respectively. 

To increase the content of catalytically essential clusters, in vitro reconstitutions were 

carried out following a previously published protocol with no modifications[16]. Typically, 

the iron content in the protein was 7.9 ± 0.2 after reconstitution. 

 
Exchanging Protein into D2O Buffer 

All described manipulations were performed in an anaerobic Coy chamber 

maintained at ≤ 10 ppm oxygen and 2.1 % hydrogen. An aliquot (500 µL) of C.a HydE 

that had been purified and reconstituted in H2O buffer (50 mM Tris pH 8.0, 250 mM KCl, 

5% glycerol), was diluted into 4.5 mL of D2O buffer (50 mM Tris pD 7.59, 250 mM KCl 

5% glycerol, D atom >99%) in a Millipore spin concentrator (30 kDa MWCO).  The diluted 
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mixture was concentrated to 500 µL at which point 4.5 mL more D2O buffer was added. 

This process was repeated 2 more times to bring the estimated %D to > 95%, and finally 

the protein was concentrated to the starting volume. EPR samples were prepared soon after, 

following the procedure described below. 

 
Photolysis of HydE to Remove Copurified SAM 

An aliquot (100 µL) of HydE (550 µM) was reduced with NaDT (3 mM), centrifuged (5 

min, 13000 rpm) and loaded into an EPR tube. This tube was then placed in ice water 

maintained at ≈ 0 ˚C. The sample was irradiated using the 450 nm laser which was placed 

about 1 cm away from the tube. The photolysis was carried out for a total of 20 minutes, 

prior to checking whether the SAM had successfully been reacted through reductive 

cleavage; presence of an axial EPR spectra was an indication that clusters were SAM-free.  

 
Photolysis Sample Preparation 

All samples were prepared in an anaerobic Coy chamber. PFL-AE, LAM, SPL, 

RNR-AE, OspD, PoyD, HydE, and HydG samples were prepared by reducing each enzyme 

with sodium dithionite (NaDT): NaDT was added to 0.5 or 1 mM protein to a final DT 

concentration of 3 mM. Reduction was followed by addition of SAM and appropriate 

buffers: 50 mM Tris pH 8.0, 250 mM KCl, 10% glycerol for HydE and HydG; 50 mM 

HEPES pH 8.0, 100 mM KCl, 5% glycerol for OspD and PoyD; 50 mM EPPS 8.0, 1 mM 

DTT, 10 µM PLP for LAM;  50 mM Tris pH 8.5, 200 mM NaCl, 1 mM DTT for RNR-

AE; 50 mM Tris pH 7.5, 100 mM NaCl, 5% glycerol and 1.0 mM DTT for PFL-AE; and 

20 mM sodium phosphate pH 7.5, 350 mM NaCl, 5% glycerol for SPL, to give final protein 
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concentrations of 500 µM (PFL-AE, RNR-AE, HydE, HydG, LAM, and SPL), or ≈300 

µM for OspD and PoyD. The final concentrations of the other components (SAM and 

NaDT) were 5.5 and 3.0 mM respectively. Each sample was centrifuged (5 min 13000 

rpm), loaded into a Q-band EPR tube, and flash frozen in liquid nitrogen. Photolysis was 

carried out for varying times using a 450 nm Thorlabs laser diode situated ≤ 1 cm from 

samples sitting in the EPR cavity maintained at 12 K. EPR and ENDOR were performed 

to investigate radical species obtained after photolysis as described below. 

 
EPR and ENDOR Measurements 

X-band and Q-band continuous wave (CW) spectroscopies were conducted using 

Bruker ESP 300 spectrometer and Bruker EMX spectrometers, respectively, both equipped 

with continuous helium flow cryostats. Generally, the temperature settings were either 12 

K (to check integrity of SAM bound cluster prior to photolysis) or 40 K (to characterize 

radical species). The modulation amplitude was normally set to 10 G, while the power was 

at 1 or 2 mW.  

 
Cryoannealing of Photolysis Products 

After photolysis, the sample is placed in a liquid nitrogen cooled isopentane bath 

with the temperature maintained at 150 or 210 K (monitored by a temperature probe), for 

1 min. After this short annealing step, the sample is transferred immediately into liquid 

nitrogen dewar and stored at 77 K until spectroscopic analysis. 
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Results 

 
Photolysis of [4Fe-4S]+-SAM Complexes of Different RS Enzymes  

Photolysis of SAM-bound [4Fe-4S]+ states of eight different enzymes (HydE, 

HydG, LAM, OspD, PoyD, SPL, PFL-AE, and RNR-AE) with a 450 nm laser at 12 K in 

the EPR cavity led to essentially complete conversion to a trapped organic radical. This 

was accompanied by the loss of the [4Fe-4S]+/SAM EPR signal, indicating production of 

the diamagnetic [4Fe-4S]2+ state. In short, our results indicate that all of the RS enzymes 

in this study undergo photoinduced electron transfer to SAM to generate an organic radical, 

as was originally observed for PFL-AE and then subsequently for HydG.[8, 9] 

Interestingly, examination of the EPR signals of the resulting radicals (Figure 4.1) revealed 

that each of these enzymes appeared to fall into one of two categories: those that, like PFL-

AE, form a 5’dAdo• radical upon photolysis, or those that, like HydG, form a •CH3 upon 

photolysis. This initial analysis was based on simple observation of the EPR lineshapes 

and coupling patterns, however by repeating these experiments using isotopically labeled 

SAMs in which the adenosine moiety had been deuterated, we confirmed that SPL, OspD, 

RNR-AE, and PFL-AE made the 5’dAdo• when photolyzed, as can be seen by the collapse 

of the multiline signals to near-singlets (Figure 4.1 ). The collapse of the multiline pattern 

when adenosyl-2,8-D2-1′,2′,3′,4′,5′,5″-D6]-SAM is used is a result of the loss of the 

coupling of the 5’-C radical of 5’-dAdo• to the 5’- and 4’-hydrogens when they are replaced 

with deuterons. Photolysis of PoyD, LAM, and HydG, in contrast, provided the distinct 

1:3:3:1 intensity pattern clearly characteristic of a •CH3 radical on photolysis, easily 

identified even in the absence of isotopic labeling (Figure 4.1). As previously reported 
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(Chapter 3), this distinctive signal collapses to a singlet upon photolysis of HydG when 

methyl-D3-SAM is used, confirming that the signal arises from a methyl radical. 

Interestingly, photolysis of the eighth enzyme (C.a HydE), produced a radical that was not 

clearly characterized as one of the aforementioned species. 

 

 

Figure 4.2. X-band EPR spectra of radical species obtained from photolysis of different 
radical SAM enzymes for 60 min: SPL (500 µM), OspD (350 µM), RNR-AE (500 µM), 
and PFL-AE (500 µM) generate the 5’dAdo• (left, top 4 signals) that collapses to singlets 
after addition of adenosyl-2,8-D2-1′,2′,3′,4′,5′,5″-D6]-SAM  (right, Top 4 signals), while 
LAM (300 µM), PoyD (200 µM), and HydG (100 µM) form a methyl radical upon 
photolysis with a 450 nm light. All enzymes were reduced with NaDT (3 mM) and SAM 
(2 mM) was added. EPR parameters were microwave frequency, 9.37 GHz; temperature, 
40 K; 1.99 mW power, modulation amplitude, 10 G and modulation frequency; 100 kHz. 
 

•CH3 

Mystery radical 

Natural abundant SAM Adenosyl-2,8-D2-1′,2′,3′,4′,5′,5″-D6]-SAM 
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Investigating the Identity of the Radical Generated in HydE 

The paramagnetic species produced after photolysis of C.a. HydE was found to 

have a line shape that did not clearly identify it as either the •CH3 or the 5’dAdo•. A 

complicating factor in the spectroscopic analysis of HydE photolysis samples was that C.a. 

HydE co-purifies with SAM, as evidenced by a rhombic EPR signal characteristic of the 

SAM-bound state, observed even in the absence of added SAM.[16] Further, addition of 

isotopically labeled SAMs during EPR sample preparation did not provide any marked 

changes in lineshape of the signal generated by photolysis: adding CD3-methyl SAM  or 

3,3,4,4-D4-methionine SAM resulted in some perturbation of the EPR signal, but in neither 

case was it a clear collapse to a singlet as would be expected for a methyl or ACP radical 

(Figure 4.3). Our conclusion was that added exogenous SAM did not readily exchange with 

the co-purified SAM bound in the active site, complicating analysis of the identity of the 

radical generated by photolysis.  
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Figure 4.3. EPR spectra of radical species produced after photolysis of NaDT (3 mM) 
reduced C.a. HydE (300 µM) containing (5 mM SAM). Radical generated is complex and 
addition of deuterated SAM (methyl group, methionine and adenosine moiety) has no 
significant effects on the signal. EPR parameters were microwave frequency, 9.37 GHz; 
temperature, 40 K; 1.99 mW power, modulation amplitude, 10 G and modulation 
frequency; 100 kHz.  
 
 

In addition to the presence of natural abundance SAM in the as-purified enzyme 

that is not readily or fully displaced by exogenous isotopically labeled SAM, we also 

considered the possibility that the species observed by EPR spectroscopy after photolysis 

could be a mixture of a SAM-derived radical and a secondary radical resulting from 

Natural abundant SAM 

 Adenosyl-2,8-D2-
1′,2′,3′,4′,5′,5″-D6]-
SAM 
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abstraction of H atom from a protein site by the photolytically-generated radical. In order 

to try to provide some clarity to our HydE results, we examine photolysis products in an 

alternate HydE enzyme, that from Thermotoga maritima (T.m.). To our surprise, photolysis 

of T.m. HydE resulted in a very clean methyl radical (Fig 4.3) that had a 1:3:3:1 splitting 

pattern similar to what had been previously characterized in HydG [9]. These findings 

prompted us to hypothesize that HydE from both sources (C.a. and T.m.) forms a methyl 

radical upon photolysis, with the challenges in analyzing photolysis of the C.a. enzyme 

noted above being a result of reaction of the methyl radical with either the Tris buffer or 

an amino acid residue of the protein.  

 
Further Investigation of the Photolysis Products of C.a. HydE  

The radical observed upon photolysis of C.a HydE (Figure 4.2) is not significantly 

perturbed by deuterium substitution on SAM, suggesting that the radical observed might 

be a protein-centered radical. In order to probe whether this could be a radical resulting 

from abstraction of hydrogen from a solvent exchangeable site on the protein, a stock of 

C.a. HydE was exchanged into a deuterium oxide (D2O) buffer as described in Materials 

and Methods. The D2O-exchanged enzyme was subsequently used to make EPR samples 

in the presence and absence of exogenous SAM and was then subjected to photolysis. In 

contrast to what was observed for the C.a. HydE enzyme in H2O, photolysis of the D2O-

exchanged sample produced an EPR signal clearly consistent with a •CH3, with a 1:3:3:1 

splitting pattern similar to what was observed for T.m. HydE (Figure 4.3). The observation 

of a methyl radical EPR signal in D2O-exchanged C.a. HydE, but a more complex signal 

in the HydE in H2O buffer, suggests that C.a. HydE generates a methyl radical upon 
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photolysis that subsequently reacts with a solvent-exchangeable site, and that in the 

deuterated buffer abstraction is slower due to the kinetic isotopic effect, allowing the 

trapping of the methyl radical. Investigations into the identity of the secondary radical 

observed in H2O buffer (Figure 4.4) are still under way. 

 

Figure 4.4. EPR spectra showing the complex radical in C.a. HydE (in H2O buffer, top 
black trace) and •CH3 trapped in T.m. HydE (in H2O buffer) (red dotted trace) and C.a. 
HydE (exchanged into D2O buffer). EPR parameters were microwave frequency, 9.37 
GHz; temperature, 40 K; 1.99 mW power, modulation amplitude, 10 G and modulation 
frequency; 100 kHz. T.m. HydE (450 µM) and C.a. HydE (500 µM) were each treated with 
NaDT (3 mM) and SAM (5 mM).  
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Annealing of the Radical Species in HydE 
 

As we described in our recent publication [9], the •CH3 produced by photolysis of 

HydG/SAM decays rapidly at 77 K, leaving a small fraction as an organometallic 

intermediate ΩM. This organometallic intermediate presumably results from some of the 

•CH3 reacting with the [4Fe-4S]2+ radical SAM cluster to yield the methyl-[4Fe-4S]3+ ΩM. 

HydE from both sources (T.m and C.a.) was photolyzed and then subjected to temperature 

annealing in a similar way as previously described for HydG. The results showed, quite 

remarkably, that for HydE from both sources the methyl radical state generated by 

photolysis is quantitatively converted to what appears to be the organometallic intermediate 

ΩM (Figure 4.4). The signal of ΩM observed after cryoannealing of the methyl radical is 

more resolved and appears rhombic, where the intensity of g1 < g2 > g3.  The calculated g-

values for ΩM were g= [2.074, 2.007, 1.981] distinct from those obtained of ΩM in HydG, 

where the signal is nearly isotropic (Figure 4.5). Further, comparison of the Ω trapped via 

RFQ of radical SAM enzymes in the presence of substrate is also different from both ΩM 

signals trapped in HydE and HydG in that, this signal was found to appear axial (g= [2.035, 

2.004, 2.004]). Interestingly, the secondary radical in HydE that we propose resides on a 

protein residue is not converted into an organometallic complex upon annealing, as this 

radical species is likely quenched through H abstraction.  
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Figure 4.5. X-band EPR spectra of ΩM (black) and simulation (red). Annealing of the 
radical species in C.a. HydE converts only the primary (•CH3) radical to make ΩM (right). 
Comparison of the intermediate Ω generated under catalytic conditions of PFL-AE (RFQ 
of photoreduced PFL-AE (550 µM), PFL (770 µM) and SAM (5.5 mM) quenched at 500 
ms) to the ΩM generated by cryo-annealing (150 K, 1 min) of the methyl radical in NaDT 
(3 mM) reduced HydG (100 µM) and HydE (300 µM) both containing 5 mM SAM. EPR 
parameters were microwave frequency, 9.37 GHz; temperature, 40 K; 1.99 mW power, 
modulation amplitude, 10 G and modulation frequency; 100 kHz.  
 

To confirm that the signal observed after annealing of the photolytically-generated 

radical in HydE was ΩM resulting from •CH3 radical reacting with the cluster, 13C and 57Fe 

ENDOR was employed. HydE enriched with 57Fe in the iron-sulfur clusters was generated 

by expressing the protein in 57Fe-enriched media and using 57Fe in place of natural 

abundance iron during reconstitution. This stock of enzyme was used to prepare photolysis 

samples containing 13C (methyl)SAM; after photolysis, the sample was annealed to 

generate ΩM. By applying a 13C field modulated 35 GHz continuous wave (CW)-ENDOR, 

the spectra collected at 2 K showed 13C  was weakly coupled to the cluster with a 13C 
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anisotropic coupling aiso (13C) ≈18 MHz, which is almost twice of that observed for the 13C-

dAdo• Ω (9.4 MHz) [17] and the Ω-like species in Dph2 [18], but the equal to the coupling 

previously reported for ΩM in HydG [9]. Early ENDOR studies done on the structure of Ω 

trapped via RFQ of radical SAM enzymes in the presence of their substrates confirm that 

both methionine and the adenosine moiety are still bound to the unique iron.[5]  In the case 

of ΩM, S-adenosyl-homocysteine would likely still be bound, however we have not yet 

gathered spectroscopic evidence of this. 

               

Figure 4.6. 35 GHZ 13C CW ENDOR spectra of ΩM ;12CH3 in red trace and 13CH3 in black 
trace ran at a speed of 2 MHz/s at a temperature of 2 K.  57Fe enriched HydE (500 µM), 3 
mM NaDT reduction, with (5 mM) SAM. Model representation of the ΩM intermediate 
(right). 
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Discussion 

 
It is hypothesized that the regioselectivity of S-C5’ bond cleavage in RS enzyme 

catalysis results from the configurational interaction between the [4Fe-4S]1+ cluster donor 

orbital and a S-C antibonding orbital, with the donor and acceptor thought to be in a nearly 

colinear arrangement in RS active sites.[19] Crystal structures of RS enzymes with SAM 

bound support this hypothesis, as they reveal the S-C5’ bond of SAM to be nearly colinear 

with the unique Fe – S(sulfonium) vector. The non-canonical RS enzyme Dph2 exhibits 

different regioselectivity, where instead the S-C(g) bond of SAM is cleaved to generate an 

ACP.[20, 21]  

The results described herein focus not on the enzyme-catalyzed radical initiation in 

RS enzymes, but rather on an alternative means of radical initiation via photoinduced 

electron transfer[8, 9]. Our results show that when eight different radical SAM enzymes 

are subjected to photolysis by a 450 nm light laser, all form either the 5’dAdo• or the •CH3 

radical. The 5’-dAdo•  radical for years has been implicated as central in the radical SAM 

catalytic mechanism, where after reductive cleavage of SAM, the 5’-dAdo• propagates 

radical formation via H-atom abstraction from substrate.[2] Initiation of this process under 

turnover conditions is thought to be achieved by the conformational changes in the active 

site that occur upon substrate binding, which ultimately lower the large potential for 

reductive cleavage of SAM.[22] During photolysis however, it is proposed that this 

intrinsic thermodynamic barrier is overcome by the energy of a photon that allows the 

electron to be transferred from the cluster to the sulfonium of SAM, triggering homolytic 

cleavage of one of the S-C bonds.[9]  
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While the methyl radical as far as we know is not generated during catalytic 

turnover by radical SAM enzymes, this highly mobile and reactive species has been 

proposed to possibly be involved in the catalysis accomplished by NifB, a radical SAM 

enzyme that catalyzes incorporation of the interstitial carbide in the FeMoco cluster of 

nitrogenase[23]. We recently demonstrated that photolysis of HydG with SAM bound 

produces •CH3 trapped in the active site, and EPR spectroscopy revealed that this methyl 

radical is rotationally and translationally mobile [9]. Additionally, we reported evidence 

for a small amount of an organometallic species in which the methyl group was covalently 

bound to the [4Fe-4S] cluster, which we named ΩM (or methyl-omega), by analogy to the 

Ω intermediate we trapped during enzyme catalysis.[5, 9, 17]  

Here we show that C.a. HydE produces a •CH3 by photolysis, but that this initial 

radical likely abstracts an H atom from an unidentified molecule or residue to generate a 

secondary radical. T.m. HydE also produces a methyl radical, however in this enzyme it is 

not as reactive at cryogenic temperatures and is thus more easily characterized. The fact 

that some of the •CH3 radical in C.a. HydE propagates formation of another radical, while 

in T.m. it does not, could result from differences in active site residues in the two enzymes, 

or it could indicate that the methyl radical is more mobile in the C.a. enzyme. These two 

enzymes share 71% sequence similarity, however the lack of a crystal structure of C.a. 

HydE makes finding a clear answer to this question difficult.  Upon annealing, the •CH3 

radicals generated in both C.a. (in D2O buffer) and T.m. HydE quantitatively convert to an 

ΩM species similar to what we previously observed in HydG. The ΩM signals from both 

HydE enzymes exhibit similar rhombicity, with g values that are nearly identical; this 
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suggests that the unidentified secondary radical in the C.a. enzyme does not contribute to 

the organometallic Ω intermediate.  

Why do some radical SAM enzymes form the 5’dAdo• while the others make a 

methyl radical upon photolysis? One possibility is that the configuration of SAM in the 

active site, i.e., the ring pucker of the ribose, may contribute to the selectivity of C-S bond 

cleavage. Alignment of SAM molecules from crystal structures of SPL and PFL-AE (5’-

dAdo• formers) in comparison to LAM, HydG, and HydE (methyl radical formers), shows 

that the conformation of the ribose ring correlates with the site of S-C bond cleavage: C4’ 

points upwards and is perpendicular to the C1’C2’C3’ plane in the 5’-dAdo• formers, while 

in the •CH3 formers the C4’ faces down (Figure. 4.7).    
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Figure 4.7. SAM bound clusters derived from crystal structures of SPL (PDB:4FHD), PFL-
AE (PDB:3CB8), HydG (PDB:4WCX), HydE (PDB:3IIZ), and LAM (2A5H) shows 
configuration of the ribose is different in the 5’-dAdo• forming and •CH3 generating 
enzymes. 
 

It is important to note that the configuration of the ribose ring and the SAM 

molecule itself are highly influenced by interactions with surrounding residues; in this case 

one would further hypothesize that certain residues may interact with SAM in a way that 

the configuration and positioning of this molecule favors the cleavage of either the S-5’C 

or the S-CH3 bond. It can also be reasoned that the conformation of the enzyme with SAM 

bound could be different in a frozen state than it is at ambient (22 - 25 ˚C) or assay 

temperatures (30 - 37˚C). On the other hand, the presence of the corresponding substrate 
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may orient SAM in a manner that will exclusively promote formation of the 5’dAdo•. The 

roles of these factors, and thus a complete understanding of the regioselectivity of the 

photochemical route for radical initiation in RS enzymes, requires further investigation.  
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CHAPTER FIVE 

 
GENERATION AND CHARACTERIZATION OF AN ETHYL RADICAL  

TRAPPED IN THE ACTIVE SITES OF HYDE AND HYDG 

 
Introduction 

 
Catalysis by radical S-adenosyl-L-methionine (SAM) (RS) enzymes is 

accomplished via generation of a 5’-deoxyadenosyl radical (5’-dAdo•), which initiates a 

wide variety of reactions through H atom abstraction from substrates, a type of radical 

initiation similar to that observed in the adenosylcobalamin (B12) radical enzymes.[1, 2] 

The 5’-dAdo• produced by RS enzymes results from the reductive cleavage of the S-5C’ 

of SAM by the reduced [4Fe-4S]+ cluster in the active site.[1, 3-5] This chemistry proceeds 

via an organometallic intermediate omega (Ω), which has been shown to be 

mechanistically ubiquitous and crucial throughout the superfamily. The discovery of Ω 

revealed the remarkable catalytic parallels between these two evolutionarily unrelated 

classes of enzymes, as both generate the central 5’-dAdo• via metal-carbon bond 

homolysis.[6, 7] Despite its central role as a radical intermediate in both enzyme families, 

the 5’-dAdo• radical remained for nearly 60 years an elusive species that had never been 

directly observed. Our recent discovery of novel photoinduced electron transfer to 

quantitatively generate 5’-dAdo• trapped in the pyruvate formate lyase activating enzyme 

(PFL-AE) active site allowed for the first direct characterization of this important radical 

intermediate [8].  
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A subsequent study of photoinduced electron transfer in the RS enzyme HydG with 

SAM bound in the active site provided the first observation of direct and quantitative 

generation of a SAM-derived methyl radical in an enzyme active site [9]. We have also 

examined the photolysis of SAM in a range of different RS enzymes, revealing that they 

all form either •CH3 or 5’-Ado• in the active site (Chapter 4 of this thesis). It is interesting 

that while all canonical RS enzymes cleave the S-C5’ bond of SAM during enzymatic 

catalysis, the photoinduced reductive cleavage of SAM can produce either the S-5’C or the 

S-CH3 cleavage products depending on the enzyme. While we do not yet know what 

governs the regioselectivity of photochemical reductive cleavage of SAM bound to RS 

enzyme active sites, it may be in part a function of the configuration of SAM in each 

enzyme active site (Chapter 4).[6, 7] Among the •CH3 forming group of RS enzymes are 

HydE and HydG, that are involved in the maturation of [FeFe]-hydrogenase; these 

maturases work hand in hand with a GTPase scaffold HydF to accomplish the bioassembly 

of the H-cluster of [FeFe]-hydrogenase. During this process, through radical mediated 

decomposition of tyrosine, HydG produces CO and CN- ligands of the diiron unit of the H-

cluster.[10-19]  

HydE, whose role and substrate used in the maturation of this complex 

metallocluster have been difficult to define, has been proposed to be responsible for 

synthesizing the dithiomethylamine (DTMA) ligand that bridges the irons of the 

subcluster.[12, 20, 21] During photolysis of the SAM-bound [4Fe-4S]+ states of HydG and 

HydE (from Clostridium acetobutylicum (C.a)), both enzymes generate a SAM-derived 

methyl radical. In HydE, our evidence suggests that this radical then reacts via H atom 
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abstraction from a solvent exchangeable residue to form a secondary radical (Chapter 4). 

All three of the S-C bonds of SAM are expected to have similar bond dissociation 

energies.[22]  Thus, as stated by Miller and Bandarian[22], the local environment 

surrounding SAM is likely the main contributing factor determining which bond gets 

reductively cleaved. Such ideas led us to consider whether the cleavage events could be 

altered through perturbation of SAM coordination environment by using a SAM analogue 

that might alter its detailed active site interactions. Here we address the question of whether 

lengthening the methyl group of SAM to an ethyl changes the outcomes of photolysis. If 

the same bond is cleaved as observed with authentic SAM, could we possibly trap a radical 

other than the methyl or 5’-dAdo•? Here we report that using an ethyl analogue of SAM, 

S-adenosylethionine (ethylSAM), an •CH2CH3 was captured in the active sites of both 

HydE and HydG. We also demonstrate that in comparison to the •CH3, the ethyl radical is 

more stable and less reactive at cryogenic temperatures.  

 
Materials and Methods 

 
L-ethionine and adenosine 5’-triphosphate used to synthesize ethylSAM was obtained 

from Millipore Sigma.    

