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Introduction

The enzymatic nitrogen fixation system known as nitroge-
nase (N2ase) catalyzes the reduction of dinitrogen to ammo-
nia at ambient temperatures and atmospheric pressure.[1]

For the Mo-dependent N2ase, binding of substrates and in-
hibitors involves a [Mo-7Fe-9S-X]-homocitrate-containing
prosthetic group, called the FeMo-cofactor, of the larger

MoFe protein (Av1). A recent crystal structure at 1.0 � res-
olution[2] and an X-ray emission study[3] favor assigning C4�

carbide as the much-debated atom X at the center of the co-
factor. The mechanism, by which this biological nanoparticle
lowers the activation energy for reduction of the N�N triple
bond, remains incompletely understood.

Carbon monoxide inhibits the reduction of N2 reversibly
and noncompetitively, and CO has been an important probe
molecule for characterizing the active site.[4] Recently, Ribbe
and co-workers have shown that CO can actually be a sub-
strate for the V version of N2ase,[5] and with less efficiency,
even for the wild-type Mo-dependent N2ase.[6] Seefeldt and
co-workers have also demonstrated CO fixation by using
the a-V70A and other variants of the MoFe protein.[7] Thus,
a second front of interest in N2ase as a Fischer–Tropsch cat-
alyst has emerged.[8]

Exposure of N2ase to CO during turnover elicits species
with a variety of EPR signals, depending on the partial pres-
sure of CO ([CO]), and each of these species and its charac-
teristic EPR signal is described by the [CO] required for its
formation.[9] The chemical species and its associated axial
EPR signal (g values ~2.17 and ~2.06) are both called hi-
CO and are formed under approximately 101 kPa [CO].
This hi-CO N2ase species is proposed to contain two CO
molecules bound to the FeMo-cofactor.[9–10] A species with a
rhombic EPR spectrum (g values of 2.09, 1.98, and 1.93)
called lo-CO forms under a much lower [CO][11] and is pro-
posed to contain only one bound CO.[9–10] A third species

Abstract: Fourier transform infrared
spectroscopy (FTIR) was used to ob-
serve the photolysis and recombination
of a new EPR-silent CO-inhibited form
of a-H195Q nitrogenase from Azoto-
bacter vinelandii. Photolysis at 4 K re-
veals a strong negative IR difference
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and EPR signal, both called hi(5)-CO, have also been identi-
fied.[11c,d] Not all of these EPR signals are generated when
variant Mo N2ases are turned over under CO,[12] and the in-
tegrated EPR intensities rarely exceed 40 % of the active-
site species.[11d] Presumably, EPR-silent species with bound
CO must co-exist with the EPR-active species.

Another spectroscopic tool that complements EPR for
these studies has been FTIR spectroscopy.[4c,13] In stopped-
flow FTIR experiments, under low [CO], a single ñ(CO)
band appeared at 1904 cm�1 and peaked in intensity within
approximately 7 s before decaying. Under high [CO], a new
ñ(CO) band was observed at 1936 cm�1 together with a pair
of weaker, possibly coupled bands at ñ= 1958 and
1880 cm�1. All of these features were much longer lived
than the 1904 cm�1 band. All three species were suggested
to arise from terminally bound CO. After relatively long
times (>10 s), under low [CO] the 1904 cm�1 peak is suc-
ceeded by a new ñ(CO) band at 1715 cm�1. Recently, the
rates and relative intensities of these ñ(CO) bands were
shown to be sensitive to variation of the side chain at the a-
70 position.[13c] Other CO-related IR bands have been ob-
served during spectroelectrochemical studies of FeMoco
(the solvent-extracted version of the FeMo-cofactor),[14] in
which bands at ñ=1808 and 1835 cm�1 were proposed to
arise from bridging CO, whereas features at ñ= 1885 and
1920 cm�1 were assigned to terminally bound CO species.

In a recent study of CO-inhibited Azotobacter vinelandii
Mo nitrogenase, we showed that FTIR can be used to moni-
tor CO photolysis by visible light at cryogenic tempera-
tures.[15] Three distinct types of photolyzable CO complexes
were found under hi-CO conditions. We labeled these stable
inhibited forms “Hi-1”, “Hi-2”, and “Hi-3”. The photolyses
of Hi-1 and Hi-2 were found to be reversible at around
80 K, with activation energies on the order of 3–4 kJ mol�1.
However, the Hi-3 photoproduct, labeled “Lo-3”, was stable
with respect to recombination up to 110 K. The Hi-3 species
was most abundant in the photolysis spectra of N2ase with
the variant a-H195Q MoFe protein. Herein, we have used
this variant and an extended temperature range (ca. 200–
250 K) to discover that Hi-3 photolysis is also reversible.
Mixed CO isotopes were used to demonstrate vibrational
coupling in the Hi-3 species, and wavelength-dependent
photolysis—to determine the spectral region with the great-
est photochemical activity. The relative amounts of the Hi-1
and Hi-3 species in our samples were also estimated. Finally,
DFT calculations were employed to evaluate plausible struc-
tures for Hi-3 and Lo-3 CO-bound FeMo-cofactor species.

