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ABSTRACT: Nitrogenase catalyzes the multi-electron reduction of dinitrogen to ammonia. Electron transfer in
the catalytic protein (MoFeP) proceeds through a unique [8Fe-7S] cluster (P-cluster) to the active site (FeMoco).
In the reduced, all-ferrous (PV) state, the P-cluster is coordinated by six cysteine residues. Upon two-electron oxi-
dation to the P** state, the P-cluster undergoes conformational changes in which a highly conserved oxygen-based
residue (a Ser or a Tyr) and a backbone amide additionally ligate the cluster. Previous studies of Azotobacter vine-
landii (Av) MoFeP revealed that when the oxygen-based residue, fSer188, was mutated to a non-ligating residue,
Ala, the P-cluster became redox-labile and reversibly lost two of its eight Fe centers. Surprisingly, the Av strain
with a MoFeP variant that lacked the serine ligand (4v BSer188Ala MoFeP) could still grow and fix nitrogen as
quickly as wild-type Av MoFeP, calling into question the necessity of this conserved ligand for nitrogenase function.
Based on these observations, we hypothesized that fSer188 plays a role in protecting the P-cluster under non-ideal
conditions. Here, we investigated the protective role of BSer188 both in vivo and in vitro by characterizing the
ability of Av BSer188Ala cells to grow under suboptimal conditions (high oxidative stress or Fe limitation) and by
characterizing the ability of 4v BSer188Ala MoFeP to be mismetallated in vitro. Our results demonstrate that
BSer188 (1) increases Av cell survival upon exposure to oxidative stress in the form of hydrogen peroxide, (2) is
necessary for efficient Av diazotrophic growth under Fe-limiting conditions, and (3) protects the P-cluster from
metal exchange in vitro. Taken together, our findings suggest a structural adaptation of nitrogenase to protect the
P-cluster via Ser ligation, which is a previously unidentified functional role of the Ser residue in redox proteins and
adds to the expanding functional roles of non-Cys ligands to FeS clusters.

Introduction

Nitrogenase is the only known enzyme capable of catalyzing the reduction of atmospheric dinitrogen (Nz) into
ammonia (NH;) (Equation 1)."

N, + 8¢™ + 8H" + nATP = 2NH; + H, + nADP + nP; (1)

The most widely studied version of nitrogenase is the Mo-nitrogenase which comprises two component proteins:
the iron-protein (FeP), which serves as the reductase/ATPase, and the molybdenum-iron protein (MoFeP) which
performs N, reduction.’ The multi-electron reduction of N, to NH3 is both thermodynamically and kinetically chal-
lenging,® requiring precise coordination of electron and proton transfer events within the nitrogenase complex to
preferentially reduce N, over protons (H").? Electron transfer (ET) to the active site begins at the [4Fe-4S] cluster
in FeP, proceeds through the intermediary [8Fe-7S] P-cluster in MoFeP, and ends at the site of catalysis, the iron-
molybdenum-cofactor (FeMoco).! Many successive cycles of one- (or possibly two-)" ET steps are required for
the reduction of a single N> molecule, with each turnover cycle requiring ATP-gated association and dissociation
of the FeP-MoFeP complex.

The distinct structure and composition of FeMoco are ultimately responsible for this cofactor’s ability to effi-
ciently reduce Na. Yet, nitrogenase is also unique in its use of an expanded (i.e., the P-cluster)'®'' rather than a
canonical Fe-S cluster (i.e., [2Fe-2S], [3Fe-4S], [4Fe-4S])'*"'* as an electron relay center, implying that the P-cluster
may not merely act as a passive one-electron transfer conduit. Aside from its composition, the P-cluster is also



distinct in terms of its coordinating ligands (Figure a b
1a)."” In canonical Fe-S clusters, every Fe atom is coor- Reduced wiAvP-aluster

dinated to a terminal side-chain ligand from the pro-
tein.'* In contrast, the P-cluster is coordinated by both
bridging and terminal cysteine (Cys) residues, which en-
ables the cluster to undergo substantial structural
changes in an oxidation-state-dependent manner."” In the
dithionite (DT)-reduced, all-ferrous state (P), the P-
cluster is coordinated by six Cys (four terminal and two
bridging) residues (Figure 1a, Ic top)."” Upon oxidation
by one electron to reach the P'* state, a serine (Ser) res-
idue (BS188 in Azotobacter vinelandii (Av) MoFeP) li-
gates an Fe center (Fe6), resulting in the opening of one
cubane half of the cluster proximal to the B-subunit of
MoFeP. ''7 Oxidation by one more electron to reach the
P*" state (also termed P°%) is accompanied by the coor-
dination of another Fe center (Fe5) by the backbone ami-
date N of a bridging Cys (aC88) (Figure 1c)."*"'® Inter-
estingly, BS188 is not strictly conserved: many nitrogen-
ases contain an alanine (Ala) in position 188 (4v num-
bering).'® Yet, all but one of such nitrogenases contain a
tyrosine (Tyr) in an alternative position (99, 4Av num-
bering), which acts similarly to BS188 as a redox-
switchable ligand, as recently demonstrated in the case
of MoFeP from Gluconacetobacter diazotrophicus

Activated (reduced)
aconitase [4Fe-4S]

Oxidized BS188A Av P-cluster

Activated (reduced) aconitase [4Fe-4S]  Deactivated (oxidized) aconitase [3Fe-4S]

Figure 1. Examples of coordinatively unsaturated Fe-S clus-
ters including the nitrogenase P-cluster and the [4Fe-4S] ac-

(Gd)." The strict conservation of a covariant Ser or Tyr
residue as a P-cluster ligand across all known nitrogen-
ase sequences (with only one exception; see Conclu-
sions) strongly suggests that presence of a hard, O-based
ligand is important for nitrogenase function.'® It has

tive site of aconitase. (a) The fully-reduced 4v nitrogenase P-
cluster (PV) is coordinated by four terminal and two bridging Cys
residues. (PDB ID: 3MIN) (b) Activated aconitase contains a co-
ordinatively unsaturated [4Fe-4S] cluster. The non-Cys-ligated Fe
is coordinated to a water molecule (not shown). (PDB ID: 6ACN)
(c) Two-electron oxidation of the Av MoFeP P-cluster results in

coordination by BS188 and the backbone amide of aC88. The
BS188A Av MoFeP mutant contains two redox-labile Fe centers
(dashed circles, Fel and Fe5). (d) The [4Fe-4S] cluster in aco-
nitase contains one redox-labile Fe center (dashed circle).

been proposed that the binding of FeP to MoFeP during
catalysis might trigger the coordination of the Ser or Tyr
ligand to the P-cluster, thereby decreasing the reduction
potential of the cluster and triggering ET from the P-
cluster to FeMoco." '*?° Alternatively, FeP-MoFeP complexation may induce conformational changes near FeMoco
to increase its reduction potential and drive gated ET from the P-cluster. In this scenario, which is supported by
recent cryoEM structures of the FeP-MoFeP complex isolated during catalytic turnover,*' Ser- or Tyr-ligation would
serve to stabilize the resulting oxidized P-cluster, thus serving as a redox ratchet (rather than a trigger).

