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ABSTRACT 

  

 

 The need for food, fuel, and pharmaceuticals has been increasing at a growing 

rate as the world’s population increases and lifestyles improve.  All of these needs are 

highly energy dependent, and, to a significant degree, rely on an inefficient use of fossil 

fuels.  In order to break free of this dependence, new understanding is required for how to 

efficiently generate the products humanity needs.  Here, a model system of two closely 

related [FeFe]-hydrogenases, CpI and CpII, is employed in order to understand how 

biology is able to efficiently control the formation of reduced products, in order to further 

delineate the limits of control, and the extent to which biology may be co-opted for 

technological needs.  CpI, one of nature’s best catalysts for reducing protons to hydrogen 

gas, is compared to CpII, which functions catalytically to oxidize hydrogen to protons 

and electrons.  Oxygen sensitivity, midpoint potentials, catalytic mechanisms, and 

catalytic bias are explored in-depth using electron paramagnetic resonance, Fourier 

Transform Infrared spectroscopy, and protein film voltammetry. CpI and CpII have been 

found to function under different metabolic conditions, and key amino acids influencing 

their distinct behavior have been identified.  The conduit arrays of hydrogenases, which 

direct electrons to or from the active site, have been found to have distinct midpoint 

potentials in CpII compared to CpI, effectively reversing the favored electron flow 

through CpII in comparison to CpI.  In order to probe the contributions of the protein 

framework on catalysis, analysis of site-specific amino acid substituted variants have 

been used to identify several determinants that affect the H-cluster environment, which 

contributes to the observed differences between CpI and CpII.  This has resulted in a 

deeper understanding of the hydrogenase model system and the ability to directly 

influence catalytic bias. Thus, the work presented here represents key progress towards 

developing unidirectional catalysts, and demonstrates the possibility of targeted, rational 

design and implementation of unidirectional catalysts.   
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CHAPTER 1 

  

  

INTRODUCTION  

 

 

Introduction to Hydrogenases 

 

 

Hydrogenases, which catalyze the reversible reduction of protons to hydrogen 

(H2), are ancient enzymes that play a critical role in metabolism1.  Hydrogenases are 

categorized according to the type of metal found in their active site, and there are several 

distinct types of hydrogenases: the [FeFe]-hydrogenases, which are the subject of this 

chapter, the well-known [NiFe]-hydrogenases, which are phyologenetically and 

mechanistically distinct from the [FeFe]-hydrogenases, and the [Fe]-only hydrogenases, 

which are only found in a subset of methoanogenic archaea, and rely on an additional 

cofactor, methenyltetrahydromethanopterin2.  [FeFe]-hydrogenases are widely distributed 

among fermentative anaerobic microorganisms, and likely evolved in order to recycle 

excess reducing equivalents that accumulated during the fermentative metabolism3.   

[FeFe]-hydrogenases have, to date, been extensively studied by a combination of 

biochemical, structural, and spectroscopic techniques4.  A key finding has been the 

composition of the strictly conserved active site organometallic cluster, termed the H-

cluster, which is comprised of a [4Fe-4S] cubane with a cysteine thiolate linkage to a 

unique [2Fe-2S] cluster, termed the 2Fe subcluster, which is decorated by the diatomic 

carbon monoxide (CO) and cyanide (CN-) ligands bound to the iron atoms, with further 

coordination to a bridging dithiomethylamine (DTMA) bridge5.   The CO and CN- 

ligands are both strong π-acceptor ligands, which serve to poise the Fe atoms of the 2Fe 
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subcluster in a low spin state that is capable as functioning catalytically between the II/I 

oxidation states1.   

 

Figure 1.1 [FeFe]-hydrogenase from Chlamydomonas reinhardtii 
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Figure 1.2 Ball-and-stick depiction of the H-cluster, the catalytic site common to [FeFe]-

hydrogenases 

 

In order to facilitate fast turnover rates ranging from 103 – 104 s-1 6 the active site 

requires rapid proton transfer (PT)7 as well as electron transfer (ET), or, in some cases, 

these processes occur simultaneously as proton-coupled electron transfer (PCET)8-9.  The 

structure of the hydrogenase supports this through a proton-transfer channel and through 

a distinct electron transfer pathway, or conduit array.  The protein environment around 

the H-cluster is critical for binding the cubane of the H-cluster5, 10, as in the strictly 

conserved first coordination sphere amino acids, however, there are a variety of other 

amino acids in the secondary coordination sphere that function collectively to tune the 

catalytic properties of the enzyme, using conserved residues that may transfer protons11-

13.  Additional residues use hydrogen bonding networks to stabilize the H-cluster.  The 

electronic properties of these secondary coordination sphere amino acids are of particular 

importance for catalysis.  The H-cluster, primary, and secondary coordination spheres all 
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participate to lower the kinetic barriers of hydrogen activation, resulting in a 

spectacularly active catalyst.  Proton availability and midpoint potentials (Em’s) of [FeS] 

clusters serve as further control points for hydrogen catalysis. 

Electron transfer, as stated above, is critical for fast catalysis, and is typically 

(though not always) achieved through additional [FeS] clusters that form a conduit array 

for electrons to travel to and/or from the active site14.  These [FeS] clusters are generally 

[4Fe-4S] clusters or [2Fe-2S] clusters, and may be site-differentiated with non-cysteinyl 

ligands, including histidine, aspartic acid, and glutamic acid.  The various clusters that 

are present serve to relate the hydrogenase to particular physiological electron 

donor/acceptors, which are matched, in part, by Em.  Of interest is the fact that bifurcating 

enzymes, which oxidize hydrogen and send one electron to a high-potential acceptor, and 

one electron to a low-potential acceptor, often have particularly complicated conduit 

arrays, which encompass perhaps ten [FeS] cluster sites.  Different microorganisms often 

display multiple copies of hydrogenases in their genomes, often for structurally and 

functionally distinct enzymes.   

In addition to being found in anaerobic fermentative bacteria, such as the 

Firmicutes, they are found in the lower Eukarya, particularly the algae and protists, 

typically involved in proton reduction, rather than hydrogen oxidation.  It is intriguing 

that to date no [FeFe]-hydrogenases have been found in the archaea, suggesting that 

[FeFe]-hydrogenases were not found among the last universal common ancestor 

(LUCA)5.   

The algae represent an excellent model system for the study of hydrogenases, as 

they have found a way to couple energy from sunlight to the reduction of protons15, 
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which overcomes several of the key technical barriers to implementation of similar 

technology, namely, efficient direction of electrons through metabolism, synthesis of a 

hydrogen catalyst using earth-abundant elements, and overcoming oxygen intolerance 

through spatial and temporal separation of the hydrogenases from oxygen16.   

 

Taxonomic and Functional Diversity of Hyd 

 

[FeFe]-hydrogenases (Hyd) comprise at a minimum the catalytic subunit, HydA, which 

contains a conserved ~350 residue H-cluster domain where a unique iron-sulfur (Fe-S) 

cluster is bound forming the site of reversible proton reduction. The active site Fe-S 

cluster consists of a [4Fe-4S] cluster bridged to a 2Fe subcluster via a cysteine thiol 5, 17-

19. Three conserved cysteine-containing motifs coordinate the active site H-cluster:  

TSCCPxW (L1), MPCxxKxxE (L2) and ExMxCxxGCxxG (L3)20. The presence of these 

three conserved ligands is a defining feature of HydA and one which differentiates them 

from closely related, but non-catalytic, paralogs identified in eukaryotes, e.g., Nar1, as 

well as other closely related paralogs found in bacteria, e.g., HydS, which will be 

discussed more below.  In addition to the H-cluster domain, HydA often include N-

terminal (F-cluster) and C-terminal (C-cluster) domains with motifs predicted 14, 20-21 or 

shown 5, 22 to ligate additional Fe-S clusters that are believed to add flexibility to facilitate 

electron transfer to and/or from the active site H-cluster. The simplest form of HydA 

includes those identified in green algae, such as Chlamydomonas reinhardtii, which 

generally only contains the H-cluster domain 4, 15, 23-26. More complex forms of HydA are 

more common and possess several additional Fe-S clusters, including those with both the 

F- and C-clusters 5, 18, 27. In addition to F- and C-cluster mediated functional variation, 
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HydA can exist in multiple forms with different quaternary structures, including those 

that are monomeric as well as those that are multimeric 1, 14, 20, 28-29. Multiple HydAs of 

variable quaternary structure can be present in a single genome 14, 21, 30-33 where they have 

been shown to form complexes with paralogs of the large and small subunits of NADH 

dehydrogenase (referred to as HydB and HydC, respectively) 30-31, 34-37.  Genome 

sequencing efforts continue to reveal novel Hyd diversity at the level of H cluster ligand 

variation, F- and C-cluster variation, and variation in the proteins that partner with HydA 

(e.g., see refs 14, 33, 37). 

Efforts to catalog the diversity of Hyds, which begin ~ 15 years ago with the 

pioneering work of Vignais et al. 200129, have recently been updated and refined using 

evolutionary methods20.  Building on these reports, Calusinska et al., 201014 developed a 

classification scheme for clostridial Hyd that was based on the composition of F- and C-

clusters as well as subunit composition.  More recently, a comprehensive screening of 

Hyd in 2919 publically available archaeal and bacterial genomes was conducted21.  Using 

informatics methods, this study identified Hyd in 265 (9.1%) of the complete genomes 

publically available in July 201421. Among these genomes, a total of 714 hydA homologs 

were identified that spanned members representing 17 of the 30 bacterial phyla.  No 

hydA homologs were identified among archaeal genomes representing 5 archaeal phyla.  

Greater than 90% of the 714 HydA homologs are encoded by members of the bacterial 

phyla Firmicutes, Proteobacteria, Spirochaetes, Thermotogae and which encoded on 

average ~ 2 HydA isoforms per HydA encoding genome21. This taxonomic distribution is 

similar to that reported in earlier publications 3, 20, 29.  Using informatics tools, the 

proteins encoded in the flanking regions of HydA in the genomes of these organisms was 
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determined and protein homology and network approaches were used to identify co-

occurring genes.  Through this work, a new classification scheme was developed that 

unified Hyd into one of three structural and functional groups (Fig 1.2)21.  These 

groupings were driven largely by the composition of proteins in the gene neighborhoods 

of HydA that were predicted to form a complex with HydA or that were predicted to be 

involved in regulation of Hyd activity, as discussed below.  Variation in F- and C-cluster 

composition or HydA active site ligand composition was not found to vary by group 

type21. 

Group 1 (G1) enzymes were predicted to be monomeric while those in Group 2 

(G2) and Group 3 (G3) were predicted to be multimeric forming complexes with HydB, 

HydC subunits and in the case of G3, also a ferredoxin-like protein termed HydD. G1 

Hyd are the most abundant form of Hyd representing 68% of the total Hyds identified21. 

G1 Hyd are also the best characterized and are ferredoxin (Fd)-dependent enzymes29. 

Examples include the Hyd from eukaryotic algae, such as Chlamydomonas reinhardtii10, 

as well as HydA1 from the anaerobic bacteria Clostridium pasteurianum5 and 

Desulfovibrio desulfuricans22. The [FeFe]-hydrogenase from C. reinhardtii comprises 

only the H-cluster domain, with no additional F or C clusters no additional iron-sulfur 

clusters20. Hyd consisting of only the H-cluster domain is common among algae, 

however, recent genome sequencing efforts reveal the presence of G1 Hyd in a Chlorella 

strain that have complex F-clusters26.  G1 Hyd, in particular those from C. reinhardtii, 

have become models for biochemical studies due to the simplicity of their structure (i.e., 

lack of F- and C-clusters) relative to G2 and G3 Hyd 10, 38-39.  C. pasteurianum encodes 

for three different Hyd40, all of which are classified as G1.  These enzymes vary, 
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however, in their F-cluster compositions suggesting that they have different functional 

roles within the cells41.  Biochemical studies also suggest that these enzymes have 

distinct functional roles with one of the enzymes (termed CpI) exhibiting a bias towards 

H2 production and one of the other enzymes (termed CpII) exhibiting a bias toward H2 

oxidation. 

G2 (22% of total homologs) and G3 (11% of total homologs) Hyd are common 

among anaerobic bacteria, in particular in the phylum Firmicutes3, 14. Representatives of 

these multimeric Hyd have been shown to bifurcate electrons, or the coupling of the 

simultaneous reduction or oxidation of two electron acceptors or donors in an enzyme 

complex whereby a thermodynamically favorable exergonic reaction drives a 

thermodynamically unfavorable endergonic reaction 30-31, 33-35, 37, 42.  Examples of G2 and 

G3 Hyd that have been biochemically characterized include those from Acetobacterium 

woodii36, Clostridium autoethanogenum37, Moorella thermoacetica33 and Thermotoga 

maritima30.  The trimeric G2 Hyd from T. maritima (i.e. HydABC complex) couples the 

simultaneous oxidation of NADH and Fd to the production of H230 while the tetrameric 

G3 Hyd from A. woodii (i.e. HydABCD complex) couples the oxidation of H2 to the 

simultaneous reduction of NAD+ and Fd36. Interestingly, a trimeric G2 Hyd from the 

acetogen M. thermoacetica functions physiologically as a reversible enzyme, catalyzing 

either the oxidation or production of H2 contingent on cultivation conditions43.  Like the 

above examples, the oxidation or production of H2 is coupled to Fd and NAD+/NADH 

reduction/oxidation43. When M. thermoacetica cells are grown under autotrophic 

conditions they oxidize H2 by simultaneously reducing both Fd and NAD+.  In contrast, 
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glucose-grown M. thermoacetica cells used the same enzyme complex to reduce protons 

to produce H2 by coupling with the oxidation of Fd and NADH.   

Informatics analysis of the 2919 genomes available in 2014 revealed that the 

HydA copy number per genome, when broken out by group designation, varied 

substantially. Multiple copies (isoforms) of G1 Hyd’s in the same genome was common 

among Hyd-encoding genomes (117 of 287 genomes). Interestingly, several genomes 

contained three or more copies of HydA, with a maximum copy number/genome of seven 

HydA’s (Desulfotomaculum carboxydivorans CO-1-SRB, DSM 14880). Fifty-two 

percent of the HydA-encoding genomes encoded for at least two different types of Hyd 

with 77 genomes found to encode for G1 and G2 Hyds, 44 found to encode for G2 and 

G3 Hyds, and 17 genomes found to encode for all three groups of Hyds. The co-existence 

of multiple isoforms of Hyd suggests they have different functional roles within the 

organisms and suggests the need to differentially regulate these enzymes. Indeed, 

previous studies have identified other genes in the gene neighborhoods of bifurcating G2 

and G3 enzymes.  These include HydS, which is homologous to HydA and which has 

been proposed as a H2 sensor based on the presence of a Per-ARNT-Sim (PAS) 

domain31, 44. In addition, proteins hypothesized to be involved in signal transduction (e.g. 

serine-threonine kinases/phosphatases and histidine kinases) were identified in the 

flanking gene environment of hydA in C. thermocellum and T. maritima31.  The recent 

informatics analysis of the proteins encoded in available gene neighborhood of hydA21 

also revealed a high level of correlation between G2 and G3 enzymes and specific 

regulatory proteins, including HydS as well as proteins putatively involved in post-

translational modification (PTM) including serine phosphatase (Sp), HydS, histidine 
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kinase-like (Hkl) proteins, and serine threonine kinase (Stk).  Sp and HydS were enriched 

in the gene neighborhoods of G2 Hyds while Hkl, and Stk were enriched in the gene 

neighborhood of G3 Hyds. The difference in regulatory gene association between the two 

groups indicates that G2 and G3 Hyds may be subject to different modes of PTM and/or 

that these PTM enzymes exhibit specificity for target Hyd proteins allowing for their 

differential regulation if both types of protein are present in the same organism. 

Biochemical and mass spectral methods applied to purified Hyd protein 

complexes from Thermotoga maritima (G2 Hyd) and Caldicellulosiruptor bescii (G3) 

revealed evidence that is consistent with PTM of HydAB and HydC in T. maritima as 

well as HydAB and HydD from C. bescii21.   
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Figure 1.3. Network analysis of proteins encoded by genes flanking (+/− 10 

genes) hydA. Only proteins (n = 22) encoded in the flanking regions of > 10% of the 

each HydA group (i.e. relative frequency of > 10%) were considered in this analysis. 

Here, edge color represents the relative frequency of each protein in each group. The 

force directed organic layout was used to visualize the correlation in the network using 

Cytoscape45. The average pattern associated with each of the 3 defined Hyd groups was 

included in this analysis [indicated by Group 1 (G1), Group 2 (G2), and Group 3 (G3)]. 

 

Hydrogenase Mechanism 

 

The exact mechanism of the [FeFe]-hydrogenases is still the subject of intense 

scrutiny1-2, although there are multiple features that have been clearly identified.  The H-

cluster sits in a hydrophobic pocket5.  A proton relay functions to deliver protons from 

the solvent to the active site7, 13, and, hydrogenases often have a conduit array of 

additional [FeS] clusters that serves to deliver electrons to or from the active site20.  
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Finally, two different gas channels have been demonstrated computationally that function 

to transport H2, and sometimes O2, to or from the active site46-47. 

Within the H-cluster, the 2Fe subcluster contains two irons, proximal (Fep) and 

distal (Fed) to the cubane, each of which transitions between FeI or FeII state1-2.  The Fed 

has an open coordination site19, and is therefore thought to be the site of proton 

reduction/H2 activation during the catalytic cycle.  The bridging atom of the 2Fe 

subcluster, now identified as nitrogen48, is positioned at the base of the proton transfer 

channel and is thought to serve as part of the relay of protons to the Fed
13.  The presence 

of CO and CN- ligands further serve to stabilize the iron atoms of the 2Fe subcluster in a 

low-spin state that is conducive to enzymatic turnover49-50. Emerging evidence suggests 

that the presence of the cubane is critical for turnover51-52.  The cubane is strongly 

coupled to the 2Fe subcluster53-54, and may serve as an electron reservoir55-57, allowing 

for the efficient reduction of substrate at the Fed.   

 

Figure 1.4 Proposed hydrogenase mechanism. 

 

The protein framework is critical for tuning the function of [FeFe]-

hydrogenases12.  Beyond the strictly conserved first coordination sphere of cysteines that 
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directly bind the H-cluster, there is a wide variety of natural variation representing 

differences in the second coordination sphere.  These amino acids, while critical for 

turnover, are poorly understood thus far, though they clearly influence the diatomic 

ligands of the H-cluster2, thereby impacting catalysis.  Amino acids in the secondary 

coordination sphere are further likely to influence the midpoint potential, the 

hydrophobicity, and the sterics of the H-cluster, although the extent to which each of 

these features contributes to the observed catalytic profile has yet to be parsed.  Clearly, 

observed natural variation among these sites would represent an evolutionary strategy for 

optimally tuning a hydrogenase to a particular cellular function28, and predicting how to 

influence hydrogen turnover through alteration of the first/second coordination spheres 

will be a fruitful area of research. 

 

Hydrogenase Maturation 

 

The complex nature of the hydrogenase cofactors necessitates a variety of other enzymes 

to function as maturation machinery58.  The conduit array [FeS] clusters as well as the 

cubane of the active site are formed readily in E. coli as well as other biological systems, 

suggesting that the typical [FeS] machinery of the isc or suf systems is used for the 

maturation of these more standard [FeS] cofactors. The cubane of the H-cluster is 

obligatorily formed prior to 2Fe subcluster insertion10.  By comparing the crystal 

structures of the fully-maturated CpI enzyme to the ‘apo’ form of the CrHydA enzyme10, 

it appears that two loop regions are in an open confirmation in the apo form, allowing for 

2Fe subcluster insertion, whereupon the loops close again. The 2Fe Subcluster, in 

contrast to the other cofactors, requires several unique proteins, HydE, HydF, and HydG, 
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to form the fully active H-cluster59, where HydE and HydG are radical s-

adenysylmethionine (SAM) enzymes, and HydF is a GTPase.  The maturation process 

requires careful steps given the typically toxic nature of CO and CN- ligands to the cell.  

All three maturases are required for the formation of the H-cluster, though no additional 

proteins are needed.  The formation of the H-cluster is likely dependent on small, 

common, exogenous molecules to complete activation.  Recently, the development of a 

synthetic process to create the 2Fe subcluster without the maturases has led to a new 

innovations and insights in the field48. 

 

Role of HydF 

HydF, the [FeS] cluster binding GTPase, most probably functions as a scaffold 

and transferase of the fully formed 2Fe subcluster to HydA.  Only HydF formed in the 

background of HydE and HydG (HydFEG) is capable of activating HydA59.  HydF is 

known to have a complex interplay between dimeric and tetrameric states, where the 

interfaces are implicated in the possible binding of the 2Fe subcluster precursor60.  Two 

distinct [FeS] clusters have been found in HydF, and [4Fe-4S] cubane that is typically 

ligated by three cysteine residues, and a [2Fe-2S] cluster that is potentially involved as 

the scaffold for 2Fe subcluster formation61.  A variety of spectroscopic evidence is highly 

suggestive of the role of HydFEG in harboring a fully-formed 2Fe subcluster62.  Fourier 

Transform Infrared (FTIR) spectroscopy reveals the presence of Fe-CO, Fe-CO-Fe, and 

Fe-CN stretching modes63, while electron paramagnetic resonance (EPR) shows signals 

that bear strong resemblance to the maturated HydA.  HydF has been shown to interact 

with both HydE and HydG, though not simultaneously, as HydE and HydG are thought to 
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use the same binding site on HydF64.  Experiments demonstrate that the binding affinity 

of HydE to HydF is around an order of magnitude greater that the affinity of HydG for 

HydF.  The hydrolysis of GTP to GDP is thought to be associated with the HydE/HydF 

and HydG/HydF interactions, wherein the GTPase activity may be involved in regulating 

interactions between the maturases62.  GTPase activity is not strictly necessary for HydA 

activation, which suggests that the GTP hydrolysis does not directly contribute to the 

formation of the 2Fe subcluster62. 

 

Role of HydG 

The monomeric 55 Kda HydG is a member of the radical SAM family65, and has 

been shown to form the diatomic ligands and to interact with HydF66.  HydG harbors two 

[4Fe-4S] clusters, one found in the CX3CX2C N-terminal motif that is conserved among 

radical SAM enzymes, and one cluster found in a CX2CX22C motif67.  Like its homolog 

ThiH, HydG has been shown to perform the radical cleavage of tyrosine to para-cresol 

and dehydroglycine (DHG), which may undergo a further decarbonylation step to 

simultaneously produce both CO and CN ligands68.  All five of the diatomic ligands have 

been assigned as originating in tyrosine, suggesting that multiple HydG catalysis steps 

may be required for proper maturation of HydF69.  The diatomic ligands likely bind to the 

C-terminal cluster, and have been observed via FTIR to exhibit characteristic Fe-CO and 

Fe-CN stretching bands70. Experiments with 57Fe reveal that iron from HydG becomes 

incorporated in HydA, so HydG likely transfers the Fe-diatomic ligands to the HydF 

scaffold, which may then incorporate the 2Fe subcluster into HydA70.  Further 



16 

 

characterization of each of these steps will be critical for full understanding of 

hydrogenase maturation. 

 

Role of HydE 

HydE, a 42 Kda radical SAM enzyme71, currently has little in the way of direct 

biochemical evidence to support its role in H-cluster formation, though it is essential for 

HydA activation.  While it has been hypothesized to participate in chaperoning HydF to 

HydA72, HydF is capable of maturating HydA without the presence of HydE, suggesting 

that a chaperoning activity is not necessary.  Rather, in light of the chemistries of HydF 

and HydG, HydE is more likely involved in the formation of the dithiomethylamine 

bridge73.  Further support for this comes from one of HydE’s nearest homologs, PylB, 

which is a methylornithine synthase74.  This suggests possible mechanistic parallels 

between HydE and PylB, where HydE is also likely to use difficult radical chemistry in 

the breaking and formation of chemical bonds.  Despite a search for the small molecule 

substrate of HydE, to date the substrate remains unresolved.  Possible clues may be 

derived from several solved crystal structures75-76, which depict S-adenosyl methionine 

bound inside an electropositive cavity that features three anion binding sites within the 

TIM barrel fold.  Additional work will be necessary in order to conclusively elucidate 

both the role of HydE in H-cluster biosynthesis, as well as the enzyme’s substrate.   
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Figure 1.5 Schematic of the activation process of the [FeFe]-hydrogenase. HydF acts as a 

scaffold and HydE and HydG build a 2Fe subcluster. The 2Fe subcluster is transferred to 

HydA creating a fully mature enzyme that is capable of catalysis. 

 

 

Future Directions 

 

While much has been learned about hydrogenases thus far, many frontiers still 

need to be explored.  The full breadth of hydrogenase activities that naturally occur have 

yet to be identified, particularly among the bifurcating hydrogenases, which have only 

recently begun to be characterized.  Much remains to be learned about the metabolic 
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contexts of bifurcation, as well as the nature of the bifurcating sites themselves.  In 

regards to hydrogenase maturation, there is as of yet much unknown about the 

interactions of HydE, HydG, and HydF with HydA to fully activate HydA.  Chief among 

these questions are the nature of the substrate of HydE, and the composition of the 2Fe 

subcluster precursor that HydF transfers to HydA.  The phylogeny of hydrogenases also 

opens the door to several lines of inquiry.  How does the natural variation among 

sequences influence activity?  What are limits of hydrogenases in different metabolic 

contexts?  Discerning these answers will require a concentrated effort that will surely 

reveal many novel features of hydrogenases. 

