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[FeFe]-hydrogenases catalyze the reversible oxidation of H,
from electrons and protons at an organometallic active site
cofactor named the H-cluster. In addition to the H-cluster,
most [FeFe]-hydrogenases possess accessory FeS cluster (F-
cluster) relays that function in mediating electron transfer with
catalysis. There is significant variation in the structural prop-
erties of F-cluster relays among the [FeFe]-hydrogenases;
however, it is unknown how this variation relates to the elec-
tronic and thermodynamic properties, and thus the electron
transfer properties, of enzymes. Clostridium pasteurianum
[FeFe]-hydrogenase II (CplI) exhibits a large catalytic bias for
H, oxidation (compared to H, production), making it a notable
system for examining if F-cluster properties contribute to the
overall function and efficiency of the enzyme. By applying a
combination of multifrequency and potentiometric electron
paramagnetic resonance, we resolved two electron para-
magnetic resonance signals with distinct power- and
temperature-dependent properties at g = 2.058 1.931 1.891
(Fa058) and g = 2.061 1.920 1.887 (F061), with assigned
midpoint potentials of -140 + 18 mV and -406 + 12 mV versus
normal hydrogen electrode, respectively. Spectral analysis
revealed features consistent with spin-spin coupling between
the two [4Fe-4S] F-clusters, and possible functional models are
discussed that account for the contribution of coupling to the
electron transfer landscape. The results signify the interplay of
electronic coupling and free energy properties and parameters
of the FeS clusters to the electron transfer mechanism through
the relay and provide new insight as to how relays functionally
complement the catalytic directionality of active sites to ach-
ieve highly efficient catalysis.

Electron transfer is critical to the function of enzymatic
oxidation-reduction reactions for biological energy conversion
and is mediated by organic and inorganic redox active co-
factors, including iron-sulfur (FeS) clusters (1-3). FeS clusters
differ in composition and display a wide range of reduction
potentials and electronic properties that can support the
diverse electron transfer requirements found in redox catalysis,
including critical energy transformation reactions such as
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reversible H, oxidation, N, fixation, and CO, reduction (4—6).
Another superfamily of FeS cluster enzymes termed radical S-
adenosylmethionine (SAM) enzymes catalyze a diverse array of
radical based reactions by means of a site-differentiated [4Fe-
4S]-SAM complex (7-9). Fine-tuning of FeS cluster properties
in proteins (reviewed in (10)) is possible through modification
of primary coordination (e.g,, cysteine, serine, and histidine
amino acid ligation) (11-14), secondary and outer sphere co-
ordination (e.g H-bonding, electrostatics, and electric fields)
and solvation (15-18). Magnetic dipolar and exchange in-
teractions are also possible via spin-spin coupling between FeS
clusters or with other nearby paramagnetic species, such as
flavin semiquinones (19, 20). In total, the highly tunable nature
and modular architecture of FeS clusters make them ideally
suited as components of biological redox relays that function
in electron transfer (21). This is exemplified by the wide dis-
tribution of FeS cluster relays in biological systems, such as
those found in respiratory and photosynthetic electron trans-
port chains (22, 23), and redox enzymes such as [NiFe]-
hydrogenases (24-26), [FeFe]-hydrogenases (27-29), sulfite
reductase (25), carbon monoxide dehydrogenase (30), formate
dehydrogenase (31), and nitrogenase (32).

For FeS cluster relays found in redox enzymes, the relay
carries out the essential role of mediating the exchange of
electrons between the active site, where substrate reduction or
oxidation occurs, and external donor-acceptor molecules (e.g
ferredoxin). The rate and the directional specificity of
electron-transfer (i.e. ratio of forward and reverse rates)
through relays are important factors for the efficient coupling
of electron transfer to catalysis (33, 34). This is due to the fast
turnover as well as the biased nature of the redox reactions,
which can occur at a different rate in one direction (e.g
reduction) versus the reverse direction (e.g oxidation)
(35-37). Marcus theory
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provides a framework for understanding the parameters that
contribute to the control of kinetic rates of electron transfer
(kgt), including its dependence on free energy (AG), reorga-
nization energy (1), and electronic coupling |Hz|>
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Properties of the F-cluster relay of Cpll [FeFe]-hydrogenase

(Equation 1) (38, 39). For relays consisting of multiple FeS
clusters, spaced within distances to allow for fast electron
transfer (2), the exchange interaction (J) arising from spin-spin
coupling between nearby clusters is fundamentally linked to
the electronic coupling parameter, |H,z|* (40-42). The opti-
mization of Marcus parameters, for example, through the
arrangement of FeS clusters or tuning mechanisms by the
protein environment, is important for controlling rates of
electron transfer and the efficiency of long-range tunneling
mechanisms (2, 43-45). Marcus theory is limited, however, in
describing how underlying cofactor properties and in-
teractions, such as coupling within relays or the density of
spin-states of the FeS clusters that comprise relays, influence
electron transfer rates. More specifically, there are outstanding
questions regarding the collective influence of the underlying
properties of relays beyond reduction potentials on directional
electron transfer kinetics, which can be defined as the differ-
ence in forward versus reverse rates of electron transfer.
Determining this is important for understanding how FeS
cluster relays contribute to the efficiency and high rates of
catalysis observed for redox enzymes.

[FeFe]-hydrogenases catalyze the reversible oxidation of H,
from protons and electrons (2H" + 2e” & H,) through a
unique catalytic cofactor active-site termed the H-cluster (46).
For the majority of [FeFe]-hydrogenases, the exchange of
electrons that happens during H, catalysis between the active
site H-cluster and physiological redox partner, for example,
ferredoxin (Fdx), is achieved and mediated via a network of
FeS clusters, referred to as F-clusters. F-clusters, which most
commonly exist as [4Fe-4S] and [2Fe-2S] ferredoxin-type do-
mains (47, 48), form electron relays, analogous to electrical
wires, between the H-cluster and Fdx. Examination of [FeFe]-
hydrogenase structures (27-29) show that F-clusters are
typically found in spatial arrangements where the distance
between individual clusters (~8—12 A) is within the boundary
for high tunneling rates (2) and collectively facilitate fast
electron transfer across large distances. Given the significant
variation in the structural complexity of F-cluster domains
among the [FeFe]-hydrogenases, including the number, type,
and spatial arrangement of FeS clusters, it is interesting to
examine how underlying properties of the relay allow for the
efficient coupling of long-range electron transfer to reversible
H, oxidation.

