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ABSTRACT: Nitrogenase catalyzes the reduction of dini-
trogen (N,) to two ammonia (NH;) at its active site FeMo-
cofactor through a mechanism involving reductive elimination
of two [Fe—H—Fe] bridging hydrides to make H,. A com-
peting reaction is the protonation of the hydride [Fe—H—Fe]
to make H, The overall nitrogenase rate-limiting step is
associated with ATP-driven electron delivery from Fe protein,
precluding isotope effect measurements on substrate reduc-
tion steps. Here, we use mediated bioelectrocatalysis to drive
electron delivery to the MoFe protein allowing examination
of the mechanism of H, formation by the metal-hydride
protonation reaction. The ratio of catalytic current in mixtures of
H,0 and D,O, the proton inventory, was found to change

linearly with the D,0/H,O ratio, revealing that a single H/D is involved in the rate-limiting step of H, formation. Kinetic models,
along with measurements that vary the electron/proton delivery rate and use different substrates, reveal that the rate-limiting step
under these conditions is the H, formation reaction. Altering the chemical environment around the active site FeMo-cofactor in the
MokFe protein, either by substituting nearby amino acids or transferring the isolated FeMo-cofactor into a different peptide matrix,
changes the net isotope effect, but the proton inventory plot remains linear, consistent with an unchanging rate-limiting step.
Density functional theory predicts a transition state for H, formation where the S—H' bond breaks and H' attacks the
Fe-hydride, and explains the observed H/D isotope effect. This study not only reveals the nitrogenase mechanism of H, formation by
hydride protonation, but also illustrates a strategy for mechanistic study that can be applied to other oxidoreductase enzymes and to

biomimetic complexes.

B INTRODUCTION

Bacterial nitrogenase catalyzes the reduction of dinitrogen (N,)
to two molecules of ammonia (NH;), making the largest con-
tribution of fixed nitrogen in the global biogeochemical
N cycle." The Mo-dependent nitrogenase is composed of an Fe
protein that delivers electrons to the MoFe protein, where the
active site FeMo-cofactor (7Fe-9S-1Mo-1C-1R homocitrate) is
bound. Recent work has established that the reduction of N, at
the active site FeMo-cofactor involves reductive elimination
(re) of two bridging Fe—H—Fe hydrides to form H, in a reac-
tion that is linked to N, binding and activation to a metal-
bound diazene level intermediate (Figure 1).”~° The first four
electrons and protons are accumulated on the FeMo-cofactor
stepwise and are stored as Fe-bound hydrides in states desig-
nated as E, where the subscript n indicates the number of
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electrons/protons delivered.” Nitrogenase is activated for N,
reduction via re of H, after the accumulations of four electrons/
protons, stored as two [Fe—H—Fe] bridging hydrides and two
protons (E,(4H) state).'”"" The re mechanism is kinetically
and thermodynamically reversible,”” and the hydrides in the
E,(4H) state are photolytically active.”® In a parallel, compet-
itive reaction, nitrogenase functions as a “hydrogenase”, pro-
ducing H, through the protonation of a metal-hydride and
relaxation to a two-electron-less reduced E,,, state (Figure 1B).

The delivery of electrons to the MoFe protein and the active
site. FeMo-cofactor occurs one electron at a time during the
transient association of the Fe protein component of nitrogenase
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Figure 1. (A) Schematic representation of the FeMo-cofactor with
a-Cys*”®, a-His**?, and R-homocitrate as ligands. The red highlighted
square represents the catalytically active 4Fe—4S face of the FeMo-
cofactor. (B) E, states of FeMo-cofactor during accumulation of the
first four electrons/protons, along with the reductive elimination/
oxidative addition (re/oa) mechanism at E,(4H). The “2N2H” inter-
mediate implies a species at the diazene reduction level of unknown
structure and coordination geometry.

with the MoFe protein component.'” The Fe protein delivers
one electron from its [4Fe—4S] center in a process coupled to
the hydrolysis of 2ATP to 2ADP/Pi. The electron is delivered
to the MoFe protein active-site FeMo-cofactor, with the
P-cluster acting as an electron carrier intermediary.13 Earlier
work conducted with the artificial electron donor sodium dithio-
nite indicated that the dissociation of the oxidized Fe protein
with 2 bound ADP was rate-limiting for the overall nitrogenase
catalysis.'* Recent studies using the natural electron donor,
flavodoxin, have revealed that the overall rate-limiting step is
associated with the release of Pi before the fast dissociation of
the oxidized Fe protein with 2ADP from the MoFe protein."”

