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Abstract

The molybdenum nitrogenase enzyme system, comprised of the MoFe protein and the Fe protein, catalyzes the reduction of atmospheric N, to
NH;. Interactions between these two proteins and between Fe protein and nucleotides (MgADP and MgATP) are crucial to catalysis. It is well
established that salts are inhibitors of nitrogenase catalysis that target these interactions. However, the implications of salt effects are often
overlooked. We have reexamined salt effects in light of a comprehensive framework for nitrogenase interactions to offer an in-depth analysis of the
sources of salt inhibition and underlying apparent cooperativity. More importantly, we have identified patterns of salt activation of nitrogenase that
correspond to at least two mechanisms. One of these mechanisms is that charge screening of MoFe protein—Fe protein interactions in the
nitrogenase complex accelerates the rate of nitrogenase complex dissociation, which is the rate-limiting step of catalysis. This kind of salt
activation operates under conditions of high catalytic activity and low salt concentrations that may resemble those found in vivo. While simple
kinetic arguments are strong evidence for this kind of salt activation, further confirmation was sought by demonstrating that tight complexes that
have previously displayed little or no activity due to the inability of Fe protein to dissociate from the complex are activated by the presence of salt.
This occurs for the combination Azotobacter vinelandii MoFe protein with: (a) the L127A Fe protein; and (b) Clostridium pasteurianum Fe

protein. The curvature of activation vs. salt implies a synergistic salt—protein interaction.

© 2006 Elsevier B.V. All rights reserved.
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Nitrogenase, the enzyme responsible for biological reduction
of atmospheric nitrogen to ammonia, is limited to a diverse
group of diazotrophic bacteria. Because diazotrophs live in
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Clostridium pasteurianum; Kp, Klebsiella pneumoniae; Gd, Gluconacetobacter
diazotrophicus; Avl/Cpl/Kpl/Gdl, nitrogenase component 1 from Av/Cp/Kp/
Gd organisms, the nitrogenase MoFe protein; E,, one ap half of a3, MoFe
protein, an independently operating enzyme reduced by n electrons beyond the
DT-reduced state (n=0, 1, ...), e.g., AVE; Av2/Cp2/Kp2/Gd2, nitrogenase
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virtually all global environments, adaptive mechanisms to
extracellular tonicity are prominent features of these bacteria.
For instance, an extracellular NaCl concentration is balanced by
more physiologically tolerable osmolytes intracellularly. There-
fore, how the buildup of these osmolyte salts affects nitrogenase
activity is of great importance to these organisms. The primary
osmolyte in Methanosarcina barkeri 227, potassium glutamate,
activated nitrogenase activity by 15% at 80 mM of this salt (see
Fig. 4 of Ref. [1]). However, the authors of this study did not
offer an explanation for this activation. While a model exists for
salt inhibition of nitrogenase [2], there is no known mechanism
of salt activation. In this study, we show that salts have a
profound effect on both inhibition and activation of nitrogenase,
and mechanisms for each are described.

There are four classes of nitrogenase, distinguished primarily
by the metal content of the substrate-reduction site. Molybde-
num nitrogenase is the most widespread and best studied class
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of nitrogenase [3] and consists of the redox-active Fe and MoFe
proteins. The MoFe protein has a3, structure (nifDK genes),
with a P-cluster [§Fe-7S] bridging each a3 subunit, and a FeMo
cofactor (FeMoco) [7Fe-9S-Mo-X-homocitrate] in each «
subunit [4], which is where substrates (e.g., N,, H', and
C,H,) are reduced [5-7]. Each af half of MoFe protein
operates essentially independently of the other during catalysis
[8]. Fe protein is the exclusive reductant to MoFe protein during
catalysis. The Fe protein has a homodimeric structure (nifH),
with a nucleotide-binding site (for MgADP or MgATP) in each
subunit at one end of the protein. At the other end of the Fe
protein, a [4Fe-4S] cluster bridges the two subunits and is where
Fe protein binds to MoFe protein [9]. Upon formation of the
nitrogenase complex, electron transfer from Fe protein to MoFe
protein is accomplished along with ATP hydrolysis. Complex
dissociation is then required for re-reduction of Fe protein
before the next round of inter-protein electron transfer [10].

This series of protein and nucleotide interactions is rather
complex, and there are several ways salts can influence them.
We and others have previously described the inhibitory effects
of salts on Azotobacter vinelandii nitrogenase [2,11-13]. For
this organism, Avl is MoFe protein and Av2 is Fe protein.
Inhibition is universal to all salts, and both cations and anions
have an effect. Also, there is a high degree of apparent
cooperativity in the inhibition [2,14].

The best characterization of salt inhibition to date was by
Deits and Howard, who modeled salt as a dead-end inhibitor,
preventing both inter-protein electron transfer as well as ATP
hydrolysis by abolishing nitrogenase complex formation [2].
Only inhibition at nucleotide binding sites was directly modeled
in their scheme, but this accounts only for salt inhibition of
MgATP-dependent Fe removal from the [4Fe-4S] cluster of Av2
by certain chelators. To account for disruption of nitrogenase
complex formation, the Deits—Howard model makes the rate of
dissociation of the complex large when the nucleotide site is
inhibited by salt. This indirect accounting of inhibition of com-
plex formation was sufficient to describe the data they observed.

In a subsequent study, however, a low concentration of NaCl
(~25 mM) actually increased nitrogenase activity under
conditions of excess MoFe protein, followed by the expected
activity decrease at higher salt concentrations (see Fig. 8 of Ref.
[14]). Activation at low salt concentration could not be
rationalized in terms of the Deits—Howard scheme, which, the
authors concede, breaks down under conditions of low electron
flux, such as when there is an excess of MoFe protein [2,14].

However, in some studies, there is a small activity increase
under conditions of high electron flux where the Deits—Howard
model ought to apply, but there is no nitrogenase model that can
account for such activation. The primary osmolyte in M. barkeri
227, potassium glutamate, activated nitrogenase activity by
about 15% at 80 mM [1]. Similarly, 30—60 mM NaCl activated
wild-type Av2—Av1 and K143Q—Av2—Av1 by about 15% (see
Fig. 3 of Ref. [15]). Furthermore, the hybrid AvCp2 protein
assayed against Avl was activated by an impressive 40% at
180 mM NaCl (see Fig. 4 of Ref. [16]). No one has formally
attempted to explain these examples of activation, perhaps
because there are other examples where activation does not

occur, raising questions of reproducibility. If reproducible, salt
activation would require development of a new description of
the nitrogenase salt effect.

