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I. Introduction

Nitrogenase is the catalytic component of the bio-
logical nitrogen-fixation system which reduces atmos-
pheric N, to ammonia. As shown in Figure 1 the en-
zyme is actually composed of two separately purified
proteins called the iron protein (Fe protein) and the
molybdenum-iron protein (MoFe protein). The Fe
protein is a M, 60000 dimer of identical subunits and
is encoded by the nifH gene. It contains a single [Fe,S,]
cluster bridged between the subunits and it functions
as a specific one-electron donor to the MoFe protein.
No other protein or artificial electron donor has ever
successfully replaced the Fe protein in this capacity.
This unique property of the Fe protein can be attrib-
uted, at least in part, to the fact that it binds two
molecules of MgATP and that the hydrolysis of that
MgATP is tightly coupled to electron transfer from the
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TABLE 1. Modifications to Original Acid-Treated Method of FeMo-Cofactor Isolation

reagents used for

unfolding and precipitate FeMo-cofactor
method precipitation washing extraction (basge) ref
1a. citrate/phosphate 0.1 M citrate DMF NMF 1
0.2 M Na,HPO, (Na,HPO,)
b. citrate/phosphate, pH 2 citrate to pH 2 DMF NMF 5
N82HPO4 to pH 5 (N82HPO4)
2. HC1/NaOH 0.1 M HCI DMF NMF 6
0.1 M NaOH (NaOH)
3. acidic 0.1 M citrate acidic NMF 6
NMF 0.2 M Na,HPO, NMF (Na,HPO,)
4. formamide 0.1 M citrate DMF HCONH, 6
0.2 M Na,HPO, (Na,HPO,)
5. phosphate 0.33 M H;PO, DMF NMF 6
0.20 M Na,HPO, (Na,HPO,)
6. S,0,% free® 0.1 M HCI DMF NMF 6
0.1 M NaOH (NaOH)
5. DMF 0.1 M citrate DMF DMF 13
02M N82HPO‘ ([Et‘ng[Szod);
((Et,N][OH]) (2 mM)
8. MeCN 0.1 M citrate DMF MeCN 13
0.2 M Na,HPO, ([EtN]5[S,0.]);
([Et,N]{OH]) (50 mM)
9. DMSO DMSO DMF NMF 5
(Na,HPO,)
10. pyrrolidinone 0.1 M citrate DMF pyrrolidinone 7

0.2 M Na,HPO,
¢ Contains no S,0,2". All other solvents are 1.2 mM in Na,S,0,.

NITROGENASE

Fe Protein MoFe Protein
MgATP
MgATP
MW=64,000
a2 Dimer Mw=230,000

az B2 tetramer
nif D,K gene products

nifH gene product

@ =Fe4Sq

Figure 1. Schematic representation of Mo nitrogenase showing
the two component proteins and their metal centers. The
[Fe,S,]-type clusters in the MoFe protein (called P-clusters) are
unusual relative to other protein-bound [Fe,S,] clusters.

Fe protein to the MoFe protein during turnover. The
MoFe protein contains the actual site of N, reduction.
It is a 2a (nifD-encoded) and 28 (nifK-encoded) tet-
ramer, M, approximately 220 000 containing two Mo,
32 = 3 Fe, and a similar number of S* atoms per
molecule. These metal atoms are believed to be ar-
ranged into six discrete metal centers, four unusual
[Fe S,]-type clusters (called P-clusters) and two iron—
molybdenum cofactor (FeMo-cofactor) centers. The
structure of the FeMo-cofactor is not known, but it is
believed to contain the substrate-reducing site of nit-
rogenase.

In 1977 a major breakthrough occurred in the nitro-
gen-fixation field with the successful isolation of
FeMo-cofactor from the MoFe protein.! This review
covers what has been learned since then about the
structural organization, function, and biosynthesis of
this metal cluster.

II. Isolatlon and Identlfication

A. Isoiatior. Methods
1. Isolation Methods Which Use Acid Treatment

The original isolation of FeMo-cofactor in 1977 in-
volved acid treatment of purified MoFe protein followed
by extraction of the resulting protein pellet with NMF.!
Because both the MoFe protein and FeMo-cofactor are
oxygen sensitive, the procedure was carried out under
anaerobic conditions. Although this general acid-
treatment procedure has not changed significantly since
1977, each experimental step has been studied in detail
and modified when appropriate. Specific modifications
to each step are summarized in Table 1 and are de-
scribed in the following section.

a. Starting Material. The starting material for
FeMo-cofactor isolation is the MoFe protein of nit-
rogenase. Wiile the MoFe protein is usually highly
purified,! FeMo-cofactor has been successfully isolated
from fairly crude protein preparations.2® FeMo-cofactor
has been isolated with MoFe proteins obtained from
Azotobacter vinelandii, Clostridium pasteurianum,
Klebsiella pneumoniae, Bacillus polymyxa, and Rho-
dospirillum rubrum and appears to be identical re-
gardless of bacterial source.! The MoFe protein prep-
arations used as starting material in different labora-
tories may vary in concentration and in the type and
pH of the buffer used. For example, a standard A.
vinelandii MoFe protein preparation would be ap-
proximately 15-50 mg/mL in 0.025 M Tris-HC], pH 7.4,
0.25 M in NaCl, and 1.2 mM in Na,S,0,,'* whereas K.
pneumoniae MoFe protein is generally purified in 0.25
M Tris-HCI, pH 8.7, 0.1 mg/mL in dithiothreitol, and
1.0 M in N828204.5

b. Acid Treatment. The purpose of the acid-treat-
ment step is to unfold the MoFe protein. This step also
results in the destruction of the P-clusters contained
within that protein. It is essential that the acid-
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treatment step be carried out in an ice bath, Where
necessary, and prior to the addition of acid, the protein
is diluted with H,O (containing 1.2 mM Na,S,0,) to a
concentration of about 5 mg/mL.!* In the original
isolation method the protein was acidified by adding
a citric acid solution to a final concentration of 15 mM.!
The pH of that solution was later estimated to be 2.8
in a study of the effects of pH on yields of FeMo-co-
factor.® That study also revealed that the optimum pH
for the acid treatment step was 2.0-2.2 with yields de-
creasing steeply below pH 2.0. H;PO, and HCI have
been shown to be as effective as citric acid in FeMo-
cofactor isolation.® Thus, it is the pH and not the type
of acid that is important. The acid solutions are made
1.2 mM in Na,S,0, immediately prior to their addition
to the protein because Na,S,0, decomposes in the acid
to give a cloudy, white solution within 1-2 min after its
addition.

Published procedures for FeMo-cofactor isolation
generally involve addition of a fixed amount of acid.!*$
Since the amount of buffer present varies from prepa-
ration to preparation, it is more convenient to monitor
the pH continuously during titration to pH 2.2, The
MoFe protein undergees two phase transitions during
this titration. At the starting pH of 7.4 the MoFe
protein is dark brown and in solution. As the pH is
lowered to the region of the isoelectric point (pH
5.6-5.0) the protein precipitates to give a cloudy,
gray-brown solution. When the pH is further decreased,
the protein goes back into solution. At pH 2.2 the
solution is green-brown and the color is much lighter
than that of the starting material. The color change
observed during the acid treatment step is believed to
be due to the decomposition of the P-clusters of the
MoFe protein to give H,S and presumably ferrous ci-
trate.! Like the P-clusters, FeMo-cofactor contains
acid-labile sulfide (vide infra); however, FeMo-cofactor
is not decomposed during the acid-treatment step.
Since isolated FeMo-cofactor decomposes rapidly under
similar conditions, the protein must somehow protect
FeMo-cofactor from acid. This protection is not abso-
lute: the MoFe protein solutions remain at pH 2.0-2.8
for only 2-3 min;*~® longer exposure to acid does result
in the decomposition of the FeMo-cofactor.

Following the 2-3 min acid-treatment step, the pH
of the solution is raised by addition of base until the
isoelectric point of pH 5.0-5.5 is reached and the protein
precipitates to give a cloudy, gray-brown solution.
Although Na,HPO, is the most commonly used base,
NaOH is equally effectivel* and it is likely that other
bases would work as well. As with the addition of acid,
the base solutions are made 1.2 mM in Na,S,0, im-
mediately prior to their addition to the protein.!*® In
the original isolation the solution remained at pH 5.0
for 25 min prior to centrifugation and no reports have
appeared in which this time period was varied.!
FeMo-cofactor bound to denatured protein is thus
stable in aqueous solution at pH 5.0 for fairly long pe-
riods of time. Following the 25-min incubation at pH
5.0-5.5, the protein is centrifuged. The original isolation
method reported a centrifugation speed of 8000g.!
However, this speed results in a gray, claylike pellet
which does not yield significant FeMo-cofactor on
subsequent extraction with NMF, and lower speeds of
120-1500g are now used by many investigators.5’
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Following centrifugation the colorless supernatant so-
lution is discarded. This solution contains about half
of the iron originally associated with the MoFe protein.
This iron is believed to arise from the decomposition
of the P-clusters,!

¢. Washing with DMF. Because isolated FeMo-co-
factor is unstable in aqueous solutions, the protein
pellet is washed at 4 °C two times with freshly distilled
DMF.! Washing consists of resuspending the protein
pellet in DMF for as brief a time as possible, usually
for approximately 5 s, followed by centrifugation.4~7
Again the original method reported a centrifugation
speed of 8000g,! which does not yield significant
FeMo-cofactor upon subsequent extraction with NMF,
Consequently, lower speeds are used by many investi-
gators.”? The DMF is made 1.2 mM in Na,S,0, im-
mediately prior to its use even though Na,S,0, has low
solubility in DMF., The DMF that is added to the
protein is cloudy due to dithionite precipitation.
However, the DMF supernatant formed after centrifu-
gation is clear, indicating that dithionite (or its decom-
position products) remains with the protein pellet,
where it may be solubilized by subsequent NMF ex-
traction.

Varying reports have appeared concerning FeMo-
cofactor extraction into DMF during this step ranging
from no extraction! to extraction of about 10% of the
total FeMo-cofactor. If no extraction occurs the su-
pernatant is colorless whereas FeMo-cofactor extraction
leads to a brown supernatant. In our hands one cen-
trifuge tube out of eight presumably identical ones in
a single prep may be brown while the others remain
colorless. Although the reason for this is unknown, the
amount of FeMo-cofactor extracted at this step can be
reduced by keeping the temperature at 4 °C throughout
and by minimizing the time the protein pellet spends
in contact with DMF. No reports have appeared on the
complete characterization of FeMo-cofactor extracted
during the DMF wash step. The pellet at the end of
this step is a much darker brown color than the aqueous
pellet following the acid-treatment step.

d. Extraction in NMF. The final step in FeMo-co-
factor isolation is the extraction of the DMF-washed
pellet with freshly distilled NMF.! This step involves
vigorous vortexing of the NMF-suspended protein pellet
for 5 min, followed by centrifugation, and may be car-
ried out successfully at room temperature at 4 °C.4+7
FeMo-cofactor is in the supernatant solution which is
removed so that the pellet can be extracted a second
time with NMF. Following the second (or in some cases
third!) extraction and centrifugation steps the light gray
to white protein pellet is discarded and the supernatant
solutions are pooled. As with all steps in FeMo-cofactor
isolation the NMF is made 1.2 mM in Na,S,0, imme-
diately prior to use. The dithionite is added as an
aqueous solution and thus the NMF contains about 1%
H.0. Dithionite is soluble at this concentration in
NMF.

The original isolation method used vacuum-distilled
NMF from Aldrich which was 5 mM in Na,HPO,.!
Subsequently it was discovered that NMF treated in
the same manner but purchased from Eastman Organic
Chemicals was not effective in FeMo-cofactor extrac-
tion.® Further, Aldrich NMF which had been used once
for FeMo-cofactor extraction and was later redistilled
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Figure 2. 'H nuclear magnetic resonance spectra in the methyl
region of neat NMF in the presence of base (a) and acid (b).® Form
a is effective in FeMo-cofactor extraction while form b is not.

was also ineffective in FeMo-cofactor isolation.® These
puzzling observations led to an investigation of the 'H
NMR spectral properties of these different samples of
NMF.6 As shown in Figure 2 the 'H NMR spectrum
of NMF which extracts FeMo-cofactor differs markedly
from that of NMF which does not extract cofactor.
Effective NMF shows two broad singlets for the methyl
protons which are assigned to the trans (A) and cis (B)
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isomers (Figure 2a).6 In contrast, NMF which does not
extract FeMo-cofactor shows a well-resolved doublet for
the methyl protons of the cis isomer and a sharp
doublet of doublets for the trans isomer (Figure 2b).

The doublet of doublets in the trans isomer arises
from coupling of the methyl protons to both the N-H
and C-H protons. In the cis isomer, the coupling to the
C-H proton is very small and the doublet arises because
only the N-H coupling is being observed. Under suf-
ficiently basic conditions the proton on the nitrogen
undergoes exchange, giving rise to the broadening of the
methyl peaks in both isomers. Prior reports, unrelated
to FeMo-cofactor, had shown that NMF plus a trace
amount of base gave the spectrum shown in Figure 2a,
while the addition of acid gave the spectrum shown in
Figure 2b.%® This led Yang et al. to investigate the
apparent pH of the different samples of NMF.6

The apparent pH of NMF which is effective in
FeMo-cofactor isolation is generally higher than 8 when
measured after 1:5 dilution with water. The apparent
pH of the ineffective NMF similarly diluted is generally
lower than 5.° It thus appears that the ability of NMF
to extract FeMo-cofactor depends on its “acidity” or
“basicity”. Ineffective (acidic) NMF can be converted
to effective NMF simply by treatment with base. So-
dium hydroxide has been used in this treatment be-
cause dibasic sodium phosphate is not sufficiently
soluble in NMF to serve this function.! However if too
much base is added, the protein pellet will also dissolve
in NMF. In order to routinely obtain NMF of the
proper “basicity” for FeMo-cofactor extraction, re-
gardless of source, the NMF can be stirred overnight
with sodium bicarbonate followed by filtration and
distillation.!® NMF treated in this way, without further
addition of any base, never fails to extract FeMo-co-
factor.

Burgess

NMF solutions of FeMo-cofactor were originally re-
ported to be brown.! In our hands the solutions always
appear to be green-brown and others have reported
them to be green.>” Occasionally during the DMF or
NMTF steps the protein pellet and solution turn pink.
This can usually be traced to oxygen contamination and
these tubes are discarded.

e. Concentration. A major problem in working with
FeMo-cofactor is that the final NMF solution contains
only about 50 uM FeMo-cofactor. Because FeMo-co-
factor is in NMF, it cannot be concentrated using usual
biochemical techniques. In spite of the low vapor
pressure and high boiling point of NMF, a vacuum
distillation method has been developed for FeMo-co-
factor concentration.* In this method FeMo-cofactor
is placed with a stir bar in a 200-mL round-bottom flask
which is connected to a 500-mL round-bottom liquid-N,
trap using a short glass tube with 24/40 joints. The trap
is connected to a high-vacuum line (1077 atm) through
a glass stopcock adaptor. During concentration, the
flask containing FeMo-cofactor is placed in a water bath
at room temperature or 30 °C.® FeMo-cofactor can b.
concentrated 10-fold in 1 h by using this method.* The
highest FeMo-cofactor concentrations that have been
reported by using this method are of the order of 1-2
mM.! It is not clear why higher concentrations have
not been obtained. One reason may be the limited
amount of material available. An additional problem
is that the NMF solutions contain contaminating pro-
tein and high concentrations of salts. These species,
which are present in much larger quantities than
FeMo-cofactor, precipitate during concentration.

Another very different procedure for concentration
involves absorbing FeMo-cofactor onto an anion-ex-
change column.!® For this method a column of
DEAE-cellulose in NMF is prepared. The DEAE-cel-
lulose is in the acetate and not the chloride form. After
washing the column with Na,S,0, in NMF, dilute
FeMo-cofactor is loaded onto the column. Following
further washing of the column with NMF the FeMo-
cofactor is eluted as a single intense green-brown band
with 0.1 M [Et,N]Br in NMF.° In this way FeMo-
cofactor has been concentrated to about 1 mM.

2. Isolation in NMF without Acid Treatment

Although acid treatment is still used by many labo-
ratories for the initial steps in FeMo-cofactor isolation,
it is not essential. An early report demonstrated that
FeMo-cofactor could be extracted from protein pellets
produced by precipitation with DMSO, (NH,),SO,, or
by treatment at pH 5.0 directly.® Very recently a me-
thod for FeMo-cofactor isolation has been developed
which eliminates the need for the acid-treatment step
and greatly simplifies the isolation process.!? In this
procedure the MoFe protein in buffer is first adsorbed
onto DEAE-cellulose. The DEAE-cellulose-bound
protein can then be unfolded in place by washing the
column with NMF, DMF, or a 9:1 DMF /NMF mixture,
stirring the column material, and allowing it to stand
for a few minutes in the presence of the denaturing
agent. This procedure uses {(Bu,N)],[S;0,] in place of
Na,S,0,. FeMo-cofactor is eluted by washing the
column with 0.2-0.5 M [Et,N]Br or [Et,N]C] in NMF.
The denatured MoFe protein remains bound to the
column throughout this procedure.
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3. Isolation in Other Solvents

NMF is not the only solvent that has been used to
successfully extract FeMo-cofactor. Base-treated
HCONH,,%" pyrrolidinone,” base-treated DMF con-
taining 5 mM [Et,N],[S,0,],' and base-treated CH,CN
containing 5 mM [Et,N],[S;0,]!® have all been reported
to be effective in FeMo-cofactor extraction from acid-
denatured pellets. Attempts to take NMF-isolated
FeMo-cofactor solutions to dryness and then redissolve
the resulting tacky, brown precipitate in solvents other
than NMF have met with more limited success. One
report suggested that FeMo-cofactor loses significant
activity when taken to dryness even when redissolved
in NMF.!1? However, others have recently reported
successfully dissolving “dried” FeMo-cofactor in CHy-
CN, CH3COCH3, CHQC]Q, THF, and CGHG.M One ad-
vantage of this method may be that higher concentra-
tions of FeMo-cofactor can be obtained and concen-
trations as high as 10 mM have been reported for
FeMo-cofactor redissolved in DMF or CH;CN.!*

Recently Wink et al. have discovered that the key to
obtaining FeMo-cofactor solutions in solvents other
than NMF appears to be the presence of a suitable
counterion.! They demonstrated that when DEAE-
cellulose-bound MoFe protein was first unfolded with
DMF, FeMo-cofactor could subsequently be eluted
from the column in a variety of solvents provided the
appropriate counterion was present. Solvents used in-
clude the followingg DMF/0.1 M [Bu,N]Cl or
[Bu,N]Br, CH;CN/0.1 M {Bu,N]C], acetone/0.1 M
[Bu,N]Cl, CH,Cl;/0.1 M [Bu,N]Cl, THF/0.1 M
Bu NBr, and benzene/0.1 M [Bu,N]Br.

