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ABSTRACT 
 
 

Radical S-adenosylmethionine (SAM) enzymes are a large and rapidly growing 
superfamily composed of thousands of members catalyzing a wide diversity of reactions 
by utilizing a reduced [4Fe-4S]1+ cluster and SAM to create a 5’-deoxyadenosyl radical 
capable of initiating controlled radical chemistry in important and difficult biochemical 
reactions.  The prevalence of radical SAM enzymes in all kingdoms of life underscores 
the central role played by these enzymes.  For the vast majority of putative radical SAM 
enzymes little is known regarding the reaction catalyzed or the mechanism of catalysis.  
Nevertheless, it is possible to gain insight into these enzymes from the radical SAM 
enzyme pyruvate formate-lyase activating enzyme (PFL-AE), which catalyzes the 
formation of a catalytically essential glycyl (G734) radical of pyruvate formate-lyase 
(PFL).  The studies presented herein provide further understanding and characterization 
of PFL-AE as well as other radical SAM enzymes.  The relevance and effect of the 
monovalent cation found in the active site of PFL-AE upon further analysis of the crystal 
structure was probed using coupled enzyme activity assays.  Five different monovalent 
cations, Na+, K+, NH4

+, Rb+, and Cs+, were investigated by calculating the specific 
activity of PFL-AE in the presence of each.  PFL-AE was active in the presence of all 
tested cations, with specific activities correlating with cation size.  Nuclear resonance 
vibrational spectroscopy performed on PFL-AE with an 57Fe labeled cluster showed a 
enzyme stiffening around the cluster and elongation of Fe-S bonds upon substrate and 
substrate analog binding.  Rapid freeze-quench was used to mix PFL-AE with PFL and 
SAM on a millisecond time scale.  The resulting samples were analyzed by electron 
paramagnetic resonance, which revealed a newly observed radical intermediate.  To 
attempt characterization of this radical intermediate, electron nuclear double resonance 
spectroscopy (ENDOR) was used with site-specifically labeled SAM.  The ENDOR 
signal detected was too weak to be analyzed; however, other labeled SAM molecules will 
be used in the future.  To help further expand knowledge of radical SAM enzymes, an 
initial characterization of a putative methylthiotransferase (a subclass of the radical SAM 
superfamily) was undertaken.  Results indicated that the enzyme methylthiolated a 
ribosomal small protein and not tRNA. 
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CHAPTER 1 
 
 

INTRODUCTION 
 
 

Fe-S Clusters in Biology 
 
 

 Iron is the fourth most abundant element in the earth’s crust [1], and as such it 

should come as no surprise that biology has incorporated it into proteins as iron-sulfur 

(Fe-S) clusters for a variety of functions including critical processes such as 

photosynthesis and respiration [2, 3].  Iron-sulfur clusters are ubiquitous in biology, 

however they remained undiscovered until the 1960s at which point they became well 

known for their roles in electron transfer, an understandable role resulting from at least 

two redox states that under normal biological conditions are readily accessible [4].  

However, other functions that have broadened our understanding of the diverse nature of 

these clusters have surfaced, vide infra. 

 
Cluster Forms 

The major forms of Fe-S clusters in biology are [2Fe-2S], [3Fe-4S], and [4Fe-4S] 

(Figure 1.1).  As there exists a preference for thiolate ligation of Fe-S clusters, proteins 

usually employ cysteinyl sulfurs to complete the tetrahedral coordination of each iron in 

the cluster.  However, histidine, aspartate, serine, or backbone amide ligation at one of 

the Fe sites is occasionally found in clusters involved in electron transfer, and they are 

thought to be involved in modifying redox potential [5], gating electron transport [6], or 

coupling proton and electron transport [7]. 
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Figure 1.1. Major Fe-S cluster forms found in biology.  The [2Fe-2S] cluster (left) is 
present in certain ferredoxins (others contain a [4Fe-4S] cluster) and Rieske proteins, 
while the [3Fe-4S] cluster (center) is less common and can be found in arsenite oxidase.  
[4Fe-4S] clusters (right) are located in high-potential iron proteins (HiPIP) as well as 
aconitase and members of the radical SAM superfamily (although one Fe remains 
uncoordinated by the protein). 
 
 

While the simple Fe-S clusters are the most prevalent, more complex metallo-

cofactors exist that function in enzymes such as Mo-nitrogenase (M-cluster) and [FeFe]-

hydrogenase (H-cluster) (Figure 1.2), and not only are the structures of the clusters 

unique, but the ligation is as well requiring maturation enzymes catalyzing distinct 

transformations [8, 9].  The M-cluster consists of a Mo-7Fe-9S cluster and can be viewed 

as [MoFe3S4] and [Fe4S3] subclusters bridged by three sulfides as well as the recently 

identified carbide at the center of the metal-sulfur core [10].  It is coordinated to the 

MoFe protein through one cysteine thiolate ligand at a terminal Fe and a histidine 

imidazole at the Mo, and also contains the non-protein ligand homocitrate attached to the 

Mo.  The H-cluster is more easily envisioned as a [4Fe-4S] cluster bound to the protein 

through four cysteine thiolates, while one of those cysteines bridges it to a 2Fe subcluster.  

Besides the contact with one cysteine, the 2Fe subcluster contains no other protein 

ligands, and the irons exist in hexacoordinated environments with two cyanides, three 
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carbon monoxides, and a five membered dithiolate ligand (although the identity of the 

bridgehead atom still remains unresolved). 

 

Figure 1.2. The M-cluster of Mo-nitrogenase (left) with Fe shown in red, S in yellow, Mo 
in green, and C in dark gray.  The cluster is ligates to the protein by one Cys and one His 
residue, and is also coordinated in a bidentate fashion by homocitrate.  The H-cluster of 
[FeFe]-hydrogenase consists of a [4Fe-4S] (Fe shown in red and S in yellow) ligated to 
the protein by four Cys residues, one of which connects it to the 2Fe subcluster.  The 2Fe 
subcluster’s unique ligation environment consists of two cyanide and three carbon 
monoxide molecules as well as a dithiolate linker whose bridgehead atom identity is 
unknown.  Figure is from [9]. 
 
 
Cluster Functions 

 As stated earlier the first recognized and most familiar function of Fe-S clusters is 

electron transfer and these types of clusters can be found in ferredoxins, photosystem I, 

and three of the protein complexes, I, II, and III, in the mitochondria electron-transfer 

chain.  The flexibility of Fe-S cluster electron transfer stems from the delocalization of 

the electron density over the Fe atoms of the cluster [2] as well as proteins modulating the 

reduction potentials of the cluster through changes in cluster ligation and the protein 

environment [2, 5, 11].  Remarkably, the range of reduction potentials for Fe-S clusters 

afforded by these changes spans from approximately -700 to +400 mV [2, 11]. 

 While this wide range makes Fe-S clusters ideal electron transfer agents, they can 

also provide structural stability to enzymes as appears to be the case in endonuclease III 
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[12] and MutY[13].  In both of these enzymes the Fe-S cluster stabilizes a fold involved 

in positioning of positively charged residues for DNA binding [13, 14].  Other Fe-S 

cluster containing proteins regulate gene expression by turning genes on and off in 

response to certain stimuli.  FNR is a global regulator controlling the expression of more 

than 100 genes in response to oxygen [15, 16].  Under anaerobic conditions FNR contains 

a [4Fe-4S]2+ cluster and is capable of DNA binding, but upon exposure to oxygen, the 

cluster is degraded to a [2Fe-2S]2+ cluster and is no longer capable of binding DNA [17, 

18].  SoxR, the first Fe-S cluster containing transcription factor identified, requires a 

[2Fe-2S] cluster in order to sense superoxide and NO stress [19, 20].  Two other 

regulators, IscR and IRP, are involved in sensing iron and Fe-S clusters.  IscR regulates 

the Isc Fe-S cluster assembly proteins by repressing the isc operon, and is active when 

Fe-S cluster assembly is not needed [21].  The iron-responsive protein (IRP) regulates the 

expression of ferritin (an iron storage protein) and transferrin (responsible for iron 

transport and its mRNA is easily degraded).  The IRP is capable of coordinating a [4Fe-

4S] or [3Fe-4S] cluster produced by Fe-S cluster biosynthesis machinery, although the 

presence of a cluster inhibits its ability to bind mRNA [22].  Under high iron conditions 

IRP contains an Fe-S cluster, and as a result no mRNA is bound allowing for the 

transcription of ferritin, needed to store the excess iron, and transferrin mRNA is 

degraded preventing the import of more iron into the cell [22-24].  However, in iron 

limiting conditions, the IRP no longer contains a cluster and binds the 5’ end of ferritin 

mRNA preventing transcription and thus storage of iron needing to be accessible [22-24].  
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Alternatively, the binding of IRP to the 3’ end of transferrin mRNA stabilizes it allowing 

for increased production and import of iron [22-24]. 

 Interestingly a related protein to IRP, aconitase a [4Fe-4S] containing enzyme, 

has a function involved in substrate binding and catalysis in the mitochondria as part of 

the citric acid cycle.  Although not its major function, IRP containing a [4Fe-4S] cluster 

also has aconitase activity [24].  Aconitase, which catalyzes the isomerization of citrate 

and isocitrate, can bind both citrate and isocitrate at a unique Fe of its cluster that is not 

ligated by a cysteine [25]; upon substrate binding the cluster catalyzes the reaction by 

acting as a Lewis acid.  Enzymes belonging to the radical S-adenosylmethionine (SAM) 

superfamily also utilize a [4Fe-4S] cluster for substrate binding and catalysis.  Similar to 

aconitase, radical SAM enzymes contain a site-differentiated cluster that they use to bind 

SAM.  This family of enzymes functions to activate C-H bonds through H atom 

abstraction and catalyzes diverse and otherwise difficult reactions. 

 
Radical SAM Enzymes 

 
 

 Studies performed on lysine 2,3-aminomutase (LAM),which catalyzes the 

interconversion of L-lysine and L-β-lysine, biotin synthase (BioB), which catalyzes the 

biosynthesis of biotin from dethiobiotin, and pyruvate formate-lyase activating enzyme 

(PFL-AE) and anaerobic ribonucleotide reductase activating enzyme (aRNR-AE), which 

both activate their substrates (PFL and aRNR respectively) through the generation of a 

glycyl radical, revealed a common requirement for a [4Fe-4S] cluster and SAM.  It was 

also postulated that these enzymes utilized these common elements in the creation of a 
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putative highly reactive 5’-deoxyadenosyl radical intermediate, which functions to 

initiate catalysis by abstraction of a substrate hydrogen atom.  Other probable enzymes 

utilizing the same chemistry were identified based on similarities in sequences, especially 

in the Fe-S cluster binding region, and in some cases the reactions catalyzed [26]. 

 A bioinformatics analysis of these proteins led to the identification of hundreds of 

enzymes that were also likely to employ a [4Fe-4S] cluster and SAM in the initiation of 

their reactions and termed the radical SAM superfamily [27].  While this study added 

many new enzymes and a diverse set of reactions to the family, new radical SAM 

enzymes are currently emerging at a rapid pace, and the superfamily is now thought to 

consist of thousands instead of hundreds of enzymes. 

 
Radical SAM Superfamily Characteristics 

 As previously mentioned, radical SAM enzymes were noted to contain a common 

cysteine motif, CX3CX2C, whose thiolates function to coordinate three irons of a [4Fe-

4S] cluster; the cysteines in this motif are absolutely conserved and occur at the N-

terminal end of the radical SAM domain.  Although this remains the case for the majority 

of radical SAM enzymes, variations have been noted.  ThiC, which catalyzes the 

conversion of 5-aminoimidazole ribonucleotide to 4-amino-5-hydroxymethyl-2-methyl-

pyrimidine phosphate (HMP-P), includes a CX2CX4C motif at the C-terminal end of the 

enzyme [28].  Elp3 (a component of the elongator complex), although not a confirmed 

radical SAM enzyme, does appear to bind small quantities of iron, approximately 1.3 Fe 

atoms per protein, and SAM [29].  The cysteine motif in archael Elp3 is CX4CX2C [29].  
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Finally, HmdB, which appears to be involved in the synthesis of the Hmd cofactor of 

HmdA, contains a CX5CX2C motif [30]. 

 Other sequence motifs shared by members of the radical SAM superfamily 

include two used in SAM binding.  The glycine-rich GGE motif is thought to be 

important in the correct conformation of the loop directly after the β2 strand; a specific 

orientation is needed for hydrogen bonding with the nitrogen atom of the methionine 

moiety of SAM [31].  The second is a GXIXGX2E motif involved in interactions with the 

adenosine portion of SAM.  The isoleucine, or other large hydrophobic residue, is 

appropriate for stacking with the adenine moiety, and the following glycine and 

glutamate (or aspartate) appear to be important in maintaining the structure of the SAM 

binding site through interactions between the glutamate and a backbone nitrogen of the 

glycine [31]. 

 A vital commonality among the radical SAM enzymes is the presence of an 

oxygen sensitive and labile [4Fe-4S] cluster ligated by the cysteine triad motif discussed 

above.  This motif suggested the presence of a site-differentiated cluster similar to 

aconitase in which one of the iron sites remains uncoordinated by a cysteinyl sulfur.  Also 

like aconitase, it was determined that the unique iron was able to bind its co-substrate, 

SAM (Figure 1.3).  One of the early indications that this was the case came from striking 

changes in the electron paramagnetic resonance (EPR) signal of the [4Fe-4S]1+ cluster 

(whose role in catalysis is described below), with the addition of SAM [32, 33].  The 

nature of the interaction between SAM and the cluster was eventually confirmed with 

PFL-AE through the use of electron-nuclear double resonance (ENDOR) with site-
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specifically labeled SAM molecules [33, 34] and Mössbauer spectroscopy with only the 

unique iron labeled with 57Fe [35].  The SAM was found to coordinate the unique iron 

through its carboxy and amino moieties with the cluster aiding in anchoring and 

positioning it for catalysis (Figure 1.3) [34].  However, the ligand in the absence of SAM 

is still unknown. 

 

Figure 1.3. A site-differentiated [4Fe-4S] (Fe shown in dark red and S in yellow) cluster 
shown without substrate bound (left) or with SAM (shown in gray) bound to the unique 
iron of the cluster (right) by the carboxy and amino moieties.  The three cysteinyl sulfur 
ligands from the protein are shown in green.  Structures were built from PFL-AE (PDB 
ID 3CB8) [36]. 
 
 
 More recently, as multiple structures for radical SAM enzymes have become 

available, a structural commonality among the superfamily has been exposed.  The 

radical SAM superfamily shares a conserved core domain consisting of a triosephosphate 

isomerase (TIM) barrel, which in the majority of cases is a partial (α/β)6 barrel but can 

also consist of a full (α/β)8 barrel [37, 38].  The variance in completeness as well as the 

openness of the barrel is directly related to the substrate size with the less complete and 

more open barrels present in the enzymes acting upon larger substrates (Figure 1.4).  The  



9 
 

Figure 1.4. Crystal structures of three radical SAM enzymes.  Left: BioB (PDB ID 1R30) 
[39] catalyzes the conversion of dethiobiotin to biotin through sulfur insertion.  BioB 
contains a full, closed TIM barrel.  Center: LAM (PDB ID 2A5H) [40] catalyzes the 
interconversion of L-lysine to L-β-lysine and contains a partial and more open TIM barrel.  
Right: RlmN (PDB ID 3RFA) [41] modifies A2503 in 23S rRNA by adding a 
methylating C2.  RlmN has a very open, partial TIM barrel. 
 
 
[4Fe-4S] cluster is located within the barrel on the loop containing the CX3CX2C motif at 

one end of the barrel with the unique iron positioned toward the center of the barrel 

facing the active site opening.  In all of the structures with SAM bound, the unique iron is 

bound by SAM through the carboxy and amino moieties confirming the coordination 

determined previously by ENDOR with PFL-AE.  This coordination aids in the 

protection of the oxygen sensitive, labile cluster by shielding it from solvent exposure.  

SAM is also held in position by a series of conserved residues as mentioned previously.  

The interactions between the residues and SAM include electrostatic, H-bonding, 

hydrophobic, as well as π-stacking interactions.  Besides SAM binding, the opening of 

the barrel, which provides the substrate access to the active site, can be closed off by 

other protein elements, the substrate, or a combination of both, which allows the radical 

chemistry that occurs to be contained preventing deleterious side reactions from taking 
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place due to the reactive nature of the intermediate species.  To aid in the 

accomplishment of this, radical SAM enzyme substrates bind in the lateral opining of the 

TIM barrel, and this binding not only helps to seal the opening, but it also positions the 

hydrogen atom to be abstracted in close proximity to the 5’-C of SAM; for structures 

with substrate bound the distance between the 5’-C and hydrogen abstracted is 

approximately 3.8 to 4.1 Å [38]. 

 
Mechanistic Commonalities 

 Radical SAM enzymes utilize their [4Fe-4S] cluster bound by a cysteine triad 

motif for catalysis, and this cluster can transition between an oxidized +2 state, which is 

diamagnetic and EPR silent, and a reduced +1 state, which is paramagnetic and EPR 

active.  Initial evidence for the [4Fe-4S]1+ cluster as the catalytically active state came 

from aRNR-AE, LAM, and PFL-AE.  For aRNR-AE in the absence of its substrate 

aRNR, the [4Fe-4S]1+ cluster was shown to interact with SAM and generate methionine 

(one of the cleavage products of SAM) along with oxidation of the cluster to the 2+ state 

[42].  Additionally, enzyme assays of LAM combined with EPR spectroscopy showed 

that in the presence of SAM the [4Fe-4S]1+ LAM cluster was catalytically active [43].  

However, the most direct evidence came when PFL-AE was photoreduced with 5-

deazariboflavin to the [4Fe-4S]1+ state with SAM (PFL-AE has an unappreciable 

cleavage rate of SAM in the absence of its substrate, PFL) and monitored by EPR 

spectroscopy, which showed an increasing amount of 1+ cluster with increasing times of 

photoreduction [44].  In corresponding samples to which PFL was added, the EPR 

spectra showed an increasing amount of glycyl radical with increasing reduction times; 
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spin quantitation of the EPR signals showed a 1:1 stoichiometry of [4Fe-4S]1+ cluster 

formed to glycyl radical produced [44].  Further, the loss of the [4Fe-4S]1+ cluster signal 

indicated it was oxidized to the 2+ state, and it was proposed that the reduced cluster 

provided the electron required for SAM cleavage to generate methionine and the 5’-

deoxyadenosyl (dAdo) radical intermediate [44]. 

The 5’-dexoyadenosyl radical has not been directly observed as it is highly 

reactive.  An allylically stabilized dAdo radical analog, however, has been detected when 

LAM was assayed with the SAM analog S-3’, 4’-anhydroadenosylmethionine (anSAM) 

[45, 46].  Further experimental evidence observed in several radical SAM enzymes for 

the participation of the dAdo radical includes the stoichiometric production of 

deoxyadenosine and methionine from SAM cleavage and the transfer of a substrate based 

label to deoxyadenosine [47-58]. 

The currently accepted mechanistic model for radical SAM enzyme catalysis 

resulting from these observations is shown in Scheme 1.1.  In the first step the [4Fe-4S]2+ 

cluster is bound at the site-differentiated iron by the amino and carboxy moieties of SAM 

[34].  The [4Fe-4S]2+ cluster then undergoes a single electron reduction to the [4Fe-4S]1+ 

catalytically active state [44]; in many cases it is thought that flavodoxin acts as the 

natural reductant in vivo.  The [4Fe-4S]1+ cluster reductively cleaves the bound SAM 

molecule through an inner-sphere electron transfer forming methionine and the dAdo 

radical.  The dAdo radical activates a specific C-H bond of the substrate through direct H 

atom abstraction generating a substrate based radical at which point the specific reaction 

catalyzed by the enzymes diverge [48].  In some instances, as is the case with the glycyl 
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Scheme 1.1. Common mechanistic steps of radical SAM enzymes.  SH refers to the 
enzyme substrate and the specific hydrogen atom abstracted by the dAdo radical.  P• 
represents a product radical formed after direct hydrogen atom abstraction.  If SAM is 
used as a cofactor, a hydrogen is reabstracted from the 5’-C of dAdo and SAM is 
reformed for another round of catalysis; if SAM is used as a co-substrate, Met and dAdo 
as the cleavage products are replaced by a new SAM molecule beginning the process 
anew. 
 
 
radical enzyme-activating enzymes like PFL-AE and aRNR-AE, the substrate radical is 

the final product, but for many others the substrate radical can be the beginning of often 

complex and intriguing biochemical transformations. 
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Another consideration in radical SAM catalyzed reactions is whether SAM is 

used as a cofactor or a co-substrate.  In a minority of the characterized radical SAM 

enzymes such as LAM and spore photoproduct lyase (SPL), SAM is used as a cofactor 

[48, 59-61]; the substrate radical undergoes turnover and the last product radical 

reabstracts a hydrogen atom from the 5’-carbon of deoxyadenosine.  This regenerates the 

deoxyadenosine radical, which could then recombine with methionine along with 

simultaneous cluster reduction beginning a new round of catalysis.  Alternatively, SAM 

is used as a co-substrate in PFL-AE, aRNR-AE, BioB, and the majority of other 

characterized radical SAM enzymes [50, 60].  In these enzymes after the 5’-

deoxyadenosyl radical produces a substrate radical, the resulting methionine and 5’-

deoxyadenosine must be replaced in the active site by a new molecule of SAM in order 

for a second cycle of catalysis to occur. 