Salt effects are possible through interference of Av2—
nucleotide interactions [2,17] and Av2—Avl interactions
[2,11,12,18,19], so the logical starting point in describing the
nitrogenase salt effect is a thorough description of all of these
interactions, as shown in Scheme 1. The major pathways of
nitrogenase catalysis under high-flux conditions are marked in
blue, comprising steps elucidated by Thorneley and Lowe [20]
and Lanzilotta et al. [21]. The novel three-dimensional layout
of Scheme 1 elucidates the connections between the major
intermediates and all other intermediates that are important
under low-flux conditions. For brevity and convenience, a
short-hand notation is proposed. Each a3 half of MoFe protein
is given the notation “E” for enzyme with an arbitrary level of
reduction. Fe protein is given the notation “R” for enzyme
reductase. R, X,, is reduced by n electrons beyond the [4Fe-
4S]2+ state and bound to m=0, 1 or 2 nucleotides, X=T for
MgATP or D for MgADP. For example, Av2,,(MgATP), is
easily written as AvR(T, or simply RyT».

Catalysis begins with the association of MoFe protein with
reduced Fe protein bound to two MgATP according to the short-
hand E+R T, —ERT,, with rate k; corresponding to the

RiT, _
A

R{T

Scheme 1. Fe protein cycle. E represents one a3 half of nitrogenase component
1 with unspecified level of reduction. R, X,,, is nitrogenase component 2 reduced
by 7 electrons beyond the [4Fe-4S]>" redox state and capable of binding m=0, 1
or 2 nucleotides, X (X=T for MgATP or X=D for MgADP). The direction of
catalysis is indicated with arrows between the most important intermediates
under high-electron-flux conditions (blue), and dashed lines to other
intermediates more important under certain low-flux conditions, including
non-productive pathways for ATP hydrolysis (orange). All pathways are
expected to be reversible to some extent. Omitted for clarity are several
pathways and intermediates associated with the all-ferrous Fe protein, R,. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Thorneley—Lowe model. Formation of ER;T, leads to rapid
electron transfer and ATP hydrolysis, so salts inhibit catalysis
by preventing ER T, from forming—by inhibiting protein—
protein and/or protein—nucleotide interactions.

Electron transfer in Scheme 1 is comprised of at least two
steps according to the arguments of Lanzilotta et al. [21]: an
adiabatic conformational change in the k¢ step that activates the
nitrogenase complex (ER;T,— E®R;T,), which then induces
rapid electron transfer in the kgt step (E,®R T, —E, . ®R(T>)
[21]. Neither of these steps is a likely target for salts, though this
possibility cannot be ruled out with certainty.

Upon hydrolysis of MgATP, there is a drastic alteration in
complex stability because ATP hydrolysis promotes complex
dissociation, but dissociation (ERyD, —E+R(D,) is still very
slow and is usually the rate-limiting step in catalysis [20].

Lowe et al. proposed that inorganic phosphate (P;) must
dissociate before Fe protein dissociates [22]. However, P;
effectively competes away formation of the tight nitrogenase
complex stabilized by MgADP and AlF, [23] in a state
analogous to a catalytic intermediate (perhaps E®RyT5). Thus
AlF, binds to the same site as the terminal P; on MgATP, a key
location in the nucleotide-binding site. Furthermore, activity is
not inhibited by the amount of P; that competes away AlF,
inhibition [23], suggesting that the analogous nitrogenase
complex with P; in place of AIF; is not stabilized, but can
dissociate normally. This possibility is expressed in Scheme 1,
where there is no distinction with or without phosphate ion
(ERD,£2P;).

Complex dissociation is required because only Fe protein not
bound to MoFe protein is capable of being reduced at
appreciable rates in the k4 step by an external reductant [10]
such as flavodoxin or ferredoxin in vivo, or dithionite (DT) in
vitro. If Fe protein binds to MoFe protein before it is reduced,
activity is inhibited. Thus, excess MoFe protein added to a
nitrogenase assay leads to “MoFe protein inhibition.” Salts
could target this Fe protein—MoFe protein interaction to
compete away MoFe protein inhibition. Thus, the prediction
can be made that salts would actually activate nitrogenase that is
operating under MoFe protein-inhibited conditions, which
would explain the observations seen in Fig. 8§ of Ref. [14]
discussed above. This straightforward type of salt activation is
explored in some detail in this work.

Reduction of Fe protein bound to MgADP is most relevant to
catalysis [24]. Reduction of Fe protein decreases its affinity for
binding nucleotides [8,25] so that nucleotide exchange is
favored under conditions of ATP excess (R{D,—R;D—R;—
R;T—R;T,). R; binding to nucleotides would be particularly
susceptible to salt inhibition because the binding of nucleotides
is cooperative [25].

Formation of ER;T, through any one of several possible
pathways restarts the Fe protein cycle. With each cycle,
electrons accumulate on MoFe protein. At least two electrons
are required for H, evolution from the FeMoco, and at least
eight for the N, reduction reaction involving obligatory H,
evolution [26]:

N2a:
N, +8H* 4+ 8¢~ + 16ATP ——> 2NH; +H, + 16ADP -+ 16P;

Thus, the optimal stoichiometry of nitrogenase is ATP/
2e =4. Under certain conditions, the principal steps in catalysis
are bypassed, leading to major changes in the efficiency of
nitrogenase. These changes occur from the uncoupling of ATP
hydrolysis and electron transfer.

