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The NifZ accessory protein has an equivalent function in
maturation of both nitrogenase MoFe protein P-clusters
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The Mo-dependent nitrogenase comprises two interacting
components called the Fe protein and the MoFe protein. The
MoFe protein is an a, 3, heterotetramer that harbors two types
of complex metalloclusters, both of which are necessary for N,
reduction. One type is a 7Fe-9S-Mo-C-homocitrate species des-
ignated FeMo-cofactor, which provides the N,-binding catalytic
site, and the other is an 8Fe-7S species designated the P-cluster,
involved in mediating intercomponent electron transfer to
FeMo-cofactor. The MoFe protein’s catalytic partner, Fe pro-
tein, is also required for both FeMo-cofactor formation and the
conversion of an immature form of P-clusters to the mature
species. This latter process involves several assembly factors,
NafH, NifW, and NifZ, and precedes FeMo-cofactor insertion.
Here, using various protein affinity—based purification meth-
ods as well as in vivo, EPR spectroscopy, and MALDI measure-
ments, we show that several MoFe protein species accumulate in
a NifZ-deficient background of the nitrogen-fixing microbe
Azotobacter vinelandii. These included fully active MoFe pro-
tein replete with FeMo-cofactor and mature P-cluster, inactive
MoFe protein having no FeMo-cofactor and only immature
P-cluster, and partially active MoFe protein having one af3-unit
with a FeMo-cofactor and mature P-cluster and the other
af3-unit with no FeMo-cofactor and immature P-cluster. Also,
NifW could associate with MoFe protein having immature
P-clusters and became dissociated upon P-cluster maturation.
Furthermore, both P-clusters could mature in vitro without
NifZ. These findings indicate that NifZ has an equivalent,
although not essential, function in the maturation of both
P-clusters contained within the MoFe protein.

Efforts to transfer an efficient ability to fix dinitrogen
by microbial diazotrophs to eukaryotic organisms critically
depend on understanding how the catalytic components of bio-
logical nitrogen fixation are assembled. In the present work, the
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role of NifZ in the maturation of the MoFe protein component
of nitrogenase is explored.

Mo-dependent nitrogenase catalyzes the reduction of inert
dinitrogen gas (N,) and comprises two interacting components
called the Fe protein and the MoFe protein (Fig. 1). The MoFe
protein is an «,f3, heterotetramer that harbors two types of
complex iron- and sulfur-containing metalloclusters, both of
which are necessary to support N, reduction (1, 2). One type is
a 7Fe-9S-Mo-C-homocitrate species designated FeMo-cofac-
tor that provides the N,-binding catalytic site. The other is an
8Fe-7S species designated the P-cluster, which is involved in
mediating intercomponent electron transfer to FeMo-cofactor
(3-6). Because the MoFe protein is a heterotetramer, it carries
two pairs of its associated metal-containing cofactors that con-
stitute two catalytic units involving one P-cluster and one
FeMo-cofactor. Fe protein, the MoFe protein’s catalytic part-
ner, participates in a cyclic process involving association and
dissociation with the MoFe protein, intercomponent electron
transfer, and nucleotide hydrolysis. In addition to its role in
catalysis, the Fe protein is required for FeMo-cofactor forma-
tion (7) and for P-cluster maturation (8). Namely, inactivation
of the Fe protein results in formation of an inactive MoFe pro-
tein that contains no FeMo-cofactor as well as an Fe-S—
containing P-cluster precursor of unknown structure (7, 9).
FeMo-cofactor is separately synthesized (10, 11), and its inser-
tion into FeMo-cofactorless MoFe protein is believed to occur
only after P-cluster maturation is complete (8, 12). A schematic
representation of MoFe protein and its associated metalloclus-
ters as well as MoFe proteins produced by certain strains defi-
cient in metallocluster assembly are depicted in Fig. 1.

A variety of assembly factors are either required for or assist
in the formation of the metalloclusters necessary for nitroge-
nase activity (10, 11, 13). For example, NifH (Fe protein), NifU,
NifS, NifB, NifEN, and NifV represent the minimum set of pro-
teins required for in vivo formation of FeMo-cofactor, which is
separately synthesized and then inserted into an apo-form of
the MoFe protein already containing intact P-clusters (Fig. 1)
(14, 15). Although details of P-cluster formation are not yet
known, three accessory proteins, NafH, NifW, and NifZ, as well
as NifH have been shown to sequentially and differentially
interact with MoFe protein during the process of P-cluster for-
mation/maturation (13). Inactivation of NifZ, which functions
after NifW, produces MoFe protein containing some FeMo-
cofactor, as well as a mixture of both mature and immature
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Figure 1. Schematic representation of WT molybdenum nitrogenase com-
ponents and immature MoFe protein produced in AnifH and AnifB back-

grounds. For simplicity, accessory proteins associated with immature forms
of MoFe protein produced in NifB- or NifH-deficient backgrounds are not

indicated.
b )

Step-wise function

SR Y
Ni

A A ATP A ATP
e ¢ e e

[ J [ J

Equivalent function

Figure 2. Comparison of the “stepwise function” (A) and “equivalent
function” (B) models for the participation of NifZ in P-cluster maturation.
In the stepwise function model, NifZ is not required for maturation of the
“first” P-cluster but is required for the maturation of the “second” P-cluster. In
the equivalent function model, NifZ participates in the formation of both
P-clusters but is not required for maturation of either one. The equivalent
function model also incorporates the finding in the present work that one
NifW can bind to each MoFe protein a-unit harboring an immature P-cluster
and dissociates upon P-cluster maturation.