One of the most important aspects in the mechanism of radical SAM reactions is 

the control of the radical chemistry performed by these enzymes.  In fact, in radical SAM 

enzymes the redox potentials for the [4Fe-4S]2+/1+ couple are rather negative falling in the 

range of approximately -450 mV, which for physiological electron donors such as 

flavodoxin is inaccessible [62, 63].  However, binding of SAM to the cluster increases 

the reduction potential to a point where biological reductants are capable of donating an 

electron to the [4Fe-4S] cluster [62].  In contrast, bringing the cluster potential within 

range of in vivo reductants also moves SAM, estimated at approximately -1.8 V [64-66], 

further away, and the reductive cleavage of SAM is now ~1.4 V (or ~32 kcal mol-1) 

uphill.  So, how then are radical SAM enzymes able to catalyze the formation of the 5’-
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deoxyadenosyl radical?  An understanding of how this superfamily is able to overcome 

the large barrier has come from studies of LAM by Wang and Frey [67].  They found that 

the binding of SAM to the [4Fe-4S] cluster contributes 19 kcal mol-1 towards the 

lowering of the energy barrier, and subsequent binding of lysine in the active site of LAM 

contributes an additional 4 kcal mol-1 [67].  Combined, these two effects lower the energy 

barrier of SAM cleavage to 9 kcal mol-1 [67].  The remaining gap may be bridged 

through the act of electron transfer; the transfer of an electron from the [4Fe-4S]1+ cluster 

to the sulfonium of SAM converts the coordination of the unique iron from 

pentacoordinate to the more favorable hexacoordinate [67].  This change in coordination 

was supported by the X-ray crystal structures of HydE with SAM bound (at 1.62 Å 

resolution) as well as HydE with Met and 5’-dAdo (at 1.25 Å resolution) [68].  In both 

structures the unique iron is coordinated by three sulfides from the [4Fe-4S] cluster; in 

the SAM bound structure the unique iron is also coordinated by the amino and carboxy 

 

Figure 1.5. Left: HydE [4Fe-4S] cluster bound by SAM with the unique iron 
pentacoordinated (PDB ID 3IIZ) [68].  Right: HydE [4Fe-4S] cluster bound by Met with 
the unique iron hexacoordinated (PDB ID 3IIX) [68].  In both figures the protein 
backbone is shown in teal, the Fe-S cluster in dark red and yellow, and SAM or the 
cleavage products Met and dAdo in gray. 
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moieties of SAM giving it a total of five ligands while in the structure with Met and 

5’dAdo the unique iron gains an additional ligand from the Met sulfur for a total of six 

(Figure 1.5) [68]. 

 
Reaction Diversity 

 In radical SAM enzymes, elements such as a [4Fe-4S]1+ cluster and SAM are used 

to catalyze the formation of the reactive 5’-deoxyadenosyl radical for hydrogen atom 

abstraction, which results in activation of otherwise inert C-H bonds.  That this common 

activation is followed by a diverse array of reactions is astounding (Table 1.1).  The 

reactions catalyzed include sulfur insertion, viral inhibition, DNA repair, complex 

cofactor assembly, methylation and methylthiolation (see Chapter 7 for a detailed 

discussion), and numerous others. 

 
Sulfur Insertion  One group of radical SAM enzymes, catalyzing the insertion of 

one or more sulfur atoms into their substrate, includes biotin synthase (BioB), which 

synthesizes biotin from dethiobiotin through the addition of a sulfur atom [69, 70], and 

lipoate synthase (LipA), which catalyzes the addition of two sulfur atoms on octanoyl-

acyl carrier protein transforming it into lipoyl-acyl carrier protein [71, 72].  These 

enzymes contain a second Fe-S cluster ([2Fe-2S] for BioB [63, 73] and [4Fe-4S] for 

LipA[74]) that is generally accepted to be the source of the inserted sulfur atoms.  Recent 

evidence that suggests the cluster is indeed the source of sulfur comes from BioB; during 

turnover the production of the reaction intermediate 9-mercaptodethiobiotin was 

accompanied by the reduction of the [2Fe-2S] cluster [75]. 
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Table 1.1. Examples of some of the varied reactions catalyzed by radical SAM enzymes.  
The table indicates the enzyme, the reaction catalyzed by that enzyme, and whether SAM 
is used by the enzyme as a substrate or cofactor.
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Table 1.1 Continued. Examples of some of the varied reactions catalyzed by radical SAM 
enzymes.  The table indicates the enzyme, the reaction catalyzed by that enzyme, and 
whether SAM is used by the enzyme as a substrate or cofactor. 
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 Complex Cofactor Assembly  The active site of [FeFe] hydrogenase contains a 

complex metallocofactor, designated the H-cluster (see above), which requires three 

maturase enzymes for construction of the 2Fe subcluster (the [4Fe-4S] cluster is 

assembled and inserted through general cell machinery [76]).  Of the three maturases 

(HydE, HydF, and HydG), two are radical SAM enzymes [77], while the third, HydF, is a 

scaffold for the assembly [78].  The two radical SAM enzymes, HydE and HydG, are 

responsible for the synthesis of the unique carbon monoxide, cyanide, and dithiolate 

ligands.  HydG has been shown to catalyze the formation of carbon monoxide [79] and 

cyanide [80] through the degradation of tyrosine, and it is generally accepted that HydE 

is involved in production of the ditholate ligand possibly utilizing chemistry similar to 

BioB and LipA [8, 9]. 

 
Modification of Large Biomolecules  Many radical SAM enzymes are responsible 

for the modification of large biomolecules such as DNA, RNA, and other proteins.  Spore 

photoproduct lyase (SPL) catalyzes the repair of spore photoproduct, a thymine dimer, in 

spore-forming bacterial DNA.  The 5’-dAdo radical abstracts the C-6 hydrogen atom 

initiating β-scission leading to the monomeric products [48].  Certain other enzymes 

modify biomolecules involved in the translational machinery (see Chapter 7).  

Methylthiotransferases, such as MiaB and MtaB, add a methylthio modification to tRNA 

whereas RimO adds one to a small ribosomal subunit protein.  RlmN and Cfr 

methyltransferases methylate ribosomal 23S RNA.  Others including the glycyl radical 

enzyme (GRE) activating enzymes, for example aRNR-AE and PFL-AE, as mentioned 
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previously act upon another protein (aRNR and PFL respectively) by abstracting a 

hydrogen atom from a glycine forming a catalytically essential glycyl radical. 

 
Pyruvate Formate-Lyase Activating Enzyme 

 
 
Mechanistic and Structural Characterization of PFL 

 Pyruvate formate-lyase (PFL), the 170 kDa homodimer substrate of pyruvate 

formate-lyase activating enzyme (PFL-AE), is a central enzyme in anaerobic glucose 

metabolism and is the anaerobic counterpart to the pyruvate dehydrogenase complex;  

 

Figure 1.6. EPR spectra of the glycyl radical on PFL Gly734 [81].  Spectra I and II are 
PFL containing 1H, and samples were prepared in either H2O (I) or D2O (II).  Spectra III 
and IV are PFL containing 2H, and samples were prepared in either H2O (III) or D2O 
(IV).  Spectra I and III show splitting of the radical EPR signal by the remaining 
hydrogen on Cα of Gly734 while spectra II and IV show an unsplit signal due to the 
deuterium, which is exchanged on Cα of Gly734. 
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PFL catalyzes the conversion of pyruvate and coenzyme A (CoA) to formate and acetyl-

CoA.  The homodimer of PFL shows half-sites reactivity meaning that only one 

monomer is activated at any given time [82].  The first step in initiating the reaction of 

PFL is the PFL-AE catalyzed generation, through abstraction of the pro-S hydrogen atom, 

of a Gly734 glycyl radical (Figure 1.6) [81], whose exchange with solvent is mediated by 

the catalytically essential Cys419 [83].  Cys419 transfers this radical to Cys418, the other 

catalytically necessary residue, generating a thiyl radical, which is transferred to the other 

catalytically necessary residue Cys418 [84-87] (Scheme 1.2).  The Cys418 thiyl radical is 

then proposed to attack the carbonyl carbon on pyruvate breaking the carbon-carbon bond 

[84, 85] resulting in a formate anion radical, which abstracts a hydrogen atom from  

 

Scheme 1.2. Proposed mechanism for PFL catalyzed conversion of pyruvate and CoA to 
formate and acetyl-CoA.  The catalytic residues are shown in red for Gly734 and yellow 
for Cys418 and Cys419.  Figure from [88] using the PFL crystal structure, PDB ID 2PFL. 
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Gly734 reforming the glycyl radical, and attaching the acetyl moiety to Cys418, which 

reacts with CoA to form acetyl-CoA [87, 89-91].  The role of the Cys419 in this ping-

pong mechanism is as a radical transporter between Gly734 and Cys418 [84, 87], hence 

its role in mediating solvent exchange with the glycyl radical, which is the resting state of 

the enzyme.  In the absence of oxygen the glycyl radical is incredibly stable; however 

exposure of the radical to oxygen quickly results in PFL inactivation by cleavage at 

Gly734 into 82 kDa and 3 kDa fragments [55].  The activity of the large PFL core 

fragment corresponding to residues 1-733 of PFL can be recovered by a small 14 kDa 

protein, YfiD, showing high sequence similarity to the C-terminal portion of PFL [92].  

In fact, the identity of 22 of the residues around the radical bearing glycine is strictly 

conserved (Figure 1.7).  In order to perform PFL catalytic function, the YfiD protein  

 

Figure 1.7. ClustalX alignment of YfiD and the C-terminal end of PFL.  The 22 amino 
acids around the glycine, Gly734 boxed in red, where the glycyl radical is formed are 
strictly conserved. 
 
 
associates with the PFL core protein and a glycyl radical at Gly102 is generated by PFL-

AE [92].  It is proposed that YfiD functions as a “spare part” for cells that have 
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undergone oxidative stress as a means to quickly recovery the generation of ATP through 

PFL activity and the production of acetyl-CoA [92]. 

The crystal structure of PFL (Figure 1.8) has revealed how the three catalytic 

residues are able to interact to perform the transfer of the radical.  Each monomer of PFL 

consists of a 10-stranded α/β barrel constructed in an antiparallel fashion from two 

parallel five-stranded β-sheets with the active site residing in close proximity to the 

center of the barrel [84].  The catalytic residues, Gly734 and Cys418/Cys419, are located 

on opposing finger loops within the active site; the Gly734 Cα and Cys419 Sγ are at a 

distance of 3.7 Å [84].  The Gly734 is also buried 8 Å from the protein surface protecting 

it and the active site from excessive solvent exposure  The two monomers of the overall  

 

Figure 1.8 The crystal structure of PFL (PDB ID 2PFL) showing the PFL dimer with one 
monomer shown in purples and one in greens.  Glycine residue 734 is shown as an 
orange sphere. 
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dimer structure are related by an almost perfect two-fold rotation, and the surface of 

interaction mainly involves helical regions found at the N-terminal ends of PFL before 

the beginning of the barrel formation; this tight contact creates a buried surface area of 

2,052 Å2 [84]. 

 
Mechanistic and Structural Characterization of PFL-AE 

 Pyruvate formate-lyase activating enzyme, a 28 kDa monomer, was identified as 

an essential enzyme in the activation of pyruvate formate-lyase in the late 1960s and was 

known to be dependent on ferrous iron and S-adenosylmethionine [93].  The role of the 

iron and SAM, however, were unclear, and it was suggested that SAM, as it was 

converted into methionine and 5’-deoxyadenosine, was used for transient adenosylation 

of PFL-AE [94] and that the iron was a mononuclear Fe(II) site [95].  It wasn’t until 1994  

 

Scheme 1.3. PFL-AE generation of the glycyl radical.  PFL-AE generation of the 
5’deoxyadenosyl radical causes glycyl radical formation by H-atom abstraction.  The 
labeled hydrogen from Gly734 can be found in the resulting 5’-deoxyadenosine. 
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that the role of SAM in abstracting the glycine hydrogen atom was understood; through 

the use of [2-2H]glycine-labeled PFL, the deuterium was observed to be 

stoichiometrically transferred to 5’-deoxyadenosine implicating a 5’-deoxyadenosyl 

radical in the generation of the glycyl radical (Scheme 1.3) [96]. 

The anaerobic purification of PFL-AE by Broderick et al. gave the first indication 

that the iron was part of an iron-sulfur cluster [97].  Using resonance Raman and EPR 

spectroscopy, they were able to detect the presence of a mixture of [2Fe-2S]2+ and [4Fe-

4S]2+ clusters that were converted to [4Fe-4S]2+ when reduced with sodium dithionite; the 

presence of SAM allowed the cluster to be further reduced to the [4Fe-4S]1+ state [97].  

Later Mössbauer spectroscopy and improved purification techniques under strict 

anaerobic conditions allowed PFL-AE to be isolated with a mixture of [2Fe-2S]1+, [3Fe-

4S]1+, and [4Fe-4S]2+ clusters that could be reduced to [4Fe-4S]2+ and [4Fe-4S]1+ clusters 

without SAM [98, 99].  Knappe et al. were also able to reconstitute a [4Fe-4S] cluster in 

PFL-AE purified in the apo state and showed through individual site-directed 

mutagenesis of the six cysteines in PFL-AE followed by reconstitution that it was the 

CX3CX2C motif (as discussed previously) involved in binding the cluster [100].  

Additional experimental support was obtained when none of the reconstituted mutants of 

the CX3CX2C motif showed enzymatic activity [100]. 

 
Catalytic Cluster  The occurrence of multiple Fe-S cluster forms in PFL-AE made 

it necessary to determine which was catalytically active.  As discussed with other radical 

SAM enzymes, it was determined through controlled and quantified EPR spectroscopy 

(Figure 1.9) that the active cluster of PFL-AE is the [4Fe-4S]1+ state.  The PFL-AE  
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Figure 1.9. Left: EPR spectra of the reduced [4Fe-4S]1+ cluster of SAM (A) showing a 
nearly axial signal whose intensity increases with longer photoreduction times (in 
minutes) as indicated to the right of each spectra.  The increase in intensity indicates an 
increase in the amount of [4Fe-4S]1+ cluster produced.  The EPR spectra in (B) is of PFL-
AE with PFL added showing a split signal indicative of the glycyl radical formed on PFL.  
The signal intensity also increases with time as more glycyl radical is produced.  Right: 
Spin quantitation of the EPR spectra on the left show a 1:1 correlation between the 
amount of [4Fe-4S]1+ cluster and the amount of glycyl radical produced implicating the 
[4Fe-4S]1+ cluster as the catalytically active form.  Figures are from [44]. 
 
 
cluster was reduced by photoreduction with 5-deazariboflavin at varying illumination 

times, SAM was added in excess, and the sample was split in two; to one of the halves 

PFL was added in a 1:1 stoichiometry with PFL-AE, and both samples were analyzed by 

EPR spectroscopy [44].  The samples containing no PFL showed a nearly axial signal 

indicative of a [4Fe-4S]1+ cluster, and the signal intensity increased with increasing 

illumination times signifying production of more 1+ cluster [44].  Those containing PFL 

showed a split isotropic signal suggestive of a glycyl radical whose signal intensity also 

increased with longer illumination times; furthermore these samples no longer showed a 

signal corresponding to the [4Fe-4S]1+ cluster demonstrating that production of the glycyl 
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radical was likely concomitant with cluster oxidation [44].  When the signals were spin 

quantitated a stoichiometry of 1:1 [4Fe-4S]1+ cluster to glycyl radical was observed; these 

results strongly suggested that, as the generation of the glycyl radical is stoichiometric to 

SAM cleavage and requires a source of electrons, the [4Fe-4S]1+ cluster was the electron 

source and was subsequently converted to the oxidized and EPR silent [4Fe-4S]2+ cluster 

[44].  Additionally, the samples containing oxidized cluster could be reilluminated 

forming the [4Fe-4S]1+ cluster indicating its ability to cycle between the two redox states 

[44]. 

 
 The Unique Fe and SAM Binding  The presence of a cysteine triad motif 

conserved among the radical SAM enzymes suggested that, like aconitase, PFL-AE likely 

contained a site-differentiated [4Fe-4S] cluster.  Presumably a unique iron would be more 

labile due to its lack of cysteine coordination, so naturally abundant (56Fe) PFL-AE was 

grown and anaerobically purified after which it was briefly exposed to oxygen to form a 

[3Fe-4S]1+ cluster and gel filtered to remove unbound iron [35].  For Mössbauer 

spectroscopy the [3Fe-4S]1+ containing PFL-AE was reconstituted with 57Fe and DTT to 

label the unique site, which produced a [4Fe-4S]2+ cluster [35].  The Mössbauer spectra 

(Figure 1.10) demonstrated that the unique iron was indeed labeled forming the  

[3(56Fe)(57Fe)-4S]2+ cluster; additionally, upon the addition of a 10 fold excess of SAM a 

new quadrupole doublet with a large isomer shift was formed while the original doublet 

from the unique site 57Fe decreased in intensity indicating an interaction between SAM 

and the unique site, more specifically ionic ligands from SAM [35].  While this data 

demonstrated an interaction between SAM and the unique iron, it did not indicate the  
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Figure 1.10. Mössbauer spectra of PFL-AE with unique site of the [4Fe-4S] cluster 
labeled with 57Fe.  PFL-AE alone (A) shows a quadrupole doublet that is affected by the 
addition of SAM (B).  The addition of SAM displays a new quadrupole doublet and the 
original shows a decrease in intensity.  Spectra C and D are the difference spectra of (A-
B) at 50 mT (C) and 8 T (D).  In A the solid line is the experimental spectrum of the 
[4Fe-4S]2+ cluster in PFL-AE, and in B the solid line is the control containing the 
reconstitution ingredients and SAM without PFL-AE present.  The solid lines in C and D 
are the difference spectra of theoretical simulations of a unique iron site with and without 
SAM.  Figure is from [35]. 
 
 
specific nature of the interaction, which was established through the use of ENDOR and 

SAM isotopically labeled with 17O or 13C on the carboxyl group or 15N on the amino 

group [34].  Anaerobically purified PFL-AE was photoreduced to the [4Fe-4S]1+ state 

and a two-fold excess of the labeled SAM was added; upon ENDOR analysis, coupling 
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between the [4Fe-4S]1+ cluster and each of the labeled SAM molecules was seen 

establishing that the coordination of SAM to the unique iron was through an oxygen from 

the carboxyl group and the nitrogen of the amino group as is shown in Figure 1.3 [34]. 

 
 PFL-AE Structure  The coordination of SAM to the unique iron through its 

carboxy and amino moieties was also observed upon the solving the PFL-AE crystal 

structure with SAM bound to the cluster [36].  As has been seen with other radical SAM 

enzymes, PFL-AE displays a partial (α/β)6 TIM barrel fold with a wide lateral opening 

capable of accepting its large substrate, PFL.  The iron-sulfur cluster is located at the top  

 

Figure 1.11. Structure of PFL-AE generated from PDB ID 3CB8 [36].  PFL-AE contains 
a partial (α/β)6 TIM barrel with a wide opening to accommodate the large protein 
substrate, PFL.  SAM shown in light grey is bound to the cluster through its carboxy and 
amino moieties.  The PFL peptide is shown as a deep teal loop.  Loop A which undergoes 
the largest conformational change upon peptide binding is colored magenta. 
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of the barrel and the bound SAM shows interactions with the SAM binding motifs 

discussed earlier, specifically the GGE motif (PFL-AE residues G77, G78, and E79) as well 

as the GXIXGX2E motif (V168, V170, G172, and E175 of PFL-AE).  Additionally two 

completely conserved residues in PFL-AE, D104 and R166, are in close proximity to the 5’-

C of SAM and may play a role in catalysis, although no direct interactions are made with 

SAM.  A second PFL-AE structure with both SAM and a 7-mer peptide containing the 

glycine 734 and sequence surrounding it from PFL bound in the active site was also 

solved (Figure 1.11) [36].  In this structure the peptide is bound across the lateral opening 

of the barrel with the glycine projecting in towards the active site placing the Cα 4.1 Å 

from the 5’-C of SAM in an ideal location for hydrogen atom abstraction by the 5’-

deoxyadenosyl radical.  Interactions between the peptide and PFL-AE are made mainly 

by backbone atoms in the peptide and side chains in PFL-AE, which are highly conserved 

and include a DGXGXR (D16G17XG19XR21 in PFL-AE) motif on loop A, which 

undergoes a large conformational change upon peptide binding by swinging up to make 

these contacts. 

 
PFL and PFL-AE Interactions 

 The crystal structures of PFL and PFL-AE raise an interesting dilemma in the 

mechanism of activation of PFL.  In the PFL crystal structure Gly734 is buried 8 Å 

within the protein; however, the hydrogen atom abstraction by the 5’-dAdo radical 

forming the glycyl radical is direct and stereospecific [96].  The PFL-AE structure with 

peptide bound showing the glycine within the active site in close proximity to the 5’-C of 

SAM provides an interesting solution.  To allow PFL-AE access to the catalytic glycine, 
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PFL would have to undergo a dramatic conformational change.  Evidence for this 

conformational change has been obtained by Peng et al. and shows that, in the presence 

of PFL-AE, PFL can adopt a closed conformation in which the Gly734 is buried or an 

open conformation in which the loop containing Gly734 is exposed (Figure 1.12) [88].   

