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This report is concerned with the structural characteriza-
tion and genetic regulation of new bacterial groES and
groEL chaperonin genes, and presents two novelties. The
first is the discovery that the nitrogen fixing soybean root
nodule bacterium, Bradyrhizobiumjaponicum, unlike all
other prokaryotes investigated so far, possesses a
multigene family consisting of five very similar, though
not identical, groESL-like genes. The second novelty
relates to the finding that these five homologues are
expressed to different degrees and, in particular, that one
family member (namely groESL3) is induced by a
mechanism that does not involve the well-known heat
shock response. By contrast, the groESL3 genes are
co-regulated together with symbiotic nitrogen fixation
genes, in that they are activated by the nitrogen fixation
regulatory protein NifA at low oxygen conditions and
transcribed from a -24/-12 promoter by the o RNA
polymerase. Two other members of the groESL gene
family are apparently expressed constitutively at different
levels, and yet another one is strongly induced by high
temperature. As an attractive hypothesis it follows that
B.japonicum may modulate its cellular contents of
GroES- and GroEL-like chaperonins in response to
specific environmental conditions and physiological needs.
Key words: gene regulation/nifA/oxygen control/phylogenetic
tree/symbiosis

Introduction
Many prokaryotic and eukaryotic proteins require the
assistance of molecular chaperones in order to become
properly folded and/or assembled as oligomeric structures.
It has been proposed that the essential function of chaperones
is to prevent the formation of incorrect structures by
inhibiting unproductive folding pathways (Ellis, 1990). In
addition, chaperones play an important role in minimizing
cellular damage caused by stress conditions such as heat
shock. Accordingly, the majority of the ubiquitous
chaperones belong to one of three families of highly
conserved heat shock proteins, namely the Hsp9O, Hsp7O
and Hsp6O protein families (for recent reviews see Ellis and
van der Vies, 1991; Gething and Sambrook, 1992; Hartl
et al., 1992). The latter family, also termed chaperonins

(Hemmingsen et al., 1988), includes a class of sequence-
related proteins found in a large number of bacterial species
as well as in mitochondria and plastids (Georgopoulos and
Ang, 1990; Zeilstra-Ryalls et al., 1991). The GroEL protein
of Escherichia coli is probably the best-characterized
chaperonin. The 57.3 kDa GroEL protein is encoded by the
promoter-distal gene of the E. coli groESL operon which is
under dual genetic control. Basal constitutive expression at
low temperatures originates from a or70-dependent
promoter, whereas at physiological temperatures ( > 30°C)
transcription primarily starts from a a32-type promoter (heat
shock promoter) located upstream of the a70 promoter
(Zhou et al., 1988; Georgopoulos and Ang, 1990). The
groES and groEL gene products are essential for growth of
E. coli at all temperatures (Fayet et al., 1989), and
temperature-sensitive groESL mutants show a pleiotropic
phenotype (Gething and Sambrook, 1992 and references
therein). The functional GroESL complex consists of 14
GroEL subunits arranged in two stacked heptameric rings
and a ring of seven GroES subunits bound to one end of
the GroEL double ring. Substrate proteins to be folded
probably bind to the central cavity of the GroEL cylinder,
and it is thought that GroES couples the ATPase activity
of GroEL with the protein folding mechanism (Langer et al.,
1992 and references therein).
From recent reports it became evident that chaperonin-

mediated protein folding or assembly may also be involved
in the complex regulation of nitrogen fixation by prokaryotic
organisms. For example, it was shown that in the free-living
diazotrophic bacterium Klebsiella pneumoniae, a GroEL-like
protein might be involved in the control of nitrogenase
biogenesis (Govezensky et al., 1991). In Rhizobium meliloti,
the root nodule symbiont of alfalfa, a GroEL-like protein
is required for full activity of NodD3, a transcriptional
activator of nodulation genes (Fisher and Long, 1992).

In the soybean symbiont Bradyrhizobium japonicum,
conditions of low oxygen tension present in root nodules or
in anaerobic bacterial cultures are critical for the
transcriptional activation of different sets of genes involved
in nitrogen fixation (Hennecke, 1990). The B.japonicum
NifA protein, an oxygen-responsive transcriptional activator,
plays a key role in this process (Fischer and Hennecke, 1987;
Fischer et al., 1988). Under low oxygen conditions, NifA
binds to an upstream activator sequence and interacts with
the RNA polymerase - a54 complex bound at
-24/ - 12-type promoters thereby catalysing open complex
formation and initiating transcription (Morett and Buck,
1989; Morett et al., 1991). Accordingly, a B.japonicum nifA
mutant is unable to fix nitrogen. There is now cumulative
evidence that the regulatory scope of NifA extends beyond
the functions related directly to nitrogen fixation. This was
first observed in a B.japonicum nifA mutant that was not
only defective in nitrogen fixation but also elicited nodules
with a necrotic structure reminiscent of a hypersensitive
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Fig. 1. Relevant sections of silver-stained, two-dimensional gels of lysates from anaerobically grown cells of B.japonicum llOspc4 (wild-type; A),
A9 (nifA-; B) and 8541 (groEL3-; C). The arrows indicate the direction of the isoelectric focusing (first dimension) and the SDS-PAGE (second
dimension) steps. In panel A the 58 kDa GroEL3 protein whose synthesis is induced under anaerobic conditions in the wild-type is circled in white,
whereas the black circles in panels B and C mark its absence in extracts of nifA- and groEL3- strains, respectively.

response in incompatible plant-pathogen interactions
(Fischer et al., 1986; Studer et al., 1987; Parniske et al.,
1991). Since then, various (brady-)rhizobial species have
been shown to harbor non-nif and non-fix genes whose
expression is controlled by NifA (Hirsch and Smith, 1987;
Hawkins and Johnston, 1988; Martin et al., 1988; Murphy
et al.; 1988; Sanjuan and Olivares, 1989). The pleiotropic
phenotype of a B.japonicum nifA mutant was visualized by
two-dimensional gel electrophoresis of protein extracts of
microaerobically grown B.japonicum nifA mutant cells
(Fischer et al., 1986). In these extracts at least eight proteins
were missing as compared with the wild type (Regensburger
et al., 1986). Among these were the previously identified
NifH protein (nitrogenase component II apoprotein; Hahn
et al., 1984) and an unknown 58 kDa protein, both present
as prominent spots in wild-type extracts. We exploited this
system in the context of our efforts to identify new targets
for NifA-mediated control. Here we describe the
identification of the 58 kDa protein as a B.japonicum GroEL
homologue which is encoded in one member of a family of
five differentially regulated B.japonicum groESL operons.
Interestingly, its synthesis is co-regulated at the
transcriptional level with the process of symbiotic nitrogen
fixation via NifA and the a factor RpoN (afM4). Two
additional groESL genes are expressed constitutively, and
a third homologue is heat shock-inducible.

Results
Identification of a GroEL-like protein whose synthesis
is NifA-dependent
B.japonicum synthesizes a number of proteins specifically
under microaerobic or anaerobic growth conditions in a
NifA-dependent manner, as shown previously by two-
dimensional gel electrophoresis of crude cell extracts (Fischer
et al., 1986). Among these we observed a prominent, well
resolved protein with an apparent molecular mass of 58 kDa
(Figure IA). This protein was isolated by electroelution from
two-dimensional gels (see Materials and methods), and

- 150 pmol were used to determine its N-terminal amino
acid sequence (Figure 2, second line). Four positions within

the sequenced stretch of 29 amino acids could not be
determined with certainty, and two positions yielded
ambiguous results. No N-terminal methionine was found.
Attempts to identify the B.japonicum DNA region that
encoded the 58 kDa protein by using synthetic
oligonucleotide hybridization probes deduced from the
available N-terminal protein sequence were unsuccessful.
However, homology searches in the MIPSX protein
sequence databank revealed that the N-terminus of the 58
kDa protein showed a strong similarity to the N-terminus
of the E.coli GroEL protein (Mr 57 259; Hemmingsen
et al., 1988) and to other members of the so-called GroEL
protein family (Figure 2). Nineteen out of the 29 amino acids
determined from the B.japonicum 58 kDa protein were
identical as in the N-terminus of the E. coli GroEL protein
(66% identity). This finding allowed us to use more specific
probes in the search for the gene encoding the 58 kDa
protein.

