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In the fruiting body-forming myxobacterium Stigmatella aurantiaca a 21,000-Mr protein, SP21, is synthesized
during fruiting, heat shock, and stress induced by oxygen limitation. The corresponding gene was isolated from
a gene expression library in Agtll with an antiserum to the purified protein. The DNA sequence of the gene
reveals that SP21 is a member of the a-crystallin family of low-molecular-weight heat shock proteins.

Stigmatella aurantiaca is a gram-negative, rod-shaped myx-
obacterium that grows on decaying organic matter in soil. The
myxobacteria possess a biphasic cell cycle, during which they
form a fruiting body. During vegetative growth, the cells glide
in swarms upon insoluble organic substrates, part of which they
degrade by secreted lytic enzymes. When nutrients are de-
pleted, the cells migrate into aggregation centers from which
the fruiting bodies arise. The fruiting body of S. aurantiaca
consists of a branched stalk supporting the sporangioles, which
in turn contain several thousand myxospores. Features ob-
served during eukaryotic multicellular morphogenesis, such as
the processing of positional information and cell communica-
tion by close contact or diffusible molecules, are predicted to
play an important role in fruiting of the myxobacteria (28).
Spore formation of S. aurantiaca is not strictly coupled to
fruiting body formation and can be directly induced in liquid
culture by a number of chemicals, the most potent of which are

indole and some of its derivatives (7).
During development, a protein with an Mr of 21,000 (SP21)

is synthesized; this protein is found in fruiting bodies and
chemically induced spores but was not detected in vegetative
cells growing under standard conditions. The protein has been
purified from chemically induced spores, and the sequence of
its N-terminal amino acids has been determined (11). Here we
report the isolation of the corresponding gene (hspA) from an
expression library in Agtll with an antiserum to purified SP21.
The DNA sequence ofhspA identifies SP21 as a member of the
family of low-molecular-weight heat shock proteins (LMW-
HSPs). There is striking homology between SP21 and LMW-
HSPs of several plants. We demonstrated stress-responsive
expression of hspA in Western immunoblots upon heat shock
and oxygen depletion.

Cloning and sequencing of hspA. Xgtll expression libraries
were constructed from genomic S. aurantiaca DNA partially
restricted with HpaII and enriched for the size range of 500 to
2,000 bp by preparative agarose gel electrophoresis. To obtain
translational fusions to P-galactosidase in all reading frames,
three independent libraries were constructed by using HpaII-
EcoRI linkers of different lengths (17, 18, or 19 nucleotides)
which were ligated to S. aurantiaca DNA and subsequently
cloned into the EcoRI site of the Xgtll vector.

Immunological screening of the recombinant phages was
done as described previously (29), using an antiserum to SP21
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(11) at a dilution of 1:3,000. Eight independent clones were

extracted from the Agtll expression libraries and purified, and
their inserts were subcloned into the EcoRI site of pBluescript
SKII+ (Stratagene). Southern hybridization of the cloned
inserts with one another revealed three distinct classes accord-
ing to their hybridization patterns. One plasmid (pL4), which
contained the 5' end of hspA, was identified by Southern
hybridization with a fully degenerated oligonucleotide probe
derived from amino acids 19 to 25 of the SP21 polypeptide. It
harbored the complete gene for SP21, which in Xgtll is not
expressed as a fusion protein but is transcriptionally linked to
the 3-galactosidase mRNA. The DNA sequences of both
strands of the insert were determined by primer walking by the
chain termination method (30) with a T7 sequencing kit
(Pharmacia). Sequences were composed and analyzed by using
the Heidelberg Unix Sequence Analysis Resources.

