1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

HHS Public Access

Author manuscript
J Am Chem Soc. Author manuscript; available in PMC 2016 October 07.

Published in final edited form as:
J Am Chem Soc. 2015 October 7; 137(39): 12704-12712. doi:10.1021/jacs.5b08310.

Evidence for functionally relevant encounter complexes in

nitrogenase catalysis
Cedric P. Owens, Faith E. H. Katz, Cole H. Carter, Maria A. Luca, and F. Akif Tezcan”
Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla,

California, 92039, United States

Abstract

Nitrogenase is the only enzyme that can convert atmospheric dinitrogen (N5) into the biologically
usable ammonia. To achieve this multi-electron redox process, the nitrogenase component
proteins, MoFe-protein (MoFeP) and Fe-protein (FeP), repeatedly associate and dissociate in an
ATP dependent manner, where one electron is transferred from FeP to MoFeP per association.
Here, we provide evidence for the first time that encounter complexes between FeP and MoFeP
play a functional role in nitrogenase turnover. The encounter complexes are stabilized by
electrostatic interactions involving a positively charged patch on the B-subunit of MoFeP. Three
single mutations (BAsn399Glu, pLys400Glu, and BArg401Glu) in this patch were generated in
Azotobacter vinelandii MoFeP. All of the resulting variants displayed decreases in specific
catalytic activity, with the BK400E mutation showing the largest effect. As simulated by the
Thorneley-Lowe kinetic scheme, this single mutation lowered the rate constant for FeP-MoFeP
association five-fold. We also found that the BK400E mutation did not affect the coupling of ATP
hydrolysis with electron transfer (ET) between FeP and MoFeP. These data suggest a mechanism
where FeP initially forms encounter complexes on the MoFeP B-subunit surface en route to the
ATP-activated, ET-competent complex over the af-interface.
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INTRODUCTION

There is mounting evidence that electron transfer (ET) reactions between protein partners
are complex, multi-step processes that proceed through the initial formation of a dynamic
ensemble of encounter complexes. These complexes then lead to a specific, functionally
active docking geometry (or geometries).12 In general, encounter complexes are fleeting,
low-affinity species guided by long-range electrostatic interactions.12 In contrast, ET-active
conformations are characterized by more tightly bound, stereospecific docking geometries
stabilized by short-range (H-bonding, salt-bridging, hydrophobic) contacts.3# Encounter
complexes are proposed to prolong the collisional lifetimes of protein interactions and
reduce the search space for forming active complexes, thereby increasing functional
efficiency.1® Interprotein ET reactions carry a particularly stringent requirement for fast
intermolecular association and turnover. Indeed, the functional importance of encounter
complexes in interprotein ET reactions has been well documented in several redox pairs
such as cytochrome ¢ (cyt ¢)—cyt ¢ peroxidase,®=8 cyt bs—myoglobin,®10 and cyt f-
plastocyanin. 11-13 In this work, we establish that the complex interprotein ET interactions
in the metalloenzyme nitrogenase also involve functionally relevant encounter complexes,
whose active role in nitrogenase catalysis has previously been only postulated.

Nitrogenase catalyzes the 6-electron reduction of N, to NH3 along with the obligate
evolution of Hy:

No+8e +8HVT+16ATP — 2NHs+Hy+16ADP+16P; (Equation 1)

Nitrogenase consists of two redox partners (Figure 1). The MoFe-protein (MoFeP) is an
aoPy heterotetramer, which contains the P-cluster (a [8Fe:7S] cluster) and the catalytic
FeMoco (a [7Fe:9S:1Mo:1C] cluster). The Fe-protein (FeP) is a yvo homodimeric [4Fe:4S]-
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protein and the exclusive electron donor to MoFeP.14:15 ET from the [4Fe:4S] of FeP to the
FeMoco occurs through the intermediacy of the P-cluster. Nitrogenase differs from the
aforementioned protein redox pairs in that its protein-protein interactions are regulated by
the ATPase activity of FeP. ATP binding and hydrolysis not only provide a timing
mechanism for the successive ET-interactions between FeP and MoFeP, but likely also
coordinate the downstream, multi-electron catalytic reactions. In order to elucidate the
structural basis for the ATP-dependent interprotein ET processes, the FeP-MoFeP complex
from Azotobacter vinelandii (Av) has been crystallographically characterized under solution
conditions that mimic different stages of turnover (Figure 1).18 These structures revealed
that FeP could populate three distinct docking geometries (DG) on the MoFeP surface in a
nucleotide dependent manner. In this paper, we refer to these geometries as DG1, DG2, and
DG3.

Despite extensive structural data, little is known about a) the solution dynamics of FeP-
MoFeP interactions, b) how these dynamics regulate ATP-coupled inter- and intra-protein
ET, and c) the functional relevance of the crystallographically observed FeP-MoFeP
complexes. Out of these three crystallographically observed FeP-MoFeP docking
geometries, the mechanistic importance of only DG2, populated in the presence of ATP-
analogs, is unambiguous.*17 All FeP-MoFeP complexes captured in DG2 feature a short ET
distance (~15-16 A), a densely packed protein medium between the [4Fe:4S] of FeP and the
P-cluster, and compact FeP conformations that are conducive to ATP hydrolysis (Figure 1).
Therefore, DG2 is considered to represent the activated protein complex in which ATP
hydrolysis is coupled to ET. Recent experiments suggest that ATP-driven conformational
gating events within DG2 may activate the initial ET step from the all-ferrous P-cluster to
the FeMoco.18-21 This step is then followed by a subsequent ET from the [4Fe:4S] of FeP to
the oxidized P-cluster,22:23 in a sequence of events coupled to ATP hydrolysis. The
structural details of these conformationally gated ET events within DG2 remain to be
elucidated.

