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Abstract

Nitrogenase is a complex, bacterial enzyme that catalyzes the ATP-dependent reduction
of dinitrogen (N,) to ammonia (NHs). In its most prevalent form, it consists of two pro-
teins, the catalytic molybdenum-iron protein (MoFeP) and its specific reductase, the iron
protein (FeP). A defining feature of nitrogenase is that electron and proton transfer pro-
cesses linked to substrate reduction are synchronized by conformational changes
driven by ATP-dependent FeP-MoFeP interactions. Yet, despite extensive crystallo-
graphic, spectroscopic, and biochemical information on nitrogenase, the structural basis
of the ATP-dependent synchronization mechanism is not understood in detail. In this
chapter, we summarize some of our efforts toward obtaining such an understanding.

Experimental investigations of the structure—function relationships in nitrogenase
are challenged by the fact that it cannot be readily expressed heterologously in non-
diazotrophic bacteria, and the purification protocols for nitrogenase are only known
for a small number of diazotrophic organisms. Here, we present methods for purifying
and characterizing nitrogenase from a new model organism, Gluconacetobacter dia-
zotrophicus. We also describe procedures for observing redox-dependent conforma-
tional changes in G. diazotrophicus nitrogenase by X-ray crystallography and electron
paramagnetic resonance spectroscopy, which have provided new insights into the
redox-dependent conformational gating processes in nitrogenase.

Graphical Abstract

ABBREVIATIONS

ATP adenosine triphosphate
Av Azotobacter vinelandii
Cp Clostridium pasteurianum
DG docking geometry

DT

sodium dithionite
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EPR electron paramagnetic resonance

ET electron transfer

FeP iron protein

FPLC fast protein liquid chromatography

Gd Gluconacetobacter diazotrophicus

IDS indigo carmine (5,5'-indigodisulfonic acid)
Kp Klebsiella pneumoniae

MokFeP molybdenum-iron protein

MPD 2-methyl-2,4-pentanediol

RMSD root mean square deviation

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
TRIS 2-amino-2-hydroxymethylpropane-1,3-diol
Highlights

* Nitrogenase from G. diazotrophicus has been isolated and structurally
characterized for the first time.

*  The P-cluster of G. diazotrophicus MoFeP undergoes redox-dependent
structural changes that are distinct from those of hitherto-characterized
MoFeP variants from other organisms.

* The reversible ligation of the G. diazotrophicus P-cluster to a Tyr ligand
strongly suggests the importance of hard, O-based ligands in mediating
conformationally gated electron transfer (ET) in nitrogenase.

1. INTRODUCTION
1.1 Biological and Abiological Nitrogen Fixation

Conversion of atmospheric Nj into biologically usable NHj is necessary for
life on earth. Developing methods for enhancing plant NH; supply is critical
for agriculture since lack of fixed nitrogen, such as NHj, often limits crop
growth (Oldroyd & Dixon, 2014; Rogers & Oldroyd, 2014). The two most
important sources of NHj are biological nitrogen fixation by the enzyme
nitrogenase and synthetic nitrogen fixation via the Haber—Bosch process
(Hirsch & Mauchline, 2015).

In the Haber—Bosch process, N, is converted to NHj according to
Eq. (1). This process requires high temperatures (350-550 K) to enable the
activation of the inert N, triple bond, while high pressures (>300 atm) are
concomitantly needed to drive this overall exergonic reaction forward.

N, + 3H, — 2NH;3 (1)
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In contrast to the extreme conditions required in the Haber—Bosch pro-
cess, biological nitrogen fixation takes place under ambient conditions,
albeit at the expense of 16 ATP molecules in each catalytic cycle (Eq. 2).

N, +8H " +8e¢™ + 16ATP — 2NH; + H, + 16ADP + 16P; (2)

To overcome the high kinetic and thermodynamic stability of Ny, nitroge-
nase employs an exquisitely complex, but incompletely understood chore-
ography of electron transfer (ET) and proton transfer (PT) processes.

Mo-containing nitrogenase is the most widely distributed form of this
enzyme (Fig. 1A) (Dos Santos, Fang, Mason, Setubal, & Dixon, 2012). It
consists of two protein components, the molybdenum-iron protein
(MoFeP) and the iron protein (FeP). MoFeP is an (af), dimer of dimers
and contains two unique metal clusters, the catalytic iron-molybdenum
cofactor FeMoco, a [7Fe:9S:1Mo:1C] cluster, and the P-cluster with the
composition of [8Fe:7S]. FeP is a y, homodimer harboring a [4Fe:4S] cluster
at the dimer interface and two ATP-binding sites (Rees et al., 2005; Seefeldt,
Hoffman, & Dean, 2009) (Fig. 1).

As shown in Eq. (2), each enzymatic turnover reaction by nitrogenase is
an 8e~ process. These electrons are delivered one at a time to MoFeP by
FeP, with two ATP molecules consumed by FeP for each electron trans-
ferred (Katz, Owens, & Tezcan, 2016; Seefeldt et al., 2009). FeP is the only
known biological agent that can reduce MoFeP and activate it for catalysis.

FeP
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MoFeP

- P-cluster

FeMoco

Fig. 1 (A) Structure of nitrogenase. For simplicity, only one half of the (af),(y2), complex
is shown. (B) Structural alignment of the entire (af}), MoFeP of A. vinelandii (orange) with
that of G. diazotrophicus (blue), illustrating their structural similarity. Metal clusters and
bound nucleotides are shown as spheres.
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ATPEeP(red) MoFeP(n)
\‘ '/ Substrate(red)
MgADP

Reduction  ATPFeP(red)MoFeP(n) <

MgATP / \:o of
cycles Substrate(ox)
ADPE@P(0x) MoFeP(n+m)

Fig. 2 Model for electron transfer and ATP hydrolysis during nitrogenase turnover. The
number of cycles depends on the substrate, where m =8 for N, and m=2 for C;H, and
H*. The value (n) refers to the number of electrons accumulated on FeMoco.

In turn, MoFeP is the only protein that can support ATP hydrolysis by FeP.
These observations underscore the importance of specific ATP-dependent
interactions between these two proteins and imply the presence of con-
formationally gated redox events (see Sections 1.2 and 1.3). Electrons
donated by FeP are first received by the P-cluster and then relayed to
FeMoco, which reduces substrates in a stepwise fashion (Fig. 2) (Hoffiman,
Lukoyanov, Yang, Dean, & Seefeldt, 2014; Katz et al., 2016; Lowe &
Thorneley, 1984; Seefeldt et al., 2009; Wilson, Nyborg, & Watt, 2001).