 
Preparation of HydE and HydG 

HydE and HydG were expressed, purified, and reconstituted as previously 

described in chapter 4 and reference [9]. 
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Enzymatic Synthesis and Purification of EthylSAM 

Synthesis of ethyl SAM was accomplished following a procedure for SAM 

synthesis published by our lab, but using ethionine in place of methionine [23]. Briefly, 50 

mM KCl, 26 mM MgCl2, 0.9 mM EDTA, 14.4 mM ATP, 12.0 mM L-ethionine, 0.114 mM 

2-mercaptoethanol, and inorganic phosphatase were combined in 100 mM Tris-HCl (pH 

8.0), along with a crude lysate of SAM synthetase (1 mL), followed by an incubation while 

stirring for 18 hours at room temperature. Using 1 M HCl (1 mL), the reaction was 

quenched, and centrifuged immediately. The supernatant was loaded via a super-loop onto 

a 15S cation exchange resin in a GE, HR 10/10 column. Using 0.2 µm filtered double 

deionized water and 1 M HCl as solvents A and B respectively, a linear gradient was 

applied to elute SAM, which eluted at 0.45 M HCl. The collected SAM eluate was 

lyophilized to dryness, utilizing a rotary evaporator. SAM was resuspended in 200 µL of 

100 mM tris pH 7.0, in an anaerobic MBraun glovebox. Since SAM is in HCl and thus 

acidic, the pH was adjusted to neutral by adding KOH. At this point, SAM was aliquoted 

out, flash frozen and immediately stored at -80 0C. The absorbance of the SAM solution at 

260 nm was measured and the concentration was calculated using an extinction coefficient 

of 15400 M-1cm-1. [24] 

 
Preparation of EPR Samples 

All samples for spectroscopy were prepared in either an anaerobic chamber by Coy 

labs (Glass Lakes, MI) or an MBraun glove box, with oxygen levels maintained at 5-10 

ppm and ≤ 0.5 ppm, respectively. HydG and HydE (1 mM) were chemically reduced by 

adding sodium dithionite (NaDT) to 3 mM final concentration. Since HydE co-purifies 
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with SAM, photolysis was carried out to react and remove this SAM prior to adding 

ethylSAM or any other isotopically labelled SAM. To remove the SAM that had copurified 

with HydE, a NaDT (3 mM) reduced sample was photolyzed for 20 minutes on ice, flash 

frozen and checked via EPR to see if all the SAM had been reacted; observation of an axial, 

instead of a rhombic, signal provided clear evidence that the photolysis had worked. This 

sample was then thawed in the glove box, SAM or ethylSAM was added to 5.5 mM final 

concentration, then the sample was frozen and stored at 77 K. The SAM or ethyl SAM was 

added directly to HydG samples after NaDT addition, without the photolysis step as HydG 

does not co-purify with SAM. These samples were centrifuged (5 min, 13000 rpm) to 

remove any suspended particulates. The supernatant was loaded into EPR tubes, flash 

frozen and stored in liquid nitrogen. 

 
EPR Measurements 

All low temperature EPR analyses were conducted using either a Bruker EMX X-

band (9.38 GHz) spectrometer fitted with Cold Edge (Sumitomo Cryogenics), with Oxford 

Mercury iTC controller unit and helium Stinger recirculating unit by Sumitomo 

Cryogenics. The temperature was maintained 10 to 12 K for the [4Fe-4S] signal collection 

before and after photolysis, or 40 K to monitor radical species. The modulation amplitude 

(10 – 2 G) was varied to maximize resolution of signals. The modulation frequency was 

maintained at 100 kHz, while the power was varied depending on temperature to ensure 

non-saturating conditions were maintained. A 450 nm blue light laser by Thorlabs was 

employed to photolyze samples for 60 minutes while the sample was in the EPR cavity; 

the distance between the sample and laser set to be ≤ 1cm.  
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Rapid Freeze Quench 

All rapid freeze quench samples were prepared in an anaerobic chamber (Coy 

Labs), with the oxygen maintained ≤ 5.0 ppm. A 50 µL aliquot of HydG was chemically 

reduced with 3 mM (final concentration) NaDT, diluted to 100 µL using buffer (50 mM 

Tris pH 8.0, 250 mM KCl, 5% glycerol) in an Eppendorf tube, and allowed to incubate for 

at least 5 min. In a separate tube, tyrosine (6 mM), the substrate of HydG, was mixed in 

the same buffer as the enzyme, along with 3 mM NaDT and 5 mM SAM or ethyl SAM 

followed by a 5 min incubation. Each mixture was centrifuged separately, to remove any 

debris that may be a resultant of precipitation. The samples were subsequently loaded into 

two separate syringes, which were then connected to the RFQ instrument. The enzyme and 

substrate were rapid-mixed and subsequently quenched after 500 ms, a time point that we 

previously found to provide strong signals for the Ω intermediate. Since the substrate of 

HydE is currently unknown, no RFQ experiments were done on this enzyme. 

 
Results 

 
EPR Evidence for EthylSAM Coordination to the [4Fe-4S] Cluster  

Radical SAM enzymes are typically purified without SAM bound in the active site, 

as characterized by an axial EPR signal characteristic of an S=1/2 [4Fe-4S]+ cluster.[25] 

Upon addition of SAM, the signal generally becomes more rhombic, however the degree 

of rhombicity differs from enzyme to enzyme and can be dependent on the cation present 

in the assay buffer.[26] The conversion of these signals from nearly axial to more rhombic 

is generally attributed to the changes of ligand coordination environment at the unique iron 
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of the [4Fe-4S] cluster as SAM displaces what is likely to be a solvent ligand.[3, 21] Shown 

in Figure 5.1A are the EPR spectra for HydG with SAM bound (black) and with ethylSAM 

bound (red). Although these spectra are not identical to each other, both are quite different 

from, and more rhombic than, the enzyme without any SAM bound, suggesting that 

ethylSAM, like SAM, binds to the RS [4Fe-4S] cluster of HydG. Addition of ethylSAM to 

HydE (Figure 5.1B, red) provides an EPR signal that is indistinguishable from that of HydE 

with SAM.  

 

Figure 5.1. CW-EPR spectra of reduced HydG (200 µM, 7.8 ± 0.2 Fe/protein) and HydE 
(300 µM, 8.02 ± 0.4 Fe/protein) in the presence of either ethyl or natural abundant SAM. 
A) Rhombic signal of reduced HydG in the presence of normal SAM (black trace) and 
nearly axial signal when ethylSAM is bound (red). B) Rhombic signals of SAM (black) 
and ethyl SAM (red) bound reduced HydE. EPR parameters were microwave frequency, 
9.37 GHz; temperature, 10 K; 1.0 mW power, modulation amplitude, 10 G and modulation 
frequency; 100 kHz. 
 
 
Photolysis of EthylSAM Bound to HydE and HydG  

Cryogenic (10 K) photolysis of the [4Fe-4S]+-ethylSAM complex of either HydE 

or HydG with a blue light laser led to production of a new paramagnetic radical species 
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concomitant with the loss of [4Fe-4S]1+ cluster species, as evidenced by changes in the EPR 

signal. The new radical species generated in both enzymes exhibits a complex multiline 

EPR signal at 40 K, clearly different than the distinct 1:3:3:1 methyl radical signal observed 

upon photolysis of these enzymes complexed to SAM (Figure 5.2). Rather than 4 lines as 

in the methyl radical, this new signal in HydG appears to exhibit close to the 12 lines 

expected for an ethyl radical (Figure 5.2A). This predicted coupling pattern is due to the 

coupling to two equivalent alpha hydrogens and three equivalent beta hydrogens, giving 

rise to a “triplet of quartets” or a “quartet of triplets”. The ethyl radical trapped in HydE 

was found to be slightly shifted upfield and not all lines were resolved even at lower 

modulation amplitude (Figure 5.2B). However, careful inspection of the EPR spectra for 

the photolyzed HydE/ethylSAM reveals shoulders that are likely unresolved peaks of the 

triplet of quartet as observed in HydG. We therefore conclude that both HydG and HydE 

bind ethylSAM, and upon photolysis generate an ethyl radical trapped in the active site. 
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Figure 5.2. X-band CW-EPR spectra showing photolytic product of reduced [4Fe-4S]1+-
ethyl SAM complexes of HydG (A) and HydE (B (blue trace)) is an ethyl radical observed 
at 40 K, with the power and modulation amplitude set at 2 mW and 3-6 Gauss, respectively, 
with the best signal observed at 3 Gauss. Other EPR parameters were microwave 
frequency; 9.37 GHz, and modulation frequency; 100 kHz. 
 
 
Stability of the Ethyl Radical Compared to the Methyl Radical 

Temperature annealing of the photolyzed HydG/ethylSAM was carried out to 

investigate the stability of the •CH2CH3 radical, by raising the temperature to 100 K for 25 

min while the sample was still in the EPR cavity. Subsequent EPR analysis at 40 K allowed 

us to investigate whether the •CH2CH3 had fully or partially reacted. Surprisingly, the EPR 

data revealed that while some of the ethyl radical was lost upon annealing, an appreciable 

amount still persisted (Figure 5.3). This result was quite different from the reactivity 

observed for the methyl radical, which reacted completely with only brief annealing at 

temperatures of 77 K and above. To further probe the stability of the ethyl radical, we took 

the sample which had been annealed at 100 K, stored it in liquid nitrogen for 17 hours; the 
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radical was still there. This sample was then stored 77 K for an additional 25 hours, and 

very surprisingly, this radical signal had comparable intensity to that observed after 17 h. 

Collectively, these results reveal that the ethyl radical is considerably less reactive in these 

cryogenically photolyzed enzyme samples, likely reflecting that the larger ethyl radical is 

more constrained by the enzyme active site and therefore less able to undergo subsequent 

H-atom abstraction reactions that lead to quenching (Chapter 3 and [9]). 

 

 

Figure 5.3. Stability of •C2H5 signal after annealing at 100 K. Ethyl radical signal before 
100 K incubation (blue), post 100 K (green), post 100 K followed by 17 (black) and 42 h 
storage at 77 K. Conditions: modulation amplitude 2 G, temperature and power set at 40 K 
and 2 mW, respectively. Other EPR parameters were microwave frequency; 9.37 GHz and 
modulation frequency; 100 kHz. 
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Annealing of the Radical Yields an Organometallic Intermediate ΩE 

As reported previously [9], the photolytically-generated •CH3 in HydG annealed at 

temperatures higher than 77 K reveals a new organometallic (ΩM) species with a near 

isotropic signal. In HydE, annealing the methyl radical at 210 K for 1 min leads to an ΩM 

signal as well, although the EPR signal observed is more rhombic and the intensity is 

indicative of nearly complete conversion to ΩM (Chapter 4). Based on these findings, we 

sought out to explore whether the ethyl radical observed upon photolysis of 

HydE/ethylSAM and HydG/ethylSAM could also yield a similar organometallic species. 

The photolyzed ethyl radical samples for each enzyme were therefore annealed for 5 min 

in an isopentane-liquid nitrogen bath at 210 K, leading to significant changes in EPR line 

shape which lead to the conclusion that these new signals were likely Ω-like intermediates 

resulting from the ethyl radical oxidatively adding to the unique iron; we named this new 

species ΩE. 
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Figure 5.4. X-band EPR spectra of ΩE of HydG (black trace) and HydE (teal trace) resulting 
from annealing of the ethyl radical at 210 K (panel A). B) ΩM captured previously captured 
in HydG (top spectrum) and HydE (bottom spectrum). Conditions: 9.37 GHz microwave, 
40 K temperature, modulation amplitude (4 G), and 2 mW power, and modulation 
frequency of 100 kHz. 
 
 

Analysis of the resulting signal showed that the ΩE in HydG is slightly different 

from ΩM in that it is more resolved (Figure 5.4 A and B). The differences between these 

two signals include the intensity, which is far greater for ΩE. This may result from the larger 

ethyl radical being less able to leave the active site and therefore more likely to react with 

the [4Fe-4S] cluster upon annealing. The difference in lineshape between ΩE and ΩM in 

HydG could reflect influences of the active site environment on the two different species 

due to the different sizes of the alkyl groups, as well as the different proton coupling in the 

two cases. Similar experiments were carried out with HydE, involving photolysis with 450 

nm light for the same amount of time as for HydG, followed by annealing at 210 K for 5 

min. Comparison of ΩE in HydE to that in HydG and to ΩM previously characterized in the 
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former enzyme (Chapter 4), shows that just like the ΩM, ΩE trapped in HydE has similar 

lineshape (Figure 5.4 A and B) . The lack of variations between ΩE and ΩM signals in HydE 

is likely due to the active site of HydE being large enough to accommodate the ethyl group 

without having to undergo significant conformational changes. 

 
EthylSAM Can be Reductively Cleaved Under Catalytic Conditions 

To determine whether the ethylSAM could be used in radical SAM enzyme 

turnover, we used RFQ to trap Ω, the central intermediate formed during the enzyme-

catalyzed reaction. Using reduced HydG quenching it against a solution containing tyrosine 

and SAM as a control, we captured omega as previously reported [6]. Interestingly, when 

ethylSAM is used in place of SAM, the organometallic intermediate signal observed has 

the exact same line shape as that captured when SAM is used. These results support the 

hypothesis that in the presence of substrate and at optimal temperatures for catalysis, the 

ethylSAM molecule in the active site is bound in a catalytically competent state and 

oriented in manner that favors cleavage of the S-5C’ bond. Moreover, even though 

•CH2CH3 (as generated via photolysis) is expected to be more stable compared to the 

methyl radical, formation of this species under turnover conditions is still not favored as 

the radical to accomplish H-atom abstraction as the adenosyl based omega is still formed. 
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Figure 5.5. X-band CW-EPR of the catalytically relevant Ω trapped in HydG (250 µM) in 
the presence of natural abundant SAM (red) or ethylSAM (black) and tyrosine (3 mM) 
quenched at 500 ms. Conditions: 12 K temperature, 2 mW power, 10 G modulation 
amplitude, 9.37 GHz microwave frequency, and modulation frequency of 100 kHz. 
 

Discussion 

 
Understanding the mechanism of radical initiation by radical SAM enzymes has 

been a focus for our lab and others in the field.[3, 6, 27-29] One key question that has been 

raised is the origin of the selectivity of the S-C bond cleavage of SAM during catalysis. 

Although the bond dissociation energies of all three S-C bonds are thought to be 
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approximately equal [22], RS enzymes have a clear preference for enzymatic cleavage of 

the S-C5’ bond to generate 5’-dAdo• [1, 2, 7, 23, 27]. In only one example, the 

noncanonical RS enzyme Dph2, the S-Cg bond is cleaved to generate the 

aminocarboxypropyl radical (ACP•).[30, 31] In no known cases is the S-C(methyl) bond 

cleaved during RS enzyme catalysis. It seems likely that Nature “chooses” to use the 

5’dAdo• and ACP•, but not •CH3, in catalysis because the first two are far easier to control 

in an enzyme active site, as has been clearly revealed by our recent studies demonstrating 

the high mobility and reactivity of •CH3.[8, 9] Our recent publications have shown that 

photolytic initiation of RS chemistry in the absence of substrate results in formation of 

either the 5’dAdo• or the •CH3 radicals, depending on the enzyme.[8, 9] These results 

illustrate differences in the regioselectivity in the enzymatic reactions vs. in photolysis 

experiments, but overall support the hypothesis of Miller and Bandarian that the local 

environment surrounding SAM and the cluster greatly influence the radical outcome.[22, 

31] Here we used ethylSAM to pursue the possibility of perturbing the active site and 

possibly altering the cleavage product.  

Work discussed in this paper describes the trapping and characterization of a new 

primary carbon radical in RS enzyme active sites, an ethyl radical. EPR spectroscopic 

characterization of the [4Fe-4S]+-SAM and [4Fe-4S]+-ethylSAM complexes of HydG and 

HydE provided evidence that ethylSAM, like SAM, binds to the active site with 

coordination of the unique iron of the [4Fe-4S] cluster.  In both HydE and HydG, the [4Fe-

4S]+-ethylSAM EPR signal was rhombic; for HydG, there were some differences between 

the SAM and ethylSAM EPR spectra, perhaps indicative of slight differences in geometry 
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of binding SAM to the cluster. For HydE the EPR signals were indistinguishable whether 

SAM or ethylSAM is bound to the [4Fe-4S]RS cluster. Photolysis of the cluster-ethylSAM 

complex of HydG yielded a complex radical that we characterized to be an ethyl radical. 

Although the predicted EPR spectrum of •CH2CH3 would be have a 12- line pattern 

according to Pascals triangle, only 11 of these lines could be clearly resolved even at the 

lowest modulation amplitude (2 G). It is likely that binding of the ethyl radical in the active 

site constrains its movement, perhaps trapping it in multiple conformations that lead to a 

less well-resolved signal than would be expected for a free ethyl radical. In HydE, the ethyl 

radical EPR signal was found to be broader and not well resolved, partly due to the 

concentration being too high, or possibly because the radical is in a different active site.  

Contrary to what was observed for the methyl radical, whose EPR signal disappeared 

within hours at 77 K, the ethyl radical was found to be stable at liquid nitrogen temperatures 

for over 42 hours. When the ethyl radical was annealed at higher temperatures in either 

HydG or HydE, an EPR signal characteristic of an organometallic species was observed. 

In HydG, this signal was found to be more intense than ΩM formed in HydG upon 

photolysis/annealing of the HydG/SAM complex ; this indicates that we form more ΩE, 

which is likely due to the fact that the ethyl radical is larger than the methyl radical, and as 

such is more constrained within the active site, and so more of the radical is converted into 

the ΩE intermediate rather than diffusing away to undergo nonspecific reactions. In HydE, 

ΩE did not seem to be more intense than the methyl omega; one reason for this appears to 

relate to the ability of radicals trapped in the active site of HydE to quantitatively convert 

into omega like intermediates.  EPR results of the RFQ reaction in HydG performed in the 
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presence of substrate led to trapping of 5’-dAdo-Ω, meaning that ethylSAM appears to be 

catalytically competent, just like the normal SAM during enzymatic turnover. These results 

further show that during enzymatic catalysis, HydG is regioselective for S-C5’ bond 

cleavage regardless of whether SAM or ethylSAM is used as the co-substrate, while 

photolysis cleaves the S-methyl or S-ethyl bond. Whether further perturbations of SAM 

structure might alter the regioselectivity in enzyme-catalyzed or photolytic radical 

initiation awaits further experiments. 
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CHAPTER SIX 

 
HYDROGENASE ENZYMES 

 
Introduction 

 
Centuries after industrial revolution, the world still relies heavily on fossil fuels as 

the main source of energy. However, with the technological advancements that have 

happened ever since, to the rest of the world, the demand for these fuels has increased, and 

so has the accumulation of greenhouse gas in the atmosphere, which is problematic.[1, 2] 

Furthermore, the extraction and purification of crude oil to generate the commonly used 

fuels kerosene and gasoline, have proven to both be costly and their sources are finite; thus, 

efforts to develop alternative and renewable sources of energy such as, biohydrogen and 

ethanol are needed now more than ever. For decades hydrogen has been considered as the 

perfect alternative to fossil fuels because the only theoretical combustion product is water. 

Industrially, hydrogen gas can be generated through thermal processes where methane is 

combined with vapor, leading to generation of CO and small amounts of CO2.[3] The 

disadvantage of this method is obvious; CO2 and CH4 are greenhouse gases. Instead, 

hydrogen can be generated “cleanly” using platinum catalysts. However, since platinum 

groups are a limiting factor in hydrogen production due to their high costs and the scarcity 

of Pt, researchers are turning to biology to develop new catalysts.[2, 4] Moreover, there 

could be an economic advantage if hydrogen is generated biologically (from living 

organisms). Various studies have shown that both eukaryotes and prokaryotes, including 

green algae and some bacteria strains produce hydrogen via hydrogenase enzymes.[5, 6] 
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Under anaerobic conditions, these enzymes utilize protons as the final electron acceptors, 

instead of oxygen, leading to molecular hydrogen production.[6-9] Hydrogenases utilize 

metal cofactors to carry out catalytic hydrogen production and are thus characterized as 

metalloenzymes.[9, 10]    

Hydrogenases are classified into two major families based on the identity of the 

metal that comprises their respective catalytic centers; nickel-iron ([NiFe])-hydrogenases 

and iron-iron ([FeFe])-hydrogenases.[10] These two hydrogenase families diverge 

functionally in that the [FeFe]-hydrogenases favor the forward reaction where protons are 

reduced leading to hydrogen production, while [NiFe]-hydrogenases catalyze hydrogen 

oxidation to a greater extent.[10, 11] Moreover, the former has 100-fold greater activity 

and are more susceptible to oxygen and carbon monoxide inhibition.[8]  Although these 

two enzymes are not evolutionarily related, the iron ions in both their prosthetic groups are 

coordinated by the same strong field diatomic ligands, CO and CN-.[10] Another similarity 

that these two classes of enzymes share is that they both require maturation machineries to 

assemble their unique catalytic cofactors. The following sections will elaborate on the 

structural architecture of these clusters and the fascinating process through which each type 

is assembled in vivo. 
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Figure 6.1. Crystal Structures of [NiFe]- and [FeFe]-hydrogenases. A) [NiFe]-hydrogenase 
X-ray crystal structure (PDB: 1H2R) with inset showing the heteronuclear active-site 
cluster. B) [FeFe]- hydrogenase X-ray crystal structure (PDB: 3C8Y) with inset showing 
H-cluster. 
 
 
[NiFe]-Hydrogenases 

To date, five high-resolution X-ray crystal structures of [NiFe]-hydrogenases have 

been obtained from sulfate-reducing bacteria. The active sites of these structures are 

comprised of a heteronuclear cluster consisting of one nickel and one iron ion that are 

bridged by two cysteine thiolates. The coordination sphere of the nickel ion is completed 

by two terminal cysteines one of which is substituted by selenium from selenocysteine in 

the Desulfomicrobium baculatum enzyme. The Fe ion is coordinated by π-acid ligands CO 

and CN-, creating a subsite that is similar to that of the H-cluster in the iron-only 

hydrogenase.[12]  

Genes that encode [NiFe]-hydrogenase are clustered on the same chromosome. These 

genes are generally labeled alphabetically depending on where they are situated on the gene 
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cluster.[12, 13] The structural genes S and K are located upstream while the gene products 

(hupL, hoxG, hydL) involved in the maturation of the enzyme are found downstream. 

Additionally, a set of enzymes (hypA - hypF proteins), whose roles are thought to be their 

involvement in the insertion of Ni, iron, and the diatomic ligands, are also found at the 

latter location.[12-15] 

Synthesis of the [NiFe]-hydrogenase active site center can be viewed to happen in 

two stages; synthesis and transfer of the Fe(CN)2CO intermediate cluster and insertion of 

the Ni2+. The bioassembly of the Fe(CN)2CO is accomplished by HypC, D, E, and F 

proteins. During this step HypF converts its substrate carbamoyl phosphate to CN-,  first, 

by modifying it to carbamate, then to carbamoyladenylate through an ATP dependent step, 

followed by the transfer and coordination of the carbomyl group to HypE via a cysteine 

residue [10]; it has been considered that during the transportation of these intermediates, a 

HypE-HypF complex is formed. The thiocarboxamide group  is subsequently converted to 

thiocyanate in an ATP hydrolysis coupled reaction.[10] This cysteine-bound thiocyanate 

is located on a flexible loop which presumably facilitates its transfer to the HypC-HypD 

complex where the liberated CN- ion is subsequently bound to iron. Fourier-transform 

infrared radiation (FTIR) studies by Soboth et al showed that there are two labile iron ions 

on HypD, one of which is presumably used to bind CN- and CO2 (the source of CO).[16] 

Insertion of Ni2+ requires the involvement of two proteins HypA and HypB that are also 

thought to acquire this ion; deletion of these genes proves that they are not essential for 

activation of [NiFe]-hydrogenase because supplementation of Ni2+ during anaerobic E.coli 

growth restores hydrogenase activity.[17] Sequence investigations of each protein hint at 
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the possibility that HypA binds nickel, and thus is directly involved in the acquisition of 

this ion, while HypB is a GTPase dependent metallochaperone that mediates its 

transfer.[10, 11, 15] While the mechanism for Ni2+ delivery is not well known, it is believed 

that in vivo, this process is mediated by the protein-protein interactions between HypA, 

HypD, metallochaperones, and the structural hydrogenase.[10]  

 

 

Figure 6.2. Schematic representation of the maturation of the [NiFe]-hydrogenase 
heterometallic cluster reprint from ref[10]. 
 