The successful isolation of FeMo-cofactor in solvents
other than NMF and at concentrations greater than 1-2
mM should greatly facilitate attempts to crystallize
FeMo-cofactor, which have so far been unsuccessful.
The ability of one solvent versus another to extract
FeMo-cofactor from the MoFe protein also gives in-
formation about possible ligands to FeMo-cofactor
which is more appropriately discussed in section V.B.3.

4. Yields

Yields of FeMo-cofactor are defined as the percentage
of the Mo present originally in the MoFe protein that
is recovered in NMF. The original isolation method
gave a total yield of 87% for three repeated NMF ex-
tractions of the same protein pellet.! Smith reported
much lower yields using the same method although he
did obtain similar yields by decreasing the pH during
the acid-treatment step.? Yields of 60-70% were ob-
tained for a single NMF wash using the same procedure,
increasing to a 75-85% total yield upon a second ex-
traction.*8 For the method which uses HCl/NaOH
instead of citrate/phosphate, lower yields of 35% for
a first wash were originally reported.® These yields are
increased to 75-85% for a total of two washes by con-
tinuous titration to pH 2.2 during the acid treatment
instead of batch addition of HCI without monitoring
the pH. Low yields were also reported for a preparation
in which Na,S;0, was excluded from each step.®

For extraction of acid-denatured protein pellets with
different solvents, base-treated HCONH, has been re-
ported to give yields equivalent to NMF€ or much lower
than NMF.2 This apparent discrepancy might be due
to the relative “basicity” of the HCONH, used in the
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two procedures. Pyrrolidinone was reported to give
yields equivalent to those obtained with NMF.” Var-
iable yields were reported for extraction in DMF con-
taining 5 mM {Et,N1,[S,0,] and 2,0 mM [Et,N][OH].}®
When FeMo-cofactor was isolated in NMF from dena-
tured, DEAE-cellulogse-bound MoFe protein, yields were
comparable (ca. > 70%) to those of the acid-treatment
methods.!? If solvents other than NMF were used to
extract FeMo-cofactor from the column, yields were
variable.!* CH;CN and DMF gave yields comparable
to NMF while THF and C¢Hg gave the lowest yields,
possibly due to the lower solubility of the counterions
in those solvents.

It should be noted that even a 100% yield is not very
much FeMo-cofactor when compared to the quantities
of synthetic inorganic clusters that are routinely syn-
thesized. In our hands, 1 kg (~500 L) of A. vinelandii
cells yields ~1 g of purified MoFe protein which in turn
yields about 67 mg of FeMo-cofactor.* This limitation
in the amount of material available is one reason that
FeMo-cofactor is not yet adequately characterized.

5. Purification

FeMo-cofactor solutions isolated by the original me-
thod! potentially contain a variety of chemical species
including Tris, CI, Na*, HPO,*, citrate, S,0,% (and
its oxidation products), DMF, NMF, water, residual
protein, and adventitious iron and/or molybdenum.
Two general approaches have been used to minimize
the number of chemical species contaminating FeMo-
cofactor solutions. One approach is to change the iso-
lation method and the other is to add a purification step
following isolation and concentration.

Recent reports have appeared describing new isola-
tion procedures which used partially purified MoFe
protein as starting material.>!?"15 In one case a thorough
analysis of the resulting FeMo-cofactor solution re-
vealed that only about one-seventh of the total Mo
present was FeMo-cofactor-associated.®> The rest was
associated with an unidentified contaminating species.
Thus, to maximize the purity of FeMo-cofactor solu-
tions it is probably advisable to maximize the purity of
the MoFe protein starting material as well. A number
of other modifications of the original FeMo-cofactor
isolation procedure have been aimed at maximizing the
purity of the product. For example, it is possible to
eliminate tris and chloride from FeMo-cofactor prepa-
rations by dialyzing the starting material against water
or some other buffer.® Although this procedure may be
advisable if the FeMo-cofactor is to be used for com-
positional analysis, it is sufficiently tedious that it is
rarely carried out in practice. Citrate and phosphate
have also been eliminated by substituting HCI and
NaOH, which at least eliminates one potential organic
contaminant. This procedure is used routinely.® Al-
though dithionite can be eliminated from the entire
procedure, this greatly increases the difficulty of han-
dling the FeMo-cofactor and is generally not done.®
Only one report has appeared which eliminated the
DMF wash step, replacing it with acidic NMF.6 No
thorough examination of the purity of FeMo-cofactor
isolated in solvents other than NMF has been pub-
lished. DMF is expected to yield a purer product at
least with respect to dithionite contamination because
of its low solubility in that solvent. CHZCN, on the



1382 Chemical Reviews, 1990, Vol. 90, No. 8§

other hand, may give FeMo-cofactor solutions with
much higher levels of protein contamination.!3

As indicated above only minor improvements on the
purity of FeMo-cofactor are routinely obtained by
variation of the isolation method. A more common
approach is to purify FeMo-cofactor after it has been
isolated in NMF. For example, during concentration
by vacuum distillation a large amount of white precip-
itate is formed which can be removed by simple filtra-
tion. This precipitate contains contaminating protein
and salts.’ Some investigators have used gel filtration
with Sephadex G-100 or G-25 in NMF to remove con-
taminating protein, salts, and excess Fe?* from FeMo-
cofactor solutions.!®¢ This method, however, may do
more than simply remove contaminating species. Thus,
NMF which has passed through a Sephadex G-100
column sometimes forms a gel when it is heated for
subsequent distillation, indicating that some of the resin
has dissolved in NMF.6

A more promising column technique is the anion-
exchange method described in section II.A.1.e. This
technique reportedly yields material which is much
cleaner by the criterion of electrochemical analysis.!?
However, because FeMo-cofactor is eluted by {Et,N]-
Br!? from the acetate form of an anion-exchange resin,
this procedure introduces at least one and possibly two
additional chemical species. A similar anion-exchange
method has been developed to remove adventitious iron
from FeMo-cofactor solutions,21417 In this procedure
the cofactor is adsorbed onto a DEAE-cellulose column
that has been equilibrated with DMF. The column is
then washed with 2,2’-bipyridyl in DMF (to remove
loosely associated Fe?*) and the cofactor is eluted with
DMF in high salt.!* A major limitation of all DEAE-
cellulose methods is that the final solutions contain high
concentrations of salt, which for many purposes must
be removed subsequently by gel filtration, Another
method designed to remove adventitious Fe?* used the
chelator 1,10-phenanthroline to complex Fe?* followed
by treatment with a cation-exchange resin in order to
remove the [Fe(o-phen);]?* complex.® Unfortunately,
FeMo-cofactor is not stable indefinitely in the presence
of the residual 1,10-phenanthroline, so this method is
not used routinely.®

B. Assay for Biologicai Activity

The most important criterion for the identification
of FeMo-cofactor is its biological activity. To date this
criterion has not been met by any of the numerous
synthetic Mo-Fe-S complexes that are currently
available.!® The assay has two steps which are repre-
sented schematically in Figure 3.

1. Activation of MoFe Protein

The first step in the FeMo-cofactor assay is the ad-
dition of isolated FeMo-cofactor in NMF to a solution
which contains an FeMo-cofactor-deficient MoFe pro-
tein.! Because the protein is missing the cofactor, it
does not have any nitrogenase activity. The source of
the FeMo-cofactor-deficient MoFe protein is usually a
mutant bacterial strain of A. vinelandii or K. pneu-
moniae which is blocked at some step in FeMo-cofactor
biosynthesis (section VII). The group who described
the original isolation of FeMo-cofactor used an A. vi-
nelandii strain designated University of Wisconsin-45
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Figure 3. Schematic representation of the two portions of the
biological activity assay for FeMo-cofactor.

(i.e., UW45).! This mutant was originally isolated by
N-nitrosoguanidine mutagenesis!® and has more re-
cently been shown to have a defect in the FeMo-co-
factor biosynthetic gene which is designated nifB.202!
A number of K. pneumoniae mutants with defects in
the nifB gene (e.g. UN109,! UNF 1718)% are also com-
monly used for FeMo-cofactor assays. Occasionally A.
vinelandii or K. pneumoniae strains with defects in
other FeMo-cofactor biosynthetic genes are also used.?®

The growth of FeMo-cofactor-deficient strains is
complicated by the fact that they do not fix N, and
hence cannot be grown under N,-fixing conditions.!®
They are therefore first grown in the presence of a
fixed-nitrogen source (e.g. ammonia). Unfortunately,
under these conditions the cells do not synthesize the
FeMo-cofactor-deficient MoFe protein. To derepress
the synthesis of the desired protein the ammonia-grown
cells are switched to nitrogen-free media. This can be
accomplished either by harvesting the cells and resus-
pending them in fresh nitrogen-free media® or by let-
ting the culture exhaust the initial ammonia supply.*
The culture remains in the nitrogen-free medium for
3 h. During that time period the cells synthesize the
MoFe protein polypeptides and presumably assemble
them with P-clusters into an FeMo-cofactor-deficient
MoFe protein which can then be used for FeMo-co-
factor assays.

The FeMo-cofactor-deficient MoFe protein is gen-
erally not purified prior to the assay.! Rather, the cells
are simply broken open and centrifuged briefly to re-
move cell debris. The resulting cell-free extract contains
hundreds of proteins in addition to the FeMo-cofac-
tor-deficient MoFe protein. It is not known to what
extent, if any, these other proteins participate in the
activation process.

For a typical assay equal aliquots of extracts con-
taining the FeMo-cofactor-deficient MoFe protein are
incubated with varying amounts of isolated FeMo-co-
factor. Generally about 6 mg of extract protein would
be mixed with 0-10 nmol of FeMo-cofactor.! The
proportion of NMF is kept below 1% because NMF
inhibits reconstitution.#% This can be accomplished by
diluting the FeMo-cofactor with buffer immediately
before its addition to the protein.* After the FeMo-
cofactor is added to the extracts containing the
FeMo-cofactor-deficient MoFe protein, the mixture is
incubated at room temperature for 30 min.! During this
period it is assumed that a normal MoFe holoprotein
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Figure 4. Ability of FeMo-cofactor to activate the inactive
FeMo-cofactor-deficient MoFe protein present in extracts of the
A, vinelandii Nif B~ strain, UW45.! The FeMo-cofactor was
isolated from a variety of MoFe proteins purified from C. pas-
teurianum (0O); K. pneumoniae (*); B. polymyxa (Q); and R.
rubrum (@).

is assembled as shown in Figure 3a. The time required
to assemble the MoFe holoprotein, however, is much
shorter than the 30 min which is generally used.?

2. Assay of the Activated MoFe Holoprotein

The second step in the FeMo-cofactor assay is to
measure the ability of the activated MoFe holoprotein
to reduce C,H, to C,H, as shown in Figure 3b.! The
C,H, reduction assay requires the Fe protein, MgATP,
and Na,S,0, in addition to the activated MoFe protein.
The assay is generally performed by adding the acti-
vated cell-free extracts to a reaction mixture containing
purified Fe protein, MgATP, an ATP generating sys-
tem, dithionite, and C;H, followed by monitoring the
appearance of C,H,.! Typical data from this type of
assay are shown in Figure 4, which is a plot of nano-
moles of C,H, formed per minute versus the number
of nanogram-atoms of Mo present as FeMo-cofactor.
The amount of active MoFe holoprotein formed in-
creases linearly with increased addition of FeMo-co-
factor until a saturation point is reached (Figure 4). At
this point all of the available FeMo-cofactor-deficient
MoFe protein has been activated with FeMo-cofactor.
The specific activity of the FeMo-cofactor is taken from
the linear portion of the graph and is reported in terms
of nanomoles of C,H, formed per min per nanogram-
atom of Mo.! Problems in quantifying this assay have
been considered in detail.®??” The theoretical maxi-
mum for the specific activity of FeMo-cofactor is about
275 nmol of C;H, min™! (ng-atom of Mo)™! based on
both the measured and the calculated maximum spe-
cific activities of the MoFe protein.® The unreasonably
high activity of 430 nmol C,H, min™! (ng-atom of Mo)™
was originally reported for A. vinelandii FeMo-cofac-
tor,! but this value was later revised to 275 by the same
group.?? Most investigators report values in the 200-275
range.>1:8-16,28

Biological activity is the best criterion for the iden-
tification of FeMo-cofactor and the best test of its in-
tegrity. Therefore, it is important to consider situations
where low activities might be obtained for reasons un-
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related to the condition of the FeMo-cofactor, Such a
situation arises if there is some species present in the
FeMo-cofactor solution which binds to the FeMo-co-
factor-deficient MoFe protein, preventing FeMo-co-
factor from binding, For example, in addition to oxy-
gen-degraded FeMo-cofactor, a subcomponent of
FeMo-cofactor called the MoFe cluster,”® MoS,>, or the
compounds [(CH;) P]oMoS,;Fe(SC¢H;), and [(C,H;),-
P],MoS,FeCl, (which contain a MoS,2 core) all inhibit
the activation portion of the FeMo-cofactor assay.® If
partially purified MoFe protein is used as starting
material for FeMo-cofactor isolation, the solutions
contain a contaminating Mo species, of unknown origin,
which also inhibits the first portion of the assay.® Be-
cause of their similarity to portions of FeMo-cofactor,
these species are likely to bind specifically to the
FeMo-cofactor site of the FeMo-cofactor-deficient
MoFe protein. Thus, the ability of inorganic FeMo-
cofactor model complexes to inhibit the reconstitution
assay may be one measure of their similarity to
FeMo-cofactor or portions of FeMo-cofactor. To date,
no complete study of the inhibitory effects of model
complexes has been undertaken.

Other chemical species might inhibit the activation
portion of the assay nonspecifically by unfolding the
protein or by binding to the protein at a site remote
from the FeMo-cofactor site. NMF appears to be one
such species as it interferes both with the activation and
with the activity-measurement portions of the assays.?
Thus, for any experiment where the addition of a sol-
vent or chemical species to FeMo-cofactor leads to a
decrease in activity it is important to demonstrate
whether or not the reagent is affecting the FeMo-co-
factor-deficient protein before concluding that the
FeMo-cofactor itself has been damaged by the reagent.
Finally, it is theoretically possible that the FeMo-co-
factor could be modified by addition of a tight-binding
ligand such that the FeMo-cofactor-deficient MoFe
protein could not compete successfully.

11I. Chemical Composition

A. Inorganic Composition
1. Molybdenum

During FeMo-cofactor isolation the Mo originally
present in the MoFe protein is extracted into NMF.
The amount of Mo present is generally quantified by
using atomic absorption spectroscopy at 313 nm3! with
a graphite furnace or by a toluene-3,4-dithiol colori-
metric method.®32 In either case the sample is digested
overnight at 100 °C in acid prior to performing the
assay. Evidence that the Mo is present as part of a
cluster containing Fe and S atoms first came from Mo
XAS experiments® which are discussed in section VLE.

2. Iron

During FeMo-cofactor isolation approximately half
of the iron originally associated with the MoFe protein
is extracted into NMF.! Quantitation of Fe present is
straightforward, involving acid digestion of the sample
followed by either atomic absorption spectroscopy at
248.3 nm3! with a graphite furnace or by colorimetric
methods using bathophenanthroline.?3® However,
because the MoFe protein contains P-clusters in ad-
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TABLE 2. Analytical Values of Fe:Mo Ratlo for Various
FeMo-Cofactor Preparations

isolation method concn Fe:Mo  ref
original! no 1.9 1
originall no 8.2 31
citrate/phosphate, pH 2.0° no 10.0 5
DMSO0# no 8.0 5
original! vacuum distillation 6.9 £ 0.1 4
variations on original® no 76x04 6
HCI/NaOH® DEAE 63£05 10
DEAE/2,2-bipyridyl wash!? DEAE 55%05 17
DEAE/2,2"-bipyridyl in DEAE 52t07.5 12

DMF12

HCI/NaOH® vacuum distillation 6.8to 7.1 74
HCl/NaOH® DEAE 6.1 0.1 108
pyrrolidinone’ no 7 7

dition to FeMo-cofactor, it is possible that not all of the
Fe extracted into NMF is FeMo-cofactor associated.

