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Abstract: In NiFe hydrogenases, electrons are transferred from the active site to the redox partner via a
chain of three Iron—Sulfur clusters, and the surface-exposed [4Fe4S] cluster has an unusual His(Cys);
ligation. When this Histidine (H184 in Desulfovibrio fructosovorans) is changed into a cysteine or a glycine,
a distal cubane is still assembled but the oxidative activity of the mutants is only 1.5 and 3% of that of the
WT, respectively. We compared the activities of the WT and engineered enzymes for H, oxidation, H*
reduction and H/D exchange, under various conditions: (i) either with the enzyme directly adsorbed onto
an electrode or using soluble redox partners, and (ii) in the presence of exogenous ligands whose binding
to the exposed Fe of H184G was expected to modulate the properties of the distal cluster. Protein film
voltammetry proved particularly useful to unravel the effects of the mutations on inter and intramolecular
electron transfer (ET). We demonstrate that changing the coordination of the distal cluster has no effect on
cluster assembly, protein stability, active-site chemistry and proton transfer; however, it slows down the
first-order rates of ET to and from the cluster. All-sulfur coordination is actually detrimental to ET, and
intramolecular (uphill) ET is rate determining in the glycine variant. This demonstrates that although [4Fe4S]
clusters are robust chemical constructs, the direct protein ligands play an essential role in imparting their
ability to transfer electrons.

Introduction enzyme. Similar redox chains occur in many respiratory

i in Vi i i i i 11
Hydrogenases are present in some eukaryotes and in virtually€"ZYMes, including mitochondrial complexé&s9and I1,** but
all bacterial 3 These enzymes catalyze a reaction that is there have been no measurements of electron transfer (ET) rates

essential in the energetics of these organisms and has promisin§&tween FeS clusters in these .en.zyrfﬁemls is a direct
technological applicatiorthe reversible oxidation of ¥ The consequence of two expenmental limitations: F(?S cluste.rs lack
hydrogenases that contain iresulfur (FeS) clustefhave been  the well-resolved UV-vis features that are required for time-
classified according to whether their active site is a dinuclear '€S0lved spectroscopic studies, and ET can be difficult to trigger

cluster of nickel and irohor iron only® In both cases, the N non-light-driven enzyme¥. Nevertheless, it is generally
electrons produced upon,kbxidation at the active site are believed that intramolecular ET is fast with respect to the active

transferred to the redox partner via a chain of closely spacedSité chemistry, so that it does not limit turnovérand NiFe
FeS clusters, one of which is exposed at the surface of the hydrogenases are actually cited as a paradigm in this reSpect.
Vignais and co-workers have classified NiFe hydrogenases
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the surface of the proteifiThis type of coordination is rare: it
was also demonstrated by X-ray crystallography only in some
enzymes from the DMSO-reductase family, including the
membrane-bound nitrate reductase friéacherichia col(Ec),2>
in clostridial-type Fe-only hydrogenasgsnd in respiratory
Complex |19 Site-directed mutagenesis experiments have shown
that the conserved histidine ligand is required for activity, but
its potential function in tuning the properties of the cluster has
not been defined further. The His to Cys varianGdbstridium
acetobutylicumFe-only hydrogenase was not produced in
guantities large enough for structural and thermodynamic studies
(M. Demuez, P. Soucaille, and L. Girbal, unpublished results).
The activity of the His to Cys mutant of {\em Ec} nitrate
reductase is 0.5% of that of the WT enzy#ie.
hydrogenases, defined as respiratory (i.e-ubtake) enzymes, The histidinyl ligation of [4Fe4S] clusters seems to have no
the redox chain that mediates the electron transfer between thenajor effect on their redox properties. In NiFe hydrogenases,
active site and the redox partner consists of a proximal (to the the two cubanes appear to have approximately the same
active site) [4Fe4S] cluster, a medial [3Fe4S] and a distal reduction potential—350 mV) despite their distinct coordina-
[4Fe4S] (Figure 1). tions2021 and this also seems to be the case in Fe-only

The activity of NiFe hydrogenases can be quantified in several hydrogenases. Regardiig nitrate reductase, Rothery and co-
ways that each probe a distinct set of steps in the catalytic &ycle. workers have shown that the histidinyl cluster has moderately
The rates of hydrogen oxidation and proton reduction can be high reduction potential {55mV)28 the properties of the
measured using either artificial redox dyes or the natural partnerengineered all-cysteinyl clustérhave not been reported yet.
cytochromecs as electron acceptors or donors; this reaction The attempts to use site-directed mutagenesis to engineer
involves intermolecular ET at the exposed FeS site, intramo- histidine ligands to [4Fe4S] clusters were mostly unsuccessful
lecular ET along the redox chain, proton transfers and hydrogen(see ref 29 and refs therein): often, either the cluster is converted
activation. In contrast, the activity for the “isotope exchange” to a [3Fe4S] form or the protein is not produced. Only in the
reaction (B + H™ = HD + D™) does not involve ET. DNA-repair enzyme MutY could a histidinyl ligation of a

In the H, oxidation process, the rate-limiting step is the [4Fe4S] cluster be engineer&! one peculiar Cys/His muta-
oxidation of the enzyme by the redox partner (i.e., intermolecular tion, which leaves the activity unchanged, decreases the
ET). This is obvious from experiments where the rate of H reduction potential of the DNA-bound, [4Fe48}+ couple3?
consumption is highly dependent on the nature of the electron However, the 70 mV negative shift is small compared, for
acceptot? 24 and some correlation was observed between the example, to the difference between the reduction potentials of
turnover rate and the reduction potential of the redox dye that Rieske-type and all-cysteinyl [2Fe2S] clusters.
accepts the electrons in the asd&Consistently, when the Over the last years, we have designed molecular biology
enzyme is adsorbed on a “friendly” electrode poised at high procedures to clone and expressOn fructosaorans (Df) a
potential, H oxidation is at least an order of magnitude faster Strep-tag construct of NiFe-hydrogenase. This allows us to
than with any soluble electron acceptéf. purify mutant enzymes in amounts usually compatible with

The relatively high reduction potential of the medial [3Fe4S] material-demanding techniqués®* %> To study the function of
cluster makes intramolecular ET to the distal center very the histidine that ligates the distal [4Fe4S] clusteDihNiFe
endergonic. Yet the P238C mutant, which has a nearly iso- hydrogenase (H184), we have exchanged it for a cysteine or a
potential redox chain with a medial [4Fe4S] cluster, is just as glycine. By comparing the properties of the WT and variant
active as the WT enzyme in solution assays efokidation2° hydrogenases, we demonstrate the essential function of this
since intermolecular ET limits the turnover rate, speeding up residue in increasing the rates of inter and intramolecular ET
intramolecular ET does not increase the overall activity. to and from the distal cluster.

