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ABSTRACT: While a general model of H, activation has
been proposed for [FeFe]-hydrogenases, the structural and
biophysical properties of the intermediates of the H-cluster
catalytic site have not yet been discretely defined. Electron
paramagnetic resonance (EPR) spectroscopy and Fourier
transform infrared (FTIR) spectroscopy were used to
characterize the H-cluster catalytic site, a [4Fe-4S]y subcluster
linked by a cysteine thiolate to an organometallic diiron subsite
with CO, CN, and dithiolate ligands, in [FeFe]-hydrogenase
HydA1 from Chlamydomonas reinhardtii (CrHydAl). Oxidized

CrHydA1 displayed a rhombic 2.1 EPR signal (g = 2.100, 2.039, 1.997) and an FTIR spectrum previously assigned to the
oxidized H-cluster (H,,). Reduction of the H,, sample with 100% H, or sodium dithionite (NaDT) nearly eliminated the 2.1
signal, which coincided with appearance of a broad 2.3—2.07 signal (g = 2.3—2.07, 1.863) and/or a rhombic 2.08 signal (g =
2.077, 1.935, 1.880). Both signals displayed relaxation properties similar to those of [4Fe-4S] clusters and are consistent with an S
="'/, H-cluster containing a [4Fe-4S]y;" subcluster. These EPR signals were correlated with differences in the CO and CN ligand
modes in the FTIR spectra of H,- and NaDT-reduced samples compared with H,,. The results indicate that reduction of [4Fe-
4S]y from the 2+ state to the 1+ state occurs during both catalytic H, activation and proton reduction and is accompanied by
structural rearrangements of the diiron subsite CO/CN ligand field. Changes in the [4Fe-4S]y; oxidation state occur in electron
exchange with the diiron subsite during catalysis and mediate electron transfer with either external carriers or accessory FeS

clusters.

B INTRODUCTION

[FeFe]-hydrogenases catalyze the activation of molecular H,
through the reversible reaction H, 2 2H" + 2e™. Physiolog-
ically, they can function to couple H, oxidation to energy-
yielding processes, to evolve H, at high turnover rates as a
means to dispose of reducing equivalents that accumulate
during fermentation, or in the case of green algae to couple the
reducing potential generated by photosynthetic water oxidation
to the evolution of H,."” Developing a fundamental under-
standing of the mechanisms by which enzymes activate small
molecules and catalyze fuel-forming reactions may lead to
efficient synthetic catalysts for the development of renewable
energy solutions for the future.

For [FeFe]-hydrogenases, the activation of H, occurs at the
H-cluster, which has been structurally characterized by X-ray
crystallography.>* The H-cluster is composed of a [4Fe-4S]
subcluster ([4Fe-4S]y;) coupled by a protein-derived cysteine
thiolate ligand to a diiron subsite (2Fey) that is additionally
coordinated by non-protein CO, CN, and dithiolate ligands
(Figure 1). The CO and CN ligands, which were initially
identified by Fourier transform infrared (FTIR) spectrosco-
py,”” help establish the proper balance between o-donation and
m-back-donation required for reversible H, binding and
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heterolytic cleavage of the H—H bond.® In particular, CO
ligands are strong electron-withdrawing ligands and are critical
for reducing back-donation to H,, preventing dihydride
formation while increasing the electrophilicity of the 2Fey
subsite.® In addition to helping maintain a low-spin state of the
2Fey subsite, the CN ligands potentially serve to tune the
frontier orbitals of the [4Fe-4S]y; cubane and 2Fey; subsite to
facilitate electron transfer (ET) between the subclusters.”

A general model'® for H, activation by the H-cluster based
on the interconversion between two redox intermediates, H,,
and H, 4, has been developed (Figure 1). The mechanism was
primarily derived from experimental data on a subset of [FeFe]-
hydrogenases that can be described as mixed FeS cluster
systems. These enzymes, such as Clostridium pasteurianum (Cpl
and Cpll), Desulfovibrio desulfuricans (DdH), and Desulfovibrio
vulgaris Hildenborough (DvH), contain, in addition to the H-
cluster, accessory FeS clusters ([2Fe-2S] and/or [4Fe-4S],
termed F-clusters) that function in ET between the H-cluster
and external redox partners. Extensive electron paramagnetic
resonance (EPR) studies''™'® on these enzymes revealed a
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Figure 1. Schematic illustrations of the H-cluster catalytic site present
in oxidized [FeFe]-hydrogenase Cpl (center) and the general reaction
cycle for H, catalysis (periphery).'” Protein secondary structure
coordinates were taken from PDB entry 3C8Y, and the dithiolate
ligand of the H-cluster is depicted as an azadithiolate.>"”

distinctive rhombic 2.1 EPR signal in H,, that has been
assigned to an H-cluster having a [4Fe-4S];;** subcluster and a
paramagnetic mixed-valent [Fe(I), Fe(II)] 2Fey subsite.
Reduction of H,, to H4 leads to an EPR signal assigned to
F-clusters and a diamagnetic H-cluster. The H,, and H,4
intermediates (Figure 1) have unique IR signatures that reflect
small structural rearrangements of the CO/CN ligand
field®”'7'° Other catalytic intermediates of H, activation
and proton reduction by the H-cluster have been only partially
characterized because of the complexity of the systems under
investigation.

