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ABSTRACT

By hybridization and heteroduplex studies the fixABC and
nifA genes of the Rhizobium leguminosarum symbiotic plasmid
PRL6JI have been identified. DNA sequencing of the region con-
taining nifA showed an open reading frame of 1557 bp encoding a
protein of 56,178 D. Based on sequence homology, this ORF was
confirmed to correspond to the nifA gene. Comparison of three
nifA proteins (Kklebsiella pneumoniae, Rhizobium meliloti, Rhizo-
bium leguminosarum) revealed only a weak relationship in their
N-terminal regions, whereas the C-terminal parts exhibited strong
homology. Sequence analysis also showed that the R.leguminosarum
nifA gene is followed by nifB and preceded by fixC with an open
reading frame inserted in between. This novel ORF of 294 bp was
found to be highly conserved also in R.meliloti. No known pro-
moter and termination signals could be defined on the segquenced
R.leguminosarum fragment.

INTRODUCTION

Biological nitrogen fixation, as carried out by a variety of
prokaryotic organisms, is an intricate process regulated by com-
plex genetic mechanisms. In Xlebsiella pneumoniae, nif-specific
repression is mediated by the niflL gene product (1,2) while the
nifA protein is required for transcriptional activation of all
nif operons, except its own, nifLA (3,4,5,6).

Within the last few years it has become obvious that the
nifA gene plays a central regulatory role in symbiotic nitrogen
fixing organisms also. In Rhizobium meliloti, a gene showing
functional and sequence homology to the K.pneumoniae nifA gene
has been identified and shown to be essential for the activation
of nif and fix genes (7,8,9,10). Similar genes homologous to
K.pneumoniae and R.meliloti nifA have also been identified in
Rhizobium trifolii (13) and Bradyrhizobium japonicum (14). The

R.meliloti nifA gene, also designated fixD, is located between
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the fixABC operon and the nifB gene and transcribed in the same
orientation (8,9,10,11,12,15,16,17). The function of the fixABC
genes, which have also been localized in Bradyrhizobium japonicum
(18), is still unknown. The nifB gene product has been reported
to be essential for the synthesis of the FeMo-cofactor in K.pneu-
moniae (19,20) and probably, it plays a similar role in Rhizo-
bium.

Genes homologous to k. pneumoniae nifA and nifB have also
been identified in R.leguminosarum. 1In strain 248, a region of
the symbiotic plasmid pRL1JI was shown to contain a K.pneumoniae
nifB-like gene, called fixZ, as well as the last portion of an
open reading frame homologous to the 3' end of K.pneumoniae nifA
(21). PFor R.leguminosarum strain PRE, a nifA homologous gene has
been identified on a 3.3 kb BamHI fragment and shown to be ne-
cessary for the expression of the nitrogenase structural genes
nifHDK. Hybridization to the fixZ2 region was observed next to
the nifA homologous gene (22,23). 1In both strains of R.legumino-
sarum, a cluster of fix genes has been defined upstream of this
region (22,23,24). Thus, a regulatory gene homologous to K.pneu-
moniae nifA appears to be present on the R.leguminosarum symbio-
tic plasmids pRL1JI and pPRE and to map, analogous to R.meliloti,
between nifB and a cluster of fix genes.

In this study, a region of the R.leguminosarum symbiotic
plasmid pRL6JI has been identified which hybridized to R.meli-
loti fixABC, nifA and nifB and mapped approximately 10 kb away
from the common nod genes. More substantial evidence for the
presence of these fix and nif genes on pRL6JI was obtained by
heteroduplex experiments and by DNA sequence comparison with the
corresponding regions of R.meliloti.

Parts of this work including the entire amino acid sequence
of the R.leguminosarum nifA protein were presented at the Third
International Symposium on "The Molecular Genetics of Plant-

Microbe Interaction" in Montreal, 1986.

