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Three GroEL-like heat shock proteins (HSP56, HSP58, and HSP18) have been observed in Streptomyces
albus (G. Guglielmi, P. Mazodier, C. J. Thompson, and J. Davies, J. Bacteriol. 173:7374-7381, 1991). Here
we report the cloning and complete nucleotide sequence of groELI, which encodes HSP18 and HSP58, and
groEL2, which encodes HSP56. Both nucleotide sequences predicted proteins of 56,680 Da that were 70%
identical. The 5' nucleotide sequence of groELI coded for a protein corresponding to HSP18 that may be a
processed gene product. At least two groEL-like genes were present in all 12 Streptomyces species tested; they
were not closely linked in the genome. groELI, but not groEL2, was adjacent to a groES-like gene.

Pleiotropic genetic phenotypes and biochemical properties
have demonstrated that the heat shock proteins of the
GroEL family have physiologically diverse functions (for
reviews, see references 13, 17, and 20). GroEL was orig-
inally named for the role it plays in bacteriophage virion
assembly (7, 28), although its more general function was
suggested by the fact that it is essential for viability of
Escherichia coli at all temperatures (5) and that overproduc-
tion of GroEL suppresses defects in various enzymes (24).
These apparently disparate phenotypes are presumed to be
indirect and a reflection of the primary activity of GroEL in
stabilizing intermediates in protein folding pathways that
may lead to the export or assembly of enzyme complexes
(12). Apparently, GroEL cannot provide this function for all
proteins; SecB, DnaK, and the trigger factor seem to play
similar roles but have different substrate specificities (1, 12).
In spite of these diverse functions, which overlap with those
of other proteins controlling protein renaturation, only one
groEL gene has been reported so far in the numerous
eubacteria that have been studied. Our observation of three
GroEL-like proteins (HSP18, HSP56, and HSP58) in Strep-
tomyces albus (8) implied that there are multiple copies of
groEL-like genes in this organism. Although the amino acid
sequence of the N-terminal region of HSP18 was similar to
that of GroEL from various bacteria, its size (18 kDa) and
basic charge were very different from those of all other
GroEL proteins described to date, which, like HSP56 and
HSP58, are acidic and have apparent molecular masses

ranging from 55 to 65 kDa.
Cloning of two S. albus groEL-like genes. XhoI fragments

(1.2 and 1.8 kb) that contained different S. albus groEL-like
genes (8) were partially purified from genomic DNA by
agarose gel electrophoresis and cloned into the Sall site of
pUC19 (25). Plasmid pGM1, containing a 1.8-kb insert, was

isolated by screening with a groELI-specific probe (OLl
[8]); pGM2, containing a 1.2 kb insert, was isolated by
screening with a probe corresponding to the 5' region of the

* Corresponding author.

Mycobacterium leprae groEL gene (15). DNA inserts in
pGM1 and pGM2 were then used as probes to screen a
genomic bank generated with cosmid pHC79 (11). Recombi-
nant cosmids were obtained that hybridized to the 1.8-kb
(pGM3) or 1.2-kb (pGM4) XhoI fragment. The fragments of
pGM3 and pGM4 that corresponded to the region within and
adjacent to the XhoI fragments were determined by South-
ern blot hybridization and subcloned into M13 for dideoxy
sequencing reactions (19).
Sequence ofgroELI. The nucleotide sequence of the region

of pGM3 that corresponded to OL1, HSP18, and HSP58 is
shown in Fig. 1. Codon usage analysis (data not shown)
predicted a functional open reading frame (groELI) that
encoded an acidic protein (a pl of 4.60 was predicted by
using the University of Wisconsin sequence analysis pro-
gram Isoelectric) of 56,681 Da whose N-terminal amino acids
corresponded to Edman degradation products of the N
terminus of HSP58 (10 residues analyzed) and N-terminal
and internal V8-generated peptides of HSP18 (48 of 49
residues analyzed). Although these amino acid sequence
identities were unexpected, they provided strong evidence
that HSP18 was the product of the groELI gene. The
hybridization data cited above (8) indicated that S. albus has
only two groEL-like genes; nucleotide sequence analysis
described below showed that the second gene did not encode
HSP18. Nevertheless, the nucleotide sequence of groELl
(which has been determined from two independent clones,
pGM1 and pGM3) had no in-frame stop codon that could
give rise to an 18-kDa peptide. Since the predicted N-termi-
nal 21-kDa polypeptide of GroEL (HSP18 migrates as a
21-kDa band under some denaturing conditions [8]) is acidic
(estimated from the first 201 amino acids ofgroELI; pl 4.43),
the basic charge of HSP18 (8) also cannot be explained
directly from the primary sequence of groELI.
The synthesis of a truncated basic protein (HSP18) could