Studies of H-cluster synthetic models have circumvented the
complexity of mixed FeS cluster systems, enabling the
characterization of different catalytic intermediates involving
various CO/CN ligand arrangements and hydride intermedi-
ates.”®”" One particular study on an H-cluster mimic
incorporating a 2Fey subsite linked to a [4Fe-4S] cluster
gives precedent for the formation of a [4Fe-4S]y* subcluster
during catalysis.”” This contrasts with the mechanistic model
shown in Figure 1, which proposes that the [4Fe-4S]y
subcluster essentially remains in the 2+ oxidation state while
the 2Fe,; subsite cycles through S = '/, and diamagnetic
states.”>** While the significance of this inconsistency is
unclear, it provides a basis for additional spectroscopic studies
on the nature of H-cluster intermediates during H, catalysis.

Recently, HydAl from Chlamydomonas reinhardtii (CrHy-
dA1), a minimal [FeFe]-hydrogenase that consists of only the

H-cluster catalytic domain, has been exploited for biochemical
and spectroscopic studies.”>~>' The PetF [2Fe-2S] ferredoxin
(Fd) has been shown to be the physiological electron donor for
CrHydAl during H,-producing conditions in C. reinhardtii.>>>?
PetF donates electrons to CrHydAl in a series of single-
electron transfer steps, which makes CrHydAl an ideal model
system for investigating H-cluster intermediates and 2Fey
subsite interactions that might be less accessible in mixed FeS
cluster systems.”**' In this study, EPR and FTIR spectroscopy
were applied to characterize CrHydAl under steady-state
oxidizing and reducing conditions in order to resolve further
the electronic and vibrational properties of catalytic inter-
mediates under turnover.

B EXPERIMENTAL SECTION

Sample Preparation. CrHydA1l was heterologously expressed in
Escherichia coli and purified as described previously.***> Purification
was carried out under strict anaerobic conditions in either a Coy
chamber with a 3% H, (bulk N,) atmosphere or an MBRAUN
glovebox with a 100% N, atmosphere. In the final Strep-Tactin
purification step, the enzyme was eluted in S0 mM Tris buffer (pH
8.0) containing 300 mM NaCl, 5% glycerol, and S mM sodium
dithionite (NaDT). The purity of the enzyme was verified by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and
the concentration was determined by Bradford assay. Typical yields
were 3—5 mg/L of culture. The hydrogenase activity of CrHydA1 was
determined by measuring H, evolution on a gas chromatograph
(Agilent Technologies) after addition of S mM methyl viologen and 10
mM NaDT.

Auto-oxidized samples were prepared by incubation of CrHydAl at
4 °C for 5—10 days in SO mM Tris buffer (pH 8.0) containing 300
mM NaCl, 5% glycerol, and S mM NaDT in an MBRAUN glovebox
(see Table 1 for a summary of sample conditions). Periodically, IR
spectra of the samples were recorded, and when detectable changes in
the spectra could no longer be observed, the samples were defined as
auto-oxidized. For oxidation with thionin, the enzyme was passed over
a G-25 column equilibrated in 50 mM Tris buffer (pH 8.0) containing
300 mM NaCl and 5% glycerol. Thionin (0.1 mM final concentration)
was added to concentrated enzyme (0.5 mM) with stirring for 3 min.
For samples treated with CO, CrHydAl was flushed for 1 min with
100% CO gas and then incubated for 10 min under CO. For FTIR
spectroscopy, auto-oxidized samples were treated with H, either by a
30 s flush with 100% H, followed by incubation for 15 min on ice or
by 10 evacuation/flush cycles of samples in a sealed Wheaton conical
vial with 100% H, on a Schlenk line equipped with an oxygen trap. For
100%-H,-reduced EPR samples, a Wilmad pressure/vacuum EPR tube
was evacuated and flushed with 100% H, for 10 cycles on the Schlenk
line. For NaDT-reduced samples, CrHydA1l was incubated at room
temperature for 1 min in 300 mM Tris buffer (pH 8.0) containing 300
mM NaCl, 5% glycerol, and a 10- or 20-fold molar excess of fresh
NaDT relative to Fe content or overnight in a sealed vial at 4 °C in 2
or 10 mM NaDT. The concentrations of the prepared CrHydAl
samples ranged from 0.5 to 1 mM.

Table 1. Summary of CrHydA1l Sample Treatments

sample name

as-purified isolated in buffer A” with S mM NaDT
auto-oxidized

100%-H,-reduced
NaDT-reduced-1
NaDT-reduced-2

NaDT-reduced-3
relative to Fe content at room temperature for 1 min

sample description

as-purified enzyme incubated at 4 °C in buffer A with S mM NaDT until the IR spectra displayed no detectable changes (5—10 days)
auto-oxidized enzyme subjected to 10 evacuation/flush cycles or flushing with 100% H,

auto-oxidized enzyme reduced with 2 mM NaDT overnight at 4 °C

auto-oxidized enzyme reduced with a 10- or 20-fold molar excess of NaDT relative to Fe content at room temperature for 1 min

auto-oxidized enzyme reduced with 10 mM NaDT overnight at 4 °C and then sequentially with a 10-fold molar excess of NaDT

