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ABSTRACT

The need for food, fuel, and pharmaceuticals has been increasing at a growing
rate as the worl ddés popul ation increases a
highly energy dependent, and, to a significant degree, rely on an inefficient usal of foss
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 [FeFehydrogenases, Cpl and Cpll, is employed in order to uratetstow
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 {mtax for
technol ogi cal needs. Cpl , opratonsadhydmgenur e o s
gas, is compared to Cpll, which functions catalytically to oxidize hydrogen to protons
and electrons. Oxygen sensitivity, midpoint potentials, catalytic mechanisms, and
catalytic bias are explored-arepth using electron paramagnegsonance, Fourier
Transform Infrared spectroscopy, and protein film voltammetry. Cpl and Cpll have been
found to function under different metabolic conditions, and key amino acids influencing
their distinct behavior have been identified. The condudtyarof hydrogenases, which
direct electrons to or from the active site, have been found to have distinct midpoint
potentials in Cpll compared to Cpl, effectively reversing the favored electron flow
through Cpll in comparison to Cpl. In order to probedbmtributions of the protein
framework on catalysis, analysis of s#gecific amino acid substituted variants have
been used to identify several determinants that affect ttledter environment, which
contributes to the observed differences betweera@@ICpll. 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 demonstitiiepossibility 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 metabblistydrogenases are
categorized according to the type of metal found in their active site, and there are several
distinct types of hydrogenases: the [FeRgdirogenases, which are the subject of this
chapter, the welknown [NiFelhydrogenases, which are phyologirally and
mechanistically distinct from the [FeFbydrogenases, and the [Fajly hydrogenases,
which are only found in a subset of methoanogenic archaea, and rely on an additional
cofactor, methenyltetrahydromethanoptérifFeFe}hydrogenases are widely distributed
among fermentative anaerobic microorganisms, and likely evolved in oncrytde
excess reducing equivalents that accumulated during the fermentagiabdolism.

[FeFe}hydrogenases have, to date, been extensively studied by a combination of
biochemical, structural, and spectroscopic technijuasey finding has been the
compositionof the strictly conserved active site organometallic cluster, termed-the H
cluster, which is comprised of a [4B&] cubane with a cysteine thiolate linkage to a
unigue [2Fe2S] cluster, termed the 2Fe subcluster, which is decorated by the diatomic
carbonmonoxide (CO) and cyanide (ENigands bound to the iron atoms, with further
coordination to a bridging dithiomethylamine (DTMA) bridgeThe CO and CN

| i gands ar @accdportligmnds, which segre td poise the Fe atoms of the 2Fe
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subclustein a low spin state that is capable as functioning catalytically between the II/I

oxidation state's

Figurel.1 [FeFejhydrogenase fro@hlamydomonas reinhardtii



Figurel.2 Ball-and-stick depiction of the Ftluster, the catalytic site common to [FeFe]
hydrogenases

In order to facilitate fast turnover rates ranging fromil00* s © the active site
requires rapid proton transfer (P Bs well as electron transfer (ET), or, in some cases,
these processes occur simultaneously as praapled electron transfer (PCE?) The
structure of the hydrogenase supports this through a po@osfer channel and through
a distinct electron tresfer pathway, or conduit array. The protein environment around
the Hcluster is critical for binding the cubane of theeldste: 1° as in the strictly
conserved first coordination sphere amino acids, however, there are a variety of other
amino acidsn the secondary coordination sphere that function collectively to tune the
catalytic properties of the enzyme, using conserved residues that may transfef-protons
13 Additional residues use hydrogen bonding networks to stabilize-tieskér. The
eledronic properties of these secondary coordination sphere amino acids are of particular

importance for catalysis. Thetluster, primary, and secondary coordination spheres all
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participate to lower the kinetic barriers of hydrogen activation, resultiag in

spectacularly active catalyst. Proton availability and midpoint poterias$ ) of [ Fe S]
clusters serve as further control points for hydrogen catalysis.

Electron transfer, as stated above, is critical for fast catalysis, and is typically
(though notalways) achieved through additional [FeS] clusters that form a conduit array
for electrons to travel to and/or from the active'&itdhese [FeS] clusters are generally
[4Fe-4S] clusters or [2F2S] clusters, and may be sdéferentiated with nofcystanyl
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 parthy Of interest is the fact & bifurcating
enzymes, which oxidize hydrogen and send one electron to gdightial acceptor, and
one electron to a loyotential acceptor, often have particularly complicated conduit
arrays, which encompass perhaps ten [FeS] cluster sites. Diff@@nobrganisms 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 lowenkarya, particularly the algae and protists,
typically involved in proton reduction, rather than hydrogen oxidation. It is intriguing
that to date no [FeRdlydrogenases have been found in the archaea, suggesting that
[FeFe}hydrogenases were not founda@mg the last universal common ancestor
(LUCA)®.

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 gfptons
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which overcomes several of the key techhlmarriers to implementation of similar
technology, namely, efficient direction of electrons through metabolism, synthesis of a
hydrogen catalyst using eardibundant elements, and overcoming oxygen intolerance

through spatial and temporal separatiorhefliydrogenases from oxydgén

Taxonomic and Functional Diversity of Hyd

[FeFe}hydrogenases (Hyd) comprise at a minimum the catalytic subunit, HydA, which
contains a conserved ~350 residueltister domain where a unique irsulfur (FeS)
cluster isbound forming the site of reversible proton reduction. The active si§ Fe
cluster consists of a [4F4S] cluster bridged to a 2Fe subcluster via a cysteine®thiol

19 Three conserved cysteigentaining motifs coordinate the active siteldster:
TSCCPXW (L1), MPCxxKxxXE (L2) and ExXMxCxxGCxxG (L%8) The presence of these
three conserved ligands is a defining feature of HydA and one which differentiates them
from closely relatedbut noncatalytic,paralogs identified in eukaryotes, e.g., Narl, as
well asotherclosely related paralogs found in bacteria, e.g., HydS, which will be
discussed more below. In addition to theldster domain, HydA often include-N
terminal (Fcluster) and @erminal (Gcluster) domains with motifs predictét 2°2% or
shown® ?2to ligate additional F&S clusters that are believed to add flexibility to facilitate
electron transfer to and/or from the active siteltister. The simplest form of HydA
includes those identified in green algae, suc@ldamydomonas reinharidt which
generally only contains the-eluster domairt 1> 2326, More complex forms of HydA are
more common and possess several addition& Eleisters, including those with both the

F- and Gclusters> 18 27 |n addition to Fand Gcluster mediate 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 multinvéfic® 2®°, Multiple HydAs of
variable quaternary structure can be present inglesgenomé* 2% 383 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, respectifély$*3’. Genome
sequencing efforts continue to reveal novel Hyasity at the level of H cluster ligand
variation, F and Gcluster variation, and variation in the proteins that partner with HydA
(e.g.,see refg* 33,33,

Efforts to catalog the diversity of Hyds, which begin ~ 15 years ago with the
pioneering worlof Vignais et al. 200%, have recently been updated and refined using
evolutionary method$. Building on these reports, Calusinska et al., 2bdéveloped a
classification scheme for clostridial Hyd that was based on the compositierauad &
clustes as well as subunit composition. More recently, a comprehensive screening of
Hyd in 2919 publically available archaeal and bacterial genomes was corélutisithg
informatics methods, this study identified Hyd in 265 (9.1%) of the complete genomes
publically available in July 201%4. 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.
Greder than 90% of the 714ydA homologs are encoded by members of the bacterial
phyla Firmicutes, Proteobacteria, Spirochaetes, Thermotogae and which encoded on
average ~ 2 HydA isoforms per HydA encoding gerdnihis taxonomic distribution is
similar to hat reported in earlier publicatioAg® 2® Using informatics tools, the

proteins encoded in the flanking regiondHydA in the genomes of these organisms was
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determined and protein homology and network approaches were used to identify co
occurring gnes. Through this work, a new classification scheme was developed that
unified Hyd into one of three structural and functional groups (Fig'l.Zhese
groupings were driven largely by the composition of proteins in the gene neighborhoods
of HydA thatwere predicted to form a complex with HydA or that were predicted to be
involved in regulation of Hyd activity, as discussed below. Variatiort Bn Gcluster
composition or HydA active site ligand composition was not found to vary by group
typel.

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 ferreddemprotein termed HydD. G1
Hyd are the mosibundant form of Hyd representing 68% of the total Hyds identtfied
G1 Hyd are also the best characterized and are ferredoxiuépendent enzyme&s
Examples include the Hyd from eukaryotic algae, sudBrdamydomonas reinhardtf
as well as HydAZTrom the anaerobic bactei@lostridium pasteurianufand
Desulfovibrio desulfuricartd. The [FeFehydrogenase fror@. reinhardtiicomprises
only the Hcluster domain, with no additional F or C clusters no additionalstdiur
clusterg’. Hyd consistingf only the Hcluster domain is common among algae,
however, recent genome sequencing efforts reveal the presence of G1 Hyd in a Chlorella
strain that have complexd@tusters®. G1 Hyd, in particular those fro@. reinhardtii
have become models for bleemical studies due to the simplicity of their structure (i.e.,
lack of F and Gclusters) relative to G2 and G3 Hf32%%, C. pasteurianunencodes

for three different HytP, all of which are classified as G1. These enzymes vary,
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however, in their Feluster compositions suggesting that they have different functional
roles within the celf8. Biochemical studies also suggest that these enzymes have
distinct functional roles with one of the enzymes (termed Cpl) exhibiting a bias towards
H2 production ad one of the other enzymes (termed Cpll) exhibiting a bias toward H
oxidation.

G2 (22% of total homologs) and G3 (11% of total homologs) Hyd are common
among anaerobic bacteria, in particular in the phylum FirmiedteRepresentatives of
these multireric 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 unfavable endergonic reactigh3: 323% 37. 42 Examples of G2 and
G3 Hyd that have been biochemically characterized include thoseAtetabacterium
woodi*®, Clostridium autoethanogenidfmMoorella thermoacetic® andThermotoga
maritima®. The trimeric G2 Hyd fronT. maritima(i.e. HydABC complex) couples the
simultaneous oxidation of NADH and Fd to the production o’Mile the tetrameric
G3 Hyd fromA. woodii(i.e. HydABCD complex) couples the oxidation of td the
simultaneous redtion of NAD' and Fd®. Interestingly, a trimeric G2 Hyd from the
acetogerM. thermoaceticdunctions physiologically as a reversible enzyme, catalyzing
either the oxidation or production ot ldontingent on cultivation conditiofs Like the
above exampls, the oxidation or production ot k$ coupled to Fd and NAD+/NADH
reduction/oxidatioff. WhenM. thermoaceticaells are grown under autotrophic

conditions they oxidize H2 by simultaneously reducing both Fd and NAD+. In contrast,
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glucosegrownM. thernoaceticacells 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 gdaggnation, varied
substantially. Multiple copies (isoforms) of G1 Hy@ the same genome was common
among Hydencoding genomes (117 of 287 genomes). Interestingly, several genomes
contained three or more copies of HydA, with a maximum copy number/geoioseven
HydAG ([Desulfotomaculum carboxydivora@-1-SRB, DSM 14880). Fiftytwo
percent of the HydAencoding 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. -Elxestance
of multiple isoforms of Hyd suggesthey have different functional roles within the
organisms and suggests the need to differentially regulate these enzymes. Indeed,
previows 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-@gfRNFeSim (PAS)
domairt! * In addtion, proteins hypothesized to be involved in signal transduction (e.g.
serinethreonine kinases/phosphatases and histidine kinases) were identified in the
flanking gene environment of hydA in C. thermocellum and T. marifimiEhe recent
informatics ankysis of the proteins encoded in available gene neighborhood ofhydA
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 moditation (PTM) including serine phosphatase (Sp), HydS, histidine
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kinaselike (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 ls. 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 regudition 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 consistetth PTM of HydAB and HydC in T. maritima as

well as HydAB and HydD from C. besgii
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Figure 1.3Net wor k anal ysis of proteins encode
genes) hydA. Only proteins (n = 22) encoded in the flanking regions of > 10% of the
eachHydA 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 neisuogk
Cytoscap€. 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)].

Hydrogenas#&echanism

The exact mechanism of the [Feffgjdrogenases is still theubject of intense
scrutiny?, although there are multiple features that have been clearly identified. -The H
cluster sits in a hydrophobic pocketA proton relay functions to deliver protons from
the solvent to the active sité® and, hydrogenasesten have a conduit array of

additional [FeS] clusters that serves to deliver electrons to or from the actie site
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Finally, two different gas channels have been demonstrated computationally that function
to transport H, and sometimes Oto or from he active sité*’.

Within the Hcluster, the 2Fe subcluster contains two irons, proxima) érel
distal (F@) to the cubane, each of whittansitions betweeRe€ or Fe' staté?. The Fe
has an open coordination $fteand is therefore thought te Ithe site oproton
reduction/H2 activationduring the catalytic cycle. The bridging atom of the 2Fe
subcluster, now identified as nitrod&ris positioned at the base of the proton transfer
channel and is thought to serve as part of the @fayotors to the Fe'®. The presence
of CO and CNligands further serve to stabilize the iron atoms of the 2Fe subcluster in a
low-spin state that is conducive to enzymatic turnt\&rEmerging evidence suggests
that the presence of the cubane is criticatdionovef'™2 The cubane is strongly
coupled to the 2Fe subclustet, and may serve as an electron reset¥diy allowing

for the efficient reduction of substrate at thg.Fe

H
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Figure 1.4 Proposed hydrogenase mechanism

The protein framework isritical for tuning the function of [FeFe]

hydrogenaséé Beyond the strictly conserved first coordination sphere of cysteines that



13
directly bind the Hcluster, there is a wide variety of natural variation representing
differences in the second coordioatsphere. These amino acids, while critical for
turnover, are poorly understood thus far, though they clearly influence the diatomic
ligands of the HclusteF, thereby impacting catalysis. Amino acids in the secondary
coordination sphere are furthekdly to influence the midpoint potential, the
hydrophobicity, and the sterics of thedHister, although the extent to which each of
these features contributes to the observed catalytic profile has yet to be parsed. Clearly,
observed natural variatiamang these siewould represent mevolutionary strategfor
optimally tuning a hydrogenase agarticular cellular functioff, and predicting how to
influence hydrogen turnover through alteration offtrst/second coordination sphere

will be a fruitful area of research.

Hydrogenasd&laturation

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

to function as maturation machingty 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
maturationof thesemore sandard [FeSgofactors. The cubane of thedtuster is

obligatorily formed prior to 2Fe subcluster insertfonBy comparing the crystal
structures of the fulymat ur at ed Cpl enzyme to th¥ o6apobd
it appears that two loop regis 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 activeH-clustef®, 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 andi@ahds to the cell.
All three maturases are required foe formation of the Ftluster, though no additional
proteins are needed. The formation of theltister is likely dependent on small,
common, exogenous molecules to complete activation. Recently, the development of a
synthetic process to create the 2&bcluster without the maturases has led to a new

innovations and insights in the fiéfd

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 Hymifed in the
background of HydE and HydG (HydFEG) is capable of activating F{ydAydF 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 prétuTsen
distinct [FeS] clusters have been found in HydF, and-f$jecubane that is typically
ligated by three cysteine residues, and a{25Ecluster that is potentially involved as
the scaffold for 2Fe subcluster formafitnA variety of spectrosgic evidence is highly
suggestive of the role of HydFEG in harboring a fditlymed 2Fe subclus®r Fourier
Transform Infrared (FTIR) spectroscopy reveals the presence ©OF&eCO-Fe, and
Fe-CN stretching modé&% while electron paramagnetiesonance (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 HYIFExperiments demonste 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 actimdy be involved in regulating
interactions between the maturd$esGTPase activity is not strictly necessary for HydA
activation, which suggests that the GTP hydrolysis does not directly contribute to the

formation of the 2Fe subclustér

Role of HydG

The monomeric 55 Kda HydG is a member of the radical SAM f&miyd has
been shown to form the diatomic ligands and to interact with PtydfydG harbors two
[4Fe-4S] clusters, one found in the CX3CX2CGtéminal motif that is conserved among
radical AM enzymes, and one cluster found in a CX2CX22C rffotifike its homolog
ThiH, HydG has been shown to perform the radical cleavage of tyrosine torpach
and dehydroglycine (DHG), which may undergo a further decarbonylation step to
simultaneously prduce both CO and CN ligarfds Al 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 H{iFThe diatomic ligands likely bind to the
C-termiral cluster, and have been observed via FTIR to exhibit characterisii©Fad
Fe-CN stretching band® Experiments with 57Fe reveal that iron from HydG becomes
incorporated in HydA, so HydG likely transfers thedtatomic ligands to the HydF

scaffold,which may then incorporate the 2Fe subcluster into HdRurther
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characterization of each of these steps will be critical for full understanding of

hydrogenase maturation.