As the rate-limiting step for nitrogenase catalysis is associated
with electron delivery by the Fe protein, it is not possible to
kinetically probe the substrate reduction chemistry at FeMo-
cofactor, and in particular measurements of isotope effects on
the rates of product formation during enzymatic turnover.
Recently, we demonstrated that it is possible to deliver elec-
trons to the MoFe protein mthout the Fe protein through a
mediated electrochemical approach.'® It was demonstrated that
electrons could be delivered to electrode-confined MoFe pro-
tein without the Fe protein, and thus without ATP hydrolysis,
and that this can drive the reduction of several substrates, as
well as the protonation of a metal-hydride to make H,.'® This
approach thus creates a new rate-limiting step not associated
with events in the Fe protein, offering the possibility to probe
reactivity of hydrides on FeMo-cofactor using H/D isotope
effects. Here, we analyze measured isotope effects on H, forma-
tion by protonation of metal-hydrides in the MoFe protein
using mediated bioelectrocatalysis with a small molecule redox
mediator. Coupled with density functional theory calculations,
these findings reveal mechanistic insights into this H, formation
reaction at the nitrogenase active site.

B MATERIALS AND METHODS

Chemicals. All chemical reagents were purchased from Sigma-
Aldrich (St. Louis, MO), unless specified otherwise. Polyvinylamine
(95—100%) and ethylene glycol diglycidyl ether (EGDGE, 95—100%)
were purchased from PolySciences, Inc. Saturated calomel (SCE)

reference and glassy carbon working electrodes were purchased from
CH Instruments, Inc.

Bacterial Growth and Protein Purification. Azotobacter
vinelandii strains DJ99S (wild-type MoFe protein), DJ1003 (apo-
MoFe Protem) DJ 1316 (a-70V~4/q-195M5~Cn)  and DJ1373
(a-70"4=1%) were grown, and seven histidine-tagged proteins were
purified as previously reported. Strain DJ939 (B-987""H=) was also
grown and the corresponding non-His tagged MoFe protein was
purified as described.'” nifX protein was purified and complexed with
N-methyl formamide (NMF) isolated FeMo-cofactor using a protocol
as described previously."®

Bioelectrocatalysis. All experiments were conducted in an
Arfilled glovebox. Purified MoFe protein (20 mg mL™, 15 uL) was
mixed with polyvinylamine (15 L at 10 mg mL™") and EGDGE
(2 UL at 10% v/v). This mixture (S yL) was applied to the surface of a
planar glassy carbon disk electrode (3-mm diameter) and dried under
reduced humidity for 1 h. Cyclic voltammetry was carried out under an
Ar atmosphere in 250 mM HEPES buffer (pH meter reading of 7.2
for H,O and 6.8 for D,0) using 667 uM cobaltocene/cobaltocenium
(bis-cyclopentadienyl cobalt (III/IT); E° = —1.25 V vs SCE) (abbre-
viated CC) as the electron mediator, Pt as the counter electrode, and
a saturated calomel electrode (SCE) as the reference electrode.
Bis(cyclopentadienyl)cobalt(III) hexafluorophosphate was used to
prepare a 6 mM stock in 250 mM HEPES H,0 and 250 mM HEPES
D,0. The pH of both mixtures were adjusted to pH 7.2 and pD 7.2,
respectively. The calculated volume was then added from these stocks
to 250 mM HEPES H,0 pH 7.2 and 250 mM HEPES D,0O pD 7.2 to
achieve the final concentration of 667 uM cobaltocenium. Solvent
deuterium kinetic isotope effect experiments were undertaken as a
function of solvent composition (proton inventory) by mixing solu-
tions containing the buffer made in D,O or H,O. The current mea-
sured with a mole fraction of D,O in the mixture (n), denoted (i,), was
divided by the current in 100% H,O (i,/i,), and was plotted against
the mole fraction of D,O (n), and the data were well-fitted to the
Gross-Butler equation for a one-proton transfer reaction'’
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The noncatalytic current was determined when bovine serum
albumin replaced the nitrogenase MoFe-protein. The noncatalytic current
was measured at each ratio of H,0O and D,O. In all cases, the non-
catalytic current was very low compared to the catalytic current and did
not show any kinetic isotope effect (KIE). The noncatalytic current was
subtracted from the observed current at each mole fraction to get the net
catalytic current that was used for the proton inventory studies.

