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Study of a-V70I-substituted nitrogenase MoFe protein identified Fe6 of FeMo-cofactor

(Fe7S9MoC-homocitrate) as a critical N2 binding/reduction site. Freeze-trapping this

enzyme during Ar turnover captured the key catalytic intermediate in high occupancy,

denoted E4(4H), which has accumulated 4[e−/H+] as two bridging hydrides, Fe2–H–Fe6

and Fe3–H–Fe7, and protons bound to two sulfurs. E4(4H) is poised to bind/reduce N2

as driven by mechanistically-coupled H2 reductive-elimination of the hydrides. This

process must compete with ongoing hydride protonation (HP), which releases H2 as the

enzyme relaxes to state E2(2H), containing 2[e−/H+] as a hydride and sulfur-bound

proton; accumulation of E4(4H) in a-V70I is enhanced by HP suppression. EPR and
95Mo ENDOR spectroscopies now show that resting-state a-V70I enzyme exists in two

conformational states, both in solution and as crystallized, one with wild type (WT)-like

FeMo-co and one with perturbed FeMo-co. These reflect two conformations of the Ile

residue, as visualized in a reanalysis of the X-ray diffraction data of a-V70I and

confirmed by computations. EPR measurements show delivery of 2[e−/H+] to the E0
state of the WT MoFe protein and to both a-V70I conformations generating E2(2H) that

contains the Fe3–H–Fe7 bridging hydride; accumulation of another 2[e−/H+] generates

E4(4H) with Fe2–H–Fe6 as the second hydride. E4(4H) in WT enzyme and a minority a-

V70I E4(4H) conformation as visualized by QM/MM computations relax to resting-state

through two HP steps that reverse the formation process: HP of Fe2–H–Fe6 followed

by slower HP of Fe3–H–Fe7, which leads to transient accumulation of E2(2H)
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containing Fe3–H–Fe7. In the dominant a-V70I E4(4H) conformation, HP of Fe2–H–Fe6 is

passively suppressed by the positioning of the Ile sidechain; slow HP of Fe3–H–Fe7 occurs

first and the resulting E2(2H) contains Fe2–H–Fe6. It is this HP suppression in E4(4H) that

enables a-V70I MoFe to accumulate E4(4H) in high occupancy. In addition, HP

suppression in a-V70I E4(4H) kinetically unmasks hydride reductive-elimination without

N2-binding, a process that is precluded in WT enzyme.
Introduction

The a-V70I amino acid substituted nitrogenase MoFe protein has played an
important role in studies of the mechanism of nitrogen xation by nitrogenase. A
kinetic scheme of this mechanism is summarized in Fig. 1.1–3 The reported crystal
structure of the a-V70I variant revealed that the larger isoleucine sidechain,
positioned over Fe6 of the active site FeMo-cofactor, impedes substrate access to
this iron, thereby explaining suppression of N2 reduction in the substituted
protein and identifying Fe6 as a critical site on the Fe2,3,6,7 face at which N2

binds.4,5 Below we present a more detailed reanalysis of that structure.
Freeze-trapping the a-V70I MoFe protein during turnover under Ar captures an

intermediate in high occupancy that was shown by EPR and ENDOR studies to
contain two bridging hydrides, Fe2–H–Fe6 and Fe3–H–F7, Fig. 2.6,7 This inter-
mediate also is freeze-trapped in wild type (WT) enzyme, but in low occupancy.8Of
particular importance to the present study, the additional protons are bound to
the sulfurs that form Fe2–S2B–Fe6 and Fe3–S5A–Fe7 bridges in the resting-state
(E0) structure,7 but as will be further discussed below, density functional theory
(DFT) computations indicated that the Fe2–SH bond in E4(4H) is hemilabile and
can cleave to generate an Fe6–SH moiety, Fig. 2.9

The E4(4H) state has identical physical properties in the WT and a-V70I MoFe
proteins – the same EPR/ENDOR spectra and photolysis characteristics8 – but its
high occupancy when freeze-trapped in the substituted protein makes it partic-
ularly favorable for ENDOR study. However, the WT enzyme can also be freeze-
trapped in an N2-bound state during turnover under N2.10 Cryoannealing
Fig. 1 Simplified 8[e−/H+] kinetic scheme for nitrogen reduction. In the Lowe–Thorneley
En notation, n = number of [e−/H+] added to FeMo-co; in parentheses, the stoichiometry
of H/N bound to FeMo-co. The reductive-elimination/oxidative-addition (re/oa) equilib-
rium is highlighted in red; and the intermediates in red boxes have been freeze trapped for
spectroscopic study.

232 | Faraday Discuss., 2023, 243, 231–252 This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Structure of E4(4H) in WT enzyme showing cleaved Fe2–S2B–H bond as obtained
from density functional theory calculations.9 The FeMo-co atoms are colored as follows:
sulfurs in yellow, central carbide in dark gray, irons in rust, and Mo in teal.
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experiments withWT enzyme freeze-trapped during turnover under N2, combined
with similar experiment with the substituted enzyme freeze-trapped during Ar
turnover, showed the N2-bound state to be E4(2N2H)11 (Fig. 1) and established the
state with two bridging hydrides to be E4(4H).12 This latter state is the key state in
nitrogen xation, the Janus intermediate that is activated to bind/reduce N2 with
the concerted reductive elimination of H2.2,8,11

As a foundation for understanding the behavior of WT enzyme and the a-V70I
variant, this report begins by showing that both in solution and as crystallized, the
a-V70I variant exhibits two conformational substates. It then examines in detail:
(i) what are found to be differing pathways by which WT and a-V70I variant MoFe
proteins accumulate [e−/H+] to form intermediates E2(2H) and E4(4H) during Ar
turnover, and (ii) the pathways by which these intermediates relax to E0 by H2

release through HP.
Materials and methods

The Azotobacter vinelandii strains DJ995, DJ1373, and DJ884 expressing the wild-
type (WT), a-V70I MoFe protein, and the Fe protein, respectively, were grown and
the corresponding proteins were prepared and characterized as previously
described.6,13 The samples employed to acquire the EPR and ENDOR spectra
presented below are specied in Table S1.†

