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Abstract: We have used protein film voltammetry to study the NiFe hydrogenase from Desulfovibrio
fructosovorans. We show how measurements of transient activity following the addition in the electrochemical
cell of Hy, CO, or O; allow simple and virtually instantaneous determinations of the Michaelis constant,
inhibition constant, or rate of inactivation, respectively, thus opening new opportunities to study the active
site of NiFe hydrogenases. The binding and release of CO occur within a fraction of a second, and we
determine and discuss how its affinity for the active site changes as the driving force for the H*/H; reaction
is continuously varied. Inactivation by O, is a slow, bimolecular process (with pH-independent rate constant
~ 3 x 10*s™t Mt at 40 °C, under one atm of Hy) that leads to a mixture of fully oxidized states, and unlike
the case of CO inhibition, the active site is not fully protected by H,. This experimental approach could be
used to study the reaction of other multicentered metalloenzymes with their gaseous substrates or inhibitors.

Introduction

While reserves of fossil fuels are shrinking and concern is

Dihydrogen diffuses along conserved, mainly hydrophobic
channelgand binds to the active site where it is heterolytically

cleaved~8 the electrons are then transferred to the physiological
redox partner via a linear chain of iressulfur clusters,and a
conserved glutamate in the active site is the first proton

growing about our overheating world, hydrogen is emerging as
an alternative energy carrier, which may eventually help to solve

the energy and environmental crises. However, the synthesis

of cheap catalysts for Hoxidation and formation is a prereg-
uisite for generalized use of fuel cells. In this context, it is
striking that most living organismisand indeed 99% of bacteria,
are able to use Has an energy source and that the active site
of hydrogenase3? the enzymes which catalyze the biological
conversion betweenHand H, is a cluster containing common
metals: iron and nickel.

acceptof This occurs with a turnover as high as several
thousands per secord.

The NiFe active site has been characterized in a number of
distinct redox states (for review, see refs 2 and 3). The active,
oxidized form that binds His called Ni~Sl. In this EPR-silent
state, the metal ions are Ni(ll) and Fe(ll). The one-electron
reduction of Ni-Sl leads to an EPR-active state called-d,

Hydrogenases (hases) are classified on the basis of their metayVhere a hydride bridges the Ni(lll) and Fe(ll) iotfs?2 The

content. lron-only hases are bidirectional enzymes, usually
involved in H, evolution, whereas NiFe hases are often used as
electron donors to anaerobic respiratory chains and are thought
of as being H uptake catalysts. Several NiFe hydrogenases,

including that from the sulfate reducing bacteridresulfaibrio
fructosaorans(Df),*® have been crystallized. These enzymes,
the molecular weight of which is about 90 kDa, contain a deeply
buried NiFe(CN)CO binuclear active site in which the metal
ions are bound to the protein by four cysteinyl thiolates.
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EPR-silent Ni(ll)Fe(ll) Ni-R state, catalytically competent to  activation and proton transfers, is measured by mass spectrom-
evolve H, is obtained upon further reduction (see Scheme S3 etry; (iii) H, consumption or production is coupled to the change
in the Supporting Information). All these species have distinct, in redox state of artificial or physiological redox partners, and
pH-dependent FTIR signatures due to the absorption bands ofspectrophotometry is used to monitor the rate of the overall

the intrinsic CO and CN ligands:24

The Ni—SI form can be further oxidized to one of two
inactive states called NiA and Ni—B (sometimes called
“Ni7" and “Ni’", respectively), in which the Ni and the Fe are
bridged by an oxygenated speéfabat is absent in the structure
of the reduced, active protein. NB can be formed upon
aeration at high pH or under anaerobic, oxidizing conditions
and is easily reduced and reactivated; the formation efAi
requires @, and its reduction under4at ambient temperature
takes hours>25-30 The structural difference between the inactive
states remains a matter of deb#té33 Contrarily to Q,
exogenous CO binds reversibly to the active site 40 It

inhibits both B evolution and uptake and competes with
H2.4l_43

process, which involves Hdiffusion and splitting, intramo-
lecular electron and proton transfers, and intermolecular electron
transfer. Fraser Armstrong and co-workers, in Oxford, intro-
duced recently protein film voltammetry (PPY}! as an
alternative technique to study thetiH, conversion in either
direction!t—18

Using PFV, the redox enzyme is adsorbed onto an electrode,
and electron transfer to and from the protein is direct (i.e., not
mediated by soluble redox dyes). The redox state of the enzyme
depends on the electrode potential, and the catalytic current is
simply proportional to the enzyme’s activity. Recent PFV studies
of Allochromatiumezinosum(Av) hase have given a wealth of
diverse and original information about the redox properties of
the catalytic intermediates, including coupled chemical equilibria

The steady-state activity of hydrogenases can be quantifiedsuch as protonatio¥, the anaerobic, oxidative inactivation of
in a number of different ways that each probe the global rate of the active sité? interfacial electron-transfer kinetiééreaction

a specific sequence of chemical events. (i) The orthipdia-
H, conversion, which only requires thai ks reversibly split

with O, and kinetic isotope effects. The spectacular result
which initiated this series of investigations is that the activity

at the active site, is detected by the change in thermal of Av-hase adsorbed on an electrode is at least an order of

conductivity#4 (i) the H/D exchange, which relates to hydrogen
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magnitude greater than that measured in solution ad3alyis
shows that the oxidation of the enzyme by the soluble dyes
limits turnover in conventional experiments and makes PFV an
indispensable tool to probe the catalytic efficiency of the NiFe
active site.

An advantage of PFV with respect to solution assays is that
in cyclic voltammetry experiments, the driving force for the
catalytic process can be continuously varied by sweeping the
electrode potential (slowly enough that kinetics remains at
steady-state) while the magnitude of the catalytic current informs
on the accumulation, under given redox conditions, of the state
competent for catalysis. Alternatively, to deconvolve the
contributions of time and potential, it can be more informative
to step the electrode potential; then, the current (or change in
current against time) reflects the rate (or change in rate) of the
catalytic proces$® This transient-state approach was used
recently to investigate the kinetics of formation of\B in Av-
hasel®

In this paper, we take this option further, and we show how
measurements of activity against time, while the concentration
of Hy, CO, or Q is slowly changing, allow the characterization
of the kinetics of binding and inactivation in a very original
and time-saving manner. This provides us with a new strategy
to characterize the sensibility of NiFe hydrogenases to inhibitors.

