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[FeFe] hydrogenases belong to a class of enzymes that cata-
lyze the reversible heterolytic splitting of molecular hydro-
gen. The structure of their active site is rather unusual con-
sisting of a CN~ and CO-coordinated [2Fe] subcluster con-
nected to a ferredoxin-like [4Fe4S] subcluster through one of
the Cys-S ligands. The iron, distal to the “cubane” has an
open coordination site that is believed to be the substrate
binding site. In the active forms of the H-cluster, this site can
be inhibited by carbon monoxide, which results in an EPR-
active state, called H,4-CO. At temperatures below 100 K, il-
lumination in the visible range causes conversion of this state
into two other EPR-active states. One of these is the H, state,
i.e. the catalytically active form, characterized by a vacant
external coordination site. The other state (Hyp;) is probably

characterized by dissociation of the bridging CO ligand. The
photodissociation of the H,,-CO state provides a convenient
way to study changes in the electronic structure caused by
dissociation of various CO ligands. In this article, we show
results of an advanced EPR study of the light-induced species
of the active site, in particular, Hy;. On the basis of the re-
solved hyperfine signals of the 'H, “N, '3C, and °’Fe nuclei,
we obtained a detailed picture of the electronic structure of
the H-cluster. It turned out that dissociation of the bridging
CO ligand causes a major rearrangement of the structure of
the H-cluster and large changes in the distribution of the un-
paired spin. Moreover, it appears that the extent of spin delo-
calization in the 2Fe subcluster in the case of Hy; is interme-
diate between that of H,y and H-CO.

Introduction

Hydrogenases play an important role in the metabolism
of many primitive organisms. Their function is to catalyze
the reversible conversion of molecular hydrogen into two
protons and two electrons.

Hydrogenases are commonly divided into three classes
based on the metal content of their active site. The most
abundant class, the [NiFe] hydrogenases has a Ni—Fe bi-
nuclear center and several auxiliary FeS clusters.!!) [FeFe]
hydrogenases form a class of their own and contain a total
of six Fe atoms in their active site.> ¥ In this case, the
number of auxiliary clusters varies considerably from spe-
cies to species. The least studied type of hydrogenases is
commonly abbreviated as “Hmd”, which stands for 5,10-
methenyltetrahydromethanopterin hydrogenase. It contains
a single Fe atom in its active site, which, however, is believed
to remain in a Fe!! oxidation state.l>-°!
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[FeFe] hydrogenases have been extensively investigated in
the past by various spectroscopic methods. The structures
of two [FeFe] hydrogenases were resolved by X-ray crystal-
lographic studies: a periplasmic [FeFe] hydrogenase form D.
desulfuricans (DAH)!>7! and a cytoplasmic [FeFe] hydro-
genase form C. pasteurianum (Cpl).3# Both structures re-
veal several Fe-S clusters in addition to the active center.
Cpl was found to contain three ferredoxin-like [4Fe4S] clus-
ters and one [2Fe2S] cluster. In the case of DdH, two auxil-
iary Cys-coordinated [4Fe4S] clusters were found.

The active centers (the so-called H-cluster) in both hy-
drogenases are highly similar. They contain a cubane-type
[4Fe4S]y; subcluster, connected to a rather unusual bi-
nuclear ([2Fe]y) subcluster through a Cys-thiol ligand.

The [2Fe]y iron atoms are coordinated by CN~ and CO
ligands, which stabilize them in a low oxidation state.®1%
In a recent study, we provided strong evidence for the pres-
ence of an amine in the dithiol bridging moiety.'’'?) The
distal iron has an open coordination site, at which the sub-
strate hydrogen is proposed to bind.

Several intermediate redox states of the H-cluster have
been detected. In the case of DdH, the hydrogenase can be
purified aerobically. However, in this case, (Hjy.), the en-
zyme is inactive.l'>!* The H-cluster in the Hj, State is
EPR silent and is most probably characterized by a
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Fel'-Fe!! configuration of the binuclear subcluster and a +2
oxidized state of the [4Fe4S] subcluster.l!*!3! It is also be-
lieved that, in this state, the open coordination site is occu-
pied by OH~ or water.[!]

The as-isolated enzyme can be activated under reducing
conditions. During the electrochemical reduction, as moni-
tored by EPR spectroscopy,®!61 the H-cluster passes
through an EPR-active intermediate state (usually abbrevi-
ated as H,,,,), which is characterized by reduction of the
[4Fe4S]y subcluster to the +1 state.[®!4 The next reduction
leads to the first active state of the H-cluster, called H,, (it
is called active “oxidized” because of relation to the com-
pletely reduced state, described below) (Figure 1). This state
is believed to be the entry point of the catalytic cycle. It has
a Fe'-Fe! mixed valence state for the binuclear subcluster
and a [4Fe4S]?>* cubane subcluster, which results in an
S = 1/2 EPR signal. In the DdH structure, the exchangeable
site seems to be empty,?! whereas the Cpl structure indi-
cates a bound water.>#
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Figure 1. Illumination of the H,,-CO state at cryogenic tempera-
tures results in its conversion to two EPR-active states: H,, and
Hy . The first light-induced species is characterized by dissociation
of the external CO ligands and the latter by modification or re-
moval of the bridging CO ligand.

Further reduction of the H-cluster leads to the active re-
duced state (H,.q). This state is EPR silent and has both
iron atoms of the [2Fe]y subcluster in a Fe! oxidation state.
An FTIR spectroscopic study of DdH reveals the disap-
pearance of the bridging CO ligand and the establishment
of an additional terminal CO ligand."! The crystal structure
of DdH under reducing conditions indeed shows that the
formerly bridging CO ligand is shifted towards the distal
iron center.” However, recently we have shown that the
electrochemically induced H,.4 state of the [FeFe] hydro-
genase from Chlamydomonas reinhardtii does contain a
bridging CO ligand."” According to Maossbauer stud-
ies, 14151 the [4Fe4S] subcluster remains in the +2 state apart
from the Hy., state.

