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Increasing nitrogenase catalytic efficiency for MgATP
by changing serine 16 of its Fe protein to threonine:
Use of Mn?* to show interaction of

serine 16 with Mg?*
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Abstract

MgATP-binding and hydrolysis are an integral part of the nitrogenase catalytic mechanism. We are exploring
the function of MgATP hydrolysis in this reaction by analyzing the properties of the Fe protein (FeP) component
of Azotobacter vinelandii nitrogenase altered by site-directed mutagenesis. We have previously (Seefeldt, L.C.,
Morgan, T.V., Dean, D.R., & Mortenson, L.E., 1992, J. Biol. Chem. 267, 6680-6688) identified a region near
the N-terminus of FeP that is involved in interaction with MgATP. This region of FeP is homologous to the
well-known nucleotide-binding motif GXXXXGKS/T. In the present work, we examined the function of the four
hydroxyl-containing amino acids immediately C-terminal to the conserved lysine 15 that is involved in interaction
with the y-phosphate of MgATP. We have established, by altering independently Thr 17, Thr 18, and Thr 19 to
alanine, that a hydroxyl-containing residue is not needed at these positions for FeP to function. In contrast, an
hydroxyl-containing amino acid at position 16 was found to be critical for FeP function. When the strictly con-
served Ser 16 was altered to Ala, Cys, Asp, or Gly, the FeP did not support N, fixation when expressed in place
of the wild-type FeP in A. vinelandii. Altering Ser 16 to Thr (S16T), however, resulted in the expression of an
FeP that was partially active. This S16T FeP was purified to homogeneity, and its biochemical examination allowed
us to assign a catalytic function to this hydroxyl group in the nitrogenase mechanism. Of particular importance
was the finding that the S16T FeP had a significantly higher affinity for MgATP than the wild-type FeP, with
a measured K, of 20 uM compared to the wild-type FeP K,,, of 220 uM. This increased kinetic affinity for MgATP
was reflected in a significantly stronger binding of the S16T FeP for MgATP. In contrast, the affinity for MgADP,
which binds at the same site as MgATP, was unchanged. The catalytic efficiency (k.. /K,,) of S16T FeP was found
to be 5.3-fold higher than for the wild-type FeP, with the S16T FeP supporting up to 10 times greater nitrogenase
activity at low MgATP concentrations. This indicates a role for the hydroxyl group at position 16 in interaction
with MgATP but not MgADP. The site of interaction of this residue was further defined by examining the prop-
erties of wild-type and S16T FePs in utilizing MnATP compared with MgATP. The S16T FeP was severely com-
promised in its interaction with MnATP, suggesting a mechanism where the hydroxyl group of amino acid 16
interacts with the Mg?* of bound MgATP.
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Nitrogenase catalyzes the hydrolysis of about 16 MgATP
to 16 MgADP + 16 Pi for each N, that is reduced to
2 NH;. The function of MgATP hydrolysis in this re-
duction is not established. Nitrogenase is a two compo-
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Abbreviations: FeP, iron protein; MoFeP, molybdenum-iron pro-
tein; FeP,,, iron protein from Azotobacter vinelandii; SDS, sodium
dodecyl sulfate.
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nent enzyme that consists of a tetrameric MoFe protein
(MoFeP), with two 8Fe (Bolin et al., 1990) and two
MoFeS centers (FeMoco) and a homodimeric Fe protein
(FeP) that contains one 4Fe-4S cluster bridging its sub-
units (Hausinger & Howard, 1983; Howard et al., 1989;
Georgiadis et al., 1990). The MoFeS clusters of MoFeP
are thought to be the site of N, binding and reduction.
One of the functions of the FeP is to transfer a low po-
tential electron from reduced flavodoxin to the MoFeP
(suggested to be its 8Fe center) for use in the reduction
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of N,. This electron transfer step is only one function of
the FeP, however, because the MoFeP alone will not re-
duce N, without the FeP, despite the fact that the
MoFeP component can be reduced by other electron
sources (Burgess, 1990). This second, major function of
the FeP is intimately related to the need for MgATP hy-
drolysis during nitrogenase catalysis. Only the complex
of MoFeP, reduced FeP, and MgATP results in the hy-
drolysis of MgATP and the transfer of an electron. How-
ever, the FeP alone can bind two MgATP per dimer,
undergoing a conformational change that affects several
of its properties, including the midpoint potential of its
4Fe-4S center (Zumft et al., 1974; Morgan et al., 1986)
and its ability to interact with the MoFeP (Seefeldt et al.,
1992). Kinetic evidence suggests that following each elec-
tron transfer step, oxidized FeP - (MgADP), dissociates
from the partially reduced MoFeP, which then associates
with another reduced FeP - (MgATP), to effect a second
one-electron transfer (Hageman & Burris, 1978; Lowe &
Thorneley, 1984). Subsequent rounds of MgATP hydro-
lysis and electron transfer result in the eventual accumu-
lation of sufficient electrons to reduce N, to NHj;.