The a-V70I, 95Mo–MoFe protein used for preparation of crystals for EPR
measurements was stored in a buffer containing 50 mM Tris, pH 8, 250 mM NaCl,
and 2mMdithionite buffer. Crystals were obtained in about 2 weeks using amicro-
capillary batch diffusionmethod, set up under anaerobic conditions in anMBraun
anaerobic chamber, as previously described.5,14 The crystals were harvested in an
anaerobic Coy chamber, washed with crystallization buffer (diluted with 50 mM
Tris, pH 8, 150 mM NaCl to mimic crystallization conditions), and the slurry was
loaded into Q-band tubes and quickly frozen in liquid nitrogen.

X-band EPR spectra were measured on an ESP 300 Bruker spectrometer
equipped with an Oxford ESR 900 liquid helium ow cryostat. Obtained spectra
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 243, 231–252 | 233
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were simulated with EasySpin soware.15 Q-band CW EPR and pulse ENDOR
spectra were acquired at 2 K on spectrometers equipped with liquid helium
immersion Dewars as described elsewhere.16,17

Molecular dynamics (MD) simulations were used to rene the X-ray data of the
a-V70I variant. Simulations were performed using the protocol described in ref.
18 augmented by umbrella sampling to estimate the relative free energy of
potential a-V70I conformations. Quantum chemical calculation based on density
functional theory were performed to further rene the structure of the E0 and
E4(4H) states. These calculations were performed on truncated models of the
catalytic pocket as described in ref. 18 and adopted the BP86 exchange and
correlation functional19–21 and the def2-TZVP basis set22 for all atoms with the
addition of an effective core potential for Mo.23
Results and discussion
a-V70I substitution introduces a MoFe protein conformational equilibrium

We compared the frozen-solution EPR and 95Mo ENDOR spectra of the WT and a-
V70I MoFe proteins in the E0 resting state, and further compared the EPR spec-
trum of a-V70I in frozen solution with that in crystals. The EPR spectrum ofWT E0

resting-state frozen solutions exhibits a single S = 3/2 signal, named 1a,24 with
measured g′-values relative to a ctitious spin S′ = 1

2 of g
′ = [4.33, 3.65, 2.01], and

similarly for single crystals.25,26 In contrast, the a-V70I resting state, both in frozen
solution and in a frozen polycrystalline slurry, exhibits EPR signals from two
conformers of the FeMo-co with different rhombicity. One has an EPR spectrum
with essentially the same g′-values asWT enzyme E0/1a, while the other has higher
rhombicity, with g′1 = 4.53 (Fig. 3, le); this perturbed conformation is denoted,
E0/1a

′. As seen in Fig. 3, comparable amounts of the two conformers are trapped
in frozen solution and in the crystals of the crystalline slurry. However, the relative
abundances of the two conformers can vary with sample, which we attribute to the
trapping of various non-equilibrium populations.

95Mo (I = 5/2) Davies ENDOR spectra collected at elds where the EPR spectra
of the two conformers overlap show distinct mI = ±1/2 doublets from the two
conformers (Fig. 3, right).27 Only one doublet is seen at g′1 = 4.53, where only the
higher-rhombicity E0/1a

′ signal is present. That doublet is centered at A′(obs)/2 =

6.98 MHz, which corresponds to the hyperne coupling in the S = 3/2 repre-
sentation of A1 = A′(obs) × (2/g′) = 6.16 MHz. This observation of a signal from
a single conformer allows assignment of the ENDOR spectra to the appropriate
S = 3/2 EPR conformer signal where the EPR spectra overlap. At g′1 = 4.36 for the
WT conformer, its doublet is centered at A′(obs)/2= 4.98 MHz and corresponds to
A1 = 4.57 MHz, essentially the same value previously obtained from 95Mo ENDOR
of WT resting state.28 Thus, the inuence on FeMo-co of the perturbation asso-
ciated with the conformation of the large Ile side chain as seen in the E0 FeMo-co
EPR signal extends to the Mo site of the cofactor.
Crystal structure of a-V70I

Encouraged by the nding that the a-V70I variant exists in two substates, both in
crystals and frozen solution, the structure of the a-V70I variant5 was revisited. In
this structure the electron density maps of the Ile are ambiguous, and we now nd
234 | Faraday Discuss., 2023, 243, 231–252 This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Left, X-band EPR of frozen solutions of WT and a-V70I MoFe proteins in the E0
resting state, and of a polycrystalline slurry of the latter; dashed lines are EasySpin simu-
lation deconvoluting the two conformers of the a-V70I solution resting state. Right, Q-
band Davies 95Mo ENDOR of the proteins prepared with 95Mo labeling of FeMo-cofactor.
Shown 95Mo hyperfine couplings were obtained as described in the text and signed as
described in ref. 27. EPR conditions: temperature, 3.8 K; microwave frequency, ∼9.36
GHz;microwave power, 0.5 mW;modulation amplitude, 13 G; time constant, 160ms; field
sweep speed, 33 G s−1. ENDOR conditions: temperature, 2 K; microwave frequency, 34.78
GHz (a-V70I) and 34.72 GHz (WT); Davies sequence, t(p/2) = 40 ns, s = 600 ns, RF 40 ms;
repetition time, 5 ms; spectra were taken with noise broaden RF bandwidth and 20MHz RF
filter.
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the assignment of two conformations at this position, Fig. 4, renes as well, if not
better, than the single conformation previously assigned. MD simulations based
on empirical force elds also indicate two conformers, separated by a free energy
barrier of 40 kJ mol−1, with conformer 1 of Fig. 4 being about 5 kJ mol−1 more
stable in free energy than conformer 2. Renement of the two conformers using
DFT conrms this result. The energy difference from the MD simulations yields
relative populations of 88% and 12%, but given the uncertainties in relative
energies of the two conformers, the computations are compatible with the
roughly 1 : 1 population ratio of the two conformers indicated by both the solution
and crystal EPR measurements.