The distal cluster is unusual in that one of the Fe atoms is (25) Bertero, M. G.; Rothery, R. A.; Palak, M.; Hou, C.; Lim, D.; Blasco, F.;

coordinated by the N atom of a histidine which is exposed at Weiner, J. H.; Strynadka, N. C. Blat. Struct. Biol.2003 10, 681~687.
Albracht, S. P.; Mariette, A.; de Jong, Biochim. Biophys. Actd998

Figure 1. Biological wire which links the active site to the redox partner
in NiFe hydrogenases (PDB file 1YQWS.In the enzyme fromD.
fructosaorans the reduction potentials of the centers are340 mV vs
SHE for the two [4Fe4S] clusters aregb5 mV for the [3Fe4S] cluste®.

In the enzyme fronD. gigas the reported values are290 and—340 mV
for the two [4Fe4S] clusters, and70 mV for the medial clusteit

(26
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(20) Rousset, M.; Montet, Y.; Guigliarelli, B.; Forget, N.; Asso, M.; Bertrand,
P.; Fontecilla-Camps, J. C.; Hatchikian, E.RZoc. Natl. Acad. Sci., U.S.A.
1998 95, 11625-11630.
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Dervartanian, D. V.; Peck, H. D.; Huynh, B. H. Biol. Chem1989 264,
16435-16450.

(22) Bertrand, P.; Dole, F.; Asso, M.; Guigliarelli, B. Biol. Inorg. Chem200Q
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Experimental Procedures

Bacterial Strains, Plasmids and Growth Conditions.Escherichia
coli strain DH&, F, endAl, hscR17 (i my), supE44, thil, i-,
recAl, gyrA96, relAl, A(argF lacZYA) U169, »80dacZAM15 was

Hz-oxidation activity was measured at 3€ in a UV cuvette
containing 1 mL of buffer Tris/HCI 100 mM at pH 8 with G500
mM MV and the exogenous ligand as required. Oxygen was removed
under vacuum, the cuvette was flushed with Eind dithionite was
added to eliminate the residual oxygen. The reaction was started by

used as a host in the cloning of recombinant plasmids. The bacteriumthe addition of 5-20 uL of stock solution of activated enzyme (30

was routinely grown at 37C in LB medium. Ampicillin at 100ug/

mL or gentamycin at 22g/mL was added when cells harbored pUC18
or pBGF4 derivatives, respectively. The pBGF4 plasmid reporting the
gentamycin resistance geffayas used to carry the [NiFe] hydrogenase
operon fromDf.2° The strainDf MR400 [hyn:npt AhynABQ carrying

a deletion in the [NiFe] hydrogenase opetomas grown anaerobically

at 37°C in SOS mediuni® Large culture volumes were performed as
described previousl§f. Kanamycin at 5@:g/mL was present routinely,
and 20ug/L gentamycin was added only when cells harbored the
plasmid pBGF4.

Site-Directed MutagenesisThe QuikChange TM XL site-directed

55 nM), and the rate of MV reduction was measured at 604 nm with
a UV 1601 spectrophotometer (Shimadzu). Théréthylene blue assay
was performed under the same conditions except thatlB0 uM
methylene blue (MB) substituted for MV. The reduction of MB was
detected at 600 nm.

The assays of Hevolution were performed in a thermostated (30
°C) anaerobic vessel connected through auidTeflon membrane to
a mass spectrometer (Masstorr DX 200, VG Quadrupoles Ltd.), and
containing 10 mL of buffer (50 mM HEPES, 0.61 mM MV, pH 7)
flushed with nitrogen until dissolved Owas eliminated (this was
followed by the decrease of mass-32 signal). ThenulZ5f 2 M

mutagenesis kit (Stratagene, Amsterdam, The Netherlands) was usedodium dithionite were injected into the vessel in order to reduce the

to generate point mutations in the small subbgitA The Pst-Hindlll

dye. Finally, 5-20 uL of activated hydrogenase (45.5 uM) were

fragment from pBGF4 was subcloned in pUC18 to generate the templateinjected, and the evolution of Hvas detected as an increase in mass-2

that was used in mutagenesis experiments. After mutagenesis, the Pstl
Hindlll fragment was fully sequenced and inserted in the-Rdthdlll
digested pBGF4. The recombinant plasmid was introducedihgtrain
MR400 by electrotransformatioi.

Protein Purification. The Strep tag Il sequence (IBA Gmbh,

signal. The assays of D, exchange were performed as described in
ref 33.

Protein Film Voltammetry. We used the same electrochemical
setup and equipment as described in ref 38. The mixed buffer consisted
of MES, HEPES, sodium acetate, TAPS, and CHES (5 mM of each

Guttingen, Germany) was introduced in the hydrogenase gene, and thecomponent), 1 mM EDTA, and 0.1 M NaCl as supporting electrolyte.
tagged protein was purified on a Strep-Tactin(R) column (IBA Gmbh), The H184G variant of hydrogenase was adsorbed onto a pyrolytic
as described previouskAn additional purification step using a HiLoad  graphite edge electrode by painting the surface with aboutD.6f

TM 26/60 Superdex TM 200 prep grade column (Amersham Bio- stock solution of enzyme~2 uM in 50 mM HEPES.Na, pH 8). To
sciences, Uppsala, Sweden) was performed. The purification yield wasactivate the H184G variant, the enzyme-coated electrode was then
about 0.7 mg of pure hydrogenase per liter of culture for both the WT inserted in the electrochemical cell containing the buffer at pH 7, 40
and H184C enzymes, but only gg/L for the H184G mutant. The °C, with 10 mM imidazole, under an atmosphere of &hd poised at
untaggedDf NiFe hydrogenase was prepared as described in ref 20. —560 mV vs SHE for about 1 h. The extent of activation was monitored

Redox Titrations and SpectroscopiesThe redox titration of the
H184C mutant was carried out at 2% in a specially designed
anaerobic cell containing a solution of purified enzyme £84) in 50

by taking the electrode potential t6160 mV to measure the H
oxidation current. The electrode could then be rinsed and transferred
to an imidazole-free solution. Buffered solutions IoM imidazole,

mM HEPES buffer at pH 8 under an argon atmosphere. Redox 1-propanol and 3-mercapto-1-propanol were added to the cell to give

potentials were measured with a combinee-Rg/AgCI/KCI (3 M)

the desired final concentrations. Although we observed that imidazole

microelectrode, in the presence of a cocktail of mediators consisting is directly reduced on graphite at potentials below 0V vs SHE at pH 7,
of 15uM in each of 1,2 naphthoquinone, methylene blue, resorufine, the reductive current was small enough not to interfere with the

indigo carmine, phenosafranine, neutral red, and methyl viologen. The €lectrochemical measurements.

titration was conducted by stepwise additions of small amounts of

sodium dithionite solution (20 mM in oxygen-free HEPES buffer). All

Origin of Chemicals and Cautions.Imidazole, 1-methyl-imidazole
and methylene blue were from Fluka. 1-propanol was from Prolabo.

potentials are quoted against the standard hydrogen electrode (SHE)Methyl viologen (caution: toxic and suspected mutagen), and 3-mer-

For the H184G mutant only 15QL of enzyme at 10uM was

captopropanol (caution: toxic) were from Aldrich. Sodium dithionite

available, precluding a redox titration of the protein. The reduced state was from Merck.

was obtained by adding in the EPR tube an excess of dithionite (1:

200) under anaerobic conditions.