Quantum Chemical Calculations. A quantum chemical analysis
of the effect of the H/D on the formation of H, was performed on a
simplified model that comprises the FeMo-co and ligands a-275%",
a-442" (Azotobacter vinelandii numbering), and R-homocitrate, which
were modeled as methylthiolate, imidazole, and dimethyl glycolate,
respectively. The quantum problem was solved within the density
function theory framework using the gradient-corrected Becke
exchange® and Perdew correlation functionals.”’ The Ahlrichs VTZ
basis set was used for all Fe atoms, the Los Alamos National
Laboratory basis set LANL2TZ with an effective core potential was
used for the Mo atom, and the 6-311++G** basis set was employed
for all atoms coordinated to metal atoms, protic, and hydridic hydro-
gen atoms, and finally the 6-31G* basis set was employed for all of the
other atoms. Harmonic nuclear vibrational frequencies were calculated
at the optimized geometries using the same level of theory to estimate
the zero-point energy and the thermal contributions to the gas-phase
free energy, and to evaluate and interpret the experimentally observed
isotope effect. The protein environment around FeMo-co was described
with a polarizable continuum with a dielectric constant & = 4.
The adopted model and computational setup was extensively discussed
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and validated in a previous publication.”® All calculations were per-
formed with the NWChem quantum chemical code.**

B RESULTS AND DISCUSSION

Electrochemical Substrate Reduction. As previously
established, nitrogenase can catalyze the reduction of several
substrates when MoFe protein is immobilized on an electrode
surface with cobaltocene/cobaltocenium (CC) as the electron
mediator.'® In the absence of other substrates, MoFe protein
only reduces protons to make H,. The current observed in the
electrocatalysis experiments represents MoFe protein reduction
of protons and the background current in the absence of MoFe
protein (Figures 2 and S1).

19 TWT MoFe Protein, KIE ~ 2.7

[=]
T

-10 b
100% D,0
[ 75% D,0

50% D,0
-30
25% D,0

40 +

Current Density (j ) / pA cm2
N}
o

100% H,0,
R . . . . . L1

-1.4 -1.3 -1.2 -1.1 -1.0 -0.9 -0.8
E (V vs. SCE)

Figure 2. Cyclic voltammogram (CV) for wild-type MoFe protein.
CV for wild-type MoFe protein was collected using CC as an electron
mediator. Shown is the current density (j) as a function of the applied
potential at different percentages of D,O without background
subtraction. The current was measured at —1.26, —1.25, —1.24,
—124, and —124 V for 100% H,0, 25% D,0, 50% D,0, 75% D,O,
and 100% D,O, respectively, when scanning to negative potential.
The noncatalytic current was subtracted from the observed current to
get the net catalytic current. In the inset, the ratio of net current at n
fraction of D,O (i,) to the catalytic current in 0% D,O (i) is plotted
against the mole fraction (n) of D,O. The line is a fit of the data to the
Gross-Butler equation for a one-proton transfer (eq 1), where the
solvent isotope effect is 2.7. Condition: 250 mM HEPES pH/pD =
7.2, 667 uM CC, and scan rate of 2 mV/s at 23 °C.

For catalytic H, production by surface-confined MoFe pro-
tein in an H,0/D,0 buffer solution, the measured current, i,
where 7 is the fraction of D,0, is proportional to twice the rate
of H, release (eq 2).

) dH,
i, 2 " (n) 2)

As illustrated in Figure 2, which presents cyclic voltammetry
(CV) traces for H, production by wild-type MoFe protein in
solvents ranging from pure H,O to essentially pure D,0, the
maximum current density (j = i/A, where A is the glassy carbon
electrode area) is observed at about —1.25 V (vs SCE), shifting
slightly in different solvents.