1.2 Evidence for Gated-ET in Nitrogenase

Alongside the enigmatic process of N, reduction by FeMoco, the mecha-
nism of ATP-driven ET events within the FeP-MoFeP complex remains
one of the key unanswered questions in biological nitrogen fixation. While
the structural basis for how MoFeP docking activates ATP hydrolysis by FeP
is relatively well understood (Rees et al., 2005; Schindelin, Kisker,
Schlessman, Howard, & Rees, 1997; Tezcan et al., 2005) (Section 1.3),
the mechanism of how FeP induces conformational changes within in
MoFeP is not (Section 2). Compared to other biological redox systems,
FeP and MoFeP possess several distinguishing features. First, FeP difters
from common electron shuttles such as flavodoxins, ferredoxins, and cyto-
chromes by its large size and in its requirement to bind and hydrolyze ATP
during ET. ATP-dependent docking interactions between FeP and MoFeP
involve the formation of unusually large interfaces (Rees et al., 2005; Tezcan
et al., 2005), which are more typical of permanent rather than transient pro-
tein complexes. Because of these extensive interactions, FeP dissociates from
MoFeP very slowly, with an estimated rate of 6-10 s~ ' (Lowe & Thorneley,
1984; Owens, Katz, Carter, Luca, & Tezcan, 2015; Wilson et al., 2001). It is
postulated that the unusually long lifetime of the FeP—-MoFeP complex may
be necessary for the orchestration of gated redox events within MoFeP
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(Tezcan, Kaiser, Howard, & Rees, 2015). Several other lines of evidence
support conformationally controlled ET within the nitrogenase complex
(Hoftman et al., 2014; Katz et al., 2016; Seefeldt et al., 2009):

(1) The rate of ET between FeP and MoFeP is dependent on the osmolar-
ity of the solution, implying a conformational rearrangement of the
FeP—MoFeP complex is required prior to interprotein ET (Danyal,
Mayweather, Dean, Seefeldt, & Hoftman, 2010).

(2) The order of ET appears to be (i) slow transfer between P-cluster and
FeMoco and (ii) rapid “backfill” from the P-cluster to the FeP [4Fe:4S]
(Danyal, Dean, Hoffman, & Seefeldt, 2011), suggesting that the confor-
mational gating likely involves ET from P-cluster to FeMoco.

(3) Potent, low-potential photosensitizers, placed in close proximity to
P-cluster, are not able to support efficient catalysis when illuminated
with light, likely due to the fact that MoFeP conformations populated
during ET events in catalysis cannot be accessed in absence of FeP
(Roth, Nguyen, & Tezcan, 2010; Roth & Tezcan, 2012).

These combined findings paint a picture in which reduced, ATP-bound FeP

binds MoFeP, and induces conformational changes within MoFeP to acti-

vate ET between P-cluster and FeMoco (Hoffman et al., 2014; Katz

et al., 2016).

1.3 Structural Dynamics of the FeP-MoFeP Complex

The crystal structures of several FeP—-MoFeP complexes (from Azotobacter
vinelandii) have been obtained under conditions relevant for ATP hydrolysis
and catalytic turnover (Fig. 3) (Rees et al., 2005; Tezcan et al., 2005). These
structures reveal that FeP adopts at least three distinct, nucleotide-state-
dependent docking geometries (DG) (Fig. 3). In DG1, FeP largely docks
with the P-subunit surface of MoFeP (“Encounter complex” in Fig. 3)
(Owens et al., 2015; Willing, Georgiadis, Rees, & Howard, 1989;
Willing & Howard, 1990), forming a complex that is stabilized predomi-
nantly by electrostatic interactions between negatively charged FeP residues
y110-112, and positively charged MoFeP residues f399—401 (Owens et al.,
2015; Tezcan et al., 2005). In this geometry, the [4Fe:4S] of FeP is posi-
tioned >20 A away from the P-cluster, suggesting that this conformation
is not active for interprotein ET. At the same time, several lines of evidence
suggest that the DG1 complex is a functionally relevant initial encounter
complex whose mechanistic role is to increase the rate of association
between FeP and MoFeP during turnover, especially when FeP/MoFeP
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Fig. 3 Proposed scheme for nitrogenase turnover depicting ATP-dependent FeP—MoFeP interactions populated during turnover, where T
represents ATP and D represents ADP. Conformations marked with an * are likely substrates, but have not yet been experimentally observed.
The structures of known turnover intermediates are depicted as cartoons.
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ratios are low (Owens et al., 2015; Ubbink, 2009). Indeed, elimination of
favorable H-bonding and electrostatic interactions between FeP and MoFeP
through point mutations such as fLys400Glu and BArg401Glu leads to con-
siderable reduction of the catalytic activity of MoFeP (Owens et al., 2015).

DG2 represents the ATP-activated state of the nitrogenase complex and
has been obtained in the presence of the nonhydrolyzable ATP analog
AMPPCP or ADP-AlF, ™, a transition-state analog for ATP hydrolysis
(Fig. 3). In DG2, FeP is centrally located atop the af-interface surface of
MokFeP, allowing the [4Fe:4S] to approach the P-cluster as closely as phys-
ically possible, yielding an ET-conducive distance of ~15 A (Chiu et al.,
2001; Schindelin et al., 1997; Tezcan et al., 2005). At the same time, FeP
adopts a compact structure (particularly in the ADP-AlF; ™ -bound form) that
enables residues on each FeP subunit to extend across the dimer interface to
participate in the hydrolysis of the bound nucleotide in the adjacent subunit.
In DG2, the interface between FeP and MoFeP is particularly large
(>3700 A%, which allows the FeP to undergo nucleotide-state-dependent
conformational changes while retaining its central position on the MoFeP
surface. Interestingly, one of the crystallographically characterized DG2
complexes is obtained in the presence of equimolar AMPPCP and
ADP, with the two nucleotides bound asymmetrically by the FeP subunits
(“AMPPCP/ADP complex” in Fig. 3) (Tezcan et al., 2015). This binding
mode suggests that ATP hydrolysis and phosphate release within DG2 may
proceed by a stepwise, rather than a concerted mechanism. Such a stepwise
mechanism could be expected to prolong the lifetime of the activated
FeP—MoFeP complex and, in turn, could orchestrate the sequence of
intracomplex ET required for substrate reduction through the associated
Fe-protein conformational changes (Spatzal, Perez, Einsle, Howard, &
Rees, 2014).

Finally, DG3 is obtained in the presence of ADP and may represent a
FeP-MoFeP conformation that is populated after ET and ATP hydrolysis
have taken place within DG2 (ADP complex in Fig. 3) (Tezcan et al.,
2005). In DG3, the ADP-bound FeP is found in a relaxed conformation typ-
ical of uncomplexed FeP variants and interacts primarily with the a-subunit
surface of MoFeP. Like in the DG1 complex, the distance of >20 A
between the [4Fe:4S] cluster and the P-cluster is prohibitively long for
ET. The mechanistic relevance of DG3 has yet to be probed experimentally
through structure/function studies.