Table 2 gives representative analytical data for
FeMo-cofactor preparations from a number of labora-
tories and reports the values in terms of a ratio of Fe
to Mo. The original report of FeMo-cofactor isolation
gave a value of 8Fe:1Mo.! Using the same method other
laboratories reported both higher (10Fe:1Mo)® and
lower (7Fe:1Mo)* values. Specific activities were similar
for all preparations. The higher values were attributed
to insufficient washing of the protein pellet, leading to
the presence of adventitious Fe in the final NMF so-
lution.® This argument has also been used to explain
the observation that the first wash of the protein pellet
gives ratios of Fe to Mo higher than those obtained for
subsequent washes.®

Three arguments have been offered in favor of the
8Fe:1Mo stoichiometry. First, this ratio is obtained
routinely by a number of groups (Table 2). Second, the
elution profile of FeMo-cofactor from a size-exclusion,
Sephadex G-100 column gave an 8Fe:1Mo ratio for all
fractions which contained FeMo-cofactor.! Third, an
Fe- and Mo-containing cluster has been isolated from
the MoFe protein by acidified methyl ethyl ketone ex-
traction, which has a lower ratio of 6Fe:1Mo.2?? Al-
though this cluster, when transferred to NMF, has the
same spectral properties as FeMo-cofactor, it has no
biological activity in the A. vinelandii UW45 assay.?
This has led to the suggestion that the two additional
Fe atoms per Mo found in FeMo-cofactor solutions were
an integral component of FeMo-cofactor and were re-
quired for biological activity.?

Alternative explanations have been offered for all
three of the arguments listed above. First, lower ratios
of 6-7Fe:1Mo have been reported by a number of
groups (Table 1) and are generally obtained for more
concentrated and purified samples.®1%!7 These samples
also have high specific activity. Second, a number of
small molecules (e.g. Cl-, HPO,*) do comigrate with
FeMo-cofactor on Sephadex G-100 and it is thus pos-
sible that adventitious Fe also comigrates.® Third, it
is possible that the FeMo-cluster originally isolated in
acidified methyl ethyl ketone which, when transferred
to NMF, has the spectral properties of FeMo-cofactor®
represents the true inorganic composition of FeMo-co-
factor. Its inability to activate the FeMo-cofactor-de-
ficient MoFe protein could then be explained if it were
missing an essential organic component (section IILB.).

There is little doubt that FeMo-cofactor solutions do
contain some adventitious Fe. The problem is in trying
to determine if the adventitious Fe arises from the
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Figure 5. Visible spectral changes for the interactions of 1,10-
phenanthroline with FeMo-cofactor.? 1,10-phenanthroline was
added anaerobically to a FeMo-cofactor solution. A(J) is [Fe-
(phen)3]?* formed immediately and is believed to represent ad-
ventitous iron, A(T) represented the total [Fe(phen)s]?* formed
after air oxidation. FeMo-cofactor associated iron is calculated
from [A(T)] - [A(D)].

P-clusters originally in the MoFe protein or if it arises
from decomposition of FeMo-cofactor after its isolation.
To help resolve this issue methods have been developed
to identify, quantitate, and remove adventitious Fe
from FeMo-cofactor solutions. Attempts to remove Fe
directly by binding it to a cation-exchange resin were
unfortunately unsuccessful, indicating that the adven-
titious Fe present in FeMo-cofactor solutions is com-
plexed in some way to give it a net neutral or negative
charge.®

Figure 5 shows a simple assay that has been devel-
oped for quantifying the amount of adventitious Fe
present in FeMo-cofactor solutions.® If 1,10-
phenanthroline (or 2,2"-bipyridyl) is added to an FeMo
cofactor solution, a variable percentage of Fe reacts
immediately with the chelator without affecting the
FeMo-cofactor reconstitution activity. If the FeMo-
cofactor solution is then exposed to O,, all reconstitu-
tion activity is lost and all of the Fe present in the
solution reacts with the chelator (Figure 5). Using this
method Yang et al. have shown that there is an inverse
correlation between the amount of easily complexed Fe
in an FeMo-cofactor solution and the specific activity
of the FeMo-cofactor. These results demonstrate that
most of the easily complexed, adventitious Fe arises not
from the P-clusters originally in the MoFe protein, but
rather from the decomposition of some of the FeMo-
cofactor in solution. Thus, unfortunately, this method
does not resolve the question of whether 8Fe:1Mo or
6-7Fe:1Mo is the correct composition for FeMo-cofac-
tor. The authors do point out that the solutions with
the lowest percentage of easily complexed Fe and the
highest specific activities give the lower ratio of
7Fe:1Mo.

To date the best analytical argument in favor of the
lower 6-7Fe:1Mo ratio comes from recent reports of
preparations that have been purified by anion-exchange
chromatography. One report gave a ratio of 6.3 £
0.5Fe:1Mo for an average of eight purified samples
which contained less than 15% adventitious Fe by the
1,10-phenanthroline assay described above.!® These
samples had high specific activities and did not contain
electrochemically active contaminating species. The
other report gave a ratio of 5.5 £ 0.5Fe:1Mo for samples
of high activity which had been treated with 2,2’-bi-
pyridyl on an anion-exchange column to remove ad-
ventitious Fe.!” Because the starting material for these
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preparations was crystalline MoFe protein, which pre-
sumably did not contain any adventitious Mo, it is
difficult to see how preparations with normal activity
could have such low Fe:Mo ratios if the true ratio for
active FeMo-cofactor is 8Fe;:1Mo. Although the ana-
lytical data described above do not give a definitive Fe
composition for FeMo-cofactor, they do point to a
minimum stoichiometry of 6Fe:1Mo.

3. Sulfide

FeMo-cofactor was originally reported to contain six
S?- atoms per Mo.! This measurement was made on an
“essentially dithionite-free” sample by using a standard
methylene blue formation assay.® This general method
was later criticized, however, because it failed to accu-
rately measure the sulfide content in various [MoFeS]
model compounds.®” A new method was suggested and
a subsequent report by a different group compared it
directly to the methylene blue assay,® using FeMo-
cofactor samples that had been isolated in the complete
absence of dithionite.® Although these samples gave 3.9
+ 0.3 S% per Mo regardless of which method was used,
in that study, both methods gave low values for model
complexes of known S~ content.

Because of the controversy surrounding these chem-
ical methods and their inability to measure, accurately,
the sulfide content of model compounds, other tech-
niques were developed in attempts to determine the
sulfur content of FeMo-cofactor. The simplest involved
growing cells on radioactive ¥S0 %, purifying the MoFe
protein, isolating and purifying its FeMo-cofactor, and
measuring its 3S content. The method measures total
S and not just acid-labile S, One group reported four
S atoms per Mo using this method® although, it was
later reported that this value was not reproducible and
varied from 3.7 to 12.5 S per Mo.26 The major problem
with the technique was that it required an accurate
knowledge of the quantity of %8S, relative to total S in
the sample. This problem was overcome by Nelson et
al., who used proteins of known S composition as in-
ternal standards and arrived at a ratio of 8.7 £ 1 of non
amino acid sulfur per Mo in FeMo-cofactor.3! A very
similar value of 8.82 £ 0.55S:1Mo was later obtained
in a different way by inserting [3S]FeMo-cofactor into
purified FeMo-cofactor-deficient MoFe protein and
then purifying and characterizing the resulting MoFe
holoprotein.?® Thus, there now appears to be agreement
that the minimum stoichiometry is about 8-9S:1Mo.
Because there is no evidence for organic S in isolated
FeMo-cofactor, all endogenous S is presumed to be
acid-labile S%-,

B. Organic Composition

Shortly after FeMo-cofactor was originally isolated
attempts were made to establish whether or not it
contained an endogenous organic component. Attention
first focused on the possibility of a peptide component,
but extensive independent investigations demonstrated
that active, purified FeMo-cofactor solutions do not
contain amino acids.>%4 Attempts to identify sugars
in isolated FeMo-cofactor also produced negative re-
sults® and an early report that lipoic acid and coenzyme
A were part of FeMo-cofactor! was later shown to be
erroneous.’ These early experiments eliminated some
obvious possibilities without providing definitive evi-
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dence either for or against an organic component,

The realization that FeMo-cofactor does contain an
endogenous organic component has come slowly
through a combined genetic/biochemical approach.
The story began in 1981 with the characterization of
mutant strains of K. pneumoniae which were defective
in their ability to fix N, but were able to reduce C,H,.*?
This phenotype had previously been shown to be as-
sociated with a defect in the nifV gene3# (see section
VII for discussion of nif genes). The inability of Nif
V- strains to fix N, was first shown to be due to an
alteration in the MoFe protein‘®44 and was later
traced further to the FeMo-cofactor site of that pro-
tein.4” Thus, when FeMo-cofactor isolated from puri-
fied Nif V- MoFe protein was used to activate the
FeMo-cofactor-deficient MoFe protein synthesized Nif
B~ strains the resulting MoFe holoprotein was unable
to fix N, but could reduce C,H,.#" It was therefore of
great importance to discover what structural feature of
the Nif V- FeMo-cofactor was responsible for its ina-
bility to fix N,.

One approach to this problem was to isolate FeMo-
cofactor from purified Nif V- MoFe protein and subject
it to all of the analytical procedures and spectroscopic
probes (section IV) that had previously been used to
characterize wild type FeMo-cofactor. It was thus es-
tablished that (1) the Fe:Mo ratio was identical in wild
type and Nif V- FeMo-cofactor,*” (2) the electron
paramagnetic resonance (EPR) spectral properties were
unchanged,? (3) the number and distances of Fe and
S atoms observed by XAS to be close to the Mo were
unchanged,*®*° and (4) the low-temperature magnetic
circular dichroism (MCD) spectral properties were un-
changed.?® This lack of evidence for a clear difference
in the metal core of Nif V- FeMo cofactor, when com-
pared to the wild type, led Smith et al. to suggest that
the difference might be due to some unknown en-
dogenous organic component.? To date the only
spectroscopic difference that has been demonstrated
between the Nif V™ and wild type FeMo-cofactors is a
change in the ®*Mo electron nuclear double resonance
(ENDOR) spectra which shows that the Mo site is
perturbed in the mutant cofactor.#’ Those data were
interpreted to indicate that the Nif V- FeMo-cofactor
differs by addition, subtraction, or replacement of a
non-sulfur ligand weakly bound at or near Mo*® and
were consistent with the suggestion? that the differ-
ences might be due to an alteration in an unknown
organic component,

Proof that FeMo-cofactor has an organic component
was finally obtained via the biochemical detective work
of Hoover et al.’*% In 1986 they discovered that a low
molecular weight factor was needed for FeMo-cofactor
biosynthesis which was present in wild type cells but
absent in Nif V- cells.® This factor was later purified
and identified as homocitric acid ((R)-2-hydroxy-1,2,4-

COOH
HCH
HOOC—(!? ~=0OH
HCH
HCIIH

|
COOH

(A)~homocitric acid
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butanetricarboxylic acid) with 'H and 3C nuclear
magnetic resonance (NMR) and positive-ion fast atom
bombardment (FAB) mass spectroscopy.>

Because Nif V- cells do not synthesize homocitrate,
the nifV gene was proposed to code for a homocitrate
synthetase.5® Although confirmation of this proposal
must await purification of the nifV gene product, it has
been demonstrated that the addition of homocitrate to
the media of Nif V- cells of K. pneumoniae during
nitrogenase synthesis leads to the production of normal
MoFe protein.52 Presumably Nif V- cells should also
be able to grow at wild-type rates under N,-fixing
conditions if homocitrate is added to the medium, al-
though this experiment has not been reported.

The specific function of homocitrate in FeMo-cofac-
tor biosynthesis is currently unknown. The fact that
it is excreted into the medium of N,-fixing K. pneu-
moniae suggests that it may have a role in metal che-
lation, uptake, and/or initial processing.’! Whatever
its role in these early steps in FeMo-cofactor biosyn-
thesis, it is now clear that homocitrate is also incorpo-
rated into the final FeMo-cofactor product to give a
ratio of one homocitrate per Mo0.® Thus, homocitrate
has been released from purified MoFe protein and
identified by 'H NMR spectroscopy.’®* Homocitrate has
not yet been isolated from purified FeMo-cofactor so-
lutions. However, when ®H-labeled homocitrate was
added to an in vitro FeMo-cofactor biosynthesis system,
the °H label remained with the FeMo-cofactor during
its isolation from the resulting *H-labeled MoFe pro-
tein.5 Taken together with the observation that the
inability of the Nif V- MoFe protein to fix N, was due
to a defect in its FeMo-cofactor,’ these data provide
very strong evidence that homocitrate is an endogenous
organic component of FeMo-cofactor.

The observation that the MoFe protein isolated from
Nif V- cells was still able to reduce C;H, at reasonable
rates led to the suggestion that it may have some other
organic molecule (e.g. citrate) incorporated into its
FeMo-cofactor in place of homocitrate.’3 Support for
this idea came from the in vitro biosynthesis of
FeMo-cofactor using organic acids other than homo-
citrate.’%% A number of these analogues (e.g. citrate,
(R)-citramalate, cis-aconitate) were able to support the
synthesis of MoFe proteins which could not reduce N,
but which still had the C,H,-reducing ability of the Nif
V™ MoFe protein, Of those analogues, only citrate is
likely to be present in high enough quantities in vivo
to support the synthesis of an aberrant FeMo-cofactor
and a preliminary report indicates that citrate has been
isolated from Nif V- MoFe protein.*

C. Exogenous Ligands to Isolated
FeMo-Cofactor

FeMo-cofactor solutions often contain a large number
of chemical species (e.g. CI", Na*, citrate, HPO,*", S,0,%
and its oxidation products, and NMF) in addition to
the Mo, Fe, S?-, and homocitrate that make up the
FeMo-cofactor core cluster. One or more of these
species are likely to serve as exogenous ligands to the
metal atoms in isolated FeMo-cofactor, replacing the
ligands that were originally supplied by the MoFe
protein. Just as the chemical species present depend
upon the isolation method used, the ligands may vary
from preparation to preparation. This possibility was
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TABLE 3. Solvents That Have Been Used To Extract
FeMo-Cofactor from Acid Denatured Protein Pellets
without Addition of [Et,N1,[S:0.J°

0\\ /H required for extraction
C—N
/ \
DMF 0\\ /CHa does not extract
C—N
/
\CH,
NMF o\\ /H extracts well
C—N
/
H \CH,
formamide o\\ /H extracts poorly
C—N
/ \
H H
pyrrolidinone o\\ /H extracts well
C—N
/N
He ok,
CH,

recognized early on by Smith et al., who showed that
the apparent molecular weight of FeMo-cofactor varied
from 800 to 1500, depending upon the isolation me-
thod.> That molecular weight range is slightly higher
than the 900-1000 range calculated for a 1Mo:6-
8Fe:8-9S:1homocitrate core, which is also consistent
with the presence of exogenous ligands,

At least some of the exogenous ligands are likely to
be anionic because isolated FeMo-cofactor has been
demonstrated to bind strongly to anion-exchange resins
and to migrate toward the anode during anaerobic
electrophoresis.® The 1Mo:6-8Fe:8-9S core is un-
doubtedly positively charged and one homocitrate lig-
and is unlikely to produce an FeMo-cofactor species
with an overall negative charge. Early experiments
indicated that NMF was a likely ligand because 10 nmol
of the NMF hydrolysis product, methylamine, per nmol
of FeMo-cofactor, remained in samples that had been
evaporated to dryness.5 Because only basic NMF was
able to extract FeMo-cofactor, it was further suggested
that the ligation was through nitrogen and required a
dissociable proton.®’ This was supported by FT-IR
data showing an intense band at 1600 cm™! character-
istic of N-deprotonated amide ligands.” As shown in
Table 3, the observation that pyrrolidinone, formamide,
and NMF could extract FeMo-cofactor from acid-de-
natured protein pellets, while DMF could not, further
supported the idea that NMF was behaving as an an-
ionic ligand.®’

The requirement for a N-deprotonated amide ligand
was first questioned by Lough et al., who suggested that
the inability of a solvent to extract FeMo-cofactor might
be related to the lack of solubility of Na,S,0, in that
solvent.!® Using DMF-soluble [Et,N],[S,0,] they were
able to extract good yields of active FeMo-cofactor in
DMF, demonstrating that a dissociable proton was not
required. The probable function of S,0,% in that
system was recently revealed by Hedman et al. who
used sulfur K and molybdenum L edge XAS to examine
samples of FeMo-cofactor that had been isolated in the
presence of S,0,% and its oxidation products.®® The
data clearly showed the presence of an oxidized sulfur
species in FeMo-cofactor with the spectral features of
a thiosulfate ligand. Thus, it seems most likely that
S,0,%, derived from the disproportionation of S;0,%
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into SZOEZ' and HSOy", is a ligand to isolated FeMo-
cofactor.”® The same study showed that Cl- was not a
ligand for FeMo-cofactor preparations that had been
isolated in the presence of both HCI and S,0,>. It
should be noted that S,0,2" is not required for FeMo-
cofactor isolation.!® Thus, anionic species other than
S,0, must be able to serve as ligands to isolated
FeMo-cofactor, if necessary.