 

Figure 1.12. This image showing the proposed open conformation of PFL from [88] was 
generated in PyMol by manual rotation of the radical domain, which is connected to the 
barrel by a flexible loop that is thought to allow the radical domain freedom to adopt the 
more open conformation predicted in the presence of PFL-AE.  The radical domain is 
displayed in red with Gly734 shown as a red sphere.  The catalytic residues Cys418 and 
Cys419 are shown as yellow spheres. 
 
 
The open conformation of PFL is favored in the presence of PFL-AE; consequences of 

the open conformation include a decreased Tm of PFL, lowered catalytic activity of the 

activated enzyme , and a less stable glycyl radical which undergoes less H/D exchange 

with solvent [88].  The lower melting temperature seen in the open conformation of PFL 

is understandable as the open conformation represents the removal of a core domain from 

the PFL structure.  A decrease in the catalytic activity of PFL is likely a direct result of 

the reduced glycyl radical stability as the loss of the radical would preclude the 

conversion of pyruvate to formate and acetyl-CoA; the loss in radical stability was 

attributed to nondestructive quenching (PFL that had lost its glycyl radical could be 
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reactivated) by the high concentrations of DTT used in the buffer as the radical was less 

likely to be reinserted into the PFL core thus protecting it.  As for the decrease in H/D 

exchange at Gly734, it is Cys419 that mediates this exchange, and the open conformation 

eliminates the close proximity necessary between the two for the transfer to occur [88].  

The validation of this more open conformation of PFL provides a direct route of access to 

the glycine by PFL-AE for direct hydrogen atom abstraction. 

 
Research Goals 

 
 

While PFL-AE remains one of the best characterized radical SAM enzymes, there 

is still much that has been left unanswered as to the mechanism by which PFL-AE 

activates PFL.  The crystal structure of PFL-AE and further analysis of the open 

conformation of PFL provided insight into the interaction necessary for PFL-AE to 

access the glycine from which it abstracts a hydrogen atom.  However, when the crystal 

structure of PFL-AE was solved, the presence of a monovalent cation in the active site 

was revealed.  Many enzymes are activated by cations, although the role in PFL-AE was 

unclear as buffers containing either NaCl or KCl have consistently been used to control 

ionic strength.  The cation was found in close proximity to SAM, and an interaction with 

the unbound carbonyl oxygen of SAM’s carboxy moiety was discovered.  The location of 

the cation within the active site also puts it near the Fe-S cluster.  To determine the most 

likely cation found in the active site in vivo as well as the effect of the cation on the 

electronic structure of the active site and on PFL-AE activity, EPR spectroscopy and 



32 
 
activity assays were performed in the presence of five different cations: Na+, K+, NH4

+, 

Rb+, and Cs+. 

Another unresolved question from the crystal structures of PFL-AE is how the 

binding of SAM affects PFL-AE; to date there is no crystal structure of SAM alone.  In 

order to analyze the effects of SAM binding nuclear resonance vibrational spectroscopy 

(NRVS), a relatively new technique as applied to metalloproteins, was employed.  NRVS 

utilizes Mössbauer active isotopes such as 57Fe, which in the case of PFL-AE presents a 

unique opportunity to specifically target the effects of SAM binding on the [4Fe-4S] 

cluster.  To this end, the PFL-AE cluster was labeled by supplementing the PFL-AE with 

57Fe during overexpression.  NRVS measurements were completed at Argonne National 

Laboratories, and two force constants were calculated, stiffness and resilience, which 

determine the rigidity of the protein around the cluster and the change in lengths of the 

Fe-S bonds. 

The third goal of this research was to identify and characterize the intermediates 

in the generation of the glycyl radical created from hydrogen atom abstraction by the 5’-

deoxyadenosyl radical.  As these putative SAM radical intermediates are short lived, 

rapid freeze quench (RFQ) was used to isolate one.  PFL-AE was mixed with PFL and 

SAM on a millisecond time scale and analyzed by EPR.  An intermediate of the reaction 

was trapped and detected by EPR spectroscopy.  As the intermediate is paramagnetic, 

which was demonstrated by the EPR signal obtained, ENDOR was also attempted with 

site-specifically labeled SAM in an effort to identify and characterize it based on 

coupling between the label and the paramagnetic center.  
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CHAPTER 2 
 
 

GENERAL METHODS 
 
 

Growth and Purification of PFL 
 
 

 The pKK223-3 vector containing the Escherichia coli pflB gene was transformed 

into Escherichia coli BL21(DE3)pLysS for PFL expression.  Fifty mL of LB media with 

50 µg/mL of ampicillin was inoculated with one colony of the PFL expressing E. coli and 

grown overnight at 37°C with shaking at 250 rpm.  The overnight culture was added to 

10 L of LB media with 50 µg/mL of ampicillin and incubated at 37°C in a 10 L New 

Brunswick benchtop fermentor with 250 rpm stirring.  Compressed air was purged 

through the fermentor at a flow rate of 5 L/min.  When the cells reached early log phase 

at an OD600 of approximately 0.6-0.8, isopropyl-β-D-thiogalactopyranoside (IPTG) was 

added to a final concentration of 1 mM to induce protein expression.  The growth was 

allowed to continue for an additional 3 hours at which point the cells were harvested by 

centrifugation at 6,000 rpm for 10 minutes at 4°C, frozen with liquid nitrogen and stored 

at -80°C.  Average cell yields are 3.5 mg/L. 

 Cells were thawed and suspended, at an approximate ratio of 2 mL lysis buffer 

per 1 g of cell paste, in 20 mM Tris, pH 7.2, 1% Triton X-100, 5% (w/v) glycerol, 10 mM 

MgCl2, 8 mg lysozyme (per 50 mL buffer), 1 mM phenylmethylsulfonyl fluoride 

(PMSF), and trace amounts of RNase A and DNase I (approximately 0.1 mg each per 50 

mL buffer).  The suspension was stirred at 4°C and homogenized by agitation with a 30 

mL syringe and 18 gauge needle for 1 hour.  The lysed cells were centrifuged at 18,000  
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Figure 2.1. Representative chromatogram of PFL purification on the Waters AP-5 300 
mm column containing Accell Plus QMA resin.  Buffers utilized were No Salt Buffer (20 
mM Tris, pH 7.2, 1 mM DTT) and High Salt Buffer (20 mM Tris, pH 7.2, 200 mM NaCl, 
1 mM DTT).  PFL elutes with approximately 170 mM NaCl which is indicated by the 
arrow in this chromatogram. 
 
 
rpm for 30 minutes at 4°C at which point the lysate was decanted and centrifuged for an 

additional 30 minutes.  The lysate was decanted and either directly purified or flash-

frozen with liquid nitrogen and stored at -80°C.  Approximately 30 mL of lysate was 

loaded onto a Waters AP-5 300 mm column containing Accell Plus QMA resin 

equilibrated with No Salt Buffer (20 mM Tris, pH 7.2, 1 mM DTT).  No Salt Buffer was 

used to wash the column with 300 mL after which a gradient from No Salt Buffer to High 

Salt Buffer (20 mM Tris, pH 7.2, 200 mM NaCl, 1 mM DTT) was run over 900 mL 

followed by another wash of High Salt Buffer for 300 mL.  Using these conditions PFL 

elutes with approximately 170 mM NaCl (Figure 2.1).  Fractions containing ≥50% pure 

PFL as judged by SDS-PAGE were combined, concentrated using a Millipore Amicon 



42 
 
Ultra centrifugal device with a 30K MWCO filter to 10 mL or less, and buffer exchanged 

into Buffer B (20 mM Tris, pH 7.2, 1 M (NH4)2SO4, 1 mM DTT).  This protein solution 

was then loaded onto a HighLoad High Performance 16/10 phenyl sepharose column 

equilibrated with Buffer B.  A column wash with Buffer B was performed with 50 mL 

followed by a 50 mL gradient to Buffer A (20 mM Tris, pH 7.2, 1 mM DTT).  A final 

Buffer A step was completed with 50 mL.  PFL elutes at the beginning of the final Buffer 

A step (Figure 2.2), and fractions containing ≥95% pure PFL as judged by SDS-PAGE 

(Figure 2.3) were pooled, concentrated using a Millipore Amicon Ultra centrifugal device 

with a 10K MWCO filter, flash-frozen, and stored at -80°C.  Average protein yields are 

27 mg per 1 L of growth. 

 

Figure 2.2. Representative chromatogram of PFL purification on the HighLoad High 
Performance 16/10 phenyl sepharose column.  Buffers used were Buffer B (20 mM Tris, 
pH 7.2, 1 M (NH4)2SO4, 1 mM DTT) and Buffer A (20 mM Tris, pH 7.2, 1 mM DTT).  
PFL elutes with 100% Buffer A as indicated by the arrow in this chromatogram. 
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Figure 2.3. Representative SDS-PAGE gel from PFL purification after the HighLoad 
High Performance 16/10 phenyl sepharose column.  Lanes 1-13 are Fractions 1, 3, 5, 6, 8, 
10, 12, 14, 15, 17, 19, 21, and 23 respectively from Figure 2.2.  Lane 14 is a molecular 
weight marker. 
 
 
 Purified PFL was degassed on a Schlenk line using the freeze-pump-thaw method.  

PFL was placed in a round bottom flask fitted with a schlenk line compatible top and 

frozen in a thin layer around the bottom and sides of the flask.  A vacuum was pulled on 

the flask for 10-20 minutes (depending on sample size).  The flask was then filled with 

nitrogen gas, and the protein was allowed to thaw.  This cycle was repeated for a total of 

three times.  The protein was then brought into an MBraun Unilab anaerobic glovebox 

containing ≤1 ppm oxygen to be aliquoted in screw top vials containing an o-ring.  The 

protein samples were then flash-frozen and stored at -80°C. 

 
 

  1        2        3      4         5        6        7        8        9       10      11     12      13     14 
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Growth and Purification of PFL-AE 
 
 

 The pCAL-nEK vector containing the Escherichia coli pflA gene was transformed 

into Escherichia coli BL21(DE3)pLysS for PFL-AE expression.  50 mL of LB media 

with 50 µg/mL of ampicillin and 34 µg/mL chloramphenicol was inoculated with one 

colony of the PFL-AE expressing E. coli and grown overnight at 37°C with shaking at 

250 rpm.  The overnight culture was added to 9.8 L of minimal media with 50 µg/mL of 

ampicillin, 34 µg/mL chloramphenicol, glucose solution, and vitamins.  Minimal media 

consists of 100g Casamino acids, 84.2g MOPS, 8.0g Tricine, 14.7g NaCl, 16.0g KOH, 

and 5.1g NH4Cl in 9.8 L of H2O; the glucose solution contains 50g glucose in 200mL 

H2O, 25mL “O” solution (0.1 g FeCl2•4H2O dissolved in 10 mL of 12 M HCl with 1 mL 

“T” solution [18.4 mg CaCl2•2H2O, 64 mg H3BO3, 40 mg MnCl2•4H2O, 18 mg 

CoCl2•6H2O, 4 mg CuCl2•2H2O, 340 mg ZnCl2, and 605 mg Na2MoO4•2H2O diluted to 

100 mL with H2O] and 2.68 g MgCl2•6H2O brought up to a final volume of 50 mL with 

H2O), 25mL 1M KH2PO4, 12.5mL 276mM K2SO4, and 62.5mL 0.1M CaCl2; vitamins 

are 10mg each of biotin, pantothenic acid, vitamin B12, thiamine, folic acid, riboflavin, 

niacinamide, thioctic acid, and pyridoxine.  The growth was incubated at 37°C in a 10 L 

New Brunswick benchtop fermentor with 250 rpm stirring, and compressed air was 

purged through the fermentor at a flow rate of 5 L/min.  When the cells reached an OD600 

of approximately 0.5, isopropyl-β-D-thiogalactopyranoside (IPTG) was added to a final 

concentration of 0.5 mM to induce protein expression, and the media was supplemented 

with 750 mg of Fe(NH4)2(SO4)•6H2O.  The growth was allowed to continue for an 

additional 2 hours at which point it was cooled.  When the temperature reached 30°C, the 
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fermentor was purged with nitrogen gas, and at 20°C it was moved to a 4°C fridge where 

sparging with nitrogen gas continued overnight and 750 mg of Fe(NH4)2(SO4)•6H2O was 

again added.  Cells were harvested by centrifugation at 6,000 rpm for 10 minutes at 4°C, 

frozen with liquid nitrogen and stored at -80°C.  Average cell yields are 5 g/L. 

 Purification was carried out under anaerobic conditions in a Coy anaerobic 

chamber (Coy Laboratories, Grass Lake, MI) for all following steps.  Cells were thawed 

and suspended, at an approximate ratio of 2 mL lysis buffer per 1 g cell paste, in 50 mM 

Tris, pH 7.5, 200 mM NaCl, 1% (w/v) Triton X-100, 5% (w/v) glycerol, 10 mM MgCl2, 

1 mM DTT, 1 mM PMSF, 16 mg lysozyme (per 100 mL buffer), and trace amounts of 

DNase I and RNase A (approximately 0.2 mg each).  The suspension was gently stirred 

for 15 minutes and then stirred on ice for an additional 45 minutes.  A 30 mL syringe and 

18 gauge needle were also used to homogenize the solution.  The lysed cells were 

centrifuged at 18,000 rpm for 30 min at 4°C at which point the lysate was decanted and 

centrifuged for a second time.  The lysate was decanted and loaded onto a Waters AP-5 

600 mm column containing preparatory grade Superdex 75 resin which was first washed 

with 1 mM dithionite to help eliminate residual oxygen and then equilibrated with Gel 

Filtration Buffer (50 mM Tris, pH 7.5, 200 mM NaCl, 1 mM DTT).  The Gel Filtration 

Buffer was washed over the column for a total of 900 mL, and PFL-AE begins to elute 

between 550 and 600 mL of filtrate (Figure 2.4).  Fractions containing a dark brown color 

and an absorbance at 426 nm were pooled and concentrated using a Millipore Amicon 

Ultra centrifugal device with a 10K MWCO filter to 10 mL or less, flash-frozen, and 

stored at -80°C overnight.  The following day, the stored protein was loaded back onto  
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Figure 2.4. Representative chromatogram from the first Superdex 75 column of PFL-AE 
purification using Gel Filtration Buffer (50 mM Tris, pH 7.5, 200 mM NaCl, 1 mM 
DTT).  The blue trace represents the absorbance at 280 nm and the red at 426 nm (split in 
trace results from an auto-zeroing).  PFL-AE begins to elute between 550 and 600 mL of 
filtrate.  Fractions containing a dark brown color and an absorbance at 426 nm are kept. 
 
 
the superdex 75 resin, which was reequilibrated with Gel Filtration Buffer, and gel 

fitrated with Gel Filtration Buffer.  PFL-AE began to elute after 600 mL of filtrate 

(Figure 2.5).  The ratio of the absorbance at 426 nm to 280 nm was obtained using a 

Thermo Scientrific Evolution 60 spectrophotometer, and fractions with the highest ratio 

were pooled and concentrated using a Millipore Amicon Ultra centrifugal device with a 

10K MWCO filter, aliquoted into screw cap vials with o-rings, flash-frozen, and stored at 

-80°C.  Average protein yields are 13.5 mg protein per 1 L of growth. 
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Figure 2.5. Representative chromatogram from the second Superdex 75 column of PFL-
AE purification using Gel Filtration Buffer (50 mM Tris, pH 7.5, 200 mM NaCl, 1 mM 
DTT).  The blue trace represents the absorbance at 280 nm and the red at 426 nm (split in 
trace results from an auto-zeroing).  PFL-AE begins to elute after 600 mL of filtrate.  
Fractions containing the highest ratio of the absorbance at 426 nm to 280 nm were kept. 

 
 

Protein and Iron Quantification 
 
 

 Protein concentration was determined by the method of Bradford [1] using a dye 

kit from Bio-Rad and bovine serum albumin (BSA) as a standard.  For PFL-AE, a 

correction factor for the Bradford assays was determined by amino acid hydrolysis of the 

purified enzyme, completed at the MBC Core Facility, University of Massachusetts, 

Amherst [2].  Briefly, 0.1 mg/mL BSA was added to a total of 800 µL H2O in differing 

amounts (usually to a final amount of 1, 2, 3, 4, 5, and 6 µg BSA in each standard) to 

which 200 µL of Bradford dye was added.  The samples were incubated at room 

temperature for approximately 30 minutes, and then the absorbance at 595 nm was 
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recorded using a Thermo Scientrific Evolution 60 spectrophotometer to create a standard 

curve.  Protein samples were made (by substituting protein for BSA) such that the 

absorbance fell within the standard curve range. 

Iron assays were performed according to the method of Beinert [3].  An iron 

standard of 10 µg/mL was used to create a standard curve by adding differing amounts 

(usually to a final amount of 0.4, 0.8, 1.2, 1.6, and 2.0 µg Fe in each standard) to a final 

volume of 1 mL.  Protein samples were made (by substituting protein for Fe standard) 

such that the absorbance fell within the standard curve range.  To each of the samples 500 

µL of 1:1 1.2 M HCL: 4.5% KMnO4 was added, and they were then incubated for 2 

hours in a 65°C water bath.  After the incubation, 100 µL of Reagent B (4.90 g 

ammonium acetate and 4.4 g ascorbic acid were dissolved in 5 mL H2O; 40 mg each of 

neocuproine and ferrozine were added, and the volume was brought up to 12.5 mL with 

H2O) was added to each.  The samples were vortexed for approximately 5 seconds every 

10 minutes for a total of 30 minutes at room temperature.  The absorbance at 562 nm was 

recorded using a Thermo Scientrific Evolution 60 spectrophotometer. 

 
Synthesis and Purification of SAM 

 
 

 In a small vial, 8.275 mL of 100 mM Tris HCl, pH 8, 37 mg KCl, 53 mg MgCl2, 

18 L 0.5 M EDTA, 73 mg ATP, 18 mg L-methionine, 800 L ME (-

mercaptoethanol), 5 L inorganic phosphatase, and 1 mL SAM synthetase crude lysate, 

were added together and gently stirred for 15-16 hours at room temperature.  The reaction 

was quenched with 1 mL of 1 M HCl and centrifuged at 18,000 rpm and 4°C for 30 
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minutes.  The supernatant was decanted in equal portions into two falcon tubes and stored 

at 4°C until purification.  For the SAM synthetase crude lysate SAM synthetase 

overproducing strain DM22 (pK8) was stored in 50% glycerol at –80C.  A single colony 

of transformed cells was used to inoculate 50 mL LB media containing 30 µg/mL 

oxytetracycline (LB/Tet).  This culture was grown for 12-14 hours to saturation and then 

used to inoculate 700 mL LB/Tet in each of 4 x 2800 mL Fernbach culture flasks. The 

culture was grown at 37C with vigorous shaking for 12-14 hours before harvesting by 

centrifugation at 8,000 rpm for 10 min.  The supernatant was decanted and the cells 

stored at -80C.  Cell paste was suspended in 100 mM Tris-HCl, pH 8.0 containing 1 mM 

EDTA (3–3.5 mL/g cells).  Lysozyme was added at 50 g/mL phenylmethylsulfonyl 

fluoride (PMSF) at a final concentration of 0.1 mM plus trace amounts of RNase and 

DNase. The suspension was incubated at 4˚C for 1.5 hours with stirring. The suspension 

was centrifuged at 15,000 rpm for 20 min.  The supernatant was decanted and stored 

unpurified at –80˚C in 1 mL Eppendorf tubes until needed. 

 Approximately 5 mL of the SAM synthesis reaction was loaded onto an HR 10/10 

column containing Source 15S resin equilibrated with Buffer A (H2O).  The column was 

washed with 30 mL of Buffer A, and then a gradient to 10% Buffer B (1 M HCl) was 

applied over 15 mL.  10% Buffer B was run for another 15 mL before a gradient to 100% 

Buffer B was achieved over 100 mL.  Buffer B was used to wash for 20 mL and a 

gradient to Buffer A was accomplished over 10 mL.  A final 40 mL wash of Buffer A  
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Figure 2.6. Representative chromatogram from SAM purification on the Source 15S 
column using Buffer A (H2O) and Buffer B (1 M HCl).  SAM elutes at approximately 0.6 
M HCl or 120 mL in this chromatogram. 
 
 
was performed before the second half of the SAM synthesis was loaded for purification 

as above.  SAM elutes at approximately 0.6 M HCl (Figure 2.6).  Purified SAM was 

lyophilized overnight and brought into an MBraun Unilab anaerobic glovebox containing 

≤1 ppm oxygen for reconstitution.  SAM was dissolved in 100 mM Tris and the pH was 

adjusted to approximately 7.0 to 7.5 after which the final Tris concentration was brought 

to 50 mM with additional water.  SAM was aliquoted into screw cap vials with o-rings, 

flash-frozen, and stored at -80°C.  SAM concentration was calculated by determining the 

absorbance at 260 nm and using 16,000 M-1 cm-1 as the extinction coefficient for SAM at 

260 nm. 
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Abstract 
 
 

Pyruvate formate-lyase activating enzyme (PFL-AE), which activates pyruvate 

formate-lyase (PFL) by generating a catalytically essential glycyl radical on PFL, is one 

of the earliest known members of the radical SAM superfamily.  This family of enzymes 

utilizes a [4Fe-4S] cluster to reductively cleave SAM (S-adenosylmethionine) to produce 

a 5’-deoxyadenosyl (dAdo) radical intermediate.  These enzymes also share a common 

structural core composed of either a full (α/β)8, or partial (α/β)6, TIM barrel fold.  The 

crystal structure of PFL-AE reveals the presence of a monovalent cation, modeled as Na+.  