Role of HydE

HydE, a 42 Kda radical SAM enzyritecurrently has little in the weof direct
biochemical evidence to support its role ircldster formation, though it is essential for
HydA activation. While it has been hypothesized to participate in chaperoning HydF to
HydA"?, HydF is capable of maturating HydA without the preserfidéydE, 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
bridge’>. Further support ff or tedshhowmologspRyB,s f r om
which is a methylornithine synthdée This suggestpossible mechanistic parallels
between HydE and PyIB, where HydE is also likely to use difficult radical chemistry in
the breaking and formation of chemical bonds. Despite a skarttte small molecule
substrate of HydE, to date the substrate remains unresolved. Possible clues may be
derived from several solved crystal struct(ité% which depict Sadenosymethionine
bound inside an electropositive cavity that features thries &inding sites within the
TIM barrel fold. Additional work will be necessary in order to conclusively elucidate

boththerole of HydEinH | ust er bi osynthesi s, as wel | a
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Figure 15 Schematic of the activation process a&f freFejhydrogenase. HydF acts as a
scaffold and HydE and HydG build a 2Fe subcluster. Thes@Beluster is transferred to
HydA creating a fully mature enzyme that is capable of catalysis

Future Directions

While much has been learned abbytrogenases 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 characterizédduch 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 wittydA 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 imgu 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 hydrogees

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[FeFelhydrogenaseatalyticsite H clusteris a complexiron sulfur cofactorthat is
sensitiveto oxygen(02). The O2 sensitivityis a signycant barrier for production of
hydrogen as an energy sourcein watersplitting, oxygenic systems. Oxygen reacts
directly with the H cluster, which resultsin rapid enzymeinactivationand eventual
degradation.To investigate the progressionof O2-dependent[FeFe} hydrogenase
inactivationand the processof H cluster degradationthe highly O2-sensitive[FeFe]-
hydrogenase HydA1 from the greenalgaeChlamydomonaseinhardtii was exposedo
deyned concentration®f O2 while monitoringthe loss of activity and accompanying
changes in H cluster spectroscopic properties. The results indicate that H
clusterdegradatioproceedshroughaseriesof reactionstheextentof whichdependnthe
initial enzyme reduction/oxidationstate. The degradationprocess begins with O2
interacting and reacting with the 2Fe subcluster,leading to degradationof the 2Fe
subclusteandleavinganinactive[4Fe-4S] subclustestate. This ynalinactivedegradation

product could be reactivatedin vitro by incubation with 2Fe subcluster maturation

machinery,specycally HdeEG, which wasobservedoy recoveryof enzymeactivity.
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Introduction

[FeFel}hydrogenases are found in bacteria and lower eukaryotes, and are
commonly involved in the recycling of reduced electron carriers that accumulate during
anaerobic metabolisim [FeFelhydrogenases catalyreversible Hactivation at very
high rates and thus are attractive targets for bioengineering efforts aimed at coupling
microbial H production to oxygenic photosynthesis However, [FeFehydrogenases
are rapidly inactivated upon exposure tg the typroduct of water oxidatidrr. In
[FeFel}hydrogenases, proton reduction occurs at a complex bridged FeS cluster termed
the H cluster. The H cluster exists as a regular-fi¥esubcluster bridged to an
organometallic 2Fe subcluster through a proteitedys thiolate. The 2Fe subcluster is
coordinated by unique neprotein ligands including CO, CN, and dithiomethylamine
(Figure2.1§°. The Q sensitivity has been attributed to redox reactions witha@d
subsequent destruction of the H cluster bygtiea oxygen species (ROS), rendering the
enzyme irreversibly inactivatét

Although all of the characterized [FeHgjdrogenases have been shown to be
sensitive to @inactivation, enzymes from different sources have varying sensitivity to
Oz, whichhas been attributed largely to differences in the access of the active sités to O
1216 Computational studies have revealed putative channels that are proposed to function

in the diffusion of gases, includingQo and from the active sife
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Figure 2.1 H cluster baHandstick representation C\)ith cafbon, 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}lhydrogenase to £but not to a significant enough degree to be useful for
applications in technologg*® 116, A random mutagenesis approach was used terscre
thousands of [FeFdjydrogenase variants leading to isolation of a mortl@rant

variant with several site substitutions. The effect of each mutation was individually
tested, and showed that each contributed to an additive effect on the oy¢o&dré&hce

of the [FeFehydrogenasg.

Theoretical studies of inactivation have measured the thermodynamigs of O
binding and reactivity with the H cluster, and probed the subsequent reaction steps that
ultimately lead to enzyme degradation. The mosiedgest that initiation of @
interaction with hydrogenase catalysis is dependent on the oxidation state, coordination

environment and redox activity of the Fe sifé& In the H cluster reaction models; O

binds at the distal Fe, which is assigned to(thexidation state forskwi t h a Al oos e
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bound water. Reaction of the boungvath Fe(l) leads to formation of a terminally
bound-OOHor-Os peci es. Further reaction tycl es
generates kD, or iron-peroxide as aproducts®. Alternatively, 2Fe subcluster
oxidation, or O atom insertion into the distal Fe terminal CO ligand can releasé CO
The exact chemical nature of thesPecies produced fromy@eactions at the H cluster
remain to be experimentally validated. A recent experimental and theoretical study of
anaerobic, oxidative inactivation of CrHyd®Jproposed that the inactivation mechanism
proceedwia reversible, and slower irreversible inaetion processes. Reversible
inactivation involved Hbinding to different thermally available conformers of the H
cluster, with ligand rearrangements on et led to protection from Qnactivation.
Irreversible inactivation occurred at high (posijipetentials and was modeled as a slow
oxidation of Ry, rendering the H cluster susceptible to nucleophilic attack and
subsequent H cluster disruptfén

Structural and biophysical studies on howré€acts with the H cluster to cause
inactivation are cHeenging, and there are limited experimental studies on this pfocess
22 A mechanism of H cluster degradation yt@s been proposed from the results of X
ray absorption spectroscopy (XAS) studies in which reactiap€cies produced at the
2Fe subclater result in enzyme inactivation by destruction of the [4Fe4S] subéluster
Those results contrast with previous models wherelbgcCesses and binds to the 2Fe
subcluster to form ROS or other epbducts that can readily degrade the 2Fe subcluste
followed by loss of enzyme activity It has been observed earlier that exposure of

[FeFel}hydrogenases to either Or light (photolysis) led to the formation of ag+CO
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like EPR or IR sign&f-?5. The photolytic effect is known to lead to CO rekgashich
can rebind to the same enzyme, or another enzyme in a process termed
ficanni b & iOzcaused looth dreversible and reversible inactivation, where
reversible inactivation was proposed to oodarf o r mat i o maddoct withan @A OO0
EPR ggnal similar to Hx-CO. A mechanism for theZOnduced formation of the O
adduct has not been determined.

In order to reexamine the mechanistic process,oh&tivation of
[FeFe]hydrogenases, we have exposed the [Hefeggpgenase fror@hlamydomonas
reinhardtii (CrHydA1) to low titers of @while monitoring changes in the biochemical
activity and changes in Fourier transform infrared (FTIR) and Ultraviakble
(UVVis) spectroscopic properties. The FTIR results indicate that H cluster reacts;with O
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 fonnoét [4Fe4S]
subcluster state observed with WAk and in the Xray crystal structure. This
inactivation/degradation end product could be reactiviatedro by incubation with the

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

Methods

Protein Preparation

Heterologous expression and purification of CrHydAEsgtherichia colwas

done as previously descrilféd®. The protein was purified under anaerobic conditions in
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a MBraun anaerobic chamber (MBraug8A). All buffers were degassed under vacuum
before purification. CrHydALl isolation from cell extracts was performed using-a two
step chromatography process of-exchange over diethylaminoethanol (DEAE, GE
Lifesciences) Sepharose followed by affinigpture on Strefactin (IBA) resirte.
StrepTactin bound enzyme was eluted in 50 mM Tris buffer (pH 8.0) containing 300
mM NacCl, 5% glycerol, 5 mM sodium dithionite (NaDT), and 2 mM desthiobiotin.
Purity was verified by sodium dodecyl sulfate polyacrytigel electrophoresis (SBS
PAGE), and the concentration determined by Bradford assay. CrHydA1l was prepared in
the Hystate by serial concentration and dilution in Nafbde buffer until the FTIR
spectra consisted primarily offd CrHydAl was prepared the Hx-CO state by brief
sparging under 100% CO gas, and 10 min incubation, in a sealed serum vial. Aliquots of
CrHydA1 were prepared intH2 by 10 evacuation flush cycles with 100% ¢h a
Schlenk line fitted with an &trap.

HydF was obtainedybexpression ofiydFin the background of HydE and HydG
(HydFE®) in E. colistrain BL21 (DE3). ThéydE hydF, andhydGfrom Clostridium
acetobutylicunwere individually cloned into pEDuet, pRSFDuet, and pCDPuet,
respectivel§®. The cloned copy dfydF contained a Nerminal 6xHis tagf. Cells were
grown in LB Miller growth medium supplemented with streptomycin (50 mj L
kanamycin (30 mg'L}, ampicillin (100 mg L 3, 0.5% w/v glucose (~25 mM), 2 mM
ferric ammonium citrate and 50 mM phosphat&drufinal pH of medium was 7.4). All
cultures were grown aerobically at 25 °C until ane@Df 0.5. Cultures were sparged

with 100% argon for 20 min, -Dand induced wi
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1thiogalactopyranoside (IPTG). Cysteine (2 mM) and sodiumrat@é25 mM) were
added immediately after IPTG addition. Cultures were sparged with argon at 25°C
overnight.

HydF=C was purified in an anaerobic chamber (Coy Labs, Grass Lake MI) as
previously describeéd. Cells were harvested by centrifugation and 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 MgQ mM
PMSF, 1% Triton X100, 140 pug mt DNAse and RNAse, and 120 pg #llysazyme.

The cell lysate was stirred for 1 hour at room temp, and centrifuged in gas tight bottles at
38,000 xg for 30 min. The HisHydFF® 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 KCI, 5% glycerol, 1 mM dithiothreitol, and 20 mM imidazole. Purified
HydFECwas eluted with wash buffer containing 200 mM imidazole. H§dfas
collected and concentrat@naerobically with 30 kDa Amicon UltEb centrifugal
concentrators (Millipore). The Hy&Fwas loaded onto a G25 PID desalting column
(GE Life Sciences) to remove imidazole and eluted with 50 mM HEPES pH 7.4, 0.5 M
KCI, 5% glycerol, and 1 mM dithiotkitol. HydF®was flash frozen in liquid Nand

stored ai 80 °C or in liquid N until further use.

Preparation of Oxygen Treated CrHydA1

O- gas standards were prepared using sepseaed 123 ml Wheaton vials.
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Dilutions were prepared using a gaght syringe (Hamilton) to remove gas from a 100%
O.standard (equilibrated to atmospheric pressure) and injecting ihéoQials
containing 100% Blat atmospheric pressure. Standards of 100%, 4%, 1%, and 0.1% O
were used for all of the dditions. Samples used to measure the FTIR spectra of O
treated CrHydAl were prepared as followsx fFigures 2.2 and 2.3),2vas injected by
gast i ght syringe into the headspaQHyddbove ar
inaseptuns eal ed 825 edCOonFicaur i Aal2, HFi gure S
of 70 mg mLt Hox CrHydA1 was injected via gaght syringe into a septwsealed 825
eL conical vial that had previ onungettedbypbeen f
gastight syringe into the headspace of the conical viadlgH>( Fi gure 2. 2), 70
mg ML Hox CrHydAl inasepturs e al ed 825 €L conical vial,
empty conical vials, underwent 10 vacuum/100%ekthanges on a Schileline, and
incubated for 1 h at 4 AC in the Mbraun. A
transferred to each one of the emptyti¢ated vials via gasght syringe. Qwas then
injected by a gatight syringe into the headspace of each vialgBT (Figures 2.2 and
S2) was prepared in the MBraun gl ovebox by
mg ML Hox CrHydA1 (45mgmitf i nal ) and mixed via pipett,]
aliquot was transferred to aase@un@vhs coni ca
injected by gasight 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, Einal O
concentrations ranged from 0:@4.7% (v/v). In order to minimizpressure 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 septeaéd vial using gasight
syringe and loaded in a custom gigt FTIR sample celf. A summary of the ©
concentration and molar ratios is given in Table S1. Control experiments were performed
to estimate the repeatability ob @jections, with Q@ concentations determined by GC
(Agilent Technologies). The standard deviation feiir@ections is estimated to be SD=

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

FTIR Spectroscopy

Spectra were collected as described previowstly a Nicolet 6700 FTIR
spectrometer (Thermo Fisher Scientific) equipped with a Globar IR source; a&zafr
splitter, and a liquiehitrogencooled mercury cadmium telluride (MCT) deteéforAll
of the spectra were collected at room temperature (21 T@e custorbuilt 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 nsamgially adjusted spline.

Ultraviolet-Visible Spectroscopy

A 100 pl aliquot of 3 mg mt Hox CrHydA1 was prepared in the glove box under
100% N, transferred into low volume 1 cm pd#ngth quartz cuvette and septum
sealed. The greaction was itiated by injecting @(at 0.001%, 17% or 300%) with a
gastight syringe into the headspace of cuvette with the enzyme solutioB,atobled

with a peltier cooler. A micrstir bar provided agitation of the solution in the cuvette.
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The reaction ofCrHydA1 with & was monitored by UWis every min for 200
300 min, by scanning over a 2360 nm range at 1 nm intervals. WAfs spectra were

recorded on a Cary 4000 WVisible spectrophotometer.

Activity Assays

Activities of CrHydA1 were assayed bip 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 NacCl, 5% glycerol, and between 25spg of enzyne per assay. Hydrogen

production was detected by gas chromatography (Agilent Technologies).

Mass Spectrometry

Protein digests were performed with 1.5 mgti@rHydA1, 12.5 ug mt Trypsin
Gold (Promega), 50 mM THEICI 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-F31EE).
Reactions were transferred into septasealed vials with a Aheadspace. 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 coupte an Agilent Chip Cube integrated
microfluidics reversghase nantiPLC system was used. Trapping and analytical
separations were performed with an Agilent C18 HRLIGp (G424062001, 40 nl trap

column and 75 pm x 43 mm analytical). Chromatographyesds were BHO 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 2Z tin. The mass
spectrometer was an Agilent 6520TQF with a duaESI 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 acquisitionfdime
highly-abundant ions.

The resulting MS/MS data were analyzed using the PEAKS 6.0 software package
and searching the CrHydA1l protein sequence. Peptide mass tolerance was 10 ppm and
fragment mass tolerance 0.5 Da. Variable modifications wete satfonic 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 mt) in NaDT free buffer was exposed to 0.01% O2
for 2 hrs in a 4.5 mL Wheaton viaEnzyme activity was measured at the end of the 2 hr
period (50 pumol mitmg?). An aliquot of the sample was set aside for trypsin digest and
MS analysis, and the rest of the sample was concentrated to 30 #rfgrmL
crystallization. CrHydA1 was crystatkied anaerobically in a MBraun glove box at room
temperature using micrcapillary batch diffusion with a precipitation solution2&.5%
polyethylene glycol 8000 as precipitate and 0.085 M sodium cacodylate (pH 6.5), 0.17 M
sodium acetate trihydrate, ananM dithionite. After allowing the crystals to form for
23 weeks, they were mounted on ctgops 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 A wavelengthThe data was processed using XH@&nd scaled with
Pointless and Aimleg$ The structure was solved using molecular replacement using
AutoMR (CCP4 suite of programs) with CrHydA1 (PDB ID, 3L¥%)The structure was
built using COOT with further refimeent using REFMACS5 using NCS and B factor
restraints. The final model was solved to 2.23 A with an R factor of 24.1% and an R free
of 27.7% (Table S4, Table S5Atomic coordinates were deposited in the PDB

(code 4ROV).

In vitro Reactivation of @Inactivated CrHydA1

Reactivation of the @nactivated CrHydA1 was performed with the addition of
N-terminal His taggedHydF=®at different molar ratios to obtain a 300 pl total volume in
3 ml crimp sealed anaerobic Wheaton vials. CrHydA1 was alloweshtivate at 37 °C
in a water bath for 1 h, and reactivation was followed by measuring.th@étliction

activity as described above.

Results

FTIR Analysis and Comparison of
Hox, Hec-NaDT, Hed+H2 and Hx-CO

To investigate how differencés the oxidation state and/or site occupancy of the
2Fe subcluster of CrHydA1 affect the process pti@mage, reducing agents NaDT and
H>, and the competitive inhibitor CO were each added to oxidizedl GfHydA1.

These enzyme samples were then expts€d and monitored by FTIR. CrHydAl was

initially prepared in the K state with major peaks observed at 1804, 1940, 1964, 2071
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and 2089 cm (Figure 2.2a, red). Exposure of thex€rHydA1 to ~0.01% @(Figure
2.2a black spectrum) for 2 h resulted ie tbss of Hx features and an increase in features
assigned to k-CO and the @damaged cluster, discussed in more detail in the time
course discussion. A control experiment (Figure S3) on a duplicate sample in the absence
of O> showed only slight change the accumulation of & signal due to autoxidation.

CrHydALl in the Hy state was exposed to CO to makg-80 (Figure 2.2b, red
spectrum). The expected shiftv@O andvCN peakdo higher wavenumbers were
observed as previously reported fdd@hhibited [FeFejhydrogenases, withCO peaks
at 1809, 1963, 1969, 2013, av@N peaks at 2082, and 2091 &% 34%°. The enzyme
was then exposed to ~2.4%. Blox-CO was exposed to larger percentages of oxygen in
order to see if any attenuation of RT$ignal could be observed. After approximately 2 h
of O; exposure, the FTIR spectrum indicated the peaks assigneg @Hemained
relatively unchanged (Figure 2.2b, red vs. black spectrum). Small peaks appeared, which
are attributed to degradationsdme residual & species, and this may have also
contributed to the slight increase isHCO signal intensity after £&xposure. Enzyme in
the Hx-CO state was also treated with higher amounts;¢ti@pto ~24.7%, Figure S1),
and the resulting FTIR spea again showed significantly less degradation compared to
oxidized and reduced preparations, consistent with other observations,H&D kb
stable to oxidative reactions withp & 1136

Equilibration of Hx CrHydA1 under 100% ked to a colletive shift in thesCO
peaks, consistent with ligand exchange and electronic transitions at the H cluster

associated with Hactivatior® 3. Figure 2.2¢ shows the spectrum efridduced
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CrHydA1 with principlesCO peaks, assigned to a mixed populatioredticed

intermediates, observed at 1792, 1882, 1891, 1916, 1933, 1953, and 1963 cm
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Figure 2.2FTIR spectra of CrHydA1 samples exposed t0The solid red spectra are
prior to & injection, and black traces after 2 h exposure1q(@) Hy, ~0.026 O;; (b)
Hox-CO, ~2.4% @; (C) HrerH2, ~0.01% @; (d) Hea-NaDT, ~0.01% @ Wavenumbers
in red, Hy; black, Hx-CO; green, R+H2; magenta H+NaDT; purple, oxidative damage
and cyan, unassigned.



42

(Figure 2.2c, red spectruff)338. Additional pe&s associated with 4&CO were also
seen in the starting sample, possibly arising from a slight amountexg@sure during

H> treatment. Exposure ofidd-H2 CrHydAl to ~0.01% ©for 2 h, in the presence of
100% H atmosphere led to attenuation of th®2,71882, 1891, 1916, and 1933 tm
peaks (Figur@.2c, red vs. black spectrum). This was accompanied by an increase in
peak intensities assigned texdt 1804, 1940, and 1964 drtogether with a small
increase in peak intensities assigned €0 at1969 and 2013 cth Thus, degradation
of the H-reduced CrHydALl is likely to involve initial formation obtwith subsequent
interaction with Qleading to formation of K-CO and eventual 2Fe subcluster
degradation.