MATERTIAL AND METHODS

Strains and plasmids

The relevant characteristics of the bacterial strains and

plasmids used in this study are listed in Table 1.
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Table 1. Bacterial strains and plasmids used. All hybridiza-
tion probes listed carry segments of the R.meliloti symbiotic
plasmid.

Relevant markers and Source or
characteristics Reference
Strains
E.coli S17-1 Pro, Res, Mod, 54
RP4-2(Tc: :Mu) (Km: : Tn7)
R.lequminosarum 3855 128C53 Sm, contains 53
PRL6JT
B151 128C53 Cm, cured of 53
PRL6JI
B164 128C53 Sm, contains Brewin
pIJ1008
R.meliloti 2011 wild type, Sm Denarie
Vectors
pSUP202 pBR325 derived 54
Ap, Cm, Tc, Mob
pSUP205 derivative of pSUP202, 54
contains cos-site in Ap
pSVB20 sequencing vector, Arnold
based on pUC8 (56)
Plasmids
PIJ1008 recombinant between 53
PRL6JT and pVWSJT,
Nod, Fix, Hup, Tra, Nm (Tn5)
Hybridization
Probes
PRMSL26 Tc (pLAFR1), nodDABC and 52
adjacent regions
pRmMR3 Te (pACYC184), fixABC and 15
part of nifA
pRmW53 Tc (pACYC184), nifK Weber /Pihler
PRTWS 4 Tc (pACYC177-Cm), nifA 10
and most of nifB
pMA152 Tc (pACYC184), nodABC and Aguilar/Pihler
part of nodD
pMA14.1 Ap (pACYC177), nodC Aguilar/piihler

Media and growth conditions

B.coli cells were grown in LB medium (25) at 37°C; Rhizobium
cells were grown in TY medium (26) at 30°C. Antibotics were used

at the following concentrations: for E.coli: tetracycline 5ug/ml,
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chloramphenicol 50ug/ml, ampicillin 100ug/ml; for Rhizobium:
tetracycline 5ug/ml, streptomycin 400ug/ml, neomycin 100ug/ml.
Standard techniques

Bacterial matings were carried out as described by Simon
(27). Plasmid DNA was isolated either on large scale by Triton

X-100 lysis and purified by CsCl-EtBr density gradient centrifu-

gation or on small scale by rapid isolation procedures described
previously (28). Total DNA from Rhizobium was isolated according
to Meade et al. (29) with modifications (30). DNA cloning, re-
striction enzyme analyses and ligations were performed according
to Maniatis et al. (25). Transformations were carried out as de-
scribed earlier (31).
Construction and identification of a pIJ1008 cosmid bank

Plasmid pIJ1008 is a 300 kb recombinant derived from the

symbiotic plasmid pRL6JI of strain 128C53 and the bacteriocin
producing plasmid pVWS5JI (53)., Cosmid cloning was performed as
follows: Plasmid pIJ1008 was transferred to R.meliloti 2011 and
a gene bank of the resulting strain 2011(pIJ1008) was constructed
in the cosmid vector pSUP205. Cosmids were then individually
mobilized from E.coli strain S17-1 into R.leguminosarum sStrains
carrying plasmid pRL6JI or pIJ1008. Transconjugants were screened
for stable maintenance of the tetracycline resistance marker. The
vector pSUP205 cannot replicate in R.leguminosarum; only those
cosmids carrying segments of plasmid pIJ1008 were expected to

be stably inherited as a result of cointegrate formation between
the insert DNA and the plasmid present in the recipient. Hybri-
dization experiments confirmed that the selected cosmids con-
tained only segments of plasmid pIJ1008 and pRL6JI, respectively.
EcoRI digested cosmid DNA hybridized only to total DNA from R.le-
guminosarum strains carrying either plasmid pRL6JI (strain 3855}
or pIJ1008 (strain B164) but not to strain B151 cured of plasmid
pPRL6JI. An identical hybridization pattern was observed for
R.meliloti strain 2011(pIJ1008). Under the same conditions, no
hybridization occurred with total DNA from R.meliloti 2011.
Hybridization studies also confirmed that the arrangement of the
EcoRI fragments in the cosmid was identical to that found in
plasmids pIJ1008 and pRL6JI.
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Restriction mapping of clone Cos4
DNA of the cosmid clone Cos4 was digested with EcoRI and all