Taken together, these crystallographic snapshots suggest that FeP
explores an unusually large conformational space along the MoFeP surface
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during ATP hydrolysis, whereby distinct docking geometries are selectively
populated, depending on the FeP nucleotide state. This allows the distance
between the [4Fe:4S] and the P-clusters to be directly coupled to the
nucleotide state, providing a way for actively modulating electron flow
in nitrogenase. Interestingly, the correlation between the nucleotide state
and the docking positions of FeP suggests that irreversible ATP hydrolysis
may serve as a ratchet that provides directionality to protein—protein inter-
actions, much in the same way that ATP hydrolysis ensures directed
motion in proteins such as AAA" domains (Hanson & Whiteheart,
2005; Rappas, Bose, & Zhang, 2007) and helicase (Enemark & Joshua-
Tor, 2008). Yet, none of the FeP-MoFeP complex structures offer any
clues about the nature of the proposed redox-gating mechanism within
MoFeP that could control ET between the P-cluster and FeMoco: in these
complexes, MoFeP displays no structural changes near the P-cluster,
FeMoco, or the intervening region between these clusters suggestive of
a gating process.

1.4 Redox-Dependent Structural Changes in the P-Cluster
of A. vinelandii MoFe Protein

A survey of all available MoFeP crystal structures (uncomplexed or com-
plexed with FeP) reveals that the only notable conformational change
observed on the ET pathway to FeMoco is on the P-cluster itself. It was
established that the dithionite (DT)-reduced, all-ferrous P-cluster (P™)
could be reversibly oxidized by one and two electrons to P! and P9 states,
respectively (Chan, Christiansen, Dean, & Seefeldt, 1999; Igarashi &
Seefeldt, 2003; Seefeldt et al., 2009). As demonstrated by a crystal structure
of the A. vinelandii MoFeP (Av-MoFeP) (Peters et al., 1997), the oxidation
of the P-cluster leads to a dramatic structural rearrangement: in the P™ state,
the P-cluster can be viewed as a fusion of two closed [4Fe:4S]| cubane archi-
tectures joined by a shared hexacoordinate sulfide, S1 (Fig. 4). In the PO
state, one of the cubane units opens up, whereby Fe5 bonds to the backbone
amide N of Av-aCys88, Fe6 ligates to Av-fSer188, and Fe5 and Fe6 disso-
ciate from S1. Since both the a-Cys88 backbone N and the P-Ser188
hydroxyl group likely have to be deprotonated to coordinate Fe ions, they
would stabilize the P-cluster in an oxidized state, thus lowering its reduction
potential and enabling it to deliver electrons to FeMoco. Therefore, any
structural perturbation induced by FeP—-MoFeP association that favors liga-
tion by Av-PSer188 and the Av-aCys88 backbone N would provide a basis
for the conformational redox gating in nitrogenase.
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Fig. 4 Redox-dependent structural changes in Av- and Gd-MoFeP. The dashed lines in
POX highlight bonds to the central sulfide S1 that are broken upon oxidation.

To determine if redox-dependent structural changes in the P-cluster are
conserved, and thus likely to be important, we searched genomic databases
and literature to find nitrogenases that showed sequence variations in resi-
dues that are proximal to the P-cluster, in particular positions equivalent to
Av-BSer188. We limited our search to organisms with fully sequenced
genomes and only considered bacterial species that could be readily cultured
in a laboratory. As described later, we concluded that the diazotroph Glu-
conacetobacter diazotrophicus (Gd) represented a promising model organism
for studying nitrogenase.

1.5 Redox-Dependent Structural Changes in the P-Cluster
of G. diazotrophicus MoFe Protein

Most of our structural and mechanistic understanding on enzymatic nitro-
gen fixation has been obtained through the study of nitrogenases from a
small number of diazotrophic bacteria: A. vinelandii, Klebsiella pneumoniae
(Kp), and Clostridium pasteurianum (Cp). A. vinelandii and K. pneumoniae
are closely related y-proteobacteria and express group 1 nitrogenases
(Howard, Kechris, Rees, & Glazer, 2013; Raymond, Siefert, Staples, &
Blankenship, 2004) that are structurally and functionally very similar to
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one another (Duyvis, Wassink, & Haaker, 1996, 1998; Einsle et al., 2002;
Lowe & Thorneley, 1984; Mayer, Lawson, Gormal, Roe, & Smith,
1999; Thorneley & Lowe, 1983; Wilson et al., 2001). Cp-nitrogenase is
structurally slightly dissimilar in the a-subunit (Zhang, Morrison,
Kaiser, & Rees, 2015) and is classified as a group 2 nitrogenase (Howard
et al., 2013; Raymond et al., 2004). Nevertheless, these three structurally
well-characterized nitrogenases feature the same cofactor architecture and
there is little sequence or structural variability in functionally critical regions
of the enzyme. To gain information on the conformational gating mecha-
nism, we decided to investigate a nitrogenase with sequence differences
compared to nitrogenase from the aforementioned species, namely, Gd-
nitrogenase.

G. diazotrophicus harbors a group 1 nitrogenase like Av-nitrogenase
(Howard et al., 2013). Gd- and Av-nitrogenases share 60% sequence iden-
tity. However, Gd-nitrogenase exhibits key amino acid sequence differences
surrounding the P-cluster. Gd-MoFeP features an Ala (Gd-PAla187) at the
equivalent position to Av-BSer188 (Table 1) and a Tyr residue at the posi-
tion equivalent to Av-fPhe99 (Gd-fTyr98). Interestingly, an analysis of
nitrogenase sequences indicates that in the great majority of type 1 nitroge-
nases, the aforementioned amino acid pairs Ser/Phe and Ala/Tyr are covar-
iant (Howard et al., 2013): if MoFeP has a Ser in the first position, it features
a Phe in the second. If an organism has an Ala in the first position, it has a Tyr
in the second.

To investigate whether this two-position covariance has a functional sig-
nificance and if Gd-MoFeP P-cluster can undergo similar redox-dependent
structural changes as its A. vinelandii counterpart, we expressed and isolated
Gd-MoFeP protein and solved its crystal structure in P™ and P states at 1.8
and 2.6 A resolution, respectively (Owens, Katz, Carter, Oswald, & Tezcan,

Table 1 Sequence Alignment of Av-, Kp-, Cp-, Gd-MoFeP
lllustrating Sequence Differences Surrounding the P-Cluster

Av-$185-190 Av-$95-100
A. vinelandii HTPSFV CVAYFR
K. pneumoniae HTPSFI CVAYFR
C. pasteurianum NTPSYV CCCYHR

G. diazotrophicus HTPAFV CVAY YR
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2016). As expected from their high sequence homologies, the overall archi-
tecture of Gd-MoFeP is very similar to that of Av-MoFeP with an RMSD of
0.7 A over all aC atoms (Fig. 1B). The coordination and the outer-sphere
environments of FeMoco are identical to one another in both species. Fur-
thermore, in the P™ state, Av-P-cluster and Gd-P-cluster are fully superim-
posable (Fig. 4).