“Buffer A: 50 mM Tris (pH 8.0) containing 300 mM NaCl and 5% glycerol.
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EPR Spectroscopy. Low-temperature EPR spectra of auto-
oxidized and 100%-H,-reduced samples were initially recorded on a
Bruker EMX continuous-wave (CW) X-band spectrometer equipped
with a liquid helium cryostat and temperature controller from Oxford
Instruments and a 4102ST standard Bruker resonator. Later, low-
temperature EPR spectra of NaDT-reduced and 100%-H,-reduced
samples were recorded on a Bruker ELEXSYS ES00 CW X-band
spectrometer equipped with a liquid helium cryostat and temperature
controller from Oxford Instruments and an SHQ/0113 Bruker cavity.
The magnetic field offset was determined with a 2,2-diphenyl-1-
picrylhydrazyl (DPPH) standard from Bruker. Typical EPR parame-
ters were as follows: sample temperature, 11 + 1 K (10—65 K for
temperature-dependence studies); microwave frequency, 9.37—9.38
GHz; microwave power, 1.0 mW (0.05—-80 mW for power-
dependence studies); time constant, 327.68 ms; modulation frequency,
100 kHz; modulation amplitude, 10.0 G.

Simulations of the experimental spectra were carried out using the
EasySpin software package and used for determination of g values
(+0.002g) in some cases.”® Spin quantifications were determined by
double integration of the spectra and compared to spectra of copper
standards under identical spectrometer conditions. Fractional
contributions of individual simultions were calculated by double
integration of the individual components that constituted the overall
simulation.

FTIR Spectroscopy. FTIR spectra were collected with a Nicolet
6700 FTIR spectrometer (Thermo Fisher Scientific). The spectrom-
eter was purged with N, gas passed through a glass desiccant tube
filled with indicating Drierite and a miniature desiccant air dryer (Twin
Tower Engineering) with pre- and post-desiccant filters. The
spectrometer was equipped with a Globar IR source, a KBr
beamsplitter, and a liquid-nitrogen-cooled mercury cadmium telluride
(MCT) detector.

The sample cell consisted of a set of CaF, windows with a spacer
and had a a path length of approximately 11 ym. The sample volume
was approximately 5.5 L. Spectra were created from raw data that
consisted of 512 scans at 2 cm™ resolution, collected by the OMNIC
software program (Thermo Fisher Scientific). With a spectral
resolution of 2 cm™, the data spacing was slightly less than 1 cm™,
and a peak deviation of 1—2 cm™" was considered as arising from the
same vibrational mode. The reference spectrum was obtained using
buffer solution, and the sample spectrum was recorded using buffer
solution containing the enzyme sample. All of the spectra were
collected at room temperature (21 °C). The OMNIC software was
configured to report absorbance spectra, and absorbance baselines
were fit to these data using a manually adjusted spline. Occasionally,
spurious water absorption peaks due to slight changes in the water
vapor concentration in the purge gas were seen. These water
absorption peaks could be removed using a built-in atmospheric
suppression algorithm in OMNIC.

B RESULTS

EPR Spectroscopy. Heterologous expression and anaerobic
purification of CrHydAl yielded highly active enzyme, with
typical hydrogenase activities of 739 + 168 pmol H, min™'
mg~". The low-temperature X-band EPR spectrum of the as-
purified enzyme displayed a sharp rhombic 2.1 signal (g =
2.100, 2.039, 1.997) along with a mixture of other signals
(Figure 2a; see Table 2 for a summary of the EPR signals).
After several days of incubation at 4 °C, the EPR spectrum was
predominantly composed of a rhombic 2.1 signal [optimal
temperature (T,,) = 11 K] with smaller contributions from
other signals (Figure 2b). A high-quality simulation could be
obtained with contributions from g = 2.100, 2.039, 1.997 (96%)
and g = 2.061, 1.968, 1.90 (4%) (Figure 2c). The rhombic 2.1
signal corresponds to the auto-oxidized enzyme and is in nice
agreement with the rhombic 2.1 signal assigned to H,, in
previous repor‘cs.l1’14_16’25’31
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Figure 2. EPR spectra of CrHydAl at 11 K under steady-state
oxidizing and reducing conditions: (a) as-purified CrHydA1; (b) auto-
oxidized CrHydAl; (c) simulation of auto-oxidized CrHydAl; (d)
CrHydAl after extensive evacuation/flushing under 100% H,; (e)
CrHydAl NaDT-reduced-1; (f) CrHydAl NaDT-reduced-2; (g)
simulation of CrHydAl NaDT-reduced-2. The experimental spectra
were recorded at microwave power of 1.0 mW. Spectrometer settings:
modulation frequency, 100 kHz; modulation amplitude, 10.0 G; time
constant, 327.68 ms; microwave frequency, 9.37—9.38 GHz. Spectra
were normalized to the sample concentration. A scaling factor of 4 was
applied to (e) because of its overall lower intensity.

