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ABSTRACT 

 

 

     Hydrogenases catalyze the reversible reduction of protons using complex metal 

clusters with unusual ligands.  The catalytic center of the [FeFe]-hydrogenases is called 

the H-cluster, and is characterized by a [4Fe-4S] cluster connected via a cysteine thiolate 

to a 2Fe subcluster coordinated by carbon monoxide and cyanide ligands as well as a 

bridging dithiolate.  Assembly of the H-cluster is carried out by three hydrogenase 

maturation proteins: HydE, HydF, and HydG.  HydF is a GTPase and has been 

implicated to serve as a scaffold for assembly of the 2Fe subcluster of the H-cluster.  

HydE and HydG are radical S-adenosylmethionine (SAM) enzymes and thus are thought 

to utilize reductive cleavage of SAM to initiate radical chemistry.  HydG has been shown 

to catalyze the formation of the carbon monoxide and cyanide ligands of the H-cluster 

utilizing tyrosine as a substrate.  HydE, therefore, has been proposed to be responsible for 

biosynthesis of the dithiolate ligand of the H-cluster.  The aim of this study was to 

biochemically characterize active, Fe-S reconstituted HydE and to identify the substrate 

of this radical SAM enzyme.  Questions to be studied also included studying the role of 

HydE in H-cluster maturation.  This study used protein purified from recombinant E. coli.  

The purified protein was chemically reconstituted with iron and sulfide, and used for 

spectroscopic characterization and HPLC based activity assays.  Colorimetric assays 

were also used for protein characterization and to test for the consumption of substrate.  

The results indicate that cysteine is likely the substrate of HydE.  Activity assays show 

that HydE- catalyzed SAM cleavage is stimulated in the presence of cysteine, and HydF 

purified from different genetic backgrounds shows a spectroscopic shift in the λmax when 

both HydE and cysteine are present during growth.  Spectroscopic characterization 

confirms that HydE is an Fe-S containing radical SAM enzyme and that cysteine may be 

a substrate during [FeFe]-hydrogenase H-cluster maturation.  
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INTRODUCTION 

 

 

 Interest in hydrogenases has grown dramatically over recent years primarily 

because of its implication as a new source or model for a renewable fuel source.  The 

ability of the enzymes to produce H2 from abundantly occurring protons and electrons 

creates excitement for the ability to create biomimetic models of these enzymes and 

possibly use them for biological H2 harvesting for renewable resource alternatives to 

fossil fuels.  Many synthetic clusters have been developed so far that attempt to mimic 

the organometallic clusters of hydrogenases, but these mimics have not been able to 

recreate the efficiency of [FeFe]-hydrogenase.  Characterization of the biochemical 

pathway of H-cluster synthesis is crucial to fully understand the biochemistry of 

hydrogen metabolism and should aid in the ability to recreate the clusters for non-

biological use.   

 

Iron-Sulfur Clusters 

 

 

 Iron-sulfur (Fe-S) clusters have been found to be prevalent in all of biology and 

participate in many necessary biological functions such as electron transfer, metabolism, 

iron regulation, cofactor biosynthesis, regulation of gene expression, and protein stability.  

This omnipresence in biology and biological functions suggests that Fe-S clusters are 

very ancient in origin (1).  Fe-S clusters come in many different forms, the most common 

of which are the [2Fe-2S] rhomb or the [4Fe-4S] cubane.  There are other types though 

such as a [3Fe-4S], which is similar to the cubane structure but lacking one of the irons.  

Beyond simple clusters such as these, there are also complex Fe-S clusters such as those 
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found in enzymes like carbon monoxide dehydrogenase, nitrogenase, and hydrogenase 

(2).  Non-complex Fe-S clusters are biologically synthesized by proteins encoded by the 

sulfur mobilization (suf), nitrogen fixation (nif), and Fe-S cluster (isc) operons (3-5).  The 

protein systems encoded by these operons all operate in a similar manner, utilizing a 

cysteine desulfurase as a sulfide source, another protein to act as a scaffold, and other 

proteins to assist in Fe-S cluster biosynthesis (6, 7).  In the Isc protein machinery IscU 

acts as a scaffold for the Fe-S cluster assembly, the key to which is an invariant aspartate 

residue that aids in cluster transfer to apoprotein targets (8-10).  IscU receives sulfur from 

a cysteine desulfurase IscS, implicating cysteine is the source of sulfide in Fe-S 

clusters(4, 11).  The source of iron has not yet been fully resolved and there is not yet a 

unifying concept for iron transfer, but experimental evidence suggests IscA, an A-type 

protein (12-15), or the iron storage ferritin proteins (16-18) as possible iron sources.  

 

Hydrogenases 

 

 

 The hydrogenase with the simplest metal cofactor, [Fe]-hydrogenase, has an 

active site that consists of a single Fe atom ligated by two CO ligands, a cysteine side 

chain, a guanylyl pyridinol cofactor, and an unknown ligand that is possibly an acyl 

group (19).  Another name for [Fe]-hydrogenase is H2-forming 

methylenetetrahydromethanopterin (H4MPT) dehydrogenase (Hmd), and as the name 

indicates, the enzyme reversibly catalyzes the dehydrogenation of methylene-H4MPT.  

The reason this enzyme is included among the hydrogenases is that H2 is produced as a 

by-product of its reaction.  [NiFe]-hydrogenases contain a heteronuclear cluster of a Ni 
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atom linked to an Fe atom by two bridging cysteine thiolates and another linker of which 

the identity is unknown.  The Ni is additionally ligated by two other cysteine thiolates, 

while the Fe atom is decorated with two cyanide ligands and one carbonyl moiety (20).  

Along with [FeFe]-hydrogenase, [NiFe]-hydrogenase is considered a “true” hydrogenase, 

in that its catalyzed reaction is the reversible reduction of protons to H2 (Eq. 1):  

H2 ↔ 2H
+
 + 2e

-
 (Eq. 1) 

The maturation of the heterometallic cluster in [NiFe]-hydrogenase has been 

extensively studied, and it has been shown that at least seven accessory proteins are 

required.  HypE and HypF supply the cyanide ligands from a carbamoyl phosphate 

source.  HypF adenylates carbamoyl phosphate and transfers it to a COOH-terminal 

cysteine on HypE where it is dehydrated and forms a thiocyanate ligand to the cysteine 

(21).  Delivery of these ligands is accomplished by a HypD/HypC complex.  HypB and 

HypA work together to insert the Ni atom into the cluster.  Currently, the source of the 

CO ligand is unknown, but it is known that carbamoyl phosphate is not the source so the 

biosynthesis of the CO ligand follows a different route than the CN
-
 ligands (22).  Much 

less is known about the maturation process of [Fe]-hydrogenase, but recent work has 

discovered two genes flanking the gene encoding the [Fe]-hydrogenase (hmdA).  These 

genes, hmdB and hmdC, are putative maturation proteins for this hydrogenase.  HmdB 

has been identified as a radical-SAM protein while hmdC shows sequence homology to 

an eukaryotic fibrillarin.  Some preliminary characterization has been done on these 

enzymes, but the maturation process of [Fe]-hydrogenase is still unresolved (23). 
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The active site of [FeFe]-hydrogenase, the H-cluster, is composed of a [4Fe-4S] 

cubane attached by a cysteine thiolate to a 2Fe subcluster with CO and CN
-
 ligands and a 

dithiolate linker (Figure 1.1) (24-26).  Besides the H-cluster, [FeFe]-hydrogenase from 

Clostridium pasteurianum (CpI) contains four additional Fe-S clusters, three of which are 

[4Fe-4S], and the other being a [2Fe-2S] cluster.  These clusters are assumed to aid in 

electron transfer between the protein surface and the active site.  As seen in Figure 1.2, 

the distance between all the clusters, with the exception of the distance between the two 

clusters on the surface, is less than 11 Å, which is reasonable for electron transfer in 

proteins since there may be aromatic residues in those areas to aid in electron shuttling.  