In principle, the H, production could be rate-limited by
electron/H" delivery to MoFe protein or by H, formation itself,
or even by an interplay between these processes. To determine
the controlling process(es), we monitored the current density
for H, formation as a function of [CC]. As the [CC] is raised
from ~50 pM, the current density first increases, then plateaus
at concentrations beyond ~500 uM, indicating saturation for

[CC] above S00 uM, where electron/H* delivery is not rate-
limiting. In subsequent studies, [CC] ~ 670 uM was used to
ensure that electron transfer (ET) is not rate-limiting. This
conclusion is confirmed by comparison of the CV for H, pro-
duction with the CV for reduction of NO,~ to NHj;, Figure 3.
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Figure 3. Cyclic voltammogram for wild-type MoFe protein turnover
(TO) under Ar (Ar TO) and turnover in nitrite (NO,” TO).
Condition: 250 mM HEPES pH 7.2, 667 uM CC, 50 mM NO,~, and
scan rate of 2 mV/s at 23 °C.

The roughly 12-fold increase in current for NO,™ reduction not
only indicates that ET to MoFe protein during H, reduction is
not rate-limiting, but also shows that with this CC concen-
tration, electron/proton delivery is at least 10-fold faster than
the observed rate of turnover during H, formation, thus estab-
lishing that electron/proton delivery is not rate-limiting under
H, formation conditions.

Kinetic Isotope Effects on H* Reduction Rates. The
kinetic isotope effect on H, production was measured by per-
forming cyclic voltammetry with an individual MoFe protein-
modified electrode'® monitored across the full range of H,O
and D,O buffer mixtures. The advantage of this method is
that it eliminates variation in the electrode between experi-
ments at different values of the isotopic ratio, n. As can be seen
in Figure 2, the maximum current density in H,O buffer drops
by over 60% in D,O, corresponding to a kinetic isotope effect
(KIE = j(H,0)/j(D,0) = i(H,0)/i(D,0)) of greater than 2.5.
This KIE is not associated with the reduction/oxidation
potential of the CC couple (Figure S1), so these results indi-
cate one or more hydrons (H/D) is involved in one or more of
the steps that contribute to the observed rate of H, formation.
We note that this behavior for electrode-bound MoFe protein
is quite different from that during turnover in which electrons
are delivered to MoFe protein one at a time from the partner
Fe protein. In this case electron delivery is slow and shows no
isotope effect (KIE = 1).°

To probe the number of hydrons involved in the rate-
limiting step of H, production, a proton inventory study was
conducted. In this study, the net current (i,) was determined
on the scan to negative potential by subtraction of the back-
ground current at that potential. The net current at mole
fraction of D,0, n, was divided by the current (i,) with no D,0
and was plotted against the mole fraction (n) of D,O (Figure 2,
inset), The data are fit to the Gross-Butler equation for a
single proton transfer step'” (eq 1) with KIE = 2.7. The linear
behavior seen is indicative of a single hydron involved in the
rate-limiting step.'” In experiments in which [CC] is lowered
~10-fold, slowing the electron delivery, the current is decreased
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by ~1.6-fold in H,O, and the proton inventory shows distinct
“upward” curvature with a decreased KIE, rather than showing
the downward curvature expected for a process with multiple
hydrons."’

Kinetic Scheme. The Lowe-Thorneley kinetic scheme for
nitrogenase function” in the absence of N, incorporates the
accumulation of as many as 4[e”/H*] by FeMo-cofactor, with
catalytic formation of H, through relaxation of states E,, n =
2—4, as shown in Figure 4, top. In applying this scheme to the
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Figure 4. (Top) Kinetic scheme for accumulation of protons and
electrons on FeMo-co and loss of H,. The rate constants for ET are all
taken to be k;, while the rate constants for H, loss are k,, k3, and k,.
(Top) Relaxation from E,(4H) (solid line), E;(3H), and E,(2H);
dashed lines indicate pathways suppressed in mediated electro-
chemistry (see text). (Bottom) Equivalent truncated catalytic cycle
for H, formation involving E, E;, and E,.