It has been shown that the absence or presence of F-cluster
domains can alter the H, evolution activity in [FeFe]-
hydrogenases such as HydA from Clostridium acetobutyli-
cum (Cal) (49, 50) and HydA from Megasphaera elsdenii (51),
demonstrating that F-clusters can influence the overall effi-
ciency of the reaction. For the Cal F-cluster relay in particular,
ligand modification of a site-differentiated [4Fe-4S] cluster that
serves as the entry/exit point for electrons was shown to alter
the electronic-spin properties of the cluster and resulted in an
attenuation for H, production and H, oxidation activities (12).
These observations suggest that properties of relays can affect
the catalytic reactivity of the enzyme. They also raise questions
as to whether underlying properties and interactions within
relays, such as electronic coupling between FeS clusters, have
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evolved to functionally complement or directionally match
relay electron transfer kinetics to the catalytic bias observed at
the active site H-cluster.

The [FeFe]-hydrogenase II from Clostridium pasteurianum
(CplI) functions under nitrogen-fixing conditions to oxidize
H, to recycle reduced Fdx (52). It is highly adapted for this role
by having a large bias toward H, oxidation catalysis (53-55)
(Fig. 1). The H, oxidation bias of CplI is unique compared to
other [FeFe]-hydrogenases, making it an interesting case for
examining if properties of the relay function to support the
overall efficiency of the catalytic reaction. The relay of CpllI as
shown in Figure 1 (and Fig. S1) consists of two [4Fe-4S] F-
clusters that, along with the H-cluster and the Fdx [4Fe-4S]
clusters, form a wire of clusters spaced roughly equidistant
from each other. H, production assays using reduced Fdx as an
electron donor, which donates electrons into the relay, show
different rates of H, production for Cpll versus the [FeFe]-
hydrogenase I from C. pasteurianum (Cpl) (53, 54). Like-
wise, electrochemical studies of Cpll and Cpl absorbed onto
an electrode, a setup that would presumably mimic the Fdx as
a donor acceptor, show clear differences in the profiles of
cyclic voltammograms, with Cpll favoring H, oxidation over
H, production (53). These observations suggest there are dif-
ferences in the relays that determine or tune directionally
specific rates of electron transfer through the relay. For CplII,
this is hypothesized here to support faster kinetics for flow
away from the H-cluster (Fig. 1, bold arrows) versus flow to the
H-cluster (Fig. 1, dotted arrows), to match to the catalytic
directionality and bias for the H, oxidation reaction.

Previous characterization of CpIl by Adams and others
demonstrated that one of the [4Fe-4S] clusters of the F-
cluster relay has an unusually high midpoint potential
(Exm = —-180 mV), while the other [4Fe-4S] cluster E;, was only
estimated at < -300 mV (56) due to unresolved complexity of
overlapping signals. Whereas the -180 mV potential has been
modeled to the [4Fe-4S] cluster that is distal in relation to the
H-cluster (55, 57), an assignment to the [4Fe-4S] cluster
proximal the H-cluster is also possible, with support for
either configuration lacking direct experimental evidence. An
issue with the previously proposed model assigning the distal
cluster E;,, as —180 mV is that it creates a large endergonic
barrier for the transfer of electrons to Fdx, which has previ-
ously been determined to have an E,;, = -412 mV (58). Such a
barrier would likely result in slow electron transfer kinetics
for Fdx reduction that do not match the high rates of H,
oxidation reactivity from biochemical assays (53-55). The
difficulty in rationalizing how a relay created from disparate
E_, values is able to support fast and efficient electron transfer
for coupling of the H, oxidation reaction to reduction of the
Fdx redox partner suggests that factors other than free-energy
alone might contribute to the tuning of electron transfer rates
through the CplI relay. Of particular interest is the possible
magnetic interaction between the two [4Fe-4S] F-clusters that
would be anticipated due to the short distance and inter-
vening protein structure between the two F-clusters.

In this work, the electronic and thermodynamic properties
of the CpIl F-clusters were determined to decipher if the
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Figure 1. Cartoon model of the [FeFe]-hydrogenase Cpll-ferredoxin (Fdx) complex from Clostridium pasteurianum based on the predicted
AlphaFill/AlphaFold structural model (Fig. S1). The zoomed regions depict the Cpll two [4Fe-4S] F-cluster relay which mediates electron transfer between
the active site H-cluster and external Fdx during reversible H, oxidation catalysis (edge to edge cluster distances labeled in Angstroms, A). E,,, s refers to the
respective midpoint potentials at pH 8 of the H*/H, electrode and the oxidized/reduced [4Fe-4S] Fdx couple (FdXeyreq) (58). The rate of electron transfer
(ET,) is dependent on free energy (AG), reorganization energy (N), and electronic coupling (|HAB|2) Marcus parameters. Cpll, Clostridium pasteurianum [FeFe]-

hydrogenase II; Fdx, ferredoxin.

electron relay found in CpllI is tuned to contribute to the ef-
ficiency of the overall reaction that is strongly biased for H,
oxidation catalysis. Using multifrequency, CW X-band
(9.8 GHz) and pulsed Q-band (33.8 GHz), we assigned the
electron paramagnetic resonance (EPR) signals and identified
magnetic interactions within the relay that originate from
spin-spin coupling between the two [4Fe-4S] F-clusters. With
this information resolved, the midpoint potential values were
obtained for both clusters by potentiometric EPR. These
properties were used to evaluate models for mapping the
F-cluster potentials onto the spatial organization of the
F-clusters in the CplI structure. From this analysis, a mecha-
nism based on the framework of Marcus theory is proposed
that accounts for how the relay is tuned to facilitate direc-
tionally specific electron transfer during H, oxidation catalysis.
The design principles elucidated here for CpllI are discussed in
the context of tuning the directionality of reduction-oxidation
reaction chemistry in other redox enzymes where certain bias
has been observed or is a desired property.