ATP hydrolysis proceeds without electron transfer through
several means. First, certain inhibitors (e.g., CN™ and CH3NC)
bind the FeMoco [27,28] and prevent electron transfer without
affecting ATP hydrolysis (ER;T,— EeR;T,— ER;D,) [29,30].
Second, nitrogenase hydrolyzes ATP in the absence of reductant
(ERyT, — E®R(T, —ER(D,), but at only 1/20th of the rate
when reductant is present [12,31]. Third, it is not required that
the nitrogenase complex dissociate for nucleotide exchange and
further ATP hydrolysis to occur (ERD,—...—ERT,—
EeRT, —ERD,) [8,22]. For example, the heterologous cross
Av1-Cp2 forms a long-lived tight complex that hydrolyzes
several ATPs before it dissociates [32,33]. Fourth, the coupling
efficiency of ATP hydrolysis vs. electron transfer is diminished
when the signal from only a single subunit hydrolyzing
MgATP is transduced to the [4Fe-4S] cluster of Fe protein
(ER,T—EeR,T—ER,D) [34].

It is now established that electron transfer can even occur in
the complete absence of ATP, and so salt effects may also be
observed under non-optimal conditions. Yousafzai and Eady
found that Kp nitrogenase very slowly evolved H, in the
presence of ADP (e.g., in the cycle E,R;D,—E,
+1RgD> —>RoD; —>R D, —E,;R|D,—...), which could not
be attributed to low levels of contaminating ATP [35]. They
point out that similar behavior is observed for Av nitrogenase
under similar conditions in a study by Watt et al. [36]. Lower
levels of H, were detected even in the complete absence of
nucleotide (e.g., in the cycle E,R{—E,;;JRyp—Ry—R;—
E,+1R;—...) with Kp nitrogenase [35].

Because inhibition of both protein—protein and protein—
nucleotide interactions can affect nitrogenase catalysis, com-
peting or parallel effects of salts at these sites can also
complicate nitrogenase behavior. The possibility of monitoring
product formation in the complete absence of nucleotides
provides an opportunity to assess the salt effect between the
nitrogenase proteins without a simultaneous salt effect on
nucleotide inhibition. The framework of Scheme 1, therefore,
provides several ways of analyzing the salt effect, including the
conventional ATP-dependent point of view of inhibition, as well
as a novel analysis of ATP-independent salt inhibition.

1. Materials and methods

Nitrogenase proteins from Azotobacter vinelandii and
Clostridium pasteurianum were isolated, purified and charac-
terized as described [37]. Fe protein preparations had specific
activities between 1400—2000 nmol of C,H, min ™! mg Av2 !
and >3000 nmol of C,H, min~ ' mg Cp2~'. Samples of MoFe
protein had a specific activity of 1400—1800 nmol of C,H,
min~ ' mg Avl~'. L127A—Av2 was obtained from Dr. L. C.
Seefeldt (Utah State University).

Nitrogenase activity was determined by either standard
assays or titration assays. Standard 1.0-mL assays were run in
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duplicates for 10 min in a temperature-controlled shaker bath at
30 °C [38,39]. Vials were made anaerobic under 100% Ar or
10% C,H,. The assays contained an ATP generating system
(with 1 mg/mL creatine phosphokinase and 30 mM creatine
phosphate), 2.5 mM ATP, 5 mM MgCl,, 20 mM DT, and
25 mM TES pH 7.4. Assays were quenched with trichloroacetic
acid, and products H, and C,H,; were determined by gas
chromatography. Deviations from these conditions are reported
in the text where applicable.

Titration assays were a variation of standard assays changed
repeatedly by addition of some stock solution, usually 3 M salt
with other assay components except protein, maintained under
constant gas pressure equivalent to the assay’s original
atmosphere. Assays were started by adding Av2. After some
time, a small volume from a stock solution plus a balance of gas
to make a total of 200 L was injected into the reaction solution,
followed by rapid mixing. With the syringe still in the assay
vial, a 200-uL gas sample was taken for gas chromatography.
These steps (stock solution addition, mixing, and gas sampling)
took less than 6 s. Usually, 10 activity measurements over
variable conditions with the same assay vial were taken over 2—
6-min intervals, or up to 30-min intervals for assays done in the
absence of ATP. The product present in the initial atmosphere
was subtracted as a blank. A mathematical correction was used
for the addition of all fluids (gas and stock solution) to the assay
and subtraction of product gas from earlier sampling. For some
titrations, a three-point box-car average was applied to a
cumulative product vs. time curve to increase the signal-to-
noise ratio. In general, only nitrogenase was diluted in the assay,
but never more than to a third of its initial concentration. One to
six titrations were performed for any given set of conditions.
One approach was to start titrations at different points along the
variable component and compare them in the overlapping
regions. Another approach involved comparing titrations to
standard assays at a few select points. Systematic deviations
towards the end of titration assays implied problems with
protein dilution or consumption of vital assay components (e.g.,
creatine phosphate) and were grounds for truncating the data.

For analysis of cooperativity of salt inhibition in results
previously published, figures were digitized and the data
tabulated using UN-SCAN-IT software [40].

2. Results
2.1. Salt effect on MoFe protein inhibition

The Deits—Howard scheme cannot model the salt effect
under conditions of low electron flux, including MoFe protein
inhibition [2,14], where it was shown that activity increased
with added salt (see Fig. 8 of Ref. [14]). MoFe protein inhibition
refers to the competition between reduction of RyD, to R T, (Fe
protein reduction favoring nucleotide exchange) and formation
of an inactive ERyD, complex due to competition between the
k4 and k3 steps, as described by the Thorneley—Lowe model and
Scheme 1. Scheme 1 predicts that as the Avl concentration
increases at constant Av2 concentration, inactive Av1—Av2
complex formation dominates (E+RyT>,— ERyD,) [20]. Thor-

neley and Lowe observed that salts disrupt complex formation
in the k3 step, leading to increased rates of Fe protein reduction
in the k4 step [19], but the consequences of this effect on activity
were not determined. Fig. 1 shows that at a 15:1 Av1/Av2 ratio
and at zero added salt, nitrogenase activity is strongly inhibited
due to Avl inhibition. As the salt concentration increases,
nitrogenase activity is enhanced (Avl inhibition is relieved)
until at ~150 mM salt concentration a maximum activity is
reached. Subsequent increase in salt concentration causes an
activity decrease. The low-salt activation of nitrogenase in Fig.
1 is consistent with salt inhibition of the k3 step. Both H, and
C,H, evolution are enhanced by salt activation due to the
increase in free reduced Fe protein. The subsequent total
activity decrease at greater than 150 mM salt concentrations is
consistent with salt inhibition of the k; step at higher salt
concentrations. We can conclude from Fig. 1 that at a high Av1/
Av2 ratio, ks is initially predominant over 4y, in terms of how
much protein is involved in each step, so that inhibiting both k;
and k5 steps leads to an overall increase in activity at low salt
concentrations. Thus, this type of salt activation under Avl
inhibited conditions follows from an understanding of Scheme
1, where salts simply interfere with complex formation (E+
R1T2—>ER1T2 in the kl step, and E+ROT2—>EROD2 in the k3
step). Thus, the mechanism for salt activation and inhibition in
this simple case is compatible with the Deits—Howard concept
of salts inhibiting complex formation. The Deits—Howard
model has no framework for salt activation, however, because
different redox states that lead to Av1 inhibition were not taken
into account.

