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It is known that an E146D site-directed variant of the Azotobacter
vinelandii iron protein (Fe protein) is specifically defective in its
ability to participate in iron-molybdenum cofactor (FeMoco) inser-
tion. Molybdenume-iron protein (MoFe protein) from the strain
expressing the E146D Fe protein is partially (~45%) FeMoco defi-
cient. The “free” FeMoco that is not inserted accumulates in the
cell. We were able to insert this “free” FeMoco into the partially
pure FeMoco-deficient MoFe protein. This insertion reaction re-
quired crude extract of the AnifHDK A. vinelandii strain CA12, Fe
protein and MgATP. We used this as an assay to purify a required
“insertion’” protein. The purified protein was identified as GroEL,
based on the molecular mass of its subunit (58.8 kDa), crossreaction
with commercially available antibodies raised against E. coli GroEL,
and its NHx-terminal polypeptide sequence. The NH.-terminal
polypeptide sequence showed identity of up to 84% to GroEL from
various organisms. Purified GroEL of A. vinelandii alone or in
combination with MgATP and Fe protein did not support the
FeMoco insertion into pure FeMoco-deficient MoFe protein, sug-
gesting that there are still other proteins and/or factors missing. By
using GroEL-containing extracts from a AnifHDK strain of A.
vinelandii CA12 along with FeMoco, Fe protein, and MgATP, we
were able to supply all required proteins and/or factors and
obtained a fully active reconstituted E146D nifH MoFe protein. The
involvement of the molecular chaperone GroEL in the insertion of
a metal cluster into an apoprotein may have broad implications for
the maturation of other metalloenzymes.

he biological reduction of dinitrogen to ammonia is catalyzed

by the complex metalloenzyme nitrogenase (for recent re-
views see refs. 1-6). This enzyme is composed of two proteins
that are purified separately. The smaller of the two, the iron
protein (Fe protein), is a 60,000 M, dimer of two identical
subunits encoded by the nifH gene. Each of the subunits has a
binding site for MgATP, and the two subunits are bridged by a
single [4Fe-4S] cluster. The molybdenum-iron protein (MoFe
protein) is much more complex. It is a 230,000 M, a2 tetramer
with the « and B subunits encoded by the nifD and nifK genes,
respectively. Each « subunit contains a [Mo-7Fe-9S-homoci-
trate] cluster designated FeMoco that serves as the site of
dinitrogen binding and reduction by the enzyme. Bridged be-
tween each af3 subunit pair is another complex [8Fe-7S] cluster,
designated the P-cluster, which is believed to mediate electron
transfer from the Fe protein to FeMoco. This study concerns the
assembly of the MoFe protein of nitrogenase and the role that
the Fe protein plays in that process.

It is currently well established that the Fe protein has at least
three separate functions in the cell. First, the Fe protein serves
as a specific electron donor for the MoFe protein to support
dinitrogen reduction (for reviews see refs. 1-6). To carry out this
function, the reduced Fe protein first binds two molecules of
MgATP and then undergoes a global conformational change
before forming a very specific complex with the MoFe protein.
Electrons are then transferred from the Fe protein to the MoFe
protein in a reaction that is coupled to MgATP hydrolysis. The
oxidized Fe protein then dissociates from the MoFe protein.

www.pnas.org/cgi/doi/10.1073/pnas.101119498

Second, the Fe protein is somehow involved in the initial
biosynthesis of FeMoco (for reviews see refs. 5 and 7-13). The
complete pathway for FeMoco biosynthesis is not known, but it
is well established that FeMoco is synthesized separately from
the MoFe protein polypeptides. The role the Fe protein plays in
the initial biosynthesis of FeMoco is not known, but mutant
studies have established that to carry out this function the Fe
protein does not need to undergo the MgATP-induced confor-
mational change, it does not need to form the normal complex
with the MoFe protein, it does not need to transfer electrons to
any protein, and it does not need to hydrolyze MgATP (14-20).
The third Fe protein function, which is the subject of the
current study, has to do with the final assembly of the MoFe
protein, which includes the insertion of the separately synthe-
sized iron-molybdenum cofactor (FeMoco) into the FeMoco-
deficient MoFe protein. This final maturation of the MoFe
protein occurs in a series of steps. First, a P-cluster-containing,
but FeMoco-deficient, MoFe protein is synthesized that has the
FeMoco site somehow inaccessible to FeMoco insertion (21-24).
Strains that have deletions in the nifH gene accumulate this form
of the MoFe protein. The FeMoco-deficient MoFe protein is
then converted to a form with the FeMoco site accessible, and
finally FeMoco is inserted. There may be a number of proteins
and/or factors involved in these final assembly steps, but to date
it has been established only that the reaction requires the Fe
protein, MgATP, and, in Azotobacter vinelandii, a FeMoco
chaperone-insertase protein designated gamma (25). Here, we
show that the final assembly of the MoFe protein also requires
the molecular chaperone GroEL. The requirement of GroEL for
the insertion of a metal cluster into an apoprotein has not
previously been observed and may represent a widespread
mechanism for the maturation of metalloenzymes in general.