When Hx CrHydAl was treated with NaDT (20 mM final concentration, a 20fold
excess), the initial spectrum (Figure 2.2d, red spectrum) she@@deaks previously
assigned to reduced intermediates at 1861, 1882, 1891, 1916, 1961, and 1§79 cm
Compared to bk (Figure 2.2a), the NaDTreated CrHydA1 showed less signal
attenuation after exposure te Bigure 2.2d, red vs. black spectra), with only a small
loss of 2Fe subcluster signal after 2 h of exposure to ~0.069%R&pardinggCO peak
intensities, the @treatment produced new peaks at 1946 amd 1969 cm, a slight
increase in peak intensities at 1916, and 2013, @nd larger increases in peak
intensities at 1804 and 1940 émThe increases at 1804 and 1940'are assigned to
an increase in the pafation of Hy, and the changes at 1969 and 2013 ame assigned

to an increase in the population of#CO. The appearance obHs similar to the
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sequence observed foe &posure of RHreduced CrHydA1l, again consistent with O
inactivation involvingat least one K-dependent reaction pathway. It should be noted
that the presence of NaDT complicates conclusions drawn from this experiment, as it
both reduced CrHydAl and scavenged ®aDT also reacts with£Qo form ROS, which
in turn reacts with CrHyA1 to exact inactivation. However, titrations of the
NaDTreduced CrHydAl with increasing amounts of l@d to similar transitions
observed for Bk CrHydA1, that is formation of both the,HCO and Q@ damage signals

(Figure S2).

FTIR Time Series of @Exposed Hx CrHydA1

In order to observe £induced transitions in the 2Fe subcluster by FTIR on the
timescales of full spectral collection (512 scans, ~8 min), CrHydA1l prepared in the Hox
state (with 3CO modes at 18rdleralowi(90HD0%) 1964
O partial pressure at 4 °C, and FTIR spectra were collected at approximately ~25 min

intervals (Figure.3). Based on anQitration series (Figure S4) we selected 0.01% O
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Table 2.1. Rate constants fos @duced changes in CrHydAl and Cakld CO pe ak
intensities, and KHevolution activities.

1 k=-[In(ylyo)l/t (ste M)
2 (a) Goldet, G., et al. 2009ACS 131:14979; (b) Stripp, S.T., et al. 200NAS

Enzyme 1 kap Hx 1 kinact 2

@l R si gnal H;evolution Ref.

(s1 elM activity kinact
(s1 &eIM | (s1  e1m
CrHydA1l ( ol 9300 ( pl 92604| 2.0 x 10° 4.3 x 10° (a)
10 10 2.2 x 10° (b)
Cal ( 1l 990% ( gl 81RK| 6.4 x 10° 5.1 x 10° (b)

10° 10°

106(41):17331.
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Figure 2.3Time courseof the FTIR spectra of & CrHydAl exposed to ~0.01%,0
The initial Hox signal (1804, 1940, 1964, 2071, and 2089'cgradually decays, and the
spectrum transitions to a characteristig-BO signal witheCO peaks at 1809, 1963,
1969, and 2013 crh Signals assigned to-@amaged clusters are shown in purple.

for the timecourse experiment in order to allow the timescales of oxidative transitions to

match the timeframe of IR sampling and data collection. Under 0.1 %héH signal
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gradually attenated and transitioned ta,HCO, with primarysCO peaks at 1809, 1963,
and 2013 cm. A near complete transition ofxto Hox-CO was observed after ~200 min
of O; exposure. The decay rates aofBpecificaCO signals at 1940 and 1964 ¢mere
calculaed from normalized absorbance measurements kaokie 105 ¢ M (Table 2.1,
see also Table S3). These rates matched well to the inactivatiokafed st e M
of Hz evolution activity (Table 2.1). We also measured the change in the FTIR spectra of
Clostridium acetobutylicurhlydA (Cal) prepared in ki and exposed to a ~36Id
higher concentration (~0.28%) ot OThis enzyme is ~10fdld less sensitive to O
inactivation than CrHydAlthus was expected to have slower kinetics shduced
changes in FTIR spectral features. A tinmrse spectrum (Figure S5) of Cal exposed to
~0.28% Qshows a slower decay rate ofipeakintensities, and subsequent appearance
of Hox-CO signals, than for CrHydA1 (Table 2.1, see also Table S3). These differences
match to the comparatively slower (~1fad) inactivation rate of Cal versus CrHydA1
(Table 2.1, see also Table S3). As observed for CrHydA1 there is good agreement
betweerthe rate of loss of & signal intensitykuoxa 4s@e M Oy, and the
inactivation rate of blevolution activity by G, kinactd 1t@10° s e Nt Oy For both
enzymes, prolonged periods of €&xposure appeared to have led to higher order sffect
onVvCO signal decay. These components were not included in the fitting parameters of

Tables 2.1 and S3 used to calculats.
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taken afa) 133 min, and (b) 253in, after exposure to-OWavenumber coloring igs
described in Figure.2.
The percentage ofddCO formed after @exposure of lsk (change in primargCO peaks
from 1804, 1940, and 1964 c¢no 1809, 1963 and 1969 cinwas estimated by using
standadized values fosCO peak heights, normalized to mg of enzyme, for an
anaerobically prepared CrHydAI,HCO sample (Figure 2.2b, red spectrum). The
amount of G-treated Hx CrHydA1l that converted tod+CO was determined based on
normalizing thesCO peakintensities in the @treated sample to the,{4CO standard.
The amount of CrHydA1 that converted tex#CO was ~20% after 133 min (Figure 2.4a)
of ~0.01% Q exposure, where the rest of the signal loss is likely due to complete
degradation of the 2Fe stlbster, which is observed at 253 min (Figure 2.4b). The
Ozinduced Hx-CO signal appeared simultaneously with the lossegfadhd slowly

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

loss of Hx-CO was accompaed by the appearance of ne@O peaks at 1825, 1925 and
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2025 cmt (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 decayin{Hox), it is not currently possible to determine whether these
peaks arise from a single or multiple H cluster state(s). These pw@tvbands at
1825, 1925 and 2025 chmight arise from oxygenation of a bridging thiolate, which was
observed to induce619cm*ups hi ft of t*hitds pasgol thatRorh a nd s
byproduct of Qled to a similar effect on CrHydAICO bands (see Figures 2.4a and
2.4b¥°. In depth DFT calculations on,®@inding to the H cluster propose reaction
pathways that incide both oxygenation of fFand oxidation of 2F&4L, In this case, the
resulting oxidation of the 2Fe subcluster

again consistent with the observed upshifts in CrHydAdsBHectrum after @exposure.

UV-Vis of 02 Exposed CrHydA1

Ultraviolet visible (U\AVis) spectroscopy was employed to monitor [iee-4S]
cluster during @exposure. The absorption spectra of HotblydAl, CrHydAl
expressed in the absence of HydE, HydF and HydG and lacking the 2Fe subcluster
(Cr Hy d Al pE F G)nactivated CrHydAleall sShowed a broad 4420 nm
absorbance feate associated with S to Fe charge transfer bands of FeS clusters.
CrHYdAl1pEFG con#éd&ilnsubrell wsd efdkenserted by
assembly machinet$: The difference between t-he spe
CrHydA1l (Figures 2.5b ah2.5c, red and blue trace, respectively) shows that the spectra
for CrHydA1%E F&ppears to be reshifted 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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CrHydA1®E F Being in a rore oxidized state, differences in-leading pemmol of
enzyme, or the presence of the 2Fe subcluster causing a blue shift of the 450 nm

absorbance peak in he@rHydAl.
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Figure 2.5Crystal structure and UVis of O; inactivated CrHydA1(a) Electra density
map contoured atlPshowing extra electron density in the H cluster environment
including oxidized Cys 169. The conserved [Felg]rogenase motifs are depicted
below the ribbon diagram with Cys 169 (starred). (b) flilespectrum of reduced
immature CrHydA®EF & ), and of holeCrHydA1 (Z ) after inactivation with 0.001%
0.2 h (2Z), or wiofoh3h3z)adad)Acloselip vievd d the 36550
nm region.

Inactivation of CrHydA1l by exposure to ~0.001% and 1796002 h was
monitoral by H evolution activity and UWis spectroscopy. The initial activity was
500 umol min'mg?, which declined after the 2 h,@eatment to 12 umol mihmg™.
CrHydALl that was not exposed te @d not show a decrease in specific activity, nor any
charge in the UWvis spectra. The blue trace in Figure 2.5b and 2.5c is the starting
spectrum of holeCrHydA1, and the black trace is after 2 h incubation with 0.00:2% O

the orange trace is after 2 h incubation with 179 The difference spectra between
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holo-CrHydA1l (Figures 2.5b and 2.5c¢, blue trace) anah@ctivated CrHydA1l (Figures

2.5b and 2.5c¢, black and orange traces) did not reveal significant differences (data not
shown), suggesting that most of tHéF® charge transfer absorption is maintaiater

Oz inactivation This result is consistent with stability of the [4IS3 cluster against O
damage. CrHydAl that was exposed to large amounts (& &m of 100% ©for 3 h)

exhibited a significant decay the peak at 420 nm (Figures 2.5b artt 2green trace).

In-vitro Activation of @ Inactivated CrHydA1

CrHydA1 that had beennactivated could be in vitro activated with HydFEG
(Figure S7) and activity could be recovered to ~80% Of as purified activity. The
remaining population of eyme that was inactivateable is likely due to degradation
products that were further degraded to possibly {8&kcluster, [2F&S] cluster, or
completely stripped of clust®r This data suggests there is a significant population of
enzyme containing tact [4Fe4S] after Q exposure. It had been previously shown that
HydF=C is sufficient for activating CrHydARE F 2, and that activation of CrHydAf F ¢

requires the assembly of a preformed [4#53 clustef?.

Structural Characterization ofMactivated CrHydA1

CrHydALl inactivated by ereadily crystallizeé&nd the structure was determined
to 2.3A resolution. The resulting structure was very similar to the previously
characterized structure of purified CrHydA1 expressed in the absencefaf[F
hydrogenase maturases HydE, HydF, and HydG with an overall r.m.s. deviation between

the two structures of 0.29 & The structure revealed a vacant 2Fe subcluster site and an
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intact [4Fe4S] subcluster (Figure 2.5a) and an open channel leadingliesurface to
the site left vacant in absence of the 2Fe subcluster. This suggests thantizated
CrHydAl is the appropriate conformation and is consistent with the observation that
oxygen inactivated CrHydA1l can be reactivated by the H claséuration 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-&OH) at positions Cys 1§%hich functions in
protontransfer to the ktluster(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 170,425 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 fromliinding at the 2Fe subcluster. It is
possible that the modifications of the surface Cyar@8238 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 inrdlge X
structure (Figure S6). Thus this residue rabsp play an important role in inactivation.
Although @ damage is evident from the-pdy and analytical structures, the [448]

subcluster was intact with no evidence efdamage.
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Discussion

The results of recent studies in whickrayy Absorption Spectroscopy (XAS) was
used to monitor @damage of CrHydA1l were interpreted to indicate that aftdsi@ling
and reaction with the 2Fe subcluster, the initial target of H cluster degradation was the
[4Fe-4S] subclustét 22 These studieseve conducted with high concentrations ef O
and in one study with the additional presence of high concentrations of NaDT. For
example, Stripget al.exposed ~ 30 nmol of CrHydA1l equilibrated in the state to
~20% Qover a period of 15 mif, whereasn Lambertzet al.exposed 8 nmol of NaDT
reduced CrHydAl to air sajfoori@megdinbuffer (~
contrast, for the comparative study with FTIR (Figure 2.3), we monitosgaFé
subcluster degradation with slightly more enzyme (r@®l), but exposed to ~2500x
l ess (~0.137 OM in solution as determined
pressure) concentrated (@ solution over a ~17x longer time period. As mentioned
above, several experiments were conducted with differeatiats of Q in order to
determine the amount that caused inactivation on timescales that allowed for detection of
intermediates. Thus, the amount ofu3ed extended the tirfeame of inactivation, and
allowed for a combined use of FTIR and Y& spectrosopies to monitor the integrity
of both the 2Fe and [4F&S] subclusters. Higher amounts aofl€d to faster inactivation
times and more rapid loss of 2Fe IR signals (Figure S4), wheread §}sggnals
persisted longer (Figures 2.5b and 2.5c). Simigeamental setups were performed to

allow the use of additional analytical techniques (biochemical assays, aiisUV
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spectroscopies, mass spectrometry, amdycrystallography) to follow the fate of the
2Fe subcluster and [4HS] subcluster during theactivation process.

FTIR analysis of CrHydA incubated in the presence~#.01% Qin the absence
of exogenously added reducing agents exhibited attenuation opthtate. The
attenuation of the &isignal tracked nearly 1:1 with loss of enzymyelrogen production
activity and is strong evidence that the 2Fe subcluster of the H cluster is the initial site of
Oz inactivation. In addition to the loss obtsignal due to @ signals commonly
associated with §-CO state appeared. This observasaggests that Qlegrades 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 inHs also thought to occur during photoillumination
of the [FeFelhydrogenaséé These observations are consistent with free CO being a
potent inhibitor Ki& 0 . 1 ° oE[Ré¢Fe}hydrogenases.

The changes that occur when CrHydAl is exposed &pfear to ocur to a
greater extent and at a higher rate when poised indh&tdie. Enzyme poised in
HoxCO, HestHz, and He-NaDT were less prone tox¢dependent decay. CrHydAl
equilibrated under br NaDT reduced also showed limited degradation compared to
Hox, With a majority of 2Fe subcluster signal being maintained at 1.2% t0,2% O
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 LQlamage and provide strong support of this site as i site of

O; binding and attack along the pathway of H cluster degradatitn'®?2,
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The addition of CO had the greatest protective effect with no observable decayGdH
up to 24.7% Q@(Figure S1) over 2 h of exposure, consistent with presio
electrochemical observatidhs!l The H and NaDT treated CrHydA1 exposed top O
initially transitions into Hxprior to degradation indicated by the observed appearance of
the 1940 crit feature. Subsequently, similar degradation products are @olsierthe
NaDT- and H-treated CrHydA1l samples as were observed wiidsBimples, with the
transient appearance obHCO specific FTIR features.

The Qinactivated CrHydAl was capable of being reactivated by the addition of
HydF=Csuggesting that the aictivated enzyme has a damaged or absent 2Fe subcluster.
Further, as described above, both-WM spectroscopy and structural characterization
indicated the presence of an intact [4F3] subcluster that was stable long after activity
attenuated. Intergmegly, the Xray crystal structure and UVis of O, inactivated
CrHydA1 strongly resembled CrHydA1 expressed in the absence of maturases
(CrHydA1®E 7S Previous studies probing H cluster degradation using comparatively
higher concentrations of @itherwith?® or without! NaDT proposed that the
degradation of the [4F€S] subcluster preceded 2Fe subcluster degradation, whereby
ROSwas generated by ®inding and reaction at the 2Fe subcluster. Under the
conditions of our study in which CrHydA1 was expdgo Qin the absence of NaDT,
the [4Fe4S] subcluster seems fairly resistant to degradation. We do however see
evidence for the oxidation of the ngoordinating active site Cys (Cys 169) perhaps
through the formation of R3S Exposure of either th@, degradation intermediate

observed here or CrHyd &% {6 high concentrations of @esulted in the eventual
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destruction of the [4F4S] subcluster, as evidenced by reduction and eventual loss of the
SA Fe charge transfer bands at ~420 nm.

Thus, based othe experimental evidence presented here, we propose that the
mechanism of @attack on CrHydALl first involves degradation of the more labile 2Fe
subcluster, followed by attack on the more robust {4&gsubcluster. The titration data
suggests that theaction sequence is independent gt@ncentration, but occurs at a
concentration dependent rate. High (>1%)&els led to fast 2Fe subcluster degradation

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

up.

Conclusion

The inactivation of [FeFefydrogenase by £3s defined by steps that involve the
diffusion of gases into close proximity of the catalytic site, followed by redox/chemical
steps of @Qreaction with the H cluster. Our results are consistéh theoretical
models® and indicate that the latter process procesalexidative breakdown of the 2Fe
subcluster, initially releasing CO that can bind to secondary targets (e.g., other enzymes).
Further exposure results in the eventual formatica sthible breaklown product with an
intact [4Fe4S] subcluster and a vacant 2Fe subcluster site capable of being reactivated
by 2Fe subcluster specific maturation machinery. E@mgn and/or high concentration
O2 exposure is required for oxidative damadehe [4Fe4S] subcluster and complete H

cluster degradation as evidenced by the preV¥AS/EXAFS studies.
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Based on our results, [FeHaydrogenase inactivation fromp®xposure essentially
reverses the maturation pathway of H cluster insertion into immature CrHydA1, and
suggests that H clusters inactivated by low concentrati@x@osuran vitro could be

substrates for reactivation by HyfF
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Additional FTIR spectra of Ofeated Cal and Ozeatment oHox, HredDT, and CQ
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Abstract

Background
The first generation of biochemical studies of complex, -golfur-clustercontaining
[FeFe}hydrogenases and Matrogenase were carried out on enzymes purified from
Clostridium pasteurianunfstrain W5) These studies suggested that two distinct [FeFe]
hydrogenases are expressed differentially under nitrbigielg and nonnitrogenfixing
conditions. As a result, the first characterized [FdBiy@rogenase (Cpl) is presumed to
have a primary ale 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, fll. Biochemical characterization of Cpl and Cpll indicated Cpl has
extremely high hydrogen production activity in comparison to Cpll, while Cpll has
elevated hydrogen oxidation activity in comparison to Cpl 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 [FeRgilirogenases, one of which had not
previously been known, and one [NiHgjdrogenase in theuplished genome o€.
pasteurianum(strain W5). Quantitative reatime PCR experiments show markedly
reduced levels of Cpl gene expression together with concomitant increases in Cpll gene

expression under nitrogdixing conditions. Structurbasedanalyses of the Cpl and Cpll
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sequences reveals variations in their catalytic it@smay contribute to their alternative
physiological roles.

