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Abstract

Nitrogenase catalyzes the biological reduction of N, to ammonia (nitrogen fixation), as well as the
two-electron reduction of the non-physiological alkyne substrate acetylene (HC=CH). A complex
metallo-organic species called FeMo-cofactor provides the site of substrate reduction within the
MoFe protein, but exactly where and how substrates interact with FeMo-cofactor remains unknown.
Recent results have shown that the MoFe protein a-70V@ residue, whose side-chain approaches one
Fe-S face of FeMo-cofactor, plays a significant role in defining substrate access to the active site.
For example, substitution of a-70Va! by alanine results in an increased capacity for the reduction of
the larger alkyne propyne (HC=C-CHys), whereas substitution by isoleucine at this position nearly
eliminates the capacity for the reduction of acetylene. These and complementary spectroscopic
studies led us to propose that binding of short chain alkynes occurs with side-on binding to Fe atom
6 within FeMo-cofactor. In the present work, the a-70V2! residue was substituted by glycine and this
MoFe protein variant shows an increased capacity for reduction of the terminal alkyne, 1-butyne
(HC=C-CH»-CHp3). This protein shows no detectable reduction of the internal alkyne 2-butyne
(H3C-C=C-CHy). In contrast, substitution of the nearby a-191C!" residue by alanine, in combination
with the a-70A12 substitution, does result in significant reduction 2-butyne, with the exclusive product
being 2-cis-butene. These results indicate that the reduction of alkynes by nitrogenases involves side-
on binding of the alkyne to Fe6 within FeMo-cofactor, and that a terminal acidic proton is not required
for reduction. The successful design of amino acid substitutions that permit the targeted
accommodation of an alkyne that otherwise is not a nitrogenase substrate provides evidence to
support the current model for alkyne interaction within the nitrogenase MoFe protein.

Introduction

The reduction of dinitrogen (N5) to two ammonia molecules (2 NH3) catalyzed by the
molybdenum-dependent nitrogenase requires: (i) two nitrogenase component proteins (the Fe
protein and the MoFe protein), (ii) electrons, protons, and (iii) the hydrolysis of MgATP [1-
4]. The Fe protein is a homodimer that contains a [4Fe-4S] cluster bridging the two subunits
[5], with each subunit having a site for MgATP binding. During turnover, the reduced Fe
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protein transfers one electron at a time from its [4Fe-4S] cluster to the MoFe protein in a
reaction coupled to the hydrolysis of two MgATP molecules [3,6]. The MoFe protein is an
aoP2 heterotetramer that contains two unique types of [Fe-S] clusters [7,8]. An [8Fe-7S] cluster
(designated the P-cluster) is located at each of3 subunit interface and is proposed to serve as an
intermediary in the electron transfer process. The FeMo-cofactor is a [7Fe-9S-X-Mo-
homocitrate] cluster [9] located entirely within each a subunit and it has been identified as
providing the substrate reduction site [10]. Nitrogenase also reduces protons forming Hy. In
addition to these physiological substrates, a number of small, triple or double bonded
compounds, for example, acetylene (HC=CH), azide (N3~), and nitrous oxide (N,O), have also
been shown to be substrates for reduction by nitrogenase [1,11].