In contrast to DG2, DG features a long distance (~20 A) and a sizeable solvent-filled gap in
the intervening region between the [4Fe:4S] and the P-cluster, and FeP is found in an open
conformation with well-separated nucleotide-binding pockets. Moreover, the DG1 structure
was obtained in the absence of any nucleotides, which is a physiologically unlikely
condition given the typical ATP and ADP concentrations under cellular turnover
conditions24 and the nucleotide-binding affinities of FeP.2> Nevertheless, the binding
surface between FeP and MoFeP in DG1 is extensive (~2800 A2) and contains many short-
range interactions typical of ET protein partners. In particular, a negatively charged region
of FeP (yGlu68, yAsp69, yGlulll, yGlul12) forms extensive H-bonding and salt-bridging
interactions with a positively charged patch on the MoFeP $-subunit surface (BAsn399,
BLys400, BArg401) (Figure 1 inset). Howard and colleagues demonstrated that FeP and
MoFeP form a highly specific crosslinked complex in solution between yGlu112 and
BLys400 side chains mediated by 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide
(EDC).26-28 The crosslinking reaction proceeded with and without nucleotides, and
importantly, it did not involve other acidic or basic residues on the FeP and MoFeP surfaces.
It was hypothesized that the EDC-crosslinked FeP-MoFeP complex could represent an
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encounter complex on the way to the formation of an ET-active complex.2® However, the
functional relevance of the DG1 conformation has neither been experimentally evaluated nor
included in the catalytic schemes for nitrogenase such as the Thorneley-Lowe cycle
(Schemes 1, S1 and $2).39-32 To investigate if the DG1 conformation is functionally
relevant, we generated MoFeP mutants aimed at destabilizing the interactions of the MoFeP
3399-401 surface patch with FeP. If DGL1 is relevant in turnover and populated en route to
the formation of the activated DG2 state, we expected a loss of catalytic activity in the
MoFeP mutants. In contrast, if the DG1 conformation represents an off-pathway complex,
we expected the MoFeP mutants to have no effect, or even enhance nitrogenase activity. Our
studies provide strong evidence that the electrostatic interactions stabilizing the DG1
conformation are necessary for forming “on-pathway” encounter complexes. The
involvement of encounter complexes may provide a means to increase the effective
association rate between FeP and MoFeP and thereby electron flux to MoFeP.

Generation and growth of A. vinelandii B399-401 MoFeP variants

In order to probe the functional relevance of FeP-MoFeP interactions in the DG1 complex,
we individually mutated the neutral BAsn399 and the positively charged BLys400 and
BArg401 to negatively charged Glu. Whereas these residues make extensive contacts both
with side chain and main chain atoms of FeP in DG1 (Figure 1 inset), their shortest distance
to the FeP surface is 4.5 A in DG2 and 211 A in DG3. Thus, functional effects of PN399E,
BK400E and fR401E mutations can be attributed primarily to the perturbation of the DG1
complex, or related complexes that utilize the $399-401 surface patch. A. vinelandii
chromosomal mutants were generated using a previously described two-step procedure.?1.33
The mutations were confirmed by gene sequencing (Figure S1), and, in the case of BK400E,
also by X-ray crystallography (videinfra). All A. vinelandii strains were capable of
diazotrophic growth at wild-type (WT) levels (Figure S2), suggesting that all three MoFeP
variants are functional in nitrogen fixation. The variants were overexpressed using
previously reported derepression strategies®* and isolated in good yields with high purity
(2.1, 3.3, and 1.0 mg MoFeP per g of wet cell paste for BN399E, fK400E, and pR401E,
respectively).

Crystal structure of BK400E-MoFeP

Monoclinic (P24), single crystals of BK400E-MoFeP were grown under solution conditions
similar to those previously reported for WT-MoFeP. 35 The 1.75 A-resolution structure
shows that BK400E-MoFeP is isomorphous with WT-MoFeP (r.m.s.d. = 0.3 A over all a-
C’s), and there are no structural perturbations surrounding residue § E400 (Figure 2A). The
electron densities for all eight BE400 side chains in the asymmetric unit are clearly visible
and confirm the desired mutation (Figure S3). Despite the similarity of the crystallization
conditions, the unit cell of BK400E-MoFeP (P24, 175 A x 144 A x 177 A, p=114°, Table
S1) is distinct from all other known A. vinelandii WT-MoFeP crystals (most common P2,
unit cell: ~80 A x 130 A x 107 A, p~110°). In WT-MoFeP crystals, the BK400 side chains
are well packed against negatively charged residues (aE368 and aE373) from symmetry
related molecules (Figure S4A). In contrast, the BE400 side chains in the PK400E variant
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extend into solvent-filled spaces (the only ones of appreciable size) in the lattice, indicating
that this single, charge-reversal mutation has drastically influenced protein packing
interactions (Figure S4B).

Effects of 399-401 MoFeP mutations on EDC-mediated FeP crosslinking

We examined the ability of BN399E, BK400E, and pR401E-MoFeP variants to form EDC-
crosslinked complexes with FeP using previously reported conditions.28 As expected, no
crosslinked complex was detected in the case of the BK400E mutation, since this mutation
eliminates the amine functionality required for the specific pK400-yE112 isopeptide linkage
(Figure 2B and S5). We observed the same effect when saturating concentrations of MgATP
or MgADP (10 mM) were included in the crosslinking reaction (Figure S6). Howard and
colleagues established pK400-yE112 as the location of crosslinking through Edman
degradation,2’ but they did not demonstrate that this was still the site of crosslinking in the
presence of nucleotides. Since BK400E-MoFeP does not crosslink the FeP even in the
presence of nucleotides, our findings provide unambiguous evidence that ADP- and ATP-
bound FeP also form the specific fK400-yE112 linkage with MoFeP.