Cloning of five groEL-homologous regions
Five hybridizing BamHI fragments of 3.7, 4.5, 6, 11 and
13 kb size were detected in Southern blot hybridization
experiments with BamHI-digested genomic DNA of
B.japonicum, using an E. coli groEL-internal DNA fragment
as probe (see Materials and methods). Essentially the same
hybridization pattern was observed when oligonucleotide
ELI or EL3 was used as a probe (data not shown). This
suggested the presence of multiple groEL-homologous
regions in the B.japonicum genome. In order to clone these
DNA regions, the genomic BamHI DNA fragments in the
respective size ranges of interest were isolated from
preparative agarose gels and used for the construction of
partial DNA libraries in E. coli DH5ac. Colony hybridization
screening of these libraries with the oligonucleotide ELi as
probe led to the identification of five recombinant plasmids
(pRJ7931, pRJ7928, pRJ7932, pRJ7934 and pRJ7980)
which represent the five groEL-homologous regions
originally observed in the Southern blot hybridizations of
genomic DNA (Figure 3A). Subsequent restriction analyses,
further hybridization experiments, DNA sequence analyses
and comparison of the deduced amino acid sequences with
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Bradyrhizobium japonicum groESL multigene family
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Fig. 2. Comparison of the N-terminal amino acid sequence of the B.japonicum 58 kDa protein with that of E.coli GroEL (Hemmingsen et al., 1988)
and the predicted N-termini of the B.japonicum GroEL, to GroEL5 proteins. Identical residues of Ecoli GroEL and the 58 kDa B.japonicum protein
are marked in bold face italics. Underlined residues in the deduced B.japonicum GroEL sequences indicate positions in which the amino acids deviate
from those of the sequenced N-terminus of the 58 kDa protein.
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Fig. 3. Southern blot hybridizations of plasmids containing the cloned groEL genes of B.japonicum (A) and of genomic DNA isolated from
B.japonicum groEL mutants (B). A 521 bp, groEL3-internal DNA fragment that had been labelled by PCR with digoxigenin-ll-dUTP, was used as a

probe in both hybridization experiments. The BamHI-digested DNA samples were as follows: chromosomal DNA of wild-type B.japonicum (lanes 1

and 7), pRJ7980 (groEL5; lane 2), pRJ7934 (groESL4; lane 3), pRJ7932 (groESL3; lane 4), pRJ7928 (groESL2; lane 5), pRJ7931 (groESLI; lane 6),
chromosomal DNA of Bjaponicum mutant strain 7996 (groEL57 lane 8), 8528 (groEL4-; lane 9), 8541 (groEL3-; lane 10), 7942 (groEL2j;
lane 11) and 7940 (groEL7-; lane 12). The sizes of the BamHI fragments containing the five groEL homologues are indicated between panels A and
B. Hybridization to pUC18 in panel A originated from PCR-labelled vector sequences present in the probe. The weakly hybridizing band of -3.7
kb in lane 12 originated from non-specific hybridization to a BamHI fragment of about the same size as that containing groESLI.

those of the E. coli GroEL protein led to the localization of
five groEL-homologous genes (groEL, to groEL5) on the
cloned BamHI DNA fragments as depicted in Figure 4.
Genes homologous to E.coli groES were then detected
immediately upstream of the groEL genes in four of the five
BamHI fragments (Figure 4). The four groES- and groEL-
like genes cloned on plasmids pRJ7931, pRJ7928, pRJ7932
and pRJ7934 are probably organized in operons. The ATG
start codon of the fifth groEL-like gene was located only
85 bp away from the left BamHI site at the very end of the
11 kb BamHI fragment cloned in plasmid pRJ7980
(Figure 4). By partial DNA sequence analysis of a cloned
overlapping fragment, another groES-like gene (groES5)
was found which terminated 140 bp upstream of groEL5,
i.e. outside of the cloned DNA in pRJ7980 (data not shown).

In the course of mutagenizing groESL3 and groESL4 (see
below), an antibiotic resistance cassette containing

recognition sites for the rarely cutting restriction
endonucleases PmeI, SwaI and Pacl (Kundig et al., 1993)
was introduced into these loci (Figure 4). This facilitated
a physical mapping of groESL3 and groESL4 on the
B.japonicum chromosome. Interestingly, groESL3 was

found to be located at map position 840 within a cluster of
genes required for symbiotic nitrogen fixation, whereas
groESL4 mapped far outside of this region at map position
242 .

DNA sequence analysis of groESL2 and groESL3
The complete nucleotide sequences of the groESL2 and
groESL3 regions on plasmids pRJ7928 and pRJ7932 were

established (Figures 5 and 6). The groES2 gene extending
from position 352 (ATG) to 664 (TAG) was followed by
the groEL2 gene which started at position 738 (ATG) and
ended at position 2388 (TAA) (Figure 5). Similarly, groES3
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Fig. 4. Physical maps of the BamHI inserts of the recombinant
plasmids pRJ7931, pRJ7928, pRJ7932, pRJ7934 and pRJ7980. The
location of the groESL genes as deduced from partial (groESL1,
groESL4, groEL5) or complete (groESL2, groESL3) nucleotide sequence
analyses is indicated by open arrows. The 5' region of groES4 and the
3' regions of groELI, groEL4 and groEL5 (broken lines) were not
sequenced and the extension of these genes is drawn by analogy with
groESL2 and groESL3. The cross-hatched bars below groESL2 and
groESL3 mark the DNA regions whose sequences are shown in
Figures 5 and 6, respectively. The structures of the groEL mutations
are shown below the wild-type maps. The hatched bars with the small
horizontal arrow refer to the inserted aphII (Kmr) cassettes and their
orientation. Vertical filled arrowheads indicate the location on aphII-
PSP (Kiindig et al., 1993) of recognition sites for the rarely cutting
restriction endonucleases PmeI, Swal and Pacl which were used for
physical mapping of groESL3 and groESL4 on the B.japonicum
chromosome. Open bars fused to black arrows symbolize the
translational groEL'-'lacZ fusions. The numbers to the right refer to
the respective strain designations. Only the relevant restriction sites are
shown, and they are abbreviated as follows: B, BamHI; Bg, Bglll; E,
EcoRI; M, MscI; P, PstI, S, SailI; X, XhoI; Xb, XbaI.

and groEL3 spanned from positions 400 (ATG) to 712
(TAA) and 797 (ATG) to 2435 (TGA), respectively
(Figure 6). Both genes, groES2 and groES3, encoded
proteins of 104 amino acids (Mr 11 296 and 11 240,
respectively), whereas the predicted gene products of
groEL2 and groEL3 consisted of 550 and 546 amino acids
with apparent molecular weights of 58 273 and 57 785,
respectively. All four genes were preceded by presumptive
ribosome binding sites. Putative transcription termination
signals were identified downstream of both groEL genes by
the presence of inverted repeats potentially able to form
stem -loop structures. The coding sequences of the two