All [FeFe] hydrogenases are inhibited by CO. In the pres-
ence of free CO, a single CO molecule occupies the open
coordination site, forming the so-called H,,-CO state. This
state is EPR active (S = 1/2) and has the same oxidation
state as H,, 117!
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Upon illumination at low temperatures (below 70 K), the
external CO ligand can be dissociated, which results in re-
storation of the H,, state, as shown by FTIR spec-
troscopy.®!8211' During illumination, another transient,
light-induced state (Hy ;) has been identified. According to
FTIR investigations,>!'”! the bridging CO ligand in this
state is affected and seems to be partly or completely disso-
ciated and possibly shifted toward a terminal position. An
FTIR study, performed on the Cpl species,['”) shows that
the photodissociation processes are temperature dependent.
The IR spectra differ between experiments carried out at
30-60 K and those at very low temperatures (6-14 K). In
the latter experiments, no transient light-induced species
was observed. Interestingly, it was shown that the Hy; state
converts back to the H,,-CO state by warming to about
80 K (in the dark), while the conversion from the H,, state
back to H,-CO requires higher temperatures (above
150 K).

Chen et al.l'! have also performed measurements on the
samples with a '3C-labeled external CO ligand. Analysis of
the shift in the IR bands suggests that Hy is characterized
by a complete dissociation of the bridging CO ligand. Sim-
ilar results were also obtained in the group of Albracht for
the DAH species.”!

Investigation of the electronic structure of the H-cluster
has been carried out in our laboratory for the H,, and the
H,,-CO states by investigation of the 3"Fe, '’C, and '*N
nuclear spin interactions.':!7-221 It was found that the spin
density of the H-cluster changes dramatically upon CO in-
hibition. In the H,, state, the unpaired spin density was
found to be equally distributed over both iron atoms in the
binuclear subcluster, while in the H,,-CO state, most of the
spin density is at the proximal iron atom. Another feature
of the H-cluster is the strong influence of the formally dia-
magnetic [4Fe4S]y>* subcluster on the electronic structure
of the binuclear subcluster. By using the Heisenberg ex-
change formalism, the exchange coupling between the un-
paired spin of the binuclear subcluster and the antiferro-
magnetically coupled high-spin pairs of the “cubane” was
estimated to be about 95 cm™! for the H,,-CO state and
roughly 25 cm™! for the H,, state.l'>!7]

Investigation of the relation between the structural prop-
erties of the active site of the [FeFe] hydrogenase and the
reactions during the catalytic cycle is very important for
understanding the function of the H-cluster. Studies of the
mixed-valent H,, and H,-CO states provide the only de-
tailed experimental information about the electronic struc-
ture of the H-cluster. The dissociation of the CO ligands by
light excitation provides a convenient way for studying the
naturally occurring ligand-exchange processes and extends
the knowledge about the properties of the H-cluster in the
mixed-valent state to another state. Here, a study of the
photolytic processes in the H-cluster in the H,,-CO state is
presented. The main goal of this investigation is to under-
stand how the properties of the H-cluster change by altering
the CO bonding geometry and to characterize the electronic
structure of the H-cluster in the photoinduced states by ad-
vanced EPR techniques.
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Results and Discussion

Photodissociation

The EPR spectrum of the CO-inhibited state (H,,-CO)
of the H-cluster at 7" = 40 K is shown in Figure 2A (first
trace). This spectrum is characterized by the principal val-
ues of the g-tensor, g; = 2.065, g, = 2.007, g3 = 2.001. As
observed earlier,[®!8! the spectrum changes upon illumina-
tion to a more complex spectrum, which is a mixture of
several signals.
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2100 _2.040 1.998
L T,

2.065_2,007 2.001

o
=

Normalised EPR intensity

200 400 600 800 300 320 340 360

Illumination Time, min Magnetic Field, mT

Figure 2. (A) 2D representation of the changes in the X-band CW
EPR spectrum of the H,,-CO state upon illumination. (B) Simula-
tion of one of the EPR spectra after 356 min of illumination [em-
phasized in (A) by the black line]. (C) Changes in the intensities of
the EPR signals with time of illumination. Experimental condi-
tions: laser power 8.5 mJ/pulse, wavelength 531 nm, temperature
40 K, MW power 20 pW (40 dB att.), Modulation amplitude 5 G,
time constant 40 ms, MW frequency 9.780 GHz.

The changes in the EPR signal during illumination at
40 K are presented in Figure 2A. The signal from the
H,-CO state decreases under illumination, while two new
signals appear. Figure 2B shows a typical spectrum appear-
ing after illumination at 40 K for 6 h. A similar spectrum
was reported by Albracht et al.[®% One of the light-induced
species has an EPR spectrum, characterized by principal g
values identical to those of the well-known rhombic signal
of the oxidized (H,,) state (2.100, 2.040, 1.998). The signal
of this center steadily grows under illumination. A second
(transient) light-induced signal with a rather anisotropic
rhombic EPR spectrum (2.226, 2.135, 2.051) rises fast upon
illumination and then decays with time. All conversions
were found to be exclusively light induced. Upon switching
off the illumination in the middle of the experiment, the
state of the sample remains constant unless it is warmed
above 100 K (see Supporting Information).

1058

WWW.eurjic.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The kinetics of the observed states (see Figure 2C) can
be fitted with the sum of three or more exponentials. If the
dissociation is a unidirectional process, a monoexponential
function is expected for the decay of the H,,-CO state.
However, this is not the case. Therefore, it is tempting to
suggest a parallel scheme of independent photoconversion
events from the H,,-CO to the H;; and the H,, states with
an extensive back-conversion of the light-induced states to
the original state, as for example in Scheme 1.

Scheme 1.

