Downloaded viaNATL RENEWABLE ENERGY LABORATORY on January 16, 2020 at 21:00:17 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.

' t ; C S & Cite This: J. Am. Chem. Soc. XXXX, XXX, XXX—XXX

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Tuning Catalytic Bias of Hydrogen Gas Producing Hydrogenases

Jacob H. Artz,"H Oleg A. Zadvornyy,T’D David W. Mulder,* Stephen M. Keable,§ Aina E. Cohen,II
Michael W. Ratzloff* S. Garrett Williams, - Bojana Ginovska,” Neeraj Kumar,” f]inhu Song,||
Scott E. McPhillips,” Catherine M. Davidson,” Artem Y. Lyubimov,|| Natasha Pence, " Gerrit J. Schut, !
Anne K. Jones,l S. Michael Soltis,” Michael W. W. Adams,'® Simone Raugei,T’# Paul W. ang,*’i
and John W. Peters™ ">

Institute of Biological Chemistry, Washington State University, Pullman, Washington 99164, United States

Biosciences Center, National Renewable Energy Laboratory, Golden, Colorado 80401, United States

SDepartment of Chemistry and Biochemistry, Montana State University, Bozeman, Montana 59717, United States

IStanford Synchrotron Radiation Lightsource, SLAC National Accelerator Laboratory, Menlo Park, California 94025, United States
1School of Molecular Sciences, Arizona State University, Tempe, Arizona 85287, United States

#Pacific Northwest National Laboratory, Richland, Washington 99352, United States

IDepartment of Biochemistry and Molecular Biology, University of Georgia, Athens, Georgia 30602, United States

© Supporting Information

ABSTRACT: Hydrogenases display a wide range of catalytic Stabilized
rates and biases in reversible hydrogen gas oxidation catalysis.
The interactions of the iron—sulfur-containing catalytic site
with the local protein environment are thought to contribute to
differences in catalytic reactivity, but this has not been
demonstrated. The microbe Clostridium pasteurianum produces
three [FeFe]-hydrogenases that differ in “catalytic bias” by
exerting a disproportionate rate acceleration in one direction or
the other that spans a remarkable 6 orders of magnitude. The
combination of high-resolution structural work, biochemical
analyses, and computational modeling indicates that protein
secondary interactions directly influence the relative stabiliza-
tion/destabilization of different oxidation states of the active
site metal cluster. This selective stabilization or destabilization of oxidation states can preferentially promote hydrogen oxidation
or proton reduction and represents a simple yet elegant model by which a protein catalytic site can confer catalytic bias.
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Bl INTRODUCTION

Hydrogenases catalyze the seemingly simple interconversion of

recycling of electron carriers during anaerobic fermentation or
through H, oxidation to energy-yielding processes.
Interestingly, although [FeFe]-hydrogenases all possess the
same active site H cluster, they display a large range of H, gas
oxidation and proton reduction activities, with some displaying
a dramatic catalytic bias, that is, the propensity of a catalyst to
effect rate of acceleration in one reaction direction over the
other. For the closely related [NiFe]-hydrogenases, several
models for relating factors that control catalytic bias have been
developed, demonstrating a complex interplay of factors
including both long-range potential effects from electron
injection into the enzyme and active site chemistry such as
substrate binding and product release.” " Similarly, the

protons and electrons with hydrogen (H,) gas (Figure 1.2
These enzymes are ubiquitous in nature, being found in
bacteria and archaea as well as in single-celled eukaryotes.
They are of significant importance in H, gas cycling and
interspecies H, gas transfer as well as in the energetics of many
microbial systems.’ The unifying feature of all hydrogenases of
the [FeFe]-type is a complex and unique metallocluster termed
the “H cluster”. This cluster contains a conventional cubane
[4Fe-4S] subcluster that is bridged through a cysteinyl thiolate
to a unique 2Fe subcluster having carbon monoxide, cyanide,