In an attempt to better understand the role of MgATP
hydrolysis in nitrogenase catalysis, we are systematically
analyzing the properties of FePs from Azotobacter vine-
landii (FeP,,), which are altered by means of site-directed
mutagenesis. In a recent paper (Seefeldt et al., 1992), we
identified a region of the FeP,, that is involved in its
interaction with MgATP. This region is located near the
N-terminus of the FeP and is similar to the motif in other
nucleotide-binding proteins (GXXXXGKS/T) that is in-
volved in binding the phosphate groups of nucleotides
(Walker et al., 1982; Saraste et al., 1990). We demon-
strated that the conserved lysine of this motif (Lys 15 of
FeP,,) plays a major role in the interaction of FeP,,
with the y-phosphate group of MgATP and is critical for
the coupling of nucleotide binding to the conformational
change of the FeP that is essential for its interaction with
the MoFeP. In the present work, we have altered the four
amino acids immediately C-terminal to this critical Lys 15,
namely Ser 16, Thr 17, Thr 18, and Thr 19. We now show
that at position 16, an amino acid with a hydroxyl side
chain is required for FeP to function, and we suggest that
this hydroxyl group is associated with the Mg2* of the
bound MgATP.

Results

Site-directed mutagenesis of FeP,,

Figure 1 compares the amino acid sequence of FeP,, ad-
jacent to the conserved Lys 15 of the phosphate-binding
domain with the conserved amino acid consensus se-
quences for all FePs and with the corresponding amino
acids for several other families of nucleotide-binding pro-
teins. In most of the families shown, there is either a con-
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15 16 17 18 19
A. vinelandii FeP G K s T T T
FeP consensus g K S T t s
Elongation factors G KS/TT t t
Ras P-21 G KS/Ta L ¢t
Thymidine kinase g Ks/Tt t 1
ATP synthase-8 G K T v 1 1
Myosin G K T e n S/T
Adenylate kinase G K G T gq ¢

Fig. 1. Conserved hydroxyl-containing amino acids in the phosphate-
binding domain of nitrogenase Fe proteins and other nucleotide-bind-
ing proteins. Strictly conserved amino acids are presented as uppercase
letters, and nonconserved, consensus amino acids are presented as low-
ercase letters. The FeP consensus was derived from the sequences of 22
different FePs (Normand & Bousquet, 1989). The consensus sequences
for the other nucleotide-binding proteins were derived from Saraste
et al. (1990). The numbering at the top refers to the amino acid posi-
tion for Azotobacter vinelandii FeP.

served serine or threonine adjacent to the conserved
lysine. In several of the families (e.g., elongation factors,
ras p21, and thymidine kinase) both serine and threonine
are found and often appear to be used interchangeably.
In all FePs for which sequences are known (22 in total),
only serine is found at the position equivalent to 16 of
FeP,, (Normand & Bousquet, 1989). In the next three
positions, hydroxyl-containing amino acids are common
among these families, although not universally conserved.
In all FePs, threonine is conserved next to the conserved
serine and is often, but not always, followed by two more
hydroxyl amino acids. In the case of FeP,, three threo-
nine residues follow the conserved serine (Thr 17, 18, and
19). In light of (1) the high degree of conservation of the
amino acids in this region among different nucleotide-
binding proteins, (2) their proximity to the lysine which
plays a major role in MgATP interaction in FeP and other
nucleotide-binding proteins, and (3) evidence from X-ray
structures of several nucleotide-binding proteins with
bound nucleotides that suggest that this region is involved
with phosphate binding (Pai et al., 1990; Kjeldgaard &
Nyborg, 1992; Muller & Schulz, 1992), we have changed
each of these amino acids individually in FeP,, to gain
insights into the mechanism of MgATP hydrolysis by
nitrogenase.

Table 1 lists the amino acid changes that were made in
FeP4, and the phenotypes of A. vinelandii cells express-
ing each of the altered proteins in place of the wild-type
FeP. When each of the threonine residues, Thr 17, Thr 18,
and Thr 19, were changed individually to either serine or
alanine, the resulting cells grew under N,-fixing condi-
tions at either the same rate as wild-type cells or at an even
greater rate. The good N,-fixing activity of cells express-
ing T(17, 18, or 19)A FeP reveals that a hydroxyl-contain-
ing amino acid at these positions individually is not
essential for the FeP to function in vivo. In contrast to
these three residues, changing the conserved serine at po-
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Table 1. Summary of FeP mutants and phenotypes

Position altered Phenotype? Doubling time ()
Wild type + 3.6 (100%)
S16
T + 8.7 (41%)
A - n.g.
D — n.g.
G - n.g.
C — n.g.
T17
S + 4.0 (90%)
A + 3.6 (100%)
TI18
S + 3.7 (97%)
A + 3.1 (116%)
T19
S + 3.3 (108%)
A + 2.8 (128%)