Materials and Methods
Unless otherwise noted, all chemicals and reagents were ob-

tained from Fisher Scientific, Baxter Scientific Products (Mc-
Gaw Park, IL), or Sigma.

Cell Growth and Protein Purification. Wild-type and E146D nifH A.
vinelandii strains were grown in 180-liter batches in a 200-liter
New Brunswick Scientific fermentor under N-fixing conditions
on Burk’s minimal media. The growth rate was measured by cell
density at 436 nm by using a Spectronic 20 Genesys (Spectronic,
Westbury, NY). The cells were harvested at the end of the
exponential phase by using a flow-through centrifugal harvester
(Cepa, Lahr/Schwarzwald, Germany). Published methods were
used for the purification of wild-type Fe protein (26), wild-type

Abbreviations: MoFe protein, molybdenum-iron protein of nitrogenase; Fe protein, iron
protein of nitrogenase; FeMoco, iron-molybdenum cofactor or [Mo-7Fe-95-homocitrate]
cluster of molybdenum-iron protein; NMF, N-methyl formamide.
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MoFe protein (27), and the MoFe protein synthesized by the
strain expressing the E146D Fe protein (28). Early in the
purification, the E146D nifH MoFe protein is eluted with a linear
0.1-0.5 M NacCl gradient from a DEAE-cellulose (Whatman)
ion-exchange column. This fraction was designated as partially
pure E146D nifH MoFe protein.

A. vinelandii strain CA12 (AnifHDK) was grown on Burk’s
minimal medium supplemented with 2 mM ammonium acetate.
After the consumption of the ammonia, the cells were dere-
pressed for 3 hr, followed by harvesting as described above. The
cell paste was washed with 50 mM Tris-HCl (pH 8.0) and kept
on dry ice until needed.

GroEL was purified by using the following method. First, 500 g
of cell paste of A. vinelandii strain CA12 (AnifHDK) was thawed
in 1 liter of 50 mM Tris-HCI (pH 8.0), and degassed thoroughly.
After adding 2 mM sodium dithionite and 10 ug/ml DNase, the
cells were then broken by passing them through a Gaulin cell
homogenizer two times at 5,000 p.s.i. to make a crude extract.
The crude extract was degassed for an additional 2 hr, ultracen-
trifuged for 90 min at 35,000 rpm in a Beckman Ti 45 fixed-angle
rotor, and then loaded onto a 5 X 25-cm DEAE-cellulose
ion-exchange column. Throughout the purification procedure,
the enzyme activity of 1-2 mg protein was measured as described
later. GroEL did not bind to the DEAE-cellulose column. The
GroEL-containing “run through” fraction was concentrated in
an ultrafiltration cell (Amicon) by using a YM3 Membrane
(Millipore). The protein was then loaded onto 2.5 X 100-cm
Ultrogel AcA34 and subsequently Ultrogel AcA54 (BioSepra,
Marlborough, MA) gel filtration columns. The elution buffer
used was 50 mM Tris'HCI (pH 8.0) 0.1 M NaCl. The purified
GroEL was analyzed by SDS/PAGE.