Results

Resolution of the F-cluster EPR signatures in Cpll reveal a spin-
coupled relay

To decipher the F-cluster relays properties of Cpll, we uti-
lized variable-temperature, variable-power CW X-band and
temperature-dependent pulsed Q-band EPR. This approach
provided a strategy for overcoming the lack of resolution
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between overlapping EPR signals of the two [4Fe-4S] F-clusters
by leveraging differences in the cluster relaxation properties to
resolve signal contributions. The multilayered dataset was
complimented by a spectral simulation analysis to further
validate the spectroscopic assignments. In line with previous
reports (54—56), the CW X-band spectra of H, reduced Cpll
collected at 15 to 24 K displayed a near uniform rhombic
signal of g = 2.058, 1.931, and 1.891 (referred to here as F, gs5g)
which can be assigned to one of the reduced S = 5 [4Fe-4S]'*
F-clusters (Figs. 2A and S2). At temperatures below 15 K, a
faster relaxing signal could be resolved with the aid of Q-band
data (discussed in detail below) at g = 2.061, 1.920, and 1.887
(referred to here as F, ;) and assigned to the other reduced
S = Y% [4Fe-4S]** F-cluster. The resolution of the signal is
signified by shifting of the peak at g ~ 2.058 to g ~ 2.061
(Fig. 24, inset), concomitant with increased signal intensity at g
~ 1.9 as the collection temperature was lowered. The spectra
also became more complex at lower temperatures in a manner
indicative of spin-spin coupling between two S = % [4Fe-4S]"*
clusters. This included appearance of a feature centered at g ~
2.015 and anisotropic broadening of the overall signal. It is
noted that the observed signals are not thought to arise from
other possible reduced paramagnetic H-cluster states such as
Hgreqa and Hyyq (59, 60), as distinguishing EPR features from
these signals were not readily identified in the spectra. Spectral
broadening on the wings could indicate some presence of
Hgreq; however, other prominent features of Hq at g = 2.145
and 1.860 as characterized from the HydAl [FeFe]-

J. Biol. Chem. (2024) 300(6) 107292 3



Properties of the F-cluster relay of Cpll [FeFe]-hydrogenase

g-value
22 2.1 2.0 1.9 1.8
IFERRARRERANRERARRRNANRRRARRRNENNENENEEREERENANNNN
Foosi (2.061 1.92

" 887

- A

)

EPR Intensity (dx"/dB)

320 340 360 380
X-band Field (mT)

o—0

1.91)

@ ©

© o~ Fp0s8

Corrected EPR
(¥6° 1 = 6) Aususiu|
Hd3 pa1oalo)

Intensity (g
@
@

5 10 15 20
Temperature (K)

Figure 2. EPR properties of the reduced F-clusters of Cpll. A, variable
temperature, CW X-band EPR spectra of 100% H, reduced Cpll. Data
collected at 1 mW and shown prior to correction for the Curie law. The inset
shows the magnification of the g, turning point and the center of the peak
which shifts with temperature. B, Curie plot showing the temperature-
dependent behavior of F,4sg and F;46; signals. EPR intensities at g = 1.94
(F2.058) or g = 1.91 (F,.061) Were obtained from 1 mW data shown in (A) and
corrected for a Curie law dependence by multiplication of the intensity by
the collection temperature; flat regions indicate no temperature saturation
effects. Cpll, Clostridium pasteurianum [FeFel-hydrogenase II; EPR, electron
paramagnetic resonance; F,sg, F-cluster signal designated at g = 2.058,
1.931, 1.891; Fy 061, F-cluster signal designated at g = 2.061, 1.920, 1.887.

hydrogenase from Chlamydomonas reinhardtii (CrHydA1)
(60) were not identified in the reduced EPR spectra of Cpll.

Analysis of the temperature- and power-dependent spectral
behavior supports the distinct nature of the F, 53 and F; 4,
signals (Table S1). Notably the two signals displayed different
temperature optima (Topt) and opposite temperature-
dependent trends (Figs. 2B and S3). The Fygss signal
increased in intensity with temperature up to 18 K and began
to decrease at 24 K (Tope = 18-21 K at 1 mW). On the other
hand, the F;; signal maximized at lower temperatures with
evidence of temperature saturation only at the lowest collec-
tion temperature (Top = 3.5-6.5 K at 1 mW). The power
saturation behavior of the two signals was also distinct
(Fig. S4), with a lower power optimum (P,p) for F; g5 (Pope =
0.01-0.1 mW) compared to Fz061 (Popt = 1-20 mW) at 10 K,
where temperature saturation effects on the spectra were
minimized for both species. The feature at g = 2.015 had a
temperature and power response close to that of F, 4 and
likewise was very distinct from F, gsg.

4 Biol. Chem. (2024) 300(6) 107292

To further resolve the two F-cluster signals and assess
possible signals due to spin-spin coupling between the clusters,
pulsed Q-band EPR spectra of H,-reduced CplI were collected
at temperatures between 8.8 and 14.4 K (Figs. 3, S5 and S6).
Similar to the X-band data, the F, o5 species was the dominant
signal at higher temperature (14.4 K) with distinct spectral
shifts consistent with the F, ¢, species observed as tempera-
ture was lowered to 8.8 K (Fig. 34). Namely, the low-field edge
of the absorption envelope near g ~ 2.06 became more
asymmetric in the pseudomodulated spectra, and the absorp-
tion peak maximum near g = 1.93 shifted toward g = 1.92. The
feature at g = 2.015 was also less pronounced in the Q-band
data, along with other features of the F,g6; signal. This was
supported by a sweep of the pulse EPR parameters (Fig. S5),
which indicated faster-relaxing spin-packet(s) associated with
both the F; o; signal and g = 2.015 feature compared to that of
the F; 053 signal.