Despite the remaining challenges, combining the insights gained from structure-

function studies of hydrogenase and its maturases will allow for the creation and 

utilization of new technologies, where electron flow may be directed through systems to 

reversibly produce hydrogen gas, and will be paramount for the formation of biofuels.   
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Abstract  

  

  

The [FeFe]-hydrogenase catalytic site H cluster is a complex iron sulfur cofactor that is 

sensitive to oxygen (O2). The O2 sensitivity is a significant barrier for production of 

hydrogen as an energy source in water-splitting, oxygenic systems. Oxygen reacts 

directly with the H cluster, which results in rapid enzyme inactivation and eventual 

degradation. To investigate the progression of O2-dependent [FeFe]- hydrogenase 

inactivation and the process of H cluster degradation, the highly O2-sensitive [FeFe]-

hydrogenase HydA1 from the green algae Chlamydomonas reinhardtii was exposed to 

defined concentrations of O2 while monitoring the loss of activity and accompanying 

changes in H cluster spectroscopic properties. The results indicate that H 

clusterdegradation proceeds through a series of reactions, the extent of which depend on the 

initial enzyme reduction/oxidation state. The degradation process begins with O2 

interacting and reacting with the 2Fe subcluster, leading to degradation of the 2Fe 

subcluster and leaving an inactive [4Fe-4S] subcluster state. This final inactive degradation 

product could be reactivated in vitro by incubation with 2Fe subcluster maturation 

machinery, specifically HydFEG, which was observed by recovery of enzyme activity. 
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Introduction 

  

  

[FeFe]-hydrogenases are found in bacteria and lower eukaryotes, and are 

commonly involved in the recycling of reduced electron carriers that accumulate during 

anaerobic metabolism1.  [FeFe]-hydrogenases catalyze reversible H2 activation at very 

high rates and thus are attractive targets for bioengineering efforts aimed at coupling 

microbial H2 production to oxygenic photosynthesis2-3.  However, [FeFe]-hydrogenases 

are rapidly inactivated upon exposure to O2, the byproduct of water oxidation4-5.  In 

[FeFe]-hydrogenases, proton reduction occurs at a complex bridged FeS cluster termed 

the H cluster.  The H cluster exists as a regular [4Fe-4S] subcluster bridged to an 

organometallic 2Fe subcluster through a protein cysteine thiolate.  The 2Fe subcluster is 

coordinated by unique non-protein ligands including CO, CN, and dithiomethylamine 

(Figure2.1)6-10.  The O2 sensitivity has been attributed to redox reactions with O2, and 

subsequent destruction of the H cluster by reactive oxygen species (ROS), rendering the 

enzyme irreversibly inactivated11.  

Although all of the characterized [FeFe]-hydrogenases have been shown to be 

sensitive to O2 inactivation, enzymes from different sources have varying sensitivity to  

O2, which has been attributed largely to differences in the access of the active sites to O2
5, 

12-16. Computational studies have revealed putative channels that are proposed to function 

in the diffusion of gases, including O2, to and from the active site13.   
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Figure 2.1. H cluster ball-and-stick representation with carbon, nitrogen, oxygen, sulfur, 

and iron atoms colored grey, blue, red, yellow, and rust respectively (PDB 3C8Y).  

  

It was also discovered through computational analysis and enzymatic assays of site 

directed variants that constricting the gas channels can decrease the sensitivity of the 

[FeFe]-hydrogenase to O2 but not to a significant enough degree to be useful for 

applications in technology12-13, 15-16. A random mutagenesis approach was used to screen 

thousands of [FeFe]-hydrogenase variants leading to isolation of a more O2 tolerant 

variant with several site substitutions.  The effect of each mutation was individually 

tested, and showed that each contributed to an additive effect on the overall O2 tolerance 

of the [FeFe]-hydrogenase16. 

Theoretical studies of inactivation have measured the thermodynamics of O2 

binding and reactivity with the H cluster, and probed the subsequent reaction steps that 

ultimately lead to enzyme degradation.  The models suggest that initiation of O2 

interaction with hydrogenase catalysis is dependent on the oxidation state, coordination 

environment and redox activity of the Fe sites17-20.  In the H cluster reaction models, O2 

binds at the distal Fe, which is assigned to the (I) oxidation state for Hox with a “loosely” 
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bound water.  Reaction of the bound O2 with Fe(I) leads to formation of a terminally 

bound -OOH or -O2
- species.  Further reaction cycles of the terminal “O” species with H+ 

generates H2O2 or iron-peroxide as end-products19.  Alternatively, 2Fe subcluster 

oxidation, or O atom insertion into the distal Fe terminal CO ligand can release CO2
19.  

The exact chemical nature of the O-species produced from O2 reactions at the H cluster 

remain to be experimentally validated. A recent experimental and theoretical study of 

anaerobic, oxidative inactivation of CrHydA121 proposed that the inactivation mechanism 

proceeds via reversible, and slower irreversible inactivation processes. Reversible 

inactivation involved H2 binding to different thermally available conformers of the H-

cluster, with ligand rearrangements on Fed that led to protection from O2 inactivation. 

Irreversible inactivation occurred at high (positive) potentials and was modeled as a slow 

oxidation of Hox, rendering the H cluster susceptible to nucleophilic attack and 

subsequent H cluster disruption21.  

Structural and biophysical studies on how O2 reacts with the H cluster to cause 

inactivation are challenging, and there are limited experimental studies on this process4, 

22.  A mechanism of H cluster degradation by O2 has been proposed from the results of X-

ray absorption spectroscopy (XAS) studies in which reactive O2 species produced at the 

2Fe subcluster result in enzyme inactivation by destruction of the [4Fe4S] subcluster11, 23.  

Those results contrast with previous models whereby O2 accesses and binds to the 2Fe 

subcluster to form ROS or other end-products that can readily degrade the 2Fe subcluster 

followed by loss of enzyme activity19.  It has been observed earlier that exposure of 

[FeFe]-hydrogenases to either O2 or light (photolysis) led to the formation of an Hox-CO 
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like EPR or IR signal24-26. The photolytic effect is known to lead to CO release, which 

can re-bind to the same enzyme, or another enzyme in a process termed 

“cannibalization”25-26. O2 caused both irreversible and reversible inactivation, where 

reversible inactivation was proposed to occur via formation of an “O”-adduct with an 

EPR signal similar to Hox-CO. A mechanism for the O2 induced formation of the O-

adduct has not been determined.   

In order to reexamine the mechanistic process of O2 inactivation of 

[FeFe]hydrogenases, we have exposed the [FeFe]-hydrogenase from Chlamydomonas 

reinhardtii (CrHydA1) to low titers of O2 while monitoring changes in the biochemical 

activity and changes in Fourier transform infrared (FTIR) and Ultraviolet–visible 

(UVVis) spectroscopic properties.  The FTIR results indicate that H cluster reacts with O2 

and undergoes a series of reactions to produce a mixture of intermediates, the populations 

of which depend on the initial reduction/oxidation state of the H cluster.  Ultimately, 

oxidative destruction results in the loss of the 2Fe subcluster and formation of a [4Fe-4S] 

subcluster state observed with UV-Vis and in the X-ray crystal structure.  This 

inactivation/degradation end product could be reactivated in vitro by incubation with the 

2Fe subcluster specific maturation machinery, as observed by enzyme activity assays.  

 

Methods  

    

  

Protein Preparation  

Heterologous expression and purification of CrHydA1 in Escherichia coli was 

done as previously described27-28.  The protein was purified under anaerobic conditions in 
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a MBraun anaerobic chamber (MBraun USA).  All buffers were degassed under vacuum 

before purification.  CrHydA1 isolation from cell extracts was performed using a two-

step chromatography process of ion-exchange over diethylaminoethanol (DEAE, GE 

Lifesciences) Sepharose followed by affinity capture on Strep-Tactin (IBA) resin28.  

Strep-Tactin bound enzyme was eluted in 50 mM Tris buffer (pH 8.0) containing 300 

mM NaCl, 5% glycerol, 5 mM sodium dithionite (NaDT), and 2 mM desthiobiotin.  

Purity was verified by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE), and the concentration determined by Bradford assay.  CrHydA1 was prepared in 

the Hox state by serial concentration and dilution in NaDT-free buffer until the FTIR 

spectra consisted primarily of Hox.  CrHydA1 was prepared in the Hox-CO state by brief 

sparging under 100% CO gas, and 10 min incubation, in a sealed serum vial.  Aliquots of 

CrHydA1 were prepared in Hred-H2 by 10 evacuation flush cycles with 100% H2 on a 

Schlenk line fitted with an O2 trap.  

HydF was obtained by expression of hydF in the background of HydE and HydG 

(HydFEG) in E. coli strain BL21 (DE3).  The hydE, hydF, and hydG from Clostridium 

acetobutylicum were individually cloned into pET-Duet, pRSF-Duet, and pCDF-Duet, 

respectively29.  The cloned copy of hydF contained a N-terminal 6xHis tag29.  Cells were 

grown in LB Miller growth medium supplemented with streptomycin (50 mg L−1), 

kanamycin  (30 mg L−1), ampicillin (100 mg L−1), 0.5% w/v glucose (~25 mM), 2 mM 

ferric ammonium citrate and 50 mM phosphate buffer (final pH of medium was 7.4).  All 

cultures were grown aerobically at 25 °C until an OD600 of 0.5.  Cultures were sparged 

with 100% argon for 20 min, and induced with 1.5 mM isopropyl β-D-
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1thiogalactopyranoside (IPTG).  Cysteine (2 mM) and sodium fumarate (25 mM) were 

added immediately after IPTG addition.  Cultures were sparged with argon at 25°C 

overnight.  

HydFEG was purified in an anaerobic chamber (Coy Labs, Grass Lake MI) as 

previously described29.  Cells were harvested by centrifugation and cell pellets stored at -

80 °C.  Cells were lysed by resuspension in buffer composed of 10 mM HEPES, pH 7.4, 

0.5 M KCl, 5% glycerol, 1 mM dithiothreitol, 20 mM imidazole, 20 mM MgCl2, 1 mM 

PMSF, 1% Triton X-100, 140 µg ml-1 DNAse and RNAse, and 120 µg ml-1 lysozyme.  

The cell lysate was stirred for 1 hour at room temp, and centrifuged in gas tight bottles at 

38,000 x g for 30 min.  The His-HydFEG was purified from the supernatant by 

immobilized metal chromatography on a TALON cobalt column (GE Life Sciences).   

The column was loaded and washed with 15 column volumes of 20 mM HEPES 

pH 7.4, 0.5 M KCl, 5% glycerol, 1 mM dithiothreitol, and 20 mM imidazole.  Purified 

HydFEG was eluted with wash buffer containing 200 mM imidazole.  HydFEG was 

collected and concentrated anaerobically with 30 kDa Amicon Ultra-15 centrifugal 

concentrators (Millipore).  The HydFEG was loaded onto a G25 PD-10 desalting column 

(GE Life Sciences) to remove imidazole and eluted with 50 mM HEPES pH 7.4, 0.5 M 

KCl, 5% glycerol, and 1 mM dithiothreitol.  HydFEG was flash frozen in liquid N2 and 

stored at – 80 °C or in liquid N2 until further use.  

  

Preparation of Oxygen Treated CrHydA1  

  

O2 gas standards were prepared using septum-sealed 123 ml Wheaton vials.   
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Dilutions were prepared using a gas-tight syringe (Hamilton) to remove gas from a 100%  

O2 standard (equilibrated to atmospheric pressure) and injecting the O2 into vials 

containing 100% N2 at atmospheric pressure.  Standards of 100%, 4%, 1%, and 0.1% O2 

were used for all of the O2 additions. Samples used to measure the FTIR spectra of O2 

treated CrHydA1 were prepared as follows: Hox (Figures 2.2 and 2.3), O2 was injected by 

gas-tight syringe into the headspace above an aliquot of 75 μL of 45 mg mL-1 CrHydA1 

in a septum-sealed 825 μL conical vial; Hox-CO (Figure 2.2, Figure S1), a 15 μL aliquot 

of 70 mg mL-1 Hox CrHydA1 was injected via gas-tight syringe into a septum-sealed 825 

μL conical vial that had previously been flushed with 100% CO. O2 was then injected by 

gas-tight syringe into the headspace of the conical vial; Hred-H2 (Figure 2.2), 70 μL of 30 

mg mL-1 Hox CrHydA1 in a septum-sealed 825 μL conical vial, along with 3 similar 

empty conical vials, underwent 10 vacuum/100% H2 exchanges on a Schlenk line, and 

incubated for 1 h at 4 °C in the Mbraun. A 10 μL aliquot of this enzyme sample was 

transferred to each one of the empty, H2-treated vials via gas-tight syringe. O2 was then 

injected by a gas-tight syringe into the headspace of each vial; Hred-DT (Figures 2.2 and 

S2) was prepared in the MBraun glovebox by adding NaDT (20 mM final) to 50 μL of 50 

mg mL-1 Hox CrHydA1 (45 mg mL-1 final) and mixed via pipetting for 30 s. A 15 μL 

aliquot was transferred to a 825 μL conical vial, and then sealed with a septum. O2 was 

injected by gas-tight syringe into the headspace of the conical vials. In all cases, the 

conical vials contained a micro stir bar, and stirred while on an ice bath, Final O2 

concentrations ranged from 0.01-24.7% (v/v). In order to minimize pressure increases 

due to gas injection, the appropriate standard was used to keep the injection volume less 
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than 5% of the vial volume (with the exception of the 24.7% CO sample shown in Figure 

S1).  An aliquot of CrHydA1 was removed from the septum-sealed vial using gas-tight 

syringe and loaded in a custom gas-tight FTIR sample cell30. A summary of the O2 

concentration and molar ratios is given in Table S1. Control experiments were performed 

to estimate the repeatability of O2 injections, with O2 concentrations determined by GC 

(Agilent Technologies). The standard deviation for O2 injections is estimated to be SD=  

+/-(% O2 x 0.15) or +/- 15% of each individual injection (Table S2).    

  

FTIR Spectroscopy   

  

Spectra were collected as described previously with a Nicolet 6700 FTIR 

spectrometer (Thermo Fisher Scientific) equipped with a Globar IR source, a CaF2 beam 

splitter, and a liquid-nitrogen-cooled mercury cadmium telluride (MCT) detector30.  All 

of the spectra were collected at room temperature (21 °C).  The custom-built sample 

chamber consists of a covered aluminum box designed to minimize external light 

interference with the sample. The OMNIC software was configured to report absorbance 

spectra, and absorbance baselines were fit to these data using a manually adjusted spline.  

  

Ultraviolet-Visible Spectroscopy  

  

A 100 µl aliquot of 3 mg mL-1 Hox CrHydA1 was prepared in the glove box under 

100% N2, transferred into low volume 1 cm path-length quartz cuvette and septum 

sealed.  The O2 reaction was initiated by injecting O2 (at 0.001%, 17% or 300%) with a 

gas-tight syringe into the headspace of cuvette with the enzyme solution at 4°C, cooled 

with a peltier cooler. A micro-stir bar provided agitation of the solution in the cuvette.  
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The reaction of CrHydA1 with O2 was monitored by UV-Vis every min for 200-

300 min, by scanning over a 250-750 nm range at 1 nm intervals.  UV-Vis spectra were 

recorded on a Cary 4000 UV-Visible spectrophotometer.  

  

Activity Assays  

  

Activities of CrHydA1 were assayed by H2 evolution from reduced methyl 

viologen.  Reaction volumes of 0.6 or 2 ml were placed in 3 or 10 ml Wheaton vials, 

respectively, which contained 5 mM methyl viologen (MV), 10 mM NaDT, 50 mM Tris, 

300 mM NaCl, 5% glycerol, and between 25 ng-4 µg of enzyme per assay.  Hydrogen 

production was detected by gas chromatography (Agilent Technologies).  

  

Mass Spectrometry  

  

Protein digests were performed with 1.5 mg ml-1 CrHydA1, 12.5 ug ml-1 Trypsin 

Gold (Promega), 50 mM Tris-HCl pH 8, 300 mM NaCl, and 5% glycerol.  Reactions 

were allowed to proceed overnight in a 37 °C heat block, and complete digestion was 

verified by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).  

Reactions were transferred into septum sealed vials with a N2 headspace. The digestion 

product was diluted up to a 1000 fold in 50/50 water/Acetonitrile and transferred to screw 

capped auto sampler vials for LCMS.    

An Agilent 1100 series HPLC system coupled to an Agilent Chip Cube integrated 

microfluidics reverse-phase nano-HPLC system was used.  Trapping and analytical 

separations were performed with an Agilent C18 HPLC-Chip (G4240-62001, 40 nl trap 

column and 75 µm x 43 mm analytical).  Chromatography solvents were H2O with 0.1% 
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(v/v) formic acid for channel "A" and acetonitrile for channel "B".  The HPLC program 

was held at 7% B from 0.0 to 2.0 min, then ramped from 7 to 35% B from 2.0 to 20.0 

min.  The gradient was then ramped from 35 to 95% B from 22 to 27 min.  The mass 

spectrometer was an Agilent 6520 Q-TOF with a dual-ESI source: resolution 

approximately 20,000 and accuracy 3 ppm.  Spectra were collected in positive mode from 

50 to 1700 m/z at 2 Hz for both MS and MS/MS, with adaptive acquisition time for 

highly-abundant ions.   

   The resulting MS/MS data were analyzed using the PEAKS 6.0 software package 

and searching the CrHydA1 protein sequence.  Peptide mass tolerance was 10 ppm and 

fragment mass tolerance 0.5 Da.  Variable modifications were set to sulfonic acid 47.97, 

sulfinic acid 31.98, and oxidation or hydroxylation of cysteine 15.99.  

  

Crystallization and Structure Determination  

  

CrHydA1 (1 mL at 10 mg mL-1) in NaDT free buffer was exposed to 0.01% O2 

for 2 hrs in a 4.5 mL Wheaton vial.  Enzyme activity was measured at the end of the 2 hr 

period (50 µmol min-1mg-1).  An aliquot of the sample was set aside for trypsin digest and 

MS analysis, and the rest of the sample was concentrated to 30 mg mL-1 for 

crystallization. CrHydA1 was crystallized anaerobically in a MBraun glove box at room 

temperature using micro-capillary batch diffusion with a precipitation solution of 25.5% 

polyethylene glycol 8000 as precipitate and 0.085 M sodium cacodylate (pH 6.5), 0.17 M 

sodium acetate trihydrate, and 1 mM dithionite.  After allowing the crystals to form for 

23 weeks, they were mounted on cryo-loops and flash frozen in liquid nitrogen.  Data 

were collected at the Stanford Synchrotron Radiation Lightsource (SSRL) on beam line 
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BL12-1 at 1.75 Å wavelength.  The data was processed using XDS31, and scaled with 

Pointless and Aimless32.  The structure was solved using molecular replacement using 

AutoMR (CCP4 suite of programs) with CrHydA1 (PDB ID, 3LX4)33.  The structure was 

built using COOT with further refinement using REFMAC5 using NCS and B factor 

restraints.  The final model was solved to 2.23 Å with an R factor of 24.1% and an R free 

of 27.7% (Table S4, Table S5).  Atomic coordinates were deposited in the PDB  

(code 4ROV).  

  

In vitro Reactivation of O2 Inactivated CrHydA1  

  

Reactivation of the O2 inactivated CrHydA1 was performed with the addition of  

N-terminal His tagged-HydFEG at different molar ratios to obtain a 300 µl total volume in 

3 ml crimp sealed anaerobic Wheaton vials.  CrHydA1 was allowed to reactivate at 37 °C 

in a water bath for 1 h, and reactivation was followed by measuring the H2 production 

activity as described above.  

  

Results  

  

  

FTIR Analysis and Comparison of   

Hox, Hred-NaDT, Hred-H2 and Hox-CO  

  

To investigate how differences in the oxidation state and/or site occupancy of the 

2Fe subcluster of CrHydA1 affect the process of O2 damage, reducing agents NaDT and 

H2, and the competitive inhibitor CO were each added to oxidized (Hox) CrHydA1.  

These enzyme samples were then exposed to O2 and monitored by FTIR.  CrHydA1 was 

initially prepared in the Hox state with major peaks observed at 1804, 1940, 1964, 2071 
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and 2089 cm-1 (Figure 2.2a, red). Exposure of the Hox CrHydA1 to ~0.01% O2 (Figure 

2.2a black spectrum) for 2 h resulted in the loss of Hox features and an increase in features 

assigned to Hox-CO and the O2-damaged cluster, discussed in more detail in the time 

course discussion. A control experiment (Figure S3) on a duplicate sample in the absence 

of O2 showed only slight change in the accumulation of Hox signal due to auto-oxidation.        

CrHydA1 in the Hox state was exposed to CO to make Hox-CO (Figure 2.2b, red 

spectrum).  The expected shift of vCO and vCN peaks to higher wavenumbers were 

observed as previously reported for CO-inhibited [FeFe]-hydrogenases, with vCO peaks 

at 1809, 1963, 1969, 2013, and vCN peaks at 2082, and 2091 cm-126, 34-35.  The enzyme 

was then exposed to ~2.4% O2. Hox-CO was exposed to larger percentages of oxygen in 

order to see if any attenuation of FTIR signal could be observed.  After approximately 2 h 

of O2 exposure, the FTIR spectrum indicated the peaks assigned to Hox-CO remained 

relatively unchanged (Figure 2.2b, red vs. black spectrum).  Small peaks appeared, which 

are attributed to degradation of some residual Hox species, and this may have also 

contributed to the slight increase in Hox-CO signal intensity after O2 exposure.  Enzyme in 

the Hox-CO state was also treated with higher amounts of O2 (up to ~24.7%, Figure S1), 

and the resulting FTIR spectra again showed significantly less  degradation compared to 

oxidized and reduced preparations, consistent with other observations that Hox-CO is 

stable to oxidative reactions with O2 
4-5, 11, 36.  

Equilibration of Hox CrHydA1 under 100% H2 led to a collective shift in the νCO 

peaks, consistent with ligand exchange and electronic transitions at the H cluster 

associated with H2 activation30, 37.  Figure 2.2c shows the spectrum of H2-reduced 
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CrHydA1 with principle νCO peaks, assigned to a mixed population of reduced 

intermediates, observed at 1792, 1882, 1891, 1916, 1933, 1953, and 1963 cm-1   

  
Figure 2.2. FTIR spectra of CrHydA1 samples exposed to O2. The solid red spectra are 

prior to O2 injection, and black traces after 2 h exposure to O2. (a) Hox, ~0.01% O2; (b) 

Hox-CO, ~2.4% O2; (c) Hred-H2, ~0.01% O2; (d) Hred-NaDT, ~0.01% O2.  Wavenumbers 

in red, Hox; black, Hox-CO; green, Hred-H2; magenta Hred-NaDT; purple, oxidative damage 

and cyan, unassigned.  
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(Figure 2.2c, red spectrum)30, 37-38. Additional peaks associated with Hox-CO were also 

seen in the starting sample, possibly arising from a slight amount of O2 exposure during 

H2 treatment.  Exposure of Hred-H2 CrHydA1 to ~0.01% O2 for 2 h, in the presence of 

100% H2 atmosphere led to attenuation of the 1792, 1882, 1891, 1916, and 1933 cm-1 

peaks (Figure 2.2c, red vs. black spectrum).  This was accompanied by an increase in 

peak intensities assigned to Hox at 1804, 1940, and 1964 cm-1 together with a small 

increase in peak intensities assigned to Hox-CO at 1969 and 2013 cm-1.  Thus, degradation 

of the H2-reduced CrHydA1 is likely to involve initial formation of Hox, with subsequent 

interaction with O2 leading to formation of Hox-CO and eventual 2Fe subcluster 

degradation.   

When Hox CrHydA1 was treated with NaDT (20 mM final concentration, a 20fold 

excess), the initial spectrum (Figure 2.2d, red spectrum) showed νCO peaks previously 

assigned to reduced intermediates at 1861, 1882, 1891, 1916, 1961, and 1979 cm-1 30.  

Compared to Hox (Figure 2.2a), the NaDT-treated CrHydA1 showed less signal 

attenuation after exposure to O2 (Figure 2.2d, red vs. black spectra), with only a small 

loss of 2Fe subcluster signal after 2 h of exposure to ~0.05% O2.  Regarding νCO peak 

intensities, the O2 treatment produced new peaks at 1946 cm-1 and 1969 cm-1, a slight 

increase in peak intensities at 1916, and 2013 cm-1, and larger increases in peak 

intensities at 1804 and 1940 cm-1.  The increases at 1804 and 1940 cm-1 are assigned to 

an increase in the population of Hox, and the changes at 1969 and 2013 cm-1 are assigned 

to an increase in the population of Hox-CO.  The appearance of Hox is similar to the 
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sequence observed for O2 exposure of H2-reduced CrHydA1, again consistent with O2 

inactivation involving at least one Hox-dependent reaction pathway. It should be noted 

that the presence of NaDT complicates conclusions drawn from this experiment, as it 

both reduced CrHydA1 and scavenged O2. NaDT also reacts with O2 to form ROS, which 

in turn reacts with CrHydA1 to exact inactivation. However, titrations of the 

NaDTreduced CrHydA1 with increasing amounts of O2, led to similar transitions 

observed for Hox CrHydA1, that is formation of both the Hox-CO and O2 damage signals 

(Figure S2).  