 
[FeFe]-Hydrogenase 

The first holo X-ray crystal structure of [FeFe]-hydrogenase from Clostridium 

pasterianum I (Cpl) was published by Peters et al in 1998.[5] The active site of this enzyme 

contains an “H-cluster” that consists of a canonical [4Fe-4S] cubane coordinated to a 2Fe-

subcluster through a cysteine residue. The first coordination sphere of the Fe ions in the di-

iron complex is completed by three CO, two CN-, two thiolates of a dithiomethylamine 

(DTMA) ligand and a solvent molecule (Fig 6.1B). Despite the H-cluster complex having 
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two clusters, it is widely believed that the reversible interconversion of protons and 

electrons to H2 occurs at the distal iron.[18] This is corroborated by experiments that 

indicate that a hydrogenase enzyme only coordinating the [4Fe-4S] cluster (holo-HydA) 

does not produce hydrogen.[19] 

Interestingly, HydA expressed in organisms void of endogenous [FeFe]-

hydrogenases is inactive, hinting to the possibility that there are other genes on the same 

operon involved in its activation. This observation prompted researchers to identify a 

maturation machinery required for [FeFe]-hydrogenase activation.[20] This was indeed 

proven to be true via gene knockout studies that implicated three genes termed hydE, hydF, 

and hydG, in maturation of [FeFe]-hydrogenase in Clostridium acetobutylicum (C.a.).[21, 

22] Later McGlynn et al [23] reported that incubation of inactive HydA(that contains [4Fe-

4S]H) with cell extracts of HydF expressed in the presence of HydE and HydG (HydFEG), 

yielded an active HydA in vitro; on the contrary, when apo HydA (missing [4Fe-4S]H) was 

incubated with HydFEG, no hydrogen was detected.  The authors further observed that the 

level of HydADEFG activation increased upon use of purified HydFEG rather than cell extract 

containing all three maturases, suggesting the sole involvement of HydFEG in direct 

activation of HydA. Further, it was discovered that the absence of either HydE (HydFGΔE) 

or HydG (HydFEΔG), or both (HydFΔEG) in the background during HydF expression led to 

no activation of HydAΔEFG. These results indicate that purified HydF expressed in the 

presence of the other maturase enzymes contains all the necessary components required to 

mature hydrogenase. Soon after this discovery, investigations into the specific role of each 

maturase enzyme were pursued. Genomic studies and sequence alignments led to 
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classification of HydE and HydG as radical SAM enzymes, and HydF as a GTPase 

enzyme.[24]  

 
Role of HydG in the Maturation of the H-cluster 

HydG is a monomeric radical SAM enzyme that is commonly referred to as a 

tyrosine lyase, due to its mechanism that involves radical mediated decomposition of this 

aromatic amino acid.[25] HydG was listed to unequivocally be the source of the π-acid 

ligands, CO and CN- of the di-iron complex [26, 27]; this was accomplished via enzymatic 

assays, where it was shown using liquid chromatography that HydG incubated with SAM, 

its substrate tyrosine, and NaDT, led to the production of p-cresol and accumulation of 

5’dAdoH. This led to speculations that the other product was a-dehydroglycine (a-DHG) 

and this small molecule subsequently decomposed to make free CO and CN-.[26, 28]  

Recently, X-ray crystal structures of HydG from two different organisms; 

Thermoanaerobacter italicus (T.i) (PDB 4WCX) [29] and Carboxydothermus 

hydrogenoformans (PDB:4RTB) [30] were published. These structures indicate the 

presence of a complete (βα)8 TIM barrel with helical domain extensions at both the N- and 

C-termini. The structure also reveals presence of two [4Fe-4S] clusters separated by a 24  

tunnel (Fig 6.3). The N-terminus ([4Fe-4S]RS) cluster is ligated to the protein through the 

canonical CXXXCXXC motif and is the site for SAM binding. The active site and location 

for the tyrosine binding site and break down of this amino acid into a-DHG and p-cresol is 

in close proximity to the [4Fe-4S]RS cluster.[31] The auxiliary cluster [4Fe-4S]Aux, bound 

by a CX2CX22C motif, resides close to the C-terminus and is thought to be the site for CO 

synthesis from a formate like species (-CO2H).[31, 32]  
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Single mutations of cysteines in the CX2CX22C motif or C-terminal domain deletion 

led to a severe impact on CO production, in comparison to WT HydG.[33, 34] Deletion of 

the C-terminal domain also affects the synthesis of CN-, but to a lesser extent than that of 

CO [33-35], suggesting that these two ligands are synthesized at two distinct but close 

locations. Analysis of the T.i. HydG X-ray crystal structure led to the discovery that the 

asymmetric unit had two monomers, and had the auxiliary cluster in different states.[29]  

One that contained a [4Fe-5S], while the other had a [5Fe-5S] cluster. A closer look at the 

latter showed that there was [4Fe-4S] cluster bridged to a mononuclear Fe(II) (termed the 

‘fifth’ or ‘dangler’ iron) center by what was initially assigned as a sulfide ion.[29] The 

proposed geometry of this iron is octahedral with 6 ligands total: two H2O (or OH-), a 

histidine residue (the only ligand from the protein), and an amino, a carboxyl group, and a 

thiolate sulfur coordinated in tridentate fashion from the same cysteine or a cysteine analog 

such as homocysteine that ligates it to the cubane, as proposed by Pagnier et al [31]. 
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Figure 6.3. X-ray crystal structure of T.i. HydG A) Overall fold of T.i. HydG side-view 
showing the TIM barrel fold and the N-and C-terminal clusters. Non-TIM barrel helical 
domains found at the N- and C-termini are colored in purple and light pink, respectively. 
B) The 24 Å tunnel between the two active-sites, which is proposed to be the path of DHG 
after the radical mediated decomposition of tyrosine. The one ended arrow shows the 
dangler iron/ [5Fe-5S] hypothesized to promote the conversion of DHG into CO and CN-.  
 

Proposed HydG Mechanism 

The mechanism is initiated by production of 5’-dAdo• by HydG from the reductive 

cleavage of SAM. This radical intermediate  abstracts an H atom from the amino group of 

tyrosine causing cleavage of the Cα-Cβ bond to yield dehydroglycine (DHG) and a p-

cresol radical (believed to be quenched by abstraction of an H atom from a solvent 

exchangeable site).[26-28] DHG is further decomposed into CO and CN- through a 

currently unresolved mechanism. The pathway through which these diatomic ligands are 

delivered to the scaffold HydF, is still a debatable subject in the field. However two 

hypotheses have been put forth: one proposition is that these ligands are delivered via 
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[CysFe(CO)x(CN-)y] synthons, formed after CO and CN- are bound to the dangler iron. This 

synthon would then be delivered to HydF for di-iron complex assembly.[29] Alternatively, 

HydG delivers free CO and CN- directly to a preformed [2Fe-2S] cluster on HydF.  

Figure 6.4. Mechanism of reductive cleavage of tyrosine to p-cresol and DHG, followed 
by the decomposition of this molecule into CO and CN-, and two alternative forms the 
strong field ligands can be delivered to the HydF scaffold protein. 
 

Role of HydE in H-cluster Maturation 

Like HydG, HydE is also a monomeric radical SAM enzyme [18] that has high 

sequence similarity with biotin synthase. Nicolet et al were the first to publish the structure 

of HydE from Thermotoga maritima (T.m.) (PDB:3CIW) which contains a complete (βα)8 

TIM barrel (Fig 6.5).[20] Structural and sequencing studies have shown that HydE has a 

[4Fe-4S] cluster ligated to the protein through the canonical CXXXCXXC motif. T.m. 

HydE was also found to contain an accessory cluster that may either exist as a [2Fe-2S] 

cluster ligated to an alpha helix through two cysteine residues, or a [4Fe-4S] coordinated 
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to the aforementioned helix through three cysteines and an arginine residue.[36] Through 

sequence alignments of HydE from different organisms, it was found that the motif that 

binds the accessory cluster is not conserved and that proteins deficient of it can still activate 

hydrogenase enzymes.[37]  

 

Figure 6.5. Top view of the X-ray crystal structure of T.m. HydE showing the SAM bound 
N-terminal cluster and the auxiliary [2Fe-2S] cluster. N- and C- termini helical extension 
domains are colored in blue and orange, respectively.  
 

With HydG being known to synthesize the diatomic ligands and HydF being 

thought to be the scaffold for the subcluster assembly, it is hypothesized that HydE builds 

the DTMA bridge.[20, 24, 38] However, the substrate used and mechanism through which 

this is achieved is still unknown.  Activity assays done by our lab using various substrates 

hint at the possibility that the substrate likely contains a thiol group and that the catalytic 

mechanism involves a small compound with a thiol functionality.[38] Based on this reason, 

we proposed a mechanism wherein thioformaldehyde is synthesized from a mercaptan and 

is then condensed with ammonium to form half of the DTMA bridge, reminiscent of the 
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chemical syntheses of H-cluster analogs (Figure 6.6).[39] This hypothesis is corroborated 

by enzymatic assays in which small thiols such as cysteine and coenzyme M were shown 

to increase the amount of 5’-dAdoH formed as a result of SAM cleavage. Further, these 

low molecular weight thiols also increased the incorporation of deuterium in 5’-

dAdoH.[38] Moreover this hypothesis accounts for the origin of the sulfurs of the DTMA 

bridge, and as will be discussed in the following chapters we have spectroscopic evidence 

that confirms ammonium binding in the active site of HydE.  

 

Figure 6.6. Proposed mechanism of in vivo DTMA synthesis (panel B) based on the 
Rauchfuss in vitro synthetic model(panel A)[39]. 
 

It should be noted however, that radical SAM enzymes have long been known to 

reductively cleave SAM even in the absence of substrate; the possibility that these thiol 

containing compounds enhance 5’-dAdoH production as a result of conformational 

changes in the active site, leading to unproductive cleavage of SAM cannot be ruled out. 

Recently, hyperfine sub-level correlation (HYSCORE) and EPR studies were put forth by 

A) 

B) 
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the Britt lab, suggesting that the R-(CH2)-NH-(CH2)-R moiety of the DTMA bridge 

originate from serine, and that the sulfurs of the subcluster originate from another amino 

acid, cysteine.[40, 41] In their publications, however, Rao et al report that the mechanisms 

through which the sulfides (of cysteine), CH2, and amine group, are incorporated are still 

unclear. This article further proposes that in the case of serine, likely enzymes such as 

serine dehydratase and serine hydroxymethyltransferase could be involved, where the 

former converts this amino acid into pyruvate and ammonium, while the latter could 

possibly transfer C3 of Ser (that is supposedly incorporated in the DTMA) via a 

tetrahydrofolate (THF) cofactor.[41] While the authors favor the second hypothesis, if 

serine is really the source of the C, N, and H of the bridging DTMA, to us, the first 

hypothesis is more plausible; it is likely that the ammonium derived from serine by serine 

dehydratase can be used by HydE along with the CH2- units to generate the DTMA bridge.  

 
Role of HydF in H-cluster Maturation 

As aforementioned, HydF is a GTPase enzyme. The X-ray crystal structures of the 

apo enzyme from both Thermotoga neopolitana (T.n) and Thermotoga maritima (T.m), and 

that of holo-HydF from Thermosipho melanesiensis (T.me), all are composed of three 

domains; a GTPase domain (at the N-terminus) and a domain that binds Fe-S cluster at the 

C-terminus, with a dimer interface domain between them (Fig 6.5).[42, 43] HydF functions 

as both the scaffold for the dinuclear cofactor assembly (2Fe subcluster) and as a carrier of 

this di-iron unit to apo-HydA (that lacks the subcluster).  
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Figure 6.7. Structure of TmeHydF; GTP binding domains (blue), iron-sulfur cluster domain 
(cyan), and the dimerization domain (pink). 
 

It is unclear if the 2Fe scaffold is already formed and ligated to the protein during 

maturation, or if one of the maturases, possibly HydG delivers a synthon that has iron and 

diatomic ligands.[9] While various studies have been done on understanding the process 

of H-cluster assembly, there are still questions that are yet to be answered: how do the 

maturases interact with each other and the sequence of events during the biosynthesis of 

the subcluster unit on HydF. What is the source of the irons? Are the diatomics coordinated 

to the iron ions prior to the DTMA bridge assembly, and lastly, what is the role of GTP 

hydrolysis during this complex process? Studies done by the Britt lab at UC-Davis suggest 

that the irons of the subcluster come from HydG as part of a synthon formed when the CO 

and CN- ligands synthesized from tyrosine coordinate to the “labile” dangler iron before 

their delivery to HydF.[29]  This hypothesis would suggest that HydG likely delivers its 
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synthon units to HydF, prior to the incorporation of the DTMA bridge by HydE. On the 

other hand, however, results from our lab may suggest otherwise; HydG makes excess 

equivalents of free CO even in the absence of the dangler, and non-dangler loaded HydG 

can efficiently activate hydrogenase enzyme. The implications and details about this 

discovery can be found elsewhere (Chapter 7). 

The analysis and report of a GTP binding domain in HydF located at the N-terminal 

of each monomer, was first shown by King et al.[34] Through mutagenesis studies, these 

authors were able to implicate GTP hydrolysis in the H-cluster biosynthesis; however, it 

was still unclear if the hydrolysis of this nucleotide occurs during the assembly of the 

subcluster on HydF, or during its delivery to HydA.[34] It was later established by our 

group that the former was true and that the GTPase activity was significantly affected by 

the nature of the monovalent cation present in the assay buffer; potassium (K+) showed the 

best activity.[44] Moreover, in an investigation to probe interactions between the Hyd 

maturases HydE, HydG, and HydF, a discovery was made that HydF:HydE and 

HydF:HydG complexes could be formed and that addition of GTP promoted dissociation 

of the each radical SAM enzyme.[45] Surprisingly, Kuchenreuther et al reported recently 

that addition of GTP to in vitro activation assays did not affect the amount of hydrogen 

produced.[46] The possible explanation for this is that there could be enough GTP in the 

lysate component (of the assay) that is supplemented in these assays, that exogenous GTP 

is not absolutely essential. 
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Figure 6.8. Assembly of the H-cluster of [FeFe]-hydrogenase enzyme. HydG synthesizes 
CO and CN- ligands, while HydE likely builds the DTMA bridge from an unknown 
substrate. HydF serves as a scaffold and delivery method of the assembled subcluster to 
HydA. 
 

Research Plans and Highlights 

 
Understanding the Role of the Dangler Iron  
in the Synthesis of CO and CN-  
 

There are two contradicting theories about what role the dangler iron plays in HydG 

during CO synthesis; does it act as a catalyst for free CO?, or does it serve both as catalyst 

and mode of transfer of the diatomic ligands, CO and CN- (CysFe(CO)2CN synthon)?  

During HydG growth, the protein isolated has substoichiometric amount of iron/ HydG, 

which implies that an in vitro FeS cluster reconstitution is required. Interestingly, 
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traditional reconstitution of HydG only assembles the [4Fe-4S]RS and [4Fe-4S]aux clusters. 

This means that another reconstitution step has to be carried out to load the dangler iron. 

However, after numerous unsuccessful attempts to obtain dangler loaded HydG using 

published protocols[28], my first task on this project was to develop a reconstitution 

procedure to load this non-cluster iron into HydG, which with the help of Dr. Eric Shepard, 

we were able to establish one that gave reproducible results (Chapter 2). Since my 

colleague (Dr. Eric Shepard) already had results that indicated that free CO could still be 

produced by the non-dangler loaded enzyme, but less than the dangler loaded enzyme, my 

hypothesis was that hydrogenase activity assays would show similar results. This was 

proven to be true, as described in detail in Chapter 7. 

 
Screening for the Substrate of HydE Using Spectroscopy 
 

Over the past decade, several research groups including ours have been trying to 

determine the substrate used and role of HydE during H cluster bioassembly. The working 

hypothesis when I joined the lab was that HydE likely uses a thiol containing compound to 

generate thioformaldehyde and could then be condensed together with ammonium to 

produce the DTMA bridge. My first task was to try different thiol containing compounds 

that were not tried before and also, using spectroscopy find a cation binding site where 

ammonium could bind. Based on the hypothesis that was developed and data collected by 

a former lab member, we, in collaboration with the Hoffman lab at Northwestern 

University were able to obtain spectroscopic evidence of ammonium binding in close 

proximity to the radical SAM cluster of HydE (Chapter 8). 
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Investigating the Role of E. coli Lysate in the  
In Vitro Maturation of [FeFe]-Hydrogenase 
 

It was long established that in vivo the three maturation enzymes were required to 

produce active [FeFe]-hydrogenase.[9, 19, 36, 45] In recent publications, it was reported 

that this can be achieved in vitro, using purified HydE, HydF, HydG, apo-HydA (that lacks 

the subcluster), a suite of small molecules, and interestingly, an essential component, an E. 

coli lysate in excess.[44] When this lysate is omitted, no hydrogen is produced by [FeFe]-

hydrogenase, demonstrating that this constituent is essential for H-cluster maturation. From 

these intriguing results, questions were posed: is/are there an(other) protein(s) required 

during the H-cluster assembly besides the three maturases?  Or is there a small molecule 

substrate of HydE in this lysate? Or is it both? And, can we find the identity of these 

components? Chapter 9 will discuss the approach we used to answer these questions. 
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CHAPTER SEVEN 

 
EPR AND ENDOR SPECTROSCOPIC EVIDENCE OF AN AMMONIUM  

BINDING SITE IN HYDE 
 
 

Introduction 
 

Alkali and alkaline earth metal ions play important roles in biological systems.[1] 

Particularly, these cations are required in the activity of different enzymes; due to their 

positive charge and hence electrophilicity, Na+, K+, and Mg2+, among others, can be used 

as Lewis acids that aid in orienting and binding of substrates, and stabilization of catalytic 

intermediates in the active sites of enzymes.[1, 2] For example, Mg2+ ions are commonly 

used in metabolic pathways that require ATP. During these processes this divalent cation 

binds to ATP by chelation, yielding the correct substrate of the enzyme.[3] Although Na+ 

and K+ are not used in specific reactions like magnesium is, in enzymes where either metal 

ion is required, these ions enhance the kinetic activity significantly.[3] Furthermore, while 

in some proteins such as tryptophan synthase, replacement of Na+ for K+ leads to significant 

structural differences, the activity of the enzyme is not affected.[2] Contrary, studies done 

on pyruvate kinase led to the opposite results: X-ray crystal structure of the Na+- and K+-

bound protein showed no conformational changes, however, the enzyme was inactive in 

the absence of K+.[2] 

Some radical enzymes such as the B12 dependent dioldehydratase and the radical 

SAM enzyme pyruvate formate lyase activating enzyme (PFL-AE), harbor cation binding 

pockets where catalytically relevant alkali metal ions bind.[4, 5] Even though these ions 
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are not absolutely essential for catalysis, their presence increases the catalytic rates 

achieved by these enzymes. Further, catalytic activity for these enzymes depends on the 

identity of the metal present in the assay buffer. For example, PFL-AE is most active in a 

buffer containing K+ ions, although other monovalent cations can bind to the enzyme as 

determined by electron-nuclear double resonance (ENDOR).[4] The presence of K+ bound 

in the monovalent site provides catalytic activity that is 10-fold greater than in the absence 

of a simple monovalent cation.[4] 

Alkali metal binding sites in proteins tend to comprise hard ligands. In PFL-AE, 

the monovalent cation binding site is composed of 5 oxygens from 4 different residues: 

carboxylate side chains from D104 and D129, backbone carbonyls of T105 and M127, and 

the carboxyl oxygen of SAM (Figure 7.1).[4] Variants of PFL-AE in which D104 is 

changed to alanine have impaired activity (10-fold less than the WT enzyme), suggesting 

that this residue is important for cation binding. [4] These intriguing results raise the 

question of whether catalytically relevant cation binding sites are present in other radical 

SAM enzymes.  
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Figure 7.1. Structure of PFL-AE cation binding pocket: Na+ ion surrounded by acidic side 
chains of D104 and D129, carboxyl oxygen of SAM, and backbone carbonyl oxygens of 
T105 and M127. 

 

HydE is a radical SAM enzyme involved in maturation of the [FeFe]-hydrogenase 

and has been proposed to synthesize the dithiomethylamine ligand of the H-cluster. The 

first X-ray crystal structure of Thermotoga maritima (T.m.) HydE solved by Nicolet et al 

[6], was found to contain a complete (ba)8 TIM barrel fold, with helical domains at both 

the N- and C- termini.[7, 8] Further, this enzyme was found to contain a [4Fe-4S] cluster 

anchored to a loop via a canonical CXXXCXXC motif and an accessory FeS cluster at the 

C-terminus that may exist in the [2Fe-2S] or [4Fe-4S] state; the two cysteines and arginine 

that coordinate the second cluster are neither conserved nor required for full activation of 

[FeFe]-hydrogenase enzymes.[7, 8]  

Sequence alignments of HydE from different organisms reveal several conserved 

acidic residues, two of which (E58 and E161) are in close proximity (within ) to the [4Fe-

4S]RS active site (Figure 7.2). Even though these residues are far apart from each other, it 
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is possible that one or the other might coordinate an alkali metal cation, together with 

backbone carbonyl oxygens from other nearby residues. 

 

Figure 7.2. Structure of HydE from Thermotoga maritima (T.m.) (PDB code 3IIZ) showing 
conserved negatively charged residues. Five negatively charged residues reside near the 
[4Fe-4S]RS and SAM binding site. Carboxylates of E161 and E58 point towards the active 
site and could each serve as a putative metal site. Dotted lines show interaction between 
lid loop residue K309 and E58. 

 

 SAM synthetase catalyzes the in vivo synthesis of SAM from ATP and methionine,  

and is another example of an enzyme that is activated by monovalent cations [9]; up until 

1980s, however, the cation binding site was unknown. Markham and coworkers used the 

VO2+ ion to probe the structure of metal binding site. EPR studies of the enzyme bound 

VO2+ (I=7/2) exhibits 8 lines, in the presence of the natural cation K+. Conversely, when 

Tl+ (I=1/2) is added and K+ is displaced, superhyperfine coupling is observed, where the 

VO2+ EPR signal is split into doublets.[9]  

We used a similar approach to probe the possibility of cation binding in the active 

site of HydE, by examining the effect of cations on the paramagnetic [4Fe-4S]+ in the active 
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site. Unlike PFL-AE and SAM synthetase, the cation in question, NH4
+, has been proposed 

to be a substrate of HydE, condensing with thioformaldehyde to yield half of the DTMA 

bridge (Chapter 6).  Interestingly, work done in the Nicolet lab [6] shows that mutation of 

T.m. HydE E58 (a residue in the putative cation pocket) to a basic residue leads to a 

significant decrease in the rate of H2 production by [FeFe]-hydrogenase; this is proposed 

to result from perturbation of the electrostatic interaction between E58 and the K309 found 

on the lid loop (Figure 7.2). Alternatively, this decrease in hydrogen production could be 

caused by disruption of the putative cation binding pocket due to the absence of E58.  

In this chapter, we describe how we searched for evidence of a cation binding site 

in the active site of HydE using EPR as a spectral probe.  Using EPR spectroscopy we 

show that both Tl+ and NH4
+ have an effect on the [4Fe-4S] + cluster S=1/2 signal line-

shape. Through electron nuclear double resonance (ENDOR) spectroscopy and 

competitive binding experiments, we provide evidence that NH4
+ binds in the active site of 

HydE. Additionally, we employ mutagenesis studies to investigate the location of the 

bound cation. These studies were further complemented by in vitro hydrogenase activity 

assays using the HydE variants to investigate functional effects of each mutation. 

 
Materials and Methods 

 
Preparation of HydE: Growth,  
Purification, and FeS Reconstitution 
 

WT HydE from Clostridium acetobutylicum (C.a.) used for spectroscopic studies 

was prepared following procedures described in Chapter 2. Purified WT HydE (as 

confirmed by SDS-PAGE) on average contained 2.3 ± 0.7 Fe per HydE monomer. To 
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increase the total number of irons to the expected amounts (based on two [4Fe-4S] clusters 

per monomer), the enzyme was reconstituted using the protocol detailed in Chapter 2, 

resulting in an average iron number of 7.8 ± 0.4 iron per protein monomer. To evaluate the 

success of the reconstitution and characterize the cluster content, UV-vis and EPR 

spectroscopies were employed. UV-vis spectra showed an increase in absorbance at 410-

425 nm range after reconstitution, consistent with assembly of new [4Fe-4S] clusters.[10-

13] 

 
Preparation of HydE Variants (E58A and E58D) 

To generate variants of Clostridium acetobutylicum (C.a.) HydE, polymerase chain 

reaction (PCR) was carried out using in-house designed primers (Table 8.1) that were 

synthesized by Genscript, to allow single mutations of E58 of HydE to either alanine 

(E58A) or aspartate (E58D). PCR reactions were performed using these primers under the 

conditions shown in Table 8.2, using a sequence-verified WT C.a. hydE template DNA. 

This was followed by DpnI reactions (Table 8.3) to digest methylated parental DNA, prior 

to transformation into Agilent DH5a competent cells following a protocol also described 

in Chapter 2. The sequence-verified constructs isolated from the DH5a cells were used to 

transform E. coli BL21(DE3)-DiscR to overexpress C.a. HydE variants.  
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Table 8.1. PCR primers 

 Forward  Reverse 

E58A    

 AAGAGGTCTTATTGCATTCTC

TAATATTTG 

CAAATATTAGAGAATGCAATAA

GACCTCTT 

   

E58D  AAGAGGTCTTATTGATTTCTC

TAATATTTGC 

GCAAATATTAGAGAAATCAATA

AGACCTCTT 

   

 

Table 8.2. PCR reaction components 
 
Component Concentration Volume (µL) 
5X Phusion HF buffer 1X 10 
10 mM DNTPs 0.2 mM 1 
100 µM FWD primer 1 µM 0.5 
100 µM REV primer 1 µM 0.5 
pET23b hydE 1 ng/nL 5 
Phusion polymerase variable 1 
H2O N/A 32 

 

Table 8.3. DpnI reaction 
Component Volume (µL) 
DpnI 2 
H2O 2 
Buffer  6 
PCR reaction 50 
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Preparation (growth and purification) of the variants and reconstitution of the 

isolated protein was done using the protocol described for the WT HydE enzyme (Chapter 

2). After purification, the E58A and E58D C.a. HydE variants contained 1.2 ± 0.1 and 2.5 

± 0.4 irons per protein, respectively. Each variant was reconstituted to increase the 

catalytically relevant clusters as described in Chapter 2 and above, to 8.3 ± 0.7 (E58A 

variant) and 7.8  ± 0.5 (E58D variant) irons per protein. Protein stocks that were used in 

Tl+ and NH4
+ EPR spectroscopic studies required an additional buffer exchange step into a 

“salt-free” buffer (150 mM Tris-Cl pH 8.0 and 5% glycerol) to remove trace metal ions 

(K+).   