61 i
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241

301

------------------- ---- - - ------- - - - -------

M K F
361 CGTCCGCTTCACGACCGGGTCGTGGTCAAGCGCATCGACGCGGAAGAGAAGACCGCTGGC

R P L H D R V V V K R I D A E E K T A G
421 GGCATCATCATTCCCGACACGGTCAAGGAGAAACCCTCCCAAGGTGAAGTCATCGCCGTT

G I I I P D T V K E K P S Q G E V I A V
481 GGCCCCGGCGGTCGTGACGAAAGCGGCAAGCTGATCCCGATCGACGTCCGGGTCGGTGAC

G P G G R D E S G E L I P I D V R V G D
541 CGCGTATTGTTCGGCAAGTGGTCCGGCACCGAAGTCAAGATCGACACCCAGGAGCTGTTG

R V L F G RE S G T E V R I D T Q E L L
601 ATCATGAAGGAGAGCGACATCATGGGCGTTCTCGCCGACGTGTCTTCCAAGAAGAAGGCC

I M K E S D I M G V L A D V S S X K K A
661 GCCTAGTCCACCGCTCAAGCGCCTGTCGAGCGCCTCATCAAGGGTGAAACCAAGTCAAAA

A * -rOEL2
721 ACTCAQQQAAACCCACTATGTCAGCAAAAGAAGTCAAATTCGGAGTCGATGCCCGCGACC

M S A K E V K F G V D A R D
781 GCATGCTGCGCGGTGTCGACATCCTCCACAATGCGGTAAAAGTGACGCTCGGACCGAAGG

R M L R G V D I L H N A V K V T L G P K
841 GCCGCAACGTCGTCCTCGACAAGTCGTTCGGCGCTCCCCGTATTACCAAGGATGGCGTCA

G R N V V L D K S F G A P R I T K D G V
901 CCGTCGCCAAGGAGATCGAGCTCGAGGACAAGTTCGAGAACATGGGCGCCCAGATGGTGC

T V A K E I E L E D K F E N M G A Q M V
961 GCGAAGTCGCCTCCAAGTCCGCAGACGCGGCTGGCGACGGCACCACCACCGCGACCGTGC

R E V A S K S A D A A G D G T T T A T V
1021 TCGCCGCTGCGATCGTCCGTGAAGGCGCCAAGTCGGTTGCCGCCGGCATGAACCCGATGG

L A A A I V R E G A K S V A A G M N P M
1081 ATCTGAAGCGCGGCATCGACATGGCTGTGGAAGCCGTGGTCGCCGACCTCGTCAAAAACT

D L K R G I D M A V E A V V A D L V K N
1141 CCAAGAAGGTCACCTCGAACGAGGAAATCGCCCAGGTCGGCACGATTTCAGCCAATGGCG

S K K V T S N E E I A Q V G T I S A N G
1201 ATGCGGAGATCGGCAAGTTCATCTCCGACGCCATGAAGAAGGTCGGCAACGAGGGTGTCA

D A E I G K F I S D A M K K V G N E G V
1261 TCACCGTTGAGGAAGCCAAGTCGCTCGAGACCGAACTCGAAGTTGTCGAGGGCATGCAGT

I T V E E A K S L E T E L E V V E G M Q
1321 TCGACCGCGGCTATATCTCGCCCTACTTCGTCACCAACGCCGATAAGATGCGCGTTGAAA

F D R G Y I S P Y F V T N A D K M R V E
1381 TGGATGATGCCTACGTCCTGATTAATGAGAAAAAGCTATCTCAGTTGAATGAACTACTTC

M D D A Y V L I N E K K L S Q L N E L L
1441 CCTTGTTGGAAGCCGTGGTGCAGAGCGGCAAGCCGCTTGTGATTATCGCCGAAGACGTCG

P L L E A V V Q S G K P L V I I A E D V
1501 AAGGCGAAGCGCTCGCCACCCTCGTCGTCAACCGTCTCCGCGGCGGCCTGAAGGTCGCGG

E G E A L A T L V V N R L R G G L K V A
1561 CCGTCAAGGCTCCGGGCTTCGGCGATCGCCGCAAGGCCATGCTCCAGGACATCGCGATCC

A V K A P G F G D R R K A M L Q D I A I
1621 TAACCGGCGGCCAGGCGATCTCGGAAGACCTCGGCATCAAGCTCGAGAACGTCACGCTCA

L T G G Q A I S E D L G I K L E N V T L
1681 ATATGCTCGGTCGCGCCAAGAAGGTGATGATCGACAAGGAGAACACCACGATCGTCAGCG

N M L G R A K R V M I D K E N T T I V S
1741 GCGCCGGCAAGAAGGCCGACATCGAAGCGCGCGTGGCGCAAATCAAGGCGCAGATCGAGG

G A G K K A D I E A R V A Q I K AQ I E
1801 AGAACCACCTCGGACTACGACCGTGAGAAGCTGCAGGAGCGTCTTGCCAAGCTCGCGGGCG

E T T S D Y D R E K L Q E R L A K L A G
1861 GCGTCGCGGTGATCCGCGTCGGCGGCGCGACTGAGGTCGAGGTGAAGGAGCGCAAGGATC

G V A V I R V G G A T E V E V X E R K D
1921 GCGTGGACGATGCGGCATGCGACCCGCGCGGCGGTTGAAGAAGGCATCCTGCCAGGCG

R V D D A M H A T R A A V E E G I L P G
1981 GCGGCGTTGCGCTACTGCGTGCCTCCGAGCACCTCAAGGGCATTCGCACCAAAAATGACG

G G V A L L R A S E H L K G I R T K N D
2041 ACCAGAAGACCGGGGGTCGAGATCGTGCGCAAGGCGTTGTCCTACCCGGCCCGCCAGATCG

D Q K T G V E I V R K A L S Y P A R Q I
2101 CAATCAACGCGGGCGAGGACGGCTCGGTCATCGTCGGCAAGATCCTCGAAAAGGATCAGT

A I N A G E D G S V I V G K I L E K D Q
2161 ACTCGTACGGCTACGACTCGCAGACCGGCGAATACGGCAACCTGGTCTCCAAGGGTATCA

Y S Y G Y D S Q T G E Y G N L V S K G I
2221 TCGATCCGACTAAGGTGGTTCGAGTGGCGATCCAGAACGCGGCGTCCGTCGCAGCGCTCC

I D P T K V V R V A I Q N A A S V A A L
2281 TGATCACCACCGAAGCTATGGTGGCGGAAGTGCCGAAGAAGAACACCGGTGCGGGCGGCA

L I T T E A M V A E V P K K N T G A G G
2341 TGCCTCCGGGCGGCGGCGGCATGGGTGGCATGGGGGGTATGGACTTCTAAATCCGACATT

M P P G G G G M G G M G G M D F *
2401 CAGAGCTCAACAATAAGGCTCGOCAGCGACGCCGAGCCTTTGCT

Fig. 5. Nucleotide sequence of the B.japonicum groESL2 operon. The
shown 2444 bp sequence starts at an XbaI restriction site upstream of
groES2 (cf. Figure 4). Presumptive ribosome binding sites are
underlined. The bold-face nucleotides underlined with inverted
horizontal arrows indicate the 10 bp stem of a putative rho-independent
transcription terminator downstream of groEL2. This sequence has
been submitted to the EMBL data library and assigned accession
number Z22604.

groES as well as of the two groEL genes were highly
conserved (85% identical nucleotides), whereas the similarity
of the sequenced DNA upstream and downstream of these
two groESL operons and in the groES-groEL intergenic
regions was low ( s30% identical nucleotides). Accordingly,
the two GroES proteins as well as the two GroEL proteins
were extremely homologous (90 and 91 % identical amino
acids, respectively) as illustrated in Figure 6. A comparison
of the B.japonicum GroES2 and GroES3 proteins with
E. coli GroES revealed similarities of 50 and 46% identical
amino acids, respectively. Similarly, the amino acid
sequences of the B.japonicum GroEL2 and GroEL3 proteins
exhibited - 65% identity with E. coli GroEL.

In order to attribute one of the cloned groEL genes to the
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EcoRI
1 GAATTCAATAGGGTTTGAGCGCCGCCGATGGACACCGCTTGTGGACCGCACGCTTTGTCC

61 GCCACAGCTGCTAGATGGTGCCGTCAGGCGATCACGTGCAATGCCGGCACCGCCGCCAAC
121 ACGCGCAGTCTTTCGAACTGTCCAACGGCCCCCGGAGCAGCGTTGAAGTGTTCCCGGGAT
181 CAAAGCAGTATTCGAAGAAACGCAATGTCATTTTCACGWAkGCGGGCGGGCTGGTGCACC
241 TCTACGCGTTTGCTTCTGGACAACACACGCGCAGCCGCTGAATGCTTCAGCGGAACTGGA