Materials and Methods

Samples of WTD. fructosaoransNiFe hydrogenase were prepared
as described in ref 9.

Protein film voltammetry experiments were performed with solutions
containing mixed buffers consisting of MES, HEPES, sodium acetate,
TAPS, and CHES (5 mM of each component), 1 mM EDTA, and 0.1
M NaCl as supporting electrolyte. Mixtures were titrated with NaOH
or HCI to the desired pH.

(44) De Lacey, A. L.; Santamaria, E.; Hatchikian, E. C.; Fernandez, V. M.
Biochim. Biophys. Act200Q 1481 371-380.

(45) Heering, H. A.; Weiner, J. H.; Armstrong, F. A. Am. Chem. S0d.997,
119 11628-11638.

J. AM. CHEM. SOC. = VOL. 126, NO. 38, 2004 12163



ARTICLES Léger et al.

L L L L = 40 °C, pH 4 (dashed lines) and 6 (plain lines), under an
atmosphere of either Ar or Has indicated. The films were
very stable and could be used for several hours. No noncatalytic
signals were observed, suggestihghat the electroactive
coverage is low, below 3 pmol/criThus, the absolute turnover
number cannot be determined from our data.

The shapes of the voltammograms fop Bixidation and
evolution by adsorbed Av-hase have been thoroughly discussed
in refs 11-16; only a brief description of the signals shown in

L A N N T B Figure 1 is included below, with emphasis on the differences
-05 —-04 -03 -02 -0.1 between Av- and Df-hases.
E (V vs SHE) The voltammograms for Df-hase recorded under an atmo-

Figure 1. Steady-state cyclic voltammograms for Df-hase adsorbed at a spherg of argon are discussed flrs,t (Figure 1). A redUCtIYe
PGE electrode. These were recorded with a single film of enzyme (N€gative) current is measured which results from catalytic

successively transferred into solutions at pH 6 (plain lines) or 4.1 (dashed proton reduction at the active site and continuous electron
lines), flushed with either plor Ar, as indicatedT’ = 40 °C; scan ratey transfer from the electrode to the enzyme. The activity increases
= 20 mV/s; electrode rotation rate, = 2 krpm. (the current becomes more negative) when the electrode

potential is low enough that the catalytic state competent for

All PRV experiments were carried out in a glovebox (Jacomex) under €volving H is formed. Thus we may expect the catalytic wave
an N\, atmosphere (©< 1 ppm). The electrochemical cell, thermostated 10 be sigmoidal, with a midwave potential that equates the
at 40°C using a water circulation, was housed in a Faraday cage. A reduction potential of the NiC/Ni—R couple?® However, the
pyrolytic graphite edge (PGE) rotating disk working electrode (&ea  current does not level off at high driving force (low electrode
~ 3 mnf) was used in conjunction with an EG&G M636 electrode potential); this was also observed with Av-hase and interpreted
rotator, a platinum wire was used as a counter electrode, and a saturate¢h, terms of a dispersion of enzyme orientations on the electrode,
calomel electrode (SCE), located in a Luggin sidearm containing 0.1 regyting in a dispersion of interfacial electron-transfer rétés.

Al potentils ae guoted versus the standard hychogen electode (SHyDSSPI this complication, the position of the reductive wave
'does relate to the reduction potential of thed0/Ni—R redox

Esue = Esce + 241 mV at room temperature. Cyclic voltammetry a6 d f h . f th |
(whereby the electrode potential is sweeped and the current istransmon, and from the position of the voltammograms

measured), chronoamperometry (the electrode potential is stepped, and€corded under Ar at pH 4 and 6 (Figure 1), it is obvious that
the current is measured), and chronopotentiometry (the current is this reduction potential decreases by about 60 mV per pH unit,
constant, and the electrode potential is measured) experiments wereshowing that the reduction of NiC is coupled to the uptake of
performed with an Autolab electrochemical analyzer (PGSTAT 12, Eco one proton. The change in overall magnitude of the current is
Chemie) equipped with a staircase scan generator. Cyclic voltammo-simply related to the change in activity with pH: under 1 atm
grams were recorded in digital mode, with a fractional sampling time of Ar, the enzyme turns over about 3 times faster at pH 4 than
of 1, to minimize the capacitive current. at pH 6, as observed with Av-ha&&Similarly to Av-hase again,
Before preparation of an enzyme film, the PGE electrode was {he requctive current measured under Ar is slightly dependent
polished with an agueous alumina slurry (Buehleend) and sonicated  — gjactrode rotation rate (data not shown): this results from

thoroughly. Protein films were prepared by painting the electrode with .
about 0.5uL of a stock solution of enzymex20M in 50 mM HEPES product B accumulating near the electrode surface at low
3 rotation rate, thus inhibiting fHevolution3

Na, pH 8). The electrode was inserted into the cell containing about

mL of buffer at 40°C and cycled repeatedly until the enzyme was ~ When the voltammograms are recorded under an atmosphere

activated and a stable current response was obtained. The enzymeef Hp, the catalytic current is positive at high potential and

coated electrode could then be transferred into solutions of different negative at low potential and results frony, ldxidation or

pH with very little loss in electroactive coverage. evolution, under conditions where the active site is oxidized
The electrochemical cell was always continuously flushed with H - or reduced, respectively. The reductive current is lower than

Ar, or a mixture of 10% Hand 90% N (all from Air Liquide), using  that recorded under Ar because of khhibition of proton

a cannular to bubble the gas directly into the cell solution. The same reduction. as mentioned above. but in contrast with the results

buffer as that present in the electrochemical cell, but saturated with for Av-haée%S inhibition of proto;l reduction by Df-hase is not

H,, CO, or air at 40°C (with the safety precautions relevant to the let der 1 atm of HR kably. th idati tivit
high toxicity of carbon monoxide), was kept in a capped serum bottle pomp ete under 1 atm of4iRemarkably, the oxidative activity

and thermostated at 4T using a bain-marie in the glovebox. Small 1S about the same at pH 4 and 6 (Figure 1) and is nearly

aliquots of this solution were injected into the electrochemical cell using Unchanged at pH values as high as 9 (data not shown). This is
gastight syringes. We shall notethe volumic fractions that refer to ~ in agreement with the PFV study of the enzyme frém

the amount of solution injectedx is the volume injected divided by  zinosum?®and contrasts with the bell-shaped change in oxidative

total volume of solution in the cell after the injection; it is also the
ratio of the concentration of gas at time of injection over the (46) To relate the position of the reductive wave to a reduction potential of the
concentration under saturating conditiorss C(t = 0)/C(sat). active site, two limiting cases can be considered, depending on whether

E2,c is lower or greater thaiES; (see the detailed discussion in the
appendix of ref 13). The analysis of the wave shape (not shown) shows

Results that E2x < E2,o therefore, when NiR is formed atE < E2, the
Steady-State Activity: Comparison with the Enzyme from electrode potential is already low enough with respeﬁ&gthat the rate

. R : of reduction of Sl no longer affects turnover. Thus the exact vah%
A. vinosum. Figure 1 shows steady-state, catalytic voltammo- has little influence on the wave shape, which is relatively broad (“one-

grams for Df-hase adsorbed at a PGE electrode, recordéd at electron”) and centered OB .

