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ABSTRACT: A likely entry/exit path for nitrogenase substrates, products, and/or 4
protons involves residues a277%%%, 1925, and @356V, all of which are highly Py

conserved among MoFe proteins from different organisms. The @192% and
a277%% residues form part of a hydrogen-bonded network that also involves
al195™, which interacts with a FeMo cofactor-based sulfide. The terminal amino
groups of a277*% are also hydrogen-bonded directly to a281™", which resides at
the surface of the MoFe protein. Individual amino acid substitutions placed at
position a277 or o192 resulted in a variety of effects on the catalytic and/or
spectroscopic properties of the resulting variant MoFe protein. Of particular

2H 4+2e” 4Mg ATP 4 (Mg ADP+Pi)

interest was the effect of CO on H, evolution catalyzed by three MoFe protein

variants, 277, a192*%®, and 192", All three variants exhibited CO stimulation of H, evolution under high-electron flux
conditions but not under low-electron flux conditions. This observation is best explained by these variants being redox-
compromised but only at the most reduced redox states of the MoFe protein. Normally, these states are accessed and operational
only under high-electron flux conditions, and the effect of added CO is to prevent access to these most reduced redox states,
resulting in a normal rate of catalysis. Furthermore, via correlation of the effect of pH changes on H, evolution activity for both
the wild type and the @277 MoFe protein variant under argon, with or without 10% CO present, likely pathways for the

delivery of a proton to the FeMo cofactor were identified.

ith sodium dithionite as the in vitro reductant, the
Azotobacter vinelandii Mo-nitrogenase undergoes a cycle
of MgATP-dependent dissociation and re-association of its two-
component proteins during catalysis.'" One component, the Fe
protein, serves as the electron donor to the MoFe protein.”
However, in vivo, the preferred electron donor to the Fe protein
is flavodoxin hydroquinone, and its use may circumvent the
need for dissociation of the two-component protein Mo-
nitrogenase complex."””> The MoFe protein is a 230 kDa a,f3,
heterotetramer with two copies each of two different types of
prosthetic groups. Each aff dimer contains one P cluster
(FegS,) located at the aff subunit interface and one FeMo
cofactor (Fe,SyCMo-homocitrate, also called the M-center)
bound within the a-subunit.*~” The FeMo cofactor provides
the substrate- and inhibitor-binding sites.> 1
In addition to the reduction of N, to NH;, Mo-nitrogenase
catalyzes the reduction of a number of other small-molecule
substrates, acetylene to ethylene and protons to H, being the
most often utilized."' Some H, is evolved even during the
catalyzed reduction of the other substrates. To account for the
variety of interactions between its various substrates and
inhibitors, multiple redox levels, multiple substrate-binding
sites, and multiple inhibitor-binding sites have been proposed
to exist on the MoFe protein.*"”
Carbon monoxide (CO) was used as a very potent
noncompetitive reversible inhibitor of catalysis by the Mo-
nitrogenase more than 70 years ago,18 but its mechanism of
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action remained unclear. Its well-researched inhibitory action is
to divert all electron flow to proton reduction even in the
presence of other reducible substrates. However, CO inhibits
catalyzed proton reduction by wild-type Mo-nitrogenase at pH
>7.5"? and by some variant Mo-nitrogenases that either contain
specific amino acid substitutions®”*" or lack homocitrate.”>**
Moreover, anecdotal evidence suggests that CO may increase
catalytic efficiency, i.e., tighten the coupling between
interprotein electron transfer and MgATP hydrolysis, and
also increase (~5%) the reaction rate.

More recently, CO has been recognized as playing an
additional role, that of substrate, especially for the V-
nitrogenase.24 As with Mo-nitrogenase, when 10—20% CO is
added to a V-nitrogenase-catalyzed reaction, reduction of the
substrate (except that of the proton) is inhibited but less
eﬁectively.zs Furthermore, at high CO concentrations, V-
nitrogenase-catalyzed proton reduction itself is significantly
inhibited,*® and a small portion of its electron flux is diverted to
CO reduction to produce a variety of C,—C, hydrocarbons.”*
Since this discovery, exceedingly small quantities of similar CO
reduction products have been detected from wild-type Mo-
nitrogenase catalysis>” and, with slightly higher yields, from use
of a variant Mo-nitrogenase.” A similar range of concatenated
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hydrocarbons is produced during wild-type Mo-nitrogenase-
catalyzed isocyanide reduction, quite likely by a similar
mechanism.”® Recent studies using EPR/ENDOR spectros-
copies,'”*° SE-FTIR spectroscopy,’** or infrared-monitored
photolysis®>** are all consistent with two (at least) CO-binding
sites on the FeMo cofactor.

The local environment around the FeMo cofactor within the
MoFe protein a-subunit plays a major role in catalysis. Much
recent research has targeted the 70" residue as a gatekeeper
of an avenue through which substrates and CO access the
FeMo cofactor,”® but other highly conserved amino acid
residues are also involved in either substrate/inhibitor binding
or proton/electron delivery (see Figure 1). In fact, a likely
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Figure 1. View of the FeMo cofactor environment of the A. vinelandii
wild-type nitrogenase MoFe protein. The 0275 and 442" residues
that directly bind to the FeMo cofactor, along with homocitrate,
195" 2968, and a70"?, are shown in addition to the @192 and
a277%% residues that were substituted in this work. The a356%
residue was omitted for the sake of clarity. Homocitrate provides two
bonds to the Mo atom, which is labeled. The Fe atoms are shown as
small dark gray spheres, whereas the sulfur atoms are larger and
colored black. The Fe and S atoms of direct interest are labeled. The
central carbide (C) is also shown. This figure was drawn from
coordinates of PDB entry IM1N.

entry/exit path for substrates, their products, and inhibitors that
involves residues a277%%, @192%, and a356%Y was suggested
early on by analysis of the initial X-ray data acquired from the
wild-type MoFe protein.’® These three residues are highly
conserved among MoFe proteins from different organisms and
are located amid stretches of other highly conserved residues.
The @192 and a356%Y residues are also conserved in the
product of the A. vinelandii nif E biosynthetic gene, but here Lys
replaces Arg at the equivalent of position @277, a substitution
that clearly indicates that a basic charged residue is important in
this position.