The significance of this cation in PFL-AE function has been explored by using activity 

assays as well as EPR spectroscopic studies of PFL-AE with and without SAM bound.  

Of the five monovalent cations tested (Na+, K+, NH4
+, Rb+, and Cs+), PFL-AE is active in 

the presence of all of them.  Additionaly, an apparent binding constant of approximately 

6.5 mM as estimated by EPR spectroscopy was determined for K+.  The activity of PFL-

AE is also dependent on the concentration of potassium ion in the assay, with an increase 

in activity correlated with an increase in cation concentration.  The EPR signal associated 
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with the [4Fe-4S]+ cluster in reduced PFL-AE is significantly affected by the presence of 

the different cations, pointing to effects on the electronic structure as would be expected 

from the cation’s location within the active site. 

 
Introduction 

 
 

Pyruvate formate-lyase activating enzyme (PFL-AE) is a member of the radical S-

adenosylmethionine (SAM) superfamily [1], which is involved in reactions across the 

phylogenic kingdom including enzyme activation, DNA repair, viral inhibition, cofactor 

maturation, large biomolecule modification, as well as numerous others [2, 3].  Radical 

SAM enzymes share a common CX3CX2C motif, or variation thereof, that coordinates a 

site-differentiated [4Fe-4S] cluster, and the unique iron of the cluster is ligated by the 

amino and carboxy moieties of SAM [4, 5].  The reduced [4Fe-4S]1+ cluster reductively 

cleaves SAM forming methionine and a 5’-deoxyadensyl (dAdo) radical [6].  This radical 

then abstracts a hydrogen atom from the substrate beginning the different reactions 

catalyzed by these enzymes.  In the case of PFL-AE the dAdo radical abstracts a 

hydrogen atom from glycine 734 of pyruvate formate-lyase (PFL), a 170 kDa homodimer 

[7, 8].  PFL is a central enzyme involved in anaerobic glucose metabolism, and is 

responsible for conversion of pyruvate and coenzyme A (CoA) to formate and acetyl-

CoA under anaerobic conditions [7, 8]. 

Two crystal structures of PFL-AE have been solved: one with PFL-AE in 

complex with SAM and the other with PFL-AE in complex with SAM and a 7-mer PFL 

peptide substrate analog containing the catalytic glycine (Figure 3.1) [9].  The  
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Figure 3.1. Crystal structure of PFL-AE with SAM (light grey sticks) and PFL peptide 
(thick teal loop) bound.  SAM is bound to the Fe-S cluster (red and yellow cube) through 
its amino and carboxy moieties.  The 7-mer PFL peptide corresponds to the PFL radical 
loop containing Gly734 where the glycyl radical is formed.  PFL-AE displays a partial 
(α/β)6 TIM barrel with a large opening capable of accommodating its large 170 kDa 
substrate PFL. 
 
 
combination of these two structures has given insight into the mechanism of PFL-AE 

activity.  As with other radical SAM enzymes, the PFL-AE structure is composed of a 

triosephosphate isomerase (TIM) barrel.  In PFL-AE it is a partial (α/β)6 barrel with a 

wide opening able to accommodate the large substrate PFL.  These structures confirm the 

binding of SAM through the amino and carboxy moieties to the unique iron of the cluster 

as was first indicated by results obtained from ENDOR spectroscopy [5].  Two motifs 

present in PFL-AE, which are conserved in the radical SAM superfamily, show 

interactions with SAM.  The GGE motif (PFL-AE residues G77, G78, and E79) directly 

binds the methionine portion of SAM  The GXIXGXXE  motif (V168, V170, G172, and E175 



58 
 
in PFL-AE) stabilizes the adenine moiety binding site; the adenine ring of SAM is also 

packed against two histidines (H37 and H202).  In addition, the PFL-AE structure 

containing the PFL peptide shows substrate binding across the lateral opening of the 

barrel.  Interactions between PFL-AE and the peptide are mainly between the peptide 

backbone and PFL-AE side chains.  One of the interactions from PFL-AE includes the 

highly conserved DGXGXR motif located on loop A (residues 10-20), and upon peptide 

binding this loop undergoes a large conformation change by swinging up into the active 

site to establish these interactions.  The movement of this loop is thought to be essential 

to the activation of PFL possibly through orienting the glycine loop of PFL in the active 

site.  The positioning of the peptide in the active site of PFL-AE is an interesting 

observation as in the PFL crystal structure (Figure 3.2) the glycine from which a 

hydrogen atom is abstracted is buried approximately 8 Å from the surface [10]. 

PFL is a homodimer with each monomer constructed as a 10 stranded α/β barrel 

and the active site located at the center.  Also within the active site are two catalytically 

essential cysteine residues, Cys418 and Cys419.  In order for turnover of pyruvate by 

PFL to occur the radical must be transferred from Gly734 to Cys419 necessitating the 

positioning of the glycyl radical in the active site [10, 11].  However, the formation of the 

glycyl radical by PFL-AE occurs through a site-specific abstraction of the pro-S hydrogen 

of Gly734 [12].  Combined with the structure of PFL-AE with peptide bound, this 

suggests that a conformational change by PFL is required for the glycine containing loop 

to be accessible to the active site of PFL-AE.  In fact, recent data suggest that PFL 

assumes a more open conformation in the presence of PFL-AE including a decrease in  
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Figure 3.2. The PFL crystal structure with one monomer is shown in purple and the other 
in green.  Glycine 734, which harbors the glycyl radical, is shown as an orange sphere 
and is buried within the active site near the center of the 10 stranded α/β barrel.  Also in 
the active site near Gly734 on an opposing finger loop are the two catalytic cysteine 
residues, Cys418 and Cys419.  The distance between Gly734 Cα and Cys419 Sγ is 3.7 Å. 
 
 
the Tm of PFL, lower PFL activity, and a less stable glycyl radical that experiences less 

H/D exchange [13].  In the proposed open conformation of PFL the radical loop 

containing Gly-734 flips out of the protein so that it can be accessed by PFL-AE [13]. 

After publication of the PFL-AE crystal structures, further analysis revealed the 

presence of a monovalent cation, M+, (modeled as a sodium ion in the structure) in the 

active site.  The two most likely and biologically relevant cations are Na+ and K+, but 

determining which cation it is in a crystal structure can be difficult; Na+ has the same 

number of electrons as a water molecule and K+ has an ionic radius almost identical to a 

water molecule [14].  However, some insight can be gained from the distances between 
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M+ and the atoms with which it interacts: an average of ~2.4 Å for Na+ and ~2.8 Å for K+ 

[15].  As shown by this study, the most likely candidate is K+, an essential element 

required for the catalysis of a number of enzymes such as diol dehydratase, glycerol 

dehydratase, GroEL, and pyruvate kinase [14, 16-20]. 

Activation of an enzyme by M+ is not accomplished through regulation as 

concentrations of Na+ and K+ are both tightly controlled within a cell [21].  Instead the 

M+ cation assists in binding of substrate and catalysis through lowering of the energy 

barriers in the ground and/or transition states [14].  This can occur when the M+ ion is 

used to directly interact with the substrate or when M+ binding to the enzyme triggers 

conformation changes.  These two different effects are used to separate enzymes 

activated by M+ (such as Na+ or K+) into two types, type I and type II [14].  In type I 

enzymes the M+ is cofactor-like and helps to anchor the substrate in the active site.  It is 

also absolutely required for enzyme activity.  Type II enzymes use M+ as an allosteric 

effector.  Upon M+ binding (and no direct substrate contact), conformational changes are 

elicited which enhance enzyme activity; however the M+ is not absolutely required for 

activity.  For example in the type I enzyme diol dehydratase, a coenzyme B12-dependent 

enzyme, the absolute requirement of K+ [22] is explained by the crystal structure of the 

enzyme bound to propanediol.  The K+, coordinated by five protein ligands, draws in the 

substrate through interactions with two of its hydroxyl oxygens, and so the absence of K+ 

would preclude substrate binding [19].  Aminoimidazole riboside kinase is a type II 

activated enzyme, and the binding of K+ is proposed to alter the conformation of the 

backbone residues 252-255 [23].  The alteration would position the catalytic Asp255 in a 
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manner that would allow it to interact with the phosphate moiety of the nucleotide thus 

enabling phosphorylation of the substrate aminoimidazole riboside [23].  For M+ 

activated enzymes, those activated by K+ can also be activated by NH4
+ and Rb+ but are 

not activated as well by the smaller Na+ or the larger Cs+ cations, while Na+ activated 

enzymes are not activated as well by any of the larger cations (K+, Rb+, and Cs+) nor the 

smaller Li+ cation [24].  In this work, we demonstrate that PFL-AE activity is highest in 

and stimulated by the presence of K+.  In the presence of NH4
+ and Rb+ PFL-AE also 

shows a high activity while the presence of Na+ or Cs+ results in a slightly lower activity. 

 
Materials and Methods 

 
 
PFL and PFL-AE Growth and Purification 

PFL and PFL-AE were both grown and purified as previously described [6, 25-

27].  Briefly, the Escherichia coli genes pflA (PFL-AE) and pflB (PFL) were individually 

expressed in Escherichia coli BL21(DE3)pLysS.  PFL-AE was anaerobically purified 

using a Waters AP-5 600 mm column containing preparatory grade Superdex 75 resin.  

PFL was aerobically purified first on a Waters AP-5 300 mm column containing Accell 

Plus QMA resin followed by a HighLoad High Performance 16/10 phenyl sepharose 

column.  PFL was degassed on a Schlenk line prior to use. 

 
Protein and Fe Quantitation 

Protein concentration was determined by the method of Bradford [28] using dye 

reagent from Biorad.  A correction factor, determined by acid hydrolysis [25] was 

utilized in the final calculations of PFL-AE concentration.  Iron content was determined 
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using the method of Beinert [29].  PFL-AE contained between 3 and 4 Fe per protein for 

the following experiments unless otherwise indicated. 

 
PFL-AE Activity Assays 

PFL-AE activity was assayed in a Unilab MBraun anaerobic chamber containing 

≤ 1 ppm O2 using a modified version of the coupled enzyme assays as previously 

published [25, 30, 31].  An activation solution containing 0.05 µM PFL-AE, 5 µM PFL, 

0.1 mM SAM, 10 mM oxamate, 8 mM DTT, 30 µM 5-deazariboflavin (added last in the 

dark), 0.1 M Tris, pH 7.6, and 0.1 M of one of the following: NaCl, KCl, NH4Cl, RbCl, 

or CsCl was mixed.  This mix was photoreduced by illumination with a 300 W halogen 

lamp at 25°C ± 1°C for a specified amount of time (usually 0, 2, 4, 5, 10, or 15 minutes) 

and then covered with foil to prevent further reduction.  The coupling solution used in 

conjunction with the activation solution contained 3 mM NAD+, 55 µM coenzymeA, 0.1 

mg/mL BSA, 10 mM pyruvate, 10 mM malate, 2 U/mL citrate synthase, 30 U/mL malic 

dehydrogenase, 10 mM DTT, and 0.1 M Tris, pH 8.1 and was kept at room temperature.  

All solutions were degassed on a Schlenk line and solids were brought into the chamber 

prior to mixing.  (For the determination of the dependence of PFL-AE activity on the 

concentration of K+, the concentration of K+ in the activation solution was changed to 

either 50 mM, 25 mM, 10 mM, or 0 mM.  The ionic strength was maintained by adding 

choline chloride and PFL-AE was exchanged into a choline chloride buffer to remove 

Na+ present from purification.  However, this did cause a loss of iron and PFL-AE in 

these assays contained approximately 2.5 Fe per protein) 
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To assay the activity 5 µL of the activation solution was placed on a lid of an 

anaerobic cuvette containing 895 µL of coupling solution prior to its removal from the 

chamber.  The two solutions were mixed just prior to placing in a thermostatted (at 30°C) 

Cary 6000i UV-Vis spectrophotometer.  The absorbance at 340 nm was recorded for 90 

seconds.  One unit of PFL activity corresponds to the production of one µmole of 

pyruvate per minute, and 35 units of PFL is equivalent to 1 nmole of PFL active sites 

[32].  The definition of one unit of PFL-AE activity is the amount that catalyzes the 

production of 1 nmole of active PFL per minute [25]. 

 
Determination of KD for K+ 

A mixture containing 200 µM PFL-AE, 2 mM SAM, 200 µM 5-deazariboflavin 

(added last in the dark), 1 mM DTT, 50 mM Tris, pH 8.5, and either 0, 1, 2, 5, 10, 20 50, 

100, or 200 mM KCl (total ionic strength was maintained at 200 mM with NaCl).  The 

mixture was then placed in an EPR tube and photoreduced by illumination with a 300 W 

halogen lamp in an ice bath for one hour.  The samples were then frozen with liquid 

nitrogen. 

 
EPR Sample Preparation 

In an Mbruan anaerobic chamber with ≤1 ppm O2 200 µM PFL-AE, 200 µM 5-

deazariboflavin (added last in the dark), 5 mM DTT, 100 mM Tris, pH 7.6, and 200 mM 

of one of the following: NaCl, KCl, NH4Cl, RbCl, or CsCl was placed in an EPR tube.  

Photoreduction was accomplished by illumination with a 300 W halogen lamp in an ice 

bath for one hour, and samples without SAM were frozen with liquid nitrogen.  For 
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samples with SAM the solution was removed; SAM was added to a final concentration of 

2 mM and allowed to incubate for 5-10 minutes before freezing in liquid nitrogen. 

 
EPR Spectroscopy 

EPR spectra were recorded on a Bruker EMX X-band spectrometer equipped with 

a liquid helium cryostat and temperature controller from Oxford Instruments.  Typical 

experiment parameters were 12 K and 9.37 GHz, with 1.83 mW microwave power, 100 

kHz modulation frequency, and 10 G modulation amplitude.  Each spectrum is the 

average of two scans. 

 
Results 

 
 
A Monovalent Cation is in the Active Site of PFL-AE 

 Further analysis of the PFL-AE crystal structure with SAM and PFL peptide 

bound indicated the presence of a monovalent cation located in the active site (Figure 

3.3), but was not detected in the structure with only SAM bound.  Many interactions 

between proteins and an M+ ion occur through carbonyl oxygen atoms.  In the PFL-AE 

structure the monovalent cation interacts with four amino acid oxygens as well as one 

SAM oxygen.  The cation interactions with the four amino acids include two with 

backbone carbonyl oxygens from Thr105 and Met127 as well as two with side chain 

residue carbonyl oxygens from Asp104 and Asp129 (Figure 3.4 A).  All of these 

interactions are within 3 Å of the cation, and all four of the amino acids appear to be 

strictly conserved in PFL-AE.  Like diol dehydratase, the interaction between the cation 

and SAM also involve an oxygen atom (Figure 3.4 B).  This interaction at 2.4 Å is from  
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Figure 3.3. Structure of PFL-AE in which the monovalent cation is shown as a purple 
sphere.  The cation is located in the active site in close proximity to the Fe-S cluster and 
appears to have interactions with SAM through one carboxy and one ribose oxygen atom. 
 
 

Figure 3.4. Interactions between the monovalent cation and PFL-AE (A) include two 
from peptide backbone oxygen atoms, Met127 (3.0 Å) and Thr105 (2.6 Å), and two from 
side chain residue oxygen atoms, Asp104 ( 2.3 Å) and Asp129 (2.7 Å).  The interaction 
between the monovalent cation and SAM (B) includes one from the unbound carboxy 
moiety oxygen (2.4 Å). 
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the SAM carboxy oxygen atom that isn’t bound by the unique Fe.  However, the 

importance of this interaction remains to be determined. 

 
Effect of Cations on PFL-AE Activity 

To determine the effect of the monovalent cation on PFL-AE, coupled enzyme 

activity assays in the presence of five different cations (Na+, K+, NH4
+, Rb+, and Cs+) 

were performed.  The activity of PFL-AE reaches a maximum after approximately 5 

minutes of photoreduction (unpublished data) at which point it is no longer in the linear 

range of activation.  Activity assays at 5 minutes of photoreduction showed that K+ (45.7  

 

Figure 3.5. PFL-AE specific activity (U/mg) is directly correlated to the ionic radius of 
the cation present in the activity assay.  PFL-AE shows a maximum activity with K+ 
(blue) followed by NH4

+ ( green) and Rb+ (pink).  The lowest activity is seen with Na+ 
(gray) and Cs+ (purple).  For these assays a concentration of 5 µM PFL, 0.05 µM PFL-
AE containing approximately 4.0 Fe per protein, and 0.1 mM SAM in the presence of 
100 mM of the specified cation was used. 
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± 1.5 U/mg) gave the highest specific activity of PFL-AE, which suggests it is the most 

likely candidate for the in vivo monovalent cation found in the active site of PFL-AE 

(Figure 3.5).  However, NH4
+ (41.1 ± 6.5 U/mg) and Rb+ (42.5 ± 2.8 U/mg) also gave 

high specific activities within the same range as K+.  Na+ (35.7 ± 5.8 U/mg) and Cs+ (34.5 

± 1.5 U/mg) also showed activity to a lesser extent.  There also appears to be a trend in 

the PFL-AE activity when analyzed with respect to the cations’ ionic radii, and the use of 

different cations in the activity assays such as Li+, Mg2+, and Ca2+ will allow the 

relevance of this observation to be determined.  The use of divalent cations may also give 

insight into the effect of the cation charge density on PFL-AE activity.  Furthermore, the 

use of different concentrations of K+ in the activity assays displayed the effect of cation 

concentration on PFL-AE activity.  The assays exhibited an increase in specific activity 

with the increase in K+ concentration (Figure 3.6).  Interestingly the assay containing 0 

mM K+ also showed activity (previous unpublished data suggested that PFL-AE was not  

 

Figure 3.6. The effect of [K+] on PFL-AE activity reported as specific activity (U/mg).  
The activity of PFL-AE increases with the increase in potassium concentration.  Activity 
is also seen with 0 mM K+.  For these assays a concentration of 5 µM PFL, 0.05 µM 
PFL-AE containing approximately 2.5 Fe per protein, and 0.1 mM SAM was used.  The 
ionic strength for each assay was maintained through the addition of choline chloride. 
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active without a monovalent cation) possibly indicating that the cation is not absolutely 

necessary for activity and instead acts to stimulate the activity. 

 
Effect of Cations on the Electronic Structure of PFL-AE 

 The location of the monovalent cation within the active site suggests that it is 

likely to influence the electronic structure of the active site.  This perturbation was 

investigated using EPR spectroscopy of PFL-AE in the presence of the monovalent 

cations used in the activity assays as well as with and without SAM.  The different 

cations (also those with SAM) do indeed give rise to different signals (Figure 3.7).  For  

 

Figure 3.7. EPR spectra of PFL-AE in the presence of the different monovalent cations, 
Na+, K+, NH4

+, Rb+, and Cs+ (left) and also in the presence of SAM (right).  Each sample 
contained 200 µM PFL-AE containing approximately 3.2 Fe per protein in the presence 
of 200 mM of the cation indicated.  For the samples containing SAM, SAM was added to 
a final concentration of 2 mM. 
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all of the cations examined, the addition of SAM changes the EPR signal observed.  

Upon the addition of SAM, the signal undergoes a change in lineshape, a shift in g 

values, and a decrease in the signal intensity (Figure S1 Appendix A).  In the extreme 

case of PFL-AE in the presence of NH4
+ and SAM, the signal is almost completely 

abolished.  Comparing the changes in the EPR signals due to the presence of the different 

cations a change in lineshape is observed.  For some of the signals there also appears to 

be a shift in certain g values.  In addition, each signal appears to be a combination of two 

different spins as demonstrated by the shoulders on some of the EPR features (most 

easily observed in the samples containing PFL-AE in the presence of Na+ or NH4
+).  

Simulations of these two spins may help elucidate the composition of the signal to 

determine the source of the individual spins.  The changes apparent in the EPR signals 

containing different monovalent cations demonstrate a change in electronic structure of 

the active site.  Differences in the electronic structure may be related to an alteration in 

active site conformation due to the differences in cation radii, which may suggest that the 

variable PFL-AE activity in the presence of each cation is directly related to the active 

site electronic structure. 

 
Binding Constant of K+ 

 The observation that the EPR signal of PFL-AE is altered in the presence of 

different cations led to the use of EPR to determine the KD of K+.  EPR samples 

containing PFL-AE and SAM with different concentrations of K+ showed a gradual 

change in intensity at g=1.86 (Figure 3.8).  Increasing concentrations of the potassium ion 

caused a measurable decrease in this feature, which was used to determine the KD of K+  
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Figure 3.8. EPR spectra of 200 µM PFL-AE (containing approximately 3.5 Fe per 
protein) with 2 mM SAM in the presence of different K+ concentrations.  The intensity at 
g=1.86 was used to determine the KD of K+ in PFL-AE.  Changes in intensity were also 
observed at g=1.92 however were not as drastic as g=1.86. 
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as approximately 6.5 mM (Figure 3.9).  EPR samples excluding SAM were also explored 

as a means to determine the KD, but the effect of increasing K+ concentration on the EPR 

signal was not as strong (Figure S2 Appendix A). 

 

Figure 3.9. Plot of the change in the EPR intensity at g=1.86 of PFL-AE with SAM as a 
function of the change in K+ concentration varying from 0 to 200 mM.  The dashed line 
represents the estimated KD value of 6.5 mM. 
 