Conclusions
This work demonstrates that the physiological roles of Cpl and Cpll are to evolve and to
consume fdrogen, respectively, in concurrence with their catalytic activities in vitro, with
Cpll capturing excess reducing equivalents under nitrogen fixation conditions. Comparison
of the primary sequences of Cpl and Cpll and their homologs provides an iagiglfor
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 Gragpositive, spordorming
anaerobegfl]. In general, clostridia gain their energy from the conversion of hexose sugars
to butyrate, acetate, and €@uring this process reduced electron carriers in the form of
ferredoxin accumulate and must be recycled for sustained fermentative energy metabolism.
C. pasteurianumecycles reduced ferredoxin by coupling electrons and protons to form

hydrogen (H) through the activity of a hydrogenase.

Clostridium pasteurianurstrain W5 was the first freleving, nitrogenfixing organism to

be isolated2]. For over 100 years, it has been a model for studying the biochemistry of
nitrogen fixation and KW metabolism. Te first generation of biochemical studies of
complex ironsulfur clusters involved in catalysis by an [Fehgtirogenase and by Mo
nitrogenase were carried out with enzymes purified f@rpasteurianunstrain W5[3].
Indeed, ferredoxin was first discoeer in C. pasteurianunstrain W5[4], and the first
preparations of a soluble hydrogenase were also obtained from this org&hism
Subsequently, the presence of a second [FYdrogenase (Cpll) was revealg], and

its physical and catalytic propertiegere studied along with those of Cgl. Cpl was
proposed to evolve Hto recycle electron carriers during fermentative growth in the
presence of fixed nitrogef¥]. Cpll was proposed to function under nitrogeing
conditions to capture reducing eqaiients in the form of bHwhich is an obligate byproduct

of nitrogenaseatalyzed reduction of nitrogen to ammonia. This is consistent with the

observations that Cpll accumulates at a higher cellular concentration during diazotrophic
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growth [6]. Comparisonof the rates of bl evolution and oxidation revealed that Cpl
produces kA 550times faster than Cpll (5,5085.1 0 & mo2min-ond resdectively)
while it oxidizes H about 30% slower than Cpll (24,006.3 4, 000 g/moimg of H
respectively)[8]. Typicdly, [FeFe}hydrogenases have characteristically high catalytic
rates for H production[8]. Therefore, the two [FeFR¢lydrogenases exhibit a strong
Acatal ytic bias, o which is manifestexd most

oxidation.

In this work we have revisited the hypotheses that undemittogen fixing conditions

Cpl functions to reduce protons during the recycling of electron carriers during
fermentation, while Cpll functions in Fbxidation under diazotrophic conditions. The
genane of C. pasteurianunATCC 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 theranscript abundance of each hydrogenase under nitfogeeg and nitrogen

replete culture conditions to assign physiological roles for Cpl and Cpll. Furthermore,
detailed primary amino acid structutzsed comparison together with phylogenetic
analysis povide 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 theé. pasteurianurstrain W5 (CpW5) genome was carried
out independently of the recently published complete gef®m®©ur 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 (Siugpental 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 glete genom¢9]. Like the genomes of other
clostridialspecieg10-12], the %GC content of CpW5 was low at 30.@bpasteurianum
NRRL B-598, which is an oxygetolerant species, is also related to CpW5 and has a
genome size that is ~50% larger, compgs6.1 Mbp[13]. According to SEED Viewer
[14], which does not include sequences from tl@spasteurianungenomesgi.e. ATCC
6013 DSM 525 and NRRL 498), the closest neighbors with completed genomes are
Clostridium acetobutylicum (3.94 Mbgl5], Clostridium botulinum (3.89 Mbp]16],
Clostridium novyiNT (2.55 Mbp)[17], andClostridium sporogeneATCC 15579 (4.09

Mbp) [18].

Hydrogenases. The genome of CpW5 encodes the two characterized [FeFe]
hydrogenases, Cpl and Cpll, and an additionahdlog designated Cplll, as well as one
(previously annotated) [NiFdjydrogenas¢l9], 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 primarnggsience of Cpll since it was biochemically

characterized more than two decades|[@§o

The sequences of Cpl and Cpll are 33% identical, with a 45% identity and 61% similarity
over the conserved region (Fig. 1), which suggests that these two enzymegeinenadly
conserved protein architectures. A homology model of Cpll (Fig. 2) based on the solved
crystal structure of CHRO0] and generated using SwissMof&l], as well as amino acid
sequence alignment, indicate the absence of accessory domainstinaCpte present in

Cpl. The Cpl sequence contains conserved cysteine residues for each cluster that
sequentially bind clusters [2R2S] (FS2), the distal [4F4S] cluster (FS4C), the medial
[4Fe-4S] cluster (FS4B) and the proximal [4B8] cluster (FS4A)In contrast, the N
terminus of Cpllacksthe 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 {dluster, and two [4Fe4S] accessatysters were identified in Cpll.

Cplll, which has thus far not been biochemically characterized, has a unitpreniNal
arrangement of cysteines. Sequence alignment reveals that the FS4A binding motif is
conserved, while the FS4B motif lacks two of ibier cysteine residues that typically ligate

this cluster (Fig. 1).



72

10 20 30 60 70 80
P P T I
DTLIEDGMIINTNSDAVN
AKVEDGMVINTESDEVE

EICEEE | | | | | | ce
METIIINGYQFNTDEDTTILEFARDNNIDISA CILNNCNNDIN TVEVEGTGLVT-
METIILNGNEVHTDED ITILELARENNVDIPTHCFLEDCGN-FG WVEVEGKEGFRA

2 2 2 2

lo0 lz0 130 140 1350 1c0

o . . I e I e T |
EKIKSRISQLLD G NRRE EFLKLVIKYKARASKPFLPKDKTEYVDERSKSLTVDRT CILIC] HAMGE
ERIKERVEMLLD G RRENEFLEL VI K TEAKASKPFLPEDEDALVD NREKAIVIDREHCWTC) AASEOH

———————————————————————— VPIE------KDNFSIMRHEENCWHCKVEEKVEMTEE
--¥NSDHE---IVTKIRDCSVDCADENGKTSEOKSMEFD
————————————————— ¥RCTDN---IVEKIKECDS SCHSNEGETEgOKSEPFD

BBB A

1390 Z10 Zz0 240
T T L e T P T I | .
TETYAMEFLNENGETIIGAEDEKCFLDT L WAALSEK-SHMDRVENALNAPEE E
TETCEIQF IKEDGQRAVGTVDDVCLDDS L Mo AATLKEE-SHIEEVOQEALNDPEE E
ISVYGHYDLEETGDEAT ¥FRITEV-SDVOOVEDAINDPDEI E
AILIDEANKTSYIDEDL NESILDEVEFIPLAN--LLEEEQP I
AILVDENTETSHIQEDL G ILDEIEFMPLLE--LFENNE E
250 290 300 320
P T e L .|.... B I e R IR T I ey |
LENMEFEVDVTCEIYTALRQL VORIENN-GPFPMFTE QAENYYPELLNNL
LEEMG¥GEDVTGEL Y TAL RML LGRVENN-GPFFMF TS LAQNYHFELLDNL
AFGMEFPGTYVEDEMAAVLENL VQRITSGNGTLEQF TS FVEIYYPEL INNL
DWTIDQ-—————— LERTAFEEV FHNAHVESIE-DDLMITSC MLERVIEDMVELV
NVSLEM-—-————-—- LERTAFEEV FNELVHNIE-DDLMITS C[8 MIRKITKDLARHY
H
330 340 370 380 390 400
T N P T A A

Pielelny ATYTYPSIISGLDFENVET g Ll DEPOMEED ——-—--—— GLED IMAYV IGNTRMLAEMIEDA
Pielelny ATTYPIISGIAFEDVIT g K| DIPFMETH------—- SLED IMASTNTRMLAEMIEDA

A TLIMO ATTFAKEAAIDFEEIVH - g ITRAEENDAGEYYNDENIRDMMTY I RELSNWIKED

IAA ATLHS——-—————— SENKDIEGD--—-—-——-—-——--— IMFVLEGFEMYENIFESL

IAS AELNP-——-——-———— SREQDIZDA--——-——-—-——-— IWNFVLESFEMLEGIFDVL
410 420 430 440 450 460 470 450

I T T T T T o L [ P [P IR [P I |
EDSEADPAMGE TEIGACA TFGA EAALRSAKDFAENAELED--IEYKQVRGLNGIKEAEVE INNNEYN-V
=

EDGEVDPAMGTYRGACATFGA EAATRZAKDFAENKELEN--VDYTEVRGFEGIKEAEVE JIAGNEL N-V
QGEAEFDSLLARGHEGGEIIFGT ESAIRTAYY Y ITKEENPPEDLYNLEAVGNMDGIREAQVTIGDYTIN-T
PE-—--DP3TDYARREERLYAR B IAVEEAVARLFPEE-——-——-——————-——-——————————— EDLFEZ
PE-—-THTESYARREERLYGE, TSVDEAVERIFPNE-—----—"--——-——————————————— HHLFES

490 500 510 5Z0 530 540 550 560
[ T T | PO T T T Oy I I IV I T
AVINEASNLEFEFMES GMINE EQYHY IV H NeGGOPHVNPEDLEE@DIKEVEASVLYNQDE-HLSERESHENTA
AVINEASNFFEFMESGEMNEEQYH GEOPHVNALDRENEDYRELRASVLYNQDENVLSERESHD NP A
AIVHETANARKLIEEVESGEEKYD GEOPEVEIPMADEHR--OKRIAGLYNEDO-SVTORLAHENPD
VOANMEVIECKEILEEAQNGEVAAN PEALIPKEKGREEHGNEFAENSNVEISLES ——— —-DOMEET
TEVDEVEDCEDILNETOAGN I GAN PEAIVHEDOGRESEUNKETAESSEIKISVDS ——————— ERMEDI
570 La0 sao
PO T L L T T T |
LVEMYQNYFGEPGEGRAHEILHFEYEE-———————— Cpl

IIEMYDSYFSKPGEGLARKLLHVKYTKDENVSEHE (gl

ITKVYDEFFKKPLSPLAEELLHTVTSSKKHILGE- (Cpl|
LNMLNITSAKDFMDEEKIKIFEREF-————————- Cp|||
LSRIGINSIEDFGDESEVDIFERRF-————————- Calll
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Figure3.1. Protein sequence alignment of the [Fefgjrogenases df. pasteurianum
W5 andC. acetobutylicumResidues ligating FeS clusters are indicated with A, B, C, or 2
to denote the cluster they ligatej khe Hcluster, Ai proximal cluster (FS4A), B FS4B,
C1 FS4C, and 3 FS2. Key residues within a 5 angstrom radius of theludter are

denoted with a star. These residues are conserved among representatives of
phylogenetically clustering members of groups containing Cpl/Cal, Cpll and Cplll/Calll.

The [FeFe]hydrogenase sequences encoded in the CpW5 genome contain the
evolutionarily conserve#i-cluster motifs;?°CCPx, 3*PCxxK, and***ExMxCxxGCxxG
(numbered according to Cpl) (Fig.[2R]. These motifs include all of the-&luster binding
cysteines, (H in figure 1). Phylogenetic clustering of thellt$ter domains of clostridial
[FeFel}hydrogenasebas shown a variety of distinct clusters, designated\B3,1A7, A8,

and B1B3 [23]. Group A2, which includes Cpl, is comprised of soluble;pkbducing
enzymes. Cpll, which lacks the [22&] cluster as well as one of the [4#8] clusters, is
classifiedas an A3 hydrogenase. Members of group B2, that includes Cplll, have an
average size of 450 amino acids and an additional characteristic cysteine residue in the P1
motif (TSCCCPxW) of the Hcluster [24]. No hydrogenases of this type have been
biochemicaly characterized to date, and it is unclear if these sequences produce active
hydrogenases. The overall subunit architecture of the hydrogenase places Cpl as a M3
hydrogenase, comprising andtuster, three [4Fd4S] clusters, and an additional [2E8]

cluger[25].

The [NiFe}lhydrogenase gene clustef CpW5 contains the required accessory genes

(hypABCEFDandhoxN) downstream of the structural genbgaAB, which encode the
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large and small subunits, respectively. The predicted protein sequence of the large subunit
contains previously describgd6] L1 and L2 motifs characteristic of membranaund,
uptake hydrogenases. The L1 and L2 motifs encompass thg bagiserved cysteine pairs
(CxxC) near each terminus that ligate the NiFe centetike [FeFe}lhydrogenases,
maturases for the [NiFdjydrogenase are often found in a single gene cluster with the
structural genef27], as is the case for the CpW5 genoffieis gene cluster is not €0
localized with any other hydrogenase or nitrogenase genes. The gene for the hydrogenase
large subunitifyaB) clusters phylogenetically with othelostridiain group 1[24] (data

not shown), which comprises membraassociated ptake hydrogenas¢26].

Figure 3.2. Comparison of overall protein structure of Cpl and the Cpll homology model
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Transcriptional and physiologicalanalyses Quantitativereattime PCRassaysvere

performedo comparehetranscriptabundancef eachCpW5hydrogenasenderboth

nortnitrogenfixing andnitrogenfixing conditions.

Non N,-Fixing N, fixing
ATP + CO,

ATP + CO
2 Glucose Acetate

Acetate

Glucose

m—————y I
[\%]
L
+

N, + H+  NH;+H,

H* H,

Figure3.3. Proposednetabolicfunctionsof Cpl andCpll in C. pasteurianumCpl actsas
anelectronsink understandardermentativeconditions while Cpll actsto recycle
reducingequivalentsn Hz duringnitrogenfixation. It shouldbe notedthatthe[NiFe]-
hydrogenasenayalsofunctionalongsideCpll to recyclereducingequivalentsalthough
this hydrogenaserobablymakesa smallercontributionthanCpll to Hz oxidation

Transcriptlevels for Cpl decreasedinder nitrogenfixing conditions(2.9-fold change)
while Cpll transcriptsincreased’7.5-fold change)The transcriptlevelsof Cplll andthe

[NiFe]-hydrogenaseavere low with and without fixed nitrogen,with relative transcript
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abundancespproximatelyl00-fold lower thanthosefor Cpl or Cpll, as basedon the
amplification thresholdfor eachgene.Cplll transcriptlevels decreasedlightly under
diazotrophic conditions (2.0-fold change), while [NiFe]-hydrogenase transcripts
underwentan 8.7-fold increaseDespite this increasein transcriptabundancefor the
[NiFe]-hydrogenasethe relative transcriptabundanceof the [NiFe]-hydrogenasewvas
approximatelyl0-fold lower than the Cpll transcriptabundanceunder nitrogenfixing
conditions.Thus, low levels of [NiFe]-hydrogenasdranscriptsare presentunder both

nitrogenrepleteandnitrogenfixing conditions.

Collectively,theabundancef hydrogenaséranscriptsagreeswith previouslyestablished
protein expressionconditionsand supportsa rational model of hydrogenasaisageby
CpWS5: Cpl, which is known to be abundantlyexpressedinderstandardnon-nitrogen
fixing fermentativeconditions[28], functionsto disposeof excesseducingequivalentsas
H>, whereasinder diazotrophic conditions, dinitrogen reduction by Mo-nitrogenase
consumes large amountof electronsand thereforesubvertsthe needfor an electon-

consumingprotonreducingenzyme.

In contrastCpll hasanexceptionallyjow Hz productionactivity [29] andthusit is unlikely
thatit is capableof removingexcesseducingequivalentsRather,its high H> oxidation
activity andalmostnegligibleprotonreductioncapacityis consistentvith thishydrogenase
functioning in the uptake direction.This H> oxidation is of particular importancefor

recyclingelectronsrom thenitrogenasgroduced, andfeedingthoseelectrondackinto
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the reductantcorsuming,nitrogenfixing metabolismIn this model,Cpll therebyactsto
recyclereducingequivalentsmitigatinglossof electrondrom Hz producedy nitrogenase
(Fig. 3). The[NiFe]-hydrogenas&asasimilar transcriptionaprofile to Cpll, whichis up-
regulatedundernitrogenfixing conditions. This suggestghatit may alsohavearole in
recapturing reducing equivalents,as has been previously demonstratedfor [NiFe]-
hydrogenasem aerobic,nitrogenfixing organismg30-33], but our datasuggesa much
lower abundanceof [NiFe]-hydrogenasedranscriptscomparedto Cpll transcriptsThe
gRT-PCRdataareconsistenwith previousobservationghat Cpll is expressegbrimarily
undemitrogenfixing conditionsandthatCpl andCpll accountor themajority of thetotal

hydrogenaseactivity observediuringproteinpurification[6, 29].

The different catalytic rates and metabolic functions of Cpl and Cpll provide a unique
system for the study of catalytic bid$he specific catalytic abilities of theegdrogenases
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 finetuning it must possess in order to perform a particular imcthere is a

large selective advantage to having an enzyme with very low rates of proton reduction,
such as Cpll, because such enzymes are likely to be operating near equilibrium under
nitrogenfixing conditions, and the slow rates of proton reductiaul 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 [Nifyefogenase. The two exceptions have
genes encoding three orore [FeFehydrogenases, suggesting that one or more of the
[FeFel}hydrogenases serves to consumeahtd thereby supplants the need for a [NiFe]

hydrogenase during nitrogen fixation.

Structural basis for catalytic bias in [FeFe}hydrogenases

Cpl and @Il display substantial differences in the ability to reduce protons and oxigize H

and we hypothesize that these differences are due to structural differences and thus to their
amino acid sequences. Comparison of activities among hydrogenases doe®aloa re

trend in B 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 hydrogemdssisikely, a suite of structural
features is responsible for tuning the directionality of a given hydrogenase. The particular
amino acids involved in gas channel lin{i88], proton transfef36], electron transfer, and

H-cluster ligand environmeifi87] may all play a role.

Although the motifs coordinating Hdlusters are conserved across [Feig]rogenases,

amino acids in the second coordination sphere are not conserved. For example, three
residues near the 2Fe subcluster, A230, 1268, and M353 irafgp§99, T137, and T223

in Cpll (Fig. 4). These differences highlight how variation in the second coordination

sphere may play a role in modulating catalytic bias. Previous work by Kreiraéf37]
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showed that Thr (T137 in Cpll) is the most frequautistitution for a Met (residue 353 in
Cpl) that i sCOafdhe aFe subctustdr, m 409 @ homologs. These authors
used sitedirected substitution to change M353 to L35%jpl and observed a significant
decrease in Hproduction (to 15% oWild type (WT) enzyme) and a small decrease in H
oxidation (to 74% of WT), which they attributed to a lower turnover{Bate This suggests

that a close proximity of this residue to 2Fe influences the enzymatic preference for H
oxidation or productiomand that Leu results in an enzyme that favors oxidation to a greater

degree relative to one that has Met.