2.2. Concentration dependence of Fe protein specific activity

There is ambiguity from Fig. 1 as to whether salts exert a
different influence on k; vs. k3 steps. Deits and Howard contend
that salts affect these steps equally [2]. However, this is not
compatible with the more recent suggestion that there are
different interactions involved in complex formation when
different nucleotides are present [41]. Therefore, it was of
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Fig. 1. Salt activation of Avl-inhibited nitrogenase. Standard assays were used
to measure total activity (@) from the components of both H, (M) and C,H4 ().
Each assay contained the normal assay mixture, 8§ mM DT, 1.14 uM Av2
(1600 nmol min ' mg ') and 17 uM Avl (2143 nmol min ' mg '), Av2/
Avl=14.9.
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Fig. 2. Concentration dependence of Fe protein specific activity. Standard assays were conducted to measure the specific activity of Av2 at different protein dilutions.
The effect of increased Av1 causing Av1 inhibition depends on the dilution of Av2, with Av2 held constantat 2.1 pM (), 1.0 uM (), or 0.05 uM (@). The activities
of proteins used were 2000 nmol min~ ' mg Av2™ ' and 1900 nmol min™ ' mg Avl~'.

interest to determine whether salts affect k; and k3 steps
differently. In Fig. 2, Av2-specific activity at 2.1 uM Av2
initially increases with MoFe protein, reaches a maximum at a
Av1/Av2 ratio of 1.4, and then decreases because of increasing
MoFe protein inhibition. Similar behavior is observed at 1.0 uM
Av2 except maximum activity shifts to an Avl/Av2 ratio of 5.4.
These results show that Av1 inhibition is dependent upon the
absolute concentration of the proteins, not just on the Av1/Av2
ratio. At each concentration, the rise in specific activity is less
rapid with dilution at low Av1/Av2 ratios where Av1 inhibition
is not a factor and where inhibition of the k; step predominates.
At high Av1/Av2 ratios where Avl inhibition is important, salt
inhibits primarily the k3 step.

These results are explainable because dilution leads to a
second-order decrease in Avl—Av2 association (dilution of both
component proteins), but only a first-order decrease in salt—
nitrogenase association (dilution of protein, but not of salt). The
result is enhanced salt inhibition of the overall catalytic steps.
With each dilution, the salt effect is more potent, so the k; and /3
steps are increasingly inhibited. At the lowest protein
concentration shown, 0.05 pM Av2, not even an AvI1/Av2
ratio of 300/1 produces a decrease in activity reflective of Avl
inhibition (data not shown). Therefore, the k3 step (E
+RoD; —ER(D;) is almost completely suppressed at this
dilution. Otherwise, Av1 inhibition should have overcome salt
inhibition at this very high Av1/Av2 ratio. On the other hand,
the k; step (E+R;T,— ER;T,) must only be partially inhibited
since product formation is high. Therefore, salts exert a stronger
inhibition on the /3 step than on the k; step, contrary to the
assumptions of the Deits—Howard model for salt inhibition.

2.3. Salt activation under conditions of high electron flux

While considering salt inhibition at multiple intermediate
steps in Scheme 1 is sufficient to explain nitrogenase activation
by salt under Avl-inhibited conditions, there is also evidence
for salt activation under high electron flux conditions (excess
MgATP, reductant and Fe protein), as stated previously. We
discovered this activation in the literature frequently enough
(see Fig. 4 of Ref. [1], Fig. 3 of Ref. [15], Fig. 4 of Ref. [16]) to
warrant further investigation.

In Fig. 3, the salt effect on the percent activity of nitrogenase
(relative to zero added salt) is shown for assays at three different
temperatures. At 12.5 °C, the smallest addition of NaCl (9 mM)
inhibits nitrogenase (I uM Avl and 6 pM Av2) by 40% and
continues to do so with increasing salt concentration. A fit of the
data to the Hill equation (not shown) displays no deviation at
low salt as occurs for the data at 30 °C, which maintains activity
out to 100 mM NaCl before inhibition occurs, consistent with
the results of Deits and Howard [2]. At 40 °C there is a
significant salt activation of nitrogenase by NaCl at concentra-
tions below 50 mM followed by a strong inhibition above this
concentration. At this higher temperature, a dilute sample of
nitrogenase (0.2 uM Avl and 1.2 uM Av2) was used to ensure
that assays did not run out of ATP regenerating system and to
ensure a very large excess of DT relative to protein
concentration. This dilute nitrogenase is more susceptible to
salt inhibition, which is apparent from the more dramatic drop
in activity above 50 mM NaCl compared to nitrogenase at five
times the concentration at 30 °C. As Fig. 3 suggests, a slight
deviation in temperature above 30 °C would result in activation
of nitrogenase. So the reproducibility of salt activation of
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Fig. 3. Salt activates nitrogenase under conditions of high electron flux. Titration
assays involving the addition of a 3 M NaCl stock solution to 1.0 pM Av1 and
5.8 uM Av2 at 12.5 °C () or 30 °C (m). Titration assays performed at 40 °C
(@) had only a fifth of the protein. To facilitate comparison, the data are
normalized to 100% activity at zero added salt. The activities of proteins used
were 1400 nmol min~ ' mg Avl~' and 1912 nmol min_ ' mg Avl~".
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nitrogenase at 30 °C reported in the literature may be very
sensitive to small temperature variations.

