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Abstract: The NiFe hydrogenase from Desulfovibrio gigas contains one [FesS4]' 0 cluster, two [Fe;S412*/!* clusters,
and one active-site Ni center that can be stabilized in four magnetic states (designated Ni-AB, Ni-SI, Ni-C, and
Ni-R). Ni-AB and Ni-SI almost certainly correspond to Ni** and Ni?* electronic states, respectively, while the
electronic designations of Ni-C and Ni-R are uncertain. Ni-C arises from a species containing a photolabile hydrogenic
species (H*, H™, or H,). Stoichiometric reductive titrations of thionin-oxidized Hase were performed, using the
reductant H,. Titrations were monitored at 410 nm and by EPR. The resulting titration curves were simulated using
two models. Each assumed that the enzyme contains the redox centers mentioned above, but they differed as to the
number of electrons assumed to separate Ni-C from Ni-AB. One model assumed Ni-C was two electrons more
reduced than Ni-AB, the other that it was four electrons more reduced. The former model fit the data substantially
better than the latter. This restricts possible Ni-C designations to either a protonated Ni'* species, a Ni** hydride,
a Ni**(n2-H,) complex, or a Ni** species with a ligand radical. An argument is expanded in support of a Ni!*
dithiol designation of Ni-C. Partially reduced enzyme also exhibits an unusually complex EPR signal (the g = 2.21
signal) that has been proposed to originate from magnetic coupling between Ni-C and one of the reduced [FesS4]'*
clusters. The analysis presented indicates that the interacting cluster is the one with the more negative redox potential,
designated Fes,. This cluster is almost certainly located nearest to the Ni center. The Ni-C/Ni-R and [Fes 21+
couples are both in redox equilibrium with H>. A mechanism of catalysis based on the spatial proximity and redox
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properties of the Ni center and Fey, is discussed.

Introduction

The NiFe hydrogenase from Desulfovibrio gigas (Hase')
catalyzes the reversible oxidation of H; to protons. The enzyme
is an 08 heterodimer that contains two [FesS4]>™"!* clusters,
an [Fe3S4)!™ cluster, and a mononuclear Ni complex.2™¢
Preliminary models of the X-ray crystal structure indicate that
the Ni center is located in the & subunit, while the Fe—S clusters
are in 8.7 The Fe—S clusters are arranged linearly, in the order
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(1) Abbreviations: Hase, hydrogenase from Desulfovibrio gigas; Ni-A,
the Ni center state yielding an EPR signal at g1 = 2.31, g» = 2.23, g3 =
2.02; Ni-B, the Ni center state yielding a signal at g; = 2.33, g, = 2.16, g3
= 2.02; Ni-AB, the Ni-A and Ni-B states considered as one electronic state;
Ni-SI, the EPR silent state of the Ni center more reduced than Ni-AB and
more oxidized than Ni-C; Ni-C, the Ni center state yielding a signal at g
=2.19, g2 = 2.16, g3 = 2.02; Ni-R the EPR-silent Ni center state that is
more reduced than Ni-C; Fes, the [FesSs]**'t cluster with the more
negative potential; Fes,, the [FesS;]*™!* cluster with the more positive
potential; Fe, the [Fe3S4]'+ cluster; A41o, absorbance at 410 nm; Ay, and
Amax, minimum and maximum absorbance at 410 nm; E\;/, midpoint potential
at pH 8; TED, Two-Electron-Difference Model; FED, Four-Electron-
Difference Model; TEDp and FEDp, models in which only the EPR-active
Ni ions are assumed redox-active; TEDT and FEDt, models in which all
Ni ions in the enzyme are assumed redox-active; mnt, maleonitrile dithiolate;
XAS, X-ray Absorption Spectroscopy.
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D. V.; Peck, H. D.; LeGall, J.; Moura, J. J. G. J. Biol. Chem. 1985, 260,
8942—8950.
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DerVartanian, D. V.; Peck, H. D.; Huynh, B. H. J. Biol. Chem. 1989, 264,
16435—16450.
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FesS4—Fe3S4—Fe4S4. The Ni center appears to be located near
one end of this arrangement, with the nearest Fe4S4 cluster ca.
13.5 A away. The Ni center is probably the active-site, while
the Fe—S clusters serve to transfer electrons between the Ni
center and external redox agents.

The Ni complex can be stabilized in four states, designated
Ni-AB, Ni-SI, Ni-C, and Ni-R. Ni-AB almost certainly arises
from a Ni** species, and can exhibit either of two § = '/, EPR
signals, called Ni-A and Ni-B.* The EPR-silent intermediate
state Ni-SI probably arises from a Ni?* species. Saturation
magnetization studies indicate that this Ni?* state is diamag-
netic.® Ni-C is obtained by reducing the Ni center further, and
it exhibits another § = !/, EPR signal indicative of either Ni'*
or Ni**, Ni-C is associated with a photolabile hydrogenic
species (H', H, or H»).~!! Ni-R is an EPR-silent state obtained
by reducing Ni-C.

The electronic designations of Ni-C and Ni-R are not known
with certainty and have been subject to much debate. Ni-C
has been proposed to be a Ni** species,*!2 a Ni**—H"5 a Ni**-
(n?-Hy) complex,!? a protonated Ni'* species,®!* a Nil*—H",!5
a Ni'*(n2-H,) complex,'6 and a Ni?* species with a redox-active

(7) Volbeda, A.; Piras, C.; Charon, M. H.; Hatchikian, E. C.; Frey, M.;
Fontecilla-Camps, J. C. Int. Conf. Mol. Biol. Hydrogenases, 4th 1994, 146—
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ligand radical.'” Ni-R has been proposed to be a Ni2*—H™,6 a
Ni2*(n2-H;) complex,'® a Ni® species, and a Ni**(—=H™),
complex.'?