Results

Photolysis : Figure 1 shows the time courses of changes in
the IR spectra of CO-inhibited a-H195Q N2ase samples illu-
minated with visible light at approximately 4 K under either
12C 16O or 13C 18O. Photolysis spectra under 13C 16O are in-
cluded in Figure 2. At long times, the largest spectral

changes come from the Hi-3 species,[15] with a strong nega-
tive band at ñ=1938 cm�1 (1894, 1849) and a weaker nega-
tive band at 1911 cm�1 (1867, 1824). A positive product
band from Lo-3 is seen in between these two bands at ñ=

1921 cm�1 (1877, 1833; in these and later descriptions, the
first value refers to results with 12C 16O, whereas the second
and third values in parentheses, if present, refer to results
with 13C 16O and 13C 18O, respectively.) As was noted
before,[15] for a-H195Q N2ase, the spectra are complicated
by the presence of other photolyzable species, including

Figure 1. Time-dependent absorbance changes upon photolysis at 4 K
and thermal cycling of CO-inhibited a-H195Q nitrogenase in D2O-based
HEPES buffer (25 mm, pH 7.4) with ethylene glycol (40 %). Top:
“hi-12C 16O” conditions; top to bottom: 1st photolysis, time points shown:
0.5, 4, 9, 52 s, 3, 30, and 150 min; 2nd photolysis, after warming to 120 K
for 20 min, time points shown: 0.5, 7, 13, 35 s, 2, and 30 min; 3rd photoly-
sis after poising at approximately 263 K for 16 h, time points shown: 0.5,
5, 13, 30 s, 5, 70, and 270 min. Bottom: “hi-13C 18O” conditions; top to
bottom: 1st photolysis, time points shown: 0.5, 2, 10, 31, 60, and 122 min;
2nd photolysis, after warming sample to 120 K for 10 min, time points
shown: 2, 10, 30, and 60 min; 3rd photolysis, after warming sample to
233 K for 8 h, time points shown: 3, 23, and 63 min.
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bands for Hi-1 at ñ= 1969 (1925, 1879) and for Hi-2 at
1932 cm�1 (1888, 1844).

The spectra can be simplified by employing the fact that
the photolysis product Lo-3 is relatively stable at tempera-
tures, in which the photolysis products from Hi-1 and Hi-2
rapidly recombine.[15] Accordingly, the photolyzed samples
were warmed to 120 K for 10–20 min and then photolyzed a
second time. As shown in Figure 1, there was almost no
trace of the Hi-3 or Lo-3 features in the second photolysis
spectrum, which is consistent with the absence of Hi-3. By

taking the difference between the two photolysis results, a
relatively pure Hi-3!Lo-3 photolysis signal was obtained in
the double-difference spectrum (Figure 2). The extracted
spectrum exhibited almost pure Hi-3 features at the same
frequencies as was noted in the mixed spectra. Note that in
the third photolysis spectrum, which followed warming the
sample from the second photolysis to above 230 K, the
Hi-3!Lo-3 signals reappeared.

An alternative method of cleanly separating the Hi-3 fea-
tures is to photolyze at higher temperatures, in which the re-
combination of the other photolysis products is fast. As
shown in Figure 2, photolysis of a 13C 16O sample at 240 K
gave a spectrum with a pair of negative bands at ñ= 1891
and 1864 cm�1; nearly the same as the frequencies (1894 and
1867 cm�1) seen in the low-temperature photolysis. In fact,
the 3 cm�1 downshifts are similar to those seen in myoglo-
bin–CO upon raising the temperature from 4 K to room
temperature.[16] This observation suggests that comparable
shifts between our liquid-helium-temperature photolysis re-
sults and the room-temperature stopped-flow FTIR studies
should be anticipated. In these higher temperature photoly-
ses, there was less evidence of the Lo-3 photolysis product.
We cannot exclude the possibility that additional processes
involving CO migration and rearrangement and/or possible
Lo-3 photolysis might be occurring at higher temperatures;
these issues call for additional study.