The ethyl arm of the a-Ile70 sidechain approaches S2B more closely in
conformer 1 (3.0 Å) than in the other (4.3 Å), Fig. 4. We propose that conformer 1
corresponds to the perturbed conformer seen spectroscopically, with its g′-shi
and 95Mo hyperne changes for the E0 state of the variant, and that these
differences are caused by the sidechain interactions with FeMo-co, in particular
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 243, 231–252 | 235
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Fig. 4 Refined structure of a-V70I variant with Ile conformers 1 (left) and 2 (right).
Distances (in Å) are shown from the Ile delta carbons to the S2B and Fe6 of the FeMo-co.
The FeMo-co atoms are colored as follows: sulfurs in yellow, central carbide in dark gray,
irons in rust, and Mo in teal.
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with S2B. We further propose that FeMo-co in the other conformer 2 exhibits
properties seen in E0 of the WT enzyme, which thus represents the unperturbed
conformer.
a-V70I conformational interconversion, N2 reduction and E4(4H) accumulation

The substitution of the a-V70, which ‘sits’ over Fe6 of FeMo-co, by isoleucine, with
its larger sidechain, causes the specic activity for N2 reduction to 2NH3 to
decrease by ∼2/3, with an even greater decrease in specic activity for acetylene
reduction.4 This effect established that N2 and C2H2 react at Fe6, with the
isoleucine sidechain interfering with their access. The observation that the a-V70I
variant shows two distinct E0 conformers modulates the interpretation of its
decreased specic activity for N2 reduction by suggesting that ambient-
temperature turnover likewise involves multiple conformers, and that they have
different reactivities. As one possible limiting interpretation, E4(4H) would also
exhibit two types of conformers (‘two-conformer limit’) at ambient temperature,
one showing WT reactivity (R conformers), the other with N2 binding blocked (U
conformers). In an opposing limit, at ambient there would be an ensemble of
conformational states with a range of degrees of N2 inhibition. In this case, the
crystal-structure and solution results would then imply that this ensemble
collapses upon cooling/crystallization into two sub-ensembles/conformers. This
issue is addressed below in measurements of the kinetics of loss of E0 during low-
ux Ar turnover of WT and a-V70I MoFe protein.

As shown in the kinetic scheme of Fig. 1, N2 binds to E4(4H) with concerted
reductive elimination (re) of its two bridging hydrides as H2. It is simple to show
that if E4(4H) exhibits the two-conformer limit at ambient temperature, one
showing WT reactivity (R conformer), the other being unreactive (U conformer),
then the rate constant for N2-binding/reductive-elimination would be reduced by
the factor s = 1/(1 + Kc), where Kc = [U]/[R] is the equilibrium ratio between
interconverting U and R conformers. The measured s ∼ 1/3 during catalytic N2
236 | Faraday Discuss., 2023, 243, 231–252 This journal is © The Royal Society of Chemistry 2023
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reduction at ambient temperatures then would imply Kc ∼ 2. These two
conformers presumably correspond to the two observed in frozen-solution and
crystals of the resting-state enzyme. In the following measurements, we examine
conformational contributions to reactivity by examining frozen solutions, and as
encouraged by low-ux measurements to be described, discuss them in terms of
the two-conformer limit.

Rapid freeze quench and the reaction of reduced Fe-protein with a-V70I
conformers. To test the reactivity of the reduced Fe protein with the a-V70I
conformers, Fe-protein / a-V70I MoFe-protein electron transfer was studied by
rapid–freeze–quench (RFQ) techniques, in which solutions of reduced Fe protein
(Fe-red) and a-V70I MoFe were rapidly mixed with ATP to initiate electron
transfer, then frozen at predetermined times subsequently: 35, 320, and 1600 ms
(Fig. 5). The early-time sample shows that during reduction of E0 a-V70I MoFe the
signals from the two frozen-state conformers decrease in parallel, with roughly 2/
3 of each having been reduced by 35 ms while the 1b signal of the E2(2H) state
appears concomitantly. Thus, the two conformers show the same rate of electron
accumulation. The E2(2H)/1b signal increases through 320 ms of reaction and
then decreases along with further decrease of the E0 conformer signals in favor of
accumulation of the E4(4H) state, which appears aer 1600 ms (not shown). The
Fig. 5 EPR spectra of rapid freeze quenched samples prepared during a-V70I Ar turnover
under high electron flux (MoFe protein : Fe protein = 1 : 10). Solid red lines are EasySpin
simulations, which are sums of contributions from 1a, 1a′, and 1b as discussed in text.
Dashed red lines exhibit the contributions of E2(2H)/1b. EPR conditions: the same as in
Fig. 3.

This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 243, 231–252 | 237
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E4(4H) accumulation in a-V70I is much greater than seen for WT enzyme, indi-
cating that this is associated with the presence of the perturbed a-V70I conformer
E0/1a

′.
Population estimates of the high spin states obtained as described previously29

show that in the RFQ time range of 35–320 ms, the combined population of E0/1a
and E0/1a

′ states decreases to ∼40% and stays unchanged, while population of
E2(2H)/1b accounts for ∼20%. This distribution is consistent with populations of
E0/1a and E2(2H)/1b previously observed in similar RFQ experiment for WT
enzyme,30 and is roughly in accordance with prediction of the Lowe and Thorneley
kinetic model.31 Considering that none of the other E2(2H) signals discussed
below are seen in spectra of RFQ samples, it can be concluded that both a-V70I
conformers – E0/1a and E0/1a

