Lo L

P

1\

=y

P-cluster maturation on nitrogenase MoFe protein
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Biosynthesis of nitrogenase P-cluster has attracted considerable
attention because it is biologically important and chemically un-
precedented. Previous studies suggest that P-cluster is formed
from a precursor consisting of paired [4Fe-4S]-like clusters and that
P-cluster is assembled stepwise on MoFe protein, i.e., one cluster is
assembled before the other. Here, we specifically tackle the as-
sembly of the second P-cluster by combined biochemical and
spectroscopic approaches. By using a P-cluster maturation assay
that is based on purified components, we show that the matura-
tion of the second P-cluster requires the concerted action of Nifz,
Fe protein, and MgATP and that the action of NifZ is required
before that of Fe protein/MgATP, suggesting that NifZ may act as
a chaperone that facilitates the subsequent action of Fe protein/
MgATP. Furthermore, we provide spectroscopic evidence that the
[4Fe-4S] cluster-like fragments can be converted to P-clusters,
thereby firmly establishing the physiological relevance of the
previously identified P-cluster precursor.

assembly | Nifz

N itrogenase provides the essential machinery for the biological
reduction of dinitrogen to ammonia (for recent reviews, see
refs. 1-5). The Mo-nitrogenase of Azotobacter vinelandii is a two-
component system composed of the Fe protein and the MoFe
protein. The homodimeric Fe protein has one ATP binding site per
subunit and a single [4Fe—4S] cluster bridged in between the
subunits, whereas the ayB-tetrameric MoFe protein (Fig. 14)
contains two unique clusters per af-subunit pair: the [8Fe—7S]
P-cluster (6), which is located at the a-subunit interface, and the
[Mo-7Fe-9S-X-homocitrate]” iron-molybdenum cofactor
(FeMoco) (7), which is positioned within the a-subunit. Nitroge-
nase catalysis involves a series of complex formation and dissoci-
ation between the Fe protein and the MoFe protein, during which
process the electrons are sequentially transferred from the [4Fe—
4S] cluster of the Fe protein, through the P-cluster, to the FeMoco
within the MoFe protein, where substrate reduction eventually
occurs. The complexity of nitrogenase reaction mechanism is
undoubtedly associated with the presence of complex metal-
loclusters in the enzyme, namely, the P-cluster and FeMoco, the
structure and function of which have served as one of the central
topics in nitrogenase research for decades.

The P-cluster holds a unique place in nitrogenase chemistry.
Catalytically, it serves as a “hub” that mediates the shuffling of
electrons between the metal centers of the Fe protein and the
MoVFe protein. Structurally, it represents a high-nuclearity, Fe/
S-only cluster that can be viewed as two [4Fe—4S] subclusters
sharing a pe-sulfide. Such a “modular” composition suggests that
the P-cluster is formed through the fusion of its substructural
units, a reaction mechanism that is well established in synthetic
inorganic chemistry (8) and further supported by recent ad-
vances toward successful synthesis of P-cluster topologs (9-12).
Biological evidence of such a fusion mechanism came from
studies of three FeMoco-deficient forms of A. vinelandii MoFe
protein (Fig. 1B) that allowed analysis of P-cluster species
without the interference of FeMoco. One of these MoFe pro-
teins, designated Av14"/H (Fig. 1B, I), was obtained by deleting
nifH, the gene encoding the subunit of Fe protein (13-16),
whereas another of them, designated Av14"/? (Fig. 1B, 1I1), was
obtained by deleting nifB, the gene specifically involved in
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Fig. 1. Schematic representation of various forms of Av1. (A) AvIW, the

wild-type form that contains a set of P-cluster and FeMoco in each af-dimer. (B)
Av14nifH (1) a FeMoco-deficient form that contains a pair of [4Fe-4S]-like clusters
in each aB-dimer. Av14nifZAnifB (||) a FeMoco-deficient form that contains a
P-cluster in one aB-dimer and a pair of [4Fe—4S]-like clusters in the other. Ay 148
(l11), a FeMoco-deficient form that contains a P-cluster in each a-dimer. Note that
the paired [4Fe-4S] clusters in Av12niH (1) and Av14nifZAnif8 (1) presumably repre-
sent a precursor form of P-cluster during its assembly process.