The EPR spectra were recorded on a Bruker ELEXSYS E500
spectrometer fitted with an Oxford Instruments ESR 900 helium flow
cryostat. For spin quantitation, the double integration of the signal

recorded under non saturating conditions was compared with that given

by a CuSQ standard at the same temperature.

Results

Spectroscopy.To analyze the influence of the H184 mutation
on the properties of the metal centers, the two mutants and the
WT enzyme were studied by EPR spectroscopy.

In the oxidized state, both mutants exhibited spectra identical

i i 4,39
The metal content of the variants was measured using ICP-MS W'th tho;e previously reported for the WT.enzyPﬁé’. a
analysis (spectrometer HP 4500, calibrated using external standards)Major Ni-A (9 = 2.32, 2.23, 2.01) and a minor NB (g =

Solution AssaysUnless otherwise stated, the purified enzymes were
activated for 1h at 37C in an anaerobic cuvette containing 500 of
100 mM Tris/HCI buffer at pH 8 with 0.2 mM methyl viologen (MV).

2.34, 2.16, 2.01) signals (not shown), and a weakly anisotropic
signal centered a = 2.02, accounting for 1 spin per molecule
and arising from the medial [3Fe4Stenter (Figure 2A). No

Before adding the enzyme, oxygen was removed under vacuum, theother signal was detected sweeping from 0 to 600 mT, over the

cuvette was flushed with +and 1uL of a 1M dithionite solution was
added to eliminate the residual oxygen.

temperature range-6L00 K; this showed that no centers with
spin S > 1/2 contributed to the spectrum.

(36) Rousset, M.; Casalot, L.; Rapp-Giles, B. J.; Dermoun, Z.; de Philip, P.;
Belaich, J. P.; Wall, J. DPlasmid1998 39, 114-122.

(37) Rousset, M.; Dermoun, Z.; Chippaux, M.; Belaich, JM®Il. Mic. 1991,
5, 1735-1740.

(38) Leger, C.; Dementin, S.; Bertrand, P.; Rousset, M.; Guigliarelli.BAm.
Chem. Soc2004 126, 12162-12172.

(39) Hatchikian, C. E.; Traore, A. S.; Fernandez, V. M.; Cammacl&r. J.
Biochem.199Q 187, 635-643.
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g—scale g—scale Table 1: Kinetic Properties of Recombinant Df NiFe
2.10 205 200 1.95 10 54 3 2 15 Hydrogenases, Untagged WT, Strep-tagged WT, and Strep-tagged

‘ ' ‘ ‘ T H184G and H184C Variants in the Presence or Absence of
[\ A C Imidazole (Im)a
WwT J IS — - " -
f\\/f activity: H-oxidation exchange H*-reduction
H184C j — Hi84C 100 uM
" redox partner: oxidized MV MB none reduced MV
H184G H184G
M K2 Vi b ve v Ky @ Vi b
: : ' : : : WT (no tag) 32 630
320 BSO(m%O 350 =00 (mT‘l)OO WT (Strep-tagged) 9 500 1000 87 002 130
WT + 0.1 M Im 7.2 480 780
g—scale 1 I T H184G 2.2 15 23 74 0.044 96
2624 22 20 1.8 1.6 ﬁ#‘\ D ] H184G+ 0.1 M Im 2.7 150 180 82 103
LA 1 H184C 16 8.4 7 70 0.033 61
—‘LJ\’VLA ; ’% 1 H184C+0.1MIm 14 8.5 5
n
a
H184C 9 aThe rates are in Units gimol of gas consumed or produced per min
£ and per mg of enzyme (1 Uni& 1.5 mol per second and per mol of
enzyme), and th&r, values are in mM. All relative errors are of the order
HleE//\IL/\/N\ \;H of 10%. (a) Michaelis constants (relative to the redox partner as indicated).
N 0 \ \ bMaximal rates in the assays o ldxidation or productiont Rates of H-
250 300 350 400 —600 —400 —200 oxidation in the presence of 1@M oxidized MB (under conditions where
B (mT) E (mV vs SHE) the activity is proportional to the concentration of redox partrieRates

of formation of HD in the H/D, exchange assay. The buffer was 100 mM
Figure 2. EPR spectra of hydrogenases in the oxidized (Panel A) and TRIS at pH 8 for H oxidation and H/D, exchange, or 50 mM HEPES at
reduced (B and C) states. Panel D: potentiometric titration curve of the pH 7 for H reduction, T = 30 °C in all cases
positive peak around = 2.20 in H184C. Experimental conditions were as

follows. Microwave frequency: 9.42 GHz. (A)= 15 K, microwave power . _
P = 0.1 mW, modulation amplitude MA= 0.1 mT (WT and H184C) or more negative than-—450 mV. Therefore, all of the FeS

0.5 mT (H184G); (B)T = 6 K, P = 10 mW, MA= 1 mT,E = —360 mV clusters are present in the H184C mutant. This was confirmed
EWTg an(é—2340 m(\g (;'1840); (C)%T =6 K,OP = 1(0 m;N, I\QA =23 mT by ICP-MS elemental analysis which gave an Fe to Ni ratio of
WT) an mT (both mutantsff = —470 mV (WT) and—420 mV ; ;