O

AET
S 5 e

Figure3.4. A zoomed in comparison of several possible key residues in the active site that
influence catalytic bias, including, alanine 230)esicine 268, and methionine 353 in Cpl,
which correspond to a serine, threonine, and threonine in Cpll, respectively.

A further comparison of the crystal structure of Cpl with the Cpll homology model
revealed 14 potential sites (four at the FS4B, orteeaFS4A, and nine in the-eluster
region) that may influence the redox potential of the FeS centers and thereby alter the

catalytic bias (Fig. 5). By crosshecking these residues with their conservation percentage
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and phylogenetic signal (tatistic) anong [FeFehydrogenases, 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 singite, but are rather a suite of residues that act in concert with one
another. Future studies will focus on these 14 key residues using -direted
mutagenesis approach.
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Figure 35. (a) Percent conservation of either Cpt Cpll-type residues among29
[FeFe}hydrogenase sequences is displayed in blue and red, respectively, aloraxthe X

The Y-axis displays sites corresponding to the model depicted in (b), where Cpll is
superimposed with Cpl, and 14 sites have been identified that may tuneShduster
potential. Residues are numbered according to Cpl. The number at the end of each bar in
(a) is the kvalue, or phylogenetic signal, that corresponds to the amino acid at that
position. A value of 1 or greater shows a high degree of phylogesigpial 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 Himetabolism of this organism. The genome revealed sequences of three
[FeFelhydrogenases and a [NiFeydrogenase that allowed, for the first time, a
comparison of the deduced amino acid sequences of the two biochemically characterized
[FeFelhydrogenase<Cpl and Cpll, which have a sequence similarity of 61%. Targeted
transcriptional analyses implicated a role for Cpll in recapturing the reducing equivalents
that are produced aslds part of Menitrogenase catalysis during growth under nitregen
fixing conditions. A role for Cpll in H uptake is consistent with the previously observed
catalytic bias of Cpll toward Hoxidation. Cpll probably evolved to be a poor preton
reducing enzyme, thereby limiting potential loss efutider nitrogeffixing conditions
when the availability of reducing equivalents may be greuatiting. A comparison of the
Cpl and Cpll sequences in the context of their respective phylogenetic and structural
relationships reveal several likely determinants of catalytic bias, which cstndied by

characterization of sitepecific variants of these [FeHaydrogenases.

MATERIALS AND METHODS

Growth conditions. Freezedried C. pasteurianuns t r ai n W5 ( ATCCE 601
obtained from ATCC and rehydr at eCGJMediumi h Di f
following the ATCC protocol. Sealed 25 ml glass serum vials (Wheaton) containing 10 ml

of DRC medium under a headspace of 10%lBP%6 CQ-80% N> were then inoculated

with the rehydrated culture and incubated at 37°C following ATCC propagatioedounes
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for this organism. Agar plates prepared with DRC medium were used to Gtore
pasteurianunstrain W5 for further use. Plates were incubated at 37°C td82¥burs and

were then stored at room temperature in an anaerobic chamber.

For genome sequeing, cultures were inoculated from a single colony from a DRC agar
plate that was inoculated into a sealedn#Sserum vials containing 10 ml of the same
medium. Cells were grown under a headspace of 18%0kb CQ-80% N> by overnight
incubation at 37°CAn aliquot (1 ml) of the culture was spun down at 14,0@Gakroom

temperature before extracting DNA.

Genome sequencing Total genomic DNA ofC. pasteurianumstrain W5 was extracted
using a Promega WizardRlus SV minipreps DNA purification system. Té@ncentration

(220 ng/pL) was determined by a NanoDrop 1000 Spectrophoto(@digiso2so= 2.04).
Genomic DNA was submitted to the Genomics Core Facility at The Pennsylvania State
University for 454 pyrosequencinf8]. Reads were assembled with the Kwx
assembler (ver. 2.6; Roche) into 145 contigs of at leasbp@@th 116 of those contigs

predicted to form six large scaffolds. Read depth was about 19X.

Gapswereclosedby PCRusingprimersdesignedapproximately200 basedrom the end
of eachcontig. GoTad® 2x Master Mix (Promega,Madison, WI) was usedfor the
amplification reactionsin a Techne TouchgeneGradient Thermal Cycler (Techne,

Bulington, NJ). Amplicons were then purified either directly using QlAquick PCR
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Purification Kit or from agarse gels using the Qiaex Il Gel Extraction Kit (Qiagen,
Valencia,CA). PurifiedPCRproductsveresequencetly DavisSequencingn Davis,CA,
and sequencealatawere assembledising BioEdit (v7). The final assembledeadswere
comparedo therecentlypublishedclosedgenom€9] usingthe ANI calculatortool with
defaultsetings [39] using previouslydescribedmethods[40, 41]. This Whole Genome
Shotgun project has been depositedat DDBJ/EMBL/GenBankunder the accession

LFYLO0000000.Theversiondescribedhereis versionLFYL01000000.

The genome was annotated using the SRA(Rapid Annotation using Subsystem
Technology) prokaryotic genome annotation seftdt. The amino acid sequence of the
H-cluster domain of Cpl was used as a BLAST query against a database of the amino acid
sequences encoded by the draft genome. Aktnestwith an expect value-yalue) below

1.0 were aligned using ClustalW to determine whether they contained previously published

signature motifs L1, L2, and L3 found in [FeHe]drogenases.

For gRTFPCR, cultures were inoculated from a single colongnfeoDRC agar plate into

a sealed 2nl serum vial containing 10 ml of the same medium. Cells were grown under
a headspace of 10%H0% CQ-80% N by overnight incubation at 37°C.-5.ml of
overnight culture was used to inoculate 50 ml of both-DIMA42] (N+; containing

NH4Cl and (NH)2SQs) and DM11-N (N-; fixed nitrogen free) media to an @o=

0.020 and were then sparged with 10%18% CQ-80% N> for 10 minutes and

incubated overnight. This was repeated after which pointHa @duction assajd3] was
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performedo ensure that the-Nulture contained nitrogenase activity sealed 126nL
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 Media, in order to give an initial @E = 0.020
for each culture. The vials were once again sparged with the gas mix and incubated
overnight at 37°C. The following day, anotheHzreduction assay was performed to
verify nitrogenase activity. Samples (500 pl) were mixed with 1 ml of RNAprotect
Bacterial Reagent@®Qiagen, Valencia, CAand either subjected to RNA extraction

immediately or frozen aR0°C until later RNA extraction.

Preparatiorof total RNA. Total RNA wasextractedrom C. pasteurianunstrainW5s using
a RNeasy®Mini Kit (Qiagen,Valencia,CA) accordingto thema n u f a cptotoaole r 6 s
For N+ conditions,theODyso of the cell culturewas0.9, while for N- culturesit was0.4.
NotethatN- culturesreachstationaryphaseat a densityof nearlyhalf the N+ cultures.In
both casescells were in the exponentialphaseat the time of harvesting. The DNase
treatmentstep usedthe RQ1 RNaseFree DNase (Promega,Madison, WI) and a re-
purification usingthe RNeasy®Mini Kit. The RNA concentratiorwasdeterminediusing
Qubit® RNA AssayKit (Life TechnologiesCarlsbad,CA), andthe RNA solutionwas

storedat-20 °C until furtheranalysis.

Quantitative RT-PCR (gRT-PCR). Integrated DNA Technologies SciTools gPCR
online primer designing software was used to design primers for the four hydrogenases

(Cpl, Cpll, Cplll and the large subunit of the [NiHFely dr ogenase) . -The ni
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subunit,nifD, and the 16S rRNA small bunit (Supplemental Table 1), served controls, to
which expression was normalized. ¢iRCR was performed on a RotGeneQ reattime
PCR detection systeifQiagen, Valencia, CA)sing thePowerSYBR® green RNAtO-
CrE 1-StepKit (Life Technologies, Carlsbad;A) according to the included protocol.
Briefly, each reaction consisted of 10 RbwerSYBR® Green PCR master mix, 100 nM
each of the forward and reverse primers, 100 ng of RNA template, and ntfobeakkO
to a final volume of 20 puL. Cycling conditisnwere 40 minutes at 48, 10 minutes at
95°C, and then 40 cycles of 15 seconds &@%and then one minute at 0 Reactions
were performed in triplicate with control reaction mixtures containing no reverse
transcriptase. Each transcriptional experimeas repeated a minimum of three times
using RNA isolated from separate cultures. Primer efficiencies for dre 0.98 for
16S,0.97 for Cpl, 0.92 for Cpll, 0.84 for Cplll, and 0.88 for nifD, using a DNA

concentration of 145ng tito 0.145ng WP

Bioinformatics. Homologs ofCpl were compiled from the Integrated Microbial Genomes
(IMG) databasd44] using BLASTp, resulting in 829 protein sequences. Cpl and Cpll,
along with 829 homologs, were subjected to a multiple sequence alignment (MSA) using
the Muscle algorithm as implemented in MEGA (vers. [8p] with default settings.
Residues at each aligned position were removed if they were found to be identical in both
Cpl and Cpll. For each of the remaining residues the degree of conservation (asid perce
among the 829 homologs was calculated using the MSSAISSMODEL [46] was used

to generate a homology model of Cpll, based upon the known structure[@DT ymol
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[47] was then used to superimpose Cpll onto Cpl with a strubased alignment. Bed
on this superimposition, functionally important residues that differed between Cpl and Cpll
were selected. Sites examined included the proton transfer cljdBhahd the protein
sphere around the-Eluster, as well as the proximal and medial (453 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 [FeFdlydrogenase (HydA) contains andiister domain containg

at least ~350 residu¢®5, 26] In addition to the H clustehydA often encodes diverse-N
terminal (Fcluster) and @erminal (Gcluster) domains. To minimize bias in phylogenetic
reconstruction, the alignment containing the 829 homologous hydrogeaaseell as Cpl

and Cpll, was trimmed to contain just thecldster domain, as previously descriljéf].

A phylogenetic tree of the ddluster alignment block was constructed using a maximum
likelihood method, i.e. RaxML, using the following parametgesnma rate distribution,
fixed base frequencies, and the BLOSUMG62 substitution m&@idix The tree was rooted

to Narl proteins fromHomo sapiens(NP_036468, NP_071938and Danio rerio
(A2RRV9). The phylogenetic signal {8tatistic) associated with thestlibution of the 14
individual amino acids at each of the identified alignment positions, as they are distributed
on the Hcluster phylogenetic tree, was quantified using the program multiphylosignal
within the Picante packadbl] as implemented with thease 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 evolutior[52]. Values of K thatre 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 conveng pattern of evolution for that trait.

Based on the Hluster phylogenetic tree constructed above, 39 hydrogenase homologs that
grouped phylogenetically with Cpl and 39 homologous hydrogenases that grouped with
Cpll were identified. These 78 hydrogerasdong with Cpl and Cpll were aligned and
subjected to phylogenetic reconstruction as described above: @hd Ecluster domains

of the hydrogenases were identified using BLASTp against the Conserved Domain
Database (CDD) and the CDSEARCH/cdd v3.1®®algm [53] (version 3.13) using an e

value of 0.01 as previously describ@d]. These Cpland Cplt like hydrogenases were
categorized into modular structures based on the presence of identified € clusters

as described previous|24]. The modudr structure was then overlaid onto the respective
tree to determine the extent to which phylogeny predicts the distribution aridFG
clusters. The genomes of organisms with the previously identified 78 hydrogenase
homologs were screened for NifH usiB§ASTp and the NifH sequence from Cp as a
search query. The distribution affH 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) wassed to project the phylogenetic tr¢&4].
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CHAPTER 4

DEVELOPMENT OFHYDROGENASE EXPRESSION AND EPR CPI
SPECTROSCOPIC DECONVOLUTION

Introduction

The two closely related hydrogenases described in the previous chapter, Cpl and
Cpll, immediately provide the basis for an excellent model system through which to
study cataltic bias, where bias is defined as the ratio of the maximal forward catalytic
rate over the maximal reverse rate. Cpl
production catalysts, while Cpll is an unusual [Felfg]rogenase, in that it
preferentidly 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 aquiring 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 Cpl and Cpll are a complex
amalgamatio of overlapping signalswherein these signals arise from each of the F
clusters as well as the-tlustef. 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, higiguality EPR data must be accumulated over a range of

conditions. Simulations are then used to match the observed complex spectra with a

combinaion of individually-contributing spin systems. This work has precedent in both
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Complex 7%, as well as thenolybdenurcontaining, NAD-dependent FdSABG formate
dehydrogenase frofRalstoniaeutropha’ In the caseof Complexl, five EPRactive
signalshavebeenidentifiedanddeconvolutedthoughthe electronrelay containseight
FeSclusters. For FdsABGformatedehydrogenasmur out of six FeSclustershavebeen
identified.

Cpl, with a predictedfive EPRactivecentersandCpll, with only threepredicted
EPRactivecentersrepresenimoretractableproblemsthanthe abovesystems. By
identifying the spincharacteristicef particularclustersin the conduitarrayimportant
mechanistidetailsmaybe understoodnamely,how propertiesof individual clusters
giveriseto theobservedtatalyticfeatures. This furtheropensthe doorto site-directed
mutagenesisandthe ability to specificallyinfluencethe conduitarray. While this
techniquadoesrequirelargeamountsof proteinandmustbe subjectedo difficult
analysisijt is bestto analyzeconduitarraysin a6 h o dtate @heremutationshavenot
beenintroducedo knockoutparticularFeSclusters. Mutationsmayresultin decoupling
the spinbetweersystemr otherwiseperturbingthe EPRsignalssuchthata chemically
relevantstateis notobserved. Surprisingly,despiteCpl andCpll bothhavingbeen
subjectedo significantEPRstudy->+ 812 spectraldeconvolutiorhasnot been

attempéed,andthuslittle is knownabouteachFeSclusterin the conduitarray.
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Expression an@urification of Cpl

The development of an expression protocol for Cpl required overcoming several
difficulties, namely, the formation of a large amount of [FeS] clusters, including the
complex, maturaseequiring Hcluster, as well as overcoming the general oxygen

sensitivityof enzyme.

Development of Plasmid System

In order to fully mature Cpl, the genedhta beco-expressed with the HydE,

HydF, and HydG proteins. Therefore, two accommodifeur genes into one plasmid
system the pE-Huet vector system was used.isTeystem has two gene expression sites
per plasmid, and several different plasmids have been developed with distinct antibiotic
resistances, allowing for multiple plasmids tee@ress protein in culture. The lab
already had a vector, pCBiuet, for theexpression of HydF and HydG, this plasmid was
named pCDR-G.

The Cpl gene was digested out of a previous construct from the lab that had a C
terminal Histag using the Ncol/Sall restriction enzymes, and was cloned into the pET
duet vector with a strep tag, in order to allow for a more gentle, higiparrity
purification. The pETduet vector already hadydEin the second cloning site, and the
vector was named pETdpI*E, with the asterisk designating the position of the strep tag.
This plasmid washen sequeneeerified through Davis Sequencing, as well as analyzed

by a restriction digest.
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Expression of Cpl*EFG

The pETdtCpIE and pCDH-G plasmids were ctransformed intd. coliBL21
( DE3) chemisatll@ompetent cells. ThiscRgene regulates the iron sulfur cluster
expression, and by using a knockout strain @S] clusters may be overexpressed. The
transformants were plated on LB plates with standard concentrations of both ampicillin
and chloramphenicol, to select for calat 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 pg/mL carbenicillin, 30 pg/mL kanamycin (for
the competent cells), and 30 pug/mL chloramphenicol, withvth 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 pheated to 37 °C. Growth was allowed to proceed at 37
°C and 250 RPM until an O.D. of 0.5 was reached, tylgieaound 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 i s o p-D-bthiogalactbpyranoside (IPTG), and 2 miysteine 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 Cpl, all further steps haldedreated in a strictly
anaerobic manner. Therefore, the Coy Chamber (Coy Laboratories, Grass Lake, MI) was
used to harvest cells into 1 L gaght centrifuge bottles. These bottles were then spun at

75009 for 5 min. The resultant cell pellet wagthscraped from the bottle, placedin
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falcon tube, flastirozen in liquid nitrogen, and stored in t#89 °C freezer until further
use. Prior to harvesting an aliquot of media was removed and used for ecethole
activity assay of hydrogenase activitiyurther purification was only carried out on
cultures displaying high activity, defined as greater than 1000 ngwiitf mL™ as
measured by gasiromatography.

During the development of the expression protocol, it was found that several factors
were critical for the generation of active hydrogenasamonium Fe(lll) citrateof the
brown, not green varietysigma 09714250G),L-cysteine hydrochloride hydrate ¢fBna
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 ofglucose to the expression culture
immediaely prior to inoculation was also found to aid in improving hydrogenase

expression.

Hydrogenase Ativity Assays

Hydrogenase activity was measured using a Shimadz8/45@ith a thermal
conductivity detector. Briefly, 2 mL reactions were set up in 10 mL eeagled vials
containingd mM methyl viologen (MV), 10 mM NaDT, 50 mM Tris, 300 mM NacCl,
5%glycerol, and betvemn 25ng4 € g of e n z fombe whatercell assaysa vy .

0.1% triton was added to ensure cell lysis.
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Cpl Rurification

To purify Cpl, frozen cell pellets were resuspended at 5mL/gram of cell pellet in
50 mM Tris pH 8, 5 mM NaCl, 5% weight/volungéycerol, and 10 mM sodium
dithionite (NaDT),1 4 0 eldNAsé andRNAse,1 2 0 eldysomyineand EDTA
free protease inhibitor tablets to the recommended concentration (Roche Diagnostics,
05892791001). The cells were stirred under argon with 1% TXitdA0 for lysis. After
one hour the lysate was placed in-gjght centrifuge bottles, and centrifuge at 50,809
for 30 min.