Multifrequency, global simulations of the X- and Q-band
data using EasySpin (61) verified the F, 55 and Fj g signal
assignments (Figs. 3, S6, and Table S2). The F, 55 signal was
initially resolved from the multifrequency fitting of 14.4 K (Q-
band) and 21 K (X-band) data (Fig. S6). This made possible
an ensuing global simulation of the 8.8 K (Q-band) and 10 K
(X-band) data, which resolved the F, og; signal and resulted in
a high-quality simulation of the Q-band data (Figs. 34 and
S6). The Q-band simulation displayed excellent agreement
with the spectral breadth and major turning points of the
experimental spectra, while the X-band simulation also
reproduced these aspects but did not account for the spectral
feature at ¢ = 2.015 and, to an extent, broadening (Fig. S6).
Overall, the weaker intensity of the g = 2.015 feature and
diminished broadening of the spectra in the Q-band data
resulted in better simulations at Q-band compared to X-band.
Spectral features arising from spin-spin coupling are defined
by magnetic field-independent terms in the spin Hamiltonian,
and as a consequence can appear to have less impact on the
spectral shape as magnetic field increases (i.e., from X-band
to Q-band) (62, 63). This is in line with the greater disparity
observed between the X-band experimental data and simu-
lations, specifically.

To further evaluate the contribution of spin-spin coupling
to the data, the line shapes of X- and Q-band spectra were
examined (Fig. 3B). As described above, spectral contributions
from spin-spin coupling do not scale with field; therefore,
when multifrequency data are plotted on an equivalent g-value
scale, such features are expected to appear narrower in spectra
collected at higher frequency (20, 63, 64). When compared to
X-band data collected at similar temperatures, the Q-band
spectrum was significantly narrower on the lower field (g ~
2.06) side of the absorption profile, and slightly narrower at the
higher field (g ~ 1.89) edge. The feature at g = 2.015 was also
narrower at Q-band, although this was less pronounced due to
the lower signal intensity (Fig. 3B, inset). Overall, the nar-
rowing effects observed between the two microwave fre-
quencies are consistent with spectral contributions arising
from spin-spin coupling between the two [4Fe-4S] F-clusters.
From a structural perspective, spin-spin coupling between the
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Figure 3. Multifrequency EPR analysis of reduced Cpll. A, pulsed Q-band
EPR spectra of H, reduced Cpll collected at 8.8 K (pink) or 14.4 K (blue). Top,
absorbance data are shown offset from one another with simulations
overlaid in black; the data at 14.4 K is simulated using only the F, osg species
while the 8.8 K simulation includes contribution from both F, 55 and F; 61
(Table S2). Bottom, pulse Q-band data shown overlaid after applying
pseudomodulation, with inset highlighting the temperature-dependent
change in peak shape. B, overlay of CW X-band (10 K) and pulse Q-band
(8.8 K) experimental data, normalized to the signal peak at g ~ 2.06. The
inset shows narrowing in the line width of the g = 2.015 feature going from
X-to Q-band, consistent with it originating from spin-spin coupling between
the two [4Fe-4S] F-clusters. Cpll, Clostridium pasteurianum [FeFe]-
hydrogenase II; EPR, electron paramagnetic resonance; F,gsg, F-cluster
signal designated at g = 2.058, 1.931, 1.891; F, 061, F-cluster signal desig-
nated at g = 2.061, 1.920, 1.887.

two clusters would be expected. The AlphaFill model gener-
ated from the AlphaFold structure of Cpll (Figs. 1 and S1)
shows that the two [4Fe-4S] clusters are separated by 9.0 A,
well within distances at which these couplings can occur. We
also note that similar spin-spin coupling signals have been
observed for other two [4Fe-4S] cluster containing systems
including Fdxs (65-68), other [FeFe]- and [NiFe]-
hydrogenases (64, 69-72), and the PsaC subunit of the
photosynthetic I electron transport chain (73, 74).

SASBMB

Redox landscape of the Cpll F-clusters

With the spectral properties of F, 55 and F,g6; resolved,
potentiometric EPR studies were performed to determine the
reduction potentials of the two [4Fe-4S] clusters and the de-
gree of spin-spin coupling as function of potential. CpIl was
subjected to a redox titration using a cocktail of mediators and
sodium dithionite (NaDT) to modulate the solution potential
with continuous equilibration. Five samples of redox poised
CpIl were prepared in this manner, spanning potentials
from -129 mV to -493 mV versus normal hydrogen electrode
(NHE). Using the diverging spin relaxation behavior of the
[4Fe-4S] clusters (Table S1), EPR spectra of potentiometric
samples were collected at 3.7 K (Fig. 4) and 20 K (Fig. S7) to
assess the midpoint potentials of the F, g, and F, o535 species,
respectively. For both collection temperatures, signal from the
oxidized H-cluster state (H,,) at g = 2.080, 2.028, and 2.000
was observed (56), as well as an isotropic signal at g ~ 2.001,
which is attributed to radical species from redox mediators
(Table S2). Additionally, a shoulder at g ~ 2.088 was observed
in samples containing H,, contribution (Figs. 4 and S7), which
is thought to correspond to a second H,, signal that slightly
shifts with pH, as previously described (56).

Fitting and simulation of the potentiometric EPR data
provided an overall signal intensity (defined as the simulated
system weight in EasySpin) for each species at each potential
(Table S2). These intensities were subsequently plotted versus
the solution potential for F;o6; and F; 55 and fit to the n = 1
Nernst equation to determine approximate E,, values (see
Experimental procedures). It is noted that the F, g signal in
the g ~ 1.9 region did not clearly grow in until -395 mV
(Fig. 4) and continued to increase in the lowest potential data
of the titration (-493 mV). For all potentials, the overlapping
(and temperature-saturated) signal of F,gsg hindered a more
perfect simulation of the line shape of the 3.7 K spectra. With
these factors considered, a high-quality Nernst fit was still
obtained with a rise and slope which overlaid the experimental
data with excellent agreement. The results gave an E, value
of —406 mV + 12 versus NHE for F, 61 (Fig. 4, inset). Using the
same approach with data collected at 20 K (Fig. S7), the results
gave an E,, value of -140 + 18 mV versus NHE for F;sg
(Fig. 4, inset). The slight difference compared to the previously
reported value of —180 mV for the signal (56) can be attributed
to the higher temperature used here to analyze the signal
response (20 K versus 15 K), which was necessary to
completely avoid temperature saturation of the F, 55 signal at
a microwave power of 1 mW (Table S1). In addition to the
[4Fe-4S] E-cluster signals, the potentiometric data showed that
the ¢ = 2015 coupling signal increased in intensity
from -395 mV to —-493 mV. This occurred alongside the
appearance of the F, o) signal, consistent with the origin of the
g = 2.015 signal from spin-spin coupling between the two
reduced [4Fe-4S]'* F-clusters.