2 + indicates that the cells are able to grow by fixing N as
their sole source of nitrogen; — indicates that the cells are not
able to grow on N, (see Materials and methods for growth con-
ditions).

b Doubling times are for liquid cultures growing in the ab-
sence of fixed nitrogen; n.g. indicates no growth. Numbers in pa-
rentheses represent percentage of wild-type doubling times.

sition 16 to the non-hydroxyl-containing residues alanine,
aspartic acid, glycine, or cysteine resulted in FePs that
were nonfunctional in vivo. Replacement of the conserved
S16 with threonine in FeP resulted in cells that could still
fix N, although at 41% of the rate of cells with serine at
that position. Because at position 16 of FeP,,, threonine
but not alanine or cysteine supported N, fixation, our
data strongly suggest that a hydroxyl group at position 16
is essential for FeP function. As noted above, whereas in
most nucleotide-binding proteins threonine and serine res-
idues can be found at this position, among 22 different
FePs only serine is found. We examined the properties of
the FeP4, from S16T cells to probe the mechanism of
this residue in FeP.

S16T FeP

Homogeneous S16T FeP was purified from derepressed
A. vinelandii cells with a yield of 250 mg of S16T FeP
from 100 g of wet cells. This contrasts sharply with our
typical yield of 75 mg of wild-type FeP from 100 g of wet
cells. Because the synthesis of nitrogenase is known to be
repressed by the presence of ammonia in the cell growth
media (and within cells), the higher yield of nitrogenase
found in the slower-growing S16T cells probably results
from the facts that (1) nitrogen is limiting and the lower
rate of N, fixation in S16T does not allow ammonia to
accumulate and control nitrogenase biosynthesis, and (2)
the modified nitrogenase is still active and produces suf-
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ficient ammonia to support the synthesis of high concen-
trations of nitrogenase. This latter point would not be true
of mutants with inactive FeP. The S16A, S16D, and S16G
FePs, although normally expressed in whole cells follow-
ing nitrogen derepression as determined by denaturing gel
electrophoretic analysis of lysed whole cells, could not be
purified in quantities sufficient for analysis. This suggests
that these latter proteins might be unstable as a resuit of
the amino acid change.

Activities of S16T FeP

The nitrogenase activity of S16T FeP complexed with
wild-type MoFeP (S16T FeP - MoFeP) was compared with
that of the wild-type FeP -MoFeP complex in a variety of
reactions known to monitor different nitrogenase activi-
ties. During N, reduction by either whole cells or puri-
fied nitrogenase, two H* are reduced to form one H, for
each N, that is reduced to form two NH;. It is believed
that this H, evolution reaction is an integral part of the
N, fixation mechanism with the total rate of electron
flux being the sum of rates of H* and N, reduction. Un-
der conditions of low N,, nitrogenase only reduces H*,
such that the total rate of electron flux now can be mea-
sured as the rate of H, production. In addition, nitroge-
nase reduces acetylene to ethylene (Dilworth, 1966) with
little production of H;, thus providing another way to
monitor the total flow of electrons through nitrogenase.
Still another way to follow nitrogenase activity is by mea-
suring electron-dependent hydrolysis of MgATP. Under
ideal conditions, two MgATP are hydrolyzed to two
MgADP for each electron that is transferred to substrate
and therefore four MgATP are hydrolyzed for each H,
evolved or for each acetylene reduced to ethylene. In
vitro, the measured rate of MgATP hydrolysis during ni-
trogenase catalysis is lower than expected because the
MgADP that is generated during the course of the reac-
tion competitively inhibits further MgATP hydrolysis. Ta-
ble 2 lists the specific activities of wild-type and S16T
FePs for each of the reactions described above coupled
to wild-type MoFeP. As can be seen, N, reduction, H,
evolution and C,H, reduction for the S16T FeP - MoFeP
complex all were 32-41% of that observed for the wild-
type FeP -MoFeP complex. These percentages are simi-
lar to the 40% N,-fixing growth rate of A. vinelandii
cells containing S16T FeP (Table 1) when compared to the
wild-type cells. The MgATP hydrolysis rate of the SI6T
FeP-MoFeP complex was found to be 49% of that of
wild-type FeP -MoFeP complex. This slightly higher rate
compared to the substrate reduction rates suggests that
there is a slight uncoupling of MgATP hydrolysis from
electron transfer for the S16T FeP.

Interaction of S16T FeP with MoFeP

Because of the reduced activities of S16T FeP when as-
sociated with MoFeP, we designed experiments to exam-
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Table 2. Activities of wild-type and S16T
nitrogenase Fe proteins

Specific activity

Activity® Wild-type FeP S16T FeP®

N, reduction 1,026 + 39 324 + 12 (32%)
(nmol NH; min~—! mg~")

Acetylene reduction 1,964 + 51 705 + 19 (36%)
(nmol C;H, min~! mg~!)