-24 -12 44
301 AGGGCAGATCGCTTAGCGCATTTCTGGCCTGACTCTTGCTACGGGCTGCTTGTCACATTG

grd:S3
361 TGCTTAACTCCAACTTGTTCAGACGCTCj&GACCTCTATGAAATTCCGTCCGCTTCAC

M X F R P L H

421 GACCGCGTCGTGGTCAAGCGTATCGACGCAGAAGAGAAGACCGCCGGCGGCATCATCATC
D R V V V X R I D A E E K T A G G I I I

481 CCCGACACAGCCAAAGAAAAGCCATCGCAGGGCGAAGTCATTGCAGTTGGCCCGGGCGGC
P D T A K E K P S Q G E V I A V G P G G

V
541 CACGATGATAGCGGCAAGCTAATTCCGATCGACATCGAAGTCGGTGATCGCGTGCTGTTT

H D D S G K L I P I D I E V G D R V L F
R E V R

601 GGCAAGTGGTCCGGCACCGAGGTCAAGATCGATGGGCAAGACCTGTTGATTATGAAGGAG
G K W S G T E V K I D G Q D L L I M X E

T E
661 AGCGACGTGATGGGTGTTCTCACCGATGTCTTCTCCAAGAAGAAAGCCGCCTAATTCACA

S D V M G V L T D V F S K K X A A
I A S

721 GCAAAGCTCACCCCTCCTGAGGAGAGCCCATCGGGCGCGCCAAAGGATGACTTAATAGGG

_g_ro__3_
M S A K E V K F G V N A R D R

D
841 TATGCTGCGCGGTGTCGACATTCTCGCCAACGCCGTGCAGGTCACGCTCGGTCCGAAAGG

M L R G V D I L A N A V Q V T L G P K G
H K

901 CCGCAACGTCGTGCTCGACAAGTCGTTCGGCGCACCTCGAATTACCAAGGACGGCGTTGC
R N V V L D K S F G A P R I T K D G V A

T
961 CGTCGCCAAGGAGATCGAGCTCGACGACAAGTTCGAGAACATGGGTGCCCAGATGGTGCG

V A K E I E L DD K F E N M G A QN V R
E

1021 TGAGGTCGCTTCGAAGGCTGCGGATGCTGCTGGCGACGGTACCACCACCGCGACCGTCCT
E V A S K A A D A A G D G T T T A T V L

S
1081 GGCCGCTGCGATTGTGCGAGAAGGCGCCAAGTCGGTTGCCGCCGGCATGAACCCGATGGA

A A A I V R E G A K S V A A G N N P M D

1141 CCTCAAGCGCGGTATCGACCTTGCGGTCGAGGCTGTGGTTGCGGACCTTCAGAAGAACTC
L K R G I D L A V E A V V A D L QK N S

M V
1201 CAAGAAGGTCACCTCGAACGACGAGATCGCCCAGGTCGGCGCAATTTCGGCAAACGGCGA

K K V T S N D E I A Q V G A I S A N G D
E T

1261 CCAGGAGATCGGCAAGTTCCTCGCCGACGCGGTGAAGAAGGTCGGCAACGAGGGTGTCAT
Q E I G K F L A D A V KK V G N E G V I
A I S M

1321 CACGGTTGAAGAAGCCAAATCGCTCGAGACCGAGCTTGACGTCGTCGAGGGCATGCAGTT
T V E E A K S L E T E L D V V E G M Q F

E
1381 CGACCGCGGCTACATCTCGCCCTACTTCGTCACCAACGCCGACAAGATGCGCGTTGAGAT

D R G Y I S P Y F V T N A D K N R V E M

1441 GGACGACGCCTACATCCTCATCAACGAGAAGAAGCTCTCCTCGCTGAACGAGCTGCTGCC
D D A Y I L I N E K K L S S L N E L L P

V Q
1501 GCTGCTCGAGGCCGTGGTGCAGACCGGCAAGCCGCTGGTCATCGTCGCCGAGGACGTCGA

L L E A V V Q T G K P L V I V A E D V E
S I

1561 AGGCGAAGCGCTTGCGACCCTGGTCGTGAACCGTCTGCGCGGTGGTCTGAAGGTCGCGGC
G E A L A T L V V N R L R G G L K V A A

CGTCAAGGCTCCGGGCTTCGGCGATCGCCGCAAGGCCATGCTGCAGGACATCGCGATCCT
V K A P G F G D R R K A M L Q D I A I L

1681 GACCGGCGGCCAGGCGATCTCGGAAGATCTCGGCATCAAGCTCGAGAACGTCACGCTCAA
T G G Q A I S E D L G I K L E N V T L N

1741 CATGCTCGGCCGCGCCAAGAAGGTGATGATCGACAAGGAGAACACCACGATCGTCAACGG
M L G R A X K V M I D K E N T T I V N G

1801 CGCCGGCAAGAAGGCCGACATCGAGGCGCGCGTGGCCCAGATCAAGGCGCAGATCGAGGA
A G K K A D I E A R V A Q I K A Q I E E

GACCACCTCGGACTACGACCGTGAGAAGCTCCAGGAGCGTCTCGCCAAGCTCGCTGGCGG
T T S D Y D R E X L Q E R L A X L A G G

CGTCGCGGTGATCCGCGTCGGCGGCGCGACCGAGGTCGAGGTGAAGGAGCGCAAGGATCG
V A V I R V G G A T E V E V K E R K D R

1981 CGTTGATGACGCGATGCATGCGACCCGCGCGGCGGTCGAGGAAGGCATCGTCCCGGGCGG
V D D A M H A T R A A V E E G I V P G G

L
2041 CGGCGTCGCCCTGCTCCGTGCTTCCGAGCAGCTCAAGGGTCTGCGCACCGAGAACGACGA

G V A L L R A S E Q L K G L R T E N D D
H I K

CCAGAAGACCGGCGTCGAGATTGTGCGTAAGGCGCTGTCCTGGCCGGCCCGCCAGATCGC
QK T G V E I V R K A L S N P A R Q I A

y
GATCAACGCCGGCGAGGACGGTTCGATCGTGGTCGGCAAGGTCCTCGACAACGAGCAGTA

I N A G E D G S I V V G K V L D N E Q Y
V I I E K D

CTCTTTTGGTTTCGACGCCCAGACAGGCGAGTACAGCAACCTCGTTTCCAAGGGTATCAT
S F G F D A Q T G E Y S N L V S K G I I

Y Y S G
TGACCCGGCCAAGGTCGTGCGCATCGCGGTCCAGAACGCCTCTTCGGTGGCCGGGCTGCT

D P A K V V R I A V Q N A S S V A G L L
T V I A A

GATCACGACGGAAGCGATGGTTGCCGAGCTGCCGAAGAAGGCTACGGCTGGTCCAGCAAT
I T T E A M V A E L P K K A T A G P A M

V N G A G G
GCCTGCGGCCCCCGGCATGGGCGGTATGGACTTCTGATCGGCCTCCTTAAATTCTCGATG

P A A P G M G G N D F *
P GG G M G N G G NDF *

GCATGCAAAACCCTGGCGATAATGTCGITTTTGCAGCGAGCGGTCTGTAGCCTGCC

2521 AGTCGAC
Sall

58 kDa protein originally isolated from two-dimensional gels,
the nucleotide sequences of the 5' ends of groEL1, groEL4
and groEL5 were determined (data not shown) in addition
to the complete sequences of groESL2 and groESL3. A
comparison of the N-terminal amino acid sequences predicted
from the groEL1 to groEL5 5' ends with that of the 58 kDa
protein revealed that only the protein sequence deduced from
groEL3 did not conflict (Figure 2). This result suggested
that the 58 kDa protein is encoded by groEL3.

Transcriptional mapping of the groESL3 promoter
A well conserved -24/-12-type promoter was identified

70 bp upstream of the coding region for groES3
(T325GGCCT-N5-TTGCT340; Figure 6). Moreover, a
putative binding site for the transcriptional activator protein
NifA was present at an appropriate distance of - 120 bp
upstream of the -24/-12 promoter (T206GT-N1o-ACA;
Figure 6). Finally, the sequence motif AAGCAA-N4-GTA
on the coding strand between the NifA binding site and the
core consensus promoter sequence (corresponding to
positions 255-243 of the non-coding strand in Figure 6)
deviated in only two positions from the consensus binding
site for IHF (WATCAA-N4-TTR; Craig and Nash, 1984).
The simultaneous presence of these promoter elements,
which are characteristic for NifA-regulated genes involved
in symbiotic nitrogen fixation, strongly suggested that
expression of groESL3 in B.japonicum is dependent on
NifA and the ar54 RNA polymerase.
The transcription start site of the groESL3 operon was

determined by primer extension experiments using two
different 32mer oligonucleotides as primers (primers 702 and
703; see Materials and methods). Anaerobically grown
cultures of the B.japonicum strains 7987 and A7987, which
contain a groEL3'-'lacZ fusion in the chromosome, were
used as sources for the isolation of template RNA. Markedly
increased levels of primer extension products were obtained
with this type ofRNA as compared with RNA isolated from
the parental strains lacking the groEL3'-'lacZ fusion (wild-
type; A9) (data not shown). It appeared as if the
groESL3'-'lacZ hybrid mRNA was more stable than the
genuine groESL3 mRNA. As shown in Figure 7, both
primers yielded a major extension product with the same
3' end, and the second primer also gave rise to a product
which was one nucleotide longer. These signals were
observed only with RNA from strain 7987 but not with RNA
isolated from the nifA mutant A7987, and they originated
from transcripts ending with an A or a C residue that
corresponded to T351 and G352 on the non-coding strand
shown in Figure 6. We concluded that the -24/-12-type