fragments were individually subcloned into the vector pSUP202.
Restriction maps of all the EcoRI fragments were generated for
the enzymes BamHI, BglII and Xhol and compared with the patterns
obtained for Cos4. Ambiguities were resolved by hybridization.
In addition, the partial restriction method of Buikema et al.
(32) was used.

Southern blot hybridization

DNA fragments were separated on agarose gels and denatured
with 0.5M NaOH/1.5M NaCl, rinsed with distilled water and neu-~
tralized with 3.0M NaCl1/0.5 Tris pH7.0. DNA was then transferred
to nitrocellulose filters as described by Southern (33). Plasmid
or cosmid DNA was labelled with ?2 P-CTP by nick translation re-
action (34). All other steps were essentially as described by
Jagadish and Szalay (35).

DNA electron microscopy

Heteroduplex molecules between R.leguminosarum and R.wmelilo-

ti DNA were performed according to the procedure described by
Burkardt and Pilihler (36). Photographs were taken with a Hitachi
HS9 electron microscope and molecules were measured using a gra-
phic calculator.

DNA sequencing

Sequencing was performed according to the chemical degrada-
tion method (37). The 3.3 kb BamHI fragment was cloned in both
orientations into the sequencing vector pSVB20, constructed and
kindly provided by W. Arnold (manuscript in preparation). Se-
quence data were obtained from shot gun fragments and defined re-
striction fragments cloned into various pSVB20 plasmid deriva-
tives and from specific deletions constructed using a modified
technique described by Hong (38). All restriction sites were
confirmed by overlapping sequencing.

Computer analysis

DNA sequencing gels were read manually. Programs used for
sequence database constructions and for nucleotide or amino acid
sequence analyses were those described by Martinez {(39) and Sobel

and Martinez (40).
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RESULTS
Identification and mapping of symbiotic genes on the Rhizobium

leguminosarum plasmid pRL6JI

A partial cosmid bank of the R.leguminosarum plasmid
pIJ1008, which is a recombinant plasmid derived from the symbio-
tic plasmid pRL6JI and the bacteriocin producing plasmid pVW5JI
(53), was constructed and screened as described in Material and
Methods. 1Initial hybridizations using R.meliloti nod (pRmSL26),
fixABC/nifA (pRmR3) and nifK (pRmW53) probes suggested that two
of the cosmids (Cos49, Cos56) contained the nifHDK region, while
one cosmid clone (Cos4) carried the nodDABC and fixABC/nifA
regions.

Having ascertained that Cos4 contained only sequences of the
symbiotic plasmid pRL6JI which were colinear with the original
arrangement, further experiments concentrated on a more accurate
mapping of the genes located on this cosmid. An EcoRI digest of
Cos4 was probed with pRmR3 containing the R.meliloti fixABC/nifA
region and with pRmW54 carrying the R.meliloti nifA/nifB genes.
The hybridization patterns obtained, revealed that sequences ho-
mologous to the R.meliloti fixABC/nifA probe resided on a 5.45 kb
EcoRI fragment, while homology to nifA/nifB was found to both a
5.45 kb and a 1.80 kb EcoRI fragment (data not shown). Similarly,
both EcoRI fragments hybridized to the 1.5 kb BamHI fragment of
pRmW54, which contains only nifA specific sequences. Hybridiza-
tion experiments with plasmid pMA152 established that sequences
homologous to the R.meliloti nodDABC region resided on two EcoRI
fragments of sizes 2.95 kb and 1.35 kb; homology to nodC (probe
pMA14.1) was only present on the 2.95 kb EcoRI fragment. The or-
ganization of Cos4 is shown in Figure 1. The fix/nif region of
plasmid pRL6JI is approximately 10 kb from the nod region. Due
to the absence of overlapping fragments between Cos4 and Cos49 or
Cos56, it was not possible to determine the physical linkage bet-
ween the fixABC/nifA and the nifHDK regions.