P-clusters. The prevailing model for NifZ involvement in
P-cluster maturation (8, 16 —18) is that maturation of “one” of
the P-clusters requires only Fe protein, whereas maturation of
the “other” P-cluster requires both Fe protein and NifZ (Fig.
2A). The foundational basis for this “stepwise function” model
is the claim that isolated MoFe protein produced by a strain
deleted for nifZ exhibits ~50% of activity compared with MoFe
protein produced by a WT strain and that the MoFe protein
species produced by a strain deleted for nifZ is homogeneous
(16). The suggestion that NifZ is involved in the maturation of
only one half of the symmetrical «,[3, MoFe protein is not only
counterintuitive; it does not adequately explain the originally
reported phenotype (19) of the nifZ-deletion strain from the
model nitrogen-fixing microbe Azotobacter vinelandii used for
these studies. Namely, upon a shift from growth medium
replete with a fixed nitrogen source, such as urea, to a nitrogen-
deficient growth medium, a process usually referred to as
“nitrogenase derepression,” WT A. vinelandii is able to con-
tinue growth as a consequence of the rapid accumulation of
fully active nitrogenase components. In contrast, under the
same derepression conditions, a strain deleted for nifZ exhibits
a significant lag in growth (19). If NifZ activity is only required
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Table 1

Strains used in this study
Strain Genotype
DJ0033 AnifDK )
DJ1141 MoFe protein''*
DJ1182 MoFe protein4*
DJ2102 MoFe protein®"
DJ2106 MoFe protein®2
DJ2107 MoFe protein®***
DJ2111 MoFe protein®#
DJ2122 MoFe proteinA7#AH

for maturation of one half of the MoFe protein, no such lag
would be expected. Instead, assuming that nitrogen fixation is
growth rate—limiting under these conditions, immediate
growth for the nifZ-deleted strain would be predicted, albeit at
half the rate of the WT strain. Furthermore, MoFe protein mea-
sured in extracts of the nifZ-deletion strain following a 3 h shift
to nitrogen-deficient conditions exhibited only ~30% of the
MoFe protein activity produced by the WT strain, not 50% (19).
These observations led us to consider a different model (Fig.
2B) for the involvement of NifZ in P-cluster maturation
wherein NifZ has an equivalent function in the maturation of
both P clusters. In this “equivalent function” model, NifZ,
together with NifH, is involved in the maturation of both
P-clusters contained within each «,f3, MoFe protein but is not
essential for maturation of either one. Namely, the loss of NifZ
slows the maturation of both P-clusters but does not prevent
the in vivo maturation of either one. In the present work, both
the stepwise function and equivalent function models for
P-cluster maturation were tested by asking whether different
MoFe protein species representing different stages in P-cluster
maturation are produced by nifZ-deficient strains.

Results
Strains and MoFe protein designations

Strains used in the present work are listed in Table 1. Each
strain carries either a polyhistidine-encoding tag or a Strep-
encoding tag incorporated into the N-terminal coding region of
the MoFe protein a-subunit to aid purification by application of
affinity purification procedures (20, 21). Neither tag signifi-
cantly impairs MoFe protein activity (13, 20, 21). In this work,
affinity-tagged MoFe proteins are indicated by a superscript to
indicate the particular tag for that protein (MoFe protein™ or
MoFe protein®™), and MoFe proteins produced in assembly-
deficient backgrounds are indicated by an additional super-
script indicating the deficient gene; for example, MoFe
protein*** and MoFe protein®"™*# carry the corresponding
affinity tag and are deleted for nifZ. The strain producing MoFe
protein'!*4% (DJ1182) is identical to the strain used in prior
work (16) leading to the stepwise function model and was pro-
duced from a parental strain (DJ1141; Table 1) and plasmid
(pDB264) constructed in this laboratory. Consequently, no dif-
ferences in work reported here and that previously reported (8,
16, 17, 22) can be attributed to strain differences.

EPR spectra of MoFe protein species produced from different
genetic backgrounds

The perpendicular mode EPR spectra of WT MoFe protein®®,
as well as MoFe protein®" produced in various genetic back-
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Figure 3. X-band EPR spectra of resting state Strep-tagged MoFe pro-
teins purified from different A. vinelandii strains. All samples are Na,S,0,,-
reduced. EPR conditions are described in detail under “Experimental proce-
dures.” The S = 3/2 EPR signature characteristic of FeMo-cofactor (g = 4.32,
3.64, 2.01) and the S = /2 signature associated with immature P-cluster
appearing as two electronic isomers having similar g-values (g = 2.03, 1.93,
and 1.86 and g = 2.06, 1.93, and 1.89) are indicated. All spectra were normal-
ized to a final MoFe protein concentration of 43.5 um. A minor immature
P-cluster species, indicated by red arrows, is evident in the MoFe protein®48
spectrum, and a minor FeMo-cofactor species, indicated by green arrows, is
evident in the MoFe protein®™*" spectrum. The origin of these signals has
been reported previously (9, 13, 20).