Additionally, there is a basic patch on the protein surface associated with the [4Fe-4S] 

closest to the surface and an acidic domain on the protein surface associated with the 

[2Fe-2S] cluster, which gives the hydrogenase the ability to interact with a variety of 

electron donors and acceptors, likely to be ferredoxin proteins (27).  Structural evidence 

suggests that the catalytic reaction takes place on the terminal Fe site of the 2Fe 

subcluster of the H-cluster.  A water molecule has been observed to be ligated to the 

distal Fe in the CpI structure but not on the Desulfovibrio desulfuricans.  A water 

molecule is bound to one hydrogenase structure but not the other due to the fact that the 

H-cluster in the CpI structure was likely in an oxidized or resting state, while the active 

site in the D. desulfuricans is likely in a more reduced or turnover state.  As a non-

substrate ligand, the water is in prime position for displacement by the substrate (H
+
) and 

formation of a bound hydride intermediate (28).  The hypothesis that catalysis occurs on 

the terminal Fe of the 2Fe subcluster is further supported by a crystal structure with 
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exogenous CO bound to the terminal Fe in place of water yielding inactive enzyme (Fig. 

1.1).  The bound CO saturates the coordination sites with strong ligands and thus inhibits 

catalysis (29). 

 

 
 

A B 

Figure 1.1 (A) Ribbon representation of Clostridium pasteurianum (CpI) 

[FeFe]-hydrogenase (PDB code: 3C8Y) (B) Close-up of the H-cluster shown 

in ball and stick form.   
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To explore necessary genes for active [FeFe]-hydrogenase, random insertional 

mutants in Chlamydomonas reinhardtii were screened for the inability to produce H2.  

The study revealed that two genes produced proteins necessary for [FeFe]-hydrogenase 

activation, hydEF and hydG (in eukaryotes, the hydE and hydF genes are fused, but they 

exist as separate genes in prokaryotes) (30, 31).  These three gene products have been 

shown to be sufficient for [FeFe]-hydrogenase activation.  [FeFe]-hydrogenase from C. 

reinhardtii expressed in the absence of maturation proteins (HydA
ΔEFG

) has been shown 

to contain a requisite [4Fe-4S] cluster, upon which the 2Fe subcluster of the H-cluster is 

attached (32), indicating the maturation proteins are only responsible for the formation of 

the two iron subunit.  The maturase proteins HydE and HydG have been identified as 

radical S-adenosylmethionine (SAM) enzymes, and HydF has been shown to be a 

GTPase (30, 31).  

H cluster 

[4Fe-4S] A 

[4Fe-4S] B 
[4Fe-4S] C 

[2Fe-2S]  

9 Å 

10 Å 

8 Å 

11 Å 

17 Å Basic Patch 
[4Fe-4S] C 

Acidic Patch 
[2Fe-2S]  

Figure 1.2.  (A)  Fe-S clusters of CpI [FeFe]-hydrogenase, highlighting the inter 

cluster distances.  (B)  Relative surface charge of [FeFe]-hydrogenase, with areas of 

acidic residues colored red and areas of basic residues colored blue. Adapted from 

ref. 27. 

A B 
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Radical SAM Enzymes 

 

 

The radical SAM superfamily comprises more than 2800 proteins, most of which 

contain the canonical amino acid sequence motif CxxxCxxC, which binds a [4Fe-4S] 

cluster (33, 34).  As seen in Fig. 1.3, the cluster is coordinated by three cysteines with one 

“unique” iron that is not ligated to the protein.  This unique iron is the binding site of 

SAM, which is reductively cleaved to form a 5‟-deoxyadenosyl (dAdo) radical 

intermediate (Figure 1.4) (35-47).  The dAdo radical abstracts a hydrogen atom from a 

substrate that is then involved in one of the diverse chemical reactions characterized by 

this enzyme superfamily such as sulfur insertion, generation of protein based glycyl 

radicals, heme biosynthesis, and DNA repair.  The deoxyadenosyl radical is formed when 

SAM binds the unique iron site via its amino and carboxyl groups and one electron is 

transferred to SAM from the cluster via an inner sphere mechanism to the sulfonium ion 

of SAM (35-37, 39).  In most radical SAM enzymes characterized so far, SAM acts a 

cosubstrate and is converted to methionine and 5‟-deoxyadensosine.  In cases such as 

lysine 2,3-aminomutase (LAM) (48-50) and spore photoproduct lyase (SPL) (51-53), 

SAM is used as a cofactor where the product radical reabstracts a hydrogen from 5‟-

deoxyadenosine to reform the 5‟-deoxyadensosyl radical.  This then reacts with 

methionine to reform SAM and the reduced cluster on the enzyme (34).  The radical 

SAM enzymes structurally characterized to date contain either a partial or complete triose 

phosphate isomerase (TIM) barrel.  Enzymes such as biotin synthase (BioB) and HydE 

have complete (β/α)8 TIM barrels, while smaller enzymes such as pyruvate-formate lyase 

activating enzyme (PFL-AE) have an incomplete (β/α)6 TIM barrel.  The size of the TIM 
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barrel is suggested to be related to the size of the substrate, as an incomplete TIM barrel 

as in PFL-AE can accommodate a protein substrate, while the full TIM barrel in HydE 

and BioB can likely only accommodate a small molecule substrate (54).  The [FeFe]-

hydrogenase maturation proteins HydE and HydG are not the only enzyme examples for 

which radical SAM chemistry is involved in metallocofactor biosynthesis.  Another 

example is the nitrogenase maturation enzyme NifB, which is involved in the assembly of 

the FeMo-co cluster in nitrogenase.  A final example is the newly discovered protein 

HmdB which is suggested to be involved in the development of the [Fe]-hydrogenase 

active site (23, 55).  Curiously, HydE, HydG, and HmdB are clustered in a well-

supported sequence lineage, indicating they all recently diverged from a common 

ancestor and may catalyze similar reactions (56). 

 
 

 

Figure 1.3.  Structural view of SAM binding to the [4Fe-4S] cluster of pyruvate 

formate-lyase activating enzyme.  Adapted from ref. 47.   



9 

 

 

 

[FeFe]-Hydrogenase Maturation 

 

 

HydF and HydG 

 

The exact mechanism of H-cluster biosynthesis is still mostly unknown, but 

recent reports have provided insight into the possible roles of each of the maturation 

proteins and a theoretical mechanism of cluster assembly.  HydF has been demonstrated 

to be the assembly scaffold of the 2-Fe subcluster of the H-cluster (57).  The EPR 

spectrum of HydF expressed in the absence of HydE and HydG (HydF
ΔEG

) exhibits a 

signal indicative of a [2Fe-2S]
+
 cluster in the enzyme.  When HydF is expressed in a 

background of HydE and HydG (HydF
EG

), the paramagnetic [2Fe-2S]
1+

 cluster signal is 

lost, which is consistent with HydE and HydG modifying the cluster to an EPR silent H-

cluster precursor (57).  Moreover, FTIR spectroscopy demonstrated the presence of a CO 

and CN
-
 ligated iron species on HydF

EG
 providing additional support for the hypothesis 

that HydE and HydG modify a [2Fe-2S] precursor cluster on HydF to the 2Fe subcluster 

of the H-cluster (57).   