The clarified lysate was purified using a tstep protocol, first over a
diethylaminoethanol (DEAE GE Life Sciencegpharose icexchange column,
followed by affinity capture using Strepactin 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. i&tutrom 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 ebpttoresis (SDEAGE) and
the concentration was measured using the Bradford assay.

For later experiments, the apo form of Cpl was purified. The same protocol was
able to be followed, but without @cansformation of the pCDFG plasmid. This
allowed forthe spectroscopic characterization of the apo enzyme, as well as the

synthetically reconstituted varieties.
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Cpll Expression andWRification

The Cpll gene, having been sequenced as described in the previous chapter, was
codoroptimized for expression iB. coli, and synthesized by GenScript witha C
terminal Strep tag. Expression was carried out identically to Cpl, but with the pACYC
vector cataining genes for HydE, HydF, and HydG. Overexpression was verified using
SDSPAGE. It was found that the Cpll protein, though soluble, was easily degraded,
most probably by proteases in the cell. Attempts to quickly purify away the proteases
were unsacessful. First, a DEAE column was run similar to with Cpl, and no Cpll was
found to elute from the column. As an alternative, a cation exchange column (ToyoPearl
CM-650C, Tosoh Bioscience, LLC) was employed instead. mkthodalso failedto
produce prified Cpll.

A onestepStrepactinpurification was attempted next, with the clarified cell
lysate being loaded directly onto the strep column. A small amount of paptialfied
protein was present, so the method still needed to be refineds ttisemvered 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 thpedtdt 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 ap€pll was not found to be stable; the presence of tokubter likely

serves to stabilize the protein.
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Figure 4.1. An SD$AGE gel depicting purified Cpll, with the inset showing a
photograph of the purified brown Cpll in a crirspaled vial.



102

Spectral Bconvolution of Cpl

Pure Cpl was reconstituted with the synthetic PDT 2Fe subclustiet features
a carbon at the bridging position of the dithiomethyl bridge. This reduces the enzymatic
turnover rate by around 1086ld*3, which means that, for potentiometric experiments,
the redox potential remains stable enough to freeze sampl&sgetroscopy was used

across a range of potentials to analyze Cpl, as described in the following chapter.

Cpl PDT -297 mV

Cpl PDT -402 mV

Reduction
1

7 Cpl PDT -444 mV

Fig 4.2 Potentiometric titration series of Cpl reconstituted with PDT showsghe H
signal at297 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 [4F] clusters, distal [2FBS] cluster, and Hluster, for
a total of five different clusters. However, to further complicate matters,-ttiester

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 saturati@nd 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 & isolated. By determining which features had similar temperature
relaxation and power relaxation properties, an initial set of spin systems could be

identified.

) — 80 mW
pdt S4 power series 50 mW
— 25 mW
— 10 MW
—5mW

1T mW
— 0.5 mW
— 0.1 mW

T T

T T T T T 1
3000 3200 3400 3600 3800 4000

Gauss

Fig 4.3. Power saturation ser@sPDT-Cpll at-381 mV.



104

Sample 10 Temp Dependence

1 1 1

© o =
5 3 4
7 B
o 3 2
(2 c
L @
L*]
Q
N
- et W N
E|l—
(»)

3000 3500 4000

Gauss
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SpectraDeconvolutionUsing EasySpin

Oncethe given spectroscopic features had been identified, they could be further
anal yzed wusing St patkage forSVatbab thdt s capablsof Spi n,
simulating EPR data across a variety of
was used to simulate the continuaugve data that was collected. Experimental spectra
were loaded, and the fitting was accomplie d wi t h t he -straiswast 6
used as a line broadening parameter, as is customary for the simulatiorSpc|Esters.

The line broadening accounts for inhomogeneity in the samvpieh among other

a

pa

comr



105
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 ofg-value, ag-strain parameter, and a system we{gie 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.

Function pepper

Parameters invert || all || none
Mame best current center vary

Aoweight 304187 - 28.1799 4 A

B.weight  30.7422 - 28.3986 4

C.weight  9.30376 - 8.81361 4

[ Dgtty 2.04276 - 2.04327 0.003

[ oai2y 185858 - 1855 0.005

[Joaiz 191108 - 191257 0005 |,

< >

Method Melder/Mead simplex
Target data as is T

Scaling scale & shift (lsg0)

€|€([€] <

e Startpoint | sslected paramster set Save parameter set

bgi{msd)
RMSD: 0.0379063
Parameter sets rmsd| id || export || delete
1. rmsd 3.27531 (int) ~
2. rmed 0.0386029 (fcn)
3. rmsd 0.037975 (fcn)

4 _rmad 0.0375975 (fcn)
5. rmsd 0.0379063 (fon
™

Fig 4.5.The Cpl simulation (Green) is overlaid against the erpantal data (Black)
showing a closagreement of thit to the experimental spectrum.
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Exp.BRange = [280 400]:

Ezxp.mwEFreqg = 5.3845;

Temperature = 15;

SimOpt. Method = 'perturb':

FitOpt.Method = 'simplex';
[E.gpcl=textrgad('C:\Users\f12j655\Documents\BETCY\EPR\pdeCpIlnW15SK S8 BC.tTxtT
FJ:

Sysl.g = [2.09246, 2.03873, 2.00144]: % Hox, % Eennet C
Sysl.gStrain = [0.0071146, 0.00718816, 0.00632224];

Sv=l.weight = 30.41&7;

Sys2.g = [2.076%3, 2.00552, 1.%81987]; %EBennet D

Sys2.g5train = [0.00677033, 0.0148354, 0.00%14%8%87];

Sy=z2.weight = 30.7422;

Sys3.g = [2.0832, 2.0135, 2.0155); % GEennet E

Sys3.g58train = [0.0075013, 0.008%8&77, 0.0087]:

Sy=z3i.weight = 9.30376:;

Varyl.weight = 0.0001;

Vary2.weight = 0.0001;

Vary3.weight = 0.0001;

Sy=4.g = [2.04276, 1.85858, 1.591105]; %2Fe walue=s (Meyer, Mulder)
Sys4.g5train = [0.0152, 0.0263423, 0.0238341]:;

Syz4.weight = 38.3001:

Varv4.weight = 0.00001;

Sys5.g = [2.07771, 1.85165, 1.88]; %Distal 4Fe?

Sys5.g5train = [0.0152289, 0.0l16l676, 0.0248858%];

Sva5.weight = 37.3823;

VaryS.weight = 0.0001;

Sy=6.g9 = [2.12031, 1.90%22, 1.85578]; % Poprly simulated hyperfine?
Sys&.gStrain = [0.0170733, 0.0130413, 0.015%2118]:

Syz6.weight = 37.5543;

Varveé.weight = 0.0001;

ezfit

('pepper', spc, {Sy=2l,5y=2, 5y=s3, 5ya4, Syv=e5,Sy=6), {Varvl,VaryzZ, Vary3, Vary4, Varys,
WVaryé},Exp, Simlpt, Fitlpt)

Fig 46. Example script for simulation of Cpl EPR data

The final fit represents the summation of each component that is contributing to
the observed experimentectra, with excellent agreeméhRigure 4.5) The spin
systems used here f&t02 mV(Figure 4.6)may also be used to describe the Cpl data
across a range of potentials, albeit with changing component weights. The observed
deconvolution arises from theell-known Hx signal from the Fcluster, as well as

another, minor contribution from the G@hibited state of the Hdluster, as has been
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previously described. The remaining four components arise from eachFetlisers
in the conduit array, theindividual 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 Cpl, each [Fkcluster 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

1.0 ] m  Hox
—— Nernst_ES2 (User) Fit of Sheet1 E
" Model Nernst_ES2 (User)
20384 _ A*((107((M-x)/59.4))/(1+
2 Equation 10%((M-x)/59.4)))
9 Plot Hox
= 06 A 0.98564 + 0.03004
e M -376.13389 + 3.95479
% Reduced Chi- 0.00235
2 04 R-Square(CO 0.98726
A Adj. R-Square 0.98599
(]
IS
—
(o]
Z 0.2 1
0.0 1 L)

—— T ' T~ 1 *~ T * T * T T 1T 1
-500 -450 400 -350 -300 -250 -200 -150 -100

Potential (mV)

Fig 4.7. Example of potentiometric titration data, where a particular signal is fit to the
Nernst equation, and the midpoint potential is thereby identH8t6(mV for this signal)
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Spectral R2convolution of Cpll

The spectral deconvolution of Cplias able to proceed according to the
methodology developed for Cpl. 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, andepampically distinct features were
visually separated. These were then used as starting parameters to simulate data in
EasySpinFigures 4.8 and 4.9)The deconvolution of the Cpll spectra was much more
straightforward, as Cpll only has two, rather tiiaur, accessory clusters in the conduit
array. Four systems were found to be contributing to the spectra, and are described in

detail in chapter 6.

Function pepper

Parameters invert || all || none

Name best current center vary

[ETEN EzE - 200623 0.005 N
ey [ B 187484 001
[Dgstraingy| - R 0.02 0.008
[Eafoostraingz)| 0.017 0.005
)0 osteaingz)| ) 0.018 0.008

<

>

Method Nelder/Mead simplex

v
Target data az iz i Start
Scaling scale & shift (lsq0) A

w

Startpoint |selected parameter set Save parameter set

Ibg10{rmad)

RMSD: 0.0361729

=

Parameter sets rmsd| | id | export | delete
1.rmsd 0.0363202 (fcn -~

Fig 4.8 Example fit of Cpll simulation data (Green) to experimental data (black) shows
close agreement
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Exp.Range = [300 400]:
Exp.mwFreq = 9.3845;

¥p.nPoints = 640;

imOpt.Method = 'matrix';

itOpt.Method 'simplex';

[Byspcl= textread ('C:\Users\fl2j658\Documents\BETCy\CpII EPR\May
EPRMNCRII_BC.txt'):

Sy=l.g = [2.02358, 2.013%6, 2.00761]:;
Varyl.g = [0.005, 0.005, 0.005]:

Sy=l.gS5train = [0.0138151, 0.00637545, 0.0114746];
Varyl.g5train = [0.005, 0.0035, 0.005]:

Sy=2l.weight = 0.254&84;
Varvl.weight = .08;

Sy=2.g = [2.09%771, 2.00271, 1.%145]:;
Vary2z.g = [0.008, 0.01, 0.01];

Sy=2.g5train = [0.014305%, 0.0071%075, 0.00971432];
VaryZ.g5train = [0.01, ©0.01, 0.005]:

Svad.weight = 1.88531;
Varve.weight = 3.5;

Sy=3.g = [2.03702, 1.%94076, 1.89%9758]:
Varyi.g = [0.01, 0.01, 0.01]:

Sy=3.g5train = [0.022%713, 0.0257773 0.0253084];
Varv3d.gStrain = [0.005, 0.005%, 0.005]:

Syva3.weight = 10.3&52;
Varv3i.weight = 7;

Sy=d4.g = [2.07547, 2.01123, 1.87274]:
Vary4.g = [0.003, 0.005, 0.01]:

Sy=4.g5ctrain = [0.024%548, 0.0124%3%, 0.0153379];
Vary4.g5train = [0.005, 0.005, 0.005]:

Svyad,weight = 3.45581;
Varv4.weight = 1.8
Sy=5.g = [2.086, 2.008, 2.008]:
Varyt.g = [0.001, O0.005, 0.004]:
Sys5.weight = 3;
VaryS.weight =2.5;

iy ft;

T

r

e=fit
["pepper' ,,spc,{5ysl,5y=s2,5ys3, 5y=s4),, {Varvl,Varva,Varv3, Varv4},Exp, Sinlpt, FicD
pr);

Fig 49. Example script for the simulation of Cpll data

Conclusions

The expression, purification, spectroscopic characterization, and deconvolution of
Cpl and Cpll has paved the way for a variety of biochemical and spectroscopic

experiments thawill serve to further elucidate the properties of [FeRgdrogenases,
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particularly in regard for the determinants of catalytic bias. The heterologous expression
of Cpll has heretofore not been reported, and represents a major step towards
understandingdw 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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Abstract

Cpl [FeFe}hydrogenase has been a model hydrogenase for understanding mechanisms of
biological H activation. Here, a new nieidology for the study of Cpl is introduced.

Cpl synthetically reconstituted with the propanedithiolate ligand severely impedes
catalytic turnover, allowing previously unobserved higtdguced states to be

characterized via electron paramagnetic resanapectroscopy. This reveals possible

new insights into the mechanism of Cpl. Not only may this methodology be used to
further study additional hydrogenases, but this information may lead towards the design

of novel hydrogerevolving catalysts.
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Introd uction:
Hydrogenases reversibly and efficiently reduce protons to hydrogen using a series of
[FeS] clusters The catalytic site is the4dluster, consisting of fFe4$ cubane with a
cysteine thiolate linkage to a 2Fe subcluster, which is comprisef2&e29 motif
decorated with a dithiomethylamine bridge and several carbon monoxide and cyanide
ligand$™*. Cpl features a branchethain ofaccessory clusters {#usters) organized as
stem of twg4Fe4g clustershat diverges towardsithera [4Fe4S] or [2Fe 2§ cluster,
whereas a related hydrogena8e)l, hasonly thetwo [4Fe4S] F-clusterstent.
Currently, it is not clear how the properties of the accessosyechicontribute to the
observed catatic propertiesof thetwo enzymea. Previous midpoint potential
measurementsf Cpl demonstratethe Fclusterpotentiab grouparounda value 0420
mV?>, although a more fingrained approach toetter resolvenidpant potentialvalues
has yet to be undertaken. In this work EPR spectroscopy has been employed on Cpl at a
variety of potentials in order to deconvolute the EPR spectra, and thereby link specific
EPR features back to the identification of the midpoineptial of each FeS cluster.

In order to understand the catalytic abilities of hydrogenases specifically, and
[FeS] clustercontaining enzymes in general, it is critical to delineate how each [FeS]
cluster influences catalysis. [FeHgljdrogenases off@an excellent model system, as
they are configured in a variety of w&yhat directly influence the catalytic bias of a
given hydrogenase. Here, Cpl is used as the system of study given that it is a profound
hydrogen producérand understanding the stturefunction 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 distinguistiuSters from one anotifels
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 parseellieg theEn6 s o f
each [FeS] cluster.

Bennet etal. have previously identified three spin systems in®Calthough the
EPR spectra unambiguously show several other weaker, broad contributions that remain
unaccounted for, though are proposed to arise from hyperfine couplings. Althave
generated an ferminal truncation of Cpl in order to specifigaitolate th§2Fe2$
accessory clustgrEPR on this protein showsaarlyaxial rhombic signal with gzalues
of 2.047, 1.954, and 1.911. A potentiometric titration of this protein revealé&g tioe

be-400 mV.

Methods:

Protein Expression Heterolgyous protein expression was performed usingEie

Duet plasmid encoding either Cpl or Cal, as has been described pre\itusly

However, in the case of the Cpl protein, no maturase genes were present, yielding the apo
form of the enzyme. A twstep purification of the Cpl was performed, wherein the

protein was first purified over an anion exchange column (diethylaminoethanol

sepharose, GE LifeSciences), and then using affinity chromatography vigegtiap
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resin (IBA). The purity of the protein wasrified using SDSPAGE and western blot

with antistrep antibody.

Synthetic reconstitution: Cpl was prepared with either the naturallycurring 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 spectrorastesported

previously?3.

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
NacCl, and 5% glycerol. Thegein 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 continuoushtirred sample cell for potentiometric titrations, along with 5 pM
of the following reda-active dyes: indigo disulfonate, phenosafrinin, benzyl viologen,
andmethyl viologen, a final concentration of 10% glycerol, and a total cell volume of
3200 pL. The potential was measured using a Ag/AgCl ORP electrode, and increasingly
low potentials wee reached by titrating in 2mM or 10 mM sodium dithionite. Samples
were withdrawn 200 pL 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 witha 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 tipetatare was varied

from 4K to 8K for temperature series data. EPR simulations were carried out in MatLab

using Stefan Stodl1 é6s EasySpin package

Results:
Previously, a potentiometric titratian the holo form of @ had been attemptebut it
began to evolve hydrogen nedf0 mV at théhydrogen couplesausing rapid drift
towards more positive potentialsower potentials were therefore unable to be reached.
In order to solve this drift problem, a titration was performed on unmaturated Cpl protein
that lacks a functional catalytic-eluster This method resulted in a spectra series that
has protein features that do not change significantly between an oxidized and a reduced
state. Theverall EPRsignal is broad, and can be closely simulated as a compilation of
only three rhombic spisystemdor an enzyme composed of fiveckusters

In order to procure a more relevant spectroscopic view of the Cpl titration series,
it was necessary to synthetically reconstitute the enzyme, with a propane dithiolate
bridging ligand instead of the ne# azdithiolate. Thamethyl groupn the bridgehead
positionis predicted to altgorotontransfer to and from the-eluster nearly eliminating

hydrogen catalysis, while still retaining neaalthe Fclusterspectroscopic features
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observed in nativ€pl. While there was some drift towards more positive potentials
observedlue to a low level of residual catalytic turnovlie samples were frozen
immediatelyeffectivelytrapping the reduced states. This titration series showed a clear
progression fronthe wellcharacterized rhombicddsignal(all F-clusters are in the
diamagnetic 2+ oxidation stat®) a reducedpectrum aaround-402 mV as has been
previously reporte?] to an evermore reducedand morecomplex broad signal that is
indicative of inensive couplingf multiple, reduced, f€lustersat 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-&R®Re I state.
In order to verify the qudly of synthetic reconstitution, unmaturated Cpl enzyme was
reconstituted and examined via FTIR. The spectra show a high |edetlaster
incorporation and compared favorably to previous reSultsaddition, the Cénhibited
stat® 8was observed.

The potentiometric tiition of pdireconstituted Cpl was performed across a
range from133 mV to-475 mv, with twelve samples being collected for CVatd
EPR. Atthe more positive potentials, tigpicd Hox signal, with gvalues of 2.092
2.039 and2.00 was observedSeveral other signals began to grow in as the potential
decreased toward402 mV. At this potential, a very complex spectra was observed,
which could be simulated as a series of six spin systems, including thehaedtterized
Hox and Hx-CO (g = 2.083, 2.014, 2.020) states, although the-B&xrepresented a
minor spin contribution to the signal relative to the other observed spin systems. At lower

potentials, the bk signaldecreases in intensity, and the other features, presusradihyg
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from each of the flustersproadened out, and the spectra could be simulated by a series
of three different spin systems (Figlrd).