H; evolution 2,394 + 56 972 + 22 (41%)
(nmol H, min™' mg~")

MgATP hydrolysis 6,009 = 119 2,969 + 56 (49%)

(nmol MgADP min~! mg~!)

a Specific activities were determined as described in the Materials
and methods. All activities are per milligram of FeP.
5 Numbers in parentheses are percent activities relative to wild type.

ine the reasons for this. One possibility was that the
substitution of threonine at position 16 resulted in a
change in the protein that affected its ability to interact
with the MoFeP. To address this, we examined the appar-
ent affinity of the wild-type and S16T FePs for MoFeP
using the FeP titration experiment described (Wolle et al.,
1992). In this experiment, a fixed amount of MoFeP is ti-
trated with increasing amounts of FeP. It is assumed that
the FeP behaves like a simple substrate in the nitrogenase
reaction, such that a plot of activity versus increasing sub-
strate (FeP) concentration should yield a substrate satu-
ration plot. From this plot, an apparent binding constant
(K., AvII) for FeP binding to MoFeP can be determined
as the concentration of FeP that yields half the maximal
rate. Figure 2 shows that S16T FeP binds tighter to
MoFeP, with a K,,AvIl of <0.2 uM, compared to a
K., AvIl of WT FeP of 0.6 uM. Thus, it is possible that
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Fig. 2. Dependence of nitrogenase actylene reduction activity on the
concentration of wild-type or S16T Fe protein. Acetylene reduction ac-
tivity under low salt conditions was determined as described in the Ma-
terials and methods. Assay liquid volumes were 1 mL. Each assay
contained 64 mg of wild-type MoFeP and the indicated concentrations
of either wild-type (O) or S16T (@) FeP.
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the lower activity for S16T FeP compared to WT FeP at
high MgATP concentrations results from tighter binding
to the MoFeP.

Interaction of S16T FeP with MgATP and MgADP

Because the serine at position 16 is adjacent to the lysine
15 that we have shown interacts with the y-phosphate of
MgATP, we performed several experiments to examine
the likely possibility that serine at position 16 also inter-
acts with MgATP. Figure 3A shows the dependence of ni-
trogenase activity on increasing MgATP concentration for
both the wild-type FeP-MoFeP complex and the S16T
FeP -MoFeP complex. From the data, it is obvious that
changing serine 16 of FeP4, to threonine dramatically
alters the dependence of the nitrogenase complex on the
MgATP concentration. In particular, it can be seen that
whereas wild-type FeP achieves a higher maximum activ-
ity than the S16T FeP at high MgATP concentrations,
S16T FeP reaches a higher maximum rate than wild-type
FeP at lower MgATP concentrations (Fig. 3B). A com-
parison of the “affinity” of the two nitrogenases for
MgATP, estimated from their apparent K,,,’s for MgATP,
showed an apparent K, of 220 uM for the wild-type
FeP, a value comparable to that observed by others
(Yates, 1991), and of 20 uM for S16T FeP. In this com-
parison, the S16T FeP has an 11-fold increased affinity
for MgATP. These values, together with the k., for
MgATP hydrolysis for S16T and wild-type FePs, along
with their catalytic efficiencies (k.,,/K,,), are summa-
rized in Table 3. Substitution of serine 16 for threonine
in FeP results in a 5.3-fold increase in the catalytic effi-
ciency of nitrogenase for MgATP. One can see from the
data in Figure 3 that at low MgATP concentrations ap-
parent cooperativity of MgATP use exists, although this
was similar for both the S16T FeP and wild-type FeP.
The data above conclusively show that changing the
serine 16 of FeP to threonine has affected the interaction
of the nitrogenase complex with MgATP. Specifically, the
S16T protein has a 2-fold lower k., and an 11-fold lower
K,,. Because FeP itself binds MgATP and because our
results in Table 3 show a large difference in the K, val-

Table 3. Interaction of SI16T and wild-type
FeP with MgATP

MgATP Ratio of
catalytic MgATP
MgATP MgATP efficiency catalytic
K Kear kear/ Km efficiency
FeP (uM) (min~") (uM P min™h S16T/WT
Wild type 220 385.2 1.8
5.3
S16T 20 190.3 9.5
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Fig. 3. Dependence of nitrogenase acetylene reduction activity on MgATP concentration for wild-type and S16T Fe proteins.
Acetylene reduction activity was determined as described in the Materials and methods. Each assay vial contained 276 mg of
wild-type MoFeP and 125 mg of either wild-type (WT) (O) or S16T (@) FeP. ATP concentration was varied by adding different
volumes of a stock ATP solution. A: A broad MgATP concentration range. B: The conditions under low MgATP concentra-
tion. The MgATP concentration required to achieve half-maximal activity was taken as the apparent K,,, for MgATP and cor-

responds to 220 uM for wild-type FeP and 20 uM for S16T FeP.