In performing simulations of the potentiometric data shown
in Figure 4 and Fig. S7, small shifts in the F, o5 and F; o6 spin-
Hamiltonian parameters were required to obtain the best fits
(Table S2). This was most pronounced around the g; and g,
regions and was observed even in the higher potential
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Figure 4. Potentiometric EPR data and analysis of Cpll. Simulations are
overlaid (black lines) and were performed using varying contributions from
Hox F2.0s8, and F, 67 (Table S2). At potentials negative of —294 mV, a radical
signal originating from redox mediators is indicated with a dotted line. Inset,
the simulated total signal intensities of F, 061 (®) and F, s (#) (Table S2),
obtained from simulation of 3.7 K or 20 K (Fig. S7) data, respectively, and
plotted as a function of potential. Data were fit to the Nernst equation (solid
lines) to obtain E,, values, with the 95% confidence bands of each model
shown as dashed lines and error reported as the +95% confidence interval.
See Experimental procedures for further details. Cpll, Clostridium pasteur-
ianum [FeFel-hydrogenase II; E,, midpoint potential; EPR, electron para-
magnetic resonance; F,gsg, F-cluster signal designated at g = 2.058, 1.931,
1.891; F, 061, F-cluster signal designated at g = 2.061, 1.920, 1.887.

(e.g, =197 mV) data collected at 20 K, where the only spectral
contributions are from the paramagnetic H,, species of the H-
cluster and F,s3. These observations are consistent with
previous EPR of Cpll, which also displayed small shifts in g-
value of one of the F-clusters signals (g = 2.06 1.93 1.90)
depending on the reduction method (55, 56). Using the spin-
Hamiltonian parameters determined from the potentiometric
data to re-simulate the 100% H, reduced Q-band data did not
result in an improved fit, suggesting the presence of additional
magnetic phenomena in the potentiometric data. This can be
explained by the presence of H,,, since H,, was not observed
in the H, reduced sample examined above. Given that the H-
cluster in H,y is an effective S = % species and located within
~8.5 A of the proximal F-cluster (Figs. 1 and S1), it is plausible
that spin-spin coupling between the two clusters could
modulate the apparent g-values of the signals. Indeed,
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magnetically interacting [4Fe-4S] clusters can give rise to shifts
in observed g-values in potentiometric titrations (19, 75).

Discussion

FeS cluster relays comprise an integral component of redox
enzymes for linking electron transfer with catalytic reactions
and energy transformation. The results presented here reveal
new insight into the underlying electronic and thermodynamic
properties of the F-cluster relay from Cpll [FeFe]-hydrogenase.
Compared to other [FeFe]-hydrogenases, Cpll displays a large
catalytic bias for H, oxidation. The unique activity of Cpll
provides a special case to examine if properties of the FeS
cluster relay are tuned to contribute to the overall efficiency of
the reaction. Detailed analysis of the multifrequency EPR
spectra and signal relaxation properties made it possible to
resolve the individual F-cluster EPR signatures and established
the presence of magnetic interactions between the clusters
arising from spin-spin coupling. The results further show a
unique potential landscape of the relay among those charac-
terized thus far in [FeFe]-hydrogenases. The presence of a
“high-potential” F-cluster (E,, = -140 mV + 18) along with a
more negative F-cluster (E,, = -406 mV + 12) in CplI signif-
icantly contrasts with reduction potentials of F-cluster relays
in [FeFe]-hydrogenases that exemplify more neutral bias such
as Cpl, which are in the range of -360 to -565 mV at pH 8 (12,
70) and therefore near the H*/H, couple (E, = -473 mV at pH
8). The large difference in midpoint potential between adjacent
F-clusters in Cpll (~AE,, = 266 mV) is reminiscent of the
potential landscape observed in two [4Fe-4S] cluster contain-
ing Fdxs, such as those from Allochromatium vinosum (66),
Thauera aromatica (65), and Azotobacter vinelandii (76). Like
Cpll, these Fdxs display a relatively large difference in the
redox potentials between the individual [4Fe-4S] clusters. The
similarities to the F-cluster relay in Cpll may reflect how
[FeFe]-hydrogenases have evolved internal relays that are
tuned with specific type of properties to efficiently mediate
directional electron transfer. Interestingly, the large difference
in midpoint potential between the Cpll F-clusters is also
reminiscent of the prototypical FeS cluster relay found in ex-
amples of [NiFe]-hydrogenases (24, 77, 78). These enzymes
likewise display large differences in midpoint potentials be-
tween adjacent clusters (discussed further below) and, as is the
case for Cpll, display high catalytic rates of H, oxidation versus
H, production. Given that both types of hydrogenases function
in H, uptake, it’s plausible that the respective F-cluster relays
evolved common properties that contribute to the catalytic
efficiency and overall physiological function of the enzymes.

The observation of a coupled F-cluster relay in Cpll is
thought to reflect how the relay is tuned to support directional
electron transfer within the thermodynamic landscape of the
Cpll-Fdx reaction complex. Presumably, faster electron
transfer kinetics away from the H-cluster (compared to slower
kinetics to the H-cluster) would complement the flow of
electrons resulting from the catalytic directionality of the H,
oxidation reaction. For other relays, such as the photosynthetic
electron transport chain that functions unidirectionally during
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charge separation, electronic factors have been found to
contribute in part to the directionality of electron transfer (79).
The observation of electronic coupling from magnetic in-
teractions within the relay for CplI suggests this may also be an
important factor for tuning directional electron flow during H,
oxidation catalysis. In the potentiometric titration of CplI, the
appearance of spin-spin coupling features are linked and
concomitant with reduction of the second F-cluster (F5g¢;)
that relaxes significantly faster than the first F-cluster (F; gsg)-
The lack of a clearly defined splitting of the g; or g3 features in
either F-cluster signal is in contrast to other observed splitting
of the g; features seen in EPR spectra of spin-coupled cluster
systems, such as the [FeFe]-hydrogenase from Desulfovibrio
desulfuricans (DdHydA) (69) and the two [4Fe-4S] containing
Fdx from T. aromatica (65). This indicates that the magnetic
interaction between the F-clusters in Cpll is likely more
complex and represents a combination of exchange and
dipolar components. In this scenario, the strength of each
interaction relative to each other, along with the alignment of
the electronic and geometric axes of the two F-clusters, could

significantly influence the spectral shape, intensity, and posi-
tion of features. The lack of observed splitting features could
also indicate partial reduction rather than full reduction of the
entire cluster system due to the lower E, of the F; 4 cluster,
as seen in spectra of the two [4Fe-4S] containing Fdx of
C. pasteurianum (68).

