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Dinitrogenase reductase (Rr2) is required for reduction of the molybdenum dinitrogenase in the nitrogen
fixation reaction and is the target of posttranslational regulation in Rhodospirillum rubrum. This posttransla-
tional regulation involves the ADP-ribosylation of Rr2. To study the structural requirements for these two
functions of Rr2, i.e., activity and regulation, two site-directed mutations in niJH, the gene encoding Rr2, were
constructed and analyzed. The mutations both affected a region of the protein known to be highly conserved
in evolution and to be relevant to both of the above properties of the protein. These mutants were both Nif-,
but one of the altered Rr2s was a substrate for ADP-ribosylation. This demonstrates that the ability of Rr2 to
participate in nitrogen fixation can be separated from its ability to act as a substrate for ADP-ribosylation.

Nitrogenase is a protein complex that contains two compo-
nents, dinitrogenase (Rrl) and dinitrogenase reductase (Rr2).
Rr2 reduces Rrl, which then reduces dinitrogen to ammonia.
In Rhodospirillum rubrum, Rr2 is posttranslationally regulated
by two enzymes, dinitrogenase reductase ADP-ribosyl trans-
ferase (DRAT) (10) and dinitrogenase reductase-activating gly-
cohydrolase (DRAG) (20), which respond to levels of light and
ammonia sensed by the cell (5). When the cell is exposed to
darkness or ammonia, DRAT ADP-ribosylates one of the two
identical subunits of Rr2 and inactivates the enzyme (12). This
modification by DRAT is a highly specific reaction, as nonde-
natured Rr2 is its only substrate in the cell (10, 11). When the
ammonia is exhausted or when light is again present, DRAG
removes the ADP-ribose group and the enzyme is activated (5).
The site of ADP-ribosylation on Rr2 is Arg-101 (16), which is
part of a region conserved in all dinitrogenase reductases
sequenced to date (17). This region also contains a cysteine,
Cys-98, involved in 4Fe-4S cluster binding (4).

Klebsiella pneumoniae lacks this posttranslational modi-
fication system, and a mutant strain, UN1041 (13), has been
shown to contain histidine in place of the conserved arginine
residue (2). The altered protein was purified and found to be
unable to pass electrons to dinitrogenase. It is also not a
substrate for modification by DRAT in vitro (9), though the
wild-type protein from this organism is a substrate for DRAT
in vitro (10). This residue thus appears to be important for
both nitrogen fixation activity and in vitro ADP-ribosylation.
The R. rubrum nifH gene, which encodes Rr2, has previ-

ously been cloned, sequenced, and functionally character-
ized (6). In the present study, two strains with point muta-
tions in the previously mentioned conserved region of nifH
were constructed by using site-directed mutagenesis. The
site of ADP-ribosylation, Arg-101, and the adjacent Gly-100
were changed. Characterization of these mutants demon-
strated that while mutations at Arg-101 and Gly-100 elimi-
nated nitrogen fixation in R. rubrum, only the alteration at
Arg-101 prevented ADP-ribosylation. This is the first dem-
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onstration that an alteration in this region can separate the
ability of Rr2 to participate in nitrogen fixation from its
ability to act as a substrate for ADP-ribosylation.

MATERIALS AND METHODS

Strains and growth. Strains used in this study are listed in
Table 1. The following growth media for R. rubrum are
described by Lehman and Roberts (7): MN (minimal), MN-
(N free), and MG (a low-N medium for nitrogenase dere-
pression that is MGC (minimal medium with glutamate as the
N source) with 10.5 g of MOPS [morpholinepropanesulfonic
acid] per liter). Antibiotic levels for R. rubrum were as
follows: kanamycin, 10 ,ug/ml; streptomycin, 100 ,ug/ml;
spectinomycin, 15 ,ug/ml; and tetracycline, 1 ,ug/ml. Cultures
were grown and derepressed for nitrogenase as previously
described (6, 7). Derepression of nitrogen fixation was
assayed in vivo by whole-cell acetylene reduction (5). ADP-
ribosylation of derepressed cultures was initiated by placing
cultures in the dark for 1 h.