In contrast, the P form of the Gd-MoFeP P-cluster displays striking
differences from its Av-MoFeP counterpart, as shown in Fig. 4 and
Table 2. Analogous to structural changes observed in Av-MoFeP, Feb
becomes ligated to the backbone N of Gd-aCys104 and dissociates from
the central S1 upon P-cluster oxidation. However, Ser, which coordinates
Fe6 in Av-, Kp-, and Cp-MoFeP, is replaced by Ala in Gd-MoFeP. Instead,
Fe8 now coordinates the O atom of the Gd-fTyr98 side chain. Tyr-ligated
Fe8 also fully dissociates from S1 like the Ser-coordinated Fe6 in other spe-
cies. Thus, while 2e~ oxidation of the P-clusters in both Gd- and Av-
MoFeP yields an opened 4Fe—3S unit with two O- and N-based ligands,
the mechanism by which this is achieved is distinct in these species.

While ligation of a Ser or Tyr to an FeS cluster is rare (Nicolet, Rohac,
Martin, & Fontecilla-Camps, 2013), the role of an O-based ligand as a redox
switch for an FeS-cluster can be readily explained. Coordination by the sin-
gly anionic tyrosinate (Tyr ) or serinate (Ser ) side chains would decrease
the reduction potential of the P-cluster to induce ET to FeMoco, much like
a cysteinate (Cys™) ligand. However, unlike the borderline soft Cys™ ligand,
the coordination of the hard Tyr~ and Ser™ ligands to an FeS-cluster would
be highly dependent on whether the Fe center that they coordinate to is in
the +3 (hard, favored) or +2 (borderline soft, disfavored) oxidation state. In
other words, while Cys™ is a good permanent ligand that can stably anchor
an Fe—S cluster in all oxidation states, Tyr and Ser are conditionally labile
ligands that are well suited for reversible redox switching.

Table 2 Changes in Coordination Distances of the P-Cluster Upon Oxidation (PN — P°X)
in A. vinelandii and G. diazotrophicus
d(S1-Fe6/Fe8) (A)  d (0°°"™'-Fe6/Fe8) (R)  d (N“*-Fe5) (A)

Av-MoFeP 25—4.0 34—1.9 34—2.1
Cp-MoFeP 24—3.6 32—2.0 33—23
Kp-MoFeP 2.4—3.38 3.6—22 3.4—22

Gd-MoFeP 25—34 3.6—2.1 3.4—26
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Our findings strongly suggest that redox-dependent structural changes at
P-cluster are conserved and therefore likely relevant for nitrogenase func-
tion. Furthermore, the fact that P-cluster can cycle between the P™ and
PO state through the engagement of conserved structural features hints
at the possibility that it may be capable of transferring two electrons to
FeMoco during catalytic turnover. Such 2e” transfer steps between
P-cluster and FeMoco may help minimize wasteful H' reduction during
turnover by increasing the electron flux to FeMoco (Katz et al., 2016;
Owens et al., 2016). Nevertheless, the functional importance of the pox
state has yet to be experimentally established, as only P™ and P*" have been
detected under catalytic turnover conditions (Igarashi & Seefeldt, 2003;
Lanzilotta, Christiansen, Dean, & Seefeldt, 1998). Likewise, the mechanism
by which FeP-MoFeP interactions can induce conformational changes in
the P-cluster at a distance of >15A and modulate its coordination-
dependent redox equilibria also remains an exciting topic for future studies.

2. MATERIALS AND METHODS

The methods presented herein describe how to efficiently culture
G. diazotrophicus in large scale for expression of Gd-nitrogenase component
proteins. These procedures are based on protocols first introduced by Fisher
and Newton (2005), and then adopted and modified by us (Owens et al.,
2016). For more detailed information on factors influencing G. dia-
zotrophicus growth, readers are directed to Reis and Dobereiner (1998),
Flores-Encarnacion et al. (1999), and Tejera, Ortega, Rodes, and Lluch
(2004). We turthermore present methods on the crystallographic and spec-
troscopic (EPR) characterization of Gd-MoFeP.

2.1 G. diazotrophicus as a Model Nitrogen-Fixing Organism

G. diazotrophicus is a gram-negative o-proteobacterium that was first isolated
from sugarcane in Brazil (Cavalcante & Dobereiner, 1988). It is an endo-
phyte that establishes symbiosis with its host by infecting the host plant’s
roots where it colonizes intercellular spaces (Saravanan, Madhaiyan,
Osborne, Thangaraju, & Sa, 2008). Unlike the other nitrogenase model
organisms A. vinelandii, K. pneumoniae, and C. pasteurianum, G. diazotrophicus
is an agriculturally important species due to its plant growth enhancing prop-
erties which have been documented in several crops, including sugar cane,
coffee, and rice (Pedraza, 2008; Saravanan et al., 2008; Sevilla, Burris,
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nifA nifB  fdxN  nifZ fixU nifH nifD nifK

o

o

voni nifN  nifX fdxB  nifQ nifu  nifS nify nifW

Fig. 5 Nif operon of G. diazotrophicus. NifH represents FeP, nifD, the a-subunit of MoFeP
and nifK the B-subunit. For clarity, nif genes downstream of nifW (fixA—modD) have
been omitted.

Gunapala, & Kennedy, 2001). The economic potential of G. diazotrophicus is
highlighted by the fact that it is often included in “biofertilizer” products,
which contain a variety of plant growth promoting, beneficial bacteria.

The entire genome G. diazotrophicus has been sequenced and it indicates
that the organization of its nitrogen fixing genes resembles that of other
proteobacteria such as A. vinelandii (Bertalan et al., 2009; Giongo, Tyler,
Zipperer, & Triplett, 2010; Lee, Reth, Meletzus, Sevilla, & Kennedy,
2000). Gd-nitrogenase is part of the nif operon, which contains the genes
for FeP, both MoFeP subunits, and several accessory proteins (Fig. 5).

2.2 Equipment and Reagents
2.2.1 Major Equipment and Instruments Needed
Anaerobic chamber (e.g., Coy glovebag)
Crystal trays and crystallography tools
Liquid nitrogen
Fast protein liquid chromatography (FPLC) workstation
Gas chromatograph with flame ionization detector (FID)
Gastight syringes (multiple sizes from 0.025 to 1 mL)
Large capacity shaker (e.g., Amerex 767, New Brunswick Excella E25)
Large capacity Erlenmeyer (6 L) or Fernbach (2.8 L) flasks
Large round bottom flasks (1.5-3 L) to hold bufters with adaptors to con-
nect to Schlenk line and FPLC
Microfluidizer
Pear-shaped flasks (5, 10, 200, and 500 mL) for loading protein
onto FPLC
Schlenk line
Stoppered 10 or 14-mL glass serum vials (Wheaton)
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2.2.2 Reagents Required for the Growth of G. diazotrophicus
Metal salts
CaCl,-2H,O
FeSO,4-7H,0O
MgSO4-7H,0
Na,MoO4-2H,0
Sugar
Glucose
Sucrose
Buffer
K>oHPO,
KH,PO,
Nitrogen source
(NH4)>SO4
NH,CI
C2 media components
Peptone
NaCl
Yeast extract
Agar (for solid media only)
Indicators
Bromophenol blue
Bromothymol blue

2.2.3 Reagents Required for Nitrogenase Purification, Enzymatic
Assays, and Crystallization

Nitrogenase purification
NaCl
Tris base
Sodium dithionite (DT)
Enzymatic assays
ATP (as Na,ATP)
Creatine phosphate
Creatine phosphatase
Glacial acetic acid to quench reaction
MgCl,
Concentration measurement
Urea
2,2-Bipyridine
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Crystallography
2-Methyl-2,4-pentanediol (MPD)
Indigo sulfonate (indigo carmine, IDS)
Sodium cacodylate
Spermine
Zwittergent (a zwitterionic detergent)

2.3 Growth Media for G. diazotrophicus Cultures

G. diazotrophicus is grown in LGI media for nitrogenase expression. To

maintain cell stocks, LGI, LGIP, or C2 media can be used (Figs. 6 and 7).