′ – form only E2(2H)/1b upon two-fold reduction.
Low-ux turnover of WT and a-V70I; implication for conformational equilib-

rium and rates of HP at ambient temperatures. Given the above observation that
the electron-accumulation is unaffected by the a-V70I substitutions, the obser-
vation of enhanced E4(4H) populations with a-V70I implies that the amino acid
substitution decreases the HP rate constant of the perturbed a-V70I conforma-
tion. In conrmation of this conclusion, such a decrease also is observed in
turnover measurements at ambient temperatures under extremely low electron
ux, which is achieved by mixing MoFe and Fe proteins in very unequal propor-
tions of 100 MoFe per 1 Fe protein.29,32 Aer several minutes of such low-ux
turnover of the WT enzyme approximately half the cofactors of the WT enzyme
are reduced, Fig. 6, yet EPR spectra show no noticeable traces of E2(2H)/1b (or
E4(4H)), indicating that the ‘missing’ E0 resting state has been reduced to the EPR-
silent state E1(H). In short, the WT nitrogenase had reached a steady-state equi-
librium involving only the two states, E0, E1(H). This arises because under this
low-ux condition, electron delivery to cofactor in WT enzyme is too slow to
Fig. 6 Left, EPR spectra of low electron flux MoFe protein : Fe protein = 100 : 1 turnover
samples prepared with WT and a-V70I MoFe proteins. Right, decrease of the resting state
populations with time of turnover; the data points were obtained as g1 feature amplitude
for the indicated S = 3/2 EPR-active states. EPR conditions: the same as in Fig. 3.

238 | Faraday Discuss., 2023, 243, 231–252 This journal is © The Royal Society of Chemistry 2023
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compete with HP at the E2(2H) state. Once a second electron/proton is delivered to
E1(H) to form E2(2H), H2 generation by HP and its release outcompetes electron
delivery to achieve more-reduced states. Remarkably, this behavior is exactly as
predicted by the kinetic scheme of Fig. 1 for low-ux steady state turnover: no
matter how small the ux, if steady state is achieved, then states E0 and E1 are
predicted to have equal populations, 50% of the total.

The low-ux behavior of the a-V70I variant is dramatically different. As shown
in Fig. 6, freeze-trapping a-V70I during low-ux turnover shows that its unper-
turbed resting state E0/1a conformer undergoes the same∼50–60% loss as for WT
upon reaching steady state, but the perturbed conformer E0/1a

′ shows an ∼90%
resting-state loss, accompanied by the appearance of reduced E-states, even
including the dihydride E4(4H). In consonance with cryoannealing observations
presented below, this shows that the rate constant for HP relaxation of E2(2H) for
the perturbed conformer is so small that even under such low-ux condition,
further reduction of this conformer outcompetes HP in E2(2H), and causes near-
complete depopulation of the E0 conformer in favor of the accumulation of states
that have received two and more electrons. In particular, the intensities of E4(4H)
signals for WT enzyme are much less than those for a-V70I when freeze-trapped
during Ar turnover under the modestly low electron ux ([Fe]/[MoFe] ∼ 1) that
previously was used in order to achieve MoFe protein concentrations high enough
for EPR and ENDOR study.8 This shows that it is HP-suppression in E4(4H) of the
a-V70I perturbed conformation that leads to freeze-trapping of E4(4H) in much
higher occupancy (∼50% or greater) than for WT enzyme.

With such suppression of HP in a-V70I, it can be inferred (i) that electron-
delivery to the HP-inhibited conformation controls its accumulation of E4(4H),
(ii) that the occupancy of the E4(4H) state in the a-V70I protein freeze quenched
under Ar turnover is a rather faithful measure of the occupancy of the HP-
inhibited conformation at ambient temperatures, and (iii) that the interconver-
sion between the conformers is slow, in keeping with the large activation energy
calculated for interconversion. In principle, of course a conformational equilib-
riumwill in general be temperature dependent, but this process is not altering the
present measurements. Thus, electron delivery from the Fe protein to MoFe
protein is relatively slow at ambient temperature, slows with cooling, and it is
completely quenched on freezing the aqueous buffer solutions, which occurs not
far below 0 °C. Therefore, during the rapid quench freezing of an aqueous-buffer
enzyme solution in dry-ice/acetone or liquid nitrogen, it would be impossible to
deliver enough electrons to MoFe to signicantly increase the E4(4H) occupancy
as measured, and thus alter the inferred occupancies, while cooling would further
slow interconversion.
E2(2H) states accumulated in turnover and during cryoannealing

Numerous intermediates have been freeze-trapped during turnover of WT and a-
V70I MoFe proteins, and cryoannealing measurements have been instrumental in
determining the En-state they represent.11,12,29 This subsection rst describes the
formation of En states n = 2, 4 for WT and a-V70I MoFe and phenomena observed
during their cryoannealing, then analyzes their cryoannealing kinetics.

WT enzyme. When the electron ux is increased by decreasing the MoFe/Fe
ratio from the extreme 100/1 value, but the ux nonetheless remains low
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 243, 231–252 | 239
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enough to keep the highly-reduced WT states E3(3H) and E4(4H) essentially
depopulated, the most populated EPR-active intermediate trapped by freeze–
quench of WT enzyme during turnover under Ar is the S = 3/2 state with EPR
signal of low rhombicity (g

0
1 ¼ 4:21, g

0
2 ¼ 3:76), known as 1b.24 The identication

of the 1b signal with E2(2H) had been made through the observation that during
cryoannealing this signal directly converts into the E0 resting state signal 1a in
a single step, with KIE ∼ 3 associated with the protonation of a hydride bound to
the cofactor of E2(2H)/1b with concomitant release of H2.29

There is another S = 3/2 conformer of the E2(2H) state, with EPR signal of
higher rhombicity, g′ = [4.69, ∼3.20, ∼2] and historically named 1c.24 In freeze-
trapped WT turnover samples the 1c signal usually is even of lower amplitude
than 1b, and is not easy to study. However its assignment to E2(2H) was rst
indicated by the observation that 1c decays in a single step during cryoannealing,
with relaxation characteristics similar to those of the E2(2H)/1b relaxation.29 The
denitive assignment of 1c to an E2(2H) state was achieved through photolysis
experiments, which interconvert 1b and 1c, conrming that both signals arise
from E2(2H) conformers.33