FeMoco Insertion Assays. The assays designed to test for the
presence of “free” or uninserted FeMoco in partially pure
E146D nifH MoFe protein contained, in a 0.35 ml total volume,
25 mM Tris'HCI (pH 7.4), 20 mM Na,S,04, and 0.15 mg purified
cofactor-deficient MoFe protein from AnifB strain DJ1143 (29).
The insertion was started by the addition of isolated FeMoco in
N-methyl formamide (NMF) or partially pure E146D nifH MoFe
protein. The samples were incubated at 30°C for 30 min, and,
subsequently, the enzyme activity of 0.1 ml of the insertion
mixture was determined as described previously (27). The prod-
uct was analyzed as published elsewhere (14).

Experiments that monitored the insertion of “free” or unin-
serted FeMoco into partially pure E146D nifH MoFe protein
were used as an activity assay to purify the protein needed for
assembly that later turned out to be GroEL. Assays contained,
in 0.35 ml total volume, 25 mM Tris'HCI (pH 7.4), 2.4 mM ATP,
4.8 mM MgCl,, 30 mM creatine phosphate, 24 units of creatine
kinase, 20 mM Na,S,04, 0.2 mg wild-type Fe protein, and 0.12
mg partially pure E146D nifH MoFe protein. The reactions were
started by injecting 1-2 mg crude extract of A. vinelandii CA12
(AnifHDK) or 50 pg purified GroEL. After incubation at 30°C
for 30 min, the insertion was stopped by addition of 40 nmol of
(NH4)2MoS,. (NH4)2MoS4 is known to block FeMoco insertion
into the FeMoco-deficient MoFe protein, probably by occupying
the FeMoco site (30, 31). Subsequently, the enzyme activity was
measured by C,H4 evolution. Those enzyme activity assays,
containing 0.1 ml of the insertion mixture, were carried out as
previously described (27). The product was analyzed as pub-
lished elsewhere (14)

The assays designed to reconstitute pure E146D nifH MoFe
protein contained, in a 0.7 ml total volume 25 mM Tris-HCI (pH
7.4), 1.2 mM ATP, 2.4 mM MgCl,, 15 mM creatine phosphate,
16 units of creatine kinase, 20 mM Na,S,;04, 0.12 mg wild-type
Fe protein, 0.1 mg pure E146D nifH MoFe protein, and 2 mg
crude extract of A. vinelandii CA12 (AnifHDK) or 50 ug purified
GroEL. The insertion was started by the addition of isolated
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Fig. 1. Schematic diagram of FeMoco-deficient MoFe protein expressed by
E146D nifH A. vinelandii. Shown are the « and 8 subunits of the a3, tetramer.
Each [8Fe-7S] P-cluster is bridged by one « and 3 subunit. The FeMoco has an
overall stoichiometry of [Mo-7Fe-9S-homocitrate]. The FeMoco binding site is
located in the a subunit. One binding site is occupied and the other one
vacant. The MoFe protein shown represents ~90% of the MoFe protein
expressed by E146D nifH A. vinelandii.

FeMoco in NMF. The samples were incubated at 30°C for 30
min, and, subsequently, the enzyme activity of 0.1 ml of the
insertion mixture was determined as described previously (27).
The product was analyzed as published elsewhere (14).

Results and Discussion

We have recently identified a region of the Fe protein around
Glu'#® that is specifically involved in the final assembly of the
MoFe protein (28). An E146D Fe protein was shown to be fully
functional as an electron donor to the MoFe protein and in the
initial biosynthesis of FeMoco. This Fe protein variant, however,
was partially defective in the final assembly process such that the
A. vinelandii strain expressing the E146D Fe protein accumu-
lated both uninserted FeMoco [probably bound to gamma (25)]
and a FeMoco-deficient form of the MoFe protein. Analysis of
the purified MoFe protein from that strain showed that it
was ~55% active because of the fact that only ~55% of its
FeMoco sites were occupied (28). Because FeMoco-deficent
forms of the MoFe protein with all FeMoco sites vacant are
notoriously unstable (24), whereas the E146D nifH MoFe pro-
tein is as stable as wild-type (28), it was concluded that the strain
expressing the E146D Fe protein accumulated a small amount of
fully active MoFe holoprotein whereas the bulk of the material
is best represented as shown in Fig. 1, with one FeMoco site
occupied and the other vacant.