Ser- or Tyr-coordinated Fe-S clusters are very rare, and the few established cases are not involved in electron
relay.”*** To elucidate the functional role of these oxygenic ligands to the P-cluster, we previously characterized a
Av MoFeP mutant that lacked BS188 (BS188A MoFeP) and found that this residue was required to maintain the
redox-dependent structural integrity of the P-cluster.'” Notably, the oxidation of BS188A MoFeP led to the labiliza-
tion and loss of two of the Fe centers (Fel and Fe5) of the P-cluster, yielding a cluster composed of two [3Fe-4S]
units that shared a bridging sulfide (Figure 1c)." Surprisingly, we also observed that the redox-instability of the P-
cluster did not affect the diazotrophic growth rate of the BS188A Av strain, and the BS188A MoFeP mutant was as
catalytically active as wild-type (wf) MoFeP for N, reduction in vitro."” These results called into question whether
the Ser (or Tyr) ligand to the P-cluster was actually required for nitrogenase catalysis in Av.

The redox-labile BS188A P-cluster is reminiscent of some biological [4Fe-4S] clusters that can lose an Fe to form
[3Fe-4S] clusters (Figure 1b,d). Such labile Fe-S clusters are found in some ferredoxins (including Pyrococcus
furiosus Fd, Desulfovibrio vulgaris Fd 1, and Desulfovibrio africanus Fd III)** and in a family of enzymes that use
the cluster as a catalytic Lewis acid site (e.g., dihydroxy-acid dehydratase,?® fumarases A and B,”’ and aconitases™
%%). In all of these clusters, only three of the Fe centers are Cys-ligated. In the case of the ferredoxins, the fourth Fe
is either coordinated by a non-Cys residue (e.g., Asp),” or, in the case of Lewis acidic active sites, by an aqua
ligand.*® Analogous to the BS188A P-cluster, these dynamic clusters are prone to oxidative damage: upon oxidation
to [4Fe-4S]**, the non-Cys-ligated Fe dissociates from the cluster, leading to its inactivation (Figure 1d).%> 2”313
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In addition to their sensitivity to oxidation, some of these clusters also suffer from demetallation when the cellular
labile Fe pool (LIP) is low in concentration®® and from mismetallation when they are reconstituted in the presence
of other metal ions.?> 37+

Based on the similarities between the fS188A P-cluster and the redox-labile [4Fe-4S] clusters in other redox
proteins, we hypothesized that (1) the Av BS188 P-cluster ligand may serve to protect the P-cluster from oxidative
damage and mismetallation, and (2) this role may not have been evident under the ideal, Fe-replete conditions
previously used to measure PS188A Av’s diazotrophic growth rate and in vitro catalytic activity." To investigate
this hypothesis, we probed in this study whether S188A Av cells were more prone to oxidative stress than wt cells
and measured the growth rate and in vivo activity of 4v BS188A under non-ideal, Fe-limited conditions. Addition-
ally, we examined the capacity of the S188A P-cluster to be heterometallated in vitro by crystallographic, spectro-
scopic, and analytical methods. Our results provide strong evidence for the previously unconsidered role of the Ser
ligand in protecting the structural and functional integrity of the P-cluster under environmental duress. They also
show that the P-cluster is inherently more dynamic than originally envisioned, capable of undergoing extensive
metal exchange reactions upon oxidation.

Results and Discussion
In vivo effects of the fS188A mutation

We initially investigated what, if any, protective roles the Ser ligand to the P-cluster may provide in vivo. To this
end, we carried out an oxidative stress test of Av BS188A cells in which we measured cell survival after 30 minutes

of exposure to 5 mM hydrogen peroxide (H2>O,) using previously reported procedures, which had used 15 mM H»O,
(Figure 2a).*** Increasing catalase activity, which catalyzes the decomposition of H>O, into H,O and O, has been
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Figure 2. In vivo experiments to examine the physiological role of $S188 ligand to the P-cluster in Av MoFeP. The color scheme
for the variants is as follows: wr (dark and light green) and S188A MoFeP (dark and light blue). Error bars represent one standard
deviation of experiments performed at least in triplicate. Statistical significance is represented by “ns” (not significant) or * (p-value <
0.05). (a) Oxidative stress test of Av cells represented as percent cell survival determined via colony forming units (CFUs) before and
after 30 min exposure to 5 mM H»O,. Cells were grown diazotrophically with 35 uM Fe (100% Fe). The experiment was performed in
biological triplicate. (b) Growth curves of 4v wt and Av BS188A cells in cultures with 100% and 1% Fe (0.4 uM). (c) RT-qPCR of nifK
gene expression of wr and BS188A Av grown diazotrophically with varying amounts of Fe. Expression levels were normalized to the
expression level of reference gene rho, and the data is presented relative to wt Av cells grown diazotrophically with 100% Fe. The
experiment was carried out in technical triplicate of biological triplicates. (d) Av cell cultures used for RT-qPCR in (c) were also used
for whole cell C;H; reduction assays (biological triplicate). Co;Hs produced was measured and normalized to both the relative nifK
transcript levels and the ODggo of the cells, then presented relative to wt 4v grown with 100% Fe.



shown to augment the cellular efficiency of nitrogenase in the diazotroph Rhizobium leguminosarum, indicating
that oxidative stress and nitrogenase activity are intertwined.*’ If the Ser ligand is protective of the wt P-cluster
during in vivo catalysis, we hypothesized that S188 A MoFeP would be more prone to oxidative stress and release
Fe from the P-cluster when grown diazotrophically, thereby resulting in lower survival rates than wt MoFeP. Indeed,
we found that the survival frequency of the H,O»-treated BS188A Av cells was only 7% of that of wt Av cells,
indicating that the mutant cells were significantly more prone to oxidative stress when grown diazotrophically.