FeMoco biosynthesis (17). Compared with Av1#"/B  which has
two intact P-clusters (17), Av1" contains two pairs of [4Fe—
4S]-like clusters in their places (14). Additionally, in contrast to
Av14B which can be activated directly by isolated FeMoco
(17), Av127H can be fully activated only after incubation with Fe
protein and MgATP in crude extract (18). Thus, Av14%8 could
represent the end product of P-cluster biosynthesis, whereas
Av12H may represent a physiologically relevant intermediate
that occurred at an earlier stage of this process. Apart from
Av12B and Av12fH | 3 third form of FeMoco-deficient MoFe
protein, designated Av12%/ZAnfB (Fig. 1B, 1), was obtained by
deleting nifZ,* the gene encoding a small protein with unknown
function, along with nifB (19). Compared with the “all precur-
sor” Av14H and the “all P-cluster” Av12%B  Av]AnfZAniB jq g
“half-assembled” form of MoFe protein, containing, in one
aB-subunit pair, a P-cluster, and in the other, a pair of [4Fe—
4S]-like clusters (19). The [4Fe-4S]-like fragments in
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Table 1. Designations of proteins related to this work

Designation of protein

Genetic or biochemical handling

Source

Av2wt Wild-type Fe protein A. vinelandii strain AvYM13A
Av2E146D E146D Fe protein point mutation A. vinelandii strain AvYM48A
Av2M156C M156C Fe protein point mutation A. vinelandii strain AvYM49A
Aviwt Wild-type MoFe protein —

Av14nif8 Histidine-tagged MoFe protein, deletion of nifB gene A. vinelandii strain AvDJ1143
Av14nifZAnif8 Histidine-tagged MoFe protein, deletion of nifZ and nifB genes A. vinelandii strain AvYM6A

Av 124nifZAnifB(varied time)*
Av1 AnifZAnifB(0)

subsequently repurified
Av1AnifZAnifB(15', 30", 45', or 60')

A. vinelandii strain AvYM6A

Av14nifZAnifB \yas incubated 60 min without NifZ/Av2WY/MgATP and —

Av14nifZAnifB \yas incubated 15, 30, 45, or 60 min with NifZ/Av2wt/ —

MgATP and subsequently repurified

Av 1 AnifZANIfB(+ AV2IATP) % Av14nifZAnifB \was incubated 60 min with Av2WYMgATP and subsequently A. vinelandii strain AvYM6A
repurified

Av1AnHZANIfB(+NifZ)% Av14nifZAnifB \yas incubated 60 min with NifZ and subsequently repurified A. vinelandii strain AvYM6A

Nifz Streptavidin-tagged NifZ E. coli strain ECYM1A

The component proteins of the Mo-nitrogenase are designated by the initials of the organism from which they are isolated and the Arabic numeral of the
component. For example, MoFe protein and Fe protein of the Mo-nitrogenase of A. vinelandlii are designated Av1 and Av2, respectively.

*Proteins were prepared as described in Materials and Methods.