Oxidation of as-purified CrHydAl with thionin (E,,; = +60
mV vs NHE), which has traditionally been used to oxidize
[FeFe]-hydrogenase,®” also yielded the rhombic 2.1 signal.
However an additional axial feature at g = 2.007 was present
and increased in intensity with longer thionin incubation time
(Figure S1 in the Supporting Information). This feature is
identical to part of the axial g = 2.05 signal that is formed upon
CO inhibition of CrHydAl (g = 2.045, 2.007, 2.007; Figure
S1). The presence of g = 2.007 in the spectra of thionin-treated
samples and other spectra reported herein may indicate that a
fraction of the sample degrades and releases CO, which in turn
is bound to other enzymes, creating the H,,-CO signal. Similar
observations have been reported in previous studies of DdH
and CrHydA1.'%'*?% To avoid these degradation artifacts, the
as-purified auto-oxidized enzyme was used to characterize
properties of the “H.,” redox intermediate. The effects of
thionin on CrHydA1 integrity were further explored by FTIR,
and the results are summarized below.

The reduction of CrHydAl by 100% H, resulted in a 68%
attenuation of the rhombic 2.1 signal at 11 K relative to the
initial H,, signal, as determined by double spin integration
(Figure 2d). The attenuation was correlated with the
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Table 2. Summary of the EPR Signals Observed for CrHydAl

signal name sample g values Tope (K)* reference figure(s)
rhombic 2.1 as-purified 2.100, 2.039, 1.997 11 2a
auto-oxidized 2.100, 2.039, 1.997 11 2b
100%-H,-reduced 2.100, 2.043, 1.997 11 24, 3
NaDT-reduced-2,3 2.100, 2.043, 1.997 11 2f, 4, S3
broad 2.3-2.07 as-purified 1.867 11 2a
100%-H,-reduced 2.3-2.07,% 1.863 (1.876°) 11 2d, 3, S2
NaDT-reduced-1,3 2.3-2.07,7 1.863 11 2e, S3
rhombic 2.08 NaDT-reduced-2 2.077, 1.935, 1.880 10—-15 2f, 4
NaDT-reduced-3 2.078, 1.936, 1.880 10—-15 S3
rhombic 2.06 as-purified 2.061, 1.968, 1.900 23 2a
auto-oxidized 2.061, 1.968, 1.900 23 2b
100%-H,-reduced 2.061, 1.968, 1.900 23 24, 3
NaDT-reduced 1-3 2.061, 1.968, 1.900 23 2ef, 4, S3
2.007 100%-H,-reduced 2.007 23 2d, 3
NaDT-reduced 1-3 2.007 23 2ef, 4, S3
axial 2.05 CO 2.045, 2.007, 2.007 23 S1

“Optimal temperature. "Broad feature centered approximately between g=23and g =207 ‘At 23 K.

appearance of a new heterogeneous signal consisting of a very
broad feature centered approximately between g = 2.3 and g =
2.07 and a feature at g = 1.863 (the overall signal is herein
termed the broad 2.3—2.07 signal). The fast-relaxing signal was
most intense at 11 K and did not saturate easily with power
(Figure 3 inset). Its intensity rapidly decreased as the
temperature was raised to 23 K. Also, at 23 K, the feature at
g = 1.863 shifted to g = 1.876 and did not saturate easily with
power (Figure S2 in the Supporting Information). These
properties are most consistent with those of [4Fe-4S]
clusters,>® suggesting that the source of this signal is an S =
'/, H-cluster containing a [4Fe-4S]y" subcluster. Also present
in the EPR spectrum of the 100%-H,-reduced sample were a
weak rhombic 2.06 signal (g = 2.061, 1.968, 1.900) and an axial
feature at g = 2.007 (T,p = 23 K). The rhombic 2.06 signal was
most intense at 23 K and could be observed up to 50 K (Figure
3). This signal was also more susceptible to saturation with
increasing power, similar to the rhombic 2.1 signal (Figure 3
inset). The temperature and power dependences of the
rhombic 2.06 signal are most consistent with those of [2Fe-
28] clusters,®® but assignment of this signal to a specific H-
cluster intermediate remains challenging because it was present
in a number of samples at varying quantities (see below).
Reduction of CrHydA1 by NaDT led to a variety of different
EPR signals depending on the reaction conditions and
incubation times. The different signals observed for NaDT
reductions may reflect the heterogeneity of intermediate
populations formed under turnover conditions. The NaDT-
reduced-1 sample resulted in an EPR spectrum at 11 K similar
to that of the 100%-H,-reduced sample, and it displayed the g =
2.3—2.07 signal in addition to the rhombic 2.06 signal and the
axial feature at g = 2.007 (Figure 2e). The NaDT-reduced-2
sample resulted in a complex EPR spectrum at 11 K,
predominantly consisting of a new broad rhombic 2.08 signal
(g =2.077, 1.935, 1.880) (Figure 2f) with weaker contributions
from the rhombic 2.1 signal (g = 2.100, 2.043, 1.997), the
rhombic 2.06 signal, and the axial feature at g = 2.007. The
NaDT-reduced-3 sample yielded a spectrum made up of a
mixture of signals (Figure S3 in the Supporting Information).
Overall, the rhombic 2.08 signal dominated the spectrum, with
smaller contributions from the broad 2.3—2.07 signal, the

6924

Magnetic Field (Gauss)

2791 2912 3044 3189 3349 3525 3721 3940
1 1 1 1 1 l

BAERALESE RARLLEREAF REL LIRS LR EELEEL LGRS RARRSREAR LS EEAESS AR AL
11K
23K
36 K
50K

O=0——
V. O-o

log SHP
n
-‘.
i

0.1 1 10
Microwave Power (mW)