 
EPR and ENDOR Sample Preparation 

All EPR and ENDOR samples were prepared in an anaerobic MBraun chamber 

maintained at ≤ 1 ppm oxygen. The buffer used (150 mM Tris-Cl pH 8.0 and 15% glycerol) 

was degassed using Schlenk techniques prior to being brought into the chamber. Reduced 

samples were prepared by adding sodium dithionite (NaDT, 3 mM final concentration) to 

1 mM protein, and then diluting the protein in salt free buffer to a final concentration of 

≈200 µM. SAM was added to some samples to 2 mM final concentration. Samples were 

loaded into EPR tubes, capped immediately, transported out of the Mbraun, and flash 

frozen in liquid nitrogen.  

To prepare samples containing Tl+, aliquots of a 4.1 mM stock solution of TlNO3 

were added slowly into an Eppendorf tube containing 250 µM HydE (WT or the variants), 

0 or 2 mM SAM, and 3 mM NaDT, to achieve final Tl+ concentrations between 0.136 mM 
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and 1.2 mM, and incubated for 5 minutes. The samples were subsequently centrifuged to 

remove any precipitated protein, and then loaded into EPR tubes, capped, and brought out 

of the chamber to be flash frozen immediately. To assess whether NH4
+ displaced Tl+, 

NH4HCO3 was utilized; in these experiments, aliquots of a 40 mM stock of this salt were 

mixed along with SAM (0 or 2 mM), NaDT (3 mM), HydE (250 µM), TlNO3 (0.82 mM), 

to final concentration of 20 mM. The samples were allowed to incubate for 5 minutes, 

centrifuged, and loaded in EPR tubes, flash frozen, and stored in liquid nitrogen until EPR 

spectroscopic analyses. 

 
EPR Spectroscopy 

All low temperature continuous wave (CW), X-band (9.38 GHz) EPR studies were 

performed using a Bruker EMX spectrometer equipped with a ColdEdge, 10 K waveguide 

in-cavity cryogen free system, an Oxford Mercury iTC controller unit, and helium Stinger 

recirculating unit (Symitomo Cryogenics, ColdEdge Technologies, Allentown, PA). The 

temperature was maintained at 10 or 12 K as this temperature provides well resolved 

signals for the [4Fe-4S] + clusters of HydE. Unless stated, the EPR parameters were: 1 mW 

power, microwave frequency, 9.37 GHz; modulation frequency, 100 KHz; and modulation 

amplitude of 10 G. ENDOR analyses were performed by the Hoffman lab at Northwestern 

University. ENDOR samples were prepared using the same procedure mentioned above 

with one minor difference: 15NH4Cl salt was utilized when making the samples that 

contained NH4
+ for these samples.  
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In Vitro [FeFe]-Hydrogenase Activity Assay 

H-cluster maturation assays were performed as described in Chapter 2. Briefly, 5 

µM HydE (WT or variants), 5 µM HydF, 25 µM HydG, and 4 µM HydA, were incubated 

along with the suite of small molecules listed in Table 2.2 (Chapter 2) for 12 hr in an 

anaerobic Mbraun chamber at ambient temperature (22-25 ˚C). Each maturation mixture 

was centrifuged to remove precipitated protein and assayed for hydrogen production as 

described in section 2.6 (Chapter 2). 

 
Results 

 
SAM Binding in the Active Site of HydE 

The X-ray crystal structure of the T.m. HydE/SAM complex (PDB:3IIZ) shows that 

SAM binds to the [4Fe-4S]RS cluster through the carboxylate and amino moieties of SAM 

[6]; this is consistent with the SAM binding mode first discovered via ENDOR 

spectroscopy of PFL-AE [14] and subsequently observed in other radical SAM enzyme X-

ray structures.[14-17] Several conserved residues (L305, R159, E161, and R180) in HydE 

are thought to be required for stabilizing SAM; E161 and R159 hydrogen bond to the 

ribose, L305 is in close contact with the methyl group, while R180 hydrogen bonds to the 

carboxyl oxygen of SAM. 

In general, the EPR spectra of reduced radical SAM enzymes show an axial S=1/2 

of the [4Fe-4S]+ (Figure 7.3 A); this signal normally has two g values, which is consistent 

with gz=gx≠gy. This axial signal is largely converted to rhombic when SAM is added to the 

reduced enzyme, and this transformation can be attributed to the conformational changes 
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that the enzyme experiences upon coordination of this molecule to the active site cluster 

(Figure 7.3 B).  

 

Figure 7.3. Comparison of the [4Fe-4S]+ signal of some radical SAM enzymes in the 
absence and presence of SAM. A) Axial signal of the [4Fe-4S]+ cluster g values (2.03, 
1.94). B) Coordination of SAM leads to conversion of the signal from axial to rhombic 
(2.00, 1.91, 1.83). 
 
However, because HydE copurifies with SAM [10], the S=1/2 EPR signal of the [4Fe-4S]+ 

appears to be a mixture of states as a result of some of the clusters having SAM bound 

while others do not; hence the resulting signal exhibiting both axial and rhombic 

characteristics (Figure 7.4 A). When exogenous SAM is added to reduced samples of WT 

HydE, the signal intensifies and is converted to nearly fully rhombic like in Figure 7.4 B, 

indicating that most clusters are now in the [4Fe-4S]+-SAM bound state. 
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Figure 7.4. EPR signal of reduced HydE with no exogenous SAM. A) Red asterisks show 
the axial features of the signal that are attributed to the [4Fe-4S]RS

+ that are not SAM bound. 
Green asterisks represent features that result from the [4Fe-4S]RS

+ that are SAM-bound. B) 
Addition of SAM converts signal to all most full rhombic. 
 

Tl+ as a Probe of a Cation Binding Site in HydE 

When Tl+ is added to the reduced samples of HydE, with or without exogenous 

SAM, this signal appears more axial, is both shifted to the upfield and experiences line 

broadening that results into dampening of the SAM-bound cluster feature at 3300 Gauss 

(Figure 7.5 A). Moreover, this effect is concentration dependent; the higher the 

concentration of Tl+ the more significant the line broadening observed (Figure 7.5 B). T.m. 

HydE E58 is a residue conserved in HydE sequences, and is involved in electrostatic 

interactions with lid loop residues (for example K309) that help to stabilize a conformation 

in which the lid loop covers the active site of this enzyme.[6] In trying to understand 

whether E58 played a role in binding Tl+ and whether the signal perturbations used by this 
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cation were due to superhyperfine coupling with the [4Fe-4S]+ cluster, we found some very 

interesting results.   

                                                            

Figure 7.5. Effects of Tl+ on [4Fe-4S]+ signal of HydE. A) Blue trace shows the signal of 
reduced HydE (200 µM) without Tl+ and with 0.82 mM Tl+ (red trace). B) Variation of Tl+ 
concentration indicates that line broadening is more pronounced at higher concentration; 
no Tl+ (blue trace), 1:1, 1:2, 1:4, (protein to Tl+) (black, green, and red traces, respectively). 
C) Addition of 20 mM NH4

+ reverses these effects (red to green spectra). 
 
 
Tl+ Effects Can be Reversed by Addition of Ammonium 

When samples that contained both Tl+ and ammonium were analyzed, we observed 

that the signal had narrowed and nearly reversed to the original (Figure 7.5 C). From these 

results, our hypothesis was that addition of ammonium leads to displacement of the Tl+ 

ions, thus restoration of the signal. Since the NH4HCO3 pH was found to be around 7.5, 

this eliminates the possibility that the narrowing of the EPR signal is due to changes in pH. 
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Variation of the concentration of NH4
+ showed that the extent to which the signal was 

narrowed was more pronounced when higher concentrations of ammonium were used; 20 

mM NH4
+ displaced almost all the Tl+. 

 
Effects of Mutating the Conserved E58 of HydE 

To study whether mutation of E58 was important for cation binding, we replaced 

this acidic residue with alanine as described above. Interestingly, early preparations of the 

E58A enzyme resulted in obtaining for the first time ever, reduced C.a HydE (E58A) that 

was nearly SAM-free as shown by the dominating axial signal of the cluster (Figure 7.6 A 

(blue trace)). Our first speculation was that introducing a hydrophobic residue affects the 

electrostatic interactions that are needed to prevent the active site of HydE from solvent 

exposure. Consequently, by mutating this residue, the active site is more open, and SAM 

can diffuse out of its binding site. Moreover, the E58D variant of HydE was found to 

copurify with SAM similar to WT HydE, further confirming that an acidic residue is 

required to maintain active site closure. Addition of Tl+ to reduced E58A in the absence of 

exogenous SAM did not affect the EPR signal significantly. However, the signal was 

slightly shifted upfield (Figure 7.6 A (red trace)). When NH4
+ was added, the signal 

appeared to have the same g-values as the control (Figure 7.6 A (green trace)). When 

similar experiments were done with reduced E58D HydE, significant line broadening in 

the presence of thallium is observed, which is nearly reversed to the original, as detected 

in the WT enzyme.  
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Figure 7.6. E58A HydE with addition of exogenous SAM and Tl+. A) EPR spectra of 
reduced E58A 200µM with 8.3 ± 0.7 per HydE (blue trace), reduced with 0.83 mM Tl+ 
(red trace, offset for clarity), and with 20 mM NH4

+ added (green trace). B) Similar to panel 
A, however, 1 mM exogenous SAM was added.  
 

Since it was clear that most of the clusters in the E58A HydE stocks we had were 

mostly free of SAM, a test was done to see if this variant allows coordination of this small 

molecule. Addition of exogenous SAM to this variant yields a rhombic [4Fe-4S]RS
+ with a 

line shape that is similar to the WT and E58D enzymes. This implies that the mutation 

likely lowers the affinity of SAM but does not prevent SAM from coordinating to the 

cluster. Surprisingly, when Tl+ is added to this reduced enzyme (E58A HydE) in the 

presence of SAM, the results obtained show that the signal of the [4Fe-4S]RS cluster is 

significantly broadened; these effects were also reversed when NH4
+ was added, indicative 

that the thallium and ammonium effects are more prominent when SAM is present (Figure 

7.6 B). The less pronounced signal perturbation in the absence of SAM hints at the 

possibility that SAM stabilizes the cation, reminiscent of the PFL-AE results [4]. 
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NH4

+ Binds Close to the [4Fe-4S] Cluster of HydE 

To determine whether NH4
+ and Tl+ bind in a site close to the radical SAM cluster, 

ENDOR studies were carried out to probe the interactions of the nuclear spins of each 

cation with the paramagnetic [4Fe-4S]1+cluster of WT HydE. In ENDOR spectroscopic 

analyses, hyperfine coupling is only observed when the magnetic nuclei and unpaired 

electron are ≤5 Å apart from each other. Furthermore, this spectroscopic technique 

provides the information about the degree of covalency and strength of coupling between 

two species. As was discussed in previous sections and also shown in Figure 7.5, Tl+ 

binding perturbs the S=1/2 EPR signal of the radical SAM cluster in HydE; however, the 

Tl+ interactions were undetectable by ENDOR.  On the contrary, samples that contained 

15NH4
+ exhibited 15N doublet with A=0.58 (Figure 7.7), resulting from coupling of this 

polyatomic ion to the paramagnetic radical SAM cluster of HydE. These results confirmed 

that NH4
+ binds in the active site of HydE. 
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Figure 7.7. CW X-band EPR (left) and Q-band ENDOR (right) spectra showing spectral 
changes upon addition of 0.83 mM Tl+ and 20 mM NH4

+ into reduced 250 µM C.a. HydE. 
EPR studies show line broadening when Tl+ is present, which is reversed upon ammonium 
addition.  
 
 
E58A Mutation Impacts Hydrogenase Activity 

To probe whether mutating the Glu58 would have an effect on the [FeFe]-

hydrogenase activity, we supplemented each variant in place of WT HydE in the in vitro 

activation assay. From these experiments, we observed that hydrogen production was 

dependent on the type of mutation; E58A HydE had about half the activity of WT HydE, 

while E58D had a specific activity similar to that of the control (WT HydE) (Figure 7.8). 

Since E58A could still bind Tl+ and NH4
+, this suggests that this residue is not involved in 

cation binding, but rather supports the hypothesis that E58 is maintaining the electrostatic 

interactions with K309 that keep the active site from being exposed to solvent.  
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Figure 7.8. Specific activity of [FeFe]-hydrogenase when different C.a HydE variants are 

used. 

Discussion 

 
In the past decade a lot of effort has been put in trying to understand the maturation 

of the unique diiron complex of [FeFe]-hydrogenase by focusing on what each maturase 

does. While more is known about the contributions of both HydG and HydF during the 

biosynthesis of the H-cluster, studies into the role and substrate of HydE  have yet to 

provide substantial insight into the substrate and mechanism of this enzyme.[10, 18-20] 

The hypothesis put forward by researchers in the field [6, 10, 19-23] is that HydE is 

involved in the assembly of the DTMA ligand that bridges the two iron ions of the 2Fe-

core. Our lab has proposed that ammonium could be a co-substrate and source of the bridge 

head nitrogen of the DTMA that is synthesized by HydE. If this hypothesis is true, the 

polyatomic ion NH4
+, would bind somewhere close to the active site where it can be 
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condensed with the presumed CH2- units that may be derived from serine[24], to generate 

this azadithiolate ligand. Work in this chapter describes our search for the binding site for 

NH4
+ by using Tl+ (203Tl, I=1/2), known to interact with paramagnetic centers through 

hyperfine coupling.[9] Our results show that Tl+ (even at lower concentrations) led to line 

broadening of the S=1/2 signal of [4Fe-4S]RS
+ HydE.  

While wondering whether the Tl+ effects were caused by superhyperfine coupling, 

or due to conformational changes of the enzyme upon cation binding, the results gathered 

were quite surprising; we discovered that the signal perturbation was only observed when 

SAM was present. Our thoughts about the effects of thallium on the cluster signal are that 

the presence of this monovalent cation in the active site affects the manner in which SAM 

binds, through conformation changes in the active site. Interestingly, the line broadening 

could be reversed by addition of NH4
+, likely due to the displacement of Tl+ by the 

aforementioned polyatomic ion. While our pursuit to estimate the distance and if Tl+ bound 

close to the cluster of HydE was unsuccessful, we were able to confirm that 15NH4
+ bound 

in proximity to the cluster (≤ 5Å). In search of residues that may contribute to NH4
+ binding, 

single mutations of Glu58 were done. Our initial thoughts were that replacing this acidic 

residue with alanine would affect the cation binding site; however, the results obtained as 

described in this chapter are that this variant can still bind all the cations tested. Data 

collected however, shows that E58A HydE variant affects hydrogen production 

significantly. These results mean that while this residue may not be involved in NH4
+ 

binding, it does play an important structural role as suggested by Nicolet et al.[7] 
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Conclusion 

 
Although a lot of studies have been done on HydE (structures [7, 25] and the affinity 

of this enzyme for thiol containing compounds [10]), the role, mechanism, and substrate 

are still a mystery to be uncovered; this enzyme is thought to be involved in the assembly 

of the DTMA ligand. We hypothesized that the nitrogen of this ligand is derived from an 

ammonium ion, and for the first time we confirm via ENDOR spectroscopy that this 

polyatomic ion binds in the active site of HydE. We also demonstrate that this cation can 

displace Tl+ from the active site and reverses the spectroscopic effects of the latter; this 

suggest that Tl+ sits in the natural in vivo binding site of NH4
+. The fact that signal 

perturbation was only pronounced when SAM was bound to the cluster, suggests that NH4
+ 

may be involved in stabilizing SAM. Investigations into the binding affinity (KD) and 

residues that coordinate this polyatomic ion are still in progress. Moreover, using 

HYSCORE, we will soon be able to investigate if the NH4
+ that binds in HydE can be 

incorporated into the H-cluster of [FeFe]-hydrogenase. 
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CHAPTER EIGHT 

 
INVESTIGATION INTO ALL THE NECESSARY COMPONENTS REQUIRED FOR 

[FeFe]-HYDROGENASE H-CLUSTER MATURATION 
 
 

Introduction 

 
Identification of the substrate and mechanism of HydE has been a challenging task 

for several researchers.[1-3] One approach we have taken to tackle this problem is through 

spectroscopic analysis of the HydE enzyme itself in the purified state (Chapter 7). We have 

also used enzymatic assays, quantifying how putative substrates affect the rate of reductive 

cleavage of SAM by HydE using high-performance liquid chromatography (HPLC), with 

the expectation that the rate of SAM reductive cleavage would be increased in the presence 

of substrates.[4] Our results showed that thiol containing compounds increased the rate of 

reductive cleavage of SAM, as evidenced by the production of more 5’-deoxyadenosine 

(5’-dAdoH) [4]; however, in no cases were products resulting from thiol compound 

turnover detected. The lack of product detection could be due to instability of the end 

products or could be an indication that the small molecule thiols promote reductive 

cleavage of SAM by HydE, without undergoing reaction themselves. Nevertheless, it is 

possible that the selective binding of these small molecule thiols in the HydE active site 

may hint that the substrate of HydE has a thiol functionality.  

Our spectroscopic and mutagenesis studies of HydE have allowed us to gather some 

important additional information on HydE function, by demonstrating ammonium binding 

in the active site of HydE (Ch. 7). This experimental evidence supports the hypothesis we 
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put forward previously[4] that ammonium ion could be the source of the bridgehead 

nitrogen of the DTMA ligand of the H-cluster. These results are indeed very exciting, and 

the details are described in Chapter 7. However, without unequivocal identification of a 

HydE substrate or the functionally relevant product, we cannot understand the functional 

role of HydE in hydrogenase maturation.  

Due to the reasons mentioned above we decided to complement the spectroscopic 

and enzymatic studies, where we have been probing HydE function via in vitro [FeFe]-

hydrogenase maturation assays. In these studies, a lot of effort was put forth in identifying 

all the necessary components required for H-cluster biosynthesis. In a typical HydADEFG 

maturation assay, the maturases HydE, HydF, HydG, and HydA, are incubated along with 

small molecules that include SAM (to accomplish radical SAM chemistry by HydG and 

HydE [2, 5, 6]), the substrate of HydG tyrosine[6], a reductant NaDT, guanosine 5’-

triphosphate (GTP) for HydF GTPase activity [7, 8], FeS cluster reconstitution reagents 

(Fe2+, S2-, and DTT), cysteine and phosphopyridoxal phosphate (PLP) whose roles are not 

fully elucidated but have been proven to be important to accomplish full activation.[9] The 

most essential component that is added to these assays is the Escherichia coli (E. coli) cell 

lysate. Earlier studies showed that when HydE and HydG are co-expressed in the back 

ground of HydF (HydFEG) in E. coli, the resulting purified protein can activate HydADEFG, 

in the absence of the lysate[10]; these results suggest that even though E.coli is void of 

endogenous [FeFe]-hydrogenase, this microorganism likely contains the in vivo substrate 

of HydE. In this chapter we discuss our approach to understand what component of the E. 
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coli cellular lysate (small molecule, protein, or both), is/are required during H-cluster 

maturation.  

 
Materials and methods 

 
[FeFe]-Hydrogenase Maturation Assay 

In vitro maturation of the inactive C.r. [FeFe]-hydrogenase was accomplished 

following a procedure described in Chapter 2 and [9] with some alteration: in brief, 

HydEDFG, HydFDEG,  HydA, DEFG and HydGDEF , were incubated along with small molecules: 

SAM, tyrosine, GTP, cysteine, DTT, NaDT,  PLP, ferrous ammonium sulfate, Na2S.9H2O, 

and E.coli lysate ( “untouched” or modified) , in 100 mM HEPES pH 8.2 buffer containing 

50 mM KCl, for 6 - 14 hrs at 22 ˚C. The resulting mixture was centrifuged for 3 min at 

13000 rpm. An aliquot (200 uL) of the supernatant was added into a 24 mL vial containing 

1600 µL of 50 mM Tris pH 8.0 and methyl viologen (10 mM). Hydrogenase activity is 

initiated by injection of 100 µL of NaDT into the mixture (20 mM final concentration); at 

this point the vials were capped immediately. To quantify the amount of H2 produced, the 

headspace was sampled with a gas tight syringe and injected into the GC. A major focus 

was in identifying the essential component(s) in the cell lysis of the in vitro maturation.   

 
Denaturation of the Lysate 

E. coli BL21(DE3)DiscR lysate (400 µL) prepared as described in Chapter 2, was 

incubated with 10 µL of 1 M hydrochloric acid (HCl) for 10 min at ambient temperature 

(22 -25 ˚C). This mixture was then centrifuged for 5 min, at 13000 rpm to remove the 

precipitated protein, followed by adjusting the pH to 8.2 with 1 M KOH. As an alternative 
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means of denaturing lysate, 600 µL of the lysate was heated at 80˚C for 20 min. The 

mixture was subsequently spun down, and the supernatant was removed, frozen and stored 

until needed.  The acid- and heat-treated lysate samples were each used in place of the 

“untouched lysate” during the overnight maturation of the H-cluster.  

 
Fractionating E. coli Lysate for Maturation 
 

Spin filter method.  In order to isolate fractions of different molecular weights using 

spin filters, a 15 mL capacity 150 kDa MWCO spin filter was equilibrated with the 

maturation assay buffer (100 mM HEPES pH 8.2, 50 mM KCl) for 10 min. Untouched 

lysate (as described above, 5 mL) was loaded onto this filter and centrifuged for 10 min. A 

500 µL aliquot of the filtrate (150 kDa filtrate) was taken out, flash frozen, and stored at -

80˚C. The remainder of the filtrate was then loaded onto a preequilibrated 50 kDa MWCO 

filter and spun down for 10 min. Just like before, a 500 µL sample was taken out and frozen, 

prior to the additional filtration steps. The remaining filtrate was passed through two more 

filters (30 kDa, and 10 kDa) (Figure 8.1). 
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Figure 8.1. A representation of spin filtration method to fractionate different molecular 
weight samples. After aliquots of each flow through are collected, the rest of the filtrate is 
passed through smaller MWCO filter for further fractionation. 
 

Size exclusion method. “Untouched lysate” (5 mL) was loaded on a 75 mL HiPrep 

16/60 Sephacryl S-200 High Resolution column (equilibrated with 50 mM HEPES pH 8.2, 

250 mM KCl, 5% glycerol) at a rate of 1 mL/min and eluted with the same buffer. Fractions 

(3 mL) were collected for analysis. Each fraction was individually used in the maturation 

assay in place of the untouched lysate, to check for its ability to support maturation. 

 
Mass Spectrometric Analysis of Protein Fractions 

Fractions (500 µL) from spin fractionation or gel filtration were buffer exchanged 

(4 times) into 50 mM ammonium bicarbonate pH 7.5, using a 3 kDa MWCO filter. DTT 

was then added to the sample to 5 mM final concentration, followed by 30 min incubation 

at 22˚C. The DTT treated sample was subsequently diluted with ammonium bicarbonate, 
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and centrifuged, prior to addition of 5 mM iodoacetamide (IAM); the IAM reaction was 

set in the dark for 20 min, followed by another buffer exchange into NH4HCO3: this step 

was repeated one more time. To generate peptides, trypsin (10 µg/mL) was then added, 

followed by dilution of the sample to 50 µL with NH4HCO3 buffer and an 8-16 hr 

incubation period at 37˚C. The samples were then spun down on a 3 kDa MWCO; the flow 

through which contained tryptic peptides was speed vacuumed for 20 min and concentrated 

to 20 uL. The resulting samples were vortexed and centrifuged one more time to remove 

particulates. The supernatant obtained was ran on LCMS to identify the proteins in each 

fraction. 

 
Results 

 
Insights into the Required Lysate Component 

In order to probe whether protein components of the E. coli lysate play a role in 

maturation, lysate modified by heating or acid treatment was used in the in vitro maturation 

assay in place of “untouched lysate.” The results (Figure 8.2) show that the lysates treated 

to denature proteins, when used in place of untouched lysate, provide no detectable ability 

to activate the [FeFe]-hydrogenase. These results indicate either that a protein component 

of the lysate is essential to maturation, or that a small molecule component is destroyed by 

either the acid or heat treatment of the lysate.  
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Figure 8.2: Effects of denaturation of protein component of the cell extract on hydrogenase 
maturation. Assays contained 50% v/v of untouched lysate (green squares), acid treated 
(red circles), and temperature denatured (blue triangles) lysate.  
 
 
Probing the Molecular Weight of the 
 Required Lysate Component 
 

In order to provide further insight into the required lysate component during in vitro 

maturation, we fractionated the lysate by molecular weight and then tested these fractions 

ability to replace “untouched lysate” in the in vitro activation assay. Fractionating using 

spin filters showed that the 150 kDa filtrate was most activating, yielding more activity 

than the control (Figure 8.3). In contrast, the 50 kDa and 10 kDa filtrates show significantly 

lower ability to support activation, relative to the control. Together, these results implicate 

a protein, or protein complex, with a molecular weight between approximately 50 and 150 

kDa. However, the observation of some activation with the lower molecular weight filtrates 
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suggests a more complicated interpretation. For example, the 10 kDa filtrate led to a 

specific activity that was approximately 5% that obtained with the 150 kDa and control 

(untouched lysate) samples.  

 

 

 Figure 8.3. Monitoring effects of spin filter fractions of different molecular weight on 
hydrogen production. Control (green squares) contained 50% v/v of untouched E. coli 
extract, protein component ≤ 150 kDa (red circles), ≤ 50 kDa (purple triangles), ≤ 30 kDa 
(dark red diamonds) and ≤ 10 kDa (blue triangles). 
 
 

Earlier work done by our lab showed that the amount of 5’-dAdoH produced from 

reductive cleavage of SAM by HydE was higher in the presence of thiol containing 

compounds [4]; these results suggested that not only does HydE have high affinity for 

sulfur containing compounds, but also, that the substrate of this enzyme may have a thiol 

functionality. We sought to further strengthen this hypothesis by supplementing thiamine 
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(vitamin B1) to different MW fractions to inspect if the presence of this molecule affected 

hydrogenase activity.  