Comparative analysis of the R.leguminosarum and R.meliloti fixABC

and nifA regions by heteroduplex studies

To compare the structural organization of the fixABC/nifA
containing regions in R.leguminosarum and R.meliloti heteroduplex
molecules between the 5.45 kb BcoRI fragment of Cos4 and the 4.8
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Figure 1. Organization of the pRL6JI cosmid clone Cos4. The
restriction map for EcoRI is given at the top; the two EcoRI
fragments (5.45 kb and 1.80 kb) hybridizing to R.meliloti fix/nif
probes are shown below in more detail. Hatched areas refer to
the sections hybridizing to the respective R.meliloti probes.

The 3.3 kb BamHI fragment used for sequencing is outlined.
Restriction sites are B=BamHI, B'=BglII, C=Clal, E=EcoRI, H=
HindIII, P=PstI, S=Sall, S'=Smal, X=Xhol.

kb EcoRI fragment of pRmMR3 were constructed. One of the 17 hy-
brid molecules analyzed is shown in Figure 2. The results indi-
cated the presence of two regions of homology, a rather long sec-
tion of approximately 3.5 kb and a very short one of 100-150 bp.
Since the R.meliloti fragment was marked with Tn5, inserted into
fixC, the long segment could be readily assigned to the coding
region for fixABC. However, the homology clearly extended beyond
this region. The second segment of homology appeared within the
nifA coding region but did not cover the entire fraction.

These data suggest that the organization of the fixABC re-
gion is very similar in both R.meliloti and R.leguminosarum
whereas the nifA genes are less conserved, at least in their 5'°'
portions.

DNA sequence analysis of the R.leguminosarum nifA region

To better understand the dissimilarities within the nifA re-
gion of R.leguminosarum and that of R.meliloti, the 3.3 kb BamHI
fragment of Cos4, known to start within the region homologous to
fixC and expected to contain the entire nifA gene of R.legumino-
sarum (Figs. 1 and 2) was sequenced. The cloning and sequencing
strategy as well as the summary of the results are compiled in

Figure 3. Figure 4 gives the complete nucleotide sequence ob-

37



Nucleic Acids Research

o |
CE

m
>
v
o
=3
x
-
m
w
nH
ar

1kb
e

Figure 2. Heteroduplex prepared from the fixABC/nifA regions of
R.leguminosarum and R.meliloti. The electron micrograph shows
the actual heteroduplex structure obtained between the 4.8 kb
EcoRI fragment of pRmMR3 (15) containing the R.meliloti fixABC and
part of the nifA gene and the 5.45 kb EcoRI fragment of Cos4
(compare also Fig. 1); the R.meliloti fragment was marked with
transposon Tn5, inserted into fixC. The schematic representation
shows the interpretation of the hybrid molecule, aligned to the
maps of the respective EcoRI fragments. Restriction sites are as

in Fig. 1.

tained for the 3.3 kb BamHI fragment and the translation of open
reading frames into amino acids. Four potential coding regions
could be defined, all of which were in the same orientation.

One of these comprises 1557 nucleotides and contains a pos-
sible methionine initiation codon at position 989 and a termina-
tion codon at position 2545. The deduced amino acid segquence
(519 amino acids) corresponds to a protein of 56,178 D. From the
hybridization and heteroduplex studies it was very likely that
this large open reading frame, overspanning the gEcoRI restriction
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Pigure 3. Summary of the DNA sequencing of the pRL6JI fragment
containing the nifA gene and adjacent regions. The 3.3 kb BamHI
fragment of Cosd4 (see also Fig. 1) was used for sequencing;
arrows indicate the extent and direction of sequencing. In the
middle part, the restriction map for the enzymes B=BamHI, B'=
BglIlI, C=Clal, E=EcoRI, S=Sall, S'=Smal, X=Xhol, Xb=Xbal, Sa=
SacI is outlined as obtained from the nucleotide sequence; the
scale underneath refers to the relative positions of restriction
sites (upper numbers) and of start and stop codons of open
reading frames (bottom numbers). The location and transcrip-
tional direction of open reading frames are shown below; three of
them could be identified as fixC, nifA and nifB.