The two FesS; clusters, designated Fe4, and Fey,, have redox
potentials of —290 and —340 mV vs NHE (at pH 7), respec-
tively.> Their reduced forms exhibit broad EPR features, rather
than features typical of other FesS4 clusters (namely, g,y = 1.94
signals for clusters with S = '/, spin states, or features between
g = 6 and 3 for those with § = 3/;).5620 The FesS4 cluster,
designated Fes, has a redox potential of ca. —70 mV, and its
oxidized form exhibits an EPR signal at g = 2.02. All three
clusters in the oxidized state absorb in the 400 nm region. Ayo
can be used to estimate the redox status of the clusters, as it
declines by about 50% when the clusters become reduced.?!

Partially-reduced Hase also exhibits a complex EPR signal,
called the g = 2.21 signal, thought to arise when the Ni center
(in the § = /5, Ni-C state) magnetically interacts with one of
the reduced [FesS4]'* clusters.*~¢ The signal is obtained only
at low temperatures and high powers, suggesting that the spin
of the interacting cluster relaxes fast. Since the signal develops
at potentials somewhat more negative than Ni-C, Teixeira et
al. suggested that Fey, was involved.> However, the origin of
the signal is not known with certainty.

We recently reported the first stoichiometric oxidative titration
of any Hase.?! The resulting titration curves were simulated
using three model-descriptions of the redox reactions occurring
in the enzyme.?? Each model assumed three n = 1 Fe—S
clusters, a Ni center with the four magnetic states described
above, and that the Ni-C to Ni-R transition is an n = 1 reduction.
The models differed in the number of electrons presumed to
separate Ni-C from Ni-AB. The Two-Electron-Difference model
(TED) assumed that Ni-C is two electrons more reduced than
Ni-AB, while the Four-Electron-Difference model (FED) as-
sumed a four electron difference, and the Zero-Electron-
Difference model (ZED) assumed that Ni-C and Ni-AB are
isoelectronic. Since Ni-AB almost certainly corresponds to a
Ni** species, the proposed electronic designations of Ni-C can
be grouped within the framework of these three models. Ni**—
H~, Ni**(n2-H,), protonated Ni'* species, and Ni?>* species with
redox-active ligand radicals are TED-based designations, while
Ni!'*-H- and Ni'*(n2-H,) designations are FED-based, and Ni**
designations are ZED-based.

The experimental titration curves fit well to TED, adequately
to FED, and unsatisfactorily to ZED. The fits to ZED were so
poor that the model was concluded to be incorrect. Although
FED was argued to be chemically unreasonable,?? further
empirical evidence against it was required to demonstrate its
incorrectness. This demonstration would limit possible elec-
tronic descriptions of Ni-C and Ni-R to those that are TED-
based. These designations, in turn, impact significantly on our
understanding of the catalytic mechanism.

(14) We use the phrase “protonated Nil* species” to indicate a Nil*
complex with a protonated ligand. Complexes with protonated Ni!* ions
will be called Ni3* hydrides.
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33, 4980—4993.
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Analyses of the oxidative titrations were also unable to discern
the redox reactions occurring at very negative potentials, since
the samples used were partially oxidized at the start of the
titrations, and the oxidation curves of Fey, Ni-C, and the g =
2.21 signals could not be observed in their entirety. These
curves reflect states that are probably among the most relevant
to catalysis.

In this paper, we describe the first stoichiometric reductive
titrations of any Hase, and the analysis thereof. Our results
provide strong evidence that Ni-C is two electrons more reduced
than Ni-AB, indicating a protonated Ni'*, a Ni3*—H™, a Ni**-
(n?-Hy) complex, or a Ni?* complex with a redox-active ligand
radical. They also reveal that the g = 2.21 signal originates
from the magnetic interaction of Ni-C with [Fes]'t. We discuss
the mechanistic implications of these results.

Experimental Procedures

Desulfovibrio gigas was grown and harvested, and Hase was purified
and characterized as described.?! Normalized intensities for the g =
2.21 signal were determined by measuring the signal heights of the
feature at g = 2.21 and dividing by the maximum signal height obtained.
H,-saturated water was prepared by replacing the atmosphere above a
vial of degassed water with oxygen-scrubbed (Oxisorb, MG Scientific)
H; gas and then thoroughly mixing the solution periodically for ca. 90
min. The concentration of H; in the water (780 uM) at 25 °C was
determined previously.?

Potentiometric titrations were performed essentially as described,?
using two batches of Hase (1100 and 1200 units/mg of H; oxidation
activity; >90% pure by SDS-PAGE). Anaerobically purified samples
were exposed to 1 atm of H, for 12—16 h, then oxidized with ca. 6
equiv/mol of 5 mM thionin after H, had been chromatographically
removed (Sephadex G-25). Samples were then titrated in the reductive
direction using Hj-saturated water and/or H, gas. EPR signals were
quantified using a 1| mM Cu?*(EDTA) standard.?*

Four stoichiometric reductive titrations were performed.?> Samples
were exposed to 1 atm of H; for 2—12 h at 30 °C, then purged 10 min
with Ar and oxidized using enough 5 mM thionin to turn the samples
blue. Sample 1 was freed of excess thionin by passage down a
Sephadex G25 column (0.5 ¢cm X 10 cm, equilibrated in 0.1 M
potassium phosphate pH 8.0), then diluted to 2 mL with the equilibration
buffer. A portion was used for EPR analysis, while the majority (1.3
mL) was used to completely fill a double-septum-sealed cuvette that
contained a small quartz mixing-chip. Aliquots of H,-saturated water
were added; the solution was slowly and gently mixed by repeatedly
inverting the cuvette for ca. 2 min. A4o was examined, the solution
remixed, and A41p reexamined. This process was repeated until A4o
was unchanged from one examination to the next. Total mixing times
per aliquot ranged from 5 to 17 min. The stable A4 values thus
obtained were assumed to reflect equilibrium conditions. The titration
was terminated after adding 160 uL of Hj-saturated water, well after
decreases in equilibrium A4;p values were considered due only to
dilution effects. After examination, the EPR sample was thawed
anaerobically and exposed to 1 atm of H; overnight. The equilibrium
Ago obtained was designated Amin. The sample was then exposed to
air for 10 min, and the resulting equilibrium A4,9 was designated Amax.