While the level of hydrogenase activity increased slightly when 6 mM thiamine 

was added into the assay containing the “untouched lysate” or 150 kDa filtrate, when the 

same amount of vitamin B1 is added along with the 10 kDa filtrate, the hydrogenase 

activity could be stimulated significantly. While these results are very interesting, it is still 

unclear to us why the addition of this vitamin affects hydrogen production positively. 

Moreover, when similar experiments are performed where buffer is used in place of the 10 

kDa filtrate, there is no H2 detected, suggesting that there is a small molecular weight 

protein that works with thiamine to enhance activity. When thiamine is replaced by other 

vitamins such as B12, pyridoxine, and riboflavin (Figure 8.4), the effects are insignificant 

(Table 8.1). 

 

Figure 8.4: Structures of vitamins supplemented to the 10 kDa lysate during activation of 
[FeFe]-Hydrogenase 
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Table 8.1: Effects of different vitamins on the activity of [FeFe]-hydrogenase.  

 
As an alternative approach to fractionate the lysate, size exclusion chromatography 

was employed to fractionate the lysate based on size. Using this method, the only fractions 

that supported hydrogenase maturation, when used in place of untouched lysate, were those 

spanning the very low MW range (2.5 – 6 kDa, Figure 8.5). These results contradict those 

described above based on spin filter – fractionation. Our explanation for the contradictory 

observations with the two different methods is as follows: with the spin filter method, there 

is high chance that due to the numerous proteins with different stabilities in the untouched 

lysate, there is a possibility that some of these macromolecules may have precipitated or 

aggregated and clogged the pores, preventing small proteins from passing through. 

Alternatively, smaller proteins may have adhered to the membranes rather than passing 

through. This reasoning can be corroborated by the observation that the activity of the 50 

kDa filtrate is indistinguishable from that of the 10 kDa fractions. Moreover, the fidelity 

of the filter membranes can be called into question as they have no calibration standard, 

unlike the gel filtration method. We therefore view the size exclusion chromatography 

Sample S.A (nmol H2 . mg HydA-1 . min-1)

10 kDa Filtrate 6

Cyanocobalamin 0

PLP 20
Pyrodoxine 14
Riboflavin 0
Thiamine 2800
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method as more reliable than the use of spin filters, because it is a gentler biophysical 

method that does not require proteins or small molecules to move through a membrane 

intact. 

 

Figure 8.5: Size exclusion chromatography (blue trace) and hydrogenase activity (orange 
circles). Assays contained 50% v/v of each fraction. Small MW fractions were more 
efficient at hydrogenase activation than larger MW fractions. 
 

Identification of the Proteins in the Activating   
Size Exclusion Chromatography Fractions 
 

The gel filtration fraction that provided the best activation, as well as two control 

fractions, were prepared for shot-gun mass spectrometry (MS) analysis in order to identify 

candidate proteins important for hydrogenase activation. Preparation of fractions involved 

trypsin digestion as described in the materials and methods section of this chapter and the 

resulting peptides were then analyzed using LCMS: comparison of the experimental 

spectra to the theoretical spectra allows for identification of proteins.  Fraction H, which 
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provided the best activation, was compared to the non-activating fractions (G and I), in 

order to look for proteins in fraction H that aren’t found in G but are of low abundance in 

I. The results (Table 8.2) reveal that all three fractions had some proteins in common and 

some that were unique to each fraction. 

 

 

Table 8.2: Protein constituents of the activating fraction (H and I) and the non-activating 
sample (fraction G) identified via shot-gun mass-spec experiments with corresponding 
MW of the identified proteins, percentage of peptide identified for each protein (coverage 
%), and concentration of each protein per fraction (spectrum counting). 
 

Among the proteins found in the activating fraction (H), the peptidyl-propyl cis-

trans isomerase (A and B) are unlikely to be the key component from lysate in hydrogenase 

maturation, as these are also found in fraction G, which does not activate hydrogenase. 

Fractions H and I had more proteins in common (thioredoxin-1, acyl carrier protein (ACP), 

and 30S ribosomal protein S14) and both were also more activating than G; we therefore 

came to a preliminary conclusion that the activating cell extract-derived protein essential 

for H-cluster maturation was one of the three; currently, work is underway to confirm if 

one or two, or all these proteins is/are important.  
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Discussion 
 
 

While the research advances have been made in studies about HydG and HydF, not 

much is known about HydE.[4, 11, 12] HydE is thought to be involved in the assembly of 

the DTMA bridging ligand of the H-cluster using an unknown substrate.[9, 13-15] Studies 

done by McGlynn and Shepard [10] showed that HydFEG isolated from E.coli could solely 

activate hydrogenase, suggesting that this HydF scaffold had the subcluster assembled in 

vivo by the actions of HydE, HydG, and components of E.coli. Further, these results hinted 

that E.coli contains the in vivo substrate of HydE; research by Kuchenreuther et al [9] 

additionally showed that omission of lysate out of the [FeFe]-hydrogenase maturation 

assay components led to abolition of hydrogenase activity. As presented in this chapter, we 

were able to screen for the activating constituent of the E. coli extract. Our hypothesis was 

that this component could either be a small molecule, a protein or a complex of proteins; 

however, there is also a possibility that both the small molecule and protein component are 

essential. First, we denatured the lysate through heating and acid treatment and utilized 

these modified lysate samples in place of the untouched control lysate. As evident from the 

lack of hydrogen activation when the denatured lysates were used, we were inclined to 

think that the protein constituent is what is required for activation. These results prompted 

us to investigate the size of the protein(s) through two different fractionation methods: spin 

filtration and size exclusion gel filtration. Although the data collected from both filtration 

modes were contradictory, some interesting insights were gathered from each method. Our 

results show that with the spin filtration fractionation method, a larger protein or a complex 

of different proteins is required for H-cluster maturation. However, the activity of 
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hydrogenase could be substantially stimulated by adding vitamin B1. Interestingly, when 

other vitamins (pyridoxine, riboflavin, folic acid, and cobalamin) were supplemented, none 

of them had a positive effect on H2 production (Table 9.2).  

In a fairly recent publication by Rohac et al [2], it was reported that when  

Thermatoga maritima (T.m.) HydE crystals were grown in the presence of cystine and 

SAM, the 1.47 Å structure of this SAM bound enzyme solved also contained an electron 

density that matched (2R,4R)-2-methyl-1,3-thiazolidine-2,4-dicarboxylic acid ((2R,4R)-

MeTDA); this molecule was found situated in the active site of HydE.[2] While these 

results seemed unexpected, the authors of this publication put forth a proposed mechanism 

where it is suggested that cysteine and pyruvate derived from decomposition of cystine 

react together to make this thiazolidine, and this molecule could mimic the in vivo substrate 

of HydE. It is further explained in the same article that this molecule is optimally positioned 

in the active site for H atom abstraction by 5’-dAdo•. Based on these results, our hypothesis 

was that if a thiazolidine is indeed the substrate of HydE, it is possible that although a 

thiazole, thiamine could be modified by an unknown protein in the 10 kDa filtrate into a 

thiazolidine. This newly converted molecule would then be used by HydE to synthesize 

the DTMA bridge. With our second mode fractionation (gel filtration) implicating a small 

protein (2.5 - 6 kDa) in the H-cluster maturation, this pushed us closer to our goal; finding 

the identity of this macromolecule. Our results showed three candidates one of which is 

under investigation, with the overarching goal being that we intend to supplement the 

essential protein into the maturation assay in place of the cellular lysate. 
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Conclusion 

 
With the substrate and role of HydE still unknown to many [14, 16], research in our 

lab has allowed us to get one step closer to understanding the mechanism of [FeFe]-

hydrogenase maturation. Most earlier studies in this field had only implicated the three 

Hyd maturases (HydE, HydF, and HydG) [7, 14, 17], however, our recent results show for 

the first time, that there is/are (an) other protein(s) involved. Currently, we are trying to 

identify the nature and chemistry of this protein. By identifying all the necessary 

components required for hydrogenase activity, the essential cell extract will not be required 

during maturation assay. If this obstacle is overcome, we will be able to establish a full 

mechanism for H-cluster biosynthesis. 
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[FeFe]-HYDROGENASE MATURATION: INSIGHTS INTO HYDG CATALYZED 

PRODUCTION OF CARBON MONOXIDE 

 
Eric M. Shepard, Stella Impano, Benjamin R. Duffus, Adrien Pagnier, Kaitlin S. Duschene, 
Jeremiah N. Betz, Amanda S. Byer, Amanda Galambas, Elizabeth McDaniel, Hope Watts, 
Shawn E. McGlynn, John W. Peters, William E. Broderick, and Joan B. Broderick*  
 

Abstract 

 
The organometallic H-cluster of the [FeFe]-hydrogenase consists of a [4Fe-4S] 

cubane bridged via a cysteinyl thiolate to a 2Fe subcluster ([2Fe]H) containing CO, CN–, 

and dithiomethylamine (DTMA) ligands. The H-cluster is synthesized by three dedicated 

maturation proteins: the radical SAM enzymes HydE and HydG synthesize the non-protein 

ligands, while the GTPase HydF serves as a scaffold for assembly of [2Fe]H prior to its 

delivery to the [FeFe]-hydrogenase containing the [4Fe-4S] cubane. HydG uses tyrosine as 

a substrate, cleaving it to produce p-cresol as well as the CO and CN– ligands to the H-

cluster. Here we examine the kinetics of free CO formation by HydG, and correlate this 

with both the nature of the auxiliary [4Fe-4S][FeCys] cluster, and the ability of HydG to 

effect [FeFe]-hydrogenase maturation in an in vitro system.  An optimized assay system 

for monitoring the production of free CO provides kcat values of ~ 0.09 min-1 for the burst 

phase and ~ 0.04 min-1 for a second phase, numbers that are consistent with a 1:1 

stoichiometry between free CO and free CN– production. The dangler iron is associated 

with a g = 8.9 EPR feature in our enzyme, and this feature is used to correlate the degree 

of loading of the dangler iron site with the free CO formation, as well as in vitro [FeFe]-

hydrogenase maturation. Our results show that the formation of free CO, and the degree of 
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activation of [FeFe]-hydrogenase, is increased for dangler-loaded HydG. Further, mutation 

of the only protein ligand to the dangler iron, H272, to alanine nearly completely abolishes 

both free CO formation and hydrogenase activation. Taken together, our results show that 

the dangler iron on the auxiliary [4Fe-4S] cluster is essential to neither free CO formation 

nor hydrogenase activation, although its presence accelerates both processes. 

 
Introduction 

 
       The [FeFe]-hydrogenase catalyzes the simplest of enzymatic reactions, the 

reversible reduction of protons to H2, 2H+ + 2e– « H2.[1, 2] This reaction is 

important to the metabolism of a variety of microbes, in pathways that utilize H2 

oxidation as a source of energy, or alternatively in pathways that use proton 

reduction to capture reducing equivalents generated during processes such as 

photosynthesis and fermentation.[2] The ability of [FeFe]-hydrogenase to rapidly 

reduce protons to the green fuel H2 has generated interest in the development of 

potential biotechnological applications of the enzyme, although commercial 

implementation is hindered by challenges such as constructing H2-evolving 

microorganisms that are compatible with oxygenic photosynthesis, and/or coupling 

electron flow more effectively to H2 production.[3-13] At a more fundamental level, 

detailed structural and mechanistic studies of the [FeFe]-hydrogenase are needed to 

establish the chemical basis of catalysis to help inform the development of new 

hydrogen production catalysts.[1, 3, 14-22]  The active site of [FeFe]-hydrogenase 

(HydA) contains an organometallic cluster known as the H-cluster, consisting of a 

[4Fe-4S] cubane bridged via a cysteinyl thiolate ligand to a 2Fe subcluster ([2Fe]H) 

containing CO, CN–, and dithiomethylamine (DTMA) ligands.[2, 23] The 

interconversion of protons and H2 occurs at the distal iron of the [2Fe]H.[1, 24-26] 
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While the [4Fe-4S] subcluster of the H-cluster is built by the housekeeping iron-

sulfur cluster machinery,[27-29] assembly of the [2Fe]H requires three dedicated 

[FeFe]-hydrogenase maturation enzymes denoted HydE, HydF, and HydG;[30, 31] 

when hydA is expressed heterologously in the absence of HydE, HydF, and HydG, 

the resulting [FeFe]-hydrogenase (designated HydA∆EFG) lacks the [2Fe]H and 

exhibits no catalytic activity.[32-34]  

       Sequence analysis and in vivo and in vitro biochemical studies have offered 

insight relating to the specific roles of the three Hyd maturation enzymes.[35, 36] 

HydF is a cation-activated GTPase that serves as a scaffold for assembly of a 2Fe 

precursor of the H-cluster, referred to as [2Fe]F.[37-39] This [2Fe]F loaded HydF can 

be generated when HydF is co-expressed with HydE and HydG, and then the HydF 

is purified out of the cell lysate using affinity chromatography.[38-42] The resulting 

purified protein, referred to as HydFEG, has been shown to harbor a CO and CN– 

ligated [2Fe]F that is most likely bridged via one of the cyanide ligands to a [4Fe-

4S] cluster on HydF.[42] Purified HydFEG dimer is able to transfer the [2Fe]F to 

HydADEFG to generate the active hydrogenase in a step that is not dependent on GTP 

hydrolysis.[39, 43] In further support for the role of HydF as a scaffold, multiple 

reports have demonstrated that HydFDEG is capable of capturing synthetic 2Fe 

precursor clusters ([2Fe]MIM) that can subsequently be transferred to HydADEFG.[21, 

44] 
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HydE and HydG are radical SAM enzymes and are responsible for 

synthesizing the non-protein ligands of the H-cluster. While the reaction catalyzed 

by HydE has not been explicitly shown, it is believed to synthesize the 

dithiomethylamine (DTMA) ligand of the H-cluster from an as-yet unidentified 

substrate.[45-47] HydG uses tyrosine as a substrate, cleaving it to produce p-cresol, 

CO, and CN–.[48-51]  The initial cleavage of tyrosine occurs at the N-terminal 

radical SAM [4Fe-4S] cluster, where the SAM-derived deoxyadenosyl radical is 

believed to abstract a hydrogen atom from the amino of tyrosine, leading to Ca-Cb 

bond cleavage to produce p-cresol and dehydroglycine (DHG).[52-57] The DHG 

travels through a channel towards a second iron-sulfur ([Fe-S]) cluster near the C-

terminus of the protein, and is converted to CO and CN– at or near this [Fe-S] 

cluster.[56, 58] Based on a combination of structural and spectroscopic studies of 

HydG, this C-terminal cluster has been proposed to be a novel [5Fe-4S-Cys] species, 

 
Figure 9.1.  The [4Fe-4S][(k3-Cys)Fe] dangler site in Thermoanaerobacter italicus HydG 
(PDB ID:4WCX). Amino acid numbering corresponds to Clostridium acetobutylicum 
HydG. 
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in which a [4Fe-4S] cluster is bridged to a “dangler” 5th iron via a (non-protein) 

cysteine ligand (Figure 9.1).[58-60] It has been suggested that the CO and CN– 

formed by DHG breakdown bind to the dangler iron, and a second tyrosine turnover 

results in a second CO binding to this dangler iron (forming “complex B”), while 

the second CN– liberates the dangler Fe from the C-terminal [4Fe-4S] cluster to 

generate a [Fe(CO)2(CN)(Cys)] synthon.[59-62] The synthon is then thought to bind 

to HydF, which can then bind a second synthon and a DTMA ligand to produce 

[2Fe]F.  

       Here we examine details of the HydG-catalyzed reaction during [FeFe]-

hydrogenase maturation, with a specific focus on the role of the C-terminal [Fe-S] 

cluster and the dangler iron. We find that Clostridium acetobutylicum (C.a.) HydG 

catalyzes the synthesis of multiple equivalents of free CO at rates that are moderately 

increased by the presence of the dangler iron, results that are inconsistent with the 

role of the dangler iron as a site of synthon formation.  Our results lead us to propose 

that the dangler iron of the C-terminal [Fe-S] cluster in HydG operates in a catalytic 

role in the synthesis of free CO. 

 
Experimental 

 
       All chemicals and other materials used herein were from commercial sources 

and of the highest purity.  Ferric ammonium citrate and NaCl were obtained from 

Sigma-Aldrich (St. Louis, MO).  Triton-X100 and imidazole were obtained from 

Alfa Aesar (Ward Hill, MA).  Tris, HEPES, potassium phosphate, IPTG, PMSF, 

tryptone, yeast extract, MOPS, DTT, glucose, streptomycin, kanamycin, ampicillin, 

and chloramphenicol were obtained from RPI (Mt. Prospect, IL). Ferrous 

ammonium sulfate was obtained from J.T. Baker Chemical Company (Phillipsburg, 

New Jersey). Desthiobiotin was obtained from IBA Lifesciences (Göttingen, 
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Germany). MgCl2, KCl, and glycerol were obtained from EMD (Gibbstown, NJ).  

Sodium dithionite, sodium sulfide, sodium fumarate, and potassium ferricyanide 

were obtained from Acros Organics (Fair Lawn, NJ). DNase I, RNase A, and 

lysozyme (hen egg) were obtained from Roche (Indianapolis, IN). Iron(III) chloride 

and L-cysteine were obtained from Fisher Scientific (Fair Lawn, NJ). 

   
Preparation of Proteins 

Wild-type HydGDEF Expression and Purification 

       HydG was overexpressed and purified as recently described in reference[63]. 

The purified, buffer-exchanged, and concentrated protein was quantified via 

Bradford assays using a bovine serum albumin standard solution (Thermo 

Scientific).  Iron in purified protein samples was quantified via a Varian SpectrAA 

220 FS flame atomic absorption spectrometer in comparison to a 0.4 – 2.0 ppm 

standard curve created from a 1000 ppm iron AA standard solution (Ricca Chemical 

Company). 

 
Wild-type HydGEF Overexpression and Purification  

       E. coli BL21(DE3) (Stratagene) cells were transformed with plasmids 

constructed to allow simultaneous expression of the C.a. hydG (CAC1356; 

engineered to contain BamHI and SalI sites), hydE (CAC1631; engineered to 

contain NdeI and BglII sites), and hydF (CAC1651; engineered to contain NcoI and 

BamHI sites) genes.  The resulting transformed cells produced the N-terminally, 6x-

histidine tagged HydG (pCDFDuetTM vector, MCSI) protein, along with HydE 

(pETDuetTM vector, MCSII), and HydF (pRSFDuetTM vector, with N-terminal Strep-

tagÒ II at MCSI) proteins. The HydG obtained by affinity purification from these 

cells that co-express HydE and HydF is denoted HydGEF.  A similar cell growth and 
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overexpression protocol as utilized for HydGDEF was employed for HydGEF, with the 

notable exception of the inclusion of 50 µg/mL streptomycin, 30 µg/mL kanamycin, 

and 50 µg/mL ampicillin in all LB agar and media preparations.  Cell lysis and 

protein purification steps for HydGEF mirrored those for HydGDEF. 

 
WT HydG-strep Expression and Purification 

       The DNA sequence of N-terminally strep-tagged HydG from C.a. was 

inserted into a pET-14b plasmid (Novagen) between the NcoI and XhoI restriction 

sites. The recombinant gene was expressed in E. coli BL21-DE3-

DiscR:kan competent cells. Cells were grown at 37°C with 200 rpm shaking in 

phosphate buffered LB media containing kanamycin (30 µg/mL), ampicillin (100 

µg/mL), and glucose (5 g/L). At an OD600 of 0.8, cultures were supplemented with 

ferrous ammonium sulfate (0.3 mM) before induction of protein expression with 

IPTG (0.5 mM). After a 2.5-hour incubation, cultures were transferred to a 4°C 

refrigerator and sparged overnight (14-16 hrs) with N2(g).  The next day, cells were 

harvested by centrifugation, and resulting cell pellets were flash frozen in liquid N2 

and stored at – 80°C until lysis and purification. 

       Cell lysis and purification steps were performed with minor modifications to 

the aforementioned protocol. Lysis was performed by sonication (Fisher Scientific, 

Model 505 sonic dismembrator) at a ratio of 2 mL of buffer per 1 g of cell pellet, 

using a 100 mM Tris, pH 8, 250 mM KCl, 5% glycerol buffer that was supplemented 

with lysozyme (180 µg/mL), PMSF (180 µg/mL), DNAse (50 µg/mL), RNAse (50 

µg/mL), 0.5% Triton X-100 (v/v), and MgCl2 (2 mg/mL). The crude extract was 

subsequently clarified by ultracentrifugation (150,000 x g, 1h) at 4°C and the 

supernatant was loaded onto a Strep-Tactin column (IBA Lifesciences, Göttingen, 

Germany) equilibrated with 100 mM Tris, pH 8, 250 mM KCl, 5% glycerol buffer. 
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After an extensive wash step, the protein was eluted with the same buffer containing 

1 mM desthiobiotin and aliquots were flash frozen in liquid N2 and stored at – 80°C 

until further use. 

 
HydGH272A Expression and Purification 

       The mutant hydG_H272A gene was prepared via a QuikChange Lightning 

Multi Site-Directed Mutagenesis kit (Agilent Technologies, La Jolla, CA) using the 

WT C.a. hydG gene encoded on the pCDFDuetTM plasmid as a template; successful 

incorporation of the mutation site was confirmed by sequencing (Idaho State 

University Molecular Research Core Facility, Pocatello, ID).  The mutant construct 

encoding the N-terminally, 6x-histidine tagged form of the protein was transformed 

into E. coli BL21(DE3) (Stratagene) cells. HydGH272A was prepared using slight 

modifications to the procedure that was described above.  Briefly, single colonies 

from freshly streaked plates were grown overnight in LB media and were 

subsequently used to inoculate 9 L LB that was buffered with 50 mM MOPS, pH 

7.4, and additionally contained 10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl, 5 

g/L glucose, 500 mg/L of ferric ammonium citrate, and 50 µg/mL streptomycin. The 

cultures were grown at 25 °C and 225 rpm shaking until an OD600 = 0.5 was reached, 

at which point 1.6 g/L of sodium fumarate and 242 mg/L of L-cysteine were added. 

Cultures were then sparged with N2(g) for 15 minutes at ambient temperature before 

500 µL/L of 1M IPTG was added to each flask.  The cultures were then sparged with 

N2 overnight (16 hours) at ambient temperature. Cells were harvested by 

centrifugation and the resulting cell pellets were stored at – 80 °C until further use. 

Cell lysis and protein purification steps for HydGH272A mirrored those for 

HydGDEF, with the minor exception that 50 mM HEPES, 500 mM KCl, 5% glycerol, 

pH 7.4 was utilized as the purification buffer. Pure fractions were pooled together 
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and concentrated via centrifugal concentrators (Millipore; Billerica, MA). These 

concentrated fractions were then dialyzed into 50 mM HEPES, 500 mM KCl, 5% 

glycerol, pH 7.4 buffer.  Concentrated aliquots of HydGH272A were flash frozen in 

liquid N2 and stored at – 80 °C until further use.   

 
 HydGDCTD Expression and Purification 

A HydG variant protein lacking the last 88 C-terminal residues (termed 

HydGΔCTD), including the auxiliary [Fe-S] cluster binding Cx2Cx22C motif, was 

expressed and purified as previously described.[53, 64] The purified protein was 

chemically reconstituted (see below) and then buffer exchanged into 50 mM 

HEPES, 500 mM KCl, pH 7.4, 5% glycerol buffer. 

 
Mutagenesis, Expression, and Purification of  
Sperm Whale H64L Myoglobin 
 

       The pVP80K plasmid construct for WT sperm whale Mb was a generous gift 

from the John S. Olson laboratory (Rice University). Primers for site-directed 

mutagenesis of H64L were ordered from IDT Technologies and the QuikChange XL 

Site-Directed Mutagenesis kit (Agilent Technologies, La Jolla, CA) was used with 

the following minor modifications. In segment 1, 30 PCR cycles were performed, 

and the Dpn I digestion reaction was only incubated for 5 minutes. PCR products 

were transformed into E. coli XL10-Gold ultracompetent cells and single colonies 

from agar plates were used to start small scale (5 mL) overnight growths in LB 

media (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, pH 7) in the presence of 

kanamycin (50 µg/mL). After 16 hours of aerobic shaking at 250 rpm and 37 °C, 

cells were harvested via centrifugation, and the QIAprep Spin Miniprep Kit (Qiagen) 

was used to isolate the DNA product. Successful H64L mutagenesis was confirmed 

via sequence analysis (Genscript).  
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       Plasmid constructs encoding H64L sperm whale Mb were transformed into 

E. coli BL21-CodonPlus®(DE3)-RIL competent cells (Agilent), and plated on fresh 

agar plates from which colonies were subsequently plucked and used to inoculate 

50 mL overnight cultures in LB media supplemented with kanamycin (50 µg/L) and 

chloramphenicol (34 µg/L). The cultures were allowed to aerobically shake at 250 

rpm and 37 °C for approximately 16 hours. The following morning, the overnight 

cultures were used to inoculate 6 L of phosphate buffered Terrific Broth media (24 

g/L yeast extract, 12 g/L tryptone, 4 mL/L glycerol, pH 7), in the presence of 

kanamycin (50 µg/L) and chloramphenicol (34 µg/L). These cultures were then 

grown aerobically at 37 °C with 230 rpm shaking.  When OD600 values were 

approximately 0.8, the cultures were induced with IPTG to a final concentration of 

105 µM, and the cultures continued to grow at 28 °C and 200 rpm for an additional 

16 hours. Cells were harvested by centrifugation, and the resulting cell pellets were 

flash frozen in liquid N2 and stored at – 80 °C until further use.  