  

FTIR Time Series of O2 Exposed Hox CrHydA1  

  

In order to observe O2-induced transitions in the 2Fe subcluster by FTIR on the 

timescales of full spectral collection (512 scans, ~8 min), CrHydA1 prepared in the Hox 

state (with νCO modes at 1804, 1940, 1964 cm 1) was incubated under a low (~0.01%) 

O2 partial pressure at 4 °C, and FTIR spectra were collected at approximately ~25 min 

intervals (Figure 2.3). Based on an O2 titration series (Figure S4) we selected 0.01% O2  
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Table 2.1. Rate constants for O2 induced changes in CrHydA1 and CaI Hox νCO peak 

intensities, and H2 evolution activities.  

  

1 k= -[ln(y/y0)]/t (s
-1 μM-1)  

2 (a) Goldet, G., et al. 2009. JACS. 131:14979; (b) Stripp, S.T., et al. 2009. PNAS. 

106(41):17331.  

  

  

  

  

Enzyme 1 kΔHox 

ΔIR signal, 

(s-1 μM-1) 

1 kinact 

H2 evolution 
activity 

(s-1 μM-1) 

2 

Ref. 

kinact 

(s-1 μM-1) 

CrHydA1  (Δ1940) 3.0 x 

10-4  

(Δ1964) 2.0 x 

10-4  

2.0 x 10-4  4.3 x 10-4 (a) 

2.2 x 10-3 (b) 

CaI  (Δ1945) 9.0 x 

10-6  

(Δ1800) 1.2 x 

10-6  

6.4 x 10-6  5.1 x 10-6 (b) 
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Figure 2.3. Time course of the FTIR spectra of Hox CrHydA1 exposed to ~0.01% O2.  

The initial Hox signal (1804, 1940, 1964, 2071, and 2089 cm-1) gradually decays, and the 

spectrum transitions to a characteristic Hox-CO signal with νCO peaks at 1809, 1963, 

1969, and 2013 cm-1. Signals assigned to O2 damaged clusters are shown in purple.  

  

for the time-course experiment in order to allow the timescales of oxidative transitions to 

match the timeframe of IR sampling and data collection. Under 0.01% O2, the Hox signal 
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gradually attenuated and transitioned to Hox-CO, with primary νCO peaks at 1809, 1963, 

and 2013 cm-1.  A near complete transition of Hox to Hox-CO was observed after ~200 min 

of O2 exposure.  The decay rates of Hox specific νCO signals at 1940 and 1964 cm-1 were 

calculated from normalized absorbance measurements to be kHox≈10-4 s-1 μM-1 (Table 2.1, 

see also Table S3).  These rates matched well to the inactivation rates kinact≈10-4 s-1 μM-1 

of H2 evolution activity (Table 2.1).  We also measured the change in the FTIR spectra of 

Clostridium acetobutylicum HydA (CaI) prepared in Hox and exposed to a ~30-fold 

higher concentration (~0.28%) of O2.  This enzyme is ~100-fold less sensitive to O2 

inactivation than CrHydA15 thus was expected to have slower kinetics of O2induced 

changes in FTIR spectral features.  A time-course spectrum (Figure S5) of CaI exposed to 

~0.28% O2 shows a slower decay rate of Hox peak intensities, and subsequent appearance 

of Hox-CO signals, than for CrHydA1 (Table 2.1, see also Table S3).  These differences 

match to the comparatively slower (~100-fold) inactivation rate of CaI versus CrHydA1 

(Table 2.1, see also Table S3).  As observed for CrHydA1 there is good agreement 

between the rate of loss of Hox signal intensity, kHox ≈ 10-6 s-1 μM-1 O2, and the 

inactivation rate of H2 evolution activity by O2, kinact ≈ 10-5 to 10-6  s-1 μM-1 O2. For both 

enzymes, prolonged periods of O2 exposure appeared to have led to higher order effects 

on vCO signal decay. These components were not included in the fitting parameters of  

Tables 2.1 and S3 used to calculate kHox.   
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Figure 2.4. FTIR spectra of Hox CrHydA1 after long-term exposure to 0.01% O2. Scans 

taken at (a) 133 min, and (b) 253 min, after exposure to O2. Wavenumber coloring is as 

described in Figure 2.2.  

  

The percentage of Hox-CO formed after O2 exposure of Hox (change in primary νCO peaks 

from 1804, 1940, and 1964 cm-1 to 1809, 1963 and 1969 cm-1) was estimated by using 

standardized values for νCO peak heights, normalized to mg of enzyme, for an 

anaerobically prepared CrHydA1 Hox-CO sample (Figure 2.2b, red spectrum).  The 

amount of O2-treated Hox CrHydA1 that converted to Hox-CO was determined based on 

normalizing the νCO peak intensities in the O2-treated sample to the Hox-CO standard.  

The amount of CrHydA1 that converted to Hox-CO was ~20% after 133 min (Figure 2.4a) 

of ~0.01% O2 exposure, where the rest of the signal loss is likely due to complete 

degradation of the 2Fe subcluster, which is observed at 253 min (Figure 2.4b).  The 

O2induced Hox-CO signal appeared simultaneously with the loss of Hox, and slowly 

decreased in intensity after 133 min (Figure 2,3).  After a longer period of exposure, the 

loss of Hox-CO was accompanied by the appearance of new νCO peaks at 1825, 1925 and 
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2025 cm-1 (Figure 2.4b).  These peaks were specific for oxidatively damaged H cluster, 

but since the overall 2Fe subcluster signal is degrading and other states are growing in 

(Hox-CO) and decaying (Hox), it is not currently possible to determine whether these 

peaks arise from a single or multiple H cluster state(s).  These putative νCO bands at 

1825, 1925 and 2025 cm-1 might arise from oxygenation of a bridging thiolate, which was 

observed to induce a 6-19 cm-1 upshift of the νCO IR bands39. It is possible that O2 or a 

byproduct of O2 led to a similar effect on CrHydA1 vCO bands (see Figures 2.4a and 

2.4b)39. In depth DFT calculations on O2 binding to the H cluster propose reaction 

pathways that include both oxygenation of Fed and oxidation of 2Fe40-41. In this case, the 

resulting oxidation of the 2Fe subcluster would also cause an upshift in the νCO bands, 

again consistent with the observed upshifts in CrHydA1 Hox spectrum after O2 exposure.                                                                                                                                           

  

UV-Vis of O2 Exposed CrHydA1  

  

Ultraviolet visible (UV-Vis) spectroscopy was employed to monitor the [4Fe-4S] 

cluster during O2 exposure.  The absorption spectra of holo-CrHydA1, CrHydA1 

expressed in the absence of HydE, HydF and HydG and lacking the 2Fe subcluster 

(CrHydA1ΔEFG), and the O2 inactivated CrHydA1 all showed a broad 415-420 nm 

absorbance feature associated with S to Fe charge transfer bands of FeS clusters.  

CrHydA1ΔEFG contains only a [4Fe-4S] subcluster inserted by E. coli’s FeS cluster 

assembly machinery42.  The difference between the spectra of CrHydA1ΔEFG and holo-

CrHydA1 (Figures 2.5b and 2.5c, red and blue trace, respectively) shows that the spectra 

for CrHydA1ΔEFG appears to be red-shifted and the difference in signal at 450 nm 

accounts for 11% of the total absorbance.  This absorbance difference could be due to 
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CrHydA1ΔEFG being in a more oxidized state, differences in Fe-loading per-mol of 

enzyme, or the presence of the 2Fe subcluster causing a blue shift of the 450 nm 

absorbance peak in holo-CrHydA1.    

 

 
Figure 2.5. Crystal structure and UV-Vis of O2 inactivated CrHydA1. (a) Electron density 

map contoured at 2σ showing extra electron density in the H cluster environment 

including oxidized Cys 169.  The conserved [FeFe]-hydrogenase motifs are depicted 

below the ribbon diagram with Cys 169 (starred). (b) The full spectrum of reduced 

immature CrHydA1ΔEFG (▬), and of holo-CrHydA1 (▬) after inactivation with 0.001% 

O2 2 h (▬), or with 3 atm of 100% O2 for 3 h (▬). (c) A close-up view of the 350-550 

nm region.  

  

Inactivation of CrHydA1 by exposure to ~0.001% and 17% O2 for 2 h was 

monitored by H2 evolution activity and UV-Vis spectroscopy.  The initial activity was 

500 µmol min-1mg-1, which declined after the 2 h O2 treatment to 12 µmol min-1 mg-1. 

CrHydA1 that was not exposed to O2 did not show a decrease in specific activity, nor any 

change in the UV-vis spectra. The blue trace in Figure 2.5b and 2.5c is the starting 

spectrum of holo-CrHydA1, and the black trace is after 2 h incubation with 0.001% O2, 

the orange trace is after 2 h incubation with 17% O2.  The difference spectra between 
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holo-CrHydA1 (Figures 2.5b and 2.5c, blue trace) and O2 inactivated CrHydA1 (Figures 

2.5b and 2.5c, black and orange traces) did not reveal significant differences (data not 

shown), suggesting that most of the S Fe charge transfer absorption is maintained after 

O2 inactivation  This result is consistent with stability of the [4Fe-4S] cluster against O2 

damage.  CrHydA1 that was exposed to large amounts of O2 (3 atm of 100% O2 for 3 h) 

exhibited a significant decay in the peak at 420 nm (Figures 2.5b and 2.5c, green trace).   

   

In-vitro Activation of O2 Inactivated CrHydA1  

  

CrHydA1 that had been O2 inactivated could be in vitro activated with HydFEG 

(Figure S7) and activity could be recovered to ~80% 0f as purified activity.  The 

remaining population of enzyme that was inactivateable is likely due to degradation 

products that were further degraded to possibly [3Fe-4S] cluster, [2Fe-2S] cluster, or 

completely stripped of cluster39.  This data suggests there is a significant population of 

enzyme containing intact [4Fe-4S] after O2 exposure.  It had been previously shown that 

HydFEG is sufficient for activating CrHydA1ΔEFG 29, and that activation of  CrHydA1ΔEFG 

requires the assembly of a preformed [4Fe-4S] cluster42.  

   

Structural Characterization of O2 Inactivated CrHydA1   

CrHydA1 inactivated by O2 readily crystallized and the structure was determined 

to 2.3Å resolution.  The resulting structure was very similar to the previously 

characterized structure of purified CrHydA1 expressed in the absence of [FeFe]-

hydrogenase maturases HydE, HydF, and HydG with an overall r.m.s. deviation between 

the two structures of 0.29 Å 42.  The structure revealed a vacant 2Fe subcluster site and an 
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intact [4Fe-4S] subcluster (Figure 2.5a) and an open channel leading from the surface to 

the site left vacant in absence of the 2Fe subcluster.  This suggests that the O2 inactivated 

CrHydA1 is the appropriate conformation and is consistent with the observation that 

oxygen inactivated CrHydA1 can be reactivated by the H cluster maturation machinery.  

In addition, the structure revealed three Cys residues (amino acids 88, 169, and 238) to 

have additional electron density around the sulfur atoms which can be modeled and 

refined suggesting sulfenic acid (R-SOH) at positions Cys 169 (which functions in 

proton-transfer to the H-cluster(124)) and Cys 238 (surface localized) and sulfinic acid 

(R-SOOH) at position Cys 88 (surface localized).  No modifications of the four Cys 

residues that function to coordinate the H cluster (Cys 170, 225, 417, and 421) were 

detected. The extra electron density at Cys 169 is best explained as a reaction product of 

the sulfur group with ROS, which might arise from O2 binding at the 2Fe subcluster.  It is 

possible that the modifications of the surface Cys 88 and 238 might arise from diffusion 

of ROS out of the catalytic site.  Due to the importance of Cys 169, we used MS analysis 

to confirm the presence of sulfenic acid at the Cys 169 position observed in the X-ray 

structure (Figure S6). Thus this residue may also play an important role in inactivation.  

Although O2 damage is evident from the X-ray and analytical structures, the [4Fe-4S] 

subcluster was intact with no evidence of O2 damage.  

  

 

 

 

 

 

 

 



52 

 

 Discussion  

 

   

The results of recent studies in which X-ray Absorption Spectroscopy (XAS) was 

used to monitor O2 damage of CrHydA1 were interpreted to indicate that after O2 binding 

and reaction with the 2Fe subcluster, the initial target of H cluster degradation was the  

[4Fe-4S] subcluster11, 23. These studies were conducted with high concentrations of O2 

and in one study with the additional presence of high concentrations of NaDT.  For 

example, Stripp et al. exposed ~ 30 nmol of CrHydA1 equilibrated in the Hox state to 

~20% O2 over a period of 15 min11, whereas in Lambertz et al. exposed 8 nmol of NaDT 

reduced CrHydA1 to air saturated buffer (~330 μM or 21% O2) for ~17 min23.  In 

contrast, for the comparative study with FTIR (Figure 2.3), we monitored Hox 2Fe 

subcluster degradation with slightly more enzyme (~68 nmol), but exposed to ~2500x 

less (~0.137 µM in solution as determined by Henry’s Law or ~0.01% headspace partial 

pressure) concentrated O2 in solution over a ~17x longer time period. As mentioned 

above, several experiments were conducted with different amounts of O2 in order to 

determine the amount that caused inactivation on timescales that allowed for detection of 

intermediates. Thus, the amount of O2 used extended the time-frame of inactivation, and 

allowed for a combined use of FTIR and UV-Vis spectroscopies to monitor the integrity 

of both the 2Fe and [4Fe-4S] subclusters. Higher amounts of O2 led to faster inactivation 

times and more rapid loss of 2Fe IR signals (Figure S4), whereas [4Fe-4S] signals 

persisted longer (Figures 2.5b and 2.5c).  Similar experimental setups were performed to 

allow the use of additional analytical techniques (biochemical assays, and UV-Vis 
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spectroscopies, mass spectrometry, and X-ray crystallography) to follow the fate of the 

2Fe subcluster and [4Fe-4S] subcluster during the inactivation process.  

FTIR analysis of CrHydA1 incubated in the presence of ~0.01% O2 in the absence 

of exogenously added reducing agents exhibited attenuation of the Hox state.  The 

attenuation of the Hox signal tracked nearly 1:1 with loss of enzyme hydrogen production 

activity and is strong evidence that the 2Fe subcluster of the H cluster is the initial site of 

O2 inactivation.  In addition to the loss of Hox signal due to O2, signals commonly 

associated with Hox-CO state appeared.  This observation suggests that O2 degrades the 

2Fe subcluster, liberating CO, and that the proportion of H cluster that transitions to the 

Hox-CO state is a result of the free CO binding to remaining intact clusters.  CO liberation 

and CO binding to intact enzyme in Hox is also thought to occur during photoillumination 

of the [FeFe]-hydrogenases34.  These observations are consistent with free CO being a 

potent inhibitor (Ki≈0.1 μM)5 of [FeFe]-hydrogenases.    

The changes that occur when CrHydA1 is exposed to O2 appear to occur to a 

greater extent and at a higher rate when poised in the Hox state.  Enzyme poised in 

HoxCO, Hred-H2, and Hred-NaDT were less prone to O2-dependent decay.  CrHydA1 

equilibrated under H2 or NaDT reduced also showed limited degradation compared to 

Hox, with a majority of 2Fe subcluster signal being maintained at 1.2% to 2% O2 

respectively after 2 h (NaDT data shown in Figure S2).  The data suggests that an H 

cluster that is coordinately saturated with an occupied distal Fe ligand exchangeable site 

is more resistant to O2 damage and provide strong support of this site as the initial site of 

O2 binding and attack along the pathway of H cluster degradation4-5, 11, 19-22.   



54 

 

The addition of CO had the greatest protective effect with no observable decay of Hox-CO 

up to 24.7% O2 (Figure S1) over 2 h of exposure, consistent with previous 

electrochemical observations4-5, 11.  The H2 and NaDT treated CrHydA1 exposed to O2 

initially transitions into Hox prior to degradation indicated by the observed appearance of 

the 1940 cm-1 feature.  Subsequently, similar degradation products are observed in the 

NaDT- and H2-treated CrHydA1 samples as were observed with Hox samples, with the 

transient appearance of Hox-CO specific FTIR features.  

The O2 inactivated CrHydA1 was capable of being reactivated by the addition of  

HydFEG suggesting that the inactivated enzyme has a damaged or absent 2Fe subcluster.  

Further, as described above, both UV-Vis spectroscopy and structural characterization 

indicated the presence of an intact [4Fe-4S] subcluster that was stable long after activity 

attenuated.  Interestingly, the X-ray crystal structure and UV-Vis of O2 inactivated 

CrHydA1 strongly resembled CrHydA1 expressed in the absence of maturases 

(CrHydA1ΔEFG).  Previous studies probing H cluster degradation using comparatively 

higher concentrations of O2 either with23 or without11 NaDT proposed that the 

degradation of the [4Fe-4S] subcluster preceded 2Fe subcluster degradation, whereby 

ROS was generated by O2 binding and reaction at the 2Fe subcluster.  Under the 

conditions of our study in which CrHydA1 was exposed to O2 in the absence of NaDT, 

the [4Fe-4S] subcluster seems fairly resistant to degradation.  We do however see 

evidence for the oxidation of the non-coordinating active site Cys (Cys 169) perhaps 

through the formation of ROS41.  Exposure of either the O2 degradation intermediate 

observed here or CrHydA1ΔEFG to high concentrations of O2 resulted in the eventual 
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destruction of the [4Fe-4S] subcluster, as evidenced by reduction and eventual loss of the 

SFe charge transfer bands at ~420 nm.  

Thus, based on the experimental evidence presented here, we propose that the 

mechanism of O2 attack on CrHydA1 first involves degradation of the more labile 2Fe 

subcluster, followed by attack on the more robust [4Fe-4S] subcluster. The titration data 

suggests that the reaction sequence is independent of O2 concentration, but occurs at a 

concentration dependent rate. High (>1%) O2 levels led to fast 2Fe subcluster degradation 

and did not allow for the reliable detection of inactivation intermediates by our FTIR set-

up.  

  

Conclusion  

  

  

The inactivation of [FeFe]-hydrogenase by O2 is defined by steps that involve the 

diffusion of gases into close proximity of the catalytic site, followed by redox/chemical 

steps of O2 reaction with the H cluster.  Our results are consistent with theoretical 

models19 and indicate that the latter process proceeds via oxidative breakdown of the 2Fe 

subcluster, initially releasing CO that can bind to secondary targets (e.g., other enzymes).  

Further exposure results in the eventual formation of a stable break-down product with an 

intact [4Fe-4S] subcluster and a vacant 2Fe subcluster site capable of being reactivated 

by 2Fe subcluster specific maturation machinery.  Long-term and/or high concentration 

O2 exposure is required for oxidative damage of the [4Fe-4S] subcluster and complete H 

cluster degradation as evidenced by the previous XAS/EXAFS studies. 
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Based on our results, [FeFe]-hydrogenase inactivation from O2 exposure essentially 

reverses the maturation pathway of H cluster insertion into immature CrHydA1, and 

suggests that H clusters inactivated by low concentration O2 exposure in vitro could be 

substrates for reactivation by HydFEG.  
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Abstract 

 

Background 

The first generation of biochemical studies of complex, iron-sulfur-cluster-containing 

[FeFe]-hydrogenases and Mo-nitrogenase were carried out on enzymes purified from 

Clostridium pasteurianum (strain W5). These studies suggested that two distinct [FeFe]-

hydrogenases are expressed differentially under nitrogen-fixing and non-nitrogen-fixing 

conditions. As a result, the first characterized [FeFe]-hydrogenase (CpI) is presumed to 

have a primary role in central metabolism, recycling reduced electron carriers that 

accumulate during fermentation via proton reduction. A role for capturing reducing 

equivalents released as hydrogen during nitrogen fixation has been proposed for the second 

hydrogenase, CpII. Biochemical characterization of CpI and CpII indicated CpI has 

extremely high hydrogen production activity in comparison to CpII, while CpII has 

elevated hydrogen oxidation activity in comparison to CpI when assayed under the same 

conditions. This suggests that these enzymes have evolved a catalytic bias to support their 

respective physiological functions.  

Results 

We identified four hydrogenases: three [FeFe]-hydrogenases, one of which had not 

previously been known, and one [NiFe]-hydrogenase in the published genome of C. 

pasteurianum (strain W5). Quantitative real-time PCR experiments show markedly 

reduced levels of CpI gene expression together with concomitant increases in CpII gene 

expression under nitrogen-fixing conditions.  Structure-based analyses of the CpI and CpII 
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sequences reveals variations in their catalytic sites that may contribute to their alternative 

physiological roles. 

Conclusions  

This work demonstrates that the physiological roles of CpI and CpII are to evolve and to 

consume hydrogen, respectively, in concurrence with their catalytic activities in vitro, with 

CpII capturing excess reducing equivalents under nitrogen fixation conditions. Comparison 

of the primary sequences of CpI and CpII and their homologs provides an initial basis for 

identifying key structural determinants that modulate hydrogen production and hydrogen 

oxidation activities.  

 

Keywords: Clostridium pasteurianum, nitrogenase, hydrogenase, hydrogen metabolism, 

nitrogen metabolism, catalytic bias 
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Background 

The genus Clostridium includes a diverse group of Gram-positive, spore-forming 

anaerobes [1].  In general, clostridia gain their energy from the conversion of hexose sugars 

to butyrate, acetate, and CO2. During this process reduced electron carriers in the form of 

ferredoxin accumulate and must be recycled for sustained fermentative energy metabolism. 

C. pasteurianum recycles reduced ferredoxin by coupling electrons and protons to form 

hydrogen (H2) through the activity of a hydrogenase.   

 

Clostridium pasteurianum strain W5 was the first free-living, nitrogen-fixing organism to 

be isolated [2]. For over 100 years, it has been a model for studying the biochemistry of 

nitrogen fixation and H2 metabolism. The first generation of biochemical studies of 

complex iron-sulfur clusters involved in catalysis by an [FeFe]-hydrogenase and by Mo-

nitrogenase were carried out with enzymes purified from C. pasteurianum strain W5 [3]. 

Indeed, ferredoxin was first discovered in C. pasteurianum strain W5 [4], and the first 

preparations of a soluble hydrogenase were also obtained from this organism [5]. 

Subsequently, the presence of a second [FeFe]-hydrogenase (CpII) was revealed [6], and 

its physical and catalytic properties were studied along with those of CpI [7]. CpI was 

proposed to evolve H2 to recycle electron carriers during fermentative growth in the 

presence of fixed nitrogen [7]. CpII was proposed to function under nitrogen-fixing 

conditions to capture reducing equivalents in the form of H2 which is an obligate byproduct 

of nitrogenase-catalyzed reduction of nitrogen to ammonia. This is consistent with the 

observations that CpII accumulates at a higher cellular concentration during diazotrophic 
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growth [6]. Comparison of the rates of H2 evolution and oxidation revealed that CpI 

produces H2 550-times faster than CpII (5,500 vs. 10 μmol of H2/min·mg respectively) 

while it oxidizes H2 about 30% slower than CpII (24,000 vs. 34,000 μmol of H2/min·mg 

respectively) [8]. Typically, [FeFe]-hydrogenases have characteristically high catalytic 

rates for H2 production [8]. Therefore, the two [FeFe]-hydrogenases exhibit a strong 

“catalytic bias,” which is manifested most profoundly as the adaptation of CpII toward H2 

oxidation. 

 

In this work we have revisited the hypotheses that under non-nitrogen fixing conditions 

CpI functions to reduce protons during the recycling of electron carriers during 

fermentation, while CpII functions in H2 oxidation under diazotrophic conditions. The 

genome of C. pasteurianum ATCC 6013 (strain W5) [9] was subjected to homology 

searches using known hydrogenase sequences as queries to determine the complement of 

encoded hydrogenases, their sequences and their gene context. Using these data, we 

analyzed the transcript abundance of each hydrogenase under nitrogen-fixing and nitrogen-

replete culture conditions to assign physiological roles for CpI and CpII. Furthermore, 

detailed primary amino acid structural-based comparison together with phylogenetic 

analysis provide insights into the determinants of the profound catalytic bias observed for 

these two related enzymes.   
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RESULTS AND DISCUSSION 

Genome. The sequencing of the C. pasteurianum strain W5 (CpW5) genome was carried 

out independently of the recently published complete genome [9]. Our analysis resulted in 

a draft genome consisting of 14 contigs and 4.2 Mbp that shares 99.97% average nucleotide 

identity with the published genome (Supplemental Figure 1). The published complete 

genome contains 4.3 Mbp, which suggests that our genome is nearly complete. In 

particular, the sequences of the genes encoding all four hydrogenases discussed in the 

present study are identical to those in the complete genome [9].  Like the genomes of other 

clostridial species [10-12], the %GC content of CpW5 was low at 30.0%. C. pasteurianum 

NRRL B-598, which is an oxygen-tolerant species, is also related to CpW5 and has a 

genome size that is ~50% larger, comprising 6.1 Mbp [13]. According to SEED Viewer 

[14], which does not include sequences from these C. pasteurianum genomes (i.e. ATCC 

6013 DSM 525 and NRRL B-598), the closest neighbors with completed genomes are 

Clostridium acetobutylicum (3.94 Mbp) [15], Clostridium botulinum (3.89 Mbp) [16], 

Clostridium novyi NT (2.55 Mbp) [17], and Clostridium sporogenes ATCC 15579 (4.09 

Mbp) [18].   

 

Hydrogenases.  The genome of CpW5 encodes the two characterized [FeFe]-

hydrogenases, CpI and CpII, and an additional homolog designated CpIII, as well as one 

(previously annotated) [NiFe]-hydrogenase [19], together with all of the necessary genes 

for hydrogenase maturation.  These sequence data therefore allow us to carry out the first 
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comparative analysis of the primary sequence of CpII since it was biochemically 

characterized more than two decades ago [7]. 