ues, we compared the binding of MgATP to S16T FeP
and wild-type FeP. When monitored directly by an equi-
librium-binding assay previously described (Bui & Mor-
tenson, 1968), we found that under identical conditions
wild-type FeP bound 0.2 MgATP/FeP (Fig. 4A) and
S16T FeP bound 1.4 MgATP/FeP (Fig. 4B). A subsatu-
rating concentration of MgATP was used in these exper-
iments to allow maximum detection of differences in
“affinity” between the two FePs. This result reveals that
the 11-fold lower K,,, (MgATP) for S16T FeP in the ni-
trogenase reaction results from the substantial increase in
the S16T FeP’s “affinity” for MgATP.

In addition to MgATP, FeP also binds MgADP, the
product of MgATP hydrolysis. MgADP binding to FeP

is competitive with MgATP, indicating that these two spe-
cies interact at the same site on the protein (Moustafa &
Mortenson, 1967). Using the same equilibrium binding as-
say we used for MgATP-binding, we found that both
wild-type and S16T FePs bound MgADP with nearly
identical affinities (Fig. 5), with ratios of 1.63 MgADP/
wild-type FeP and 1.57 MgADP/S16T FeP. We conclude,
therefore, that the hydroxyl group at position 16 interacts
with MgATP but not with MgADP.

Unlike the K15Q FeP (Seefeldt et al., 1992), the S16T
FeP was found to undergo the MgATP-induced confor-
mational change that results in the rhombic-to-axial EPR
change and the chelation of Fe?** from the cluster by
a,a’-dipyridyl just as for wild-type FeP.
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150 |- -1 600
s i S Fig. 4. MgATP binding to wild-type and S16T Fe
= =2 protein. Equilibrium column binding of MgATP to
& 100 | 4 400 .g purified FeP was performed as described in the Ma-
<é S terials and methods. A: Wild-type (WT) FeP. B:
s o S16T FeP. Open symbols (O, (1) are the MgATP
concentration and closed symbols (@, B) are the
50 [ e 200 protein concentration in each column fraction.
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Probing the site of interaction of the position
16 hydroxyl by use of the divalent
metal ions Mg** and Mn?*

FeP will only interact with ATP or ADP when they are
chelated with a divalent metal ion. Although the preferred
metal ion is Mg?*, nitrogenase also will function with
MnATP (Burns, 1969), but at a lower rate. We have taken
advantage of the differential effects of the two counter
ions to further probe the site of interaction of the posi-
tion 16 hydroxyl. Figure 6A shows how wild-type FeP -
MoFeP activity responds to increasing concentrations of
the counter ions, Mg?* or Mn?*. Figure 6B shows how
S16T FeP-MoFeP activity responds under the same con-
ditions. Although both FePs respond similarly to Mg?*,
there is a dramatic difference in the responses of the two
nitrogenase complexes to Mn?*. Specifically, S16T FeP
uses Mn?* as a counterion very poorly (Fig. 6B). This ex-
tremely low rate with Mn2* is well below the predicted
rate (dashed line in Fig. 6B) for the S16T FeP-MoFe com-
plex calculated from the differences seen with Mg2* sug-
gesting Mg?* on MgATP as the site of interaction of the
hydroxyl at position 16 of FeP.

Discussion

The results presented in this work strongly support the
suggestion that the y-OH group of serine 16 of FeP in-
teracts with the Mg?* of bound MgATP. Hydroxyl
groups at the three positions C-terminal to this residue
(positions 17, 18, and 19) are not essential for FeP activ-
ity, although slightly increased cell growth resulted when
mutants containing alanine in place of either threonine 18
or 19 were examined. The latter suggests that alanine in
either position 18 or 19 provides a preferred secondary
structure for the function of the FeP. In contrast, an OH-
containing group at position 16 is an absolute requirement
for FeP function and nitrogen-fixing cell growth. A com-

parison of properties of the wild-type and S16T FePs has
provided clues to the role of the v-OH group at this po-
sition. Of particular importance is the finding that S16T
FeP binds MgATP with a much greater affinity than the
wild-type FeP. This results in an FeP that is up to 10 times
more active than wild-type FeP at low MgATP concen-
trations (10-70 uM) but which is less active at higher
MgATP concentrations (>200 uM). Furthermore, a com-
parison of the k., /K,, for MgATP of the two FePs
shows that the S16T FeP has a 5.3-fold higher catalytic
efficiency than the wild-type FeP.