Recombination : As can be seen from Figure 2, Hi-3 returns
on the 1 h time scale upon warming the sample to approxi-
mately 210 K. From monitoring this process at various tem-
peratures, Arrhenius plot analysis by using the initial rates
gave an activation energy of about 6.5 kJ mol�1 (Figure 2),
compared to the approximately 4 kJ mol�1 values previously
seen for Hi-1 and Hi-2 recombination.[15] (In more recent
studies, we have found that with brief irradiation, the Hi-2
recombination can occur with a much smaller activation
energy).[17] The Hi-3 value is similar to the barriers of 8–
10 kJ mol�1 seen for Ni-SIa!NiSCO CO recombination in
[NiFe] hydrogenases[18] and for photolyzed MbCO.[19]

Mixed isotope studies : The relative intensities of the nega-
tive Hi-3!Lo-3 features involve a higher 1938 cm�1 (1894,
1849) frequency band that is about four times stronger than
its lower 1911 cm�1 (1867, 1824) frequency partner. One ex-
planation for the different intensities of the high and low
frequency bands is that they represent the symmetric (with
Isym intensity) and antisymmetric (Iasym) combinations of
stretches for two distinct terminally bound CO molecules.
Assuming that the symmetric combination has the higher
frequency, the equation Isym/Iasym =cot2q, in which q is half
the angle between the CO molecular axes, can be used to
calculate a rough approximation of the relative orientations
of the two molecules.[20] For an intensity ratio of about four,
the angle 2q between CO axes is predicted to be approxi-
mately 508. Such an angle is too small for two CO molecules
bound at the same metal ion. Furthermore, coupling of vici-
nal 12C 16O molecules usually produces splitting of about 40–

Figure 2. Top: extraction of Hi-3/Lo-3 spectra (red c) by subtraction
of 2nd photolysis spectra (green b ; photolyzed at 4 K after recombina-
tion at 120 K) from 1st spectra (blue b). Middle: photolysis at 240 K.
Times are 40 (green c), 60 (red c), and 150 min (black c).
Bottom: recombination data for 210 K, fit with dual exponential. Inset:
Arrhenius plot for fast phase of recombination, yielding an activation
energy of 6.5 kJ mol�1.
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60 cm�1,[20] approximately twice as large as that observed for
Hi-3. Both observations support the notion that there are
two vibrationally coupled CO ligands, each of which is
bound to a different FeMo-cofactor metal ion.

To confirm the assignment of the Hi-3 signals to coupled
oscillators, photolysis spectra for a-H195Q N2ase inhibited
by a mixture of approximately 25 % 12C 16O and approxi-
mately 75 % 13C 18O were recorded. In the absence of cou-
pling, such a sample would produce a spectrum that is the
25:75= 1:3 weighted average of the two pure 100 % 12C 16O
and 100 % 13C 18O spectra, respectively. However, as can be
seen from Figure 3, the mixed-CO spectrum has a new nega-

tive band at ñ=1917 cm�1. This band does not appear in the
second photolysis spectrum after recombination at 120 K
(see Figure 1), so we can rule out assigning it to either Hi-1
or Hi-2. As was expected for a Hi-3 assignment, the
1917 cm�1 band does reappear in the third-time photolysis,
after recombination overnight at 233 K. We interpret this
new band as resulting from photolysis of a Hi-3 species in-
volving uncoupled CO oscillators, one with 12C 16O and the
other with 13C 18O. Thus, at least one of the CO ligands is
predicted to have an uncoupled frequency of ñ=1917 cm�1.

Wavelength-dependent photolysis : To date, we have identi-
fied three forms of CO-inhibited N2ase that are produced
under high [CO] conditions and are photolyzed by exposure
to white light. To better distinguish these species, the wave-
length dependence of the photolysis rates was investigated,

and the results of these studies are shown in Figure 3. The
Hi-3 photolysis rate rises from near zero at l= 600 to maxi-
mum efficiency at 340 nm, the shortest wavelength investi-
gated. There appear to be minor features at about 550 and
400 nm. By comparison, the Hi-1 species, which we associate
with the hi-CO EPR species previously examined by
Maskos and Hales, exhibits a structureless rise in photolysis
efficiency towards shorter wavelengths.[21] For Hi-1, we did
not see the minor peak in the photolysis yield at about
~550 nm that was observed in the previous EPR experi-
ments.[21]