The straightforward kinetics of nitrogenase operating under
high flux conditions (blue arrows in Scheme 1) have shown that
the rate of nitrogenase complex dissociation, k_3, is the rate-
limiting step in catalysis [20]. Thus, the most obvious
explanation for salt activation of nitrogenase under these
conditions is that salts accelerate the rate-limiting step of
nitrogenase complex dissociation, k_3. To determine whether
this was the case, we sought to analyze a system in which the
rate of k_ 5 is exceptionally slow, so that salt activation would be
obvious and exaggerated. Thus, we turn our attention to the
heterologous cross of Avl with Cp2.

2.4. Salt activation of the heterologous cross Avi—Cp2 in the
presence of MgATP

The heterologous cross Avl-Cp2 forms a tight complex
[42—-44]. Since Fe protein must be released from the complex to
be re-reduced and restart the catalytic cycle (see Scheme 1),
nitrogenase combinations that result in a tight complex do not
reduce substrates requiring two or more electrons before
product turnover. Hence, it was long believed that no product
formation occurred with Avl—-Cp2 in the presence of ATP, but
Clarke et al. showed that this heterologous cross does support
H" reduction accompanied by complex dissociation at a very
slow rate (0.032 s~ ' at 30 °C) [32].

The rate of complex dissociation is by far the rate-limiting
step in this case because electron transfer from Cp2 to Avl
approaches the rate in the homologous cross at 100 s~ ' [45] and
because ATP hydrolysis is also relatively fast [32,33]. Thus, all
rates in catalysis are very rapid compared to k_3. Activation of
nitrogenase by salts accelerating the rate-limiting step of
nitrogenase complex dissociation, then, should be exaggerated
in the Av1-Cp2 heterologous cross. This hypothesis does not
simply depend on pushing the equilibrium in favor of the
dissociated states to increase activity; rather, only dissociation
of the complex in the k_3 step would actually increase activity.
To understand this, consider that (a) the k3 step is not a factor of

inhibition since there is excess Fe protein, so inhibiting the 43
step would not increase activity even though it would favor
complex dissociation and increase the equilibrium in favor of
dissociated states; and (b) inhibition of the k; step or
enhancement of the £ ; step would not lead to increased
activity since such events occur before electron transfer. Thus,
the very directional nature of events leading up to and following
electron transfer on the nitrogenase complex requires that if
activity is enhanced by salt under conditions of high electron
flux it is because of enhancing the rate of complex dissociation
in the k5 step after electron transfer. Thus, we hypothesized
that the Avl—Cp2 heterologous cross would be activated by salt
to a much greater extent than wild-type nitrogenase because the
rate of k_3 is so much slower with the heterologous cross.
Because dissociation of E-RyD, is by far rate-limiting in the
catalytic cycle of the Avl—Cp2 heterologous cross, the rate of
product formation is essentially a measure of this rate-limiting
step.

Fig. 4 shows that the Av1-Cp2 heterologous cross is indeed
activated by salt at a Cp2/Av1 ratio of 3:1 at 1 pM Avl. There is
close to a five-fold activation of H, formation at 500 mM NaCl,
followed by a drop in activity to near zero at 2 M NaCl. There
was only about 10% greater activity in assays by increasing the
Cp2/Avl ratio from 3:1 to 8:1 (data not shown), so a 3:1 Cp2/
Av1 ratio was sufficient to achieve close to saturating conditions
of high electron flux, i.e., Avl inhibition is not a significant
factor. The inset to Fig. 4 shows the controls of MgATP-
dependent H, evolution by Avl and Cp2 by themselves. The
low level of activity in each separate component is produced
from a very low level of contaminating Av2 and Cpl in our
samples of Avl and Cp2, respectively. The H, produced by the
separate Avl and Cp2 represents less than a tenth of the total
activity when both components are present at zero added salt.
Assays with either Avl or Cp2 alone with Av2 and Cpl
contaminants were inhibited by the addition of salt, whereas salt
activated assays containing both Avl and Cp2.

Clarke et al. reported that acetylene was not a substrate of
Av1-Cp2 under normal assay conditions [32]. Therefore, our
results are the first report that this heterologous cross supports
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Fig. 4. Salt activates the tight complex Av1—Cp2 in the presence of MgATP. Standard and titration assays with 3.4 M Cp2 and 1.0 uM Av1. Titration assays involved
small additions of a 3 M NaCl stock solution. H, measurements (@) were taken independently of C,H, measurements (O). The C,H, data is repeated in the inset for
comparison to H, production from controls of 3-h standard assays with 3.4 uM Cp2 with no Av1 (W) and 1.0 pM Av1 with no Cp2 ().
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acetylene reduction, but only upon salt activation. The inset to
Fig. 4 shows how the initial decrease in ethylene production by
the heterologous cross with added salt below 100 mM NaCl can
be correlated to the decrease in activity due to contaminants in
Avl and Cp2. An increase in ethylene production (about 8% of
the total electron flux) at higher salt concentrations corresponds
to the increase in H, evolution by the heterologous cross, so that
it appears that ethylene production is not supported by the
heterologous cross to any significant extent below about
100 mM NacCl.

We observed salt activation of the Avl—-Cp2 heterologous
cross with several different salts at a Cp2/Av1 ratio of 6:1. CsCl
and NaCl activated Avl—-Cp2 nitrogenase to about 20 and
10 nmol H, min~ ' nmol Avl !, respectively, between 500—
600 mM salt. KI and Nal and NaBr activated this heterologous
nitrogenase to about 20 nmol H, min~ ' nmol Avl™' between
350 and 450 mM salt. From these results, it appears that the
activating effect of salts on nitrogenase is a general ionic effect.

2.5. A salt-protein interaction with nitrogenase in the absence
of MgATP

Scheme 1 includes pathways of MgATP-independent
electron transfer. Whereas the rate of electron transfer in the
homologous Av cross has never been fast enough to detect,
electron transfer is detectable in the heterologous cross Avl—
CpR, (0.007 s ') and AvI-CpR;D, (0.018 s~ ') in the absence
of ATP at 24 °C [45]. The rates of complex dissociation of
these heterologous combinations have never been measured
but are expected to be very slow in the catalytic cycles
[E,+R,>E,R;, >E,.;Ro—>E,.;+R, ..] and [E,
+R1D2—>EnR1D2—>En+1R0D2—>En+1+R0D2 ] Slmllarly,
the L127A—Av2 mutant locked into the MgATP-bound
conformation transfers an electron to Avl in a reaction
homologous to E,R;T>—E,.RoT> (0.2 s~ ' at 23 °C). The
rate of dissociation of the Avl-L127A—-Av2 complex is less
than 0.02 s~ ' at 23 °C [10], and so dissociation is rate limiting
in the catalytic cycle [E,+R;T,—E,R;T,—E, 1ReT, = E,+;
+RoT5 ...].