Mutagenesis. Unless otherwise mentioned, DNA manipula-
tions were performed as described by Maniatis et al. (14).
Single-stranded DNA was generated from the phagemid
pLL120 by using the helper phage R408 (19). Mutagenic
oligonucleotides of 15 (Ala-100) and 21 bp (Val-101) were
synthesized by Operon (San Pablo, Calif.) and by the Univer-
sity of Wisconsin Biotechnology Center (Madison, Wis.). The
single-stranded DNA was mutagenized by the method of
Vandeyar et al. (23) with several alterations. The concentration
of the mutagenic oligonucleotide was raised fourfold, and the
annealing mix was heated to boiling for 5 min and then allowed
to cool to room temperature. T7 polymerase (U.S. Biochemi-
cal, Cleveland, Ohio) was substituted for Klenow large frag-
ment, and 2 mM dithiothreitol was added to the polymeriza-
tion-ligation step. The mutagenized DNA was transformed into
fresh competent cells (3) of strain ER1562. The resulting clones
were screened by restriction digestion and confirmed by se-
quencing with the Sequenase Kit (U.S. Biochemical) and
[35S]dATP (Amersham, Arlington Heights, Ill.).
The mutagenized region was excised with EcoRl and cloned

into the EcoRI site of pUX3, which is unable to replicate in R.
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TABLE 1. Strains and plasmids

Strain or Source or

plasmid Relevant traits reference

R. rubrum
UR2 Smr nif+ 6
UR249 Smr nifH071 This work
UR250 Smr nifHJ072 This work

E. coli
DH5ot recA Gibco-BRL
ER1562 mcrAB New England

Biolabs
S17-1 pro tra+ Kmr 22

Plasmids
pBSKS(-) Apr fl origin Stratagene
pSUP202 Apr Cmr mob' 22
pUC-4K Kmr 74
pUX3 pSUP202 with Kmr This work
pLL120 pBSKS(-) with 2.1-kb EcoRI This work

fragment carrying nifH
pLL129 Cmr Kmr nifHI071 mob' This work
pLL130 Cmr Kmr nifHI072 mob' This work

rubrum. pUX3 was constructed by inserting the Km cassette
from pUC-4K into the PstI site of pSUP202. The resulting
plasmid was conjugated from S17-1, which contains the tra
functions, into UR2, selecting for Kmr on MN plates to
demand plasmid integration. A colony was then grown without
kanamycin for 17 to 25 generations and screened for loss of
Kmr caused by recombination between the two copies of the
niJH region flanking the inserted vector. The mutant was
confirmed by sequencing polymerase chain reaction-amplified
(21) chromosomal DNA or by cloning polymerase chain reac-
tion product into pBSKS(-) followed by sequencing.

Characterization 'of mutants. The two-dimensional gel
electrophoresis protocol used' was that of Roberts et al. (18);
samples were prepared as described previously (1). Proteins
were visualized by silver staining (15). N-Methyl-N'-nitro-
N-nitrosoguanidine (NTG) mutagenesis was performed as

described by D. Lies et al. (8).

RESULTS

Construction of mutants. Two mutations were constructed
in the nifH gene carried on pLL120. The site of ADP-
ribosylation, Arg-101, was changed to Val-101 in a 4-bp
alteration that also eliminated a NaeI site, allowing isolates
to be screened by restriction digestion. The adjoining, highly
conserved Gly-100 was converted to Ala-100 by a 1-bp
change that eliminated the same NaeI site.
To allow reintroduction into R. rubrum, each mutagenized

fragment was cloned into pUX3, creating pLL129 (Gly-100
to Ala-100) and pLL130 (Arg-101 to Val-101). After reintro-
duction of the mutations, Kms strains were obtained at a
frequency of 2 x 10-4 to 5 x 10-4. Twenty-five percent of
these Kms isolates from each reintroduction were found to
contain the mutation. The resulting strains were UR249
(Gly-100 to Ala-100) and UR250 (Arg-101 to Val-101). The
Rr2 from UR249 will be referred to as Rr2GA and that of
UR250 will be referred to as Rr2RV.