Interestingly, the extent of FeP-MoFeP crosslinking was also diminished to negligible levels
with BN399E- and BR401E-MoFeP variants (Figure 2B and S5). Two possible scenarios
may account for this observation. In one scenario, the charge-reversal mutations on MoFeP
destabilize the H-bonding and electrostatic interactions between the two proteins. This
abolishes the formation of the DG1 conformation and/or drastically curtails its lifetime,
preventing EDC-mediated crosslink formation. In the other scenario, the ternary complex
does form, but BN399E and BR401E mutations perturb the local structure within the
complex, disrupting the stereospecific alignment of the carboxylate, carbodiimide, and
amine groups needed for the selective isopeptide bond formation. Given that we do not see
any level of crosslinking, we strongly favor the first scenario, i.e., mutations in the $399-401
patch on the MoFeP surface have significant effects on interactions with FeP in solution.

Effects of the p399-401 MoFeP mutations on catalytic efficiency and FeP-MoFeP
interactions

To investigate the functional effects of the MoFeP 3399-401 surface mutations, we assayed
each mutant’s ability to reduce the alternative substrate acetylene (C,H) to ethylene (CoHy)
by 2 e7/2 H* and the ability of BK400E-MoFeP to reduce H* to H, by 2 e~ under standard
conditions (Figure 3A, S7 and Table 1). The maximal specific activities of the mutants were
65%-80% of WT-MoFeP. In addition, half-maximal specific activities were reached at
higher FeP concentrations in all cases (Figure 3A and S7), suggesting weaker interactions
between the two proteins. The greatest effect was seen for the BK400E mutation (~65% of
WT) and can be attributed to the more extensive interactions of K400 side chain with FeP
in the DG1 complex compared to PN399 and pR401 (Figure 1, inset). Given that these
mutations are very far from any structural component of MoFeP or FeP with obvious
functional importance (i.e., for ET, ATP hydrolysis, ATP/ET coupling, substrate diffusion,
catalysis), their sizable effects on catalytic activity are remarkable.
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Salt-inhibition experiments highlight the electrostatic nature of the functional effects of
mutations. As previously documented,36-38 the specific activity of WT-MoFeP steadily
decreases as the NaCl concentration in the assay solution is raised,3° with a ICsp, NacI eQual
to 250 £ 15 mM. For the BK400E mutant (which we used for the remaining investigations
due to its largest effects), 1Csg nacy is reduced to 130 + 30 mM, indicating increased
sensitivity of FeP-MoFeP interactions due to this mutation.

If the reduced specific activity of BK400E-MoFeP is indeed a consequence of destabilized
interactions with FeP, we would expect a similar effect in other assays that depend on FeP-
MoFeP interactions. One such assay is the MgATP-dependent chelation of Fe(Il) from the
[4Fe:4S] cluster of FeP by 2,2’-bipyridine (bipy). It has been shown that MgATP binding to
free FeP renders its [4Fe:4S] cluster susceptible to chelation by bipy (likely as a result of
MgATP-induced conformational changes).4? The rate of Fe chelation is slowed in the
presence of MoFeP, as it protects the [4Fe:4S] cluster through docking interactions.3841 It is
likely that this protection is achieved only within the ATP-activated DG2 state, which
provides the only docking arrangement between FeP and MoFeP wherein the [4Fe:4S] is
protected from the solvent (Figure 1). As shown in Figure 3C, the apparent first-order rate
constant of Fe chelation from FeP in the presence of ATP decreases from 9.9 + 0.1 x 1073
57110 2.5+ 0.3 x 1073 571 upon addition of WT-MoFeP, but only to 5.3 + 0.2 x 103 s 1 in
the case of BK400E-MoFeP under the same conditions.#2 No significant Fe chelation is
observed in the absence of MgATP, as expected (Figure S8). The observation that fK400E-
MoFeP does not protect FeP from chelation as effectively as WT-MoFeP suggests that
interactions between FeP and MoFeP are weakened by the BK400E mutation. Since the Fe-
chelation assay is conducted under turnover conditions, this finding further supports the
proposal that the interactions between FeP and the $399-401 MoFeP surface patch (and by
inference, DGL1) are populated en route to the formation of the ATP-activated DG2.

To examine the effects of the BK400E mutation on ATP-dependent substrate activation, we
measured C,H> reduction activity at a constant FeP:MoFeP ratio as a function of ATP
concentration. As shown in Figures 3D and S9, the ATP-dependence of the reaction shifts to
higher ATP concentrations for the pK400E mutant compared to WT-MoFeP. The resulting
traces can be fit to the Michaelis-Menten equation with the assumption that ATP is the
substrate in this reaction. At saturating ATP concentrations, the maximal activity (Vmax) of
BK400E-MoFeP is lower than that of WT-MoFeP, reflective of the mutant’s lower specific
activity. The apparent K, of 1.04 =+ 0.23 mM for PK400E-MoFeP is nearly double that of
0.65 + 0.11 mM for WT-MoFeP. These apparent K,,’s are not true Michaelis constants due
to the multidimensionality of the nitrogenase reaction coordinate. Nevertheless, they provide
a measure of how readily the activated DG2 conformation assembles from FeP and MoFeP
in the presence of ATP, suggesting again that BK400E mutation has a detrimental effect on
formation of the activated DG2 complex.