(1) LGI contains 10% glucose 0.14 mM CaCl,, 0.81 mM MgSO,,
0.036 mM FeSO,, 0.008 mM NaMo,O,, 0.5 mM (NH,4),SO, or
1 mM NH,CI, 10 mM KPO, (pH 6.0).

(2) LGIP can be used as an alternative to LGI for cell culture maintenance.
LGIP uses the same recipe as LGI with the exception that sucrose is used
instead of glucose. We do not recommend using LGIP for nitrogenase
expression since the amount of nitrogenase produced is higher when
using LGI, an observation that can be attributed to the higher respira-
tion rate of G. diazotrophicus when glucose is used as the carbon source
(Tejera et al., 2004).

(3) To make solid media, agar is added to a concentration of 12 g/L.

LGIP/N- + LGI/N- +

C2 LGIP/N- bromothymol blue bromophenol blue

Fig.6 G. diazotrophicus grown on different types of solid media. G. diazotrophicus grows
to highest density on rich media (C2) compared to minimal, NH, -free media (LGIP and
LGI). Both bromothymol blue and bromophenol blue can be used to better visualize
bacteria. Bromothymol blue is taken up by the bacteria, where it is green at neutral
pH. This provides contrast to media, where bromothymol blue is almost clear under
acidic conditions. Bromophenol is blue-green when taken up by G. diazotrophicus. As
G. diazotrophicus acidifies the surrounding media during growth, bromophenol blue
in the media changes color from blue to yellow. This color change is useful for visualizing
the extent of bacterial growth. When grown to full density, the LGI plate containing
bromophenol blue should be almost completely yellow.
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Fig.7 (A) Growth curves for G. diazotrophicus grown in rich C2 and LGI/N* (10 mM NHz")
media. (B) Growth curves for G. diazotrophicus grown under N,-fixing conditions. The
growth medium contains 1 mM NH,4*. Nitrogenase expression is monitored by measur-
ing reduction of the alternative substrate C;H, to C;H,. Nitrogenase expression starts in
mid-exponential phase (>40h) when NH;* originally present in the medium is
depleted. It is important to continuously monitor C;H, production since MoFeP expres-
sion decreases slightly once intracellular NH,* levels reach homostasis (Hamilton et al.,
2011). Note that the different durations of the lag phases in (A) and (B) are due to the
fact that different amounts of starter cultures were used for inoculation.

(4) We observed that while growing G. diazotrophicus in absence of any
fixed nitrogen is possible on solid media (Fig. 6), doing so in liquid
media results in impractically long lag phases. Therefore, 0.5 mM
(NH,)»SO,4 or 1 mM NH,CI is added to liquid media (Fig. 7). If
high-level nitrogenase expression is not the primary goal, more NH;,"
(up to a concentration of 10 mM) can be added to increase the bacterial
growth rate (Fig. 7).

(5) C2 media is a rich media, made by mixing 10 g peptone, 15 g glucose,
5 g NaCl, and 5 g yeast extract per liter and adjusting the pH of the
media to 6.0 with acetic acid.

For the improved visualization of cell colonies on solid media, pH indicators

(bromothymol blue or bromophenol blue) can be added to the media. Dur-

ing growth, G. diazotrophicus secretes organic acids, which cause the pH of

growth media to decrease from 6.0 to 2.5-3.5 (Fig. 6) and a concomitant
change in indicator color. Per liter of solid media, 5 mL of indicator is added
from a 0.5% solution dissolved in 0.5 N KOH.

2.4 Freezer Stocks of G. diazotrophicus

(1) Starting with a single colony from C2 or an LGI agar plate, start a 100-mL
C2 or LGI/N™ (10 mM NHy") culture in a 500-mL Erlenmeyer flask.
Cultures are grown in an orbital shaker, with a speed of 200 rpm at 30°C.

(2) To make a freezer stock, grow G. diazotrophicus to late exponential
phase such that ODgg0nm 15 ca. 1.0.
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(3) Spin down the cells, at 2000 X g for 15 min.

(4) Resuspend the cells gently in 1/20th of the original volume in LGI sup-
plemented with 20 mg/L yeast extract and 20% (v/v) glycerol.

(5) Freeze the cells in liquid N, and store at —80°C.

2.5 Nitrogenase Expression in G. diazotrophicus

2.5.1 General Growth Considerations

To date, no heterologous expression system exists to produce nitrogenase
in high yield. Although it is possible to express both FeP and MoFeP in
Escherichia coli (Buren et al., 2017) and MoFeP in yeast (Wang et al.,
2013), expression levels are very low and not suitable for large scale biochem-
ical and structural investigations. Therefore, nitrogenase is produced in
the native host organism under the control of its native promoter. To induce
nitrogenase expression in G. diazotrophicus, cells are cultured in LGI media
containing 1 mM NHy', which is added to allow G. diazotrophicus to grow
rapidly until mid-exponential phase, where the bacteria run out of fixed
nitrogen. After NH;" is depleted, G. diazotrophicus starts transcribing the
nif operon and reducing N, (Fig. 7) (Hamilton et al., 2011).

To obtain sufficient quantities of protein required for protein crystallog-
raphy, we found that growth of multiple medium-sized batches of
G. diazotrophicus cultures (10 —12 L) in 6 L Erlenmeyer or 2.8 L Fernbach
flasks works quite well. While it was reported that large-volume fermenters
can be used for nitrogenase expression in G. diazotrophicus (Fisher &
Newton, 2005), we found that the protein yields from flask-grown cultures
are superior to those of grown in fermenters (60 L, in our case).

2.5.2 Factors Affecting Nitrogenase Expression in G. diazotrophicus
The levels of nitrogenase expression in G. diazotrophicus are affected by
aeration, the type of carbon source, and the concentration of sugar (carbon
source) in the medium (Flores-Encarnacion et al., 1999; Reis & Dobereiner,
1998). To maximize the yield of Gd-nitrogenase, bacteria are grown in LGI
media containing 10% (w/v) glucose. G. diazotrophicus 1s an obligate aerobe,
and high aeration rates are necessary to meet the bacterium’s respiratory
needs under N,-fixing conditions (Flores-Encarnacion et al., 1999). Opti-
mal aeration conditions for nitrogenase expression in G. diazotrophicus entail
agitation at 200 rpm in an orbital shaker, with Erlenmeyer flasks containing
0.4 L of media per liter flask volume, or Fernbach flasks filled with 0.55 L of
media per liter flask volume. We found that lower or higher rates of aeration
negatively affects nitrogenase yields.
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(1) Starting with a freezer stock, prepare a 200-mL LGI starter culture and
grow the culture until the cells reach late exponential or early stationary
phase. The cell density at this point should be between 1.5 and 2 at
660 nm.