That there is no absolute requirement for an amide
solvent to extract FeMo-cofactor was further demon-
strated by Wink et al., who produced active samples in
a variety of solvents including DMF, MeOH, CH,CN,
acetate, THF, and CH,Cl,.!* They showed that the
solubility of FeMo-cofactor in these solvents was con-
trolled by the presence of a suitable counterion, Thus,
FeMo-cofactor was readily soluble in basic NMF when
Na* and K* were the only available counterions while
in less polar solvents tetrabutylammonium counterions
had to be added in order to solubilize FeMo-cofactor.
That study did not address directly the issue of ex-
ogenous ligands to FeMo-cofactor. However, it did
point out that although FeMo-cofactor could be solu-
bilized in a variety of solvents after extraction into
NMF only a few of these could be used to release
FeMo-cofactor from the protein initially. Thus, those
solvents (e.g. DMF, THF) may actually displace protein
ligands and be bound to FeMo-cofactor.!4

IV. Physical Properties

Based on the above considerations, the minimum
composition of isolated FeMo-cofactor is likely to be
1Mo:6Fe:8S:homocitrate:1(S,04%7), with probably ad-
ditional ligation by solvent. This section discusses what
is known about the organization of the metal atoms
relative to each other and to the ligands. This infor-
mation has come primarily from spectroscopic studies
which compared the properties of isolated FeMo-co-
factor to those of the S = 3/, center (M-center) of the
MoFe protein and to inorganic model complexes of
known structure.!®

A. Optical Spectroscopy

The original report of FeMo-cofactor isolation, done
in the presence of excess dithionite, showed a visible
absorption spectrum which was featureless with grad-
ually decreased absorbance in the 300-800-nm region.
Since then UV/vis spectroscopy has not been used as
a tool to characterize FeMo-cofactor, presumably be-
cause NMF prevents studies below 265 nm and the
dithionite ion, which is generally present, absorbs
maximally at 313 nm. This situation may soon change
with the isolation of FeMo-cofactor in solvents other
than NMF!34 and a recent report of successful removal
of dithionite and other absorbing impurities by Seph-
adex G-25 chromatography.!® The latter report, how-
ever, showed that the near-UV /vis spectra of purified
FeMo-cofactor samples varied from preparation to
preparation. The authors attributed this finding to
FeMo-cofactor existing in a mixture of electronic states
in solution which unfortunately greatly complicates the
interpretation of optical data.

It has been reported that isolated FeMo-cofactor in
NMF (which does not have protein ligands) does not
exhibit any detectable CD.” This result may now be
somewhat surprising in view of the fact that FeMo-co-
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Figure 6. EPR spectra at 13 K of the A, vinelandii MoFe protein
(a) and isolated FeMo-cofactor in NMR from A. vinelandii (b),
C. pasteurianum (c), and K, pneumoniae (d).% Spectrum e
represents the A. vinelandii FeMo-cofactor at 4 K,

factor appears to contain the chiral ligand (R)-homo-
citrate.

B. EPR Spectroscopy

EPR spectra of isolated FeMo-cofactor samples from
a variety of organisms were first reported in 1978 by
Rawlings et al.®® As shown in Figure 6 the EPR signal
exhibited by isolated FeMo-cofactor in NMF® is similar
to, although much broader than, the signal exhibited
by the M-center of the MoFe protein.?® Both signals
are unique in biology, and are characteristic of S = 3/,
centers. The demonstration of this signal provided the
first evidence that the EPR active M center of the
MoFe protein had been isolated as an intact entity in
NMF and that the two species were very similar in
structure. The integration of the signals for both the
M-center and isolated FeMo-cofactor to 1.0 spin per Mo
was also consistent with the presence of 1 Mo per
FeMo-cofactor center.®® The broadening of the EPR
signal upon extraction into NMF was attributed to an
unspecified change in ligation.® In addition to this
broadening, there is a small absorption feature in the
£ = 6.0 region that is observed at 14 K for the isolated
FeMo-cofactor but not for the protein (Figure 6). This
feature, which disappears at 4 K, has been attributed
to components of the M, = 3/, excited state, of the S
=3/, (M, =1/, ground state) system,586061

C. Méossbauer Spectroscopy

Maéssbauer spectroscopy has played a major role in
increasing our understanding of the structural organi-
zation of the FeMo-cofactor. Prior to the isolation of
FeMo-cofactor, biophysical experiments had shown that
the S = 3/, M-center of the MoFe protein was an Fe-
containing complex.62191 Proof that the EPR signal of
isolated FeMo-cofactor similarly arose from an Fe-
containing cluster was obtained by Méssbauer experi-
ments performed shortly after the initial isolation of
FeMo-cofactor.’® These experiments showed that the
Mossbauer spectrun of isolated FeMo cofactor in NMF
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Figure 7. Mossbauer spectra at 4.2 K for A. vinelandii isolated
FeMo-cofactor in NMF (a). Sample b is after addition of thio-
phenol to a, and c is for the M-center of the intact C. pasteur-
ianum MoFe protein.%®

is very similar to, but not identical with, that obtained
for the S = 3/, M-center of the MoFe protein. The S
= 3/, center in both species was also shown to contain
five to seven, most probably six, Fe atoms, consistent
with the lower values obtained from analytical stud-
ies,586283 Mossbauer data did not resolve each of the
individual Fe atoms but did group them into two dis-
tinct classes, Taken together, the Maéssbauer data
demonstrated that at least the majority of Fe atoms in
isolated FeMo-cofactor solutions were components of
a novel spin-coupled complex which was responsible for
the S = 3/, EPR signal. All of the Fe atoms associated
with the S = 3/, center in isolated FeMo-cofactor were
reported to have the same quadrupole splitting (AEq
= (.75 mm/s) and isomer shift (S = £0.37).% These
parameters were used to examine the valencies of the
Fe atoms in the S = 3/, M-center by comparison with
those from [FeS] proteins of known structures. One
conclusion from that comparison was that the Fe sites
of FeMo-cofactor do not appear to exhibit trapped va-
lencies as seen in [Fe,S,] ferredoxins, but rather appear
to exhibit delocalized valencies as seen for [Fe,S,]
ferredoxins.

As shown in Figure 7, the differences between the
Mossbauer spectra of the M-center and isolated
FeMo-cofactor were primarily observed as a broadening
of the absorption bands upon isolation in NMF. These
differences may be due to a greater magnetic anisotropy
of the Fe environment in FeMo-cofactor and also a
greater heterogeneity of the molecules in the sample.®
A small quadrupole doublet, marked by brackets in
Figure 7, was attributed to a minor Fe contaminant or
to the presence of some oxidized (S=0, vide infra)
FeMo-cofactor in the sample.?606263 The observed
changes in the Méssbauer spectrum upon NMF ex-
traction of the FeMo-cofactor from its protein envi-
ronment have been interpreted in terms of increased
symmetry for the extracted species.® This idea is
supported by MCD experiments which clearly show
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Figure 8. Background-subtracted Mo ENDOR of the MoFe
protein from C. pasteurianum at listed g values corresponding
to fields across the EPR absorption envelope.®® The center (o)
and splitting (|-]) of the **Mo m, (£!/,) Larmor doublet is in-
dicated in each spectrum; a vertical line corresponding to vy also
is indicated.

much sharper features for the isolated FeMo-cofactor
than for the M-center of the MoFe protein, consistent
with the geometry of the cluster being more regular in
the extracted state.* It is of course logical that a chiral
protein ligand would have much more control over the
geometry of the cluster and a far greater ability to in-
duce asymmetry in the cluster than the much smaller
ligands available in NMF solution. However, the ar-
gument raised by one group, that the narrow line widths
of the quadrupole doublets in the Mossbauer spectrum
of isolated FeMo-cofactor were indicative of all Fe at-
oms being in equivalent environments, is clearly in-
consistent with other spectroscopic data (e.g. XAS, vide
infra).

D. ENDOR Spectroscopy
1. Mo ENDOR

The EPR and Mossbauer data described above dem-
onstrated that the M-center of the MoFe protein and
isolated FeMo-cofactor were structurally similar, that
as isolated with S,0,% both were metal clusters with
total electronic spin of S = 3/,, that in both cases about
six Fe atoms were present in the S = 3/, centers, and
that the unpaired spins were associated with Fe. Al-
though the S = 3/, EPR signal of the MoFe protein
does not broaden with enrichment by *Mo,% a small
participation of Mo in the S = 3/, M-center was sug-
gested early on by other EPR experiments,%6¢ These
included brief reports of multiple-pulse EPR which
showed that **Mo- and ®Mo-containing MoFe proteins
exhibited differences in echo decay.®® However, the
electronic integration of Mo into the M-center, S = 3/,
system was first demonstrated directly by **Mo-EN-
DOR spectroscopy of the MoFe protein.6% (ENDOR
experiments have not been reported for isolated
FeMo-cofactor.)

Figure 8 shows the Mo ENDOR spectra of the
MoFe protein, measured at a variety of magnetic fields
corresponding to g values within the EPR absorption
envelope.®® The top and bottom spectra give single-
crystal-like ENDOR because they are taken at the ex-
treme edges of the EPR spectrum, near g/, (top) and
g’, (bottom). The existence of the *Mo ENDOR signal
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Figure 9. 5Fe ENDOR of MoFe proteins from A. vinelandii
(Avl), K. pneumoniae (Kp1), and C. pasteurianum (Cp1).8 The
assignment of five Larmor-split doublets is indicated, as are the
frequencies corresponding to A/2 (0).

proves that Mo is integrated into the S = 3/, M-center
of the MoFe protein.5” The g/, Mo ENDOR signal is
broad and consistent with a hyperfine coupling constant
of AMo =81 MHz. This value was used to simulate
broadening of the EPR signal upon enrichment with
%Mo, assuming one or two Mo atoms per M-center.
The lack of broadening observed experimentally®? was
found to be consistent with one Mo atom per M-center
and inconsistent with two.5"%8 The small value of the
%Mo hyperfine coupling, relative to paramagnetic Mo
complexes, was used to argue that the Mo should be
classified as a diamagnetic, even-electron ion with an
even formal valency and not as Mo(V) or Mo(III).%8

Additional information has come from consideration
of the ¥Mo quadrupole coupling parameters inferred
from the ENDOR measurements. The quadrupole in-
teraction strength, P,M°, for the MoFe protein was
found to be ca. 1.6 MHz, reflecting the asymmetric
distribution of electrons in the vicinity of the Mo nu-
cleus. These data were used to argue that the Mo atom
in the M-center was in a highly asymmetric coordina-
tion environment.5®

2. Fe ENDOR

5"Fe ENDOR for the M-center of the MoFe protein
has been published at low® and high®™ resolution.
Figure 9 gives the high-resolution data at g’, clearly
showing five Larmor-split doublets.%8 These data dem-
onstrate that there are at least five distinct types of Fe
sites in the S = 3/, M center, each of which appears to
have different hyperfine tensor values. If each type of
site contained a single Fe atom then these data would
be in agreement with the lowest analytical values and
the lower limit on the number of Fe atoms (five per Mo)
observed by Mossbauer. However, the currently
available 5Fe ENDOR data do not eliminate the pos-
sibility of a sixth, seventh, or eighth Fe atom in the S
= 3/, center if it has very small hyperfine coupling.%®

E. X-ray Absorption Spectroscopy

In 1977, when the isolation of FeMo-cofactor was first
reported, a promising new method called X-ray ab-

Chemical Reviews, 1980, Vol. 90, No. 8 1389
FeMo - COFACTOR

Wosmmwm Mo-Fe

! NN

NORMALIZED ABSORBANCE

—

20000 20125 20250
ENERGY (EV)

Figure 10. A comparison of the Mo K edge X-ray absorption
components of lypolized C. pasteurianum MoFe protein (bottom),
crystallized A. vinelandii MoFe grotein (middle), and FeMo-
cofactor extracted in NMF (top).3?

sorption spectroscopy (XAS) was being developed to
study the local environment around a specific type of
metal atom in a metalloprotein of unknown structure.”
Following an XAS study of Mo complexes,’ the tech-
nique was immediately applied to the FeMo-cofactor
problem. Mo K edge X-ray absorption data have now
been collected for both the MoFe protein and the iso-
lated FeMo-cofactor in NMF.!1133% Two general regions
of the spectrum have been analyzed to give structural
information about the Mo environment in FeMo-co-
factor, the X-ray absorption edge and near edge (col-
lectively referred to herein as XANES) and the ex-
tended X-ray absorption fine structure (EXAFS).
Analysis of the XANES gives information about the
oxidation level and coordination geometry of Mo, while
analysis of the EXAFS gives information concerning the
number and distances of atoms neighboring to Mo.
Figure 10 gives a qualitative comparison of both regions
of the spectrum for isolated FeMo-cofactor and the
MoFe protein. These 1978 data led to the unambiguous
conclusion that the Mo environments of both species
were extremely similar in structure. Evaluation of these
data has subsequently led to a detailed picture of the
structural organization of the Mo environment in both
species.

1. Mo K XANES

In the initial analysis (1978) the Mo K XANES region
of MoFe protein and FeMo-cofactor spectra were com-
pared with the data collected for Mo complexes that
were then available.3®’2 Many of those complexes
contained terminal oxo linkages™ which gave rise to a
distinctive “preedge” feature.” This feature was clearly
absent in the MoFe protein and FeMo-cofactor spectra,
demonstrating that the Mo in these species did not have
terminal oxo ligands. Quantitative analysis of the 1978
EXAFS data (vide infra) spurred the synthesis of nu-
merous additional Mo-Fe-S complexes with oxygen and
sulfur ligands in the first coordination sphere.!® A
detailed comparison of the XANES spectra of those
complexes and FeMo-cofactor was subsequently re-
ported.” That study grouped the model complexes
according to the following categories: (I) those con-
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TABLE 4. Average EXAFS Results on the Mo Sites in the MoFe Protein, FeMo-Cofactor, and FeMo-Cofactor +
Thiophenol/Selenophenol!!
O shell S shell Fe shell
Mo-0 no. of Mo-S no. of Mo-Fe no. of
dist, A atoms dist, A atoms dist, A atoms
semireduced MoFe protein 2.12 %+ 0.01 1.7 2.37 + 0.01 4.5 2.68 % 0.01 3.5
as-isolated FeMo-cofactor 2.10 £ 0.02 3.1 2.37 £ 0.02 31 2.70 £ 0.02 2.6
FeMo-cofactor + PhSH/PhSeH 2.11 £ 0.01 2.6 2.37 £ 0.01 4.0 2.70 = 0.01 3.3
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Figure 11, 32A/8E? of the Mo K absorption edge of the di-
thionite-reduced MoFe protein of C. pasteurianum, isolated A.
vinelandii FeMo-cofactor in NMF, FeMo-cofactor + thiophenol,
and FeMo-cofactor + selenol.”™

taining tetrahedral [MoS )%, (II) mononuclear com-
plexes with the MoSg coordination unit, (III) complexes
with MoS;03 units with effective Cy, symmetry, (IV)
those containing nearly isometric MoS,0, coordination
units of effective C, symmetry, and (V) a single complex
with a MoS30,C coordination unit.

Figure 11 shows the second-derivative Mo K XANES
spectra for the FeMo-cofactor and the MoFe protein.™
These data demonstrated that in both species the Mo
geometry and the first shell of the nearest neighbors to
the Mo atoms were very similar, but not identical.
These data were compared to those obtained for the five
classes of model complexes discussed above.” The re-
sults unambiguously demonstrated that the coordina-
tion unit in FeMo cofactor is not tetrahedral [MoS,)%
(category I) or MoSg (category II) and that the Mo
environment is also significantly different from those
of complexes in categories IV and V. As shown in
Figure 11, the FeMo-cofactor spectra most closely re-
semble those obtained for the complexes in category III
which have the MoS;0; coordination unit with Mo—O
bond lengths in the 2.1-2.2-A range. The two complexes
in that category are (Et,N);[MoFe,S,(SEt)s(catecho-
late)]76 and (Et4N)3[M02FGGSB(SEt)6(OMe)3] (Figure
12).77 Thus, a major conclusion from that study was
that the first shell of nearest neighbors to the Mo atoms
in FeMo-cofactor consists of significant numbers of both
hard and soft ligands.

2. Mo K EXAFS

The original analysis of the Mo EXAFS region of the
MoFe protein produced the first indication of the
cluster nature of the Mo-containing complex in
FeMo-cofactor by demonstrating that Fe and S atoms
were nearest neighbor atoms to Mo, with sulfur being
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Figure 12, §°A/3E? of the Mo K absorption edge™ of (Et,N),-
[MoFe,S (SEt)a(cat )31 (top) and (Et,N)s[Mo,FesSs(SEt,)s
(OMe)3] (bottom). éorrespondmg structures are shown on the
right. The similarity of the Mo sites in the complexes to the Mo
sit:ei in FeMo-cofactor can be observed by comparing Figures 11
and 12,
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Figure 13. EXAFS data, k, weighted, of the MoFe protein (top),
isolated FeMo-cofgctor in NMF (center), and FeMo-cofactor after
addition of thiophenol (bottom).!! The light lines are actual data
and the dark lines are derived by Fourier filtering.

at a sulfide-like bridge-bonding distance.?® That study
did not indicate the presence of soft (O or N) ligands
and suggested that there might be an additional S
present at longer distances.3®> However, that analysis
was limited by the availability of suitable model com-
pounds to extract appropriate parameters. For exam-
ple, no Mo-Fe containing complexes had then been
synthesized, and so an untested Mo—Fe parameter had
to be used to model the real curve fits for the MoFe
protein. In fact, it was those early EXAF'S results® that
initially stimulated the synthesis of the array of Mo-
Fe-S model complexes that are currently available.!®
Those which most closely resembled the FeMo-cofactor
Mo environment by the XANES criteria discussed
above were subsequently used to analyze additional,
higher resolution EXAFS data obtained for the MoFe
protein and isolated FeMo-cofactor.!*

Figure 13 shows the higher resolution EXAFS data,
k? weighted, for the MoFe protein and isolated FeMo-
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cofactor, again clearly demonstrating that the Mo sites
for the two species are very similar, though not iden-
tical. Table 4 shows the quantitative analysis of those
data. Consistent with the XANES data described
above, these quantitative EXAFS data showed that the
Mo atoms in both the MoFe protein and isolated
FeMo-cofactor had at least two O(N) atoms as nearest
neighbors which were not detected in the earlier EX-
AFS analysis.® The observed Mo~O(N) distances were
consistent with anionic ligands and were too short for
neutral solvent molecules. Within the protein, the
ligands could be homocitrate, endogenous oxo or hy-
droxo bridges to Fe atoms, or amino acid residues. In
isolated FeMo-cofactor they could be homocitrate, oxo,
or hydroxo endogenous bridges to Fe atoms, or they
could be available exogenous ligands (e.g. OH", S,0,%,
HPO,*, deprotonated NMF). The data in Table 4 also
show that there are at least three S atoms nearest
neighbors to Mo at 2.37 A. The additional longer dis-
tance S shell suggested by earlier analysis3® was not
observed in the higher resolution data and may have
been an artifact caused by using untested Mo—Fe pa-
rameters.!!