As shown in Figure 1, a water molecule links the e-amino N
of a277%% to y-O of @1925%, 5-N of a195™ (which functions in
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the delivery of a proton to the FeMo cofactor>”*®), and to the
terminal hydroxyl O of @281™" (which is situated at the
protein’s surface and may be involved in proton capture).
Substitutions at any of these positions could affect FeMo
cofactor function, result in a change in the catalytic and/or
spectroscopic properties of the MoFe protein, and provide
insights into the functioning of the enzyme. In fact, analysis of
the phenotype of several 277 and @192 mutant strains, with
particular emphasis on the effect of CO on the evolution of H,,
led us to the unexpected and dramatic phenomenon of CO
stimulation of H, evolution. Herein, we propose a rationale for
explaining this phenomenon. Furthermore, we also identified
the more likely pathways by which protons are delivered to
form product.

B MATERIALS AND METHODS

Mutant Strain Construction and Protein Purification.
Site-directed mutagenesis, gene replacement, and the isolation
of mutant strains carrying substitutions at position a277 or
@192 were performed as described or cited previously.*>*’
Strains containing substitutions at position 356" were
constructed using the Altered Sites II in vitro mutagenesis
system from Promega (see the Supporting Information). Wild-
type and mutant strains were grown on urea-supplemented
Burk’s media and derepressed as described previously.'* Crude
extracts were prepared by sonication, and the nitrogenase
component proteins were purified as described previously,*'
except that Q-Sepharose rather than DEAE-cellulose anion-
exchange chromatography was used and Sephacryl S-300 gel
filtration was performed prior to and in addition to Sephacryl S-
200 gel filtration. Because none of the variant MoFe proteins
could be purified by crystallization, a final purification step was
employed using phenyl-Sepharose hydrophobic interaction
chromatography.>” All purified nitrogenase proteins were
dialyzed into 25 mM HEPES buffer (pH 7.4) before being
used. Fe protein and MoFe protein specific activities were
determined at each stage of purification as described
previously.”” To conduct assays at pH values other than the
standard pH of 7.4, a three-component buffer system was
used."”

Stopped-Flow Spectrophotometry. Data were collected
with a Hi Tech SF-61 instrument equipped with a data
acquisition and curve-fitting system (Hi Tech, Salisbury, U.K.)
as described previously.*” MoFe protein was made dithionite-
free on a P-6DG gel filtration column equilibrated with 25 mM
HEPES buffer (pH 7.4), with 10 mM MgCl, and 150 mM
NaCl. Fe protein was oxidized, and FIdH, was prepared and
used as previously described.” All results are averages of at
least five data traces, and each experiment was performed in
triplicate at 23 °C.

Fe protein oxidation was monitored at 430 nm, and traces
were fit to a single-exponential function. The first 30 ms of
these traces was used to determine the rate of primary electron
transfer. Subsequent absorbance changes [up to 1 s (Figure S)]
were collected to show the differing trends under high and low
electron flux. Complex dissociation, which is rate-limiting in the
wild type, was assessed as described previously.** The turnover
rate of both the wild type and the @277 variant was also
indirectly measured using the nitrogenase-dependent oxidation
of FIdH, as described previously (Figure 6)* (see the
Supporting Information).
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B RESULTS

Diazotrophic Growth Characteristics and Nitrogenase
Crude Extract Activities. The growth phenotypes and crude
extract activities of several mutants at the @277 position have
been reported.'* Here, we report the surprising result that the
specific activity of evolution of H, from the 277" crude
extract increased from 52 to 79 nmol of H, min™' (mg of
protein) ™! when 10% CO was added to an Ar atmosphere. This
~50% increase is independent of any other reducible substrate
being present and is not observed with the wild type or any
other @277-substituted crude extract preparation tested.
Similarly, just two (those with either Asp or Glu) of the
eight mutant strains constructed at position @192 exhibited
similar CO-enhanced proton reduction in crude extracts. Table
S1 of the Supporting Information summarizes the diazotrophic
growth behavior and crude extract specific activities for these
192 mutant strains. All extracts contain similar amounts of
nitrogenase polypeptides as judged by SDS—PAGE and exhibit
approximately the same levels of Fe protein activity, indicating
that the substitutions have no effect on Fe protein assembly or
protein expression. All the @356 mutant strains suffered
complete loss of activity, which attests to the importance of
a356%Y (and likely its glycinyl neighbor), and are no longer
considered here.

Purification of the Variant «277%%, «192**, and
a192%" MoFe Proteins. The variant @277, a192**, and
a192%" MoFe proteins were purified in parallel with the wild
type to minimize potential variations due to different
purification protocols. SDS—PAGE revealed similar levels of
purity for each protein at each stage of purification. However,
although crude extracts of the 192" and a192™ strains
displayed proton reduction activities similar to that of the wild
type, this activity decreased significantly (compared to that of
the wild type) during purification, indicating that these variants
are considerably less resilient than the wild type (see Table S2
of the Supporting Information). Under 100% N,, the purified
@277 MoFe protein diverts ~50% of the electron flux to H,,
whereas the @192 and 192" MoFe proteins interact very
poorly with N, as shown by only 8 and 10% inhibition of
evolution of H, by 100% N,, respectively. The electrons
diverted by N, from H, production with the @192 MoFe
protein are used to produce ammonia; however, no ammonia
production could be detected with the @192 MoFe protein.