and azadithiolate nonprotein ligands."* Most [FeFe]-hydro-
genases possess additional FeS clusters, termed F clusters, that
presumably function in trafficking electrons to and from the
catalytic site to external electron donors and acceptors. The
redox coupling to external donors and acceptors effectively
links the [FeFe]-hydrogenases through proton reduction to the
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determinants that control the range of catalytic properties of
[FeFe]-hydrogenases are dictated through the properties of the
H cluster and/or F clusters, which we only recently are
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Figure 1. Catalytic H, evolution by [FeFe]-hydrogenase. Inner,
overall structure of [FeFe]-hydrogenase I from Clostridium pasteur-
ianum (Cpl, pdb code 3C8Y"”), which includes an arrangement of F
clusters and active-site H cluster (indicated by red circle) for the
interconversion of H, from 2e” and 2H" (red arrows). Outer,
simplified catalytic cycle for the H cluster and reversible formation of
oxidized (H,,) and reduced (H,4H*, H,.y Hy,) intermediates,
which facilitate rapid proton-coupled electron transfer (PCET) across
[4Fe-4S]y (cube representation) and [2Fe]y (molecular representa-
tion) components of the H cluster (derived from ref 20). Color
scheme: iron, dark red; sulfur, orange; nitrogen, blue; carbon, gray or
green; oxygen, red.

beginning to appreciate can have a range of different
properties.””"” From a simple catalytic perspective, bias can
be achieved if the rate-limiting step in the forward direction
(i.e., proton reduction) differs from the rate-limiting step in the
reverse direction (i.e, H, oxidation)."® Therefore, under-
standing protein features that contribute toward either the
stabilization or destabilization of H cluster intermediates
formed during catalysis is important toward defining properties
or factors that function toward the control of directionality of
the overall reaction.

In this work, we observe through high-resolution X-ray
diffraction methods along with electrochemical and spectro-
scopic analyses coupled with theoretical calculations that key
amino acids within the H cluster environment of [FeFe]-
hydrogenase 1 from Clostridium pasteurianum (Cpl) adopt
different conformations as a function of oxidation state. This
structural flexibility makes it possible to modulate the
properties of the electronic structure of the H cluster via
secondary, noncovalent interactions. We propose that the
dynamic changes observed in Cpl are important for imposing a
neutral catalytic bias or an efficacy in catalyzing both H,
oxidation and proton reduction at similar rates. A closer look at
other C. pasteurianum [FeFe]-hydrogenases reveals profound
propensities to catalyze either H, oxidation or proton
reduction preferentially, revealing an extreme range of catalytic
biases. Through examination of the properties of these
enzymes in light of our recent observations on the role of
the H cluster protein environment in stabilization of oxidation
states relevant to catalysis, we are able to propose a general
model for catalytic bias in [FeFe]-hydrogenases invoking the

relative stabilization/destabilization of key mechanistically
relevant intermediate states that could presumably extend to
many redox enzymes.

Bl RESULTS AND DISCUSSION

Redox-Dependent Conformations of the H Cluster
Secondary Coordination Environment. [FeFe]-hydro-
genase I from the bacterium Clostridium pasteurianum (Cpl)
has traditionally been a model system for structural studies
(Figure 1).'%?"** The improvement of data collection
capabilities at synchrotron sources such as high-flux and
high-resolution beam with available microbeam sizes up to 10
pum diameter, automated and high-speed helical data collection,
and improved detector resolution coupled with refinement in
cryo-cooling and data collection practices have allowed us to
now collect very high-quality data to 1.0 A resolution (99.6%
complete with a multiplicity of 16.3 and a mean signal-to-noise
of 50.2, Table S1, Supporting Information). The resulting
structure of Cpl has been refined to an overall R factor of 11.3
and reveals structural features not discernible in previous
work.""” Importantly, analysis of the electron density maps
reveals additional electron density around the amino acid side
chain of Met353 near the H cluster (Figure 2A and Figure S2,
Supporting Information).