Assignificant challenge in nitrogenase research involves identification of the exact location and
nature of substrate interaction with FeMo-cofactor (Figure 1). A number of different interaction
sites can be considered upon inspection of the structure of FeMo-cofactor and calculations
have been reported that support a number of different binding sites [4,12]. In our earlier studies,
we began to localize the site of alkyne substrate interactions with FeMo-cofactor to one Fe-S
face that includes Fe atoms numbered 2, 3, 6 and 7 [2,13-20]. Analysis of the capacity of MoFe
proteins having amino acid substitutions for residues that approach this Fe-S face to reduce a
range of substrates has indicated that this face might provide the only site for substrate binding
and reduction. For example, it was found that substitution of the a-70V@! residue by alanine
results in a MoFe protein that can effectively reduce propyne (HC=C-CHs) and propargyl
alcohol (HC=C-CH,0H) to their corresponding alkenes, whereas these alkynes are only very
poor substrates for the wild-type MoFe protein [19]. In contrast, substitution of the o-70Va!
residue by isoleucine prevents the effective reduction of all substrates except protons [18]. By
using the amino acid substitution approach, conditions were also developed that allowed
trapping and characterization of an intermediate that accumulates during the reduction of
propargyl alcohol by the a-70A12-substituted MoFe protein [18]. Characterization of this
intermediate by EPR and 13C- and Y2H-electron nuclear double resonance (ENDOR)
spectroscopies were interpreted to indicate side-on binding of a 2e7/2H* reduced allyl alcohol
species (H,C=CH-CH,OH) that is bound to FeMo-cofactor through a single Fe atom [17]. The
effect of pH dependence on the capacity of the a-70A12 MoFe protein to reduce either propargyl
alcohol or propargyl amine (HC=C-CH,NHy>) further localized the proposed binding site to Fe
atom 6 [16] within FeMo-cofactor (Figure 1). In the present work, we have further explored
the nitrogenase substrate binding site by characterizing a MoFe protein for which the
0-70V residue has been substituted by glycine, and also by characterizing a doubly-substituted
MoFe protein for which both the a-70V2! residue and the a-1916!" residue have been replaced
by alanine.

Experimental Procedures

Strain construction, cell growth, and purification

Strains of Azotobacter vinelandii containing amino acid substitutions at the a-70V2! and
-1916I positions were constructed using site directed mutagenesis and gene replacement
techniques previously described [21,22]. Wild-type MoFe protein was isolated from A.
vinelandii strain DJ995 [23], a-70A12 MoFe protein from DJ1310 [19], a-70Y MoFe protein
from DJ1313, a-191A12 MoFe protein from DJ1242, and a-70A1/0-191A12 MoFe protein from
DJ1495. All MoFe proteins in this study contained a poly-histidine insertion near the carboxyl
terminus of each a-subunit. A. vinelandii strains DJ1242, DJ1313, and DJ1495 were
constructed for this study, and a detailed description of strain construction follows. DJ1313
was constructed by transforming DJ995 [23] with pDB1133 (Sstl “nifH-nifD’fragment
containing GGG as codon 70 of nifD). The transformants were selected by loss of the ability
to grow under nitrogen fixing conditions. DJ1242 was constructed by transforming DJ1238 x
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pDB753. DJ1238 carries a deletion between codons 188-196 of nifD gene, and pDB 753 is a
‘nifD’-Kpnl fragment carrying a codon change (GCC) at position 191. DJ1242 was selected
by rescuing the ability to grow under nitrogen fixing conditions. Lastly, DJ1495 was
constructed by transforming DJ1310 [19] with pDB753. This strain was selected by a slower
growth rate under nitrogen fixing conditions.

For protein purification, cells were grown at 30°C in 120 L culture as described previously
[23]. Cell-free extracts were prepared by an osmotic shock method and the MoFe protein was
purified by an immobilized metal-affinity chelation chromatography (IMAC) protocol [23].
The Fe protein used in all experiments was purified from wild-type cells and did not contain
a histidine tag. All solutions were made anaerobic by repeated evacuation and flushing with
Ar that had been scrubbed with a heated BASF catalyst tower to remove oxygen. Protein
concentration was determined by the biuret method using bovine serum albumin as the standard
[23]. Protein purity was estimated by polyacrylamide gel electrophoresis with Coomassie blue
staining.

Cells were grown on solid agar medium with additions according to the method of Burk [24].
Where indicated, 100 pl of 2.5 M freshly prepared 2-butyne-1-ol (Fluka, Milwaukee, WI) or
2-butyne-1,4-diol (Sigma, St. Louis, MO) were spread on each plate (10 mM final
concentration) before the cells were added. Plates were incubated at 30°C for 4 days.