       Cell pellets were thawed aerobically and resuspended in a 3:1 ratio of lysis 

buffer to cell pellet at 4°C; the lysis buffer comprised 50 mM Tris pH 8, 16 mg 

dithiothreitol, 35 mg PMSF, 0.2 mg DNAse I, 0.2 mg RNAse A, and 20 mg 

lysozyme per 200 mL buffer. The solution was allowed to stir for an hour and was 

then sonicated on ice for a total pulse time of 5 minutes (15 second bursts, 60% 

amplitude) using a digital sonifier (Branson Ultrasonics Corporation). The crude 

lysate was then centrifuged for 30 min at 4 °C and 18000 rpm. Solid ammonium 

sulfate was slowly added to 50% (313.5 g/L) to the supernatant on ice with stirring, 

and allowed to incubate for 30 minutes, after which the solution was re-centrifuged. 

A second ammonium sulfate precipitation was then performed to 95% (335.5 g/L). 

Following centrifugation, the pellet containing the Mb protein was re-suspended in 

chilled 20 mM Tris, pH 8 buffer, and loaded onto a Superdex 75 gel filtration column 
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(GE Life Sciences) housed within an anaerobic Coy chamber (Grass Lake, MI) at 

room temperature.  The purified protein was eluted using 20 mM Tris, pH 8 buffer 

as the mobile phase. Fractions containing purified protein were collected and pooled. 

Protein and iron quantitation were performed as described above. 

       To prepare Mb for spectroscopic CO binding studies, the protein was first 

oxidized using potassium ferricyanide. Solid K3[FeCN6] was dissolved in 50 mM 

Tris, pH 8 buffer and added to the Mb solution to yield a final concentration that 

was 100-fold that of the purified protein. This solution was allowed to stir for 1 hour, 

after which the Mb solution was loaded onto a PD10 desalting column (GE Life 

Sciences), and eluted with 50 mM Tris, pH 8 buffer. Column fractions containing 

dark red protein were subsequently pooled.   

       The Mb was next subjected to reduction under anaerobic conditions in a Coy 

chamber via addition of NaDT to 15-fold excess over protein concentration.  This 

solution was stirred for 1 hour, at which time the UV-Visible absorbance spectrum 

was recorded, and the presence of deoxy-Mb was confirmed via the Soret band 

absorbance maxima (lmax = 432 nm). The reduced protein was then concentrated 

using an Amicon 10 KDa MWCO spin concentrator (Millipore).  Following the 

concentration step, the protein was then dialyzed against 20 mM Tris, pH 8 buffer 

under anaerobic conditions.  Following dialysis, the Mb protein was aliquotted, flash 

frozen in liquid N2, and stored at – 80°C until future use.   

  
Expression and Purification of Heme-Nitric Oxide  
and/or Oxygen Binding Domain (HNOX) 
 

       The DNA for the 6xHis-tagged P115A variant gene (pET-20b vector, 

Novagen) of the Thermoanaerobacter tengcongensis HNOX (Tt H-NOX) binding 

domain was kindly provided from the Elizabeth Boon laboratory (Stony Brook 

University). Prior literature reports guided the overexpression and purification of 
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P115A Tt h-nox. DNA was transformed into E. coli TunerTM(DE3)pLysS cells 

(Novagen). Single colonies from fresh transformations were plucked from agar 

plates (ampicillin and chloramphenicol resistance) and used to test for H-NOX 

induction for the creation of glycerol stocks. Fresh chloramphenicol (34 µg/L) and 

ampicillin (50 µg/L) resistant agar plates were then streaked with a P115A Tt H-

NOX glycerol stock; a single colony was subsequently plucked and used to inoculate 

a 50 mL overnight culture in LB media supplemented with chloramphenicol (34 

µg/L) and ampicillin (50 µg/L). The culture was grown aerobically at 230 rpm and 

37 °C for approximately 15 hours. The following morning, 3 L (2 x 1.5 L flasks) of 

phosphate buffered Terrific Broth media (24 g/L yeast extract, 12 g/L tryptone, 4 

mL/L glycerol, pH 7) supplemented with chloramphenicol (34 µg/L) and ampicillin 

(50 µg/L) was inoculated with 5 mLs per flask from the overnight culture. These 

cultures were grown aerobically at 37 °C with 230 rpm shaking until an OD600 of 0.6 

was achieved. The flasks were then cooled to 25 °C with 230 rpm shaking for 30 

min. The cultures were then induced with IPTG (10 µM final concentration), and 

additionally supplemented with 5-aminolevulinic acid (1 mM final). The cultures 

continued to shake at 230 rpm at 25 °C for 16 hours. Cells were harvested by 

centrifugation, and the resulting cell pellets were flash frozen in liquid N2 and stored 

at – 80 °C until further use.  

       Cell pellets were thawed aerobically at 37 °C and resuspended in a 4:1 ratio 

of lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 10 mM imidazole 

supplemented with 1 mM PMSF and 5 mM DTT). The solution was then sonicated 

on ice for a total pulse time of 5 minutes (15 second bursts, 60% amplitude) using a 

digital sonifier (Branson Ultrasonics Corporation). The crude lysate was then 

centrifuged for 30 min at 4 °C and 18000 rpm. The supernatant was then incubated 

in a 75 °C water bath for 40 minutes, recentrifuged, and then filtered using 0.45 µm 
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membrane filters (Advantec).  The clarified supernatant was then passed over a 5 

mL HisTrapTM Ni2+-affinity column (GE Healthcare, Piscataway, NJ) using an 

ÄKTA Basic 100 FPLC (GE Healthcare). Purified H-NOX was eluted from the 

column using an imidazole gradient with increasing amounts of 50 mM HEPES, pH 

7.4, 150 mM NaCl, 500 mM imidazole. Protein purity was found to be ≥ 95% via 

SDS-PAGE. 

       To prepare the Fe(III)-H2O form of P115A H-NOX for spectroscopic CN- 

binding studies, the protein was oxidized with potassium ferricyanide. Solid 

K3[FeCN6] was dissolved in 50 mM HEPES, pH 7.4 buffer and added to the purified 

H-NOX protein in »100-fold excess. Solutions were incubated for 1 – 2 hours and 

were then immediately run over a PD10 desalting column (GE Life Sciences) 

equilibrated in 50 mM HEPES, pH 7.4 buffer. Eluted H-NOX was collected in two 

main pools and analysed via UV-Vis spectroscopy. Protein and iron quantitation 

were performed as described above. The H-NOX protein utilized herein for HydG 

generated CN- spectroscopic binding studies contained 1.1 ± 0.13 Fe atoms/protein. 

To demonstrate CN- binding using the Fe(III)-H2O (e405nm = 108 mM-1cm-1) form of 

P115A H-NOX, protein (17 µM heme) was incubated with 32 µM KCN in 50 mM 

HEPES, pH 7.4 buffer. The sample was incubated at 60 °C for 4 hrs and the spectral 

changes over time were monitored via UV-Vis. Fe(III)-H2O P115A H-NOX 

(lmaxSoret = 404 nm; lmaxβ,a = 528 nm, 614 nm) was observed to isosbestically 

convert to the Fe(III)-CN- complex (lmaxSoret = 421 nm; lmaxβ = 549 nm), consistent 

with prior literature reports.  
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PFL-AE Expression and Purification 

PFL-AE was purified as described elsewhere.[65, 66] Purified protein for EPR 

spectroscopic analysis was buffer exchanged into 50 mM Tris, 100 mM KCl, pH 7.5 

buffer. 

 
HydE Expression and Purification 

HydE from C.a. was overexpressed, purified, and chemically reconstituted with 

FeCl3 and Na2S as previously described.[45]  The purified protein was buffer 

exchanged into 50 mM Tris, 250 mM KCl, 5% glycerol, pH 8.0 buffer for 

spectroscopic characterization.   

 
Chemical Reconstitution of HydG  

HydG typically purifies with substoichiometric amounts of Fe loading. The 

WT HydGDEF enzyme utilized herein contained 3.94 ± 0.28 Fe/protein in its as-

purified state, whereas WT HydGEF harbored 2.88 ± 0.24 Fe/protein, strep-tagged 

HydG contained 3.50 ± 0.20 Fe/protein, HydGH272A contained 2.73 ± 0.17 Fe/protein, 

and HydGΔCTD had 1.53 ± 0.06 Fe/protein.  These samples were subsequently 

subjected to chemical reconstitution in order to improve [4Fe-4S] cluster loading. 

Reconstitutions of WT, HydGH272A, and HydGΔCTD preparations were carried out as 

recently described in reference.  Briefly, HydG enzyme (≤ 150 μM) was incubated 

with a 6–fold excess of FeCl3 and Na2S in the presence of 5 mM DTT in either 50 

mM Tris, pH 8.0, 0.25 M KCl, 5% glycerol buffer (WT enzyme) or 50 mM HEPES, 

0.5 M KCl, 5% glycerol, pH 7.4 (HydGH272A and HydGΔCTD enzymes, respectively).  

Strep-tagged HydG was reconstituted by adding a 12-fold excess of Fe(NH4)2(SO4)2 

and Na2S at room temperature in the presence of 5 mM DTT, and a 6-fold excess of 

SAM. Reconstitution mixtures were incubated for 2.5-3.5 hrs with gentle stirring in 
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an anaerobic Coy chamber, and were then centrifuged to pellet bulk FeS precipitates. 

The resulting supernatant solutions were then passed over a Sephadex G-25 column 

to remove adventitiously bound iron, sulfide, and DTT.  Gel filtered HydG samples 

were then concentrated using Amicon Ultra 10 kDa molecular weight cutoff filter 

devices (Millipore), and aliquots were then flash frozen in liquid N2 and stored at –

80 °C until kinetic and spectroscopic characterization. Bradford analysis and iron 

quantitation were performed as described above. Following reconstitution, WT 

HydGDEF harbored 7.54 ± 0.48 Fe atoms/protein, WT HydGEF contained 7.38 ± 0.40 

Fe/protein, strep-tagged HydG had 9.20 ± 0.20 Fe/protein, HydGH272A had either 6.91 

± 0.14 Fe/protein or 7.65 ± 0.26 Fe atoms/protein, and HydGΔCTD had 2.40 ± 0.17 Fe 

atoms/protein. 

 
Preparation of Dangler Loaded HydG 

Traditionally reconstituted HydGDEF (7.54 ± 0.48 Fe/protein) was loaded with the 

dangler iron according to our recently published methodology.[63]  Dangler loaded 

HydGDEF contained 8.23 ± 0.43 Fe/protein. 

 
Enzymatic Assays 

 
HydG-Based Turnover Assays in  
the Presence of H64L Myoglobin 

 

Assay components for HydG-catalyzed CO formation were assembled in an 

MBraun anaerobic chamber (O2 ≤ 1 ppm) and were carried out with modifications 

to our previously published protocol.[50]  Reconstituted HydG samples were 

assayed for CO production using H64L deoxymyoglobin (deoxyMb) as a reporter.  

Assays contained HydG protein in 50 mM Tris, 10 mM KCl, pH 8.0 buffer and 8 
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mM NaDT.  Buffer, HydG enzyme, and NaDT were sequentially added together and 

transferred to a 1 mm pathlength, anaerobic cuvette (Spectrocell Inc., Oreland, PA, 

USA). UV-visible absorbance spectra (250 – 800 nm) were then recorded using a 

benchtop Cary 60 spectrophotometer (Varian); UV-vis spectra were collected using 

a 1.0 nm data interval.  Samples were then transferred back into the MBraun 

chamber wherein H64L myoglobin was added (typical heme concentrations used in 

assays ranged between 80 - 83 µM).  Samples were again removed from the MBraun 

chamber and UV-Vis spectra were recorded.  Samples were then transferred back 

into the MBraun chamber wherein additions of L-tyrosine were made (600 µM - 1 

mM final concentration).  Samples were then once again removed from the MBraun 

and final UV-Vis spectra were recorded.  Samples were incubated at 37 °C in the 

spectrophotometer for 6-8 minutes prior to assay initiation via addition of SAM.  

Aliquots of SAM were loaded into a Hamilton gas tight syringe inside the MBraun 

chamber; when it was time to initiate data collection (see below), the needle of the 

syringe was pushed through the Teflon membrane of the anaerobic cuvette and SAM 

was directly injected into the sample.  Solutions were then quickly mixed via 

inversion of the cuvette, which typically took between 30-40 seconds before 

spectral acquisition began.     

The formation of CO and complexation by deoxyMb is evidenced by the shift 

in the Soret band (432 nm to 425 nm) and by the shift and splitting of the »565 nm 

band, which together give rise to a visible spectrum characteristic of MbCO. 

Accordingly, MbCO formation was monitored via single-wavelength kinetics 

experiments using the Cary 60 spectrophotometer and monitoring changes at 425 

nm.  Experiments were typically run for 4 hours, at which time a final UV-Vis scan 
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from 250 – 800 nm was recorded. UV-visible difference spectra were constructed 

from scans collected before and after addition of deoxyMb, tyrosine, and SAM (at 

2 hr and 4 hr time points), respectively; these difference spectra were used to correct 

for sample dilution and quantify the carboxy-Mb that was formed during the 

experiment. The DAu(425 nm) and De(425 nm) were used to calculate MbCO concentration 

values at each time point during single-wavelength kinetics experiments.  Turnover 

(kcat) values were calculated either from linear fits to the initial “burst” phase (≤ 5 

min), or from biphasic exponential association curves involving all time points using 

the software program OriginPro (either 8.5 or 2018b versions, OriginLab Corp. 

Northampton, MA, USA).  All kinetics assays were performed at 37 °C. 

 
Spectroscopic Detection of Free CN- Following  
HydG-Based CO Turnover Assays 
 

Spectroscopic detection of CN- was achieved via analysis of CO production 

assay endpoints conducted in the presence of H64L myoglobin (as described above). 

Following final spectral acquisition of MbCO formation, samples were removed 

from the anaerobic cuvettes (400 – 600 µL), placed on ice, and exposed to O2. 

Following a 10-minute incubation period, samples were centrifuged at 4 °C under 

aerobic conditions using Nanosep 3,000 MWCO OmegaÔ (Pall) spin filters. The 

small molecular weight flow through component was then added to a solution of 

Fe(III)-H2O P115A H-NOX and was incubated at 60 °C for 4 hrs; a control sample 

of Fe(III)-H2O P115A H-NOX supplemented with reaction buffer was treated 

alongside the sample vial. Formation and quantitation of Fe(III)-CN- was then 

determined by UV-Vis spectroscopy. 
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In Vitro Activation Assays  

The expression, isolation, and reconstitution of C. acetobutylicum maturases 

followed previously published protocols: HydEDFG as in [45], HydGDEF (materials 

and methods section), and HydFDEG as in [67]. The expression of His6-tagged 

HydADEFG from Chlamydomonas reinhardtti (Cr) was accomplished by cloning the 

hydA gene into pET Duet, and then transforming the plasmid into BL21-DE3-

DiscR:kan competent cells. Single colonies from these transformations were grown 

in phosphate buffered LB overnight, prior to being used to inoculate large cultures 

of the same media containing 5 mg/mL glucose and 100 µg/mL of ampicillin. The 

cells were grown to an OD600 » 0.5, at which point IPTG (1 mM final concentration) 

was added to induce protein expression. This was followed by addition of 0.5 mM 

(NH4)2Fe(SO4)2·6H2O and 0.1 mM L-cysteine and incubated for an additional 16 hrs 

at 25˚C while shaking. The cells were harvested by centrifugation, flash frozen and 

stored in -80˚C until usage.  

Purification and reconstitution of CrHydA was carried out in an anaerobic Coy 

chamber maintained in a walk-in cold room (4˚C), following a procedure described 

in McGlynn et al.[38] Since the purified protein had low iron content, HydADEFG was 

chemically reconstituted as described above. Concentration and iron quantitation 

for maturase proteins were accomplished through Bradford assay and flame atomic 

absorption spectroscopy, as described above. E.coli lysate for use in the in vitro 

activation assays was prepared from a glycerol stock of BL21(DE3)DiscR:kan, 

which was used to inoculate 50 mL starter cultures in LB media that contained 30 

µg/mL kanamycin. Large scale (3 L) growths were inoculated with 7.5 mL of the 

overnight culture and were subsequently incubated at 37˚C for 3 hours or until OD600 
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» 0.5 was reached. At this point, the flasks were cooled on ice, and then centrifuged. 

The wet cell pellet was then resuspended in 100 mM HEPES, pH 8.2, 50 mM KCl 

buffer that was supplemented with PMSF and Triton-X-100, as described above. 

The mixture was then sonicated (5 min total pulse time at 60% amplitude) using a 

model FB505 sonic dismembrator (500 W, Fisher Scientific), followed by 

ultracentrifugation to obtain a clarified lysate, which was aliquotted and flash frozen 

in liquid N2. 

In vitro activation of CrHydADEFG consists first maturing the hydrogenase via 

incubation with purified HydEDFG, HydFDEG, and HydGDEF (dangler loaded, non-

dangler loaded, and HydGH272A proteins, respectively), along with defined small 

molecules in the presence of E.coli lysate (the inclusion of the clarified cell lysate is 

required, presumably due to the presence of the unidentified small molecule 

substrate(s) for HydE). Following incubation, the activation of holo-HydA is then 

achieved by supplementing the mixture with methyl viologen and dithionite to 

facilitate proton reduction.[34, 38, 68] In vitro maturation and activation 

experiments of holo-HydA were carried out at ambient temperature, in an anaerobic 

MBraun chamber (O2 ≤ 1 ppm). A standard reaction consisted of 50% (by volume) 

E.coli lysate, 25 µM  HydGDEF (from different protein preparations that contained 

iron numbers ranging from 8 - 8.6 per protein), 5 µM HydFDEG (7.0 Fe/protein), 5 

µM HydEDFG (7.8 Fe/protein), 4 µM HydADEFG (4 Fe/protein), 1 mM PLP, 2 mM 

tyrosine, 2 mM cysteine, 2 mM SAM, 1 mM DTT, 2 mM DT, and 20 mM GTP. 

Positive control assays additionally contained 1.6 mM Fe2+ and 0.8 mM S2-. Assay 

components were incubated together for 12 hours in a 100 mM HEPES, pH 8.2, 50 

mM KCl buffer. All proteins were spectroscopically examined, prior to incubation, 
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and found to exhibit characteristic S=1/2 [4Fe-4S]+  cluster signals.[27, 39, 45] To 

prepare the hydrogenase activity assay, 200 µL of the reaction mixture was diluted 

to 2 mL (final volume) using 50 mM Tris, pH 6.9, 10 mM KCl buffer; DT 

and methyl viologen were then added to the mixture to final concentrations of 20 

mM and 10 mM, respectively. At defined time points, aliquots of headspace gas 

were removed from the vial with a Hamilton gas tight syringe; H2  production was 

quantified using a SHIMADZU GC-2014 with a TCD detector, with N2 as a carrier 

gas.[38]  

 
Electron Paramagnetic Resonance Sample 
Preparation and Spectral Acquisition 
 

       EPR samples were prepared in an MBraun box (O2 ≤ 1 ppm) using buffers 

that were freshly degassed on a Schlenk line.  Reduced protein samples were loaded 

into EPR tubes (Wilmad LabGlass, 4 mm OD, NJ, USA), capped with rubber septa, 

and then immediately transferred from the chamber and flash frozen in liquid N2.  

Samples were stored in a liquid N2 dewar until spectral acquisition occurred 

WT HydG, HydGH272A, and HydE samples were prepared by reducing protein 

with freshly prepared NaDT (3 mM final).  For samples wherein SAM was added to 

monitor perturbations to S = ½ cluster signals, protein would first be reduced with 

NaDT (3 mM final), followed by the immediate addition of SAM (2 mM final). 

After a short incubation period (5-8 minutes), reduced and reduced plus SAM EPR 

samples were simultaneously flash frozen in liquid N2. The SAM stocks utilized 

herein were enzymatically synthesized from L-methionine and ATP precursor 

molecules via SAM synthetase as described elsewhere.[69-71]  Purified and 

lyophilized SAM stocks were resuspended in 50 mM Tris buffers and neutralized to 

final pH values that ranged between 7.0–7.4. Reduced HydGΔCTD and PFL-AE 
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samples were prepared by supplementing protein with 5 mM DTT and 50-100 μM 

5-deazariboflavin in 50 mM Tris, pH 7.4 buffer.  Samples were placed in an ice 

water bath and illuminated for 1 hour using a 300-watt Xe lamp; the ice water bath 

was constantly maintained during the illumination period.  Illumination of proteins 

in the presence of Tris (the source of reducing equivalents) and 5-deazariboflavin 

produces a catalytic source of low potential electrons, in a process referred to as 

photoreduction.[72] Immediately following the 1 hour photoreduction period, the 

EPR samples were flash frozen and stored in a liquid N2 dewar until spectral 

acquisition occurred.  It is important to note that our prior work with WT and variant 

HydG proteins demonstrated no substantial EPR spectral differences between 

samples that were prepared either by DT reduction or 5-deazariboflavin mediated 

photoreduction.[53] 

       Low temperature continuous wave (CW), X-band (9.38 GHz) EPR spectra 

were collected using a Bruker EMX spectrometer fitted with a ColdEdge (Sumitomo 

Cryogenics) 10 K waveguide in-cavity cryogen free system, with Oxford Mercury 

iTC controller unit and helium Stinger recirculating unit (Sumitomo Cryogenics, 

ColdEdge Technologies, Allentown, PA).  Helium gas flow was maintained at 100 

psi.  The set point for spectral acquisition in the sample temperature setting was 

either baseline (0.0 K, resulting in stabilization at 8.0 K) or 10.0 K.  Typical spectral 

parameters were:  5.3 mW microwave power (low field scans), 1.0 mW microwave 

power (high field scans), 100 kHz modulation frequency, 10 G modulation 

amplitude, and spectra were averaged over 6 scans.  The software program 

OriginPro (2018b, OriginLab Corp. Northampton, MA, USA) was used to baseline 

correct and plot all experimental spectra.  Spin integration of [4Fe-4S]+ cluster EPR 

spectra was accomplished in OriginPro 2018b via the double-integration of 

experimental data and comparison to a 100 µM copper(II) triethanolamine spin 
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standard. The methodology of Aasa and Vänngård[73] was used to calculate the 

proportionality constant for proper normalization of [4Fe-4S]+ cluster EPR spectra. 

 
Results 

 
Optimization of the Detection of Free CO 

       HydG catalyzes the production of CO from substrate L-tyrosine, as we 

originally demonstrated by detecting the binding of CO produced during HydG 

turnover to human deoxyhemoglobin.[50]  The experimental results at that time 

showed substoichiometric CO formation by HydG; for example, 33 µM HydG with 

8.7 ± 0.7 Fe/protein produced 5.5 µM HbCO (or 0.17 equivalents relative to protein) 

in 30 minutes. We and others hypothesized that the low levels of CO formation 

relative to other reaction products (deoxyadenosine, p-cresol, CN–) could represent 

sequestration of some CO within HydG itself.[50, 52, 61] Such sequestration would 

be consistent with subsequent experimental results from Swartz and Britt, which 

provided evidence for CO binding to the dangler iron of the C-terminal [Fe-S] 

cluster to form a synthon;[61] these groups proposed that the synthon, not free CO 

and CN-, is the relevant product of HydG, and that any free CO observed was off-

pathway and presumably linked to degradation of complex B.[59, 60] In order to 

further explore the functional relevance of free CO produced by HydG, we have 

undertaken optimization of our HydG CO assay, and exploration of the factors 

involved in free CO formation and its relationship to [FeFe]-hydrogenase activation. 

       Buffer composition was found to impact the amount of HydG-generated CO 

detected in experiments using human deoxyhemoglobin as the reporter molecule 

(Figure S1).  For example, phosphate buffers inhibited CO production at a range of 

pH values, with negligible amounts of CO observed (Figure S1, blue (pH 7.4) and 
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magenta (pH 8.5) traces) relative to Tris or HEPES buffers at the same pH values 

7.4 to 8.5 (Figure S1, red and black traces).  Further, we found that phosphate 

inhibits HydG-catalyzed CO formation in a concentration dependent manner (Figure 

S2).  However, since phosphate was used effectively in our early HydG-catalyzed 

CN- formation assays with no apparent inhibitory effect,[49] we conclude that the 

phosphate anion inhibits or interferes with the mechanism of CO formation at the 

auxiliary cluster, and not in the steps of HydG catalysis that produce p-cresol and 

CN-. These results reflect some of the experimental challenges associated with 

analyzing CO and CN- production by HydG, and emphasize that care must be taken 

when performing in vitro assays.[49, 50, 53, 57]  We subsequently determined that 

HEPES or Tris buffers at basic pH with low salt and low/no glycerol provided 

optimal experimental conditions for CO assays (Figure S1). 