(2) To start large-scale growth, inoculate fresh LGI with 20 mL/L of starter
culture.

(3) Monitor cell growth by measuring ODggonp, and measure nitrogenase
expression by observing C,H, reduction (Fig. 7 and Section 2.5.3).

(4) Nitrogenase expression is first observed after 2—3 days when ODggonm
ranges between 1 and 1.5.

(5) Peak nitrogenase activity is approximately 40—80 nmol C,H, per 1 mL
of cell culture (Fig. 7).

(6) After detecting high levels of CoHy, grow G. diazotrophicus for an addi-
tional 2—4 h. During this period, monitor C,H, reduction every 1 h.

(7) Harvest G. diazotrophicus by centrifugation at 2000 X ¢ for 15 min. Typ-
ical G. diazotrophicus yield is 2.5 g per liter of LGI.

(8) The cell pellet may be stored indefinitely at —80°C.

2.5.3 Monitoring Nitrogenase Activity in Whole Cells

(1) Place 1 mL of cells in a stoppered serum vial and add C,H, to a pressure
of 0.072 atm. This step is done by transterring C,H, from a previously
degassed round bottom flask filled with C,H, to the stoppered vial filled
using a gastight syringe.

(2) Place the cells in a shaking water bath set to 30°C, and incubate them
for 10—15 min.

(3) G. diazotrophicus expressing nitrogenase reduces CoH, to CoHy. CoH»
and C,H, can be separated by GC on an alumina column and detected
using an FID detector.

2.6 Buffers and Solutions for G. diazotrophicus Lysis and
Nitrogenase Purification

Protein purification

Resupension, lysis, and wash 50 mM Tris (pH 8), 100 mM NaCl, 5 mM DT
buffer (Buffer R)

Elution buffer (Buffer E) 50 mM Tris (pH 8), 500 mM NaCl, 5 mM DT

Gel-filtration buffer 50 mM Tris (pH 8), 500 mM NaCl, 5 mM DT
(Buffer GF)

Continued
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Activity assay

Buffer A 50 mM Tris (pH 8), 5 mM MgCl,, 5 mM ATP,
30 mM creatine phosphate, 0.125 mg/mL creatine
phosphatase

Buffer B 0.5 M Tris base

Buffer C 50 mM Tris (pH 8), 500 mM NaCl

Protein concentration measurement

Urea 8 M
Bipyridine 100 mM in 50% glacial acetic acid
2.7 lsolation and Purification of G. diazotrophicus Nitrogenase

2.7.1 General Procedures for Working With Nitrogenase
Nitrogenase component proteins are highly air sensitive. Gd-nitrogenase is

manipulated using anaerobic methods on a Schlenk line and in an anaerobic

chamber at O, levels below 5 ppm. All bufters and equipment are degassed

and,

unless specifically indicated, DT is added to a concentration of 5 mM to

maintain a reducing environment.

2.7.2 Lysis

1)
(2)

3)

Thaw G. diazotrophicus on ice.

Resuspend G. diazotrophicus in chilled Buffer R. Add 3 mL of bufter per
gram of cells. It is important to keep all solutions cool during lysis to
avoid heat denaturation of Gd-FeP. Prior to lysis, add DT to a final con-
centration of 5 mM to the resuspended cell pellet.

Because neither osmotic lysis methods nor sonication efficiently
lyse G. diazotrophicus cells, we prefer using a microfluidizer. The exact
protocol of cell lysis will be dependent on the specific hardware. We
use an LM10 instrument fitted with an F12Y interaction chamber
(Microfluidics Corporation) to lyse G. diazotrophicus at 16,000—
18,000 psi. Typically, three passes are needed to fully lyse the entire cell
pellet. To avoid oxygen damage to nitrogenase, lysis is carried out under
a blanket of Ar.

Place the cell lysate in an airtight centrifuge bottle equipped with a rub-
ber septum and degas the solution for a total of 20 min on a Schlenk line
by repeatedly exchanging the headspace with Ar.
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“4)
)

Clarify the cell lysate by centrifugation at 17,500 X ¢ for 1 h. During
centrifugation, the supernatant may darken slightly.

After clarification, transfer the supernatant to a pear-shaped flask in an
anaerobic chamber (Fig. 8A).

2.7.3 Purification

1)

(2
3

4

)

(6)
()
®)

®

(10)

Load the clarified lysate onto a DEAE column preequilibrated with
anaerobic buffer R. Use ca. 7.5 mL of DEAE resin per gram of cell
paste.

Woash the column with fresh Buffer E until the flow through is clear.
Elute Gd-MoFeP and Gd-FeP using a 100500 mM linear NaCl gra-
dient. Gd-MoFeP and Gd-FeP coelute between 250 and 300 mM
NaCl (Fig. 8B).

Determine the presence and purity of Gd-MoFeP and Gd-FeP
by SDS-PAGE. Gd-MoFeP and Gd-FeP mostly coelute and there
is no benefit to separating Gd-MoFeP and Gd-FeP fractions at this
stage.

Pool Gd-FeP/Gd-MoFeP fractions, concentrate the resulting solution
to 5-10 mL in an anaerobic chamber, and load it onto a Superdex 200
gel filtration column equilibrated with anaerobic Bufter GF. The gel
filtration column removes remaining impurities from Gd-MoFeP and
Gd-FeP and separates the proteins from each other (Fig. 8C). The
major impurity is a ferredoxin (ca. 8 kDa), which elutes after both
Gd-nitrogenase components.

Use SDS-PAGE to identify proteins contained in each collected
fraction.

Typical Gd-MoFeP yields are 2—4 mg protein per liter of cell culture
(0.08-0.2 mg Gd-MoFeP per gram of cell pellet).

Pool and concentrate the respective fractions of Gd-FeP and Gd-
MoFeP and run an SDS-PAGE to evaluate the purity of the respective
proteins (Fig. 8D).

Measure the concentration of the respective proteins using the
Bradford assay (Bradford, 1976) and by measuring the protein’s
respective Fe content. For the later assay, mix 10-20 pL of protein
with 780—790 pL of 8 M urea and 100 pL of 0.1 M bipyridine. Let
the sample incubate for 5 min and determine the Fe concentration
using €sonm = 8650 M ' em ™.

Purified proteins can be stored in liquid nitrogen indefinitely.
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Fig. 8 (A) Clarified cell lysate collected in a pear-shaped flask. The brown color arises from the FeS clusters of MoFeP and FeP. (B) DEAE and
(Q) gel filtration chromatograms of Gd-nitrogenase. Note that in the ion exchange step, MoFeP and FeP coelute. We do not recommend trying
to separate the nitrogenase components in this step, since they are readily separated by gel filtration chromatography at a later stage.
(D) SDS-PAGE of purified Gd-MoFeP and Gd-FeP with relevant molecular weight marker bands indicated. The double band for Gd-MoFeP

arises from the a and B subunits.