Fig. 6. Nucleotide sequence of the 2527 bp EcoRI-SaII fragment
harbouring groESL3 (cf. Figure 4). Presumptive ribosome binding sites
are underlined. The bold-face nucleotides underlined with inverted
horizontal arrows indicate the 9 bp stem of a putative rho-independent
terminator downstream of groEL3. Upstream of groES3 a potential
binding site for NifA (TGT-lObp-ACA) as well as the most conserved
nucleotides of a -24/-12-type promoter (GG-lObp-GC) are shown in
bold-face letters. Vertical arrows mark the transcription start sites of
groESL3 as determined by the primer extension experiment shown in
Figure 7. The deduced amino acid sequences of GroES3 and GroEL3
are presented in the first line below the nucleotide sequence, whereas
the second line shows those residues of GroES2 and GroEL2 which
differ from GroES3 and GroEL3, respectively. This sequence has been
submitted to the EMBL data library and assigned accession number
Z22603.
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Fig. 7. Deternination of the transcription start site of the groESL3
operon. Total RNA was isolated from anaerobically grown cells of
B.japonicum strains 7987 (lanes 1 and 4) and A7987 (lanes 2 and 3).
The extension reactions were performed as described in Materials and
methods using the primers 703 (lanes 1 and 2) and 702 (lanes 3 and
4). The same primers were used for the sequencing reactions shown in
the left (703) and right (702) parts. The relevant sequence of the
groESL3 coding strand is shown in both margins, and the positions
corresponding to the major extension products obtained with the two
primers are marked with '+2' and '+1' (G352 and T351 of the non-
coding strand shown in Figure 6). The dominant signals in lanes 1 and
2 originated from unextended primer 703. All samples were run side
by side on the same gel. The exposure times were 15 h for the left
sequence ladder and lanes 1 and 2, 7 h for lanes 3 and 4, and 4 days
for the right sequence ladder.

groESL3 promoter as defined above was functional and
directed the synthesis of a NifA-dependent transcript.

Construction and phenotypic analysis of groEL
mutants
The five groEL genes were mutagenized individually as
described in Materials and methods and as illustrated in
Figure 4. For the mutagenesis of groEL, to groEL3, groEL-
internal XhoI fragments were replaced by a 1.6 kb XhoI
fragment containing the aphII gene of Tn5. The groEL4 and
groEL5 genes were mutagenized by inserting the aphII
cassette into a PstI site and an MscI site, respectively. The
genomic DNA structure of the B.japonicum mutant strains
7940 (groELI-), 7942 (groEL2-), 8541 (groEL3-), 8528
(groEL4-) and 7996 (groEL5), which resulted after
marker replacement, was verified by Southern blot
hybridization as shown in Figure 3B. It was thus ascertained
that each individual mutant strain was affected only in the
destined groEL gene but not in any of the remaining four
groEL homologues.
The symbiotic properties of the groEL mutants were tested

in plant infection tests. None of the mutant strains differed
from the wild-type in the ability to nodulate soybean roots
and to fix nitrogen under symbiotic conditions (data not
shown). This indicated that none of the five groEL gene
products was absolutely essential for symbiosis but that they
might functionally replace each other. The mutants were
further analysed for their behaviour under different growth
conditions. Aerobic growth of the mutants in rich medium
(PSY medium) was not affected (data not shown). However,
aerobic growth of strain 8528 (groEL4-) in a defined
minimal medium was impaired (Figure 8). This effect was
specific for the groEL4 mutant and was not observed with
any of the other groEL mutants (data not shown).
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Fig. 8. Growth of the B.japonicum wild-type (rectangles) and the
groEL4 mutant 8528 (triangles) in minimal medium under aerobic
(filled symbols) and microaerobic conditions (open symbols). The
curves are based on mean values from four parallel cultures. The size
of the standard deviations were smaller than the size of the symbols.

Interestingly, growth of B.japonicum 8528 in this medium
was better under microaerobic conditions (0.56% oxygen)
than in aerobic conditions, whereas the growth of the wild-
type and that of the other four groEL mutants (data not
shown) was attenuated by the switch from aerobiosis to
microaerobiosis. It is possible that under aerobic conditions
the reduced level of total cellular GroEL protein in the
groEL4 mutant became growth limiting, and that this
limitation was partially overcome by an increased groESL3
expression under microaerobic conditions (see below).
Crude extracts of the five groEL mutants were analysed

by two-dimensional polyacrylamide gel electrophoresis in
order to assign the originally isolated 58 kDa protein
unambiguously to any of the cloned groEL genes. As shown
in Figure 1 (panel C), extracts from anaerobically grown
cells of the groEL3 mutant 8541 lacked the 58 kDa protein
whose synthesis is induced in anaerobically grown wild-type
cells in a NifA-dependent manner (Figure 1, panels A and
B). Analogous extracts from all other groEL mutants gave
rise to protein patterns that were indistinguishable from that
of the wild-type (data not shown). This result is fully
consistent with the implication made above by the N-terminal
amino acid sequence comparisons, i.e. the 58 kDa protein
can be definitively regarded as the product of the
B.japonicum groEL3 gene.

Expression and regulation of groELl through groEL5
In order to study the expression and regulation of the various
groEL genes, translational lacZ fusions were constructed as
described in Materials and methods and as illustrated in
Figure 4. Since it was known from previous studies that the
regulation of plasmid-borne lacZ fusions may differ from
that of chromosomally located fusions (Gubler and
Hennecke, 1988; Thony et al., 1989), all of the groEL'-'lacZ
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Table I. Expression of chromosomally integrated B.japonicum groEL'-'lacZ fusions in cells grown under different conditions

Strain Relevant genotype (3-Galactosidase activity (U)a

Aerobicb,C Anaerobicb,d Symbiotice

Bj 7979 groEL '-'lacZ 0.9 0.2 0.4 A 0.3 1.9 + 0.1
Bj 7998 groEL2'-'lacZ 74.8 13.5 83.6 + 12.6 9.8 A 3.1
Bj 7987 groEL3'-'lacZ 4.2 i 1.0 1880.0 + 349.0 890.0 ± 72.0
Bj 8548 groEL4'-'lacZ 292.7 A 45.4 334.4 + 67.2 30.4 A 3.4
Bj 7993 groEL5'-'lacZ 1.6 A 0.3 9.9 A 1.7 9.8 + 1.6
Bj A7979 groEL '-'lacZ nifA 1.1 0.1 0.8 A 0.6 ND
Bj A7998 groEL2'-'lacZ nifA- 74.9 9.8 88.6 + 24.6 ND
Bj A7987 groEL3'-'lacZ nifA- 4.5 1.2 10.7 + 4.7 10.3 + 2.7
Bj A8548 groEL4'-'lacZ nifA- 274.3 + 68.0 223.9 A 79.8 ND
Bj A7993 groEL5'-'1acZ nifA- 1.9 X 0.4 9.8 X 1.6 ND
Bj N7979 groELI'-'lacZ rpoN112- 0.9 t 0.1 1.4 + 1.3 ND
Bj N7998 groEL2'-'lacZ rpoN112 46.7 ± 13.1 83.6 ; 12.9 ND
Bj N7987 groEL3'-'lacZ rpoNI 2 2.6 L 1.0 9.0 + 4.2 18.0 + 0.9
Bj N8548 groEL4'-'laCZ rpoNI 2 190.9 30.7 200.0 + 62.9 ND
Bj N7993 groEL5'-'laCZ rPON112- 1.4 + 0.3 24.2 X 9.8 ND

aThe wild-type strain without any lacZ fusion showed <2 Miller units under all growth conditions.
bA total of six cultures were assayed in duplicate in three independent experiments.
CAerobic cultures were grown in PSY medium containing 100 ug/ml spectinomycin.
dAmerobic cultures were grown in YEM medium containing 10 mM KNO3, 2 mM L-glutamine and 100 /Ag/ml spectinomycin.
eBacteroid suspensions obtained from individual pools of all nodules from two soybean plants were assayed in duplicate. ND, not determined.

fusions were integrated by recombination into the
chromosome at their homologous sites. The groEL'-'lacZ
fusions were integrated into the B.japonicum wild-type, the
nifA mutant A9, and the rpoN112 double mutant N50-97
resulting in a set of 15 different strains. Cells of each strain
were grown either under aerobic, anaerobic or symbiotic
conditions, and the levels of 3-galactosidase activity were
determined (Table I).
The five groEL homologues could be divided into three

classes, based on the results from the expression studies.
(i) The groEL, and groEL5 genes were expressed not at all
or only very weakly in all backgrounds under the conditions
tested. Expression of groEL5'-'lacZ under anaerobic and
symbiotic conditions was slightly higher than in aerobic
conditions. If this difference is significant at all, it certainly
does not involve NifA or RpoN, because the small increase
was also observed in the respective nifA or rpoN mutant
strains. (ii) The groEL2 and groEL4 genes were expressed
at significant levels under all growth conditions, irrespective
of the mutant background. Generally, the levels of 3-

galactosidase activity derived from the groEL4'-'lacZ fusion
were 2- to 4-fold higher than those obtained with the
groEL2'-'lacZ fusion. (iii) GroEL3 gene expression was

dramatically induced in anaerobically grown cells and in
bacteroids ( 450- and 200-fold, respectively), and this
induction was strictly dependent on nifA and rpoN. Residual
plant tissue contminants in the bacteroid preparations, which
may interfere with optical density measurements, make it
difficult to compare directly the absolute values of (3-

galactosidase activities in free-living cells with those in
bacteroids. Nevertheless, it is interesting to note that the
expression levels of groEL2 and groEL4 in bacteroids were

- 10-fold lower than in anaerobically grown cells, whereas
this reduction was only -2-fold for groEL3.