Turnover of WT MoFe under substrate N2 allows freeze-trapping of E4(2N2H),
the product of N2 binding/reduction coupled to H2 reductive elimination, Fig. 1.
The identication of this state was established by cryoannealing, during which it
relaxes in three steps. It oxidatively adds H2 and loses N2, converting to E4(4H),
which in turn converts in a single kinetic step with H2 loss to the E2(2H)/1b state.
This state decays more slowly than it is formed during cryoannealing, so it rst
accumulates (1b signal increases) before it in turn decays and converts to E0/1a
with H2 formation.8

a-V70I enzyme. The a-V70I variant was only studied under Ar turnover because
its specic reactivity with N2 is much lower than WT. Under these conditions,
freeze-trapping the a-V70I variant captures large populations of E4(4H); no E2(2H)
state is trapped. As previously reported,12 and as shown in Fig. 7,12 cryoannealing
relaxation of a-V70I E4(4H) also proceeds to E0 in two steps, as with WT. However,
during annealing, the a-V70I E4(4H) state does not rst relax to E2(2H)/1b. Instead
it relaxes to a ‘high-rhombicity (hr)’ S= 3/2 state,12 denoted E2(2H)/hr, whose EPR
signal has rhombicity (g′1 = 5.26, g′2 = 2.58) much greater than that of either the
WT E2(2H)/1b or 1c signals. As discussed below, this difference in the E2(2H) state
is ascribable to the presence of different isomers of the E2(2H) hydride. Relaxation
of a-V70I E4(4H) through the E2(2H)/hr intermediate primarily generates the
mutation-perturbed E0/1a

′ resting state conformer. It is important to emphasize
that this observation thus conrms that the high populations of E4(4H) that
accumulate during a-V70I turnover are associated with this perturbed conformer.
Cryoannealing relaxation schemes

In this subsection, we develop the schemes for the cryoannealing/relaxation of
E4(4H) and E2(2H) (Fig. 1) of WT enzyme freeze-trapped during turnover under N2,
and of WT and a-V70I MoFe freeze-trapped during turnover under Ar.

For the WT enzyme trapped during turnover under N2, the cryoannealing
process starts with the trapped diazene-level state E4(2N2H) formed by the
coupled binding of N2 and reductive elimination of H2 from the dihydride
E4(4H) during turnover (Fig. 1). During cryoannealing at −50 °C, E4(2N2H)
240 | Faraday Discuss., 2023, 243, 231–252 This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Q-band T= 2 K EPR spectra taken at indicated times during 253 K cryoannealing of
E4(4H) accumulated in a-V70I Ar turnover: (0, 10, 35 and 1110 minutes). The figure is
revised from ref. 12 to emphasize the subject of the current paper.
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relaxes to the resting state E0 in three steps,8 the rst being oxidative addition of
H2 and release of N2 to regenerate the E4(4H) state. As visualized in Scheme 1,
WT E4(4H) then converts to E2(2H)/1b, which in turn relaxes to E0, with time
constants listed in Table 1. Of particular note, the−50 °C cryoannealing process
for WT enzyme exhibits a sharp, ∼60-fold difference in the time constants for
HP in E4(4H) (s4HP ∼ 6min) and in E2(2H) (s2HP ∼ 330 min). It is this sharply
Scheme 1 Cryoannealing pathways for WT and a-V70I nitrogenase. Labels on Fe ions of
E4(4H) orient the view of the Fe2,3,6,7 face.
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Table 1 Cryoannealing/relaxation time-constants (in minutes)

a Estimates from stretched-exponential ts. b Exponential t. c Ref. 8. d Ref. 12.
e Unpublished. f Estimated (see text). Note: arrows indicate HP time-constants assigned to
Fe3–H–Fe7 (see text).
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slower relaxation of E2(2H)/1b compared to its formation that causes its buildup
with subsequent slower decay during cryoannealing. The time constant for
relaxation of WT E2(2H)/1b to E0 at −20 °C also was measured, and found to be
30 times faster, Table 1.8,12

The a-V70I E4(4H) likewise relaxes to E0 in a two-step process that exhibits the
buildup then decay of E2(2H), both steps exhibiting a KIE associated with HP and
H2 release.12 However, although as noted above, the properties of the E4(4H) state
in a-V70I are identical to those for WT MoFe, in perhaps the most dramatic
consequence of the a-V70I substitution, cryoannealing a-V70I E4(4H) does not
produce the E2(2H)/1b state formed during relaxation of WT E4(4H), but instead
forms the high-rhombicity state E2(2H)/hr, which accumulates then relaxes to E0,
Scheme 1.

The cryoannealing kinetics of the a-V70I variant also show a second
remarkable consequence of the substitution: as anticipated above from the
buildup of E4(4H) during turnover, both steps of E4(4H) relaxation through HP
are dramatically slower than in the WT enzyme. Thus, during cryoannealing of
a-V70I E4(4H) at −50 °C, the temperature used for WT, relaxation was so slow
that it was impracticable to carry out this process. Instead, to monitor the
annealing process for a-V70I it was necessary to speed up the process by
increasing the annealing temperature from −50 °C to −20 °C, and even at this
more-elevated temperature the time constants for both annealing steps of a-
V70I are more than twice as large as for WT at −20 °C (Table 1). It should be
noted that before choosing −20 °C for a-V70I, lower temperatures were tested.
With short 5 min annealing steps, no signicant loss of the E4(4H) signal
intensity was observed for T # −30 °C, meaning that at each temperature, the
time constant for E4(4H) / E2(2H) conversion during cryoannealing of a-V70I
must be extremely large compared to that for WT. To put this in context,
assuming we could not have detected a decrease in intensity of E4(4H) beyond
reproducibility error in EPR recording (less than 5%) for 5 min at −50 °C, then
the decay-time of E4(4H) in a-V70I at this temperature must be at least 100-fold
greater than that for WT.