Where dissociation is rate-limiting, an activity increase
under excess Fe protein suggests salt activation by enhanced
complex dissociation. The effects of NaCl on H, formation by
AVE-CpR;, AVE-CpR|D,, and AvE-L127A-AvR+D, are
shown in Fig. 5. All of these combinations display salt
activation. Activity by nucleotide-independent AvI1-Cp2
(AVE—-CpR,) is most strikingly enhanced by salt addition.
Between 0 and 100 mM NaCl, the level of activity corresponds
to a dissociation rate of about 0.0004 s~ ' at 30 °C. Between 500
and 900 mM NaCl, activity was about 25 times faster. MgADP
enhanced activity at less than 400 mM NaCl but depressed
activity for NaCl concentrations above 400 mM. Its peak
activity of AVE—CpR;D, of 0.2 nmol H, min~ ' nmol Avl '
between 250 and 350 mM NacCl corresponds to a dissociation
rate of AVE—CpRoD, of 0.007 s~ ! at 30 °C, or about 3.5 times
faster than at zero added salt. Product formation by AvE—
L127A-AvR, and AvE-L127A—-AvR D, were identical, with

an apparent dissociation rate at zero added salt of 0.002 s~ ',
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Fig. 5. Salt activates nitrogenase in the absence of MgATP. An average of
standard and titration assays (using additions from a 3 M NaCl stock solution)
with 1 uM Av1 with 6 pM L127A—Av2 (). Titration assays with 1 pM Avl
and Cp2 with no nucleotides (@) and with MgADP (m).

very similar to AVE—CpR,D,. This was enhanced to 0.004 s '
between 200 and 500 mM NacCl. It is important to note that the
actual rates of dissociation must be faster than these apparent
rates for two reasons: (a) there is equilibrium in electron transfer
so that not every complex formation contributes to catalysis;
and (b) there is slow decay of super-reduced E,,; back to the
ground state E,,.

3. Discussion

The original impetus for this study of nitrogenase salt effects
was that the mechanisms for salt activation of nitrogenase have
not been described previously. This is a particularly important
phenomenon to explain since it occurs under conditions
relevant to in vivo osmolytes and their concentrations [1]. In
this study, we have not examined the effects of physiological
osmolytes. Rather, we have shown that salt activation, like salt
inhibition, is also a general ionic effect, though some salts are
more activating than others. Therefore, we have favored the use
of the Hofmeister-neutral NaCl in this study to minimize
complications with altering protein solubility vs. denaturation
[46] and because of the general use of NaCl in previous studies
of salt effects.

NaCl activation of Av nitrogenase under high-flux condi-
tions was previously reported (Fig. 3 of Ref. [15] and Fig. 4 of
Ref. [16]) and investigated further in this study (see Fig. 3).
What could account for this activation? Three reasonable
possibilities are (a) salts prevent Avl inhibition; (b) inactive
protein could be competed preferentially to active Av2; and (c)
salts could increase the rate of complex dissociation.

3.1. Salts relieve MoFe protein inhibition

The Deits—Howard model does not account for Avl
inhibition. From Figs. 1 and 2 of this work, inhibition of 4;
vs. k3 steps can explain nitrogenase activation under low-flux
conditions where salts compete away Avl inhibition (i.e., E
+RyD, — ER(D,) more effectively than they inhibit activity (E
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+R;T,— ER;T,). Thus, relief of MoFe protein inhibition is one
of the mechanisms of salt activation of nitrogenase. This
mechanism of salt activation is straightforward but limited to
low-flux conditions where MoFe protein is actually inhibiting
activity through competition with reductant for Fe protein.

3.2. Competing away inactive protein

Inactive Fe protein, R;, interacts with active MoFe protein
with the same binding constant as RyD; in the Thorneley—Lowe
model [20]. As much as 55% of Kp2 is in an inactive
conformation [20]. The proportion of inactive Av2 in
equilibrium with the active conformation is not known, but is
believed to be much lower. Salts competing away R;
preferentially to R;T, would enhance activity, but would be
limited to the extent that R; T, is also inhibited and to the extent
that a particular organism’s Fe protein is in the inactive
conformation. Because the inactive and active conformations of
Fe protein are in equilibrium [47], there is no way to separate
them physically and assess the effects of salt on each
individually.

Christiansen et al. showed that there is an interaction
between inactive apo-Avl, E;, and Av2, though somewhat
weaker than that of holo-Av1 for Av2 [48]. Salt inhibition of
complex formation is more likely to compete away this weaker
interaction of Av2 for E; as opposed to active E. The activating
effect on overall activity of releasing Av2 bound up by E; would
be minimal under conditions of excess Av2 and/or when there is
a low level of E;.

3.3. Accelerating complex dissociation

Alternatively, salts could activate nitrogenase by increasing
the rate of dissociation of the nitrogenase complex by
weakening the complex through charge screening. This should
both slow complex formation and speed complex dissociation.
Dissociation is rate limiting, so charge screening affecting this
step should be readily apparent under conditions of high
electron flux where MoFe protein inhibition is not a factor. A
high enough activation would also rule out preferential
inhibition of the inactive conformation of Fe protein, R;.

Accelerating the rate of complex dissociation is the most
likely explanation for the activation in Figs. 3-5. The
alternatives—preventing Av1l inhibition or inhibiting inactive
protein—either do not apply outright or could not account for the
large degree of activation: a 50% increase in Fig. 3 at 40 °C; a 5-
fold increase in H, production and the induction of C,H,
reduction in Fig. 4; or the ~25-fold activation of ATP-
independent AVE—CpR; activity in Fig. 5.