FeMoco can be isolated from purified wild-type MoFe protein
and studied as an independent entity in NMF, and it is this form
of FeMoco that is generally used in in vitro MoFe protein
assembly assays. With purified E146D nifH MoFe protein,
however, the vacant FeMoco sites (Fig. 1) could not be filled in
vitro simply by adding isolated FeMoco in NMF, the Fe protein,
and MgATP (see below). This result was not surprising because
we had previously shown that a FeMoco-deficient form of the
MoFe protein synthesized by a nifH deletion strain could be
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Fig. 2. Coomassie-stained 10% SDS/PAGE of partially purified E146D nifH
MoFe protein of A. vinelandii. Lane 1is 4 pg purified wild-type MoFe protein,
and Lane 2is 15 pg partially purified MoFe protein of E146D nifH A. vinelandii.

activated in cell-free extracts on addition of FeMoco, Fe protein,
and MgATP but could not be activated by using the same
additions once it was purified (22-24). We also knew from the
literature that gamma and possibly other proteins and/or factors
were missing (24, 25).

The specific activity of the purified, partially FeMoco-
deficient, E146D nifH MoFe protein is 1110 = 57 nmol C,H4
evolution/min/mg protein, which is ~55% compared with wild-
type MoFe protein (28). Our long-term goal was to fill the
FeMoco sites in the E146D nifH MoFe protein to get 100%
activity in vitro by using all purified proteins so that the function
of the Fe protein and other proteins in this process could be
established. Our strategy was to go back to an earlier stage of the
purification where these other proteins might be present and to
develop an assay for their purification. It was important to
remove the defective E146D Fe protein so that wild-type Fe
protein could be added in the in vitro assays. As described in
Materials and Methods, the experiments described herein used a
partially purified form of the E146D nifH MoFe protein that was
completely separated from the E146D Fe protein. The specific
activity of this partially purified MoFe protein is only ~20%,
compared with the purified E146D nifH MoFe protein (28). As
shown in Fig. 2, the E146D nifH MoFe protein is at an early stage
of the purification, and there are many proteins present, some of
which, including gamma, may be required for the final assembly
reaction. These proteins have not yet been identified, but they
are present in all of the assays described below.

It was previously established that the A. vinelandii strain
expressing the E146D Fe protein accumulates uninserted
FeMoco [presumably on gamma (25)] that can be captured in
vitro by using a purified His-tag form of a FeMoco-deficient
MoFe protein (28). Using the same method, the data in Table 1
establish that this uninserted FeMoco is still present in solutions
of the partially purified E146D nifH MoFe protein, so that the
final assembly assays described below did not require the addi-
tion of isolated FeMoco in NMF.

As expected, the partially purified E146D nifH MoFe protein
is ~55% active, and we know from our study of the purified protein
that this MoFe protein is missing about 45% of its FeMoco (28).

Ribbe and Burgess

Table 1. Accumulation of FeMoco in the partially pure E146D
nifH MoFe protein fraction

C,H4 evolution, nmol/min/mg

Additions* AnifB MoFe protein
None 0+0
Excess FeMoco® 549 * 59
0.6 mg partially pure E146D
nifH MoFe protein 263 + 28*

*All assays contained 0.15 mg of purified FeMoco-deficient MoFe protein of
AnifB A. vinelandii DJ1143.

TExcess isolated FeMoco in NMF was added.

*Background activity of partially pure E146D nifH MoFe protein alone has
been subtracted.

This partially purified protein solution also contains sufficient
uninserted FeMoco to fill all of the FeMoco sites and restore 100%
activity. Nonetheless, the addition of wild-type Fe protein and
MgATP did not result in the assembly of fully active MoFe protein.
Therefore, some other protein(s) appeared to be required (Table
2). We decided to try to supply the missing protein(s) by using
cell-free extracts from a AnifHDK strain of A. vinelandii, designated
CA12 (32). As confirmed by activity assays and cross-reactivity with
antibodies raised against the purified Fe protein and MoFe protein,
these extracts do not contain any Fe protein or MoFe protein (data
not shown). Because the Fe protein is required for FeMoco
biosynthesis, the extracts also do not contain FeMoco (as confirmed
by activity assays), but it was expected that they should still contain
other proteins or factors that are needed for the insertion of isolated
FeMoco into the FeMoco-deficient MoFe protein. As shown in
Table 2, the addition of CA12 extracts to the partially purified
E146D nifH MoFe protein was also necessary to allow the unin-
serted FeMoco to go into the vacant FeMoco sites (Fig. 1),
increasing the specific activity by ~45%.