To obtain a qualitative picture, we have performed a set
of measurements at various wavelengths. The irradiation
power [P(A)] at various wavelengths A was adjusted to keep
the same number of photons throughout the experiment,
N = P(2):A/h = constant. The result shows a gradual in-
crease in the kinetic rates with decreasing wavelength of the
laser illumination (see Supporting Information). The fastest
light-induced conversion was obtained with illumination at
355 nm.

In earlier studies of the photodissociation of the H,,-CO
state by IR and EPR spectroscopy,!%1% it was suggested
that the primary light-induced species is the H,, state, char-
acterized by a vacant external coordination site on the dis-
tal iron atom.

To verify this assignment, Q-band Davies ENDOR
measurements on >’Fe-enriched illuminated H,-CO sam-
ples were performed. The *’Fe Davies ENDOR spectra of
the primary light-induced state, recorded at two magnetic
fields, are identical to those obtained from the original H,
state (see Figure 3). These observations, therefore, confirm
the assignment of this state to H,,.

— light induced
— original

1 2 3 4 5 6 7 8 9 10
Frequency, MHz

Figure 3. Comparison of the "Fe Q-band Davies ENDOR spectra
of the H,, state obtained by photodissociation (blue) and the origi-
nal H, state, prepared by treatment of H 4 with argon gas (red,
as has been shown by us previously!'!!). Experimental conditions:
temperature 8 K, MW frequency 33.90 GHz, ¢, = 40 ps, magnetic
field A: 1155mT (g), B: 1187.3mT (g,). OPO laser: power
13 mJ/pulse, wavelength 531 nm, illumination was stopped after
1h.
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EPR on HLI

To study in detail the properties of the second light-in-
duced state, we performed an extensive study using pulse
EPR spectroscopy. Measurements of the pulse Q-band EPR
spectrum confirms the g values obtained from the X-band
CW EPR measurements.

However, the pulse EPR measurements reveal a much
faster longitudinal relaxation rate (77) of the Hy; signals
relative to those of the H,, and H,,-CO states. Because of
that, the Hy; state could only be observed at very low tem-
peratures (below 10 K). Figure 4 shows FID-detected EPR
spectra obtained at 8 K after illumination for 2 h at 40 K
in the Q-band setup.
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Figure 4. Q-band FID-detected EPR spectra of the product of illu-
mination of the H-CO state at a temperature of 50 K. Measure-
ments were performed at a temperature of 8 K with different repeti-
tion rates corresponding to the relaxation rates of the different con-
tributing species. Experimental conditions: 7., = 1 ms; (A) repeti-
tion time 50 ms (tuned at 1205.0 mT, g = 2.001); (B) repetition time
0.4 ms (tuned at 1135.0 mT, g = 2.135).

To illustrate the differences in the relaxation properties
of the different states, we show spectra obtained at different
repetition rates in Figure 4. The top spectrum was recorded
at 8 K under nonsaturating conditions as verified at g =
2.001. At this temperature, the shortest repetition time,
which allows detection of an unsaturated H,,-CO signal,
was found to be about 50 ms, while for the Hy ; signal, it is
almost two orders of magnitude shorter — about 0.4 ms. The
bottom spectrum in Figure 4 was measured under such con-
ditions; however, in this case, the signals of the other species
(Hox and H,-CO) are strongly suppressed by saturation.
This indicates that the H-cluster in the Hy | state undergoes
a radical change in its electronic structure relative to those
in the other EPR-active states.

Knowledge about the "Fe HF couplings is of major im-
portance to resolve the electronic structure of the H-cluster
in this state, since the iron atoms carry most of the spin
density. As in previous investigations of the ’Fe HF cou-
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plings in the H,, and H,,-CO states,!'”) two complementary
methods were applied: ESEEM (HYSCORE) and
ENDOR.

The Q-band HYSCORE spectra reveal two pairs of
ridges, which can be assigned to 3"Fe HF couplings. As will
be shown later in the text, the Hy state also exhibits rich
14N HYSCORE spectra in X-band experiments. However,
in the case of Q-band HYSCORE, these signals are rather
weak and become even more suppressed in the presence of
the 3’Fe signals. Figure 5 shows a 3’Fe Q-band HYSCORE
spectrum, obtained under conditions that result in almost
complete suppression of the '“N signals. Similarly as in the
case of the H,,-CO state, these spectra show one pair of
ridges in the (++) quadrant and one in the (+-) quadrant
of the 2D spectrum. Measurements of Q-band HYSCORE
spectra at different field positions show that the weaker
coupling is almost completely dipolar. The position of the
other pair of ridges does not change much with variation
in the external magnetic field (spectra not shown), which
thus indicates rather isotropic >’Fe HF coupling. Table 1
shows the HF coupling constants (4; and A,) obtained
from simulations of four Q-band HYSCORE spectra, taken
at various positions of the magnetic field throughout the
H;; EPR spectrum.
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Figure 5. Q-band HYSCORE spectrum of the ’Fe-enriched H-
cluster in the Hy; state, measured at By|lg,, together with a simula-
tion performed with the parameters 4, and 4, from Table 1. Exper-
imental conditions: temperature 6 K, MW frequency 33.88 GHz,
magnetic field 1134 mT; © = 340 ns; repetition time 1 ms.

Despite the successful investigation of >’Fe HF couplings
in the Hy, and the H,-CO state by X- and Q-band
ENDOR spectroscopy,!!”! similar measurements of the Hy
state in the range 5-60 MHz did not reveal any traces of
other 3’Fe nuclei. The failure of this method is probably
due to fast nuclear and electron spin relaxations as well as
1059
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Table 1. Parameters of the HF couplings of various nuclei observed for the Hy state.[!)