It thus appears that the two time constants for relaxation steps of E4(4H) in
a-V70I are increased by comparable factors of ca. 100-fold compared to those
for WT, accidentally keeping the ∼60 fold difference between the time
constants for the two steps observed for WT. However, as a foreshadowing that
the situation will below prove to be more complex, the time-constant for the
242 | Faraday Discuss., 2023, 243, 231–252 This journal is © The Royal Society of Chemistry 2023
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second relaxation step in WT enzyme at −20 °C, namely s2HP(WT), for the
E2(2H)/1b / E0 relaxation, is essentially the same as that for the rst hydride
protonation in a-V70I at −20 °C, s4HP (a-V70I) for the relaxation, E4(4H) /
E2(2H)/hr, and this is likewise true for relaxation at −50 °C (see Table 1). These
observations will be shown below to be arise because the inuence of the a-
V70I substitution is to dramatically slow the HP of the Fe2–H–Fe6 hydride,
strongly increasing its time-constant for HP at a given temperature without
signicant inuence on the Fe3–H–Fe7 hydride, Table 1. Such an effect would
cause the WT and a-V70I variant to follow the alternative cryoannealing
pathways as shown in Scheme 1, with the rst step in the relaxation of E4(4H)
involving a different hydride in the two variants, Fe2–H–Fe6 in WT but Fe3–H–

Fe7 in a-V70I, and therefore with different products – E2(2H)/1b in WT, but
E2(2H)/hr in a-V70I.

Implications of HP suppression for kinetic studies

As discussed above, N2 reduction in a-V70I protein is diminished in comparison
with that in WT enzyme because the large Ile sidechain blocks access of N2 to Fe6,
showing that to be the N2 binding site, and not molybdenum. Trapping a high
population of the E4(4H) dihydride intermediate during turnover of a-V70I, which
enabled its detailed ENDOR study, was not expected, and came as a nice bonus.
The cryoannealing results presented here demonstrate that accumulation of the
E4(4H) intermediate under Ar turnover of the substituted protein is enhanced
because the substitution suppresses protonation of the Fe2–H–Fe6 hydride of
E4(4H), while in doing so the substitution has altered the E2(2H) state of the
protein formed by HP of E4(4H). As a consequence of this, the enhanced accu-
mulation of E4(4H) seen in the a-V70I enzyme relative to WT is only partially due
to suppression of reaction with N2, with amajor contribution from suppressed HP
at E4(4H).

The cryoannealing and the ambient-temperature, low-ux measurements
(Fig. 6) agree in showing that the HP rate constants are sharply lower in the a-V70I
than in WT enzyme, an indication that the cryoannealing data is a faithful
representation of the behavior at ambient. This in turn implies that the direct
observation of an ∼60-fold difference between rates for HP in E4(4H) and in
E2(2H), as seen in cryoannealing of bothWT enzyme and a-V70I, likewise provides
a faithful representation of the behavior at ambient. This conclusion represents
a signicant modication to the early conclusion based on analysis of previous
pre-steady-state kinetic studies, that the HP rates for E4(4H) and E2(2H) of WT
enzyme differ by less than a factor of two.1

Structural interpretation of HP suppression in MoFe a-V70I

The formation of different E2(2H) states during cryoannealing E4(4H) of WT (1b)
and of a-V70I (hi-rhomb/hr), as well as the increased HP time constants seen
during a-V70I cryoannealing, can be explained jointly by two assumptions. First,
that one of the two hydrides of E4(4H), which we will argue to be the Fe2–H–Fe6
hydride bridge in WT enzyme is intrinsically more reactive to HP than the other
hydride, and therefore during relaxation of WT E4(4H), the Fe2–H–Fe6 selectively
undergoes the initial HP reaction to release H2 and form the E2(2H)/1b state
containing the Fe3–H–Fe7 hydride, as shown in Schemes 1 and 2. Second, the a-
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 243, 231–252 | 243
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Scheme 2 Pathways for formation and relaxation of E4(4H) in WT and a-V70I nitrogenase.
Up arrows involve accumulation of 2[e−/H+]; down arrows involve H2 release. (View of
Fe2,3,6,7 face as oriented in Scheme 1).
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V70I substitution selectively inhibits the protonation of the Fe2–H–Fe6 hydride,
to the extent that the highly accumulated E4(4H) in the a-V70I enzyme rst
releases H2 through the slow HP of the essentially unperturbed Fe3–H–Fe7
hydride of E4(4H), forming E2(2H)/hr, which thus we conclude contains the Fe2–
H–Fe6 hydride that has become stabilized to HP.

The observation that E4(4H) exhibits identical EPR spectra in WT and a-V70I
enzymes indicates that reduction of N2 and other substrates in the a-V70I MoFe
variant is suppressed because this variant exhibits conformation(s) that passively
block substrate access to the site of reaction, Fe6, rather than actively altering the
reactivity of Fe6. The original report of the a-V70I structure, analyzed in terms of
a single Ile conformation, further considered two possible explanations for the
increase in the time-constant for HP in E4(4H) that causes the efficient trapping of
E4(4H) during Ar turnover of this variant.5 Both explanations involve mutation-
induced suppression of proton delivery to FeMo-co. One postulates the methyl
group of isoleucine blocks protonation of the Fe2–H–Fe6 hydride by an H+ from a-
H195. In the other, the enlarged residue blocks H+

ow from waters adjacent to R-
homocitrate. However, the E4(4H) intermediate has two bridging hydrides, with
each having an adjacent sulfur-bound proton available to protonate the hydride.
Thus, additional proton delivery to the E4(4H) form of FeMo-co from the active-
site surroundings is unnecessary for HP.