When culturing A4v cells, the medium is typically supplemented with Fe to allow for rapid cell growth.*® The
Burke’s medium used in our protocols contains 35 uM Fe, hereafter referred to as 100% Fe. If the Fe centers of the
BS188A MoFeP P-cluster are labilized during catalysis under physiological conditions, the high Fe concentration
in the 100% Fe medium may be beneficial either by maintaining a large cellular LIP (which in turn could enable
fast reconstitution of the labile P-cluster during in vivo catalysis) or by providing excess Fe to enable higher levels
of MoFeP expression. To probe these possibilities, we investigated the diazotrophic growth rates of wr and BS188A
Av cells in media with varying concentrations of Fe (Figures 2b and S1). Under 100% Fe growth conditions, both
wt and BS188A Av cells displayed identical doubling times (3.9 h). Reducing the Fe concentration in the growth
medium to 0.4 uM (hereafter referred to as 1% Fe) significantly slowed down the growth rates of both Av strains.
However, BS188A cells experienced a more precipitous reduction in growth rate than wt cells with doubling times
of 12.7 h and 6.3 h, respectively. The slower growth rate of Av BS188A cells relative to wt cells under Fe-limited
growth conditions could potentially arise from differences in the expression levels of MoFeP and/or differences in
the in vivo activity of BS188A and wt MoFeP.

To determine relative BS188A and wr MoFeP expression levels, we quantified MoFeP mRNA transcripts via
quantitative reverse transcription PCR (RT-qPCR) of the nifK gene, which codes for the -subunit of MoFeP. The
values obtained were then normalized relative to the reference gene rho, a transcription termination factor that is
constitutively expressed and has been used previously for 4v RT-qPCR normalization (Figure 2¢).”” As a negative
control, nifK transcript levels were measured under non-diazotrophic growth conditions, and not surprisingly, Mo-
FeP expression was found to be downregulated for both wt and BS188A Av strains (Figure S2). We found that when
grown diazotrophically under 100% Fe, BS188A and wt Av cells expressed MoFeP at the same level, suggesting
that their identical growth rates resulted from both wt and BS188A Av MoFeP functioning with the same catalytic
efficiency (Figure 2c). Thus, even if the BS188A P-cluster loses Fe during in vivo catalysis, reconstitution of the P-
cluster is not rate-limiting under these conditions, which can be ascribed to the large LIP.

In contrast, wt and BS188A Av cells grown diazotrophically in the presence of 1% Fe exhibited nifK transcription
levels that were 78% and 130% that of wt cells grown in 100% Fe media, respectively. The increase in fS188A’s
nifK expression taken together with the strain’s slower growth rate under Fe-limiting conditions suggests that
BS188A MoFeP does not function as efficiently as wt MoFeP under Fe-limited growth conditions. Thus, the cells
are likely compensating via upregulation of MoFeP gene expression. This change in expression levels can be at-
tributed to BS188A having slower P-cluster reconstitution at 1% Fe than at 100% Fe, and therefore, P-cluster re-
constitution may become the rate-limiting step for N> fixation.

In vivo catalytic efficiencies of wf and BS188A MoFeP were probed by measuring whole cell acetylene (C2H>)
reduction activity. The quantity of ethylene (C,H4) produced was normalized to the amount of MoFeP transcripts
and the ODsop of the cells (Figure 2d). BS188A MoFeP from the 100% Fe culture and wt MoFeP from both 1% and
100% Fe cultures all had nearly identical cellular C,H, reduction activities. In contrast, BS188A MoFeP in cells
grown under 1% Fe displayed substantially reduced activity (<50% of wt), suggesting that BS188A MoFeP is not
as catalytically efficient as the wt protein under limiting Fe conditions. Based on these results, we conclude that (1)
BS188A MoFeP requires a larger LIP than wt MoFeP to operate efficiently under physiological conditions, and thus,
(2) the P-cluster of BS188A MoFeP must be compositionally labile during catalysis under physiological conditions.

Dynamic, redox-dependent metal exchange by the fS188A4 P-cluster

Having determined the role of BS188 in maintaining the structural and functional integrity of the P-cluster under
in vivo conditions, we investigated if the absence of this Ser ligand could also lead to dynamic metal exchange with
the environment. We were interested in this possibility not only because it could furnish site-specifically metal-
substituted variants of the P-cluster with unusual/useful electronic properties (as shown in the case of FeMoco),*
* but also because it could help demonstrate that a possible physiological role of BS188 may be to reduce the
vulnerability of the P-cluster to mismetallation. We previously determined via X-ray crystallography that the two
missing Fe centers in the oxidized BS188A P-cluster could be replenished upon reduction with DT to obtain the
fully reconstituted the P-cluster." This reconstitution did not require the addition of excess Fe, leading us to propose
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that some of the MoFeP in solution could be “cannibalized” for its Fe content. This behavior is similar to the redox-
labile [4Fe-4S] cluster of aconitase that can scavenge Fe from other protein-bound clusters upon re-reduction.” >
Aconitase can also be reconstituted via the addition of excess reduced Fe to solution, minimizing the amount of
protein clusters that are scavenged for Fe.”