DFT calculations : To put speculation about the structure of
the Hi-3 species on firmer ground, DFT calculations were
used to investigate models that involve pairs of terminal CO
ligands on different FeMo-cofactor metal sites. With eight
metal ions, there are 8ACHTUNGTRENNUNG(8�1)/2=28 possible pairs of binding
sites on this prosthetic group. For the current study, the cal-
culations were limited to binding at the most commonly pro-
posed sites, the Fe2 and Fe6 ions on the face adjacent to the
a-V70 residue (Figure 4).[13c,22] The atom and residue num-
bering herein are similar to the crystal structure.[23] As was
described in a recent study by Dance,[24] we considered exo
(CO trans to the central X atom, now known to be carbon)
and endo (CO trans to m3 sulfurs, S1A/S1B when coordinat-
ed at Fe2/Fe6, respectively) terminal binding modes, which
are subsequently referred as “Fe2/Fe6 exo/endo”. A less
popular bridging binding mode,[25] in which the CO carbon
occupies a position similar to that of m2 S2B sulfur, was also
considered. Below, we will discuss mostly those CO coordi-
nation modes that were found to be relevant in context of
the Hi-3 and Lo-3 photolytic species; a detailed description
of the binding alternatives will be covered separately.

Our favored model for Hi-3 is shown in Figure 4. In the
DFT calculation, we assumed an S=0 EPR-silent state for
the FeMo-cofactor, 1e� reduced from the S=3/2 resting
state. Other details on the metal-oxidation states and spin
coupling are given in the Supporting Information. In line
with earlier modeling by us and many others,[26] the central
ligand X was initially assigned as N3�. Subsequently, as de-
scribed below, we considered the X=C4� alternative, which
has recently received significant support.[2–3,27] The m2 S2B
sulfur that bridges Fe2 and Fe6 and forms the hydrogen
bond to a-H195 in the wild-type enzyme was chosen as the
protonation site for all the models. Terminal CO ligands are
at Fe2 and Fe6, both in the exo geometry, and the Fe�C�O
bond angles are essentially 1808 (Figure 4). This model pre-
dicts two coupled 12C 16O stretching modes, a symmetric
stretch at ñ= 1938 and an asymmetric stretch at 1909 cm�1,
with relative band intensities of about 3.5:1, which is in
good agreement with the experimental frequencies of ñ=

1938 and 1911 cm�1 and amplitude ratio of about 3.7:1.
(Here and below, the broadened peak-center heights are
compared relative to the FTIR, see Figure 5, in contrast to
the raw “stick” DFT mode intensities in Table S2 in the
Supporting Information.) The optimized angle between the
bound CO molecular axes is 378, which is in line with the

Figure 3. Top: mixed isotope effects on CO-inhibited nitrogenase. Top to
bottom: 1st photolysis for 122 min; 2nd photolysis for 60 min, after
warming to 120 K for 10 min; 3rd photolysis for 63 min, after warming to
233 K for 8 h. Bottom: wavelength dependence of Hi-3 photolysis versus
Hi-1 photolysis.
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above 508 rough estimate based on the relative FTIR Hi-3
intensities. The basic FeMo-cofactor framework remained
intact. However, a significant lengthening of the Fe6�X
bond to 2.17 �, compared with an average of 2.00 � for the
remaining optimized central Fe�X distances was noted. The
plasticity of the FeMo-cofactor core has been observed in
other calculations, in which even a complete loss of Fe coor-
dination to X (Fe�X >3.0 �) upon ligand binding has been
predicted.[24,26c]

For the Lo-3 photolysis product, the structure with the
best match to the FTIR Lo-3 band at ñ= 1921 cm�1 involved
Fe2 exo binding, producing a 12C 16O frequency at ñ=

1923 cm�1 (Figure 4). The calculated band intensity of this
ñ(CO) stretch is about 2.1:1 relative to the asymmetric Hi-3
mode at ñ= 1909 cm�1, in reasonable agreement with the ap-
proximately 1.7:1 ratio observed in the experiment. For pho-
tolysis conducted using the pure 13C 18O isotope, the DFT re-
sults are essentially of the same quality as those described
above for 12C 16O.