Metal analysis of the purified MoFe proteins is reported in
Table S2 of the Supporting Information. The Mo content of
the purified wild-type and @277 proteins correlates well with
the maximal H, evolution specific activity, but even in the
presence of CO, both @192 variants exhibit only ~50% of the
wild-type activity (see Table S2 of the Supporting Informa-
tion). The catalytic and phenotypic properties of all three
variants are similar to one another, but all measured kinetic
parameters are higher than those of the wild type (see Table S3
of the Supporting Information).

Effect of CO on a277%5-Catalyzed Proton Reduction
Activity as a Function of Electron Flux. Figure 2 shows the
rate of H, evolution when the a277“° MoFe protein is
complemented with increasing amounts of Fe protein. N,
reduction and C,H, reduction curves are very similar in both
shape and maximal obtainable specific activity (data not
shown). The specific activity increases rapidly up to an ~20-
fold molar excess of Fe protein over @277"* MoFe protein and
thereafter increases only slowly; this response is essentially
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Figure 2. Effect of CO on the maximal H, evolution specific activity of
the 277" MoFe protein when it is titrated with purified Fe protein.
The 10 min assays under either 100% Ar (O) or a 10% CO/90% Ar
mixture (@) contained 0.5 mg of total protein in each 1 mL assay, and
the a277“ MoFe protein:Fe protein molar ratio was varied
accordingly.

identical to that of the wild type. Figure 2 also shows the
stimulation of electron flux through the 277 MoFe protein
by the addition of 10% CO. This stimulation results in an
~70% increase [from 1400 to 2400 nmol of H, min™"' (mg of
MoFe protein)™'] in activity, remains constant at a >5:1 Fe
protein:a277“"* MoFe protein molar ratio, and results in a
decreased ATP:2e” ratio (from 10 + 1.0:1 to 5.4 + 0.2:1). A
similar, but even more pronounced, response to CO is
exhibited by the @192*" and a192°" variants (see Table S2
of the Supporting Information). Decreasing the electron flux by
lowering the component protein ratio below 5:1 decreases the
CO enhancement of H, evolution, and at a <0.2:1 molar ratio,
the rate of H, evolution is unaffected by adding CO. Under
these low-electron flux conditions, the transfer of electrons to
the product is once again more tightly coupled to the rate of
MgATP hydrolysis.

Determination of Kinetic Parameters for Catalyzed
C,H, Reduction. Using an Fe protein:MoFe protein molar
ratio of 40:1 to ensure maximal specific activity and a variety of
C,H, concentrations (0—20% in Ar), the determined
Ky (C,H,) values of ~2% for all three variants are significantly
higher than that for the wild type (0.6%), which indicates
perturbation at the C,H,-binding site (see Table S3 of the
Supporting Information). Under standard assay conditions in
the presence of 10% C,H, in Ar, the @277, a192*®, and
1925 MoFe proteins divert 74, 70, and 66% of total electron
flux to C,H, production, respectively. No C,Hy is produced.
The total specific activity of the 277" MoFe protein under
these conditions is ~30% less than with 10% CO, and the
ATP:2e™ ratio is 7.5:1 compared with 5.5:1. The CO inhibitor
constant (K;) for C,H, reduction (see Table S3 of the
Supporting Information), determined by measuring acetylene
reduction rates as a function of C,H, concentration in the
presence of various CO concentrations, shows that CO is a
much less potent inhibitor of reduction of C,H, by the variants
(K; = 04—1.1%) than by the wild type (K; = 0.05%).

H, Evolution under Conditions of Limiting Reductant.
The low H, evolution rate under 100% Ar was shown not to be
due to the catalyzed reduction of an unknown, but CO-
sensitive, substrate by running high-electron flux assays, with a
limited concentration of reductant, to exhaustion both with and
without CO (Figure 3). In the absence of CO, the rate of H,
evolution was slower but H, formation ultimately accounted for
all reducing equivalents.

dx.doi.org/10.1021/bi500546k | Biochemistry 2014, 53, 6151-6160
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Figure 3. Time course of H, evolution by the ¢277% MoFe protein
under either 100% Ar (O) or a 10% CO/90% Ar mixture (A) under
conditions of limiting Na,S,0,. Assays contained 0.25 mg of total
protein at a 20:1 Fe protein:MoFe protein molar ratio. Assays were
initiated every 15 s by the syringe addition of 0.1 mL of 10 mM
Na,S,0, and terminated at the times shown by addition of 0.3 mL of
0.5 M NaEDTA (pH 7.5).

Reversibility of CO Enhancement of a277% MoFe
Protein H, Evolution. CO enhancement of H, evolution was
shown to be reversible by measuring H, evolution either with
or without 10% CO by terminating steady-state assays every 4
min up to 16 min. A third time course was performed in parallel
initially in the presence of 10% CO, but after 8 min, these assay
vials were evacuated and refilled with Ar and the subsequent H,
production was monitored every 2 min for an additional 8 min.
The removal of CO resulted in an immediate switch to the
slower H, evolution rate observed for “Ar only” assays (see
Figure S1 of the Supporting Information).