We first investigated the ability of purified fS188A Mo- . L L . P L L
FeP to uptake Fe from solution (rather than from other Mo- o~ mr:s:::t'ous =
FeP molecules) by reconstituting the oxidized P-cluster $ component
with *'Fe?*, followed by the characterization of the isotop- 0] it ‘ P fomponets
ically labeled P-cluster by Mossbauer spectroscopy (Fig- ox. TFe BS188A + b Fei
ure 3, green spectrum). The resulting spectrum is best fit
by three quadrupole doublets (Table 1). Recording the
spectrum at 54 mT clearly established that no FeMoco sig-
nals were present in the spectrum based on comparison to
'Fe isotopically labeled FeMoco in wt Av MoFeP,”
providing evidence that the incorporation of >’Fe was spe-
cific to the P-clusters. McLean et al. termed the spectral
components D (composed of D; and D»), Fe**, and S, and
determined that they accounted for 10, 4 and 2 Fe sites (4.2
K), respectively (Figure 3, black spectrum).’? The D com-
ponents in the spectrum are in close agreement with those
observed for the *’Fe-labeled P-clusters in MoFeP from  Figure 3. Méssbauer spectra of Av BS188A MoFeP recon-
Klebsiella pneumoniae (Kp),>* indicating that “’Fe was in-  stituted with ’Fe-enriched or natural-abundance Fe in
deed incorporated into the P-clusters. Minor differences in ~ comparison to Kp MoFeP (previously reported). Spectra
isomer shifts and quadrupole splittings could arise from were recorded at 80 K and 54 mT. Oxidized BS188A was first

. . . ; . reconstituted with 3’Fe?* (green trace), followed by a second
slight differences in the P-cluster environment in Kp and oxidation and reconstitution with natural abundance Fe?* (blue

Av. Other Kp P-cluster doublets (S and Fe*” sites) were not  trace). The spectrum of Kp MoFeP with Fe-labelled P-clusters
observed in the BS188A spectrum, however, as the param-  (black trace, 4.2 K, concentration unknown) is taken from ref-
eters for D and S are quite similar, some contribution from  erence 52 and is included as a comparison.

the S component cannot be fully discounted. Regardless,
our findings indicate that >’Fe may not incorporate uni-
formly into every site in the P-cluster, or that the differences
between the Kp and BS188A Av P-cluster environments

isotopically labeled
Kp nitrogenase*’

ox. BS188A + *'Fe?

Absorption (%)

3 2 4 0 1 2 3 4
Source Velocity (mm/s)

Table 1. Features observed in the Mossbauer spectrum of
STFe-reconstituted BS188A MoFeP.

may significantly shift the signals of some of the metal Feature AEq (mm/s) | & (mm/s) Relative
sites. We also observed an additional feature (Table 1, Fig- area (%)
ure 3, green spectrum, labeled as “adventitious *'Fe*")

which closely matches the reported spectrum of aquated Di 0779 0589 238
*’FeSO4 and is consistent with adventitious *’Fe*" not asso- [, 0735 0352 396
ciated with MoFeP.”® To see if complete loss of the same

>"Fe-labeled Fe centers (presumably Fel and Fe5) occurred | Adventi- 3.203 1.363 36.6

tious *’Fe?"

during each redox cycle, we performed a subsequent round
of oxidation and reconstitution with the original Mossbauer
sample, this time with natural-abundance Fe** (Figure 3,
blue spectrum, Table S1). The peak intensities decreased significantly, but the features were not completely lost,
demonstrating substantial but incomplete dissociation of >’Fe from the BS188A P-clusters upon oxidation. The ratio
of the peak areas in both spectra were nearly identical (Table S1). This observation may have two possible origins:
incomplete loss of Fe from positions Fel and Fe5 during oxidation (Figure 1a) or shuffling of metals within the P-
cluster during the reconstitution process.




X-ray crystallographic analysis of heterometallated fS188A P-clusters

After establishing via Mdssbauer spectroscopy that the BS188A P-cluster can be reconstituted with *’Fe** from
solution, we investigated if the cluster could be replaced with non-Fe metal ions (i.e., heterometals) upon oxidation
in vitro. To this end, we determined the crystal structures of BS188A MoFeP reconstituted with Ga**, Ni**, and Co**
(Figures 4, and S3, Table S2). To prepare these crystals, BS188A MoFeP was oxidized, reconstituted with the het-

a pS188A DT-Reduced IDS-Oxidized DT-Re-reduced

2Fe
2¢”

d ps188A+Co*

aC88

M6

BS188A | DD V2

BF99\

Figure 4. Crystal structures of Av BS188A MoFeP P-clusters. (a) Redox states of the BS188A P-clusters without heterometal: DT-
reduced (left, PDB ID: 607L), IDS-oxidized (middle, PDB ID: 607S), and DT-re-reduced (right, PDB ID:607Q). Anomalous electron
density difference maps depicting the location of the Fe-centers are in black mesh.' (b,c,d) Heterometallated BS188A P-clusters. Anom-
alous electron density difference maps (contoured at 4.5 o) determined using X-ray diffraction data collected above and below the
heterometal K-edge are shown in orange and gray mesh, respectively. Inorganic sulfides are depicted as yellow spheres and metals as
orange spheres (modelled as Fe). (b) 2.2 A structure of 4v BS188A P-cluster reconstituted with Ga** contoured at 4.0 6. (Above Ga K-
edge: 10379 eV, Fe £* =2.1, Ga £” = 3.9; below Ga K-edge: 10357 eV, Fe £* =2.1, Ga £ = 0.5) (c) 2.0 A structure of 4v BS188A P-
cluster reconstituted with Ni** contoured at 4.5 ¢. (Above Ni K-edge: 8350 eV, Fe £ = 3.0, Ni £ = 3.9; below Ni K-edge: 8228 eV, Fe
£7=3.1,Ni £?=0.5) (d) 2.0 & structure of Av BS188A P-cluster reconstituted with Co?" contoured at 4.5 6. (Above Co K-edge: 7730
eV, Fe =34, Co £ =3.9; below Co K-edge: 7690 eV, Fe £ =3.4, Co *=0.5)

erometal, and then crystallized in the presence of DT after removal of excess heterometal ions from the protein
solution. We previously confirmed through X-ray crystallography' that the oxidized BS188A P-cluster could be
fully reconstituted (i.e., 8.0 Fe atoms per P-cluster) upon crystallization in the presence of DT without addition of
metal ions (Figure 4a). In contrast, the three heterometal-reconstituted S188A MoFeP crystal structures crystal-
lized in the presence of DT revealed P-clusters with a total metal occupancy of 5.7 to 7.4 metal atoms (integrated
over the entire P-cluster) (Figure 4, Table 2). The occupied metal sites included positions that are normally vacant
in the oxidized BS188A P-cluster (i.e., M1 and M5, where M refers to any metal ion), although the occupancy of
these positions was not unity.