grounds impaired in the maturation process, are shown in Fig.
3. These spectra illustrate aspects of various MoFe proteins
produced in different genetic backgrounds and provide a basis
for the interpretation of experimental results to follow. WT
MoFe protein containing intact FeMo-cofactor and intact
P-cluster exhibits an § = 3 EPR signature characteristic of
FeMo-cofactor (g = 4.32, 3.64, 2.01). Intact P-cluster contained
in mature MoFe protein®™ does not exhibit a signature in per-
pendicular mode EPR (Fig. 3, black trace) (13, 20). NifB is
required for FeMo-cofactor formation but not for P-cluster
maturation (13, 20). Therefore, MoFe protein®*®, which con-
tains no FeMo-cofactor but does contain intact P-clusters,
exhibits no significant EPR spectrum, except for a trace level of
S = V4 signal attributed to P-cluster precursor (Fig. 3, red trace;
also see comment in the Fig. 3 legend), (13, 20). MoFe
protein®™ exhibits only a trace level S = 3 signal but does
exhibit a prominent S = Y4 signal characteristic of the immature
P-cluster species (Fig. 3, green trace) (8, 13). These features are
in line with a requirement of Fe protein, encoded by nifH, to
produce FeMo-cofactor (7, 23) as well as its involvement in the
maturation of P-cluster precursor (8, 13). The S = ' signature
associated with immature P-cluster appears as two electronic
isomers having similar g-values (g = 2.03, 1.93, and 1.86 and
g = 2.06, 1.93, and 1.89). It has been previously shown that the
very low level of S = 3 signal associated with MoFe
protein®™*", noted in Fig. 3 (green trace), arises from a very
weak capacity of the Fe protein associated with the V-depen-
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Figure 4. Growth and in vivo nitrogenase activities. A, growth of A. vinelan-
dii WT (DJ2102) and AnifZ mutants (DJ2111 and DJ1182) using N, as a sole
source of nitrogen; B, time course of in vivo nitrogenase activity determined
by whole-cell acetylene reduction assays as described under “Experimental
procedures.” Cells were shifted from growth using 10 mm urea as the nitrogen
source to media containing no fixed nitrogen at time 0. Activities shown on
the y axis of B indicate nmol of ethylene'min ™~ "-Ag,, . Error bars, S.D.

dent nitrogenase, product of vufH, to support FeMo-cofactor
formation (13, 24). MoFe protein®"*# exhibits a small amount
of the S = 3 signature characteristic of FeMo-cofactor as well
as the S = 1 signature of P-cluster precursor (Fig. 3, purple
trace). How both of these signals can be present in such samples
has been rationalized by the stepwise function model shown in
Fig. 2A (8, 16, 17) and was further explored in experiments
described below. MoFe protein®*2#*" exhibits only the S = %
signature of immature P-cluster (Fig. 3, blue trace), further indi-
cating the involvement of Fe protein in FeMo-cofactor forma-
tion and P-cluster maturation.

Phenotypic characterization of nifZ-deletion strains

To be certain that the strains producing either MoFe
protein''*4% or MoFe protein®"*#are phenotypically the same,
their growth upon derepression was compared (Fig. 44). The
growth features are the same for both nifZ-deletion strains and
are identical to the originally reported growth features of an
A. vinelandii nifZ-deletion strain producing MoFe protein hav-
ing no affinity tag (19). The important feature to note is that,
relative to the WT strain producing MoFe protein®", strains
deleted for nmifZ exhibit a noticeable lag when switched to
diazotrophic growth conditions. This aspect is also evidenced
by a lag in the appearance of whole-cell nitrogenase activity in
strains deleted for nifZ relative to the WT (Fig. 4B). Such alagis
more compatible with slow and undifferentiated maturation of
both P-clusters (equivalent function model; Fig. 2B) rather than
the stepwise function model (Fig. 24) (8, 16 —18). The model
shown in Fig. 2B predicts that upon derepression, a mixed spe-
cies of MoFe protein captured at various stages in maturation
will slowly accumulate, including fully mature MoFe protein,
and that the relative amounts of the various species could
change over time. In contrast, the stepwise function model
shown in Fig. 24 predicts that only a half-active MoFe protein
for which one half contains FeMo-cofactor and mature P-clus-
ter and the other half contains immature P-cluster and no
FeMo-cofactor will accumulate in a NifZ-deficient strain.
Although there is an extensive body of literature to support the
involvement of NifZ in the stepwise function model shown in
Fig. 2A (8, 1618, 22, 25), all of those studies critically rely on
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Figure 5. Separation of nitrogenase species accumulated in NifZ-deficient cells. A, anion-exchange chromatographic profile of MoFe protein*A% previously

isolated using IMAC (red trace) and ion-exchange chromatography of MoFe protein®™% previously isolated using STAC (black trace). The x axis label indicates
conductivity (mS/cm) as a relative measure of the NaCl concentration in the elution gradient. B, SDS-PAGE of peaks from anion-exchange separation of nitrogenase
species from MoFe protein™2Z (left) and MoFe protein>™ (right). Protein samples shown here and in other figures were separated using a 4% acrylamide stacking gel
and 15% acrylamide running gel and then stained with Coomassie Brilliant Blue. Protein standards in the left lane of each gel include phosphorylase B (97.4 kDa), BSA
(66.2 kDa), ovalbumin (45.0 kDa), carbonic anhydrase (31.0 kDa), soybean trypsin inhibitor (21.5 kDa), and lysozyme (14.4 kDa). The molar ratios of NifW relative to the
MoFe protein a,f3, heterotetramer in lanes 2 and 3 (right) were estimated to be ~1 and 2, respectively, based on densitometry. The small arrow on the left (lane 1)
indicates enoyl-CoA hydratase, and the small arrow on the right (lane 1) indicates acetyl-CoA carboxylase a-subunit, common contaminants in IMAC and STAC
purifications, respectively. The identity of all proteins indicated in the gels was determined by MS as described under “Experimental procedures.” C, acetylene
reduction specific activities (nmol of ethylene produced-min~—"-mg~") of MoFe protein species contained in the initial STAC-purified sample and fractions 1,2, and 3
from anion-exchange chromatography. The percentage of initial activity was calculated based on the total activity present in the initial STAC-purified sample loaded

on the anion-exchange column and the total activity recovered in each fraction. MW, molecular weight.

the homogeneous accumulation of a 50/50 active and inactive
MoFe protein heterotetramer in a strain defective in NifZ,
which has been claimed to be experimentally established (16).