To address the structural ambiguity of Met353, we
generated S anomalous electron density maps to better
pinpoint the positions of the Met sulfur. We observed that
the anomalous feature for Met353 was larger and less spherical
than the other S features in the structure, and this was
interpreted to indicate more than one overlapping conforma-
tion of Met353 (Figure S3, Supporting Information). This
resulted in an initial modeling of two conformations at partial
occupancies differing mainly in the position of the sulfur
relative to the carbonyl oxygen of the bridging CO. The
dominant conformation (A, 74% occupancy) matches the
previously reported structures of Cpl that have been proposed
to be captured in an oxidized state (H,,) with the Met353 S
atom in a proximal orientation at a distance of about 3.5 A to
both bridging and terminal CO ligands of the 2Fe subcluster
(Figure 2C). The secondary conformation (B, 26% occu-
pancy) exists with the Met353 S atom rotated away from the
bridging and terminal CO carbonyl O atoms to a distance of
4-5 A (Figure 2D).

Repositioning of Met353 in the Cpl structure has been
previously observed crystallographically after the liberation of
an inhibitory CO molecule by photolysis.”’ The loss of CO
was accompanied by a shortening of the bond between the
distal Fe and the C atom of the bridging CO and slight shift of
the Met353 S atom away from the bridging carbonyl O atom.
These previous observations clearly indicate that the
coordination environment of the distal Fe atom and the
presence or absence of a bound ligand at the site of H, gas
activation affect the Met353 S atom interactions at the CO that
bridges the two Fe sites. These combined structural changes
alter the coordination environment and thus the electronic
structure of the H cluster. In addition to the two
conformations observed for Met353, further analyses of the
high-resolution Cpl structure revealed two distinct side chain
conformations for another residue near the H cluster, Ser357,
which is in close proximity to the [4Fe-4S] subcluster (Figure
2A and Figure S2, Supporting Information). The Ser hydroxyl
group in conformation A (58%) is oriented away from the
subcluster with the hydroxyl group at a distance of 5.6 A
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Figure 2. (A) 2Fo-Fc electron density maps (blue mesh contoured at 1.5 ) around the H cluster and Met353 and Ser357 calculated for the Cpl
structure using 1 A resolution data. Major conformation A is presented in sticks with larger radius. (B) 2Fo-Fc electron density maps (blue mesh
contoured at 1.5 ¢) around the H cluster and Met353 and Ser357 calculated for the Cpl structure using Linac Coherent Light Source (LCLS) data.
Major conformation B is presented in sticks with larger radius. (C) Positions of conformation A of Met353 and Ser357 in the oxidized state of the
H cluster. (D) Positions of conformation B of Met353 and Ser357 in the reduced state of the H cluster. (E) Table with the occupancies of
conformations A and B of Met353 and Ser3S7 after refinement with corresponding Cpl structural data sets: high-resolution X-ray (HR); Linac
Coherent Light Source (LCLS); reduced, X-ray data collected from Cpl crystals reduced with 7 mM sodium dithionite (DTR). (F) Probability
distribution of Met353 from molecular dynamics simulations of H,.q (monitored as a function of the dihedral angle about the Cy—S bond, a top
panel) and vertical ionization potential H,qy — H,, + ¢~ for different Met353 conformations (bottom panel). The ionization potential was
calculated from 400 configurations equispaced in time extracted from a 15 ns all-atom molecular dynamics simulation of Cpl in the H,4 state. The
solid tick lines represent the mean ionization potential (IP), and the shaded areas are twice the standard deviation from the mean IP at given angle

a. The horizontal dashed lines indicate the average IP for conformation A and conformation B.

(Figure 2C) and rotated toward the subcluster with the
hydroxyl group at a distance of 3.4 A relative to conformation
B (Figure 2D).