The incomplete occupancy of the metal sites in the presence of DT (unlike DT-re-reduced $S188A MoFeP with-
out added metals) strongly suggests that the P-clusters are indeed heterometallated. Interestingly, the analysis of
the metal-specific anomalous electron density maps determined both above and below the K-edge of the hetero-
metal indicated that each metal-bound site displayed mixed occupancy for both Fe and the heterometal (Figure 4).
Due to confounding factors such as the partial occupancy of heterometals and <1.0 total metal occupancy at each
site, it was not possible to determine the absolute or relative occupancies of Fe or the heterometal at these positions.
Therefore, in the databank-deposited structural models, we treated all occupied metal sites in the P-cluster as Fe-
only. Total occupancy at each site was determined by refinement of metal at each site after refining B-factors,
whereby B-factors were held constant at values relative to the inorganic sulfides.



We also examined the incorporation of heterometals into  Table 2. Crystallographic occupancies of each metal site
the P-cluster using inductively coupled plasma mass spec- in the re-reduced, heterometallated BS188A P-clusters
trometry (ICP-MS). The results, shown in Table S3, confirm

that >’Fe and heterometals can be incorporated into MoFeP Metal rl::;; BS188A | BSISSA | BSISSA

only in the case of the BS188A variant but not wt MoFeP. We site | poisgA | T Ga® | +Ni¥" | +Co™
1 le- t

must glso note that there were very large sample fiependgn M1 1,00 0.00 0.00 0.68

variations in the amounts of heterometals associated with

MoFeP, which we interpret as further evidence for the highly M2 1.00 0.87 0.74 0.92

dynamic nature of the oxidized BS188A P-cluster. We ob-

served that the composition of the reconstituted BS188A P- | M3 1.00 0.97 0.80 0.97

cluster was dependent on the identity of the added hetero- M4 1.00 0.89 0.74 1.00

metal. When the cluster was reconstituted with Ga** or Ni*",
only seven of the eight P-cluster metal sites were populated M5 1.00 0.58 0.61 0.90
by a metal ion (Figure 4b and 4c). On the other hand, incu-

bation with Co?* led to the occupation of all eight sites (Fig- Mé 1.00 0-98 099 0-94

ure 4d). The higher efficiency of Co" to metallate the P-clus- M7 1.00 1.00 1.00 0.99

ter may be attributed to its similarity to Fe*" in terms of ionic

radius and propensity to form tetrathiolate complexes with | M8 1.00 0.95 0.83 0.96
54

tetrahedral symmetry. Total | 8.00 6.24 571 736

EPR analyses of heterometallated fS188A P-clusters

To further characterize the heterometallated P-clusters of BS188A, we collected electron paramagnetic resonance
(EPR) spectra after reconstitution of the cluster with *’Fe?* and heterometals (Ga®*, Ni*", and Co*") (Figure 5).
BS188A and wt MoFeP were oxidized with indigo disulfonate (IDS) followed by the addition of *’Fe** or the
heterometals. Previously established S = 3/2 features (g = 4.3, 3.7, and 2.0) arising from FeMoco were present in
all samples as expected.’>’” Reconstitution of BS188A MoFeP with *’Fe*", Co®*, and Ni*" resulted in near identical
features in the g = 5 region (Figure 5b) which were not detected in the wt samples (Figure 5a). Similar features
have been observed in synthetic NiFe;S4 cubane clusters®®> and in Pyrococcus furiosus Fd that has been misme-
tallated with Cd** or Ni.*” These observations are again consistent with the association of heterometals with the
BS188A P cluster that does not occur in the wt MoFeP, in agreement with the crystallographic results (Figure 4).
The possibility that heterometals may associate with FeMoco rather than the P-cluster was eliminated by the fact
that the heterometal-treated wt MoFeP does not feature a g * 5 EPR signal (Figure 5a). The finding that the new

a g Value b g Value
6.8 3.4 2.3 1.7 6.8 3.4 2.3 1.7

|
/\ 2 Oxidized WT + 5"Fe?

|~/ \/ Mw’\\j o]

Oxidized WT + Co?* 3A + Co?
V" oxidized
- 124 i H xidize
Oxidized WT + Ni BS188A + Ni? I\/\/\/y

Oxidized
Oxidized WT + Ga* BS188A + Ga® %_

1000 2000 3000 4000 1000 2000 3000 4000
Magnetic Field (G) Magnetic Field (G)

Figure 5. X-band EPR spectra of wt and BS188A MoFeP after oxidation and soaking with heterometals collected at 4 K. (a) IDS-
oxidized wt Av MoFeP (top) soaked with ’Fe?*, Co?", Ni**, and Ga’* (top to bottom). (b) IDS-oxidized BS188A Av MoFeP (top) soaked
with 7Fe?’, Co?*, Ni?*, and Ga’" (top to bottom). Reconstitution with >’Fe?*, Co?", and Ni?** resulted in new features in the g = 5 region.
All metal-treated BS188A samples had features in the g = 2 region that closely resembled those for the oxidized BS188A species, but the
features varied in intensity. Oxidized wr and BS188A spectra without added metals (top) are reproduced from reference 19 for comparison.
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EPR features were similar in all cases of heterometallated BS188A MoFeP species—regardless of the identity of the
heterometal-was unexpected. We tentatively ascribe this observation to an equal perturbation of the many close,
low energy electronic states of the P-cluster®® by heterometal substitution or changes in the population of a previ-
ously established S = 5/2 excited state of the cluster.®’ However, further in-depth spectroscopic studies will be
required to identify the origin of these signals and understand their similarities among the various heterometals.
Reconstitution of BS188A with Ga** did not produce the g ~ 5 signals, which may be rationalized by its frontier
orbitals having much more p and less d character than the other heterometals used, resulting in substantially differ-
ent electronic properties from the other heterometallic P-clusters. EPR spectra of all the reconstituted BS188A Mo-
FeP species had additional features in the g = 2 region that closely resemble oxidized, metal-deficient BS188A
MoFeP (Figure 5b),"” and unusual P-cluster features seen in FeMoco-deficient MoFeP.®* Of note, these features
were weakest in the samples reconstituted with *’Fe? and Co*", possibly due to the ability of these ions to occupy
all eight P-cluster metal sites, creating a structurally more symmetrical and electronically more isotropic spin sys-
tem.