The calculations also shed light on our mixed isotope ex-
periments. For models with 12C 16O at Fe2 exo or Fe6 exo po-
sitions (and the other Fe site populated by 13C 18O), they
predicted essentially “uncoupled” pairs of ñ(CO) frequen-
cies of 1934/1825 or 1916/1842 cm�1, respectively (for the
animated vibrational modes, see the Supporting Informa-
tion). We also modeled the actual Hi-3!Lo-3 photolysis IR
spectra for 100 % 12C 16O, 100 % 13C 18O, and mixed isotope
of 25 % 12C16O/75 % 13C18O experiments by using our DFT
frequency and intensity predictions (for details, see Table S1
in the Supporting Information). Figure 5 shows that in the
low-frequency region, ñ= 1810–1860 cm�1, the mixed isotope
spectrum is dominated by the 13C 18O/13C 18O contributions,
and the decoupled 13C 18O bands are obscured by these fea-
tures. However, in the higher-frequency region, ñ= 1900–
1950 cm�1, the mixed isotope species provides most of the
intensity, and the DFT peaks at ñ=1934 and 1916 cm�1

show noticeable shifts (of �4 and +7 cm�1) with respect to
the pure 12C 16O isotope Hi-3 features. The FTIR bands seen
at ñ= 1934 and 1917 cm�1 can now be assigned to essentially
uncoupled stretching modes of the 12C 16O at Fe2 and Fe6 re-
spectively, when 13C 18O binds at the other Fe site. The kinet-
ic energy distribution (KED) factors in Table S2 in the Sup-
porting Information indicate that less than 2 % of the
energy is accumulated in 13C 18O stretch in these modes, and
12C 16O stretch accounts for the rest.

Figure 5. Overlay of the FTIR (red) versus DFT modeling (blue) of the
Hi-3!Lo-3 photolysis difference spectra for pure 12C 16O (top) and
13C 18O (middle), and the mixed 25% 12C 16O/75 % 13C 18O (bottom) iso-
tope experiments. The observed FTIR and calculated DFT frequencies
are in cm�1; the wave numbers for the mixed isotope case are in italic for
clarity. For the pure isotope spectra, the peak intensities are given in
square brackets relatively to the lower frequency Hi-3 band. The simula-
tion of the hypothetical “decoupled” mixed isotope spectrum is presented
as the broken line; the vertical lines imply that this spectrum provides no
peak shifts with respect to the pure isotope spectra.

Figure 4. Favored DFT-optimized Hi-3 and Lo-3 structures. The observed FTIR (red) and calculated DFT (blue) frequencies [cm�1] are given for the X=

N3� models. Selected interatomic distances [�] are shown. Similar results were obtained with the now-favored X=C4� assignment, provided m2 S5A sulfur
was also protonated (see text). The asterisk implies DFT frequency scaling as described in the Supporting Information. For the model coordinates and
animated vibrational modes, see the Supporting Information.
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As was mentioned above, models with the same CO-bind-
ing modes and with the now-favored X=C4� as the central
ligand of the FeMo-cofactor were also considered. With the
same m2 S2B-H protonation scheme as for the X=N3� case,
the calculations gave bound ñ(CO) frequencies >30 cm�1

red-shifted compared with the observed FTIR values, and
optimized structures qualitatively identical to those present-
ed in Figure 4. An extra proton addition at the m2 S5A
FeMo-cofactor sulfur places our X=C4� model at the same
charge level (�3 units) as that of the X=N3� model, and it
significantly improves the correspondence with the FTIR ex-
periment. For the calculated Hi-3 (12C 16O and 13C 18O)
ñ(CO) modes, the consistent negative deviation from the
FTIR peaks is 6–8 cm�1, whereas for the Lo-3 modes it is
positive 2–3 cm�1 (see Table S3 in the Supporting Informa-
tion).

Discussion

Studies of the interaction of CO with N2ase have a long his-
tory dating back to at least 1941.[4a] The subject has taken on
added significance with the discovery of N2ase Fischer–
Tropsch like CO reduction and condensation chemistry.[5–8]

To date, nearly all the discussion about the structure and re-
activity of CO intermediates has centered about two EPR-
observable species, hi-CO and lo-CO.[9–10,28] However, be-
cause integration of these EPR signals usually accounts for
less than 50 % of the enzyme, it is obvious that a good deal
(50 % or more) of N2ase–CO chemistry has not been ac-
counted for.

To access these EPR/electron-nuclear double resonance
(ENDOR)-silent species, an FTIR-monitored photolysis
technique was employed in much the same way as used in
myoglobin–CO studies.[29] Our initial results under high
[CO] conditions indicated the presence of a previously un-
recognized species that we labeled Hi-3, which was EPR-
silent and so did not correlate with any of the known EPR-
active species.[15] Herein, we have elucidated the spectro-
scopic properties, photochemistry, and likely structures of
Hi-3 and its photolysis product Lo-3. As part of assessing
the significance of these new EPR-silent species, an obvious
question is: what fraction of our N2ase samples is present in
these forms.