 

Discussion 
 
 

During further analysis of the PFL-AE crystal structure, the presence of a 

monovalent cation in the active site was discovered.  In the structure the monovalent 

cation is located at the back of the active site against the barrel.  M+ coordination to an 

enzyme is usually through carbonyl O atoms which is apparent in the interactions 

between the M+ and four amino acids of PFL-AE: two are from the oxygen atoms of 

aspartate side chains, Asp104 and Asp129, and two from backbone oxygens, Thr105 and 

Met127, all of which are within 3 Å of the M+.  While M+ sites usually occur where there 

is no secondary structure, all four of the residues mentioned above are part of the beta 
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sheets forming the inside of the TIM barrel.  These interactions of the monovalent cation 

with amino acid residues may help the protein to achieve a conformation not available in 

aqueous solutions alone.  This can be seen when PFL-AE is placed in choline chloride, a 

monovalent cation that is too large to be situated in the active site pocket; PFL-AE in 

choline chloride is less stable and prone to precipitation.  Interestingly there is also an 

interaction between M+ and SAM, a co-substrate of PFL-AE; the unbound oxygen from 

the carboxyl moiety is within 2.4 Å of M+. 

The location of the monovalent cation suggested that its presence or identity 

would have an effect on PFL-AE activity.  When coupled enzyme activity assays were 

performed on PFL-AE in the presence of different cations, it was discovered that PFL-AE 

activity was highest in the presence of the potassium ion (although it was active in the 

presence of the other cations tested as well).  The potassium ion is one of the most 

abundant physiologically available cations and can accumulate to intracellular 

concentrations averaging as high as 211 mM in E. coli cells [33].  This availability 

together with high PFL-AE activity may indicate that K+ is the cation used in vivo.  Not 

only does the potassium ion provide the highest activity of PFL-AE, but the activity is 

also dependent on the concentration of potassium with an increase in concentration 

showing and increase in activity.  While the potassium ion concentration dependence of 

PFL-AE activity has been examined by Wong et al. [34] (although their PFL-AE only 

contained 1 Fe per protein) and found to have no effect on activity, the concentrations 

used were 0.1-1.6 M KCl.  Many K+ activated enzymes reach their maximum activity 

around 0.1 M or lower [35, 36].  In this study concentrations of 100 mM K+ or under 
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were assayed to replicate more biologically relevant cellular concentrations, which 

average approximately 200 mM or less [33]. 

Given the location of the cation within the active site it is conceivable that the 

identity of the cation would influence the electronic structure of PFL-AE’s active site; 

this is what is suggested by the EPR signals generated in the presence of the different 

monovalent cations.  The difference in the EPR spectra is presumably a result of the 

slightly different conformation adopted by PFL-AE because of the change in ionic radii 

necessitating a shift in the amino acids that interact with the cation.  The resulting EPR 

signals both in the presence and absence of SAM appear to consist of two spin signals.  

For the samples containing SAM the two spins could be attributed to clusters both bound 

and unbound by SAM as the SAM is added and only incubated for 5-10 minutes before 

the samples are frozen with liquid nitrogen to be stored for later analysis.  Harder to 

explain are the samples without SAM, although the two spins may arise from how the 

samples are prepared.  PFL-AE is purified in the presence of Na+, and for the EPR 

samples the protein is diluted in the buffer containing the different cations meaning that a 

certain amount of Na+ is still present.  With two different cations in the sample the two 

different spins could be the cluster in the presence of each cation.  However, this does not 

explain why the EPR spectrum of PFL-AE with Na+ also appears to be composed of two 

spins.  The presence of two spins in this spectrum may imply that PFL-AE does not 

constantly maintain a cation in the active site and the different spins arise from an active 

site with and without a monovalent cation bound.  Future simulations of the EPR data 

may help provide evidence indicating that the two signals are a result of the presence of 
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different cations (or no cation) in the active site of PFL-AE or reveal that further 

explanations need to be explored.  That PFL-AE may not always contain a cation in its 

active site is supported by the lack of tight binding as demonstrated by the KD of 

approximately 6.5 mM calculated from the EPR spectroscopy where K+ was titrated into 

PFL-AE.  Other enzymes using potassium also show similar binding affinities for K+ 

such as holotryptophanase (KA=1.44 mM) [37], arsenate reductase (Ka=3.8 x 103 M-1) 

[38], and ribokinase (Kd=5 mM) [39].  The crystal structures of PFL-AE also suggest that 

monovalent cation binding in the active site may be transient in nature.  The structure 

without the PFL peptide did not show evidence of a monovalent cation, which would 

imply that both SAM and PFL may be necessary to hold the cation in the active site of 

PFL-AE. 

From the evidence presented here it is difficult to categorize PFL-AE as a type I 

or II M+-activated enzyme.  The location of the monovalent cation in the active site 

(Figure 3.10) and its interaction with SAM would suggest that PFL-AE is a type I M+ 

activated enzyme.  However, the cation has no interactions with PFL, the other substrate, 

and PFL-AE still shows activity with 0 mM potassium ion indicating that the cation is not 

absolutely required for activity but instead only acts to stimulate activity.  Both of these 

observations would place PFL-AE in the type II M+ category.  As prior assays in our lab 

suggested that PFL-AE was inactive in the absence of a cation, further activity assays in 

the presence of choline chloride or Tris alone will need to be completed in the future.  

These assays will aid in the determination of the requirement of a monovalent cation for 

PFL-AE activity and its placement in the category of a type I or II M+ activated enzyme.   



75 
 

Figure 3.10. A surface representation of the PFL-AE active site as seen from the active 
site opening with the monovalent cation (shown as a purple sphere) projecting into the 
active site.  Also shown is the interaction between the cation and the unbound carboxy 
oxygen (red) of SAM and the presence of the Fe-S cluster (red and yellow spheres). 
 
 
Although PFL-AE cannot be classified at this point, the experimental data presented here 

show the large impact that it has on PFL-AE catalysis.  With the cation positioned in the 

active site in such close proximity to the Fe-S cluster and with an interaction between 

itself and an oxygen of SAM, it is not surprising that the activity is affected by the 

identity and concentration of the cation, nor is it unexpected that the cation also affects 

the electronic structure of the active site.  How the cation is able to accomplish this is still 

not completely understood.  It does appear to bring some stability to PFL-AE as seen by 

the precipitation of the enzyme lacking an appropriate monovalent cation.  The 

interaction of the cation with SAM may also be relevant to the activity of SAM perhaps 

by helping, along with other interaction between SAM and amino acids, with the correct 
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positioning of SAM in the active site or with the shuttling in and out of SAM and its 

cleavage products. 

Of the radical SAM enzymes structurally characterized to date, PFL-AE is the 

only one that has been observed to contain a monovalent cation in its active site; it is also 

the only one for which the effect of the cation on activity has been explored.  As new 

structures become available and the relevance of the cation is studied in other 

superfamily members, more enzymes utilizing a monovalent cation may be discovered. 
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Abstract 
 
 

Pyruvate formate-lyase activating enzyme (PFL-AE) is the radical SAM enzyme 

responsible for activating pyruvate formate-lyase (PFL).  PFL-AE contains an Fe-S 

cluster that binds and reductively cleaves SAM to initiate the activation process.  Herein 

we report the results of nuclear resonance vibrational spectroscopic (NRVS) studies 

designed to probe details of SAM and substrate binding to PFL-AE.  Results showed that 

SAM binding had the largest impact on the cluster with more minor differences after 

substrate analog addition.  Upon SAM and YfiD binding to PFL-AE, the NRVS data 

show an increase in the resilience and decrease in the stiffness force constants calculated.  

Stiffness is inversely correlated with bond length, so a decrease in this force constant 

would be consistent with the lengthening of the Fe-S bonds in the cluster.  The increase 

in resilience is associated with the PFL-AE protein becoming more rigid around the Fe-S 

cluster suggesting the creation of a more defined active site through interactions of SAM 

with the cluster as well as surrounding amino acid residues.   
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Introduction 
 
 

Pyruvate formate-lyase activating enzyme (PFL-AE) is a member of a 

superfamily called radical SAM (S-adenosylmethionine) [1].  Enzymes in this 

superfamily are characterized by the use of a [4Fe-4S] cluster, coordinated by the 

cysteines of a CX3CX2C motif, to reductively cleave SAM to form a transient 5’-

deoxyadenosyl (dAdo) radical capable of hydrogen atom abstraction [2].  These enzymes 

catalyze many diverse chemical transformations including isomerization, complex 

cofactor biosynthesis, and large biomolecule modification [3, 4].  PFL-AE is responsible 

for activating the anaerobic metabolic enzyme PFL by utilizing the dAdo radical to 

abstract a hydrogen atom from glycine 734 of PFL creating the catalytically essential 

glycyl radical [5-7].  The formation of the glycyl radical is the first step in PFL 

conversion of pyruvate and coenzyme A (CoA) to formate and acetyl-CoA [8-10].  PFL, 

a central enzyme involved in anaerobic glucose metabolism, is active under anaerobic 

conditions, however when exposed to oxygen, the glycyl radical causes cleavage of the 

enzyme into a larger (82 kDa) N-terminal fragment and a smaller (3 kDa) C-terminal 

fragment [11].  PFL activity can be salvaged by YfiD, a small protein homologous to the 

C-terminal portion of PFL [12].  YfiD can be activated by PFL-AE to contain a glycyl 

radical and as such provides a suitable substrate analog that has been utilized in this study 

[12]. 

The [4Fe-4S] cluster of PFL-AE (Figure 4.1), which is necessary for substrate 

activation, is located within a partial (α/β)6 Triose-phosphate Isomerase Mutase (TIM) 

barrel [13].  In the crystal structures of PFL-AE with and without peptide (a mimic of the 
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PFL loop that contains G734), a large conformational change in the PFL-AE structure is 

apparent upon peptide binding.  PFL-AE loop A harbors a conserved sequence motif 

(DGXGXR) important in interactions with PFL-AE and the peptide [13].  Upon substrate 

binding loop A swings up toward the active site allowing contacts with the peptide to be 

formed [13]. 

 

Figure 4.1. Representation of the [4Fe-4S] cluster (Fe shown as dark red and sulfur as 
yellow) found in the active site of PFL-AE.  Three of the irons are coordinated by 
cysteine ligands and the fourth unique iron is bound by the carboxy and amino moieties 
of SAM. 
 
 

While the crystal structures provide a global picture of the changes that occur 

within PFL-AE upon peptide binding, no major conformational changes are observed in 

the active site, and no crystal structure exists for PFL-AE without SAM to determine the 

effects of its binding to the cluster.  Nuclear resonance vibrational spectroscopy (NRVS) 

provides a complimentary tool to the investigation of the effect of SAM and substrate 

binding specifically directed towards effects on the cluster, and PFL-AE represents the 

first radical SAM enzyme to be probed with this method. 
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The use of NRVS to analyze proteins containing metal based cofactors is a 

relatively new technique.  NRVS is a synchrotron-based vibrational spectroscopy 

technique that utilizes a Mössbauer active isotope.  In Mössbauer spectroscopy a nucleus 

absorbs a photon and is excited without a change in the vibrational state of the nucleus, 

resulting in a recoil-free absorption of a photon whose energy is exactly the difference in 

energy of the ground and excited nuclear states.  Being performed on a solid, most of the 

recoil energy is converted into lattice vibration energy and should result in peaks that are 

displaced from the recoil-free resonance [14, 15].  These are not visible in traditional 

Mössbauer, which uses a moving source to emit Doppler-shifted photons whose 

transmission is recorded, as this would require Doppler velocities of hundreds of 

meters/second not attainable by typical instruments, also the sideband features are very 

weak due to broadening by vibrational lifetimes [16]. 

In NRVS, a combination of nuclear excitation and molecular vibrations, the 

sidebands corresponding to the complete set of vibrational modes of the isotope are 

revealed.  NRVS utilizes an X-ray synchrotron source to obtain an intense, narrow energy 

width as compared to vibrational band widths producing spectra that are resolved [16].  A 

typical experiment consists of generating X-rays by undulating the charged particles in 

the synchrotron beam and tuning them to give an extremely small energy dispersion of 1 

meV.  The X-rays are then used to irradiate the sample with photons selected around the 

isotope resonance (14.413 keV for 57Fe).  Upon excitation a majority of the sample nuclei 

eject K shell electrons, which is followed by an electron falling from a higher level to fill 

the hole resulting in fluorescence with is measured with an avalanche photodiode detector 
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[17].  In the case of Fe-S cluster containing proteins NRVS allows all of the Fe-ligand 

modes involved in the iron atom motion to be quantitatively detected, as the observed 

signal intensity is directly proportional to the direction and magnitude of the motion [16].  

The need for a specific isotope also allows for selectivity in that only the vibrational 

modes associated with that label will be observed allowing for the acquisition of very 

specific information. 

From the NRVS data collected the vibrational density of states (VDOS) can be 

determined, and intensity at certain frequencies can be attributed to the different 

vibrational modes of the isotope.  Two force constants, resilience and stiffness, can be 

calculated from the vibrational density of states.  Resilience is a measure of the elasticity 

of the protein matrix through the force necessary to displace the probe isotope with the 

atoms around it free to respond [18, 19].  Stiffness, however, fixes the neighboring atoms 

and probes the average strength of their interactions with the isotope; it is also inversely 

related to the bond lengths of the isotope and atoms connected to it [20, 21].  These two 

force constants allow the changes to the PFL-AE cluster upon SAM or substrate analog to 

be analyzed. 

 
Materials and Methods 

 
 

PFL-AE Cloning, Growth, and Purification 

PFL-AE was produced in the presence of 57Fe for nuclear vibrational resonance 

spectroscopy experiments. The pflA gene encoding PFL-AE was inserted into the pCal-n-

Ek vector and over expressed in E. coli BL21(DE3)pLysS competent cells as previously 
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described with the following modifications [22].  O-solution was comprised of 1mL of T-

solution and 2.68 g of MgCl2H2O brought up to 50 mL using MQ water. A stock 

solution of 57Fe was made by dissolving 120 mg of 57Fe in 2mL of concentrated H2SO4 

and brought up to 8 mL volume with MQ water. The pH of the stock solution was then 

neutralized by titrating KOH while monitoring the pH. Three additions of 57Fe were made 

during cell growth, one at the start of the growth, the second at the time of induction, and 

the last after 30 minutes of purging with N2 for a total concentration of 75 μM 57Fe, and 

pH was monitored during the growth and maintained at pH 7.2. 

PFL-AE was purified as previously described [22] with the following changes. 

The cells were initially lysed during incubation at ambient temperature for 1 h, and then 

centrifuged at 18,000 rpm for 30 min at 4˚C. The extract was decanted and a 20% 

ammonium sulfate cut was performed with gentle stirring on ice for 30 min after which it 

was centrifuged at 18,000 rpm for 30 min at 4˚C. The extract was decanted and a 60% 

ammonium sulfate cut was performed with gentle stirring on ice for 30 min followed by 

the last centrifugation at 18,000 rpm for 30 min at 4˚C. The supernatant was discarded 

and pellet was stored overnight at 4˚C.  On day 2 of the purification, protein was 

resuspended in minimal amount of gel filtration buffer, 50 mM Tris, 200 mM NaCl, 1 

mM DTT, pH 7.5 then loaded onto a Superdex 75 HR (GE Healthcare, Piscataway, NJ) 

AP-5 column (5 x 60 mm, Waters, Milford, MA) equilibrated with gel filtration buffer. 

The protein was eluted with buffer at 3 ml/min into 10 ml fractions. Fractions with the 

highest A426/A280 were pooled and concentrated using Amicon Ultra-15 centrifugal filter 
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units (Millipore, Billerica, MA). The concentrated, purified protein was flash-frozen and 

stored in o-ring-sealed tubes at -80˚C. 

 
YfiD Cloning, Growth, and Purification 

The gene encoding YfiD (14.3 kDa) was inserted into the pCal-n-Ek vector and 

overexpressed in E. coli BL21(DE3)pLysS competent cells. Growth and purification of 

YfiD was performed following PFL purification procedures as described previously [2, 

22, 23]. 

 
Protein and Iron Assays 

Routine determinations of protein concentrations were carried out by the method 

of Bradford [24].  For PFL-AE a correction factor previously determined by amino acid 

hydrolysis [22] was applied to determine the actual protein concentration.  Iron assays 

were carried out by using the method of Beinert [25]. 

 
SAM Synthesis and Purification 

S-Adenosylmethionine was prepared according to published procedures [26, 27].  

Briefly, SAM synthetase contained in a crude cell extract was combined with ATP and 

methionine.  After an overnight incubation, the reaction was quenched with HCl, and 

insolubilites were removed by centrifugation.  SAM was purified from the resulting 

mixture on an HR 10/10 column containing Source 15S resin. 
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NRVS Sample Preparation 

Three different NRVS samples were prepared in an anaerobic chamber (Coy 

Laboratories).  Sample 1contained 10 mM PFL-AE.  Sample 2 was composed of 11 mM 

PFL-AE and 20 mM SAM.  Sample 3 consisted of 7 mM PFL-AE, 11 mM SAM, and 7 

mM YfiD .  For each the sample cup was kept frozen in liquid nitrogen after samples 

were loaded and while the rest of the NRVS cell was assembled.  The NRVS cell was 

then stored at -80° C. 

 
NRVS Measurements and Analysis 

NRVS measurements of the 57Fe labeled PFL-AE samples were performed at 

sector 3-ID-D of the Advanced Photon Source, Argonne National Laboratories.  The 

sample cells were maintained at low temperature in a helium flow cryostat and placed in 

a monochromatic X-ray beam, whose energy was scanned through the 14.4 keV 57Fe 

resonance (from 40 meV below to 80 meV above) using a high-resolution 

monochromator [28].  An avalanche photodiode detected photons emitted by the excited 

57Fe atoms, which arrive with a delay on the order of 140 ns 57Fe excited-state lifetime.  

Data accumulation was disabled during a time interval containing the arrival time of the 

X-ray pulse to repress the large background of electronically scattered 14.4 keV photons, 

which arrived in concurrence with the X-ray pulse.  Results shown here are an average of 

16-18 energy scans. 

 The PHOENIX [29] program was used to find the VDOS D( ) [18], and the 

resilience [18, 19] and stiffness [20, 21] force constants were calculated as previously 

described. 
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Results and Discussion 
 
 

Data was collected at 55 K for the sample containing PFL-AE alone, 60 K for 

PFL-AE plus SAM, and 52 K for PFL-AE with SAM and YfiD.  Upon analyzing the 

VDOS, all three samples exhibit vibrational features consistent with the presence of [4Fe-

4S] clusters including Fe-S vibrations from cluster bonds and Fe-S cysteine bonds 

(Figure 4.2).  Further, the data reveal only subtle changes on the iron-sulfur cluster upon 

SAM binding, or upon binding of SAM and YfiD.  Based on changes at very low 

frequency, however, there is evidence that SAM binding causes the surrounding protein 

matrix to tighten up; these changes can be quantified as changes in the stiffness and 

resilience (Table 4.1). 

As stiffness is inversely related to the bond lengths of the isotope, it would appear 

that the addition of SAM causes some of the Fe-S bonds to lengthen, although the 

specific bonds that undergo a change cannot be determined.  This observation provides 

support for the Fe-S bond elongation upon SAM binding that was found in the XAS and 

DFT calculations performed on PFL-AE.  Using S K-edge XAS an increase in the pre-

edge intensity upon SAM binding to PFL-AE was observed [30].  DFT calculations were 

able to reproduce the pre-edge intensity increase, and in these models some of the Fe-S 

bond lengths are predicted to increase upon SAM binding as would be expected to 

correlate with a decrease in stiffness as observed in the NRVS results [30].  The 

importance or relevance of this lengthening awaits further investigation. 

Upon binding SAM or SAM plus YfiD the resilience of the PFL-AE cluster 

increases from 15.9 to approximately 20 pN/pm, indicating that the protein matrix  
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Figure 4.2. Experimentally determined VDOS for PFL-AE alone, PFL-AE with SAM 
(+SAM), and PFL-AE in the presence of both SAM and YfiD (+SAM +YfiD).  In each 
spectrum the grey line is the experimental data and the black is the deconvoluted 
spectrum.  The red line in the PFL-AE spectrum is the PFL-AE + SAM data overlaid 
with the data from PFL-AE alone demonstrating the slight differences observed between 
the two spectra.  Frequencies associated with specific Fe-S vibrational modes such as 
bending and stretching are noted at the top, and the calculated stiffness (ks) of each 
sample is also shown. 
 
 
surrounding the [4Fe-4S] cluster tightens up.  This suggests that the addition and binding 

of the co-substrate, SAM, induces a more defined structure whereby SAM perhaps helps 

to hold the active site opening in a more rigid and defined conformation through  
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Table 4.1. Results of the stiffness and resilience force constants calculated for PFL-AE 
alone, PFL-AE + SAM, and PFL-AE + SAM + YfiD samples.  Upon binding of SAM as 
well as YfiD there is a decrease in stiffness and an increase in resilience as compared to 
the sample of PFL-AE without co-substrate (SAM) or substrate analog (YfiD). 
 Force Constant (pN/pm) 

Stiffness Resilience 
PFL-AE 197 ±10 15.9 
PFL-AE + SAM 172 ± 5 20.0 
PFL-AE + SAM + YfiD 174 ± 6 20.2 
 
 
interactions with multiple adjacent residues.  Furthermore, this supposition is supported 

by the published crystal structure of PFL-AE with SAM bound in which the SAM is 

bound by residues that are located in conserved motifs among the radical SAM 

superfamily such as the GGE and GxIxGxxE motifs.  These two motifs serve to directly 

bind the methionine portion of SAM as well as stabilize the binding pocket of the adenine 

moiety respectively.  In addition to these motifs, two histidines, H37 and H202, pack 

against the adenine ring of SAM.  Also in the crystal structure of PFL-AE with SAM, the 

SAM molecule is somewhat disordered and only becomes fully ordered when the peptide 

mimicking the PFL active site is also present.  The peptide packs the SAM molecule 

between itself and the active site creating a more fully defined active site pocket 

presumably as another form of control for the reactive radical chemistry that occurs there.  