Radical SAM enzymes have been observed to reductively cleave SAM in the 

absence of substrate, which is termed non-productive cleavage (53, 58-68).  A 

Figure 1.4.  Mechanism of cleavage of S-adenosylmethionine by a [4Fe-4S]
+
 cluster, 

forming methionine and a 5‟-deoxyadenosyl radical.  Adapted from ref. 34. 
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characteristic of radical SAM catalysis is that rates of non-productive SAM cleavage are 

relatively slow in the absence of substrate molecules; addition of substrate can 

significantly increase the rates of SAM cleavage and dAdo production (53, 62, 69, 70).  

The substrate for HydG was recently discovered by screening potential small molecule 

substrates for enhanced levels of dAdo production (70).  Accordingly, tyrosine was 

discovered to stimulate dAdo production by a factor of five, and p-cresol was identified 

as one of the turnover products (70).  The other putative reaction product from the HydG 

reaction was proposed to be a dehydroglycine intermediate, although a recent report has 

suggested it is a glycyl radical (71).  Regardless of the exact chemical composition of the 

intermediate species, CO and CN
-
 have both been shown to be derived from the HydG 

catalyzed degradation of tyrosine (72, 73).  This is the first instance for any hydrogenase 

that enzyme catalyzed CO synthesis has been demonstrated despite all that is known 

about maturation of [NiFe]-hydrogenase (72, 73).   

 

HydE 

 

With HydF acting as a scaffold and HydG producing CO and CN
-
, the process of 

elimination would indicate that HydE is responsible for synthesis of the dithiolate 

bridging ligand.  This bridging ligand has been proposed to be dithiopropane, 

dithiomethylamine, or dithiomethylether.  HYSCORE spectroscopy studies combined 

with DFT calculations have shown that dithiomethylamine is the most likely bridging 

ligand.  A nitrogen atom, as opposed to a carbon in dithiopropane, as the central atom of 

the bridging dithiolate could act as a base, accepting a proton during molecular hydrogen 

splitting (74).  The substrate, as of yet, is still under investigation, but it is likely a small 
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common metabolite present in E. coli, as hydrogenase activation has been demonstrated 

in systems overexpressing HydE, HydF, and HydG in E. coli.  In an experiment using 

purified HydA and whole cell extracts of the maturase enzymes it has been shown that 

hydrogenase activity is stimulated by the addition of tyrosine, cysteine, and SAM (Fig. 

1.5) (75).  The reason for SAM and tyrosine stimulation are attributed to radical SAM 

chemistry and the demonstration that tyrosine is the substrate for HydG (70).  This result 

would suggest cysteine as a possible substrate for HydE, although cysteine alone was not 

able to stimulate hydrogenase activity, suggesting a synergistic effect between cysteine, 

tyrosine, SAM and a HydE and HydG protein complex may be functioning in vivo.   

 

 
 

Computational work has been useful in predicting potential identities of the 

dithiolate linker, though all three possibilities have been argued to be probable.  Most 

Figure 1.5. Effects of cysteine and tyrosine on HydA activity in vitro. Black 

bar represent as-isolated enzyme and red bars represents reconstituted HydA, 

and reconstituted protein was not tested for no additions and addition of 

cysteine only (left).  Full squares represent addition of cysteine only, crosses 

represent addition of tyrosine only, open circles represent addition of both 

cysteine and tyrosine (right).  Reprinted from reference 75. 
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recently, DFT studies have looked into possible mechanisms for insertion of the 

dithiolate linker onto the 2Fe subcluster of the H-cluster.  The study explored 

mechanisms in which dithiopropane, dithiomethylamine, and dithiomethylether would be 

formed.  The study concluded that the so-called C-path (mechanism for dithiopropane 

formation) would be most likely, considering the absence of energetically high-lying 

intermediates, as opposed to the O- and N-paths.  The C-path is also achievable in much 

fewer mechanistic steps than the other two.  However, the authors of this study do not 

rule out the possibility of a more complex substrate that contains a methylaminoalkyl or 

methoxyalkyl chain that could create dithiolate ligands with the central atom being O or 

N (76).  Furthermore, quantum refinement studies, combining the crystal structure 

coordinates with DFT calculations, and 
57

Fe-ENDOR studies suggested again that 

dithiomethylamine is the most likely identity of the bridging dithiolate ligand (77, 78).   

All of the methods described here to discern the identity of the bridge-head atom of the 

dithiolate ligand are indirect methods and will only be able to describe what the identity 

of the atom is most likely to be.  At this point, the only way to be able to definitively 

characterize the full dithiolate ligand is to fully characterize the enzyme reaction of 

HydE. 

Rubach et al. have characterized HydE from Thermotoga maritima and have 

demonstrated its ability to cleave SAM, confirming its identity as a radical SAM enzyme 

(65).  In this study, the protein was aerobically purified, then reconstituted under 

anaerobic conditions.  Reconstitution of the protein achieved a maximum of eight iron 

atoms per protein.  The EPR results of this study show that the Fe-S cluster contained in 
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the enzyme is a [4Fe-4S] cluster.  The authors demonstrated that the reconstituted HydE 

cleaved SAM at a rate of 1 mol dAdo/mol protein/hour.  Several turnovers were 

achieved, indicating that the enzyme is catalytic in nature (65).  

The X-ray crystal structure of HydE from Thermotoga maritima has been solved 

and can be seen in Figure 1.6.  The structure shows that HydE has a distorted triose-

phosphate isomerase (TIM)-barrel, which are commonly found in the structures of radical 

SAM enzymes.  There is a lid loop at the top of the TIM-barrel, possibly acting as a 

gateway for substrate access to the active site.  The putative active site is located near the 

top of the TIM-barrel, and the study yielded proposed substrate/product channels using a 

1.0 Å probe.  The possible location of the active site was based primarily on the location 

of the site-differentiated iron-sulfur cluster.  The putative active site location was also 

demonstrated using molecular docking, where carboxylate moieties and partial positive 

charges on molecules commonly bound opposite each other surrounding a sphere where 

radical transfer should occur.  The authors of the study also attempted to soak the crystals 

in common metabolites to get a possible structure with a putative substrate or product 

bound, but the only molecule that stuck was thiocyanate.  Thiocyanate binding provided 

information regarding  an anionic binding site near the proposed active site where radical 

chemistry would be performed, but nothing conclusive could be said regarding possible 

substrate or product molecules (46).  In a more recent crystal structure solved to higher 

resolution from the same organism, it was found that methionine and 5‟-deoxyadenosine 

both bind the protein very tightly and a structure was obtained with these molecules 

bound near the [4Fe-4S] cluster.  This result could suggest that HydE uses SAM as a 



14 

 

cofactor rather than a cosubstrate (79).  In the computational work described above, if the 

C-path was used, HydE would need to act as a bifunctional enzyme.  This would provide 

a possible explanation for methionine and 5‟deoxyadenosine binding so strongly to HydE 

and the fact that SAM turnover to 5‟deoxyadenosine has been demonstrated 

experimentally (76). 

 

 
 

The X-ray crystal structure of HydE also demonstrates the presence of a second 

[Fe-S] cluster in a similar position as the second cluster in the structure of biotin synthase 

(BioB) (46).  The cluster is a [2Fe-2S] cluster separate from the radical SAM active site 

ligated by a separate set of cysteine amino acids.  This indicates the possibility of a 

similar sulfur insertion mechanism as the other radical SAM enzymes BioB and lipoyl 

synthase (LipA).  BioB‟s second cluster is a [2Fe-2S] cluster and provides one sulfur 

Figure 1.6.  X-Ray crystal structure of HydE from Thermatoga maritima.  TIM 

barrel is shown in yellow and blue, the lid loop is shown in pink. 