Expression of the groEL'-'lacZ fusions integrated in the
wild-type chromosome was also studied under heat shock
conditions as described in Table II. A shift from 28°C to
39°C resulted in a >25-fold induction of groEL1'-'lacZ

Table II. Effect of heat shock on the expression of chromosomally
integrated groEL'-'lacZ fusions in aerobically grown cultures

Strain Relevant genotype ,B-Galactosidase activity (U)a

280C 390C

Bj 7979 groEL1'-'lacZ 1.7 + 0.0 46.5 A 5.7
Bj 7998 groEL2'-'lacZ 9.3 X 0.4 8.4 + 0.5
Bj 7987 groEL3'-'lacZ 4.4 i 0.4 4.3 + 0.3
Bj 8548 groEL4'-'lacZ 225.9 + 5.7 271.5 + 4.0
Bj 7993 groEL5'-'lacZ 5.9 0.7 3.8 + 0.1

aAfter growth in PSY medium at 280C to an OD600, of -0.3, the
cultures were split and grown for an additional 3 h and 20 min at
280C and 390C before (3-galactosidase activities were determined. Two
parallel cultures of each strain were assayed in duplicate.

expression (strain 7979) within 200 min. This effect was
specific for groESLI and indicated that this operon is under
heat shock control. The levels of ,B-galactosidase activities
given in Tables I and II are not directly comparable because
the B.japonicum cultures were assayed in different
physiological states in the respective experiments.

Discussion
This is a follow-up study based on our previous observation
that a number of B.japonicum proteins whose synthesis
depends on the symbiotic regulatory protein NifA can be
visualized by two-dimensional gel electrophoresis (Fischer
et al., 1986). A prominent 58 kDa protein of this group was
chosen for further characterization, and we report here its
identification as a GroEL-like protein (GroEL3).
Considering the ubiquity of GroEL-like proteins in nature,
the existence of an analogous protein in B.japonicum is no
surprise. It is astounding, however, that it belongs to a class
of proteins whose synthesis is NifA-dependent and whose
gene is transcribed from a M54 promoter. In view of the
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possible requirement of GroEL for NifA folding and
nitrogenase assembly as reported recently for the
K.pneumoniae nif system (Goveszensky et al., 1991), it
appears sensible for B.japonicum to co-regulate the
expression of a critical chaperonin together with the nif
system. In addition, it may also be possible that B.japonicum
chaperonins are involved in the translocation of proteins from
the endosymbiotic bacteroids into the peribacteroid space
during symbiosis. Secretion of a set of symbiosis-specific
proteins was in fact shown in the symbiosis between pea and
Rhizobium leguminosarum biovar viciae (Katinakis et al.,
1988). The presence of large amounts of a protein that cross-
reacted with anti-Tetrahymena hsp58 and anti-E. coli GroEL
immunoglobulins was previously reported in bacteroids of
B.japonicum (Choi et al., 1991) and in nitrogen-fixing
heterocysts ofAnabaena PCC 7120, respectively (Jager and
Bergman, 1990). Similarly, prokaryotic endosymbionts
present in specialized cells of aphid species synthesize de
novo essentially only one protein (symbionin) that is
structurally and functionally homologous to GroEL of E. coli
(Hara et al., 1990; Kakeda and Ishikawa, 1991; Ohtaka et
al., 1992). In the latter example it was proposed that the
chaperonin might be involved in the assembly of polypeptides
imported from the host cell into the endosymbiont. Choi
et al. (1991) speculated that intracellular symbionts such as
bacteroids are stressed by oxygen and nutrient limitation or
host defence mechanisms, which may result in the induction
of heat shock genes. Our results with B.japonicum now show
for the first time that heat shock is not the only signal for
induction of a GroEL-like protein: the signal for induction
of GroEL3 synthesis is oxygen limitation, and this
regulation is mediated by the oxygen-responsive NifA
protein.
The finding that the gene for the 58 kDa GroEL protein

is a member of a groESL multigene family is also
unexpected. For at least two reasons we believe that the five
groESL operons harbour functional genes rather than
pseudogenes. First, the high degree of sequence conservation
within the groESL2 and groESL3 coding regions as opposed
to the flanking or intervening non-coding regions suggests
that there is selective pressure for functional gene products.
The same conclusion can be drawn from the available
sequence information of the remaining three groESL regions
(data not shown). Second, the expression studies with the
groEL'-'lacZ fusions demonstrate that all five groEL
homologues are transcribed and translated.

It is conceivable that groESL gene products are also
required under conditions when NifA is not active
(aerobiosis), i.e. when the groESL3 operon is not
expressed. In this context the existence of other groESL-
homologous genes such as groESL2 and groESL4, which are
expressed constitutively, appears quite plausible, although
it is not obvious why two operons should be required to
account for a basal level of chaperonin synthesis. A third
mode of expression within the groESL multigene family is
realized in the case of the groESL1 operon, which is under
heat shock control. This type of modular gene regulation
is entirely different from groESL regulation in many other
microorganisms. In E. coli (Zhou et al., 1988) or Bacillus
subtilis (Li and Wong, 1992; Schmidt et al., 1992), for
example, the heat shock induction of chaperonin synthesis
results from the enhanced transcription of one and the same
groESL operon that is also used for expression under non-

inducing conditions. Expression of B.japonicum groESL5 is
not yet understood completely. The data in Table I suggest
that groESL5 expression is regulated independently of NifA
by the cellular oxygen conditions albeit rather weakly. In
summary, it is attractive to speculate that the presence of
five differentially regulated groESL operons uniquely endows
B.japonicum with a maximal flexibility to modulate its
cellular contents of chaperonins in response to varying
environmental conditions and physiological needs.
The structural redundancy of the B.japonicum groESL

genes is also reflected at the functional level. Null mutations
in groES or groEL are lethal for E. coli (Fayet et al., 1989).
By contrast, a mutation in B.japonicum groEL4, which is
the predominantly expressed homologue under aerobic
conditions, did not affect growth, at least in rich medium.
However, growth of this mutant in minimal medium was
significantly impaired. The intensive biosynthetic activity
under these growth conditions might be followed by an
increased demand for chaperonins, so that the level of GroEL
protein becomes limiting in the groEL4 mutant. This idea
is supported by the partial release of the growth defect when
the cells are grown in microaerobiosis, a condition that leads
to strong induction of groESL3 expression.