Multiple forms of MoFe protein accumulate in a NifZ-deficient
strain

In the present work, we tested whether MoFe protein pro-
duced in NifZ-deficient A. vinelandii is homogeneous (16) or,
instead, accumulates as a heterogeneous population of different
MoFe protein species. In our first analysis, MoFe protein*s4#
present in cells derepressed for nitrogen fixation for 4 h was
isolated using immobilized metal-affinity chromatography
(IMAC)? and subsequently passed over an anion-exchange
chromatography column. In contrast to conclusions from the
previous report (16), three fractions containing MoFe protein
could be identified by this method (red trace in Fig. 5A). Dena-
turing gel electrophoresis further revealed that the composition
of the three fractions is different (Fig. 5B). Fraction 1 contains
only MoFe protein subunits, whereas fraction 2 contains MoFe
protein subunits and the accessory protein NifW at a molar
ratio, based on densitometry, of ~1.0 relative to the MoFe pro-
tein a,f3, heterotetramer (o, 8,W,). Fraction 3 contains MoFe
protein subunits and, based on densitometry, twice the amount
of NifW found in fraction 2 (a,3,W,; see scheme shown in
Fig. 2B and the legend to Fig. 5). These same features could be
reproduced using Strep-Tactin—based affinity chromato-
graphic purification (STAC) of MoFe protein®**# followed by

3 The abbreviations used are: IMAC, immobilized metal-affinity chromatogra-
phy; STAC, Strep-Tactin—based affinity chromatographic purification;
AmBic, ammonium bicarbonate.

SASBMB

anion-exchange chromatography (Fig. 5A, black trace).
Because the STAC purification method yielded better resolu-
tion of fractions 2 and 3 upon ion-exchange chromatography,
the capacity for MoFe protein®*# present in various fractions
to support acetylene reduction, a proxy for N, reduction activ-
ity, was measured for those samples (Fig. 5C). The results of this
analysis revealed that the MoFe protein acetylene reduction
activity present in the initial sample prepared by the STAC
purification method (~450 nmol'min ™~ *-mg ') was only ~25%
of fully active MoFe protein (~1,800 nmol'min™'mg~* (13,
21), a value much lower than the 50% activity predicted by the
stepwise function model. Fraction 1 was enriched for MoFe
protein activity relative to the initial sample, whereas fraction 3
had no MoFe protein activity.

A comparison of the EPR spectra of the initial MoFe
protein®™% sample prepared by the STAC method and frac-
tions 1, 2, and 3 separated by anion-exchange chromatography
also revealed differences among them (Fig. 6). Particularly
noteworthy is that fraction 3 is enriched for MoFe proteinS"%
having the S = ' signature assigned to P-cluster precursor,
almost no S = % FeMo-cofactor signature, and no detectable
MoFe protein activity. There are also subtle, but reproducible,
differences in the line-shape and high-field EPR g-values of the
various samples. Namely, the initial sample as well as fractions
1 and 2 appear to have different proportions of two § = %2 EPR
species, one having g-values 0f 2.06, 1.93, and 1.89 and the other
having g-values of 2.03, 1.93, and 1.86. The appearance of two
electronic isomers having the same g-values is also a feature of
MoFe protein®"*" and MoFe protein®"*"4%, shown in Fig. 3.
In contrast, fraction 3 only exhibits the species having g-values
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Figure 6. X-band EPR spectra of MoFe protein®"*Z jsolated by STAC and
further fractionated by anion-exchange chromatography. EPR spectra
were acquired from the same samples described in the legend to Fig. 5 and
were normalized to a final MoFe protein concentration of 21.7 um. Fractions 1,
2,and 3 correspond to fractions 1, 2, and 3 shown in Fig. 5A (black trace). The
right panel shows an expanded view of the S = /2 signature associated with
immature P-cluster present in the various samples, which appears split as two
electronicisomers (g = 2.03,1.93,and 1.86 and g = 2.06, 1.93,and 1.89) in all
samples except for fraction 3, which appears to only exhibit the g = 2.03,1.93,
and 1.86 species. Note that the g = 2.06, 1.93, and 1.89 species is more dom-
inant in fraction 1 (red trace), and the g = 2.03, 1.93, and 1.86 species is more
dominant in fraction 2 (blue trace).
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of 2.03, 1.93, and 1.86. Given that fraction 3 is enriched for
MoFe protein®"*# having a nearly homogeneous S = % EPR
signature and one NifW attached per MoFe protein af3-unit, it
could be that the two apparent EPR species in MoFe
proteinS"4Z populations present in other fractions are differen-
tiated by whether or not NifW is, or has been, attached to the
MoFe protein. In other words, attachment of NifW or, perhaps,
the prior attachment of NifW could alter the protein environ-
ment of the P-cluster precursor, resulting in slight changes in its
electronic properties compared with samples having not inter-
acted with NifW. This possibility merits further exploration.
Because fraction 1 exhibits MoFe protein®**# activity (~750
nmol'min~"*mg ™', acetylene reduction assay) that approaches
one-half of WT MoFe protein®" activity (~1,800
nmol'min~*mg™") (13, 21), it seemed possible that this frac-
tion could represent a homogeneous sample for which half of
each MoFe protein contains FeMo-cofactor and intact P-clus-
ter and the other half contains immature P-cluster and no
FeMo-cofactor, consistent with the stepwise function model.
Another possibility is that fraction 1 represents a mixed popu-
lation that includes fully mature MoFe protein as well as imma-
ture MoFe protein species. It was anticipated that these possi-
bilities could be distinguished by asking whether the addition of
NifW might shift a portion of MoFe protein®*# within frac-
tion 1 toward fractions 2 and 3 in the anion-exchange chroma-
tography step. The rationale for considering this possibility is
that, because MoFe protein is produced at a much higher abun-
dance than the NifW assembly factor (26), the amount of NifW
available for interaction with MoFe protein having immature
P-clusters in vivo must be limited in a strain deleted for nifZ.
Also, MoFe protein having immature P-clusters but no NifW
attached should have the same anion-exchange elution profile
as intact MoFe protein, whereas MoFe protein having one or
two NifW attached should elute at respectively higher salt con-
centrations. The latter possibility is consistent with the low pI
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Figure 7. NifW-assisted fractionation of MoFe protein species produced
by NifZ-deficient cells. A, anion ion-exchange chromatographic elution pro-
file of STAC-purified MoFe protein®™2Z from extracts of DJ2111 cells dere-
pressed for 4 h. For the black trace, a 32-fold excess of Nif W™ was added to the
sample prior to anion-exchange chromatography, and for the red trace, no
NifW>" was added. The x axis indicates conductivity (mS/cm) as a relative
measure of the NaCl concentration in the gradient. B, SDS-PAGE analysis of
NifW*' affinity column separation of different MoFe protein**Z populations.
IMAC-purified MoFe protein™*4Z prepared from cells derepressed for 12 h
was further fractionated using anion-exchange chromatography, in the same
way as shown in Fig. 5A (red trace) to obtain fraction 1 (lane 1). Fraction 1 was
then passed over a NifW>""-charged Strep-Tactin column. Flow-through that
is not retained on the column is shown in lane 1a. MoFe proteint*AZ retained
on the column and subsequently eluted using biotin to release NifW*" from
the Strep-Tactin matrix is shown in lane 1b. Note that the band corresponding
to NifW in lane 1a represents a small amount of NifW°" that has leached off
the Strep-Tactin column. Also note that the high level of NifW in lane 1b is the
result of a large excess of Nif W bound to the column relative to the amount
of MoFe protein"*4Z applied to the column. Samples shown in B were all run
on the same SDS-polyacrylamide gel. Other samples also run on the same gel
but not relevant to the present work were edited out of the gel picture as
indicated by the space between lanes 1 and 71a/1b. C, specific activities (nmol
of ethylene produced-min~"-mg~") and relative amounts and total activities
of MoFe protein™*4Z present in fractions 1, 1a, and 1b. MW, molecular weight.