12164 J. AM. CHEM. SOC. = VOL. 126, NO. 38, 2004
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activity that is measured in solution asséyghis difference
has been interpreted in terms of the oxidation of the enzyme
by soluble dyes limiting the rate of turnover in solution
assay§:11*13'16

Under an atmosphere of;Ha moderately high electrode
rotation rate ¢ = 2 krpm) was always enough to ensure that
mass transport did not limit the current (increasing the electrode
rotation rate further did not increase the oxidation current); this
is unlike the case of Av-hasé.Mass transport control arises
when the electrode coverage and the activity are so high that
substrate consumption by the enzyme results in its depletion
near the electrode surfateThe fact that mass transport control
is not observed in the case of Df-hase results most likely from
this enzyme being less active and/or adsorbed with a lower
electroactive coverage than Av-hase; this is consistent with the

observation that the measured currents are lower than those

obtained with Av-hasé’ As a rule, mass transport control hides
the interesting features of the voltammograms, and the fact that

these limitations are released at moderate electrode rotation rate

in the case of Df-hase is certainly an advantage.

Figure 1 shows that, under 1 atm of,HDf-hase catalyzes
both H, uptake and evolution. AE ~ —230 mV (at pH 4) and
—350 mV (pH 6), the oxidative and reductive contributions to

-0.1

i(uA)

-0.2

10

10~

—i (u A)

—0.05 |
-0.1 ¢
-0.15
—-0.2 E

OCP (V vs SHE)

200
t(s)

the current exactly balance each other and there is no net current.

The value of this “open circuit potential” (OCP) is such that
the H/H, transformation is at equilibrium and the enzyme does

Figure 2. (Panels A and B) Decay of the current resulting from oxygen
reduction after injection in a cell flushed with Ar or a small amount of
air-saturated solution, with volumic fractiors= 3.2 x 102 andx = 6.05

not catalyze any net transformation: the OCP equates the formalx 1072. w = 2 krpm.E = —260 mV. The slopes-1/(2.%) of the semilog

reduction potential of the substrate/product cotfpie*®50 and
does not characterize the enzyme.

Figure 1 shows that Df-hase is an efficient catalyst of both
H, evolution and uptake. This contrasts with the enzyme from
A. vinosum which is strongly biased in the oxidative direction
(with Av-hase, the catalytic current forftreduction is at best
10 times smaller than that for oxidative activify)3

Principle of the Transient Measurements.Hereafter, we
analyze the change in enzyme activity as a function of time,
following the injection of a small amount of solution saturated
with Hp, CO, or air (substrate or inhibitor) into the solution in
contact with the enzyme. The cell solution being continuously
flushed with either Hor Ar (by bubbling the gas directly into
the cell), the added, dissolved gas “escapes” from the solution
and its concentration drops back to zero within a few minutes
following the injection. Importantly, this decay is exponential,
as demonstrated below by the results of two independent
experiments (Figure 2).

When a polished graphite electrode is poised at low potential
(negative with respect to SHE at neutral pH) and rotated (to

maintain steady-state mass transport) in a solution, a reductive

(negative) current can be measured, which is proportional to
the concentration of dissolved oxygen. Figure 2A shows this
reduction current as a function of time following the injection
at timet ~ 50 and 300 s of an air-saturated solution in an
electrochemical cell flushed with Ar. The dead time for mixing

(47) This could also result from Df-hase having a smaller Michaelis
constant than Av-hase, so that Df-hase would remain saturated degpite H
depletion.

(48) Hirst, J.; Sucheta, A.; Ackrell, B. A. C.; Armstrong, F. A.Am. Chem.
Soc.1996 118 5031-5038.

(49) Leger, C.; Heffron, K.; Pershad, H. R.; Maklashina, E.; Luna-Chavez, C.;
Cecchini, G.; Ackrell, B. A. C.; Armstrong, F. MBiochemistry2001, 40,
11234-11245.

(50) Zu, Y.; Shannon, R. J.; Hirst, J. Am. Chem. SoQ003 125 6020-
6021.

plots gaver ~ 20 s. (Panel C) Relaxation of the open circuit potential of
a hydrogenase-coated electrode following the injection of asdturated
solution in the cell flushed with Arx = 3.3 x 1073 andx = 6.6 x 1072.
The slopeRT/2F7 of the linear parts of the data (dashed lines) gave

20 s. pH 4.15w = 2 krpm, T = 40 °C.

is smaller than 0.5 s. The linear plot of leg againstt in
panel B demonstrates that the time-dependent oxygen bulk
concentration follows

C(t) = C(0) exp(-t/z) 1)
No significant deviation from an exponential decay is observed
while the current (and thus the bulk concentration of oxygen)
decreases over 2 orders of magnitude. The relaxation time,
depends mainly on the flow of neutral gas which is bubbled
through the cell solution; it was also found to increase with the
volume of solution in the cell and to decrease with increasing
electrode rotation rate (increasiagrom 500 to 7 krpm resulted
in a 10-fold decrease in).