Ax Ay A: |Aisol a ﬂ Y

571::e

Ay (Fey) 34(2) -1.3(2) -2.6 (2) 0.2 65(10) -22(5) 0(10)

A, (Fep) 4.7 (2) 3.54) 392 4.0 0(20) 15(5) 0(20)

As ([4Fe4S) 25(2) 20 (1) 20 (4) 22 0(40) 0(40) 0(-)
14N

A4 (CNy) 32(2) 4.8 (4) 0.7 (5) 29 20(5) 27(5) —40(5)

As (CN,) 0.3 (5) 3.1 (5 2.6 (5) 2.0 0(5) 10(5) 10(5)
13C

Ag (COexy) 9.7(5) 9.4(5) 9.3(5) 9.5 0(-) 0(50) 0(-)

[a] Coupling constants 4 are in MHz, Euler angles are in °, values in the brackets are uncertainties in the units of the last presented

digit.

possibly much broader signals than in the case of the
H,,CO state, which could originate from destabilization of
the structure upon dissociation of the bridging ligand and
thus increased strains in the HF coupling constants.
Another method to verify the presence of a strong 3’Fe
HF interaction is to investigate the EPR line broadening.
Since the EPR spectrum of the Hyp state only slightly over-
laps with signals from the other species (H,,-CO and H,,),
we can estimate strong HF coupling constants with rela-
tively good precision at least for the low-field components
of the Hy; EPR spectrum. CW EPR spectra of the nonen-
riched and ’Fe-labeled enzyme in the Hj; state reveal a
broadening of the central component of the spectra by ap-
proximately 0.9 mT (peak-to-peak), as shown in Figure 6.

Magnetic field, mT
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2AmT ¢ ¢ 1.3mT ! ¢

— exp

- sim Y
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Figure 6. Low-field part of the X-band CW EPR spectra of the
(A) nonenriched and (B) *’Fe-enriched H-cluster in the Hy state
together with simulations. Simulation of the spectrum of the 3’Fe-
enriched H-cluster was performed by using four 45 ’Fe HF cou-
pling constants (see Table 1). Experimental conditions: temperature
40 K, MW power 63.2 pW (35 dB att.), modulation amplitude 5 G,
time constant 40.96 ms, modulation frequency 100 kHz, (A) MW
frequency 9.575 GHz, (B) MW frequency 9.711 GHz.

One would expect a maximum of six >’Fe HF couplings
from the H-cluster. However, a set of four equivalent cou-
plings of A; and two of 4, is not enough to simulate the
line broadening. Therefore, by analogy with the H,,-CO
1060
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state, we assumed that the small HF couplings (4, and 45,)
correspond to the 3’Fe nuclei in the binuclear subcluster
and the four large HF couplings of the [4Fe4S] subcluster
give rise to the CW EPR line broadening. The best fit to
the experimental data is given by simulation with four HF
couplings 43 = [25, 20, 20] MHz, one A, and one 4,. How-
ever, the overall uncertainty range is quite large (see
Table 1).

The N hyperfine and quadrupole coupling constants
can provide valuable information on the distribution of the
spin density over the CN  and di(thiomethyl)amine
(DTMA) ligands. In contrast to the H,,-CO state, the
X-band HYSCORE measurements on Hy reveal very rich
14N signals with ridges in both quadrants of the
HYSCORE spectra. Since the overlapping signals from the
H,, state can complicate the interpretation of the
HYSCORE spectra, special precautions were made for the '“N
HYSCORE measurements. The illumination time was cho-
sen to minimize the H,, signals (short illumination times,
as shown in Figure 2C). In addition, fast repetition rates
and low temperatures were used, which result in a further
decrease in the H,, and H,,-CO signals because of satura-
tion.

The field dependence of the '“N signals in the
HYSCORE spectra and the position of the ridges show that
the corresponding '“N HF coupling has a rather strong di-
polar component. The fact that, in all spectra, the N sig-
nals are distributed over both quadrants indicates that the
isotropic part of the HF coupling must be close to the exact
cancelation case, i.e. 4j, = 2vi(*N).

The simulation of these spectra is rather complex owing
to eleven fitting parameters per '“N nucleus. In order to
increase the reliability of this analysis, we performed a si-
multaneous fit of five X-band HYSCORE spectra, taken at
various field positions of the EPR spectrum. Figure 7
shows the spectrum obtained at maximum absorption (g,)
with its simulation.

It turned out that it is possible to simulate most of the
signals by using a single set of parameters (44 and Q4 in
Tables 1 and 2, respectively). However, all spectra contain
some ridges that stand out from the resulting simulation,
especially at the lowest field position. Therefore, we in-

Eur. J. Inorg. Chem. 2011, 1056-1066



Electronic Properties of Photoinduced States of the H-Cluster in Hydrogenases

Eur/IC

e exp/ R ™
8 / 8
A
6 6 3
IR %
4 41 i P .
; W e
T .l 9(
= 2 =2k =
g g ﬁﬁ. v
g 0 g 0 \ﬁ
g g ¥y
-2 -2 4
Y T =
-4 4 T;:.dq\\ e

N 0 W

6 6|
-8 -8

o )

0 10 "% 10

2 4 6 8 2 4 6 8
Frequency, MHz Frequency, MHz

Figure 7. X-band HYSCORE spectrum of the H;; state (nonen-
riched) and the corresponding simulation by assuming the presence
of two '“N nuclei with HF couplings A4 and 45 and quadrupole
couplings Q4 and Qs. Experimental conditions: temperature 12 K,
MW frequency 9.7176 GHz, magnetic field 325.5mT (g,),
7 = 132 ns, repetition time 1.2 ms.

cluded a second set of parameters into the simulation. The
resulting parameters of the '“N hyperfine (4, 5) and quad-
rupole (Q, s) interactions are shown in Tables 1 and 2.

Table 2. Parameters of the "N quadrupole coupling constants ob-
served for the Hy state.[?]

K n a B Y
04 (CNy) 0.96 (4) 0.3 (1) 20 27 —40
05 (CN,) 1.07 (3) 0.2 (1) 0 10 10

[a] Constant K is in MHz, Euler angles are in °.