site, corresponded to the nifA gene of R.leguminosarum. This was
confirmed by aligning the predicted amino acid sequence with the
R.meliloti {(9,10) and k.pneumoniae (9,41) nifA sequences.

Figure 5 presents this comparison with the sequences arranged in
different domains, according to Drummond et al. (41). The differ-
ent degrees of homology between the three nifA proteins for the
various domains are summarized in Table 2 which also includes the
comparison to the X.pneumoniae ntrC sequence (9,41). The first
140 amino acids of the R.leguminosarum nifA sequence (block A)
show only weak homology with the other proteins, followed by a
block of approximately 20 amino acids (domain C) with a slightly
higher degree of homology. A central region of about 240 amino
acids (domain D) exhibits strong correlation amongst the four
proteins. One stretch of 16 amino acids (coordinates 285-300) is
completely identical between the three nifA proteins and is also
conserved in ntrC. Another section sharing substantial homology
is near the end of the proteins (block E). The highest conserva-

tion to R.meliloti in this block occurs between position 537 and

39



Nucleic Acids Research

Y A
GAG_TAC GCC G

¢ 8 ¢ I K
GGA_TCC GAG ATC AMA

<

of
-f
o,

|

xE

|

<8

=E
=3
“f
o§
"3
=4
=35
d:
<%
=3
=3

|

K

°3

a2 X
T, I

T

B []
'€ _CAC ACC GAC ACT CAC

L
[sro

ATC 429

!
!
:

w3

<
u|

3
“3
3
~§
3
3
~§

¥

d:

v

1

T
C ATT ACSC CTGC 599

T R R P B
ACT AGA CGC CCA CA

ys

L VvV D
CTC GTC GA!

T

Y
I

=8

645

D G
TCG_GAT GGC 699

53

D 1
C_GAC ATA ARG

879

TT

ATCCH

TTTCGAT

[~ v,

1012

'AGCC)

AAAAGCA

Y

L

I

1066

x4

CAT ATT CTC TAC GAC

1120

3

A
GCC ATC

A Ed

I

v
G CCT TGG ATA AAC GTA CGG GCT CCC 1174

8 6 ¢ ¢
TCC GGA_GCA GA

2 G
& GGC

1
ATT CM

v
CTC

1
TC

A

G
CGA

A
GCG CAG

1390

5 P T Q
1498

CAC CCC _ACC CAA

? X
CC3 AAG

L
1552

v
AGG GTA TTA

3

1984

A
[~

L
o3
=3
o]