It was intriguing to learn that a mutation in groEL3 did
not affect symbiotic nitrogen fixation even though this gene
appeared to contribute -90% to the total groEL gene
expression measurable under symbiotic conditions. If the
GroEL chaperonins were to play an essential role in
symbiosis, we must then conclude that the individual gene
products can functionally replace each other, and the total
level of chaperonins expressed concurrently from groEL2,
groEL4 and possibly groEL5 must be sufficient to
compensate for the lack of GroEL3 protein in the groEL3
mutant. The extremely high amino acid sequence similarity
between all five GroEL proteins corroborates this idea.
The occurrence of multiple homologues of genes is

becoming quite a familiar phenomenon in B.japonicum.
Previously we reported on the existence of two highly
conserved and differentially regulated rpoN genes (Kullik
et al., 1991) and on two homologues of the nodD gene
(Gottfert et al., 1992). In addition, Anthamatten et al. (1992)
proposed the presence of twofixK-like genes in B.japonicum.
Possibly, the large size (8.7 Mbp) of the B.japonicum
chromosome (Kuindig et al., 1993) reflects this redundancy
of individual genes. As far as chaperonins are concerned,
it is interesting to note that two groEL-like genes have been
found in Streptomyces albus, Mycobacterium leprae and
Synechocystis sp. PCC 6803, but only one of them is linked
to a groES-like gene and no differential regulation is known
(Guglielmi et al., 1991; Mazodier et al., 1991; Rinke de
Wit et al., 1992; Lehel et al., 1993). R.meliloti also appears
to have two groEL-like genes as inferred from the deposition
of two R.meliloti groEL nucleotide sequences in the GenBank
database (E.Rusanganwa and R.S.Gupta, unpublished; see
also Figure 9). The unique B.japonicum groESL multigene
family consisting of five members is to some extent
reminiscent of the essential SSA subfamily of at least nine
HSP70-like genes present in yeast (Lindquist and Craig, 1988
and references therein). The four members of the SSA
subfamily are highly similar at the nucleotide sequence level,
and each of the gene products can functionally substitute at
least partially for the absence of the other three. Moreover,
they are differentially regulated in response to the growth
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Fig. 9. Phylogenetic tree based on the similarities between the amino acid sequences of 27 eubacterial GroEL proteins and five mitochondrial Hsp6O
proteins. The origin of the eukaryotic Hsp6O proteins and relevant eubacterial phyla including some of their subdivisions as defined by Woese (1987)
are indicated in the right margin. Asterisks mark those eubacterial genera or species which were originally classified by Woese (1987) in the
respective phylogenetic group. The indicated identity values (%) are calculated based on 568 positions (including gaps) which were compared in the
alignment of all sequences. References or EMBL database accession numbers (release 33) for the Hsp6O and GroEL chaperonin sequences are as

follows: rat (Peralta et al., 1990), mouse (Lotscher and Allison, 1990), Chinese hamster (Picketts et al., 1989), human (Jindal et al., 1989),
Saccharomyces cerevisiae (Johnson et al., 1989; Reading et al., 1989), Rickettsia tsutsugamushi (Stover et al., 1990), Synechocystis sp. PCC 6803
(Chitnis and Nelson, 1991), Synechococcus sp. PCC 7942 (Webb et al., 1990), Borrelia burgdorferi (Shanafelt et al., 1991), Bacillus subtilis (Li and
Wong, 1992; Schmidt et al., 1992), Clostridium perfringens (Rusanganwa et al., 1992), Clostridium acetobutylicum (Narberhaus and Bahl, 1992),
Mycobacterium leprae (Mehra et al., 1986), Mycobacterium tuberculosis (Shinnick, 1987), Streptomyces albus GroEL, and GroEL2 (Mazodier et al.,
1991), Chlamydia psittaci (Morrison et al., 1989), Chlamydia trachomatis (Morrison et al., 1990), Escherichia coli (Hemmingsen et al., 1988),
Yersinia enterocolitica (Haefner and Roggenkamp, unpublished; X68526), Haemophilus ducreyi (Parsons et al., 1992), Pseudomonas aeruginosa
(Sipos et al., 1991), Chromatium vinosum (Ferreyra et al., unpublished; M99443), Coxiella burnetii (Vodkin and Williams, 1988), Legionella
micdadei (Hindersson et al., 1991), Legionella pneumophila (Sampson et al., 1990), Rhizobium meliloti GroELa and GroELc (Rusanganwa and
Gupta, unpublished; M94192, M94191), Agrobacterium tumefaciens (Segal and Ron, unpublished; X68263), Brucella abortus (Gor and Mayfield,
1992), Bartonella bacilliformis (Xu et al., unpublished; M98257).

temperature and mutations in individual SSA genes were
shown to influence expression of other members of this
subfamily. In the light of the latter finding it would be of
interest in future work to test whether or not a mutation in
a given B.japonicum groEL gene affects expression of any
of the remaining groEL genes.
The large number of available GroEL (Hsp60) amino acid

sequences from many different organisms prompted us to
exploit this information for an analysis of the phylogenetic
relationship between them (Figure 9). Strikingly, the GroEL-
based construction of a phylogenetic tree with 25 eubacterial
species included in this study almost perfectly reflects the
eubacterial phyla and subdivisions as defined by Woese
(1987) who compared 16S rRNA sequences. Only the
GroEL amino acid sequence of Rickettsia tsutsugamushi
diverges quite significantly from the other members of the
a subdivision of the purple bacteria. Interestingly, however,
this representative of the rickettsia comes to lie closer to the
branch formed by eukaryotes, which is in good agreement

with the postulate that eukaryotic mitochondria originated
from a member of the at subdivision of the purple bacteria
(Yang et al., 1985; Woese, 1987). Using fewer GroEL
homologues for comparison, Gupta et al. (1989) also
suggested a phylogenetic link between mitochondria and
purple bacteria, but they did not include representatives of
the a subdivision in their study. In summary, we are
convinced that the ubiquity of GroEL (Hsp6O)-like proteins
and the moderate evolutionary divergence of their primary
sequences make them very useful 'molecular chronometers'
(Woese, 1987) for phylogenetic analyses.

Materials and methods
Bacterial strains and plasmids
The bacterial strains and plasmids used in this work are listed in Table Im.

Media and growth of cells
For routine growth of E. coli cells, Luria-Bertani (LB) medium was used
(Miller, 1972); for plasmid selection, it contained the following concentrations
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Table El. Bacterial strains and plasmids

Strain or plasmid Relevant phenotype or genotype Reference or origin

Strains
E. coli
DH5u

S17-1

JM101
JM103
B.japonicum
1 lOspc4
A9
N50-97
7940
7942
8541
8528
7996
7979a
7998a
7987a
8548a
7993a
Plasmids
M13mpl8
M13mpl9
M13BM20
M13BM21
pUC18
pSUP202
pSUP202-P
pSUP202pol4
pNM481
pNM482
pUC-4-KIXX
pUC-4-KIXX-PSP
pND5
pRJ7931
pRJ7928
pRJ7932
pRJ7934
pRJ7980

supE44 AlacUJ69 (l801acZAM15) hsdRJ7
recA1 gyrA96 thi-1 reUlA
Smr Spr hsdR RP4-2 kan::Tn7 tet::Mu,
integrated in the chromosome
supE thi A(tac-proAB) F'[traD36 proAB+ lacIq lacZ AM15]
Smr supE thi strA A(tac-proAB) F'[traD36 proAB+ laclq lacZ AM15]

Spr (wild-type)
Spr Kmr nifA::aphII
Spr Kmr Smr rpoN,::aphII rpoN2::Q
Spr Kmr groEL1::aphII
Spr Kmr groEL2::aphII
Spr Kmr groEL3::aphII-PSP
Spr Kmr groEL4::aphII-PSP
Spr Kmr groEL5::aphII-PSP
Spr Tcr groELI '-'lacZ chromosomally integrated
Spr Tcr groEL2'-'lacZ chromosomally integrated
Spr Tcr groEL3'-'lacZ chromosomally integrated
Spr Tcr groEL4'-'lacZ chromosomally integrated
Spr Tcr groEL5'-'lacZ chromosomally integrated

Apr
Apr Cmr Tcr oriT from RP4
Cmr Tcr (pSUP202) Pacl linker in NdeI site
Tcr (pSUP202) part of polylinker from pBluescript II KS+ between EcoRI and PstI
Apr (pUC8) 'lacZ
Apr (pUC8) 'lacZ
Apr Kmr (pUC4) lacZ'::aphII
Apr Kmr (pUC-4-KIXX) PmeI-SwaI-PacI linker in SmaI site of ble
Apr Tcr (pBR325) E.coli groESL
Apr (pUC18) B.japonicum groESLI
Apr (pUC18) B.japonicum groESL2
Apr (pUC18) Bjaponicum groESL3
Apr (pUC18) B.japonicum groESL4
Apr (pUC18) B.japonicum groEL5

BRL, Gaithersburg, MD

Simon et al. (1983)

Messing (1983)
Messing (1983)

Regensburger and Hennecke (1983)
Fischer et al. (1986)
Kullik et al. (1991)
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

Norrander et al. (1983)
Norrander et al. (1983)
Boehringer, Mannheim, Germany
Boehringer, Mannheim, Germany
Norrander et al. (1983)
Simon et al. (1983)
Kundig et al. (1993)
H.M.Fischer, unpublished
Minton (1984)
Minton (1984)
Pharmacia LKB, Uppsala, Sweden
Kiindig et al. (1993)
Jenkins et al. (1986)
This work
This work
This work
This work
This work

aThe same groEL'-'lacZ fusions were also integrated into the chromosome of B.japonicum A9 and N50-97. The resulting strains were given the
same numbers preceded by 'A' (A9 derivatives) or 'N' (N50-97 derivatives); see Table I.

of antibiotics (in itg/ml): ampicillin, 200; chloramphenicol, 20; kanamycin,
30; streptomycin, 50; and tetracycline, 10. Aerobic cultures of B.japonicun
were grown in PSY medium (Regensburger and Hennecke, 1983), whereas
YEM medium supplemented with 10 mM KNO3 and 2 mM L-glutamine
was used for anaerobic B.japonicum cultures (Daniel and Appleby, 1972).
Anaerobic cultures (10 ml volume) were grown under argon in 100 ml serun
bottles. The growth characteristics of B.japonicum groEL mutants were
determined in the derepression minimal medium described by Regensburger
et al. (1986). The concentrations of antibiotics in B.japonicum cultures were
as follows (in ,tg/ml): spectinomycin, 100; kanamycin, 100; streptomycin,
100; tetracycline, 100 (solid media) or 50 (liquid media).