Av1AZ8nifB gre similar to those in Av1A"H (13-16, 19) (M.
Cotton, K. Rupnik, R. Broach, Y.H., AW.F.,, M.\W.R,, and B. J.
Hales, unpublished work), indicating that Av124Z5%fE may
represent another physiologically relevant intermediate, midway
in between the earlier intermediate represented by Av14"#H and
the end product represented by Av1*%E  during P-cluster as-
sembly. Combined results from these studies suggest that (i) the
final assembly of P-cluster occurs at its targeted location on the
MoFe protein; (if) the P-cluster is likely formed, in vivo, through
fusion of small [4Fe—4S] cluster-like modules; (iii) the two
P-clusters in the two af-subunit halves of the protein are
assembled in a stepwise fashion; and (iv) Fe protein (nifH gene
product) is required for P-cluster assembly in a process that
involves MgATP hydrolysis; and (v) NifZ (nifZ gene product) is
specifically involved in the formation of the “second” P-cluster.
Although a pair of [4Fe—4S]-like clusters has been associated
with a P-cluster precursor under in vivo conditions, there is no
direct proof that this precursor can indeed be converted to a
mature P-cluster. In addition, the combinations of factors re-
quired for different stages of P-cluster assembly have not been
determined. In this study, we specifically tackle the assembly
process of the second P-cluster by combining biochemical and
spectroscopic approaches. By using a P-cluster maturation assay
that is based on purified components, we show that the matu-
ration of the second P-cluster requires the concerted action of
NifZ, Fe protein, and MgATP and that the action of NifZ is
required before that of Fe protein/MgATP, suggesting that NifZ
may act as a chaperone that facilitates the subsequent action of
Fe protein/MgATP. Furthermore, we provide spectroscopic
evidence that the [4Fe—4S] cluster-like fragments can be con-
verted to P-clusters, thereby firmly establishing the physiological
relevance of the previously identified P-cluster precursor.

Results

The various MoFe and Fe proteins in this work are designated
Avl and Av2, respectively, with appropriate superscripts defin-
ing the genetic background and/or biochemical handling of the
proteins (e.g., the wild-type MoFe and Fe proteins are desig-

SThe streptavidin-tagged NifZ has, in addition to the 160 amino acids from the Nifz
sequence, 10 extra amino acids from the linker and streptavidin tag at the C terminus of
the protein. Thus, the molecular mass of the subunit of streptavidin-tagged NifZ, theo-
retically calculated at 19.2 kDa, is slightly larger than that of nontagged NifZ.
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nated AvI™t and Av2%!, respectively). For detailed designations,
see Table 1.

Preparation of Components for P-Cluster Maturation. To establish
the requirement for the maturation of the second P-cluster, the
half-assembled Av124%ZA7B and the factors known to be in-
volved in P-cluster assembly, such as NifZ and Av2", were
prepared as follows. Av14Z22n/B and Av2Vt were homologously
expressed in A. vinelandii and purified at yields of 200 and 400
mg per 200-g cell, respectively, whereas NifZ was heterologously
expressed in Escherichia coli and isolated at a yield of 30 mg per
100-g cell. Purified NifZ is colorless. The polypeptide of NifZ is
~19 kDa,® as shown by denaturing gel electrophoresis (Fig. 24)
and mass spectrometry (data not shown). Under native condi-
tions, NifZ has an apparent molecular mass of ~20 kDa (Fig.
2B), indicating that it is a monomeric protein.

Assessment of Requirement for P-Cluster Maturation. An in vitro
P-cluster maturation assay was subsequently performed, in
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Fig. 2. Molecular mass determination of NifZ. (A) Coomassie blue-stained
10-20% gradient SDS/PAGE of purified, streptavidin-tagged NifZ. Lane 1,
10-pg protein standard; lane 2, 5-ug purified NifZ. The molecular mass of the
polypeptide of streptavidin-tagged NifZ is =19 kDa, consistent with that
determined by mass spectrometry (data not shown). (B) Determination of the
native molecular mass of streptavidin-tagged NifZ by Ultrogel AcA 34 gel
filtration (Pall Life Science, East Hills, NY). Vo, void volume; Ve, elution volume.
Protein standards (white circles) are as follows: ribonuclease A (14 kDa),
carbonic anhydrase (29 kDa), and ovalbumin (43 kDa). The apparent native
molecular mass of streptavidin-tagged NifZ (red circle) is ~20 kDa, suggesting
a monomeric composition of the protein.