The same procedure was followed for sample 2, except that the G25
column was equilibrated in 50 mM Tris pH 8.0 and the sample was
diluted to 4.6 mL in that buffer. Also, a larger cuvette was used, and
the solution did not fill it completely. Only 2—35 min of mixing were
required to obtain stable A4jp values. EPR spectra were not obtained.

Sample 3 was prepared similarly to sample 1, except that Schlenk
techniques were used in the glovebox to minimize trace levels of H,

(23) Weast, R. C., Ed. Handbook of Chemistry and Physics, 55th ed.;
CRC Press: Cleveland, 1974; B-94.

(24) Orme-Johnson, N. R.; Orme-Johnson, W. H. Methods Enzymol.
1978, 52, 252-257.

(25) Thirteen other titrations were performed but are not reported. Eight
had unacceptably large scatter or were inadvertently exposed to Oa, two
were incompletely characterized, one sample had low specific activity,
another afforded an unidentified precipitate during the titration. The enzyme
concentration obtained for another sample was unreliable. Titrations were
not excluded because of incongruity with any conclusions presented.
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Table 1. Determination of Enzyme Concentrations (Values in uM)
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sample rel activities
no. [protein] [Amax] [Ni] [Fe/11] [g = 2.0]x [av] uncertainty (%) (units/mg)

1 18 21 a 29 22 22 18 1000

2 6 9 12 9 nd.t 9 22 930

3 16 17 21 22 20 19 16 1100

4 187, 16 22 22 25 n.d? 21 19 750

¢ Value measured was not included since it was more than 10 standard deviations from the average listed. » Not determined. ¢ Protein measured

using biuret reagent.

from inadvertently reducing the sample. After the solution was diluted
to 8 mL with 0.1 M potassium phosphate pH 8.0, 0.5 mL aliquots were
loaded into modified EPR tubes fitted with intentionally-punctured
rubber septa and quartz mixing-chips, as described.?® Each tube was
filled completely to avoid a gas phase and was injected with different
volumes of Hj-saturated H,O. Samples were repeatedly inverted for
2 min, and frozen by rapid immersion into cold hexane 5 min after H,
was injected.

Sample 4 was prepared similarly to sample 3, except that the degree
oxidized upon elution from the G25 column was determined (it was
88% oxidized). Amax Was obtained by adding a slight excess of thionin
to an aliquot and A, Was obtained by exposing that aliquot to H, for
2h. One EPR aliquot was treated with 1.0 equiv/mol of thionin rather
than H,, to render it fully oxidized. The resulting data point was
included in the EPR titration curve. The abscissa of the curve was
shifted such that the resulting data point defined O equiv/mol.

Analysis. The resulting titration curves were simulated using the
TED and FED models described previously? (also see Introduction).
Besides three n = 1 redox centers (the Fe—S clusters), TED assumes
that the Ni center undergoes three n = 1 reductions (Ni-B — Ni-SI —
Ni-C — Ni-R); FED assumes that it undergoes five such reductions
(Ni-B — Ni-SI — Ni-12 — Ni-I1 — Ni-C — Ni-R). For the simulations
in the reductive direction, the only significant differences in analysis
were as follows: (i) H, and 2H™ replaced Teq and T, respectively, in
eqs 1—6 of ref 22; (ii) Eoa, replaced Enhioniny and was set equal to 0
mV vs NHE at pH 0; (iii) a buffered solution at pH 8 was assumed;
(iv) the two A4y0 curves from titrations 1 and 2, the two Ni-C curves
from titrations 3 and 4, the Ni-B curve from titration 4, and the g =
2.21 titration curve from titration 4 were simultaneously simulated using
the same set of E,’ values; and (v) Ampn values for the simulations
were obtained by calculating A4y at the H; concentration of Hj-saturated
water. This approach was used to account for the possibility that some
fraction of Fe—S clusters were not fully reduced in 1 atm of H,. The
quality-of-fit parameter, O, was redefined to be:

Qﬁ[ = QAAlO(m‘ 1} + QAAIO(m' 2) + QNi,C(m, 3) + QN;,C(dL 4) +
QNi»B(l“‘ 4) + Q2.21(m,4)

The best-fit E, values were those that yielded the lowest Q. The
number of equivalents per mol oxidized at the start-points of the four
titrations differed from each other, so this parameter was allowed to
vary freely for each simulation. [Hase]sim/[Hase]es, ratios were allowed
to vary freely as well, to allow for the possibility that the best-fit enzyme
concentrations for each titration differed from the experimental
concentration to different extents.

The g = 2.21 titration curve was simulated assuming that it originated
from the magnetic coupling of Ni-C and either [Fes]'* or [Fes]'t.
The g = 2.21 relative intensity at any point in the titration was
calculated to be the product of the concentrations of the species
assumed to be involved. Thus, the g = 2.21 curve obtained by
assuming an interaction of Ni-C and [Fes]'t was given by {[Ni-C]-
[Fess] " }/{[Ni-C][Feap]'* }max.

Chemical potentials at any point of the titrations were calculated
from the Nernst equation, using calibrated best-fit E,” values and the
oxidized/reduced ratios of each redox couple. The resulting plots were
averaged and smoothed. At potentials below —350 mV, the Ni-B/Ni-
SI couple was unreliable and was not included in the averaging.