Two free energy models for the structural arrangement of
the Cpll F-clusters relative to the H-cluster (proximal F-
cluster, [Fp] and distal F-cluster, [F4]) can be envisioned for
supporting electron transfer to the Fdx redox partner during
H, oxidation catalysis (Fig. 5). For these models, the observed
spin-spin coupling between F-clusters is considered to be
directly linked to the Marcus electronic coupling parameter, |
HAB|2 (35-37). Model 1, which is consistent with a previous
proposal by Adams (57), places the high potential cluster
(E,, = -140 mV) distal to the H-cluster (Fig. 5A4), creating a
pathway where free energy and electronic coupling are syn-
ergistic for electron flow from the H-cluster to the distal
cluster but consequentially includes an uphill step of ~272 mV
to Fdx. Examination of the free energy landscape visualized as

A Model 1 c,
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S drax
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Fq FoFd
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Figure 5. Landscapes for electron-flow in Cpll [FeFe]-hydrogenase for the H, oxidizing reaction direction. Panels A and B show the reduction po-
tential landscape of the H-cluster (H), proximal F-cluster (Fp), distal F-cluster (Fy), and ferredoxin (Fdx) redox partner for two model spatial arrangements of
F, and Fy4 (Model 1 and Model 2). Red arrows depict thermodynamic unfavorable steps. Panels C and D show the free energy profile for the individual
electron transfer steps from H to F,, (HF,), F, to Fq (FFq), and Fy to Fdx (F4Fdx) that comprise the flow of electrons from the H-cluster to Fdx during the H,
oxidation reaction. Purple field lines represent coupling between F, and F4 clusters. Cpll, Clostridium pasteurianum [FeFe]-hydrogenase II; Fg, distal F-cluster;

Fdx, ferredoxin; Fy,, proximal F-cluster.
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a difference in the E,’s of the clusters involved in the
sequential steps—including electron transfer steps from the H-
cluster to F, (HF,), from F, to F4 (FyFq), and from F4 to Fdx
(FqFdx)—shows an overall down/up landscape with a barrier
for electron flow out of the enzyme for model 1 (Fig. 5C).
Thus, considering the previously reported high rates of H,
oxidation activity in biochemical assays (53—55), model 1 is not
favored as it would be expected to yield slow kinetics for
electron transfer to Fdx.

In contrast, the arrangement in model 2 places the high
potential cluster proximal to the H-cluster, creating a favorable
free energy landscape for electron flow from the H-cluster to
the proximal cluster (Fig. 5B). This arrangement creates an
overall up/down landscape and a free energy barrier for elec-
tron flow from F, to F4 that would be compensated by elec-
tronic coupling (Fig. 5D). The data presented here, namely
spectral evidence of the spin-spin coupling between clusters, is
in support of this arrangement and lends new insight as to how
the interplay of coupling and thermodynamic properties of the
relay can lead to fast electron transfer kinetics that support the
observed high rates of H, oxidation activity. Interestingly, the
thermodynamic landscape of model 2 is reminiscent of that
found in the electron transfer chains of the Desulfovibrio
[NiFe]-hydrogenases, where a higher in potential [3Fe-4S]
cluster is arranged in between more negative in potential
[4Fe-4S] clusters (77, 80, 81). For that relay, calculations by
Page, Moser, Chen, and Dutton show that endergonic
tunneling due to the close proximity of FeS cluster supports
robust electron transfer (2). For model 2, the observed elec-
tronic coupling between the two F-clusters of Cpll creates a
similar scenario for endergonic tunneling within the up/down
landscape and favorable electron flow to Fdx during H,
oxidation. It’s reasonable that electronic coupling between the
H-cluster and F-cluster relay, which has been observed in
other [FeFe]-hydrogenases such as DdHydA (82), could com-
pound this effect and further facilitate tunneling through the
free energy barrier created by the higher potential [4Fe-4S]
cluster proximal to the H-cluster, thus aiding to the flow of
electrons away from the H-cluster during H, oxidation.

Conclusions

The results of this analysis demonstrate how the properties
of FeS cluster relays can be tuned to support electron transfer
mechanisms that are coupled to highly biased reactions in
redox catalysis. Within the model CplI [FeFe]-hydrogenase, we
show that this is likely accomplished in part through a unique
FeS cluster relay consisting of two spin-coupled [4Fe-4S]
clusters with diverging reduction potentials. The interplay of
electronic coupling and free-energy parameters of the clusters
are proposed to facilitate directional electron transfer through
the relay that compliments the catalytic directionality of the H,
oxidation reaction at the active-site H-cluster. The findings
signify an emerging model that suggests active sites and relays
have coevolved synergistic properties which enable them to
function together to achieve highly efficient catalysis. The
finding that the coupling and free-energy profile of the relay
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act synergestically to enable efficient electron transfer to an
external acceptor is likely to be a design feature found in many
enzymes. For more complex FeS cluster relays found in mul-
tisubunit redox enzymes, such as those consisting of different
spatial arrangements, cluster types, or relays containing a large
number of clusters (26, 28, 31, 83-87), in addition to the
thermodynamics, the tuning of the Marcus coupling param-
eter (|H, AB|2) is thought to be an important point of control for
electron reactions. This may be acheived, for example, through
fine-tuning of exchange interactions between FeS clusters. For
engineered systems and synthetic catalysts, designing in-
teractions that leverage electronic coupling may lead to new
strategies for controlling electron-flux and increasing the ef-
ficiencies of catalytic reactions.