Properties of hspA. The composite sequence of the insert of
hspA is depicted in Fig. 1. The previously established amino
acid sequence of the polypeptide (11) defines the ATG at
position 568 to be the start of translation. The expression of
hspA in Xgtll as an individual cistron implies that the cloned
DNA carries the start signals for translation. Therefore, the
sequence (GAGGAGGA) 12 bp upstream from the ATG is
most probably the ribosome binding site (17). An in-frame
opal codon is located at position 1134.
The insert of pL4 has a high G+C content (66.5%); there

are slight differences in the G+C compositions of hspA
(63.7%) and the flanking regions (67.6%). The G+C content
at the third codon position is above average (78%), while that
at the second position is relatively low (45%).
SP21 is composed of 187 amino acids and has a calculated

molecular weight of 21,122, which matches the apparent
molecular weight in sodium dodecyl sulfate-polyacrylamide gel
electrophoresis of 21,000. With the deduced amino acid se-

quence, the SWISSPROT and PIR protein data bases and the
EMBL/GenBank DNA data bases (releases from March 1992)
were screened for homologous sequences with the programs
Fasta and TFasta (25) and Blastn and TBlastn (1). The search
revealed significant homology between SP21 and the family of
LMW-HSPs (Table 1). Most striking is the similarity between
SP21 and the LMW-HSPs of several plants. SP21 is 38.2%
identical to HSP17.4 of Arabidopsis thaliana; considering evo-

lutionarily favored amino acid substitutions, the match in-
creases to 55%. The homology of SP21 to some plant and
bacterial LMW-HSPs is depicted in Fig. 2 (see Table 1 for
identity scores).
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501 . . . 540
.... TGTCTTACGGTCTGGATGGCGGCGGCAGTCCACGGGACTT

630
CGCCGCGATACGAGGAGAGGAACCGTCATGGCCGATTTGTCTGTTCGTCGTGGGACTGGAAGTACTCCGCAGCGCACCCGTGAGTGGGAT

M A D L S V R R G T G S T P Q R T R E W D
720

CCCTTTCAGCAGATGCAGGAGCTGATGAACTGGGATCCGTTCGAGCTGGCGAACCACCCGTGGTTTGCCAATCGCCAAGGCCCGCCGGCG
P F Q Q M Q E L M N W D P F E L A N H P W F A N R Q G P P A

810
TTCGTCCCCGCTTTCGAGGTGAGGGAGACGAAGGAAGCCTACATCTTCAAGGCGGACCTGCCGGGGGTGGATGAGAAGGACATCGAGGTG
F V P A F E V R E T K E A Y I F K A D L P G V D E K D I E V

900
ACGCTCACGGGAGACCGCGTCTCGGTGAGTGGCAAGAGAGAGCGCGAGAAGCGCGAAGAGTCTGAACGCTTCTATGCCTATGAGCGCACG
T L T G D R V S V S G K R E RE K R E E S E R F Y A Y E R T

990
TTCGGCTCGTTCAGCCGCGCGTTCACCCTTCCGGAAGGCGTGGATGGAGACAACGTCCGGGCCGACCTGAAGAATGGGGTGTTGACGCTC
F G S F S R A F T L P E G V D G D N V R A D L K N G V L T L

1080
ACGCTGCCCAAGCGGCCCGAGGTGCAACCCAAGCGCATCCAAGTGGCCAGCAGCGGCACGGAGCAGAAGGAACACATCAAGGCGTACCCG
T L P K R P E V Q P K R I Q V A S S G T E Q K E H I K A Y P

1170
GCGCCTGCCGAGCCAGGCCTGGCTGCCCCCCTGGGGTGGCCAGGCTTTTCATGAGCGCACGTTACTTCGCGCGGAGCTGACGGAAGCACT
A P A E P G L A A P L G W P G F S *

1260
CCCGGAGTTCGTGCGCGAAGAGCGCCGGTTGCTCGAACGCCGCGAAGTGGCCGCCCCGGTCGGGTTCGTTCCAGTAGATGAGCTTCGAGT

1300
AGGTCTGCTCGGCCCAGCGCTTCGGTGCGCGGAAGAGTTCGCGCGGGAAG....

FIG. 1. DNA sequence of hspA and deduced amino acid sequence of SP21. Part of the pL4 sequence containing hspA is shown. The coding
region ranges from nucleotide 568 (ATG) to 1134; Boldface letters indicate the putative ribosome binding site.