14.4KkDa—p .
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Table 2. Determination of factors required for P-cluster maturation

Assay components Activities
NH3
CyH4 formation H, formation formation H, formation
Line Av1 Nifz Av2wt ATP  FeMoco under CoH./Ar under Ar under N, under N, Average, %
1 Av14nifBx - - + 1,014 = 29 (100) 998 + 31 (100) 633 + 6 (100) 223 + 34 (100) 100
2 Av1AnifZAnifBt - - - + 504 * 4 (50) 545 * 51 (55) 311 = 7(49) 108 + 4 (48) 51
3 Av1AnifZAnifB + + + + 864 + 33 (85) 888 + 39 (89) 582 = 22 (92) 173 = 7 (78) 86
4 Av14nifZAnif8 - + + + 525 *+ 6 (52) 576 = 12 (58) 276 + 50 (44) 118 = 2 (53) 52
5 Av1AnifZAnifB + - + + 520 = 8 (51) 550 + 21 (55) 325 = 51 (51) 105 += 1 (47) 51
6 Av1AnifZAnifB + + — + 520 = 42 (51) 567 = 16 (57) 317 = 52 (50) 113 =7 (51) 52
7 Av14nifZAnif8 - - + + 485 + 7 (48) 545 = 15 (55) 288 + 54 (45) 110 = 1 (49) 49
8 Av1AnifZAnifB - + - + 490 + 17 (48) 559 + 12 (56) 323 =50 (51) 111 = 1 (50) 51
9 Av1AnifZAnifB + - — + 493 + 15 (49) 537 = 19 (54) 302 + 58 (48) 111 = 2 (50) 50

Activities of C;H4 formation under C;H,/Ar, Hy formation under Ar, NH; formation under N, and H, formation under N are expressed as nanomoles per minute
per milligram of protein. Percentages relative to Av14"8 (line 1) are given in parentheses. The assays were performed as described in Materials and Methods.
The lower detection limits for the activities were 0.01, 0.02, 0.001, and 0.02 nmol-min~"-mg protein~"' for C;H, formation under C;H,/Ar, H, formation under Ar,

NH; formation under Ny, and H, formation under N, respectively.

*Av14nif8 contains 100% fully assembled P-cluster and can be fully activated upon insertion of isolated FeMoco (17).
TAv14nifZnif8 contains 50% fully assembled P-cluster and can be activated to 50% of that of Av12n8 in the absence of P-cluster maturation factors (19).

which Av1241ZAnB was (i) incubated with combinations of NifZ,
Av2W and MgATP; (ii) activated by isolated FeMoco; and (iif)
assayed for enzymatic activity. In the absence of maturation
factors, Av12m2A7fB (Table 2, line 2) can be activated to an
average of 51% compared with Av14"/B (Table 2, line 1). This
observation is consistent with the existing content of mature
P-cluster, 50% and 100%, respectively, in Av14%Z2nfB and
Av124/8 (Fig. 1B, 11 and II1) (17, 19). Maturation of the second
P-cluster in Av14ZanfB therefore, can be monitored by an
increased activation that theoretically falls between the minimal
50% (one P-cluster per protein) and the maximal 100% (two
P-clusters per protein).

As shown in Table 2, upon incubation with NifZ, Av2*!, and
MgATP, Av124Z5nfB can be further activated to an average of
86% of the maximal level (Table 2, line 3), indicating a corre-
sponding increase of the amount of mature P-cluster by 36%.
Such an elevated level of Av127ZAnfE reconstitution cannot be
observed when one or two of these components are omitted
(Table 2, lines 4-9). Thus, increased activation of Av14/ZAnfB
involves the combined action of NifZ, Av2", and MgATP. In the
presence of excess MgATP, activation of Av14"/ZA%/B reaches
the empirical maxima at ~2 uM NifZ (Fig. 34) and ~2.5 uM
Av2"* (Fig. 3B). Given that Av2"' is the only known nucleotide-
binding protein in the assay, it is mostly likely that Av2“'-
mediated hydrolysis of MgATP is required for this process.
Indeed, when ATP is replaced by ADP or nonhydrolyzable
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Fig. 3. Concentration-dependent P-cluster maturation on Av14nifZanif8 p.
cluster maturation assays were performed as described in Materials and
Methods, except that the concentration of NifZ was varied between 0 and 20
wM (A), and the concentration of Av2Wtwas varied between 0 and 104 uM (B).
The maximal activities were reached at ~2 uM NifZ (A) and 2.5 uM Av2"t (B),
respectively. The data presented here represent the average of three inde-
pendent experiments. The error bars are indicated.