We hypothesize that the dual conformations observed for
Met353 and Ser357 may have been induced by photoreduction
from exposure of the Cpl crystals to X-ray radiation, which has
been observed in other metalloenzymes.”> >* To investigate
this possibility, we collected X-ray damage-free data at the
Linac Coherent Light Source (LCLS).***” The refinement of
the Cpl structure with LCLS data shows both Met353 and
Ser357 are almost entirely in the previously observed
conformation A assigned to the oxidized H cluster (Figure
2B and E, Figure S4, Supporting Information). To confirm that
conformation B results from a more reduced state of Cpl,
crystals were incubated with a chemical reductant (sodium
dithionite) for S s and subsequently flash cooled in liquid
nitrogen under a 2.5% H, atmosphere. Standard X-ray
diffraction data were collected and compared to the oxidized
Cpl structures from LCLS and high-resolution data sets (Table
S1, Supporting Information). Both Met353 and Ser357 in the
reduced Cpl crystals exhibited a shift toward a higher
population of conformation B (Figure 2E, Figure SS,
Supporting Information), consistent with assignment to a
more reduced H cluster than conformation A.

Dynamic Stabilization of H Cluster Catalytic Inter-
mediates and Equilibrium Distributions. Molecular
dynamics simulations were undertaken to explore the time
scales and energetics of Met353 and Ser357 conformational

variations (see Section SI 2.1). Rotational movements of the
two side chains occur at the sub-microsecond time scales, well
within the time frame of catalytic turnover. Importantly, no
other amino acid residue within the H cluster environment
shows appreciable deviation under the same conditions,
consistent with the structural results. Moreover, the
simulations indicate that conformation A is more populated
in the oxidized state (i.e., H,,), and the newly observed
conformation B of Met353 and Ser357 is favored in the
reduced state (i.e, H,4H") (Figure 2F). Quantum chemical
calculations on truncated models of the H cluster and its
environment derived from the molecular dynamics trajectory
suggest that the positioning of Met353 and Ser357 modulate
the electronic properties of the H cluster. For instance, rotation
of Met353 from conformation A to conformation B causes an
average shift of the vertical ionization potential (IP) of H,.q
(H,eq & Hoy + €7) by 0.09 V (Figure 2F, Figures S8 and S9, SI;
see Section SI 2.3 for details). In turn, this result indicates a
dynamic tuning of the redox properties of the catalytic site and
corroborates that H_, favors conformation A (due to a lower IP
of H,.4), while H,.,;H" favors conformation B. In the reduced B
conformation, the oxygen atom of the Ser357 side chain is in
H-bonding distance of the S atom of Cys355 and of the iron
and sulfur atoms of the H cluster [4Fe-4S] subsite. The
electrostatic effect of the Ser oxygen could decrease the
covalent interaction between iron and sulfur, resulting in
weakening (less covalency) of the [4Fe-4S] cluster Fe—S
bonds. For ordinary [4Fe-4S] clusters, it has been shown that
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the decrease in the covalency of the Fe—S bond results in the
additional stabilization of the reduced state of the cluster by
the asymmetric electrostatic field around the hydrogen-bonded
cluster.”® This effect could facilitate initial reduction of H,,
along the pathway for proton reduction through reduction of
the H cluster cubane (ie., H,4 or H4)."**

The calculation of the speciation curves of the H cluster,
based on accurate quantum chemical data and thermodynamic
cycles (detailed in Section SI 2), as a function of the potential
shows that different conformations preferentially stabilize
either H,, or H,.¢H" to a different degree (Figure 3A). This
finding implies that the observed reactivity of Cpl results from
dynamic stabilization of two different H cluster conformations.
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Figure 3. (A) Speciation curves of the H cluster as a function of the
potential calculated for different conformations of Met353: Met353
locked in either conformation A or B (top and bottom panel,
respectively) and Met353 in the equilibrium distribution of
configurations as observed in the high-resolution X-ray structure. A
detailed discussion of the calculation of the speciation curves is
reported in the SI. (B) Electrocatalytic H, oxidation and H* reduction
by Cpl immobilized on a PGE electrode. The bottom/inset panel
shows the derivative of electrocatalytic current with respect to
potential. Experimental conditions are a potential scan rate of 25
mVs™, 25 °C, 1 atm H,, pH 8, and an electrode rotation rate of 3500
rpm. The dashed horizontal line and dashed vertical lines indicate
zero current and the H, couple at pH 8.4, respectively. The arrows
indicate an inflection point.

Conformation A is more populated at more positive potentials,
and conformation B is more populated at lower potentials.