bioelectrocatalysis experiments, each step of e”/H" delivery is
taken as having the same rate constant, k;, as seen for electron
delivery by the nitrogenase Fe protein, but distinct rate
constants are allowed for H, release, as in the Lowe-Thorneley
kinetic scheme for MoFe protein turnover.” When H,
formation at E,(2H) and E;(3H) is slow compared to electron
delivery (k,, k; < k; in the scheme), as is indicated by the
experiments presented above, the E,(2H) and E;(3H) states
once formed would accept an electron before they could evolve
H,, suppressing H, evolution from E,(2H) and E;(3H) and
resulting in H, production at E,(4H) only (as indicated in
Figure 4, top). In short, H, production involves a two-electron,
two-proton “reductive activation” to generate E,(2H), after
which the enzyme then enters a 2-electron, 2-proton steady-
state catalytic cycle of H, formation that involves E,(2H),
E;(3H), and E,(4H). In this cycle, two electrons and two
protons are successively delivered to the E,(2H) state to form
first the E;(3H) and then the E,(4H) intermediate, each step
with rate constant k;. The E,(4H) state then releases H, and
regenerates E,(2H) with rate constant k,, which reinitiates the
cycle. The steady-state accumulation of E,(4H) is controlled by
the relative values of the rate constants for electron delivery,
k,, and H, release, k,.

In steady state, the kinetic model of Figure 4 (top) in fact is
precisely equivalent to the truncated cycle between E, and
E,(2H) displayed in Figure 4 (bottom), which describes the
successive delivery of two electrons and two protons to the E,
resting state, to form first the E,(H) and then the E,(2H)
intermediate, each step with rate constant k;. The E,(2H) state
then releases H, and regenerates E;, with a rate constant k,,
with the steady state accumulation of E,(2H) controlled by
the relative values of k; and k,. For simplicity, we henceforth
discuss steady-state H, formation in terms of the simple scheme
of Figure 4 (bottom), with the understanding that it applies

equally to the full scheme of Figure 4 (top). We test and
confirm this picture below.

To begin the analysis of the electrocatalytic H, production by
MoFe protein on an electrode according to the truncated
kinetic scheme of Figure 4 bottom, and in particular the
description of the proton inventory measurements, we start by
noting that at steady-state, the measured current, denoted i,, for
a buffer solution where n is the fraction of D,O is proportional
to the amount of active electrode-bound enzyme, E,’, and the
steady-state rate constant, k,, for the kinetic scheme (eq 3),
for which it is readily shown that this rate constant is given by

(eq 4).

, dH, , | ss 0
1, X 2?(}’1) X an'EO (3)
LS [ K mks(n) ]

" [ ky(n) + ky(n) (4)

Here, k,, the steady-state rate constant at solvent composition,
n, is written as a function of solvent isotope-dependent rate
constants for the individual steps of Figure 4 (bottom), k;(n),
i = 1,2, whose form is discussed immediately below, because in
principle, either or both the electron transfer (ET)/proton
transfer (PT) and H,-release steps can show a KIE.
Exchangeable Proton. The linear dependence of i,i, on n
(Figure 2) implies the measured KIE for current/H, produc-
tion is associated with the activation of a single hydron.'” We
thus begin the analysis by assigning to each of the rate
constants k; for the individual electron/proton transfer and the
H,-release steps of Figure 4 (bottom) a single-proton, linear
proton inventory with an isotope effect of magnitude KIE;, eq 5.

KIE, — 1
KIE, (s)

1

kin) =k(1—an);i=1,2;a =

This is obviously the correct form for electron transfer:
proton-coupled electron transfer would exhibit a single-proton
inventory with KIE, > 1; rate-limiting transfer of the electron
would yield KIE, = 1. Although the H, formation/release
process could in principle involve one or two hydrons in the
rate-limiting step, below we show that a one-proton inventory
is appropriate and explain why this is so.

In the standard treatment of the KIE for solution reactions, a
proton inventory for an individual kinetic step, such as the form
of eq 5, arises because the involved hydron is in “instantaneous”
equilibrium with solvent; in the present case, this means that its
exchange with solvent is faster than the kinetic processes of
Figure 4. This is quite plausible for the proton bound to sulfur
in E,(2H) or E,(4H). It would not be so for the bridging
hydride/deuteride, which does not exchange with solvent.
We first consider the fast-exchange case, then below treat the
slow-exchange case.