There is no difference in the Mo—O(N) or Mo-S
distances when the MoFe protein data are compared
to the isolated FeMo-cofactor data. However, there is
a difference in the number of those atoms, with the Mo
atom in the MoFe protein having fewer O(N) ligands
and more S ligands than the Mo atom in isolated
FeMo-cofactor (Table 4). In both cases, however, the
total number of atoms is at least six. In agreement with
the XANES analysis, these results eliminated the tet-
rahedral geometry for Mo that had been suggested on
the basis of interpretation of Mo ENDOR experi-
ments®? and required a structure with geometries of
significantly higher coordination number. This con-
clusion was also supported by Mo L edge studies.’
Taken together, the Mo K and L edge XANES and
EXAFS data require that in both the MoFe protein and
in isolated FeMo cofactor the Mo atom is surrounded
in the first coordination shell by a mixed S and O(N)
ligation sphere with probable distorted-octahedral ge-
ometry. Combining this information with Mo EN-
DOR data on the MoFe protein® and XAS analysis of
suitable Mo-Fe-S model complex of known struc-
ture®™ leads to the additional conclusion that the most
likely formal oxidation state for the Mo atom in both
species is +4.5

In addition to the O(N) and S atoms located in the
first coordination shell, the EXAFS analysis shows the
presence of Fe atoms at ca. 2.7 A with the Mo atom in
the MoFe protein “seeing” one more Fe atom than in
the isolated FeMo-cofactor!!®® (Table 4). It has been
argued that the most likely Mo:Fe numbers were three
in isolated FeMo-cofactor and four in the MoFe pro-
tein.3® In both cases the distances were consistent with
the Fe being connected to the Mo via sulfide bridges.
The change in the number of Fe atoms observed upon
extraction of the FeMo-cofactor from the protein matrix
suggests that the differences in the two species is not
simply an exchange of protein (O, N, or S) ligands for
exogenous (O, N, or S) ligands. The core structure also
appears to change such that an Fe atom moves from its
position 2.7 A away from Mo to out of “sight” of the Mo
atom.
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TABLE 5. Average EXAFS Results on the Fe Sites in
FeMo-Cofactor

Antonio Arber

et al.™ et al.®

Fe-S dist, A 2.25 2.20

no. of atoms 34 3
Fe-Fe dist, A 2.66 2.64

no. of atoms 2.3 2.2
Fe-Mo dist, A 2.76 2.7

no. of atoms 0.4 0.8
Fe-O(N) dist, A 1.81

no. of atoms 1.2 0.0
Fe-Fe dist, A 3.68

no. of atoms 1.3

3. Single-Crystal Mo EXAFS

One of the major advantages of the XAS technique
is that it can provide structural information for proteins
that are only available in solution, One major disad-
vantage of the technique is that it only gives a radially
averaged picture of the environment around the Mo
atom. It does not give information about angles and
therefore cannot be used to arrive at a complete
three-dimensional structure of a complex like FeMo-
cofactor. Fortunately, in recent years, single crystals
of the MoFe protein have become available.” Although
the complete structure of the MoFe protein has not yet
been determined, Flank et al. recognized the potential
to combine the available crystals with the XAS tech-
nique in order to obtain information about the geometry
and orientation of the atoms within the FeMo-cofactor
center of the MoFe protein. In their initial study they
demonstrated that for different orientations, the Mo~Fe
amplitude of the Mo K edge EXAFS changed by a
factor of 2.5, whereas the Mo—-S component varied by
only £15%. They found that the experimental data
were not well-simulated by clusters with a linear ar-
rangement of Fe-Mo-Fe atoms, whereas trinuclear
clusters with a Fe-Mo—~Fe angle between 50° and 130°
gave satisfactory results.”® Tetrahedral MoFe; and
square-pyramidal MoFe, cluster symmetries were also
consistent with their data. Thus, the MoFe; core-con-
taining model complexes that appeared to correspond
most closely to the Mo environment by the XANES
criteria™ were also consistent with the single-crystal
data.

4. Fe XAS

It is possible to run Mo XAS experiments on the
MoFe protein because the Mo atom in that species is
in a unique environment. For Fe XAS, however, the
situation becomes impossible because the MoFe protein
contains ca. 14-15 Fe atoms per Mo, many of which are
present in different environments. Fe XAS has been
used to study the isolated FeMo-cofactor, which con-
tains ca. six to eight Fe atoms per Mo.”*® Table 5 gives
the quantitative Fe EXAFS data obtained by two dif-
ferent groups.”® In agreement with the Mo EXAFS
data (Table 4), which demonstrated that each Mo atom
“sees” ca. three of the six to eight Fe atoms present in
FeMo-cofactor, both Fe EXAFS studies revealed that
each Fe atoms “sees”, on average, 0.4-0.8 Mo atoms.
The reported Fe—-Mo distances were in one case con-
sistent with the 2.70 A from Mo EXAFS and, in the
other case, somewhat longer at 2.76 A.

Both studies revealed that on average each Fe atom
“sees” ca. three S atoms at 2.2-2.25 A. These data were
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interpreted in terms of FeMo-cofactor containing

rhombs of metal-sulfur atoms’® as found in a variety

of Fe-Mo-S clusters.!® It is interesting to note that
S

7/ \

Fe Fe(Mo)
\./

S
only one type of Fe-S interaction was observed by Fe
XAS, whereas three types of sulfur (sulfide, thiolate-
like, and bound thiosulfate-like) were shown to be as-
sociated with FeMo-cofactor by sulfur K edge XAS
studies.’® (The possibility that some of the S atoms
observed by Fe XAS were Cl™ atoms was also eliminated
by the latter study.®)

One controversial aspect of the Fe XAS experiments
was that one group reported the presence of an average
of 1.2 light (O, N) atoms per Fe at 1.81 A,” whereas the
other group could not find evidence for any O(N) lig-
ands.® The latter group suggested that the O(N) atoms
observed in some Fe XAS experiments were an artifact
of having adventitious Fe present in the FeMo-cofactor
solutions. Unfortunately, the group observing the (O,
N) atoms did not report either the Fe:Mo ratio or the
specific activity of their FeMo-cofactor samples™ while
the other group reported Fe:Mo ratios for all samples
but some had low specific activities of 36-190 nmol of
C,H,/min per ng-2 atom of Mo (versus ca. 250 for fully
active samples).® Surprisingly the latter study did not
see a correlation between the spectra and the specific
activity of the sample, unless extraneous iron was
present. In view of the recent data demonstrating that
FeMo-cofactor contains homocitrate as a ligand, it is
surprising that none of the Fe atoms “sees” any O and
certainly worth repeating an Fe XAS study with ma-
terial of higher specific activity and defined Fe:Mo ratio.

As shown in Table 5, both groups reported that each
Fe atom also sees on average about two additional Fe
atoms at 0.264-0.266 A consistent with an average Fe—
S-Fe (Mo) angle of ca. 74°. One group additionally
reported that each Fe atom “sees” ca. one Fe at a much
longer distance of 3.68 A. This result is consistent with
FeMo-cofactor having a more extended structure than
has been observed by other techniques.

F. Summary

The spectroscopic data discussed above require that
the metal cluster which gives rise to the S = 3/, EPR
signal exhibited by the MoFe protein and isolated
FeMo-cofactor contains one Mo with a minimum of
five, and most probably six, Fe atoms. It is not nec-
essary to suggest that FeMo-cofactor contains addi-
tional Fe in order to explain the bulk of the analytical
data. If it does contain additional Fe atoms (up to a
maximum of eight), however, they do not participate
in the S = 3/, center. The three unpaired electrons
appear to be delocalized among the Fe atoms with the
Mo atom playing a minor role in the S = 3/, system.

The Mo atom is most likely in the +4 formal oxida-
tion state. It is surrounded in the first coordination
shell by a mixed S, O(N) ligation sphere having, most
likely, a distorted-octahedral geometry. The O(N) lig-
ands must be anionic (Mo—O(N) distance of 2.1 A) and
some could arise from homocitrate, which is present in
the ratio of one homocitrate per Mo atom. The Fe
atoms must exist in at least two different environments,
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those which “see” the Mo (about four for the MoFe
protein and three for isolated FeMo-cofactor) and those
which do not. The Fe atoms are most likely connected
to the Mo atom and to each other via sulfide bridges
using a total of 8-9 sulfides. The relevant distances are
Mo-S 2.37 A, Fe-S 2.2-2.5 A, and Mo-Fe 2.7 A, with
an Fe-Mo-Fe angle between 50° and 130° and an av-
erage Fe-S-Fe(Mo) angle of 74°. Some of the Fe atoms
also appear to “see” other Fe atoms at 3.68 A. Isolated
cofactor has an overall negative charge (magnitude
unknown), which most likely arises due to some Fe
atoms having bound thiosulfate as exogenous ligands.
There is no evidence to indicate whether or not ho-
mocitrate coordinates directly to Fe., FeMo-cofactor
appears to be in a highly asymmetric environment when
it is bound to the protein, and there are at least five
different Fe environments. When it is released from
the protein it becomes more symmetrical but without
major change in the magnetic properties of the S = 3/,
center. The change observed upon extraction, however,
may not be simply an exchange of protein ligands for
small molecule ligands. The structure of the core also
appears to change, resulting in the movement of an
endogenous Fe atom (probably with its bridging sulfide)
away from the Mo atom,

V. Chemical Reactivily

A. The FeMo-Ciuster

Some of the spectroscopic techniques discussed above
(e.g. EPR, ENDOR) only give information about the
metal cluster that gives rise to the S = 3/, EPR signal,
whereas other techniques (e.g. XAS, Méssbauer) can
observe metal atoms whether or not they are associated
with the S = 3/, system. The following question
therefore arises: Are FeMo-cofactor and the S = 3/,
center identical or is the latter a subset of the former?
In 1981 an Fe- and Mo-containing subset of FeMo-co-
factor (designated FeMo-cluster) was isolated by acid-
ified methyl ethyl ketone extraction of the MoFe pro-
tein.2? This species did contain the portion of FeMo-
cofactor that gives rise to the S = 3/, EPR signal but
was missing some portion of FeMo-cofactor that was
necessary for activity. Thus, this FeMo-cluster exhib-
ited the S = 3/, EPR signal when transferred to NMF,
but could not activate the FeMo-cofactor-deficient
MoFe protein. FeMo-cluster could inhibit FeMo-co-
factor binding to the FeMo-cofactor-deficient MoFe
protein, suggesting that it was bound to the same or a
neighboring site. The FeMo-cluster has never been
obtained directly from isolated FeMo-cofactor.

The FeMo-cluster was reported to contain six Fe
atoms per Mo? by the same group that reported that
the FeMo-cofactor contained eight Fe atoms per Mo,!
thus leading them to suggest that the difference be-
tween the two species was the number of Fe atoms.
However, as considered in detail in section II1.A.2,, it
is equally plausible that the FeMo-cofactor solutions
simply contained more adventitious Fe than the
FeMo-cluster solutions. Certainly the one-step FeMo-
cluster isolation procedure? involved much less han-
dling than the original FeMo-cofactor isolation proce-
dure.! Another possibility is that the FeMo-cluster
contained the full metal component of FeMo-cofactor
but was missing the organic component homocitrate
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and thus did not have any activity, Elucidation of the
differences between the S = %/, center and FeMo-co-
factor will have to await a more complete spectroscopic
characterization of the FeMo-cluster,

B. Stabiiity and Degradation Products

Like the MoFe protein, isolated FeMo-cofactor is
rapidly inactivated by O,. When exposed to O,, con-
centrated green-brown solutions rapidly turn red and
then yellow and eventually become colorless. The na-
ture of the red product(s) has been examined both for
the MoFe protein®! and for isolated FeMo-cofactor.32
Degradation of both species by O, was shown to elicit
either the tetrathiomolybdate ion ([Mo0S,]?) or the
oxotrithiomolybdate ion ([M00S;]%), depending upon
reaction conditions.?%2 The Mo EXAFS data (Table
4) are consistent with there being three S atoms around
Mo in isolated FeMo-cofactor and thus with [MoOS;]*
being an oxidative decomposition product. This is the
major product observed by simple addition of O, to
FeMo-cofactor solutions.®2 For isolated FeMo-cofactor,
[MoS,)?* arises only after addition of MeOH, which
precipitates dithionite out of solution. The formation
of [Mo0S,]* from the putative MoS; core has been ra-
tionalized by the suggestion that the fourth S atom
arises from free sulfide produced from oxidative de-
composition of the non-Mo portion of FeMo-cofactor
in the absence of dithionite and the presence of O,.52

In addition to looking for Mo-containing FeMo-co-
factor fragments, some decomposition experiments have
attempted to release recognizable iron—sulfur clusters
from FeMo-cofactor.?®8 These attempts failed to elicit
any such clusters,®® providing strong evidence against
the suggestion® that FeMo-cofactor contains [Fe,S,]
clusters. Other arguments against the presence of
recognizable [FeS] clusters in FeMo-cofactor include
the observation that unlike [FeS] clusters, FeMo-co-
factor can be easily isolated without the use of mer-
captides.®

In addition to its O, sensitivity, isolated FeMo-co-
factor is decomposed slowly (~25% per hour) in
anaerobic aqueous solution.! Not surprisingly, FeMo-
cofactor is also decomposed by the mercury reagent
sodium mersalyl,1:58

C. Ligand-Exchange Reactions

When bound to the MoFe protein, the FeMo-cofactor
is expected to have some open coordination sites for
reaction with substrate., When the FeMo-cofactor is
isolated from the protein environment, additional open
coordination sites should be generated as protein lig-
ands are removed. As discussed in section III.C. some
or all of these open coordination sites may be occupied
either by solvent or by exogenous ligands (e.g. thio-
sulfate). This section considers how at least some of
these ligands can be subsequently exchanged with
complexing reagents without effecting the activity of
isolated FeMo-cofactor.

1. Chelators

The reaction of isolated FeMo-cofactor in NMF with
the Fe-chelating reagents EDTA, 1,10-phenanthroline,
and 2,2’-bipyridyl has been investigated by monitoring
the S = 3/, EPR signal. The addition of these chelators
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Figure 14. Structures of chelators that have been used in
FeMo-cofactor complexation experiments.

(Figure 14) had some unusual effects upon FeMo-co-
factor. For example, the addition of a ca. 40-fold excess
of EDTA to a basic NMF solution of FeMo-cofactor
resulted in the complete disappearance of the S = 3/,
EPR signal.?® This treatment had no effect on the
specific activity of the FeMo-cofactor and 100% of the
S =3/, EPR signal was recovered by addition of a 2-fold
excess of Zn?* over EDTA.6 A qualitatively identical
result was obtained by addition of 1,10-phenanthroline
followed by Fe?* to reverse the reaction.® These results
have been interpreted in terms of weak binding of either
reagent to FeMo-cofactor to form specific complexes,
suggesting that at least some of the metal atoms in
FeMo-cofactor have a labile coordination sphere.

The disappearance of the S = 3/, EPR signal could
most easily be explained either by chelator-induced
formation of FeMo-cofactor dimers (or higher aggre-
gates) with resultant spin-spin coupling or as an oxi-
dation-reduction reaction.® (Both oxidized and fully
reduced forms of FeMo-cofactor are expected to be
EPR silent; vide infra.) Oxidation of FeMo-cofactor,
however, seems unlikely because the experiments were
carried out in the presence of excess dithionite. One
possibility, at least for the 1,10-phenanthroline reaction,
is that the neutral ligand 1,10-phenanthroline replaces
an anionic ligand on FeMo-cofactor, decreasing its
overall charge and raising its reduction potential, so that
it can be reduced by the dithionite in the samples to
an EPR-silent state.

It is puzzling that 2,2’-bipyridyl has no effect on the
FeMo-cofactor EPR signal, given its similarity to
1,10-phenanthroline. This could be due to a subtle
structural problem or to an unrecognized experimental
problem (e.g., weak binding, lowered solubility of
2,2"-bipyridyl in NMF). It is also puzzling that unlike
synthetic [FeS] clusters, which are rapidly destroyed
by chelating reagents, the activity of FeMo-cofactor is
unaffected by these ligand-exchange reactions.