 

The sequences of CpI and CpII are 33% identical, with a 45% identity and 61% similarity 

over the conserved region (Fig. 1), which suggests that these two enzymes have generally 

conserved protein architectures. A homology model of CpII (Fig. 2) based on the solved 

crystal structure of CpI [20] and generated using SwissModel [21], as well as amino acid 

sequence alignment, indicate the absence of accessory domains in CpII that are present in 

CpI. The CpI sequence contains conserved cysteine residues for each cluster that 

sequentially bind clusters [2Fe-2S] (FS2), the distal [4Fe-4S] cluster (FS4C), the medial 

[4Fe-4S] cluster (FS4B) and the proximal [4Fe-4S] cluster (FS4A). In contrast, the N-

terminus of CpII lacks the cysteine residues responsible for binding accessory clusters FS2 

and FS4C (Fig. 2).  However, conserved regions binding the two Fe atoms of the catalytic 

site, known as the H-cluster, and two [4Fe4S] accessory clusters were identified in CpII. 

CpIII, which has thus far not been biochemically characterized, has a unique N-terminal 

arrangement of cysteines. Sequence alignment reveals that the FS4A binding motif is 

conserved, while the FS4B motif lacks two of the four cysteine residues that typically ligate 

this cluster (Fig. 1). 
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Figure 3.1 (legend on following page) 
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Figure 3.1.  Protein sequence alignment of the [FeFe]-hydrogenases of C. pasteurianum 

W5 and C. acetobutylicum. Residues ligating FeS clusters are indicated with A, B, C, or 2 

to denote the cluster they ligate; H – the H-cluster, A – proximal cluster (FS4A), B – FS4B, 

C – FS4C, and 2 – FS2.  Key residues within a 5 angstrom radius of the H-cluster are 

denoted with a star. These residues are conserved among representatives of 

phylogenetically clustering members of groups containing CpI/CaI, CpII and CpIII/CaIII.  

 

 

The [FeFe]-hydrogenase sequences encoded in the CpW5 genome contain the 

evolutionarily conserved H-cluster motifs; 299CCPx, 354PCxxK, and 495ExMxCxxGCxxG 

(numbered according to CpI) (Fig. 1) [22]. These motifs include all of the H-cluster binding 

cysteines, (H in figure 1). Phylogenetic clustering of the H-cluster domains of clostridial 

[FeFe]-hydrogenases has shown a variety of distinct clusters, designated A1-A5, A7, A8, 

and B1-B3 [23]. Group A2, which includes CpI, is comprised of soluble, H2-producing 

enzymes. CpII, which lacks the [2Fe-2S] cluster as well as one of the [4Fe-4S] clusters, is 

classified as an A3 hydrogenase.  Members of group B2, that includes CpIII, have an 

average size of 450 amino acids and an additional characteristic cysteine residue in the P1 

motif (TSCCCPxW) of the H-cluster [24]. No hydrogenases of this type have been 

biochemically characterized to date, and it is unclear if these sequences produce active 

hydrogenases. The overall subunit architecture of the hydrogenase places CpI as a M3 

hydrogenase, comprising an H-cluster, three [4Fe-4S] clusters, and an additional [2Fe-2S] 

cluster [25].  

 

The [NiFe]-hydrogenase gene cluster of CpW5 contains the required accessory genes 

(hypABCEFD and hoxN) downstream of the structural genes, hyaAB, which encode the 
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large and small subunits, respectively. The predicted protein sequence of the large subunit 

contains previously described [26] L1 and L2 motifs characteristic of membrane-bound, 

uptake hydrogenases. The L1 and L2 motifs encompass the highly conserved cysteine pairs 

(CxxC) near each terminus that ligate the NiFe center. Unlike [FeFe]-hydrogenases, 

maturases for the [NiFe]-hydrogenase are often found in a single gene cluster with the 

structural genes [27], as is the case for the CpW5 genome. This gene cluster is not co-

localized with any other hydrogenase or nitrogenase genes. The gene for the hydrogenase 

large subunit (hyaB) clusters phylogenetically with other clostridia in group 1 [24] (data 

not shown), which comprises membrane-associated uptake hydrogenases [26].  

 

 

Figure 3.2. Comparison of overall protein structure of CpI and the CpII homology model  
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Transcriptional and physiological analyses. Quantitative real-time PCR assays were 

performed to compare the transcript abundance of each CpW5 hydrogenase under both 

non-nitrogen-fixing and nitrogen-fixing conditions.  

 

Figure 3.3. Proposed metabolic functions of CpI and CpII in C. pasteurianum. CpI acts as 

an electron sink under standard fermentative conditions, while CpII acts to recycle 

reducing equivalents in H2 during nitrogen fixation.  It should be noted that the [NiFe]-

hydrogenase may also function alongside CpII to recycle reducing equivalents, although 

this hydrogenase probably makes a smaller contribution than CpII to H2 oxidation.  
 
 

Transcript levels for CpI decreased under nitrogen-fixing conditions (2.9-fold change) 

while CpII transcripts increased (7.5-fold change). The transcript levels of CpIII and the 

[NiFe]-hydrogenase were low with and without fixed nitrogen, with relative transcript 
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abundances approximately 100-fold lower than those for CpI or CpII, as based on the 

amplification threshold for each gene. CpIII transcript levels decreased slightly under 

diazotrophic conditions (2.0-fold change), while [NiFe]-hydrogenase transcripts 

underwent an 8.7-fold increase. Despite this increase in transcript abundance for the 

[NiFe]-hydrogenase, the relative transcript abundance of the [NiFe]-hydrogenase was 

approximately 10-fold lower than the CpII transcript abundance under nitrogen-fixing 

conditions. Thus, low levels of [NiFe]-hydrogenase transcripts are present under both 

nitrogen replete and nitrogen-fixing conditions. 

 

Collectively, the abundance of hydrogenase transcripts agrees with previously established 

protein expression conditions and supports a rational model of hydrogenase usage by 

CpW5: CpI, which is known to be abundantly expressed under standard, non-nitrogen-

fixing fermentative conditions [28], functions to dispose of excess reducing equivalents as 

H2, whereas under diazotrophic conditions, dinitrogen reduction by Mo-nitrogenase 

consumes a large amount of electrons and therefore subverts the need for an electron-

consuming, proton-reducing enzyme. 

 

In contrast, CpII has an exceptionally low H2 production activity [29] and thus it is unlikely 

that it is capable of removing excess reducing equivalents. Rather, its high H2 oxidation 

activity and almost negligible proton reduction capacity is consistent with this hydrogenase 

functioning in the uptake direction. This H2 oxidation is of particular importance for 

recycling electrons from the nitrogenase-produced H2 and feeding those electrons back into 
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the reductant-consuming, nitrogen-fixing metabolism. In this model, CpII thereby acts to 

recycle reducing equivalents, mitigating loss of electrons from H2 produced by nitrogenase 

(Fig. 3). The [NiFe]-hydrogenase has a similar transcriptional profile to CpII, which is up-

regulated under nitrogen-fixing conditions.  This suggests that it may also have a role in 

recapturing reducing equivalents, as has been previously demonstrated for [NiFe]-

hydrogenases in aerobic, nitrogen-fixing organisms [30-33], but our data suggest a much 

lower abundance of [NiFe]-hydrogenase transcripts compared to CpII transcripts. The 

qRT-PCR data are consistent with previous observations that CpII is expressed primarily 

under nitrogen-fixing conditions and that CpI and CpII account for the majority of the total 

hydrogenase activity observed during protein purification [6, 29]. 

 

The different catalytic rates and metabolic functions of CpI and CpII provide a unique 

system for the study of catalytic bias. The specific catalytic abilities of these hydrogenases 

function to enhance one direction of the reaction while minimizing the other; they 

demonstrate the complex interplay between the metabolic niche of a protein and the 

structural fine-tuning it must possess in order to perform a particular function. There is a 

large selective advantage to having an enzyme with very low rates of proton reduction, 

such as CpII, because such enzymes are likely to be operating near equilibrium under 

nitrogen-fixing conditions, and the slow rates of proton reduction would reduce the loss of 

precious reducing equivalents. 
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Of more than 40 fully sequenced genomes of Clostridium species, all but two (C. kluyveri 

and C. butyricum) encode nitrogenase and a [NiFe]-hydrogenase. The two exceptions have 

genes encoding three or more [FeFe]-hydrogenases, suggesting that one or more of the 

[FeFe]-hydrogenases serves to consume H2 and thereby supplants the need for a [NiFe]-

hydrogenase during nitrogen fixation.  

 

Structural basis for catalytic bias in [FeFe]-hydrogenases.  

CpI and CpII display substantial differences in the ability to reduce protons and oxidize H2, 

and we hypothesize that these differences are due to structural differences and thus to their 

amino acid sequences. Comparison of activities among hydrogenases does not reveal a 

trend in H2 oxidation to production ratios based on the differing FeS cluster binding motifs 

[34]. It is currently unclear to what extent the presence of additional clusters contributes to 

differences in catalytic biases amongst these hydrogenases. Most likely, a suite of structural 

features is responsible for tuning the directionality of a given hydrogenase. The particular 

amino acids involved in gas channel lining [35], proton transfer [36], electron transfer, and 

H-cluster ligand environment [37] may all play a role.  

 

Although the motifs coordinating H-clusters are conserved across [FeFe]-hydrogenases, 

amino acids in the second coordination sphere are not conserved. For example, three 

residues near the 2Fe subcluster, A230, I268, and M353 in CpI, are S99, T137, and T223 

in CpII (Fig. 4). These differences highlight how variation in the second coordination 

sphere may play a role in modulating catalytic bias. Previous work by Knorzer et al. [37] 
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showed that Thr (T137 in CpII) is the most frequent substitution for a Met (residue 353 in 

CpI) that is adjacent to the μ-CO of the 2Fe subcluster, in 409 CpI homologs. These authors 

used site-directed substitution to change M353 to L353 in CpI and observed a significant 

decrease in H2 production (to 15% of wild type (WT) enzyme) and a small decrease in H2 

oxidation (to 74% of WT), which they attributed to a lower turnover rate [37]. This suggests 

that a close proximity of this residue to 2Fe influences the enzymatic preference for H2 

oxidation or production, and that Leu results in an enzyme that favors oxidation to a greater 

degree relative to one that has Met.  

 

Figure 3.4.  A zoomed in comparison of several possible key residues in the active site that 

influence catalytic bias, including, alanine 230, isoleucine 268, and methionine 353 in CpI, 

which correspond to a serine, threonine, and threonine in CpII, respectively. 

 

A further comparison of the crystal structure of CpI with the CpII homology model 

revealed 14 potential sites (four at the FS4B, one at the FS4A, and nine in the H-cluster 

region) that may influence the redox potential of the FeS centers and thereby alter the 

catalytic bias (Fig. 5). By cross-checking these residues with their conservation percentage 
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and phylogenetic signal (K-statistic) among [FeFe]-hydrogenases, it is evident that most of 

these 14 residues are under strong selective pressure, demonstrating the functional 

importance of these residues and positions.  Most likely, the determinants of catalytic bias 

are not found at a single site, but are rather a suite of residues that act in concert with one 

another. Future studies will focus on these 14 key residues using a site-directed 

mutagenesis approach. 

 

Figure 3.5.  (a) Percent conservation of either CpI- or CpII-type residues among 829 

[FeFe]-hydrogenase sequences is displayed in blue and red, respectively, along the X-axis. 

The Y-axis displays sites corresponding to the model depicted in (b), where CpII is 

superimposed with CpI, and 14 sites have been identified that may tune the FeS cluster 

potential. Residues are numbered according to CpI. The number at the end of each bar in 

(a) is the K-value, or phylogenetic signal, that corresponds to the amino acid at that 

position. A value of 1 or greater shows a high degree of phylogenetic signal, or 

conservation, and can be interpreted to indicate that this residue is under strong selective 

pressure. 
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Conclusions. 

In this work the complement of hydrogenases from CpW5 was analyzed to provide better 

insights into the H2 metabolism of this organism. The genome revealed sequences of three 

[FeFe]-hydrogenases and a [NiFe]-hydrogenase that allowed, for the first time, a 

comparison of the deduced amino acid sequences of the two biochemically characterized 

[FeFe]-hydrogenases, CpI and CpII, which have a sequence similarity of 61%. Targeted 

transcriptional analyses implicated a role for CpII in recapturing the reducing equivalents 

that are produced as H2 as part of Mo-nitrogenase catalysis during growth under nitrogen-

fixing conditions. A role for CpII in H2 uptake is consistent with the previously observed 

catalytic bias of CpII toward H2 oxidation. CpII probably evolved to be a poor proton-

reducing enzyme, thereby limiting potential loss of H2 under nitrogen-fixing conditions 

when the availability of reducing equivalents may be growth-limiting. A comparison of the 

CpI and CpII sequences in the context of their respective phylogenetic and structural 

relationships reveal several likely determinants of catalytic bias, which can be studied by 

characterization of site-specific variants of these [FeFe]-hydrogenases. 

 

MATERIALS AND METHODS 

Growth conditions.  Freeze-dried C. pasteurianum strain W5 (ATCC® 6013™) was 

obtained from ATCC and rehydrated with Difco™ Reinforced Clostridial (DRC) Medium 

following the ATCC protocol. Sealed 25 ml glass serum vials (Wheaton) containing 10 ml 

of DRC medium under a headspace of 10% H2-10% CO2-80% N2 were then inoculated 

with the rehydrated culture and incubated at 37°C following ATCC propagation procedures 
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for this organism. Agar plates prepared with DRC medium were used to store C. 

pasteurianum strain W5 for further use. Plates were incubated at 37°C for 24-48 hours and 

were then stored at room temperature in an anaerobic chamber. 

 

For genome sequencing, cultures were inoculated from a single colony from a DRC agar 

plate that was inoculated into a sealed 25-ml serum vials containing 10 ml of the same 

medium. Cells were grown under a headspace of 10% H2-10% CO2-80% N2 by overnight 

incubation at 37°C.  An aliquot (1 ml) of the culture was spun down at 14,000 x g at room 

temperature before extracting DNA. 

 

Genome sequencing.  Total genomic DNA of C. pasteurianum strain W5 was extracted 

using a Promega Wizard® Plus SV minipreps DNA purification system. The concentration 

(220 ng/µL) was determined by a NanoDrop 1000 Spectrophotometer (Abs260/280 = 2.04).  

Genomic DNA was submitted to the Genomics Core Facility at The Pennsylvania State 

University for 454 pyrosequencing [38]. Reads were assembled with the Newbler 

assembler (ver. 2.6; Roche) into 145 contigs of at least 500 bp with 116 of those contigs 

predicted to form six large scaffolds.  Read depth was about 19X. 

 

Gaps were closed by PCR using primers designed approximately 200 bases from the end 

of each contig. GoTaq® 2x Master Mix (Promega, Madison, WI) was used for the 

amplification reactions in a Techne Touchgene Gradient Thermal Cycler (Techne, 

Bulington, NJ). Amplicons were then purified either directly using QIAquick PCR 
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Purification Kit or from agarose gels using the Qiaex II Gel Extraction Kit (Qiagen, 

Valencia, CA). Purified PCR products were sequenced by Davis Sequencing in Davis, CA, 

and sequence data were assembled using BioEdit (v7). The final assembled reads were 

compared to the recently published closed genome [9] using the ANI calculator tool with 

default settings [39] using previously described methods [40, 41]. This Whole Genome 

Shotgun project has been deposited at DDBJ/EMBL/GenBank under the accession 

LFYL00000000. The version described here is version LFYL01000000.   

 

The genome was annotated using the RAST (Rapid Annotation using Subsystem 

Technology) prokaryotic genome annotation server [14]. The amino acid sequence of the 

H-cluster domain of CpI was used as a BLAST query against a database of the amino acid 

sequences encoded by the draft genome. All matches with an expect value (e-value) below 

1.0 were aligned using ClustalW to determine whether they contained previously published 

signature motifs L1, L2, and L3 found in [FeFe]-hydrogenases. 

 

For qRT-PCR, cultures were inoculated from a single colony from a DRC agar plate into 

a sealed 25-ml serum vial containing 10 ml of the same medium. Cells were grown under 

a headspace of 10% H2-10% CO2-80% N2 by overnight incubation at 37°C.  1-5 ml of 

overnight culture was used to inoculate 50 ml of both DM-11 [42] (N+; containing 

NH4Cl and (NH4)2SO4) and DM-11-N (N-; fixed nitrogen free) media to an OD650 = 

0.020 and were then sparged with 10% H2-10% CO2-80% N2 for 10 minutes and 

incubated overnight. This was repeated after which point a C2H2 reduction assay [43] was 
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performed to ensure that the N-culture contained nitrogenase activity.  In sealed 120-mL 

serum vials, 1 mL (N+) cell culture was added to 50 mL of N+ media, and 6 mL of (N-) 

cell culture were added to 50 mL of N- media, in order to give an initial OD650 = 0.020 

for each culture. The vials were once again sparged with the gas mix and incubated 

overnight at 37°C. The following day, another C2H2 reduction assay was performed to 

verify nitrogenase activity. Samples (500 µl) were mixed with 1 ml of RNAprotect 

Bacterial Reagent® (Qiagen, Valencia, CA) and either subjected to RNA extraction 

immediately or frozen at -20°C until later RNA extraction. 

 

Preparation of total RNA. Total RNA was extracted from C. pasteurianum strain W5 using 

a RNeasy® Mini Kit (Qiagen, Valencia, CA) according to the manufacturer’s protocol.  

For N+ conditions, theOD650 of the cell culture was 0.9, while for N- cultures it was 0.4.  

Note that N- cultures reach stationary phase at a density of nearly half the N+ cultures. In 

both cases, cells were in the exponential phase at the time of harvesting.  The DNase 

treatment step used the RQ1 RNase-Free DNase (Promega, Madison, WI) and a re-

purification using the RNeasy® Mini Kit. The RNA concentration was determined using 

Qubit® RNA Assay Kit (Life Technologies, Carlsbad, CA), and the RNA solution was 

stored at -20 °C until further analysis. 

 

Quantitative RT-PCR (qRT-PCR).  Integrated DNA Technologies SciTools qPCR 

online primer designing software was used to design primers for the four hydrogenases 

(CpI, CpII, CpIII and the large subunit of the [NiFe]-hydrogenase). The nitrogenase α-
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subunit, nifD, and the 16S rRNA small subunit (Supplemental Table 1), served controls, to 

which expression was normalized. qRT-PCR was performed on a Rotor-Gene-Q real-time 

PCR detection system (Qiagen, Valencia, CA) using the Power SYBR® green RNA-to-

CT™ 1-Step Kit (Life Technologies, Carlsbad, CA) according to the included protocol. 

Briefly, each reaction consisted of 10 µL Power SYBR® Green PCR master mix, 100 nM 

each of the forward and reverse primers, 100 ng of RNA template, and nuclease-free H2O 

to a final volume of 20 µL. Cycling conditions were 40 minutes at 48°C, 10 minutes at 

95°C, and then 40 cycles of 15 seconds at 95°C, and then one minute at 60°C. Reactions 

were performed in triplicate with control reaction mixtures containing no reverse 

transcriptase. Each transcriptional experiment was repeated a minimum of three times 

using RNA isolated from separate cultures. Primer efficiencies for DNA were 0.98 for 

16S, 0.97 for CpI, 0.92 for CpII, 0.84 for CpIII, and 0.88 for nifD, using a DNA 

concentration of 145ng µl–1 to 0.145ng µl–1. 

 

Bioinformatics. Homologs of CpI were compiled from the Integrated Microbial Genomes 

(IMG) database [44] using BLASTp, resulting in 829 protein sequences. CpI and CpII, 

along with 829 homologs, were subjected to a multiple sequence alignment (MSA) using 

the Muscle algorithm as implemented in MEGA (vers. 6) [45] with default settings. 

Residues at each aligned position were removed if they were found to be identical in both 

CpI and CpII. For each of the remaining residues the degree of conservation (as a percent) 

among the 829 homologs was calculated using the MSA. SWISS-MODEL [46] was used 

to generate a homology model of CpII, based upon the known structure of CpI [20]. Pymol 
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[47] was then used to superimpose CpII onto CpI with a structure-based alignment. Based 

on this superimposition, functionally important residues that differed between CpI and CpII 

were selected. Sites examined included the proton transfer channel [48] and the protein 

sphere around the H-cluster, as well as the proximal and medial [4Fe-4S] clusters. Using 

this set of criteria, a total of 14 residues were identified in the FeS cluster regions that 

potentially differentiate the functionality of these enzymes. 

 

The large subunit of [FeFe]-hydrogenase (HydA) contains an H-cluster domain containing 

at least ~350 residues [25, 26]. In addition to the H cluster, hydA often encodes diverse N-

terminal (F-cluster) and C-terminal (C-cluster) domains. To minimize bias in phylogenetic 

reconstruction, the alignment containing the 829 homologous hydrogenases, as well as CpI 

and CpII, was trimmed to contain just the H-cluster domain, as previously described [49]. 

A phylogenetic tree of the H-cluster alignment block was constructed using a maximum 

likelihood method, i.e. RaxML, using the following parameters: gamma rate distribution, 

fixed base frequencies, and the BLOSUM62 substitution matrix [50]. The tree was rooted 

to Nar1 proteins from Homo sapiens (NP_036468, NP_071938) and Danio rerio 

(A2RRV9). The phylogenetic signal (K-statistic) associated with the distribution of the 14 

individual amino acids at each of the identified alignment positions, as they are distributed 

on the H-cluster phylogenetic tree, was quantified using the program multiphylosignal 

within the Picante package [51] as implemented with the base package R. The K statistic 

compares the observed signal in the distribution of a trait (e.g., particular amino acid usage 

at a specific alignment position) on a phylogeny to the signal under a Brownian motion 
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model of evolution [52]. Values of K that are close to 1 imply a Brownian motion for the 

evolution of that trait (or some degree of phylogenetic signal) while values greater than 1 

indicate strong phylogenetic signal. K values closer to zero or which are negative 

correspond to a random or convergent pattern of evolution for that trait. 

 

Based on the H-cluster phylogenetic tree constructed above, 39 hydrogenase homologs that 

grouped phylogenetically with CpI and 39 homologous hydrogenases that grouped with 

CpII were identified. These 78 hydrogenases along with CpI and CpII were aligned and 

subjected to phylogenetic reconstruction as described above. The F- and C-cluster domains 

of the hydrogenases were identified using BLASTp against the Conserved Domain 

Database (CDD) and the CDSEARCH/cdd v3.13 algorithm [53] (version 3.13) using an e-

value of 0.01 as previously described [24]. These CpI- and CpII- like hydrogenases were 

categorized into modular structures based on the presence of identified F- and C- clusters 

as described previously [24]. The modular structure was then overlaid onto the respective 

tree to determine the extent to which phylogeny predicts the distribution of F- and C-

clusters. The genomes of organisms with the previously identified 78 hydrogenase 

homologs were screened for NifH using BLASTp and the NifH sequence from Cp as a 

search query. The distribution of nifH in the genomes of the respective taxa was also 

mapped onto the respective phylogenetic trees (Supplementary information figures 2 and 

3). Interactive Tree Of Life (iTOL) was used to project the phylogenetic trees [54].  
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CHAPTER 4 

 

DEVELOPMENT OF HYDROGENASE EXPRESSION AND EPR CPI 

SPECTROSCOPIC DECONVOLUTION 

 

 

Introduction 

 

 

 The two closely related hydrogenases described in the previous chapter, CpI and 

CpII, immediately provide the basis for an excellent model system through which to 

study catalytic bias, where bias is defined as the ratio of the maximal forward catalytic 

rate over the maximal reverse rate.  CpI is well known as one of nature’s best hydrogen 

production catalysts, while CpII is an unusual [FeFe]-hydrogenase, in that it 

preferentially functions as a hydrogen oxidizer.  In order to develop this model system 

and examine the contributions of the secondary coordination sphere around both the H-

cluster and conduit array, expression and purification systems needed to be developed.  

Upon acquiring pure protein, EPR spectroscopy was used as the main method of 

characterization, as this technique is acutely sensitive to [FeS] clusters.  However, the 

EPR signals that result from the characterization of both CpI and CpII are a complex 

amalgamation of overlapping signals1, wherein these signals arise from each of the F-

clusters as well as the H-cluster2-4.  Thus, the deconvolution of the complex spectra, 

wherein the signal is separated into its constituent parts, was necessary to probe how the 

properties of each individual [FeS] cluster contribute to the observed catalytic bias. 

  In order to do this, high-quality EPR data must be accumulated over a range of 

conditions.  Simulations are then used to match the observed complex spectra with a 

combination of individually-contributing spin systems.  This work has precedent in both 
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Complex I5-6, as well as the molybdenum-containing, NAD+-dependent FdsABG formate 

dehydrogenase from Ralstonia eutropha.7  In the case of Complex I, five EPR active 

signals have been identified and deconvoluted, though the electron relay contains eight 

FeS clusters.  For FdsABG formate dehydrogenase four out of six FeS clusters have been 

identified.   