The result of a distinct, zero-current experiment also shows
that the concentration of added gas decreases exponentially with
time: inject some htsaturated solution in an electrochemical
cell continuously flushed with Ar and measure the time-
dependent open circuit potential (OCP) of an electrode onto
which hydrogenase is adsorbed. The OCP equates the formal
H*/H, reduction potential, which depends on ¢bncentration
according to the Nernst equation. Thus, as a result of the
exponential decrease inpHtoncentration, the OCP increases
linearly with time, with slope dOCPid= RT/2Fz, as indeed
observed in Figure 2C. In the next section, we show that such
slow and well-defined change inldoncentration against time
can be used to determine how activity depends on substrate
concentration.
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Figure 3. Catalytic, sigmoidal, transient current for hydrogen oxidation . o o .
by Df-hase, following the injection of a solution saturated with hydrogen Figure 4. CO inhibition of H oxidation by adsorbed NiFe hydrogenase.

in the electrochemical cell flushed with Ar. pH 6&,= —160 mV, T = (A) Current transients following the injection of CO-saturated solutions (
40°C, x = 0.8,w = 2 krpm,7 ~ 18 s. Dotted line: residual, enlarged 10 = 6 x 1072 1.5 x 1072 2.25 x 1072 and 1.25x 107) to a solution
times, after the data were fit to eq 2 (dashed line). Inset: the log transform flushed with k. pH 6.3,E = —160 mV.w = 2 krpm,7 ~ 50 s. (B) current
of the transient, fitted to a straight line according to eq 3. i normalized by its value just before CO was addé@), (C) log transforms

of the transients, eq 7. (D) The plot of tixentercepts of the log transforms
againstx is fitted to a straight line (dashed).
Measurements of Michaelis Constants for H Oxidation.
Figure 3 shows a current versus time plot for dxidation by CO Inhibition of H » Oxidation under 1 atm of H.. Figure

adsorbed hydrogenase, following the injection into the cell 4 jjystrates the method that was used to measure the dissociation
flushed with Ar of an H-saturated buffer, while the electrode  qnstant corresponding to CO inhibition of Exidation. The

potential is poised at a value which favors the presence of theenzyme-coated electrode was poisecEat —160 mV, in a
Ni—SI state. Provided that (i) the activity (and thus the cata- gq|ytion at pH 6, flushed with 1 A steady, positive current is
lytic current) depends on Hconcentration according to the  measyred which is proportional to the rate of dkidation. At
Michaelis—Menten equation and that (ii) the;ldoncentration repeated times, we injected small volumes of CO-saturated

decreases exponentially with time accordin@i(t) = Cr,(0) solution (the volumic fractionz are given in the figure caption).
exp(-t/z), the current transient that follows the injection of H - The current dropped instantaneously each time CO was added
is expected to be sigmoidal (panel A), and activity was recovered over the nex300 s
. while the concentration of dissolved CO decayed exponentially.
) — I max The fact that the activity is fully recovered after CO has vanished
i) (2 i
1+ K y from the cell demonstrates that the electrode potential was too
C, (0) expt/) low to result in the oxidation of the active site to its inactive
Mz form Ni—B

as indeed observed in Figure 3, where the best fit to eq 2 and In the_ fol_lo_vx_/lng, we use the notat|d|<1|(|nh|b|tor/sub_strate)
. . . or the inhibition constants. For exampl&;(CO/H,) is the
the residue enlarged 10 times are plotted with dashed and dotted,. L S o
. . . . dissociation constant for the inhibition ofléxidation by CO.
lines, respectively. The current is nearly constant during the _. . e 243 =
S Since CO is a competitive inhibitor of 44243 the activity
few seconds that follow the injection ofk$aturated buffer, . :
S depends on CO and jHconcentrations according to the
when the H concentration is still large enough to saturate the : o
) X ; ) -~ ; relationship
enzyme; thus, in this experiment, the initial current is a
“maximal” current (just asvmax relates to turnover under i
max

saturating conditions in MichaetidMenten kinetics). i) = 4)
The sigmoidal shape of the transient is easily demonstrated 14 Ceolt)
in the semilog plot ofinafi — 1 againstt (inset of Figure 3), CHz(t) K,(CO/H,)
log ('m_aX_ ) = log m , U 3) Its dependence 0Bco (and time) is simple if the KHconcentra-
it 10 CHZ(O) 2.3 tion remains constant during the transient (this is expected to

. . (51) Colbeau, A.; Vignais, P. MBiochim. Biophys. Acta981, 662, 271-284.
and the value ofK, can be determined directly from the (52) vignais, P. M.; Henry, M. F.; Berlier, Y.; Lespinat, P. Biochim. Biophys.

_j = 3 Acta 1982 681, 519-529.
y |ntercept of the _'09 transforme (6'5 - 3) x 100 atm (53) Meuer, J.; Bartoschek, S.; Koch, J.;*9nkel, A.; Hedderich, REur. J.
of Ha (=5 uM); this is estimated from the results of multiple Biochem.1999 265, 325-335. . _
runs. In the case of NiFe-hases, published valugspfange (54 Keefe, R. ©.. Axley, M. J.; Harabin, A. lArch. Biochem. Biophy<.995
from 0.07 to 11uM (refs 51—54). (55) Cornish-Bowden, AFundamental of Enzyme kineti@rtland Press: 2004.
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Figure 5. Summary of all the constants for the inhibition by CO of H
uptake and evolution by Df NiFe hase, at pH 6, 20. Values of
KPRCO/H) measured under 1 atm of,Ki®, upper right corner) and 0.1
atm of H (a), and the corresponding value f(CO/H;) once the
competition with H was accounted for (lower right cornerl on the left)

K|(CO/H'), and the lines are from eq S5; see text.
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Figure 6. Measurement of the dependencekofCO/H") on the driving
force. (Panel A) Potential stair case applied to the electrode (dashed line
and righty-axis) and proton reduction current following the injection of
minuscule amounts of CO saturated solutions (plain line and left axis). (Panel
B) Normalized current transients recordedsat —460 (dashed line) and

be the case if the fraction of added CO-saturated solution is —290 mV (plain line). (Panel C) Same transients after the log transform

small)

i(t) ~ '(©)

+ Ced0) expCtn)

K, PCO/H,)

wherei(0) = ima)(1 + Kn/Ch,) is the current just before the

addition of CO, and

Cy,
K ®RCOIH,) = K/(COM,) ¢~

Under saturating condition€(, > Ky,), the apparent inhibition

K
14"

m

Cy

2,

constant is proportional to the concentration of H

The sigmoidal transient predicted by eq 5 is made linear in

Figure 4C, using the following log transform:

i(0 Ccol0)
|0910(% - 1) = log, Iz?pp

The y-intercepts of the plots in Figure 4C gave the values of
Cco(0)/KFPP which were found to be proportional t®, as
expected (panel D).x[is the volumic fraction of saturated
solution injected at = 0 and thus equateS(0)/C(sat).] The
value of K?CO/H,) ~ 0.1 atm was determined from the
slope of the straight line in Figure 4D. Taking into account the
competition with H (eq 6) gaveK,(CO/H,) ~ 6.6 x 1074 atm

of CO (=0.65uM).

t

2.3

was applied. pH 6, 40C, 1 atm of Ar,w = 2 krpm,7 ~ 18 s.

with the fact that CO and Hcompete for binding to the active
site, the value oKP{CO/H,) decreased about 10 times when
the H, pressure was decreased from 1 to 0.1 atm (filled triangles
in Figure 5). A slight increase iK"{CO/H;) was observed as
the electrode potential was decreased.