of NifW (calculated pI ~4.47) and was experimentally estab-
lished by data shown in Fig. 5A. It was also anticipated that the
elution profile of any fully mature MoFe protein present within
fraction 1 would not be affected by the addition of NifW
because NifW does not interact with the mature MoFe protein.
For the experiment shown in Fig. 74, MoFe protein®"** was
purified using the STAC protocol and split into two separate
samples. One sample was directly fractionated by anion-ex-
change chromatography (Fig. 7A, red trace), whereas the other
sample was fractionated after the addition of a 32-fold excess of
isolated NifW relative to MoFe protein (Fig. 7A, black trace).
The result of this experiment reveals that the addition of puri-
fied NifW shifts a portion of fraction 1 to fractions 2 and 3,
clearly indicating that fraction 1 is not a homogeneous sample.
Measurement of MoFe protein®™*# activity remaining in frac-
tion 1 after the addition of NifW and anion-exchange chroma-
tography was ~1,400 nmol'min~"*mg~' (acetylene reduction
assay) compared with the activity of fully mature MoFe
protein® (~1,800 nmol'min~''mg ), indicating that a rela-
tively high portion of the MoFe protein®"** present in the orig-
inal fraction 1 represents fully mature MoFe protein replete
with intact P-clusters and FeMo-cofactor.
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Figure 8. X-band EPR spectra of MoFe protein populations sepa-
rated by NifW affinity chromatography. The black traceis the EPR spectrum
obtained from fraction 1b shown in Fig. 7B, and the red trace is the EPR spec-
trum of fraction 1a, also shown in Fig. 7B. Both spectra were normalized to a
final MoFe protein concentration of 21.7 um.

The preceding result was subsequently confirmed in a differ-
ent way by using a NifW-affinity column to separate MoFe
protein'**% that only contains mature P-clusters from those
that contain one or two immature P-clusters. In this experi-
ment, fraction 1 from MoFe protein'**% prepared by the
IMAC procedure and anion-exchange chromatography (see
red trace in Fig. 5A) was passed over a Strep-Tactin column
charged with Strep-tagged NifW (21). According to the results
presented in Fig. 7A, any population of MoFe protein*4* con-
tained in fraction 1 that does not harbor immature P-clusters is
expected to pass through the column, whereas any population
containing either one or two immature P-clusters should be
retained on the column. The bound fraction, captured by NifW,
could be subsequently eluted for analysis by application of a
biotin-containing buffer (21). The results of this experiment
reveal that passing fraction 1 over the NifW-affinity column,
yielding fraction 1a (flow-through), highly enriches MoFe pro-
tein activity relative to fraction 1b, which is retained on the
column (Fig. 7C). Such differential enrichment was also con-
firmed by comparison of the EPR profiles of MoFe protein™4#
contained in fraction la and fraction 1b (Fig. 8). It is also note-
worthy that the S = % EPR spectrum of MoFe protein''s**
captured by NifW appears to be almost entirely a single species
having g-values of 2.03, 1.93, and 1.86, further indicating that
populations of P-cluster precursor in MoFe protein'*A* having
NifW attached could be in slightly different environments from
those that do not.