2. Reaction with Thiolate Ligands

In 1978, Rawlings et al. reported that the addition of
thiophenol to isolated FeMo-cofactor in NMF caused
its EPR signal to sharpen, making it look more like the
signal exhibited by the M-center of the MoFe protein.5®
This reaction is illustrated in Figure 15, Quantitative
analysis of this reaction, as measured by EPR spec-
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Figure 17. *F NMR spectra of mixtures of p-CF;C¢H,S™ and
dithionite-reduced FeMo-cofactor with indicated ratios of thiolate
to FeMo-cofactor .8t

troscopy, showed that it was complete upon the addi-
tion of one thiophenol per Mo (Figure 16).85 Thus,
thiophenol appears to bind to a single site on FeMo-
cofactor. The existence of a single, thiolate binding site
was also confirmed by °F NMR using p-CF;C;H,S™ as
the reporter ligand.® As shown in Figure 17, the ad-
dition of p-CF3C¢H,S" to dithionite-reduced FeMo-co-
factor in NMF gave rise to only two resonances, one
magnetically shifted and arising from the FeMo-co-
factor-thiolate complex and the other from free thiolate.
However, in contrast to the EPR analysis, there was
significant free thiolate present in the F NMR spectra
even with less than stoichiometric addition (Figure 17a).
A more thorough investigation of this phenomenon,
which included magnetization transfer experiments
(Figure 17b), demonstrated that at room temperature
the FeMo-cofactor-thiolate complex is not the product
of an irreversible reaction.® Rather, the complex is in
dynamic equilibrium with the free FeMo-cofactor and
free thiolate. The room-temperature reversibility of the
thiolate reaction is also consistent with the observation
that thiolate-treated FeMo-cofactor has the same ac-
tivity as untreated FeMo-cofactor.?®* Presumably the
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bulky thiolate ligand is removed when the FeMo-co-
factor binds to the FeMo-cofactor-deficient MoFe
protein to form active holoprotein.

The data described above demonstrate that thiolate
binds specifically and reversibly to a single site on
FeMo-cofactor. By comparing the 1°F NMR spectra of
p-CeH,CF3S- derivatives of synthetic Fe-S and Fe-
Mo-S complexes with similar derivatives of FeMo-co-
factor, it was concluded that an Fe atom is the probable
thiolate binding site.® This conclusion was also sup-
ported by the observation that the Mo K XANES and
EXAFS spectra of FeMo-cofactor treated with thio-
phenol and selenol were identical.!’™ If the thiolate
ligand were on Mo, then the spectra should have been
quite different. Proof that the thiolate binding site is
on Fe and not on Mo has come from EXAFS data
collected at the Se edge with FeMo-cofactor treated
with selenophenol. These data show that each Se atom
“sees” two types of atoms in the first coordination shell,
Cat 1.92 A and Fe at 2.42 A.87# The Se does not “see”
Mo. Thus, any model for FeMo-cofactor must include
a unique Fe site for thiolate binding on a complex that
contains six to eight Fe atoms, It is not known how
many Fe atoms are involved in that site.

When thiolate binds to isolated FeMo-cofactor in
NMF its structure changes. As indicated above, that
structural change has been observed as a sharpening of
the S =3/, EPR signal. The effect of thiolate addition
then is to produce a species that more closely resembles
the S = 3/, M-center of the MoFe protein.® This effect
has also been observed by Mo K XANES and EXAFS
measurements.!’* As shown in Figure 11, the XANES
spectrum of FeMo-cofactor in the presence of thio-
phenol (or selenol) is far more similar to the spectrum
of the MoFe protein then to that of untreated FeMo-
cofactor.’* The quantitative EXAFS data shown in
Table 4 also demonstrate that the structural changes
induced by thiolate binding to isolated FeMo-cofactor
yielded a species that more closely resembled the Mo
site of the MoFe protein. Thus, as discussed in section
III, the removal of FeMo-cofactor from the protein
appears to cause a change in the core structure such
that an Fe atom and a S atom move “out of sight” of
the Mo atom. The addition of thiophenol to isolated
FeMo-cofactor reverses this process (Table 4). It is
important to note that the FeMo-cofactor-thiolate
complex is still not identical with the FeMo-cofactor site
of the MoFe protein; its EPR signal remains much
broader than the protein signal.®® In addition, the
number of O(N) ligands on Mo increases when FeMo-
cofactor is isolated from the protein, but does not ap-
pear to decrease significantly when thiophenol is sub-
sequently added (Table 4).

3. Putative Protein Ligands

a. Cysteine. The reactivity of FeMo-cofactor with
a thiolate ligand strongly suggests that an Fe site in
FeMo-cofactor is attached to the protein via a single
cysteine ligand. Recently, site-directed mutagenesis
studies have been directed at trying to identify that
cysteine ligand within the MoFe protein. Currently
available information, based in part on sequence com-
parisons, strongly supports the assignment of a-subunit
cysteine residue 275 as a FeMo-cofactor ligand.®*92
Thus, the removal of the putative thiolate ligand at
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position 275 by site-directed mutation of that cysteine
residue to an alanine resulted in an inactive MoFe
protein®-92 and the accumulation of an active FeMo-
cofactor species with the same EPR spectral properties
as isolated FeMo-cofactor.%?

The possibility of a second cysteine ligand seems
remote but cannot be eliminated at this time. For ex-
ample, the isolated FeMo-cofactor does have one less
S and one additional O (or N) atom attached to Mo
when compared to the MoFe protein (Table 4). Al-
though this could be due to the removal of a cysteine
ligand, such a possibility seems unlikely because the
data clearly show that added thiolate does not bind to
the Mo center in isolated FeMo-cofactor.!1748788 EN-
DOR data have also been used to argue against multiple
cysteine ligands.576893 Unlike the situation for cyste-
ine-bound [FeS] clusters, the addition of thiolate lig-
ands does not appear to facilitate the removal of the
FeMo-cofactor from the protein matrix, an observation
which also argues against the presence of multiple
cysteine ligands.

b. Histidine. Although the majority of biological
[FeS] clusters are attached to their protein partners via
cysteine residues, deprotonated N, histidine linkages
have also been demonstrated in some cases.* As de-
scribed in section II, the availability of deprotonated
N ligands also appears to facilitate the removal of
FeMo-cofactor from the protein matrix.5’” Because
EXAFS cannot distinguish O from N, one or more of
the low Z ligands to Mo observed for the MoFe protein
could also arise from histidine. Recently, direct evi-
dence for N ligation to FeMo-cofactor in the MoFe
protein has been obtained by comparing electron spin
echo data for the MoFe protein and isolated FeMo-
cofactor.* The electron spin echo modulation spectrum
of the protein was shown to contain lines characteristic
of nuclear quadrupole transitions for nitrogen coordi-
nated to a paramagnetic metal center. These frequen-
cies were clearly absent from the spectrum of isolated
FeMo-cofactor, leading the authors to suggest that the
FeMo-cofactor is coordinated to the protein through at
least one nitrogen ligand.** More recent preliminary
reports have provided strong evidence that the nitrogen
ligand is on Mo.%

A possible identity for that nitrogen ligand has re-
cently been suggested by site-directed mutagenesis
studies.® The site directed mutation of MoFe protein
a-subunit histidine residue 195 to an asparagine re-
sulted in the inability of the protein to fix Ny, an al-
teration in other substrate-reducing properties, and a
decrease and change in both line shape and g values for
the S = 3/, MoFe protein EPR signal.%

VI. Redox Properties
A. 1In the Oxidizing Direction

When the MoFe protein is in the presence of excess
NayS,0, its M-center exhibits an S = 3/, EPR signal #%%
When redox-active dyes with midpoint potentials of ca.
0 to -100 mV vs SHE are added to the protein, the S
= 3/, EPR signal disappears. Thus, the M-center of the
MoFe protein can be oxidized to an EPR-silent state
in a reaction that is reversible by addition of reduc-
tant.%102 As illustrated in Figure 18, the stoichiometry
of this reaction is one electron per S = 3/, M center.
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Bedox States of the M-center of the MoFe Protein
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Figure 18. Known oxidation states of the M-center of the MoFe
protein and the corresponding oxidation states of isolated
FeMo-cofactor. Note: The MoFe (semireduced) to MoFe (re-
duced) transition only occurs upon addition of the reduced Fe
protein and MgATP. MoFe (reduced) may actually be a mixture
of species that have been reduced by one or more electrons.

MCD data collected on the MoFe protein have shown
that the EPR-silent, one-electron-oxidation product, has
a diamagnetic ground state.l®® Therefore, the removal
of one electron from the M-center causes the remaining
unpaired electrons to become paired to yield an S =0
product. The reduction potential of this oxidation re-
action appears to vary greatly (-260 to 0 mV) with
species and reaction conditions.1%

As shown in Figure 18 this general oxidation reaction
has also been demonstrated for isolated FeMo-cofactor
in NMF. Thus, the addition of methylene blue to di-
thionite-reduced FeMo-cofactor caused the S = 3/, EPR
signal to disappear.®® This reaction was reversed by
addition of excess dithionite without any change in the
specific activity of the FeMo-cofactor sample. Subse-
quently, it was discovered that FeMo-cofactor isolated
and stored in the presence of excess dithionite under-
went a similar oxidation reaction spontaneously.!®
Thus, FeMo-cofactor in NMF that started out in the
S =3/, state “self-oxidized” completely to its EPR-silent
state, quickly under anaerobic conditions at room tem-
perature and more slowly when stored under dry ice.1086
Again there was no change in specific activity. A pos-
sible mechanism for this “self-oxidation reaction” has
been offered, and is illustrated below, where X, is an
unknown material in the FeMo-cofactor NMF prepa-
ration which is capable of oxidizing FeMo-cofactor from
its S = 3/, to an EPR-silent state:

$20” FeMo-colactor X(red)
oxidation FeMo-cofactor X(ox)
product (ox)

This scheme is consistent with the observation that
stored samples that contained EPR-silent but active
FeMo-cofactor no longer contained any S,0,2°.19 It
should be noted that, in contrast, samples of S;0,% in
NMF stored in the absence of FeMo-cofactor are stable.
The reversible oxidation of the S = 3/, state of
FeMo-cofactor to an EPR-silent state has been studied
electrochemically in order to establish the stoichiometry
and reduction potential of the transition. During these
studies it was established that the FeMo-cofactor ex-
changed electrons directly with an electrode.’® The
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CF4,C¢H 8™ and FeMo-cofactor as it comes from the storage vial
(a), after 0.5 electron equivalent oxidation by methylene blue (b),
after rereduction with 0.5 equivalent of dithionite (c), and after
further reduction by an additional 0.5 equivalent of dithionite
(d). (Bottom) Temperature dependence of !°F shifts of oxidized
and reduced FeMo-cofactor-p(CF3)C¢H,S™ complexes over the
range of -60 to 30 °C.8%b

stoichiometry was demonstrated to be one electron per
FeMo-cofactor by (i) chemical titration of FeMo-co-
factor,,, with S,0,% with concomitant EPR monitoring,
(ii) comparison of the magnitude of the voltammetric
peak currents with that of standard one-electron-
transfer reagents, and (iii) controlled-potential coulo-
metry in both the oxidizing and reducing direc-
tions, 1087106106 Thys, the transition is analogous to the
oxidation of the M-center of the MoFe protein. The
FeMo-cofactor ) to S = 3/, transition was shown by
cyclic voltammetry to be quasi-reversible with a formal
reduction potential of —0.32 V vs SHE.!® This potential
is consistent with the range reported for the same
transition in the MoFe protein,!® allowing for shifts due
to transfer from an aqueous protein matrix to NMF.0
Mo XANES experiments, carried out at 4 °C on one-
electron-oxidized FeMo-cofactor, demonstrate that the
oxidation state of the Mo atom does not change during
this transition,%

If the EPR-silent isolated FeMo-cofactor . is anal-
ogous to the same state of the M-center of the MoFe
protein then it should have an S = 0 ground state.!%
Mossbauer data collected on FeMo-cofactorqy in the
temperature range 4.2-125 K were consistent with that
assignment.®®* However, the 1°F chemical shift for the
EPR silent, oxidized FeMo-cofactor p-CF;CgH,S™ com-
plex was shown to be substantially isotropically shifted
from its diamagnetic position near 1.5 ppm (Figure
19a).% The paramagnetism of this oxidized species was
confirmed as shown in Figure 19b by temperature-de-
pendence studies.® The apparent discrepancy between
the S = 0 ground state observed for both the oxidized
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Figure 20. EPR spectra of FeMo-cofactor in NMF after dilution
into alkaline solvent (a) or acidic solvent (b).1%8

M-center by low temperature MCD!% and for the ox-
idized FeMo-cofactor by Mdssbauer®® and the para-
magnetic behavior of the oxidized FeMo-cofactor-
thiolate complex has yet to be resolved. At present the
most likely explanation is that the oxidized FeMo-co-
factor has a low-lying S = 1 (or other S = integer) state
which is not populated at the cryogenic temperatures
of the EPR (40-10 K), MCD (4 K), or Méssbauer (4-125
K) measurements, but is populated at the higher tem-
peratures (240-320 K) used for the NMR experiment.3¢

It is interesting to note that in the 1°F NMR exper-
iments separate signals for the oxidized and S = 3/,
forms of FeMo-cofactor were observed in the same so-
lutions (Figure 19a).% This requires that the electron
exchange between them is slow on the NMR time scale
at the concentrations employed (~1 mM). The ob-
servation that the resonances did not move toward each
other when both oxidation states were present placed
an upper limit on the rate constant for electron transfer
between oxidized and reduced FeMo-cofactor-thiolate
complex molecules of 5 X 103 M~ g7,

Some protein-bound [FeS] clusters exhibit pH-de-
pendent reduction potentials apparently because they
exist in both protonated and deprotonated forms.!9?
Because FeMo-cofactor solutions are in NMF, no de-
tailed pH titrations have been carried out on this
species. It is probable, however, that the oxidation
experiments discussed above were carried out at alka-
line pH values because only alkaline NMF will extract
the FeMo-cofactor from the protein matrix. This was
demonstrated for the °F NMR experiments where the
free p-CF3C;H,S™ was shown to be deprotonated
throughout the course of data collection.’® Recently,
Newton et al. have reported that the addition of acid
to alkaline FeMo-cofactor solutions results in the for-
mation of two new forms of FeMo-cofactor which ex-
hibit different S = 3/, EPR signals and reduction po-
tentials.!® Figure 20 compares the EPR signals of
electrochemically reduced, acidified FeMo-cofactor to
that observed at alkaline pH. The alkaline form has
apparent g values of 4.6, 3.4, and 2.0 while the two acid
forms which appear together have g values of 4.5, 3.6,
and 2.0, and 4.9, 3.1, and 1.9. All three forms were
reported to have corresponding one-electron-oxidized
states and to have different differential pulse voltam-
metric reduction peak values of -0.37 V vs SHE (al-
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kaline), -0.32 V (acid, g = 4.5, 3.6, 2.0) and -0.43 V
(acid, g = 4.9, 3.1, 1.9).1% One possible explanation for
these results is that isolated FeMo-cofactor can be
protonated at two sites which have different pK, values
and that the acid-treated FeMo-cofactor was a mixture
of species that were protonated at the higher pK, site
and at both sites. Note that protonation/deprotonation
must be slow if two species are observed. It is not
known if these sites would be available for protonation
when the FeMo-cofactor is bound to the MoFe protein
or if the one-electron oxidation of the protonated
species would be accompanied by deprotonation.

B. In the Reducing Direction

For scientists interested in the possibility of using
isolated FeMo-cofactor (or a synthetic analogue) as a
catalyst for N, reduction, it is encouraging that isolated
FeMo-cofactor can undergo the same reversible one-
electron-oxidation reaction as the M-center in the MoFe
protein. However, this transition is unlikely to occur
in vivo under substrate-reducing conditions. Rather,
during substrate reduction, the S = 3/, M-center is
further reduced to an EPR-silent, (S = integer)
state.9-101 For the MoFe protein, this state can only
be produced upon the addition of the physiological
electron donor, the reduced Fe protein, and
MgATP %191 Thus, the EPR-silent, substrate-reducing
state of the M-center has never been produced elec-
trochemically or with any artificial electron donor.

In contrast to this result, an early report suggested
that a presumably analogous, fully reduced state of
isolated FeMo-cofactor could be produced in the pres-
ence of CO, using 5-deazaflavin as the photoactivated
reductant and EDTA as the electron donor.®® The
disappearance of the S = 3/, EPR signal was reported
to require these strongly reducing conditions together
with CO, a potent inhibitor of N, reduction by nit-
rogenase, and was said to be reversed upon removal of
the CO atmosphere.’® However, a subsequent report
demonstrated that the loss of the EPR signal depended
only upon the addition of EDTA and occurred in the
dark and in the absence of 5-deazaflavin and CO.%
Thus, the reaction did not represent the simple re-
duction of isolated FeMo-cofactor to a fully reduced
state. Attempts to reduce isolated FeMo-cofactor with
Fe,S,(SC,H;),*, which has a reduction potential of -1.3
V vs SHE, also failed to remove the S = 3/, FeMo-co-
factor EPR signal.!® Thus, there is currently no evi-
dence that a fully reduced state of isolated FeMo-co-
factor, analogous to the substrate reducing state of the
M-center, has been achieved by addition of chemical
reductants.

One recent report indicated that such a state may
have been produced electrochemically. In addition to
the S =3/, to S = 0 transition discussed above, cyclic
voltammetry (Figure 21) of FeMo-cofactor at a glassy
carbon electrode showed a second quasi-reversible re-
duction wave with a formal potential of -1.00 V vs
SHE.!® The production of this reduced species also
appeared to require a single electron.’ A determination
of whether or not this species represents a state of
FeMo-cofactor analogous to the fully reduced S = in-
teger state of the MoFe protein must await its pro-
duction in bulk for parallel spectroscopic studies. If it
does represent fully reduced FeMo-cofactor; however,
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Figure 21. Cyclic voltammogram of FeMo-cofactor in NMF at
a glas%r carbon electrode. Peak positions are marked in volts vs
SHE,

it is interesting to note that unlike nitrogenase it is not
catalytic with respect to H, production from H*.