Both 3’Fe and '#N studies suggest that the spin density
is somewhat delocalized in the binuclear subcluster Hy .
However, on the basis of that data, it is difficult to draw
conclusions on the degree of delocalization and identify the
iron site containing the larger portion of spin density. Re-
cently, we reported that '*C labeling of the H,,-CO state in
the dark (H,,-'>CO) results in a single moderate '3C HF
coupling of 17 MHz.[?”l The magnitude of the '*C HF cou-
pling is a good indication of the spin population at the dis-
tal iron center. On the basis of that data, we estimated the
spin density for H,,-CO at the distal iron atom to be 4-5
times smaller than that on the proximal iron atom. To ob-
tain the analogous information for Hy ;, we performed 3C
labeling of the external CO ligand. Figure 8 shows the
ENDOR spectra measured for the Hy state, obtained by
illumination of the singly '3C-labeled H,,-CO state (Hy-
13CO, see ref.?? for details).

A wide scan reveals a single doublet centered at the
Larmor frequency of '*C (12.1 MHz at 1135.5mT) and
split by approximately 9.5 MHz. We recorded the field de-
pendence of the high-frequency component. Since '3C is a
I = 1/2 nucleus, this is sufficient to completely resolve the
principal values of the HF coupling tensor. As can be seen
in Figure 8, the frequency of the signal changes only
slightly, which indicates a rather isotropic '*C HF coupling.
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Figure 8. 3C Q-band Davies ENDOR spectra of the Hyy state at
various field positions. Blue curves show the experimental data, red
curves represent simulations accounting for a single '3C HF cou-
pling constant (Ag). Experimental conditions: temperature 7 K,
MW frequency 33.93 GHz, inversion pulse 100 ns RF pulse 30 ps,
magnetic field: (A) 1096.0, (B) 1115.0, (C) 1135.5, (D) 1162.0 mT.

Indeed, a simulation of the obtained spectra could be per-
formed with very little anisotropic contribution (see A¢ in
Table 1).

Electronic Structure

We can now assign the observed signals to certain nuclei
and obtain a detailed picture of the electronic structure of
the H-cluster in the Hj; state.

The N HYSCORE study allowed us to resolve two “N
signals. As can be seen from Table 2, both '“N quadrupole
couplings are rather similar. It was shown before that a qua-
drupole coupling of about 1 MHz is typical for CN li-
gands.['"1 One of the signals (44, Qy, see Table 2) is, in fact,
very similar to that observed in the H,, state, and, therefore,
we attribute it to the CNy ligand. It is also possible that the
K(Q4) = 0.96 MHz quadrupole coupling constant originates
from a backbone nitrogen atom of a neighboring amino
acid. However, because of the large and rather isotropic
character of the corresponding HF coupling constant, A4,
this is very unlikely. The second signal is characterized by
a somewhat larger quadrupole coupling and a somewhat
smaller asymmetry parameter. Although the usual K values
for the CN ligands lie in the range 0.8-1.0 MHz and the
detected K(Qs) value is somewhat larger (1.07 MHz), we are
still inclined to assign the Qs coupling to a CN ligand. The
previously observed quadrupole couplings!!!! for the other
nitrogen species in H, are either too small (NH3-Lys: K =
0.35MHz) or too large (DTMA: K = 1.23 MHz). The
slightly higher K(Qs) observed in Hy; can be explained by
a loosening of the H bond to the nearby amino acids or a
possible bending of the CN™ ligand, caused by the light-
induced alteration of the structure of the H-cluster. In fact,
the IR spectra of Hy ;! show an unusually large shift in the
frequency of one of the CN bands, which could be ex-
plained by a change in geometry of the corresponding li-
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gand, i.e. a change in charge distribution around that CN~
moiety.

On the basis of this assignment, we conclude that both
CN ligands have a rather similar spin density. This is a re-
markable finding since even for the H,,-CO case, where
most of the spin density is on the proximal iron atom, no
signals could be found for the CN,, ligand. Apparently, the
changes in the geometry of the ligands of the binuclear
subcluster, caused by dissociation of the bridging CO li-
gand, allow admixture of ligand orbitals into the d_.-like
HOMO orbital on the proximal iron atom. This effect
would also account for the slightly larger quadrupole cou-
pling constant K(Qs).

The obtained ’Fe HF coupling constants indicate that
the spin distribution in the binuclear subcluster is not very
different from that of H,,-CO. Thus, we can assign the
larger °’Fe coupling (A4,) to the proximal iron atom and the
smaller one (A4,) to the distal iron atom.

The almost isotropic '3C HF coupling constant (A4) is
assigned to the external '3CO ligand. Its value (9.5 MHz)
is only about half of that obtained for the H,,-'>CO state
(17 MHz). This might indicate either that there is less spin
density on Fey or that a redistribution of the spin density
over other ligands of the distal iron atom takes place. Our
analysis of the '“N signals shows a very similar spin density
on both CN ligands, which thus suggests that both iron
atoms have substantial spin density. Therefore, it is more
likely that the second scenario is correct. The spin density
is delocalized on the [2Fe]y subcluster at least to the same
extent as in the H,,-CO state. However, it is more redistrib-
uted over the ligands of the binuclear cluster thus lowering
the *’Fe and '*C HF coupling constants and increasing
those of the '“N nuclei of both CN ligands.

Analysis of the [4Fe4S]y—[2Fe]y exchange coupling can
provide additional support for the deduced picture.

If the spin density would be more localized on the proxi-
mal iron atom, it would inevitably result in a larger ex-
change coupling between the subclusters relative to that in
the H,,-CO state, while localization of the spin density on
the distal iron atom would result in a rather low exchange
coupling (possibly below the value for the H,, state).