be explained by ribosomal frameshifting at a site within
groELI. Frameshifting can generate unexpected alternative
gene products (2) that are sometimes functional. For exam-
ple (4, 6, 23), in the E. coli dnaX gene that encodes DNA
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polymerase III, the in-frame translational stop signal en-
codes a 71-kDa polymerase subunit. A -1 translational
frameshift occurs in 50% of the transcripts at a site within the
gene; as a result, ribosomes terminate early in the new frame
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FIG. 1. Nucleotide sequence of groELI and groES. Arrows
indicate imperfect inverted repeat sequences. Underlining indicates
experimental amino acid sequence data (8). The double-underlined
T (threonine) residue indicates the only inconsistency with the
experimentally determined peptide sequence (P2) (8).

to yield a 52-kDa protein. Both the 52- and 71-kDa products
are thought to have physiological roles. In the case of
groELl, which can be translated as a full-sized protein of 58
kDa (8), a +2 or -1 frameshift would generate a stop codon
to produce a 21-kDa basic protein. Alternatively, posttrans-
lational cleavage and modification of GroELl are possible.
We are carrying out C-terminal amino acid analysis of
HSP18 to distinguish between these possibilities.
Codon usage analyses predict that the region upstream of

groELJ contains a functional open reading frame encoding a
10,948-Da protein that is homologous to GroES found in a
variety of bacteria, including E. coli, Coxiella spp., Legion-
ella spp., cyanobacteria, Mycobacterium tuberculosis, and
M. bovis (data not shown). The groES-like gene is separated
from the groEL-like gene by a long inverted repeat sequence
that contains a motif (TTTCAT[16 N]TTGCCG) that is also
present upstream of the M. tuberculosis, M. bovis, and M.
leprae groEL-like genes (3).

Sequence ofgroEL2. The nucleotide sequence of the region
of pGM4 that hybridized to the M. leprae probe (Fig. 2)
showed that it was different from groELI. Codon usage
analysis (data not shown) predicted a functional open read-
ing frame that encoded an acidic protein (predicted pl, 4.61;
GroEL2) of 56,682 Da whose N-terminal amino acids corre-
sponded to the 10 N-terminal residues of HSP56 (8). Inspec-
tion of the sequence within 200 bp of groEL2 did not reveal
a groES-like gene like that near groELI.

Similarities between GroEL1, GroEL2, and eubacterial
GroEL proteins. Although GroELl and GroEL2 were 70%
identical, there were significant differences. GroELl did not
contain the Gly-Gly-Met motif found near the C terminus of
these procaryotic proteins and in all reported eucaryotic
HSP56-58 proteins (with the exception of chloroplast
rubisco-binding protein). Instead, the C terminus of GroELl
contained the motif Gly-His-Gly-His-Gly-His-Ser-His.
A comparison of GroEL1, GroEL2 and other eubacterial

GroEL proteins is shown in Fig. 3. With this alignment, the
percent amino acid identity for all pairwise combinations
was calculated and presented as a dendrogram (Fig. 4). This
analysis revealed that, although GroELl clearly belonged to
the actinomycete group, it was distinguishable from all other
members, which formed a distinct family.

Multiple groEL-like genes in streptomycete genomes. South-
ern blots of genomic DNA isolated from 12 different Strep-
tomyces spp. (S. albus and S. coelicolor A3 [2] [John Innes
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FIG. 3. Alignment of eubacterial GroELs from Synechococcus
FIG. 2. Nucleotide sequence of groEL2. The arrows indicate the sp. (S. sp.) strain PCC 7942 (27), E. coli (9), Coxiella burnetii (26),

position of an imperfect inverted repeat. Legionella pneumophila (18), M. tuberculosis (21), and M. bovis
(22). Alignment was done by using Clustal programs (10). Conserved
amino acids are indicated; dots show conservation of similar amino
acids. A block of conserved amino acids, a portion of which was

used to construct a degenerated probe (see Fig. 5), is underlined.
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FIG. 4. Dendrogram representation of the similarities between
eubacterial GroEL proteins. Analyses were carried out on the align-
ment shown in Fig. 3 by using CLUSTAL programs (10). Abbrevia-
tions and references are as described in the legend to Fig. 3.