Effect of Temperature on CO-Enhanced H, Evolution
by 2779 MoFe Protein. As the assay temperature is
lowered from 50 to 30 °C, the H, evolution activity under
either a 10% CO/90% Ar mixture or 100% Ar decreases
similarly such that the former remains ~1.6 times greater than
the latter. The slope of both activity versus temperature plots is
110 + 8 activity units/°C. In the absence of CO, electron
transfer remains uncoupled from ATP hydrolysis (10 + 1:1
ATP:2e”). At <25 °C, both slopes change, but the H,
evolution activity under a 10% CO/90% Ar mixture (80
activity units/°C) decreases more quickly than under 100% Ar
(50 activity units/°C), so that both rates converge at the lowest
temperature (see Figure S2 of the Supporting Information). At
<25 °C and under 100% Ar, electron transfer becomes
increasingly coupled to MgATP hydrolysis as the temperature
is decreased. At 10 °C, an ATP:2e” ratio of 5.8 + 0.3:1 is
measured, the same value that was obtained at 10 °C in the
presence of 10% CO.

Specific Activity of H, Evolution versus pH under
100% Ar and a 90% Ar/10% CO Mixture. Figure 4
compares the specific activity versus pH profiles for the 277
MoFe protein under either 100% Ar or a 90% Ar/10% CO
mixture with that of the wild type under 100% Ar. All of our pH
measurements on the wild type are acid-shifted by ~0.4 pH
unit compared to those from a previous report.” The wild type
under 100% Ar exhibits a bell-shaped curve with an optimal pH
for H, evolution of ~7.0 with a 50% loss of specific activity at
pH ~6.0 and ~8.4 (the pK values). The 277" MoFe protein
under a 90% Ar/10% CO mixture exhibits a very similar bell-
shaped curve, but it is acid-shifted at higher pH values such that
the pK is now ~8.1. Interestingly, the wild-type profile under a
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Figure 4. H, evolution activity vs pH profile of the a277" MoFe
protein under 100% Ar and a 10% CO/90% Ar mixture. The wild-type
profile under 100% Ar is included for comparison. Assays were
performed as described in Materials and Methods. Assays contained
0.0415 mg of the appropriate purified MoFe protein and 0.4585 mg of
purified wild-type Fe protein and were terminated after S min. The
plots shown are (A) H, evolution under 100% Ar by a277" MoFe
protein, (O) H, evolution under a 10% CO/90% Ar mixture by
@277 MoFe protein, and (O0) H, evolution under 100% Ar by wild-
type MoFe protein.

90% Ar/10% CO mixture is also acid-shifted at higher pH
values such that it effectively overlays the a277“"* MoFe protein
profile.'”*® In contrast, under 100% Ar, the maximal specific
activity of the @277 MoFe protein is decreased by ~40% and
the overall profile is dramatically acid shifted, so that the
optimal pH for activity is now 6.5 and both pK values are acid-
shifted by 0.2 pH unit.

At pH 6.0, the H, evolution activities of the 277" MoFe
protein under 100% Ar and with 10% CO added are identical
(Figure 4). We therefore monitored H, evolution as a function
of electron flux (by varying the Fe protein:MoFe protein molar
ratio) at pH 6.0. Neither the specific activity nor the ATP:2e”
ratio was changed by the addition of CO over the whole tested
electron flux range. Furthermore, incubating the a277%% MoFe
protein at pH 6.0 for S min before assaying it at pH 7.4 did not
result in an increased rate of H, evolution.

Absorbance Changes Associated with Transfer of an
Electron from Fe Protein to a277%° MoFe Protein. The
MgATP-dependent electron transfer from Fe protein to MoFe
protein was monitored as an increase in absorbance at 430 nm.
When the first 30 ms of this trace is fit to a single exponential,
the rate of electron transfer to either wild-type or 277"
MoFe protein is ~180 s™' and independent of the Fe protein
concentration. At saturation, the maximal amplitude of this
reaction for the a277“° MoFe protein is ~80% of that
measured with the wild type; this decrease in amplitude is
consistent with its lower Mo content, which reflects the fact
that there are fewer active sites available to the Fe protein.
There is no change in either the rate of primary electron
transfer from Fe protein or the amplitude of the reaction when
10% CO is added.

We extended this pre-steady-state study to include
absorbance changes that occur up to 1 s after mixing to
monitor contributions from the more reduced states of the
MoFe (Figure 5). Using low-electron flux conditions (1:1 Fe
protein:MoFe protein molar ratio), absorbance changes with
the variant MoFe proteins under an AR atmosphere are
identical to those with the wild type (Figure SA). However, at
high flux (8:1 Fe protein:MoFe protein molar ratio), the
absorbance increase that starts at ~200 ms with the wild type is

dx.doi.org/10.1021/bi500546k | Biochemistry 2014, 53, 6151-6160
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Figure S. Stopped-flow spectrophotometry traces of absorbance
changes associated with the intra-MoFe protein responses that occur
after primary electron transfer from Fe protein to MoFe protein as a
function of electron flux under 100% Ar. In all three panels (A—C), the
wild-type data are shown as the thin line and the @277 MoFe
protein data as the bold line. The traces have been arbitrarily displaced
with respect to one another on the absorbance (y) axis to highlight
their dependence on electron flux. All reactants were in 25 mM
HEPES buffer (pH 7.4). Syringe 1 contained 18 mM MgATP, 10 mM
N2,S,0,, 9 mM creatine phosphate, and 60 pg mL™" creatine
phosphokinase; syringe 2 contained only nitrogenase proteins. (A)
Low-electron flux conditions. After being mixed, the reaction mixture
contained 10 yM Fe protein and 10 uM MoFe protein. (B) High-
electron flux conditions. After being mixed, the reaction mixture
contained 80 M Fe protein and 10 uM MoFe protein. (C) High-
electron flux conditions with added FldH,. After being mixed, the
reaction mixture contained 80 uM Fe protein, 10 uM MoFe protein,
and 90 yM FldH,.

not observed with the @277 MoFe protein. Instead, an
oxidation starting at ~70 ms occurs (Figure SB). The presence
of either CO or C,H, has no effect on this 70 ms oxidation
event, but either gas significantly decreases the level of wild-
type 200 ms oxidation as previously reported.” When a 1:1
mixture of the E, and E;H redox states (see ref 2 for an
explanation of this nomenclature) of the a277“° MoFe
protein® is mixed with an 8-fold excess of Fe protein in the
presence of excess MgATP and dithionite, a significant increase
in the magnitude of the 70 ms oxidation is observed (data not
shown).