10426 | www.pnas.org/cgi/doi/10.1073/pnas.0704297104

analogues of ATP, such as 5'-adenylylimidodiphosphate or
adenosine 5’-O-(3-thiotriphosphate) [supporting information
(SI) Table 3, lines 3-5], Av14725nfB cannot be activated beyond
50%. Furthermore, when Av2%! is replaced by Av2M156C an Av2
variant specifically defective in MgATP hydrolysis (20), no
increased activation of Av14ZAnfB js observed (SI Table 3, line
8), whereas, when Av2%! is replaced by Av2E146D an Av2 variant
that supports normal MgATP hydrolysis despite being defective
elsewhere (21), Av127#Z2nfB can still be activated to an average
of 80% of the maximal level (SI Table 3, line 9).

Analysis of Cluster Conversion During P-Cluster Maturation. To ob-
tain further evidence that the increased level of Av12w/ZAnfB
reconstitution is associated with the conversion of P-cluster
precursor to mature P-cluster, a series of repurified Av12/ZanifB
proteins was obtained after incubation with NifZ, Av2*, and
MgATP for increasing time intervals (categorically designated
Av1AnifZAnifB/(varied time). for detailed designations, see Table 1).
Upon addition of isolated FeMoco, Av12ZanifB(varied time) pro_
teins exhibit an increase in activation level that correlates with
the increase in incubation time before repurification, reaching
the maxima of 86% activation at 60 min (SI Table 4; also see Fig.
4A4). When subjected to perpendicular-mode EPR analysis (Fig.
4B), dithionite-reduced Av14ifZanfB(varied time) proteing show a
decrease in the magnitude of the S = Y2 signal that has been
previously assigned to the P-cluster precursor in the “second
half” of the Av14%ZA%4B protein (19), whereas, when subjected
to parallel-mode EPR analysis (Fig. 4C), indigo disulfonate-
oxidized Av12&n#ZanifB(varied time) proteins display an increase in
the intensity of the unique signal that is specific for the P-cluster
in the P?* oxidation state (22, 23), indicating an increase of
mature P-cluster content as a result of the conversion of P-cluster
precursor into fully assembled cluster. Over a time period of 60
min, the percentages of changes in perpendicular and parallel-
mode EPR signals" are 32% and 41%, respectively, which
correlate well with the 37% increase in activity (Fig. 4 and SI
Table 4). Av]AnifZanifB(varied time) hroteins also show an increase in

TThe percentages of changes of both perpendicular- and parallel-mode EPR signals of
Av1 AnifZbnifB(varied time) ere calculated by setting those of Av14nifZAnifB(0) 35 50%, based on
the fact that (i) the magnitude of the perpendicular-mode S = V5 signal of Av14nifZAnif8(0)
represents the P-cluster precursor that can be converted to 50% of the total P-cluster
content and (ii) the magnitude of the parallel-mode P2+ signal of Av14nifZAnifB(0) represents
the existing P-cluster that accounts for 50% of the total P-cluster content.

Hu et al.
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Fig. 4. Time-dependent P-cluster formation on Av12nfZAnif8 Shown are

average activities (A), perpendicular-mode EPR spectra (B), parallel-mode EPR
spectra (C), and visible-range absorption spectra (D) of Av14niZAnifB0) (A black
bar; B-D, black lines), Av14nifZAnifB(15) (A red bar; B-D, red lines),
Av14nifZAnifB30°) (A, green bar; B-D, green lines), Av1AnifZAnifB45) (A brown bar;
B-D, brown lines), and Av124nifZAnifB(60) (A blue bar; B-D, blue lines). EPR and
visible-range absorption spectra were measured at protein concentrations of
10 and 5 mg/ml, respectively, as described in Materials and Methods. The
time-dependent change of the visible-range absorption spectra during P-
cluster maturation is indicated by the red arrow. The g values of the EPR
spectra are indicated. The perpendicular (B) and parallel-mode EPR signals (C)
are integrated as percentages of that of Av14nifZAnifB(0) (set as 50%).1