We can estimate Hi-3 abundance relative to Hi-1, by as-
suming that 1) Hi-1 contains a single terminal CO (as well
as a second either bridging and/or more reduced CO spe-
cies) bound at the FeMo-cofactor; and 2) the sum of the os-
cillator strengths of the Hi-3 signals at ñ=1938 and
1911 cm�1 (from two coupled CO oscillators) corresponds to
twice the strength of the Hi-1 signal at ñ=1969 cm�1 (from
a single CO). From integrating the intensities of bands
shown in Figure 1, the Hi-3 population is estimated as ap-
proximately 95 % that of Hi-1. Although this is only an esti-
mate, it is clear that the Hi-3 species is a major component
of the reaction mixture. From the same assumptions, Hi-1
and Hi-3 signal concentrations are both significantly higher

than that of Hi-2. Previous integrations of the EPR spectra
of the a-H195Q MoFe protein under high [CO] conditions
found 26 % hi-CO, 6 % hi(5)-CO, and 8 % resting state en-
zyme.[11d] In some of our samples, the hi-CO signal ap-
proaches 50 % of the total MoFe protein. Thus, if we make
the further assumption that 3) the Hi-1 IR species is the
same as the hi-CO EPR species,[15] then we conclude that at
least a quarter and sometimes approaching half of our sam-
ples is present as Hi-3.

The combination of IR-detected photolysis experiments
and DFT calculations has allowed us to propose a model for
the Hi-3 species that involves two terminal exo CO ligands,
one bound to each of the adjacent Fe2 and Fe6 sites of the
FeMo-cofactor that are bridged by the protonated m2 S2B
sulfur (Figure 4). Vibrational coupling between these two
terminal CO molecules is proposed to contribute to the ap-
proximately 27 cm�1 frequency splitting and helps explain
the approximately 3.7:1 relative intensities of the Hi-3 bands
at ñ=1938 and 1911 cm�1. In the present study, such cou-
pling was confirmed by the appearance of a new band at ñ=

1917 cm�1 in samples inhibited by a mixture of 12C 16O and
13C 18O isotopes. Our DFT model for Hi-3 lends support to
this proposal. The model gave a 29 cm�1 splitting and rela-
tive intensities of about 3.5:1 for the coupled ñ(CO) modes,
symmetric at 1938 versus asymmetric at 1909 cm�1. The
long-range vibrational coupling between CO molecules
bound at the Fe sites approximately 2.7 � apart can be ra-
tionalized by 1) approximate symmetry of the proposed Hi-
3 structure with respect to the plane formed by the three m2

S sulfurs (and the central X ligand); and 2) electronic deloc-
alization inherent to the iron–sulfur clusters, such as FeMo-
cofactor. Notably, this vibrational coupling may have impli-
cations to Hi-3 reactivity. Although our structural model is
similar to one proposed by Hoffman and co-workers to ac-
count for properties of the hi-CO EPR signal,[10,28b] we are
using it instead to account for the properties of an EPR-
silent species. Our prior results for the Hi-1 IR species,
which we equate with the hi-CO EPR species,[15] indicate
that this form has a single terminal CO with perhaps either
a bridging CO or formyl ligand.

Dance has also conducted DFT calculations on CO-inhib-
ited FeMo-cofactor with adjacent terminal CO ligands.[24]

Two of his models (designated 10 and 11) with Fe2 exo and
Fe6 exo CO ligands (for the resting state S=1/2 cofactor, no
protons added, and by using X=N3�) most closely corre-
spond to our current Hi-3 DFT proposal and carry the same
total negative charge of 3e�. These models, which differ only
by “coordinative allosterism” in bonding with the central
atom X, were calculated to have somewhat lower ñ(CO) fre-
quencies of 1914/1886 and 1904/1893 cm�1 for 10 and 11, re-
spectively, than the 1938/1911 cm�1 pair observed in our ex-
periments, and the intensity ratios were less than 2:1. These
shifts could possibly be brought into line with our IR and
DFT results by addition of one electron, and one proton at a
m2 S sulfur. The importance of the electron and proton
count for the bound ñ(CO) frequencies and other FeMo-co-
factor properties is further outlined below.
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For the Lo-3 photolysis product, our favored DFT-based
model places a single CO ligand in the Fe2 exo position, im-
plying that the net result of photolysis is displacement of the
CO ligand from Fe6 (Figure 4). We cannot exclude the pos-
sibility that photolysis of CO from the Fe2 position also
occurs, with subsequent relaxation to the preferred struc-
ture. The DFT model gave a calculated ñ(CO) band at
1923 cm�1, which compares well with the Lo-3 FTIR signa-
ture at 1921 cm�1. The calculated intensity of this band is
about 2.1:1 relative to the lower-frequency Hi-3 mode, com-
pared with the approximately 1.7:1 ratio seen in the FTIR
experiment. Dance also modeled FeMo-cofactor structures
with only one CO ligand.[24] Most relevant to our proposed
Lo-3 structure is his model 8, which places CO at Fe2 endo
and gave a calculated ñ(CO) frequency of 1904 cm�1. Other
models with Fe2-H and/or Fe6-H hydrides in addition to a
terminal CO (such as model 12), led to vibrational coupling
of the C�O and Fe�H stretches and introduced ñ(CO) split-
ting that do not correspond to our Lo-3 experimental obser-
vations.