H» Inhibition of Proton Reduction under 1 atm of Ar.
Similar experiments allowed the inhibition of proton reduction
by hydrogen to be studied: the cell is flushed with Ar, the
electrode is poised at low potential, a negative current resulting
from proton reduction by the enzyme is measured, which
decreases (becomes less negative) whepsakirated solution
is injected in the cell. Typical results are shown in the
Supplementary Information (Figure S1). We fouk@H/H™)
~ 0.2 atm of b at pH 6,E = —660 mV, and 0.23 atm at pH
4, E = —560 mV.

CO Inhibition of Proton Reduction under 1 atm of Ar
and Its Dependence on Electrode PotentialFigure S2
(Supporting Information) shows typical results corresponding
to the addition of CO-saturated solutions to a cell flushed with
Ar while the enzyme catalyzes the evolution of Ht low
electrode potential. The value #f(CO/H") measured from
these experiments (Figure S2D) was found to depend on the
electrode potential, and a systematic study was undertaken. The
fact that there is little noise in the linear plots@f0)/K, against
x in Figures 4D, S1D, and S2D suggests that the value of the
inhibition constant can be determined with good accuracy from
the analysis of a single transient; this made very convenient

The experiments were repeated for several values of thethe study of the dependence Kf{CO/H") on E, as illustrated

electrode potentidt (data not shown). The corresponding values
of KIPACO/H,) are collected in Figure 5 (circles, upper right
corner): under 1 atm of §lwe did not detect any significant

dependence oE.

CO Inhibition of H > Oxidation under 0.1 atm of H,.
Similar experiments were carried out flushing the cell with a
mixture of 10% H and 90% N (data not shown). Consistently

in Figure 6: the electrode potential was stepped with time as
exemplified by the dashed line in panel A; after each step, very
small volumes of CO-saturated solutions 1072) were added,

and the current was monitored simultaneously (plain line in
panel A). Potential ramps were performed in either direction,
the cell solution was renewed several times, and the steady
increase in cell volume resulting from the addition of small
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volumes of CO-saturated solution was accounted for to avoid ‘ T T
systematic errors. Normalized transients, recorddtl=at—460 L R I 02
(dashed line) aned-290 mV (plain line) are plotted in panels B
and C, from which it is obvious that the inhibitory effect of
CO is more pronounced at higher electrode potential. The values
of K|(CO/H") measured from each transient are collected in
Figure 5 (filled squares). The errors at high electrode potential 0
result from the catalytic current becoming so small that the value ‘ e ‘
of the inhibition constant is increasingly dependent on the 0 100 200
presence of a small current offset (the limits of the intervals time (s)
given for each measurement were obtained by analyzing the rigyre 7. O, inhibition of H, oxidation. Dashed line and rightaxis:
data either with no correction or after they have been shifted potentiel steps applied to measure the rate pbidation in the presence
by +20 nA). of O; and subsequently reactivate the enzyme. Plain line and left axis:

- + - current transients; aliquots of air saturated solutions (3.2 x 1072 and
Modeling the Dependence oK,(CO/H™) onE. Tointerpret 1 ' "15°2) were added at= 20 and 180 s. 1 atm of HpH 7, 40°C,
the dependence of the inhibition constant on driving force under = 2 krpm.
reducing conditions, we consider that the oxidized, active form

of the active site, Ni-Sl, is reduced in two successive one- Slowly as a result of its transformation to-NB.1° In contrast

40
0.5 r,

i(uA)
|
o

|
|
|
:—)
|
|
|
|
|

E (V vs SHE)

L

|
©
=~

electron steps (via the intermediate oxidation levet-§) to with the experiments reported above, the decrease in activity
Ni—R, which is protonated and releases With a ratek; that results from the injection of Qs therefore superimposed
(Scheme S3 in the Supporting Information). Electron-transfer on a slow decay resulting from the anaerobic inactivation.
rates are described by the Butlerolmer equatiori Binding Figure 7 illustrates the procedure that was used to measure

of CO to Ni—=SI results in the formation of the dead-end Species the rate of aerobic inactivation. The electrode was pOised at
termed Ni-SI—CO; the reasons why we assume that CO only 190 mV, a catalytic current for Hoxidation by adsorbed
binds to Ni-Sl are given in the Discussion. The equation for hydrogenase was measured, and an aliquot of air-saturated
the catalytic, reductive current (eq S3), is easily derived as a solutions was injected (at time= 20 s). In contrast with
function of the electrode potential and four parameters: the ratio inhibition by CO, the decrease in current following the addition
Cco/Ksi (WhereKsg is the dissociation constant from NS), of O, can be resolved, and activity is not recovered under
the reduction potentials of the SI/C and C/R couples, and the 0xidizing conditions, even after oxygen vanishes from the cell
ratio ko/ko, which describes the competition between turnover solution. The electrode potential was then poiseet360 mV

and interfacial electron transfer. The ratio of the current in the for 30 s to reactivate the enzyrfféWhen the electrode potential

presence of CO to that in the absence of CO simplifies to ~ Was stepped back at 190 mV (at= 150 s in Figure 7), about
half of the activity was recovered, so that subsequent measure-

i 1 ®) ments of inactivation kinetics could be carried out with the same
i(0) Ceo film.
R To measure the rate of aerobic inactivation from such data,
K,(CO/H")

we consider that the concentration of active enzyme decays as
a result of two competitive processes: (i) ap-i@dependent
with an inhibition constank|(CO/H") (eq S5) which depends  oxidation to Ni~B, with first-order rate constark, and (ji) an

on E and four parametersKs), two reduction potentials, and  o,.dependent, bimolecular process with an apparent first-order
kolko. rate constank, x Co,(t) which decreases exponentially with

The best fit ofi,(CO/H) in Figure 5 to eq S5 (plain line),  time as Q vanishes from the cell. The differential equation that
with Ks; fixed to the value of|(CO/H;) determined above,  describes the change in concentration of active enzymeads
gaveE2,. = —270 mV,E2; = —360 mV, andky/ko = 1025,

The values of these reduction potentials are very close to those dar _ -

determined from the analyses of the catalytic waves recorded dat L kaCOZ(O) expCUnll ©)

at the same pH (Figure 1)E3,c = —290 mV, andEQ; =
—340 mV at pH 6. The dashed line in Figure 5 was obtained
with the same parameters except for the valuktg that was
set to zero to illustrate the fully reversible linthwhere the dini

concentations of the redox species are simply relat@glt,e, o Ky — kq % Coz(o) exp(-t/z) (10)

E2 - andE by the Nernst equation.