The complement of mature MoFe protein produced by a strain
deleted for nifZ increases over time following derepression

Derepression of A. vinelandii for nitrogen fixation results in
the immediate expression of the nitrogen-fixation components
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Table 2

Specific activities of MoFe protein isolated from NifZ-deficient cells
that were derepressed for nitrogenase expression for either 4 or 12 h

Activity

Source/Genotype Purification Derepression

h nmol ethylene
produced-min~*mg !
MoFe protein

DJ1182/MoFe protein'isA% IMAC 4 400 =+ 30
DJ1182/MoFe protein'tsA% IMAC 12 640 = 30
DJ2111/MoFe protein’t4# STAC 4 450 * 20
DJ2111/MoFe protein>4# STAC 12 640 =+ 30

(27, 28). According to the stepwise function model, only MoFe
protein that is 50% active, having one a3-unit containing one
FeMo-cofactor and one mature P-cluster and the other a8-unit
having one immature P-cluster and no FeMo-cofactor, should
accumulate in NifZ-deficient strains during the derepression
process. In contrast, the equivalent function model predicts
that the relative population of mature and immature MoFe pro-
tein could change over time in NifZ-deficient strains following
derepression, including a time-dependent enrichment of fully
mature MoFe protein. These possibilities were explored by
comparing the relative activities of IMAC-purified MoFe
protein'*2% and STAC-purified MoFe protein®*% prepared
from cells that had been derepressed for 4 or 12 h. Indeed, the
total relative MoFe protein activities in these samples change
over time, exhibiting an approximate increase in 50% for cells
harvested after 12 h derepression compared with those har-
vested after 4 h derepression (Table 2).

Further evidence that NifZ is not required for maturation of
either P-cluster

An aspect that distinguishes the stepwise function model for
NifZ involvement in P-cluster maturation from the equivalent
function model is that the former demands that NifZ be
required for maturation of the so-called “second” P-cluster (8,
16), whereas the latter does not. The dispensability of NifZ for
full formation of mature MoFe protein, established by experi-
ments already described, was also shown by another method. In
this latter case, crude extracts prepared from cells derepressed
for MoFe protein®™# for 12 h were simply incubated over a
time course in the presence of excess reducing agent, dithionite,
without the addition of any other proteins or factors. MoFe
protein®"** was subsequently purified from each time point
using STAC and analyzed by PAGE. The results of these exper-
iments reveal the slow, time-dependent and NifZ-independent,
dissociation of NifW (Fig. 94). Anion-exchange chromatogra-
phy was used to further process the initial sample and the sam-
ple incubated for 4 h. Analysis of fraction 1 from these samples
revealed an approximate doubling in MoFe protein activity
(Fig. 9B), a relative increase in the S = 32 EPR signature associ-
ated with FeMo-cofactor, and a marked decrease in the S = %2
EPR signature associated with immature P-cluster of MoFe
protein®™% as a result of the 4 h incubation (Fig. 9B). See the
legend and black trace in Fig. 5A for an example of preparation
of fraction 1 by this method. Most notably, the activity achieved
following a 4 h incubation is ~78% of the theoretical value of
fully active MoFe protein®" (Fig. 9B), indicating that matura-
tion of both P-clusters occurs in the absence of NifZ. In contrast
to the situation with extracts prepared from a NifZ-deficient
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Figure 9. Time-dependent in vitro maturation of AnifZ nitrogenase in
cell-free extracts. MoFe protein®"*Z cell-free extract prepared from DJ2111
cells derepressed for 12 h was incubated at different times (0, 30, 60, 120, and
240 min) in the presence of 36 mm Na,S,0,. A, SDS-PAGE of MoFe protein®t"#
purified by STAC after 0-, 30-, 60-, 120- and 240-minincubation. B, X-band EPR
spectra of MoFe protemStrAZ after processing the 0-min sample and the 240-
min sample by anion-exchange chromatography and selecting the first elu-
tion peak (fraction 1). Both spectra were normalized to a final MoFe protein
concentration of 21.7 um. The corresponding MoFe protein®"2% acetylene
reduction specific activities (nmol of ethylene produced'min™'mg~") of
those samples are indicated below the spectra. MW, molecular weight.

(a) (b) (C) (d) (e) f

Fraction 1

1 Fraction 1b 11 Fraction 1a |

l Fraction 2 | LFraction 3

Figure 10. Schematic representation of theoretical MoFe protein species
that could accumulate in AnifZ mutant cells. Fractions indicated corre-
spond to those shown in Figs. 5 and 7.

strain, which contain NifH (Fe protein), extracts prepared from
a strain deficient in Fe protein exhibited no MoFe protein
activity, and no activation could be achieved by prolonged incu-
bation of those extracts. It has been shown previously that acti-
vation of MoFe protein contained in extracts of an Fe protein-
deficient strain requires the addition of both ATP and Fe
protein (12).