Effects of the BK400E mutation on ATP hydrolysis and ET coupling

Given the complex nature of FeP-MoFeP interactions and the ensuing redox processes, the
decreased activities of MoFeP variants could stem from the perturbation of any of multiple
steps during turnover, i.e. protein-protein association and dissociation, ATP binding and
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hydrolysis, ET, or substrate reduction. One way to probe the functional importance of a
mutation in nitrogenase is to evaluate the degree of coupling between ATP hydrolysis and
electrons transferred to substrate. If a mutation does not directly influence the reaction
coordinates for these processes, the ratio for ATP/e™ coupling should approach a value of 2
(Equation 1). On the other hand, if the mutation does affect ATP/e~ coupling, the ratio
increases, indicating that not every ATP hydrolysis event promotes productive ET. For
example, mutation of residues that are directly involved in protein-protein interactions in the
activated DG2 complex (FeP: yR140Q,38 yK143Q,38 yR100H37 or MoFeP: aF125A,
aF125A%3) or are implicated in substrate reduction (MoFeP: aH195Q%4) lead to
significantly elevated ATP/e™ ratios ranging from 3 to as high as 31. We observed that the
ATP/e™ coupling ratios for BK400E-MoFeP are indistinguishable from those of WT-MoFeP
(Table 2), and consistent with ATP/e™ values measured by others for WT-MoFeP under the
given experimental conditions (30 °C, 13 mM NayS,0,). These results suggest that the
BK400E mutation does not perturb the activated DG2 complex or any ATP hydrolysis/
redox-related process taking place within this complex. Thus, it must influence a step that
either precedes or follows ATP/e™ coupling, such as the formation of FeP-MoFeP encounter
complexes.

Lastly, we measured the Kinetics of irreversible inhibition of nitrogenase catalysis by
aluminum tetrafluoride (AlF47). During ATP hydrolysis, AlF,~ replaces the leaving -
phosphate group and locks the FeP-MoFeP complex into a kinetically stable DG2
conformation (ty/2>21 h) as an ADP.AIF,~ adduct.* AIF,~ has been shown to act as a slow
inhibitor of nitrogenase catalysis where the rate-limiting step is the binding of AlF,~ to the
activated DG2 state (rather than the formation of DG2).45-47 Time-course experiments for
C,H, evolution in the presence of AlF,~ indicate that the initial enzymatic velocity of the
BK400E variant is lower than that for WT-MoFeP (32 + 5 nmol min~1 vs. 59 + 5 nmol
min~1, respectively), in accordance with the lower specific activity of BK400E-MoFeP
(Figure 4). In contrast, the rates of AlF4~ inhibition are indistinguishable for both species
(0.16 + 0.03 min~1 and 0.18 + 0.02 min~1, respectively), which is consistent with the
expectation that the BK400E mutation should not alter the rate-limiting step for AlF,~
inhibition.

Effects of the BK400E mutation on the FeP-MoFeP association rates

The results thus far indicate that a) the role of the $399-401 patch on the MoFeP surface is to
promote association with FeP to form functionally important encounter complexes, and b)
the crystallographically observed DG1 complex likely is one such encounter complex
populated before commitment to the ET-competent DG2 state. We thus set out to determine
the effective association rate between FeP and MoFeP through dilution experiments, which
were originally reported by Thorneley and Lowe (for Klebsiella pneumoniae (Kp)
nitrogenase).*8 In dilution experiments, nitrogenase catalytic activity is measured at
progressively lower FeP and MoFeP concentrations at constant FeP:MoFeP protein ratios.
At sufficiently low concentrations, protein-protein association becomes the rate-limiting
step, which is manifested in a sigmoidal concentration-dependent activity profile at
concentrations below the protein-protein dissociation constant (Kg) and a linear increase in
activity at concentrations above the Kg. Dilution experiments with WT- and K400E-MoFeP
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show that the deleterious functional effect of the PK400E mutation becomes highly
pronounced at low protein concentrations (Figure 5, S10 and Table S2). No measurable
activity is observed with the K400E variant until a MoFeP concentration of 0.06 pM is
reached; at 0.10 uM at pK400E-MoFeP displays only 25% of WT-activity, and at 0.50 uM,
50% of WT-activity (Table S2). Quantitative estimates for apparent FeP-MoFeP association
rate constants (k;) were obtained for both variants by simulating best-fit curves based on a
Thorneley-Lowe model for C,H, reduction (Schemes 1, S1 and S2).3249 The simulatione
were carried out by numerically solving the Thorneley-Lowe model for all reactants using
an adapted version of a Mathematica script originally written by Watt and colleagues (see Sl
for the script and Table S3 for the parameters used).32 In these simulations, k; was the only
variable parameter. While the BK400E mutation may affect both the association rate
constant, ki, and dissociation rate constant, k-1 for the FeP-MoFeP encounter complexes,
previous work indicates that k; is the dominating factor in dilution experiment simulations
and that altering k_; has little influence.32:50 We confirmed this observation, since altering
k_, by one order of magnitude above or below its published value causes little change in the
simulation (Figure S10). Best estimates for k; were obtained using a manual grid search
procedure that yielded k; = 2.5 x 107 M~1s71 for WT-MoFeP and 0.5 x 10’ M~1s71 for
BK400E-MoFeP, indicating a 5-fold difference in FeP-MoFeP association Kinetics due to a
single mutation (Figure S10 contains representative intervals for k; used in the grid search).
We then used the k; values to simulate the CoH, reduction experiments displayed in Figure
3A, which were conducted under significantly higher FeP/MoFeP ratios than the dilution
experiments. The simulated curves describe the experimental turnover data well, validating
our derived k; values.

DISCUSSION

Guided by previous crosslinking studies and the crystal structure of the DG1 complex, we
examined the functional significance of the positively charged $399-401 patch on the
MoFeP surface. In summary, our results indicate the following:

1. FeP interaction with the $399-401 patch of MoFeP is largely electrostatic in nature,
as evidenced by the NaCl inhibition experiments and the structure of the DG1
complex itself.