The titrations were analyzed using two types of TED models. TEDp
(P = partial) assumes that only EPR-active Ni ions undergo redox,
while TEDr (T = total) assumes that all of the Ni ions are redox-

(26) Shin, W.; Lindahl, P. A. Biochemistry 1992, 31, 12870—12875.

active, even those that are EPR-silent. The two types of models were
required because the Ni-B EPR signal quantifies to significantly less
than 1 spin/mol, and whether the EPR-silent Ni ions are redox-active
is not known. The titrations were also analyzed using the FEDp model;
FEDr was not used because it had been excluded previously.?

Results

Titrations. We performed four stoichiometric reductive
titrations of thionin-oxidized Hase, using H; as the titrant. Table
1 lists relevant characteristics of the samples. Two titrations
were monitored spectrophotometrically at 410 nm, two by EPR.
The Ni-C and g = 2.21 signals were monitored in one EPR
titration; Ni-C was monitored in the other. The Ni-C and A4
titration curves reflect the redox status of the Ni and Fe—S
clusters, respectively. The g = 2.21 titration curve was
presumed to reflect the interaction of Ni-C with either [Fe4Ss]'"
cluster.

We expected that the samples would be fully oxidized at the
startpoints of the titrations, but they were actually slightly
reduced (3—20% reduced at 410 nm). The reductant was
probably the 10—20 ppm H; commonly found in our glovebox
atmosphere.?! Another possibility is that the thionin used to
oxidized the samples destroyed Fe—S clusters in a few Hase
molecules, releasing sulfide ions that reduced clusters in other
enzyme molecules. A similar phenomenon seems to occur in
carbon monoxide dehydrogenase.?’

The two A4yp titration curves (Figure 1, triangles) were nearly
identical in shape; they declined monotonically with added Hj,
curving gradually after ca. 4 equiv/mol of H; had been added.
Neither curve exhibited a plateau region. This indicates that
the Fe—S clusters were being reduced throughout the titration,
and that at no point was only the Ni center being reduced. The
end points of the titrations could not be determined visually
because of the gradual curvature. This indicates that the last
Fe—S cluster reduced non-stoichiometrically and was probably
in redox equilibrium with Ho.

The Ni-C titration curves (Figure 2, left panel, and Figure 3,
solid and open circles) developed after ca. 2 equiv/mol of H;
had been added. The signal maximized at 3—4 equiv/mol, and
declined thereafter. The Ni-C signals never entirely disappeared
in the course of the titrations; after ca. 5 equiv/mol of H», they
declined slowly. This behavior indicates that the Ni center in
the Ni-C state was reduced nonstoichiometrically, and was
probably in equilibrium with H,. The g = 2.21 signal (Figure
2, right panel, and Figure 3, squares) developed slightly after
Ni-C, maximized after ca. 4.5 equiv/mol of H;, and declined
thereafter.

We did not focus on the behavior of Ni-B in these titrations,
since it was present in only the first few points of the titrations,
and its behavior had been monitored sufficiently by the oxidative
titrations?!22 (the amount of enzyme available was also limited).
The Ni-B signal was present at the startpoint of titration 1 (0.6
spin/mol), titration 3 (0.7 spin/mol), and the first two points of

(27) Shin, W.; Stafford, P. R.; Lindahl, P. A. Biochemistry 1992, 31,
6003—6011.

(28) Van der Zwaan, J. W.; Coremans, J. M. C. C.; Bouwens, E. C. M.;
Albracht, S. P. J. Biochim. Biophys. Acta 1990, 1041, 101—110.
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Table 2. Best-Fit Parameters According to TED Models?

Roberts and Lindahl

TEDp (Ni-C: Feg) TEDt (Ni-C: Feqp)

FED» (Ni-C: Feu) TEDp (Ni-C: Fesa)

parameter reported values
titration no. 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
av initial equiv/mol  0.30 039 037 001 033 045 0.28 001 040 040 039 000 048 0.35 031 0.02
reduced
[Hase]sim/[Hase]exp 099 1.05 1.07 1.06 0.79 0.83 0.83 0.82 0.80 0.82 0.79 077 0.99 0.88 122 1.26
E. ([Fes]'t0)4 —80 -90 —100 —110 —35,32 =70%
Ey' ([Fes]*t ) =315 -320 -370 -390 —350%¢
Ey’ ([Fes]*t')e —445 —440 -505 —445 —41056
E." (Ni-B/Ni-SI)¢ —140 —140 —140 —140 140/ —150%
En (Ni-SINi-12)¢ nat n.a.t -330 nat n.o.c
E./ (Ni-I2/Ni-11)4 nat na.t -330 nat n.o.c
E.’ (Ni-SI/Ni-C or -330 -330 -330 -330 —310,* —390,5
Ni-11/Ni-C)® —3302
E.’ (Ni-C/Ni-R)* —405 —400 —-470 —-395 —450°
AEp 60 75 65 60
AEg 65 60 130 65
Ovesit/ Ormin 1.00 1.05 1.35 1.53

“ Potentials are given in mV vs NHE at or adjusted to pH 8.0. ® Not applicable. ¢ Not observed. ¢ Best-fit values equals the value in the table plus
AEg. ¢ Best-fit values equals the value in the table plus AEc. / Present work.
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Figure 1. Aai curves and TED simulations for titrations 1 and 2: up
triangles, titration 1; down triangles, titration 2; solid lines, best-fit TEDp
simulations; dashed lines, best-fit TEDr simulations.

titration 4 (Figure 3, diamonds, 0.6 spin/mol). These low values
are typical, though the reason why they are low is unknown.