       Prior studies have shown that certain His64 variants of sperm whale 

myoglobin have increased affinity for CO binding relative to native myoglobin or 

hemoglobin. The His64Leu variant, for example, exhibits one of the highest 

measured ratios of equilibrium binding constants for CO to O2 (KCO/KO2), with a 

value of 48,000.[74-76]  Indeed, under our experimental assay conditions, greater 

amounts of HydG-catalyzed CO formation are detected when H64L deoxyMb is 

used in place of deoxyHb (Figure S3); this result is fully consistent with the higher 

affinity of H64L myoglobin for CO.[75, 77] Moreover, the assays using H64L 

deoxyMb as the CO reporter exhibit similar buffer composition and pH effects as 

with deoxyhemoglobin. These optimized assay conditions were employed as we 

moved forward with examining the kinetics of CO formation in various HydG 

preparations. 
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Kinetics of HydG-Catalyzed CO Formation 

       HydG-catalyzed CO formation is biphasic, based on single wavelength 

experiments (425 nm) under optimized assay conditions (Figure 9.2).  The initial 

burst phase exhibits a kcat value that ranges between 0.084 - 0.097 min-1 in different 

HydG preparations, while the second phase kcat ranges between 0.035 - 0.053 min-1 

(Table 1).  These CO formation rates are significantly higher than those we 

originally reported (kcat values of 0.068 min-1 and 0.010 min-1),[50]  and are similar 

to the rates we observed for free CN- production (0.036 - 0.12 min-1).[49, 53] 

Precise correlation of the CO and CN- rates is challenging, however, as we cannot 

simultaneously detect free CO and CN- in situ; rather, while CO is detected in real 

Figure 9.2.  HydG catalyzed CO formation, as monitored via the spectroscopic changes associated with CO 
binding to deoxy H64L myoglobin at 37 °C.  A. H64L myoglobin (83 µM heme) in the presence of 8 mM 
NaDT, 600 μM L-tyrosine, and WT dangler reconstituted HydGDEF (10 µM protein with 8.23 ± 0.43 Fe/protein, 
1 mm cuvette pathlength).  Black spectrum, mixture before addition of SAM; red spectrum, 2 hours after SAM 
was added to initiate catalysis. B. CO formed during turnover experiments as monitored via single wavelength 
kinetics at l = 425 nm and at 37 °C.  Traditionally reconstituted H272A HydGDEF (gray, 25 µM protein with 
7.65 ± 0.26 Fe/protein); WT traditionally reconstituted HydGDEF (black, 10 µM protein with 7.54 ± 0.48 
Fe/protein); WT traditionally reconstituted HydGEF (blue, 10 µM protein with 7.38 ± 0.40 Fe/protein); and 
WT dangler reconstituted HydGDEF (red, 10 µM protein with 8.23 ± 0.43 Fe/protein). Assays all contained 8 
mM NaDT, 600 μM L-tyrosine, and 1 mM SAM. 
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time by including H64L Mb in the assay and monitoring spectroscopic changes, CN- 

quantification requires taking time point aliquots, precipitating the HydG, 

derivatizing the product to 1-cyanobenz[f]isoindole, and analysis by LC-MS.[49, 

53]  Given these differences in assay methods, we interpret our results to indicate a 

1:1 correspondence between free CO and CN- formation, as expected based on the 

stoichiometry of tyrosine breakdown. 

 
HydG Dangler Fe and Free CO Formation 

       In order to probe the relationship between the dangler iron of the C-terminal 

cluster and the production of free CO, we carried out a series of experiments to 

correlate spectroscopic and kinetic properties of different preparations of HydG.  

HydG samples purified from different expression backgrounds (HydGDEF or 

HydGEF) were examined; HydGDEF is HydG expressed alone in E. coli, while HydGEF 

is expressed together with the other maturases HydE and HydF. Both types of HydG 

were examined for the absence or presence of the dangler Fe and for their free CO 

formation kinetics, after reconstitution under traditional or dangler-loading 

conditions. EPR spectroscopy was used to verify the presence or absence of the 

dangler iron, and Mb H64L-based activity assays were employed to detect the 

production of free CO.  

       EPR spectroscopy revealed S=1/2 [4Fe-4S]1+ cluster signals in reduced and 

reduced plus SAM states that were similar in all C.a. HydG samples, and were in 

congruence with our previously published spectroscopic assignments for the N-

terminal, N-terminal with SAM bound, and C-terminal [4Fe-4S]1+ cluster states 

(Figures 9.3 and S5).[53] Our results show substantial EPR signal intensity increases 

when SAM is added to reduced enzyme samples, consistent with our prior 
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observations wherein SAM coordination to the N-terminal Cx3Cx2C [4Fe-4S] 

cluster increases its reduction potential.  Spin quantitation of S=1/2 [4Fe-4S]1+ 

cluster signals in samples treated with DT and SAM show 0.70 spins/protein for 

HydGEF with 7.38 ± 0.40 Fe/protein (Figure S4), 0.78 spins/protein for HydGDEF with 

7.54 ± 0.48 Fe/protein (Figure 9.3), and 0.95 spins/protein for dangler loaded 

HydGDEF with 8.23 ± 0.43 Fe/protein (Figure 9.3).  

       Moreover, we observed significant non-productive SAM cleavage in samples 

prepared for EPR spectroscopic analysis (see Figure S4B for example). EPR spin 

quantitation shows nearly a 20% variability in signal intensity as a function of time 

for hand-quenched samples of HydG. This observation coupled to the known ability 

to initiate SAM cleavage in HydG via photoillumination with visible light, together 

Figure 9.3.  Low temperature (10.0 K, 1 mW), CW X-band EPR spectra of HydG.  A. WT traditionally reconstituted 
HydGDEF (68 µM protein with 7.54 ± 0.48 Fe/protein).  B. WT dangler reconstituted HydGDEF (60 µM protein with 8.23 
± 0.43 Fe/protein).  In both panels, black spectra correspond to enzyme treated with 3 mM DT, while red spectra 
correlate to treatment with 3 mM DT and 2 mM SAM. 
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speak to the challenges associated with comparing S=1/2 [4Fe-4S]1+ spin numbers 

among different HydG samples. 

       The presence and relative degree of loading of the dangler Fe species in 

HydG was accomplished through careful spectroscopic analysis of the low field 

region.  Dangler loaded HydGDEF preparations exhibited a large g = 8.9 feature 

(Figure 9.4) consistent with the S=5/2 [4Fe-4S][(k3-Cys)Fe] cluster previously 

reported for Shewanella oneidensis (S.o.) HydG.[58]  Prior simulations of the low 

field region for HydG demonstrated that S=5/2 and S=3/2 spin states both contribute 

to the low  

cluster is the site of [Fe(CO)2(CN)] synthon formation.[58, 59, 61]  During our 

analysis, we observed features in the g = 4 – 5 region in traditionally reconstituted 

HydGDEF and HydGEF (Figure 9.4) 

that were reminiscent of some of 

the low field features reported for 

the dangler Fe in HydG.[52, 58, 

59] However, similar low field 

features were observed for proteins 

that either do not or cannot harbor 

the dangler Fe moiety (Figure S5). 

Proteins examined included other 

radical SAM enzymes such as 

pyruvate formate-lyase activating 

enzyme (PFL-AE) and the 

hydrogenase maturase HydE, as 

Figure 9.4. Low temperature, CW X-band EPR spectra of 
HydG enzyme preparations reduced with 3 mM DT. Spectra 
recorded at 8.0 K and 5.3 mW microwave power. Spectra 
correlate to: WT traditionally reconstituted HydGDEF (black, 
74 µM protein with 7.54 ± 0.48 Fe/protein); WT 
traditionally reconstituted HydGEF (blue, 64 µM protein 
with 7.38 ± 0.40 Fe/protein); WT dangler reconstituted 
HydGDEF (red, 60 µM protein with 8.23 ± 0.43 Fe/protein). 



199 
 

 
 

well as the HydG variants HydGH272A and HydGΔCTD (Figure S5).  

       PFL-AE should not harbor a 5Fe-4S “dangler” cluster, because it binds only 

a single, well-characterized, radical SAM [4Fe-4S] cluster.[78-82] For similar 

reasons, HydE should not exhibit EPR signals arising from a 5Fe-4S cluster.[45, 46, 

83] HydGH272A lacks the sole protein-derived ligand to the dangler iron, and so would 

not be expected to bind a [4Fe-4S][(k3-Cys)Fe] cluster. HydGΔCTD lacks the entire 

C-terminal domain, and thus has only the radical SAM [4Fe-4S] cluster site, so 

should not harbor a 5Fe-4S cluster. All these proteins, however, show features in the 

low field region, with g values spanning 4.3 – 7.2 (Figure S5). Low field EPR spectra 

for purple aconitase and dihydroxyacid dehydratase exhibit spectra that contain 

features in the g = 4.3 - 9.6 regions that have been assigned to S=5/2 linear [3Fe-

4S]1+ clusters; these cluster forms are believed to arise from partial degradation of 

native [4Fe-4S] cluster centers.[84, 85]  Moreover, low field resonances with g-

values near 5 have been ascribed to S=3/2 ground state, [4Fe-4S]1+ clusters.[86-89] 

While we currently do not know what [Fe-S] cluster(s) give rise to the low field 

signals observed for PFL-AE, HydE, HydGH272A, and HydGΔCTD (Figure S5), or in 

traditionally reconstituted HydGDEF and HydGEF (Figure 9.4), it is interesting that the 

signals persist in protein samples that harbor site-differentiated Cx3Cx2C motifs. The 

temperature dependence of the EPR signals supports that two different signals are 

present in the low field region, one attributable to the [4Fe-4S][(k3-Cys)Fe] cluster 

and the other presumably not. Temperature dependent measurements of dangler 

loaded HydG (Figures 9.4 and S6) reveal a maximal intensity at 8.0 K (the lowest 

temperature accessible with our Bruker/Cold Edge (Sumitomo Cryogenics) 10 K 

cryostat), with substantial line broadening of the g » 8.9 component in going from 

8.0 K to 10 K (Figure S6). This line broadening is consistent with the reported 
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temperature dependent line broadening of the S=5/2, g=9.5 component of the [4Fe-

4S][(k3-Cys)Fe] cluster in S. o. HydG, with Topt being ≤ 6.0 K.[58]  In contrast, the 

low field g = 4.3 – 7.2 features in PFL-AE, HydE, HydGH272A, and HydGΔCTD proteins 

do not exhibit substantial temperature dependent line broadening between 8.0 and 

10.0 K (Figure S5). Based on this analysis, we can confidently assign the presence 

or absence (or degree of 

loading) of the dangler Fe in 

various HydG samples based 

on the intensity of the g » 8.9 

feature. Further, the 

persistence of S=1/2 C-

terminal [4Fe-4S]1+ cluster 

signals in all WT HydG 

preparations demonstrates that 

some speciation exists even in 

protein that appears to have a 

high content of dangler Fe in 

the [4Fe-4S][(k3-Cys)Fe] 

cluster (Figures 9.3, 9.4 and 

S4).   

HydG containing either 

trace or no dangler iron 

(HydGEF and HydG∆EF, 

respectively) based on the 

spectroscopic signatures 

Figure 9.5. Average amounts of CO product formation reported as a ratio of 
HydG present during single wavelength kinetics experiments (based on DAbs 
at l = 425 nm).  Each subset of bar graphs depicts the ratio of CO:HydG at 15 
min, 30 min, 60 min, 120 min, and 240 min, respectively (H272A data set 
lacks the 240 min time point).  The blue subset of bar graphs correspond to 
experiments performed with WT traditionally reconstituted HydGEF (7.38 ± 
0.40 Fe/protein).  Product ratios are reported as the average from two 
independent experiments carried out using 10 µM and 18 µM protein, 
respectively; error bars depict the standard deviation.  The black subset of bar 
graphs correspond to experiments performed with WT traditionally 
reconstituted HydGDEF (7.54 ± 0.48 Fe/protein).  Product ratios are reported as 
the average from two independent experiments carried out using 10 µM 
protein, respectively; error bars depict the standard deviation.  The red subset 
of bar graphs correspond to experiments performed with WT dangler 
reconstituted HydGDEF (8.23 ± 0.43 Fe/protein).  Product ratios are reported as 
the average from two independent experiments carried out using 10 µM 
protein, respectively; error bars depict the standard deviation. The gray subset 
of bar graphs correspond to experiments performed with traditionally 
reconstituted HydGH272A.  Product ratios are reported as the average from two 
independent experiments carried out with either 25 µM protein (7.65 ± 0.26 
Fe/protein) or 31 µM protein (6.91 ± 0.14 Fe/protein), respectively; error bars 
depict the standard deviation. The color scheme of the data in this figure for 
particular HydG preparations matches what is depicted in Figure 2B. 
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discussed above, were found to form multiple equivalents of free CO at similar rates 

(Figure 9.2).  HydGDEF protein exhibiting substantial dangler Fe loading (Figure 9.4) 

formed even greater amounts of free CO at faster rates (Figure 9.2, Table 1). In short, 

the amount of free CO detected exhibited a positive correlation with the amount of 

iron present in HydG samples (EPR quantitation numbers ranging between 0.7 – 

0.95 spins/protein). The dangler loaded preparation of HydG was the only sample 

assayed that contained appreciable amounts of the dangler Fe, but also exhibited the 

highest amount of S=1/2 [4Fe-4S]1+ clusters via spin quantitation. However, there 

are clearly challenges associated with confidently comparing and contrasting spin 

quantitation among various hand quenched HydG samples (see above). For these 

reasons, it is difficult to link the enhanced levels of free CO production exclusively 

to the presence of the dangler Fe.   

       Regardless, these results are the opposite of what we would expect if the 

dangler Fe served as a site for CO and CN- binding to form a synthon. That is, if the 

synthon model were operative, protein that was more fully dangler loaded would be 

predicted to generate less free CO at slower rates, because CO would be bound up 

in a synthon. Consistent with this hypothesis, Britt and colleagues previously argued 

that the free CO detected at longer time points following complex A and B formation 

in S.o. HydG (appreciable amounts appear to form on the 5 min – 15 min timescale) 

was presumably linked to degradation of complex B.  However, the results reported 

herein are not consistent with this model.  Figure 5 highlights the free CO:HydG 

ratios observed in these experiments at time points ranging from 15 to 240 minutes 

after assay initiation. The traditionally reconstituted HydGEF and HydGDEF 

preparations both formed »4.75 equivalents in 4 hours (Figure 9.5). The dangler 

loaded protein, by comparison, forms greater amounts of free CO at all experimental 
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time points, with »6.5 equivalents in 4 hours (Figure 9.5). In a separate experiment, 

we examined how much free CO dangler loaded protein could make if the assay 

time were extended; over a 6 hour assay, we observe the formation of »80 µM free 

CO by 10 µM enzyme, effectively saturating the H64L myoglobin that was present 

in the assay (Figure S7).  

       In addition to the excess free equivalents of free CO that are formed in all 

WT HydG preparations, it is important to point out that the initial burst phase kcat 

rates, which range between 0.084 - 0.097 min-1 in different HydG samples, are 

measured at timescales £ 5 minutes (Table 1). The presence of a burst phase coupled 

to the lack of a lag phase in free CO generation are together not consistent with 

formation and degradation of complex B in our experiments, unless the kinetics of 

complex B formation in C.a. HydG are dramatically different than those measured 

for S.o. HydG. However, we do not suspect that this is the case given our prior 

kinetics characterization of C.a. HydG that determined kcat for tyrosine at 37 °C to 

be 0.26 min-1. 

       These results lead us to draw several important conclusions regarding the 

functional role for the dangler iron of the [4Fe-4S][(k3-Cys)Fe] cluster. First, the 

dangler iron is not catalytically essential in the formation of CO by HydG: free CO 

is formed at appreciable rates in HydG lacking the dangler iron (Table 1). Second, 

there can be no complex B formation and degradation in the samples of traditionally 

reconstituted HydGEF and HydG∆EF, respectively, because these enzymes contain 

either trace or no detectable dangler iron species; these enzymes are assayed under 

defined conditions wherein the elements for dangler assembly (free Fe(II) and 

cysteine) are lacking. Therefore, we propose that CO formation is catalyzed by a 
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Lewis acidic metal site, and that this role can be played by the dangler iron, or in its 

absence by the unique iron of the [4Fe-4S]AUX. This conclusion is supported by the 

fact that HydG variants that completely lack the [4Fe-4S]AUX, for example 

HydGΔCTD, do not produce CO, therefore implicating an essential catalytic role for 

this cluster.[53]  This HydGΔCTD variant was shown to produce glyoxylate in nearly 

1:1 ratio with p-cresol, with small amounts of CN- and no CO, demonstrating that 

the lack of the C-terminal domain prevented CO production entirely.[53]  

       Because questions can be raised regarding potential artifacts introduced 

through the use of His-affinity tags with metalloproteins, we examined whether 

similar results would be observed when using strep-tagged HydG. The WT strep-

tagged HydG protein was expressed and purified and subjected to the same 

spectroscopic and kinetic analyses. The protein showed similar S=1/2 [4Fe-4S]1+ 

cluster signals as observed in the His-tagged HydG samples, and low field 

spectroscopic analysis revealed that some dangler Fe loading occurred during 

protein overexpression and was maintained through purification and traditional 

chemical reconstitution steps (Figure S8).  This protein was assayed for CO 

formation and discovered to exhibit similar behaviour as the His-tagged protein 

(Figure S9), indicating that the nature of the HydG affinity tag has no influence on 

the mechanism of CO formation. 
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H272 is Essential for Efficient CO Formation 

 

 

The dangler Fe is bridged to the auxiliary [4Fe-4S] cluster via a (non-protein 

based) cysteine to yield the [4Fe-4S][(k3-Cys)Fe] cluster.  The only HydG derived 

amino acid that coordinates the dangler Fe is His272 (C.a. numbering).[58]  This 

observation led to the hypothesis that the dangler Fe is fairly labile, consistent with 
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its proposed role as the site for formation of the [Fe(CO)2(CN)] synthon.[59, 61] In 

order to examine the influence of His272 on the ability of HydG to form CO, the 

H272A HydG variant protein was assayed in the presence of H64L myoglobin. 

HydGH272A was shown to form trace amounts of CO in experimental assays (Figure 

9.2B and S10), forming ≤ 0.3 equivalents over 2 hours (Figure 9.5). The kinetics of 

CO formation were found to be approximately linear, and kcat was drastically 

diminished from WT enzyme to »0.004 min-1 (Table 9.1). The deleterious impact on 

CO formation by HydGH272A cannot solely be attributed to the absence of the [4Fe-

4S][(k3-Cys)Fe] cluster, as traditionally reconstituted HydG proteins lack the 

dangler Fe but still produce CO (Figures 9.2 and 9.4); this result indicates that the 

conserved H272 residue plays a key role in DHG breakdown that is independent of 

the dangler iron. 

 

 

 

 

Table 1.  HydG kcat values for CO formation as monitored via single wavelength kinetics experiments (l = 425 nm, see Figure 1).   

Enzyme Linear “Burst” Phase 
kcat 

(min-1) 

Biphasic Exponential 
kcat1 

(min-1) 

Biphasic Exponential kcat2 

(min-1) 

aHydGDEF 0.0836 ± 0.0022 0.0658 ± 0.0034 0.0370 ± 0.0079 
bHydGEF 0.0973 ± 0.0193 0.0637 ± 0.0046 0.0348 ± 0.0052 

cDangler Loaded 
HydGDEF  0.0941 ± 0.0036 0.0640 ± 0.0001 0.0529 ± 0.0032 
Prep 2 

dH272A 
HydGDEF 

0.0036 ± 0.0001 N/A N/A 

a. Average value of two independent turnover experiments performed using WT traditionally reconstituted 
HydGDEF with 7.54 ± 0.48 Fe/protein. b. Average value of two independent turnover experiments performed using 
WT traditionally reconstituted HydGEF with 7.38 ± 0.40 Fe/protein. c. Average value of two independent turnover 
experiments performed using WT dangler reconstituted preparation 2 HydGDEF with 8.23 ± 0.43 Fe/protein.  d. 
Average value of two independent turnover experiments performed using traditionally reconstituted H272A 
HydGDEF with either 7.65 ± 0.26 Fe/protein or 6.91 ± 0.14 Fe/protein.  N/A = not applicable. 
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HydG Catalyzes the Production of Free CN-  

       The spectroscopic detection of CN- was achieved via analysis of CO production 

assay endpoints conducted in the presence of H64L myoglobin. It has previously been 

demonstrated by us and others that HydG forms excess equivalents of CN- during catalysis, 

with stoichiometries that are in excellent agreement with p-cresol amounts. However, as 

described above, our prior methodologies relied on HydG acidification at select time 

points. CN- has alternatively been detected from HydG turnover assays via incubation of 

the protein at 95 °C in the presence of H2SO4 and KMnO4; extracted HCN was then titrated 

according to the method of Pierik et al[90]. We sought to develop a methodology that 

would probe the production of free CN- during catalysis while precluding HydG 

denaturation. Accordingly, we chose to utilize the P115A H-NOX variant protein in 

spectroscopic studies, which has been demonstrated to be an efficient CN- sensor. The 

P115A H-NOX variant binds CN- with a KD value of 290 nM, and exhibits a substantial 

shift in the Soret band absorbance following coordination that provides a visual 

colorimetric change to samples (Fe(III)-H2O, lmaxSoret = 404 nm; Fe(III)-CN-, lmaxSoret 

= 421 nm). Importantly, Dai and Boon demonstrated that P115A H-NOX displays high 

anion binding selectivity (relative to WT H-NOX), thereby making this an attractive 

protein for the determination of free CN- production during HydG turnover.   

       HydG-MbCO filtrates of the small molecular weight component (£ 3000 Daltons) 

from assays conducted with either WT HydGDEF (8.04 ± 0.27 Fe/protein) or HydGH272A 

(6.91 ± 0.14 Fe/protein) were added to solutions of Fe(III)-H2O P115A H-NOX. As shown 



207 
 

 
 

in, the co-incubation resulted in formation of Fe(III)-CN- P115A H-NOX, with lmaxSoret 

= 421 nm and lmaxβ = 549 nm. Quantitation of Fe(III)-CN- species demonstrated that »0.8 

equivalents (relative to protein) were formed with HydGH272A, while »0.7 equivalents 

(relative to protein) were formed with WT HydGDEF.  Recovery of CN- under the conditions 

of protein precipitation can be challenging. [49] While our method of using the filtrate from 

HydG-H64L myoglobin assay endpoints did not invoke protein acidification, we still 

observed protein precipitation to occur on the surface of Nanosep centrifugal devices. This 

phenomenon likely contributed to the long centrifugation periods (» 2 hours) required for 

complete filtration of the small molecular weight component of the assay mixtures. We 

hypothesize that the levels of CN- we detected in CO assay filtrates may not be reflective 

of the amounts generated during turnover in these experiments. It seems plausible that 

some CN- may non-specifically bind to HydG and/or myoglobin either during the assay 

experiment itself or during the aerobic centrifugation process. 

 
Dangler Fe is not Essential for In Vitro Activation of HydADEFG 

In attempts to further understand the importance of the dangler iron and the 

strictly conserved H272 residue, in vitro hydrogenase activation assays were 

performed. In these assays, the H-cluster was matured in vitro using purified 

HydEDFG, HydFDEG, HydGDEF, and HydADEFG proteins supplemented with a defined 

set of small molecules in the presence of E.coli lysate. Importantly, these 

experiments demonstrate that significant levels of HydADEFG activation are achieved 

when non-dangler loaded HydG∆EF is utilized (Figure 9.6). Greater levels of 

hydrogenase activity are obtained, however, when dangler loaded HydGDEF is used, 
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and this activity is indistinguishable from the control (based on the 3 min time point) 

when exogenous Fe2+ and S2- are added (Figure 6). We interpret this result to be 

attributed partly to a general [Fe-S] cluster reconstitution effect for the proteins 

present in the assay; it is also plausible that because free cysteine is present that the 

stimulation results from additional loading of the dangler Fe in HydG. HydGH272A 

affords negligible levels of HydA activation over the course of a typical assay 

(Figure 6), although at longer time points, »0.5% activity relative to control assays 

is achieved (data not shown). Addition of exogenous Fe2+ and S2- to HydGH272A 

containing assays results in a slight increase to »0.65% activity at long time periods 

(data not shown). These data provide support to the idea that H272 plays a critical 

role in H-cluster maturation, however as with the assay results for free CO 

production, the functional role of H272 does not appear to be solely to coordinate 

the dangler iron, because WT HydG lacking the dangler is able to function in 

activation of HydADEFG, while H272A lacking the dangler is severely hampered in 

its ability to do so. Overall, the in vitro activation results mirror the results based on 

free CO assays, providing support for the idea that free CO production is in fact on-

pathway, and relevant to hydrogenase maturation. 

 
Discussion 

 
       The hydrogenase maturase HydG catalyzes the decomposition of tyrosine to 

produce p-cresol, CO, and CN-, with the latter two products ultimately being 

incorporated into the [2Fe] subcluster of the H-cluster during hydrogenase 

maturation.[48-51] The original reports of this activity were based on detection of 

the free diatomics, however the amounts of CO detected were small, leading to 

questions about whether CO was being sequestered in the protein.[50, 53] The 
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observation of iron-diatomic species on HydG, and the subsequent proposal that the 

function of HydG was to form [Fe(CO)2(CN)] synthons rather than free diatomics, 

provided a possible explanation for the low amounts of CO detected in our original 

assays.[61] In order to further probe the role for the HydG-generated free CO, we 

here have provided important insights into the catalytic relationship among various 

HydG preparations that either harbour the dangler Fe or not, and examine these 

different enzymes  in in vitro HydADEFG activation experiments.  

       The results presented herein demonstrate that optimizing reaction conditions 

increases the amount of free CO detected well beyond the substoichiometric levels 

initially reported.[50] We have, for the first time, observed multiple molar 

equivalents of free CO generated by HydG during in vitro turnover assays, with rate 

constants in good agreement with the measured kcat values for CN- formation.[49, 

53] Our efforts also demonstrated the production of free CN- during HydG catalysis, 

albeit at levels that are substoichiometric to protein. Regardless, these observations 

demonstrate, for the first time, the production of free CN- during HydG catalysis. 