With Av nitrogenase at 20 °C, k_3 was measured to be 3.3
s !, and the next slowest step was ATP hydrolysis at 14 s~
[49]. With Kp nitrogenase at 23 °C, the rate of k_5 is 6.4 s '
[20], and the rate of ATP hydrolysis and P; release is about 22
s ' [22]. Thus, even in the wild-type homologous cross, k_1 is
rate-limiting by a factor of about 4. The directionality of
Scheme 1 requires that salt effects prior to electron transfer
would inhibit nitrogenase, whereas those after electron transfer

may actually activate nitrogenase. Thus, the straightforward
kinetics of nitrogenase operating under high flux conditions
requires that salt activation is due to salts accelerating the rate-
limiting step of nitrogenase complex dissociation, k3. A salt
effect on any of the other rates simply would not overcome the
extremely slow rate of complex dissociation to increase activity.
Furthermore, salt activation in the homologous cross would be
limited by an upper limit of about a 4-fold activation because of
the rate of ATP hydrolysis. However, in the heterologous cross,
and in the absence of ATP, the upper limit for salt activation is
much higher.

This mechanism of salt activation by increasing the rate of
complex dissociation in the k-5 step surely applies to the data in
Figs. 1 and 2 as well, refining our understanding of salt
activation under MoFe protein-inhibited conditions, where salt
activation would involve a combination of enhancing the rate of
k_5 and inhibition of the &5 step, and where salt inhibition would
involve inhibition of the k; step, and possibly even enhance-
ment of the rate of k_;.

The only other case we could find where salts increase the
rate of dissociation in a biological system is in the electron
transport chain in plant mitochondria. There, activity is
stimulated by charge screening that increases the rate of
dissociation of cytochrome ¢ from the membrane [50].
However, nitrogenase belongs to a much larger family of
nucleotide-binding proteins, for which research may yet reveal
similar salt—protein effects that we have observed for
nitrogenase.

3.4. Charge screening of the Fe protein—-MoFe protein
interface

That the interface between MoFe protein and Fe protein is
the likely site of activation by charge screening is supported by
the observation that individual contributions to nitrogenase
complex stability are found in key residues at the Avl—Av2
interface that in Av2 mutants show an increased susceptibility to
salt inhibition, including R100H [14] and R140Q and K143Q
[15].

It is difficult to study salts binding to nitrogenase that
activate by charge screening at the interface between MoFe
protein and Fe protein when nucleotides are present because of
the simultaneous effect of salt inhibition of nucleotide binding.
This difficulty is overcome by the study of nucleotide-
independent salt effects, such as with Avl-Cp2 and Avl-
L127A-Av2 in Fig. 5. Charge screening at the interface
between MoFe protein and Fe protein accounts for both
activation and inhibition. The activation portions of all the
curves in Fig. 5 are concave up at low salt concentrations. This
is particularly clear with Avl—Cp2 in the absence of nucleo-
tides, since activation occurs in dramatic fashion above about
250 mM NaCl.

There are two possibilities for why activation by charge
screening is concave up: cooperative binding of salt particles,
and independent binding of salt particles that exert a synergistic
effect to destabilize the nitrogenase complex. Cooperativity is
difficult to rationalize in terms of the structures of the
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nitrogenase proteins at the interface between MoFe protein and
Fe protein [14].

On the other hand, synergistic charge screening can be
rationalized in terms of the structure of nitrogenase. Crystal
structures for ER, ERT, and ERD, were recently solved by
Tezcan et al. [51]. There were no significant structural changes
in Avl, which acts as a rigid template explored by various Av2
conformations. There is a broad surface of Avl that accom-
modates a rocking motion of Av2, with nucleotide-free Av2
binding just off to one side of where MgATP-bound Av2 binds,
and with MgADP-bound Av2 binding just off to the other side.
These different binding sites are close together and mutually
exclusive, even for the extremes of ER and ERD, binding to
opposite extremes of the Avl template, so that one half of Avl
cannot accommodate binding of more than one Av2 at a time.
Tezcan et al. also determined that there is considerable disorder
for the ERD, conformation. Four similar but separate forms of
ERD, were found with buried surface contacts between the
proteins varying between 1600 and 2000 A%, So there is more
than just simple rocking involved with the different conforma-
tions, but also exploratory movements over the surface groves
of Avl. Tezcan et al. go so far as to suggest that such
exploratory movements span a wider area than shown by the
crystal structures [51]. Nonspecific salt interactions spanning
the Av1 template would thus exert a synergistic effect to weaken
the different nitrogenase complexes. ERD,, with a smaller area
of protein contact and fewer polar interactions than ERT, [51],
would be weakened more easily by salt than ERT) to lead to an
increase in the rate of complex dissociation at low salt. But a
high salt concentration would then destabilize formation of even
the much more stable ERT, complex.

3.5. Salt inhibition of nucleotide binding

With this new insight on the role of salts binding at the
interface between MoFe protein and Fe protein, questions arise
as to the importance of salt inhibition of nucleotide binding to
the nitrogenase complex. After all, screening of MoFe protein—
Fe protein interactions is sufficient to explain both activation
and inhibition of activity in Fig. 5.

The role of salt inhibition of nucleotide binding to the
nitrogenase complex is best seen in a study in which Duyvis et
al. measured the rate of inter-protein electron transfer in the
stopped-flow at various salt concentrations [13]. In one syringe
were Avl, Av2 and DT. In the other were salt and MgATP. Upon
mixing of these different solutions, MgATP induces electron
transfer on the nitrogenase complex, which is followed
optically. Since Avl and Av2 are already together, this measure
of salt inhibition targets nucleotide addition to ER; rather than
formation of ER; from E and R;. Disruption of ATP binding
could only result in nitrogenase inhibition since ATP-indepen-
dent electron transfer is so slow. Cooperative inhibition at this
site is intuitively reasonable since nucleotides bind coopera-
tively to nitrogenase [25]. The Hill coefficient of salt inhibition
of primary electron transfer is 2.1 [13].