Proton Inventory for the Current. We here consider the
interplay of electron and proton transfer and H, production in
controlling the current as manifest in the overall behavior of the
proton inventory for H, production, and thus for the elec-
trochemical current i, (eqs 3 and 4). Incorporation of eq S into
eq 4 yields the following form for the proton inventory:

[ (14 2r)(1 = an)(1 — a,n)
(1 = amn) + 2r(1 = ayn) (6)

iy ko
where r is the ratio of the rate constants for the two distinct

processes of Figure 4 (lower) in H,O buffer; H, production is
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rate-limiting for small r, electron/proton transfer is rate-limiting
for large r. Inspection of eq 6 shows that the limiting cases are
given by eq 7.

To demonstrate the overall behavior of the proton inventory
(eq 6) for H, production as a function of r and n, Figure S plots
i,/iy (eq 6) as a function of these variables for a scenario in
which H, formation has an isotope effect, KIE, = 2.7 as seen
experimentally, but [e”/H*] delivery is rate-limited by transfer
of the electron to MoFe protein, and thus KIE, = 1. Such
assumed behavior for ET parallels our finding that there is no
solvent kinetic isotope effect (KIE = 1) during electron transfer
to MoFe protein from the physiological Fe protein electron
donor,” and is returned to shortly. As r — 0, H, production
becomes rate-limiting; the inventory becomes roughly linear for
r S 1/10, asymptotically becoming a straight line with KIE,
with further decrease in r, as shown in eq 7. Conversely, as r
increases above ~0.1—0.2, the apparent KIE at n = 1 decreases
and the proton inventory bows upward, most extremely at
r ~ 1; such behavior in an experiment might well suggest
involvement of multiple protons, but in the present scenario it
is due to the interplay between the individual kinetic steps of
Figure 4. With further increase in 7, electron transfer becomes
rate-limiting and the KIE — 1, as assumed.

The experimental behavior is well described by the model of
eq 6, Figure 5. Thus, the linear proton inventory predicted by
the model for r < 1/10 and the chosen KIE; matches well with
experiment at high [CC] = 667 uM (Figure 2), indicating that
in these experiments a single proton is coupled to the rate-
limiting H, release. As presented in Figure S, when [CC] is
decreased by over 10-fold, to SO uM, with the corresponding
decrease in the ET rate constant, k,°, the system falls away from
the r — 0 limit with its linear proton inventory (Figure 2) and
the proton inventory curve bows upward with a decrease in the
KIE observed at n = 1. Figure 5 shows that the inventory at
50 uM CC is well captured by eq 6 with the assumed KIE; and
a ratio, r ~ 0.5. The latter value in turn implies that the faster
electron transfer at 667 yM CC corresponds to a ratio,
r ~ 0.04, which is well into the limiting r — 0 behavior of a
linear proton inventory (Figure $), as observed experimentally
(Figure 2). We further note that plots of eq 6 as a function of
the variables, [KIE,, r], show that the shape of the proton
inventory and value of the apparent KIE at n = 1 as measured

for [CC] = 50 uM (Figure 5) in fact require that KIE; ~ 1 (S
1.2), consistent with the limiting assumption KIE, = 1 used in
constructing Figure S.

These observations provide a clear demonstration of the valid-
ity of the kinetic model of Figure 4 (lower) with the parameters
utilized in Figure 5 for application to the bioelectrocatalysis
data reported here. Most importantly, however, as noted
above, the extended scheme involving H, formation at E,(4H)
(Figure 4 (top)) behaves identically.

Non-Exchangeable Proton. A bridging H™/D~ of E,(2H)
or E,(4H) generated during turnover in an isotopically mixed
solvent is of course derived from solvent, but it does not
exchange with solvent on turnover time scales, as shown long
ago by Burgess and co-workers, and recently confirmed by
us.”?® Thus, for rate-limiting H, formation (r — 0), if the
bridging H™/D~ is involved in the rate-limiting process, rather
than the H* bound to S, then in an isotopically mixed solvent
the steady-state current will be the sum of the currents for the
independent reactions of the H™ and D™ forms