Cyclic voltammograms from Cpl support the hypothesis
that potential-induced conformational switching can affect
catalytic rate. Figure 3B shows a “boost” in the rate of H,
oxidation activity at the potential indicated by a black arrow.
This increase is also noted in the derivative shown in the inset.
We hypothesize that this increase in oxidative activity arises
from the increased stability of conformation A at oxidizing
potentials and concomitantly of H,.

Cpl is a good catalyst for both H' reduction and H,
oxidation, exhibiting k., values of 5800 s™' and 19 500 s7',
respectively (Table S2, Supporting Information). Not all
hydrogenases are good catalysts for both H reduction and H,
oxidation, with several examples exhibiting a distinct and often
dramatic “catalytic bias” exerting a disproportionate rate
acceleration in one direction of the reaction relative to the
other.”® We envision that our observed structural dynamics
represent a mechanism for maintaining a neutral catalytic bias
through the ability to effectively stabilize both H,, and H, jH*
states under different reduction potential regimes. An enzyme
or a catalyst in general can exhibit a catalytic bias if the rate-
limiting steps of forward and reverse overall reaction are
different. For [FeFe]-hydrogenases if we consider the rate-
limiting step for H, oxidation is H, binding and the rate-
limiting step for H* reduction to be the protonation of the
reduced state, a relative stabilization/destabilization of H,, and
H, .4H" in the range of the reduction potential of the H, couple
could provide a simple mechanism to effect a catalytic bias.

Catalytic Bias of Cp [FeFe]-Hydrogenases. To further
examine the relationship between the relative stability of H,
and H,4H" as a function of reduction potential and catalytic
reactivity, we examined two other [FeFe]-hydrogenases from
C. pasteurianum, Cpll and CplII, that differ from Cpl in their
amino acid content and catalytic properties (Figure S1, Table
S2, Supporting Information). The structures of CplI and CplII
have not been determined, but reliable homology models were
generated based on the Cpl structure (Figure S6, Supporting
Information). Comparison of the structures reveals key
differences in the amino acid side chains in the H cluster
environment in the three enzymes including differences at the
Met353 and Ser357 positions in Cpl. As these residues
stabilize a neutral bias in Cpl, exchange of these residues is
hypothesized to impart stronger catalytic bias. Thus, this
natural variation provides an ideal model system through
which to examine determinants conferring bias. CpII and CplII
exhibit profoundly different extremes in catalytic bias. On one
hand, CpII has a more than a 1000-fold bias toward H, gas
oxidation (k. = 92000 s™') relative to proton reduction (k.
=13.5s7"). In contrast, CplII exhibits the completely opposite
preference, having a low H, gas oxidation rate (k. = 13 s7")
but a 20-fold higher proton reduction rate (k. = 291 s™'). The
catalytic biases expressed as the ratio of proton reduction rate
over the H, gas oxidation rate for Cpl, Cpll, and CpllI are
~0.3, 107% and 10% respectively, values that span 10° in
magnitude (Table S2, Supporting Information). To probe the
catalytic bias of each hydrogenase, we examined the electro-
catalytic activity as a function of pH using protein film
electrochemistry, an elegant method for studying catalysis
since the magnitude of the current is directly proportional to
both k. and the quantity of electroactive enzyme on the
electrode surface. The cyclic voltammograms shown in Figure
4 are collected from Cpl, Cpll, and CplIl adsorbed to a
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Figure 4. Dependence of electrocatalytic H, oxidation and production
on pH by Cpl, Cpll, and CplIl immobilized on PGE electrodes.
Cyclic voltammograms are shown at pH values of 9.0, 7.8, 7.0, 6.3 and
5.0, which correspond to red, orange, green, teal, and blue,
respectively. The protein representations depict arrangements of the
H cluster (blue hexagon) and F clusters ([4Fe-4S] clusters, green
squares, [2Fe-2S] cluster, green diamond) based on the structure of
CplI and homology models of CplIl and CplII (see Figure S6). Other
experimental conditions are a potential scan rate of 25 mV s71, 25 °C,
1 atm of H,, and an electrode rotation rate of 3500 rpm. The dotted
horizontal lines show zero current.

rotating pyrolytic graphite edge (PGE) electrode under an
atmosphere of H,. The electrode is rotated rapidly so that the
observed catalysis depends on the inherent properties of the
enzyme, rather than diffusion of H,. Positive current
corresponds to electrocatalytic H, oxidation, and negative
current arises from electrocatalytic proton reduction. The
catalytic bias can be directly observed as the ratio of maximal
reductive current to maximal oxidative current, since maximal
and minimal voltages are equidistant from the open-circuit
potential (OCP).