Aerobic Inactivation. To measure the decrease in rate of where d Ini/dt has very simple physical meaning: it is the
H. oxidation that results from the injection in the cell of an apparent first-order rate of inactivation, which depends on the
O,-containing solution, care must be taken that direct reduction instant concentration of bulk O
of O, on the electrode does not interfere with the activity  Figure 8B shows the first derivatives of the natural logarithm
measurement; this would result in a contribution to the measuredof the current transients plotted in panel A, fitted to the
current (Figure 2A) that could not be simply subtracted. Thus, exponential variation predicted by eq 10 (dots). Three parameters
all aerobic inactivation experiments reported below were were adjusted to fit each transienkp, kiCo,(0), andz. It is
performed by poising the electrode potential at a value which

Since the catalytic currents proportional td", eq 9 is rewritten

in a form that is convenient to analyze the data in Figure 8A:

; ; ; (56) Care was taken that ng@as left in the cell before stepping the electrode
was high enough that n(_) d'recb@ducnon occurrec_ﬂ - _0 at low potential, as the products of direct @duction on the electrode
mV at pH 7). At such high potential, the enzyme inactivates may damage irreversibly the enzyme.
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Figure 8. (Panels A and C) Decrease in the rate ofdtidation by Df-
hase resulting from the injection at tihe= 0 of small amounts of aerated
buffer into the cell, while the electrode is poised at high potential. (Panel
A) 1 atm of H, T & 24 s. (Panel C) 0.1 atm ofdr ~ 10 s,E =190 mV,
pH 6.8, 40°C, w = 2 krpm. (Panels B and D) Plots of d(ij)}{dt against
time, and fits to eq 10@).
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obvious from the data that the valueswédndk, are about the
same for both transients, while the value lgfCo,(0) (the
magnitude of the decay of d Ifdt) is proportional to the initial
concentration of @ as expected. This and the fact that the
change in d Ini/dt against time is exponentfdlconfirm that
the aerobic inactivation is a bimolecular process.

The fraction of Q in the air beingz~20%, we obtaine#, =
38+ 4st(atm Q) ! (ka~ 3 x 10*s 1M1 atE= 190 mV,
pH 7, 40°C, 1 atm of B (this was estimated from seven
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Figure 9. Dependence of the inactivation rate constanEaat pH 6.9+
0.1 (Panel A) and on pH & = 190 mV (Panel B)T = 40 °C, 1 atm of
H, (M) or 0.1 atm of H (O), w = 2 krpm.

atm of H,, either at pH 7 changing the value & or at
E = 190 mV as a function of pH. The results are collected in
Figure 9.

Discussion

For the past five years, PFV studies of Av-hase have given
interesting insights into the catalytic properties of NiFe
enzymes:1~16 The fact that this technique allows the measure-
ment of activity over a large range of driving force and can be
used to determine how activity evolves with time following an
instant change in redox conditions makes it specially suitable
to study the complex redox and redox-coupled processes that

independent data sets such as those in Figure 8). The value obccur in NiFe hydrogenases over very different time scales.

the first-order rate constal, corresponding to the anaerobic
inactivation was estimated to re102 s~1. Consistent with
the FTIR study of Df-hase in ref 33, and in contrast with the
results obtained with the enzyme frof vinosum!® we did

Here, the first PFV study of Df-hase generalizes some important
conclusions that were drawn from the experiments withAhe
vinosumenzyme (regarding how activity depends on'f)rand
gives further information about the binding and aerobic inac-

not observe any significant pH-dependence for the rate of tivation kinetics in NiFe hydrogenases.
anaerobic inactivation. This difference between the two enzymes  Transient Measurements: H Binding and CO Inhibition.

remains to be explained.
Dependence of the Rate of Aerobic Inactivation on ki
Pressure, E, and pH. All things being equal, the bi-

In this work, we have measured by PFV the activity of
hydrogenase as a function of the concentration of dissolved
substrate or inhibitor. Instead of using a closed electrochemical

molecular rate constant for aerobic inactivation was increased cell (with the atmosphere above the solution sealed from that

to 105+ 15 s'1 (atm Q)1 when the experiment was performed
under 0.1 atm of blinstead of 1 atm of K(panels C and D in
Figure 8).

of the glovebox, set to the desired composition, and allowed to
equilibrate with the buffer), we propose an original technique
that consists of equilibrating the buffer with,Hor Ar (by

To determine whether the electrode potential and the pH value continuously bubbling gas into the cell) and then adding quickly

have an influence on the rate of the inactivation process,

(within a fraction of a second) an aliquot of buffer saturated

experiments such as those in Figure 8 were repeated, under lyith CO, H, or air. Following the injection, within a few

(57) If the inactivation had to be interpreted in terms of binding efviith
dissociation constar, before the inactivation proceeds with a rate constant

minutes, the cell solution reequilibrates with the atmosphere of
the glovebox, and the enzyme turnover can be measured as a

KI® this should appear from the data as a sigmoidal (as opposed to function of time, while the substrate or inhibitor vanishes from

exponential) change against time
dlni ke

dt 1+ —CK 1oy exp(t/T)

— ey (an

The fact that the initial rate of aerobic inactivation is proportionak e

merely an additional check that, under the experimental conditions we used,

it is first-order in Q.

the cell solution.

Importantly, the fact that the decrease in inhibitor or substrate
concentration over time is exponential (as demonstrated by the
experiments in Figure 2) makes it very easy to obtain the relation
between concentration and steady-state activity in a single, time-
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dependent measurement: in the case of the reversible bindingof Ar (Figure 6), we have measured the continuous change in
of substrate K or inhibitor CO, the hyperbolic dependence of inhibition constant as a function of driving force (black squares
activity on a concentration that decreases exponentially with in Figure 5): as the electrode potential is decreased, the apparent
time results in sigmoidal transients that can be easily analyzeddissociation constant for CO increases continuously and remains

using log transforms.

greater than the intrinsic affinity for CO of the NBI state.