EPR spectral simulations were carried o
Previously identified spi systems (HoX, HoxCO", the two Bennet systefhsand the
Atta FS2 componefjtwere used as a starting point, with an additional system later being
added, both to account for anotfiéFe 49 cluster in the conduit array, and to improve
fitting. The conbination of these six systems successfully accounts for the
experimentally observed spectra (Figbr2). Individual systeng-values and weights
are presented in Tab%el. At-402 mV all clusters have a similar cahtrtion to the
overall spectrum, witthe exception of a weak contribution from thg480O signal. Out
of the four remaining previously unassigned signals, each was proposed to result from
one of the four Felusters. FS2 was attributed to the system gattalues of 2.043,
1.959, and 1.91hased on similarity to values previously reported from a Cpl truncation
mutanf. Similarly, the signal attributed to FS4C, wifivalues of 2.078, 1.952, and
1.88, closely resembles the EPR of a truncated Cal mutant that latkstérs. The
remainingtwo clusters havg-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 tlye2.12 system on the basis of having a broader signal that likely
correponds with more coupling.

The EPR signal observed betwedd4 mV, which essentially demonstrates the
five nonHox signals, and469 mV, broadens substantially at 15%hile 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 elecaatron coupling
between the three spin systems, as well as an added componesttaihHo simulate a
small degree of hyperfine coupling. It seems plausible, therefore, that thfifheeEs]
F-clusters are coupled to one anotaelow potentials, snilar to what has been reported
in eightiron ferredoxin&®. Having deconvoluted each spectra to examine the contribution
of each spin system, it was possible to fit each particular FeS cluster to tbkecinen

Nernst curve.

Discussion:

The potentiomatric titration of apeCpl 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 thellsters 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
avemlging of the spin systems, contributing to the inability to fully resolve these signals.
The lack of this signal broadening at moderate potentials #&€pbsuggests that the
fully assembled Ftluster withdraws electrons from theckuster, diminishingtte overall
level of coupling. That the midpoint potential measured for theCpdlin this

experiment is within the range of error suggeStéat the adtCpl suggests that



123
exchanging the bridging atom of the 2Fe subcluster has not dramatically aleered th
electronic properties of either thedtuster or the conduit array.

The utilization of synthetic active site reconstitution with the unnatural pdt ligand
has allowed for the study of Cpl at low potentials, showing for the first time extensive
spin couplhg at these potentials.

The midpoint potential of the Cpltélusters is more negative than the Cpl H
cluster,with potential assignments e872 -368, -372 and-360 mV, for FS4AB, andC,
and FS2, respectively, although these numbers represent the positive boundary for
potentials; the actual potentials may be lower. The resukctidters with a more
negative potential than the-¢luster is thaelectron flowis directedrom the condit to
the Hcluster, thereby favoring proton reduction

The broad signals at low potential are still of an unknown source, though two
distinct possibilities ariseEither 1) the F clusters are all reduced, and the broad signals
are a result of couplingetween the clusters, or 2) thechister becomes further reduced
to an EPR active stat€his distinction is critical for accurate assignment of midpoint
potentials to the f€lusters. Though thedkisignalEm is definitivelyat-375 mV in this
experimenttheintensity ofF-cluster signals clearlglid notstopincreasing, eveatthe
mostnegative potentials.

FTIR has been employed on the recycl6d and-475 mV EPR samples in order
to check for FTIR stretching mode shifts compared to thesignal which would
indicate that the reduced EPR state is due to the super reduced state-ofusier

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 potentaift, resulting in
the characteristic & FTIR signal. Additional experiments will be necessary in order to
unambiguously determine the origin of the lpatential signals. Perhaps the use of
either the SDT or ODT ligardiavill catalytically disable th 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 $2fFe
cluster is at a more positive potential than thellister, and may therefore help direct
electrons in the BHoxidation 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 th& and Fclusters of Cpl suggest that
electron flow through the enzyme has been tuned by evolution, such that there is enough
of a gradient in th&n 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 theltister and the €lusterd®?°. Current
work sugyests that suites of residues in the outer coordination sphere serve in conjunction
with one another to adjust the, Bf each FeS cluster.

It is as of yet unclear the extent to which each residue in the outer coordination
sphere of the [FeFd]ydrogenaseél- and Fclusters is involved in redoxiing, although
it is possible if not probable that longemnge effects play a role in catalytic Bias
Rational sitedirected 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. FpdtCpl, the drift was not observed undll8 mV, growng
more severe at lower potentials. This corresponds approximately with the disappearance
of the Hox EPR signal, while each of theldsters can be strongly seen4@0 mV and

below.

Conclusions:

In this text a new methodology for the study offEghydrogenases has been
outlined, wherein the use of a synthetically reconstituted enzyme with extremely low
turnover may be used to study previously uncharacterized states of Cpl. Further, the
ability to spectrally deconvolute each of the componentiseo€omplex 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 tlesign of unidirectional catalysts.
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Figure 5.2. Spectral deconvolutionpdt-Cpl.

Spin System| g g g System Proposed
weight % 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 FSs4C

6 2.120 1.909 1.856 20.44 FS4B?

Table 5.1 Proposed spectral deconvolutismulation valuesf Cpl at-402 mV




128
References

1. Vignais,P.M.; Billoud, B., Occurrenceglassificationandbiological function of
hydrogenasesinoverview.Chemicalreviews2007,107(10),420672.

2. Peters,).W.; Lanzilotta,W. N.; Lemon,B. J.; SeefeldtL. C., X-ray crystal
structureof the Fe-only hydrogenaséCpl) from Clostridiumpasteurianunto 1.8
angstronresolution.SciencgNewYork,N.Y.)1998,282(5395),18538.

3. BerggrenG.; AdamskaA.; Lambertz,C.; Simmons,T. R.; Esselborn].; Atta,
M.; Gambarelli,S.; Mouesca,). M.; ReijerseE.; Lubitz, W.; Happe,T.; Artero,V.;
FontecaveM., Biomimeticassemblyandactivationof [FeFelhydrogenasedature
2013,499(7456),66-69.

4, Lubitz, W.; OgataH.; Rudiger,0O.; ReijerseE., HydrogenasesChemicalreviews
2014,114(8),40814148.

5. Adams,M. W., Thestructureandmechanisnof iron-hydrogenase®iochimicaet
biophysicaacta1990,1020(2), 11545.

6. Meyer,J.,[FeFe]hydrogenaseandtheir evolution:a genomicperspectiveCell.
Mol. Life Sci.2007,64 (9), 10631084.

7. Kowal, A. T.; Adams,M. W.; JohnsonM. K., Electronparamagneticesonance
studiesof thelow temperaturg@hotolyticbehaviorof oxidized hydrogenasé from
ClostridiumpasteurianumrheJournal of biological chemistry1989,264(8), 43428.

8. Bennett,B.; Lemon,B. J.; Peters,). W., Reversiblecarbonmonoxidebindingand
inhibition atthe activesite of the Fe-only hydrogenaseBiochemistry2000,39 (25),
745560.

9. Atta, M.; Lafferty, M. E.; JohnsonM. K.; Gaillard,J.; Meyer,J.,Heterologous
biosynthesisindcharacterizationf the[2Fe-2S}-containingN-terminaldomainof
ClostridiumpasteurianunmydrogenaseBiochemistry1998,37 (45), 1597480.

10. King, P.W.; SvedruzicD.; CohenJ.; SchultenK.; SeibertM.; Ghirardi,M. L.
In Structuralandfunctionalinvestigationsf biological catalystsfor optimizationof
solar-drivenH2 productionsystems2006;pp 63400Y-63400Y-9.

11.  Yacoby,l.; Tegler,L. T.; PochekailovS.;Zhang,S.;King, P.W., Optimized
ExpressiorandPurificationfor High-Activity Preparationsf Algal [FeFe}Hydrogenase.
PLoSONE?2012,7 (4),e35886.

12.  Kuchenreuther).M.; Britt, R. D.; Swartz,J.R., New Insightsinto [FeFe]
Hydrogenasdctivation andMaturasg-unction.PLoOSONE2012,7 (9), e45850.

13. Mulder,D. W.; Ratzloff, M. W.; ShepardE. M.; Byer, A. S.;Noone,S.M.;
Peters,).W.; Broderick,J.B.; King, P.W., EPRandFTIR analysisof the mechanismof
H2 activationby [FeFe}hydrogenasélydAl from Chlamydomonaseinhardtii.J Am
ChemSo0c2013,135(18),6921-9.

14.  Stoll, S.,ChapterSix-CW-EPRSpectralSimulations:Solid State. Methodsin
enzymology015,563 121-142.

15. Adams,M. W., Themechanismef H2 activationandCO binding by
hydrogenasé andhydrogenasd of ClostridiumpasteurianumrlheJournalof biological
chemistryl987,262(31),1505461.



129

16. MathewsR.; Charlton,S.; SandsR. H.; Palmer,G., Onthenatue of thespin
couplingbetweertheiron-sulfur clustersn the eightiron ferredoxins.TheJournal of
biological chemistryl974,249(13),43268.

17. Adams,M. W.; EcclestonE.; Howard,J. B., Iron-sulfur clustersof hydrogenasé
andhydrogenasé of ClostridiumpasteurianumProceeding®f the National Academy
of Scienced4989,86 (13),49324936.

18. PoudelS.; TokminaLukaszewskaM.; Colman,D. R.; Refai,M.; Schut,G. J.;
King, P.W.; ManessP.C.; Adams,M. W.; Peters,J. W.; Bothner,B.; Boyd,E. S.,
Unification of [FeFelhydrogenasemto threestructuralandfunctionalgroups.
Biochimicaet biophysicaacta2016,1860(9), 191021.

19. Boyd, E. S.;Hamilton, T. L.; SwansonK. D.; Howells,A. E.; Baxter,B. K.;
MeuserJ.E.; PosewitzM. C.; Peters,). W., [FeFe}hydrogenasabundancand
diversityalongaverticalredoxgradientin GreatSaltLake,USA. Internationaljournal
of molecularscience014,15 (12),2194766.

20. Peters,J.W.; Schut,G. J.;Boyd, E. S.; Mulder,D. W.; ShepardE. M.;
Broderick,J.B.; King, P.W.; Adams,M. W. W., [FeFe} and[NiFe]-hydrogenase
diversity, mechanismandmaturation Biochimicaet BiophysicaActa (BBA)- Molecular
Cell Researct?2015,1853(6), 13501369.

21. AbouHamdanA.; Dementin,S.; Liebgott,P-P.; GutierrezSanz,O.; Richaud P.;
DeLacey,A. L.; RoussetM.; Bertrand,P.; CournacL.; Léger,C., Understandingnd
Tuningthe CatalyticBias of HydrogenaseJournal of the AmericanChemicalSociety
2012,134(20),83688371.



130
CHAPTER 6
EPR AND FTIR SPECTROSCOPY PROVIDES INSIGHTS INTO THE
MECHANISM OF [FEFE}HYDROGENASE CPII

Contribution of Authors and GAuthors

Manuscript(s) in Chapter(s) 2, 3,6, Appendix D
Author: Jacob H. Artz

Contributions: Expression and purification dif@otein, sample preparation,
potentiometric titrations, EPR data collection, EPR data processing, wrote document

Co-Author: David W. Mulder

Contributions: Aided in potentiometric titrations, all data collecting and processing
Co-Author: Michael W Ratzloff

Contributions: FTIR data collection and interpretation
Co-Author: Saroj Poudel

Contributions: Bioinformatic studies

Co-Author: Axl X. LeVan

Contributions: Aided in protein expression and purification
Co-Author: Michael W. W. Adams

Contributons: Interpretation of EPR reults

Co-Author: Eric S. Boyd

Contributions: Experimental design and interpretation



131

Contribution of Authors and GAuthors(Continued)

Co-Author: Paul W. King
Contributions: Experimental design and interpretation
Co-Author: John W. Peters

Contributions: Experimental design and interpretation



132

Manuscript Information Page

Jacob H. ArtzDavid W. Mulder, Michael W. Ratzlof§arojPoude] Axl X. LeVan,,
Michael W. W. Adams, Eric S. Boy&aul W. King, John W. Peters*

Journal of the American Chemical Society

Status of Manuscript:

__X_ Prepared for submission to a peeviewed journal

_____ Officially submitted to a peereview journal

_____Accepted by a peerviewed journal

_____Published in a peaeviewed journal



133

EPR AND FTIR SPECTROSCOPY PROVIDES INSIGHTS INTO THE
MECHANISM OF [FEFE] -HYDROGENASE CPII

Jacob H. Art?, David W. Mulde?, Michael W.Ratzloff, SarojPoudet, Axl X. LeVar?,
Michael W. W. Adam$Eric S. Boyd, Paul W. King, John W. Peters*

aDepartment of Chemistry and Biochemistry, 224 Chemistry and Biochemistry
Building, Montana State University, Bozeman, MT, 597 National Renewable Energy
Laboratory, 15013 Denver West Parkway, Biosciences Center, GoldeBa16B Life
Sciences Complex, Department of Biochemistry, The University of Georgia, Athens, GA
30602

*Corresponding authofohn.peters@chemistry.montana.edu

Keywords: [FeFehydrogenaseClostridium pasteurianunCpl, Cpll, FeS cluster, EPR

Abstract

Unidirectional catalysts may be of great technological importance across a variety of
fields, and yethe determinants of this unique catalytic feature remain largely unknown.
Here, a uniqgue model system of [FelrRgfirogenases, Cpl and Cpll, are used as a basis
for defining features that may contribute to this profound catalytic bias. Cpllis
expressedrad purified heterologously for the first time, allowing fordepth electron
paramagnetic and Fourier Transform Infrared spectroscopic characterizations. Compared
to Cpl, Cpll is found to have accessory clusters that differ in their midpoint potemtials.
previously unobserved oxidative inactivation suggests that Cpll may in fact undergo a
catalytic mechanism distinct from Cpl. These insights collectively suggest ways that the
structure of [FeFehydrogenases may tune the metal sites in order to pravieéned

catalytic outcome.
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Introduction

Catalytic bias, defined as the ratio of the maximal forward rate over the maximal reverse
raté', is fundamentally important for an understanding of catalytic mechahisfos

many catalytic reactions it may peeferable 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 [FeFehydrogenases has been identified for the study of catalytic bias.

Clostridium pasteurianuratrain W5 has a long been a model system for the study of
hydrogen metabolisfnand was the source of the first [Felrgfirogenase to be
crystallized. Before this, howeer, hydrogenases fro@pW5 was the subject of intense
scrutiny. During the purification of [FeFalydrogenase I, or Cpl, it was found that the
cellular lysate had a different ratio of hydrogen production to oxidation than the purified
proteir?. This leddirectly to the discovery of a second [Felgfirogenase, CfflIthat

was found to be expressed in greater quantities during diazotrophic coriditions
Biochemical analysis revealed that Cpll functions almost exclusively as a hydrogen
oxidizer, which draratically differentiates it from Cpl. Cpl produces hydrogen at 5500
e mo | J/miri-mgHwhile Cpll only produces hydrogen atdno | 2/mair-mgH

Cpll, however, is a better hydrogen oxidizer, with a rate of 3450600 | /rairi-mgH

compared to only£2,000e mo | 2/miri-mgHor CpF.
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Subsequent sequence analysis of Cpl and Cpll revealed strong homology between the
enzymes, with nearly 45% sequence identity over the conserved regions of the proteins,
although Cpll lacks an ferminal region responsiblfor binding one [4F4S] cluster
and one [2F&S] cluster. Analyses of Fe content and sequence homology suggest that
Cpll shares a conduit array of two [4E8] clusters in common with Cpl, along with the
catalytic Hcluster. The ktluster is itself 44Fe-4S] cubane with a cysteine thiolate
linkage to a 2Fe subclustewhich is further ligated by the diatomic carbon monoxide,

and cyanide ligands, as well as a dithiomethylamine btidge

The conservation of the-Eluster as the site of catalysis sagty several possibilities for
modulating the profound catalytic bias observed between Cpl and Cpll. Tuning of the
secondary coordination sphere around either tioiuBter, or accessory [FeS] cluster
conduit array, or, most probably, both, works to aherkinetic properties of the

catalytic cyclé®, thereby favoring hydrogen oxidation in the case of CBrevious
comparison of the amino acid sequences of Cpl and Cpll demonstrate that the proton
channel! is strictly conserved, as are amino acidsaliydining the proposed gas
channel?. Catalytic bias between Cpl and Cpll is therefore thought to arise from
differences in the amino acids surrounding theit F clusters, of which 14 key

residues have been identified.

The motivation of thistudy, therefore, was to delineate the spectroscopic features of the

Cpll hydrogenase in the context of what has been observed for Cpl, and compare the two
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enzymes in order to identify the specific contributors of proton reduction that are
conspicuously adent from Cpll. EPR was used to analyze midpoint potentials of each

[FeS] cluster, and FTIR was further employed as a spectroscopic handle for the active

site's.

Methods:

Protein Expression: Cpll was synthesized by GenScript with de@minal Strepdg.
Expression was carried out with the maturase géneith cultures being induced for
expression at room temperature with IPTG when thedeh.E2ached 0.25. Cells were

then frozen, resuspended in buffer at 10 ml/gram of cells, with protease inhibito
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¢0fa® 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 spectrorastgreviously

reported®,

Potentiometric titrations: Potentiometric titrations were performed undectyr
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 thionirder o



137
to oxidize the protein, and run over the G25 column again. This oxidized protein was
added to a continuoushtirred sample cell for potentiometric titrations, along with 5 pM
of the following redoxactive dyes: indigo disulfonate, phenosafrinin,zy¢wriologen,
methyl viologen, and methylene blue, a final concentration of 10% glycerol, and a total
cell volume of 3200 pL. The potential was measured using a Ag/AgCl ORP electrode,
and increasingly low potentials were reached by titrating in 2mM onNIGsodium
dithionite. Samples were withdrawn 200 pL at a time, loaded into EPR tubes, and flash
frozen in liquid nitrogen. 15 EPR samples were collected f28mV (sample 1)

through-462 mV (sample 15), although the last sample was only 150 pL.