Discussion

Fig. 10 schematically shows MoFe protein species that could
theoretically accumulate in NifZ-deficient cells if NifZ has an
equivalent role in the maturation of both immature P-cluster
species. It also provides a framework for an interpretation of
results obtained in the present work. Because FeMo-cofactor is
expected to be rapidly inserted after P-cluster maturation (29,
30), it is unlikely that species b, d, e, or & shown in Fig. 10
accumulate to significant levels in NifZ-deficient extracts. Puri-
fication of MoFe protein'"**% or MoFe protein®"** by IMAC
or STAC, respectively, captures all of the different MoFe pro-
tein species that could accumulate in the corresponding sam-
ples. We have shown that samples prepared by either IMAC or
STAC can be further processed by anion-exchange chromatog-
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raphy to yield three fractions that are differentiated by their
respective activities, EPR spectra, and whether or not NifW is
attached. The species contained in fraction 3, which has a
robust S = %2 EPR signature, almost no S = 3% EPR signature,
two NifW attached, and no activity, is likely to represent species
jin Fig. 10. The species contained in fraction 2 has both S = %
and S = %2 EPR signatures, exhibits an intermediate level of
activity, and probably has only one NifW attached. Thus, only
species g, &1, and i can be present in fraction 2. Because the
separately formed FeMo-cofactor is expected to be rapidly
inserted once P-cluster maturation is complete, as noted above,
itis probable that gand i are the dominant species in fraction 2.
The composition of fraction 1 is more complicated because
there are six different species that could theoretically populate
that fraction. However, fraction 1 could be further processed
using NifW-affinity chromatography to enrich for MoFe
protein™*AZ that either contains (fraction 1b) or does not con-
tain (fraction 1a) immature P-clusters. Given that the specific
activity of MoFe protein''*A# present in fraction 1a represents
~82% of that of fully active MoFe™ protein, species f, mature
MoFe protein, must be the dominant form present in fraction
la. Because at least some of the MoFe protein'*** present in
fraction 1b exhibits both the S = 3% signal assigned to FeMo-
cofactor and the S = %4 signal assigned to immature P-cluster,
species ¢ must be present in fraction 1b. In aggregate, these
findings, together with the observations that the complement
of mature MoFe protein produced by a strain deleted for nifZ
increases over time following derepression and that NifZ is not
essential for maturation of either P-cluster, are only compatible
with the equivalent function model shown in Fig. 2B. This
model is also in line with the observations that P-cluster forma-
tion/maturation involves the sequential and differential inter-
action of immature MoFe protein with at least three assembly
factors, NafH, NifW, and NifZ, that are not absolutely essential
for P-cluster formation/maturation (13, 19), as well as NifH (Fe
protein), which is essential for P-cluster maturation (8).

The exact function of the nonessential assembly factors asso-
ciated with P-cluster formation/maturation is not known, but
the present work, as well as previous reports (8, 13, 16, 26, 31,
32), provides a basis for informed speculation and is summa-
rized in Fig. 2B. It is known that an A. vinelandii strain deleted
for nif W accumulates fully active MoFe protein at lower abun-
dance than WT (19, 31, 32), NifZ functions after NifW (13),
both NifW and NifZ sequentially interact with immature MoFe
protein (13), and NifH is essential for converting immature
P-clusters to the mature form (8). These observations lead us to
speculate that NifW plays an important but nonessential role in
stabilizing a form of MoFe protein that is primed to receive Fe/S
species during an early step in the assembly of immature P-clus-
ters and that, in the absence of immature P-cluster formation,
the MoFe protein subunits are degraded. Once immature
P-clusters are formed, NifZ might play a role in the dissociation
of NifW and, perhaps, aid in recruiting Fe protein to complete
nucleotide- and reductant-dependent P-cluster maturation. In
summary, results reported here do not support the proposal
that NifZ is involved in stepwise P-cluster maturation but,
instead, indicate that NifZ performs a nonessential and equiv-
alent role in the maturation of both P-clusters.
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Experimental procedures
Strains and plasmids

Strains used in this study are listed in Table 1. Defined dele-
tions were incorporated into the A. vinelandii genome by con-
gression or marker rescue using transformation of competent
cells using recombinant plasmid DNA having defined deletions
(13, 33).

Growth conditions

A. vinelandii cells were grown at 30 °C in a 150-liter custom-
built fermenter (W. B. Moore, Inc., Easton, PA) in modified
Burk medium (34) containing 10 uMm Na,MoO, as the Mo
source and 10 mM urea as a nitrogen source. Parameters for
growth and cell harvesting were the same as described previ-
ously (20, 21), and derepression of nitrogenase formation was
for either 4 or 12 h as indicated in Table 2 and the figure leg-
ends. Escherichia coli strain BL21 (DE3) was used as the host for
plasmid pDB2108, which directs the expression of Strep-tagged
NifW (13, 21).

Purification of Strep-tagged MoFe protein from A. vinelandii,
Strep-tagged NifW from recombinant E. coli, and affinity
purification using Strep-tagged NifW as bait

All purification of Strep- or His-tagged MoFe proteins was
carried out as described in detail previously (21), using either
Strep-Tactin (IBA Lifesciences, Gottingen, Germany) or im-
mobilized metal affinity (GE Healthcare) columns. When
anion-exchange chromatography was used for further purifica-
tion, ~20 mg of MoFe protein isolated using either the STAC or
IMAC procedure was applied to and eluted from a 1-ml Q-Sep-
harose HP column (GE Healthcare), using a 200 —500 mm NaCl
gradient, 20-ml total volume.

In vitro maturation of NifZ in a NifZ-free assay

Cell-free extract from 150 g of DJ2111 cells was prepared in
50 mm Tris-HCI, pH 7.9, 1.6 mm Na,S,0, as described previ-
ously (21), aliquoted into five separate 100-ml serum bottles,
and maintained under an Ar atmosphere. Na,S,0, was added
to each sample to give a final concentration of 36 mm and incu-
bated with gentle agitation at 30 °C (35). Samples incubated for
0, 30, 60 120, and 240 min were then individually applied to a
STAC column for isolation of MoFe®""*%, Preparation of sam-
ples for nitrogenase activity assays and EPR was as described
above using anion-exchange chromatography.