Culture Collection]; S. citricolor, S. colombiensis, S. endus,
S. polychromogenes, S. rimosus, and S. spectabilis (culture
collection of Elizabeth Wellington]; S. fradiae ATCC 10745;
S. griseus [ETH, SS-1198]; S. kanamyceticus ATCC 12853;
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FIG. 5. Detection of two groEL-like genes in actinomycetes. Re-
striction endonuclease-digested genomic DNA of S. viridochromoge-
nes (lane 1; XhoI), S. parvulus (lane 2; XhoI), S. albus (lane 3; XhoI),
S. lividans (lane 4; XhoI), S. coelicolor (lane 5; XhoI), M. smegmatis
(lane 6; PstI), and E. coli (lane 7; PstI) were screened with an OL3, a
degenerate 30-mer oligonucleotide probe (GGCTTCGG[CT]GACCG
CCGCAAGGC[CG]ATGCTC) conserved among actinomycete groEL
genes (a portion ofa block ofconserved amino acids, underlined in Fig.
3). The positions and sizes (in kilobases) of molecular size markers
(bacteriophage lambda cleaved with PstI) are indicated by arrows.

S. parvulus ATCC 12434; and S. viridochromogenes GCC
40736) were hybridized with an oligonucleotide probe repre-
senting a sequence that is highly conserved among actino-
mycete groEL genes (Fig. 5; not all species are shown). Two
strong bands of hybridization were observed with high-
stringency conditions (60°C, 0.5x SSC [lx SSC is 0.15 M
NaCl plus 0.015 M sodium citrate]) in every Streptomyces
sp. tested. One band was observed in Mycobacterium smeg
matis and no bands were observed in E. coli under these
conditions of hybridization.
The observation that the probe hybridized to two restric-

tion fragments after digestion with either XhoI (Fig. 5) or
SstI (data not shown) strongly suggested that the two genes
are not closely linked on the streptomycete chromosome.
This was confirmed by using Southern blots (data not
shown), which indicated that neither cosmid pGM3 nor
pGM4 contained both genes. Finally, digestion of the S.
albus genome by SspI followed by pulsed-field electropho-
resis, blotting, and hybridization showed that the two genes
were present on different 700- and 200-kb fragments (data
not shown).
Streptomyces spp. are gram-positive mycelial eubacteria

that are well known for their ability to produce antibiotics,
secrete proteins, and differentiate during starvation; such
conditions probably involve stress heat shock proteins (8).
GroEL synthesis is induced in stationary-phase cultures of
E. coli (16) starved for carbon, phosphate, or nitrogen (14).
The observation that most Streptomyces species have two
groEL-like genes that express three gene products supports
the notion that multiple GroEL proteins (probably compara-
ble to those observed in S. albus) fulfill physiologically
distinct and important roles. Specialized functions may be
required for substrate (protein or possibly peptide antibiotic)
recognition, subcellular localization, or physiological changes
associated with differentiation.

Nucleotide sequence accession numbers. The nucleotide
sequence data shown in Fig. 1 and 2 have been submitted to
GenBank under accession numbers M76657 and M76658,
respectively.

We thank E. Wellington for kindly providing streptomyces
strains, G. Platas for pulsed-field electrophoretic analyses, David
Holmes, Carlos Martin, and Pascale Servant for providing actino-
mycete chromosomal DNA, and David Holmes and Peter Kaiser for
critical reading of the manuscript.

This work was supported by the Institut Pasteur and the Ministere
de la Recherche et de la Technologie (CHVP program).

REFERENCES
1. Altman, E., C. A. Kumamoto, and S. D. Emr. 1991. Heat-shock

proteins can substitute for SecB function during protein export
in Escherichia coli. EMBO J. 10:239-245.

2. Atkins, J. F., R. B. Weiss, and R. F. Gesteland. 1990. Ribosome
gymnastics-degree of difficulty 9.5, style 10.0. Cell 62:413-423.

3. Baird, P. N., L. M. C. Hall, and A. R. M. Coates. 1989. Cloning
and sequence analysis of the 10 kDa antigen gene of Mycobac-
terium tuberculosis. J. Gen. Microbiol. 135:931-939.

4. Blinkowa, A. L., and J. R. Walker. 1990. Programmed ribo-
somal frameshifting generates the Escherichia coli DNA poly-
merase III -y subunit from within the T subunit reading frame.
Nucleic Acids Res. 18:1725-1729.

5. Fayet, 0., T. Ziegelhoffer, and C. Georgopoulos. 1989. The
groES and groEL heat shock gene products of Escherichia coli
are essential for bacterial growth at all temperatures. J. Bacte-
riol. 171:1379-1385.

6. Flower, A. M., and C. S. McHenry. 1990. The y subunit of DNA
polymerase III holoenzyme of Escherichia coli is produced by
ribosomal frameshifting. Proc. Natl. Acad. Sci. USA 87:3713-
3717.



7386 NOTES J. BACTERIOL.

7. Georgopoulos, C. P., R. W. Hendrix, S. R. Casjens, and A. D.
Kaiser. 1973. Host participation in bacteriophage lambda head
assembly. J. Mol. Biol. 76:45-60.