2. Interactions involving the MoFeP $399-401 patch and FeP are functionally
important for nitrogenase catalysis and are populated along a productive reaction
pathway. They serve to increase the association rate constant between FeP and
MoFeP.

3. Interactions between the MoFeP $399-401 patch and FeP are not operative during
ATP/ET coupling processes that take place within the activated complex.

All of these features are characteristic of dynamic encounter complexes, which have been
implicated in many protein-protein interactions of ET partners,1:6:51 as well as those that are
regulated by nucleotide binding and hydrolysis.>2:53

Our data, coupled with the available structural information, suggest a new picture regarding
the initial steps of nitrogenase turnover (Figure 6). Based on comparison with encounter
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complexes described in the literature,25* formation of the DG1 conformation is likely a
multistep process. We postulate that FeP and MoFeP first form an ensemble of loosely
bound, electrostatically guided complexes centered at the $399-401 patch, with the
corresponding association and dissociation rates, Kencounter aNd K-encounter- These complexes
are steered to the metastable and crystallographically tractable DG1 complex via the forward
rate constant Ksgeering.>*°° The DG1 complex then transitions to the activated DG2
conformation via Kansition, in @ step that likely involves a 2D conformational sampling of
the MoFeP surface, as described in other encounter complexes.1:554 It is important to note
here that in the Thorneley-Lowe scheme, the association rate constant k; corresponds to the
direct formation of the activated ATP-FeP-MoFeP complex (DG2) from ATP-bound FeP
and MoFeP; any encounter complexes/intermediates are not invoked. Thus, the rate
constant, kq, that we derive from our experiments is a composite of all forward rates
Kencounter: Ksteering @nd Kiransition- FUrther experiments are required to determine whether
mutations in DG1 influence only Kencounter O @IS0 Ksteering @nd Kiransition @nd their reverse
rates. Once in the activated DG2 state, the complex is committed to ATP-coupled ET and
the ensuing catalytic reactions. Compared to the DG1-centered encounter complexes, DG2
represents a relatively long-lived docking geometry, in which FeP is locked in place but still
structurally dynamic,® which may allow conformationally gated ET events within MoFeP
to occur.18-21 Finally, after ATP hydrolysis and the release of phosphates, the ADP-bound
complex relaxes from the DG2 into a fluid ensemble of DG3-like, dissociative states (Figure
1; not shown in Figure 6).

The DGL1 conformation stands out when compared to other encounter complexes described
in literature. Its unusually large protein-protein interaction surfacel® is more typical of
activated complexes than transient encounter complexes. This feature likely renders the
DG1 conformation long-lived enough to be crystallized, which is uncommon for most
encounter complexes.”->6 The fact that the small $399-401 patch in Av-nitrogenase is
functionally important could not have been predicted from sequence analysis, as this patch is
not conserved among various nitrogenases.®’ However, since encounter complexes by
definition do not require geometric specificity for their formation, there is also no
requirement for the strict conservation of specific surface residues so long as
complementary/attractive surfaces are present. Characterizing nitrogenases from different
organisms may Yyield interesting insights as to whether FeP binding to MoFeP via p-subunit
encounter complexes is part of a consensus nitrogenase mechanism, or a special case that
serves to enhance turnover in the exceptionally active Av-nitrogenase.

It is plausible that Av-MoFeP evolved a dedicated FeP docking region to decrease the
amount of surface area FeP needs to sample before attaining the activated DG2
conformation. This interpretation is consistent with recent data showing that encounter
complexes, in certain cases, only explore a small portion of the total available protein-
protein interaction surface area.” Furthermore, the transitions between the encounter
complex(es) and active complex occur along preferred pathways and feature smooth
conformational energy landscapes.1:58 Thus, rapid FeP binding to the p399-401 patch may
enhance the rate of turnover by efficient funneling of FeP to the activated DG2
conformation, thereby increasing the resulting electron flux to MoFeP. The importance of

J Am Chem Soc. Author manuscript; available in PMC 2016 October 07.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Owens et al.

Page 10

the $399-401 “hotspot” in maintaining electron flux becomes particularly evident when
considering in vivo turnover conditions. The ionic strength inside bacterial cells (estimated
at about 150 mM)? is considerably higher than standard assay conditions for in vitro
nitrogenase experiments (typically <100 mM). Moreover, the FeP/MoFeP molar ratio in Av
is approximately 1-2,59.80 whereas maximum specific activity values in literature are
reported for molar ratios between 20-40. BK400E-MoFeP is much more sensitive towards
high ionic strength than WT-MoFeP, as shown by NaCl inhibition experiments, and the
deleterious effect of the BK400E mutation is most pronounced when FeP/MoFeP ratio is low
(as manifested in turnover and dilution experiments). Therefore, the $399-401 patch may
have evolved to permit efficient turnover under in vivo conditions.

Aside from enhancing FeP-MoFeP association, the DG1 docking geometry may have
potential implications for other aspects of the nitrogenase mechanism. Conformational
changes during transition from DG1 to DG2, for example, may play additional roles in ET-
gating or substrate binding. Furthermore, under high-flux turnover conditions, where release
of ADP-bound FeP from DG3 becomes rate limiting,32 FeP binding to DG1 may play a role
in displacing “spent” FeP from DGS3.

MATERIALS and METHODS

Reagents

Unless otherwise indicated, all reagents were acquired from Fisher Scientific, Sigma
Aldrich, or VWR international.