Instead, QM computations now performed with the a-V70I substitution
strongly support a third explanation for how this modication enhances accu-
mulation of E4(4H). As visualized above in Fig. 2, our previous computations9,34

showed the bond between Fe2 and protonated S2B is hemilabile, and the Fe2–S2B
244 | Faraday Discuss., 2023, 243, 231–252 This journal is © The Royal Society of Chemistry 2023
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bond breaks to create a terminal Fe6–S2B–H sulydryl, which ‘swings away’ from
its position in E0 (Fig. 8).35,36QM renement of E4(4H) in a-V70I now indicates that
Ile70 can adopt two conformations (Fig. 8), as observed for E0 (Fig. 4), with
conformation 1 of E4(4H) favored over conformation 2 by 25 kJ mol−1 rather than
only 5 kJ mol−1 as in E0.

Firstly, with the H–S2B sulydryl of E4(4H) ‘swung out’, the Ile sidechain of the
dominant conformation 1 would not interact with it, in contrast to the interaction
with bridging S2B in E0, offering an explanation for the absence of substitution-
induced changes in the properties of E4(4H), which are seen for E0. Secondly, and
of perhaps greater importance, this offers the explanation for the substitution-
induced change in E4(4H) HP reactivity. The HP process for E4(4H) FeMo-co
containing the Fe–S2B–H fragment must involve rotation of the S2B–H back
towards Fe2, to bring the H+ on sulfur into contact with the Fe2–H–Fe6 hydride,
and computations by Thorhallsson and Bjornsson indicate the same situation
occurs for HP of this hydride in the E2(2H) state.37 However, given the confor-
mational exibility of the Ile side chain proximate to Fe6 in the crystal of resting-
state a-V70I, Fig. 4, we propose that in E4(4H) the sidechain adopts a conforma-
tion that is a variant of conformation 1 of Fig. 4, in which its Cd1 methyl group
sterically, but passively, blocks the repositioning of the S2B–H sulydryl (tran-
sient re-formation of the Fe6–S2B bond) that precedes protonation of Fe2–H–Fe6
by the S2B proton. This passive blocking, illustrated in Scheme 2, can be viewed as
analogous to the sidechain's passive blocking of the approach of N2 to Fe6, and
would not create substitution-induced changes in the properties of E4(4H).

We propose it is this steric obstruction that causes the time-constant for HP of
hydride Fe2–H–Fe6 during cryoannealing to increase dramatically from its value
in WT enzyme, becoming roughly 60-fold longer than for HP of the Fe3–H–Fe7
hydride, and leading to a lengthening of the time-constant for HP of Fe2–H–Fe6
by 3 to 4 orders of magnitude. Such a decrease in reactivity would make this
Fig. 8 Structure of E4(4H) in the a-V70I variant with Ile conformers 1 (left) and 2 (right) at
the Ile position as obtained from density functional theory calculations. The FeMo-co
atoms are colored as follows: sulfurs in yellow, central carbide in dark gray, irons in rust,
and Mo in teal.
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conformation effectively unreactive to HP, thereby enabling the buildup of E4(4H)
seen with freeze–quench.

This analysis in turn implies that the rst step in cryoannealing E4(4H) trapped
in the HP-suppressed conformation of the a-V70I variant, denoted E4(4H)I, is
protonolysis of the Fe3–H–Fe7 hydride, with a time constant largely unchanged by
the substitution from that of the second HP of WT, Scheme 2 and Table 1. This
creates the E2(2H)/hr conformer that retains the Fe2–H–Fe6 hydride, not E2(2H)/
1b as forms by relaxation in WT enzyme. The Fe2–H–Fe6 hydride eventually
undergoes its sterically-hindered, slow HP with release of H2, probably enabled by
repositioning of the Ile sidechain, returning the enzyme to the E0 state.

This proposal not only identies hydride Fe2–H–Fe6 as undergoing the rst
hydride protonation of WT E4(4H), Scheme 2; it further identies the E2(2H)/1b
state, which is both trapped during turnover and produced by cryoannealing/
relaxation of WT E4(4H), as containing the bridging Fe3–H–Fe7 hydride. In
short this proposal for the behavior of the a-V70I variant implies that electron/
proton accumulation by WT nitrogenase proceeds through initial formation of
E2(2H)/1b, with a Fe3–H–Fe7 hydride bridge. Hydride uxionality at ambient
temperatures could well lead to a dynamic partial hydride transfer to Fe2/Fe6 in
E2(2H), but the trapping of the 1b signal both during turnover and during
cryoannealing/relaxation of E4(4H) indicates that E2(2H)/1b, which has the Fe3–
H–Fe7 hydride bridge, is the preferred form. Subsequent accumulation of two
additional [e−/H+] then leads to formation of E4(4H) with hydrides bridging both
Fe3/Fe7 and Fe2/Fe6.

Obstruction by the Cd1 methyl group of the Ile substituent likewise explains
hindered HP in a-V70I if one instead favors either of the two lowest-energy E4(4H)
structures of Cao and Ryde.38 In both of these the Fe2–S2B–Fe6 bridge remains
intact, and the two bridging hydrides are each anked by a bridging SH (Fig. 9).
However, in their state with parallel bridging hydrides, the adjacent S–H proton is
directed ‘away’ from the hydride. The SH group thus must still ‘reorganize’ to
bring the nascent H+ in contact with the hydride, and again the Ile Cd1 methyl
could sterically hinder the reorganization. These considerations however do
provide an argument against their alternative, slightly more-stable structure, in
which the Cd1 methyl group would not be likely to hinder protonation (Fig. 9).
Finally, if one considers the extreme possibility that S2B is actually released from
Fig. 9 Best QM/MM structures of E4(4H) have two bridging hydrides, from report by, and
with figure adapted from ref. 36. Fe atoms are colored rust, S atoms yellow, H atoms green,
Mo atom teal, and C atom gray. The calculated lowest energy state is shown on the left and
the proposed structure from ENDOR on the right.
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FeMo-co in E4(4H),36 passive hindrance to its return could explain suppression of
HP by the Ile sidechain.