With the current DFT calculations, the FeMo-cofactor
protonation scheme and the identity of the interstitial X
(=C4�/N3�/O2�) ligand were both found to be important for
reproducing the Hi-3 and Lo-3 FTIR spectra. The interplay
of these alternatives in defining the charge state of the
FeMo-cofactor model was stressed earlier, for example, in
connection with both Mçssbauer isomer shifts[27,30] and
redox-potential calculations.[27, 30b, 31] For our 1e� reduced Hi-
3 and Lo-3 FeMo-cofactor states, we found single protona-
tion of the cofactor at the m2 S2B sulfur optimal for the X=

N3� alternative, whereas double protonation at m2 S2B and
m2 S5A gave the best results for X=C4�. The X=N3� option
provided very good correspondence (�2 cm�1 offset) to the
Hi-3 and Lo-3 signatures and allowed us to interpret the
minor peaks of the mixed isotope experiment (see Figure 5),
whereas the
X=C4� model resulted in somewhat larger frequency shifts
of up to 8 cm�1 with respect to the FTIR data (Table S3 in
the Supporting Information). However, because observed
versus computed frequency deviations of up to about 1 %
are inherent to the present DFT setup, our calculations
cannot really discern whether X=N3� or C4�. We have no
reason to doubt the X=C4� assignment that derives from
other methods.[2–3]

Before discussing how or whether the Hi-3/Lo-3 couple
has a role in the inhibition of N2 and other substrate reduc-
tion or perhaps in Fischer–Tropsch like chemistry, we need
to determine, in the nomenclature used by Hoffman and co-
workers,[28b, 32] its “electron inventory”. This refers to the
number of electrons delivered from the Fe protein (called
n) to form the Hi-3 species, starting from the resting state
called E0. The equation n= s+ m�p takes into account the
number of electrons transferred to substrate (s), the number
delivered to the FeMo-cofactor metals (m), and the number
of electrons transferred from the P cluster (p). The EPR si-
lence of the Hi-3 species implies that n is odd, to produce
an even-electron (most likely S=0) Hi-3 species from the

S= 3/2 EPR-active odd-electron resting state (n=0). The
fact that Hi-3 is stable for days or longer argues against a
highly reduced species with n�3, because such a species
would presumably relax by H2 evolution. Given the prefer-
ence of CO for reduced metal ions, chemical intuition also
argues against a more oxidized form of the FeMo-cofactor
(hence, negative values for n). We are left with n=1, a
1e� reduced FeMo-cofactor compared with the resting
MoFe protein. There is no evidence for P-cluster oxidation
under these conditions, thus, p=0. Because the bound CO
has not been reduced, s=0. We thus get m= n= 1 for the
FeMo-cofactor metal-ion core electron count beyond the
resting state.

A recent proposal suggests that the metal core of the
FeMo-cofactor has only two accessible oxidation levels, the
EPR-active resting state (MN) with m= 0 and the one-elec-
tron-reduced EPR-silent state (MR) with m= 1.[32] If so, then
our Hi-3 species would retain the single electron on the
FeMo-cofactor and be EPR-silent, whereas the lo-CO, hi-
CO, and hi(5)-CO species, being more reduced than the
resting state by an even number of electrons, would be
EPR-active and these “extra” electrons would be forced to
reside on “substrates”. Thus, the lo-CO, hi-CO, and hi(5)-
CO EPR signals would come from forms of N2ase with m=

0 and s=2 for a total of n=2. The substrate-localized elec-
trons could reside on either a formyl species or an as yet un-
detected hydride species. Partially reduced substrates are of
course critical intermediates for C�C coupling reactions[33]

as was demonstrated previously by the formation of a range
of hydrocarbons from N2ase-catalyzed isocyanide reduc-
tion.[34]