Growth media

A. vinelandii cells were grown in liquid Burke’s medium (BM) containing 0.2% sucrose, 0.9
mM CaCl,, 1.67 mM MgSQy, 0.035 mM FeSQOy, 0.002 mM NayMo,0,4, 181 mM CgHgO>,
10 mM NagPOy4 pH 7.4. For nitrogen-containing Burke’s medium (BM*), NH4CI was added
to a concentration of 10 mM. Solid medium also included 0.4 g/L agar.

A. vinelandii mutagenesis

Mutations coding for BN399E-, BK400E-, and fR401E-MoFeP were introduced into a
plasmid based on the pGEMT (Easy) plasmid (Promega), which can replicate in E. coli but
not in Av. The plasmid contained the C-terminal region of A. vinelandii nifD, nifK, and the
N-terminal region of nifT. Mutations were introduced into E. coli XL1 Blue using the
Stratagene site directed mutagenesis kit using the following primers:

BN399E: FW: 5 TCTCTGCCACAACGGCGAGAAGCGTTGGAAGAAGG,
REV:5 CCTTCTTCCAACGCTTCTCGCCGTTGTGGCAGAGA

BK400E: FW: 5 CCTTCTTCCAACGCTTCTCGCCGTTGTGGCAGAGA,
REV: 5 CCTTCTTCCAACGCTCGTTGCCGTTGTGGCA

BR401E: FW: 5 GCCACAACGGCAACAAGGAGTGGAAGAAGGCGGTCGA,
REV: 5YTCGACCGCCTTCTTCCACTCCTTGTTGCCGTTGTGGC
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In addition, a nifK inactivating plasmid was generated, where the entire DNA sequence
coding for $399-401 was deleted and a frameshift introduced immediately before the codon
coding for $399 using the following primers:

FW: 5 CTCTGCCACAACGGTGGAAGAAGGCGGTC,
REV: 5 GACCGCCTTCTTCCACCGTTGTGGCAGCAGAG

Genomic A. vinelandii mutations were generated in a two-step procedure as previously
described.?! First, the nifK inactivating plasmid was introduced into A. vinelandii according
to a modified version of the iron starvation procedure of Page and von Tigerstrom.33.61
Bacteria that underwent allelic exchange lacked a functional copy of nifK and were
identified by their inability to grow in absence of a fixed nitrogen source. The presence of
the partial nifK deletion was verified by sequencing the genomic DNA obtained from colony
PCR (Epicentre Biotechnology Failsafe Kit). In the second step, plasmids harboring the
respective mutation were introduced into the A. vinelandii nifK partial deletion strain using
the iron starvation method. The bacteria that underwent allelic exchange were selected by
their ability to grow on nitrogen-free BM. Stability of the mutation was assured by repeated
passaging on nitrogen free BM and genomic DNA sequencing (Figure S1).

A. vinelandii growth and harvesting

Cells were first grown in a 100-mL BM* starter culture for 16 h, then 10 mL was transferred
toa 1 L BM* starter culture for fermenter growth. Cells used for nitrogenase expression
were grown in 60 L fermenter (New Brunswick Scientific) containing BM with 3 mM
NH4CI. The fermenter growth was initiated with 0.4 L of the 1 L starter culture. Nitrogenase
activity was monitored through C,H, reduction experiments (Figure S2), and cells harvested
when nitrogenase activity peaked. Bacteria were harvested by concentration to
approximately 3—4 L using a Pellicon 2 tangential flow membrane (Eppendorf), followed by
centrifugation at 5000 rpm to obtain an approximately 80-100 g pellet.

Cell lysis and protein purification

All lysis and purification procedures were conducted on a Schlenk line under Ar or inside a
glovebox under 90% Ar, 10% Ho. Degassed cells were twice resuspended in a buffered
solution (50 mM Tris, pH 8.2, 100 mM NacCl, 40% glycerol, 5 mM sodium dithionite) and
pelleted at 12000 rpm. Swollen cells were resuspended in a second buffered solution (50
mM Tris, pH 8.2, 100 mM NaCl, 5 mM sodium dithionite) and lysed by rapidly shaking the
cells with glass marbles. The lysate was then centrifuged at 12500 rpm. The black
supernatant was loaded onto a DEAE Sepharose column and washed with 1-1.5 L of a
buffered solution (50 mM Tris, pH 7.75, 100 mM NaCl, 5 mM sodium dithionite). Protein
was eluted via a linear gradient using a buffered solution (50 mM Tris, pH 7.75, 5 mM
sodium dithionite), where the NaCl concentration was increased from 100 mM to 500 mM.
MoFeP and FeP eluted at 250 mM NaCl and 325 mM NaCl, respectively. Fractions
containing MoFeP and FeP were analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), pooled, and concentrated using an Amicon concentrator
(Millipore). Proteins were further purified by gel filtration chromatography using a
Sepharose 200 column (GE Healthcare) equilibrated with a buffered solution (50 mM Tris,
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pH 8, 500 mM NaCl, 5 mM sodium dithionite). Fractions containing the respective protein
were identified by SDS-PAGE, pooled, concentrated, and stored in liquid nitrogen in small
aliquots.

EDC crosslinking

Initial crosslinking experiments with all mutants and WT-nitrogenase in the absence of
nucleotides were conducted with 7.5 pM MoFeP (1.72 mg/mL), 45 uM FeP (2.7 mg/mL),
and 12.5 mM EDC in a buffered solution containing 25 mM Hepes, pH 8, 60 mM NacCl, and
12.5 mM Na,S,0,4 under H* reduction conditions. The reaction was quenched by diluting a
10 pL aliquot into 200 pL of 200 mM NaC,H30,. Samples in the presence of nucleotides
were analyzed under the same conditions. However, the protein concentrations were 5.2 uM
(1.2 mg/L) for MoFeP and 33 uM (2 mg/mL) for FeP. Samples were resolved by 10% SDS-
PAGE and visualized by silver staining.