This stabilization could then be translated through the SAM molecule to the cluster via its 

coordination to the unique iron.  There is also a larger conformational change upon 

substrate binding that takes place near the active site pocket; loop A swings into the 

active site making contact with the substrate, therefore also contributing to packing and 

rigidity of the active site [13].  This interaction would presumably be preserved in PFL-

AE binding of YfiD; the twenty-two residues around the glycine where the radical is 
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generated are strictly conserved between PFL and YfiD.  Additional interactions that 

would be expected to be similar between PFL and YfiD binding to PFL-AE include those 

between the PFL backbone and PFL-AE side chain residues.  These interactions appear to 

orient the glycine in the active site, control the overall peptide conformation, and impart 

selectivity and would most likely be necessary for PFL-AE activation of YfiD as well. 

 
Conclusions 

 
 

The experimental NRVS data have helped to complete the emerging picture of the 

effects of SAM and substrate binding to PFL-AE.  This data provides support to 

information gathered from other methods including S K-edge XAS and the x-ray crystal 

structure of PFL-AE and shows that SAM binding to the [4Fe-4S] cluster helps to 

stabilize the protein, and further stabilization is achieved upon substrate binding.  The 

stabilization of the enzyme helps to create a more defined active site, which provides one 

way to contribute to the control of the highly reactive radical produced during catalysis. 
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CHAPTER 5 
 
 

IDENTIFICATION OF A RADICAL INTERMEDIATE 

IN THE PFL-AE – CATALYZED REACTION 

 
Introduction 

 
 
 Radical S-adenosylmethionine (SAM) enzymes are believed to utilize a very 

reactive 5’-dexoyadenosyl (dAdo) radical intermediate in catalysis, although to date this 

intermediate has not been directly observed.  An allylically stabilized analog of the dAdo 

radical has been observed, however, in the reaction of the SAM analog S-3’,4’-

anhydroadenosylmethionine (anSAM) (Figure 5.1) with lysine 2,3-aminomutase 

(LAM)[1, 2].  Additional experimental support for the involvement of a SAM-derived 

dAdo radical intermediate includes the observation for several radical SAM enzymes of 

the stoichiometric production of deoxyadenosine and methionine from SAM cleavage 

and the transfer of a substrate based label to deoxyadenosine [3-14]. 

 

Figure 5.1. Structures of SAM on the left and anSAM on the right 
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 While the data compiled to date present a compelling case for the involvement of 

the dAdo radical in radical SAM reactions, no direct observation of this radical has been 

made.  One way to approach the detection and characterization of radical intermediates is 

through the use of rapid freeze quench (RFQ) in conjunction with electron paramagnetic 

resonance (EPR) and electron nuclear double resonance (ENDOR).  RFQ is a technique 

that exploits the ability to rapidly mix a sample (on the millisecond timescale for this 

study) and immediately freeze it for further analysis [15].  In general, two samples are 

combined using a mixer and pushed through a tube of a certain length (which determines 

the mixing time) prior to freezing.  The mixture is sprayed onto two spinning wheels that 

have been precooled and kept cold using either liquid nitrogen or a cold isopentane bath.  

The resulting frozen sample is then collected and packed into an EPR tube. 

 The use of EPR in conjunction with RFQ is especially valuable in the radical 

SAM superfamily as the catalytically active [4Fe-4S]1+ cluster is EPR active, as are 

proposed radical intermediates.  This allows the decrease of the cluster signal to be 

monitored as the reaction proceeds and a new signal is formed.  Fortuitously, the final 

product of the PFL-AE reaction is a glycyl radical on PFL, which is also detectable by 

EPR; thus a progression from reduced cluster, to radical intermediate(s), and finally 

product radical is directly observable allowing the timescale of the reaction to be 

determined.  In addition, SAM site-specifically labeled with NMR active nuclei can be 

utilized with ENDOR to identify and structurally characterize the novel radical 

intermediate. 
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 ENDOR spectroscopy is a coupled technique utilizing the principles of EPR and 

NMR spectroscopy in which a sample containing a paramagnetic species and an atom(s) 

with a nuclear spin is analyzed.  In ENDOR the EPR signal is saturated at which point a 

radio-frequency is applied to the sample, and coupling of the paramagnetic center with 

the nuclear spin causes a change in the EPR spectrum.  The data obtained from ENDOR 

can also be used to calculate the distance between the unpaired electron and NMR active 

nuclei. 

 
Materials and Methods 

 
 
Protein Growth and Purification 
and SAM Synthesis and Purification 

 PFL and PFL-AE were grown and purified as previously described (Chapter 2) 

[16-19].  Briefly, the Escherichia coli genes pflA (PFL-AE) and pflB (PFL) were 

individually expressed in Escherichia coli BL21(DE3)pLysS.  PFL-AE was anaerobically 

purified using a Waters AP-5 600 mm column containing preparatory grade Superdex 75 

resin.  PFL-AE used in these experiments contained approximately 3 Fe per protein as 

determined by the method of Beinert [20].  PFL was aerobically purified first on a Waters 

AP-5 300 mm column containing Accell Plus QMA resin followed by a HighLoad High 

Performance 16/10 phenyl sepharose column.  PFL was degassed on a Schlenk line prior 

to use.  Unlabeled and labeled SAM were synthesized and purified as previously 

described (Chapter 2) [19, 21].  For labeled SAM, L-methionine or ATP containing the 

label of interest were substituted for the unlabeled equivalent. 
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Sample Reduction and Rapid Freeze Quench 

 All handling of PFL-AE and PFL occurred in a Coy anaerobic chamber (Coy 

Laboratories, Grass Lake MI).  A sample containing 550 µM PFL-AE, 200 mM KCl, 50 

mM Tris, pH 7.5, 1 mM DTT, 100 µM sodium dithionite, and 200 µM 5-deazariboflavin 

(added last in the dark) as well as a sample containing 550 µM PFL, 10 mM oxamate, ~ 

25 mM Tris, pH 7.5, 10 mM DTT, and 200 µM 5-deazariboflavin (added last in the dark) 

were photoreduced using a 300 W halogen lamp for 1 hour on an ice bath.  After 

reduction, SAM (either labeled or unlabeled) was added to the PFL mixture to a final 

concentration of approximately 2 mM.  For rapid freeze-quench 50 µL of the PFL-AE 

sample and 50 µL of the PFL sample were anaerobically loaded into separate RFQ tubing 

in the Coy Chamber. The samples were mixed by the rapid freeze-quench apparatus [22, 

23] (kept anaerobic by constant purging with a buffer containing sodium dithionite) for 

varying amounts of time, frozen by spraying on two liquid nitrogen chilled copper 

wheels, and collected in EPR tubes for later analysis. 

 
EPR and ENDOR 

Continuous wave (CW) X-band EPR spectra were recorded on a Bruker model E-

500 spectrometer equipped with an Oxford ESR-910 flow cryostat for liquid helium.  

Typical experiment parameters were 12 K and 9.38 GHz, with 9.9 mW microwave 

power, 100 kHz modulation frequency, and 10.5 G modulation amplitude.   

CW Q-band EPR and ENDOR measurements were recorded on modified Varian 

E- 110 spectrometer.  EPR spectra were obtained at 2 K using a 100 kHz field 

modulation in dispersion mode under rapid-passage condition which gives an absorption 
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shape.  CW ENDOR spectra were collected at 2 K and broadened radio frequency 

bandwidth to 100 kHz to improve the signal-noise ratio [24].  Pulse Q-band EPR and 

ENDOR spectra were collected on a spectrometer described earlier [25], equipped with a 

helium immersion dewar for measurements at ~ 2 K. 

 
Results 

 
 

 For the rapid freeze-quench experiments PFL-AE was anaerobically photoreduced 

with 5-deazariboflavin to obtain PFL-AE containing a [4Fe-4S]1+ cluster.  Reduction of 

the cluster was confirmed by EPR, which showed a nearly axial signal with g values 

consistent with a [4Fe-4S]1+ cluster.  The ability of the reduced PFL-AE to activate PFL 

was also tested by EPR; PFL-AE was mixed with PFL and SAM, and this sample was 

allowed to react for approximately one minute before it was frozen with liquid nitrogen.   

 

Figure 5.2. The [4Fe-4S]1+ cluster of PFL-AE (left) generally gives rise to a nearly axial 
EPR signal, and addition of SAM (center) alters the spectrum to a more rhombic signal 
with g values around 2.01, 1.89, and 1.88.  The glycyl radical (right) appears as a split 
isotropic signal centered around g=2.00. 
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The EPR spectrum of this sample showed a split, due to the nuclear spin on the Cα 

hydrogen, isotropic signal centered around g=2.00 typical of a glycyl radical.  This 

demonstrated that our reduction techniques were able to produce PFL-AE containing the 

active cluster capable of catalysis (Figure 5.2). 

Reduced PFL-AE was mixed with PFL and SAM using the rapid freeze-quench 

apparatus for 25, 300, and 500 milliseconds, and these samples were analyzed by EPR  

 

Figure 5.3. EPR signals observed in samples prepared by RFQ, in which reduced PFL-
AE was mixed with PFL and unlabeled SAM for 25, 300, and 500 milliseconds prior to 
freeze-quench.  Initial concentrations were 550 µM PFL-AE and 550 µM PFL with 2 
mM SAM, and after mixing in a 1:1 ratio, final concentrations were 225 µM PFL-AE, 
225 µM PFL, and 1 mM SAM.  EPR signals resulting from rapid freeze quench were 
axial with g values of 2.04 and 2.01.  An increase in intensity of the signal with longer 
mixing times was also observed. 

2.04 2.01 
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spectroscopy.  The EPR spectra obtained from these experiments are axial with g values 

of 2.04 and 2.01 (Figure 5.3).  The signals also showed an increase in intensity with 

longer mixing times before quenching.  Upon analysis of the EPR signals detected in this 

study as well as earlier ones, it was apparent that these signals were neither the reduced 

[4Fe-4S]1+ cluster of PFL-AE nor the glycyl radical on PFL.  The signal is also 

inconsistent with cluster degradation to a [3Fe-4S] or [2Fe-2S] cluster; a [3Fe-4S]1+ 

cluster in PFL-AE gives rise to a nearly isotropic EPR signal around g=2.02 [16].  Rather 

the observed signals are from a new uncharacterized paramagnetic species.  The lack of a 

signal corresponding to the [4Fe-4S]1+ cluster of PFL-AE indicated that it was oxidized  

 

Scheme 5.1. Proposed formation of paramagnetic species (shown in red) during PFL-AE 
catalyzed activation of PFL.  The paramagnetic species include the [4Fe-4S]1+ cluster of 
PFL-AE formed upon reduction, the sulfuranyl radical resulting from inner-sphere 
electron transfer from the cluster to the sulfonium of SAM, the 5’-deoxyadenosyl radical 
generated by reductive cleavage of the S-5’C of SAM, and the glycyl radical product of 
the overall reaction. 
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during initiation of catalysis.  A glycyl radical signal was also absent from these spectra 

implying that the reaction had not progressed to completion.  These results suggest that 

the observed paramagnetic species is most likely a reaction intermediate of the PFL-AE 

catalyzed reaction. 

 The PFL-AE catalyzed reaction contains four possible paramagnetic species 

(Scheme 5.1).  The paramagnetic species include the [4Fe-4S]1+ cluster of PFL-AE 

formed upon reduction, the sulfuranyl radical resulting from inner-sphere electron 

transfer from the cluster to the sulfonium of SAM, the 5’-deoxyadenosyl radical 

generated by reductive cleavage of the S-5’C of SAM, and the glycyl radical product of 

the overall reaction.  As stated previously the EPR spectra obtained are not consistent 

with the [4Fe-4S]1+ cluster nor the glycyl radical.  The oxidation of the cluster 

concomitant with the production of the new signal as well as its disappearance with the 

generation of the glycyl radical indicate that the new signal observed is one of the 

intermediate radicals produced during PFL-AE catalysis.  To allow characterization of 

the paramagnetic species using ENDOR, the RFQ experiment was also done with 

uniformly labeled S-[adenosyl-13C, 15N]-methionine (Figure 5.5 A).  If the radical 

intermediate is indeed a SAM based radical, the use of labeled SAM (in these 

experiments uniformly labeled on the adenosyl moiety) should allow for coupling 

between one or more of the nuclear spins with the unpaired electron producing an 

ENDOR signal.  However, while an EPR signal identical to the one produced without 

labeled SAM was observed (Figure 5.4), only weak ENDOR signals were detected.  

Other labeled SAM molecules are being synthesized (Figure 5.5 B and C), which may 
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provide stronger ENDOR signals and allow for characterization of the new paramagnetic 

species. 

 

Figure 5.4. EPR signal obtained after mixing 550 µM PFL-AE with 550 µM PFL and 2 
mM S-[adenosyl-13C, 15N]-methionine for 500 milliseconds using RFQ.  Final 
concentrations were 225 µM PFL-AE, 225 µM PFL, and 1 mM labeled SAM. 
 
 

Conclusions 
 
 

 RFQ-EPR has been used to provide evidence for a paramagnetic intermediate in 

the reaction of PFL-AE with SAM and PFL.  The newly observed species is neither the 

reduced [4Fe-4S]1+ cluster nor the PFL glycyl radical is indicative of an intermediate 

species created during the catalysis of SAM cleavage and hydrogen atom abstraction.  

Other evidence that suggests that this is a relevant intermediate includes the oxidation of 

the [4Fe-4S]1+ cluster resulting in loss of the [4Fe-4S]1+ signal, an increase in the signal 

2.01 

2.04 
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intensity of the intermediate with longer mixing times , and the decrease of this new 

signal with the emergence of the glycyl radical signal (data not shown). 

 The identity of the intermediate is unknown at this stage, and although it is 

possible that it is the 5’-deoxyadenosyl radical, the 5’-deoxyadenosyl radical is highly 

reactive rendering it difficult to trap.  Also the signal is broader than would be expected 

for the dAdo radical  The paramagnetic intermediate could also conceivably be a 

sulfuranyl radical created before the homolytic cleavage of the S-5’C bond (Scheme 5.1).  

Sulfuranyl radicals, while readily decomposing through S-C bond cleavage, have been 

detected by EPR at low temperatures [26]. 

To aid in the identification of the source of the intermediate signal, RFQ-ENDOR 

was employed; while ENDOR spectroscopy of the radio labeled samples using S-

[adenosyl-13C, 15N]-methionine (Figure 5.5 (A)) gave rise to a signal too weak to be 

analyzed, the EPR spectrum revealed that the new signal was still being produced.  This 

suggests that the method of generating the intermediate is sound, and a different labeled 

SAM may be more amenable to obtaining an ENDOR signal.  To this end, other labeled 

SAM molecules that may provide suitable ENDOR signals include S-adenosyl-[methyl-

13C]methionine (Figure 5.5 (B)) as well as S-[adenosyl-2H]-methionine (Figure 5.5 (C)).  

Once an ENDOR signal is obtained, further characterization and identification of this 

newly observed intermediate can proceed, offering further insight into the radical SAM 

mechanism of SAM cleavage and subsequent hydrogen atom abstraction. 
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Figure 5.5. Labeled SAM for RFQ-ENDOR experiments (Red C indicates 13C, Blue N 
indicates 15N, and Purple D indicates 2H).  (A) was used in the current study and (B) and 
(C) will be synthesized and used in future studies. 
  

A 

B 

C 
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CHAPTER 6 
 
 

CONLUDING REMARKS ON PFL-AE 
 
 

 Pyruvate formate-lyase activating enzyme (PFL-AE) is one of the best 

characterized radical SAM enzymes to date.  Studies of PFL-AE have provided the basis 

for much of the current understanding of radical SAM enzymes, including the 

requirement for a reduced [4Fe-4S]+ cluster in catalysis, and the coordination of SAM to 

a unique iron of this cluster via the amino and carboxylate moieties of SAM [1, 2].  Such 

studies have led to a proposed mechanism where the [4Fe-4S]1+ cluster reductively 

cleaves the S-5’C of the bound SAM through inner sphere electron transfer [1].  This 

cleavage generates methionine and a highly reactive 5’-deoxyadenosyl radical, which 

directly abstracts a hydrogen atom from the substrate; at this point the reaction diverges 

depending on the specific chemistry the radical SAM enzyme catalyzes.  Evidence of the 

involvement of the 5’-deoxyadenosyl radical includes the stoichiometric production of 

5’-deoxyadenosine and methionine as products of turnover [3-7], label transfer from 

substrate into 5’-dAdo [6-14], and the characterization by EPR of a stabilized allylic 5’-

dAdo radical intermediate formed when the SAM analog 3’,4’-anhydro-SAM (anSAM) 

was used in place of SAM in the reaction of lysine 2,3-aminomutase [15, 16].  No direct 

evidence such as a radical intermediate, however, has yet been detected for any of the 

radical SAM enzymes. 

With the use of rapid freeze quench techniques in conjunction with EPR and 

ENDOR, PFL-AE is continuing to provide illumination on the common mechanism of 
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this widely diverse collection of enzymes.  RFQ-EPR of PFL-AE mixed with PFL and 

SAM has revealed the production of an as yet unidentified intermediate during reductive 

SAM cleavage, and the possibility that this intermediate is a SAM sulfur-based radical is 

intriguing.  The ability to observe and probe this short-lived intermediate provides a 

unique and exciting opportunity to advance our understanding of the radical chemistry 

catalyzed by these enzymes.  It will also give insight into the generation of the 

5’deoxyadenosyl radical used by these enzymes and how its production is tightly 

controlled to keep deleterious side reactions from occurring in vivo.  In order to move 

forward in the characterization of the reaction intermediate additional experiments with 

labeled SAM molecules employing RFQ-ENDOR will need to be performed.  Our 

hypothesis is that one or more of these labeled SAM molecules will supply a sufficient 

signal that can be analyzed and used to determine the identity of the intermediate. 

 Further exploration of the effects of SAM and substrate binding on the structure 

and properties of PFL-AE has been accomplished through the use of nuclear resonance 

vibrational spectroscopy (NRVS).  The application of NRVS to proteins is a relatively 

new area, and PFL-AE represents the first radical SAM enzyme to be studied in this 

manner.  The necessity of utilizing a Mössbauer active isotope (57Fe in the case of the Fe-

S cluster containing radical SAM enzymes) for NRVS allows for selectivity in its 

application because only the vibrational modes of the designated isotope will be 

observed; this permits effects on the Fe-S cluster to be directly observed without 

interfering signals.  For PFL-AE the effects on the cluster of SAM and substrate analog 
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(YfiD) binding were determined through the calculation of two force constants, stiffness 

and resilience [17-20], from the NRVS data collected. 

The stiffness force constant is inversely proportional to bond length, so the 

decrease seen upon SAM and YfiD binding implies that some of the Fe-S bonds 

lengthen, although which specific Fe-S bonds undergo a change cannot be determined by 

NRVS.  Recent S K-edge XAS along with DFT calculations on PFL-AE supports this 

observation [21].  The XAS data showed an increase in the pre-edge intensity upon SAM 

binding to PFL-AE, which was reproduced using DFT calculations.  In certain resulting 

models an increase in some of the Fe-S bonds upon SAM binding was predicted as would 

be expected from the NRVS data.  Whether this bond lengthening upon substrate binding 

is a recurring theme in radical SAM enzymes awaits further investigation.  However, 

unpublished EXAFS data from our lab on SPL showed elongated Fe…Fe distances in the 

presence of SAM, which may indicate longer Fe-S bonds.  The occurrence of Fe-S bond 

lengthening with the binding of SAM in multiple radical SAM enzymes suggests that this 

may play an important role in the chemistry performed by radical SAM enzymes, 

although whether this is valid for all members of the superfamily remains to be seen and 

awaits further spectroscopic evidence. 

Resilience is related to the rigidity of the protein around the cluster, and when 

SAM and YfiD were added to PFL-AE, an increase in resilience was observed indicating 

that the protein matrix tightened up around the active site creating a more defined 

environment in which the reaction can proceed.  Such tightening could be accomplished 

through SAM interacting with amino acid residues in the vicinity of the active site as well 
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as the packing of SAM in the active site when YfiD binds as it closes off the opening to 

the active site.  In the crystal structure of PFL-AE SAM was found to interact with two 

motifs which are highly conserved among the radical SAM superfamily.  These motifs 

are involved in directly binding the methionine portion of SAM as well as stabilizing the 

binding pocket of the adenine moiety.  While the interactions between YfiD and PFL-AE 

have not been established, twenty-two of the PFL residues around the glycine where the 

radical is formed are completely conserved in YfiD.  As PFL-AE is capable of generating 

a glycyl radical on YfiD, it is probable that the interactions between the peptide backbone 

of the PFL peptide and the side chains of PFL-AE including the DGXGXR motif are 

preserved in the binding of YfiD.  The combination of these interactions is the most 

likely source of the increased resilience seen upon binding of SAM and YfiD to PFL-AE. 