In the case of the transient experiments described in this This dependence will now be interpreted in relation to the

paper, changing the electrode rotation ratbad an influence
on the relaxation time, but this did not influence the measured

electrode-potential-dependent concentrations of the different
states of the active site that are present during turnover, each

dissociation and Michaelis constants (data not shown). This having a specific affinity for CO.

implies that the changes in concentrations were always slow Why Does CO Inhibit H, Evolution? At first sight, the
enough (with respect to turnover rate) that steady-state condi-increase inK;(CO/H") with decreasing electrode potential in
tions applied at all times; therefore steady-state rate equationsFigure 5 may be simply interpreted in terms of a reduced form

could be used to model the transients.

of the active site having a lower affinity for CO than the form

This experimental approach contrasts with both traditional present under oxidizing conditions. This would suggest that, at
assay® (where initial rates are measured for discrete values of low electrode potential, inhibition of proton reduction results
the substrate concentration) and integral methods, where thefrom binding of CO to the most reduced form of the active

turnover rate changes as a function of time following the

site, Ni-R. However, this is very unlikely to be the case for

consumption of the substrate by the enzyme, in which casethe following reasons.

kinetic equations must be integrated to account for the time

courses of reactiorf$:5° Indeed, in the experiments we report,

(1) No state with CO bound to NiR has ever been observed
in time-resolved experiments where the reduced enzyme was

the continuous change in substrate or inhibitor concentration mixed with CO3260whereas the N SI—CO species is stable

against time results only from the buffer composition reequili-

enough to be isolated and crystallizZ€d.

brating spontaneously with the atmosphere of the glovebox and  (2) Although the structure of NiR is still a matter of debate,

is fully uncoupled to the activity of the enzyme.
CO Inhibition Is Reversible and Fast. Inhibition of hydro-

genase activity by CO is well-known to be reversible. However,

the coordination sphere of the Niion is certainly complete, either
because the Ni is bound to Kthis is favored from theoretical
calculation$) or because a hydride bridges the metal ions. In

in traditional experiments (solution assays), testing the revers- ejther case, the active site could not accommodate an exogenous
ibility usually involves exchanging the atmosphere above the CO ligand in Ni-R, whereas there are spectroscopic and
sample and waiting for the solution to equilibrate: this takes stryctural evidences for this to be the case in—Ki34-40
several minutes. In contrast, PFV allows change in activity to Similarly, binding of CO to the Ni-C state is difficult: it

be measured on much shorter time scales, and data such as thosgquires illumination under cryogenic conditions to remove the

in Figure 4 show that CO binding occurs within the dead time
for mixing (<0.5 s) and remains at equilibrium during the
transient.

bridging hydride, and NiC—CO is obtained only in substoi-
chiometric amount&?
(3) If CO could bind to NiR, this would imply that CO

Since CO always equilibrates with the enzyme on the time and H, can bind simultaneously, and this would result in the
scale of our experiments, we were able to determine dissociationnnipition by CO being mixed® In contrast, available dat&*3

constants with great simplicity by monitoring the recovery of
activity while the added inhibitor vanishes from the cell. The

(including those reported above, regarding how the apparent
inhibition constant changes withyhpartial pressure) point to a

values we determined are of the same order of magnitude ascompetitive mechanism, whereby the substrate and the inhibitor

those measured at Z& with the enzyme fronD. gigas*?
Ki(CO/H') = 8 x 1073 atm CO,KPACO/H,) = 2 x 10 1 atm
CO under 1 atm of kl

Assuming that CO inhibition of Koxidation is competi-
tive,*243 the apparent inhibition constant under saturating
conditions is expected to be proportionallg, (eq 6), as indeed
observed in our experiments (Figure 5): -af60 mV, the
inhibition constant measured under 1 atm ofwhs 10 times
greater than that measured under 0.1 atm af Faking into
account the value of the Michaeli#lenten constant for &
oxidation, we determined the value of the affinity for CO of
the Ni—SI state that is present under oxidizing conditioks;
= 6.6 x 104 atm CO £0.65uM).

cannot bind simultaneously.

Therefore, since CO binds only to the-NsI state, the fact
that CO inhibits proton reduction reveals the presence of the
oxidized, active form of the active site under reducing condi-
tions. This can be explained by taking into account the finite
rate of interfacial electron transfer: we have shown that the
model developed previousf/to analyze the catalytic wave
shape for proton reduction could be extended to describe CO
binding to Ni—SI (Supporting Information) and to derive an
equation (S5) that could fit the dependence of the apparent
inhibition constant ork (plain line in Figure 5). The reduc-
tion potentials of the active site determined from this fit were
consistent with those measured by fitting the catalytic sig-

Beyond the simplicity of the experimental method we propose najs in Figure 1. In the fully reversible limit, that would be
(with respect to solution assays), we are provided with a unique reached if there were no limitation by interfacial electron trans-

way of looking at how the affinity for CO continuously changes
as the driving force for the HH, conversion is tuned (Figure

fer, the dashed line in Figure 5 would be observed; in this case,
the active site would equilibrate with the electrode poten-

5). By repeating CO additions at different values of the electrode ) 49 and the disappearance of -NsI under reducing condi-

potential, while the enzyme evolved, dnder an atmosphere

(58) Schiller, M. R.; Holmes, L. D.; Boeker, E. Biochim. Biophys. Acta996
1297 17-27.
(59) Duggleby, R. GMethods2001, 24, 168-174.
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inhibition constant, until, practically, CO no longer inhibits

under the conditions of low Oconcentration we used<(2

proton reduction. The limitation due to interfacial electron uM), the process is first-order in O
transfer makes the populations of each redox state under turn-  To the best of our knowledge, this is the first measurement

over conditions deviate from those under equilibrium conditions.

of the bimolecular rate constant for the inactivation of a NiFe

This illustrates a case where the inhibition constant measuredhydrogenase with © The attack of Df-hase by Hwith a

at a given potential under turnover conditions is not directly
related to the affinity of the inhibitor for the redox state of the
enzyme that is stable, at this potential, under equilibrium
conditions.