Nitrogenase activity assays

All experiments were conducted, unless otherwise noted, under an Ar atmosphere in a
buffered solution containing 50 mM Tris, pH 8, 60 mM NaCl, 5 mM Na,ATP, 5 mM
MgCl,, 30 mM creatine phosphate, 0.00125 mg/mL creatine phosphokinase, and 13 mM
Na,S,04. The reactions were carried out in stoppered 14 mL vials at 303 K for 10 min, and
they were terminated by addition of 0.3 mL glacial acetic acid. The protein concentrations
were determined via Fe chelation in 6.4 M guanidine HCI by 2,2-bipyridine using an
extinction coefficient of 8650 M~lcm=1 at 522 nm. All reported measurements represent the
average of at least three independent measurements, and error bars represent one standard
deviation. Data were analyzed and graphed using Graphpad Prism.

C,H> reduction activity—The MoFeP concentration in the assay was 0.2 uM and the FeP
concentrations varied between 0 and 12 pM. Assay vials contained a final pressure of 0.072
atm C,H,. CoHy4 evolution was measured with an SRI 8610C gas chromatograph (GC)
containing an alumina column (Alltech) and an FID detector, where 50 pL of the headspace
was injected into the GC. The C,H,4 standard was generated by filling an evacuated 250 mL
flask to approximately 1 atm C,H,4 (Airgas) and weighing the contents of the flask on an
analytical balance. From this flask, 0.04 mL of gas was transferred to a sealed 24 mL glass
vial to construct the standard curve.

H* reduction activity—The assay was conducted with MoFeP and FeP concentrations of
0.2 uM and 8 pM, respectively. The duration of the assay was 15 min. H, evolution was
measured with an SRI 8610C gas chromatograph (GC) containing a molecular sieves
column (Alltech) and a TCD detector, where 500 pL of the headspace was injected into the
GC. A H, standard curve was generated by filling a 250 mL flask with a gas mixture
containing 10% H, and 90% Ar (Praxair) and weighing the contents on an analytical
balance. The standard curve was constructed directly from this flask.

NaCl inhibition—NaCl inhibition was studied by measuring CoH,4 formation at a constant

protein concentration (0.2 uM MoFeP and 2 uM FeP) at increasing concentrations of NaCl,
where the concentration of NaCl was adjusted by adding NaCl to standard reaction buffer
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from a stock solution. The data was fit to following 1Csq equation:

v=min+ (Vmax —VUmin )/ (14102081 €30~ [NaCl«ny ‘where | Csg is the NaCl concentration at
which activity is half-maximal, and n is equal to the Hill coefficient. In the figure, the fit
was converted from log to linear scale for clarity, and the data normalized, such that the
most active data point for WT and p K400-MoFeP, respectively, is set equal to 100%, and
the least active to 0%.

Fe chelation—Fe chelation was carried out in the presence of 6.25 mM 2,2-bipyridine
under H* reduction conditions, in the absence of C,H,, and in an anaerobic quartz cuvette.
The reaction progress was monitored at 520 nm, the absorption maximum of [Fe(bipy)s]¢*-.
The protein concentrations were 3.3 uM and 6.7 UM for MoFeP and FeP, respectively.

ATP activation—The assay solutions contained 0.4 uM MoFeP and 1.6 uM FeP. In the
assays where the concentration of MgATP is varied, the MgCl, concentration was 5 mM,
and the ATP concentration was adjusted by addition of ATP from a 500 mM Na,ATP stock.

The concentration of MgATP was calculated using [MgATP]/([Mg?*][ATP]) = 5.01 x 104
M—1.62

ATP hydrolysis/e- ratio measurements—ATP was measured as released inorganic
phosphate by the formation of a phosphomolybdate complex.83 Productive electrons
transferred were determined from the amount of C,H,4 produced. The MoFeP concentrations
for the 4:1, 1:1 and 1:10 MoFeP/FeP ratio measurements were 4 UM, 1 uM and 0.4 M,
respectively.

AlF,~ inhibition—AIF,~ inhibition experiments were carried out under standard turnover
conditions, but at pH 7.3. The protein concentrations were 0.4 uM MoFeP and 1.6 uM FeP.
The NaF concentration was 5 mM and the AICI; concentration was 0.25 mM.53 A slow
inhibition model was used to fit the data: v = (vo(1 — e™®))/k, where vy is the initial rate and
k is the rate of inhibition.4’

Dilution effect measurements—Dilution experiments were carried out under standard
turnover conditions, with the exception that the assay duration was 15 min. The MoFeP and
FeP component ratio was held at 1:4, where the MoFeP concentration was varied from 0 to
0.5 uM. The robustness of the regeneration solution at high protein concentrations was
verified, since CoHy4 production scaled linearly with time up to 30 min.

Thorneley-Lowe simulations

WT-MoFeP and PK400E-MoFeP dilution and turnover experiments were simulated using
the Thorneley-Lowe model for CoH> reduction to determine if changes in the rate of
association, kq, could model the different activities of WT-MoFeP and fK400E-MoFeP.
C,H,4 formation was simulated by numerically solving the Thorneley-Lowe scheme using
the Mathematica script included in the Supporting Information.32 The numerical solution to
the Thorneley-Lowe scheme yielded the concentration of all reaction intermediates and
products, including CoH,4. Although most rate constants used were determined for Kp-
nitrogenase (Table S3), these values are generally also appropriate for simulating Av-
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nitrogenase kinetics.5465 When available, rates were used for Av-nitrogenase, with the
exception of k_3, which was adjusted to account for the higher activity of Av-nitrogenase
compared to Kp-nitrogenase, as described previously.®> The simulation that best describes
the data was determined using a manual grid search, where kq was varied in small intervals
(Figure S8). In simulating turnover experiments, all rate constants are held equal between
BK400E-MoFeP and WT-MoFeP, except for the respective values of ky, which were
obtained previously from dilution experiment simulations.