In vitro assays

The methods and reaction mixture compositions for substrate reduction activities have been
described elsewhere [19]. Here, each assay contained 0.05 mg of MoFe protein and 0.45 mg
of Fe protein. All reactions were carried out under an argon atmosphere in 9.2 ml sealed septum
vials. The reactions were initiated by the addition of Fe protein and reactions were allowed to
proceed for 8 min while shaking in a 30°C water bath. Each reaction was terminated by the
addition of 250 uL of a 0.4 M EDTA solution, pH 7.4. Acetylene was freshly prepared for each
experiment by the reaction of calcium carbide (Aldrich, St. Louis, MO) in water. Propyne (98%
pure) was purchased from Aldrich and 1-butyne (95% pure) was purchased from Pfaltz and
Bauer (Chicago, IL).

H, was quantified by injection of 200 uL from the gas phase of a reaction vial into a Shimadzu
GC-14 gas chromatograph equipped with a Supelco 80/100 molecular sieve 5A column and
product quantified using a thermal conductivity detector. Ethylene, propene and 1-butene were
quantified by gas chromatography using a Hewlett-Packard 5890A instrument equipped with
an Al,O3 capillary column and product quantified by flame ionization detection. Quantification
of propene and 1-butene was performed using an ethylene standard and applying a correction
factor to the peak area taken from the measurement of a 2—6 carbon olefin standard (MG
Scientific Gases, Somerville, NJ) containing equimolar mixtures of these gases.

Initial assays of 2-butyne reduction were uninformative because the sample received from the
manufacturer (Aldrich) was slightly contaminated by propyne. Contaminating propyne was
essentially eliminated by cycling 2-butyne several times through a series of dry ice/ethanol
traps. Under these conditions, 2-butyne could be collected as a solid (mp —32°C), while the
contaminating propyne (mp —103°C) could be eliminated in the gas phase. This procedure
resulted in a 2-butyne sample having less than 0.03% propyne contamination as estimated by
analysis using gas chromatography. Under the conditions used, cis-2-butene and trans-2-butene
resolved at different retention times during gas chromatography, 1.93 min and 1.68 min,
respectively, providing a simple means of determining isomer composition. For kinetic
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analyses, initial velocity rates were plotted against the partial pressure of the substrates and the
data fit to the Michaelis-Menten equation.

Results

Expanding the capacity of nitrogenase to reduce short chain alkynes

The genotypes and corresponding phenotypes of A. vinelandii strains examined in the present
work are listed in Table 1. These data show that all strains examined, with the exception of the
one that produces a MoFe protein having the a-70V@ residue substituted by glycine, can grow
without the addition of a fixed source of nitrogen to the growth medium. Consistent with this
observation, all of the purified MoFe proteins, except the a-70C" variant, showed high levels
of N, reduction activity. The a-70¢!Y MoFe protein exhibited no detectable capacity for N
reduction, although it did retain high levels of activity for the reduction of acetylene and
protons. Because all nitrogenase substrates compete for the same electron pool [25], and
possibly the same binding site [14], their capacity for interaction with the active site can be
indirectly evaluated by their ability to inhibit the reduction of other substrates. In the case of
the a-70CY-substituted MoFe protein, N, is neither a substrate nor an inhibitor of proton
reduction (Table 1), indicating that this substitution prevents the productive interaction of N,
with the active site. Clearly, this feature cannot reflect an inability of N to gain access to the
active site of the a-70C"-substituted MoFe protein because other larger substrates retain their
capacity to serve as substrates. The specific defect in N, reduction associated with the
a-70CW-substituted MoFe is, therefore, more likely to reflect an inability of this protein to
achieve the redox state necessary for N binding [1]. This aspect of the a-70¢!Y MoFe protein
was not further explored in the present work.