(H184C). The H184G sample was reduced without potential control (see 12.7 4 2. Attempts .tO determine the Crys'[al .Strl.'ICture of this
text). mutant are now being made; the result will indicate whether

conformational changes around the distal culster are induced

When the H184C variant was titrated freh150 mV to—420 by the substitution. . o
mV, the spectral changes were very similar to those observed 1he H184G was not available in high enough amounts to
for the WT enzyme. The [3Fe4Skignal was no longer visible perform.a c_ompletg titration. The elemental analysis gave an
below~—100 mV, and the Ni A and Ni—B signals decreased & to Ni ratio identical to that in H184C (12 2), showing

progressively and disappeared at abe@70 mV. Below—300 that a distal cluster was assembled, and the fact that no new
mV, these signals were replaced by the usuat®lisignal [3Fe4S] signal was detected in the oxidized state demonstrates
= 2.19, 2.14, 2.01), the amplitude of which exhibited a bell- that the glycine mutation has not induced cluster conversion
shaped variation against potential, with a maximuria¢340 (Figure 2A). In the reduced state, the thin lines of the—Mi

mV, as observed in the WT enzyrieAt low temperature (6 split” signal in Figur.e 2B revealed an in.tact qctive si'Fe, and the
K), this signal was split by the magnetic interactions with the broad patte_rn re_sultmg from the magnetically interacting clusters
proximal [4Fe4S} center, and showed major featuresyat was essentially identical t(_) that observed for the WT and H_184C
2.21 and 2.10, as for the WT enzy?AéFigure 2B). The minor ~ €nzymes ¢ = 1.5-1.9, Figure 2C). The presence of a distal
features observed at lower field result from a small proportion [4F€4S] cluster in this mutant was also clearly demonstrated
of the active site being in the NiL state (compare with Figure ~ PY our kinetic data (see below).
1 in ref 40). In addition, a broad and fast-relaxing signal ~ Solution Kinetics. The enzymes were assayed for hydrogen
appeared, which was similar to the broad spectrum observedoxidation at pH 8, 30°C, under an atmosphere ofHusing
for the fully reduced WT enzym#®, arising from the two ~ methyl viologen (MV) as electron acceptor. The comparison
[4Fe4ST clusters interacting magnetically with tHg@ = 2 of the first two lines in Table 1, shows that engineering a Strep-
reduced [3Fe48]cluster (Figure 2C). tag increases 3-fold the Michaelidlenten constant for MV
Still for the H184C enzyme, a midpoint potential 61310 (despite the fact that we positioned the tag on the side of the
mV was deduced from the titration of the positive peak in the €nzyme opposite to the distal cubane where the MV interacts)
g = 2.20 region (Figure 2D); this value is close to that40 but has only a small effect{20%) on the rate of boxidation
mV found for the [4Fe4S] centers in the WT hydrogen#se. under saturating conditions.
The comparison of the spin-integration measurements performed The data in Table 1 (rows 2, 4 and 6) show that the mutations
in the fully reduced WT enzyme and in the sample of H184C have only a small effect on the Michaelis constants relative to
poised at—420 mV indicated that 1.4 [4Fe4S] cluster per MV2", whereas the maximal rates of ldxidation by H184G
molecule is reduced at this potential in the mutant. Since the and H184C are only 3% and 1.7% of that of the WT,
Ni—C signal was completely in the split form belew840 mV, respectively. The rates of fbxidation in the presence of 100
the proximal [4Fe4S] center was fully reduced in this sample. uM methylene blue (MB) to accept the electrons are given in
This implies that a distal [4Fe4S] cluster is present and at leastTable 1. The high absorbance of oxidized MB made it
partly reduced. Although its reduction potential could not be impossible to perform the assay with greater concentrations of
determined accurately, it can be concluded that it cannot be acceptor. In the accessible concentration range, the rate was
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For imidazole, the fit of the data in Figure 3 to eq 1 (with
fixed to 15 Units) gave the values #f; = 35 + 8 mM and
] volvg = 12.2+ 0.5. For 1-methyl-imidazole, we obtainég
= 80 £+ 10 mM anduv./vg = 13.1+ 0.5. The dotted lines in
Figure 3 illustrate these uncertainties. Control experiments (not
: : shown) were performed to check that neither imidazole (up to
100 <00 300 0.25 M) nor 1-methyl-imidazole (up to 0.5 M) have an effect
concentration (mM) on the activity of the WT and H184C enzymes.
Figure 3. Chemical rescue of H184G hydrogenase: effect on the oxidative ~ Figure 4 shows how the addition of 3-mercapto-1-propanol
activity of imidazole (J) and 1-methyl-imidazole(). The parameters  (MPrOH) affects the rate of viologen reduction during the assay
&b\t/a';ed frOT:Ee fits to eq 1 are given in the text. pH 8,°8) 50 mM of H184G. In the absence of thiol, the steady-state turnover
, 1 atm of H. L . : ; .
results in a linear change in absorbance against time (dashed

proportional to the concentration of MB (data not shown), which !in€). When 2mM MPrOH is added to the cuvette just before
demonstrates that the Michaelis constant for MB is greater thanthe assay is started, the absorbance change slows down over
100 uM. Therefore, the WMB rates in Table 1 are far below the course of minutes, until the enzyme becomes inactive. No
their maximal values; yet they are significantly higher than when Such effect was observed with the WT and H184C enzymes
MV accepts the electrons. This confirms that intermolecular ET (data not shown). o o
limits oxidative turnovep:22-24 Chronoamperometry. The activation and inhibition of

The effect of the mutations does not depend much on whether 184G could be studied with the enzyme adsorbed on an
MB or MV accepts the electrons in the assay: the His/Gly and electrode, in a configuration where electron transfer is direct
His/Cys mutations decrease the activity 45 and 140-fold, (no mediator is usgd) and the turnover rate is S|mply meagured
respectively, in the WMB assay, compared to 35 and 60-fold S 2 current384142Figure 5 shows the change in activity against
in the H/MV assay time, measured in such configuration, under 1 atm. gfthie

. : : . 3

The maximal rates of proton reduction by H184G and H184C electrpde potenna_ll_ being poised all60 my vs SHE and
with MV as electron donor are about 75% and 45% of that of fol!owmg the addition to the electrochemical ce.II of 10 mM
the WT and the mutations have a small effect on the Michaelis imidazole, then 2 mM ;-prppanol (PrOH) and finally 2 mM
constants for MV* (the differences between thé, values MPrOH. The plain line in Figure 5 shows that the addition of
relative to oxidized versus reduced MV may result, in part, from imidazole results in an instantaneous activation, while MPrOH

the charge on the dye being dependent on its redox state). Thé'nduces a_sIO\_/v decrease in activity_ against time, which mirrors
mutations have a much weaker effect on the rates of H the behgwor .|n. thg biMV assay (Figure 4),' The fact that no
exchange with B than on H-oxidation. These observations change in activity is observed when PrOH is added £atLl50s

imply that both mutations leave the active site entirely func- in Figure 5) proves that the inhibition results from the thiol
tional group of 3-mercapto-1-pronanol. Under the same conditions,

Chemical Rescue and Inhibition of H184G in Solution none of these molecules affects the activity of the WT enzyme

Assays.We repeated the assays in the presence of exogenouédisnh tid I|nem|rn lFl?(ureri;?. nts demonstrate that the exoden
ligands which were expected to substitute for the histidine in ligand ebc':od to ethpeF € ts € r? strate ;1. f € o%elloys
the H184G variant. igands bind to the Fe atom whose coordination shell is

incomplete in H184G.