At pH 5, Cpl catalyzes the production of H, roughly 10
times more rapidly than it catalyzes the oxidation of H,. As the
pH is increased to pH 9, Cpl becomes slightly biased toward
H, oxidation. As with many hydrogenases, Cpl requires
essentially no overpotential to perform either proton reduction
or H, oxidation at any experimental pH. Cpll, shown below
Cp], has the inverse bias of Cpl. At pH 9, electrocatalytic H,
production is minimal, and voltammograms are dominated by
H, oxidation. Under pH 5, CpIl becomes essentially unbiased
and becomes equally capable of H, oxidation and production.
Interestingly, Cpll requires approximately 100 mV of over-
potential to initiate H, oxidation catalysis and, unlike Cpl, does

not appear to approach the maximal rate of oxidative catalysis
in the potential range examined.

CplII has an unusual potential dependency that is different
from that of other reported [FeFe]-hydrogenases. As expected,
proton reduction is observed at potentials below that of the
H*/H, couple, and the catalytic rate increases monotonically
with increasing reductive driving force. At potentials that are
more oxidizing than the H, couple, current from H, oxidation
increases with increasing oxidative driving force only within a
narrow range of potential. When the oxidizing potential
extends beyond ~100 mV past the hydrogen couple, the
catalytic current passes through a maximum and then decreases
at higher oxidative driving forces. The precise potential of this
maximum for H, oxidation depends on both the potential
sweep rate and solution conditions. The observed maximum
indicates that CplII is rapidly converted to a catalytically less
reactive state as oxidizing potentials increase. Upon return of
the enzyme to reducing conditions, catalytic activity is
regained, demonstrating that this process is reversible. One
feature is unique to CplII catalytic voltammograms: it becomes
less reactive to H, at milder oxidizing conditions than reported
for any other [FeFe]-hydrogenase.” ** This unique property
instills an extreme catalytic preference for H, production.

Role of Environment in Tuning H Cluster Electronic
States for H, Activation. There are significant differences in
the amino acid environments of the H clusters of CpIl and
Cplll in comparison to Cpl, including the aforementioned
corresponding Met353 and Ser357 sites; Cpll has Thr and Ala,
respectively, whereas CpIIl has Gly and Ala, respectively
(Figure S1, Supporting Information).'"*%*® Hence the
observed Met and Ser structural dynamics and their influence
over the H cluster are unique to Cpl and “Cpl-like”
hydrogenases.”'>*”*® Since the analogous interactions cannot
be present in Cpll and Cplll, we hypothesized that the
observed large differences in catalytic reaction bias among the
three enzymes are an outcome of structural features that result
in a preferential stabilization of the oxidation states of their H
clusters.

To probe this hypothesis further, the resting states of all
three enzymes were analyzed by electron paramagnetic (EPR)
and Fourier-transform infrared (FTIR) spectroscopy, which
evaluate the electronic and structural state of the H cluster by
probing the cluster spin states and vibrational properties of its
CO and CN ligands.”” The resting state EPR and FTIR spectra
of CplII are similar to Cpl, showing classic H,,-like signals, with
some differences (i.e., downshift of the bridging #CO band)
that may result from a slightly altered electronic structure due
to its different H cluster environment such as the lack of a
nearby Met residue.