b= = i+ s f = pn o
2

where f, is the fraction of E,(2H) or E,(4H) with a bridging
deuteride, and the constant, p, is the equilibrium partition
coefficient that relates the ratio of the D and H populations of
the bridge (f,) relative to the ratio in the mixed-isotope buffer
(n). This equation is appropriate as long as the number of
deuterons in the solvent is much greater than the amount of
MoFe protein. Given the concentration of hydrons in water is
~110 M, this obviously holds for any possible experiment in an
H,0/D,0 mixture. Equation 8 is straightforwardly rewritten as
%_n =(1-ayn);d,=pa,
iy &)
which is identical in form to that for an exchangeable proton,
eq S. In the general case, where the system is not fully in the
limit of rate-limiting H, formation, the general eq S again
applies, with only the simple substitution of a’, for a,. In short,
when a single hydron is involved in the rate-limiting production
of H,, the proton inventory associated with current during
turnover is linear regardless of whether or not the hydrogen
exchanges rapidly with solvent; only the meaning of the
calculated KIE is altered, eqs 5 and 9. We note that to the best
of our knowledge, this issue has not been addressed previously.
The experimental measurements reported here, as analyzed
with this kinetic treatment of the proton inventory, lead to the

0 n 1

Figure S. Proton inventory plots (eq 6). (Left) Predicted plots of i,/i, versus fraction of D,O in buffer (1) at the indicated KIE, for selected values of
r; also, blue, 0.2; experimental inventory for [CC] = 667 uM is indistinguishable from r = 0 line; data points are the experimental inventory for
[CC] = 50 uM. (Right) A 3D plot of the proton inventory (eq 6) as a function of (, ).
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following conclusions: (i) the formation of H, is rate-limiting
in electrocatalytic production of H, by electrode-bound MoFe
protein, and as a result the measured KIE corresponds to this
process, KIE, = 2.7 at 298 K, while the variation of the inven-
tory with [CC] confirms that KIE, ~ 1; (ii) formation of the
transition state for H, formation involves motion of a single
hydron. However, (iii) the analysis leading to eqs 8 and 9
shows that the measurements do not differentiate between
involvement of the bridging H™/D~, which is not solvent-
exchangeable, or of the H"/D* on sulfur, which is. Calculations
presented below resolve this uncertainty. Finally, comparison
of this process at ambient temperature with the previous
measurement for relaxation of E,(2H) with H, release in
frozen solution shows a slight increase in the KIE with cooling:
from KIE, = 2.7 at ambient to KIE, ~ 3 in frozen solid at
243 K77

Altering the Rate-Limiting Step. We previously showed
that substitution of key amino acids in the MoFe protein that
surround the active site FeMo-cofactor (residue positions rela-
tive to FeMo-cofactor shown in Figure S2) can alter substrate
reduction chemistry. Here, we have analyzed several MoFe pro-
teins with key amino acid substitutions by the electrochem-
ical method to probe their role in the rate-limiting step of H,
formation (voltammograms shown in Figures S3—S6). Pro-
ton inventories were generated for wild-type MoFe pro-
tein, a-70""~1® MoFe protein, a-70""~/q-195Ms~Cn MoFe
protein, S-987"~H MoFe protein, and nifX-FeMo-cofactor
(Figure 6). For the latter sample, FeMo-cofactor is extracted

a-70A13/¢-195CIN

NifX-FeMo-co

0.4 1 1 1 L L 1
0.0 0.2 0.4 0.6 0.8 1.0
n

Figure 6. Proton inventory plot MoFe proteins: wild-type (red),
98T HE (magenta), a-70vi~le (green), a-70Vi~A /g 195His—Cln
(blue), MoFe protein and nifX-FeMo-cofactor (black). Condition:
250 mM HEPES pH or pD 7.2, 667 uM CC, and scan rate of 2 mV/s
at 23 °C.

from MoFe protein into the organic solvent N-methylforma-
mide and then bound to purified carrier protein nifX. The
resulting complex contains FeMo-cofactor in an environment
different from FeMo-cofactor bound in the MoFe protein.'®
As can be seen from the smaller slopes and difference in the
end point (n = 1) of these plots compared to that for wild-type
enzyme, all of the altered MoFe proteins and nifX-FeMo-
cofactor show smaller KIE (eq 1). Although the magnitude of
KIE was lowered by the substitutions, the observation of a
linear proton inventory for all proteins demonstrates that the
rate-limiting step has not changed and that a single hydron is
involved. The differences in KIE induced by the substitutions
could be explained by differences in reactivity of the metal

hydrides in these proteins, or a difference in the bonding/
acidity of the proton bound to sulfide.