Using Protein Film Voltammetry (PFV) to Probe the
Competition between Inter- and Intramolecular ET. The
experiments in Figure 5 confirm the previous observations
regarding the effects of imidazole and thiol on the activity of
H184G, but they do not reveal immediately the reason the
activity varies upon ligand binding. We shall demonstrate that
this information can be gained from voltammetry experiments,
where the activity is measured over a wide range of driving
force by sweeping the potentigl of the electrode onto which
the enzyme is adsorbed.

Figure 6 shows the voltammetric signature of the WT enzyme
adsorbed at a rotating graphite electrééi€he voltammogram

o imidazole

activity (umol Hp/min/mg)

o 1-Me—imidazole _

[ e ——

The results of the assays of HD, exchange and ybxidation
or production with either electron acceptor in the presence of
0.1 M imidazole are collected in Table 1. Exogenous imidazole
at 0.1 M has no significant effect on any of the catalytic
properties of the WT and H184C enzymes. Regarding the
H184G variant, the only significant effect is on its oxidative
activity, which increases 10-fold in the presence of imidazole.

Figure 3 shows how the oxidative activity of H184G depends
on the concentration of imidazole and 1-methyl-imidazole
(methylation is on one of the nitrogen atoms). The changes in
turnover number against ligand concentration can be interpreted
assuming equilibrium between the free and associated forms
of the enzyme. Notindg, the dissociation constant between
the enzyme and the imidazole derivativg the activity of the (40) Dole, F.; Medina, M.; More, C.; Cammack, R.; Bertrand, P.; Guigliarelli,

Vi B. Biochemistryl996 35, 16399-16406.
free H1§4G enzyme anllem the activity of thg enzyme bound (41) Liger. C. Eliott, S J- Hoke. K. R. Jeuken, L. J. C.. Jones, A. K.:
to the ligand, and provided the concentration of ligabds Armstrong, F. A.Biochemistry2003 42, 8653-8662.
; ; (42) Armstrong, F. ACurr. Op. Chem. Biol2005 9, 110-117.
greater than the total concentration of enzyme, the aCW(f,y (43) Under these conditions, hydrogen is oxidized by the enzyme, but the active
reads site is not oxidized to one of its inactive states. See refs 38 and 44.
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Figure 4. Inhibition of H184G by an alkane thiol: change in absorbance intramolecular ET

against time resulting from methyl viologen reduction by H184G in the
absence (dashed line) or presence (plain line) of 3-mercapto-1-propanol (2
mM). pH 8, 30°C, 1 atm of hb.
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Figure 5. Activation and inhibition of H184G. The activity was measured

as a current with the enzyme adsorbed onto a graphite electrode poised aP

—160 mV. The current was normalized to its value just before the thiol
was added in the electrochemical cell. Effect of the addition of imidazole
(at timet = 100 s), 1-propanolt(= 150 s) and 3-mercapto-1-propanol (

= 200 s) on the activity of H184G (plain line) and WT hydrogenase (dashed
line). pH 7, 40°C, 1 atm. of H, electrode rotation rate 2 krpm.
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Figure 6. Voltammograms for WTDf NiFe hydrogenases adsorbed at a
graphite electrode, under an atmosphere gfipper, black trace) or Ar

(lower, blue trace), pH 7, scan rate= 10 mV/s, electrode rotation rate
=1 krpm, T = 40 °C.

—600

plotted with a blue line has been recorded under an atmospher
of Ar, and the negative current at low potential results from
proton reduction by the enzyme. The potential was swept slowly
from —150 mV vs SHE down te-550 mV and back, and the
fact that the signal is independent of the scan direction (except
for the current offset that is due to double layer charging) implies

that catalysis takes place at steady-state. Under an atmospher

of Hp, a positive current (upper, black line in Figure 6) reveals
the oxidative activity at high electrode potential.
The theory that applies to the direct, catalytic electrochemistry

of enzymes was developed and applied to several systems in

recent years (refs 16, 42, 45, and refs therein). Here, we only
recall the simple rules that allow the semiquantitative interpreta-
tion of the electrochemical experiments we shall report. In
Figure 7, we decompose the catalytic cycle of NiFe hydrogenase
into two parts: (i) interfacial ET steps, leading to the oxidation
or reduction of the surface exposed [4Fe4S] cluster and (ii) the

rest of the cycle, described by a pseudo-first-order rate constant
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Figure 7. Minimal catalytic cycle for H oxidation or production by NiFe
hydrogenases adsorbed onto an electrode. WeHitte electrode potential.

ka (with subscript “ox” or “red” for H, oxidation or production,
respectively), which incorporates intramolecular ET along the
chain of FeS clusters, Hdiffusion and binding, active site
chemistry and proton transfers. The rate of interfacial ET is
roportional to a parameter call&gland depends exponentially
on the electrode potenti&l, whereask; is independent oE.
How the catalytic waveshape dependskgandk; is discussed

in ref 46 and illustrated in the Supporting Information: at high
driving force (high electrode potential for a catalytic oxidation,
low E for reductive catalysis), the current changes linearly with
E, with a slope that is proportional t¢ and independent d4,
whereas the shape of the wave is highly dependent on the ratio
ko/ko, fast interfacial ET with respect to chemistry making the
wave more sigmoidal.

Therefore, whether the change in coordination of the distal
cluster in NiFe hydrogenase affects interfacial or intramolecular
ET is expected to reflect differently on the shape (as opposed
to merely the magnitude) of the catalytic voltammogram and
this makes PFV superior to homogeneous kinetics, where the
steady-state activity is only a measure of the rate of the slowest
step in the catalytic cycle.