8. Guglielmi, G., P. Mazodier, C. J. Thompson, and J. Davies.
1991. A survey of the heat shock response in four Streptomyces
species reveals two groEL-like genes and three GroEL-like
proteins in Streptomyces albus. J. Bacteriol. 173:7374-7381.

9. Hemmingsen, S. M., C. Woolford, S. M. van der Vies, K. Tilly,
D. T. Dennis, C. P. Georgopoulos, R. W. Hendrix, and R. J.
Ellis. 1988. Homologous plant and bacterial proteins chaperone
oligomeric protein assembly. Nature (London) 333:330-334.

10. Higgins, D. G., and P. M. Sharp. 1988. CLUSTAL: a package
for performing multiple sequence alignments on a microcom-
puter. Gene 73:237-244.

11. Hohn, B., and J. Collins. 1980. A small cosmid for efficient
cloning of large DNA fragments. Gene 11:291-298.

12. Kumamoto, C. A. 1991. Molecular chaperones and protein
translocation across the Escherichia coli inner membrane. Mol.
Microbiol. 5:19-22.

13. Lindquist, S., and E. A. Craig. 1988. The heat-shock proteins.
Annu. Rev. Genet. 22:631-677.

14. Matin, A. 1991. The molecular basis of carbon-starvation-
induced general resistance in Escherichia coli. Mol. Microbiol.
5:19-22.

15. Mehra, V., D. Sweetser, and R. A. Young. 1986. Efficient
mapping of protein antigenic determinants. Proc. Natl. Acad.
Sci. USA 83:7013-7017.

16. Neidhardt, F. C., T. A. Phillips, R. A. VanBogelen, M. W.
Smith, Y. Georgalis, and A. R. Subramanian. 1981. Identity of
the B56.5 protein, the A-protein, and the groE gene product of
Escherichia coli. J. Bacteriol. 145:513-520.

17. Neidhardt, F. C., and R. A. VanBogelen. 1987. The heat shock
response, p. 1334-1345. In F. C. Neidhardt, J. L. Ingraham, K.
B. Low, B. Magasanik, M. Schaechter, and H. E. Umbarger
(ed.), Escherichia coli and Salmonella typhimurium: cellular
and molecular biology. American Society for Microbiology,
Washington, D.C.

18. Sampson, J. S., S. P. O'Connor, B. P. Holloway, B. B. Plikaytis,

G. M. Carlone, and L. W. Mayer. 1990. Nucleotide sequence of
hptB, the Legionella pneumophila gene encoding the 58-kilodal-
ton (kDa) common antigen, formerly designated the 60-kDa
common antigen. Infect. Immun. 58:3154-3157.

19. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

20. Schlesinger, M. J. 1990. Heat shock proteins. J. Biol. Chem.
265:12111-12114.

21. Shinnick, T. M. 1987. The 65-kilodalton antigen of Mycobacte-
rium tuberculosis. J. Bacteriol. 169:1080-1088.

22. Thole, J. E. R., W. J. Keulen, A. H. Kolk, D. G. Groothuis,
L. G. Berwald, R. H. Tiesjema, and J. D. A. van Embden. 1987.
Characterization, sequence determination, and immunogenicity
of a 64-kilodalton protein of Mycobacterium bovis BCG ex-
pressed in Escherichia coli K-12. Infect. Immun. 55:1466-1475.

23. Tsuchihashi, Z., and A. Kornberg. 1990. Translational frame-
shifting generates the y subunit of DNA polymerase holoen-
zyme. Proc. Natl. Acad. Sci. USA 87:2516-2520.

24. Van Dyk, T. K., A. A. Gatenby, and R. A. LaRossa. 1989.
Demonstration by genetic suppression of interaction of GroE
products with many proteins. Nature (London) 342:451-453.

25. Vieira, J., and J. Messing. 1982. The pUC plasmids, an
M13mp7-derived system for insertion mutagenesis and sequenc-
ing with synthetic universal primers. Gene 19:259-268.

26. Vodkin, M. H., and J. C. Williams. 1988. A heat shock operon
in Coxiella burnetii produces a major antigen homologous to a
protein in both Mycobacteria and Escherichia coli. J. Bacteriol.
170:1227-1234.

27. Webb, R., K. J. Reddy, and L. A. Sherman. 1990. Regulation
and sequence of the Synechococcus sp. strain PCC 7942 groESL
operon, encoding a cyanobacterial chaperonin. J. Bacteriol.
172:5079-5088.

28. Zweig, M., and D. J. Cummings. 1973. Cleavage of head and tail
protein during bacteriophage T5 assembly: selective host in-
volvement in the cleavage of a tail protein. J. Mol. Biol.
80:505-518.