SAM binding [4Fe-4S] cluster 

SAM 

Second Fe-S cluster 
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atom derived from the cluster in the final step of biotin synthesis converting dethiobiotin 

to biotin (80).  LipA contains a second [4Fe-4S] cluster and inserts two sulfurs in the 

transformation of octanoic acid to lipoic acid, with the second cluster of LipA suggested 

as the sulfur source (81, 82).  Therefore, it is possible that HydE utilizes its accessory Fe-

S cluster as a source of sulfide in the synthesis of the bridging dithiolate ligand.  

The aim of this project was to biochemically characterize active, Fe-S 

reconstituted HydE and to identify the substrate of this radical SAM enzyme.  

Accomplishing this provided a critical missing piece to H-cluster structure and 

biosynthesis, thereby helping to develop a fully in vitro activation of hydrogenase, which 

can be used in biotechnical applications for H2 production, while at the same time 

providing possible clues to the origins of chemical complexity during the transition 

period from an abiotic to a biotic world.  Moreover, characterization of HydE and its 

substrate molecule and chemical reaction will add fundamental new insights to the field 

of complex metallocofactor biosynthesis. 
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METHODS 

 

 

Protein Expression and Purification 

 

 

HydE in the absence of HydF and HydG (HydE
ΔFG

), HydF in the absence of 

HydE and HydG (HydF
ΔEG

), HydF in the presence of HydE and absence of HydG 

(HydF
EΔG

), HydF in the absence of HydE and presence of HydG (HydF
GΔE

), and HydF in 

the presence of HydE and HydG (HydF
EG

) were heterologously expressed in a BL21 

(DE3) Escherichia coli cell line as described previously (83).  Single colonies from these 

transformations were grown in phosphate buffered Luria Broth (LB) media pH 7.5 for 

12-15 hours at 37°C and 225 rpm shaking.  These cells were used to inoculate larger 

cultures of 50 mM phosphate buffered (pH 7.5) LB media with 5 g/L NaCl, 5 g/L glucose 

to a final concentration of 5 mL/L inoculant.  The cultures were grown at 37°C and 225 

rpm shaking until they reached an optical density (OD600) of 0.5, at which point they 

were induced with 1 mM isopropyl thiogalactopyranoside (IPTG).  OD600 was measured 

using a Thermo Scientific Evolution 60 bench top UV-VIS spectrophotometer.    0.75 g/L 

ferrous ammonium sulfate (FAS) was added at the time of induction.  Cultures were 

grown for 2.5 hours after induction at 37°C and 225 rpm shaking and then equilibrated to 

room temperature before another addition of FAS and sparging with N2 for 12-15 hours 

at 4°C.  Cells were harvested by centrifugation and the cell pellets were frozen at -80°C 

until further use. 

Cell lysis and purification of the proteins were accomplished anaerobically in a 

Coy anaerobic chamber (Coy Laboratories, Grass Lake, MI).  Cell pellets were 
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suspended in lysis buffer containing 50 mM HEPES pH 7.4, 10 mM imidazole, 500 mM 

KCl, 5% glycerol, 20 mM MgCl2, 1 mM PMSF, 1% Triton X-100, 0.07 mg DNAse and 

RNAse per gram cell, and 0.6 mg lysozyme per gram cell.  Cells were stirred in lysis 

mixture then centrifuged for 30 min at 18000 rpm.  The supernatant was loaded onto a 5 

mL HisTrap Ni
2+

-affinity column (GE Healthcare) that was pre-equilibrated with Buffer 

A (50 mM HEPES pH 7.4, 500 mM KCl, 5% glycerol, 10 mM imidazole).  After loading 

the supernatant onto the column, the column was washed with 10 column volumes of 

buffer A.  Protein elution was achieved using a step-wise gradient of increasing imidazole 

in buffer B (50 mM HEPES pH 7.4, 500 mM KCl, 5% glycerol, 500 mM imidazole) from 

10% buffer B, then 20%, then 50%, then 100%, with 5 column volumes at each stage.  

Fractions of high purity protein were dialyzed against 50 mM HEPES pH 7.4, 500 mM 

KCl, and 5% glycerol.  Samples were then flash frozen then stored at -80°C until further 

use. 

 Protein purity was determined by SDS-PAGE analysis.  Protein concentrations 

were determined by the method developed by Bradford using bovine serum albumin as 

the standard (84).  Iron content was determined using the method developed by Fish (85). 

 

Protein Reconstitution 

 

 

 Purified HydE
ΔFG

 had an initial iron content that was too low to be detected, so to 

increase iron loading of the protein, purified samples were chemically reconstituted under 

anaerobic conditions in a Coy anaerobic chamber.  Reconstitution was achieved by 

addition of 5 mM DTT and an ~6-fold excess of FeCl3 and Na2S.  After addition of FeCl3 
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and Na2S, samples were incubated for 2-3 hours then centrifuged to remove unbound iron 

and finally run over a G-25 Sephadex column to remove adventitiously bound iron using 

50 mM HEPES pH 7.4, 500 mM KCl, and 5% glycerol as an eluent.  Reconstitution 

efficiency was determined by UV/Vis absorption data acquired using a Cary 6000i 

UV/Vis/near-IR spectrophotometer (Varian).  Reduced samples were prepared by the 

addition of 1 mM sodium dithionite.  UV/Vis spectra were collected at a data interval of 

0.5 nm and a scan rate of 60 nm/min.  Protein samples were then concentrated to different 

volumes and concentrations using Amicon spin concentrators or sponge well 

concentrators. 

 

EPR Sample Preparation and Spectroscopic Analysis 

 

 

 Electron paramagnetic resonance (EPR) samples of reconstituted HydE (154 µM) 

with an iron number of 3.36 ± 0.06 were prepared for analysis of the iron sulfur cluster 

content in an anaerobic MBraun Box (<1 ppm O2).  Oxidized samples were prepared by 

addition of 5 mM potassium ferricyanide and were incubated for 20 minutes before flash 

freezing.  Photoreduced samples were prepared by supplementing the protein with 50 

mM Tris pH 7.4, 100 µM deazariboflavin, and 5 mM  dithiothreitol (DTT).  Samples 

were then placed in an ice water bath and illuminated with a 300 watt Xe light for one 

hour.  To an additional photoreduced sample, 1 mM SAM was added in the absence of 

light, and both samples were flash frozen in liquid nitrogen.  Samples were stored in 

liquid nitrogen until spectroscopic analysis.   
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Low temperature EPR analysis was performed using a Bruker EMX X-band 

spectrometer equipped with a liquid helium cryostat and Oxford Instrument temperature 

controller.  Typical EPR parameters were: 9.37 GHz microwave frequency, 1.84 mW 

microwave power, 12 K sample temperature, 81.92 ms time constant, and 167.7 s time 

sweep.  EPR data simulation was performed using the EasySpin software program.  To 

study the temperature dependence of the iron sulfur cluster content, the EPR spectrum of 

the photoreduced sample with added SAM was studied from 12 K up to 60 K in 10 K 

increments.  The saturation of the EPR signal of the same sample with microwave power 

ranging from 18 µW to 36 mW was studied at 12 K.  The experimental data were then 

plotted by comparing the log(signal/square root power) vs. the power as described in 

reference (86). 

 

HydE Activity Assays 

 

 

 Radical SAM enzymes commonly cleave SAM very slowly in the absence of 

substrate, and a noticeable stimulation in the rate of SAM cleavage is observed when 

substrates or substrate analogs are present (53, 58-70).  This differential rate of cleavage 

was utilized to provide evidence that HydG uses tyrosine as a substrate (21).  