Voltammetry: All-Sulfur Coordination Slows Interfacial
ET. Figure 8A shows the voltammograms recorded with the
H184G variant under the same conditions as for the WT enzyme
in Figure 6, before (dashed lines) and after (plain lines) we added
imidazole. The important observations are that (i) the glycine
variant has a residual activity in the absence of imidazole, (ii)
the magnitude of the signal increases upon addition of imidazole
(this mirrors the chemical rescue of the enzyme in solution
assays, Table 1 and Figure 3), and (iii) the shape and position
of the voltammogram for the repaired enzyme are very similar
t those for the W7

The behavior of the H184C enzyme in Panel B is completely
different from that of the WT and H184G-imidazole adduct:

in this case, there is a large window of electrode potential,

(44) Jones, A. K.; Lamle, S. E.; Pershad, H. R.; Vincent, K. A.; Albracht, S. P.
J.; Armstrong, F. AJ. Am. Chem. So2003 125 8505-8514.
(45) Reda, T.; Hirst, JJ. Phys. Chem. B006 10, 1394-1404.
(46) Leger, C.; Jones, A. K.; Albracht, S. P. J.; Armstrong, FJAPhys. Chem.
B 2002 106, 13058-13063.
(47) The magnitude of the current in Figure 8A is smaller than that with the
WT enzyme, but since it is proportional to the unknown amount of enzyme
adsorbed onto the electrode, this observation does not demonstrate that
the repaired enzyme has lower activity than the WT (even if we know
from solution assays that this is so).
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Figure 8. Voltammograms for the NiFe hydrogenases variants adsorbed hydrogenase adsorbed at a graphite electrode. PanepArdduction under
at a graphite electrode, under an atmosphere;d@bkck lines) or Ar (blue 1 atm. of Ar. Panel B: ktoxidation under 1 atm. of 1 The Panel C shows
lines). Panel A: H184G mutant at pH 7, before (dashed lines) and after the how the limiting slope of the voltammograms at high driving force (low
addition of 20 mM imidazole. Panel B: H184C enzyme, at pH 6. Panel C: potential for H" reduction, high potential for foxidation) changes as a
H184G mutant, at pH 6, in the presence of 10 mM imidazole, before (dashed function of the concentration of imidazole. The black line in Panel C is the

line) and after the addition of 2 mM mercapto propanol (MPrOHy 10 best fit of K$* to eq 1. pH 7.7 = 40 °C, » = 10 mV/s,w = 2 krpm.
mV/s,w = 1 krpm (Panel A) ow = 20 mV/s,w = 2 krpm (Panels B and

.T=40°Cinall . . . .
<) 0°C in all cases from the background (compare with Figure S1 in the supple-

mentary information).

between—400 and—200 mV, where no activity is detected. )
Panel C shows the data for the H184G enzyme, repaired by

The following observations confirm that the current at very low ' . ; A .
or very highE results from catalytic biproduction or oxidation imidazole (dashed line) and then irreversibly inhibited by adding

catalyzed by the H184C enzyme: (i) the signal is present only 2 mM. thi.ol in the ceII.(pIain lines). It appears immediately that
if the enzyme is adsorbed (the dotted line shows a blank the binding of the thiol to H184G has the same effect as the
recorded with no enzyme adsorbed on the electrode); (ii) the HiS t0 Cys mutation: it slows interfacial ET.

oxidation current (positive) disappears under an atmosphere of ~Voltammetry: Effect of Imidazole Binding on Intramo-

Ar (black line) and the reductive current decreases when the lecular ET in H184G. We now examine how the precise shape
atmosphere is switched to,Hwhich is known to inhibit H- of the catalytic signal for the H184G variant is affected by
reduction®48and (iii) we used the method described in ref 38 €xogenous imidazole. For the experiments in Figure 9, the
to check that the M reduction current is reversibly inhibited ~ €lectrode potential was cycled repeatedly to monitor the
by CO and H, and that the htoxidation current is reversibly potential-dependence of the rate of ¢kidation or production.
inhibited by CO and irreversibly inhibited by 0and the The concentration of imidazole was increased every other scan,
inhibition constants and rates of inactivation did not differ and we checked that the signals increased only following the

significantly from those measured for the WT (data not shown). addition of imidazole: this implied that the change in activity

The shapes of the voltammograms for the H184C mutant _as a function of time did not result from slow enzyme activation,

reveal immediately sluggish interfacial electron transfer: only :Eaﬂgvaétfn ?(errglgtdaer‘sﬂffg?&a-[irc]; Zf’i'rﬁfgrgj;j v(?/ﬁglaeavrviShI(c))\;V
at very high driving force (either very low or very high electrode i Fi urep% the voﬁammo rams cgrrected ,b subtracﬁin
potential) is the rate of interfacial ET to or from the enzyme 9 9 y 9

high enough to result in a turnover rate that can be distinguishedbasellnes extrapolateq linearly frqm the region of the voltam-
mogram where there is no catalytic curréht.

Figure 9A shows how the activity for proton reduction by
H184G depends on the concentration of imidazole. Upon

(48) Léger, C.; Jones, A. K.; Roseboom, W.; Albracht, S. P. J.; Armstrong, F.
A. Biochemistry2002 41, 15736-15746.
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increasing the concentration, the waveshape changes fromunderstand the role of this residue, we have studied the effect
revealing sluggish interfacial ET (dashed line) to resembling of ligand substitution on the catalytic properties of the enzyme.
that observed with the WT enzyme (compare with Figure 6); The histidine was changed into a cysteine, to engineer a canonic,
however, the slope of the signal measured in the high driving all-cysteinyl ligation, or into a glycine, to induce the formation
force limit remains unaffected (empty squares in Figure 9C). of a [4Fe4S] cluster with a labile and exchangeable ligand. The
This change in shape shows that under reducing conditions, theessential role of the histidine ligand is demonstrated by the fact
binding of imidazole increases the rate of interfacial ET (through that the activities of the variants are only a few percent of that
ko) but has no effect ork’zed (see the discussion above or of the WT enzyme in the assays ob ldxidation with either
compare with Figure S1, Supporting Information). MB or MV as electron partner.

The data plotted in Figure 9B were recorded with the solution ~ Our spectroscopic results indicate that a [4Fe4S] distal cluster
under an atmosphere of,Hand the positive current reveals is assembled in both variants: (i) the elemental analyses show
hydrogen oxidation by the enzyme. The magnitude of the current that a distal clusters is present, (i) the EPR signatures of the
and the slope at high potential (filled squares in Panel C) both oxidized variants in Figure 2A rule out the presence of a second
increase with increasing ligand concentration. The fit of the [3Fe4S] cluster in either mutant (clearly, there has been no
hyperbolic dependence &b on the concentration of imida-  cluster conversion), and (iii) the EPR spectra of the reduced
zole (eq 1 and black line in Figure 9C) gives a dissociation €nzymes in Figure 2C show patterns of interaction between the
constant of 12 mM (at 40C, pH 7), in fair agreement with the ~ reduced clusters that are similar to that for the WT enzyme.
value measured in solution (40 mM at pH 8, 30). Such We expected the deletion of the imidazole ring of H184 in the
increase in slope of the catalytic data at high driving force is glycine variant to open a gap in the coordination shell of an Fe
usually observed when an increaségimesults from the addition ~ that belongs to the distal cubane, and to make it amenable to
of substrate to the solution in contact with the adsorbed direct manipulation through the addition of exogenous ligands.
enzymet9.53 Indeed, we have used the results of activity measurements in