the absorption intensity between 475 and 575 nm (Fig. 4D), a
feature associated with an increase in the mature P-cluster
content (15). It is interesting to note that, whereas the scale of
precursor-associated S = Y signal cannot be reduced further
with longer incubation (Fig. 4B), the magnitude of the P?*-
specific signal increases progressively with incubation time (Fig.
4C), which is consistent with the gradual increase in activity (Fig.
4A4). These results suggest that the maturation of the P-cluster is
likely a biphasic process, during which the initial modification of
precursor occurs at a fast rate (within 15 min, Fig. 4B), whereas
the eventual formation of P-cluster takes place at a slower pace
(over 60 min) (Fig. 4C).

Determination of Sequence of Events of P-Cluster Maturation. To
establish whether the actions of NifZ, Av2"', and MgATP occur
in a sequential manner, repurified Av14#Z&%/B protein was
produced after incubation with either NifZ alone [designated
Av1AnYZanifB(+NIfZ)] or Av2%' and MgATP [designated
Av1241fZAnfB(+ AVIATP)] (for detailed designations, see Table 1).
Neither Alenl']‘ZAillfB(+NifZ) nor AlenifZAnifB(+Av2/ATP) shows no-
ticeable changes from Av14%ZA%/B in terms of spectroscopic
properties (Fig. 5). Consistent with this observation, upon
addition of isolated FeMoco, neither protein can be activated
beyond 50% (SI Table 5, lines 2 and 5). Nevertheless, when
combined with Av2¥t and MgATP, Av12ZAnufBNIEZ) protein
can be activated to 85% (SI Table 5, line 7), whereas, combined
with NifZ, Av12#/ZAnifB(+Av2/ATP) cannot be activated above the
baseline level of 50% (SI Table 5, line 3). These data strongly
suggest that the maturation of P-cluster requires the action of
NifZ before that of Av2"'/MgATP and that the well-coordinated
events carried out sequentially by NifZ and Av2V/MgATP
initiate the modification of the precursor (Fig. 4B) that eventu-
ally leads to the formation of the mature P-cluster (Fig. 4C).

Discussion

Plausible Mechanism of P-Cluster Maturation. Our Av
based studies of P-cluster maturation allow us to unambiguously

1 AnifZAnifB_
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Fig. 5. Perpendicular-mode EPR spectra (A), parallel-mode EPR spectra (B),
and visible-range absorption spectra (C) of Av14nifZAnifB(0) (plack lines),
Av 12nifZAnifB(+NifzZ) (green Iines), Av 14nifZAnifB(+Av2/ATP) (pink Iines), and
Av14nifZAnifB60) (blye lines). EPR and visible-range absorption spectra were
measured at protein concentrations of 10 and 5 mg/ml, respectively, as de-
scribed in Materials and Methods. The time-dependent change of the visible-
range absorption spectra during P-cluster maturation is indicated by the red
arrow. The g values of the EPR spectra are indicated. The perpendicular (B) and
parallel-mode EPR signals (C) are integrated as percentages of that of
Av14nifZAnifB0) (set as 50%).1