Simulations, The titration curves were simulated using the
TEDp, TEDr, and FEDp models, as described previously?? and
as modified in the Experimental Procedures. Sixty percent of
Ni ions were assumed redox active in TEDp. The best-fit TED
simulations, shown in Figures 1 and 3 (solid and dashed lines),
were obtained using the parameters in Table 2. The best-fit
FEDp simulations are shown in Figure 4. The shapes of the
experimental curves were most faithfully reproduced by the
TEDp models, as they have the lowest Ques.5i; values (see Table
2). FEDp produced curves with shapes that fit substantially
poorer to the data. The calculated FEDp best-fit A41p curves
contained a plateau region that was absent in the data. This
plateau is most severe with FEDp, because it assumes more
redox chemistry at the Ni center than either TED model (redox
changes in the Ni center do not change A410 significantly?!).

The best-fit enzyme concentrations using TEDp differed from
the experimentally determined values by 1—7% (Table 2), well

w >
ha

}

ﬁﬁﬁEﬁ

o

3000 3200 3400 3000 200 3400
Magnetic Field (Gauss)

Figure 2. EPR of titration 4: A, 1.0 equiv/mol of thionin. B, directly
off gel filtration column. Samples C—Y were reduced with the following
number of equiv/mol of Hy: C, 1.0; D, 1.5; E, 2.0; Fand P, 2.3; G and
Q,27;Hand R, 3.0;Tand S,3.3;Jand T, 3.7; Kand U, 4.0; L and
V,4.3; Mand W,4.7; N and X, 5.0; O and Y, 5.6. EPR conditions for
A—0O: sample temperature, 100 K; microwave frequency, 9.46 GHz;
microwave power, 2 mW,; modulation amplitude, 11.5 G. EPR
conditions for P—Y are the same, except that the sample temperature
was 4.2 K, and the microwave power was 20 mW.

within the estimated uncertainty of the experimentally deter-
mined values (average of £19%). Those using FEDp differed
from experimental values by an average of 20%, at the limit of
the estimated uncertainty. Use of TEDr also yielded simulations
at the limit of the estimated uncertainty.

All simulations mentioned heretofore assumed that the g =
2.21 signal originated from the magnetic interaction of Ni-C
and [Fes)'*. This assumption yielded a best-fit simulation that
was significantly better than that obtained assuming an interac-
tion with [Fes,]'™ (see Table 2 and compare Figure 3 to Figure
5).

Midpoint Potentials. As mentioned previously,?? absolute
En’ values cannot be obtained from stoichiometric titrations,
only differences in Ey," values among groups of redox couples
with similar Ey,’ values. The Ni-B/Ni-SI and [Fe3]' ™0 couples
constitute such a group. To calibrate their best-fit midpoint
potentials, we measured E,,’ for the Ni-B/Ni-SI couple to be
—135 & 25 mV vs NHE at pH 8 (Figure 6). This value was
obtained in the reductive direction. Ey’ for the Ni-B/Ni-SI
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Figure 3. EPR curves and TED Simulations for titrations 3 and 4:
solid circles, Ni-C curve from titration 3; open circles, Ni-C curve from
titration 4; squares, g = 2.21 curve from titration 4; diamonds, Ni-B
curve from titration 4; solid and dashed lines, simulated titration curves
according to TEDp and TEDr, respectively, assuming that the g = 2.21
signal arises from the interaction of Ni-C and [Fes]'*.
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Figure 4. A0 and EPR curves and best-fit FEDp simulations for
titrations 1—4. See Figures 1 and 3 for symbol descriptions. Lines are
the best-fit FEDp simulated curves assuming that the g = 2.21 signal
arises from the interaction of Ni-C and [Fes]'t.

couple was measured in the oxidative direction to be —150 £
25 mV.22 Thus, this couple is reversible within the uncertainties
of the measurements, and the average of the midpoint potentials
(—140 mV) can be regarded as a thermodynamic reduction
potential. Ey’ for the [Fes}!*™" cluster was adjusted using this
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Figure 5. Best-fit TEDp simulations assuming that the g = 2.21
interaction signal originates from Ni-C and Fes,. See Figure 3 for
symbol descriptions. Lines are the best-fit simulated titration curves
according to TEDp assuming that the ¢ = 2.21 signal arises from the
interaction of Ni-C and [Fes,]'t.
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Figure 6. Potentiometric titration for the Ni-B/Ni-SI couple: triangles,
sample 1 (5 points at 24 uM and 4 points at 34 yM); circles, sample
2 (19 uM). The solid line is the least-squares best-fit Nernst curve for
n=1, Ex = —135 mV vs NHE.

value, and as shown in Table 2, the best-fit calibrated value is
reasonably near to its experimentally determined values.

Two other couples (Ni-SI/Ni-C and [Fes,]*™'*) are also
stoichiometrically reduced by Hj, and their E;’ values also
required calibration. We considered them as one group, since
their potentials are (i) <0.1 V from each other, (ii) >0.1 V
from the Ni-B/Ni-SI and [Fe;)'*° E,,’ values, and (iii) signifi-
cantly more positive than the Ni-C/Ni-R and [Fen)?*'t Ey’
values. We assigned Er, for the Ni-SI/Ni-C couple to the value
we measured previously (—330 mV).22 This places the [Fes)* ™!t
couple 20 mV from its experimentally determined value (after
taking the effect of pH into account).