CpI, with a predicted five EPR active centers, and CpII, with only three predicted 

EPR active centers, represent more tractable problems than the above systems.   By 

identifying the spin characteristics of particular clusters in the conduit array important 

mechanistic details may be understood, namely, how properties of individual clusters 

give rise to the observed catalytic features.  This further opens the door to site-directed 

mutagenesis, and the ability to specifically influence the conduit array.  While this 

technique does require large amounts of protein and must be subjected to difficult 

analysis, it is best to analyze conduit arrays in a ‘holo’ state, where mutations have not 

been introduced to knockout particular FeS clusters.  Mutations may result in decoupling 

the spin between systems or otherwise perturbing the EPR signals such that a chemically 

relevant state is not observed.   Surprisingly, despite CpI and CpII both having been 

subjected to significant EPR study1-2, 4, 8-12, spectral deconvolution has not been 

attempted, and thus little is known about each FeS cluster in the conduit array. 
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Expression and Purification of CpI 

 

The development of an expression protocol for CpI required overcoming several 

difficulties, namely, the formation of a large amount of [FeS] clusters, including the 

complex, maturase-requiring H-cluster, as well as overcoming the general oxygen 

sensitivity of enzyme.   

 

Development of Plasmid System 

  In order to fully mature CpI, the gene has to be co-expressed with the HydE, 

HydF, and HydG proteins.  Therefore, two accommodate all four genes into one plasmid 

system the pET-duet vector system was used.  This system has two gene expression sites 

per plasmid, and several different plasmids have been developed with distinct antibiotic 

resistances, allowing for multiple plasmids to co-express protein in culture.  The lab 

already had a vector, pCDF-duet, for the expression of HydF and HydG, this plasmid was 

named pCDF FG.   

  The CpI gene was digested out of a previous construct from the lab that had a C-

terminal His-tag using the NcoI/SalI restriction enzymes, and was cloned into the pET-

duet vector with a strep-II tag, in order to allow for a more gentle, higher-purity 

purification.  The pET-duet vector already had HydE in the second cloning site, and the 

vector was named pETdtCpI*E, with the asterisk designating the position of the strep tag.  

This plasmid was then sequence-verified through Davis Sequencing, as well as analyzed 

by a restriction digest. 
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Expression of CpI*EFG 

  The pETdtCpI*E and pCDF FG plasmids were co-transformed into E. coli BL21 

(DE3) ΔiscR chemically-competent cells. The iscR gene regulates the iron sulfur cluster 

expression, and by using a knockout strain, the [FeS] clusters may be overexpressed.  The 

transformants were plated on LB plates with standard concentrations of both ampicillin 

and chloramphenicol, to select for cells that had retained both plasmids. 

  5-10 colonies from the LB plates were picked and used to inoculate a 100 mL 

overnight culture, supplemented with 100 µg/mL carbenicillin, 30 µg/mL kanamycin (for 

the competent cells), and 30 µg/mL chloramphenicol, with growth at 37 °C and shaking 

at 250 RPM.  After 16 hours of growth, 4 mL of culture was used to inoculate 1 L flasks, 

with the media having been pre-heated to 37 °C.  Growth was allowed to proceed at 37 

°C and 250 RPM until an O.D. of 0.5 was reached, typically around four hours of growth.   

  Expression was performed on the benchtop under argon sparging, where cultures 

were supplemented with 25 mM sodium fumarate, 2.5 mM ferric ammonium citrate, 1.5 

mM isopropyl β-D-1-thiogalactopyranoside (IPTG), and 2 mM cysteine hydrate, added in 

that order.  Thus, the cultures were allowed to become anaerobic under argon 

concomitant with the induction of gene expression.  Sparging continued overnight (~18 

hours). 

  Following the expression of CpI, all further steps had to be treated in a strictly 

anaerobic manner.  Therefore, the Coy Chamber (Coy Laboratories, Grass Lake, MI) was 

used to harvest cells into 1 L gas-tight centrifuge bottles.  These bottles were then spun at 

7500 g for 5 min.  The resultant cell pellet was then scraped from the bottle, placed in a 
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falcon tube, flash-frozen in liquid nitrogen, and stored in the -80 °C freezer until further 

use.  Prior to harvesting an aliquot of media was removed and used for a whole-cell 

activity assay of hydrogenase activity.  Further purification was only carried out on 

cultures displaying high activity, defined as greater than 1000 nmol H2 min-1 mL-1 as 

measured by gas chromatography. 

During the development of the expression protocol, it was found that several factors 

were critical for the generation of active hydrogenase.  Ammonium Fe(III) citrate of the 

brown, not green variety, (sigma 09714-250G), L-cysteine hydrochloride hydrate (Sigma 

C121800), and TB media specifically from EMD (1.01629.9010).  LB media, as well as 

TB media from other sources, were found to be inferior for hydrogenase expression.  

Supplementation of 0.5% weight/volume of D-glucose to the expression culture 

immediately prior to inoculation was also found to aid in improving hydrogenase 

expression.  

 

Hydrogenase Activity Assays 

Hydrogenase activity was measured using a Shimadzu GC-8A with a thermal 

conductivity detector.  Briefly, 2 mL reactions were set up in 10 mL crimp-sealed vials 

containing 5 mM methyl viologen (MV), 10 mM NaDT, 50 mM Tris, 300 mM NaCl, 

5%glycerol, and between 25 ng-4 μg of enzyme per assay.  For the whole cell assays, 

0.1% triton was added to ensure cell lysis.   
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CpI Purification 

To purify CpI, frozen cell pellets were resuspended at 5mL/gram of cell pellet in 

50 mM Tris pH 8, 5 mM NaCl, 5% weight/volume glycerol, and 10 mM sodium 

dithionite (NaDT), 140 μg ml-1 DNAse and RNAse, 120 μg ml-1 lysozyme, and EDTA-

free protease inhibitor tablets to the recommended concentration (Roche Diagnostics, 

05892791001).  The cells were stirred under argon with 1% Triton X-100 for lysis.  After 

one hour the lysate was placed in gas-tight centrifuge bottles, and centrifuge at 50,000 x g 

for 30 min. 

 The clarified lysate was purified using a two-step protocol, first over a 

diethylaminoethanol (DEAE GE Life Sciences) sepharose ion-exchange column, 

followed by affinity capture using Strep-Tactin resin (IBA).  For the DEAE column, 

elution was performed with 300 mM NaCl.  This eluate was then concentrated to a 

volume of ~12 mL prior to loading onto the Strep column.  Elution from the strep column 

was performed with 5 mM desthiobiotin (DTB), resulting in a single brown band eluting 

from the column.  This pure protein was further concentrated, and then assessed for 

purity using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 

the concentration was measured using the Bradford assay. 

 For later experiments, the apo form of CpI was purified.  The same protocol was 

able to be followed, but without co-transformation of the pCDF FG plasmid.  This 

allowed for the spectroscopic characterization of the apo enzyme, as well as the 

synthetically reconstituted varieties.  
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CpII Expression and Purification 

The CpII gene, having been sequenced as described in the previous chapter, was 

codon-optimized for expression in E. coli, and synthesized by GenScript with a C-

terminal Strep tag.  Expression was carried out identically to CpI, but with the pACYC 

vector containing genes for HydE, HydF, and HydG.  Overexpression was verified using 

SDS-PAGE.  It was found that the CpII protein, though soluble, was easily degraded, 

most probably by proteases in the cell.  Attempts to quickly purify away the proteases 

were unsuccessful.  First, a DEAE column was run similar to with CpI, and no CpII was 

found to elute from the column.  As an alternative, a cation exchange column (ToyoPearl 

CM-650C, Tosoh Bioscience, LLC) was employed instead.  This method also failed to 

produce purified CpII.    

A one-step Streptactin purification was attempted next, with the clarified cell 

lysate being loaded directly onto the strep column.  A small amount of partially-purified 

protein was present, so the method still needed to be refined.  It was discovered that 

anaerobic lysis with the Parr bomb (Parr Instruments) for two cycles of 25 min at 1500 

PSI lead to better purification.  A further innovation was to lower the O.D. of induction to 

0.2-0.25, and increase the resuspension volume of the cell pellet to 10 mL/g of cells.  

This allowed for the production of pure protein at around 0.3 mg/L of cell culture.  The 

expression of apo-CpII was not found to be stable; the presence of the H-cluster likely 

serves to stabilize the protein. 



101 

 

 

Figure 4.1.  An SDS-PAGE gel depicting purified CpII, with the inset showing a 

photograph of the purified brown CpII in a crimp-sealed vial. 
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Spectral Deconvolution of CpI 

 Pure CpI was reconstituted with the synthetic PDT 2Fe subcluster, which features 

a carbon at the bridging position of the dithiomethyl bridge.  This reduces the enzymatic 

turnover rate by around 1000-fold13, which means that, for potentiometric experiments, 

the redox potential remains stable enough to freeze samples.  EPR spectroscopy was used 

across a range of potentials to analyze CpI, as described in the following chapter.   

 

Fig 4.2.  Potentiometric titration series of CpI reconstituted with PDT shows the Hox 

signal at -297 mV, and a complicated set of signals growing in at more negative 

potentials 

 

 The spectral features identified represent the combination of the paramagnetic 

response by each of the three [4Fe-4S] clusters, distal [2Fe-2S] cluster, and H-cluster, for 

a total of five different clusters.  However, to further complicate matters, the H-cluster 

may be found in a variety of states. 
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 To perform the spectral deconvolution, a highly detailed set of data first had to be 

collected, with power saturation and temperature dependence data collected for each 

potential that was analyzed.   This allowed for a careful discrimination of spectroscopic 

figures, where sets of peaks that correspond to one another, and therefore to a particular 

[Fe-S] cluster, could be isolated.  By determining which features had similar temperature 

relaxation and power relaxation properties, an initial set of spin systems could be 

identified. 

 

Fig 4.3.  Power saturation series of PDT-CpII at -381 mV. 
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Fig 4.4. EPR Temperature relaxation series of PDT CPI at -418 mV, from T=5K (Purple) 

to 60K (Brown). 

Spectral Deconvolution Using EasySpin   

Once the given spectroscopic features had been identified, they could be further 

analyzed using Stefan Stoll’s EasySpin, a package for MatLab that is capable of 

simulating EPR data across a variety of parameters. In this case, the ‘Pepper’ function 

was used to simulate the continuous-wave data that was collected.  Experimental spectra 

were loaded, and the fitting was accomplished with the ‘esfit’ command.  G-strain was 

used as a line broadening parameter, as is customary for the simulation of [Fe-S] clusters.  

The line broadening accounts for inhomogeneity in the sample, which among other 
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factors, may arise from the protein framework adopting slightly different confirmations.  

Each script for the spectral deconvolution would define the particular spin systems in 

terms of g-value, a g-strain parameter, and a system weight (the weight is simply relative 

to the other weights of additional systems).  Fitting was carried out primarily using the 

Nelder/Mead simplex algorithm was a scale/shift baseline parameter. 

 

Fig 4.5. The CpI simulation (Green) is overlaid against the experimental data (Black) 

showing a close agreement of the fit to the experimental spectrum. 
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Fig 4.6. Example script for simulation of CpI EPR data. 

  The final fit represents the summation of each component that is contributing to 

the observed experimental spectra, with excellent agreement (Figure 4.5).  The spin 

systems used here for -402 mV (Figure 4.6) may also be used to describe the CpI data 

across a range of potentials, albeit with changing component weights.  The observed 

deconvolution arises from the well-known Hox signal from the H-cluster, as well as 

another, minor contribution from the CO-inhibited state of the H-cluster, as has been 
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previously described.  The remaining four components arise from each of the F-clusters 

in the conduit array, their individual assignments are described in the following chapter. 

 With the spectral deconvolution complete, individual components could be fit to 

the Nernst equation, and the midpoint potential of each cluster could therefore be 

determined.  For CpI, each [FeS] cluster was found to have a midpoint potential near the 

Hox potential or slightly more negative.  Future efforts will focus on spin quantization of 

each spectral component to derive further insights into how each accessory cluster 

impacts catalytic bias. 

 

Fig 4.7. Example of potentiometric titration data, where a particular signal is fit to the 

Nernst equation, and the midpoint potential is thereby identified (-376 mV for this signal) 
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Spectral Deconvolution of CpII 

 

  The spectral deconvolution of CpII was able to proceed according to the 

methodology developed for CpI.  First, the potentiometric titration was performed, as 

described in chapter 6.  Power saturation and temperature relaxation profiles were 

gathered across the range of data sets, and spectroscopically distinct features were 

visually separated.  These were then used as starting parameters to simulate data in 

EasySpin (Figures 4.8 and 4.9).  The deconvolution of the CpII spectra was much more 

straightforward, as CpII only has two, rather than four, accessory clusters in the conduit 

array.  Four systems were found to be contributing to the spectra, and are described in 

detail in chapter 6. 

 

Fig 4.8. Example fit of CpII simulation data (Green) to experimental data (black) shows 

close agreement. 
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Fig 4.9. Example script for the simulation of CpII data. 

 

Conclusions 

 

  The expression, purification, spectroscopic characterization, and deconvolution of 

CpI and CpII has paved the way for a variety of biochemical and spectroscopic 

experiments that will serve to further elucidate the properties of [FeFe]-hydrogenases, 
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particularly in regard for the determinants of catalytic bias.  The heterologous expression 

of CpII has heretofore not been reported, and represents a major step towards 

understanding how the conduit array influences catalytic bias. These efforts, as well as 

interpretation of the deconvoluted signals, are described more fully in the following 

chapters. 
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CHAPTER 5  

 

POTENTIOMETRIC EPR SPECTRAL DECONVOLUTION OF CPI [FEFE]-

HYDROGENASE REVEALS ACCESSORY CLUSTER PROPERTIES  
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Abstract 

 

 

CpI [FeFe]-hydrogenase has been a model hydrogenase for understanding mechanisms of 

biological H2 activation.  Here, a new methodology for the study of CpI is introduced.  

CpI synthetically reconstituted with the propanedithiolate ligand severely impedes 

catalytic turnover, allowing previously unobserved highly-reduced states to be 

characterized via electron paramagnetic resonance spectroscopy.  This reveals possible 

new insights into the mechanism of CpI.  Not only may this methodology be used to 

further study additional hydrogenases, but this information may lead towards the design 

of novel hydrogen-evolving catalysts. 
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Introduction: 

 

Hydrogenases reversibly and efficiently reduce protons to hydrogen using a series of 

[FeS] clusters1.  The catalytic site is the H-cluster, consisting of a [4Fe4S] cubane with a 

cysteine thiolate linkage to a 2Fe subcluster, which is comprised of a [2Fe-2S] motif 

decorated with a dithiomethylamine bridge and several carbon monoxide and cyanide 

ligands2-4.  CpI features a branched chain of accessory clusters (F-clusters) organized as 

stem of two [4Fe-4S] clusters that diverges towards either a [4Fe-4S] or [2Fe-2S] cluster, 

whereas a related hydrogenase, CpII, has only the two [4Fe-4S] F-cluster stem5.  

Currently, it is not clear how the properties of the accessory clusters contribute to the 

observed catalytic properties of the two enzymes.  Previous midpoint potential 

measurements of CpI demonstrated the F-cluster potentials group around a value of -420 

mV5, although a more fine-grained approach to better resolve midpoint potential values 

has yet to be undertaken.  In this work EPR spectroscopy has been employed on CpI at a 

variety of potentials in order to deconvolute the EPR spectra, and thereby link specific 

EPR features back to the identification of the midpoint potential of each FeS cluster.   

  In order to understand the catalytic abilities of hydrogenases specifically, and 

[FeS] cluster-containing enzymes in general, it is critical to delineate how each [FeS] 

cluster influences catalysis.  [FeFe]-hydrogenases offer an excellent model system, as 

they are configured in a variety of ways6 that directly influence the catalytic bias of a 

given hydrogenase.  Here, CpI is used as the system of study given that it is a profound 

hydrogen producer7, and understanding the structure-function relationship that 

contributes to hydrogen production may aid in the design and implementation not just of 
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novel hydrogen producing catalysts, but of any catalysis where the goal is to perform a 

difficult reduction (i.e., nitrogen fixation).  

  Previous EPR studies have failed to distinguish F-clusters from one another8, as 

the signals are complex and overlapping.  To overcome these issues a detailed data set of 

EPR spectra consisting of power and temperature series across a range of potentials has 

allowed individual contributions to the overall spectra to be parsed, revealing the Em’s of 

each [FeS] cluster.    

Bennet et. al. have previously identified three spin systems in CpI8, although the 

EPR spectra unambiguously show several other weaker, broad contributions that remain 

unaccounted for, though are proposed to arise from hyperfine couplings.  Atta et. al. have 

generated an N-terminal truncation of CpI in order to specifically isolate the [2Fe2S] 

accessory cluster9; EPR on this protein shows a nearly-axial rhombic signal with g-values 

of 2.047, 1.954, and 1.911.  A potentiometric titration of this protein revealed the Em to 

be -400 mV.   

 

Methods: 

Protein Expression:  Heterologous protein expression was performed using the pET-

Duet plasmid encoding either CpI or CaI, as has been described previously10-12.  

However, in the case of the CpI protein, no maturase genes were present, yielding the apo 

form of the enzyme.  A two-step purification of the CpI was performed, wherein the 

protein was first purified over an anion exchange column (diethylaminoethanol 

sepharose, GE LifeSciences), and then using affinity chromatography via Strep-tactin 
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resin (IBA).  The purity of the protein was verified using SDS-PAGE and western blot 

with anti-strep antibody. 

 

Synthetic reconstitution: CpI was prepared with either the naturally-occurring adt ligand 

or the pdt ligand, according the specifics of each experiment.  Cluster incorporation was 

verified with FTIR. 

 

FTIR:  Spectra were collected on a Nicolet 6700 FTIR spectrometer as reported 

previously13. 

 

Potentiometric titrations:  Potentiometric titrations were performed under strictly 

anaerobic conditions in an mBraun glove box at room temperature.  Protein was loaded 

on a G25 column in order to remove dithionite, and eluted with 50 mM Tris, 200 mM 

NaCl, and 5% glycerol.  The protein was then briefly treated with 1 mM thionin in order 

to oxidize the protein, and run over the G25 column again.  This oxidized protein was 

added to a continuously-stirred sample cell for potentiometric titrations, along with 5 µM 

of the following redox-active dyes: indigo disulfonate, phenosafrinin, benzyl viologen, 

and methyl viologen, a final concentration of 10% glycerol, and a total cell volume of 

3200 µL.  The potential was measured using a Ag/AgCl ORP electrode, and increasingly 

low potentials were reached by titrating in 2mM or 10 mM sodium dithionite.  Samples 

were withdrawn 200 µL at a time, loaded into EPR tubes, and flash frozen in liquid 

nitrogen.   
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EPR Spectroscopy:  CW X-band EPR spectroscopy was carried out on a Bruker E500 

equipped with a helium cryostat.  Spectra were collected at a frequency of 9.38 GHz, 1 

mW power, 15K, and a modulation frequency of 100 kHz, although the power ranged 

from 0.1 mW to 80 mW for power series measurements, and the temperature was varied 

from 4K to 80K for temperature series data.  EPR simulations were carried out in MatLab 

using Stefan Stoll’s EasySpin package14.   

 

Results: 

Previously, a potentiometric titration on the holo form of CaI had been attempted, but it 

began to evolve hydrogen near -400 mV at the hydrogen couple, causing rapid drift 

towards more positive potentials.  Lower potentials were therefore unable to be reached.  

In order to solve this drift problem, a titration was performed on unmaturated CpI protein 

that lacks a functional catalytic H-cluster.  This method resulted in a spectra series that 

has protein features that do not change significantly between an oxidized and a reduced 

state.  The overall EPR signal is broad, and can be closely simulated as a compilation of 

only three rhombic spin systems for an enzyme composed of five F-clusters. 

In order to procure a more relevant spectroscopic view of the CpI titration series, 

it was necessary to synthetically reconstitute the enzyme, with a propane dithiolate 

bridging ligand instead of the native azadithiolate.  The methyl group in the bridgehead 

position is predicted to alter proton transfer to and from the H-cluster, nearly eliminating 

hydrogen catalysis, while still retaining nearly all the F-cluster spectroscopic features 
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observed in native CpI.  While there was some drift towards more positive potentials 

observed due to a low level of residual catalytic turnover, the samples were frozen 

immediately effectively trapping the reduced states. This titration series showed a clear 

progression from the well-characterized rhombic Hox signal (all F-clusters are in the 

diamagnetic 2+ oxidation state) to a reduced spectrum at around -402 mV as has been 

previously reported8, to an even-more reduced, and more complex broad signal that is 

indicative of intensive coupling of multiple, reduced, F-clusters at these low potentials 

(below -440 mV), possibly with contributions from the super reduced state of the H-

cluster as well, wherein the cubane may be in the EPR-active 1+ state.  

In order to verify the quality of synthetic reconstitution, unmaturated CpI enzyme was 

reconstituted and examined via FTIR.  The spectra show a high level of H-cluster 

incorporation and compared favorably to previous results3.  In addition, the CO-inhibited 

state5, 8 was observed. 

 The potentiometric titration of pdt-reconstituted CpI was performed across a 

range from -133 mV to -475 mv, with twelve samples being collected for CW X-band 

EPR.  At the more positive potentials, the typical Hox signal, with g-values of 2.092, 

2.039, and 2.00 was observed.  Several other signals began to grow in as the potential 

decreased towards -402 mV.  At this potential, a very complex spectra was observed, 

which could be simulated as a series of six spin systems, including the well-characterized 

Hox and Hox-CO (g = 2.083, 2.014, 2.020) states, although the Hox-CO represented a 

minor spin contribution to the signal relative to the other observed spin systems. At lower 

potentials, the Hox signal decreases in intensity, and the other features, presumably arising 
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from each of the F-clusters, broadened out, and the spectra could be simulated by a series 

of three different spin systems (Figure 5.1).   

EPR spectral simulations were carried out with the ‘Pepper’ function of EasySpin.  

Previously identified spin systems (Hox15, HoxCO15, the two Bennet systems8, and the 

Atta FS2 component9) were used as a starting point, with an additional system later being 

added, both to account for another [4Fe-4S] cluster in the conduit array, and to improve 

fitting.  The combination of these six systems successfully accounts for the 

experimentally observed spectra (Figure 5.2).  Individual system g-values and weights 

are presented in Table 5.1.  At -402 mV all clusters have a similar contribution to the 

overall spectrum, with the exception of a weak contribution from the Hox-CO signal.  Out 

of the four remaining previously unassigned signals, each was proposed to result from 

one of the four F-clusters.  FS2 was attributed to the system with g-values of 2.043, 

1.959, and 1.911, based on similarity to values previously reported from a CpI truncation 

mutant9.  Similarly, the signal attributed to FS4C, with g-values of 2.078, 1.952, and 

1.88, closely resembles the EPR of a truncated CaI mutant that lacks F-clusters.  The 

remaining two clusters have g-values of 2.077, 2.006, 1.982, and 2.120, 1.909, 1.856.  

These two systems could not be assigned with certainty, however, FS4B has tentatively 

been assigned to the g=2.12 system on the basis of having a broader signal that likely 

corresponds with more coupling.    

The EPR signal observed between -444 mV, which essentially demonstrates the 

five non-Hox signals, and -469 mV, broadens substantially at 15K.  While this can be 

simulated closely by three spin systems without invoking any spin coupling, the 
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simulated line widths for each system are unreasonably broad.  Simulations that are likely 

to be more biologically relevant involve the addition of electron-electron coupling 

between the three spin systems, as well as an added component of H-strain to simulate a 

small degree of hyperfine coupling.  It seems plausible, therefore, that the three [4Fe-4S] 

F-clusters are coupled to one another at low potentials, similar to what has been reported 

in eight-iron ferredoxins16. Having deconvoluted each spectra to examine the contribution 

of each spin system, it was possible to fit each particular FeS cluster to the one-electron 

Nernst curve.   

 

Discussion: 

The potentiometric titration of apo-CpI revealed a complex, broad spectra that 

increased in intensity at more negative potentials.  Given the lack of the 2Fe subcluster, 

these signals are most likely arising from the F-clusters themselves.  The broadness of the 

features suggests interactions between the clusters, where hyperfine and/or electron-

electron coupling may play a role.  The exact nature of these interactions has yet to be 

determined, although it is a possibility that the exchange interaction has led to an 

averaging of the spin systems, contributing to the inability to fully resolve these signals.  

The lack of this signal broadening at moderate potentials in pdt-CpI suggests that the 

fully assembled H-cluster withdraws electrons from the F-cluster, diminishing the overall 

level of coupling.  That the midpoint potential measured for the pdt-CpI in this 

experiment is within the range of error suggested17 for the adt-CpI suggests that 
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exchanging the bridging atom of the 2Fe subcluster has not dramatically altered the 

electronic properties of either the H-cluster or the conduit array. 

The utilization of synthetic active site reconstitution with the unnatural pdt ligand 

has allowed for the study of CpI at low potentials, showing for the first time extensive 

spin coupling at these potentials.   

The midpoint potential of the CpI F-clusters is more negative than the CpI H-

cluster, with potential assignments of -372, -368, -372, and -360 mV, for FS4A, B, and C, 

and FS2, respectively, although these numbers represent the positive boundary for 

potentials; the actual potentials may be lower.  The result of F-clusters with a more 

negative potential than the H-cluster is that electron flow is directed from the conduit to 

the H-cluster, thereby favoring proton reduction. 

The broad signals at low potential are still of an unknown source, though two 

distinct possibilities arise.  Either 1) the F clusters are all reduced, and the broad signals 

are a result of coupling between the clusters, or 2) the H-cluster becomes further reduced 

to an EPR active state. This distinction is critical for accurate assignment of midpoint 

potentials to the F-clusters.  Though the Hox signal Em is definitively at -375 mV in this 

experiment, the intensity of F-cluster signals clearly did not stop increasing, even at the 

most negative potentials.     