Conditions of high electron flux were employed to
investigate the electron transfer reaction at pH 6.0. The rate
of primary electron transfer decreased to ~20 s™' with both
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wild-type and @277 MoFe proteins. The 70 ms oxidation of
the a277%"° MoFe protein is no longer observable, and its
longer time absorbance changes are essentially identical to
those observed with the wild-type MoFe protein.

When FIdH, is added to a high-electron flux sample, the 70
ms oxidation from the @277 MoFe protein is no longer
present and the absorbance changes are now similar to those
observed for the wild-type MoFe protein (Figure SC). Addition
of FIdH, to a steady-state H, evolution assay under 100% Ar
noticeably increases activity (by ~25%) and also more tightly
couples electron transfer to MgATP hydrolysis.

Insight from the FIdH, Oxidation Assay. The rate of
complex dissociation** for the nitrogenase containing the
@277 MoFe protein was found to be ~$ s™', the same as with
the wild type where it is known to be rate-limiting. The rate was
unaffected by added CO. The stopped-flow protocol** used for
these measurements involves a series of reactions in which
increasing concentrations of reduced Fe protein are shot against
an “artificial” protein complex of chemically oxidized Fe
protein, dithionite-free MoFe protein, and MgADP to force
the complex apart and thereby measure the reduction of
released Fe protein in a single turnover event. This protocol is
incompatible with experiments based on varying the ratio of the
component proteins, i.e., electron flux, so we turned to the
FIdH, oxidation assay*® as a monitor of electrons transferred to
nitrogenase during turnover under dithionite-free conditions to
gain insight into the cause of the low turnover rate under high-
electron flux conditions. From the linear rate of the absorbance
change, the £(580 nm),* and the concentration of active sites
present (the [Mo]), turnover values of 5.5 and 5.6 s~! under N,
and N, with CO, respectively, were calculated for the wild type.
However, for the @277 variant, at high electron flux without
CO, the turnover rate is biphasic (Figure 6); after ~1.5 s, it
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Figure 6. Measurement of the rate of 277" MoFe protein turnover
by monitoring the oxidation of FIdH, at 580 nm. Syringe 1 contained
1 uM MoFe protein and 8 M Fe protein, whereas syringe 2 contained
250 yM FIdH, and 9 mM ATP. Both syringes contained 25 mM
HEPES buffer (pH 7.4) and 10 mM MgCl, and were dithionite-free.
Where indicated, CO was added to the protein solutions by gastight
syringe before they were loaded into the stopped-flow apparatus. With
no CO present, the turnover rate as calculated from linear fits slows
from an initial value of 4.8 s™" to a value of 2.2 s™" after ~1.5 s. In the

presence of CO, the rate remains linear at ~6 s\,

slows from an initial value of 4.8 s™" to a value of 2.2 s™". In the
presence of CO at high flux, the rate remains linear at ~6 s™".
The amount of FIdH, oxidized during the first 1.5 s of the
reaction, i.e., before the turnover rate slows, as measured from
the absorbance change at S80 nm, the £(580 nm), and the
concentration of active sites present, indicates that approx-
imately four electrons had been transferred to the a277%"
MoFe protein. However, if the number of electrons transferred
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is calculated directly from the absorbance change rate (4.8 s™")
and the time elapsed (1.5 s) before the rate changes to 2.2 57,
the number is approximately seven. We have no clear
explanation for this discrepancy,” except to point to the
electron transfer problems suffered by the a277“" MoFe
protein and suggest that they may be contributors. Under the
circumstances, we suggest that the number of electrons
measured directly from FIdH, oxidation, four, is likely to be
the more representative.

With 20% acetylene, but no CO, present, high-flux turnover
by the 277" MoFe protein occurs as a single phase but with a
rate of 4.1 s™'. This rate correlates well with the steady-state
activity determined under 20% C,H,, which is intermediate
between the H, evolution activity measured in the presence or
absence of CO. At low electron flux, i.e., at a 1:1 molar protein
ratio, turnover remains linear at 3 s™' and is independent of
Co.

The turnover rates of both 192 variants at high flux under
N, are slower than with the a277“"* MoFe protein, in line with
their lower specific activities. Both 192 variants are also unable
to maintain the initial rate of catalysis in the absence of CO,
which slows significantly after ~1.5 s from ~1.4 to ~0.5 s™". In
the presence of CO, their rate of turnover again becomes a
single linear phase at ~1.6 s\,