IR RN RRA R RE AR RER A FER SRR ERA AR RN RN ENA RSN RRNRRAANRRURRANS

240 230 220 210 200 1.90 1.80 1.70
g-value

Figure 3. EPR temperature profile of 100%-H,-reduced CrHydAl.
Color scheme: gradient from red (11 K) to blue (50 K). The spectra
were recorded at a microwave power of 1.0 mW and are presented as
measured at temperatures of 11, 23, 36, and 50 K. The inset shows the
microwave power dependence of the broad 2.3—2.07 (O), and
rthombic 2.06 (A) and 2.1 signals (M) as measured by the spectral
features at g = 1.863, g = 2.06, and g = 2.10, respectively, at 11 K (S,
signal amplitude; P, power). Other spectrometer settings were as
described in the Figure 2 caption.

rhombic 2.1 signal, the rhombic 2.06 signal, and the g = 2.007
axial feature.

The power- and temperature-dependence properties of the
rhombic 2.08 signal were also measured for the NaDT-reduced-
2 sample. T,, was determined to be between 10 and 15 K
(Figure 4). As the temperature increased, the feature at g=
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Figure 4. EPR temperature profile of the CrHydAl NaDT-reduced-2
sample prepared with a 10-fold molar excess of NaDT relative to Fe
content. Color scheme: gradient from red (10 K) to blue (50 K). The
spectra were recorded at a microwave power of 1.0 mW and are
presented as measured at temperatures 10, 15, 20, 25, 30, 35, 40, and
50 K. The inset shows the microwave power dependence of the
rhombic 2.08 (@) and 2.1 (M) signals as measured by the spectral
features at g = 2.077 and g = 2.10, respectively, at 11 K (S, signal
amplitude; P, power). Other spectrometer settings were as described
in the Figure 2 caption.

2.077 shifted to g = 2.072. Above 20 K, the signal broadened,
and it was not visible above 30 K. At 11 K, the rhombic 2.08
signal saturated with power more quickly than the rhombic 2.1
signal (Figure 4 inset), but at 23 K, the signal did not saturate
easily with power (Figure S4 in the Supporting Information). A
high-quality simulation of the overall spectrum of the NaDT-
reduced-2 sample at 11 K was obtained, and contributions from
g =2.100, 2.043, 1.997 (5%), g = 2.077, 1.935, 1.880 (90%), g =
2.065, 1.968, 1.900 (4%), and g = 2.04S, 2.007, 2.007 (1%)
were observed (Figure 2g). In these simulations, the broad peak
at 2.077 was best reproduced using increased values of g strain,
suggesting that the source of the signal may have increased
spin—lattice relaxation and greater heterogeneity or anisotropy.

Overall, the temperature- and power-dependence properties
of the rhombic 2.08 signal are most consistent with those of
[4Fe-4S] clusters,®® suggesting that the source of this signal, as
for the broad 2.3—2.07 signal, is an S = '/, H-cluster containing
a [4Fe-4S]y" subcluster. The g values of the observed rhombic
2.08 signal are comparable to those of other [4Fe-4S] cluster
systems™” and similar to the rhombic signal of “super-reduced”
(Hyeq) CrHydAl reported earlier.>’ The possibility that it
arises from the formation of an immature form of CrHydAl
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containing only the [4Fe-4S]y" subcluster is unlikely since the g
values, the broad line shape, and the temperature- and power-
dependence properties are different from those previously
published for immature CrHydA1.***' It is possible that the
increased broadening and spin—lattice relaxation observed for
the rhombic 2.08 signal, and even more so for the broad 2.3—
2.07 signal observed after H, reduction, may arise from dipolar
interactions or spin delocalization throughout the entire H-
cluster due to electronic coupling between the [4Fe-4S]y"
subcluster and the 2Fey subsite via the cysteine thiolate
ligand.zz’“_44

FTIR Spectroscopy. To examine the structural properties
of the 2Fey subsite in CrHydAl, FTIR spectroscopic analysis
was performed in parallel with EPR on each of the samples.
The IR spectrum in the 1775—2100 cm™" region identifies the
CO and CN ligand stretch modes of the 2Fey; subsite, which
are sensitive to redox changes in the H-cluster. As-purified
CrHydAl produced a spectrum consisting of a mixture of
reduced and oxidized intermediates (Figure Sa; see Table 3 for
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Figure S. FTIR spectra of CrHydAl under steady-state oxidizing and
reducing conditions: (a) as-purified CrHydAl (490 uM); (b) auto-
oxidized CrHydA1 (510 uM); (c) CrHydA1 (820 uM) after extensive
flushing under 100% H,; (d) CrHydAl (920 M) NaDT-reduced-1;
(e) CrHydAl (820 M) NaDT-reduced-2.