Crystallography and data collection

BK400E-MoFeP crystals were grown using the sitting drop method. A 2 pL solution of 215
UM (50 mg/mL) pK400E-MoFeP in a buffered solution of 50 mM Tris, pH 8, 200 mM NaCl
was mixed with 2 pL of well solution in the drops. Crystals were grown against 0.25 mL
well solution (18% polyethylene glycol (PEG) 10,000, 600 mM NaCl, 100 mM Tris, pH 8.0,
and 5 mM Na,S,0,). Crystals were cryo-protected by soaking them in well solution
containing 20% PEG 400. X-ray diffraction data were collected at SSRL beamline 12-2 at a
wavelength of 0.98 A. The structure was solved by molecular replacement with 1M1N as
search model using phenix.MR. The structure was refined by automated refinement using
phenix.refine8® and manual refinement using coot.5” Images were made in Pymol (Delano
Scientific).58 Final data collection and refinement statistics can be found in Table S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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DG1 DG2 DG3
Nucleotide free ATP, AlIF,-, ATP/ADP 4 ADP conformers

[4Fe:48]

P-cluster

Figure 1.
Structures of the nucleotide free, ATP, and ADP bound nitrogenase, where FeP (y-subunit)

is grey, MoFeP a-subunit is blue, and MoFeP B-subunit is red. The location of the 3399-401
surface patch is circled, and the inset on the left shows interprotein interactions in DG1. All
known FeP conformations in each docking geometry are depicted. For DGL1 the only
available structure is shown (PDB ID: 2AFH). For DG2, AMPPCP (a nonhydrolyzable ATP
analog) (PDB ID: 2AFK), ADP.AIF,~ (PDB ID: 1M34), and ATP/ADP-bound (PDB ID:
4WZA) structures are shown. For DG3, all four ADP-bound FeP conformers (PDB ID:
2AFI) are overlaid. Oxygen, nitrogen, iron, and sulfur are colored red, blue, orange, and
yellow, respectively. Hydrogen bonds are marked by dashed lines. Nucleotides and metal
clusters are shown as spheres. Only one aff MoFeP dimer is displayed.
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(A) Crystal structure of BK400E-MoFeP (light blue) compared to WT-MoFeP (magenta).
(B) SDS-PAGE gels demonstrating that only WT-MoFeP crosslinks with FeP. Full images

can be found in Figure S5. The asterisk marks an impurity found in BR401E-MoFeP.
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Figure 3.
(A) Nitrogenase CoH> reduction assays for WT- and BK400E-MoFeP. The solid lines

represent the Thorneley-Lowe simulation. (B) Inhibition of nitrogenase by NaCl. The solid
lines represent the best-fit curves to an 1Csq equation. (C) Chelation of the [4Fe:4S] cluster
from ATP-bound FeP by 2,2-bipyridine in absence of MoFeP or in presence of WT-MoFeP
or PK400E-MoFeP. The solid lines represent the single exponential fits of the data. Data for
control experiments lacking FeP or ATP are shown in Figure S8. (D) ATP activation of WT-
and BK400E-MoFeP. The lines represent the Michaelis-Menten fits of the data. A
normalized version of Figure 3D can be found in Figure S9.
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Figure 4.
AlF4~ inhibition of nitrogenase turnover, where the data are fit to a slow inhibitor model
(solid lines).
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Figure 5.
Catalytic activity under dilution conditions for WT- and BK400E-MoFeP. The solid lines

represent the Thorneley-Lowe simulations used to determine k;.
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Figure 6.
Model for the initial steps of the complex formation between FeP and MoFeP. Initial

encounter of FeP with MoFeP results in loosely bound encounter complexes, which can
either dissociate into the component proteins or form the metastable DG1 conformation and
subsequently the long-lived DG2 conformation. The rate constants, Kencounter: Ksteering and
Kiransition @nd their respective reverse rate constants represent the microscopic rates for the
forward and reverse reaction, where the magnitude of the individual microscopic rates is not
known. The 399-401 patch is represented by the “+” signs and residue yE112 and
surrounding residues by a “~" sign.
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Scheme 1.
Model for nitrogenase turnover, adapted from Rees et al.14 FAPP and FATP represent FeP

with two nucleotides bound. The “n” subscript represents resting state MoFeP, and the “m”
subscript, denotes MoFeP after receiving m electrons from FeP. Depending on the substrate,
MoFeP is reduced by 2-6 electrons prior to substrate reduction. MoFeP refers to one half of
the MoFeP.
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Maximum specific activities for WT-, BK400E-, BN399E-, and PR410E-MoFeP. Values are reported for 0.2

UM MoFeP and 8 uM FeP.

Table 1

C,H, reduction (nmol mg~tmin-1)

H* reduction (nmol mg~tmin-1)

WT-MoFeP 2550 + 220 2890 + 70
BK400E-MoFeP 1820 + 120 1930 + 220
BN399E-MoFeP 2060 + 130 not determined
BR401E-MoFeP 1960 + 210 not determined
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Ratio of ATP hydrolyzed per electron transferred to product with sodium dithionite as FeP reductant.

Ratio MoFeP:FeP

4:1 1:1 1:10
WT-MoFeP 25+05 | 27+04 | 22+05
BK400E-MoFeP | 24+04 | 22+02 | 21+04
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