B DISCUSSION

At the start of our investigation into the potential involvement
of a277%% 1925, and a356%" in substrate/inhibitor entry
and/or proton/electron delivery to the FeMo cofactor, the
growth phenotypes and crude extract activities of several
previously reported'* mutants with substitutions at the @277
position were re-assayed. In addition to confirming the previous
results, an ~50% increase in the H, evolution activity of the
@277 crude extract was found with 10% CO present. This
result was completely unexpected because the a277“"° MoFe
protein exhibits only a slight axial distortion in its resting-state S
=3/, EPR spectrum21 and, when turned over under 10% CO,*
produces the well-known axial lo-CO spectrum,*" both of
which suggested no major disturbance by the substitution in the
FeMo cofactor. In contrast, the @192*® and 192%™ variants,
although with similar activity responses to added CO, are
effectively Nif~ and exhibit complex EPR features. These EPR
signals are essentially identical to those observed from the
277 MoFe protein,”’21 which is also Nif". Magnitudes of
both sets of signals in each of the @192 variants diminish in
parallel under very low-flux conditions, indicating similar
abilities to accept electrons. These latter signals are reminiscent
of EPR signals produced during turnover by the wild type and
some other variants as the more reduced states of the MoFe
protein are populated.>>>' This similarity suggests that the
catalytic impediment of the 2192 variants (and maybe the
a277“ MoFe protein) involves the more reduced MoFe
protein redox state(s) and that added CO circumvents the
effect.

Why Does Decreasing Electron Flux Abolish CO
Stimulation of H, Evolution? All the rate constants of the
Fe protein cycle” for these variants are unchanged from wild-
type values; all are unaffected by added CO. These results,
therefore, implicate reactions of the MoFe protein cycle® as
those likely to be responsible, and this cycle is where the more
reduced MoFe protein states, i.e.,, when multiple electrons have
accumulated, are generated.
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To test this hypothesis, electron flux through the nitrogenase
MoFe protein was limited by (i) an unfavorable component
protein molar ratio (more MoFe protein than Fe protein), (ii)
changing the pH, or (iii) lowering the temperature. When the
variant MoFe proteins were allowed to operate at a submaximal
electron flux under any one of these adverse conditions, they
operated efficiently and in a manner indistinguishable from that
of the wild-type enzyme. Furthermore, when electrons were
limiting, the same amount of total product was formed in the
absence of CO, albeit at a decreased rate, as in its presence.
Thus, the effect of CO is manifested like the effect of the
adverse conditions, which is to prevent the MoFe protein from
attaining its more reduced redox states. Because the activity of
these MoFe protein variants is compromised under 100% Ar
under high-electron flux conditions, when proton reduction
from the E;H, and E,H, redox states should predominate,” it is
clear that this activity impediment does not require the
involvement of any other substrate, e.g,, N,, even though the
variants are compromised (some totally) with respect to N,
reduction.

How Does CO Stimulate H, Evolution, and Are
Specific Redox States Involved? CO does not bind to the
resting (E,) state of the enzyme, but to the two-electron-
reduced E,H, redox state,*’ which it stabilizes sufficiently so
that the more reduced N,-binding E;H; and E,H, redox states
are never accessed under hi%h electron flux. All H, is then
evolved from the E,H, state.>” This scenario is consistent with
the potent noncompetitive inhibitory effect of CO on N,
reduction. CO stimulation under high electron flux with the
@277 MoFe protein is, therefore, simply explained by CO
preventing the formation of the more reduced redox states
(E;H; and E H,) and, in doing so, maintaining wild-type-like
activity levels. Under low electron flux, CO has no effect
because only the noncompromised E,H, redox state is accessed
with all H, evolved from this redox level.>

Additional insight comes from the measured rates of C,H,
reduction catalyzed by the variants. All of them have rates that
lie between the rate of H, evolution under Ar alone and the rate
under Ar with CO. If the E,H, state alone were compromised,
there would be no effect on C,H, reduction because the
product, C,H,, is evolved from the E;H, state.*” Because there
is an effect on the rate, the E;H; state is clearly affected.
However, because the effect on the C,H, reduction rate is less
pronounced than that on the H, evolution rate under 100% Ar,
the E,H, state must also be compromised for H, evolution.

Is the Variant-Based 70 ms Oxidation Related to the
Wild-Type-Based 200 ms Oxidation? An oxidation, which
is observed as an absorbance increase after ~200 ms (Figure
SB) in pre-steady-state studies, occurs during wild-type catalysis
under high-flux turnover conditions under either 100% N, or
100% Ar and has been proposed to be associated with a crucial
P cluster oxidation event that signals formation of the E,H,
state.>* Further, this absorbance increase is not observed when
either C,H, or CO is present, and this observation has been
interpreted as indicating that the E,H, redox state is never
reached in their presence.” None of the three variants exhibits
this 200 ms oxidation, which, on the basis of the hypothesis
stated above, is consistent with them being functionally
compromised with respect to the E;H; and E,H, redox states.
Instead, a shorter time (~70 ms) oxidation occurs. Added CO
has no effect on this 70 ms oxidation event, and therefore, it
cannot be directly linked to the effect of CO on the low innate
turnover rate. Unsurprisingly, the 70 ms oxidation is not
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observed when an otherwise high-flux condition reaction is
monitored at pH 6.0, which, in effect, imposes low-electron flux
conditions. Further, preincubation of the variant MoFe proteins
at pH 6.0 does not eliminate the initially slow innate turnover
rate.

Identical 70 ms oxidation events are observed with the
a277™ 277" and al95™" variant MoFe proteins
(unpublished data), which also have altered S = */, EPR
spectra and no (or slow) diazotrophic growth capability,”'* but
do not exhibit CO stimulation of H, evolution. It appears then
that both 192 variants and the @277 variant also suffer from
an intra-MoFe protein electron transfer problem, which is
reflected by the 70 ms oxidation. Because the 70 ms oxidation is
unaffected by added CO, this second electron transfer problem
most likely involves the E,H, state.