Accordingly, activity assays of HydE were performed by quantifying the amount of 

deoxyadenosine produced in the absence and presence of different putative substrate 

molecules (Scheme 2.1).  

 Assays were carried out in an MBraun anaerobic chamber (≤ 1 ppm O2) at 37°C 

using an IsoTemp block. Assays consisted of a mixture of 25 µM HydE, 1mM SAM, 
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2mM dithionite, 50 mM HEPES pH 7.4, 500 mM KCl, and 5% glycerol, and other 

various additions.  Metabolite additions were present at 2 mM unless noted otherwise. 

Aliquots were taken at various time points and the reaction was quenched with 1 M HCl.  

Samples were then prepared for analysis using HPLC by boiling then centrifuging the 

samples twice at 13,000 rpm for 10 minutes each.  Samples were injected onto a 

Phenomenex Curosil PFP 5 µm, 4.6 x 150 mm analytical column that was pre-

equilibrated in 98% solution A (0.1% acetic acid in water) and 2% solution B (0.1% 

acetic acid in acetonitrile) at 1 ml/min.  The mobile phase was run at 98% A/2% B 

isocratically for 7 minutes after sample injection.  A linear gradient was then run to 40% 

A/60% B over the next 17 minutes, and then this gradient was held for 3 minutes before 

re-equilibration at 98% A/2% B.  Runs were all 35 minutes long and the column was held 

at 25°C.  Elution of sample components was monitored at 254 nm. The rate of growth of 

the dAdo peak was an indicator for change in HydE activity. An increase in the rate of 

SAM cleavage by an added metabolite implicates it as the substrate.  

 To separate assays that included GTP, GDP, and deoxyadenosine, an alternate 

column and method were used.  Samples prepared the same as above were injected onto a 

Symmetry C18 5 µm, 4.6 x 150 mm analytical column that was pre-equilibrated in 0% 

solution A (1:1 methanol:isopropanol) and 100% solution B (10 mM tetrabutyl 

ammonium bromide buffered with sodium phosphate, pH 6.5).  The initial flow was 1.2 

mL/min, which was then increased to 1.3 mL/min after 1 min.  At 8 minutes, flow was 

then decreased to 1.2 mL/min, and the gradient was increased to 1% A/99% B.  This was 

held for one minute, when flow was decreased to 1.1 mL/min and the gradient increased 
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to 2% A/98% B.  This gradient was held constant as the flow was increased to 1.2 

mL/min over the next 6 minutes.  The gradient was increased to 4% A/96% B from 15 to 

17 minutes, then held there until 19 minutes.  It was then increased to 5% A/95% B from 

19 minutes to 21 minutes and then increased again to 7% A/93% B from 21 minutes to 23 

minutes.  From 23 minutes to 25 minutes the flow was increased to 1.3 mL/min, and the 

gradient was decreased to 4% A/96% B, and then decreased again to 2% A/98% B from 

25 minutes to 27 minutes.  From 27 minutes to 29 minutes the flow was decreased to 1.2 

mL/min, and the gradient was decreased to 1% A/99% B.  Finally, from 29 minutes to 31 

minutes the flow was decreased to 1.0 mL/min, and the gradient was decreased to 0% 

A/100% B, and then the column was re-equilibrated for an additional 9 minutes. 

 Assays for stimulation of dAdo production by other radical SAM enzymes PFL-

AE and HydG were done using the same conditions listed above. 

 

 

Cysteine Labelled Cysteine 

Serine Pyruvate 

Homocysteine 

Scheme 2.1.  Common metabolites of interest added to HydE activity assays. 
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Quantification of Glyoxylate by HPLC 

 

 

 The glyoxylate content of the samples was determined using a method as in 

reference (87).  Glyoxylate was converted to the fluorescent 2-quinoxalinol using o-

phenylene diamine (Scheme 2.2).  10 µL assay sample aliquots were diluted to 50 µL 

with 50 mM HEPES, pH 7.5, then 100 µL 0.5 M HCl and 50 µL of 10 mg/mL o-

phenylene diamine dissolved in 0.5 M HCl.  Samples were then incubated at 95°C for 10 

min and then left at room temperature for 2 min before adding 120 µL 1.25 M NaOH.  

Samples were then flash frozen in liquid nitrogen before injection for LC-FLD.  A 

calibration curve was prepared with the same method for final glyoxylate concentrations 

of 0, 3.5, 6.9, 13.9, 23.2, 37.1, and 55.7 µM. 

 The samples were injected onto a Phenomenex Hypersil BDS C18 5µm, 4.6 x 150 

mm column pre-equilibrated to 95% solvent A (100 mM ammonium bicarbonate) and 5% 

solvent B (100% acetonitrile).  At 1 mL/min, 95% A/5% B was run for 5 min, followed 

by a gradient to 40% A/60% B over 15 minutes.  The gradient was increased to 0% 

A/100% B over one min, which was held isocratically for 4 min.  The gradient was then 

returned to 95% A/5% B over 0.5 min, and the column was re-equilibrated at this 

gradient for 10 min.  The elution of 2-quinoxalinol was monitored using a fluorescence 

detector (λex = 340 nm, λem = 420 nm). 
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Colorimetric Cysteine Assay 

 

 

 To determine the amount of cysteine left in a HydE activity assay after 

completion, a colorimetric cysteine assay derived from a method developed in reference 

(88) was used.  Ninhydrin (Scheme 2.3) reacts with α-amino acids to form a purple color, 

and is a compound commonly used in finding fingerprints, but under normal conditions it 

does not react with the amino acids cysteine or proline.  Under highly acidic and boiling 

conditions though, the reaction can be made highly specific for cysteine (88). 

 A ninhydrin stock was prepared by dissolving 250 mg in 6 mL of glacial acetic 

acid and 4 mL of concentrated HCl.  The mixture requires ~20 min of constant mixing to 

dissolve.  25 µL of HydE activity samples were diluted to 500 µL with water.  Then 500 

µL of glacial acetic acid was added, and 500 µL of the ninhydrin stock was added after 

that.  The samples were then boiled for 10 min before cooling them rapidly in an ice 

water bath and finally adding 8.5 mL of 95% ethanol.  The absorbance of the samples 

was measured at 560 nm.  A cysteine calibration curve was determined by diluting 

different amounts of a 5 mM stock to 500 µL and prepared as described above.  The 

concentrations used for the standard curve were 0, 100, 200, 300, 400, and 500 µM 

Scheme 2.2.  Degradation of dehydroglycine to glyoxylate and 

derivitization of glyoxylate with o-phenylene diamine to form the 

fluorescent quinoxalinol.  Reprinted from ref. 87. 
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cysteine, as the concentration range for which the assay was linear was about half that 

reported in reference (88). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.3.  Ninhydrin 
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RESULTS AND DISCUSSION 

 

 

HydE Growth, Purification, and Characterization 

 

 

 Considerable progress in the purification and handling methods for HydE
ΔFG

 has 

been made.  Despite many efforts, HydE
ΔFG

 still has inherent instability, providing low 

yields upon purification.  A typical nine liter growth of E. coli designed to overexpress 

HydE
ΔFG

 yielded approximately 35 g of cells that were frozen and used for two 

purifications.  One purification typically yielded approximately 10 mg of usable protein, 

giving an overall yield from one nine liter growth of about 20-25 mg usable HydE
ΔFG

.  

Purity of the protein was analyzed by SDS-PAGE.  The peak fractions of the purified 

protein were light brown in color, and the color would be darker after dialysis and 

reconstitution, indicating the color originates from the Fe-S cluster content.  Protein 

samples that were used in experiments were either non-concentrated samples at ~50 µM 

or samples concentrated to ~120 µM and contained 3.3 to 6.3 Fe atoms per protein.  The 

large range of iron number in protein samples is likely due to the second [2Fe-2S] cluster 

not forming during chemical reconstitution in some samples. 