Although the a-70€!Y MoFe protein does not reduce the natural nitrogenase substrate Ny, its
ability to reduce acetylene (Figure 2) permitted an extension of previous work [19] on the effect
of the size of different side chains at the o-70 residue position within the MoFe protein on the
capacity for reduction of different short chain alkynes. MoFe proteins having this position
occupied by a-70Va! ¢-70A12, or o-70C!Y were examined for their ability to reduce the
progressively larger alkynes acetylene, propyne and 1-butyne (Figure 2). All three proteins
exhibit similar rates for the reduction of acetylene but are differentiated by their respective
abilities to reduce propyne or 1-butyne (Figure 3). The Ky, and Vnax Values for acetylene
reduction were found to be 0.016 atm and 2380 nmol/min/mg for the wild-type, 0.007 atm and
2040 nmol/min/mg for the a-70A12, and 0.014 atm and 1800 nmol/min/mg for the o-70" MoFe
proteins. The wild-type MoFe protein showed very low rates of propyne reduction even at the
highest concentrations of propyne, whereas the o-70A12- and a-70C-substituted MoFe
proteins showed significant rates of propyne reduction. Fitting the propyne reduction data for
the a-70A12 and a-70C" substituted MoFe proteins to the Michaelis-Menten equation reveals
a Ky, for propyne reduction of 0.02 atm for the a-70A12 MoFe protein and 0.001 atm for the
a-70G1 MoFe protein, while the corresponding Vyax values were 1150 and 1400 nmol
propene/min/mg MoFe protein, respectively. Reduction of 1-butyne showed the same trend
with the exception that it is reduced at lower rates in all cases and, consequently, conditions
of substrate saturation could not be achieved experimentally.

A genetic screen for A. vinelandii strains that can reduce internal short-chain alkynes

Decreasing the size of the side chain at the a-70V2! position only increases the size of short
chain alkynes that can be reduced by nitrogenase if the triple bond is terminal. Namely, we
found that short chain alkynes, such as 2-butyne, cannot serve as nitrogenase substrates even
when the normal side chain located at the a-70V2-position is shortened. This observation can
be explained in one of two different ways. According to our model, alkyne binding within the
MoFe protein occurs through exclusive coordination with Fe6 of FeMo-cofactor in a side-on
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fashion [15,16]. Thus, steric constraints imposed by side-chains other than a-70 could prevent
the productive interaction with nitrogenase by alkynes that have an internal triple bond. A
second possibility is that a terminal acidic proton is required for productive interaction of
alkynes with the nitrogenase active site. To differentiate between these possibilities, we sought
to determine whether or not strategic replacement of amino acids within the MoFe protein
could be used to expand its substrate reduction capacity to include internal alkynes.

Because the biochemical analysis of nitrogenase is laborious, we previously developed a
genetic and physiological strategy to assess the effect of amino acid substitutions within the
MoFe protein on the capacity for reduction of short chain alkynes [26]. The experimental
rationale of this approach is that different nitrogenase substrates compete for the same pool of
available reducing equivalents. Consequently, any substrate that can compete with N5 for such
reducing equivalents should inhibit growth on N, providing the inhibitor is added to the growth
medium at sufficient levels. This strategy, however, is complicated because most nitrogenase
substrates are gases, and many alternative nitrogenase substrates are also explosive at
concentrations required for physiological inhibition of nitrogenase. We previously solved these
problems by using alcohol-substituted alkynes as potential inhibitors because many of them
are liquids at ambient temperature and can, therefore, be added to the growth media at high
concentrations. This approach was previously applied in experiments that were used to identify
the role of the a-70V residue in controlling the size of alkyne substrates that can access the
active site. Namely, it was shown that addition of propargyl alcohol to the growth medium of
nitrogen fixing cells of wild-type A. vinelandii has no effect on growth because propargyl
alcohol is normally unable to interact with the nitrogenase active site [18,19]. However,
nitrogen fixation-dependent growth of a mutant strain of A. vinelandii for which the a-70Val
residue is substituted by alanine is severely impaired when propargyl alcohol is added to the
growth medium.