C. Interactions with Substrates and Inhibitors

In addition to its physiological substrates N, and H*,
nitrogenase catalyzes the reductions of a large number
of nonphysiological substrates (e.g. HN;, Nj3-, N,O,
NO,", C,H,, HCN, CH3NC).110 1t is generally accepted
that all of these substrates bind to a metal atom or
atoms in the MoFe protein of nitrogenase 1947110111 Ag
shown in Figure 1, that protein contains P-clusters as
well as FeMo-cofactor centers. This section discusses
the currently available circumstantial evidence that
within the MoFe protein, FeMo-cofactor is the site of
substrate binding and reduction.

1. Biophysical Evidence

At present, direct evidence for the binding of sub-
strates to the S = 3/, center of the MoFe protein is
extremely limited. It includes the observation that the
S =3/, EPR signal is pH-dependent and that the pK
of this signal is displaced in the presence of C,H,.5511
This phenomenon can be at least partially inhibited by
CO, which is an inhibitor of substrate reduction by
nitrogenase but not an inhibitor of H, evolution. These
observation have been interpreted as evidence for the
binding of C;H, and CO to the S = 3/, center of the
MoFe protein.!’? A transient EPR signal, observed
during turnover in the presence of C;H,, has also been
interpreted as evidence for C,H, binding to the
FeMo-cofactor center of the MoFe protein.!'* However,
Mo K absorption edge and EXAFS spectra for the
dithionite-reduced MoFe protein are identical before
and after the addition of C,H,, CO, Ny, NaN;, NaCN,
or CH;NC.1!* Thus, if these species do bind to the S
= 3/, center of the MoFe protein, they do not appear
to bind to Mo 1M

One possible reason for the lack of direct spectro-
scopic evidence for substrate binding is that some
substrates may only bind to the MoFe protein under
turnover conditions. In fact, a large body of steady-
state and pre-steady-state kinetic data have been used
to argue that N,, and possibly other substrates, can only
bind after the MoFe protein has been reduced by more
than one electron.!1%115 During nitrogenase turnover,
after the addition of the reduced Fe protein and MgA.-
TP, the S = 3/, center of the MoFe protein is reduced
to an EPR-silent, but paramagnetic, species.?®19! Un-
fortunately, even in the absence of added substrates this
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reduced MoFe protein catalyzes the reduction of 2H*
to H, gas. Consequently, a reduced form of the MoFe
protein cannot be isolated and has never been used for
substrate-binding experiments.

Another possible reason for the lack of direct evidence
for substrate binding may be that the FeMo-cofactor
center of the MoFe protein is somehow buried within
the protein and physically inaccessible to substrate
binding except under turnover conditions. If this is the
case, however, substrates should bind to the S = 3/,
state of isolated FeMo-cofactor in NMF, In fact, direct
evidence for CN- and CH3;NC binding has recently been
obtained via two independent routes.?114 First, in 1985
Smith et al. showed that the S = 3/, EPR signal ex-
hibited by isolated FeMo-cofactor in NMF changed
upon addition of CN™ and that the change was com-
pleted at a FeMo-cofactor:CN- ratio of less than 2.5.%
Second, using '°F NMR as a probe and p-CF;C;H,S"
as the reported ligand, Conradson et al. showed that
both CN™ and CH3NC bind to the isolated FeMo-co-
factor—-thiolate complex without displacing the thiolate
ligand.1* Thus, CN- and CH;NC bind to isolated
FeMo-cofactor but at a site distinct from the thiolate
binding site. The NMR study showed that their
binding increased the electronic relaxation time of the
FeMo-cofactor-thiolate complex and increased the
lifetime of the FeMo-cofactor-p-CF;C;H,S™ bond from
ca. 0.1 to 1.0 s.

Although the EPR data were originally interpreted
in terms of two CN- binding sites,” the NMR data were
taken to mean that FeMo-cofactor had a single CN~ or
(CH3NC) binding site with a finite formation con-
stant.!* Parallel Mo K XANES and EXAFS experi-
ments showed that CN~ did not bind to the Mo atom
in isolated FeMo-cofactor.!’* On the basis of prior
kinetic studies, cyanide and CHgNC had both been
proposed to bind to the FeMo-cofactor site of the MoFe
protein in two different ways.!'® In their productive
binding modes, cyanide was reduced by six electrons
to methane plus ammonia, while CH;NC was reduced
by six electrons to methane plus methylamine. In their
nonproductive binding modes CN- and CH3NC pre-
vented electron transfer to substrate, causing inhibition
of electron flow but not of ATP hydrolysis. The direct
evidence for CN- and CH3;NC binding just discussed did
not address whether these species were bound to iso-
lated FeMo cofactor in their productive or nonpro-
ductive modes.

CO can both inhibit cyanide (or CH;NC) reduction
and relieve CN~ (or CH§NC) inhibition of electron flow
through nitrogenase.!15!16 However, unlike the situation
for CN~ and CH3NC, no change in the °F NMR spec-
trum of the FeMo-cofactor-p-CF3;C¢H,S™ complex was
observed upon addition of 3 atm of CO. This obser-
vation strongly suggests that CO does not bind to the
isolated FeMo-cofactor-p-CF3C¢H,S™ complex in NMF.
Thus, the CO binding site must be distinct from the
CN- (or CH3NC) binding site. These observations have
also led to the suggestion that the CO binding site exists
only when the FeMo-cofactor is bound to the MoFe
protein.114

2. Biochemical/Genellc Evidence

In 1984, Hawkes, McLean, and Smith performed the
experiment that is most often quoted as providing the
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best evidence that FeMo-cofactor is the site of N;
binding and reduction.#’ First they purified the MoFe
protein from a Nif V- strain of K. pneumoniae. As
discussed in section IILB., this protein could reduce
C,H, but could not fix N,. It also had altered reactivity
toward CO such that CO inhibited H, evolution by the
Nif V- protein but not by the wild type MoFe protein.
Hawkes et al. isolated the FeMo-cofactor from purified
Nif V- MoFe protein and used it to activate the inactive
FeMo-cofactor-deficient MoFe protein as synthesized
by a Nif B~ strain. The resulting holoprotein was in-
distinguishable from the Nif V- protein (i.e. it reduced
C,H, but not N, and CO inhibited H, evolution). Thus,
the inability of the Nif V- protein to fix N, was due to
a defect in the FeMo-cofactor, not in the protein. That
defect has subsequently been shown to be the substi-
tution of citrate for homocitrate (section IIL.B.).
The Nif V- experiment demonstrated that a subtle
alteration in the environment of FeMo-cofactor caused
a change in its reactivity toward N, and CO. It is not
known if that change was a direct result of ligation by
citrate instead of homocitrate or if the effect was in-
direct. For example, the citrate form of FeMo-cofactor
might not “fit” into the protein properly such that other
protein interactions or the reduction potential of the
cluster might have been affected. Possible support for
the latter idea has come with the recent construction
of a site-directed mutant of the MoFe protein a-sub-
unit, where a glutamine at position 191 was substituted
for a lysine.!'” The MoFe protein from this site-directed
mutant had the same phenotype as the Nif V- protein
in that it reduced C,H, but not Ny, and CO inhibited
its H, evolution. However, the FeMo-cofactor from that
protein was the same as the wild type FeMo-cofactor.
Taken together the above data demonstrate that subtle
alterations in the environment of the FeMo-cofactor
cluster by changing either the endogenous ligand ho-
mocitrate or the protein residues near the cluster can
cause changes in the substrate reactivity of the enzyme.

3. Substrate Reduction by Isolated FeMo-Cofactor

As discussed in section VI.B., one electron electro-
chemically reduced FeMo-cofactor does not catalyze the
reduction of H* to Hy, and no stable chemically reduced
forms of isolated FeMo-cofactor have been produced.
Nonetheless, the reduction of CoH, to C;H, by isolated
FeMo-cofactor has been reported and interpreted in
terms of providing evidence that FeMo-cofactor is the
substrate reducing site of the enzyme.!’® In those ex-
periments FeMo-cofactor was reduced by NaBH, in a
borate-NaOH buffer at pH 9.6 and used as a catalyst
for C,H, reduction. The rate of C;H, reduction in that
system was ca. 8% of the enzymatic rate. This exper-
iment does not prove that intact FeMo-cofactor was
responsible for the observed C,H, reduction activity,
because numerous synthetic Fe and Mo compounds can
also catalyze C,H, reduction to C,;H, with NaBH, as the
reductant.!'®11? Q,-degraded FeMo-cofactor also re-
duced C,;H, to C;H, at similar rates, suggesting that an
unknown FeMo-cofactor decomposition product(s) was
(were) the actual catalyst in the NaBH, system.!1® In
addition to C;H, reduction, the NaBH,/FeMo-cofactor
system reduces the nitrogenase substrate cyclo-
propene.!? However, unlike the enzyme, which reduced
cyclopropene to a 2:1 ratio of propylene to cyclo-
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pneumoniae the genes are in one cluster on the chromosome while
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propane,'?! the NaBH,/FeMo-cofactor system only
produced cyclopropane as a product.!?® Thus, these
experiments do not provide compelling evidence that
FeMo-cofactor is the site of substrate binding and re-
duction.

VII. FeMo-Cofactor Blosynthesls
A. In Vivo

FeMo-cofactor is a metal cluster of composition
1Mo:6-8Fe:8~9S:1homocitrate which is degraded in the
presence of O, or H,O. The challenge to the bacterial
cell is to assemble the FeMo-cofactor from its compo-
nent parts, while protecting it from the aqueous (and
possibly aerobic in some cases) environment of the cell.
One potential approach would be to use the MoFe
protein polypeptides as scaffolds for the construction
of FeMo-cofactor in place. However, it has been defi-
nitively established by three independent groups that
FeMo-cofactor is not synthesized in this way.!22-124
Rather, FeMo-cofactor is accumulated in vivo in the
absence of the MoFe protein polypeptides, which leads
to the conclusion that it must be assembled elsewhere
in the cell and later incorporated into the FeMo-co-
factor-deficient MoFe protein.1221 This section briefly
discusses what is known about the participation of
nitrogen fixation (nif) specific gene products (Figure 22)
in the synthesis and accumulation of FeMo-cofactor in
vivo. This subject has recently been reviewed else-
where.!% nif-Specific gene products are only synthes-
ized when cells are fixing No: the genes are turned off

when the cells are supplied with a fixed form of nitrogen
like NH,*.
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1. Starting Materlal

In order to synthesize FeMo-cofactor, bacterial cells
need iron, sulfur, molybdenum, and homocitrate. Iron
is generally supplied in the medium as Fe®* or Fe3* salts
and sulfur is generally added as SO,%". Iron and sulfur
are needed for numerous proteins in addition to nit-
rogenase, and each organism has a general system for
the uptake, processing, and accumulation of these ele-
ments. There is no information to suggest that special
nitrogen fixation specific gene products are required.
In addition to FeMo-cofactor, nitrogenase, and many
other bacterial proteins, contain [FeS] clusters. It is
not known how these clusters are assembled in vivo and
the process may well use currently unidentified en-
zymes. This putative biosynthetic pathway for [FeS]
clusters could also be recruited, if necessary, for the
synthesis of a portion of FeMo-cofactor, but there is
currently no information to indicate whether or not that
is the case.

The mechanisms involved with Mo uptake and pro-
cessing are more specific than those for iron and sulfur
because Mo is found in only a few bacterial enzymes
(e.g. nitrogenase, formate dehydrogenase, sulfite oxi-
dase, xanthine oxidase, nitrate reductase). It is gen-
erally supplied in the medium as MoO,* and organisms
which contain molybdenum enzymes have systems for
Mo0O,* uptake and accumulation.!?® In certain nitro-
gen-fixing organisms some genes which encode proteins
involved in general MoO,* processing appear to be
under nif control. For example, E. coli is a non-N,-
fixing organism which needs MoQ,? to synthesize ni-
trate reductase and formate dehydrogenase. It contains
a gene called chID which is needed for MoO,*" uptake
or processing. If there is a mutation in chlD, the or-
ganism can still synthesize its Mo enzymes provided a
much higher than normal concentration of MoO,?" is
present in the medium.?® At least one N,-fixing or-
ganism appears to have recruited this general Mo-pro-
cessing-gene into its nif region. Thus, the nif gene
region of Anabaena 7120 has recently been shown to
contain a piece of DNA encoding a protein with ex-
tensive sequence similarity to the E. coli chlD gene.!?
Similarly, the nif gene region of the C. pasteurianum
chromosome contains an open reading frame with se-
quence similarity to the E. coli chlJ gene, which is also
involved in MoO,? processing.1%8

In addition to iron, sulfur, and molybdenum, FeMo-
cofactor biosynthesis requires a source of homocitrate.
As discussed in section III.B. homocitrate synthesis
requires the participation of the nifV gene product,
which is believed to encode the enzyme homocitrate
synthetase.

2. FeMo-Cofactor Assembly

At some point during FeMo-cofactor biosynthesis the
Mo atom in MoO,2 must be reduced and its ligation
sphere changed from all O to mixed S and O(N). Be-
cause this Mo environment is unique to nitrogenase and
is not found in other Mo enzymes,!?6 this process may
involve one or more nif-specific enzymes. One nif-
specific protein that has been proposed to be involved
in molybdenum processing is the nifQ gene product.
The nifQ encoded protein has never been identified, but
the nifQ sequence has been determined.!#-13! K,
pneumoniae strains with mutations in the nifQ gene
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were able to fix N, only when extremely high (>10 uM
versus 10 nM for wild type cells) MoO,% concentrations
were available.!3 The Nif Q- cells were not deficient
in their ability to transport MoO,*, but they accumu-
lated lower levels of Mo than wild type cells.!3 When
Nif Q" mutants were supplied with a reduced form of
sulfur, by substituting SO,*- with cysteine in the me-
dium, they fixed N, with lower levels of MoO,?" in the
medium and they accumulated higher levels of molyb-
denum.!®® This apparent relationship between reduced
sulfur and molybdenum in Nif Q™ mutants has led to
the proposal that the nifQ gene product may be in-
volved in the synthesis of a Mo—S compound for even-
tual incorporation into FeMo-cofactor.1%

Another gene which is unambiguously involved in
FeMo-cofactor biosynthesis is the nifB gene. Organisms
which have defects in the nifB gene accumulate an
inactive FeMo-cofactor-deficient form of the MoFe
protein but do not accumulate FeMo-cofactor. Their
inactive MoFe protein can be activated in vitro by the
addition of isolated FeMo-cofactor in NMF.! The
nifB-encoded protein has never been purified, but the
nifB sequence has been determined.!3%13113413 The cq,
50000 M, nifB polypeptide has also been observed on
SDS-polyacrylamide gels of cell free extracts.!3 The
distribution of cysteine residues!3®131:134135 gand the
known O, sensitivity of the nifB product’® suggest that
it contains an [FeS] cluster binding site. Nitrogenase
systems which do not use Mo still require the nifB gene
product (see section VIII). Thus, although its function
in FeMo-cofactor biosynthesis is unknown, the nifB
gene product is probably involved in the synthesis of
the [FeS] portion of FeMo-cofactor and not the Mo
portion.

The nifQ and nifB gene products discussed above
may be enzymes which carry out essential steps in
FeMo-cofactor biosynthesis. Two other nif genes, nifE
and nifN, are thought to participate in FeMo-cofactor
biosynthesis in a different way by providing a site for
FeMo-cofactor assembly.13® This proposal was based
on a comparison of the sequences of the nifEN gene
products to those of the nifDK gene products which
encode the a- and 8-subunits of the MoFe protein of
nitrogenase.!3$13%-141 The conclusion from those com-
parisons was that the nifE gene shared sequence iden-
tity with the nifD gene while the nifN gene shared
sequence identity with the nifK gene. This led to the
proposal that nifEN might form an a,8,-protein anal-
ogous to the ay8, nifDK-encoded MoFe protein,! with
the putative nifEN protein containing a FeMo-cofactor
assembly site analogous to the FeMo-cofactor binding
site of the MoFe protein. Some support for this idea
has come with the purification from A. vinelandii of the
nifEN encoded protein complex which was shown to be
an ayf,-tetramer.#? Although that protein appeared
to contain Fe, it has not as yet been characterized with
respect to the presence or absence of intermediates of
FeMo-cofactor biosynthesis, so that it is premature to
conclude that it contains the site of FeMo-cofactor
assembly. It should also be noted that the nifEN
product was purified from a Nif B- mutant.!4? Thus,
the possibility that the nifEN ay8,-protein might nor-
mally be associated with the nifB gene product in vivo
cannot be eliminated. Whatever the function of the
nifEN product in FeMo-cofactor biosynthesis, it is
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clearly required. Strains with mutations in the nifE or
nifN genes synthesize inactive FeMo-cofactor-deficient
MoFe proteins but do not accumulate FeMo-cofactor.
Those proteins can be activated in vitro by addition of
isolated FeMo-cofactor.!