As a control, EPR spectra were collected on both wz and BS188A MoFeP samples in which the IDS oxidation
step was omitted (Figure S4). All wt spectra displayed only the expected FeMoco signals (Figure S4a). Ni**, Co*',
and *'Fe** were unable to incorporate into the reduced P-cluster as evidenced by the lack of features in the g = 2
and g ~ 5 regions (Figure S4b), confirming the full occupancy of all eight metal sites by iron in the P" state.
Unexpectedly, the Ga®* treatment of the reduced BS188A MoFeP resulted in g = 2 features (Figure S4b), suggesting
that Ga®* may be capable of perturbing the electronic state of the BS188A P-cluster through an unidentified mech-
anism.

Conclusions

In this work, we have examined the potential role of a Ser ligand in maintaining the structural and functional
integrity of the nitrogenase P-cluster under environmental duress. Our studies have demonstrated that (1) the growth
of BS188A Av cultures is adversely affected by suboptimal growth conditions (i.e., Fe-limited growth media and
oxidative stress) to a much greater extent than wt Av cells, (2) BS188A MoFeP has significantly lower in vivo
catalytic activity than wt MoFeP, and (3) the oxidized [6Fe-7S] P-cluster of BS188A can be reconstituted with
various exogenous metals (*'Fe**, Co®", Ni*", Ga*"). Importantly, these heterometals are found to be distributed
throughout the P-cluster rather than being localized to the positions of the displaced Fe centers. These findings
highlight the role of the Ser ligand in protecting the P-cluster under stress conditions and demonstrate that this
cluster is compositionally dynamic and readily capable of exchanging its atomic constituents. This attribute is
shared by FeMoco, FeVco, and the [4Fe-4S] cluster of FeP which have also been shown to undergo substitution of
their sulfur components under catalytically relevant conditions.***%

Why has evolution selected a nearly invariant O-based ligand (Ser or Tyr) to the P-cluster when a similarly neg-
atively charged and more common Cys could have potentially served the same role? We previously suggested that
the hard, O-based Ser or Tyr side chains may be preferred over the soft, Cys thiolate due their strong preferences
for binding Fe** over Fe?', allowing them to serve as redox-dependent switches that may be an integral component
of the ET mechanism to the active site." '®2° This proposal is supported by fact that the 4v BS188C MoFeP mutant
is only ~60% as catalytically active as the wt protein for H" reduction,'' and potentially even less active for the
reduction of N». Our current results with fS188A MoFeP indicate that the role of the Ser ligand to the P-cluster
may extend beyond acting merely as a redox switch and expand upon the known mechanisms that diazotrophic
organisms have evolved to protect nitrogenase from oxidative stress.””” It is reasonable to assume that a Tyr may
fulfill an analogous functional role in nitrogenases lacking a Ser ligand to the P-cluster such as the previously
characterized MoFeP from Gd."® Interestingly, there is only one known diazotrophic microbe that contains neither
a Ser nor a Tyr P-cluster ligand, Methanococcus aeolicus Nankai-3."® This archaeon is a strict anaerobe that was
isolated from marine sediments near the Nankai Trough,”" an environment with unusually high Fe availability,””
which may explain the ability of this organism to thrive without the protection of Ser or Tyr ligand to the P-cluster.

Materials and Methods

Reagents. All reagents were obtained from Fischer Scientific, Sigma-Aldrich, VWR International, Praxair, Roche
Diagnostics, or New England Biolabs unless otherwise noted.

Growth media. All Av cultures were grown in Burke’s medium (BM") containing 2.0% sucrose, 0.9 mM CaCl,,
1.67 mM MgSOy4, 35 pM FeSOs, 2 uM NazMo0,04, 10 mM K3PO4 pH 7.5, and 10 mM NH.Cl. Diazotrophic media
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(BM") lacked NH4Cl. Media with varying concentrations of iron are referred to as X% Fe, relative to 100% Fe (35
uM). Solid Burke’s media contained 23 g/L agar. All growths were completed at 30°C and shaken at 200 rpm,
unless otherwise noted. All ODsgo values were measured using a cuvette with a 1 cm path length, unless otherwise
noted.

Mutagenesis of A. vinelandii genome. The nitrogenase BS188A MoFeP mutant from a previous study was used
in these experiments.'’.S188A AnifB Av was generated by inserting a kanamycin resistance cassette into nifB
using a plasmid (PDB218) kindly provided by V. Cash and D. Dean. This plasmid contained the cassette flanked
by the beginning and end of the nifB gene. S188A Av cells were made competent for transformation using an
established procedure’ ™ by growing to ODggo = 0.5 in 50 mL 0% Fe BM* media, shaking at 150 rpm. As a result
of Fe-starvation, cell cultures were fluorescent green due to excreted siderophores. 50 pL suspensions of competent
cells were transformed in 50 pL transformation buffer solutions (20 mM MOPS, pH 7.5, 20 mM MgSOs) containing
5 pg of PDB218. Transformation of Av cells using this protocol results in genomic modifications via double ho-
mologous recombination of the plasmid and the genome. Transformants were screened for kanamycin resistance
on solid BM™ media containing 5 pg/mL kanamycin (BM" Kan). Transformants were also streaked on solid BM~
to ensure that the N, fixation ability was lost. Multiple passes of the transformants on solid BM" Kan media were
required for complete loss of N, fixation ability. The final transformant was verified with sequencing of the nifB
region of the genome.

A. vinelandii culture growth. Av cells were grown beginning with a 10- mL BM" starter culture in a 500 mL
Erlenmeyer flask until the cells reached a density of ODggo 1.5-2.0. 15 mL of the starter culture was used to inocu-
late 1.0 L of BM™ media in a 2.8-L flask (AnifB strains were grown in BM" Kan for all growth steps). Once the
cells were densely grown (ODeoo > 1.5), 400 mL of the culture was used to inoculate 50 L of BM" media with only
3 mM NH4Cl in a 60-L fermenter (New Brunswick Scientific). Cells were monitored for derepression of nitrogenase
(indicated by a spike in dissolved oxygen) and harvested 4 h later. Cells were concentrated to <6 L using a Pellicon
2 Tangential flow membrane (Eppendorf), then pelleted by centrifugation at 5000 rpm and 4°C. Wet cell pellets of
AnifB strains were ~50 g, and cell pellets of wt and BS188A weighed >100 g. Cell pellets were stored at —80°C
until cell lysis and protein purification.