FTIR has been employed on the recycled -469 and -475 mV EPR samples in order 

to check for FTIR stretching mode shifts compared to the Hox signal, which would 

indicate that the reduced EPR state is due to the super reduced state of the H-cluster.  

Unfortunately, the sample is still undergoing turnover during the concentration step 
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necessary for FTIR, and this provides enough time for the potential to drift, resulting in 

the characteristic Hox FTIR signal.  Additional experiments will be necessary in order to 

unambiguously determine the origin of the low-potential signals. Perhaps the use of 

either the SDT or ODT ligand3 will catalytically disable the hydrogenase to a sufficient 

degree that potentiometric drift is no longer an issue. 

Another consequence of the model that is provided here is that the [2Fe-2S] F-

cluster is at a more positive potential than the H-cluster, and may therefore help direct 

electrons in the H2 oxidation direction.  The presence of two terminal FeS clusters, each 

capable of interacting with distinct redox partners, may explain the ability of this enzyme 

to function bidirectionally.   

Collectively, the midpoint potentials of the H- and F-clusters of CpI suggest that 

electron flow through the enzyme has been tuned by evolution, such that there is enough 

of a gradient in the Em to efficiently direct electron flow.  This is corroborated, in part, by 

current bioinformatics work that suggests that there has been coevolution between the 

protein environment surrounding the both the H-cluster and the F-clusters18-20.  Current 

work suggests that suites of residues in the outer coordination sphere serve in conjunction 

with one another to adjust the Em of each FeS cluster.   

It is as of yet unclear the extent to which each residue in the outer coordination 

sphere of the [FeFe]-hydrogenase H- and F-clusters is involved in redox tuning, although 

it is possible if not probable that longer-range effects play a role in catalytic bias21.  

Rational site-directed mutagenesis studies will need to be carried out in order to resolve 

this question. 
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In these titrations enzymatic turnover was observed by watching the potential, as 

monitored by the potentiostat, return to more positive values following the addition of 

dithionite as a reductant.  For pdt-CpI, the drift was not observed until -418 mV, growing 

more severe at lower potentials.  This corresponds approximately with the disappearance 

of the Hox EPR signal, while each of the F-clusters can be strongly seen at -400 mV and 

below.   

 

Conclusions: 

 

  In this text a new methodology for the study of [FeFe]-hydrogenases has been 

outlined, wherein the use of a synthetically reconstituted enzyme with extremely low 

turnover may be used to study previously uncharacterized states of CpI.  Further, the 

ability to spectrally deconvolute each of the components of the complex EPR spectra 

represents a major advancement in the ability to recognize the contributions of each F-

cluster to the overall catalytic ability of the enzyme.  These insights will help elucidate 

the determinants of catalytic bias, allowing for the design of unidirectional catalysts. 
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Figure 5.1 Potentiometric titration of CpI (pdt). 
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Figure 5.2.  Spectral deconvolution of pdt-CpI. 

 

 

 

Table 5.1. Proposed spectral deconvolution simulation values of CpI at -402 mV 

 

Spin System g g g System 

weight % 

Proposed 

cluster 

1 2.092 2.039 2.00 16.56 Hox 

2 2.077 2.006 1.982 16.73 FS4A? 

3 2.083 2.014 2.020 5.06 Hox CO 

4 2.043 1.959 1.911 20.85 FS2 

5 2.078 1.952 1.88 20.35 FS4C 

6 2.120 1.909 1.856 20.44 FS4B? 
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Abstract 

 

Unidirectional catalysts may be of great technological importance across a variety of 

fields, and yet the determinants of this unique catalytic feature remain largely unknown.  

Here, a unique model system of [FeFe]-hydrogenases, CpI and CpII, are used as a basis 

for defining features that may contribute to this profound catalytic bias.  CpII is 

expressed and purified heterologously for the first time, allowing for in-depth electron 

paramagnetic and Fourier Transform Infrared spectroscopic characterizations.  Compared 

to CpI, CpII is found to have accessory clusters that differ in their midpoint potentials.  A 

previously unobserved oxidative inactivation suggests that CpII may in fact undergo a 

catalytic mechanism distinct from CpI.  These insights collectively suggest ways that the 

structure of [FeFe]-hydrogenases may tune the metal sites in order to provide a defined 

catalytic outcome. 

mailto:john.peters@chemistry.montana.edu
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Introduction 

 

Catalytic bias, defined as the ratio of the maximal forward rate over the maximal reverse 

rate1, is fundamentally important for an understanding of catalytic mechanisms2.  For 

many catalytic reactions it may be preferable to favor a forward reaction (or prevent the 

reverse reaction), thereby leading to an accumulation of product.  So far the contributors 

to catalytic bias remain largely undetermined, particularly in enzymes.  Thus, a model 

system of [FeFe]-hydrogenases has been identified for the study of catalytic bias. 

 

Clostridium pasteurianum strain W5 has a long been a model system for the study of 

hydrogen metabolism3, and was the source of the first [FeFe]-hydrogenase to be 

crystallized4.  Before this, however, hydrogenases from CpW5 was the subject of intense 

scrutiny.  During the purification of [FeFe]-hydrogenase I, or CpI, it was found that the 

cellular lysate had a different ratio of hydrogen production to oxidation than the purified 

protein5.  This led directly to the discovery of a second [FeFe]-hydrogenase, CpII6, that 

was found to be expressed in greater quantities during diazotrophic conditions7.  

Biochemical analysis revealed that CpII functions almost exclusively as a hydrogen 

oxidizer, which dramatically differentiates it from CpI.  CpI produces hydrogen at 5500 

μmol of H2/min·mg , while CpII  only produces hydrogen at 10 μmol of H2/min·mg8.  

CpII, however, is a better hydrogen oxidizer, with a rate of 34,000 μmol of H2/min·mg , 

compared to only 24,000 μmol of H2/min·mg  for CpI8. 
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Subsequent sequence analysis of CpI and CpII revealed strong homology between the 

enzymes, with nearly 45% sequence identity over the conserved regions of the proteins, 

although CpII lacks an N-terminal region responsible for binding one [4Fe-4S] cluster 

and one [2Fe-2S] cluster.  Analyses of Fe content and sequence homology suggest that 

CpII shares a conduit array of two [4Fe-4S] clusters in common with CpI, along with the 

catalytic H-cluster.  The H-cluster is itself a [4Fe-4S] cubane with a cysteine thiolate 

linkage to a 2Fe subcluster4, which is further ligated by the diatomic carbon monoxide, 

and cyanide ligands, as well as a dithiomethylamine bridge9.  

 

 The conservation of the H-cluster as the site of catalysis suggests several possibilities for 

modulating the profound catalytic bias observed between CpI and CpII.  Tuning of the 

secondary coordination sphere around either the H-cluster, or accessory [FeS] cluster 

conduit array, or, most probably, both, works to alter the kinetic properties of the 

catalytic cycle10, thereby favoring hydrogen oxidation in the case of CpII.  Previous 

comparison of the amino acid sequences of CpI and CpII demonstrate that the proton 

channel11 is strictly conserved, as are amino acids directly lining the proposed gas 

channel12.  Catalytic bias between CpI and CpII is therefore thought to arise from 

differences in the amino acids surrounding the H- and F- clusters, of which 14 key 

residues have been identified.   

 

The motivation of this study, therefore, was to delineate the spectroscopic features of the 

CpII hydrogenase in the context of what has been observed for CpI, and compare the two 
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enzymes in order to identify the specific contributors of proton reduction that are 

conspicuously absent from CpII.  EPR was used to analyze midpoint potentials of each 

[FeS] cluster, and FTIR was further employed as a spectroscopic handle for the active 

site13.    

 

Methods: 

Protein Expression:  CpII was synthesized by GenScript with a C-terminal Strep tag.  

Expression was carried out with the maturase genes14, with cultures being induced for 

expression at room temperature with IPTG when the O.D.600 reached 0.25.  Cells were 

then frozen, resuspended in buffer at 10 ml/gram of cells, with protease inhibitor, 

DNAse, and lysozyme.  Lysis was carried out in a Coy anaerobic chamber (Coy 

Laboratories, Grass Lake, MI) using a Parr bomb (Parr Instruments), with two cycles at 

1500 PSI.  The lysate was harvested, and centrifuged at 58,000 x g for 1 hour at 4 °C.  

Clarified lysate was then purified in a single step over an anaerobic strep column.   

 

FTIR:  Spectra were collected on a Nicolet 6700 FTIR spectrometer as previously 

reported13. 

 

Potentiometric titrations:  Potentiometric titrations were performed under strictly 

anaerobic conditions in an mBraun glove box at room temperature.  Protein was loaded 

on a G25 column in order to remove dithionite, and eluted with 50 mM Tris, 200 mM 

NaCl, and 5% glycerol.  The protein was then briefly treated with 1 mM thionin in order 
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to oxidize the protein, and run over the G25 column again.  This oxidized protein was 

added to a continuously-stirred sample cell for potentiometric titrations, along with 5 µM 

of the following redox-active dyes: indigo disulfonate, phenosafrinin, benzyl viologen, 

methyl viologen, and methylene blue, a final concentration of 10% glycerol, and a total 

cell volume of 3200 µL.  The potential was measured using a Ag/AgCl ORP electrode, 

and increasingly low potentials were reached by titrating in 2mM or 10 mM sodium 

dithionite.  Samples were withdrawn 200 µL at a time, loaded into EPR tubes, and flash 

frozen in liquid nitrogen.  15 EPR samples were collected from -28 mV (sample 1) 

through -462 mV (sample 15), although the last sample was only 150 µL.  

 

EPR Spectroscopy:  CW X-band EPR spectroscopy was carried out on a Bruker E500 

equipped with a helium cryostat.  Spectra were collected at a frequency of 9.38 GHz, 1 

mW power, 15K, and a modulation frequency of 100 kHz, although the power ranged 

from 0.1 mW to 80 mW for power series measurements, and the temperature was varied 

from 4K to 80K for temperature series data.  EPR simulations were carried out in MatLab 

using Stefan Stoll’s EasySpin package15, with the ‘Pepper’ function. 

 

Results: 

The CpII titration was carried out from -28 mV to -466 mV (Figure 6.1), with noticeable 

drift towards more positive potential beginning around -350 mV, and becoming severe at 

the lowest potentials.  A somewhat weak signal, with g-values of 2.024, 2.014, and 2.008, 

is present throughout the samples and is perhaps indicative of a non-catalytic state. While 
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this signal was simulated with g-values corresponding to a rhombic system, line 

broadening makes the actual signal appear nearly isotropic. Additional features grow in 

below -350 mV, consistent with where turnover was observed electrochemically.  It 

should be noted that, while this enzyme was under turnover conditions, the relative rate 

of proton reduction by CpII was low enough that this experiment was tractable.   

 

Deconvolution of CpII (Figure 6.2) was performed using the ‘Pepper’ function of 

EasySpin. The temperature and power series data, which were collected at each potential 

during the titration, were critical in determining the contributions of each spin system to 

the overall observed complex spectra.  In addition to several rhombic signals likely 

arising from the F-clusters, there appears to be a signal corresponding to enzyme 

turnover, perhaps the Hox signal.   

 

Deconvolution of the CpII at low potential revealed the presence of a weak isotropic 

signal at g=2.01, and three stronger rhombic signals.  The isotropic signal corresponds to 

the inactive or resting state of the enzyme, while the other three signals likely arise from 

the H- and F-clusters.  Unlike CpI at this potential, the systems represent a variety of 

different weights.  The strongest signal at this potential, g=2.037, 1.941, and 1.900, has 

been assigned to FS4A’ on the basis of having a broad signal suggestive of coupling.   

The H-active signal has been assigned to the system with g-values of 2.075, 2.011, and 

1.872, while FS4B’ has been assigned to the system corresponding to g-values 2.098, 

2.002, and 1.9145.  (Table 6.1) 
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FTIR of CpII shows that CpII undergoes changes under either H2 or NaDT in 

glycine pH10 buffer, relative to oxidized samples (Figure 6.3).  Unreactivity to CO 

suggests the presence of a bound ligand on the distal Fe of the H-cluster.  There were 

very minor changes in the sample poised at -442 mv, with a weak 1959 cm-1 appearing 

and 2082 cm-1 disappearing. Sample #12 (-399 mV), 2082 cm-1 was also a little weaker 

relative to 2108 cm-1, but was otherwise the same as the starting sample. This suggests 

that the majority of the changes in the EPR are likely from reduction of the F-clusters.  

The presence of mediators may be aiding turnover of the enzyme, which resulted in more 

changes in the IR under H2 for samples that were recycled from the potentiometric 

titration. 

An additional FTIR experiment was performed in order to test the reactivity of the 

H-cluster to both H2 and CO gas (Figure 6.4).  The initial FTIR spectra corresponds to 

one that is similar to the H-inactive state, and, when treated with CO, shows no change.  

Upon H2 reduction of the non-treated, inactive sample, peaks corresponding to the 

reduced H-cluster appear.  Subsequent treatment with CO shows more peak shifts that are 

similar to values reported for the CpI CO-inhibited state. 

Having deconvoluted each spectra to examine the contribution of each spin 

system, it was possible to fit each particular FeS cluster to the one-electron Nernst curve.  

Midpoint potential values were found to be -414, -385, and ≤ -426 mV, for signals 

assigned to FS4A’, FS4B’, and the H-act signal, respectively (Figure 6.5).  In the case of 

the H-act signal, the potentiometric titration did not reach low enough potential to 
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conclusively rule out the possibility of having a midpoint potential below -426 mV.  This 

number should therefore be treated as an upper bound to the potential of this cluster.       

 

Discussion: 

CpII shows enzymatic turnover from -351 mV, increasing at more negative potentials.  

Midpoint potentials of the CpII clusters were found to be less than or equal to -426 mV, -

414 mV, and -385 mV.  These signals have been attributed to the H-cluster, FS4A’, and 

FS4B’, respectively.  CpII thereby demonstrates how the potentials of clusters in the 

conduit array relative to the H-cluster cause the enzyme to be functionally unidirectional.  

FTIR data shows distinct differences between CpII, as shown here, and previously 

reported CpI spectra.  Thus, the various states of CpI and CpII do not have a direct one-

to-one correspondence, rather, CpII is mechanistically distinct.  The combination of EPR 

and FTIR data, along with the potential drift witnessed during the potentiometric titration, 

suggest that CpII is primarily in an inactive state at potentials above approximately -350 

mV.  The inactive state is characterized by an isotropic EPR signal with a g-value of 

2.01, and FTIR peaks at 1999, 1985, and 1827.  By reducing CpII further, activity is 

observed, and additional features grow in as measured by EPR.  For the FTIR, new peaks 

at 1967 and 1788 are observed.  Only the reduced state is susceptible to CO inhibition, 

and this treatment reveals further changes in the FTIR.  It is suspected that the oxidative 

inhibition is directly related to the catalytic differences that are profoundly distinct 

between CpI and CpII.   
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This model of catalytic bias in CpII is essentially a kinetic argument, wherein the 

specific properties of each enzyme have different abilities to lower the activation energy 

in a given direction of the enzyme.  Bias as presented here is a kinetic effect, given that 

the measurements are based on catalytic rate, or Vmax, and the thermodynamic 

equilibrium cannot be different between the two systems, given that the enzymes have 

been compared under identical dye-based or electrochemical conditions.  CpI and CpII 

are similar in terms of their ability to lower the activation energy for hydrogen oxidation, 

while in the opposite direction, proton reduction, only CpI can effectively lower the 

barrier.  In this model the Em’s of the [FeS] clusters are thought to be one of the enzyme 

properties that influence bias. Further detailed analyses will be necessary to fully 

understand how similar yet distinct structural features contribute to profoundly different 

enzyme function. 

 

Conclusions: 

The first heterologous purification of CpII has allowed for an in-depth investigation into 

the features of [FeFe]-hydrogenases that contribute to proton reduction.  EPR data suggests 

that the midpoint potentials of the accessory clusters may be poised to favor fast hydrogen 

oxidation, rather than proton reduction.  Further, a unique oxidative inactivation and 

reductive activation has been observed, and it is probable that this has strong mechanistic 

importance for the observed catalytic function of CpII.   
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Figure 6.1 Potentiometric titration of CpII (mV potential vs SHE of each sample is 

displayed in the legend), with g-values displayed on the upper x-axis, and Guass 

displayed on the lower x-axis. 
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Figure 6.2  CpII deconvolution.  

 

 Gz Gx Gy G 

strain 

G 

strain 

G 

strain 

Weight Proposed 

cluster 

Sys1 2.024 2.014 2.008 0.014 0.006 0.011 1.59 H-inact 

Sys2 2.098 2.002 1.9145 0.015 0.007 0.010 11.87 FS4B’ 

Sys3 2.037 1.941 1.900 0.023 0.026 0.025 64.91 FS4A? 

Sys4 2.075 2.011 1.872 0.025 0.012 0.015 21.64 H-act 

Table 6.1. CpII deconvolution values of proposed clusters 
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Figure 6.3 FTIR of CpII under different treatments 
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Figure 6.4: Representative FTIR spectra of CpII with 

varying chemical treatments. (a) As-isolated (also oxidized 

with thionine-not shown) when treated with CO shows no 

reaction (b). When activated with H
2
, redox transitions are 

clearly seen, with new features highlighted in red (c). When 

subsequently treated with CO, further transitions are seen, 

with new features highlighted in blue (d).  



146 

 

 
Figure 6.5 Mechanistic proposal as to how midpoint potentials of clusters influence 

catalytic bias  
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CHAPTER 7 

 

POINT MUTATIONS IN CPI AND CPII ALTER CATALYTIC BIAS AS MEASURED 

BY ELECTROCHEMISTRY 

 

 

Introduction 

 

 

Hydrogenases have long been studied via protein film electrochemistry (PFE)1, 

due to the wealth of information the technique is capable of providing.  At a basic level, 

the electrochemistry provides a readout of activity as a function of potential, which, in the 

case of hydrogenases, relates directly to either proton reduction or hydrogen oxidation2 

(Figure 7.1).  Enzyme is directly deposited onto an electrode, which immobilizes it and 

allows activity to be monitored as a function of the known applied potential3.  PFE is able 

to provide insights about catalytic bias (does the enzyme favor hydrogen production or 

hydrogen oxidation?), information about the Km’s of gaseous substrates (H2, O2, and 

CO), and provides a simple platform for measuring hydrogenases across a range of other 

conditions, including pH and temperature2-4.  PFE is therefore able to provide a detailed 

set of information about hydrogenases, with the additional advantage that it requires very 

little sample volume.   Mecahnistic details may also be gleaned from the shape of circular 

voltammetry traces5.  One drawback, however, is that the exact amount of sample that 

adheres to the elctrode is not known6, making it intractable to directly measure certain 

kinetic parameters.  

Traditional [FeFe]-hydrogenases are thought to function as CaI, which shares 

71% identity with the crystallographically characterized CpI7-8. CaI hydrogenase is 

excellent at proton reduction when adhered to the electrode9, performs substantially less 
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well at hydrogen oxidation and is fully reversible.  This suggest CpI ought to behave in a 

similar manner, though despite being a main hydrogenase of study, significant 

electrochemical characterization has not previously been performed.  Depending on the 

pH, a typical Em may be around -400 mV for the hydrogen couple10.  Although certain 

[FeFe]-hydrogenases have been thoroughly characterized9, 11, the breadth of natural 

hydrogenase variation is as of yet poorly researched, although it is clear that CaI and 

related enzymes do not represent the only catalytic profiles for [FeFe]-hydrogenases, with 

some known to prefer hydrogen oxidation to a greater or lesser degree. 

 

Figure 7.1. Idealized electrochemical data for two proteins with a different catalytic bias 

 

In this work PFE was first employed on purified CpI and CpII hydrogenases.  

Targeted amino acid variations were then introduced in order to deliberately shift the 

catalytic bias, or the electrochemical readout from the electrode, from CpI-like to CpII-

like, or the reciprocal, from CpII-like to CpI-like.  While a variety of other redox tuning 

experiments have been employed in different enzymes12-14, the CpI/CpII model system 
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represents a fascinating case study for the contributors to catalytic bias, given the overall 

sequence similarity of the hydrogenases15.  PFE represents an ideal technique for the 

study of the variants, as it provides a rapid readout with only minimal sample. 

 

Methods 

 

Bioinformatic Network Analysis   

All the homologous sequences of CpI and CpII (n=714) that were extracted using 

the Integrated Microbial Genomes (IMG)16 were subjected to multiple sequence 

alignment using standalone clustalw17 with default settings. Only residues that varied 

between both CpI and CpII in the second coordination sphere of the cofactors were 

considered for further network analysis. A binary table was generated to identify the 

presence or absence of the residues identified in CpI and CpII in all the 714 homologs18. 

A Pearson correlation was then calculated to determine the highly correlated residues in 

both CpI and CpII using the plugin Network Analyzer present in Cytoscape19. Cytoscape 

was used to generate the network using the correlation matrix generated earlier. A force 

directed organic layout was used to visualize the network in Cytoscape. Each unique 

identified residue was denoted as node while the edges between nodes represent the 

degree of correlation between the nodes.  

 

Mutagenesis Experiments: 

 Initial mutagenesis was carried out on CpI to make it more CpII-like, that is, make 

the variant a better hydrogen oxidizer than the WT CpI.  Three residues near the active 
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site, M353, I268, and A230, were chose for mutation due to their proximity to the active 

site, and their strong phylogenetic conservation.  Forward and reverse primers were 

designed to separately introduce each of these mutations into the CpI plasmid that was 

already in use in the lab.  The successful introduction of each mutation into CpI was 

verified through sequencing of the plasmid (Davis), resulting in three distinct CpI to 

CpII-like individual variants: M353T, I268T, and A230S. 

 The second generation of experiments were done by ordering an expression 

plasmid with the desired mutations introduced directly into the strep-tagged hydrogenase 

sequence (GenScript).  Sequencing data was sent with each gene as quality control. The 

network analysis was used to examine which amino acids may be most likely to confer 

either CpI-like or CpII-like properties, and these amino acids were chose for experiments.  

CpI was made more CpII-like by the introduction of three CpII-type amino acids around 

the H-cluster, for CpI I268T S357A N505G (CpI TAG).  CpII was made CpI-like by 

I325Q L326Q T353M (CpII QQM) mutations around the H-cluster. (Numbering 

according to alignment with CpI sequence). 

 

Protein Purification: 

 The purification of both CpI and CpII hydrogenases were carried out as described 

previously.  The variant hydrogenases were purified according to the most closely related 

WT enzyme.  CpI A230S, CpI I268T, CpI M353T, and CpI TAG were purified according 

to the CpI protocol, while CpII QQM was purified according to the CpII protocol. 
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Electrochemistry 

 Electrochemistry was carried out under anaerobic conditions at 25 °C 

using a Pyrolytic Graphite Electrode (PGE) rotating at 3500 RPM.  Conditions 

where not otherwise indicated are pH 8, and a scan rate of 20 mV/S. 

 

Results and Discussion 

 

Electrochemistry of CpI and CpII 

 Initial experiments were performed in order to provide a baseline 

characterization of both CpI and CpII (Figure 7.2).  CpI was found to behave as a 

canonical [FeFe]-hydrogenase, with a strong bias towards proton reduction, and a 

fully reversibly cyclic voltammogram (CV).  In contrast, CpII was found to 

oxidatively inactivate at relatively mild potentials (-200 mV vs SHE), and could 

then be reactivated at more negative potentials (more reducing conditions).   

  To further pursue the ability of CpII to oxidatively inactivate in comparison to 

CpI, additional CV scans were performed with varying scan rates (Figure 7.3). Cyclic 

voltammograms of CpI and CpII at different scan rates show that CpII inactivates on a 

faster timescale (i.e. at faster scan rates). CpI was found to oxidatively inactivate at 

substantially harsher conditions than required to oxidatively inactivate CpII, with slower 

scan rates and more positive potentials required for inactivation.. The bottom panel shows 

the ease of which CpII oxidatively inactivates and the complex reactivation process 

which may occur at two different potentials (one occurring at approximately -200  
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mV and the other at approximately -450 mV).  The oxidative inactivation of CpII is in 

agreement with the EPR and FTIR data previously collected, and suggests that CpII is 

mechanistically distinct from CpI. 

 

Figure 7.2. Cyclic voltammograms of CpI (top panel) and CpII (bottom panel) 

immobilized on a PGE under 1 atm hydrogen at various pH values (spanning the range 

from pH 8.0 to pH 5.0 in intervals of 0.5 pH units. Other experimental conditions are: 

25°C, electrode rotation rate 3500 rpm, potential scan rate 20 mV s-1. Arrows indicate the 

point and direction at which potential cycling commences. 
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Figure 7.3. Cyclic voltammograms of CpI (top panel) and CpII (bottom panel) 

immobilized on a PGE under 1 atm hydrogen at various potential scan rates (spanning 

from 20 mV s-1 (black), 10 mV s-1 (blue), to 0.1 mV s-1 (red) for CpI (top) or CpII 

(bottom). Other experimental conditions are: T = 25°C, electrode rotation rate 3500 rpm, 

at pH 7.0 for CpI and pH 8.0 for CpII. Arrows indicate the point and direction at which 

potential cycling commences. 

 

Electrochemistry of CpI Variants  

CpI A230S, I268T, and M353T were compared to WT CpI (Figure 7.4).  