 

Spectroscopic Characterization of HydE 

 

 

 UV-Visible spectroscopy of HydE shows spectra characteristic of [4Fe-4S] 

clusters.  Figure 3.1 shows a spectrum of an as-isolated sample, reconstituted sample, and 

reduced reconstituted sample.  The λmax seen at 412 nm for the as isolated sample and 410 

nm for the other two is characteristic of ligand to metal charge transfer between the sulfur 
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ligands and the Fe atoms of the [4Fe-4S] cluster.  A slight shift and increase in intensity 

of λmax from the as-isolated sample to the reconstituted is suggestive of successful 

incorporation of cluster content during reconstitution and is similar to successful 

reconstitutions previously seen with HydG (73).  Fe content varies between reconstitution 

samples, and identified quantities have been in the range of 3.4 Fe/protein to 6.3 

Fe/protein.  Activity between samples was similar across the range of iron content. 

 

 

 EPR spectroscopy has confirmed the presence of a [4Fe-4S] cluster and also 

indicates an interaction between the cluster and SAM.  The as-isolated (reconstituted) 

enzyme (Fig. 3.2, green) showed a very small near isotropic signal indicative of a small 

percentage of clusters in a [3Fe-4S]
1+

 state (0.02 spins/protein), with the majority likely 

being in the EPR silent [4Fe-4S]
2+

 state.  This near isotropic signal was greatly increased 

Figure 3.1.  Representative UV-Vis spectrum of HydE
ΔFG

 [Fe-S] cluster 

reconstitution.  Black represents unreconstituted sample, red and blue represent 

reconstituted sample.  NBI-79: 82.87 µM, Fe content: ND; NBI-81 A: 49.12 

µM, 5.24 Fe/mole of protein; NBI-81 B: 51.34 µM, 6.28  0.095/mol of 

protein. 
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in the oxidized enzyme (Fig 3.2, orange), indicating a larger percentage of the clusters 

being in the [3Fe-4S]
1+

 state (0.13 spins/protein), which is common for site-differentiated 

clusters such as the one contained in radical SAM enzymes.  The reduced enzyme (Fig 

3.2, black) (0.37 spins/protein) exhibited a strong axial signal indicative of a [4Fe-4S]
1+

 

cluster.  If one was to assume that all of the iron content of the protein was completely in 

the [4Fe-4S]
1+

 state, it would correspond to 114 µM Fe spins in these samples.  In the 

reduced signal, 0.37 spins/protein corresponds to 50.2 µM Fe spins, which represents 

44% of that expected if the iron content is fully in the [4Fe-4S]
1+

 state.  The reason for 

the low number is that not all the Fe is in the [4Fe-4S]
1+

 state; a very small amount is 

likely in a [2Fe-2S] cluster, and some is also likely adventitiously bound iron.   Finally, 

the reduced enzyme in the presence of SAM (Fig 3.2, blue) (0.64 spins/protein) had an 

intense rhombic spectrum with the same oxidation state as the reduced cluster, but the 

binding of the SAM ligand to the site differentiated iron increases the distortion of the 

cluster.  The spin quantification of this signal corresponds to 86.7 µM Fe spins, which is 

76% of that expected if all the iron is in the [4Fe-4S]
1+ 

state.  The reason for the greater 

number is that when SAM binds to the [4Fe-4S] cluster, it perturbs the redox potential of 

the cluster, which leads to greater reduction levels.  The spin quantifications of the as-

isolated sample and the oxidized sample correspond to very low iron spins because the 

majority of the Fe content in these samples is not in a paramagnetic state. 
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The temperature dependence and power saturation of the reduced plus SAM 

sample were performed and further confirmed the cluster as a [4Fe-4S]
1+

 cluster (Figure 

3.3).  As can be seen in panel A, by 30 K the rhombic signal had completely disappeared, 

and all that was left was a small nearly axial blip that remained all the way to 60 K.  This 

rapid signal loss with increasing temperature is characteristic of a [4Fe-4S]
1+

 cluster.  The 

remaining signal at 60 K is suggestive of a [2Fe-2S]
1+

 cluster with a signal relaxation that 

is much less dependent on temperature.  This result is not unexpected, as there is a second 

cluster binding site in the protein, and the crystal structure previously solved from 

Thermotoga maritima contains a [2Fe-2S] cluster (46).  The small signal at 60 K in Fig. 

3.3 A indicates that the [2Fe-2S]
1+

 content is minimal in this protein sample; the majority 

of cluster content in the sample is in the [4Fe-4S]
1+

 state.  The results shown in Fig 3.3 

Figure 3.2.  EPR Spectra of reconstituted HydE (154 µM, 3.37 ± 0.07 Fe/protein).  

Sample oxidized with 5mM ferricyanide and photoreduced in the presence and 

absence of 1 mM SAM.  Samples were incubated 23 minutes prior to freezing, except 

for sample with SAM, which was incubated an additional 3 minutes.  EPR parameters: 

12 K, 9.37 GHz, 1.84 mW.  EPR samples prepared and run by Dr. Eric Shepard. 
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and 3.4 are from a protein sample containing 3.4 irons per protein, which qualitatively 

suggests that there is minimal [2Fe-2S] cluster content.  This is consistent with results 

reported previously with a large range of iron content in reconstituted HydE (65) and that 

the second Fe-S cluster on HydE, the [2Fe-2S] cluster, never refines above 70% (46).  

The large disparity in iron content between protein preparations is likely due to the fact 

that the second cluster is fairly labile, as it only has three cysteine ligands with arginine 

acting as the fourth protein ligand to the cluster.  Without EPR of the protein samples 

with greater iron content, it is not possible to determine whether that iron is truly part of a 

[2Fe-2S] cluster or if it is simply adventitiously bound iron, but it is important to note 

that during these studies, the SAM cleavage activity of the protein samples was 

unaffected by the differences in iron content.  The power saturation (Fig. 3.3 B) is further 

confirmation of the fact that the primary cluster content is [4Fe-4S]
1+

 since the log of the 

signal intensity over square root of power (   
 

√ 
) versus power is roughly linear (86). 

 

Figure 3.3.  Temperature dependence (A) and power saturation (B) of the reduced + 

SAM HydE sample.  Protein properties, sample preparation, and EPR parameters 

same as in Figure 3.3.  EPR samples prepared and run by Dr. Eric Shepard. 

  



30 

 

Effect of Common Metabolites on HydE Activity 

 

 

 Activity assays of the HydE in these studies have shown that in the absence of 

any metabolite additions, HydE cleaves SAM and forms dAdo at a basal rate of 1 mol 

dAdo/mol HydE/hour, which is similar to that reported previously (65).  Stimulation of 

this basal rate of SAM cleavage by the addition of a common metabolite could implicate 

it as the substrate.  

A battery of common metabolites, including all amino acids except asparagine, 

were screened for their ability to stimulate the dAdo production of HydE.  All but one of 

the amino acids tested, including homocysteine, resulted in no stimulation of HydE dAdo 

production (Fig. 3.4).  Cysteine resulted in an approximately 50% increase in dAdo 

production by HydE.  As seen in Figure 3.5, cysteine and serine were tested at multiple 

time points.  Besides the 50% increase in dAdo production as measured at the 60 minute 

time point, the time-course study also shows that dAdo is formed at a faster rate than the 

basal rate of SAM cleavage.  It can also be seen in this figure that serine, which is 

different from cysteine only by an oxygen atom in place of sulfur, has no effect on the 

formation of dAdo by HydE.  This reproducible result suggests that cysteine is the 

substrate and that HydE is also dependent on  the sulfur side group on cysteine instead of 

an oxygen side group on serine for stimulation of dAdo production. 
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Figure 3.4.  Effect of nineteen of twenty common amino acids and 

homocysteine on the activity of HydE as determined by dAdo 

production.  Bars represent the percentage of dAdo produced by HydE 

with no additions after one hour. 