In the current work, we used a similar genetic approach to ask whether or not strains could be
isolated whose ability to fix nitrogen is inhibited by the addition of internal alkyne alcohols to
the growth medium. This strategy was guided by inspection of the polypeptide environment
that surrounds the previously identified alkyne binding region (Figure 1). If our hypothesis that
Fe6 within FeMo-cofactor provides the unique site for alkyne substrate binding is correct, then
van der Waals contact with the side chains of a-70Y2! and a-191€!" are predicted to control
access of any internal alkyne to the active site. For example, in the case of 2-butyne binding,
the methyl group located at one end of the alkyne would prevent binding owing to interference
by the a-70Vl side chain and the methyl group located at the other end of the alkyne would
prevent binding owing to interference by the a-191€!" side chain. Consistent with this
prediction, the addition of neither 2-butyne-1-ol (HOCH,-C=C-CHy3) nor 2-butyne-1,4-diol
(HOCH,-C=C-CH,0H) to the growth medium has any effect on the capacity of wild-type A.
vinelandii to sustain diazotrophic growth. Similarly, the addition of these same alkynes to
strains that produce MoFe proteins having either the a-70V! residue or the a-1916!" residue,
individually substituted by alanine, has no affect on the capacity for diazotrophic growth
(Figure 4). In contrast, when these amino acid substitutions are combined within the same
MoFe protein (a-70A18/a-191A12) hoth 2-butyne-1-ol and 2-butyne-1,4-diol inhibit the capacity
for diazotrophic growth when added to the culture medium (Figure 4). Based on these results,
the doubly-substituted protein was isolated and analyzed for its ability to catalyze reduction of
2-butyne (Figure 5). In addition to confirming the capacity for the doubly-substituted MoFe
protein to reduce 2-butyne, it was also observed that 2-cis-butene is the exclusive reduction
product.
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Discussion

The most significant observation to emerge from this work is that the polypeptide environment
immediately surrounding FeMo-cofactor can be manipulated in a predictable way such that
binding and reduction of different size alkyne substrates can be accommodated. Most
importantly, a working model for where and how alkyne substrates interact with the FeMo-
cofactor, at the unique Fe6 site, was used for the rational design of a doubly-substituted MoFe
protein that becomes endowed with the capacity to reduce 2-butyne, which otherwise is not a
nitrogenase substrate. The fact that 2-butyne can be reduced by the doubly-substituted MoFe
protein a-70A18/-191A12 also provides evidence that a terminal acidic proton is not necessary
for the activation of alkyne reduction catalyzed by nitrogenase.

Also of mechanistic importance is the observation that reduction of 2-butyne by the doubly-
substituted MoFe protein results in the exclusive production 2-cis-butene with no detectable
2-trans-butene. This product profile is consistent with side-on binding of 2-butyne, with proton
addition occurring at one face. Earlier work on wild-type nitrogenase revealed that proton
addition to acetylene during its reduction to ethylene occurs with stereospecificity [27-29].
The product of acetylene (HC=CH) reduction in the presence of D50 is 96 % cis-ethylene
(HDC=CDH), with only 4 % of the trans-isomer [30]. This stereospecificity would be
consistent with side-on binding of acetylene to one or more Fe atoms of FeMo-cofactor, with
both protons (or deuterons) added to one side of the bound acetylene. Ed Stiefel suggested a
concerted proton and electron addition mechanism to explain this stereospecificity of proton
addition to acetylene [31]. Interestingly, it was later found that lowering the electron flux
through nitrogenase or substituting certain amino acids around FeMo-cofactor, can relax this
stereospecificity, with up to 50 % of the trans-isomer being observed [30,32]. One explanation
for this higher level of trans addition of protons is a rearrangement of a semi-reduced
intermediate species bound to FeMo-cofactor during catalysis. This model is supported by an
increased level of trans-isomer product under conditions of lower electron flux, where a semi-
reduced intermediate would have more time for rearrangement [32]. Given the relatively larger
size of 2-butyne and the steric constraints that must be associated with its interaction within
the substrate binding pocket of the MoFe protein, it seems unlikely that a semi-reduced 2-
butyne intermediate bound to FeMo-cofactor could rearrange, thus greatly limiting the
production of 2-trans-butene.