Characterization of mutants. The resulting strains were

derepressed and shown to have no significant acetylene reduc-
tion activity (Table 2). They were also unable to grow on N-free
plates. No reversion to Nif+ was seen with either strain on

N-free plates (Table 2). Following NTG treatment, the Ala-100

TABLE 2. Characterization of mutants

Property UR2 UR249 UR250

Alteration None Gly-100 to Arg-101 to
Ala-100 Val-101

Sequence (bp GGCCGT G-CCCGT GGGGTG
301-306)a

Growth on +
nitrogen-free
plates

Whole-cell 100 <1 <1
acetylene
reduction (%
of wild type)b

Rr2 + + +C

accumulation
Rr2 modification + + -

in vivo'
Spontaneous NAe <10-9 <10-9

reversion rate
NTG-stimulated NA 10-8 <10-9

reversion rate

a Numbered from start codon (see reference 6; altered bases are under-
lined).

b 8-h derepression.
c Charge-changed product.
d 48-h derepression.
e NA, not applicable.

mutation, a 1-bp change, reverted to Nif+ at a frequency of
10-8. Two of these revertants were sequenced and proved to
be genotypically wild type. The 4-bp change of UR250, how-
ever, yielded no revertants, even with mutagenesis.

Following derepression of the mutants, two-dimensional
gel analysis demonstrated that both strains synthesized and
accumulated Rr2 (Fig. 1). Rr2RV appeared as a charge-
altered protein, as would be expected in light of the loss of the
arginine residue. Additionally, Rr2RV displayed an appar-
ently higher molecular weight, an anomaly also seen with the
analogous protein from K. pneumoniae UN1041 (9). Rr2GA
behaved like Rr2 on gels. When derepressed strains were
exposed to darkness for 1 h, no modification of Rr2RV was
detected on silver-stained two-dimensional gels, but modifi-
cation of Rr2GA was seen. This modification was reversible
upon reexposure to light, as in UR2 (Fig. 1). The identical
electrophoretic pattern of behavior in the wild type (UR2) has
been shown to be due to ADP-ribosylation (5), indicating that
Rr2GA can be ADP-ribosylated but that Rr2RV cannot be.

DISCUSSION

Neither the radical change of Arg-101 to Val-101 nor the
conservative change'of Gly-100 to Ala-100 yielded an Rr2
able to support growth on N2 on N-free plates or to reduce
acetylene in vivo. The region of Rr2 containing these two
residues is highly conserved in all dinitrogenase reductases
that have been sequenced, and the Gly-100 and Arg-101
residues are completely conserved (17). This conservation is
true regardless of whether the organism has a regulatory
ADP-ribosylation system and argues that these residues are
important to the enzyme for structural and/or functional
reasons. The lack of activity due to the mutations described
in this report agrees with this hypothesis. The lack of activity
of the Val-101 mutation is not surprising, since an Arg-100 to
His-100 mutation in K. pneumoniae UN1041 had the same
effect (9). However, it is interesting that the relatively minor
alteration from Gly-100 to Ala-100 does not just reduce
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FIG. 1. Two-dimensional gel analysis of Rr2 accumulation and

modification status in the wild type and in mutatits. In panels A and

B, the lower circles show the positions of unmodified proteins and

the upper circles show the positions of the modified protein. I'n panel
C, only the unmodified protein is circled. (A) 1, Rr2; 2, Rr2 after 1

h of darkness; 3, Rr2 after reexposure to light for 1 h. (B) 1, Rr2GA;

2, Rr2GA after 1 h of darkness; 3, Rr2GA after reexposure to light
for 1 h. (C) 1, Rr2RV (the square indicates the position that Rr2

would occupy); 2, Rr2RV after 1 h of darkness.

activity but completely abolishes it. Sequenice analysis of

two of the NTG-generated Nif+ revertants of this strain

showed that both had regained the wild-type sequence in this

region. A glycine in this position not only appears to be the

best amino acid but may be the only amino acid that confers

sufficient activity for detectable growth.
In view of the requirement of Gly-100 for activity, it is

interesting that it is not required for ADP-ribosylation.
DRAT does not ADP-ribosylate any other proteins in vivo in

R. rubrum and is specific for undenatured dinitrogenase

reductase (11). It will not modify arginine, N-dansyl argi-

nine, or the Rr2-derived hexapeptide Gly-Arg-Gly-Val-Ile-
Thr containing Arg-101 (10). In light of this extreme sub-

strate specificity, it is surprising that a residue' immediately

adjacent to the site of ADP-ribosylation can be altered

without loss of that specificity. Either Rrl and DRAT do not

interact with identical domains on Rr2, or there are disti'nct
conformational requirements for the two reactions.
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