Figure 3.5.  Effects of common metabolites on HydE activity.  Assay 

consists of 25 µM HydE, 1mM SAM, 2 mM sodium dithionite, various 

metabolites at 2 mM, and 50 mM HEPES buffer to bring the assay up 

to volume.  Error bars represent standard deviation of tests (n=3). 
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To insure that cysteine is not a general stimulant of radical SAM dAdo 

production, PFL-AE and HydG were tested to see if cysteine also enhanced the activity 

of these enzymes.  Neither enzyme had increased activity as determined by dAdo 

production when cysteine was added to the assay mixture (data not shown).   

From Figure 3.5, it can be seen that pyruvate inhibits the rate of dAdo formation 

by HydE.  Two possibilities for this interesting result are that pyruvate could be a product 

analog and be providing product feedback inhibition on the enzyme, or it could be 

interacting with the site-differentiated iron on the radical SAM Fe-S cluster.  Tests that 

could be done to analyze the cause for inhibition could be to see what type of inhibitor it 

is.  Competitive inhibition could indicate pyruvate is interacting with SAM or the radical 

SAM cluster, while noncompetitive inhibition could possibly implicate pyruvate as a 

product analog.  Another way to test whether pyruvate is interacting with SAM or the Fe-

S cluster would be see whether pyruvate has a similar effect on other radical SAM 

enzymes.   

 

Probing the Interaction between HydE and HydF
ΔEG

 

 

 

 Based on the current results of hydrogenase maturation, the current hypothesis is 

that HydE and HydG act on a pre-formed [2Fe-2S] cluster on HydF (89).  If HydE is the 

source of the dithiolate ligand, one possibility is that it only needs to form the bridging 

ligand without sulfurs on the end, as the sulfur atoms in the final H-cluster may simply 

arise from the sulfides of the [2Fe-2S] cluster that acts as a scaffold for H-cluster 

assembly.  This theory would suggest that HydF may be another „substrate‟ of HydE or at 
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the very least interacts with HydE in some manner.  An interaction between the two 

enzymes is also indicated by the fact that in eukaryotes, the HydE and HydF genes are 

fused.  The crystal structure of HydE (46) shows a patch of ordered detergent molecules 

on a small part of the surface of the protein, indicating an area for interacting with 

another protein, either with another HydE to form a dimer or with one of the other Hyd 

maturase proteins. 

 Figure 3.6 panel A shows the effect of HydF in varying concentrations of the 

dAdo production of HydE.  As the ratio of the concentration of HydF to HydE increases, 

the activity of HydE decreases, with a final decrease in activity of 39% when HydF is 

present at six times the amount of HydE.  This result suggests that there is an interaction 

between the two enzymes, but the exact nature of the interaction is unclear at this point.  

As seen in Figure 3.6 panel B, even with cysteine present in the enzyme activity assay, 

HydF still has a slight inhibitory effect.  The fact that HydF still inhibits HydE-catalyzed 

dAdo production with cysteine present suggests that the role of HydF is not to control the 

non-productive SAM cleavage by HydE, assuming that HydE is not non-productively 

cleaving SAM when cysteine is present.  
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 Since the GTPase activity of HydF is increased by 50% when the radical SAM 

maturases HydE and HydG are present and because the GTPase activity of HydF has 

been shown to not be necessary for cluster transfer from HydF to [FeFe]-hydrogenase 

(57), it is possible that GTP hydrolysis by HydF is necessary for one of the radical SAM 

maturase activities.  To test this possibility GTP and MgCl2 were added to the HydE 

activity assays when HydF was also present.  As can be seen in Figure 3.7, there is no 

effect of GTP on the activity of HydE when HydF is present.  The reason for the very low 

activities shown in Figure 3.7 compared to the rest of the activities in this section is due 

to a different HPLC column used for analysis of these assays.  The method and column 

used for all the other assays produced an exact overlap of the dAdo and GDP peaks on 

the HPLC chromatogram, making it difficult to quantify the dAdo produced.  A modified 

program and column were used as described in the Methods, but the elution profile and 

A B 

Figure 3.6.  Effect of HydF on the activity of HydE.  Assays performed the same 

as that described in figure 3.6, with increased concentrations of HydF in ratios 

described.  (A) 60 minute incubation with broad range of ratios of HydE:HydF.  

(B) 60 minute incubation with and without cysteine. 
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baseline for the molecules detected with this column was less than ideal, introducing a 

systematic amount of error in the integration of the dAdo (retention time (RT) = 19 min), 

GTP (RT = 24 min), and GDP (RT = 19.7 min) peaks.  Despite the low values shown, it 

is still apparent that GTP has no effect on the activity of HydE.  Since the alternate 

column has the ability to separate GTP and GDP these experiments also demonstrated 

that the HydF protein sample being used for these activity assays was an active sample, 

as the majority of the GTP in the samples was converted to GDP (data not shown). 

 

 

Exploring the Possibility of a Glyoxylate Intermediate 

 

 

 The enzymes HydG and a thiamine biosynthesis enzyme, ThiH, both utilize 

tyrosine as a substrate.  It has been demonstrated that p-cresol and dehydroglycine are 

intermediates of the reaction of ThiH (87), and it has been suggested that HydG uses a 

Figure 3.7.  Effect of HydF on the activity of HydE when GTP is present.  The 

HydE activity is lower in general for the whole experiment because the column 

used to separate GTP, GDP, SAM, and dAdo has a lower sensitivity for dAdo 

than does the one used in other experiments.  
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similar reaction mechanism with a dehydroglycine intermediate (71).  Because HydG and 

HydE are both involved in H-cluster maturation and because they both recently diverged 

from a common chemical ancestor (59), it is also possible that they catalyze similar 

reactions, which could mean HydE also goes through a dehydroglycine intermediate.  To 

test this hypothesis, assay products were derivatized to test for the presence of glyoxylate, 

the hydrolytic end-product of dehydroglycine.   

Figure 3.8 shows the results of the glyoxylate concentration quantification.  The 

first thing to note is that all of the concentrations are on the very low end of the detectable 

limit of the calibration curve, so although this method is very accurate, there may still be 

some error because of the low amounts present.  Second, although there is a slight 

increase over time for each of the samples in glyoxylate concentration, it is important to 

note that there is a small amount of glyoxylate present in the samples where cysteine has 

not been added.  Without cysteine in the assay, there should not be anything present that 

HydE could turnover to form glyoxylate.  Additionally, when cysteine is added to the 

assays, the amount of glyoxylate produced should increase by a much larger amount than 

~0.5 µM, which did not occur in this study.  If the protein reaction product is not being 

disposed of, as it likely is during this in vitro study, it is possible that there will be a large 

amount of intermediates formed, which would hopefully be stoichiometric to the amount 

of dAdo produced in these assays.  This condition would suggest that there should be up 

to 30 or 35 µM of glyoxylate formed over the course of an hour when cysteine is added 

to the assay, but again this is not seen.  Given these results, it is unlikely that HydE acts 

on cysteine using the same mechanism as ThiH and the putative mechanism of HydG. 
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Testing for the Disappearance of Cysteine Over Time 

 

 