The role of S16 in MgATP hydrolysis

Based on these results, we have constructed a model for
the role of the v-OH group at position 16 in the mecha-
nism of MgATP hydrolysis by nitrogenase (Fig. 7). Be-
cause nitrogenase hydrolyzes MgATP with no evidence
for an intermediate phosphorylation step, it is reasonable
to assume that a water molecule is the nucleophile that at-
tacks the y-phosphate of MgATP (Walsh, 1979). This
H,O could be activated for attack by a general base on
the protein (e.g., a glutamic acid). Because we know that
the FeP alone will not hydrolyze MgATP, we suggest that
this residue may come from the MoFeP, and because it
would only be available when the two components asso-
ciate, FeP alone would not be expected to hydrolyze
MgATP. Our previous work with lysine 15 (Seefeldt et al.,
1992) would place the epsilon amino group of lysine in po-
sition to complex with the y-phosphate group of MgATP.
The free electron pair on the y-OH group of serine 16
would be in a position to stabilize the Mg?* of the bound
MgATP. It is accepted that Mg2* is bound to the 8- and
v-phosphates of MgATP and to the «- and 3-phosphates
of MgADP (Cohn & Hughes, 1962). Thus, when the -
phosphate of ATP is cleaved, it is necessary for the Mg?*
to shift to the «- and B-phosphates of the resuiting prod-
uct, ADP. In so doing, one would predict a transition
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Fig. 6. Dependence of nitrogenase acetylene reduction activity on the
concentration of the divalent metal ions Mg?* or Mn?* for wild-type
and S16T Fe proteins. Acetylene reduction activity under low salt con-
ditions was determined as described in the Materials and methods. Each
assay contained 266 mg MoFeP and 125 mg of either (A) wild-type or
(B) S16T FeP. M** represents the concentration of Mg?* (O) or Mn?*
(@). The open triangles (A) represent the predicted activity for S16T with
Mn?2* as the divalent metal. This was calculated at each metal concen-
tration by dividing the activity of wild-type FeP for Mn?* by the Mg+
activity and multiplying the resultant by the measured Mg2* activity for
S16T to yield the predicted Mn2* activity for S16T FeP. The actual
measured Mn2?*-dependent activity for S16T is represented by @.

state in which the Mg?* is bound predominantly to the 3-
phosphate of ATP and to the v-OH of Ser 16. Thus, in
this model, the y-OH group of Ser 16 would act to par-
tially stabilize the substrate, MgATP, by binding to the
Mg2* but would play an even greater role in stabilizing
the transition state complex. This model is consistent with
the long held idea of Pauling (1946) that enzymes work
to stabilize the transition state of their reactions. It seems
possible that the y-OH at position 16 could move during
the reaction to stabilize the Mg?* during its transition
from the v-, B-phosphates to the «-, 3-phosphates. In sup-
port of this conjecture, such a role has been proposed for
an aspartic acid in the transition of the metal ion of xy-
lose isomerase (Van Tilbeurgh et al., 1992).

Additional evidence for placement of the y-OH group
of amino acid 16 of FeP in association with the Mg?* of
the bound nucleotide comes from the X-ray structural
analysis of the MgGTP-binding ras p-21 protein and the
elongation factor EF-Tu. Several lines of evidence, in-

99

H\O/H
i e
Mo Xy O BN
/< ‘Moz Mgz | i zJ\(’ 2
‘Mg=*:iMg“*) ‘Mgt (Mg
Cry NN \ N N4
2 v =~ N s

N |
~%7/H

U CH
rave

o
l

CH
o i

Fig. 7. Model for the role of lysine 15 and serine 16 of Fe protein in
nucleotide hydrolysis. Adenine is represented by an A inside a triangle,
and ribose is represented by an R inside a box. The transition state is
represented by the dotted circle around the Mg?*.

cluding high-resolution X-ray data (Milburn et al., 1990)
and EPR data (Tong et al., 1991; Latwesen et al., 1992),
reveal that a serine of ras p-21, which is equivalent to ser-
ine 16 of FeP,,, is a first sphere ligand to the Mg?*. In
fact, for ras p-21, this serine is the only protein ligand to
the Mg?*, the other ligands being the phosphates of
MgGTP and four H,O molecules (Latwesen et al., 1992).
The X-ray structure of EF-Tu likewise suggests that a
threonine, equivalent to our serine 16, interacts with the
Mg?* of the bound nucleotide (Kjeldgaard & Nyborg,
1992).

Changing the serine at position 16 of the FeP to a thre-
onine results in an increased stability of the FeP - MgATP
complex as evidenced by the lower K, for MgATP. Be-
cause threonine differs from serine in the replacement of
the y-H of Ser with the larger v-CH; group of Thr, one
might predict that the y-CH; group would restrict the
rotation of the y-OH group. It is suggested then that the
v-CHj; group forces the y-OH-group of threonine nearer
to the Mg?* in the MgATP-bound state, with the result
being greater stability for the FeP-MgATP complex (i.e.,
lower K,,) and at the same time a reduced stability for
the transition-state species, as suggested by the lowered
k.. of the T16 FeP.