Therefore imidazole binding increasesandky”, but leaves ~ the presence of imidazole derivatives and alkane thiols to bring
krzed unchanged. The effect on interfacial ERo)(mirrors the further evidence of the existence of a distal [4Fe4S] cluster in

H184G and to investigate how the coordination of the cluster
affects the activity of the enzyme. The control experiments we
report show that these ligands have no effect on the activity of
the WT and H184C enzymes, both in solution assays (Table 1)

cubane: all the other steps which may contributéQbtake and when the activity is measured with the enzyme adsorbed
place far from the distal cluster where imidazole binds and atan e_leptrode surface (Figure 5), whereas they affect strongly
indeed, imidazole has no effect on the active site chemistry andthe activity of the H184G enzyme. This demonstrates that these

proton transfers (as shown for all three enzymes by the ligands bind to the cluster that is modified by the glycine

experiments of isotope exchange and proton reduction in themetagon' Tot?It Ilkelly to thel exE)osed llie ?jtombeltherdf_ree ﬁr
presence of imidazole, Table 1). ound to a labile solvent molecule, as already observed in other

. o FeS-containing proteins. Armstrong and co-workers used PFV
In summary, imidazole-binding increases all rates of ET to . ;
o . . to demonstrate that a thiolate (2-mercapto-ethanol) binds to the
or from the modified distal cluster, except the intramolecular, unique iron of the Asp(Cysjigated [4Fe4S} cluster of D
downhill step from distal to medial cluster in proton reduction, d AL :

. . africanus 8Fe ferredoxir?* In the case of a hydrogenase
for which we detected no effect. The effect on intermolecular maturation protein that houses a [4Fe4S] cluster with only three
ET was revealed by traditional kinetics, while PFV was used P Y

here to demonstrate the effect on interfacial and intramolecularpmtelc, ligands, the binding of exogenous |m!dazo|e to the
ET. cluster’'s fourth Fe atom was demonstrated using HYSCORE

spectroscopy® Such detailed spectroscopic study of the distal
Discussion cluster in H184G is precluded by the strong inter cluster-spin

) _ S spin coupling which results in a broad EPR spectrum in the
In respiratory NiFe hydrogenases, a histidine ligates one Fe jgquced state.

atom of the [4Fe4S] cluster that is remote from the active site  The activity of the H184G variant is intermediate between
and exposed at the surface of the protein (Figure 1). To {hose of the WT and H184C enzymes, and it can be turned up

- - : : — - i or down upon binding of imidazole or thiol, respectively
(49) This was reported in the literature with arsenite oxidase in ref 50, Figure

7; sulfite oxidase in ref 51, Figure 5; lactate dehydrogenase in ref 16, Figure (Figures 3-5). It is also significant that these external ligands

2; Complex I in ref 45, Figure 5; nitrite reductase in ref 52, Figure 3 and  transform the electrochemical fingerprint of the H184G enzyme
hydrogenase in ref 48, Figure 2.

chemical rescue of intermolecular ET in solution assays of the
enzyme. The observation th&§* increases upon imidazole
binding to the distal cluster reveals an acceleration of intramo-
lecular ET from the medial [3Fe4S] cluster to the distal

(50) Hoke, K. R.; Cobb, N.; Armstrong, F. A.; Hille, Biochemistry2004 43, into that of the WT or H184C enzymes (Figures 6 and 8). This
1667-1674. demonstrates that the exogenous ligands can substitute, to some
(51) Ferapontova, E. E.; Ruzgas, T.; GortonAnal. Chem2003 75, 4841~ , L . . .
4850, extent, for the cluster’'s proteic ligand that is missing in the
(52) Angove, H. C.; Cole, J. A.; Richardson, D. J.; Butt, JJNBiol. Chem. H184G enzymes_ However' our klneUC data aISO p0|nt out the

2002 277, 23374-23381. . . .
(53) In H, oxidation by H184G, Figure 9B, imidazole binding does not only ~ importance of the attachment of the ligand to the protein

increase”: the similar effect ork, is suggested by the fact that the wave  backbone. Indeed, the H184G-thiol adduct has no detectable

does not become less sigmoidal as the concentration of ligand is increased, . _ . : PR : s

as would be observed if the rati§'ko increased (compare Figure 9B o oxidative activity in solution assays (whereas the activity of
Figure 1 in ref 46 or Figure 2 in ref 48, or to Figures S2 and S3 in the
Supporting Information). This was expected because in discussing Figure (54) Butt, J. N.; Sucheta, A.; Armstrong, F. A.; Breton, J.; Thomson, A. J.;