Experimental procedures
Enzyme expression, purification, and biochemical assays

Cpll [FeFe]-hydrogenase enzyme was expressed and puri-
fied as previously described (53). Overnight cultures were
inoculated with fresh transformants and grown for 12 to 16 h
at 37 °C and 250 rpm in terrific broth (TB) media (all TB
media was supplemented with 0.4% glycerol). Subsequently, 5
to 10 ml of the overnight culture was then used to inoculate
1 L of TB media in a 2 L flask, and the cultures were grown to
an Aggo of approximately 0.25. Induction was carried out by
the sequential addition of IPTG (1.5 mM final), cysteine
(2 mM final), ferric ammonium citrate (4 mM final), fumarate
(25 mM final), and glucose (0.5% final), with cultures then
combined and transferred into 2 L narrow-neck flasks (Kimble
Kimax) to sparge overnight with Argon gas. All subsequent
steps were conducted anaerobically. Cells were harvested at
7000 rpm for 5 to 7 min, resuspended in buffer of 50 to
100 mM Tris, pH 8.3, 300 mM NaCl, 5% glycerol, and 2 mM
NaDT and stored at —80 °C. Thawed cells were supplemented
with protease inhibitor (EDTA-free, Roche), lysozyme, and
DNAse, prior to lysing via 8 to 10 passes through a micro-
fluidizer. Lysed cells were centrifuged at 45,000 rpm for 1 h
and the clarified lysate passed over a preequilibrated Strep
(XT-HC or XT 4-Flow) column (IBA), washed, and eluted with
storage buffer supplemented with 5 mM (XT-HC) or 20 mM
(XT 4Flow) biotin. Protein was stored anaerobically at 4 °C
until usage. Expression and purification were verified via SDS-
PAGE and protein concentration was determined through the
Bradford assay. The specific activity of purified Cpll was
determined from dye-based biochemical assays measuring
either H, production or H, oxidation using methyl viologen or
methylene blue, respectively.

EPR sample preparation

H> reduced samples

H, reduced samples were prepared on a Schlenk line with
10 to 20 cycles of headspace exchange using 100% H, gas,
followed by incubation for 1 to 2 h at room temperature
(295 K) under an overpressure of 2 psi H, gas. A Schlenk line
adaptor (SP Wilmad-LabGlass) allowed samples to be treated
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with H, after being loaded into EPR tubes and samples were
thus also frozen in liquid nitrogen under this overpressure.

Redox-titration samples

A steady-state equilibrium titration of Cpll was performed
anaerobically in an Mbraun glovebox under nitrogen atmo-
sphere as previously reported (59). The reduction potential of
the solution throughout the titration was monitored using an
oxidation reduction potential electrode (Oakton 700) cali-
brated against a standard (Orion 967901) and adjusted for the
glovebox temperature. All reported potentials were converted
to be versus the NHE and stirring was constant throughout the
titration. A redox mediator cocktail of methyl viologen, benzyl
viologen, ethyl viologen, phenosafranine, indigo disulfonate,
and methylene blue was prepared at 2 mM. Cpll enzyme was
prepared at 85 pM with any residual NaDT removed via buffer
exchange into 50 mM Tris, 300 mM NaCl, and 5% glycerol, pH
8.3. The mediator cocktail was added to the enzyme at a final
concentration of 4.5 pM and the solution potential equili-
brated to —280 mV versus NHE. The solution was initially
adjusted to positive potentials using indigo disulfonate and
methylene blue, and then down in potential for all subsequent
samples using NaDT. Stabilization was determined as a change
of +1 mV within a minute time period. Samples were removed
from the titration cell using a Hamilton gas-tight syringe in
100 ul aliquots and immediately loaded into X-band EPR tubes
with a 2.4 mm ID (Wilmad lab glass, 727-SQ-250 mm) and
frozen in liquid nitrogen. The potential of the solution was
carefully monitored from sample removal until actual freezing
and did not deviate significantly in any case. Samples were
removed at -129 mV, -197 mV, -294 mV, -397 mV,
and -493 mV versus NHE. During titration, little to no drift in
potential due to H* reduction was observed as the H'/H,
couple was reached, in line with the H, oxidation bias of CplII.
Two buffer only control samples were prepared at the edges of
the titration potential range to account for possible radical
background signals from the cocktail of mediators in the
ensuing analysis. Approximately the same potentials were
achieved as in the -129 mV (high-potential buffer)
and —493 mV (low-potential buffer) sample by using the same
concentration of redox cocktail mediators and NaDT.

EPR data collection
X-band EPR (9.38 GHz)

CW EPR data were collected on a Elexsys E500 spectrom-
eter equipped with a super high-Q resonator (Bruker),
cryogen-free helium system (ColdEdge Technologies), and
MercuryiTC temperature controller (Oxford Instruments).
Spectra were collected at various powers and temperatures (as
indicated) using a modulation frequency of 100 kHz and
modulation amplitude of 10 G.

Q-band EPR (33.8 GHz)

Pulsed EPR spectra were collected on an Elexsys E580
spectrometer, equipped with a 10 W solid-state amplifier,
EN5107D2 pulsed Q-band resonator (Bruker), a cryogen-free
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helium system (ColdEdge Technologies), and Lake Shore
Cryotronics temperature controller. Electron spin echo-
detected field swept spectra (referred to within this work as
“pulsed Q-band spectra”) were measured using the pulse
sequence t,—T-2t,—T—-echo. An initial parameter sweep was
performed to identify pulsed parameters that led to the best
resolution of the F,o¢; signal (Fig. S5). Based on these results,
the length of the m/2 microwave pulse was set to t, = 10 ns,
with an interpulse distance of T = 134 ns and shot repetition
time of 50 to 100 us; power was set to 0 dB of attenuation.
Pseudomodulation of pulsed Q-band spectra was performed
using the EasySpin function “fieldmod” with modulation of 10
G applied unless otherwise indicated.

EPR data processing

Spectra were baseline corrected as necessary by subtraction
of a polynomial function in Igor Pro v.9 (https://www.
wavemetrics.com/software/igor-pro-9). A binomial smooth-
ing was applied to 0.1 mW data collected below 5 K (Fig. S3B).
For redox titration data, the high-potential buffer collected at
the same powers and temperatures was subtracted from
experimental data with additional baseline correction applied
in Igor Pro if necessary. At lower potentials (-395
and -493 mV samples) the low-potential buffer sample
confirmed the amount of mediator background signal became
more significant, although in data collected at 20 K the
contribution remained low enough that it was accounted for in
simulations by inclusion of a radical signal (Table S2). How-
ever, at lower temperatures this radical signal became espe-
cially prominent and overlaped with the experimental signal at
22015 resulting in distortion of the spectrum when subtraction
was attempted and complicating the simulation approach.
Therefore, the redox mediator radical is instead indicated with
a dashed line in the low temperature data of these samples
(Fig. 4).