4

40



Nucleic Acids Research

R D V X X [
CGT ATC GAT GTG AAG AAG GAG|TGA AGA 2587

TTCTACA 2658

TGCT 2729

2800

n il G G R A 8 [ [ Y G L [

ATG CCC GGT GGC CGC GCA TCT TCG TCC TAT GGC CTT _TCG = 2854
v ®* b oD X D A R I %W X R I X D H P C
GTG_ACC GAT GAC AMA GAT GCC CGG ATC TGG GAG AGA ATT AAA GAT CAT CCC TGC 2908
¥y & T Q A X R Y P A R M E V A ¥V A P
TTT TCA GAG CAA GCC CAT CAC TAT TTC GCT CGC ATG CAT CTC GOG GIC GCG CCT 2962
A € ¥ I Q € ¥ Y € N R X Y D € T ¥ I
GCC TCC AAC ATC CAG TGC AAC TAC TGC AAT CGC AAA TAT GAC TGC ACT AAC GAMA 3016
8 X% P G V A 8 V K L T P D @ A L R X
AGC CGT CCC GGG GTC GCA TCA GTA AAG CTA ACT CCC GAC CAG GCC CTA CGC AAG 3070
vV L A ¥V A 8 X V » X L 8 VvV I ¢ V a @
STC_CTG GCC GTC GCC AGC AMA OTC CCC GAG COTT TCC GTA ATC GGC CTT GCC GGA 1124
» ¢ O A € Y D ¥w¥ R XK T A A T F T G V
£0G 0gC GAC OCT TCT TAC GAC TCC ACG MMWA ACA GCA goc Ace TTT GAA GOA GIT 3178
A » ¢t I » ©» I X L € 1 3 T ¥ G L A L
GCG AGA GAA ATA CCT GAC ATC AMA_CTA TGC AT C 3232
» b A V D X L A D N ¥ V D K V T I T
€CC GAC CAT OTC GAT GAG CTA GCT _GAC ATG AAC GTC GAT CAC 3286
1 n [
ATC AAC ATC GTG GAT B3 1)

Figure 4. Complete sequence of the 3.3 kb BamHI fragment con-
taining nifA and adjacent regions. The 3.3 kb BamHI fragment,
known to start in a fixC homologous region and expected to con-
tain the entire nifA gene was sequenced as described. Numbers
refer to the nucleotide arrangement. The predicated amino acid
sequences for the four open reading frames determined (boxed
areas) are given in the single letter code. The unique EcoRI
site located within the long open reading frame (position 1877)
is underlined

562 with 24 out of 26 amino acids being identical.
From this comparison it was deduced that this long open
reading frame corresponded to the R.leguminosarum nifA gene.

Localization of the R.leguminosarum fixC and nifB genes

Upstream of nifA, two open reading frames were localized,
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Figure 5. Comparison of the expected nifA amino acid sequence of
R.leguminosarum (R.1.) with the nifA proteins of R.meliloti (R.
@., 9,10) and K.pneumoniae (K.p., 9,41). Vertical bars denote
identical amino acids in non-adjacent sequences, asterisks indi-
cate identities in adjecent sequences. In addition, amino acids
invariant in all three proteins are boxed. The alignment is ac-
cording to Drummond et al. (41); the numbers above refer to the
whole alignment, letters indicate blocks referred to in the text.
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Table 2. Homology of the R.leguminosarum nifA amino acid sequence
to nifA of R.meliloti (9,10) and nifA and ntrC of K.pneumoniae
(9,41). The coordinates refer to the alignment in Figure 5. The
percentage of identical residues was calculated for the various

domains: n.d. = not determined since domain A is not present in
ntrC (41),
Number of Percentage of homology to
Domain Coordinates residues R.meliloti K.pneumoniae K.pneumoniae
compared nifA nifA ntrC
A 1-184 141 241 11.4 n.d.
(o} 193-213 19 31.6 26.3 15.8
D 219-460 240 72.9 55.8 44.6
E 496-565 64 59.4 . 46.9 21.5

one terminating at position 489 and a second very short one
stretching between coordinates 505 and 798 (see Figs. 3 and 4).
This small open reading frame (10,970 D) was very unlikely to
correspond to fixC, since from minicell experiments, the fixC
protein of R.pmeliloti was calculated to have a molecular weight
of ca. 43,000 D (11). Therefore, the frame reading into the se-
quenced region was expected to represent the R.leguminosarum
fixC coding region and was compared with the 3' end of the R.me-
liloti fixC gene, sequenced in our laboratory (H.R., unpublished
results). The amino acid sequence alignment revealed a homology
of 75.0% between the two species for the 44 amino acids compared
(data not shown).