Although PFL-AE shares all of the major attributes of the radical SAM 

superfamily, it also has a unique active site containing a monovalent cation.  This cation 

is in close proximity, within 3 Å, to four amino acid oxygens, two from the protein back-

bone (Thr105 and Met127) and two from aspartate residues (Asp104 and Asp129).  Yet, 

even more fascinating is its position in relation to SAM; the monovalent cation is 2.4 Å 

from the unbound carboxyl oxygen of SAM.  The location of the cation in the active site 

and its close proximity to the co-substrate SAM would suggest a role in the catalysis of 

the reaction performed by PFL-AE which is born out in activity assays of PFL-AE in the 

presence of different monovalent cations and the dependence of the enzymes activity on 

the concentration of the cation.  When five different monovalent cations, Na+, K+, NH4
+, 

Rb+, and Cs+, were individually used in the PFL-AE activity assay, different specific 
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activities of PFL-AE were calculated for each condition.  The highest activity obtained 

was 45.7 ± 1.5 U/mg in the presence of K+ suggesting it as the most likely candidate for 

the monovalent cation found in vivo, although the presence of the other cations gave high 

activities of PFL-AE as well: Na+ (35.7 ± 5.8 U/mg), NH4
+ (41.1 ± 6.5 U/mg), Rb+ (42.5 

± 2.8 U/mg), and Cs+ (34.5 ± 1.5 U/mg).  There also appears to be a trend in the specific 

activity calculated for PFL-AE with respect to the ionic radius of the cation present.  

Additionally, the dependence of PFL-AE activity on the cation concentration was 

examined using different concentrations of K+ in the activity assays and balancing the 

ionic strength with choline chloride, a very large monovalent cation whose size precludes 

its entry into the active site of PFL-AE.  The assays demonstrated an increase in the 

specific activity of PFL-AE with the increase in K+ concentration.  Interestingly the assay 

with 0 mM K+ also showed activity as there should be no activity if PFL-AE is dependent 

upon the cation for the initiation of catalysis.  This suggests that the cation may not be 

absolutely required for activity but instead may stimulate activity.  However more 

activity assays will need to be performed and different activation conditions will need to 

be investigated to confirm this hypothesis as previous assays indicated that PFL-AE was 

not active in the absence of a cation. 

The close proximity of the cation to SAM and its location within the active site 

implied that it may affect the electronic properties of the active site, and such effects can 

be seen in EPR samples prepared in the presence of the individual cations.  PFL-AE in 

the presence of each cation both with and without SAM displays different EPR signals 

probably due to slightly different conformations of the enzyme and thus the active site 
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caused by the different monovalent cation radii.  The signals seem to be composed of two 

spins, which for the samples with SAM could be construed as clusters both bound and 

unbound by SAM.  For the samples without SAM the two spins could arise from the 

sample preparation where PFL-AE was diluted into the buffer containing the different 

monovalent cations.  PFL-AE is purified in the presence of Na+, and it is probable that 

not all of the Na+ in the active site is exchanged for the other cations.  However, even the 

EPR sample containing Na+ appears to contain two spins.  This may suggest that the 

PFL-AE active site may not consistently contain a monovalent cation and that the two 

spins correspond to an active site with or without a monovalent cation present.  Future 

simulations of the EPR data may help provide evidence for and insight into the source of 

the two spins. 

The studies on PFL-AE presented herein demonstrate that while the necessity of 

the monovalent cation is still unclear, it is evident that the cation has direct effects on the 

activity of PFL-AE as well as the electronic structure of the active site lending initial 

insight into the role of the cation and its location in the active sight.  Although the 

presence of a monovalent cation in the active site of a radical SAM enzyme seems unique 

to PFL-AE, PFL-AE has provided understanding into the superfamily as a whole through 

the NRVS studies showing the effects of SAM and substrate analog binding on the [4Fe-

4S] cluster that are also supported by crystal structures and EXAFS data of other radical 

SAM enzymes.  PFL-AE has also revealed a radical reaction intermediate through RFQ-

EPR that when identified and characterized will bring new insight into the mechanism of 

SAM cleavage, which will be fascinating to explore with other superfamily members.
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CHAPTER 8 
 
 

INITIAL CHARACTERIZATION OF A PUTATIVE 
 

RADICAL SAM METHYLTHIOTRANSFERASE 
 
 

Introduction 
 
 

 The Northeast Structural Genomics Consortium (NESG) is a large scale structural 

genomics center that utilizes X-ray crystallography and nuclear magnetic resonance 

(NMR) to determine the tertiary structure of proteins.  They utilize a high-throughput 

protein production platform that allows them to screen thousands of proteins and produce 

hundreds of protein structures [1].  These structures are then placed in the Protein Data 

Bank (PDB).  One of these proteins, TM1862 from Thermatoga maritima, was of interest 

as a radical SAM enzyme because of its sequence homology to MiaB, a radical SAM 

methylthiotransferase (MTTase), as well as its radical SAM core domain of a partial  

 

Figure 8.1. Crystal structure of TM1862 (PDB ID 2QGQ) [2] with the radical SAM 
domain shown in teal and the TRAM domain in violet. 
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 (α/β)6 TIM barrel (Figure 8.1).  Because of these similarities we decided to express and 

characterize this protein in an attempt to functionally characterize it. 

 
Materials and Methods 

 
 

Transformation and Growth of TM1862 

 The plasmid VR77 containing TM1862 in a pET21-d vector with a C terminal 6X 

His tag was a generous gift from the NESG.  VR77 (approximately 1 ng/µL) was 

transformed into Escherichia coli Rosetta(DE3)pLysS for protein expression.  A glycerol 

stock was made by growing one colony in 5 mL of LB media with 50 µg/mL ampicillin 

overnight at 37°C, 250 rpm shaking and adding 3.5 mL of the growth to 1.5 mL sterile 

glycerol.  The stock was immediately aliquoted into 1 mL portions, frozen with liquid 

nitrogen, and stored at -80°C.  For overexpression 50 mL of LB media with 50 µg/mL 

ampicillin was inoculated with one colony of TM1862 expressing E. coli and grown 

overnight at 37°C and 250 rpm shaking. 

 
 Growth with Minimal Media  The overnight culture was added to 10 L of minimal 

media with 50 µg/mL of ampicillin, glucose solution, and vitamins.  Minimal media 

consists of 100g Casamino acids, 84.2g MOPS, 8.0g Tricine, 14.7g NaCl, 16.0g KOH, 

and 5.1g NH4Cl in 9.8 L of H2O; the glucose solution contains 50g glucose in 200mL 

H2O, 25mL “O” solution (0.1 g FeCl2•4H2O dissolved in 10 mL of 12 M HCl with 1 mL 

“T” solution [18.4 mg CaCl2•2H2O, 64 mg H3BO3, 40 mg MnCl2•4H2O, 18 mg 

CoCl2•6H2O, 4 mg CuCl2•2H2O, 340 mg ZnCl2, and 605 mg Na2MoO4•2H2O diluted to 

100 mL with H2O] and 2.68 g MgCl2•6H2O brought up to a final volume of 50 mL with 
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H2O), 25mL 1M KH2PO4, 12.5mL 276mM K2SO4, and 62.5mL 0.1M CaCl2; vitamins 

are 10mg each of biotin, pantothenic acid, vitamin B12, thiamine, folic acid, riboflavin, 

niacinamide, thioctic acid, and pyridoxine.  The growth was incubated at 37°C in a 10 L 

New Brunswick benchtop fermentor with 200 rpm stirring, and compressed air was 

purged through the fermentor at a flow rate of 5 L/min.  When the cells reached an OD600 

of approximately 0.5, isopropyl-β-D-thiogalactopyranoside (IPTG) was added to a final 

concentration of 1 mM to induce protein expression, and the media was supplemented 

with 750 mg of Fe(NH4)2(SO4)•6H2O.  The growth was allowed to continue for an 

additional 2 hours at which point it was cooled.  When the temperature reached 30°C, the 

fermentor was purged with nitrogen, and at 20°C it was moved to a 4°C deli fridge where 

nitrogen sparging continued overnight and 750 mg of Fe(NH4)2(SO4)•6H2O was again 

added.  Cells were harvested by centrifugation at 6,000 rpm for 10 minutes at 4°C, frozen 

with liquid nitrogen and stored at -80°C.  Average cell yields are approximately 2.5 g/L. 

 
Growth with LB Media  The overnight culture was added to 10 L of LB media 

with 50 µg/mL of ampicillin and incubated at 37°C in a 10 L New Brunswick benchtop 

fermentor with 250 rpm stirring.  Compressed air was purged through the fermentor at a 

flow rate of 5 L/min.  When the cells reached an OD600 of approximately 0.5, isopropyl-

β-D-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM to induce 

protein expression.  The growth was allowed to continue for an additional 3 hours at 

which point the cells were harvested by centrifugation at 6,000 rpm for 10 minutes at 

4°C, frozen with liquid nitrogen and stored at -80°C.  Average cell yields are 

approximately 1.6 g/L. 
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Purification of TM1862 

 Purification was carried out under anaerobic conditions in a Coy anaerobic 

chamber (Coy Laboratories, Grass Lake, MI) for all following steps.  Cells were thawed 

and suspended, at an approximate ratio of 2 mL lysis buffer per 1 g of cell paste, in 20 

mM sodium phosphates, pH 7.4, 200 mM NaCl, 10 mM imidazole, 1% Triton X-100, 5% 

(w/v) glycerol, 10 mM MgCl2, 8 mg lysozyme (per 50 mL buffer), 1 mM 

phenylmethylsulfonyl fluoride (PMSF), and trace amounts of RNase A and DNase I 

(approximately 0.1 mg each per 50 mL buffer).  The suspension was put on ice and 

homogenized by agitation with a 30 mL syringe and 18 gauge needle for 1 hour.  The 

lysed cells were centrifuged at 18,000 rpm for 30 min at 4°C, and the supernatant heated 

at 75°C for approximately 20 minutes before it was loaded onto a 5 mL HisTrap HP 

nickel affinity column that was pre-equilibrated with 20 mM sodium phosphates, pH 7.4, 

200 mM NaCl, 10 mM imidazole, and 5% (w/v) glycerol (Buffer A).  Buffer B was 

identical to Buffer A except it contained 500 mM imidazole instead of 10 mM.  Buffer A 

was used to wash the column for 10 column volumes (CVs) after which a stepwise 

gradient of Buffer B was used to elute the protein (5 CVs of 10% Buffer B, 5 CVs of 

20% Buffer B, and 5 CVs of 50% Buffer B).  Finally the column was washed with 10 

CVs of 100% Buffer B.  TM1862 began to eluted off the column in three peaks at 20%, 

50% , and 100% Buffer B, and fractions containing color and an absorbance at 426 nm 

were pooled, concentrated, and buffer exchanged into 50 mM Tris, pH 7.4, 200 mM 

NaCl, and 1 mM DTT using an Amicon stirred cell with a YM 30 membrane.  The 
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protein was then aliquoted into screw cap vials with o-rings, flash-frozen, and stored at -

80°C. 

 If further purification was required, TM1862 purified on a Ni affinity column was 

subjected to gel filtration on a Waters AP-5 600 mm column containing preparatory 

grade superdex 75 resin which was first washed with 1 mM dithionite to help eliminate 

residual oxygen and then equilibrated with Gel Filtration Buffer (50 mM Tris, pH 7.4, 

200 mM NaCl, 1 mM DTT).  The Gel Filtration Buffer was washed over the column for a 

total of 900 mL, and TM1862 begins to elute around 500 mL of filtrate.  Fractions 

containing a dark brown color and a high ratio of 426/280 nm absorbance were pooled 

and concentrated using an Amicon stirred cell with a YM 30 membrane, flash-frozen, and 

stored at -80°C. 

 
Protein Reconstitution 

 In Coy anaerobic chamber (Coy Laboratories, Grass Lake, MI) purified TM1862 

was centrifuged to remove any precipitate, diluted to approximately 50 µM (final 

concentration after iron and sulfide additions) with 50 mM Tris, pH 7.4, 200 mM NaCl, 

and 5 mM DTT, and stirred for 15 minutes.  An eight fold excess of iron (FeCl3) was 

added very slowly and incubated with stirring for 20 minutes after which an eight fold 

excess of sulfide (Na2S) was slowly added.  The complete mixture was stirred for an 

additional two hours, centrifuged to remove the precipitate, and concentrated before 

loading onto a G-25 Sephadex (P-10 desalting) column equilibrated with 50 mM Tris, pH 

7.4, 200 mM NaCl, and 5 mM DTT.  The protein was eluted with the same buffer and 
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fractions containing a brown color were collected, flash frozen with liquid N2, and stored 

at -80°C. 

 
Protein and Iron Quantitation 

 Protein concentration was determined by the method of Bradford [3] using a dye 

kit from Bio-Rad and bovine serum albumin as a standard.  Briefly, 0.1 mg/mL BSA was 

added to a total of 800 µL H2O in differing amounts (usually to a final amount of 1, 2, 3, 

4, 5, and 6 µg BSA in each standard) to which 200 µL of Bradford dye was added.  The 

samples were incubated at room temperature for approximately 30 minutes, and then the 

absorbance at 595 nm was recorded using a Thermo Scientrific Evolution 60 

spectrophotometer to create a standard curve.  Protein samples were made (by 

substituting protein for BSA) such that the absorbance fell within the standard curve 

range.  Iron assays were performed according to the method of Beinert [4].  An iron 

standard of 10 µg/mL was used to create a standard curve by adding differing amounts 

(usually to a final amount of 0.4, 0.8, 1.2, 1.6, and 2.0 µg Fe in each standard) to a final 

volume of 1 mL.  Protein samples were made (by substituting protein for Fe standard) 

such that the absorbance fell within the standard curve range.  To each of the samples 500 

µL of 1:1 1.2 M HCL: 4.5% KMnO4 was added, and they were then incubated for 2 

hours in a 65°C water bath.  After the incubation, 100 µL of Reagent B (4.90 g 

ammonium acetate and 4.4 g ascorbic acid were dissolved in 5 mL H2O; 40 mg each of 

neocuproine and ferrozine were added, and the volume was brought up to 12.5 mL with 

H2O) was added to each.  The samples were vortexed for approximately 5 seconds every 
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10 minutes for a total of 30 minutes at room temperature.  The absorbance at 562 nm was 

recorded using a Thermo Scientrific Evolution 60 spectrophotometer. 

 
EPR and UV-Vis Spectroscopy 
 
 In a Unilab MBraun anaerobic chamber with ≤1 ppm O2, 200 µM TM1862 (non-

reconstituted), 5 mM DTT, 50 mM Tris, pH 7.5, and 75 µM 5-deazariboflavin (added last 

in the dark) or 1 mM sodium dithionite were combined.  Samples containing 5-

deazariboflavin were placed in an EPR tube, and photoreduction was accomplished by 

illumination with a 300 W halogen lamp in an ice bath for one hour, and samples without 

SAM were frozen with liquid nitrogen.  For samples with SAM the solution was removed 

from the EPR tube; SAM was added to a final concentration of 0.6 mM and allowed to 

incubate for 5-10 minutes before being placed back in the EPR tube and frozen in liquid 

nitrogen.  Samples containing sodium dithionite were placed on ice for 10 minutes then 

placed in an EPR tube and frozen with liquid nitrogen.  For those containing SAM, SAM 

was added to a final concentration of 0.6 mM and incubated on ice for 5-10 minutes, 

placed in an EPR tube, and frozen with liquid nitrogen. 

 EPR spectra were recorded on a Bruker ESP300E X-band spectrometer equipped 

with a liquid helium cryostat and temperature controller from Oxford Instruments.  

Typical experiment parameters were 12 K and 9.24 GHz, with 2 mW microwave power 

and 10 G modulation amplitude.  Each spectrum shown is the average of two scans. 

 For UV-Vis spectroscopy, the 250 µL EPR samples were diluted to 800 µL with 

50 mM Tris, pH 7.4, and 200 mM NaCl.  Scans from 300 to 800 nm were performed on a 

Cary 6000i UV-Vis spectrophotometer. 
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Alignment of TM1862 with MiaB and RimO 

 TM1862 was aligned with MiaB from E. coli and T. maritima as well as RimO 

from E. coli using ClustalX [5], and the NCBI protein BLAST using the “Align two or 

more sequences” option was used to determine percent identity. 

 
TM1862 Crystal Setup 

 In an MBraun Unilab anaerobic glovebox TM1862 protein that had been purified 

by Ni affinity chromatography as well as gel filtration was used for the crystal setup and 

was approximately 0.51 mM.  SAM was added to the protein to a final concentration of 2 

mM.  Conditions screened were the Hampton Cryo conditions 1 through 50.  Briefly, 30 

µL of a Hampton Cryo condition followed by 20 µL of the protein and SAM with a small 

air space between were placed in a 1.5-1.8 x 90 mm capillary tube.  The tube was sealed 

with wax and briefly spun just until the two layers were touching.  This was repeated for 

each of the 50 conditions.  The capillary tubes were stored in the glovebox and removed 

only to check for crystals. 

 
Transformation of TM1862 into a miaB- Cell Line 
 

The VR77 vector containing TM1862 was transformed into TX3346 (miaB-) 

Escherichia coli, which was a generous gift from the Winkler lab at the University of 

Texas.  Briefly, miaB- cells were grown in 5 mL of LB media overnight at 37°C and 225 

rpm shaking.  The following day 500 µL of growth was added to 50 mL of LB media and 

incubated at 37°C and 225 rpm shaking until the OD600 was approximately 0.5 at which 

point the culture was spun down at 2,000 rpm for 10 minutes.  The media was removed; 
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the cell pellet was washed with 5 mL of ice cold sterile 0.1 M CaCl2, and spun again at 

2,000 rpm for 10 minutes.  The wash was removed and the cell pellet was resuspended in 

500 µL of the 0.1 M CaCl2.  The cells were aliquoted into 200 µL samples into prechilled 

sterile eppendorf tubes, frozen in liquid nitrogen, and stored at -80°C until use.  For 

transformation, 5 µL of VR77 (approximately 1 ng/µL) was added to one tube of miaB- 

cells and incubated on ice for 30 minutes.  The cells were heat shocked at 42°C for 90 

seconds and placed back on ice for 2 minutes.  The transformed cells were plated on LB 

media with 50 µg/mL ampicillin and grown overnight at 37°C.  A glycerol stock was 

made by growing one colony in 5 mL of LB media with 50 µg/mL ampicillin overnight 

at 37°C, 250 rpm shaking and adding 3.5 mL of the growth to 1.5 mL sterile glycerol.  

The stock was immediately aliquoted into 1 mL portions, frozen with liquid nitrogen, and 

stored at -80°C. 

 
Analysis of tRNA Modification 

 TM1862 in miaB- cells, as well as miaB- cells as a control, were grown by plating 

cells from a glycerol stock on LB media (50 µg/mL ampicillin were added to the one 

with the TM1862 gene) and incubating overnight at 37°C.  One colony from each plate 

was used to inoculate individual portions of 5 mL of LB media (50 µg/mL ampicillin 

were added to the one with the TM1862 gene) and grown overnight at 37°C with 250 

rpm shaking.  The following morning 500 µL of overnight growth was added to 50 mL of 

LB media (50 µg/mL ampicillin were added to the one with the TM1862 gene) and 

grown at 37°C with 250 rpm shaking until the OD600 was approximately 0.4 at which 

point the temperature was shifted to 45°C.  The growth was allowed to continue for an 
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additional 3 hours.  Cells were harvested by centrifugation at 4°C and 2,500 rpm, flash 

frozen with liquid nitrogen, and stored at -80°C. 

 The isolation of RNA from the cells was performed using TRIzol® Reagent from 

Invitrogen.  For each cell pellet 1 mL of TRIzol® Reagent was added and pipetted to lyse 

the cells.  The sample was incubated at room temperature for 5 minutes, and 200 µL of 

chloroform was added.  It was then shaken vigorously for 15 seconds and allowed to sit 

at room temperature for 3 minutes.  The phases were separated by centrifugation at 4°C 

and 12,500 rpm for 15 minutes.  The top aqueous phase was removed and saved (~600 

µL recovered) being careful to not nick the interface, and 120 µL of 12 M LiCl was 

added to precipitate high molecular weight RNA.  The sample was centrifuged at 4°C and 

12,500 rpm for 20 minutes.  The supernatant was removed, and 500 µL of isopropanol 

was added to it and incubated at room temperature for 10 minutes.  The precipitate was 

retained by centrifugation at 4°C and 12,500 rpm for 20 minutes.  The pellet was washed 

with 1 mL of ice cold ethanol, vortexed to mix, and centrifuged at 4°C and 9.900 rpm for 

5 minutes.  The ethanol was removed, and the pellet was air-dried for 1 hour before 

dissolving in 50 µL of sterile water and storing at -20°C. 

 For RNA hydrolysis, a sample containing 150 µg of RNA in a volume of 50 µL 

was heated for 2 minutes in a boiling water bath.  The sample was cooled in an ice bath, 

and 5 µL of 10 mM ZnSO4 and 10µL containing 2 units of nuclease P1 in 30 mM sodium 

acetate, pH 5.4 were added.  An overnight incubation was performed in a 37°C water 

bath.  The following day 10 µL of 0.5 M Tris, pH 8.3 and 10 µL containing 1 unit of 
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bacterial alkaline phosphatase in 2.5 M ammonium sulfate were added.  The sample was 

incubated in a 37°C water bath for 2 hours and stored at -20°C. 