In summary, considering the work presented here along with earlier studies, the site of alkyne
substrate, and likely all substrates, interactions with FeMo-cofactor appears to be localized to
a specific Fe atom (number 6) on FeMo-cofactor, and the reduction of a range of alkynes with
both terminal and internal triple bonds can be rationally controlled by changes in the sizes of
specific amino acid side chains that surround this specific face of FeMo-cofactor.
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Panel A

R-Hamocitrateﬁy{: 3
.|" o g

Panel B

Figure 1. FeMo-cofactor and its environment

(panel A) A stereoview of FeMo-cofactor and the side chains of a-70Y2 and a-1916M is shown.
Fe atoms 2, 3, 6, and 7 are labeled. R-homocitrate is shown in stick format at the back of the
view bound to Mo. (panel B) Same view as panel A with 2-butyne (cyan) placed into position
for interaction with Fe atom 6. VVan der Waals surfaces are shown around the 2-butyne and the
side chain of 0-191C!", The steric overlap between the 2-butyne and the side chains of
0-70V and 0-1916!" is apparent. Coordinates are from the protein database file IM1N.pdb
with carbon shown in gray, oxygen in red, iron in rust, sulfur in yellow, molybdenum in
magenta, and nitrogen in dark blue. The atom of unknown identity (X) at the center of FeMo-
cofactor is shown in green.
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Structures of substrates used in this study.
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Figure 3. Reduction of short chain alkynes by o—70 MoFe protein variants
The specific activity (nmol product/min/mg MoFe protein) is plotted against the partial
pressure of the indicated substrate. Argon makes up the remaining gas to 1 atm total pressure.
Substrates: (panel A) acetylene; (panel B) propyne; and (panel C) 1-butyne. The MoFe protein
variants are: a-70Va wild-type (-m-), a-70A12 (- A-) and 0-70CV (-e-). Fits of the data to the
Michaelis-Menten equation are shown (lines).
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no addition + 2-butyne-1-ol + 2-butyne-1.4-diol
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Figure 4. The effect of 2-butyne-1-ol and 2-butyne-1,4-diol on diazotrophic growth of A.
vinelandii expressing MoFe protein variants

Cells expressing the MoFe protein variants include: a-191A1, ¢-70A18, and 0-191A18/¢-70Al2,
The indicated strain was cultured on agar plates made with Burk’s media lacking a fixed
nitrogen source and including the following additions: no addition; + 2-butyne-1-ol, 10 mM
2-butyne-1-ol; and + 2-butyne-1,4 diol, 10 mM 2-butyne-1,4 diol.
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Figure 5. Reduction of 2-butyne by

-70A13/g-191A1a MoFe protein. The specific activity for 2-butyne reduction (nmol of cis-2-
butene produced/min/mg MoFe protein) is plotted against the partial pressure of the substrate,
2-butyne. The remaining gas is argon with a final total pressure of 1 atm. The data are fit to a
straight line.
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Table 1
Features of MoFe Protein Variants
. - Inhibition of H

A. vinelandii ) ) a : 02 b
Strain Amino Acid Phenotype evolution by N, (%)
DJ995 (WT) a-70V% Nif+ 63

DJ1313 a-70%Y Nif— 0

DJ1310 a-70712 Nif+ 37

DJ1242 a-191A1 Nif+ 38

DJ1495 a-70M%/g-191A12 Nif+ 31

aNif+ is defined as able to grow under diazotrophic conditions, while Nif-as not able to grow under diazotrophic conditions.

bfor purified proteins in a standard H2 evolution assay under 1 atm of N2
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