identify the key factors for the assembly of the second P-cluster
and, further, to establish the sequence of events during this
process. More importantly, they provide direct spectroscopic
proof (Fig. 4 B-D) that the P-cluster precursor, previously
identified as paired [4Fe—4S]-like clusters (13-16, 19) (M.
Cotton, K. Rupnik, R. Broach, Y.H., AW.F., M.\W.R,, and B. J.
Hales, unpublished work), can be converted to the mature
P-cluster and, therefore, is indeed a physiologically relevant
intermediate during the biosynthesis of P-cluster. With the
physiological relevance firmly established for such a P-cluster
precursor, a plausible stepwise mechanism of P-cluster biosyn-
thesis could be proposed. As shown in Fig. 6, assembly of
P-cluster on Avl starts with two pairs of [4Fe—4S]-like clusters,
one in each aB-dimer of Avl (represented by Avli&"¥H). Upon
combined action of Av2 and perhaps other unidentified factors,
one pair of the [4Fe—4S]-like clusters is converted to a fully
assembled P-cluster (represented by Av14#ZA%B) At this point,
depending on the availability of FeMoco and the rate at which
FeMoco is inserted, either the second pair of [4Fe—4S]-like
clusters is converted to a P-cluster before the insertion of
FeMoco (represented by Av14%#B) or the FeMoco is inserted
into the aB-dimer containing the assembled P-cluster before the
formation of the second P-cluster (represented by Av124/Z) #l In
either case, maturation of the second P-cluster is assisted by the
concerted action of NifZ and Av2/MgATP, as well as some other
factors that may further improve the efficiency of this process.

Role of NifZ in P-Cluster Maturation. Conversion of the second
precursor starts with the action of NifZ, a small protein that
exhibits little sequence homology to any other protein known to
date.** Alone, NifZ does not alter the spectroscopic properties
of the precursor (Fig. 5, green line). This observation, along with
the primary sequence-based prediction that NifZ does not
contain any defined metal- or metal cluster-binding motif,

ILike Av14nifZAnifB Ay1AnifZ can be further activated upon incubation with Nifz, Av2"t, and
MgATP to a similar level (data not shown).

**Based on a sequence search using program BLAST (24), NifZ is widely distributed among
bacterial organisms, such as Gram-positive bacteria, cyanobacteria, and purple bacteria.
There is a highly conserved ““NifZ domain,”” which consists of 75 amino acid residues at
the N-terminal part of the protein.
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Plausible mechanism of P-cluster maturation on Av1. Assembly of P-cluster on Av1 occurs stepwise, starting with two pairs of [4Fe-4S]-like clusters, one

in each aB-dimer of Av1 (represented by Av12nifH) Upon the combined action of Av2 and perhaps other unknown factors, one pair of the [4Fe-4S]-like clusters
is converted to a fully assembled P-cluster (represented by Av14n72Anif8) ‘At this point, depending on the availability of FeMoco and the rate at which FeMoco
is inserted, either the second pair of [4Fe-4S]-like clusters is converted to a P-cluster before the insertion of FeMoco (represented by Av12nif8) or the FeMoco is
inserted into the aB-dimer containing the assembled P-cluster before the formation of the second P-cluster (represented by Av1472), |n either case, maturation
of the second P-cluster is assisted by the concerted action of NifZ and Av2/MgATP, as well as some other factors that may further improve the efficiency of this

process.

indicates that NifZ does not function through a redox reaction.
Interestingly, the action of Av2V//MgATP alone does not change
the spectroscopic features of the precursor either (Fig. 5, pink
line), and it is only after the task of NifZ is fulfilled that
Av2¥Y/MgATP can carry out its function by modifying the redox
characteristics of the precursor that eventually results in the
formation of mature P-cluster (Fig. 5, blue line; also see SI Table
5, line 7). It is possible, therefore, that NifZ acts as a chaperone
by repositioning the precursor modules in a more favorable
orientation for the redox action of Av2%¥Y/MgATP to take place.