The resting state CplII on the other hand displays strikingly
different spectra from those of Cpl and CplIl. It is EPR silent
(diamagnetic), and the FTIR spectrum has higher frequency
vCO and vCN bands (Figure SA and B, respectively). Taken
together, the results indicate that the H cluster resting state of
CplII is more oxidized than Cpl and Cpll by one electron,
which we refer to here as the H,.,, state with a formal
oxidation state level of [4Fe-4S]**Fe(II)Fe(II). H,,,; is
reminiscent of the H,,, state observed in other [FeFe]-
hydrogenases (Table S3, Supporting Information);**™*
however, in CpllI it is observed at more reducing potentials
which are near the value of the H,/H, ;H" redox couple
(Table S4, Supporting Information). Interestingly, reductive
titration of oxidized CplII enables some formation of H,, by
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Figure S. (A) EPR spectra of Cpl, Cpll, and CplII in their resting states (Cpl autoxidized, CplI oxidized with 2 mM thionin, CpIII autoxidized).
(B) FTIR spectra of resting state CpI (top), CpII (middle), and CpIII (bottom) (Cpl autoxidized; Cpll oxidized with 2 mM DCIP, scaled X0.5;
CplII oxidized with 200 uM IDS, scaled X2). (C) Fraction of polar and charged amino acids within a given distance from the H cluster (black:
Cpl; gray: Cpll; orange: CplIl). The distance is calculated as the minimum distance of any heavy atom of a residue from any heavy atom of the H
cluster. The distance of the cysteinate ligands is taken as the zero of the scale. (D) Effect of dielectric environment on the stability of H cluster
catalytic states. The curves show the calculated equilibrium distribution at pH = 6 of catalytic intermediates as a function of the potential for two
different values of the dielectric constant (¢ = 4 and 10) of the polarizable continuum embedding the H cluster. Modifying the polarity of the H
cluster environment greatly affects the thermodynamic properties, in particular the pK, value of the pendant amine and the reduction potential,
with largest effects in the range of 0 < & < 10. These effects profoundly change the relative stability of catalytic intermediates. For example, a higher
dielectric constant (¢ = 10) stabilizes H,,, whereas a lower constant (¢ = 4) destabilizes H,,, ;.

the one-electron reduction of H,,,; (E,s = —389 mV, Figure
S7, Supporting Information), albeit to a much lower
population (~7.5 + 2.5%) compared to Cpl and Cpll
(~100%). These titrations do not show the typical rhombic
EPR signal (g = 2.06, 1.96, 1.89) assigned to the H,,,, state
([4Fe-4S]"*Fe(II)Fe(II) for the DAH model) based upon the
one-electron reductive activation of H,.."> Overall, this initial
analysis of CplIII indicates that the H cluster is tuned to have
profoundly different oxidation state stabilities than CpI and
CplIl, which otherwise have similar characteristics.
Additional Tuning of Catalytic Bias by Long-Range F
Cluster Potential Effects. In contrast, the redox properties of
the F clusters in Cpll are significantly different from the F
clusters of CpI and CplIIL. The distal F cluster of CpllI has a
more positive reduction potential (—180 mV) relative to the H
cluster (=410 mV) compared to Cpl and CplIL>*>*> which
have F clusters that are on average similar to that of the H
cluster (Figure S7, Supporting Information). For [NiFe]-
hydrogenases, it has been proposed that the catalytic bias is
largely a result of the difference in the reduction potential of
the more positive distal cluster relative to that of the active site,
as is the case for CpIL> This is a driving force difference of
~200 mV between the difference in reduction potentials of the
distal F cluster and H cluster,’®** which would result in a
much higher rate of the oxidation of H, 4H" under favorable
equilibrium conditions, effectively destabilizing the H,4H"
state relative to H,, and resulting in a speciation profile that
would be similar to that shown for conformation A of Cpl. The
strong bias toward H, oxidation in Cpll can therefore be