A final nif gene unambiguously required for FeMo-
cofactor biosynthesis is, surprisingly, the nifH gene,
which encodes the Fe protein of nitrogenase.!43-14
When the nifH gene was deleted from the A. vinelandii
chromosome, the cells did not synthesize FeMo-cofactor
but did accumulate an inactive FeMo-cofactor-deficient
MoFe protein that could be activated in vitro by ad-
dition of isolated FeMo-cofactor.1*$15 During nit-
rogenase turnover the Fe protein forms a complex with
the MoFe protein and serves as a specific electron donor
to that protein., The sequence similarities between the
as8; nifDK-encoded MoFe protein and the ay8, nif-
EN-encoded protein make it tempting to speculate that
during FeMo-cofactor biosynthesis the Fe protein binds
to the nifEN protein. The specific function of the Fe
protein in FeMo-cofactor biosynthesis is unknown and
therefore it is not clear if the Fe protein serves as an
electron donor for some essential step in FeMo-cofactor
biosynthesis. It is known, however, that to be effective
in FeMo-cofactor biosynthesis the Fe protein does not
have to be catalytically active in nitrogenase turno-
ver,143-145

In addition to the nifQ, -B, -N, -E, -V, and -H gene
products, which have confirmed roles in FeMo-cofactor
biosynthesis, a number of other less well characterized
proteins may be involved. For example, when FeMo-
cofactor was synthesized by mutant strains which did
not synthesize the MoFe protein polypeptides, FeMo-
cofactor accumulated on an unknown ca, 50000 M,
protein, distinct from the nifNE protein.14¢ This pro-
tein may therefore be involved in FeMo-cofactor as-
sembly. Another example is the nifX gene found in the
same operon as the nifEN genes in a number of or-
ganisms (Figure 22). This gene shares sequence identity
with the nifB gene, leading to the suggestion that it also
may be involved in FeMo-cofactor biosynthesis.!4
Finally, sequence analysis has also shown that in some,
but not all, nitrogen-fixing organisms there is a gene in
the same operon as the nifB gene, which encodes a
ferredoxin-like protein,12130,136147,148 Tp, at least one case
this gene is required for nitrogen fixation.!*® That ob-
servation, and the close proximity of this ferredoxin-like
gene to the nifB gene, suggests that it also may be
involved in FeMo-cofactor biosynthesis.

3. Sequence of Events

In vivo, the assembly of an active MoFe protein re-
quires the synthesis of FeMo-cofactor, the synthesis of
the FeMo-cofactor-deficient MoFe protein and the in-
sertion of the former into the latter. The sequence of
events in FeMo-cofactor biosynthesis is currently un-
known. The most plausible scenario at present is that
the nifQ product processes Mo while the nifB product
assembles [FeS] to form a FeMo-cofactor precursor
which is bound to the o8, nifEN protein. It is likely
that this protein also interacts in some way with the Fe
protein. The synthesis of the FeMo-cofactor-deficient
MoFe protein similarly takes place in a series of steps
which are beyond the scope of this review. At present
there is no evidence to establish when the indirect nifV
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gene product, homocitrate, enters the scheme. Al-
though it is likely to be during FeMo-cofactor biosyn-
thesis or insertion, it could also be during the synthesis
of the FeMo-cofactor-deficient MoFe protein. The
biochemical data only require that homocitrate leaves
with FeMo-cofactor when it is artifically extracted from
denatured MoFe protein.

B. In Vitro

To date, no FeMo-cofactor intermediates have been
isolated from mutants that are blocked in specific steps
in FeMo-cofactor biosynthesis and only one altered
form of FeMo-cofactor (the citrate-containing Nif V-
FeMo-cofactor) has been obtained by using the in vivo
approach. A more promising approach appears to be
the development of an in vitro system for FeMo-co-
factor biosynthesis and such a system has recently been
reported.!*? The system requires at a minimum the
nifB, nifN, and nifE gene products, Fe protein, di-
thionite, MoQ,2~, homocitrate, and MgATP,125142,148
The requirement for MgATP is interesting since the Fe
protein contains two MgATP binding sites and nor-
mally hydrolyzes MgATP during its transfer of one
electron to the MoFe protein,!1%!15 Thus, the require-
ments for the Fe protein and for MgATP may be re-
lated. FeMo-cofactor has not been isolated directly
from the in vitro system, but is identified after it has
been incorporated into a FeMo-cofactor-deficient form
of the MoFe protein 125142148

At present this in vitro system relies on the addition
of cell-free extracts as a source of the nifB gene product
and results in low yields of FeMo-cofactor when com-
pared to in vivo synthesis. Hopefully, this system will
soon be completely defined, with only purified compo-
nents, making it possible to isolate and characterize
FeMo-cofactor biosynthetic intermediates.!*? Despite
its current limitations, this system has been successfully
used by Hoover et al. to synthesize altered forms of
FeMo cofactor with homocitrate derivatives, in at-
tempts to determine which portions of the homocitrate
molecule were necessary for FeMo-cofactor synthesis.1?
In the future, isotopically labeled FeMo-cofactor may
be prepared in the same way for use in NMR or EN-
DOR experiments.

VIII. Nhirogenases without Molybdenum

Until recently it was generally accepted that biological
N, fixation could only be catalyzed by the Mo-con-
taining nitrogenase. In 1980, Bishop et al. published
a controversial paper in which they provided evidence
for the presence of an additional, Mo-independent
system for N, fixation.!®® In that study they reported
that a number of Nif™ mutants of A. vinelandii could
be made to fix N, if they were grown on media that did
not contain Mo. The strains tested included those with
point mutations in the nifHDK gene cluster as well as
regulatory mutants which did not synthesize the MoFe
protein polypeptides. These data were interpreted as
providing evidence that A. vinelandii had an alternative
nitrogenase system which was not synthesized under
normal growth conditions but became derepressed when
the cells were starved for Mo.!% The validity of this
interPretation was definitively demonstrated in
1986.151-153 In those studies, the DNA encoding the Mo
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nitrogenase (nifHDK) structural polypeptides was
specifically deleted from the A. vinelandii and A.
chroococcum chromosomes by using recombinant DNA
techniques. The resulting strains could still fix N, if
Mo was not present in the medium.!1-18 Since that
time it has become generally accepted that Azotobacter
contains nitrogenase systems which do not use Mo.
Here, the properties of these systems will be briefly
reviewed with emphasis on what is known about their
FeMo-cofactor-like clusters. This subject has recently
been reviewed in more detail.!%

A. Vanadium Nitrogenase

Following the construction of Azotobacter strains
which were lacking the DNA encoding Mo nitrogenase,
it was demonstrated that the ability of these strains to
fix N, in the absence of Mo could be greatly enhanced
by addition of vanadium (V) to the media.!®P¢ This
observation quickly led to the purification of a vana-
dium-iron protein, (VFe) protein from both A. chroo-
cocum!1% and A, vinelandii.’s"15%8 The V nitrogenase
system (Figure 23) is similar to the Mo system in that
it contains an Fe protein and a VFe protein.!% The Fe
protein is encoded by the vnfH gene, which is closely
related to the nifH gene. The VFe protein has six
subunits, two encoded by the nifD-like vnfD gene, two
by the nifK-like unfK gene, and two encoded by the
vnfG gene, which does not have a counterpart in the nif
system.15® The organization of these genes relative to
the Mo system is shown in Figure 24.

Like the MoFe protein, the VFe protein appears to
contain two general types of metal clusters, unusual
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Figure 25. EPR spectra at 10 K of the A, chroococcum MoFe
protein (bottom) and VFe protein (top).!%

TABLE 6. Average EXAFS Results on the V Site in the
VFe Protein!t316

O shell S shell Fe shell

V-O no.of V-8 no.of V-Fe no.of
dist, A atoms dist, A atoms dist, A atoms

semireduced 215 31 231 3x1 275 3=%x1
VFe protein

[FeS] clusters and FeV-cofactor centers, analogous to
FeMo-cofactor.!® Much of the currently available in-
formation about the FeV-cofactor comes from spec-
troscopic characterization of the VFe protein. The
dithionite-reduced VFe protein has been characterized
with respect to the temperature dependence of its MCD
spectra.!® The data were consistent with the presence
of a paramagnetic cluster with an S = 3/, ground state.
However, the electronic and magnetic properties of the
vanadium S = 3/, center were quite distinct from those
of the molybdenum S = 3/, center.®® An S = 3/,
ground state for the dithionite-reduced FeV-cofactor
center of the VFe protein was also assigned on the basis
of EPR experiments, 154151161 The EPR signal of the
VFe protein for A. chroococrum has g values of 5.6, 4.35,
3.7, and 1.93 (Figure 25) and is significantly different
in shape from the MoFe protein signal. The VFe pro-
tein EPR signal is also weaker than the corresponding
S =3/, MoFe protein signal,'%:16! byt both signals in-
tegrate to one spin per V (or Mo).!8! The environment
surrounding the V atom in the VFe protein has also
been investigated by V K edge XAS studies and the
quantitative EXAFS data are shown in Table 6.162163
Like the Mo atom in FeMo-cofactor, the V atom in the
VFe protein probably has pseudo-octahedral geometry
and is surrounded by three O(N) aioms at 2.15 A and
three S atoms at 2.31 A in the first coordination shell
with ca. three Fe atoms at 2.75 A. As shown in Figure
26 the best available model for this V site is the syn-
thetic V complex [Me,N][VFe;S,Cls(DMF)y].164

The spectroscopic data for the VFe protein strongly
suggest that the VFe protein contains a FeV-cofactor
analogous to the FeMo-cofactor. In fact, this FeV-co-
factor has been isolated in NMF from the VFe protein
using the original FeMo-cofactor isolation procedure.!%
Like FeMo-cofactor, the isolated FeV-cofactor could
activate inactive FeMo-cofactor-deficient forms of the
MoFe protein.'®2 The FeV-cofactor was reported to
have a stoichiometry of 1V:5-6Fe:4-5S. Judging from
the history of analytical measurements on FeMo-co-
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Figure 26. V K edge and XANES of [Me‘N][VFe384Clg;
(DMF;,)]'® (a) and the VFe protein from A. chroococum (b).!

factor (section III), it is premature to decide whether
those analytical ratios are significantly different from
FeMo-cofactor. No complete spectroscopic character-
ization of isolated FeV-cofactor has yet appeared. In
addition to this biochemical evidence there is mounting
genetic evidence which supports a close relationship
between the Mo- and V-containing cofactors. Thus, the
FeMo-cofactor biosynthetic nifB gene is required for
both systems!3® while genes analogous to the nifEN
genes are aiso found in the vnf system (Figure 24).
The substrate reduction pattern for the V nitrogenase
has not yet been studied in detail. One significant
difference from the Mo system is that C,H, reduction
by Mo nitrogenase is more successful in competing with
H, evolution for electrons than is C,H, reduction by V
nitrogenase.!® The products of C;H, reduction by the
two enzymes are also different, such that the Mo system
takes C,H, exclusively to C;H,, while the V system
produces significant (ca. 2%) C,H¢ as an additional
product.!% The appearance of C,H; has been proposed
as a test for the presence of V nitrogenase in vivo.16¢
This proposal should be viewed with caution, however,
on the basis of the recent demonstration of C;H; pro-
duction by a site-directed mutant of Mo nitrogenase
which contains a normal FeMo-cofactor.® These data
suggest that it is not necessarily the substitution of V
for Mo that causes the production of C,Hg but rather
a change in the protein environment of the cluster. It
is interesting to note that when the FeV-cofactor is used
to activate the inactive FeMo-cofactor-deficient MoFe
protein, the resulting hybrid protein still produces C,Hg
from C,;H,. Preliminary experiments indicate that the
redox properties of the FeV-cofactor in the VFe protein
are generally similar to those of the FeMo-cofactor.16

B. Nitrogenase without either Mo or V

In 1936 Bortels first reported that V could substitute
for Mo in biological N, fixation by A. vinelandii.!" It
has taken the scientific community 50 years to accept
that all nitrogenases do not contain Mo. There is now
definitive evidence that in addition to the V nitrogenase
system there is a third form of nitrogenase that does
not require either V or Mo. This possibility was first
indicated by Bishop et al., who initially observed that
Nif" mutants of A. vinelandii could grow under Ny
fixing conditions in the absence of Mo or V.!%¥ Pau et
al. provided definitive evidence for a third nitrogenase
by removing the DNA encoding both the Mo nitroge-
nase and the V nitrogenase systems from the A. vine-
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Citrate

Figure 27. Scheme summarizing available information on the
active site of aconitase and the binding of substrate to the [FeS]
cluster. The figure shows citrate bound. When isocitrate is bound,
the molecule is flipped by 180 ° so that the CH,COO™ group points
downward and’the carboxyl at the bottom in the figure now
becomes bound to Fe,.!”!

landii chromosome and showing that the resulting
strain could still fix N,.1®® The same type of experiment
demonstrated that A. chroococcum only has the Mo and
V systems. The A. vinelandii genes encoding the nit-
rogenase structural proteins for this third system have
now been sequenced and their organization is shown in
Figure 24.16°

It is not yet known what type of cofactor serves at the
active site of this third system. It must have some
properties in common with FeMo-cofactor because its
biosynthesis requires the nifB gene product!® and
separate versions of the nifNE genes.!® The protein
analogous to the MoFe and VFe proteins has been
partially purified from this third system and shown to
reduce H*, N,, and C,H, (to C;H, and C,Hg).170 Al-
though the partially purified protein contained only
very low levels of metals other than Fe, it also had very
low substrate-reducing activity, so it is premature to
conclude that it is an Fe-only nitrogenase.

IX. Outlook

Most of what we know about the structure of
FeMo-cofactor has come from spectroscopic experi-
ments and this information is summarized in section
IV.F. In the future these techniques will continue to
increase our understanding of FeMo-cofactor. XAS at
the Mo, Fe, S, and V edges using highly active samples
may provide the best information about the positions
of those metal atoms relative to each other. EPR-re-
lated techniques and NMR experiments on isotopically
labeled FeMo-cofactor should continue to provide de-
tailed information not only about the metal atoms but
also about homocitrate. It is also possible that the
availability of the V nitrogenase (and the third nit-
rogenase system) may make the cofactor problem ac-
cessible to other spectroscopic techniques.

In spite of the wealth of information that has come,
and will continue to come, from spectroscopic experi-
ments, it is unlikely that they will provide a complete
three-dimensional structure of FeMo-cofactor in the
near future. One way that structure may be obtained
is through the chemical synthesis of a synthetic
FeMo-cofactor. It is likely that the recent discovery of
homocitrate, as an endogenous organic component of
FeMo-cofactor, will stimulate chemists to produce ad-
ditional model complexes. In this regard, it is not
known if homocitrate is a terminal ligand to Mo or to
one of the Fe atoms in FeMo-cofactor or if it bridges
two portions of the cluster. In considering the use of
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Organization of the Metal Clusters in MoFe Protein

Figure 28. A schematic representation of the spatial arrangement
of the metal-sulfur cluster bound to the C. pasteurianum MoFe
protein as determined by X-ray anomalous scattering.'”? The
representation of the large, “8-Fe” cluster with a P symbol in-
dicates that it contains the Fe atoms normally assigned to P-
clusters.

homocitrate for chemical synthesis, however, chemists
may take a clue from biology. Thus, another enzyme,
aconitase, has recruited an [Fe,S,] cluster to participate
in the conversion of citrate to isocitrate. Figure 27
shows how citrate is believed to bind to a single Fe atom
at the active [Fe,S,] cluster site of aconitase.!”

The complete three-dimensional structure of FeMo-
cofactor may also be obtained from the structure of the
MoFe protein. As shown in Figure 28 determination
of the structure of the MoFe protein from C. pasteur-
ianum is in progress and a 5-A resolution map has been
derived.'” These data confirm the independence of the
two FeMo-cofactor clusters within the ay8, MoFe pro-
tein tetramer, show that they are 70 A apart, and sug-
gest that they may be close to the surface of the protein.
They also indicate that the FeMo-cofactor is within
electron-transfer distance, 19 A away from the P-clus-
ters contained within the MoFe protein. While the
refinement of the protein structure may soon be
available, the scientific community probably should not
rely solely on the protein data to resolve the positions
of individual metal atoms within the FeMo-cofactor.
Rather, they should continue vigorously in attempts to
crystallize isolated FeMo-cofactor in order to obtain a
high-resolution structure. It is likely that the recent
publication of simpler isolation procedures, especially
those which use solvents other than NMF, will stimu-
late many groups to attack this problem.

Once the structure of FeMo-cofactor is known and
synthetic FeMo-cofactor is available, the challenge will
be to reduce FeMo-cofactor and use it as a catalyst for
substrate reduction. It is encouraging that isolated
FeMo-cofactor does have some of the redox properties
of the FeMo-cofactor center of the MoFe protein and
that it interacts directly with an electrode. The pro-
duction of catalytically active FeMo-cofactor, however,
may not be as simple as electron transfer and may re-
quire knowledge of how the task is accomplished within
the enzyme nitrogenase. This information will continue
to come from a combined biochemical/genetic/spec-
troscopic approach.
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XI. Abbreviations
ATP, adenosine 5'-triphosphate; Bu, butyl; DEAE,

(diethylamino)ethyl;

DMF, dimethylformamide;

DMSO, dimethyl sulfoxide; DNA, deoxyribonucleic
acid; EDTA, ethylenediaminetetracetic acid; ENDOR,
electron nuclear double resonance; EPR, electron
paramagnetic resonance, EXAFS, extended X-ray ab-
sorption fine structure; Fe protein, the iron protein
component of nitrogenase; FAB, fast atom bombard-
ment; M-center, the species which gives rise to the S
= 3/, EPR signal of the MoFe protein; MCD, magnetic
circular dichroism; MoFe protein, the molybdenum-
iron protein component of nitrogenase; M;, molecular
weight; NMF, N-methylformamide; o-phen, 1,10-
phenanthroline; ORF, open reading frame (a piece of
DNA encoding an unknown protein); P-cluster, the
non-FeMo-cofactor, {FeS] clusters of the MoFe protein;
SHE, standard hydrogen electrode; THF, tetrahydro-
furan; tris, tristhydroxymethyl)aminomethane; UV /vis,
ultraviolet/visible; VFe protein, the vanadium iron
protein of nitrogenase; XAS, X-ray absorption spec-
troscopy; XANES, X-ray adsorption edge and near

edge.
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