The proper method of calibrating the best-fit midpoint
potentials for the Ni-C/Ni-R and [Fes]**'* couples was
obscured by the fact that Ni-C and [Feq,]*™ were nonstoichio-
metrically reduced by Hj, and yielded titration curves that bent
gradually in the vicinity of their endpoints. Since fits to such
titration curves are sensitive to absolute E,” values, the best-
fit values for these couples (—340 and —380 mV, respectively)
should have equalled those determined experimentally (—450
and —410 mV, respectively). The best-fit E," value for the
[Fes)™'* couple is only 30 mV from its experimentally
determined value (within uncertainty), while that for the Ni-C/
Ni-R couple differs by 110 mV (outside uncertainty). We do
not know the reason for this large difference. However, Eq’
values for the Ni-SI/Ni-C and Ni-C/Ni-R couples dictate the
shape of the Ni-C curve, and our best-fit simulations require
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that they differ by 75 mV. We have more confidence in this
requirement than in the absolute E,” values obtained by fitting
the Ni-C curve. Thus, we calibrated the best-fit Ni-C/Ni-R
couple against the experimental Ni-SI/Ni-C couple, obtaining
a value of —405 mV (45 mV from its experimentally determined
value).

The best-fit E;,” values for Ni-C/Ni-R and [Fes,)?*!* differ
by only 40 mV, and so E  for [Fes)>*!* can be calibrated
from E,,’ = —405 mV for Ni-C/Ni-R, affording the value —445
mV. The differences between this calibrated value (—445 mV),
the best-fit value (—380 mV), and the literature value (—410
mV) probably reflect uncertainties in the calculations, measure-
ments, and/or analysis. We report the calibrated value in Table
1, but the conclusions drawn from this analysis would not have
been affected if the other values were used.

Discussion

Ni-C Is Two Electrons More Reduced Than Ni-AB. The
models used to analyze the stoichiometric reductive titrations
of Hase (TEDp, TEDf, and FEDp) were evaluated using three
criteria, including how well the best-fit calculated titration curves
simulated the shapes of the experimental curves, how near the
best-fit calculated enzyme concentrations were to the experi-
mentally determined values, and how near the calibrated best-
fit midpoint potentials were to the experimentally determined
values. According to these criteria, the TEDp model is
outstanding. It yielded curves that had virtually the same shape
as the experimental curves, using enzyme concentrations and
calibrated midpoint potentials very near to those determined
experimentally. In contrast, FEDp yielded curves that did not
simulate the shapes of the experimental curves as well, and
required enzyme concentrations and midpoint potentials that
deviated substantially from experimentally determined values.
The TEDrt model yielded curves that simulated the shapes of
the experimental curves nearly as well as TEDp, but its best-fit
enzyme concentrations deviated somewhat more from experi-
mentally determined values.

We conclude that the redox reactions occurring in Hase,
within the potential range of the titrations, are those specified
by the TED model: »n = 1 reactions from one [Fe3S4]'+/° cluster
and two [FesS4)2*/1* clusters, and three n = 1 reactions from
one Ni center having four redox states (Ni-B — Ni-SI — Ni-C
— Ni-R). The uncertainty in the analysis is such that one
additional n = 1 redox center could probably be accommodated,
but two such centers (or one n = 2 center) could not. However,
our data provide no evidence for an additional » = 1 center.

The TED model assuming that only EPR-active Ni centers
are redox-active yielded simulations that fit the data better than
the model assuming all Ni centers are redox-active. This
provides evidence that EPR-silent Ni centers are redox-inactive.
Our oxidative titrations provided additional evidence for this.*’
Since the catalytic activity of the enzyme varies in proportion
to the relative intensity of the Ni-B EPR signal,?%?® the redox
activity of the Ni center and the catalytic activity of the enzyme
appear correlated. This supports the view that the Ni center is
the active site, and that it functions in a reversible redox capacity
during catalysis, by accepting electrons from H, (thereby
forming protons) and donating them to protons (thereby forming
H»).

Electronic Designation of Ni-C. Since Ni-AB almost
certainly arises from Ni3*, these results and analyses indicate
that Ni-C is either a protonated Ni'* complex, a Ni**—~H", a
Ni¥*(n2-H,), or a Ni?* species with a redox-active ligand radical.
They essentially rule out FED-based designations of Ni-C (e.g.
Ni'*—H~ and Ni'*(n?-H;) complexes).

We recently argued that a Ni'* dithiol designation of Ni-C
and a Ni?* dithiol hydride designation of Ni-R were most
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compatible with the established EPR, CO-binding, photochem:i-
cal, and redox properties of the Ni center and related model
complexes.?> The oxidation states of the Ni were assigned as
such largely because the Ni-C EPR signal has anisotropic g
values (g5, = 2.19, 2.16, and 2.02) that deviate substantially
from the free-electron g value (ge), and exhibit sizable ¢'Ni
hyperfine interactions. These characteristics indicate that the
unpaired electron spin resides predominantly on the Ni.#182
Ni2*—ligand radicals exhibit g values that are more isotropic
and closer to g..%0~32

A different conclusion has been drawn from X-ray absorption
edge studies (XAS) of the Ni center from Thiocapsa roseop-
ersicina Hase, poised in various Ni states (Ni-A, Ni-B, Ni-SI,
Ni-C, Ni-R, the photolyzed-Ni-C state). [The g values for the
Ni signals from the Hase from Thiocapsa roseopersicina are
nearly identical to those from the Desulfovibrio gigas enzyme.]
Bagyinka et al. and Whitehead et al. report that the Ni X-ray
absorption edge was unchanged for the different Ni states.!!
The edge position shifts with changes in the charge on the metal,
and the charge is related to the oxidation state of the metal and
covalency effects of the ligands.?® They concluded that the Ni
ion has the same oxidation state in each redox state of the Ni
center (low-spin Ni?*), and that one or more ligands of the Ni
are redox active. Thus, the Ni-C state would be designated Ni?*
with a ligand radical, a designation seemingly excluded by the
EPR results.