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 to80 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 Stol | wWwstBaswBpoOPepaekagéunct.i

Results:

The Cpll titration wa carried out from28 mV to-466 mV (Figures.1), with noticeable
drift towards more positive potential beginning aroeB80 mV, and becoming severe at
the lowest potentials. A somewhat weak signal, wittalues 0f2.024, 2.014, and 2.008

is presenttiroughout the samples and is perhaps indicativenohaatalyticstate While
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this signal was simulated witivalues corresponding to a rhombic system, line
broadening makes the actual signal appear nearly isotéytddtional 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 Cpll was low enough that this expent was tractable.

Deconvolution of Cpll (Figure6)2 was performed using the O0Pe
EasySpinThe temperature and power series gatsich were collected at each potential

during the titrationyvere critical in determining the contrittons of each spin systetn

the overall observed complex spectha.addition to several rhombic signals likely

arising from the Felusters, there appears to be a signal corresponding to enzyme

turnover, perhaps theokisignal.

Deconvolution of the Cpll at low potential revealed the presence of a weak isotropic

signal atg=2.01, and three stronger rhombic signals. The isotropic signal corresponds to

the inactive or resting state of the enzyme, while the other three signalsaliisel from

the H and Fclusters. Unlike Cpl at this potential, the systems represent a variety of

different weights. The strongest signal at this poterg#,037, 1.941, and 1.900, has

been assigned to FS4A0 o0 nswpdastve ocauglings of hav
The Hactive signal has been assigned to the systemgwittiues of 2.075, 2.011, and

1.872, while FS4B06 has been gwuesgoo8,d t o t h

2.002, and 1.9145(Table 6.1)
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FTIR of Cpll shows that Cplindergoes changes under eitheioHNaDT in
glycine pH10 buffer, relate to oxidized samples (Figure k.3Jnreactivity to CO
suggests the presence of a bound ligand on the distal Fe ofdheter. There were
very minor changes ithesamplepoisedat-442 mv, with a weak 1959 cthappearing
and 2082 cnl disappearing. Sample #1399 mV), 2082 cril was also a little weaker
relative to 2108 cni, but was otherwise the same as the starting sample. This suggests
that the majority of the changes in tBER are likely from reduction of thedfusters.

The presence of mediators may be aiding turnover of the enzyme, which resulted in more
changes in the IR undenfbr samples that were recycled from the potentiometric
titration.

An additional FTIR expement was performed in order to test the reactivity of the
H-cluster to both Bland CO gas (Figure 6.4). The initial FTIR spectra corresponds to
one that is similar to thd-inactive state, and, when treated with CO, shows no change.
UponH2 reductionof the nontreated, inactive sample, peaks corresponding to the
reduced Hcluster appear. Subsequent treatment with CO shows more peak shifts that are
similar to values reported for the Cpl €dhibited state.

Having deconvoluted each spectra to exartiiieecontribution of each spin
system, it was possible to fit each particular FeS cluster to thelecieon Nernst curve.
Midpoint potential values were found to #¥64,-3 8 5, -426 mV, for signals
assigned t o FSA4-Adsignd Bged&igely(Figure 6.5) tinlthe cakke of

the Hact 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 bet6 mV. This

number should therefore be treated as@mer bound to the potential of this cluster.

Discussion:

Cpll shows enzymatic turnover froff51 mV, increasing at more negative potentials.

Midpoint potentials of the Cpll clusters were found to be less than or eqd4@8amnV,-

414 mV, and385 mV. These signals have been attributed to iel[Hu s t e r FS4A0,
FS4B6, respectively. Cpll thereby demonst
conduit array relative to the-Eluster cause the enzyme to be functionally unidirectional.

FTIR data shows distinct differences between Cpll, as shown here, and previously

reported Cpl spectra. Thus, the various stat€pbaand Cplido not have aitect one

to-one correspondence, rather, Cpll is mechanistically distinct. The combination of EPR
andFTIR data, along with the potential drift withessed during the potentiometric titration,
suggest that Cpll is primarily in an inactive state at potentials above approxir3a@ly

mV. The inactive state is characterized by an isotropic EPR signal gitfalae of

2.01, and FTIR peaks at 1999, 1985, and 1827. By reducing Cpll 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 susce@iblentabition,

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 Cpl and Cpll.
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This model of catalytic bias in CpH 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 drase& oncatalyticrate, or \lhax, and the thermodynamic
equilibrium cannot be different between the two systems, given that the enzymes have
been compared under identical eiy@sed or electrochemical conditions. Cpl and Cpll
are similar in terms of their aliyf to lower the activation energy for hydrogen oxidation,
while in the opposite direction, proton reduction, only Cpl can effectively lower the
barrier. In this model thEn0 s  o[Feg tlusters are thought to lo@e of the enzyme
properties that inflencebias.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 Cpll has allowed for adépth investigation into

the features of [FeFdjydrogenases 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. Furtherunique oxidative inactivation and
reductive activation has been observed, and it is probable that this has strong mechanistic

importance for the observed catalytic function of Cpll.
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Figure 6.1 Potentiometric titration of Cpll (mV potential vs SHE of each sample is

displayed in the legendyvith g-values displayed on the uppernxis, andGuass
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Figure 6.2 Cpll deconvolution
Gz Gx Gy G G G Weight | Proposed
strain | strain | strain cluster
Sysl | 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 |[FS4BQg
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. Cpll deconvolution values of proposed clusters
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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)
due to the wealth ahformation 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 okidation
(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 potenB&E is able
to provide insights about catalytic bias (does the enzyme favor hydrogen toyoaduc
hydrogen oxidation?), informati®pandbout t h
CO), and provides a simple platform for measuring hydrogenases across a range of other
conditions, including pH and temperattite PFE is therefore able to proeia 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 traces One drawback, however, is that the éxanount of sample that
adheres to the elctrode is not kndwmaking it intractable to directly measure certain
kinetic parameters.

Traditional [FeFehydrogenases are thought to function as Cal, which shares
71% identity with the crystallographically atacterized Cg#. Cal hydrogenase is

excellent at proton reduction when adhered to the eleétrpddorms substantially less
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well at hydrogen oxidation and is fully reversible. This suggest Cpl ought to behave in a
similar manner, though despite beegnain hydrogenase of study, significant
electrochemical characterization has not previously been performed. Depending on the
pH, a typical & may be aroung400 mV for the hydrogen coupfe Although certain
[FeFelhydrogenases have been thoroughlyrabizrized % the breadth of natural
hydrogenase variation is as of yet poorly researched, although it is clear thatdCal
related enzymes do not represent the only catalytic profiles for [fhgEledgenases, with

some known to prefer hydrogen oxidetito a greater or lesser degree.

Hydrogen
Oxidation

Current

H
!
H+ Reductioj','
[

Potential

Figure7.1.ldealized electrochemical data for two proteins with a different catalytic bias

In this work PFE was first employed on purified Cpl and Cpll hydrogenases.
Targeted amino acid variations were then introducextder to deliberately shift the
catalytic bias, or the electrochemical readout from the electrode, froiik€pd Cpli
like, or the reciprocal, from Cplike to CpHlike. While a variety of other redox tuning

experiments have been employed in défé enzyme$'4 the Cpl/Cpll model system
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represents a fascinating case study for the contributors to catalytic bias, given the overall
sequence similarity of the hydrogend8e$FE represents an ideal technique for the

study of the variants, as itguides a rapid readout with only minimal sample.

Methods

Bioinformatic Network Analysis

All the homologous sequences of Cpl and Cpll (n=714) that were extracted using
the Integrated Microbial Genomes (IMGyvere subjected to multiple sequence
alignmen using standalone clustaliwvith default settings. Only residues that varied
between both Cpl and Cpll in the second coordination sphere of the cofactors were
considered for further network analysis. A binary table was generated to identify the
presencer absence of the residues identified in Cpl and Cpll in all the 714 honfblogs
A Pearson correlation was then calculated to determine the highly correlated residues in
both Cpl and Cpll using the plugin Network Analyzer present in Cyto$tapgoscape
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 Eperiments:

Initial mutagenesis was carried out on Cpl to make it more-li¥ell that is, make

the variant a better hydrogen oxidizer than the WT Cpl. Three residues near the active
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site, M353, 128, and A230, were chose for mutatidumeto 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 Cpl plasmid that was
already inuse in the lab. The successful introduction of each mutation into Cpl was
verified through sequencing of the plasmid (Davis), resulting in three distinct Cpl to
Cpll-like individual variants: M353T, 1268T, and A230S.

The second generation of experimenese done by ordering an expression
plasmid with the desired mutations introduced directly into the-saigggeed hydrogenase
sequence (GenScript). Sequencing data was sent with each gene as quality control. The
network analysis was used to examine whitchn® acids may be most likely to confer
either Cpllike or Cpltlike properties, and these amino acids were chose for experiments.
Cpl was made more Cplike by the introduction of three Cptype amino acids around
the Hcluster, for Cpl 1268T S357A NSG (Cpl TAG). Cpll was made Ciike by
1325Q L326Q T353M (Cpll QQM) mutations around thesldster. (Numbering

according to alignment with Cpl sequence).

Protein Rirification:

The purification of both Cpl and Cpll hydrogenases were carried out asbeescr
previously. The variant hydrogenases were purified according to the most closely related
WT enzyme. Cpl A230S, Cpl 1268T, Cpl M353T, and Cpl TAG were purified according

to the Cpl protocol, while Cpll QQM was purified according to the Cpll 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 andDiscussion

Electrochemistry of Cpl and Cpll

Initial experiments were performed in order to provide a baseline
characterization of both Cpl and CigHigure 7.2) Cpl was found to behave as a
canonical [FeFehydrogenase, with a strong bias towards praosauction, and a
fully reversibly cyclic voltammogram (CV). In contrast, Cpll was found to
oxidatively inactivate at relatively mild potential2Q0 mV vs SHE), and could
then be reactivateat more negative potentials (maszlucing conditions

To further pursue the ability of Cpll to oxidatively inactivate in comparison to
Cpl, additional CV scans were performed with varying scan (&tgare 7.3) Cyclic
voltammograms of Cpl and Cpll at different scan ratesv that Cpll inactivates on a
faster timescale (i.e. at faster scan rat€p)l was found taxidativelyinactivateat
substantially harsher conditiotisanrequired to oxidatively inactivate Qp with slower
scan rates and more positive potentials required for inactivatiba.bottom pnel shows
the ease of which Cpll oxidatively inactivates and the complex reactivation process

which may occur at two different potentigtsie occurring at approximatel00
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mV and the other at approximate50 mV) The oxidative inactivation of Cpl§ in

agreement with the EPR and FTIR data previously collected, and suggests that Cpll is

mechanistically distinct from Cpl.
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Figure7.2. Cyclic voltammograms of Cpl (top panel) and Cpll (bottom panel)
immobilized on a PGE under 1 atm hydrogen at varjad 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'mAMfr®ws indicate the
point and direction at which potential cyclingmmences
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Figure 7.3 Cyclic voltammograms of Cpl (top panel) and Cpll (bottom panel)
immobilized on a PGE under 1 atm hydrogen at various potential scan rates (spanning
from 20 mV st (black), 10 mV 3 (blue), to 0.1ImV s? (red) for Cpl(top) orCpll

(bottom) Other experimental conditions afle= 25°C, electrode rotation rate 3500 rpm,
at pH 7.0 for Cpl and pH 8.0 for Cpll. Arrows indicate the point and direction at which
potential cycling commences.

Electrochemistry o€pl Variants

Cpl A230S,1268T, and M353T were compared to WT Cpigure 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 dlree variants, the amino acid substitusiceduced catalytic
activty to a substantial degree, with Cpl 1268T and M353T retaining very little activity.
This result is surprising, given that each amino ab@hge waamong the natural
variatiors foundat those positions among the differgféFe}hydrogenases. To further
determinghe cause fothelower activitiesamong the variantsye measurethe Kn, for
H> for the native andgariantforms of Cpl(Figure 7.5). Th&nw6 s \measueed by

chronoampenmetry, wherghe current is measured as a function of time, in this case,

oxidative current under Hs examined.
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Figure 7.4. Continuous wave voltammograms of Cpl and variants, with relative
catalytic bias plotted in the top right figure. Absoluterent 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 depictingkhef Hz in WT Cpl and the three

Cpl variants.

TheKmd s me &ostheM@ €pl and A230S, 1268T, and M353T variants,

respectively, were 374, 355, 649, and 460 uM. The values are all close to the solubility

limit of H2 in aqueous solutions, and therefore represent lower limitsif@alues. The

relativdy similar Km values suggests that the reduced activity among the variants is due

to aKcat effect, where the enzymatic turnover is lower among the variants.
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Introduction ofMultiple Variants to Cpl and Cpll

That single amino acid variants did not shift the catalyias of Cpl towards that
of Cpll 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 wigir@hich amino acids may work
in concert to tune the second coordination sphere of ttle@sdter(Figure 7.6) In total
14 residues from the second coordination sphere were in Cpl and Cpll, and the
interrelatedness of these residues was hypothesizedrasponsible for bias tuning.

For the first sets of variants based on the cluster analysis, suits of residues
in Cpl that were evolutionarily conserved (>50%) were considered. The amino acids
most strongly conserved and found together in Cpl homolegs @325, Q326, and
M353. It was therefore hypothesized that these three amino acids are integral to the
ability of Cpl to function as it does as a proton reducer. Thus, these three amino acids

were substituted into Cpll to make Cpll more digeé.



159

N505 K32 %0 0.73
A498T163 12685357
S73 g 5
3 3
| &6 ' L196 g 050 &
1223 s0 = 8
AZD4 e & §
R152 Q326 o G384 s :
BN
\ V33 *
M353 T377 1 0.10
N269 T137 K30 Node Color Edge Color
AGRT T438
G151
AZB0 V44
Residues identified in Cpl-like Residues identified in Cpll-like
hydrogenases hydrogenases

Fig 7.6. Network map depicting the covariance of 14 residues identified around the iron
sulfur cluster in the Cpl (left panel) and Cpll (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, theH-cluster coordination environmeainino acids ithe Cpll family
that were highly correlated and evolutionarily conserved (>50%) were T137, A227, and
G384. Thes¢hreeamino acidsre hypothesizeth confersuperior hydrogemxidizing
catalytic abilities, and were therefardroducednto a singleCpl variantin order totest

whether these would increalde oxidation activity Both the Cpl TAG and Cpll QQM

enzymes were then purified and subjected to PFE experiments.
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Figure 7.7 he cyclic voltammetry plot of Cpll WT (black) is compared to Cpll QQM
(red) and Cpl TAG (blue)

The Cpl to CpHlike Cpl TAG variant has an electrochemistry trace that
gualitatively resembles that of Cpl WIFigure 7.7) or the individual amino acid
substitutions as described previously. The activity, however, is lower thakTh
enzyme. These three amino acids are therefore insufficient to alter the catalytic bias of
Cpltowards H2 oxidation activityThus, itmay be the case thatlditionalamino acids
in the Hcluster environment are necessary to coHf2ioxidationbias,or it may be that
amino acids in the-Eluster environment act to tune the potential of thebuSters,
thereby influencing catalytic bias. Probably the@fd Hcluster environments work in

concert to direct electrons to and from the active site.
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Fig 7.8 The Hcluster environment of Cpll, showing the @gpe amino acids in blue.
These amino acids eliminate oxidative inactivation and bias the hydrogenase towards
hydrogen oxidation

The Cpll QQM variant was tuned in its catalytic bias to a signifidegree
compared to WT Cpl(Figure 7.7) As evidenced by the electrochemical trace, the
oxidative inactivation that is found in Cpll was fully eliminated in Cpll QQM, and is, in
that regard, functionally much more similar to Cpl in its function. Howevpll QQM
is still a poor proton reducer, in contrast to Cpl, which suggests that a combination of
other amino acid substitutions in thechister and/or f€luster environments are needed
to fully alter the catalytic profile. It should be noted that edeal range effectsannotbe
ruled outin either caseThat Cpll 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. Itisteresting to note that this hydrogenase behaves
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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 [FeFdjydrogenases. Furthermore, Cpll QQM may represent a key
catalyst for hydrogen oxidation, as in the use of fuel cells or other potential applications.

A depiction of the Cpll QQM variant may be found in figure 5.8
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CHAPTERS

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 equdy 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 [FeFg&hydrogenases are examined as a model system in which to
study catalytic bias, specifically, which structural features contribute to the production or
consumption of kigas. The mechanistic understandings from this work may be
generalizable across var®aystems, 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 hydrogenasesthie nextchapter a description of the oxygen
degradation o€hlamydomonas reinhardtjFeFelhydrogenase 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 Cpl and Cpll [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 grolrfdwonderstanding
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 metabotinditions.

In the next threehapters, the spectroscopic characterization of Cpl and Cpll are
further illuminateddemonstrating novel properties of both Cpl and Cpll. The
spectroscopy has been used to develop a mechanistic model for the daitytic
observed in this model system, where Cpll is capable of shutting down enzyme activity if
the hydrogen uptake is not advantageous to the systamabilityto express and purify
Cpll, combined with the advanced EPR characterization and spectralvdetam
methods, represent a major advance in the ability to relate the properties of multiple EPR
centers back to catalytic properties.

In the finalchapterthe electrochemistry of Cpl and Cpll are outlined in great
detail, demonstrating further evidenof 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 residuebgtcatalytic 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 innovatiocatalysisdesign and

properties.
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Cumulativey, 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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APPENDICES
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APPENDIX A

SUPPLEMENTAL MATERIALTO CHAPTER2
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Figure s1.FTIR spectra of CrHydAl K-CO before (a), and after (b) 2 h exposure to
24.2% Q at 4 °C. CrHydA1 concentration 70 mgnl. The principlevCO peaks are
coloredas HoxCO (black), Hx (red), @ damaged (purple), unassigned (cyan).
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Figure S2 FTIR spectra of etitration of NaDFtreated CrHydA1. (a) After 2 h of
exposure to 0.002%0(b) After 2 h exposure to 2%ONhile there aradditional
features that may be a result of the interaction of NaDT andi@ilar trends are
observed here as seen igExperiments. The growth ofokdCO and of signals assigned
to O damage, (1825 and/or 2025 éyrare seen here. TMEO andvCN peaksare
colorcoded as; K-CO (black), Hx (red), HeDT (magenta) @damaged (purple),
unassigned (cyan).