Qualitatively, the electrocehmical traces were very similar, indicating that the hydrogen 

catalysis is likely the same mechanism for the variant enzymes as the wild type.  
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However, in the case of all three variants, the amino acid substitutions reduced catalytic 

activty to a substantial degree, with CpI I268T and M353T retaining very little activity.  

This result is surprising, given that each amino acid change was among the natural 

variations found at those positions among the different [FeFe]-hydrogenases.  To further 

determine the cause for the lower activities among the variants, we measured the Km for 

H2 for the native and variant forms of CpI (Figure 7.5).  The Km’s were measured by 

chronoamperometry, where the current is measured as a function of time, in this case, 

oxidative current under H2 is examined.   

 
Figure 7.4.  Continuous wave voltammograms of CpI and variants, with relative 

catalytic bias plotted in the top right figure.  Absolute current in the top left 

depicts the decrease in current among the variant enzymes, while the bottom two 

traces show normalized current. 
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Figure 7.5.  Chronoamperometry plots depicting the Km of H2 in WT CpI and the three 

CpI variants. 

 

  The Km’s measured for the WT CpI and A230S, I268T, and M353T variants, 

respectively, were 374, 355, 649, and 460 µM. The values are all close to the solubility 

limit of H2 in aqueous solutions, and therefore represent lower limits for Km values.  The 

relatively similar Km values suggests that the reduced activity among the variants is due 

to a Kcat effect, where the enzymatic turnover is lower among the variants. 
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Introduction of Multiple Variants to CpI and CpII 

 That single amino acid variants did not shift the catalytic bias of CpI towards that 

of CpII suggests that individual amino acid substitutions are not enough to change the 

bias of these enzymes, rather, suites of mutations are necessary in order to tune them.  

Thus, a network analysis was undertaken in order to predict which amino acids may work 

in concert to tune the second coordination sphere of the H-cluster (Figure 7.6).  In total 

14 residues from the second coordination sphere were in CpI and CpII, and the 

interrelatedness of these residues was hypothesized to be responsible for bias tuning. 

 For the first sets of variants based on the cluster analysis, suits of residues 

in CpI that were evolutionarily conserved (>50%) were considered.  The amino acids 

most strongly conserved and found together in CpI homologs were Q325, Q326, and 

M353.  It was therefore hypothesized that these three amino acids are integral to the 

ability of CpI to function as it does as a proton reducer.  Thus, these three amino acids 

were substituted into CpII to make CpII more CpI-like. 
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Fig 7.6. Network map depicting the covariance of 14 residues identified around the iron-

sulfur cluster in the CpI (left panel) and CpII (right panel) hydrogenase. Each unique 

residue identified is given as a node and the edges between the nodes represent 

significantly correlated residues. Node color represents the percent conserved when 

compared to the entire genomes while edge color represents the Pearson correlation 

between each residue. 

 

 Similarly, the H-cluster coordination environment amino acids in the CpII family 

that were highly correlated and evolutionarily conserved (>50%) were T137, A227, and 

G384.  These three amino acids are hypothesized to confer superior hydrogen-oxidizing 

catalytic abilities, and were therefore introduced into a single CpI variant in order to test 

whether these would increase H2 oxidation activity.  Both the CpI TAG and CpII QQM 

enzymes were then purified and subjected to PFE experiments. 
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Figure 7.7 The cyclic voltammetry plot of CpII WT (black) is compared to CpII QQM 

(red) and CpI TAG (blue) 

 

 The CpI to CpII-like CpI TAG variant has an electrochemistry trace that 

qualitatively resembles that of CpI WT (Figure 7.7), or the individual amino acid 

substitutions as described previously.  The activity, however, is lower than the WT 

enzyme.  These three amino acids are therefore insufficient to alter the catalytic bias of 

CpI towards H2 oxidation activity.  Thus, it may be the case that additional amino acids 

in the H-cluster environment are necessary to confer H2 oxidation bias, or it may be that 

amino acids in the F-cluster environment act to tune the potential of the F-clusters, 

thereby influencing catalytic bias.  Probably the F- and H-cluster environments work in 

concert to direct electrons to and from the active site. 
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Fig 7.8. The H-cluster environment of CpII, showing the CpI-type amino acids in blue.  

These amino acids eliminate oxidative inactivation and bias the hydrogenase towards 

hydrogen oxidation 

 

 The CpII QQM variant was tuned in its catalytic bias to a significant degree 

compared to WT CpII (Figure 7.7).  As evidenced by the electrochemical trace, the 

oxidative inactivation that is found in CpII was fully eliminated in CpII QQM, and is, in 

that regard, functionally much more similar to CpI in its function.  However, CpII QQM 

is still a poor proton reducer, in contrast to CpI, which suggests that a combination of 

other amino acid substitutions in the H-cluster and/or F-cluster environments are needed 

to fully alter the catalytic profile. It should be noted that extended range effects cannot be 

ruled out in either case. That CpII QQM functionally lacks the ability to reduce protons in 

comparison to its ability to oxidize hydrogen suggests that the catalyst is highly biased, 

that is, it is nearly unidirectional.  It is interesting to note that this hydrogenase behaves 



162 

 

very differently from what has previously observed biologically, and it represents an 

excellent case study for further probing the determinants of either hydrogen oxidation or 

proton reduction in [FeFe]-hydrogenases.  Furthermore, CpII QQM may represent a key 

catalyst for hydrogen oxidation, as in the use of fuel cells or other potential applications. 

A depiction of the CpII QQM variant may be found in figure 5.8 
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CHAPTER 8  

  

  

CONCLUDING REMARKS  

  

   The formation of reduced end products is of critical importance for nearly all 

facets of civilization.  As dependency on energy grows, it becomes increasingly 

important to develop clean and efficient catalysts, however, many current catalysts 

perform equally well under both the forward and reverse directions for a reaction.  By 

creating a catalyst that has a strong preference for a forward reaction, thereby eliminating 

the back reaction, end products may be accumulated much more easily. 

  In this work [FeFe]-hydrogenases are examined as a model system in which to 

study catalytic bias, specifically, which structural features contribute to the production or 

consumption of H2 gas.  The mechanistic understandings from this work may be 

generalizable across various systems, including the reduction of dinitrogen to ammonia 

gas, which is critical for fertilizer, or the reduction of carbon dioxide to various reduced 

organic compounds.   

  Having introduced hydrogenases, in the next chapter a description of the oxygen 

degradation of Chlamydomonas reinhardtii [FeFe]-hydrogenase was presented.  The 

oxygen intolerance of hydrogenase is currently one of the main mechanistic inhibitors to 

biological hydrogen production.  This work demonstrates that minimal oxygen damage to 

the active site may be overcome. 

In the third chapter, the background model system of CpI and CpII [FeFe] 

hydrogenases were described, wherein the metabolic contexts and sequences of these 
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hydrogenases are discussed in detail.  This study lays the groundwork for understanding 

how to relate the spectroscopic and biochemical properties back to typical hydrogen 

metabolism.  This system is further illustrative of how biology has exploited catalytic 

bias in order to optimize electron flow under differing metabolic conditions. 

  In the next three chapters, the spectroscopic characterization of CpI and CpII are 

further illuminated, demonstrating novel properties of both CpI and CpII.  The 

spectroscopy has been used to develop a mechanistic model for the catalytic bias 

observed in this model system, where CpII is capable of shutting down enzyme activity if 

the hydrogen uptake is not advantageous to the system.  The ability to express and purify 

CpII, combined with the advanced EPR characterization and spectral deconvolution 

methods, represent a major advance in the ability to relate the properties of multiple EPR 

centers back to catalytic properties. 

  In the final chapter the electrochemistry of CpI and CpII are outlined in great 

detail, demonstrating further evidence of the unique capabilities of these enzymes, and 

the conditions under which they function.  Finally, it is demonstrated that changing the 

catalytic properties of these enzymes requires concerted amino acid changes, but, by 

changing a few key residues, the catalytic bias of the hydrogenase may be profoundly 

shifted.  This represents a fertile area for additional research, where hypotheses derived 

from bioinformatics analyses may directly lead to innovation in catalysis design and 

properties. 
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  Cumulatively, this research has furthered an understanding of elements that 

contribute to electron flow through enzymes, with dramatic implications for the design of 

synthetic catalysts. 
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SUPPLEMENTAL MATERIAL TO CHAPTER 2 
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Figure s1. FTIR spectra of CrHydA1 Hox-CO before (a), and after (b) 2 h exposure to 

24.2% O2 at 4 °C. CrHydA1 concentration 70 mg-1 ml-1. The principle vCO peaks are 

colored as Hox-CO (black), Hox (red), O2 damaged (purple), unassigned (cyan).  
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Figure S2. FTIR spectra of O2 titration of NaDT-treated CrHydA1. (a) After 2 h of 

exposure to 0.002% O2. (b) After 2 h exposure to 2% O2. While there are additional 

features that may be a result of the interaction of NaDT and O2, similar trends are 

observed here as seen in Hox experiments. The growth of Hox-CO and of signals assigned 

to O2 damage, (1825 and/or 2025 cm-1) are seen here. The vCO and vCN peaks are 

colorcoded as; Hox-CO (black), Hox (red), Hred-DT (magenta) O2 damaged (purple), 

unassigned (cyan).  
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Figure S3. FTIR time-course of non-O2 treated CrHydA1 under N2 atmosphere. 

CrHydA1 (59 mg mL-1) was buffer exchanged by G-25 into NaDT-free buffer as 

described in the Experimental Section, but minus the O2 injection. Time (min) is 

indicated on the right of the spectra. The increase in the Hox specific 1940 cm-1 vCO peak 

along with the decrease in the Hred vCO peaks at 1891 and 1933 cm-1 indicates 

autooxidation of a small fraction of residual Hred.4  
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Figure S4. FTIR spectra of O2 titration of Hox CrHydA1. (a) Hox CrHydA1 at 45 mg mL-1 

(red) and after 133 min exposure to 0.01% O2 (black), (b) Hox CrHydA1 at 40 mg mL-1 

(red) and after 120 min exposure to 1% O2 (black),  (c) Hox CrHydA1 at 40 mg mL-1 (red) 

and after 120 min exposure to 10% O2 (black).  
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Figure S5. FTIR spectral time course of the 2Fe subcluster in CaI that was exposed to 

0.28% O2. CaI was prepared in the Hox state and exposed to 0.28% O2 at 4 °C with 

magnetic stirring. Aliquots were removed at the time intervals indicated on the right (in 

min, with increasing time from bottom to top), and analyzed by FTIR. The red dashed 

lines and arrows indicate the appearance of vCO peaks assigned to the Hox-CO state of 

CaI (2016 and 1807 cm-1).   
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Figure S6 CrHydA1 (1o mg mL-1) was exposed to ~0.1% O2 for 2 h. The enzyme 

activity was monitored by gas chromatography, after the activity decayed to 50 µmol 

min-1 mg-1 the sample was allowed to equilibrate in an anaerobic Coy chamber for 30 

min.  The enzyme was then subjected to a trypsin digest and analyzed by mass 

spectrometry as described in the Experimental Section of the manuscript.  Peptides were 

searched for by nonspecific cleavage, which increased coverage, likely due to 

fragmentation during HPLC and ionization.1 No peptides were identified when using a 

nonspecific cleavage search against a non-CrHydA1 protein sequence.  (a) Sequence 

coverage of CrHydA1 (60%) with modifications indicated at the bottom right of the 

coverage map. (b) Mass spectra of the peptide fragment that corresponds to sulfenic acid 

and site 169. (c) Annotated spectrum with alignment.  

  

  

(1) König S., Zeller M., Peter-Katalinic J., Roth J., Sorg C., Vogl T. J. Am. Chem. Soc. Mass 

Spectrom. 2001, 12, 1180  
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Figure s7. Titration of CrHydA1 (labeled as “HydA”) with HydFEG.  Poor incorporation 

of 2Fe subcluster into HydF during heterologous expression in E. coli results in the need 

for large ratios of HydF to CrHydA1 to reach full activation.    
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Treatment  Mole ratio 

(O2:CrHydA1)  
Final O2 Headspace  

(%, SD = +/- 0.15*%)  
Time 

(min)  
Figure  Experiment  

Hox  

0.06  0.01  133  
Figures 4.2a and  

4.3  
FTIR  

5.07  1.02  120  Figure S4  FTIR  

50.43  10.15  120  Figure S4  FTIR  

Hox-CO  
39.3  2.47  120  Figure 4.2b  FTIR  

392.99  24.69  120  Figure S1  FTIR  

Hred-H2  1.25  0.02  120  Figure 4.2c  FTIR  

Hred-DT  

0.06  0.002  120  Figure S2  FTIR  

1.25  0.05  120  Figure 4.2d  FTIR  

51.05  2.06  120  Figure S2  FTIR  

Hox  

0.06  0.001  120  
Figures 4.5b and  

4.5c  
UV-Vis  

1000  17  120  
Figures 4.5b and  

4.5c  
UV-Vis  

17,647  300  180  
Figures 4.5b and  

4.5c  
UV-Vis  

 Table S1. Summary of O2 concentrations and O2:CrHydA1 molar ratios for FTIR 

experiments.  

 

  

 

Vial  
Injection 

volume (μL)  

a 
O2  

(nmol)  

b 
Molarity  

(mol-1 L-1 O2)  

c 
pO2  

(atm)  

d 
O2 %  

1  50  14  3 E-04  0.0069  0.84  
2  50  15  3 E-04  0.0072  0.88  
3  50  12  2.4 E-04  0.0059  0.71  
4  50  15  3 E-04  0.0070  0.85  
5  50  19  4 E-04  0.0090  1.10  

Average ± SD  -  15 ± 2   -  -  0.88 ± 0.14  
 

Table S2. Average and standard deviation values of %O2 used for O2 treatments.   

 

 aThe O2 peak area from GC was converted to nmol O2 based on a O2 standard curve.  
b 
 Molarity=O2 (nmol)/injection volume (μL).  

c  pO2=nRT/V, where n/V is “molarity”, T=298K.  
d 
 %O2=pO2/barometric pressure. Barometric pressure was 0.82 atm in Golden, CO.  
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Enzyme  T (K)  Barometric 

Pressure (atm)  

a 
[O2]  

 b -1 
k (s )  

kHox (s-1 μM O2-1)  

%  μM  1945 cm-1  1940 cm-1    
CaI  277  0.82  0.28  3.2  1.2 x 10-3  -  7.0 x 10-6  

CrHydA1  277  0.82  0.010  0.11  -  2.0 x 10-3  3.0 x 10-4  
CrHydA1  277  0.82  0.13  1.49  -  2.1 x 10-2  2.4 x 10-4  

Table S3. FTIR time-course fits and experimental conditions used to calculate O2 

induced transitions in CaI and CrHydA1.  
 

a 
 molar concentration = [% O2*barometric pressure(atm)/(T(K)*0.082056)]*0.03181  
b -1 -1 
 k (s ) = -[ln(A)/A0)]/t (s). “A” is taken as the Hox specific peak at 1945 cm for CaI, and at 

1940 cm-1 for CrHydA1.  

 

 

Data Collection  
CrHydA1  

Wavelength (Å)  1.734  

Unit cell parameters  a, b, c (Å) α, β, γ (°)    

77.6, 71.0, 94.7  

90.0, 91.9, 90.0  

Space group  P 1 21 1  

Resolution range (Å)  
34.73-2.29  

(2.241-2.29*)  

Total reflections  288694  

Unique reflections  45032  

R-merge(%)  11 (40*)  

I/σ (I)  6.6 (3.1*)  

Completeness (%)  96 (87*)  

Redundancy  6.4 (5.9*)  

Refinement  

Resolution limits (Å)  35-2.3  

No of used reflections  39011  
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No of protein atoms  6282  

R factor (%)  20.9  

R free (%)  25.2  

Ramachandran Favorite regions (%)  95.9  

Ramachandran Allowed regions (%)  4.1  

Ramachandran Outliers (%)  0.0  

R.m.s. deviations from ideal values, bond 

lengths of refined atoms(Å)  
0.019  

Angels (Å)  2.09  

Average B, all atoms (A2)  49.48  

Wilson B-factor (A2)  25.6  

* Values in parentheses are for the highest resolution shell.  

Table S4. Data collection and refinement statistics for O2 exposed CrHydA1  
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APPENDIX B  

 

  

PHYLOGENETIC TREE OF [FEFE]-HYDROGENASE SEQUENCES  
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Supplemental figure 8.  Phylogenetic tree of [FeFe]-hydrogenase sequences depicting 

presence of either CpI- or CpII -type amino acids in each of the fourteen sites described 

as possibly contributing to catalytic bias. 
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 GENE SEQUENCES FOR CPI TAG AND CPII QQM 
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Gene Name: CpII QQM, Length: 1416bp, Vector Name: pUC57, Codon Optimization: No 

Start with: CATATG 

Sequence:  

AACAGCAAGCACAAATTCACCGACATTCGTGTTCCGATCGAAAAGGATAACCCGAGCATTATGCGTCACG 

AGGAACTGTGCGTGAAGTGCAAAGTTTGCAAGAAAGTGTGCACCGAGGAAATCAGCGTGTATGGTCACTA 

CGACCTGGAGAAGACCGGCGATAAAGCGATCTGCATTTATTGCGGCCAGTGCGCGAACGTTTGCCCGGTG 

TACAGCATTACCGAAGTTAGCGACGTGCAGCAAGTTAAGGATGCGATCAACGACCCGGATAAAATCGTTA 

TTTTCCAAACCAGCCCGAGCGTGCGTGTTAGCCTGGGCGAGGCGTTTGGTATGGAACCGGGCACCTATGT 

TGAGGATAAGATGGCGGCGGTGCTGAAAAACCTGGGTGCGGACTACGTTTTCGATACCACCTTTGGCGCG 

GACCTGACCATTACCGAGGAAGCGAGCGAACTGGTGCAGCGTATCACCAGCGGCAACGGTACCCTGCCGC 

AATTCACCAGCTGCTGCCCGGCGTGGGTGGAGTTTGTTGAAATTTACTATCCGGAGCTGATCAACAACCT 

GAGCAGCAGCAAGAGCCCGCAGCAAATGCAGGGTCCGACCATTAAAACCTACTTTGCGAAGAAAGCGGCG 

ATTGATCCGAAGAAAATCGTGAACGTTGCGGTGACCCCGTGCACCGCGAAGAAATATGAGATCACCCGTG 

CGGAAAAGAACGACGCGGGTAAATACTATAACGATGAGAACATTCGTGACATGGATTACGTGATCACCGT 

TCGTGAACTGAGCAACTGGATTAAAGAGGACAAAATCGAATTCAAGGCGCTGCAGGGCGCGGAGTTTGAT 

AGCCTGCTGAGCCGTGGTAGCGGTGGCGGTATCATTTTCGGCATCACCGGCGGTGTTATGGAAAGCGCGA 

TTCGTACCGCGTACTATTACATCACCAAGAAAAACCCGCCGAAGGACCTGTATAACCTGGAGGCGGTTGG 

TAACATGGATGGCATTCGTGAAGCGCAAGTGACCATCGGTGACTACACCATCAACATTGCGATCGTTCAC 

GGCATGGCGAACGCGCGTAAACTGATCGAGAAGGTGAAAAGCGGTGAAAAGAAATATGACTTTGTTGAGG 

TGATGACCTGCCGTGGCGGTTGCATTGGCGGTGGCGGTCAGCCGAAGGTTAAAATCCCGATGGCGGATAA 

AGTGCGTCAAAAACGTATTGCGGGCCTGTACAACAAGGACCAGAGCGTTACCCAACGTCTGGCGCACGAG 

AACCCGGACATCACCAAGGTGTACGATGAATTCTTTAAGAAGCCGCTGAGCCCGCTGGCGGAGGAACTGC 

TGCACACCGTGTACAGCAGCAAGAAACACATTCTGGGCGAGAGCGCGTGGAGCCACCCGCAGTTCGAAAA 

ATAA 

End with: GTCGAC 

 

 

Item 2: Custom Cloning (shippable) 

Target Vector: pET-21b(+), Vector Map: N 

Cloning Site: NdeI-SalI, 
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 Item 1: Gene Synthesis (non-shippable) 

Gene Name: CpI I268TS357A N505G, Length: 1764bp, Vector Name: pUC57, Codon 

Optimization: No 

Start with: CAT 

Sequence:  

atgAAAACCATTATTATTAACGGCGTGCAGTTTAACACCGATGAAGATACCACCATTCTGAAATTTGCGC 

GTGATAACAACATTGATATTAGCGCGCTGTGCTTTCTGAACAACTGCAACAACGATATTAACAAATGCGA 

AATTTGCACCGTGGAAGTGGAAGGCACCGGCCTGGTGACCGCGTGCGATACCCTGATTGAAGATGGCatg 

ATTATTAACACCAACAGCGATGCGGTGAACGAAAAAATTAAAAGCCGTATTAGCCAGCTGCTGGATATTC 

ATGAATTTAAATGCGGCCCGTGCAACCGTCGTGAAAACTGCGAATTTCTGAAACTGGTGATTAAATATAA 

AGCGCGTGCGAGCAAACCGTTTCTGCCGAAAGATAAAACCGAATATGTGGATGAACGTAGCAAAAGCCTG 

ACCGTGGATCGTACCAAATGCCTGCTGTGCGGCCGTTGCGTGAACGCGTGCGGCAAAAACACCGAAACCT 

ATGCGatgAAATTTCTGAACAAAAACGGCAAAACCATTATTGGCGCGGAAGATGAAAAATGCTTTGATGA 

TACCAACTGCCTGCTGTGCGGCCAGTGCATTATTGCGTGCCCGGTGGCGGCGCTGAGCGAAAAAAGCCAT 

atgGATCGTGTGAAAAACGCGCTGAACGCGCCGGAAAAACATGTGATTGTGGCGatgGCGCCGAGCGTGC 

GTGCGAGCATTGGCGAACTGTTTAACatgGGCTTTGGCGTGGATGTGACCGGCAAAATTTATACCGCGCT 

GCGTCAGCTGGGCTTTGATAAAATTTTTGATACCAACTTTGGCGCGGATatgACCATTatgGAAGAAGCG 

ACCGAACTGGTGCAGCGTATTGAAAACAACGGCCCGTTTCCGatgTTTACCAGCTGCTGCCCGGGCTGGG 

TGCGTCAGGCGGAAAACTATTATCCGGAACTGCTGAACAACCTGAGCAGCGCGAAAAGCCCGCAGCAGAT 

TTTTGGCACCGCGAGCAAAACCTATTATCCGAGCATTAGCGGCCTGGATCCGAAAAACGTGTTTACCGTG 

ACCGTGatgCCGTGCACCGCGAAAAAATTTGAAGCGGATCGTCCGCAGatgGAAAAAGATGGCCTGCGTG 

ATATTGATGCGGTGATTACCACCCGTGAACTGGCGAAAatgATTAAAGATGCGAAAATTCCGTTTGCGAA 

ACTGGAAGATAGCGAAGCGGATCCGGCGatgGGCGAATATAGCGGCGCGGGCGCGATTTTTGGCGCGACC 

GGCGGCGTGatgGAAGCGGCGCTGCGTAGCGCGAAAGATTTTGCGGAAAACGCGGAACTGGAAGATATTG 

AATATAAACAGGTGCGTGGCCTGAACGGCATTAAAGAAGCGGAAGTGGAAATTAACAACAACAAATATAA 

CGTGGCGGTGATTAACGGCGCGAGCAACCTGTTTAAATTTatgAAAAGCGGCatgATTAACGAAAAACAG 

TATCATTTTATTGAAGTGatgGCGTGCCATGGCGGCTGCGTGGGCGGCGGCGGCCAGCCGCATGTGAACC 

CGAAAGATCTGGAAAAAGTGGATATTAAAAAAGTGCGTGCGAGCGTGCTGTATAACCAGGATGAACATCT 

GAGCAAACGTAAAAGCCATGAAAACACCGCGCTGGTGAAAatgTATCAGAACTATTTTGGCAAACCGGGC 

GAAGGCCGTGCGCATGAAATTCTGCATTTTAAATATAAAAAAAGCGCGTGGAGCCATCCGCAGTTTGAAA 

AATAA 

End with: GTCGAC 

 

 

Item 2: Custom Cloning (shippable) 

Target Vector: pET-21b(+), Cloning Site: NdeI-SalI, 
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 BIOCHEMICAL AND STRUCTURAL PROPERTIES OF A THERMOSTABLE 

MERCURIC ION REDUCTASE FROM METALLOSPHAERA SEDULA 
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Abstract 

Mercuric ion reductase (MerA), a mercury detoxification enzyme, has been tuned by 

evolution to have high specificity for mercuric ions (Hg2+) and to catalyze their reduction 

to a more volatile, less toxic elemental form.  Here, we present a biochemical and structural 

characterization of MerA from the thermophilic crenarchaeon Metallosphaera sedula.  

MerA from M. sedula is a thermostable enzyme, and remains active after extended 

incubation at 97 °C.  At 37 ᵒC, the NADPH oxidation-linked Hg2+ reduction specific 

activity was found to be 1.9 µmol/min·mg, increasing to 3.1µmol/min·mg at 70 °C.  M. 

sedula MerA crystals were obtained and the structure was solved to 1.6 Å, representing the 

first solved crystal structure of a thermophilic MerA. Comparison of both the crystal 

structure and amino acid sequence of MerA from M. sedula to mesophillic counterparts 

provides new insights into the structural determinants that underpin the thermal stability of 

the enzyme.  