Downstream of the nifA gene, the N-terminal portion of an-
other open reading frame was identified, starting at coordinate
2816. This open reading frame was expected to correspond to the
beginning of the nifB locus, since it had been shown that in
R.leguminosarum, as well as in K.pneumoniae and R.meliloti, the
nifA gene is neighboured by a sequence homologous to nifB (21,23).
The amino acids deduced from this sequence were therefore com-
pared to the published sequence of fixZ, the nifB-like gene of
R.leguminosarum plasmid pRL1JI (21). The alignment is shown in
Figure 6. The sequence obtained in this work differs from that
of Rossen et al. in that it starts 19 amino acids further up-

stream resulting in a different reading frame. Good correlation
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Pigure 6. Alignment of the N-terminal amino acids of the nifB
sequence (pRL6JI) to the fixZ sequence of pRL1JI (21). Asterisks
denote identical residues; arrows indicate presumptive reading
frame shift errors in the fixZ sequence. The sequences are
arranged for the maximum matching of convergent reading frames
(blocked areas).

between the two sequences begins at position 47 with another mis-
match appearing between coordinates 70 and 100. However, the se-
quence obtained in this study is highly consistent with the R.me-
liloti nifB gene (H.R., manuscript in preparation), also in those
sections differing from the fixZ sequence (124 amino acids being
identical out of 162 residues compared = 76.5%). Putative frame
shift errors in the fixZ sequence, as indicated in Figure 6,
might be responsible for the divergency between the two R.legumi-
nosarum nifB genes.

Identification of a novel open reading frame preceding the nifA

genes in R.leguminosarum and R.meliloti

Unexpectedly, a fourth open reading frame of 294 nucleotides
was found within the sequenced fragment, stretching between the
fixC and the nifA gene. The heteroduplex experiment between the

fixABC/nifA regions of R.leguminosarum and R.meliloti (Fig. 2)

RMm. MRTAMPERIEDKLYQONRYLVDAGRPHITVRPHRSPSLNLLALTRVCPAKCYELNETGQVE
" ARERARANSERCARA  AARAIRNAAAANE  FAASd  AREEANE AR NEE

R.I. MRATTIERIEDKLYQNRYLVDTRRPHITVRPHRSPSPSLLALTQICPAKCYEVNEIGQVA

R.mM. VTADGCMECGTCRVLCEANGDVEWSYPRGGFGVLFKFG
e R R R T A T e T

R!. IVSDGCLECGTCRVLAEASGDIKWNYPRGGFGVLFKFG

Pigure 7. Comparison of the amino acid sequences of the novel
open reading frames located between the fixC and nifA genes in
R.leguminosarum (R.1.) and R.meliloti (R.m.). Asterisks indicate
identical amino acids.
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already suggested that this sequence might be conserved in the
two species as the long stretch of homology corresponding to
fixABC clearly extended beyond the fixC coding regions. This as-
sumption was confirmed by sequence analysis, which revealed the
presence of an open reading frame downstream of the fixC gene of
R.meliloti, which also comprises 98 amino acids, 77.5% of which
are identical to those of R.leguminosarum (Fig. 7). In both spe-
cies, this novel open reading frame is separated from the fixC
coding region by only 12 nucleotides which include a good ribo-
some binding site (AAGGA in R.leguminosarum, GGAG in R.meliloti).

DISCUSSION

By hybridization to R.meliloti probes and confirmed by he-
teroduplex and sequencing studies, a fragment of the R.legumino-
sarum symbiotic plasmid pRL6JI containing the genes fixaABC, nifA
and nifB and an additional open reading frame has been identi-
fied. The common nod gene cluster was mapped approximately 10 kb
from the fix/nif region. This spacing is very similar to that
found in the R.leguminosarum plasmid pPRE (22,23). 1In contrast,
the intervening distance between the nifA homologue and the nodC
gene in the R.leguminosarum plasmid pRL1JI is only 6 kb (24,55).
Also in pRL5JI these regions are close together (42). Thus, sym-
biotic plasmids in R.leguminosarum seem to diverge with respect
to their physical maps. In all R.leguminosarum symbiotic plas-
mids investigated, the nifA homologous gene was found to be
flanked on one side by fixZ, the homologue of the K.pneumoniae
nifB locus, and by a cluster of fix genes on the other side (21,
23,24).