On the basis of the >’Fe HF coupling constants assigned
to the [4Fe4S]y unit, we can estimate the [4Fe4S]-[2Fe] ex-
change interaction using the Heisenberg exchange formal-
ism accounting for two antiferromagnetically coupled pairs
of Si1-2), S;3.4y = 9/2 spins (Joupne) of the cubane and cou-
pling of spin S; to an unpaired electron (S(s ¢ = 1/2) of the
binuclear subcluster (jiy, see Figure 9).123-24l Diagonalization
of the corresponding exchange Hamiltonian (He = J;;S;S))
and calculation of the expectation values for the S. operator
in the ground doublet state (S, = 1/2) for each of the con-
tributing spins (<S,;>) allows the estimation of spin-pro-
jections and thus the scaling factors for the intrinsic HF
coupling constants (¢;). The dependence of the scaling fac-
tors on the ratio jy/Jeupe 18 shown in Figure 9.

We cannot estimate the HF coupling constants in the
[2Fe]y because of the absence of data for intrinsic HF cou-
pling constants in such systems and delocalization of
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Figure 9. Dependence of the spin projection factors for the 3'Fe
HF coupling constants on the ratio of the ji and J.u,. exchange
coupling constants. A; is the observed >’Fe HF coupling for the i
nucleus, g, is the intrinsic HF coupling of the nucleus. In the inset,
the used coupling scheme is illustrated. Color coding in this insert
corresponds to the colors of the curves. In the used approximation,
the [4Fe4S] cluster is modeled as a pair of antiferromagnetically
coupled spins S| 5, S;3.4 = 9/2. For the binuclear subcluster, we
assume the presence of a single spin .S = 1/2 (see text for details).

the spin density, which varies from state to state (see
above). However, for the [4Fe4S]y cluster, intrinsic 3'Fe
HF coupling constants were roughly estimated to be
Acube = A4y = —21 MHz based on the earlier data published
for various [4Fe4S] clusters.l'>2%] Thus, it is possible to esti-
mate the exchange coupling constant ji on the basis of this
data. One has to note that the estimation is very approxi-
mate because (a) complete delocalization in the Fel'-Fe™!
pairs of the cubane is assumed, (b) the five-spin problem is
reduced to a three-spin problem, and (c) the estimation
itself relies on estimations of J . and a.up.. Nevertheless,
by using the same constants for all states, we can qualita-
tively estimate the changes occurring in the H-cluster with
changing the ligand structure.

For the Hy | state we obtained an 3’Fe HF coupling A.ype
= As;so = 22+ 1.5 MHz, thus the scaling factor for the HF
coupling constants from the [4Fe4S] subcluster is A.upe/
deune = 1. By applying this data to the curve obtained with
the method described above, the estimated jy/J .. value is
about 0.28. The J . value was estimated earlier to be
200 cm ™!, therefore, the estimation for ji is about 56 cm™!.
In Figure 9, we compare the data with those obtained for
the H,, and the H_,-CO states. As can be seen from the
graph, the exchange coupling constant in the Hy; state is
indeed intermediate between that in the H,, and H,,-CO
states.

We can additionally verify this by looking at the 'H
ENDOR spectra, which are presumably dominated by the
signals from the B-protons of the Cys ligands of the H-
cluster. The stronger exchange coupling should result in a
larger splitting as more effective spin density is on the
[4Fe4S]y subcluster. Unfortunately, as the signals are rather
complex and only a few features are resolved, the complete
analysis of the spectra is not feasible at this point. Figure 10
shows the comparison of the Davies ENDOR spectra ob-
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tained for H., Hyy, and H_,-CO. Indeed, the overall width
of the spectra decreases in going from H,,-CO to Hy; and
from Hy; to H,,. First of all, this proves that the '"H EN-
DOR spectra predominantly reflect the situation around
the [4Fe4S]y subcluster. Secondly, it shows that the ex-
change coupling constant ji; in the Hy  state is indeed inter-
mediate between those in the H,, and H,,-CO states.

.sz -

9y

¥
160 1200 1240 128C
Magnetic Field, mT

1050 1150 1250
Magnetic Field, mT

g2 b Hw
Y5 - HoirCO

T960 1200 1240 1280
Magnetic Field, m

PR A A I Y RPN P e e e I e

-6 -4 -2 0 2 4 6
V= Uy » MHZ

Figure 10. '"H Q-band Davies ENDOR spectra measured for the
(A) Hy,-CO, (B) Hyy, and (C) H,, states at various field positions
(indicated in the insets). Experimental conditions: temperature
15 K, MW frequency 33.58 GHz, inversion pulse 100 ns, RF pulse
19 ps, repetition time 1.5 ms.

Light-Induced States

Our results are consistent with previous studies, which
suggests the appearance of one intermediate (Hy ) and one
final state (H,y). As has been pointed out above, we have
performed a set of measurements at various wavelengths,
and we found an increase in conversion rates when illumi-
nating between 623 nm and 355 nm (the available wave-
length range in our setup). The modeling of the photodisso-
ciation process is rather complex and involves many experi-
mentally related parameters. Nevertheless, on the basis of
the estimated kinetic rates, we conclude that all photodisso-
ciation processes become faster by about the same scaling
factor when lowering the illumination wavelength (see Sup-
porting Information).