 Since methods exploring the end product of the HydE reaction, such as mass 

spectrometry, have proven difficult and have not yet yielded results, it is important to 

quantify the concentration of cysteine at any time during an activity assay.  This was 

done using a colorimetric assay developed by M.K. Gaitonde in 1967 (88).  Interestingly, 

Figure 3.9 shows that the cysteine concentration does not seem to be decreasing over 

time, but rather increasing over time.  This highly reproducible result may indicate that a 

product of the HydE reaction is binding to the ninhydrin, since HydE cannot synthesize 

cysteine, or that cysteine disulfide present in the beginning of the reaction assay is being 

reduced to cysteine during the HydE reaction.  Despite the fact that Gaitonde showed this 

assay is highly specific for cysteine (88), a second species  that is similar enough to 

Figure 3.8.  Glyoxylate quantification by HPLC.  Glyoxylate concentration 

determined by conversion to the fluorescent 2-quinoxalinol using o-phenylene 

diamine.  Error bars represent standard deviation of tests (n=2).  
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cysteine that was not tested in the preliminary development of this assay may be binding 

to ninhydrin with a higher affinity and a higher extinction coefficient.  An exploration 

into the reaction mechanism of formation of the ninhydrin complex could give insight 

into the identity of the second species binding to ninhydrin and potentially into the 

identity of the product of HydE.  Mass spectrometry has again been difficult in trying to 

determine any identity because of the small masses of the molecules studied in this 

activity assay, as the differences in masses that need to be explored for this study are very 

small, and the masses of the species tested are on the lower end of the detectable limit.  

Additionally, most ionization methods for MS commonly completely fragment the small 

molecules or inconsistently couple them with other species in solution. 

 

 
 

 

Figure 3.9.  Colorimetric cysteine assay.  Although it appears [cysteine] is 

increasing over time, some other species must be binding to ninhydrin with a 

greater extinction coefficient.  Error bars represent standard deviation of tests 

(n=2). 
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Effect of Cysteine on HydF with Different Genetic Backgrounds 

 

 

 To test the effect cysteine has on the [2Fe-2S] cluster of HydF on systems with 

different genetic backgrounds (presence/absence of HydE/HydG), cysteine was added 

during cell growth for the HydF
EG

, HydF
ΔEG

, HydF
EΔG

 and HydF
GΔE

 proteins.  The 

proteins were then explored using visible spectroscopy.  Figure 3.10 shows the UV-Vis 

spectra of the various proteins.  In the proteins without cysteine added in the growth and 

HydF
ΔEG

 and HydF
GΔE

 with cysteine added to the growth, there is a characteristic λmax at 

575 nm, which is the same as seen previously with HydF
ΔEG

 (83).  In contrast HydF
EΔG

 

and HydF
EG

 with cysteine added to the growth show a shift in the λmax from 575 nm to 

610 nm, again indicating that HydE is acting on cysteine to modify the [2Fe-2S] cluster 

of HydF.  We propose that the 610 nm feature may represent an alkylated [2Fe-2S] 

cluster intermediate.  The fact that cysteine only has an effect on the Fe-S cluster of HydF 

when HydE is in the genetic background is strong additional evidence that cysteine is the 

substrate of HydE and the source molecule for the bridging dithiolate ligand of the H-

cluster of [Fe-Fe]-hydrogenase.  
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Figure 3.10. UV-Vis spectra of different HydF proteins.  The λ
max

 is at 575 nm for all 

except HydF
EΔG

 grown in presence of cysteine, which has a λ
max

 of 610 nm. 
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CONCLUSION AND FUTURE WORK 

 

 

 Biochemical characterization of HydE and identification of its substrate and 

product are crucial to a clearer understanding of H-cluster structure and maturation, 

which will be necessary before attempts to design biomimetic, hydrogen producing 

synthetic models as well as biotechnical applications.  These synthetic constructs and 

biotechnical systems will hopefully decrease energy dependence on non-renewable 

resources and provide a better source for “clean” energy.  Additionally, a better 

knowledge of H-cluster structure and maturation will provide insight into the origins of 

life and conditions and mechanisms of early life, since metal cofactor biosynthesis was 

likely one of the first steps between an abiotic and biotic world. 

 The data presented here offers compelling evidence that cysteine is the substrate 

of HydE.  Stimulation of dAdo production by HydE is the most convincing evidence to 

implicate cysteine as the substrate.  Additionally, the fact that of all the common 

metabolites and amino acids tested, including serine and homocysteine, which are very 

similar to cysteine, cysteine is the lone enhancer of SAM cleavage by HydE.  At this 

point, it is not clear what the exact identity of the product of this reaction may be, but 

cysteine as a substrate makes sense for multiple reasons.  First, cysteine is possibly one of 

the original amino acids, as it has a simple chemical make-up and sulfur was likely much 

more important and prominent in the time when life was just emerging (90).  Second, 

because it is a small molecule to being with, this reaction likely provides a very 

chemically efficient way to produce the dithiolate ligand of the H-cluster, leaving little to 

waste.  The simple molecule substrate and possible origins pre-dating the hydrogenase 
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system offer an additional argument for cysteine as the substrate.  There are multiple 

possibilities for the reaction mechanism and product of the HydE cysteine reaction due to 

the unknown identity of the bridge head of the dithiolate ligand of the H-cluster.  One 

potential mechanism would involve dehydration of the thiols of two cysteines followed 

by a condensation reaction to produce the bridge head, using the cysteine backbone for 

the other atoms of the dithiolate ligand.  The second reaction would be slightly less 

favorable due to the large amount of substrate needed and chemical waste involved 

(R.Szilagyi, unpublished results). 

 Despite the questions that remain, much progress has been made with 

biochemically characterizing HydE and determining its substrate.  Handling methods of 

the protein have been improved to give slightly better yields and better protein stability.  

It is clear that the substrate of HydE is cysteine and that the reaction of HydE with 

cysteine modifies the [2Fe-2S] cluster of HydF.  The phenomenon is limited to when 

HydF is expressed in the background of HydE, indicating that it is not simply a general 

radical SAM function or hydrogenase maturation enzyme event when cysteine is present.  

The fact that cysteine consistently stimulates the SAM cleavage activity of HydE while 

no other small molecule tested does is the final piece of evidence to implicate cysteine as 

the small molecule substrate of HydE. 

 

Future Work 

 

 

 There is much work that can still be done to elucidate the reaction mechanism and 

product of HydE.  The first and most important task will be to continue improving 



43 

 

handling methods so that protein yields and stability can be increased.  With greater 

protein stability and yields progress in biochemical characterization can be greatly 

accelerated, as the limiting factor for many experiments has been limited availability of 

usable protein.  The next priority of HydE characterization is to discover the identity of 

the product of the HydE cysteine reaction.  Using the same methods as described above 

for HydE activity assays to identify the product, mass spectrometry can be used to 

monitor the reaction, as a beginning (0 min) and end (60 min) time point could provide 

useful data as to what is produced and consumed during the reaction.   

Once the product has been identified, it will be useful to get an X-ray crystal 

structure of HydE from Clostridium acetobutylicum.  As shown above, a crystal structure 

has been solved for HydE, but it was for the enzyme from Thermatoga maritima, which 

has not yet been demonstrated to produce active HydA in vitro.  Additionally, the 

structure solved previously was unable to provide any mechanistic insight since the study 

was unable to procure crystals with any potential substrates or products.  Once the 

product has been identified using the methodology outlined above, the substrate and 

product (or potential analogs) can be soaked in crystals and structures obtained.  These 

crystal soaking experiments would prove very useful in clarifying the reaction 

mechanism for HydE. 
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