Acetylene reduction assays

Ethylene gas formed in nitrogenase activity assays was
detected using a flame ionization detector coupled to a Shi-
madzu GC-2010-plus gas chromatograph equipped with a Car-
boxen® 1010 plot column. Specific activity is defined as nmol of
product formed per min per mg of Strep-tagged MoFe protein.
In vivo nitrogenase activity units are defined as nmol of ethylene
formed per min per ml of culture at an A4y, equal to 1. In vitro
assays were performed using 9-ml serum vials sealed with
serum stoppers under an Ar atmosphere. Reactions were initi-
ated by injection of 0.8 ml of acetylene. All 1-ml assay mixtures
included 15 ug of MoFe protein, 165 ug of Fe protein, 8 mm
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Na,S,0,, 50 ug/ml creatine phosphokinase, 8 mm MgCl,, 1.35
mMm ATP, and 18 mm phosphocreatine. Fe protein used for
nitrogenase assays was prepared from strain DJ0033 (Table 1)
deleted for the #ifD- and nifK-encoding subunits to ensure that
no substrate reduction activities could be attributed to contam-
inating MoFe protein present in Fe protein samples used for
assays. Fe protein was purified as described previously (36).
Assay samples were incubated at 30 °C with agitation for 15 min
and were terminated by the injection of 100 ul of 4 N NaOH. To
determine in vivo acetylene reduction activity of A. vinelandii
strains, 1 ml of each cultured strain was transferred to 9-ml
sealed vials with a 92% air, 8% acetylene gas phase and incu-
bated at 30 °C for 15 min and were terminated by the injection
of 100 ul of 4 N NaOH. All acetylene reduction activities were
performed in triplicate.

Protein determination by BCA and densitometry

Based on total protein concentrations determined by the
BCA method (37), Image] software was used to plot SDS-poly-
acrylamide gel lanes from high-quality images to calculate the
concentration of MoFe protein and NifW-specific protein in
various samples (38).

EPR spectroscopy

Continuous-wave X-band EPR spectra were recorded using a
Bruker ESP-300 spectrometer with an EMX PremiumX micro-
wave bridge and an EMX""Y® standard resonator in perpendic-
ular mode, equipped with an Oxford Instruments ESR900 con-
tinuous helium flow cryostat using VC40 flow controller for
helium gas. Spectra were recorded in 4-mm calibrated quartz
EPR tubes (Wilmad LabGlass, Vineland, NJ) at the following
conditions: temperature, ~12 K; microwave frequency, ~9.38
GHz; microwave power, 20 milliwatts; modulation frequency,
100 kHz; modulation amplitude, 8.14 G; time constant, 20.48
ms. Each spectrum represents the sum of 5 or 10 scans. The
cavity background signal was recorded using an EPR tube filled
with 100 mm MOPS buffer at pH 7.3 and was subtracted from
the experimental spectra. For comparison, spectra presented in
each figure were normalized to the same concentration of
MoFe protein as indicated in the figure legends.

Protein identification from SDS-PAGE bands via MALDI
analysis

All proteins referred to in the present work were identified
using MS. Gel bands were excised from SDS-polyacrylamide
gels and destained using a 1:1 mixture of 50 mM ammonium
bicarbonate (AmBic)/LCMS-grade acetonitrile. Destained gel
pieces were dehydrated using LCMS-grade acetonitrile and
treated sequentially with 10 mM DTT in 50 mm AmBic for 1 h at
37 °C, 50 mm iodoacetamide in 50 mm AmBic for 30 min at
room temperature in the dark, and 100 mm DTT in 50 mm
AmBic to quench unreacted iodoacetamide. After washing the
gel pieces again with the destaining solution and dehydrating
them using LCMS-grade acetonitrile, sufficient 10 ng/ul tryp-
sin in 50 mm AmBic was added to cover the gel pieces, and the
samples were incubated overnight at 37 °C.

The following day, 80:20 LCMS-grade acetonitrile/LCMS-
grade water supplemented with 0.1% (v/v) formic acid was
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added at the same volume as the trypsin solution used the pre-
vious day. Samples were incubated in a sonicating water bath
for 10 min, and then 1 pl of each sample was spotted onto a
MALDI target plate. Once the sample dried, 1 ul of matrix
solution (2 mg/ml a-cyano-4-hydroxycinnamic acid in 50:50
LCMS-grade acetonitrile/LCMS-grade water supplemented
with 0.1% (v/v) TFA was added. After drying, samples were
analyzed using a 4800 MALDI-Tof/Tof (AB Sciex) first in pos-
itive-ion reflector mode to obtain peptide masses then in posi-
tive-ion MSMS1kV mode to obtain tandem MS (MS2) spectra
of the 12 most intense peaks observed in the MS1.

The resultant peak lists were searched against the combined
Uniprot and NCBInr protein databases using the Mascot
(Matrix Science) web server. Search parameters used were tryp-
sin specificity with the possibility of one missed cleavage, a pre-
cursor tolerance of 250 ppm, a product tolerance of 0.25 Da,
carbamidomethylation of cysteine residues as a fixed modifica-
tion, and oxidation of methionine and pyroglutamate forma-
tion of glutamine residues found at the N terminus of a peptide
as variable modifications. Proteins were confidently identified
when at least three unique peptides were found or if at least one
peptide with a Mascot score above 50 was identified and man-
ually validated. In the case of NifW, two peptides (AGDLDEH-
DDQAR and AYLDFVESDALTEK), having a Mascot score of
94, were identified.
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