As has been shown by DFT calculations on model com-
plexes and models of the binuclear subcluster,?®-281 illumi-
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nation in the visible range causes excitation of the Fe-Fe
bonds (about 450 nm) and Fe-ligand charge transfer at
somewhat higher energies, more towards the blue and ultra-
violet wavelengths (250400 nm). In a study of cyanation of
the dinuclear model analogue of the H,,-CO state synthe-
sized in the group of Pickett, the UV/Vis spectra show two
prominent features,?®! one at about 350 nm that is attrib-
uted to the Fe—CO/CN charge transfer and one at about
490 nm, attributed to a “bend” Fe-Fe bonding-antibond-
ing charge transfer. We have not observed an increase in the
rates in the intermediate blue region; however, that can be
explained by an additional attenuation due to the presence
of the [4Fe4S] clusters. Nevertheless, a clear rise in the ki-
netic rates at 350 nm is an indication of the excitation of
the Fe—CO charge-transfer band. Neither in the earlier IR
studies nor in our study have we seen dissociation of a CN
ligand, but this can be due to the presence of H-bonding
with neighboring amino acids.[7-11]

Previous FTIR investigations have shown that the IR
spectrum of the final photoinduced state is the same as that
of the H, state. Indeed, >’Fe ENDOR spectra obtained in
the current study are identical to those of the H,y state.l'”]
Thus, we can confirm this assignment. Unfortunately, we
(and others) could not achieve complete photoconversion
of the H,,-CO state to H,,. To examine whether the H,,
state is indeed a final state, we also performed an experi-
ment in which the H,, state was illuminated at various tem-
peratures. We did not observe any change in the EPR signal
even after a day of illumination at the highest available
power (up to 10 mJ per pulse) of the OPO laser. This shows
that the H,,, state is stable under light (at low temperatures)
and cannot be further converted by illumination. This is
rather interesting because it was shown that the bridging
CO ligand could move during reduction of the H,, state to
the H,.q state at least in the studied species from D. desul-
furicans and is thus anticipated to be rather labile. However,
in the H,, state, the bridging CO bond seems to be more
stabilized relative to that in the H,,-CO state possibly be-
cause of the excess of charge owing to the vacant open co-
ordination site. A possible indication for that could be the
ca. 8cm! lower IR frequency for the u(CO) stretching vi-
bration (DdH: 1810 cm ™' vs. 1802 cm™ ).’

Concerning the structure of the intermediate light-in-
duced species, Hy j, there are two major possibilities: either
the bridging CO ligand is completely removed in the Hy;
state or it is shifted towards one of the iron atoms. The
FTIR data support the first proposal with the following
arguments:!'! The H ; state shows only three terminal CO
bands in most of the IR spectra and none for bridging CO
ligands; no additional bands could be detected with '3C
labeling; all terminal CO bands are shifted downwards rela-
tive to those for the H,,-CO state, which indicates an in-
crease in charge density on both iron atoms, which is only
possible if the bridging CO ligand is absent.

Recently, Fiedler and Brunold performed DFT calcula-
tions on two models of H;; by assuming complete removal
of one of the CO ligands (see Figure 11).2°] Model I as-
sumes removal of the bridging CO ligands, thus preserving
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the general distribution of all other ligands. Model II as-
sumes removal of one of the terminal CO ligands of Fey
and a shift of the former bridging CO ligand to a semi-
bridging position. In this model, the geometry of all ligands
of Fey differs to a large extent from that of the H,,-CO
state. Both models fit the FTIR spectroscopic observations
at least qualitatively because of the loss of one of the CO
ligands and hence a reduction in the charge-withdrawing
effect. We can now consider these models in light of our
new observations.

7 7

[4Fe4S] S, S [4Feds] S, 5
8 > =8 8 cC
cys” N\ &\ cys” N\
Fe  Fe, Ee. [,
F | e 73/ ey
C 5 N c : c
NT ¢ c NT ¢ 5
0 o] 0
Model | Model 11

Figure 11. Schematic representation of two models of the Hy  state
proposed on the basis of a DFT study.l*]

In both models, a localized spin distribution was pre-
dicted, which is not observed experimentally. However, as
we have already discussed before,[*?! current DFT calcula-
tions do not predict a correct electronic structure of the
H-cluster (at least with conventional methods). Therefore,
we can only consider these calculations as representing a
trend of changes occurring in the electronic structure be-
cause of various modifications. Model II lacks a terminal
CO ligand, shifts the bridging CO ligand to the distal site,
and has a localized spin density on that site. This alone does
not fit our observations. In the 6Fe construct, the almost
complete shift in the spin density to the distal iron atom
would result in a dramatic decrease in the exchange interac-
tion between the subclusters to the level of the H,, state or
below.

It is, of course, a question, which terminal CO ligand of
the distal iron atom is dissociated by this model. Certainly,
if the external CO ligand is removed, no '3C signal should
be observed at all. If the other terminal CO ligand (COy)
is dissociated, because of the presence of a large amount of
spin density at the distal iron atom, the '*C nucleus of the
remaining '*CO,,, should experience a rather large HF in-
teraction. However, we have observed a coupling that is a
factor of two smaller than that of the H,,-'>CO state. It has
to be noted that FTIR experiments in which a singly '*C-
labeled H,,-CO state (Hx-'?*CO) was photodissociated at
30 K and below did not show any scrambling of CO ligands
under these conditions that could lead to an exchange of
the '3C nucleus between various CO ligands. Therefore, we
conclude that this model disagrees with our results.

Model I does not have a bridging CO ligand. This repre-
sents the other extreme case in which 90% of the spin den-
sity is at the proximal iron atom. By considering this as a
trend of having more spin density on the proximal iron
atom than on the distal atom, this model satisfies our >’Fe
data. However, this is only a qualitative similarity. It has to
1064

WWW.eurjic.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

be noted that in the case of the H,,-CO state, DFT predicts
a delocalized spin density with a ratio of 2-3:1 in favor of
the proximal iron atom.®! Thus, the DFT calculations
show further localization of the spin density towards the
proximal iron upon H,,-CO—Hj | conversion, which would
inevitably cause an increase in the ji exchange coupling.
However, as we have described above, on the basis of our
observation, the magnitude of the exchange should be lower
than in the H,,CO case.

Therefore, both models do not explain our data. How-
ever, Model I does account for the increasing spin popula-
tion on the CN ligand of the proximal iron atom. This in-
deed is the right trend in comparison with both H,, and
H,,-CO states, in which no spin density was found on the
proximal CN ligand. Therefore, we suggest that the most
likely model of the Hy state is characterized by a complete
removal of the bridging CO ligand. However, its structure
should deviate considerably from Model I in order to satisfy
the experimental results. Further experiments in combina-
tion with theoretical studies need to be performed to clarify
the details of the structural rearrangements.