a summary of the FTIR peaks), consistent with the mixture of
signals observed in the EPR spectrum. Auto-oxidized CrHydAl,
which produced a uniform 2.1 H, EPR signal, showed a
simplified FTIR spectrum composed predominately of five
distinct peaks (Figure Sb), each of which could be assigned to
one of the CO or CN ligand modes of 2Fey. The dominant IR
features are consistent with formation of H,'”~'*° and
include a bridging CO (CO,) at 1802 cm ™, a distal CO (COy)
at 1940 cm™', and a proximal CO (CO,) at 1964 cm™" (distal
and proximal refer to the position of the Fe atom of 2Fey
relative to the [4Fe-4S]y subcluster). The CN modes were
observed at 2071 and 2089 cm™'. The low-intensity peak at
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Table 3. Summary of the FTIR Absorbance Peaks Observed
for CrHydAl

reference
sample CO and CN peaks (ecm™)® figure
as-purified 1792, 1804, 1882, 1891, 1933, 1940, 1954, Sa
1962, 1971, 2025, 2034, 2065, 2071, 2083
auto-oxidized 1802, 1893, 1940, 1964, 2071, 2077, 2089 sb
100%-H,-reduced 1792, 1803, 1883, 1891, 1916, 1933, 1940, Sc
1953, 1963, 2034, 2038, 2071, 2085
NaDT-reduced-1 1883, 1891, 1916, 1919, 1933, 1939, 1954, 5d
1963, 2066, 2071, 2084
NaDT-reduced-2 1803, 1861, 1881, 1891, 1920, 1939, 1961, Se
1979, 2033, 2064, 2075, 2088
NaDT-reduced-3 1885, 1891, 1939, 1961, 1969, 1979, 2051, S6

2082, 2086

“Peaks in bold were not reported in previous studies of CrHydA1. The
peak deviation value is 1—2 cm™', and peaks within this range are
presumed to arise from the same vibrational mode.

1893 cm™" indicates the presence of a small fraction of reduced
H-clusters, which may account for the very weak rhombic 2.06
signal in the EPR spectrum.

Oxidation by treatment in thionin resulted in differential
changes in the CO and CN region as a function of time that
were not entirely consistent with the formation of H,, (Figure
SS in the Supporting Information). When compared with the
auto-oxidized sample, the thionin-treated sample showed the
following features: (i) the appearance of peaks at 1968 and
2013 cm™, (ii) a shift of a CN peak to 2082 cm™, and (jii) a
shift of CO}, from 1804 to 1808 cm™. All of these features were
also observed after CO treatment of auto-oxidized CrHydAl
(H,-CO) (Figure SS). The feature at 2082 cm ™" is most likely
composed of two or more overlapping peaks from both H,, and
H,,-CO, on the basis of its broad shape. Together, the EPR and
FTIR spectra of thionin-treated CrHydAl suggest that the
external oxidant leads to H-cluster degradation with concom-
itant formation of H,-CO by intact enzymes as described
above. Except for the spectrum of thionin-oxidized CrHydAl,
none of the FTIR spectra showed signs of CO inhibition/H-
cluster degradation, whereas the EPR spectra showed
indications of the presence of a small fraction of H,,-CO by
the presence of the g = 2.007 feature in both the 100%-H,-
reduced and NaDT-treated samples. It is likely that the amount
of inhibited H-cluster was too small to be detectable by
transmission FTIR spectroscopy, as low-temperature EPR
spectroscopy is generally more sensitive to very low
concentrations of species with strong paramagnetic centers.

Reduction of CrHydAl by 100% H, which resulted in
attenuation of the H,, 2.1 EPR signal and the appearance of the
broad 2.3—2.07 signal, caused a change from a simple FTIR
spectrum (Figure 5b) to a more complex one (Figure 5¢) (see
Table 3). A difference spectrum for the 100%-H,-reduced and
auto-oxidized CrHydA1 samples (Figure 6a) showed new peaks
(magenta trace) as positive absorptions at 1792, 1883, 1916,
1933, 1953, 2034, 2038, and 2085 cm ™' and an increase in the
intensity at 1891/1893 cm™’, whereas the peaks at 1802/1803,
1940, 1963/1964, 2071, and 2089 cm™’ that were present in
the auto-oxidized sample all decreased in intensity. The peaks
at 2034 and 2038 cm™" are assigned as low-energy shifts in CN
modes, as noted previously for DdH equilibrated at —420
mV."” The additional complexity of the CO region in the
100%-H,-reduced sample indicates that the 2Fey subsite
equilibrates to give a mixture of intermediates upon binding
and activation of H,. The majority of peaks observed for this
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Figure 6. FTIR difference spectra contrasting the CrHydAl samples
shown in Figure S: (a) 100%-H,-reduced minus auto-oxidized; (b)
NaDT-reduced-1 minus auto-oxidized; (c) NaDT-reduced-2 minus
auto-oxidized; (d) 100%-H,-reduced minus NaDT-reduced-2. A
scaling factor of 4 was applied to the NaDT-reduced-2 spectrum
prior to subtraction from the 100%-H,-spectrum to zero out the 1939/
1940 cm™! peak and emphasize differences between the two samples.
Color scheme: auto-oxidized, black; 100%-H,-reduced, magenta;
NaDT-reduced-1, orange; NaDT-reduced-2, green.

sample were previously assigned by spectroelectrochemical
FTIR analysis of CrHydA1 as H,.q (1793, 1891, 1935 cm™}; E,,
—430 mV vs NHE, pH 8) or H..q (1882, 1919, 1954 cm™;
E, = —510 mV vs NHE, pH 8) intermediates.”® Each of these
IR peaks was previously shown also to occur in CrHydAl upon
equilibration under 2% H,, but with a lower intensity.”’”