DNA manipulations
Recombinant DNA work was done using standard protocols (Sambrook
et al., 1989). To determine nucleotide sequences, appropriate DNA
fragments were cloned into suitable bacteriophage M13 vectors, and single-
stranded DNA derived therefrom was sequenced by the chain termination
method (Sanger et al., 1977). The nucleotide sequences of the 5' ends of
groELI, groEL4 and groEL5 were determined by double-strand DNA
sequence analysis using suitable oligonucleotides as primers. For computer-
assisted DNA and protein sequence analyses the software package (release
6.2) of the UWGCG (Genetics Computer Group of the University of

Wisconsin, Madison WI) and the program CLUSTAL (Higgins and Sharp,
1988) were used. GroEL and Hsp6O amino acid sequences used for sequence
alignments were retrieved from the EMBL (release 33) and Swissprot (release
24.0) databases, respectively.

Two-dimensional gel electrophoresis
Two-dimensional gel electrophoresis of extracts from anaerobically grown
B.japonicwn cells was done as described by Scott et al. (1979) and O'Farrell
(1975) with modifications given by Regensburger et al. (1986). Non-
radioactively labelled proteins were visualized by Coomassie Blue staining
or rapid silver staining (Bloom et al., 1987).

Isolation and N-terminal sequencing of the 58 kDa protein
The 58 kDa B.japonicum protein was electroeluted from 12 two-dimensional
gels using a Bio-Rad electroelution apparatus (model 442) provided with
membranes of a molecular weight cut-off between 12 000 and 15 000
(Hunkapiller et al., 1983). Electroelution was done in 50 mM ammonium
bicarbonate, 0.1 % SDS for 4 h at - 8 mA/membrane. After concentration
of the eluate by evaporation in a vacuum centrifuge, the sample was extracted
with cold methanol in order to remove most of the Coomassie stain.
Approximately 150 pmol of the isolated protein were used for N-terminal
sequencing with a gas-phase protein sequencer (model 407A, Applied
Biosystems, Foster City, CA, USA).
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DNA probes and hybridization conditions
A 1286 bp BstBI-BamHI fragment isolated from plasmid pND5 (Jenkins
et al., 1986) was radioactively labelled by nick translation and used as an
E. coli groEL-internal probe in heterologous hybridizations. The sequences
of the 17mer degenerate oligonucleotides ELI and EL3 were derived from
highly conserved GroEL domains and adapted to the B.japonicum codon
preference (Ramseier and G6ttfert, 1991). Oligonucleotide ELI
(5'-GAG/AGGC/IATGCAG/ATTC/TGA-3'; 16 variants) is based on
positions 1041-1057 of the non-coding strand of E.coli groEL which
correspond to amino acids Glul91 to Aspl96 (Hemmingsen et al., 1988).
Oligonucleotide EL3 (5'-TTC/TTCG/ICGG/ATCG/ATAG/A TC-3'; 32
variants) is derived from the E. coli groEL coding strand positions 1561-1545
(amino acids Lys364 to Asp359). For probing the initial Southern blots of
B.japonicum genomic DNA as well as the E.coli colony libraries, the
oligonucleotides were end-labelled with [32P]ATP using polynucleotide
kinase. In subsequent hybridization experiments, a 521 bp B.japonicum
groEL3-internal DNA fragment was used. It was synthesized by PCR using
ELI and EL3 as primers, and labelled non-radioactively by the incorporation
of digoxigenin-l 1-dUTP. Hybridizations with oligonucleotides ELI and E13
were performed at 40-42°C in 6 x SSC (1 x SSC is 150 mM NaCl plus
15 mM sodium citrate), 0.5% SDS, 20 mM sodium phosphate buffer (pH
6.5), 5 x Denhardt's solution (Denhardt, 1966), 200 ug/ml sonicated salmon
sperm DNA, followed by three washes in 6 x SSC at increasing
temperatures varying from 40 to 50°C. For hybridizations with the E.coli
'groEL' or B.japonicum 'groEL3' probes, the salt conditions were changed
to 5 x SSC, and the temperature for both hybridizations and washes was
shifted to 58-620C.

Transcript mapping
The transcriptional start site of the groESL3 operon was mapped in a primer
extension experiment using two different 32mer oligonucleotides
complementary to sequence positions 359-390 (primer 703) and 457-488
(primer 702) (see Figure 6) (Sambrook et al., 1989). Template RNA was
isolated from anaerobically grown Bjaponicum strains 7987 and A7987
(Kullik et al., 1989), and 400 units of SuperScript reverse transcriptase (Life
Technologies, Gaithersburg, MD) were used for the extension reactions
which were performed for 1 h at 42°C.

Construction of B.japonicum groEL mutant strains
To construct the groEL mutations a 1.6 kb aphII cassette (Kmr) isolated
from pUC-4-KIXX or pUC-4-KIXX-PSP was inserted into all of the five
B.japonicum groEL genes using suitable restriction sites (see Figure 4). In
the B.japonicum groEL mutants 7940 (groEL1-), 7942 (groEL2-) and
8541 (groEL3-), groEL-intemal XhoI fragments were replaced by the aphIf
cassette present on a 1.6 kb XhoI fragment. Mutants 8528 (groEL4-) and
7996 (groEL5 -) were constructed by inserting the aphII cassette as a 1.6
kb SmaI fragment into a groEL4-internal PstI site (made blunt with
bacteriophage T4 DNA polymerase) and a groEL5-internal MscI site,
respectively. Appropriate DNA fragments containing the mutated groEL
genes were cloned into the vector pSUP202pol4 and mobilized into
B.japonicum 1 lOspc4 as described previously (Hahn and Hennecke, 1984).
Co-integrate-containing exconjugants (resulting from single cross-over) were
distinguished from true marker exchange mutants (resulting from double
cross-over) by their tetracycline resistance provided by the vector
pSUP202pol4. The correct genomic structure of all mutant strains was
confirmed by Southern blot analyses of genomic DNAs.

Construction of chromosomally integrated groEL '-'IacZ fusions
Translational lacZ fusions to all five groEL genes were constructed by making
use of groEL-internal restriction sites (see Figure 4) and the lacZ fusion
vectors pNM481 (groEL5) and pNM482 (groEL, to groEL4). The groEL2,
groEL3 and groEL4 genes were fused at homologous SalI sites
corresponding to Val20 in the respective GroEL proteins. The fusion to
groEL, was made at a central PstI site and that to groEL5 at a BglII site
in the 3' region. The lacZ fusions including sufficiently long stretches of
B.japonicwn upstream DNA were cloned into pSUP202pol4 and conjugated
into B.japonicum llOspc4 (wild-type), A9 (nifA-) as well as N50-97
(rpoN11f2). By plating the exconjugants on tetracycline-containing plates,
those clones were selected which contained the entire lacZ fusion plasmids
integrated in the B.japonicum chromosome at the homologous position (single
cross-over). The genomic structure of all strains containing groEL'-'lacZ
fusions was verified by Southern blot analyses of genomic DNAs.

,8-Galactosidase assays
B.japonicum cells to be assayed for (-galactosidase activity were grown
aerobically in PSY medium or anaerobically in supplemented YEM medium
for 4 and 7 days, respectively. Spectinomycin was the only antibiotic used

in these cultures. Determination of f-galactosidase activities in free-living
cells and in bacteroids was done as described (Miller, 1972; Thony et al.,
1987; Gubler and Hennecke, 1988).

Plant infection test
The symbiotic phenotype of the B.japonicum groEL mutants was determined
in a soybean plant infection test as described previously (Hahn and Hennecke,
1984; Gottfert et al., 1990).
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