9A, we have shown that imidazole binding increake&hen the enzyme Hatchikian, E. CJ. Am. Chem. S0d.993 115 1413-1421.
reduces protons, and the rate of interfacial ET is proportiorial tegardless (55) Brazzolotto, X.; Rubach, J. K.; Gaillard, J.; Ganbarelli, S.; Atta, M.;
of the direction of electron flow. Fontecave, MJ. Biol. Chem2006 281, 769-774.
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H184C is 1.7% of that of the WT) and the chemical rescue of In this technique, no soluble redox partner is used: the enzyme
H184G by exogenous ligands is incomplete: none of the is simply adsorbed onto an electrode whose potential can be
molecules we test&ficould make the mutant recover more than set to provide whichever driving force is required to sustain
30% of the oxidative activity of the WT enzyme. catalysis, and the steady-state activity is measured as a curve
Effect of the Mutations on the Expression and Stability of current against electrode potentidt)( The reason this
of the Proteins.Exchanging a direct ligand of a [4Fe4S] cluster technique proved useful is that the shape of the catalytic signal
is often destabilizing enough to impair cluster assembly or even reveals the competition between the two processes that lead to
protein folding (this was comprehensively reviewed by Mou- the oxidation and reduction of the distal cluster during cataly-
lis29). In this respect, it is striking that in the case of the H184G sis: intramolecular and interfacial ET.
variant of Df NiFe hydrogenase, the protein is actually properly ~ The electrochemical results in Figure 8 provide an immediate
folded but the purification yield is 2 orders of magnitude lower demonstration of the detrimental effect of the all-sulfur coor-
than for the WT: this mutant would certainly have escaped dination on interfacial ET in both the H184C mutant and in the
detection if we had not used an affinity purification procedure. thiol-inhibited H184G variant. The experiments in Figure 9 also
The purification yield of the H184C variant was similar to that show that imidazole binding to H184G increases the rate of
for the WT, suggesting that the absence of the fourth proteic interfacial ET. These effects o strongly supports the idea
ligand in H184G slows down the folding of the protein and that impaired intermolecular ET is the reason these enzymes
makes the nascent polypeptide prone to degradation by thehave so low activity in solution assays.
expression host. However the mutations did not appear to Intramolecular ET is Slow in H184G. When the electrons
decrease the “shelf life” of the purified proteins, which could produced upon koxidation at the active site flow toward the
be handled with no special care without loss of activity over electrode, the effect of imidazole is to increase the parameter
time. ko, that describes interfacial ET, but more surprisingly, it also
Mutations Impair Intermolecular ET. We have shown that  increases the rate constddt defined in Figure 7, and this has
mutating the histidine ligand of the distal cubane impairs neither two implications: (i) the imidazole moiety increases the rate
cofactor incorporation nor protein folding, and has no effect of intramolecular ET from the medial to the distal cluster, and
on the structural and electronic properties of the NiFe active (ii) in H184G, this step is slow enough with respect to the active
site (the EPR signatures of the active site states are unaffectedsite chemistry, proton transfer ang Hiffusion, that it is rate
by the mutations). Since we do not know the dissociation determining when the enzyme is adsorbed at an electrode
constant between the mutants and the physiological electronsurface. This is in contrast with the general ifédthat ET
partner cytochromes, we should not exclude a role of the between closely spaced {4 A) redox centers is necessarily
histidine in partner recognition. However, we have shown that faster than the catalytic turnover. The distance between the
changing the ligation of the distal cluster has a strong effect on medial and distal clusters is 8.5 A in the WT enzyme, and the
the maximal rate of H oxidation (extrapolated to infinite  fact that the distal cubane in H184G remains attached to the
concentrations of MV). These maximal rates eliminate effects structured protein by three buried cystein ligands makes very
of binding: they only incorporate contributions from first-order unlikely the hypothesis that it has moved away from the medial
inter- and intramolecular ET, proton transfer and hydrogen cluster; this hypothesis would also be very difficult to reconcile
activation at the active site. The mutations have no effect on with the experiments of chemical rescue of the H184G variant
the latter, since the enzymes retain thefrBL exchange activity by exogenous imidazole.
(Table 1), and we also exclude the involvement of the of Why are ET Steps Slow in the Mutants?According to
H184 in mediating a proton transfer step crucial for catalysis: Marcus theory; the rate of ET between the distal cluster and
were this to be the case, 1-methyl-imidazole could not rescueits redox partner (depending on which step we consider, this
the H184G variant. Therefore, we conclude that the mutations can be the electrode, the soluble dye, or the medial cluster) can
impair electron transfer. Consistent with our earlier finding that be affected by a change in any of the following three
proton-transfer limits reductive turnovérthe fact that the parameters: (i) the reduction potential of the cluster, (ii) the
mutations have no significant effect on the rate of proton electronic coupling between the cluster and the partner, and (iii)
reduction demonstrates that the distal cluster is not directly the reorganization energy of the process.
involved in the rate-determining step for this reaction. (i) Regarding intermolecular ET, we can exclude for both
Considering the ktoxidation reaction, the fact that the activity mutants that slow intermolecular ET toward the soluble acceptor
is dependent on which electron acceptor is used shows that(during H, oxidation) results from a mutation-inducettrease
intermolecular ET limits oxidative turnover in the WT in reduction potential of the distal [4Fe4S] cluster. In the case
enzyme22-24 and also in the variants. Thus, although ligand of H184C, this would be inconsistent with the results of our
substitution may have an effect on both intra- and intermolecular potentiometric titration which shows that the mutation may
ET, only the rate of the latter is probed in solution assays0f H induce a small decrease in reduction potential but not a positive
oxidation: the decrease in rate of bidation in Table 1 simply  shift. For H184G, if the reduction potential of the distal cluster
reveals the fact that the mutations slow ET to the soluble were greater than in the WT, this would speed intramolecular

acceptor. ET to the distal cluster, whereas the opposite, detrimental effect
Mutations Slow Interfacial ET. We have used protein film  is demonstrated by our electrochemical study.
voltammetry'42to study the effects of the mutation or repair. (i) The low activity of both variants and the chemical rescue

of H184G by imidazole® may reveal a function of the bonds

(56) The oxidative activity of the H184G variant is also partially rescued by im i H i H i
exogenous pyrazole, triazole, pyridine and 4-ethyl-pyridine, while under of H184 in increasing the electronic coupling between the distal
identical conditions, these molecules have no effect on the WT and H184C
enzymes (data not shown). (57) Marcus, R. A.; Sutin, NBBA 1985 811, 265-322.
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cluster and its partners. This could result from the change of Conclusions
coordination either modifying the valence localization pattern
within the [4Fe4Sicluster, or altering the electronic pathway =~ Our results suggest that the short distance between FeS
provided by the network of chemical bonds. clusters in biological redox chains may not always be sufficient
(iii) Last, the decrease in rate of ET to/from the distal cluster to allow rapid intramolecular ET: for very endergonic steps,
in the mutants may result from an increase in reorganization other structural features, such as the distal cluster’s ligation in
energy of the distal cluster. This effect is documented in the NiFe hydrogenase, may have an essential yet undervalued
case of azuritf and copper-containing nitrite reduct&8eyhich function in making up for the unfavorable thermodynamics.
both house a surface-exposed, type-l copper site involved in
ET: when a histidine ligand of the copper is mutated into a
glycine, the cluster has much higher reduction potential and
increased reorganization energy. The “redox-inactive” mutants
exhibit extremely slow interfaciafl or intermolecula® ET rates,

Whether or not intramolecular ET is also slower than
hydrogen activation in the WT enzyme is still unknown and
this reminds us that measurements of intramolecular ET rates
are difficult and scarce in non-light-driven systems. We have

unless repaired by exogenous imidazole. A significant increaseShown recently that t.he detailed analysis (,)f the shape of the
of the value ofl in H184G compared to the WT enzyme would voltammogram§ obtalneq fgr enzymes _con_flne_d at an electrode
not be surprising considering how solvent exposure should affectSUrface could give quantitative information in this respétie
the outer-sphere reorganization energy. It may also happen thaf'® Now using this approach to probe the efficacy of ET in WT
the binding and dissociation of the exogenous ligand on the Df NiFe hydrogenases, and in variants (including H184G,
time scale of turnover has a considerable retarding influence. H184C, and P238C) where the ET chain is significantly
An increase inl would have exactly the effect we observe in  modified.
H184G: slowing down all ET rates to and from the cluster
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