The EPR and XAS results must be reconcilable in the final
analysis. The properties of the Ni-C EPR signal are certainly
consistent with substantial ligand covalency.'® Compared to
the g values of the Ni-A (g, = 2.31, 2.23, 2.02) or Ni-B (g,
= 2.33, 2.16, 2.02) signals, those of Ni-C exhibit less anisotropy
and their average is closer to g.. Moreover, the 'Ni hyperfine
coupling constant for Ni-C (A ~ 20 G for the 2.02 feature) is
intermediate between that of extremely metal-based systems (A
= 43 G for [Ni**(CN)4(OH,)2]'")** and predominantly ligand-
based systems (A = 4.5 G for [Ni**(mnt);]'7).33 They are also
somewhat smaller than that reported for Ni-A.2 Thus, the Ni-C
state appears to be more covalent than Ni-A or Ni-B. The EPR
analysis is entirely consistent with having the unpaired electron
of Ni-C predominantly on the Ni, with substantial covalency
between the Ni ion and its S ligands.

Although the XAS results may not support this view, they
appear to be consistent with it. If the reduction of Ni-AB (Ni**)
to Ni-C (Ni'*) occurred with a change of geometry or
coordination number,*® bond length, and/or protonation state
of cysteine ligands,’” the covalency contribution to the edge
position energy would likely change as well.?*339 This
complication regarding changes in covalency precludes a direct
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Figure 7. Decomposition of best-fit TEDp simulation of reductive
titrations. Top panel: short dashed line, [Fes]'*; long dashed line,
[Fes]?*; solid line. [Fess)?t. Bottom panel: dotted line, Ni-B; short
dashed line, Ni-SI; long dashed line, Ni-C; solid line, Ni-R. Hase has
no activity at potentials to the left of the vertical line at —192 mV.
Hase has H, oxidation activity at potentials between the two vertical
lines, and proton reduction activity at potentials to the right of the
vertical line at —412 mV.

correlation of edge energy to Ni oxidation state.*® Also,
approximately 20% of the Ni ions in the Ni-C samples used in
the XAS studies were EPR-silent (as determined using a Ni**
standard rather than Cu?*).!117.33 Qur results suggest that these
ions were probably in the Ni2* state, and they would have further
attenuated the edge changes expected for a Ni** — Nil*
reduction. Taken together, these considerations render the XAS
results consistent with the view that Ni-C is a Ni!™ complex
with substantial sulfur-based covalency. Further reconciliation
of the EPR and XAS results requires additional experimental
studies.

Redox Microstates. We recently introduced the concept of
redox microstates to provide a nomenclature that can unambigu-
ously and conveniently specify the various combinations of
redox states in Hase.?24! The population of a given microstate
can be obtained by decomposing the simulated reductive titration
curves into individual component curves (Figure 7), and then
multiplying the required component curves together. For
example, C12, a microstate that designates the enzyme in the
Ni-C state with [Fes]'™ and [Fes)?*, is the product [Ni-C]-
[Fes]'T[Fesa]?t. The 12 microstates relevant to catalysis,
obtained from the best-fit TEDp simulation, are given in Figure
8. We have not included the redox status of Fe; because its
midpoint potential is quite high, and it appears to remain in the
reduced [Fe;S4)° state during catalysis. Given the unusual

(40) Baidya, N.; Mascharak, P, K. Trends Chem. 1993, 3, 275—-297.

(41) Microstates have alphanumeric designations of the form Nba, where
N indicates the state of the Ni (N =R, C, or S corresponding to Ni-R,
Ni-C, or Ni-S, respectively), b indicates the state of Fes, (b = 2 for [Fesp)?t
and 1 for [Fesy]'t), and a indicates the state of Fesa (@ = 2 for [Fes,]*™ and
1 for {Fess]'t). We have not included microstates that designate Ni-B or
oxidized Fe;, since they are probably not catalytically relevant.
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Figure 8. Redox microstates according to best-fit TEDp simulation

of reductive titrations, using calibrated midpoint potentials. See text
for details. Vertical lines are identical to those in Figure 7.

location of this cluster between the two FesS, clusters, it would
appear to be involved in electron transfer,” but maybe only as
a redox-inactive bridge between the two redox-active clusters.

Origin of the g = 2.21 Signal. Since the g = 2.21 signal
developed in proportion to the product of [Ni-CJ'[Fes]'t, not
[Ni-CJ*[Fe4]'*, the interaction almost certainly involves Ni-C
and [Fes]'™, the FesS4 cluster with the more negative redox
potential. Since weak magnetic coupling occurs between centers
separated by ~1 nm,*? this analysis indicates that the cluster
nearest the Ni center is Fes,, and the one located furthest away
is Fesa.

Mechanism of Reversible Electron-Pair Splitting in NiFe
Hases. The reaction catalyzed by Hases can be viewed as the
reversible splitting of an electron pair (in H,) into two single
electrons (and two protons). This process appears to be
facilitated by an active site that (i) is stable in three sequential
redox states (Ni-SI, Ni-C, and Ni-R), (ii) has its most negative
redox couple similar in potential to the Hy/H* couple, (iii) has
the ability to change from its most oxidized to most reduced
state either via one n = 2 reaction (Ni-SI + H, — Ni-R + H*)
or two n = 1 reactions (Ni-R — Ni-C + e~ — Ni-SI + e7).
The process also seems to require a nearby n = 1 redox agent
([Fes)*™!*) that has a redox potential similar to the most
reduced couple of the active site (Ni-C/Ni-R). Because of this
arrangement, Ni-SI can oxidize H, (forming Ni-R), and Ni-R
can rapidly reduce [Fes ]2+ (forming Ni-C and [Fes)' ™), thereby
splitting the electron pair. If the Ni center only underwent one
n = 2 reaction, an electron could not be transferred to the cluster.
If it only underwent one n = 1 reaction, it could not accept the
electron pair from H. If Fes, underwent an » = 2 reaction,
the electron pair would not split as a result of the electron
transfer. If the two centers were not near each other, the electron
transfer rate would probably be slower. If the redox potentials
of the couples specified above were not similar to each other