Analysis of variable-temperature and variable-power CW EPR
data

To obtain temperature- and power-normalized spectra of
H, reduced Cpll, variable-temperature CW data were cor-
rected for the Curie Law through multiplication of the spectra
by their respective collection temperatures (Fig. S3), while the
raw EPR signal intensities (S) of variable-power data were
scaled according to the relationship S o< VP for each spectrum
(Fig. S4).

The largest Ag, between F, 61 and F,gsg is at the g, tran-
sition (Table S2; F 961 g2 = 1.92, F; 058 g2 = 1.931). For rhombic
signals collected using CW EPR this transition is represented
as a derivative feature. A typical approach to quantifying
changes in signal intensity for this type of feature is to monitor
the peak-to-peak amplitude, i.e., a sum of the absolute in-
tensities at the min and max derivative features, across a
spectral series; however, for Cpll the presence of multiple
species in this spectral region complicates this type of analysis.
Therefore, the temperature- and power-dependent behavior of
Fro0ss and F,o6; were assessed by monitoring the signal
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intensity slightly offset the g, of each species, at g = 1.94 (F; o53)
and g = 1.91 (Fy06;1) (Figs. S3 and S4).

For temperature data, the normalized intensities from each
spectrum were plotted against the collection temperature, with
a representative plot of the temperature-dependent behavior
shown in Figure 2B for data collected at 1 mW. For power
data, the normalized intensities were plotted against power in a
logarithmic plot of the power-dependent behavior, shown in
Fig. S4 for data collected at 3.6 K and 10 K. These data were
then assessed in combination with global inspection of the
spectral signatures and power-/temperature-dependent shifts
to provide the T, values and optimal power (P,,;) ranges
given in Table S1 (88, 89).

EPR simulations

Simulations were performed using the EasySpin toolbox
(61) and its core function “pepper” within Matlab version
R2020A (MathWorks; https://www.mathworks.com/). H,
reduced spectra were max/min normalized prior to simulation
to aid in multifrequency comparison; potentiometric data were
simulated using raw intensities. The exact g-values used to
simulate each spectrum are given in Table S2. Multifrequency
simulation of higher temperature (Fig. S6; X-band: 21 K, Q-
band: 14.4 K) data was first performed using a single compo-
nent (F, s¢) and utilized a modified version of the pepper core
function, “pepper_multifreq”. Global simulation of the lower
temperature (X-band: 10 K, Q-band: 8.8 K) multifrequency
data was then performed utilizing the previously defined F; 55
component and a second component, the F, o4, signal (Figs. 3
and S6). For all simulations, g-value strains of [B; B, B3] were
fit and optimized for X- and Q-band data separately and are
reported in Table S2. We note the consistently lower g-value
strains determined for Q-band data are in line with field-
independent (i.e., spin-spin coupling) contributions to the
spectral broadening at X-band.

As described in the results, simulation of the potentiometric
data required slightly shifted g-values than those obtained
from the multifrequency, 100% H, reduced data. These
g-values were determined from global simulation of the
potentiometric data at either high or low temperature. We
note it is also possible the g-tensors of each species might also
shift as potential changes, considering the oxidation/reduction
of the paramagnetic H,, state and the reduction of the
second F-cluster to give the F, s, signal. However, given the
number of parameters already being fit in the current dataset,
the g-values were kept constant through the potentiometric
series and g-strain was allowed to fit for each spectrum to
account for any additional slight shifting of features.

Potentiometric data analysis

To assess the potential response of the F,q4; signal and
determine an approximate E,, value, the simulated contribu-
tion of F; 61 obtained from the redox titration spectra (Fig. 4)
was plotted versus potential. Although saturating for H,, and
F, 058 species, this temperature and power maximize the signal
from Fy06; (Table S1). The use of raw data intensities for
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simulation allowed the simulated contribution values for each
species to be compared across the potentiometric data series,
and for relative changes to be assessed using the Nernst
equation. While the contribution of a saturated signal would
most likely be underreported with this approach, the contri-
bution of signals collected under nonsaturating conditions
should be comparable relative to one another across a series.
In this manner a pseudo-Nernst curve was obtained for F, g,
(Fig. 4, inset) and fit to the Nernst equation for an n = 1
process (Equation 2) using a custom fit function in Igor Pro v9
(E = potential; E,,, = midpoint potential; F = Faraday constant =
96,480 C mol ; R = Gas constant 8.314 ] K™' mol™; T =
Temperature in K) (90). The 95% confidence bands of each fit
(where model points are expected to fall with a 95% or greater
probability) are also shown.

_ Maximum EPR signal
o 1-+elE-Em)gy

S(E) )

For the F,; signal, the Nernst fit was constrained to be
more negative than -300 mV, based on the conclusive
appearance of the signal as verified by simulation only in
samples poised lower the —300 mV as well as the previously
observed lack of EPR and Mdgssbauer signals associated with

the lower potential cluster in samples poised around -300 mV
(55, 56, 91).

Cpll-Fdx structural complex prediction methodology

To examine possible Cpll-Fdx docking interactions, the
complex was predicted via ColabFold V 1.5.3: AlphaFold2
using MMSeqs2 (https://colab.research.google.com/github/
sokrypton/ColabFold/blob/main/AlphaFold2.ipynb) (92). The
following parameters were used: no template, msa_mode=
mmseqs2_uniref_env, pair_mode = unpaired_paired, and
advanced settings were left on default. The top five models
were examined, all of which showed Fdx in a similar position
relative to Cpll, and the best-scored model was used for
further analysis. Next, AlphaFill (93) was used to predict the
FeS cluster locations in the AlphaFold Cpll structure from
UniProt entry R4KH70. Based on homology to Cpl crystal
structure 7QHF (94), the H-cluster, proximal, and distal FeS
clusters were modeled into the structure. The resultant
AlphaFill structure and Fdx structure 1CLF were then super-
imposed upon the CplI-Fdx complex that was generated via
ColabFold.

Data availability

All data are contained within the manuscript.
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