Action of Av2"t in P-Cluster Maturation. The role of Av2%'/MgATP
in P-cluster biosynthesis has been implicated earlier by the
observation that activation of Av1¥%H requires the presence of
both Av2"t and MgATP (15, 18). Furthermore, the all-precursor
composition of Av14%H (Fig. 1B, I) indicates that Av2"/MgATP
also participates in an earlier step of P-cluster assembly that
results in the formation of the “first” P-cluster. The absolute
requirement of MgATP hydrolysis suggests that, like substrate
reduction, P-cluster formation involves Av2%!-mediated,
MgATP hydrolysis-driven electron transfer; only in this case, the
electrons are accepted by the P-cluster precursor instead of
P-cluster. In support of this notion, redox changes of the
precursor on the action of Av2"'/MgATP have been observed in
the cases of both Av1&7#Z24/B (Fig, 4) and Av1~#H (15).
Additionally, the significant conformational change of Av2"!
upon MgATP hydrolysis could serve to bring the two [4Fe—4S]
subclusters together in a process mimicking the docking of Av2"t
on AvIY during substrate reduction. However, P-cluster matu-
ration occurs only at low concentrations of Av2%! and is inhibited
by the presence of excess Av2*!, where substrate reduction is not
affected (Fig. 3B). This observation could be explained by
limited accessibility of Avl for NifZ at high concentrations of
Av2Y or, alternatively, it could be explained by Av2"' using
different mechanisms and/or different areas of the protein with
different affinities for Avl during P-cluster assembly and sub-
strate reduction. Although essential for the assembly of both
P-cluster and FeMoco, Av2" apparently employs completely
different parts of the protein for the two processes. This is based
on the observation that Av2F!40P  an Av2 variant specifically
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defective in FeMoco biosynthesis, is fully competent in the
P-cluster maturation assay (SI Table 3, line 9).

Closing Remarks. The fact that purified Av1A"¥Z24B can be
activated to 86% of the maximal level in the in vitro P-cluster
maturation assay (Table 2, line 3) indicates that there may be
other factors that further facilitate P-cluster assembly. These
factors could be other nif gene-encoded products, such as NifW
and NifM, which have been implicated in P-cluster assembly
(25); or they could be other known chaperones, such as GroEL,
which has been shown to participate in nitrogenase assembly
(26). Our Av127/Z2nifB_hased assay could serve as a useful tool
to identify other factors required for the maturation of the
second P-cluster. Additionally, a similar assay can be developed
on the basis of the all-precursor Av12#H which will allow the
identification of factors required for the assembly of the first
P-cluster and the determination of the sequence of events in
P-cluster biosynthesis within the MoFe protein (Fig. 6). Fur-
thermore, the observation that the formation of P-cluster occurs
in a relatively slow process could facilitate the time-dependent
analysis of the conversion of P-cluster precursor to mature
P-cluster and may allow us to eventually address the fate of the
all-important “sulfur no. 8,” the excess sulfur resulting from the
fusion of the two [4Fe-4S] cluster modules during P-cluster
formation.

Materials and Methods

Unless noted otherwise, all chemicals and reagents were ob-
tained from Fisher (Hampton, NH), Aldrich (Milwaukee, WI),
or Sigma (St. Louis, MO). For more details (13, 19, 20, 26-29),
see SI Methods.

P-Cluster Maturation Assay. This assay (0.8 ml) contained 25 mM
Tris-HCI (pH 8.0), 0.6 mg of purified Av1472478 (19),0.03 mg
of NifZ, 0.12 mg of Av2%', 20 mM Na,S,04, 0.8 mM ATP, 1.6
mM MgCl,, 10 mM creatine phosphate, 8 units of creatine
kinase, and 10 ul of isolated FeMoco. This mixture was then
incubated at 30°C for 60 min and determined for enzymatic
activities (26—29). Note that addition of excess Av2*' at this
point completely inhibited P-cluster maturation on
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Av147fZAnifB (Fig. 3B) but had no effect on the subsequent
activity assay.

P-Cluster Maturation Assay on Av14nif2anif. Thig assay (25 ml)
contained 25 mM Tris'HCI (pH 8.0), 100 mg of Av124#/ZAnifB
5 mg of NifZ, 20 mg of Av2"', 2.4 mM ATP, 4.8 mM MgCl,,
30 mM creatine phosphate, and 24 units/ml creatine kinase.
The mixture was stirred at 30°C for 15, 30, 45, and 60 min,
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