Like the EPR spectra of the NaDT-treated CrHydAl
samples, different compositions of IR signals were observed
for each set of reaction conditions and incubation times. The
NaDT-reduced-1 sample (Figure Sd and Table 3) produced a
spectrum similar to that obtained from H, reduction (Figure
Sc). Presumably, consumption of the small amount NaDT from
overnight incubation could create an overpressure of H, in the
sealed vial, which may shift the H-cluster equilibrium toward
intermediates that are common to ones formed through H,
oxidation. The difference spectrum for the NaDT-reduced-1
and H,, samples (Figure 6b, orange trace) showed positive
absorptions at 1883, 1891, 1916, 1933, 2066, and 2084 cm™ L
Negative absorptions belonging to H,, were observed at 1802,
1940, 1964, 2071, and 2089 cm ™. Also, low-energy CO,, modes
at 1792 and 1803 cm™' that were present in the 100%-H,-
reduced sample were not observed for the NaDT-reduced-1
sample.
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The NaDT-reduced-2 sample, which led to the appearance of
a broad rhombic 2.08 EPR signal, caused the appearance of
peaks at 1861, 1881, 1920, 1961, 1979, 2033, and 2064 cm™
(Figure Se and Table 3). A difference spectrum with respect to
the auto-oxidized sample (Figure 6c, green trace) revealed
unique features located throughout the CO and CN region.
Positive absorptions at 1861, 1881, 1891, 1920, 1961, and 1979
cm™" signify shifts in CO peaks that accompany redox and
structural changes arising in the 2Fey; subsite by addition of an
electron from NaDT. The peaks at 2033 and 2064 cm™ are
assigned to the same low-energy shifts of CN modes as seen
under treatment with 100% H,. Thus, both the H, and NaDT
reductions of CrHydAl resulted in transitions from a
homogeneous, predominantly H,, spectrum into ones with
greater complexity. The difference spectrum for the 100%-H,-
reduced and NaDT-reduced-2 samples (Figure 6d) highlights
the distinct changes that occur at the 2Fey site with these two
different treatments. Peaks at 1792, 1883, 1891, 1916, 1933,
2034, and 2038 cm™' increased under 100% H, (magenta
trace), whereas peaks at 1861, 1961, 1979 cm™! were stronger
after reduction with NaDT (green trace).

The NaDT-reduced-3 sample showed a spectrum displaying
a mixture of absorption peaks (Figure S6 in the Supporting
Information). While the spectrum more closely resembled that
of the room-temperature NaDT-reduced-2 sample, it also
showed peaks similar to those observed in the 100%-H,-
reduced sample. These included a stronger peak at 1891 cm™
(relative to 1939 cm™') and a new peak at 1969 cm™. There
was also an absence of peaks at 1803 cm ™' (assigned to COy, of
H,,) and 1861 cm™.

B DISCUSSION

The differential effects of treatment with H, versus NaDT were
used to examine the reversibility of H-cluster intermediates
formed during catalytic H, activation and H, evolution,
respectively, in CrHydAl. Reduction of the H-cluster is
possible by either the addition of electrons from natural (Fd)
or chemical (NaDT) donors or by H, binding and oxidation in
the presence of an electron acceptor. In the absence of an
electron acceptor, H, binding and cleavage is a reversible
process in CrHydAl. In contrast, the addition of NaDT
resulted in catalytic turnover and H, production, as observed
here during purification of CrHydAl in NaDT buffers. Thus,
the different reduction methods shift the steady-state
equilibrium of the H-cluster to different populations of
intermediates. For reductions by H,, the g = 2.3—2.07 EPR
signal was correlated with the appearance of FTIR peaks at
1883, 1891, 1916, and 1933 cm™'. Overnight reduction by
NaDT at 4 °C (i, NaDT-reduced-1) resulted in the
appearance of the g = 2.3—2.07 EPR signal and FTIR peaks
at 1883, 1891, 1916, and 1933 cm™, whereas addition of NaDT
at room temperature (i.e., NaDT-reduced-2 and -3) predom-
inantly led to the appearance of the rhombic 2.08 EPR signal
and CO FTIR peaks at 1861, 1920, 1961, and 1979 cm™
The appearance of a [4Fe-4S]* EPR signal under H, (g =
2.3-2.07) or NaDT (rhombic 2.08 and g = 2.3-2.07)
demonstrates that other S = 1/2 H-cluster intermediates, in
addition to the rhombic 2.1 H,, signal of the mixed-valent 2Fey
subsite, occur during the catalytic cycle. There is precedent for
the conversion of [4Fe-4S];>" to [4Fe-4S]y" from the
reductive activation of DdH purified in air. Upon treatment
under H, or electrochemical reduction, a paramagnetic
intermediate was formed at g = 2.06, 1.96, 1.89 that was later
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assigned as a [4Fe-4S]y slpec1es, but as a noncatalytic “Hr,,,,”
form of the H- cluster 1514162324 The origin of that signal
differs from the rhombic 2.08 and broad 2.3—2.07 signals
observed here, which for CrHydA1l were formed under catalytic
conditions. Accordingly, on the basis of the general model in
Figure 1, we propose [4Fe-4S]y*Fe(Il)Fe(1)—H,, [4Fe-
48]y "Fe(I)Fe(l1)—H~, and [4Fe-4S]y'Fe(I)Fe(I)—H" as
potential intermediates for the broad 2.3—2.07 and rhombic
2.08 signals (Figure 7), which share comparable EPR features
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Figure 7. Hypothetical reaction diagram and proposed assignments of
the H-cluster intermediates observed upon treatment of CrHydAl
with H, or NaDT (proton transfer to the bridgehead amine is not
pictured). The EPR and prominent FTIR spectroscopic signals (CO
peaks) observed in this study are indicated in the boxes, along with the
previously assigned states'®*%3! (ie, H,, H,.4 and H,4). The cubes
represent the [4Fe-4S]y subcluster, while FeFe represents the 2Fey
subsite. Electron transfer between the two subsites is indicated by the
curved arrows (Fepomg and Fegg, of the 2Fey subsite are not