We investigated this possibility by adding FIdH, to a reaction
mixture under high-flux conditions. Under these conditions, the
70 ms oxidation from the variants is eliminated (Figure SC).
FldH, very rapidly reduces the oxidized Fe protein, even while
it is still in a complex with the wild-type MoFe protein, but it
only marginally affects the turnover rate® and so is unlikely to
simply accelerate the slow innate turnover of the variants.
However, adding FIdH, increases the efficiency (a lower
ATP:2e” ratio) of the reaction. This is the expected result if
FIdH, relieves the intramolecular electron transfer problem,
such that the MoFe protein electron acceptor never becomes
saturated and MgATP hydrolysis occurs only when an electron
is accepted.”® Furthermore, FIdH, eliminates the small
oscillation between 30 and 200 ms in the stopped-flow traces
of both the wild type and variants (in Figure S, compare panels
B and C). This oscillation has been proposed to occur in
response to intra-MoFe protein electron transfer reactions at
the E,H, redox level either between metalloclusters or to form
hydrides from cluster-bound protons.’> FIdH, oxidation
appears to facilitate these putative electron transfer reactions
and, while doing so, relieves the cause of the 70 ms oxidation.

So, even though the 70 ms oxidation is unrelated to the 200
ms oxidation, it must arise from either the P cluster or the
FeMo cofactor. The stopped-flow amplitude dependence
profile indicates that the 70 ms oxidation occurs when a
variant MoFe protein is being maximally serviced by the Fe
protein and functioning at its full capacity. If P cluster oxidation
is not observable®® or occurs only when E,H, is formed*"** and
here E ;H, is never attained, then the FeMo cofactor must be
oxidizing in the variants to provide electrons for H, evolution.
If, as recently suggested,>* the FeMo cofactor in the wild-type
MoFe protein cycles between only two redox states, the S =3/,
EPR-active resting state and the one-electron-reduced EPR-
silent state, during catalysis then any insufficiency of electrons
could be supplemented by electrons released by the 70 ms
oxidation to produce hydrides from bound protons.

Finally, is there a connection between the 70 ms oxidation
and the change in turnover rate, which occurs after 1.5 s has
elapsed? What we see is that the 70 ms oxidation is close to
being over by 1 s (Figure SB), and it is soon after [at 1.5 s (see
Figure 6)] that the rate change occurs. Possibly, the source of
this 70 ms oxidation and internal supply of electrons is
exhausted by 1.5 s, and then only a “slower” extra MoFe protein
supplier of electrons is available. With added FIdH,, the 70 ms
oxidation is eliminated (see Figure SC), suggesting that it may
be an effective substitute for this internal electron source for at
least the first 1.5 s. In this initial “quick” phase of turnover,
approximately four (or so) electrons are transferred from

6157

FldH,; thus, it may be that a similar number of electrons is
supplied by the internal source. Because a similar “slow” phase
then follows regardless of whether FIdH, is present, FIdH, is
obviously incapable of coping with that particular catalytic
impediment. Whatever the reason(s) for the “slow” turnover
phase, the same process is clearly operating in all three MoFe
protein variants.

Is the Delivery of a Proton to the FeMo Cofactor
Affected by These Substitutions? The hydrogen-bonded
network that links the @192 and a277"% residues to one
another and to @195™* and the sulfide (labeled S2B in Figure
1) in the waist of the FeMo cofactor looks primed to act as a
proton delivery pathway to the FeMo cofactor.>”*® Every
electron delivered to the FeMo cofactor’s sulfur atoms makes
them more basic and more attractive for protonation, and every
such delivered electron needs an accompanying proton. A
proton delivered or bound to such a sulfur atom may then be
reduced to a hydrogen atom (or a hydride) that could become
involved in substrate reduction.’>®

We investigated possible proton delivery pathways by
monitoring changes in H, evolution activity as a function of
pH. The wild-type activity versus pH profile under Ar is bell-
shaped and shows that acid—base groups with pK values of
~6.0 and ~8.4 must be deprotonated and protonated,
respectively, for maximal activity (Figure 4). In fact, several
acid—base groups may contribute*® to the pK at ~84. In
contrast, the @277 MoFe protein activity versus pH profile
under Ar is both skewed by a dramatic acid shift and shows an
~40% decrease in maximal H, evolution activity. These
changes clearly indicate a direct involvement of the a277%%®
residue in the reaction. If this substitution’s only effect was to
interrupt electron transfer, it might be expected to do so
similarly over the complete pH range studied, but it does not.
Its effect is greater at higher pH values and shifts the optimal
pH value for activity. More likely, the a277*® residue is a
contributor to the pK of ~8.4 and is involved in the delivery of
protons to the FeMo cofactor.

The a277"%® residue has been implicated previously as a
component of a hydrogen-bonded proton delivery channel that
starts on the protein surface at 281", also involves both
1925 and a water molecule (164), and terminates via the
al95™ residue at the u,-S2B sulfur atom of the FeMo
cofactor.”” This “S2B” channel is conserved in the A. vinelandii,
Klebsiella  pneumoniae, and Clostridium pasteurianum MoFe
protein structures. If this channel is a proton delivery pathway,
how then does added CO negate the effects of the @277
substitution? The simplest explanation is that, under CO, the
protons are delivered by a different pathway, one that does not
involve the a277 residue. Because the profile of the wild type
with CO is identical to that of the @277%® variant with CO, the
wild-type enzyme must also switch proton delivery channels.
Consistent with this proposal, CO appears to bind at the Fe6
and/or Fe2 atoms at the “waist” of the FeMo cofac-
tor,”> 1733 both of which are p,-bridged by S2B, the
terminus of this channel (see Figure 1). Thus, it should not
be surprising that binding of CO to these Fe atoms disrupts the
functioning of this “S2B channel”.