Formation of E4(2H)* during Ar turnover of a-V70I protein. An unexpected
consequence of the a-V70I substitution is the appearance of an EPR signal whose
g-values, g = [2.11, 2.01, 1.96], Fig. 10, are characteristic of the state denoted
E4(2H)*.39 The signal is always minor and its intensity varies with preparation of
the freeze quenched a-V70I turnover sample. As an example, Fig. 10 compares
spectra from two turnover samples that clearly show the features of the E4(2H)*
signal. The ESI† presents evidence conrming that the signal represents E4(2H)*
accumulated in low occupancy during turnover of a-V70I.

Formation of E4(2H)* state would occur upon the direct reductive elimination
of H2 from E4(4H) uncoupled from N2 binding, leaving the two remaining elec-
trons accumulated by E4(4H) as having doubly-reduced the FeS core of FeMo-co,
with the two associated protons bound to sulfur, Scheme S1.†34,39,40 Previously, the
E4(2H)* state was only seen upon photolysis of WT E4(4H),8 it is never observed
during WT turnover under any atmosphere, neither Ar or N2. In particular, this
Fig. 10 CW, absorption-display rapid passage EPR spectra of two states of the same a-
V70I D2O sample trapped during turnover. ‘Turnover 1’, as trapped; ‘Turnover 2’, which
shows increased population of E4(2H)*, was prepared after complete annealing at −20 °C
(1110 min), followed by turnover for 15 seconds at +30 °C. The digital derivatives of the
spectra (low) were normalized to E4(4H) signal amplitude for assignment of the state raised
in ‘Turnover 2’. EPR conditions: temperature, 2 K; microwave frequency, ∼35 GHz;
microwave power, 0.32mW;modulation amplitude, 4 G; time constant, 128ms; 4minutes
field scans.
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Scheme 3 Formation of E4(2H)*.
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state from E4(4H) does not play any role in WT turnover under N2, as explained
directly below.

Why would E4(2H)* form during Ar turnover of a-V70I, but not WT turnover?
As indicated in Scheme 3, direct hydride reductive elimination from E4(4H) to
form E4(2H)* must occur in kinetic competition with hydride protonation. The
observation that a-V70I under Ar turnover exhibits even a low level of re from
E4(4H)I to form E4(2H)* (Fig. 10) thus implies that in the WT enzyme this process
is kinetically outcompeted by the far more rapid hydride protonation of E4(4H). In
short, it appears that in the HP-suppressed a-V70I conformation that accumulates
a high population of E4(4H) the time constant for HP is increased to such an
extent that E4(2H)* can accumulate to very low, but observable levels.
Summary

The present measurements show that the a-V70I substitution creates two types of
active-site conformations in the resting-state (E0) enzyme, as visualized by rean-
alysis of the a-V70I crystal structure and QM computations, Fig. 4. The
measurements as supported by computations further suggest accumulation of
E4(4H) is enhanced in a-V70I because this state exhibits sidechain conforma-
tion(s) in which steric hindrance by the isoleucine Cd1 passively blocks proton-
ation of the Fe2–H–Fe6 hydride by the proton on S2B (Scheme 2). Prior DFT
computations of E4(4H) indicate that the Fe2–S2B bond in this state is hemilabile
and breaks to form an Fe6–S2B–H sulydryl that ‘swings away’ from the cofactor
(Fig. 2), while the current QM computations of the E4(4H) state identify a domi-
nant Ile conformer, Fig. 8, in which we propose that the Ile Cd1 blocks the ‘swing-
back’ of the Fe6–S2B–H and Fe2–S2B rebinding necessary to bring the sulydryl
proton and hydride in proximity for HP as visualized in Scheme 2. As an alter-
native possibility, based on computations of Cao and Ryde, Cd1 blocks
248 | Faraday Discuss., 2023, 243, 231–252 This journal is © The Royal Society of Chemistry 2023
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repositioning of the proton on an intact Fe2–SH–Fe6 moiety, Fig. 9. As a result of
the steric interference inferred for either model, the time-constant for sponta-
neous protonation of the Fe2–H–Fe6 hydride, as measured during E4(4H) cry-
oannealing, is increased by 3 to 4 orders of magnitude, thereby changing the
order in which the two hydrides are protonated on the 2-step cryoannealing
relaxation pathway to E0 (Scheme 2).

As further visualized in Scheme 2, bothWT and a-V70I variant accumulate four
electrons to form the E4(4H) Janus intermediate (Fig. 1) through a pathway that
leads through the doubly-reduced E2(2H)/1b intermediate, which stores its two
accumulated electrons as an Fe3–H–Fe7 hydride bridge, then proceeds to form
E4(4H), with two hydride bridges, Fe3–H–Fe7 and Fe2–H–Fe6. During relaxation
of E4(4H) in WT enzyme, HP of Fe2–H–Fe6 forms E2(2H)/1b, which contains Fe3–
H–Fe7; in E4(4H) of a-V70I, HP of Fe3–H–Fe7 forms E2(2H)/hr, which contains
Fe2–H–Fe6, Scheme 2.

The suppression of HP in the E4(4H) state of a-V70I by passive sidechain
obstruction, as schematized in Scheme 2, is then responsible for the ability to
freeze-trap a high population of this state unperturbed by the substitution, with
the resulting EPR/ENDOR/photolysis characterization of this state that has played
a central role in current understanding of the nitrogenase catalytic mechanism.
In addition, it now appears that by strongly slowing HP at the E4 stage, the a-V70I
substitution slightly unmasks a third reaction channel for the E4(4H) Janus
intermediate that is entirely precluded by rapid HP during turnover of WT
enzyme: the rst-order reductive elimination of H2 without N2 binding/reduction,
to form E4(2H)* (Scheme 3).
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