 To prepare a sample for HPLC analysis hydrolyzed RNA samples were boiled for 

1 minute and spun down in a microcentrifuge at 13,000 rpm for 10 minutes to pellet the 

precipitate.  The supernatant was applied to a Microcon microcentrifuge filter with a YM-

3 membrane and spun.  The flow-through was retained and stored at -20°C. 

 HPLC analysis was performed by injecting 10 µL of prepared, hydrolyzed RNA 

on a Waters 4.6 x 150 mm Spherisorb ODS2 column.  The buffers utilized were Buffer A 

(10 mM NH4H2PO4, pH 5.1, and 20% methanol) and Buffer B (10 mM NH4H2PO4, pH 

4.9, 20% methanol, and 15% isopropanol).  A program was developed to separate i6A and 

ms2i6A from the rest of the nucleosides based off of the method of Gehrke and Kuo [6] in 

which 98% Buffer A was run for 10 minutes followed by a gradient to 98% Buffer B 

over 21 minutes.  Once at 98% Buffer B, it was run for 10 minutes and a subsequent 

gradient back down to 98% Buffer A was run over 10 minutes (all steps were run at 1 

mL/min).  The peaks eluting at approximately 3.25 minutes and 5.75 minutes were 

collected for UV-Vis analysis.  UV-Vis scans from 200 nm to 350 nm were completed on 

a Cary 6000i UV-Vis spectrophotometer. 

 
Transformation of TM1862 into a rimO- Cell Line 

The VR77 vector containing TM1862 was transformed into ER3051 (rimO-) 

Escherichia coli (with kanamycin resistance), which was a generous gift from New 

England Biolabs.  One colony of rimO- was inoculated into 5 mL of LB media with 50 

µg/mL kanamycin and grown overnight at 37°C and 250 rpm shaking.  One milliliter of 
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overnight growth was used to inoculate 50 mL of LB media with 50 µg/mL kanamycin 

and grown at 37°C with 250 rpm shaking until the OD600 was approximately 0.5.  The 

cells were chilled on ice for 20 minutes and then centrifuged at 4°C and 4,000 x g for 20 

minutes.  The supernatant was decanted and the cells resuspended in 50 mL of ice cold 

10% glycerol.  The cells were centrifuged as before, and the ice cold 10% glycerol wash 

was repeated a second time with 25 mL and third with 5 mL.  After the final 

centrifugation, the cells were resuspended in 150 µL of ice cold 10% glycerol, aliquoted 

into 40 µL portions in sterile eppendorf tubes, flash frozen with liquid nitrogen, and 

stored at -80°C until use.  To one tube of RimO- 2 µL of VR77 (approximately 1 ng/µL) 

were added, and the cells were incubated on ice for 1 minute.  The cells were then placed 

in a 1 mm electroporation cuvette and pulsed using a BioRad MicroPulser Electroporater 

on the Ec1 setting.  Immediately following 1 mL of warm S.O.C. media (2% (w/v) 

tryptone (pancreatic digest of casein), 0.5% (w/v) yeast extract, 8.6 mM NaCl, 2.5 mM 

KCl, 20 mM MgSO4, and 20 mM glucose) was added, and the cells were transferred to 

another sterile eppendorf tube.  The cells were grown at 37°C and 225 rpm for 1 hour; 

150 µL of the transformation was plated on LB media with 50 µg/mL or both ampicillin 

and kanamycin.  The plate was incubated at 37°C overnight.  A glycerol stock was made 

by growing one colony in 5 mL of LB media with 50 µg/mL ampicillin and kanamycin 

overnight at 37°C, 250 rpm shaking and adding 3.5 mL of the growth to 1.5 mL sterile 

glycerol.  The stock was immediately aliquoted into 1 mL portions, frozen with liquid 

nitrogen, and stored at -80°C. 
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Analysis of Ribosomal S12 Protein Modification 

 TM1862 in rimO- cells, as well as rimO- cells as a control, were grown by plating 

cells from a glycerol stock on LB media with 50 µg/mL kanamycin (50 µg/mL ampicillin 

were added to the one with the TM1862 gene) and incubating overnight at 37°C.  One 

colony from each plate was used to inoculate individual portions of 5 mL of LB media 

with 50 µg/mL kanamycin (50 µg/mL ampicillin were added to the one with the TM1862 

gene) and grown overnight at 37°C with 250 rpm shaking.  The following morning 500 

µL of overnight growth was added to 50 mL of LB media with 50 µg/mL kanamycin (50 

µg/mL ampicillin were added to the one with the TM1862 gene) and grown at 37°C with 

250 rpm shaking until the OD600 was approximately 0.5 at which point the temperature 

was shifted to 45°C.  The growth was allowed to continue for an additional 3 hours.  

Cells were harvested by centrifugation at 4°C and 2,500 rpm, flash frozen with liquid 

nitrogen, and stored at -80°C. 

 Ribosome isolation was accomplished by adding 8 mL of Ribosome Lysis Buffer 

(RLB: 100 mM NH4Cl, 50 mM MgCl2, 20 mM Tris, pH 7.5, 1 mM DTT, 0.5 mM 

EDTA) to an individual cell pellet.  The sample was placed on ice and a Branson Sonifier 

450 was used to sonicate the cells at 30% and output setting 3.  Sonication was performed 

for 30 seconds followed by 30 seconds rest on ice and repeated until the cells were 

disrupted.  The lysed cells were centrifuged at 30,000 x g for 90 minutes at 4 °C, and the 

supernatant (S30 extract) was removed and centrifuged again at 100,000 x g for 16 hours 

minimum at 4°C using a sucrose cushion (1.1 M sucrose in RLB was used to fill half of 

the centrifuge tube and the S30 extract was placed on top.  The resulting pellet was 
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resuspended in approximately 1 mL of RLB.  To further separate the ribosomal proteins 

100 µL of 1 M MgCl2 and 2 mL of glacial acetic acid were added.  The sample was 

incubate on ice for 90 minutes, inverting occasionally to mix.  The sample was spun 

down in a microcentrifuge at 13,000 rpm and 4°C for 15 minutes to remove the 

precipitate.  The supernatant was flash frozen with liquid nitrogen and stored at -80°C.  

Samples were submitted to the Montana State University Mass Spectrometry Facility in 

the Chemistry and Biochemistry Department for further analysis. 

 
Results 

 
 

TM1862 Growth, Purification, and Reconstitution 

 Overexpression of TM1862 from a pET21-d vector was accomplished via IPTG 

induction, and the protein produced was easily observed on an SDS-PAGE gel (Figure 

8.2).  Average cell yields were 2.25 g per liter of media.  During purification on a 

HisTrap HP nickel affinity column, TM1862 eluted in three peaks, each during a 

different step (Figure 8.3 and 8.4).  All of the fractions containing TM1862 protein were 

retained.  Any methods requiring cleaner protein we further purified using gel filtration, 

and the TM1862 protein eluted in one peak (Figure 8.5 and 8.6).  The ratio of the 

absorbance at 426 to 280 nm was determined, and fractions containing the highest ratio 

were pooled.  Protein yields were obtained in good amount.  After purification on the 

affinity column, approximately 20 mg of TM1862 per gram of cells was obtained, and the 

following gel purification reduced that to 5 mg protein per gram of cells. 
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Purified TM1862 protein contained 1 to 1.5 Fe per protein, though based on the 

sequence homology to MiaB it should contain 8 Fe per protein in two [4Fe-4S] clusters.  

To increase the iron content of TM1862 purified protein was reconstituted with iron and 

sulfide.  Reconstituted TM1862 generally contained anywhere from 8 to 16 Fe per 

protein, and the extra iron was thought to bind the His tag used for purification.  In an 

attempt to remove the excess iron EDTA was added in differing concentrations from 250 

to 750 µM to the reconstituted TM1862, however even the lowest EDTA concentration 

stripped all but four irons (one cluster) per protein. 

 

Figure 8.2. SDS-PAGE gel of overexpression of the TM1862 protein.  The lanes show 
the protein content of the growth 1: pre-induction and 2: post-induction with IPTG.  The 
location of the TM1862 protein is boxed in red. 
 
 
 
 
 
 
 

   1        2 
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Figure 8.3. Chromatogram of TM186 protein purification on a HisTrap nickel affinity 
column using Buffer A (20 mM sodium phosphates, pH 7.4, 200 mM NaCl, 10 mM 
imidazole, and 5% (w/v) glycerol) and Buffer B (20 mM sodium phosphates, pH 7.4, 200 
mM NaCl, 500 mM imidazole, and 5% (w/v) glycerol).  The blue trace represents the 
absorbance at 280 nm and the red at 426 nm.  Peaks that contained TM1862 protein are 
labeled 1 (20% Buffer B), 2 (50% Buffer B), and 3 (100% Buffer B). 
 
 

 
Figure 8.4. SDS-PAGE gel of the wash step (lane 1), 10% Buffer B step (lane 2), 
fractions 4-6 (lane 3), fractions 7-10 (lane 4), fractions 11-13 (lane 5), fractions 14-16 
(lane 6), and fractions 23-24 (lane 7) from the chromatogram in figure 8.3.  The location 
of the TM1862 protein is boxed in red. 

1    2     3     4      5     6    7 
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Figure 8.5. Chromatogram of TM1862 purification on a Superdex 75 gel filtration 
column using Gel Filtration Buffer (50 mM Tris, pH 7.4, 200 mM NaCl, 1 mM DTT).  
The blue trace represents the absorbance at 280 nm and the red at 426 nm. 
 
 

 
Figure 8.6. SDS-PAGE gel of the pooled fractions from Figure 8.5.  Lanes are a 
molecular weight marker (lane 1), fractions 10-12 (lane 2), fractions 13-15 and 21-23 
(lane 3), and fractions 16-20 (lane 4).  The location of the TM1862 protein is boxed in 
red. 

  1         2          3          4 
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EPR and UV-Vis Spectroscopy 

 As-isolated TM1862 protein gave a very weak nearly isotropic EPR signal typical 

of a [3Fe-4S]1+ cluster (Figure 8.7).  TM1862 anaerobically reduced with either sodium  

 

Figure 8.7. EPR spectrum of TM1862 as-isolated.  The signal is nearly isotropic centered 
around g=2.00 and is indicative of a [3Fe-4S]1+ cluster. 
 
 
dithionite or 5-deazariboflavin produced axial signals typical of a [4Fe-4S]1+ cluster 

(Figure 8.8).  The signal to noise is low due to low signal intensity resulting from low 

iron content of the protein used to make the EPR samples.  The EPR results show that 

TM1862 does contain a [4Fe-4S] cluster that can be reduced to the [4Fe-4S]1+ state.  The 

addition of SAM to the reduced protein samples did not appear to have an effect on the 

EPR signal.  Often the addition of SAM to a reduced radical SAM protein containing a 

[4Fe-4S]1+ cluster causes a change in the g values and lineshape due to SAM binding to 

the cluster.  However, in the case of TM1862 the lack of change does not necessarily 

mean that SAM is not binding.  Not all radical SAM EPR signals are drastically changed  
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Figure 8.8. EPR spectra of TM1862 reduced with sodium dithionite or 5-deazariboflavin 
both in the presence and absence of SAM.  All EPR signals are nearly axial, and the g 
values obtained for all spectra were 2.02 and 1.97 as indicated by the arrows.  The 
properties of these signals is consistent with the Fe-S clusters in TM1862 being reduced 
to [4Fe-4S]1+ clusters. 
 
 
in the presence of SAM as is the case with the E. coli RimO methylthiotransferase [7].  

Additionaly, because of the low iron content in TM1862, there may not be enough SAM 

bound cluster to cause a visible shift.  The presence of a reducible [4Fe-4S] cluster was 

also supported by UV-Vis spectroscopy.  The as-isolated protein showed a feature at 

approximately 420 nm that was decreased in the samples containing sodium dithionite or 

5-deazariboflavin as reductants (Figure 8.9).  This decrease is due to the diminished 
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ligand to metal charge transfer of the reduced cluster as compared to the non-reduced 

cluster. 

 

Figure 8.9. UV-Vis spectra of TM1862 as-isolated and reduced with 5-deazariboflavin or 
sodium dithionite.  The arrow indicates the feature at approximately 420 nm that 
decreases upon reduction of the protein. 
 
 
TM1862 Alignment and Crystal Setup 

 To catalyze their reactions methylthiotransferases (MTTases) contain three 

distinct domains.  The first domain is located at the N-terminal end of the protein and is 

designated UPF004.  The UPF004 domain contains three conserved cysteines that bind 

one of the [4Fe-4S] clusters in MiaB from E. coli [8].  It is also most commonly found 

with the other two MTTase domains.  The second domain between the N- an C-terminl  
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Figure 8.10. Clustal X alignment of TM1862 with RimO from E. coli (RimOEc) and 
MiaB from E. coli (MiaBEc) and T. maritima (MiaBTm).  The conserved domains are 
UPF0004 (green), radical SAM (purple), and TRAM (blue).  The six conserved cysteines 
involved in cluster binding are indicated with an asterisk above each. 
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domains is a radical SAM core domain containing the CX3CX2C motif necessary to bind 

the second 5’-deoxyadensyl radical producing [4Fe-4S] cluster.  The final domain is the 

C-terminal TRAM domain, which in RNA modifying enzymes is involved in substrate 

recognition [9].  When TM1862 was aligned with MiaB from E. coli and T. maritima and 

RimO from E. coli (Figure 8.10) there was 30-33% identity with the MiaB proteins and  

36% identity with the RimO.  The TM1862 protein contains all three domains with the 

six conserved cysteines for Fe-S cluster binding. 

 The crystal structure of TM1862 is of the apo-enzyme and only contains the 

radical SAM and TRAM domains due to the presence of subtilisin in the crystallization 

buffer (Figure 8.1).  In an attempt to crystalize the holo-enzyme with all three domains 

intact, a crystal screen of TM1862 was prepared anaerobically, however no crystals were 

obtained. 

 
TM1862 Function 

 In order to determine the function of TM1862, the vector containing the gene 

expressing TM1862 was transformed into a miaB- cell line (Figure 8.11) to determine if it  

could modify i6A to ms2i6A (which is lacking in the miaB- cells).  The RNA produced 

was isolated and separated using HPLC (Figure 8.12).  The two peaks eluting at 

approximately 3.25 minutes and 5.75 minutes were collected, and UV-Vis scans from 

200 nm to 350 nm were completed.  The spectra of the two peaks were compared to 

published spectra of i6A and ms2i6A.  The peak at 3.5 minutes was neither modified 

nucleoside, and the peak at 6.0 minutes corresponds to i6A (Figure 8.13).  As there was 

no apparent modification of i6A by TM1862, its function as a RimO enzyme (which  
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Figure 8.11. Confirmation of transformation of the TM1862 containing plasmid into 
miaB- cells was accomplished by extracting the DNA from the cells and running the 
extract on a 1% agarose gel to confirm the presence of the plasmid.  Lane M is the DNA 
ladder, and lanes A, B, and C are DNA from three separate colonies.  The boxed area 
indicates the location of the 6.6 kb vector, which runs at approximately 5 kb because it is 
circular and uncut. 
 
 

Figure 8.12. HPLC chromatogram of the separated nucleosides isolated from miaB- cells 
(green trace) or miaB-  cells transformed with TM1862 (red trace). 

M     A      B     C 
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Figure 8.13. Left: UV-Vis analysis of the components of the peaks collected around 3.25 
(top) and 5.75 (bottom) minutes during the HPLC separation of nucleosides from miaB- 
transformed with TM1862 as shown in Figure 8.11.  Right: UV-Vis spectrum of i6A (top) 
and ms2i6A (bottom) used as a reference from [10]. 
 
 

Figure 8.14. Confirmation of transformation of the TM1862 containing plasmid into 
rimO- cells was accomplished by extracting the DNA from the cells and running the 
extract on a 1% agarose gel to confirm the presence of the plasmid.  Lane M is the DNA 
ladder, and lanes A, B, C, and D are DNA from four separate colonies.  The boxed area 
indicates the location of the 6.6 kb vector, which runs at approximately 5 kb because it is 
circular and uncut. 

M     A     B     C     D 
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modifies the ribosomal S12 protein) was examined by transforming the vector containing 

the gene expressing TM1862 into a rimO- cell line (Figure 8.14).  The ribosomes from 

the transformed cells were isolated and submitted to the Montana State Mass 

Spectrometry Facility, however analysis was unable to be optimized before a paper was 

published by another group detailing the function of TM1862 [2]. 

 
Conclusions 

 
 

 The alignment of TM1862 with known MiaB and RimO enzymes suggested that 

it was a radical SAM enzyme, specifically a MTTase; it contains all three of the domains 

(UPF0004, radical SAM, and TRAM) used in imparting the methylthio modification.  

Radical SAM enzymes must also contain a [4Fe-4S] cluster capable of being reduced.  

EPR of the as-isolated protein indicated that TM1862 did indeed contain an Fe-S cluster 

in a [3Fe-4S] form, which is not unusual for radical SAM enzymes.  It is upon reduction 

that the [3Fe-4S] cluster is converted to a [4Fe-4S]1+ cluster, which is the case for 

TM1862 when reduced with either sodium dithionite or 5-deazariboflavin where EPR 

shows and axial signal indicative of a [4Fe-4S]1+ cluster.  This was also supported by the 

UV-Vis spectra showing a decrease in the absorbance at approximately 420 nm due to the 

lessened ligand to metal charge transfer upon reduction of the cluster. 

In radical SAM enzymes the EPR signal is usually perturbed upon the addition of 

SAM indicating its binding to the cluster, and while this is not the case for TM1862, it 

did not exclude TM1862 from the superfamily.  There are radical SAM enzymes, RimO 

from E. coli for one, whose EPR signal is not greatly perturbed when SAM is added; 
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instead the signal intensity may be decreased.  As mentioned previously, the iron content 

of the protein must also be considered.  Un-reconstituted TM1862 only contains 

approximately 1 Fe per protein while the sequence suggests two [4Fe-4S] clusters.  It is 

possible that the use of reconstituted protein containing a better iron content would show 

a different EPR signal in the presence of SAM. 

To further determine whether TM1862 was an MTTase, an attempt was made to 

restore activity to two different knockout cell lines.  In the first case a miaB- cell line, 

which lacks the ms2i6A modification and builds up i6A, was used.  The HPLC separation 

and UV-Vis analysis of the nucleosides isolated from miaB- expressing TM1862 

indicated that no ms2i6A was produced.  The peak collected at 5.75 minutes showed a 

UV-Vis spectrum similar to i6A.  With the HPLC conditions used to separate the 

nucleosides the ms2i6A modified base would have eluted after i6A, however no peaks 

were observed after 6 minutes for the entirety of the run.  While the absence of ms2i6A 

was not completely conclusive of the lack of MiaB activity, it did indicate that this was 

not the most likely function of TM1862, so the use of a second knockout cell line, rimO- 

cells lacking the methylthioaspartic acid on the ribosomal S12 protein, was attempted.  

The ribosomal proteins from rimO- expressing TM1862 were isolated and submitted for 

mass spectrometry analysis, but the optimization of separation of all the ribosomal 

proteins was unable to be completed before a report was published [2] indicating that 

TM1862 was indeed a RimO protein from T. maritima.  The function of TM1862 was 

determined using a 20-mer peptide containing the aspartate residue modified and the 

surrounding amino acids as a substrate for in vitro activity assays [2].  Mass spectrometry 
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was used to determine the state of modification on the peptide and demonstrated that a 

methylthio group was added to the aspartate, presumably at the β-carbon [2].  

Interestingly the data also suggested the presence of a second methylthio modification, 

although its position on the peptide remains unresolved, that is possibly due to an 

incomplete substrate [2]. 

Although TM1862 has been established as RimO MTTase, there are still many 

uncertainties surrounding the mechanism by which RimO enzymes modify the aspartate 

residue of the ribosomal S12 protein.  For example, when is the ribosomal S12 protein 

modified, after translation but before incorporation into the ribosomal complex or after 

assembly of the ribosome?  Although not conclusive, evidence for the latter has been 

observed through the use of proteomics to identify proteins interacting with RimO [11].  

Also the role of the second [4Fe-4S] cluster is presumed to be as a sulfur source for the 

methylthio modification, though this remains to be demonstrated.  When EDTA was used 

on reconstituted protein, it appeared as though one cluster was stripped while the other 

remained.  The ability to remove a select cluster and replace it with 57Fe could prove to 

be a valuable tool in further characterization of the enzyme as well as dissecting the 

purpose of the second cluster.  
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Figure S1. EPR spectra from Figure 3.7 shown with the cation with and without SAM 
overlaid.  The black line represents the spectra of PFL-AE + cation and the red is PFL-
AE + cation + SAM.  The monovalent cations are (A) Na+, (B) K+, (C) NH4

+, (D) Rb+, 
and (E) Cs+.  The addition of SAM causes a decrease in signal intensity in all conditions.
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Figure S2. EPR spectra of 200 µM PFL-AE containing approximately 3.5 Fe per protein 
in the presence of different K+ concentrations.  The changes in intensity at different g 
values were not as drastic as when PFL-AE is in the presence of SAM as seen in Figure 
3.8. 