Conclusions

We have performed an extensive EPR study of the light-
induced dissociation of the CO ligands of the H-cluster in
the H,,-CO state. We can conclude that there are two major
light-induced processes: dissociation of the bridging CO li-
gand (Hy; state) and the external CO ligand (H,, state).
The first process is transient and most likely involves light-
induced recombination of the bridging CO ligand. The sec-
ond process is “one-way” with no further conversion. The
warming of the sample above 150 K, however, restores the
original H,,-CO state. On the basis of *"Fe, 4N, 13C, and
'H data, we can conclude that the electronic structure of
the Hy state is characterized by a delocalization of the un-
paired spin density over the [2Fe]y; subcluster to an extent
that is intermediate between that in the H,, and the
H,x-CO states. The same is true for the [4Fe4S]y—{2Fely
exchange coupling: the estimated value of ji; = 50-60 cm ™!
for Hy is in between that for H., (25cm™!) and H,,-CO
(90 cm™). An important difference of the Hy state from
other EPR-active states of the H-cluster is a redistribution
of a large portion of the spin density over both CN ligands
of the [2Fe]y subcluster, which is attributed to dramatic
changes in the geometry of this subcluster. We believe that
the obtained data will provide relevant input for further
theoretical studies aimed at the clarification of the catalytic
reaction pathway of the active site of the [FeFe] hydro-
genase.

Experimental Section

Sample Preparation: The enzyme was purified from D. desulfuricans
cells as described previously.?”! Quantitative amino acid analysis
has been used for protein determination. The enzyme concentra-
tion derived in this way was in excellent agreement with the concen-
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trations determined from the Fe-S signals in the H,-reduced en-
zyme.[®° For the *’Fe-enriched enzyme (enrichment, >90%), the
bulk salts for the growth medium were depleted of Fe by passage
over Chelex-100, and the medium was supplemented with >’Fe. The
nonenriched enzyme was purified aerobically by using the pro-
cedure described by Pierik et al.’!l The enzyme was activated by
incubation under H, for 10 min and oxidized in the activated form
by replacing H, by Ar. The CO-inhibited state (H,,-CO) was ob-
tained by flushing the enzyme in the H,, state with carbon mon-
oxide gas for 15 min. To prepare the H,,-'3CO state, '3C-labeled
carbon monoxide gas (99% enriched in '*C) from Cambridge Iso-
tope Laboratories was used. After preparation, the samples were
transferred to quartz tubes (outer diameter of 3 mm and inner dia-
meter of 2 mm) and were then frozen and stored in liquid nitrogen.

EPR Setup: X-band measurements were performed on a Bruker
Elexsys E-580 X-band spectrometer equipped with a SuperX-FT
microwave bridge and an Oxford CF935 helium flow cryostat.
Pulse EPR, ENDOR, and HYSCORE spectra were obtained by
using a Bruker EN 4118X-MD4 dielectric ENDOR resonator and
an Applied Systems Engineering 1 kW traveling wave tube (TWT)
amplifier (model 117x). CW EPR measurements were performed
with the same spectrometer by using a dielectric resonator Bruker
ER 4118X-MDS5 instrument without ENDOR coils.

All Q-band HYSCORE and pulse ENDOR measurements were
performed on a Bruker Elexsys E 580 Q-band spectrometer
equipped with the SuperQ-FT microwave bridge and an Oxford
CF935 flow cryostat at temperatures ranging from 10-20 K. For
these measurements, we used a slightly overcoupled cylindrical
TE(;; homebuilt resonator with a construction similar to that de-
scribed by Sienkiewicz et al.l'7-32]

For pulse ENDOR experiments with the random-acquisition pro-
cedure, we used a homebuilt data acquisition system based on the
SpecMan softwarel®3! on an industrial PC workstation. The Bruker
spectrometer was used for generating MW pulses and triggering
the SpecMan system, which in turn controlled the generation of
RF pulses and recorded the signal coming from the Bruker spec-
trometer. In these experiments, the RF pulses were generated by an
Agilent E4420B radiofrequency generator and amplified by a high
power RF amplifier AR 2500L from Amplifier Research™, run-
ning in CW mode (2500W output). In order to suppress the “har-
monics” of the '"H ENDOR signals (about 51 MHz at 1.2T), a
Trilithic™ high-power low-pass filter H4LE35-3-AA-R (cut-off
frequency of about 35 MHz) was used.

Ilumination: For the X-band EPR experiments, the illumination of
the sample was carried out inside of the Oxford cryostat of the
EPR setup, by an optical parametric oscillator (OPO) (GWU
model VISIR 120), which was pumped by the second harmonic of
an Nd:YAG laser (Spectra Physics model GCR-130). Some experi-
ments were done with the fundamental wavelength of 355 nm of
the pump laser. The pulse repetition rate of the laser was about
10 Hz. Incident light intensity in front of the cryostat window was
measured by using a PEM 25 power-meter. The intensity of the
OPO laser beam was adjusted by using Schott glass filters NG11.
The KG series of the Schott glass filters were used for cutting off
the infrared components of the laser light. For the illumination of
the sample in the Q-band experimental set-up, light excitation at
532 nm was achieved with a Vibrant 355 II laser system from Opo-
tek. It consisted of an OPO, type II, pumped by short (about 8 ns)
pulses at 355 nm, provided by a Quantel (Brilliant Series) Nd:YAG
Laser. In the wavelength-dependence experiments, the power of the
input laser beam was adjusted by using grey filters to achieve the
same number of photons per pulse.
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Supporting Information (see footnote on the first page of this arti-
cle): Dependence of the kinetic rates on the illumination wavelength
is shown.
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