Protein purification. All cell lysis and purification steps were performed anaerobically on a Schlenk line under
ultra-high-purity Ar or in a Coy anaerobic chamber under 95% A1/5% H: (<2 ppm O>). All buffers and columns
were prepared under anaerobic conditions. Cell pellets were thawed overnight at 4°C, then resuspended in a ~ 150
mL buffer solution, termed Eq (50 mM TRIS, pH 7.75, 200 mM NaCl, 5 mM DT, 0.1 mg/mL DNase I). The
suspension was lysed at 16,000 psi N, using a microfluidizer (Microfluidics), and the lysate (dark brown) was
centrifuged at 12,000 rpm for 75 min under anaerobic conditions. The resulting dark brown supernatant was loaded
onto a DEAE Sepharose column (equilibrated with Eq) and washed overnight with 1.5 L of Eq. Nitrogenase com-
ponent proteins were eluted using a linear NaCl gradient (200 to 500 mM NaCl at 2.5 mL/min for 1.0 L, 50 mM
TRIS, pH 7.75, 5 mM DT). MoFeP and FeP eluted at conductivities of ~25 (~23 for the AnifB strains) and ~30
mS/cm, respectively. Fractions containing tge protein of interest were identified via denaturing sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Fractions were then pooled and diluted 1.8-fold with a
salt-free buffer solution (50 mM TRIS, pH 7.75, 0 mM NacCl, 5 mM DT). Proteins were independently concentrated
on a DEAE column that was equilibrated with a salt-free buffer solution and rapidly eluted with a high-salt buffer
solution (50 mM TRIS, pH 7.75, 500 mM NaCl, 5 mM DT). Proteins were further purified by gel filtration on a
Sepharose 200 column (GE Healthcare), using a high-salt buffer solution (50 mM TRIS, pH 8.0, 500 mM NaCl, 5
mM DT). Pure protein containing fractions were identified via SDS-PAGE. The fractions were combined and con-
centrated to ~10 mg/mL with an Amicon concentrator (EMD/Millipore, ~20 psi 95% At/ 5% H», 30 kDa membrane
for FeP, 100 kDa membrane for MoFeP). Concentrated proteins were stored in ~500 pL aliquots in cryovials in
liquid N». Protein concentrations were determined using both Bradford assays and Fe-chelation assays (6.2 M guan-
idine-HCI, 2 mM 2,2-bipyridine, 10% glacial acetic acid) at 522 nm with an extinction coefficient of 8650 M™' cm
1

Preparation of heterometallic- and *’Fe-incorporated-P-cluster MoFeP. MoFeP was desalted over a 10-DG
gravity flow column (Bio-Rad) that had been equilibrated with a buffer solution (50 mM TRIS, pH 8.0, 500 mM
NaCl) to remove DT. The protein was concentrated to ~50 pM in 30 kDa Microcon centrifugal filters
(EMD/Millipore) and then oxidized with 2.5 mM IDS for 1 h. The protein solution was run over another 10-DG
gravity flow column that had been equilibrated with a buffer solution (50 mM TRIS, pH 8.0, 500 mM NaCl) to
remove IDS. The protein was concentrated to ~50 uM in 30 kDa Microcon centrifugal filters (EMD/Millipore),
followed by addition of 1 mM metal (M = NiSQOu, CoCl,, GaCls, or *’FeSO.). After a 1-h incubation, excess metal
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was removed by exchanging the protein into a fresh buffer solution (50 mM TRIS, pH 8.0, 500 mM NaCl) with 30
kDa Microcon centrifugal filters (EMD/Millipore) and concentrated to ~50 uM. The first desalting and the IDS-
oxidation steps were omitted during the preparation of the control EPR samples with reduced protein. All wt and
BS188A MoFeP samples were prepared in parallel.

Méssbauer spectroscopy of MoFeP. The first Mossbauer sample was prepared as described above, followed by
the concentration of the sample to 1 mM (400 pL final volume). After initial data collection, the sample was diluted
to 125 puM. The sample was then re-metalated with natural abundance Fe** as described above, followed by the
concentration of the sample back down to 1 mM. Mdssbauer samples were prepared and flash frozen in liquid N>
in a Coy anaerobic chamber under 95% Ar/5% H, (<2ppm O,). Mdssbauer spectra were recorded on a SEE Co.
spectrometer in constant acceleration mode and transmission geometry at 80 K. A Janis SVT-300T dewar was used
with a 54 mT magnetic field applied parallel to the propagation of the y-beam. Isomer shifts were determined
relative to the centroid of a metallic foil of a a-Fe at room temperature.

Crystallographic data collection and refinement. Crystals of heterometallated $S188A MoFeP were prepared
using the sitting drop vapor diffusion method at room temperature under 95% A1/5% H> (O2 <2 ppm) in a Coy
anaerobic chamber. All crystals were dark brown in color. Crystallization reservoirs each contained 500 pL of
precipitation solution and crystallization wells contained 2 pL of the precipitation solution and 2 pL of the protein
stock solution (125 pM). Crystals appeared within a few days and took up to two weeks to mature. Ni- and Co-
substituted BS188A MoFeP crystals were grown from the same samples that were used in the EPR experiments.
The crystal of the Ga-substituted variant was obtained using a sample prepared separately from the EPR samples.
All proteins were crystallized in the presence of 10 mM DT. Crystals were cryoprotected with perfluoropolyether
and flash frozen in liquid N> in a Coy anaerobic chamber. All data were collected using multi-wavelength synchro-
tron radiation at either SSRL beamline 9-2 (Ga- and Co-substituted structures) or ALS beamline 5.0.2 (Ni-substi-
tuted structure).

Data sets were integrated and scaled using iMosflm and Aimless, followed by molecular replacement (search
model PDB 2MIN) with Phaser-MR of the PHENIX suite. Structures were refined with phenix.refine and Coot,
using riding hydrogens added with phenix.reduce. Data collection and refinement parameters and statistics can be
found in Table S2. All figures of crystal structures were produced with PyMOL. Integration with MAPMAN (Upp-
sala Software Factory) to assign partial occupancy of each metal (Fe and heterometal) at each metal site in the P-
cluster was attempted.