These results support our original model, in which HydG catalyzes the synthesis of 

the free diatomics CO and CN-, which are then delivered to HydFDEG to assemble 

[2Fe]F.[39]  In contrast, the synthon model provides no ready rationale for our 

observations.  

       In order to further investigate the synthon model, which centers around the 

formation of an [Fe(CO)2(CN)] synthon at the dangler iron of the [4Fe-4S][(k3-

Cys)Fe] cluster of HydG, we generated samples of HydG with varying amounts of 

the dangler iron, in order to examine its effect on free CO production; if the dangler 

iron serves as the site of CO and CN- binding to form the synthon, then the presence 
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of the dangler iron should decrease the amount of free CO detected, or at least result 

in a lag in free CO detection as the first two CO molecules generated bind to the 

dangler iron. Our results clearly show this not to be the case: there is no lag in CO 

production in the presence of the dangler, and the dangler loaded HydG produces 

more, not less, free CO. 

       A clear positive correlation exists between the amount of iron present in 

HydG samples and the amount of free CO generated during turnover. These 

observations lead us to propose that a Lewis acidic metal site is key to CO 

production, and that either the unique iron of the [4Fe-4S]AUX cluster or the dangler 

iron can fulfil this role.   Further supporting the hypothesis that the unique Fe of the 

[4Fe-4S]AUX may serve in this capacity is the observation that HydGH272A, which 

lacks the dangler Fe, still generates free CO, albeit at low levels (Figures 2B and 5). 

The substantial retardation in CO formation rates exhibited by HydGH272A suggests 

that the conserved His residue plays a key mechanistic role in DHG breakdown, 

possibly as a general base to facilitate an elimination reaction.[49, 53, 56] It seems, 

however, that His272 could play this mechanistic role only when the dangler Fe is 

absent; when the dangler Fe is present and coordinated by His272, we propose that 

a metal bound OH- species could act as the general base.  

       A recent study of CN- and formate production by C.a. and Moorella 

thermoacetica (M.t.) HydG enzymes offered support for a mechanism wherein DHG 

undergoes deprotonation followed by elimination to generate CN- and -:CO2H, a 

presumed intermediate in CO formation; the -:CO2H was proposed to coordinate to 

the dangler Fe and decompose into CO and H2O/OH- in chemistry reminiscent of 

CO dehydrogenase (CODH).[57, 91] In that previous report, HCO2H was detected 

as a byproduct under non-optimal experimental conditions using HydG enzyme that 
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was deficient in [Fe-S] cluster loading (WT enzyme containing either 4.0 ± 0.1 or 

6.0 ± 0.2 Fe/protein, respectively, was used and only substoichiometric amounts of 

CO were detected).[57] Regardless, the observation that M.t. HydGH266N (H266 is 

the H272 equivalent in M.t.) generated substantial amounts of CN- and formate led 

to the conclusion that “DHG, CN-, and CO syntheses are three separate and 

sequential catalytic events.”[57] These conclusions coalesce well with those we 

previously suggested based on our studies of WT and variant C.a. HydG 

proteins,[53] as well as our observations reported herein. 

       Further support for our hypothesis that the dangler Fe can serve as a Lewis 

acid catalyst, but is not essential as a site of synthon formation, is provided by our 

studies looking at in vitro activation of the [FeFe]-hydrogenase with HydG that was 

either dangler loaded or contained very low amounts of the dangler Fe (Figure 6). 

Importantly, the in vitro activation results parallel the observations of free CO 

formation: HydG is able to participate in activating HydADEFG whether it has the 

dangler iron or not, although a moderately increased hydrogenase activity is 

obtained with dangler loaded HydG. HydGH272A provides only very small amounts 

of activated HydA at long time points (data not shown), a result that coalesces with 

the observation that HydGH272A only generates minor amounts of free CO (Figure 5). 

It is important to note that these in vitro activation assays were carried out without 

exogenous iron and sulfide, and so it is unlikely that any dangler loading is occurring 

during the assay itself. 

       Intriguing parallels exist between the CODH C-cluster (a distorted NiFe3S4 

heterocubane bonded to a ferrous Fe) and the [4Fe-4S][(k3-Cys)Fe] dangler site 

(Figure 1), as both clusters exemplify uniquely modified [4Fe-4S] cubanes that 

result in CO conversion/production chemistry. In the C-cluster, oxidation of CO to 
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CO2 is accomplished by CO binding to the Ni(II) ion without an oxidation state 

change of the metal.[91-94] The catalytic H2O/OH- coordinated to the unique Fe of 

the cubane is also associated with H-bonding interactions with lysine and histidine 

active site residues; these residues participate in acid-base reactions during 

catalysis.[91, 92] The Fe-bound OH- then attacks the Ni-CO, forming a bridged 

carboxylate species; CO2 and H+ are then generated and released with concomitant 

2 e- reduction of the C-cluster that either involves a metal hydride species or 

production of the Ni(0) state.[91, 94] Shuttling of the electrons to accessory [Fe-S] 

clusters then regenerates the resting form of the C-cluster.[92] Whether CO 

production catalyzed by HydG at the [4Fe-4S][(k3-Cys)Fe] cluster bears mechanistic 

resemblance to the reverse of the CODH reaction remains to be determined. 

 
Conclusion 

 
Our initial observations that HydG catalyzed a radical reaction of tyrosine to 

produce free CO and CN- led us to propose a pathway for hydrogenase H-cluster 

maturation involving installation of a DTMA ligand onto a [2Fe-2S] cluster on 

HydF, followed by delivery of the HydG-produced diatomics in order to make 

[2Fe]F prior to its delivery to HydA.[28, 38, 39, 42, 49, 50, 95] An alternative model 

was proposed when Fe-ligated CO and CN- species were detected on HydG during 

turnover, and the subsequent observation of a dangler iron on the C-terminal [Fe-S] 

cluster led to the synthon model, in which an [Fe(CO)2(CN)(Cys)] species is 

produced at the dangler iron site and then delivered to HydF.[58-61] In this model, 

CO and CN- are not produced as “free” species except when they are released by 

off-pathway steps.[60] The current study provides new insights into the function of 
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HydG, by showing that HydG catalyzes appreciable amounts of free CO both in the 

presence and absence of the dangler iron. The generation of free CO is the opposite 

of what would be expected if the dangler iron served to coordinate CO and CN- to 

form a synthon, and rather suggests that the synthon is not an absolute requirement 

to achieve hydrogenase activation. These observations coalesce well with our recent 

report that exogenous CO and CN- are capable of adding to a HydE-modified cluster 

that is present on purified HydFE (HydF coexpressed with and then purified away 

from HydE), in order to generate a HydA∆EFG activation competent [2Fe]F cluster on 

HydF.[96] This finding together with the results that HydG generates both free CO 

and CN- during catalysis, along with the existence of redox active [2Fe-2S] and 

[4Fe-4S] clusters on the HydF scaffold[42, 43, 97], provide evidence towards the 

stepwise assembly of the [FeFe]-hydrogenase [2Fe]H subcluster, wherein HydE acts 

first to add the DTMA ligand to an [Fe-S] cluster bound to HydF, followed by the 

transfer of diatomic species from HydG. [42] 
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CHAPTER TEN 

 
CONCLUDING REMARKS 

 
Radical Initiation 

In the past 25 years, various studies have been done on radical SAM enzymes which 

have led to new discoveries in both the mechanism and function of these enzymes.[1-7] 

The general mechanism of this enzyme class was long believed to be initiated by a 5’-

deoxyadenosyl radical (5’-dAdo•) derived from the reductive cleavage of SAM as a result 

of inner sphere electron transfer from the catalytically active [4Fe-4S]+ cluster.[4, 7-13] 

This highly reactive radical would consequently abstract an H atom from the substrate to 

propagate functionally diverse reactions in biological pathways such as: antibiotic 

precursor, vitamin, complex metallocluster, DNA, and RNA biosynthesis, among many 

others.[11, 14-19] However, the discovery of an organometallic intermediate Ω, trapped 

first in PFL-AE via rapid freeze quench (RFQ), and more recently in six other radical SAM 

enzymes, called for a revision into the mechanism.[10, 20, 21] This Ω intermediate is 

formed as a result of oxidative addition of the 5’-dAdo• to the unique iron while methionine 

is still coordinated.[4, 10] Formation of this intermediate is hypothesized to be a means to 

store the 5’-dAdo• radical until the substrate is in the right conformation for hydrogen 

abstraction. Furthermore, this proposal would parallel what is observed in the B12 

dependent enzymes where the 5’-dAdo• is “contained” via a Co-5’C bond.[22, 23] 

Attempts of capturing the 5’-dAdo• radical under turnover conditions proved to be 

challenging, as even at faster time quenches, omega could be observed. In the B12 system, 
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this radical could be liberated through photohomolysis of the Co-5’C bond using a 535 nm 

light.[24] This method was found unsuccessful in trying to homolyze the Fe-5’C bond of 

Ω. However, using a similar approach, wherein the [4Fe-4S]1+-SAM complex of PFL-AE 

was photolyzed with a 450 nm light in the absence of substrate, the elusive 5’-dAdo• radical 

was captured and characterized for the first time using ENDOR and EPR.[25] This was 

subsequently followed by photoinduced electron transfer experiments with HydG wherein 

reductive cleavage resulted in methyl radical production.[26]  

Altogether, these results propelled work into investigations of which radicals could 

be generated if [4Fe-4S]1+-SAM complexes from different radical SAM enzymes (HydG, 

HydE, Lysine 2,3-aminomutase, ribonucleotide reductase activating enzyme, Pyruvate 

formate lysase activating enzyme, spore photoproduct lyase, PoyD, and OspD) were 

photolyzed. Results from these studies showed that two categories were produced: 5-dAdo• 

and •CH3 formers. These findings raised even more questions as to why enzymes that use 

the same central radical and organometallic intermediate during catalysis yield different 

radicals under cryogenic photolysis conditions (Chapter 4). A continuation of this work led 

to the trapping of an ethyl radical in both HydE and HydG, using an analogue of SAM that 

had the methionine moiety replaced by ethionine. Just like was discovered for the 5’-

dAdo•, the •CH2CH3 radical was found to be more thermally stable than the methyl radical, 

whereby the former two are less reactive at 77 K for more than 42 hrs (Chapter 5). When 

annealed at 210 K, the methyl and ethyl radical signals disappear, concomitant with the 

appearance of new signals observed at 40 K. ENDOR analysis of this new signal using 57Fe 

enriched HydG along with 13C-methylSAM confirmed that after annealing, the methyl 
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radical was indeed in an organometallic intermediate form resulting from the coordination 

of •CH3 to the unique iron forming a species that that we referred to as ΩM (Chapters 4 and 

5). Annealing of the ethyl radical also led to conversion of this radical species into an Ω-

like intermediate resulting from oxidative addition of the •CH2CH3 to the unique iron of 

the radical SAM clusters in both HydE and HydG. 

Collectively, all of these results further support the theory by Miller and Bandarian 

[27] that the selectivity that leads to the cleavage of one C-S bond or the other is not 

dependent on the energetics, but rather the local environment of the active site. Comparison 

of the SAM bound structures of some of the enzymes that were used in photolysis studies 

showed that complexes looked mostly identical except that the ribose has different 

configurations; 4’C is facing down relative to the C’1-C’2-C’3 plane for the methyl 

formers, which is contrary to the 5’-dAdo• formers. It is however still unclear how the 

conformation of the ribose impacts the selectivity cleavage products; currently density 

functional theory studies are in progress to this further. Another interesting aspect of these 

experiments was not only that the methyl radical was highly mobile even at cryogenic 

temperatures, but in the case of C.a. HydE, this methyl radical reacted to generate a 

secondary active site radical. Even though the methyl radical can still be stored as an 

organometallic intermediate, the high mobility and reactivity are a clue as to why nature 

utilizes the other two radicals to accomplish catalysis, as the 5’dAdo• and amino 

carboxypropyl (ACP•) species  can be better controlled through active site contacts.[7, 28, 

29]  
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[FeFe]-Hydrogenase Activation 

My graduate studies also focused on the mechanism and functions of [FeFe]-

hydrogenase maturases HydG and HydE. These two radical SAM enzymes along with a 

GTPase scaffold  HydF, work together to generate a fully assembled H-cluster.[30-33] This 

so-called H-cluster is comprised of canonical [4Fe-4S] cluster cubane ligated to a 2Fe-

subcluster core through a proteinaceous cysteine thiolate.[34] The iron atoms of the 

subcluster coordinate CO and CN- ligands produced by HydG through radical SAM 

chemistry.[35-37] Further, the coordination sphere of the iron atoms is completed by the 

ligation of a dithiomethylamine (DTMA) bridging ligand.[34] The substrate and function 

of HydE are still under investigation, as they are the missing key to possibly understanding 

the mechanism via which this complex cluster is assembled.[33, 38, 39] Work presented 

in chapters 7, 8, and 9 focuses on understanding both the synthesis and mode of delivery 

of the strong π-acid ligands, and investigations into the substrate of HydE through both 

spectroscopy and in vitro [FeFe]-hydrogenase assays. 

 HydE has long been thought to be involved in the biosynthesis of the DTMA 

ligand.[40, 41] A recent study by the Britt lab [42] showed via HYSCORE that the -CH2 

and the -N of the DTMA originate from serine, where specifically, C3 and N atoms of this 

amino acid are incorporated in the H-cluster. In this publication however, the authors state 

that the mechanism through which this is accomplished is not known. In Chapter 7 we 

propose that the nitrogen could be mobilized to HydE as an ammonium ion, where it could 

undergo a condensation reaction with a -R or -CH2S like unit to produce half of the bridge. 

We further explained that this cation would have to bind in the active site, close to where 
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the [4Fe-4S]RS and SAM are located. Using EPR spectroscopy and the Tl+ cation as a probe 

for an ammonium binding site, we observed that not only did Tl+ cause line broadening of 

the S=1/2 signal of the radical SAM cluster, but these effects were reversed by ammonium 

additions. Our interpretation of these findings was that NH4
+ displaced thallium; moreover, 

the line broadening of the signal was more prominent when SAM was bound to the cluster, 

which could mean that the presence of Tl+ in the active site perturbs the orientation of SAM 

binding to the [4Fe-4S]RS. Using ENDOR, we confirmed that NH4
+ binds close (≤5 Å) to 

the [4Fe-4S]RS cluster. 

To investigate further how DTMA building units are mobilized, we sought to 

understand all the necessary components for H-cluster maturation; this work is presented 

in Chapter 8. Briefly, in an in vitro maturation assay of [FeFe]-hydrogenase, a suite of 

small molecules that include cysteine, SAM, Fe2+ and S2- (for cluster reconstitution), 

phosphopyridoxal phosphate (PLP), tyrosine (HydG substrate), and E. coli lysate are 

incubated (4 – 16 hr) along with a mixture that contains HydE, HydG, HydF, and HydA. 

When this lysate is omitted from the assay, there is no hydrogen produced by HydA, 

meaning that components of the cellular lysate are absolutely necessary to achieve H-

cluster maturation. In Chapter 8, we investigated whether the protein or small molecule 

component of the lysate is what is required for H-cluster biosynthesis. Through acid and 

heat denaturation, our results confirmed that a protein molecule is what is important in the 

lysate. Subsequent experiments were directed at determining the molecular weight of the 

protein by using size exclusion gel filtration chromatography and comparing hydrogenase 

activity of fractions of different molecular weights. This process allowed us to identify 
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target protein(s) of small MW in the 2.5 – 10 kDa range. Further, comparative mass 

spectrometry analyses of the most activating fractions vs the non-activating fractions 

allowed us to identify some protein candidates that included the acyl carrier protein (ACP). 

If ACP is a co-substrate for HydE, our proposal is that the phosphopantetheine arm of this 

protein would be inserted into HydE where it is modified through radical mediated 

isomerization of the amino group; this backbone rearrangement would generate a S-CH2-

NH- unit that could be utilized to assemble the DTMA. This would also mean that another 

turnover event is required in order to generate the other half of the bridging ligand. 

Currently, gel filtration investigations are underway in the Broderick laboratory that are 

probing whether ACP and HydE form a complex; if productive, this work will be 

accompanied by X-ray crystallographic trials to determine the structure of the complex and 

confirm that the phosphopantetheine arm of ACP is productively positioned within the 

active site of HydE.  Another hypothesis relates to results from the Britt lab[42], wherein 

PLP-dependent enzymes serine dehydratase and serine hydroxymethyl transferase 

(SHMT) are protein candidates to test. Serine dehydratase would generate pyruvate and 

ammonium,[42] and ammonium would be transferred to HydE to be used for DTMA 

assembly. On the other hand, the SMHT would transfer the C3 of serine into 

tetrahydrofolate, which acts as a mechanism for one carbon transfer in other biosynthetic 

pathways.[42, 43] All in all, even though we have different hypotheses for how the DTMA 

bridging ligand is synthesized, understanding H-cluster maturation has been a challenge to 

everyone in the field, which is why considering all possibilities is important.  
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Figure S1.  Buffer dependent HydG catalyzed CO formation kinetics, as monitored via 
binding to deoxy human hemoglobin. Single wavelength kinetics at Abs419 nm were 
monitored via formation of carboxyHb, as initially reported in 1.  Assays contained WT 
HydGDEF (40 µM protein with 13.3 ± 0.2 Fe/protein), 1 mM L-tyrosine, 1 mM SAM, 5 
mM NaDT, and 80 µM deoxyHb (per heme) at 37 °C. The spectral traces correspond 
to: black, 50 mM Tris, 10 mM KCl, pH 8.5; red, 50 mM HEPES, 10 mM KCl, pH 7.4; 
blue, 50 mM potassium phosphate, 10 mM KCl, pH 7.4; and magenta, 50 mM 
potassium phosphate, 10 mM KCl, pH 8.5.  Human hemoglobin was kindly provided 
by Professor David Singel and Mr. David Schwab (Montana State University). 
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Figure S2.  Titration of phosphate on WT HydG CO formation.  Time course 
experiments monitoring the Abs419nm increase associated with HbCO formation in the 
presence of varied phosphate concentrations. Assays contained WT HydGDEF (51 µM 
protein with 5.6 ± 0.2 Fe/protein), 1 mM L-tyrosine, 1 mM SAM, 5 mM NaDT, and 
100 µM deoxyHb (per heme) at 37 °C. The concentration of phosphate was varied using 
a mixture of Tris and phosphate buffers (250 mM Tris, 300 mM KCl, 5% glycerol, pH 
8.5, and 250 mM potassium phosphate, 300 mM KCl, 5% glycerol, pH 8.5). The 
spectral traces correspond to: black, 230 mM Tris, no phosphate; red, 229 mM Tris, 1 
mM phosphate; magenta, 221 mM Tris, 9 mM phosphate; blue, 207 mM Tris, 23 mM 
phosphate; and green, 5 mM Tris, 225 mM phosphate. 
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Figure S3. Comparison of WT HydG CO formation ability in the presence of reporting 
heme proteins H64L sperm whale myoglobin (black) and human hemoglobin (red). 
Assays were performed in 50 mM Tris, 10 mM KCl, pH 8.5 buffer and contained WT 
HydGDEF (40 µM protein with 6.6 ± 0.7 Fe/protein), 1 mM L-tyrosine, 1 mM SAM, 1 
mM NaDT, and either 81 µM deoxyHb or 76 µM H64L deoxyMb (per heme).  Single 
wavelength kinetics at Abs419 nm (human Hb) or Abs425 nm (H64L Mb) were monitored at 
37 °C via formation of either carboxyHb or carboxyMb, respectively. 
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Figure S4.  Low temperature (10.0 K, 1 mW), CW X-band EPR spectra of traditionally 
reconstituted HydGEF.  A. WT traditionally reconstituted HydGEF (64 µM protein with 7.38 
± 0.40 Fe/protein).  B. WT dangler reconstituted preparation 1 HydGDEF (68 µM protein 
(reduced), 64 µM protein (reduced plus SAM) with 6.96 ± 0.59 Fe/protein).  In both panels, 
black spectra correspond to enzyme treated with 3 mM DT (black spectrum), and treated 
withwhile red spectra correlate to treatment with 3 mM DT and 2 mM SAM (red spectrum).  
B. Independently prepared samples of HydGEF (64 µM protein with 7.38 ± 0.40 Fe/protein) 
reduced with 3 mM DT in the presence of 2 mM SAM. Two samples were made side-by-
side and simultaneously reduced with DT; SAM was then added to each sample and time 
was monitored. Sample 1 (black spectrum) was flash frozen at 4 minutes 45 seconds post 
SAM addition, while the second sample (red spectrum) was flash frozen 6 minutes post 
SAM addition. 
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Figure S5.  Low temperature CW X-band EPR spectra of HydG variant proteins, HydE, 
and PFL-AE.  A. Spectra recorded at 8.0 K and 5.3 mW.  B.  Spectra recorded at 10.0 K 
and 5.3 mW.  In both panels, spectra correlate to: traditionally reconstituted WT HydE 
(70 µM protein with 7.50 ± 0.20 Fe/protein, reduced with 3 mM DT in 50 mM Tris, 250 
mM KCl, 5% glycerol, pH 8.0); traditionally reconstituted HydGH272A (100 µM protein 
with 7.65 ± 0.26 Fe/protein in 50 mM Tris, 10 mM KCl, pH 8.0 and reduced with 3 mM 
DT); traditionally reconstituted HydGDCTD (210 µM protein with 2.40 ± 0.17 Fe/protein 
in 50 mM HEPES pH 7.4, 0.5 M KCl, 5% glycerol and reduced via photoillumination in 
the presence of 100 µM deazariboflavin and 5 mM DTT); and WT, as-purified PFL-AE 
(146 µM protein with 4.07 ± 0.43 Fe/protein in 50 mM Tris, 100 mM KCl, pH 7.5 and 
reduced via photoillumination in the presence of 50 µM deazariboflavin and 5 mM DTT).  
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Figure S6. Low temperature, CW X-band EPR spectra of HydG enzyme preparations 
reduced with 3 mM DT. A. WT dangler reconstituted preparation 2 HydGDEF (65 µM 
protein with 8.23 ± 0.43 Fe/protein).  Spectra recorded at 5.3 mW microwave power and 
7.8 K (black), 10.0 K (red), 15.0 K (blue), and 20.0 K (magenta). B. Spectra recorded at 
10.0 K and 5.3 mW microwave power.Spectra correlate to: WT traditionally reconstituted 
HydGDEF (green, 74 µM protein with 7.54 ± 0.48 Fe/protein); WT traditionally 
reconstituted HydGEF (blue, 64 µM protein with 7.38 ± 0.40 Fe/protein); WT dangler 
reconstituted preparation 1 HydGDEF (black, 68 µM protein with 6.96 ± 0.59 Fe/protein); 
WT dangler reconstituted preparation 2 HydGDEF (red, 60 µM protein with 8.23 ± 0.43 
Fe/protein).  
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Figure S7. Exploring maximal amounts of exogenous CO that WT dangler loaded 
HydG is capable of generating during an in vitro assay.  A. The HydG dependent H64L 
myoglobin Soret band shift over time (1 mm cuvette) for an assay performed in 50 mM 
Tris, 10 mM KCl, pH 8.1 buffer that contained WT HydGDEF (10 µM protein with 8.23 
± 0.43 Fe/protein), 1 mM L-tyrosine, 1 mM SAM, 8 mM NaDT, and 86 µM H64L 
deoxyMb (per heme).  Spectra correlate to: black, initial time = 0 min spectrum of 
HydG, dithionite, tyrosine, and H64L myoglobin; red, 120 minutes post addition of 
SAM; blue, 240 minutes post addition of SAM; purple, 362 minutes post addition of 
SAM).  B. Single wavelength kinetics of CO formation as monitored via changes to the 
H64L myoglobin Soret band at 425 nm.  The spectra in A were recorded at defined time 
points during the single wavelength kinetics experiment.  The dangler reconstituted 
HydGDEF protein (10 µM in assay) produced 32.1 µM CO in 60 min, 49.8 µM CO in 
120 min, 69.9 µM CO in 240 min, and 80.3 µM CO in 362 min.  The blue arrow in B 
denotes where a fresh aliquot of DT was added, followed by mixing via inversion of the 
cuvette. 
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Figure S8. Strep-tagged HydGDEF catalyzed CO formation kinetics, as monitored via 
binding to deoxy H64L myoglobin at 37 °C.  A. H64L myoglobin (80 µM heme) in the 
presence of 8 mM NaDT, 600 μM L-tyrosine, and WT strep-tagged HydGDEF (16.5 µM 
protein with 9.20 ± 0.20 Fe/protein, black spectrum, 1 mM cuvette pathlength).  The red 
spectrum corresponds to the reaction mixture following addition of 1 mM SAM at the 2-
hour time point, while the blue spectrum corresponds to the reaction mixture at the 4-hour 
time point (post SAM injection).  B. Single wavelength kinetics of CO formation as 
monitored via changes to the H64L myoglobin Soret band at 425 nm.  The strep-tagged 
HydGDEF protein produced 27.9 µM CO in 60 min, 48.5 µM CO in 120 min, and 72.6 µM 
CO in 240 min. 
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Figure S9.  The HydGH272A dependent H64L myoglobin Soret band shift over time (1 
mm cuvette). This figure depicts the results from an assay that was performed in 50 mM 
Tris, 10 mM KCl, pH 8.1 buffer and contained HydGH272A (31 µM protein with 6.91 ± 
0.14 Fe/protein), 1 mM L-tyrosine, 1 mM SAM, 5 mM NaDT, and 97 µM H64L 
deoxyMb (per heme).  The spectra correlate to: black, initial time = 0 min spectrum of 
HydGH272A, dithionite, tyrosine, and H64L myoglobin; red, 120 minutes post addition of 
SAM. 