But what alternative channels are available? There are two
other similarly arranged yi,-S “waist” bridges, one involving SSA
between Fe7 and Fe3 and another involving S3A between Fe4
and Fe$, but neither has an obvious direct connection to the
surface as required for a proton delivery channel.”*® However,
the u,-S3A sulfur atom is strongly hydrogen-bonded to the
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backbone amide groups provided by @356 and @357, and
we found that substitution of the former leads to complete
inactivation of the resulting MoFe protein variant. This result
suggests a different function for the y,-S3A sulfur atom and its
associated glycinyl residues, which may involve either stabilizing
charge accumulation on the FeMo cofactor and resisting the
premature loss of reducing potential as H, or providing
flexibility for conformational changes.

A third alternative channel terminates at the ;;-S3B atom,
which bridges the Mo, Fe6, and Fe7 atoms and hydrogen bonds
to a water molecule [water 679 in PDB entry IMIN (not
shown in Figure 1)].577%° This water molecule is also hydrogen
bonded to homocitrate and, through an extensive elaborate
network of water molecules, connects with the water-filled
interstitial channel. This “S3B” channel is conserved in all
MoFe protein structures and has also been proposed as a mode
of product egress.”” It appears to be an alternative proton
delivery system that is much more efficacious than the “SSA”-
and “S3A”-based systems.

Of course, depending on the requirements of the substrate
present, the “S2B” channel, the “S3B” channel, or both
channels could be operational in wild-type Mo-nitrogenase,
with only the “S2B” channel being interrupted by the presence
of CO. The “S3B” channel could be preferred for proton
delivery at the E,H, redox level, which is the redox limit both
under CO and under lower-electron flux conditions. This
suggestion is fully compatible with the wild-type activity levels
observed for the @277 variant under either CO or low-
electron flux conditions, where its compromised E;H; and E,H,,
redox states would not come into play. This pathway may also
be more efficient as shown by the lower ATP:2e™ ratio under
added CO, which may explain the anecdotal reports of CO
causing tighter coupling and small rate increases.

The “S2B” channel may, therefore, become operational only
when the E;H; and E,H, redox states are utilized, which is
normally during the nitrogen fixation process. Then, the impact
of substitution at residue @277 will become obvious. This
suggestion is consistent with previous reports of the effectively
Nif~ phenotypes of, for example, the two well-studied variants,
the a195°™ and 277" MoFe proteins."**”** Although the
crystal structure of the @195 variant is essentially the same as
that of the wild type, with the glutaminyl residue maintaining
the hydrogen bonding to the ,-S2B sulfur atom, a major
difference is that the local H-bonding network has been
destabilized.®® The hydrogen bonding ability of 6-N of the
imidazole ring is lost with this substitution, which results in the
loss of the water molecule (water 164 in PDB entry IM1N and
water 57 in PDB entry 1QGU) from the “S2B” channel. This
disruption would force reliance on the “S3B” channel and result
in compromised nitrogen fixation ability. Similarly, the
histidinyl substitution at the @277 position would be ideally
placed to disrupt operation of the “S2B” channel. Its imidazole
ring could compete with the water molecule for hydrogen
bonding to either 281" or @195™ or could simply displace
the water molecule; in all instances, very poor or non-N,-fixing
variants would be expected. As suggested previously for
electron delivery pathways to substrate bound to the FeMo
cofactor,™ it may well be that different proton delivery systems
operate for different substrates at different redox levels.

A very recent molecular dynamics approach® has implicated
the components of the “S2B” channel as a putative substrate
channel, which is gated near the protein surface by @281 and
the nearby a383"* residue. These simulations also reveal
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significant flexibility in the positioning of residues a195™ and
@277, which together with their free energy calculations
indicate that substrate (N,) could easily and quickly access the
FeMo cofactor. As mentioned above, this channel encounters
the FeMo cofactor at the 4-Fe face that binds substrate and
CO. Because the proton itself is a substrate, these studies and
ours provide mutual support for the view that this channel is
important to nitrogenase function.

In conclusion, we return to our initial question of whether we
have found a new role for CO in relation to nitrogenase. The
answer is no; what we actually found was CO performing its
traditional inhibitory role, but under such circumstances that a
different perspective was gained on how Mo-nitrogenase may
manage the delivery of protons and electrons to its active sites.
Under high electron flux, CO is doing what it has always done,
which is to bind as an inhibitor and ensure that the E;H; and
E H, redox levels are never populated. The surprising result is
that by binding as an inhibitor, it actually stimulates activity.
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nitrogenase, so-called alternative vanadium-based nitrogenase;
FeMo cofactor, molybdenum- and iron-containing prosthetic
group of the nitrogenase MoFe protein; Fe protein, smaller
iron-containing protein component of nitrogenase (also known
as component 2 or dinitrogenase reductase); MoFe protein,
larger molybdenum- and iron-containing protein component of
nitrogenase (also known as component 1 or dinitrogenase); P
cluster, eight-iron prosthetic group of the nitrogenase MoFe
protein; DEAE, diethylaminoethyl; DNase, deoxyribonuclease;
EDTA, ethylenediaminetetraacetate; ENDOR, electron nuclear
double resonance; EPR, electron paramagnetic resonance;
FldH,, flavodoxin hydroquinone; HEPES, N-(2-hydroxyethyl)-
piperazine-N'-2-ethanesulfonic acid; MgADP, magnesium salt
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Protein Data Bank; rif, rifampicin; RNase, ribonuclease; SDS—
PAGE, sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis; SE-FTIR, stopped-flow Fourier transform infrared;
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