Electron paramagnetic resonance spectroscopy of MoFeP. Samples were prepared as described in the “Prep-
aration of heterometallic- and *’Fe-incorporated-P-cluster MoFeP” sections above. Proteins were concentrated to
50 uM using 30 kDa Microcon centrifugal filters (EMD/Millipore). All data were collected on a Bruker EMX
spectrometer. A helium cryostat was used to maintain temperatures in the range of 5—10K. The modulation fre-
quency was 100.0 kHz and the modulation amplitude was 9.8 G during the recording of the spectra. The microwave
frequency was ~9.62 GHz. Microwave power for each spectrum is indicated in figure captions. All spectra in
figures were background subtracted.

MoFeP Fe-chelation assay. The Fe-chelation reactions contained 3.3 pM MoFeP, 13 mM DT, and 4.5 mM 2,2-
bipyridine in a buffer solution (50 mM TRIS, pH 8.0, 500 mM NaCl) and were performed in an anaerobic cuvette
(total reaction volume = 300 uL). The reaction was initiated by addition of the bipyridine at t = 0 min. Formation
of the tris(bipyridine)iron(Il) complex was monitored via absorbance at 520 nm over 15 min, and an extinction
coefficient of 8650 M cm™ was used to calculate the concentration of the complex.

H0: oxidative stress survival test of A. vinelandii. Av cell cultures (wt and BS188A MoFeP) were grown in
both BM" and BM™ media (200 rpm, 30°C) in biological triplicate until ODsoo ~ 0.8. Dilutions of cells were plated
on solid BM" or BM™ media (same as liquid growth conditions) to determine colony forming units (CFUs) present
in the cultures prior to H,O, exposure. Cultures were centrifuged (5,000 rpm, 4°C) to sediment the cells. The cell
pellets were resuspended in fresh media (BM" and BM™ media corresponding to initial growth conditions) contain-
ing 5 mM Suprapur H,O, (EMD Millipore) and shaken at 200 rpm and 30°C for 30 min. Cells were pelleted again
via centrifugation (5,000 rpm, 4°C), then resuspended in fresh media (BM" and BM™ media corresponding to initial
growth conditions) lacking H>O,. A dilution series of cells were plated to determine CFUs present after oxidative
stress by H>O,. Colonies were manually counted 3-5 days after plating. The plates used for colony counting con-
tained between 30-500 colonies.

Growth curves of A. vinelandii. All cultures used for growth curves were prepared in 125-mL flasks (pre-washed
with nitric acid) containing 25 mL BM™ media (varying Fe %) and were shaken at 200 rpm, 30°C. Wt and S188A
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Av cells were initially Fe-starved by conducting four passes of the cells on solid 0% Fe BM™ media, followed by
one 25-mL liquid growth in 0% Fe BM" in a 125 mL flask until cells reached ODgoo >1.0. Cells were fluorescent
green due to secreted siderophores due to Fe starvation. Each variant (wr and BS188A MoFeP) of the Fe-starved
cultures was used to inoculate five flasks of BM™ media with varying Fe concentrations (1%, 10%, 25%, 50%, and
100% Fe) to an initial ODsgo of ~0.1. All media and culture growths were prepared in parallel. 200-uL aliquots were
sterilely removed from each flask approximately every 4 h over the course of ~50 h to measure ODgo.

Extraction of total RNA from Av cells and RT-qPCR of MoFeP (nifK) transcripts. Av cells (wf and fS188A)
were grown in biological triplicate to an ODggo of ~1.0 in 25 mL 100% and 1% Fe BM™ media with shaking at 200
rpm and 30 °C. 3 mL of cell suspensions were removed and added to 6 mL of RNAprotect Bacteria Reagent (Qi-
agen), immediately vortexed for 5 s and then incubated at room temperature for 5 min. Cells were centrifuged
(5,000x g) for 10 min at room temperature, yielding a small, white pellet. The supernatant was removed, and pellets
were frozen at —80 °C until RNA purification (total time frozen <1 week).

Total RNA purification was carried out using the RNeasy Mini Kit (Qiagen) using the prescribed protocols for
enzymatic lysis of bacteria and purification of total RNA from bacterial lysate. Successful extraction of RNA was
confirmed by visualizing rRNA bands with a 1% RNA agarose gel and quantified by UV-vis spectroscopy. Reverse
transcription (RT) was carried out with Superscript III Reverse Transcriptase, random 9-mer primers, and 1 pg total
RNA. cDNA products were confirmed via a smear on a 1% DNA agarose gel.

gPCR of the cDNA products was carried out using 10 ng of cDNA, Sybr dye, and Phusion HF polymerase in 20
uL total reaction volume in a Stratagene Mx3000 qPCR thermalcycler. qPCR reactions were carried out in technical
triplicate of the biological replicates. Two housekeeping genes, gyr4 and rho, were amplified as internal controls.
However, gyrA provided inconsistent results. Data was thus normalized the 740 reference gene. The following pri-
mers were used with an annealing temperature of 54 °C, resulting in an amplicons with a lengths of ~100 base
pairs:

Forward nifK primer: CGAGACCTACCTGGGCAAC

Reverse nifK primer: CACTTCTTCCGGATCGGAGA

Forward rho primer: GGAAATGGCCGAACAGATGG

Reverse rho primer: GATTTCCTCGCCGCTTTTCG

Whole A. vinelandii cell C;H, activity assays. Whole cell activity assays were performed with the same Av cell
cultures that were used for total RNA extraction and RT-qPCR analysis. Immediately after removing a portion of
cells for RNA extraction, 1.0 mL of whole cell suspensions was removed and placed in a 10-mL vial under air and
sealed with a septum. 1.0 mL of C;H, (room temperature, atmospheric pressure) was transferred into the headspace
of the vial via gastight Hamilton syringe. Vials were shaken in a 30 °C water bath for 95 min. The product, C;Ha,
was quantified by gas chromatography (SRI 8610C) with an FID detector, using 0.2-mL injections of the headspace
into a HayeSep N packed column (SRI Instruments). A standard curve of C,H4 was prepared daily with each ex-
periment. /n vivo relative specific activity of MoFeP was calculated using the relative quantities of nifK mRNA
transcripts determined from RT-qPCR.
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