Is the Hi-3 (or Lo-3) species relevant to N2ase Fischer–
Tropsch chemistry? Most mechanisms for Fe-catalyzed
Fischer–Tropsch chemistry posit the presence of CO-derived
reactants on adjacent Fe atoms,[35] and for N2ase, intermedi-
ates with adjacent CO or CHxO0,1 species[7,33] have also been
proposed. Evidence for multiple binding sites in N2ase dates
back 40 years or more,[4b] but it has always been difficult to
separate physically distinct binding sites on the same species
from those produced by different redox levels and/or proto-
nation states of the FeMo-cofactor. The current study is the
first to demonstrate simultaneous terminal CO binding to
distinct and adjacent Fe sites on the FeMo-cofactor. It thus
demonstrates that two CO molecules can bind to Fe atoms
only about 2.7 � apart.

Yang et al. observed that the a-H195Q/a-V70A Av1
double mutant was much less efficient at hydrocarbon pro-
duction than the a-V70A single mutant, and they and others
have suggested that a-H195 functions in delivering protons
for the reduction of CO.[7,36] Disruption of this proton trans-
fer may also explain why we see a larger fraction of the Hi-
3 species in the a-H195Q Av1 compared with the wild-type
enzyme.[15] Additional work is of course needed to deter-
mine whether Hi-3 represents a requisite intermediate or a
side reaction resulting from a “proton bottleneck”.

Finally, the Hi-3 species is only one-electron reduced
from the resting state of the enzyme. Because the reduction
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of two CO molecules to C2H4 and two H2O requires eight
electrons and eight protons, there is a good deal of chemis-
try required between Hi-3 and the major product observed
during CO reduction. Efforts to identify and characterize
those additional species are in progress.

Experimental Section

Sample preparation : Purified a-H195Q MoFe protein and Fe protein had
specific activities of 2000–2800 nmol of H2 (min mg�1 protein)�1 and
2000–2300 nmol of H2 (min mg�1 protein)�1, respectively. The purified
component proteins were exchanged into D2O buffer containing HEPES
(25 mm pH 7.4), MgCl2 (10 mm), and NaCl (250 mm). For preparation of
CO-inhibited samples, low-electron-flux conditions were obtained by
using a 1:4 molar ratio of Fe protein/MoFe protein. The reaction-mixture
components, which consisted of ATP (2.5 mm), MgCl2 (5 mm), creatine
phosphate (30 mm), 25 units mL�1 of creatine phosphokinase in HEPES
(25 mm, pH 7.4) and sodium dithionite (20 mm) were prepared in D2O.
Turnover was accomplished under 101 kPa CO. The reaction was
quenched by the addition of ethylene glycol to a final concentration of
40% after 15 min. The resulting turnover product was concentrated in an
Amicon microfiltration pressure concentrator by using a regenerated cel-
lulose PLHK ultrafiltration membrane with a 100 000 molecular-weight
cut off under 202 kPa CO of the same composition used for the turnover
reaction.

Photolysis and FTIR spectroscopy: The sample photolysis was conducted
in an Oxford liquid-He flow cryostat by using a Sutter Instruments 300 W
Lambda LS xenon arc lamp. Spectra were recorded at 4 cm�1 resolution
with a Bruker V-70v FTIR spectrometer and a MCT detector. For pho-
tolysis, the lamp was shone through the side of the cryostat oriented 908
to the IR-light path. The sample was held at 458 to both beams. This al-
lowed the use of quartz windows for the visible light. For wavelength-de-
pendent photolysis, a set of VersaChrome� tunable band-pass filters
(Semrock) with central wavelengths at 340, 380, 410, 440, 470, 510, 550,
610, 700, and 800 nm were used.

DFT calculations : The DFT calculations were performed by using the
PBE functional and the LACV3P** basis set, as implemented in
JAGUAR 7.7 software. For the first- and second-row elements,
LACV3P** implied a 6–311G** triple-zeta basis set including polariza-
tion function. For the Fe and Mo atoms, LACV3P** uses the Los
Alamos effective core potential (ECP), and the valence part is essentially
of triple-zeta quality. The geometries optimized at the PBE/LACV3P**
level were used for the analytic Hessian calculations, resulting in the har-
monic frequencies and IR intensities discussed in the text. The analysis
of the computed vibrational normal modes has been facilitated by using
our in-house Q-SPECTOR Python tool, applied to model the FTIR spec-
tra and assess the FeMo-cofactor-bound CO modes through a kinetic
energy distribution (KED) approach. Further important details are given
in the Supporting Information.
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