 

 

 

 

1. Introduction 

The ionic form of mercury, which is one of the most toxic metals known to 

biology (Gertrud Huber, 1989;Nies, 2003;Vetriani et al., 2005), is naturally present at 

elevated concentrations in many hydrothermal vents, hot springs, and acid mine drainage 

fluids (Batten and Scow, 2003;Simbahan et al., 2005;Vetriani et al., 2005;King et al., 
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2006;Boyd et al., 2009;Wang et al., 2011).  In these environments biology utilizes a 

finely tuned protein catalyst termed the mercuric reductase (MerA) (encoded by the merA 

gene) in order to reduce toxic ionic mercury (Hg2+) to the far less toxic, volatile, and 

elemental form (Hg0).  The reaction catalyzed by MerA follows the reaction scheme of 

NADPH + Hg2+  NADP+ + Hg0 (Barkay et al., 2003). MerAs, which are part of the 

disulfide oxidoreductase family (Fox and Walsh, 1982) are ancient enzymes, having 

arisen in high temperature environments after the great oxidation event ~2.4 billion years 

ago (Barkay et al., 2010). Since that time evolution has finely tuned MerA through 

recruitment of regulatory and transport proteins (Boyd and Barkay, 2012) to serve a 

diversity of organisms, including both Archaea and Bacteria, that encounter Hg2+ ions in 

less extreme mesophilic settings, while retaining extremely high stability and substrate 

specificity.  These characteristics of mercuric reductases lend them to possible sensor 

applications, wherein the redox properties of the enzyme could be coupled to an 

amplifiable electrical signal.  A stable mercuric reductase may also be used to potentially 

mitigate mercury contamination. 

Metallosphaera sedula  (Mse), isolated previously from Pisciarelli Solfatara in 

Naples, Italy (Gertrud Huber, 1989), has a minimum and maximum temperature for 

growth range of 50 ᵒC to 80 ᵒC  (Auernik et al., 2008a).   Pisciarelli Solfatara itself 

contains a variety of thermal features that range in temperature from ~30 ᵒC to nearly 100 

ᵒC, and a pH range of 1.5 to around 6.0 with elevated concentrations of heavy metals, 

including Hg2+ at concentrations up to 0.005 g/kg (Huber et al., 2000).  The genome 

sequence of Mse was completed in 2008, (Auernik et al., 2008b), making it possible to 

identify mechanisms of Hg2+ tolerance at the genomic level.  The mer operon in Mse 

includes both MerA and MerH, where MerH may aid metal trafficking to the MerR 

transcription factor (Schelert et al., 2013).  

A variety of MerAs have been characterized previously, most notably a protein 

encoded on a transposon isolated from Pseudomonas aeruginosa which is termed Tn501 

(Fox and Walsh, 1982), as well as MerA from Bacillus cereus  (BcMerA) (Schiering et 

al., 1991) and a MerA from a deep brine environment, termed ATII-LCL (Sayed et al., 

2013). Collectively, these biochemical studies have revealed MerAs that exhibit Km 

values for Hg2+ that range from 9 to 70 µM and specific activities that range from 1.05 to 

50 µmol/min·mg.  Structural characterization was first carried out on BcMerA (Schiering 

et al., 1991) and later on Tn501 (Ledwidge et al., 2005).  Most recently the Tn501 

structure has been solved in complex with Hg2+(Lian et al., 2014) .  Structural 

characterization confirmed that MerA is a member of the disulfide oxidoreductase 

(DSOR) protein family, which adopt a βαββαβ fold and which are known to catalyze 

pyridine-dependent substrate reduction with a characteristic active site CXXXXC motif 

(Argyrou and Blanchard, 2004).  Some MerAs also harbor an additional N-terminal 

GMTCXXC motif (Boyd and Barkay, 2002) that assists in metal recruitment (Ledwidge 

et al., 2005).  A third pair of conserved cysteines are located in a flexible region on the c-

terminal domain, and are responsible for delivering mercuric ions to the active site of the 

opposing monomer (Lian et al., 2014).  

Despite these advances, the structural characterization of a MerA from a 

thermophile has yet to be conducted, even though this is critical for understanding the 
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properties of enzymes involved in mercury detoxification of high-temperature 

environments where mercury concentrations are very high. Structural characterization is 

important for both understanding the thermophilic origins of the protein (Barkay et al., 

2010;Boyd and Barkay, 2012) as well as for possible incorporation into stable 

biotechnologies.  Here, we report biochemical and structural characterization of a 

thermostable MerA from the aerobic thermoacidophilic Crenarchaeon Mse (MseMerA).  

 

 2.   Materials and Methods 

 

2.1 Bioinformatics 

 MerA homologs were compiled from the Department of Energy-Integrated Microbial 

Genomes database using BLASTp and the Tn501 MerA as a query.  Representative 

homologs were screened for conserved residues that define MerA (as described above) 

and those protein sequences with these residues were aligned using CLUSTALX (version 

2.0.8) specifying the Gonnet 250 protein substitution matrix and default gap extension 

and opening penalties (Larkin et al., 2007) with dihydrolipoamide dehydrogenase from 

Magnetospirillum magneticum AMB-1 (YP_423326), Thermus thermophilus HB27 

(YP_005669), and Pseudomonas fluorescens Pf0-1 (YP_351398) serving as outgroups.  

N terminal ‘NmerA’ sequence was trimmed from the alignment block as previously 

described (Barkay et al., 2010) and the phylogeny of MerA was evaluated with PhyML 

(ver. 3.0.1) (Guindon et al., 2010) using the LG amino acid substitution matrix with a 

discrete 4 category gamma substitution model and a defined proportion of invariant sites.  

A consensus phylogenetic tree was projected from 100 bootstrap replications using 

FigTree (ver. 1.2.2) (http://tree.bio.ed.ac.uk/UH).   

Structural superimpositions were generated by the program UCSF Chimera 

(Pettersen et al., 2004).  The protein sequence of MseMerA was blasted with NCBI 

BLASTp.  The top eight hits were compared with mesophilic mercuric reductases from 

Staphylococcus aureus, Bacillus cereus,   Pseudomonas aeruginosa, and a sequence from 

a hydrothermal deep-sea brine environment, ATII-LCL (Sayed et al., 2013).  It should be 

noted that while the ATII-LCL sequence was isolated from a hydrothermal vent system 

with a temperature of 68 ᵒC, the optimum temperature for activity was shown to be 30-50 

ᵒC (Sayed et al., 2013), indicating that it is not adapted to the thermal regime from where 

it was isolated or that the environment from where it was isolated is variable with respect 

to temperature.  VADAR was used to evaluate the surface area and charged residue 

percentage of MerA homologs (Willard et al., 2003) while the ProtParam tool available 

from ExPASy was used to calculate the aliphatic index of MerA homologs (Gasteiger et 

al., 2005). 

 

2.2 Expression and Purification 

MseMerA DSM 5348 sequence was codon-optimized and synthesized by 

GenScript USA Inc with an N-terminal 6x His-tag.  The gene was cloned into MCS1 of 

pETDuet-1 and transformed into E. coli BL21DE3 cells (Novagen).   Sequence-based 

confirmation of MseMerA transformation was performed by Davis Sequencing, Inc 

(1450 Drew Ave, Suite 100, Davis, California). 
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Fifty milliliters of Luria-Bertani (LB) broth supplemented with 0.5 mM riboflavin 

and 0.1 g/L ampicillin was inoculated with recombinant E. coli cells containing 

MseMerA and shaken at 250 rpm at room temperature overnight.  One liter of LB 

medium, as described above, was inoculated with 2 mL from the overnight culture, and 

shaken at 250 rpm until an OD600 of 0.5-0.7 was reached.  Two mM IPTG was added, and 

expression was carried out for four hours, after which the cultures were centrifuged at 

6,000 x g for 10 min (4 ⁰C), with the resultant cell pellet immediately being flash frozen 

in liquid nitrogen and stored at -80 ᵒC.  Each liter of cell culture yielded 3.0 to 3.5 g of 

cell paste. 

Cell paste was subjected to three freeze/thaw cycles to facilitate lysis, after which 

cells were re-suspended in 5 mL Buffer A (100 mM NaCl, 50 mM MOPS with a pH of 

6.7, 25 mM imidazole) per gram of cells. Lysozyme and deoxyribonuclease (DNase) 

were added to final concentrations of 0.1 mg/mL along with phenylmethylsulfonyl 

fluoride (PMSF)-saturated isopropanol to a final concentration of 0.1% v/v, and this 

mixture was incubated for 30 min at room temperature. Triton X-100 was then added to a 

final concentration of 1% v/v, and this was mixed for 30 min.  The crude lysate was then 

clarified by centrifugation at 100,000 x g for one hour (4 ⁰C). The resulting clarified 

lysate was observed to have a yellow color. 

Purification of MseMerA was carried out using a 75 mL gradient from 100% 

Buffer A to 100% Buffer B (100 mL NaCl, 50 mM MOPS with a pH 6.7, 250 mM 

imidazole) on a 2 mL Ni-NTA column (Qiagen) at 3 mL/min.  Seven milliliter fractions 

were collected and further analyzed with an SDS-PAGE gel.  Fractions containing pure 

protein were combined and concentrated to 10 mg/mL, buffer exchanged to Buffer C 

(10mM MOPS pH of 6.7), and the protein was then concentrated to 30 mg/mL and flash-

frozen in liquid nitrogen.  Purity of the protein was confirmed by SDS- and Native 

PAGE.   A yield of 1.5 mg of pure protein per liter of growth culture was achieved.  

 

2.3 Activity Assay 

Activity assays were carried out in 100 mM NaCl, 50 mM MOPS with a pH of 

6.7, 0.2 mg/mL MseMerA, and 1 mM HgCl2, and these were initiated by the addition of 

0.2 mM NADPH, similar to previously established procedures (Fox and Walsh, 1982).  

For kinetic studies, the concentration of Hg2+ ranged from 28.6 µM to 2.77 mM.  

NADPH oxidation was monitored at 338 nm using a Cary 6000 UV/Vis spectrometer 

equipped with a 1x1 Peltier.  Assays were conducted from 37 to 70 °C, above which 

temperature the rate of non-enzymatic NADPH oxidation was too high to accurately 

measure enzymatic activity.  In order to determine the thermostability of MseMerA, an 

aliquot of the enzyme was assayed at 37°C, and the remaining protein was boiled at 97 

°C for 100 minutes, after which the enzymatic activity was once again measured at 37 °C. 

 

2.4 Crystallization and Structure Determination 

MseMerA crystals were obtained using the hanging drop method. Crystallization 

drops contained 0.085 M TRIS (pH 8.5), 15% v/v glycerol, 14% w/v PEG400, 0.19 M 

LiSO4, and 20 mg/mL protein.  Crystals were obtained after two weeks, mounted on cryo 

loops, and shipped to the Stanford Synchrotron Radiation Lightsource for X-ray data 
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collection. Diffraction data were collected at 100 K using the 12-2 beamline. Diffraction 

images were indexed, integrated and scaled using HKL2000 (Otwinowski and Minor, 

1997). 

The structure of MseMerA was solved to 1.6 Å using CCP4 molecular 

replacement (Cowtan et al., 2011) of Tn501MerA (PDB ID: 1ZK7), which shares 37% 

amino acid identity with MseMerA. Model building was performed in Coot (Emsley et 

al., 2010) and coordinates were refined to reasonable stereochemistry at a resolution 1.6 

Å  (Supplemental Table 1) using REFMAC5 (Murshudov et al., 1997).  The structure 

was validated using MolProbity (Chen et al., 2010) and all molecular images were 

calculated in PyMol (DeLano, 2002).  Structural superimpositions were generated both 

with 1ZK7 (Ledwidge et al., 2005) and 4K7Z (Lian et al., 2014), in which the active site 

cysteines were substituted by alanines and could be solved in complex with the Hg2+ ion. 

 

3.  Results 

 

3.1 Thermal Adaptation of MseMerA. 

Phylogenetic reconstruction of representative core (NmerA trimmed) MerA 

sequences revealed a number of deeply branching lineages from thermophilic taxa, 

consistent with previous analyses that indicate MerA likely originated in a high 

temperature environment (Schelert et al., 2004).  MseMerA clustered among MerA from 

thermophilic crenarchaeota (Fig. 1).  Sequence alignments reveal both the active site 

CXXXXC motif and c-terminal cysteines that are conserved among all MerA sequences. 

However, several key differences were observed that may be involved in conferring 

thermotolerance (Fig 2).  Specifically, the thermophilic enzymes are missing regions 

corresponding to amino acids 66-71 and 130-134 Tn501 (Tn501MerA numbering), 

suggesting a reduction in loop regions in comparison to the mesophilic enzymes (Fig. 2). 

Two sets of residues, V317 and Y441, are within putative coordination distance of the 

active-site mercury.  These residues are substituted for an E and F, respectively, in 

MseMerA and other thermophiles with the exception of Hydrogenobacter thermophilus 

TK-6 (YNP_003432979) and Hydrogenobaculum sp. Y04AAS1 (YNP_002121876). 
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Figure 1. Maximum-likelihood phylogenetic reconstruction of MerAs, with homologs 

from thermophilic taxa highlighted in red.  MseMerA is boldfaced.  Bootstrap support is 

indicated by black (>90), gray (80-89) and open (70-79) circles.  Nodes with no symbol 

exhibited bootstrap values of <70. 

 

 

A comparison of the MseMerA crystal structure to the previously determined 

Tn501MerA structure (PDB: 1ZK7) (Ledwidge et al., 2005) reveals that the two 

structures are highly similar, with an overall C-alpha deviation of 1.5 Å rmsd as 

calculated by Dali Lite(McWilliam et al., 2013).  Two particular loop regions are shorter 

in MseMerA (Fig. 4b). This was further supported by VADAR (Willard et al., 2003), 
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which calculated a 4% decrease in coil regions in MseMerA.  The calculated surface area 

of MseMerA at 19,966.5 Å2 is slightly reduced in comparison to Tn501MerA, with a 

surface area of 21217.4 Å2.  

 
Figure 2. MseMerA aligned with other MerAs reveals two loop regions, L1 and L2, that 

may be involved in conferring thermostability, and two positions at 326 and 452 

(highlighted with stars), where the active site region is different between thermophiles 

and mesophiles. 

 

MEGA (Tamura et al., 2013) was used to compile an amino acid composition 

chart for the sequences examined.  The thermophiles were observed to have a larger 

number of positively charged amino acids.  VADAR calculated the total charged residues 

in MseMerA to be 25% of residues compared to 21% of residues in Tn501MerA, and 

24% in BcMerA.  An increase in ionic interactions may therefore represent a factor 

contributing to MerAs thermal stability  (Szilágyi and Závodszky, 2000).  The aliphatic 

index of Mse, Tn501, and Bc MerAs were calculated by ExPASy’s ProtParam tool 

(Gasteiger et al., 2005), and found to be 101.63, 98.65, and 97.86, respectively, again in 

agreement with MseMerA having higher thermostability (Ikai, 1980).  

 

3.2 Biochemical Characterization 

The specific activity of MseMera was examined from 37 ᵒC to 70 ᵒC (Fig. 3).   

One unit of activity was defined as 1 µmol NADPH oxidized per minute. At 37 ᵒC the 

specific activity was found to be 1.9 U/mg, increasing up to 3.1 U/mg at 70 °C.  Mercury 

dependence of MseMerA was determined, with Km values of 400 and 150 µM at 37 °C 

and 70 °C, respectively.  Specific activity was not determined above 70 ᵒC due to the 

difficulty of discriminating between enzymatic and non-enzymatic NADPH oxidation at 

high temperatures. The thermal stability of MseMerA was tested by incubating the 

enzyme at 97 °C for up to 100 minutes, followed by assessment of enzymatic activity at 

37 ᵒC.  Even after 100 minutes of incubation at 97 ⁰C no decrease in overall activity was 

observed when compared to the untreated enzyme (Supplemental Figure 1).  The Kcat at 

70 ᵒC was found to be 23 s-1, with a Kcat/Km of 0.15 µM-1s-1. 
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Figure 3.   NADPH oxidation activity of MseMerA incubated at temperatures 

ranging from 37-70 ᵒC 
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Table 1. MerA comparison 

Abbreviations: ND - not determined 
a measured at 30 °C 
b measured at 70 °C 

 

3.3 Structural characterization of MseMerA  

MseMerA crystals were obtained using vapor diffusion in a precipitating solution 

of 14% polyethylene glycol 4000 and 0.19 M lithium sulfate. These crystals belonged to 

space group P22121 and contained two monomers per asymmetric unit, assembled into 

one homodimer (Fig 4A). The crystal structure of MseMerA was solved to 1.6 Å, with R 

and Rfree values of 16.9%and 19.6%, respectively.  Bound FAD was observed, suggesting 

that these molecules act to stabilize the structure.   No mercury was observed in the active 

site.  As expected based on the sequence alignment, a clear reduction in loop regions was 

observed in comparison to Tn501MerA (Fig. 4B).  No electron density for the carboxy 

terminus of MseMerA was identified from 440-448, including the conserved pair of 

cysteines at residues 446 and 447.  This is in agreement with the carboxy terminus being 

able to undergo conformational changes during the catalytic cycle (Lian et al., 2014). The 

solved structure has been deposited in the Protein Data Bank with the accession code 
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Figure 4 A) Cartoon representation of a dimer of MseMerA with bound FAD.  B) 

Structural superimposition of MseMerA monomer (cyan) with Tn501MerA (green) 

reveals a decrease in loop regions (labeled L1 and L2) in MseMerA. 

 

4.  Discussion 

 

 Bioinformatic and phylogenetic data overwhelmingly supports MseMerA being a 

thermostable protein, as illustrated by features consistent with other enzymes from 

thermophiles including a reduction in loop regions, a greater percent of charged amino 

acids, and an overall reduced surface area in comparison to its mesophilic counterpart.  

Collectively these strategies are likely to interact synergistically to convey the high 

degree of thermostability observed.  Retention of 100% activity after incubation at 97 ᵒC 

for 100 minutes further confirms the highly thermostable nature of MseMerA.  

Though practical constraints made measuring specific activity above 70 °C 

impossible, catalytic activity was found to increase over the range of 37 °C to 70 °C, with 

a Vmax of 3.1 U/mg at 70 °C.  This places MseMerA in the range of average activity when 

compared to other MerAs (Table 1).  The Km for Hg2+of MseMerA was found to decrease 

from 400 µM at 37 ᵒC to 150 µM at 70 °C, indicating a higher affinity for Hg2+ ions at 

elevated temperatures. The Km of MseMerA is around an order of magnitude higher than 

that found for other MerAs (Table 1), and may be an adaptive  strategy to cope with 

elevated Hg2+ concentrations commonly encountered in the acidic, high temperature 

environments where Mse resides (King et al., 2006;Boyd et al., 2009;Wang et al., 2011). 

The Kcat of MseMerA is 23 s-1, which is very similar to the Kcat of ATII-LCL at 

22.5 s-1 (Sayed et al., 2013), and also similar to BcMerA at 12 s-1 (Rennex et al., 1994).  

The higher Km value observed in MseMerA translates to the lowest overall catalytic 

efficiency, with a Kcat/Km of 0.15 µM-1s-1.” 

Though Pseudomonas aeruginosa (Pa) from which the Tn501 transposon was 

isolated is a mesophilic organism, the MerA enzyme was found to have optimal activity 

at 55-65 ᵒC, and retained full activity at 37 ᵒC even following a ten-minute incubation at 

100 ᵒC (Nakahara et al., 1985;Vetriani et al., 2005).  Intriguingly, phylogenetic analysis 

indicates that Tn501MerA groups closely with the mesophiles (Fig. 1).  Conversely, 
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phylogenetic analysis of MerA from a high temperature brine pool, ATII-LCL (Sayed et 

al., 2013), was found to group with MerA sequences from mesophilic organisms (Figure 

1).  While the environment from which ATII-LCL was isolated is at 68 ᵒC, the enzyme 

has maximum activity over a range of 30-50 ᵒC, and, when measured at 37 ᵒC, was found 

to be half inactivated after a ten minute incubation at 75 ᵒC (Sayed et al., 2013).  The 

ATII-LCLMerA is therefore not nearly as thermostable as MseMerA and is not adapted 

to its local environment, with respect to the thermal regime, but is adapted with respect to 

salinity regime.   

The structure of MseMerA reveals a dimeric biological assembly, as has been 

shown with previous structures (Schiering et al., 1991;Ledwidge et al., 2005;Lian et al., 

2014).  With this architecture, the active site cleft on one monomer interacts with the C-

terminal domain of the opposing monomer, (Fig. 5, Table 1).  This style of interaction is 

generally conserved among enzymes of the DSOR family. For example in glutathione 

reductase, His467, located near the C-terminus of one monomer, is necessary for catalytic 

function of the opposing monomer (Misra et al., 1985).  In MerA, this has been 

substituted to a catalytically important tyrosine (Rennex et al., 1994). 

 

 
Figure 5  A) Structural superimposition of MseMerA with Tn501MerA 1ZK7 shows the 

Y441’/V317 amino acids conserved in mesophiles and the F441/E317 amino acids 

conserved in thermophiles, suggesting an alternative Hg2+ coordination strategy in 

MseMerA.  B) An alternative angle of the active site environment of MseMerA 

superimposed onto Tn501MerA 4K7Z, which depicts the Hg2+ ion bound to the c-

terminal cysteines.  The monomer with the C-terminal cysteines is noted by a ‘prime’ 

designation. 

Structural superimposition of MseMerA (described here) with the recently solved 

Tn501MerA structure with bound mercury (4K7Z) reveals two specific amino acid 

substitutions,  V317 to E, and Y441’ to F’, in the active site of MseMerA compared to 

Tn501MerA (numbering is by Tn501MerA 4K7Z) (Fig. 5).  Another residue thought to 

be involved in metal coordination, Y100 (in Bc structure is Y264) (Schiering et al., 

1991), is strictly conserved.  For Tn501MerA and BcMerA the hydroxyl groups of Y441’ 
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and Y100 likely act in concert to facilitate metal transfer from the C-terminal cysteines to 

the active site cysteines.  In contrast, in MseMerA the F441’ in the position of tyrosine in 

Tn501MerA lacks a hydroxyl group to coordinate the Hg2+ ion, but a glutamic acid in 

place of the Tn501MerA V317 provides a different residue with which the Hg2+ ion could 

potentially be coordinated.  

The conservation of either the V/Y’ in mesophiles or the E/F’ amino acid pair in 

thermophiles, along with the observed positions of the amino acids is suggestive of an 

alternative metal binding strategy for Hg2+ ion transfer from the C’ cysteine pair to the 

active site cysteines C42 and C47.  In Tn501MerA and BcMerA, upon Hg2+ ion binding 

to the C’ cysteines, the C’ terminal region folds into the catalytic cleft, delivering the 

mercuric ion (Lian et al., 2014) to the conserved Y100 and Y441’, which facilitate 

transfer to the active site cysteines.  Given that MseMerA lacks the Y441 with which to 

coordinate the Hg2+ion during active site delivery, the E317 is the most rational 

alternative. 

Rennex et al have previously substituted individual amino acids Y441F and 

Y100F in BcMerA (Rennex et al., 1994).  The Km for Hg2+ increased from 30 µM to 39 

µM in the case of the Y441F variant, and decreased to 6 µM in the case of the Y100F 

variant.  However, in both cases, the Kcat/Km was decreased around 15-fold.  It is 

therefore likely that the observed low catalytic efficiency of the variant enzymes is due in 

part to a lack of a residue to coordinate the Hg2+ ion, such as the glutamic acid found in 

MseMerA and other thermophiles.  Moreover, Sayed et al (Sayed et al., 2013) previously 

demonstrated that glutamic acid residues may play a role in Hg2+ ion coordination and 

transfer.  However, the active site glutamic acid found in MseMerA is a different site 

from what Sayed et al (Sayed et al., 2013) have previously characterized.  Furthermore, 

sequence alignment shows that the ATII-LCL enzyme has the V/Y amino acid pair 

(Table 1).  

 Both the Tn501MerA Y441’ and the MseMerA E300 are about 5Å from the active site 

cysteines, although they coordinate from different positions, with the Y441’ coordinating 

the Hg2+ ion almost perpendicular to E317.  The different placement and nature of these 

side chains may help explain the higher Km observed in MseMerA relative to homologs 

from mesophilic organisms.  Since the high Hg2+ concentrations are common features of 

high temperature environments these differences may reflect adaptations to function at 

elevated Hg2+ concentrations and as such represent the structural determinants of 

specificity for mercuric reductases.  Highly specific stable enzymes, especially those that 

catalyze oxidation-reduction reactions coupled to the specific molecular recognition, 

could potentially be used as chemical sensors in which the redox chemistry could be 

coupled to produce an amplifiable electrical signal.  

In conclusion, here we present a characterization of the thermostable mercuric 

reductase from M. sedula.  We show that the enzyme is highly resistant to heat treatment 

while retaining similar catalytic rates to other characterized MerAs.  The enzyme appears 

to have a potentially different way of coordinating Hg2+ and has a lower affinity for Hg2+ 

ions than previously characterized enzymes.  Considering that Mse is a thermophile and 

its MerA is likely to harbor properties more similar to those of primitive MerA that 

evolved in a high temperature environments (Barkay et al., 2010), these results may 
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indicate that the activity of MerA has been refined through evolutionary time to 

successfully detoxify environmental Hg2+ at lower concentrations than those that are 

naturally present in thermal environments.  
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