A similar line of reasoning could be used to explain the
differences in activity of the threonine and serine FePs to-
ward Mn?*, which has a larger ionic radius than Mg?2*.
In this case, when compared with the Mg?*, the v-CH;,
group of threonine would further hinder the movement
of the Mn?* to the transition-state or product-state po-
sitions, accounting for the major decrease in the rate of
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MnATP hydrolysis by the threonine-containing FeP when
compared with the rate of the serine-containing FeP.

Physiological significance

All 22 FePs examined to date have serine at position 16
(Normand & Bousquet, 1989). In other families of nucle-
otide-binding proteins whose functions are different from
that of nitrogenase, both threonine and serine are used at
the equivalent positions. Because threonine at position 16
of the FeP results in an FeP with greater catalytic effi-
ciency toward MgATP, then why is threonine not used
naturally in FePs? The most likely answer to this ques-
tion can be found in an examination of the concentration
of MgATP within the cell and the need to regulate nitro-
genase activity. Nitrogen fixation is a very costly process,
utilizing about 16 MgATP per N, reduced, and control
of this reaction is required by the cell to prevent exhaus-
tion of ATP. It has been proposed that enzymes have
evolved with K,,,’s slightly higher than the cellular concen-
tration of the substrate, thus providing sensitive regula-
tion of activity (Fersht, 1974; Fersht & Wilkinson, 1985).
In line with this argument, A. vinelandii has been shown
to have a total internal MgATP concentration of about
2.3 mM (Upchurch & Mortenson, 1980), a value similar
to other bacterial cells (1 mM for Escherichia coli; Math-
ews, 1972). The MgATP concentration available to nitro-
genase obviously is below this value because MgATP also
would be bound to other ATP-requiring enzymes. Because
the K,,, (MgATP) for wild-type FeP is about 200 uM, a
free MgATP concentration slightly lower than 200 uM
would be predicted to be a reasonable value. This condi-
tion would provide nitrogenase with regulation of its uti-
lization of MgATP. In contrast, the S16T FeP, with a K,,,
(MgATP) 10 times lower than wild-type FeP, would be
saturated at cellular concentrations and would provide lit-
tle control of MgATP utilization.

The cellular concentration of MgADP would also be
predicted to play a major role in controlling nitrogenase
because MgADP binds competitively with MgATP. Thus,
MgADP would be a product regulator of nitrogenase, and
because the affinity of S16T FeP for MgADP is the same
as for wild-type FeP and its affinity for MgATP is 11-fold
greater, it is predicted that for S16T FeP MgADP would
be less effective as a competitive inhibitor of MgATP in-
teraction. Thus, although the S16T FeP clearly is more ef-
ficient in vitro in MgATP utilization, it would only be an
advantage in vivo under energy-deficient conditions.

Materials and methods

Site-directed mutagenesis of nitrogenase FeP

A fragment of A. virelandii chromosomal DNA contain-
ing the nitrogenase FeP gene (nifH) was amplified by the
polymerase chain reaction from a 5.64-kb Smal fragment
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of pDB6 (Robinson et al., 1987) using synthesized oligo-
nucleotides of sequence 5'-CATGTCTAGAAGGGCAA
GAATCGACAAC-3’ and 5'-CGGTGGATCCGGCGCG
CGAATACTGGCC-3". The resulting amplified fragment
(1.72 kb) contained the nifH gene and about 400 bp of
flanking nif sequence on both sides. In addition, the above
oligonucleotide primers were designed to introduce the
new restriction sites Xbal at the 5 end and BamHI at the
3’ end of the 1.72-kb amplified fragment. Following di-
gestion with Xbal and BamH]I, the 1.72-kb fragment was
cloned into the Xbal and BamHI sites of the phagemid
vector pSELECT-1 (Lewis & Thompson, 1990). The re-
sulting plasmid (pLCS 792) was transformed into E. coli
strain JM109 for production of single-stranded DNA by
infection with the helper phage R408. The single-stranded
plasmid was purified as described (Promega, 1991) and
was used as a template in marker strand selection site-
directed mutagenesis as outlined previously. NifH com-
plementary mutagenic oligonucleotides were synthesized
by the Molecular Genetics Core Facility of the University
of Georgia. The ampicillin repair oligonucleotide was pur-
chased from Promega Corp. (Madison, Wisconsin). Mu-
tations in the nifH gene were confirmed by DNA
sequencing using Sequenase (US Biochemical, Cleveland,
Ohio) and a series of nifH-specific oligonucleotides. The
mutated forms of nifH were integrated into the A.
vinelandii chromosome by the gene replacement tech-
nique previously described (Jacobson et al., 1989a,b).