Conformationally Gated Electron Transfer in Nitrogenase 377

2.8 Enzymatic Activity Assays for Gd-Nitrogenase

The activity of Gd-nitrogenase is measured according to previously

described protocols for CoH, reduction (Fisher & Newton, 2005; Owens

et al., 2015, 2016). Experiments are conducted under an Ar atmosphere

in stoppered serum vials containing a buffered activity assay solution of

50 mM Tris (pH 8), 60 mM NaCl, 5 mM ATP, 5 mM MgCl,, 30 mM cre-

atine phosphate, 0.125 mg/mlL creatine phosphokinase, and 13 mM DT.

(1) Mix the appropriate amounts of Buffer A and Buffer C in serum vials to
make the activity assay solution. The total volume of a typical reaction
in our experiments is typically ~1.1 mL. The amount of Buffer C that
needs to be added to Buffer A will vary depending on the volume of
Gd-MoFeP and Gd-FeP that is added in steps 5 and 6.

(2) Degas 2 mL of Bufter B in a stoppered serum vial and use it to anaer-
obically dissolve DT to a final concentration of 0.5 M.

(3) Degas the serum vials containing the activity assay solution and add DT
to a final concentration of 13 mM using a gastight syringe.

(4) Add C,Hj; to each serum vial to a final pressure of 0.072 atm using a
gastight syringe.

(5) Add Gd-MoFeP, suspended in buffer C, to final concentration of
0.2 pM to each serum vial using a gastight syringe.

(6) To initiate the reaction, anaerobically add increasing amounts of Gd-
FeP, suspended in buffer C, to final concentrations ranging between
0 and 12 pM using a gastight syringe.

(7) Incubate the reaction for 10 min at 30°C in a shaking water bath.

(8) Terminate the reaction by adding 0.3 mL of glacial acetic acid.

(9) C,H; and C,H, can be separated by GC using an alumina column and
detected using an FID.

The specific C,H, reduction activity of Gd-MoFeP ranges between 1000

and 1500 nmol mg™ ' min ™.

2.9 Electron Paramagnetic Resonance Spectroscopy of
G. diazotrophicus MoFe Protein

Electron paramagnetic resonance (EPR) spectroscopy is a powerful method
to monitor and characterize different redox states of the P-cluster and
FeMoco. In the perpendicular collection mode, DT-reduced MoFeP dis-
plays signals at g~4.3, 3.6, and 2.0, arising from the resting-state
(S=3/2) FeMoco (termed M™) (Igarashi & Seefeldt, 2003). Under these
conditions, the all-ferrous P-cluster (i.e., P") is EPR=silent in both parallel
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and perpendicular modes. In the 2¢~ oxidized P state, the P-cluster fea-

tures a diamagnetic S > 3 non-Kramers doublet with a signal at large g-values

(¢=12 in Av-MoFeP, ¢=16 in Gd-MoFeP) (Igarashi & Seefeldt, 2003),

observable in parallel collection mode. For more information on EPR spec-

troscopy of nitrogenase, the reader is directed to reviews by Igarashi and

Seefeldt (2003) and Danyal, Yang, and Seefeldt (2011).

(1) Setup EPR experiments using protein concentrations of >50 pM in an
anaerobic chamber.

(2) To generate PN, add DT to a concentration of 5 mM to Gd-MoFeP and
incubate for >5 min. Place the protein in an EPR tube and seal the tube.

(3) For P°* samples, first remove any DT by running MoFeP over a desa-
lting column (e.g., 10DG from Bio-Rad) prior to adding IDS. Then,
add IDS to Gd-MoFeP a final concentration of 0.42 mM.

(4) Flash freeze EPR tubes containing P™ and P©™ samples in liquid N».

(5) All EPR experiments are carried out at 10 K.

(6) Collect perpendicular-mode spectra on an X-band EPR spectrometer
using the following settings: microwave frequency, 9.64 GHz; modu-
lation frequency, 100.00 Hz; modulation amplitude, 10.02; microwave
power, 6.4 mW,; attenuation, 15.0 dB; time constant, 81.92 ms; con-
version time, 40.96 ms.

DT-reduced Gd-MoFeP features a signal for FeMoco in the M™
state with peaks at ¢=4.3, 3.6, and 2.0 (Fig. 9).

(7) Collect parallel-mode spectra on an X-band EPR spectrometer using
the following settings: microwave frequency, 9.36 GHz; modulation
frequency, 100.00 Hz; modulation amplitude, 10.02; microwave power,
6.4 mW,; attenuation, 15.0 dB; time constant, 81.92 ms; conversion
time, 40.96 ms.

Perpendicular mode B Parallel mode
g=120
2 Av-MoFeP +DT %‘ Av-MoFeP +IDS
% 43 36 g &
L | g=4. g=3 2
£ — g=20 =
g Gd-MoFeP +DT 8 Gd-MoFeP + DS
2 k=2
[77] n
1000 2000 3000 4000 300 400 500 600
Magnetic field (G) Magnetic field (G)

Fig. 9 EPR spectra of Gd-MoFeP compared to Av-MoFeP. The experimental conditions
are described in the main text.
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IDS-oxidized Gd-MoFeP features a signal at ¢=16.0 in the parallel
collection mode, indicative of 2e~ oxidized P-cluster with S>3
(Fig. 9). In perpendicular mode, the signal of DT-reduced and IDS-
oxidized Gd-MoFeP is identical since no change in the FeMoco oxi-
dation state occurs (Owens et al., 2016).

(8) To obtain high signal-to-noise spectra, collect at least 20 scans per
sample.

Since EPR spectroscopy is a nondestructive technique, protein can be

removed from the EPR tube and used for subsequent experiments. Further-

more, redox-dependent changes in the P-cluster are reversible. MoFeP in

the P state can be reduced by addition of excess DT, and MoFeP in

the PN state can be oxidized by addition of excess IDS.

2.10 Crystallography of G. diazotrophicus MoFe Protein

2.10.1 Crystallization

Several successful methods and conditions for MoFeP crystallization have

been developed. For a thorough review on nitrogenase crystallography,

we direct the reader to a review by Roth and Tezcan (2011). To crystallize

Gd-MoFeP, we chose to set up crystallization trials in a 24-well sitting drop

format. The general format of the tray uses a solution of sodium 0.1 M

cacodylate (pH 6.5), 40%—-50% MPD, and 0.2-0.6 M NaCl.

(1) Place a stereomicroscope in the anaerobic chamber to be able to view
crystals without removing the crystal trays from the chamber.

(2) Crystallization of DT-reduced Gd-nitrogenase: Grow crystals anaero-
bically using the sitting drop method with a Gd-MoFeP concentration
of ca. 170 pM (40 mg/mL). The well solution contains 45% MPD,
300 mM NaCl, 100 mM sodium cacodylate (pH 6.5), 1 mM spermine,
0.1% Zwittergent, and 5 mM DT. The drop consists of 2 pL Gd-
MoFeP in a buffered solution of 25 mM Tris (pH 8), 100 mM NaCl,
and 2 pL of well solution.