(42) Cammack, R.; Patil, D.; Fernandez, V. M. Biochem. Soc. Trans.
1985, 13, 572—578.
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and to that of the Ho/H' couple, the electron-pair-splitting
reaction would not occur reversibly.*}

The other major category of hydrogenases, Fe Hases, may
utilize a different mechanism. Fe-Hases contain a number of
[FesS4)>™'* clusters and an active-site called the H-cluster, but
they do not contain a Ni center.*** They catalyze the same
reaction as the NiFe Hases, apparently by also cleaving H;
heterolytically. H-clusters appear to be novel Fe—S clusters
with six spin-coupled irons.*>*¢ In their oxidized states,
H-clusters are S = !/, and yield EPR signals with g, = 2.08, g»
= 2.03, and g; = 2.00 (for the cluster in Clostridium pasteur-
ianum Hydrogenase II). The cluster can be reduced by one
electron, in accordance with E* = —410 mV,* affording a
diamagnetic state.** The H-cluster does not appear to reduce
further when exposed to H>. Thus, considering the mechanism
described above, how the H-cluster reacts with H, and accepts
an electron pair from it is puzzling, because it appears to undergo
only a single n = 1 redox reaction. Adams has proposed a
mechanism that includes a transient intermediate catalytic form
of the H-cluster.*?

Active-Reductant and Active-Oxidant Microstates. Ac-
tive-reductant states of Hases are able to spontaneously reduce
protons to H,. We previously argued that R11 was the only
active-reductant state of the enzyme.?> Now that we have fairly
reliable midpoint potentials for the development of Ni-R, this
argument can be examined further. Plots of the enzyme’s proton
reduction activity as a function of chemical potential fit the
Nernst equation with n = 1, E " = —420 mV at pH 8 and
have a proton dependence of 60 mV/pH*’ (right vertical dashed
line, Figures 7 and 8). This potential represents the upper limit
of proton reduction and the lower limit of H; oxidation activity
(i.e. at pH 8 and potentials below —420 mV, Hase can reduce
protons but cannot oxidize H;). Although this potential does
not correspond exactly to the midpoint development of any
microstate, it is quite near to the potential at which R11
develops, and it has a similar pH dependence. This provides
additional evidence that R11 is the active reductant state of the
enzyme.

Active-oxidant states spontaneously oxidize Hj, and therefore
must have the ability to accept two electrons. Since the Ni
center in the Ni-R state cannot accept any electrons, R-type
microstates do not appear to be active-oxidants.

The product of R11 reacting with a proton to form H, must
be an active-oxidant state, because it is two electrons more
oxidized than R11, and in redox equilibrium with H,. Accord-
ing to our titrations and analysis, the only two couples in redox
equilibrium with H; are Ni-C/Ni-R and [Feq,)?*/1*. Thus, the
resulting active-oxidant microstate would seem to correspond
to C21, and in fact this microstate appears to be present after
H; is removed from fully-reduced enzyme.?? However, we
doubt that Ni-C states are active oxidants, because Ni-C is only
one electron more oxidized than Ni-R, and should therefore be
incapable of accepting two electrons from H,. S-type mi-
crostates are probably active oxidants, since they can accept

(43) Adams, M. W. W. J. Biol. Chem. 1987, 262, 15054—15061.
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two electrons. S11 would seem to be the immediate product
of the reaction of R11 and a proton. According to our calibrated
best-fit Ey,” values, the equilibrium constant involved in convert-
ing S11 to the observed C21 state is quite large (K = 71),
indicating that the electron transfer would readily occur.

The upper limit of H, oxidation occurs at ca. —192 mV vs
NHE at pH 8 (left vertical dashed lines, Figures 7 and 8), and
is thought to correspond to the reduction of Ni** to Ni?*.*8 This
potential corresponds roughly to the Ni-B/Ni-SI redox potential,
and to the development of the S22 microstate. The correlation
of this potential limit to the Ni3*2* couple, as well as other
experiments,549-°% suggests that B-type microstates cannot react
with Hj.

Mechanistic Considerations. We recently reformulated the
catalytic mechanism of Cammack et al.® into a tricyclic form.??
Each cycle had Ni-SI reacting with H, (forming Ni-R), Ni-R
oxidizing in two, one-electron steps (via Ni-C), reforming Ni-
SI, and reducing two n = 1 external electron acceptors. The
cycles differed in the average redox status of the Fe—S clusters.
Only the cycle with the most reduced clusters was proposed to
operate reversibly, because only it contained the R11 active-
reductant state. We proposed that reversibility was conferred
on Ni-R when Fey, was reduced. With [Fess}'*, Ni-R (presumed
to be Ni2*—H") spontaneously reduces a proton to H,, leading
to proton reduction activity. With [Feq]?", Ni-R preferentially
reduces the cluster rather than a proton, leading to H; oxidation

activity.
The standard free energies (at pH 8) for reactions 1 and 2
Ni-R + [Fe,,J*" = Ni-C + [Fe,,]'* (1
Ni-R + H" = Ni-SI + H, )

are +3.8 and +21.7 KJ/mol, respectively (calculated from data
in Table 2, and the relation AG® = -nFAE,"). Thus, although
neither reaction occurs spontaneously (at pH 8 and under
standard conditions), reducing [Feq)?t is ~6 times more
favorable than reducing H*. Interestingly, H, oxidation activity
of Desulfovibrio gigas Hase at pH 8 is ~6 times faster than
proton reduction activity.’! Although the relative rates of
catalysis need not be related to the free energies of (1) and (2),
the apparent correlation raises this possibility. Titrations and
analyses similar to those reported here, using hydrogenases that
catalyze proton reduction and H; oxidation at different relative
rates, could be used to examine this possibility further.
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