Atomistic Interpretation of the Kinetic Isotope Effect
and Proton Inventory. Previous computational studies on a
simplified model of nitrogenase, which included FeMo-cofactor
and its ligands, revealed that the E,(2H) state is characterized
by a hydride, asymmetrically bridgin§ Fe,—Fe; and a proton
on a nearby y,-S atom (Figure 7).>> The H, production by

Ej(2H)*  29.4
E,(2D)* 32.3

Y 097

AAG AAH ~TAAS  AAZPE AAG AAH ~TAAS  AAZPE

Energy (kJ/mol)

Nobabdbo

NoObobtho

.|>
1

Figure 7. Structure of the E,(2H) state and the transition state
E,(2H)* for the release of H, (upper panels; for clarity, only the
FeMo-co core is shown). Relevant distances are reported in A along
with the free energy of E,(2H)* and E,(2D)? relative to E,(2H) and
E,(2D), respectively. Lower panels report the free energy AAG of
E,(2D) and E,(2D)* relative to E,(2H) and E,(2H)* along with the
enthalpic (AAH), entropic (—TAAS) and nuclear zero point energy
(AAZPE) contributions to AAG. All energies in kJ/mol.

this state can be taken as representative of hydride protonations
on FeMo-cofactor. This state easily releases H, (AG* =
+29.4 kJ/mol) restoring E;. A more exhaustive computational
analysis of the mechanism of H, release, carried out in the
present work, provided an estimated KIE = 3.2 at 298 K, in
excellent agreement with the experimentally measured KIE = 2.7.

The calculations provide an atomic-level understanding of
the single-hydron proton inventory measurement by indicating
that only the proton (S—H) moves appreciably as the system
evolves from E,(2H) to the transition state E,(2H)%, as shown
in two animations included in the SI (animations S1 and S2).
Specifically, the calculations show that the formation of H,
results from the protonation of the hydride, whereby the S—H
bond breaks heterolytically with concomitant movement of the
proton toward the bridging hydride. As shown in Figure 7, at the
transition state, E,(2H)¥, the H--H moiety has already started
forming (H---H distance of 0.97 A) and the S—H is fully broken,
while the hydride remains tightly bound to one Fe atom.

The KIE is computed to result from the higher free energy
barrier for the formation of D, relative to the formation of H,
(32.3 and 29.4 kJ/mol, respectively). Decomposition of the free
energy into its various contributions indicates that the differ-
ence in isotopic activation barriers is mostly a consequence of a
change in the nuclear zero-point energy of the S—H/D bond in
the reactant E,(2H) state (Figure 7, bottom). Upon isotopic
substitution, the free energy of both E,(2H) and the transition
state E,(2H)* decreases because of the smaller vibrational zero-
point energy contribution. However, the decrease is larger
for E,(2H) (both S-D and Fe-D bonds) than for E,(2H)*
(only Fe-D bond). In short, the main contribution to the KIE is
the loss of the S-D/H bond in the transition state.
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B CONCLUSIONS

Mediated electrochemistry with electrode-confined nitrogenase
MoFe protein eliminates the need for the delivery of electrons
from the Fe protein, with the associated hydrolysis of ATP.
This bypasses the rate-limiting Fe protein cycle during turnover,
revealing the rate-limiting step in substrate reduction at the
FeMo-cofactor active site. The rate-limiting step of H, forma-
tion when nitrogenase is acting as a “hydrogenase” is not
associated with electron/proton delivery, but rather is asso-
ciated with hydride protonation. Exploration of the effect of
H vs D isotopes on the formation of H, in this electrochemical
system indicated that the rate-limiting step involves a single
H atom. DFT calculations reveal that formation of the transition
state B,(2H)* involves the breaking of the S—H bond, with
the proton attacking the hydride (Fe—H—Fe) to form H,. The
activation barrier for such proton transfer is modulated by
the environment around the FeMo-cofactor, and hence altering
the amino acids around the FeMo-cofactor would be predicted
to have a pronounced effect in partition of electrons during
reduction of other substrates. To our knowledge, this study is
the first to use such an approach to reveal the mechanism for
H, formation by an enzyme, thus providing both insights into
the reactivity of hydrides at the nitrogenase active site, and an
example that can be followed for other oxidoreductase enzymes
and even biomimetic complexes and inorganic systems in general.
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