specified).

under certain conditions. While this agrees with previous FTIR
and EPR characterization studies that first identified the Hg, 4
state in CrHydA1%®*' and assigned it as a [4Fe-4S]y"Fe()-
Fe(I)-H" intermediate, our results further suggest that
additional H-cluster intermediates with a 1+ cubane subsite
are formed during catalysis. Mechanistically, Figure 7 suggests
more complexity than indicated by the general model in Figure
1 and the model proposed by Adamska et al*' This is
illustrated by the number of absorption features in the IR
spectra of the reduced samples. Furthermore, it highlights that
the two reductive processes converge upon common
intermediates and suggests that certain reduced intermediates
can be enriched in CrHydAl.

The presence of F-clusters in [FeFe]-hydrogenases such as
Cpl, DdH, and DvH helps clarify why the new catalytically
relevant intermediates observed here were not detected in
previous studies of these enzymes. By functioning to shuttle
electrons in and out of the H-cluster as rapidly as possible to
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facilitate high turnover rates, F-clusters make it difficult to trap
catalytic intermediates containing [4Fe-4S]* subclusters. It is
expected that [4Fe-4S];* can oxidize quickly to [4Fe-4S]** as
electrons are exchanged with F-clusters,> where they may be,
in essence, stored. Conversely, in CrHydAl, the absence of F-
clusters makes it possible to shift the equilibrium toward
reduced [4Fe-4S]," intermediates,® as there are no possible
outlets for electron flow besides the 2Fey subsite. Con-
sequently, reduced H-cluster intermediates are more accessible
to characterization in CrHydAl. Also, reduced F-clusters give
rise to strong, broad EPR signals that could overshadow other
underlying signals from reduced catalytic intermediates,
preventing definitive assignments. For example, NaDT- and
H,-reduced Cpl and DdH exhibited broad EPR spectra that
covered the approximate range of the rhombic 2.08 signal and
the broad 2.3—-2.07 si% al observed here for NaDT- and H,-
reduced CrHydA1.'"~'9%~% Likewise, for Cpll, another
mixed FeS [FeFe]-hydrogenase, multiple signals were observed
upon reduction with H, in the presence of NaDT, including an
underlying very broad signal at low temperature that was
assigned to a rapidly relaxing species.'!

B CONCLUSIONS

We have characterized the occurrence and properties of novel
EPR and FTIR signals in the reduced H-cluster and assigned
them to intermediates of catalytic turnover. Our results indicate
that the H-cluster mechanism in CrHydAl, and therefore the
catalytic cycle of [FeFe]-hydrogenases in general, involves
formal reduction of the [4Fe-4S];; subcluster from the 2+ state
to the 1+ state. This is similar to a previous model put forth by
Adamska et al.>! involving an H 4 intermediate. However, our
results suggest that several S = '/, H-cluster intermediates
occur in CrHydAl during catalysis, and two [4Fe-4S]y"
subcluster signals were identified during the proton reduction
and H, oxidation cycles (see Figures 2 and 7). The complete
activation/oxidation of H, is a coupled two-electron/two-
proton reaction, and it is possible that a [4Fe-4S]," subcluster
would form twice during each successive turnover event,
consistent with the complexity of the EPR and FTIR signals in
reduced enzymes. The model agrees with evidence for redox
coupling between the two subsites in H-cluster models,”>***’
which has been proposed to function in facilitating milder
reaction potentials during catalysis. Density functional theory
studies of [FeFe]-hydrogenases® have also shown viable
mechanistic pathways for inclusion of the [4Fe-4S]y*
subcluster in H, activation. In CrHydAl, the [4Fe-4S]y
subcluster exchanges reducing equivalents with either the
2Feyy subsite or external acceptors such as Fd. In this regard, we
and others®® speculate that in addition to the functions
mentioned above, a transition in the [4Fe-4S]y subcluster
between the 2+ and 1+ oxidation states would accommodate
the electron transfer steps with Fd that are required to
complete turnover during proton reduction or H, activation.

B ASSOCIATED CONTENT

© Supporting Information

Additional EPR and FTIR spectra of CO- and thionin-treated
CrHydAl, EPR and FTIR spectra of NaDT-reduced CrHydAl,
and microwave power dependence of the EPR spectra of 100%-
H,-reduced and NaDT-reduced CrHydAl at 23 K. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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