Cell growth and production of altered FePs

Altered FePs were expressed in the appropriate mutated
A. vinelandii by the derepression protocol previously out-
lined (Seefeldt et al., 1992). Growth studies were done by
centrifugation of urea-grown cells followed by resuspen-
sion in growth media lacking a fixed nitrogen source
(Seefeldt et al., 1992).

Purification of nitrogenase FePs

Wild-type and altered FePs were purified essentially as de-
scribed (Seefeldt et al., 1992) with some modifications.
Briefly, 100 g of cell paste were suspended in 50 mM Tris,
pH 8.0, buffer with 0.2 mg mL~! deoxyribonuclease and
lysed by passage through a French pressure cell. The lysed
cells were evacuated and flushed with argon. All subse-
quent steps were performed in the absence of oxygen with
a gas phase of argon and with argon-saturated buffers.
The lysed cells were centrifuged at 54,000 x g for 1 h to
remove cell debris. The supernatant solution was either
foaded directly onto the first column or subjected to a
heat step at 56 °C for 4 min, followed by centrifugation
as above. The supernatant (with or without a heat step)
was loaded onto a Q-Sepharose column and proteins were
eluted as previously described (Seefeldt et al., 1992). The
FeP-containing fractions were concentrated by ultrafiltra-
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tion (Amicon concentrator, YM30 membrane) and loaded
onto a Sephacryl S-200 high load gel permeation column
(2.6 X 60 cm, Pharmacia) equilibrated with 50 mM Tris,
pH 8.0, with 500 mM NaCl and developed at a flow rate
of 2 mL min~—!. The FeP-containing fractions were
pooled and diluted with 50 mM Tris, pH 8.0, to a final
NaCl concentration less than 150 mM. This diluted sam-
ple was loaded onto a Mono Q column (1.6 X 10 cm,
Pharmacia) equilibrated with 50 mM Tris, pH 8.0, with
100 mM NaCl at a flow rate of 8 mL min~!. The pro-
teins were eluted with a 20 column volume gradient from
100 mM NacCl to 600 mM NacCl at a flow rate of 8§ mL
min~!. The FeP-containing fractions were pooled and
concentrated as described using ultrafiltration. The FeP
was then frozen and subsequently stored in liquid nitro-
gen. All proteins used were homogeneous as judged by
analysis on SDS gels stained with Coomassie blue.

Protein determination, SDS gel electrophoresis,
and N-terminal amino acid sequencing

SDS gel analysis of proteins and N-terminal amino acid
sequencing of the altered FePs was accomplished as de-
scribed previously (Seefeldt et al., 1992). Protein was de-
termined by the modified Biuret method (Chromy et al.,
1974) using bovine serum albumin as standard.

MgATP- and MgADP-binding assays

The binding of MgATP or MgADP to FePs was measured
by an equilibrium binding technique previously described
(Seefeldt et al., 1992) with the modification that the nu-
cleotides were separated and quantified by high perfor-
mance liquid chromatography using a C18 reversed-phase
column (4.6 mm X 25 cm; Supelco, Bellefonte, Penn-
sylvania) developed isocratically with a mobile phase of
0.1 M KH,PO, buffer, pH 6.0, at a flow rate of 1.3 mL
min~! (Stocchi et al., 1985). The elution of adenosine
di- and triphosphates was monitored by measuring the
absorbance at 259 nm using an extinction coefficient of
15.4mM~!'ecm™".

Activity assays

Acetylene reduction and H, evolution activities were de-
termined using a standard assay mixture as previously de-
scribed (Seefeldt et al., 1992). For MgATP titration
experiments, ATP was not included in the assay mixture,
but instead was added to the reaction vials from a stock
solution of ATP. For assays in the presence of low salt,
the assay mixture contained 2.0 mM ATP, 2.5 mM
MgCl,, 6 mM creatine phosphate, 0.125 mg mL ™! cre-
atine phosphokinase, 10 mM dithionite, 1.25 mg mL~!
BSA, and 25 mM Tris, pH 8.0 (Deits & Howard, 1990).
For Mg?* and Mn?* titration experiments, Mg?* was not
included in the low salt assay mixture. Instead, either
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MgCl, or MnCl, were added to each assay vial to the in-
dicated concentration from a known stock solution.
MgATP hydrolysis activity was determined as described
previously (Seefeldt, 1992) except that adenosine tri- and
diphosphates were separated and quantified as described
above under MgATP- and MgADP-binding assays. N,
reduction activity was determined by quantitation of
NH; in the assay mixture using a modification of the
Conway microdiffusion assay (Mortenson, 1961).

MgATP-induced conformational effects

The MgATP-dependent chelation of Fe?* from FeP was
monitored as previously described (Seefeldt et al., 1992)
using the formation of the colored complex of Fe**-a,a'-
dipyridyl and its extinction coefficient of 8,400 M~ cm™!
at 520 nm. Samples for EPR were prepared and spectra
were recorded as previously described (Seefeldt et al.,
1992).
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