The results shown in Table 2 therefore established an assay for
the purification of the protein from CAI12 extracts that is
required for the final assembly process. The purification proce-
dure is described in detail in Materials and Methods. The required
protein did not stick to DEAE cellulose, which is why it was not
present in our partially purified E146D nifH MoFe protein
solutions. Fig. 34 shows a one-dimensional Coomassie-stained
gel of the purified protein that is required for the FeMoco
insertion reaction. As shown, the protein has a subunit molecular
weight of 58,800. Fig. 4 compares the NH,-terminal sequence of
the protein to other proteins in the database. Its identification as
A. vinelandii GroEL was also confirmed by crossreaction with
commercially available antibodies raised against Escherichia coli
GroEL (Fig. 3B). Purified GroEL of A. vinelandii was able to
insert FeMoco into the partially purified E146D nifH MoFe
protein, increasing the activity by ~45% (Table 2).

Table 2. Insertion of FeMoco into FeMoco-deficient partially pure
MoFe protein of E146D nifH A. vinelandii

Additions*

C3H4 evolution, Activity,
Fe protein ATP Other nmol/min/mg protein %
- - - 228 + 32 56
+ + - 215 £ 8 53
+ +  AvCA12 extract® 405 + 54 100
+ + Pure GroEL 399 + 38 929

*All insertion assays contained 0.12 mg partially pure MoFe protein of E146D
nifH A. vinelandii. The insertion and activity portions of the assays were
performed as described in Materials and Methods.

tAv CA12, AnifHDK A. vinelandii strain CA12.
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Fig.3. Coomassie-stained 12% SDS/PAGE (A).Lane 1is5 ug Mark12 wide range
protein standard (NOVEX, San Diego). The molecular masses of the standard
proteins are indicated. Lane 2 is 1 pg purified GroEL of A. vinelandii (molecular
weight = 58,800). Western blot with commercially available antibodies raised
against E. coli GroEL (B). Lane 1 is 20 ug of crude extract of A. vinelandii strain
CA12 (AnifHDK), and lane 2 is 1 pg purified GroEL of A. vinelandii.

As mentioned earlier, the vacant FeMoco sites of purified
E146D nifH MoFe protein (Fig. 1) could not be filled in vitro
simply by adding isolated FeMoco in NMF, the Fe protein, and
MgATP (Table 3). We assumed that gamma and possibly other
proteins and/or factors were missing (24, 25). Having established
that GroEL is one of the missing proteins, we tested whether the
addition of purified GroEL is sufficient to insert FeMoco into
purified E146D nifH MoFe protein. Purified GroEL of A.
vinelandii alone or in combination with MgATP and Fe protein
did not support the FeMoco insertion reaction (Table 3),
demonstrating that there are still other proteins and/or factors
missing. By using GroEL-containing extracts from a AnifHDK
strain of A. vinelandii CA12, along with FeMoco, Fe protein, and
MgATP, we were able to supply all required proteins and/or
factors and obtained a fully active reconstituted E146D nifH
MoFe protein (Table 3). The data in Table 3 supply an assay for
the future purification of additional required proteins or factors.

Table 3. Insertion of FeMoco into FeMoco-deficient pure MoFe
protein of E146D nifH A. vinelandii

e
Additions CoH4 evolution,
Fe Av CA12* nmol/min/mg Activity,
protein ATP FeMoco'? GroEL extract protein %
- - - - 1009 = 123 51
+ + + — - 1075 + 88 54
- - + + - 1010 + 83 51
— + + + - 1064 + 88 53
+ + + + - 1072 = 13 54
— - — — + 993 + 186 50
+ + + + 1992 + 280 100

*All insertion assays contained 0.1 mg pure MoFe protein of E146D nifH A.
vinelandii. The insertion and activity portions of the assays were performed
as described in Materials and Methods.

TExcess isolated FeMoco in NMF was added.

*Av CA12, AnifHDK A. vinelandii strain CA12.