modeled as an outcome of the more highly populated H,, state
over the potential range relevant to catalysis. Presumably a
reciprocal bias could be affected in a hydrogenase that
possessed F clusters with reduction potentials significantly
more negative than the H cluster. This is likely to not be
observed since the low reduction potentials required to
establish this relationship and reduce the F clusters for H,
production could not be easily achievable in bacterial
metabolism. For CpIIl we know this is not the case since
the reduction potentials of the F clusters are similar to the
reduction potentials of Cpl near the H, couple, indicating that
the unique bias toward H" reduction is a likely result of the
observed unique properties of the H cluster.
Stabilization/Destabilization of Catalytic Intermedi-
ates by Local Electrostatics. To examine the differences
around the H cluster in more detail, we performed an analysis
of the fraction of polar to nonpolar residues as a function of
distance from the H cluster and found that CplIII uniquely has
a significantly lower proportion of polar amino acids in the
environment of the H cluster than Cpl or CpllI (Figure SC,
Figures S10—S14). We could model these differences in the
form of a simple set of dielectric differences, ¢ = 10 (CplI or
Cpll) versus € = 4 (Cplll), to address the question whether
these kinds of local differences in the H cluster environment
could be responsible for the profoundly different directional
catalytic bias of CpII and CplII compared to the more neutral
bias of Cpl. The specific choice of the dielectric constant ¢ for
the H cluster environment of Cpl, Cpll, and CplII was based
on the experimental values for the H,,/H, gy, and the H,,,/
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H,, midpoint potentials. Indeed, for these two values of &€ we
were able to reproduce the H, /H, gy, potential for Cpl and
CplIl and the H,,,,/H,, potential for CplIl (see Section SI
2.7). The results show that relatively small changes in the
dielectric properties of the protein environment have a
substantial impact on the relative population of H cluster
states (Figure SD). In particular, the more hydrophobic
environment of CplII destabilizes H,, and favors H,,,,; and
H,.H". This modulation of the H cluster population of
catalytic intermediates relates to the observation that CplIII is
tuned to favor proton reduction, whereas the less hydrophobic
environment of CplI is tuned to favor H, oxidation.

B CONCLUSIONS

The data presented herein demonstrate the remarkable impact
the active site H cluster environment can have on tuning the
distribution of redox states as a function of reduction potential
and the implications of this tuning on catalytic reactivity, and
expands upon existing models of bias.

Catalytic bias has been reported for a limited number of
[FeFe]-hydrogenases, and lack of data hampers articulating a
unifying hypothesis to explain bias. Abou Hamdan and co-
workers first proposed that catalytic bias of [NiFe]-hydro-
genases arises from different rate-determining steps for the
forward and backward reactions.'® With respect to [FeFe]-
hydrogenases, cysteine to histidine mutation of a [4Fe-4S]-
coordinating cysteine in the H cluster of Chlamydomonas
reinhardtii [FeFe]-hydrogenase changes the cluster potential
and catalytic bias. This suggests that catalytic bias can be
modulated by H cluster properties, like the cubane reduction
potential.'” In other work, comparing the catalytic bias of
Megasphaera elsdenii native [FeFe]-hydrogenase to that of a
truncation variant lacking accessory [FeS] clusters has been
interpreted to suggest that bias of the native enzyme is dictated
by the rate of electron transfer from the accessory clusters to
the active site, but that of the truncated variant bias is
determined by intrinsic H cluster properties.'> Hexter and co-
workers have suggested that accessory [FeS] clusters control
catalysis by their reduction potential.” In short, catalytic bias
has been attributed to various F cluster and H cluster
properties.

Herein we have shown that Cpl, Cpll, and CplII each have
distinct catalytic properties and variations in the relative
stabilities of the key intermediates. Furthermore, speciation as
a function of potential can be modulated by the H cluster
environment. Our data provide a unifying mechanism for the
properties and reactivities of Cpl, Cpll, and CplII and, at the
same time, explain the aforementioned observations for
[FeFe]-hydrogenases from other sources. The design features
that [FeFe]-hydrogenases use to tune and control reactivity are
likely to be shared among other metal-site biocatalysts.™*
Preferential stabilization of key catalytic intermediates through
subtle changes in the outer coordination sphere results in
stabilization and/or destabilization of different oxidation states
is a simple yet elegant way to control the direction of catalysis
in oxidoreductases and likely even in small-molecule systems.
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