Remarkably, the fact that CO also inhibits Eivolution in
solution assay® shows that the redox mediators cannot keep

pseudo-first-order rate constant®8 x 10*s 1 M~1 at 40°C,

is the slowest bimolecular process: the CO binding event is
too fast to be resolved in our experiments (thus its rate constant
must be at least an order of magnitude greater than that for
reaction with Q), and with a turnover for Hoxidatiort? greater
than 1000 s! and aKr, value in theuM range, the value of the

the enzyme fully reduced either. This suggests again that, in specificity constank.a/Kn must approach the diffusion limit.

traditional experiments, relatively slow intermolecular electron
transfer may result in underestimating the intrinsic activities of
NiFe hydrogenases.

Alternatively to slow interfacial and intermolecular electron

The fact that the rate of aerobic inactivation does not depend
on E at a given pH (Figure 9A) or on pH at a givén(panel
B) shows that the steady-state fraction of1$il state is
independent oE in this range of electrode potential and that

transfers, another reason, not accounted for by our model, couldthe attack by @is not modified by a protonation equilibrium

also be responsible for the presence of some MNiform of

at the active site. A protonation step may still occur after the

the active site under reducing conditions: the rate of reduction reaction with @, provided that it is not rate limiting.

of the active site may level off as the electrode potential

Reaction with O, Produces a Mixture of Ni—A and N—B.

decreases (instead of increasing exponentially) because &om the cyclic voltammograms recorded underi Figure

chemical step that precedes the reduction of 8li to a form
that no longer binds CO is relatively slow. This slow step could
be the protonation of Ni Sl after it has been reduced (a proton-
transfer step was proposed to be rate limiting during H
evolution in ref 61) or the subsequent formation of the bridging
hydride.

The reversibility of CO inhibition certainly makes sense from
a physiological point of view, as CO is a common metabolite
in anaerobic environmentKeeping in mind the goal of using
hydrogenase-basEdr hydrogenase-liké catalysts in fuel cells,
this also shows the superiority of Ni and Fe with respect to

1, itis clear that there exists a potential range within which the
enzyme oxidizes KHwithout undergoing anaerobic inactivation
(the formation of Ni-B would result in a characteristic decrease
in current at high potenti&fl). Accordingly, at pH 6, 40°C,

and even at a potential as high-a860 mV, the chronoampero-
metric data in Figure 4A show remarkably stable oxidative
current over a large period of time. This is not the case at 190
mV and pH 7, where the activity decreases steadily (dotted line
in Figure 8A) as a result of the anaerobic inactivation (increasing
the pH and the electrode potential makes the oxidation teBNi
more favorabl®).

precious metals such as Pt and Pd, which are irreversibly \\han the enzyme is inhibited by adding,@hen reactivated

poisoned by oxides.
Aerobic Inactivation Is Slow and First-Order in O ,. The

at low electrode potential for 30 s and taken back to 190 mV,
about half of the activity that was lost upon aerobic inactivation

fact that solution assays cannot be performed in the presenceg recovered (Figure 7). Further reactivation could be observed
of oxygen had previously precluded the investigations of the by using much longer reductive poises (at pH 7,°@) this

kinetics of the aerobic inactivatidi,despite the importance of

required about 20 min). A similar observation was made with

such a process in the context of mechanistic studies, fuel cellthe enzyme fromA. sinosumin ref 16. Since reactivation of

technology, biological photoproduction of,Hnd metabolic
regulation in microaerobic organisms.

Using PFV, the rate of Hoxidation by NiFe hydrogenase
can be determined in the presence of, @nd the rate of

Ni—B is virtually instantaneous at high temperature and low
electrode potentidk 16this shows that the reaction of the active
enzyme with Q results in the formation of a mixture of NiA
(that is not reactivated during the short reducing poise) ard Ni

inactivation can be measured. This is done by (i) poising the B. Consistently, (i) the purification of the enzyme under aerobic
potential of the electrode onto which hydrogenase is adsorbedconditions always leads to a mixture ofNA and Ni—B states’

at a high value (so thatHs catalytically oxidized and no direct
reduction of Q occurs), (ii) continuously bubbling H(or a
mixture of H, and an inert gas) in the cell, and (iii) adding a
small aliquot of Q-saturated solution; the inactivation of

and (ii) EPR data obtained witht@xidized Av-hase exhibit
line broadening for both the NiA and Ni—B states wheA’O;

is used instead of®O, (ref 36). This shows that two distinct
oxidation mechanisms, either aerobic or anaerobic, can lead to

the enzyme then results in a decrease in current. The plot ofthe formation of Ni-B from Ni—SI. Further experiments are

d(Ini)/dt (Figure 8B) provides a direct and intuitive visualization
of how the inactivation slows down with time as the concentra-
tion of O, decreases. The good fit of the rate of inactivation to

an exponential decay is an unambiguous evidence that, at least p,iaction against & by H

(61) Bertrand, P.; Dole, F.; Asso, M.; Guigliarelli, B. Biol. Inorg. Chem2000
5, 682-691.

(62) Evans, D. J.; Pickett, C. €Chem. Soc. Re 2003 32, 268-275.

(63) It is still possible to use solution kinetics to measure the extent of
inactivation after incubation of the enzyme with oxygen (Erbes, D. L.; King,
D.; Gibbs, M.Plant Physiol.1979 63, 1138-1142) or to follow the H-D
exchange reaction in the presence efCournac, L.; Guedeney, G.; Peltier,
G.; Vignais, P. M.J. Bacteriol.2004 186, 17371746).

in progress to identify the physical parameters and structural
factors which determine the favorable formation of one par-
ticular inactive state under aerobic conditions.

Is Not Complete.The structural

and spectroscopic evidené&s? that exogenous CO binds the
active site at the Ni are consistent with the earlier finding that
CO and H competet243This is illustrated by our observation
that, under saturating conditions, the apparent inhibition constant
Ki|(CO/H,) is proportional to the concentration ohb,H-rom a
molecular point of view, this implies thatHnust be released
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before CO can bind, and this is in contrast with the mechanism catalytic properties, including its sensibility to oxygen. In the
of aerobic inactivation. Indeed, if Qvere binding only to the near future, the methods presented in this paper will be essential
Ho-free form of the active site, like CO does, the rate of to discriminate between active site mutants on the basis of their
inactivation would be proportional to @/, under saturating resistance to aerobic inactivation.

conditions®® That this is not the case is obvious from our ]
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