E. coli GroEL is a well-characterized molecular chaperone
whose role in the cell is to prevent aggregation and to facilitate
proper protein folding. Protein folding in most cases is believed
to occur in the central cavity of GroEL that is formed by two
heptameric rings of 57-kDa subunits. In a MgATP- and cochap-
erone GroES-assisted mechanism, the cavity is able to accom-
modate polypeptides up to 70 kDa. During this process, GroES,
a single heptameric ring of 10 kDa subunits, acts as a lid for the
cavity forming a cis ternary complex in which the polypeptide is
encapsulated within the GroEL-GroES structure (for detailed
coverage see recent reviews in refs. 33-37). This study shows that
GroEL is somehow required for the insertion of FeMoco into a
form of the MoFe protein of nitrogenase that is already assem-
bled into a 230,000 M,, azf3; tetramer (Fig. 1; ref. 28). Encap-
sulation in this case would not be possible. Recent reports in the
literature also show that encapsulation is not the only mode of
action for GroEL, that proteins larger than 70,000 daltons are
able to bind to GroEL (38) and that GroEL can assist the folding
of some protein without the GroES lid (39). It should be noted
that we have not established whether or not GroES is required
along with GroEL for the final assembly of the MoFe protein. If
it is required, then it must be present in the extracts from the
AnifHDK strain of A. vinelandii CA12 and in the partially purified
E146D nifH MoFe protein solutions. Unfortunately, commer-
cially available E. coli GroES antibodies showed extensive non-
specific crossreactivity with these solutions and were therefore
not helpful in this regard.

Identity, Similarity,

% %
A. vinelandii AAKEVGFGDC ARTSMLVGVN VLADAVTATL GP
P. aeruginosa (GroEL) AAKEVKFGDS ARKKMLVGVN VLADAVKATL GP 84 84
P. stutzeri (GroEL) AAKEVKFGDS ARKKMLVGVN VLADAVKATL GP 84 84
P. putida (GroEL) AAKDVKFGDS ARKKMLVGVN VLADAVKATL GP 81 84
A. salmonicida (GroEL) AAKEVKFGNE ARIKMLEGVN ILADAVKVTL GP 71 77
P. multocida (GroEL) AAKDVKFGND ARVKMLAGVN ILADAVKVTL GP 68 77

Fig. 4.

Comparison of the NH,-terminal polypeptide sequence of GroEL of A. vinelandii with those of other organisms. Thirty-two amino acids of GroEL of A.

vinelandii have been sequenced and compared with known sequences by using BLAST (NCBI, Bethesda, MD). NH,-terminal polypeptide sequences of the highest
similarities are shown. P. aeruginosa = Pseudomonas aeruginosa, P. stutzeri = Pseudomonas stutzeri, P. putida = Pseudomonas putida, A. salmonicida =

Aeromonas salmonicida, and P. multocida = Pasteurella multocida.

5524 | www.pnas.org/cgi/doi/10.1073/pnas.101119498
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Since the early 1990s, when GroEL research was in its infancy,
several reports have appeared suggesting that GroEL might have
something to do with nitrogenase regulation and assembly (40—44).
For example, S pulse—chase experiments with Klebsiella pneu-
moniae suggested transient binding of newly synthesized Fe protein
and MoFe protein polypeptides to GroEL. Recent work on other
systems has shown that, in addition to helping to fold peptides into
conformations that are capable of spontaneous assembly (45, 46),
at least in the case of the mitochondrial branched-chain a-ketoacid
dehydrogenase, GroEL/GroES interaction with an «af het-
erodimeric intermediate is required for the final assembly of the
azf3; tetramer (47-50). Whether or not GroEL is required for the
assembly of the tetrameric MoFe protein shown in Fig. 1, the data
presented here show that it is definitely required for the final
insertion of FeMoco into that protein.

At present it is not known which components of the system
directly interact with GroEL, whose role might be to protect the
vacant FeMoco site of the MoFe protein or to assist in the folding
of that protein after insertion. The other known components of
the system including gamma (25), FeMoco, the Fe protein, and
MgATP (21, 22) are all small enough to be encapsulated by
GroEL, which might serve to protect and hold them in the
correct orientation during the insertion reaction.

It is interesting to note that, when the dual requirement for Fe
protein and MgATP was first established, it was assumed that the
MgATP was binding to the Fe protein and working with it in
some way (22). Subsequently, numerous mutants were analyzed,
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