The R.leguminosarum nifA protein (56,178 D) appears to be
slightly smaller than that of both R.meliloti (59,868 D) (10) and
K.pneumoniae (58,630 D) (41). Alignment of the R.leguminosarum,
R.meliloti and K.pneumoniae amino acid sequences (according to
Drummond et al., 41) shows a strong relationship between the
three nifA proteins in their C-terminal part which is also signi-~-
ficantly homologous to ntrC, although to a lower degree. The two
Rhizobium nifA proteins are closer related to each other than to
that of Kk.pneumoniae. The highest percentage of homology is found

in a central region of approximately 240 residues (domain D},
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followed by domain E which contains a sequence related to a DNA
binding motif (underlined region in Fig. 5). Like in K.pneumo-
niae nifA, this binding motif in R.leguminosarum contains Gly at
position 549, thus matching the consensus sequence proposed by
Drummond et al. much better than that of R.mweliloti. The homology
in the N-terminal part of the three nifA proteins is less strik-
ing (domains A and C). The weak homology between R.meliloti and
K.pneumoniae nifA in this area, already described by Drummond et
al. (41), could be confirmed by including the comparison with
R.leguminosarum nifA, the homology of which to K.pneumoniae is
even lower.Although not necessarily expected, the two Rhizobium
nifA proteins also exhibit only a weak relationship in their N-
terminal parts, although the correlation is much better than that
to K.pneumoniae. It would appear, that the highly conserved do-
mains D and E are common to positive regulatory proteins, while
the less conserved N-terminal domains may be responsible for spe-
cies specific differences in their regulatory function.

No classical rho-independent terminator structures could be
localized within the nontranslated regions upstream of nifA (187
bp) and nifB (267 bp). Further, no homology to nifA or ntrC re-
gulated promoter sequences (12,43,44,45,46,47,48) or to the R.me-
liloti nifA promoter (9) was detected. Also, no sequences resem-
bling the upstream elements shown to be required for nifA activa-
tion in some species could be identified (6,45,49,50). This is in
contrast to R.meliloti where (i) nifA is preceded by a promoter
sequence and can be expressed either from its own promoter or
from the fixABC promoter p2 (9,51) and (ii) the intergenic region
between nifA and nifB contains both a rho-independent transcrip-
tional termination signal and a nif consensus promoter (9, H.R.,
unpublished results). Also in the case of pRL1JI no evidence for
the presence of a promoter in front of the nifB homologue fixZ
could be found (21). These data suggest either, that in R.legu-
minosarum there are in fact no promoters in front of the nifA and
nifB genes and transcription occurs exclusively from a promoter
further upstream, or that there are promoters which show no homo-
logy to the Rhizobium promoters described so far.

In addition to nifA and parts of fixC and nifB, the se-

quenced fragment contained a novel open reading frame 5' to the
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nifA gene. Hybridization to total cellular DNA revealed homolo-
gous regions also in a variety of other R.leguminosarum strains
(data not shown). By sequence comparison, this small reading
frame was found to be also present in R.meliloti and to be highly
conserved at both nucleotide and amino acid levels. For the mo-
ment, there is no genetic evidence that this region is really
transcribed or that the putative protein plays some role in ni-
trogen fixation. The close proximity to the fixC gene, the ab-
sence of transcriptional termination signals and promoter-like
structures and the existence of good ribosome binding sites in-
dicate only that this open reading frame constitutes a separate
coding region, the expression of which is probably coupled to the
fixABC operon.

This study has shown that remarkable similarities exist bet-
ween R.leguminosarum and R.meliloti in terms of the genetic and
structural organization of the fixABC, nifA and nifB regions.
Dissimilarities as they occur in the intergenic regions or in the
N-termiﬁal part of the nifA genes may be responsible for species
specific differences in regulation, expression and function of
these genes.
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