(3) Crystallization of IDS-oxidized Gd-nitrogenase: Remove DT from
MoFeP by running the protein over a desalting column (e.g., 10DG
column by Bio-Rad) or by buffer exchanging the protein at least 3 X
using a spin concentrator (e.g., Millipore spin-concentrator with 10
or 20 kDa molecular weight cutoft).

To obtain oxidized Gd-MoFeP crystals, 2 pL of Gd-MoFeP
(170 pM) is mixed with 2 pL of well solution containing of 50%
MPD, 300 mM NaCl, 100 mM sodium cacodylate (pH 6.5), 1 mM
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spermine, and 0.43 mM IDS. IDS is added from a 42 mM stock, which
is spun at 12,000 X ¢ prior to use to remove undissolved IDS.

For both reduced and oxidized Gd-MoFeP, the best diffracting crystals were
obtained with 45%—-50% MPD, however, we recommend using a broader
range of MPD concentrations (40%—55% in initial screens. While the inclu-
sion of NaCl led to the highest quality crystals, we also observed diffraction-
quality crystals when NaCl was replaced with KCI. Similarly, high-quality
crystals were found both in presence and absence of Zwittergent and spe-
rmine. To find best diffracting crystals, we recommend adjusting the con-
centration of spermine between 0 and 1 mM in a fine screen.

The crystal morphology is identical in both redox conditions. Gd-
MoFeP crystals appear as rectangular rods with dimensions varying between
approximately 0.04 and 0.4 mm. Crystals start to appear within 24 h, with
additional crystals forming for up to 1 week.

(4) Gd-MoFeP crystals are harvested aerobically and flash frozen in liquid
N,. At 40%—50%, MPD itself acts as a glassing agent so no additional
cryoprotectants are needed. To prevent oxygen damage during crystal
harvesting, unseal only one well at a time, and complete harvesting
within 5 min per tray. To further reduce oxygen damage and to keep
the crystals anaerobic, harvesting can be carried out under a stream of
inert gas.

2.10.2 Data Collection, Data Processing, and Structural Refinement
Diffraction experiments are carried out at a synchrotron or a home source,
where the experimental strategy needs to be optimized for the respective
hardware. Multiple free and commercially available indexing and integrating
options are available today, including XDS (Kabsch, 2010), HKL2000
(Otwinowski & Minor, 1997), and iMosflm (Battye, Kontogiannis, Johnson,
Powell, & Leslie, 2011). Aimless (Evans & Murshudov, 2013) can be used
for scaling and merging, and Ctruncate (Evans & Murshudov, 2013) to con-
vert structure factors to amplitudes.

2.10.3 Structural Refinement

The structure of Gd-MoFeP can be solved by molecular replacement, using
the structure of Av-MoFeP as the search model. We recommend removing
metal clusters from the search model. Phasing can be carried out using freely
available software, including PhaserMR (Adams et al., 2010) and Molrep
(Winn et al., 2011). The structure can be refined automatically using refmac
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(Murshudov, Vagin, & Dodson, 1997), phenix.refine (Adams et al., 2010),
and manually in Coot (Emsley, Lohkamp, Scott, & Cowtan, 2010).
To build the metal clusters, start with manual refinement.
(1) Open the coordinates of the P-cluster and FeMoco from an existing
MoFeP structure and the coordinates of Gd-MoFeP in Coot (Emsley
& Cowtan, 2004) and move the clusters into the corresponding regions
of electron density, simultaneously using the 2F,—F,. and F,—F. maps.
Then, merge the coordinates of the clusters with those of the polypeptide.
(2) After initial cluster placement, move the individual cluster atoms man-
ually until they fit the electron density map.
Geometry constraints are necessary for automated refinement of the
FeMoco and P-cluster. The respective constraint file contains coordinate
and geometry information for each metal cluster. The files include values
for each bond length, bond angle, and torsion (dihedral) angle in the respec-
tive cluster, as well as the maximum allowed deviation for each of the values.
For both P-cluster and FeMoco, the maximum allowed deviation is 0.020 A
for bond distances, 3 degrees for bond angles, and 20 degrees for torsion
angles. Making a new constraint file is necessary whenever the structure that
needs to be refined differs substantially from one used to build the original
constraint file. Since the structures of FeMoco and P™ in Gd-MoFeP closely
resemble those in Av-MoFeP, existing constraint files originally generated
for Av-MoFeP can be used. In this case, automated refinement will accu-
rately place the atoms of the metal clusters into the electron density map
and little additional manual refinement is needed.

The structure of P°= in Gd-FeMoco, however, features large structural
changes involving Fe6 and Fe8 that differ from Av-MoFeP P™. Therefore,
oxidized Gd-MoFeP requires a new constraint file for P°*. To make a new
constraint file, the protein structure is first opened in Coot and the P-cluster
1s manually rebuilt by moving Fe and S ions until all cluster atoms fit the
2F —F, electron density map. After fully placing the cluster, distances, bond
angles, and torsion angles between cluster atoms are measured in Coot or in
Pymol (Schrodinger). The values for respective distances and angles are
input into a text editor according to cif format guidelines (Hall, Allen, &
Brown, 1991) to create a new constraint file. Since the main difference
between the structures of Gd-P®> and Gd-P" is the location of Fe5 and
Fe8, we recommend using the constraint file for P as a template and mod-
ifying only those parameters that differ between P9 and PN, The text file
can be saved as a “.cif” file that is recognized as a constraint file by refmac and
phenix.refine.
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3. CONCLUSION

Here, we have summarized recent studies on the ATP- and oxidation-
state dependent structural dynamics of nitrogenase and the insights gained
in these studies. Our investigations were greatly enriched by the examina-
tion of MoFeP from a new model organism, G. diazotrophicus. To afford
easy access to similar investigations, we have described here methods for
the isolation and characterization of Gd-MoFeP. We hope that the relati-
vely straightforward expression, purification, and crystallization protocols
for Gd-MoFeP will encourage researchers to include this variant in their
mechanistic investigations on biological nitrogen fixation, and rekindle
the lost interest in the study of nitrogenases from different diazotrophic
bacteria (Brendt, Lowe, & Yates, 1977; Emerich & Burris, 1978a, 1978b;
Ludden, Okon, & Burris, 1978; Song, Hartman, & Burris, 1985). Thanks
to advances in bioinformatics, researchers have conducted detailed sequence
analyses of known nitrogenases and uncovered amino acid variances in
mechanistically critical regions of the protein, including selenocysteine
ligation to P-cluster and amino acid variability in the outer coordination
sphere of FeMoco (Howard et al., 2013). We anticipate that the growing
pool of genome sequences from diazotrophic bacteria will greatly augment
the biochemical and structural investigation of the nitrogenase mechanism
and possibly lead to the discovery of nitrogenases with novel chemistries.
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