Thus, a Hill coefficient of 2 may be a signature of nucleotide
inhibition on the nitrogenase complex. If so, it is interesting that

the data at 12.5 °C in Fig. 3 fit to a Hill coefficient of 2.0. Salt
activation by charge screening that becomes more prominent at
higher temperatures in Fig. 3 would increase the apparent
cooperativity, counteracting nucleotide inhibition at low salt,
then inhibiting with nucleotide inhibition at higher salt. Thus,
the Hill coefficient of salt inhibition of nitrogenase activity at
30 °C is 3.0-3.5 [2,14].

Interestingly, salts inhibit assays with R100H-Av2 at a
reported Hill coefficient of 1.9 at 30 °C [14], suggesting that
inhibition of nucleotide binding is targeted and that salt
activation and inhibition of protein—protein interactions are no
longer a factor. On the other hand, the patterns of salt inhibition
of the R140Q and K143Q Av2 mutants fit to Hill coefficients of
3.5 and 5.1, respectively (determined by our analysis of data
digitized from Ref. [15]). Activation is still apparent (see
K143Q in Fig. 3 of Ref. [15]). That Arg140 of Av2 appears to be
required for salt activation under high-flux conditions may be a
consequence of its role, as stated by Wolle et al., to stabilize
ER;T, and destabilize ERyD, [14]. On the other hand, since
mutating either Argl40 or Lys143 does not abolish activation
and/or decrease the high degree of apparent cooperativity, these
residues probably contribute only minimally to differences in
complex stability in ER T, vs. ER(D5.

3.6. Unequal states of E-RyD, through charge screening

The nature of synergistic charge screening may depend
critically on the state of nitrogenase when the complex is
initially screened. Dissociation of AVE—CpRD, is rate-limiting
in two separate assay sets: the AVE—CpR, T, data in Fig. 4, and
the AVE—CpR D, data set in Fig. 5. However, there is a huge
discrepancy in the activities of each. This large discrepancy is
most easily attributed to the different charge screening
interactions of AVE-CpR T, as opposed to AVE—CpR;D,.

We use the notation AVvE-S; ,7p—CpRT, and AVE-S; pp—
CpRD; to distinguish between the ways that salts screen the
nitrogenase complex when it initially forms in either the ATP-
or ADP-bound state. Whereas only the level of reduction of Fe
protein changes with AVE,—S; 4pp—CpR D> — AVE,, =S, spp—
CpRoD,, ATP hydrolysis on AVE-S; 47p—CpR,T, produces
much more drastic conformational changes upon formation of
AVE, ,-S; 47p—CpRoD,. Hence, different AVE—-CpR interac-
tions are screened in AVE—S,—~CpR,D, depending on the initial
formation of the complex.

This reasoning is readily applicable to the homologous Av
cross as well. Burns et al. observed that AVER, formed a
complex in analytical centrifugation studies in 200 mM NaCl
[11]. The addition of MgADP weakened this complex
somewhat, but the addition of MgATP completely disrupted
complex formation. This observation may seem counterintuitive
at first since addition of MgATP should lead to one of several
predicted states: ER(T», ERy (MgATP competed away by salt),
or ER¢D, (after ATP hydrolysis). ERy and ERyD, were both
independently characterized, and ER(T, is a relatively tightly
bound complex according to kinetic arguments (i.e., in the
Thorneley—Lowe model) and by analogy to the Avl-L127A—
Av2 tight complex locked in the MgATP-bound conformation
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[10]. However, when we consider the possibility of ES; 47p
RoT>—ES; 47pR¢D>, then it is clear why MgATP disrupts
complex formation; ES; 47pRoD, is much more unstable than
ES; 1prRoDs.

The four conformations of the ERD, crystal structure were
solved by Tezcan et al. for a nitrogenase sample lacking
MgATP and having 100-200 mM ionic strength [S1]. So the
crystal structures correspond to the more stable ES; ,ppRoD>
forms. No salts are reported in the crystal structures, so the
“S; 4pp” notation corresponds to j=0. With the ability to scan
the surface of the Av1 template, free incoming RyD, would be
able to find several favorable binding modes with minimal
salt inhibition.

In contrast, the RoD, in the ERqD, conformation produced
immediately following hydrolysis of ATP would not have the
same freedom to scan the Avl template from any direction as
free incoming RyD, would. This logic follows from the origins
of the ERyD, conformation formed immediately from the ERT,
complex, which is very strong and much more localized. Av2
must begin its scanning of Av1 from this much more restrictive
location. Thus, not all the possible ERyD, conformations would
be immediately accessible.

Because of the experimental requirement of a very weak
ES; 47pRoD, conformation discussed above, it is likely that
salt targets nitrogenase at this very early stage as Av2 in
ES; 47pRD; begins to scan the Av1 template. Thus, we postulate
that salts target Avl-Av2 interactions in ES; 47pRoD> when
RyD; is located more centrally—before achieving the energy
minima associated with the ERD, crystal structures.

Thus, salts activate the homologous cross in Fig. 3
effectively because the low level of salt that only modulates
the stability of ES; ,7pR T, greatly disrupts the stability of
ES; 47pRoD, formed upon ATP hydrolysis. So it is of
particular importance to note that temperature-dependent
activation of nitrogenase in Fig. 3 is relevant to in vivo
conditions, which are very high electron flux, temperatures of
30-40 °C, and low salt concentrations.

4. Summary and conclusion

The level of complexity of Scheme 1 is a reflection of the
complexity of salt effects upon the nitrogenase enzyme system.
There is interplay and competition between the intermediates of
MoFe and Fe proteins, and between nitrogenase and nucleo-
tides, reductants and salts. Consequently, in any study where the
concentrations of the nitrogenase assay components are
changing—MoFe protein, Fe protein, nucleotide, reductant,
etc.—there is a corresponding salt effect.

A simple mechanism for salt activation involves relief of
MoFe protein inhibition—the k3 step is more inhibited by salt
than the k& step. With the new insights from salt activation under
high-flux conditions, a second mechanism of salt—protein
interactions is proposed, which is that synergistic charge
screening of Fe protein—MoFe protein interactions weakens
the nitrogenase complex in the MgADP-bound conformation to
accelerate the rate-limiting step of nitrogenase complex
dissociation—the k_3 step is more accelerated by salt than the

k_1 step. This salt activation occurs under high-flux conditions
relevant to N, fixation and for sufficiently low salt concentra-
tions to be physiologically relevant.
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