Across species the homology of LMW-HSPs increases to-
wards the C termini of the proteins (22). Remarkably, in SP21
and a subset of plant LMW-HSPs, homologous sequences span
the whole protein. The sequence analysis program Tree (6)
predicts a closer relationship between SP21 and plant LMW-
HISPs than between plant LMW-HSPs and all other eukaryotic
LMW-HSPs.

Induction ofhspA expression. hspA expression as a response
to stressors (heat shock and anoxia) was investigated. Heat
shock was induced by transferring an exponentially growing
culture (8 x 107 cells per ml) of S. aurantiaca (11) from 32 to
37°C with vigorous shaking. These relatively mild heat shock
conditions were sufficient to induce hspA expression while the
cells remained viable. (At 42°C hspA is also induced, but cells
die soon after the shift.) About 5 min after the temperature
shift, SP21 was detected in a Western blot (Fig. 3) by using the

TABLE 1. Sequence identities of S. aurantiaca SP21 to LMW-HSPs
belonging to the alpha-crystallin family

Source Protein % ReferenceIdentitya

Alfalfa HSP18.2 37.5 10
A. thaliana HSP17.4 38.2 34
Soybean HSP17.5E 37.2 3
Neurospora crassa HSP30 30.5 27
S. cerevisiae HSP26 27.3 26
M. leprae 18-kDa antigen 23.3 21
M. tuberculosis" 14-kDa antigen 24.5 35
Human HSP27 16.7 12
Drosophila melanogaster HSP22 16.5 32

a Based on sequences aligned by the program Tree (6).
' Amino acid sequence deduced from DNA sequence.

antiserum to SP21 (11). Minor degradation of SP21 resulting
in the weak band below Mr 21,000 may be due to proteolysis
during sporulation or preparation of the samples. After 40 to
60 min, accumulation ceased and the cellular SP21 concentra-
tion reached a plateau.

Depletion of oxygen also results in hspA expression. Mi-
croaerobic or anoxic conditions were achieved by filling an
air-tight closed bottle to the top with an exponentially growing
culture (5 x 107 cells per ml). Because S. aurantiaca is an
obligate aerobe, oxygen is consumed rapidly (5). SP21 synthe-
sis was detected in Western blots 4 to 6 h after transfer into the
air-tight closed bottle. Whether anoxia itself, a more general
down-regulation of metabolism, or a change in the milieu
triggers hspA expression remains to be determined.

In S. aurantiaca, SP21 was recognized as a major constituent
of chemically induced spores; it was absent from vegetative
cells growing under standard conditions (11). Only a few
sequences of bacterial LMW-HSPs, i.e., those from Clostrid-
ium acetobutylicum (31) and several mycobacterial species (21,
35), are currently known.

Like many eukaryotic LMW-HSPs, SP21 is synthesized in
response to a variety of stress conditions and developmental
triggers. Developmentally regulated expression of hspA during
fruiting body formation and indole-induced sporulation has
been demonstrated (11). The mechanism by which indole
induces sporulation in myxobacteria remains unknown. We
speculate that indole either is an analog of a specific signal
molecule produced during fruiting body formation or mimicks
amino acid starvation by interfering with tryptophan metabo-
lism.

During indole-induced sporulation, SP21 is detected by
Western blot analysis 1 to 2 h after addition of indole (11).
hspA is expressed much faster after heat shock (ca. 5 min after
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MSLIPSFFGG ....RRRS N VFFD-P-...S LDV WDTF KD FPFNNSA LSASFP
MSLVPSFFGG.....R RTN VFDPF....SLDVWDPFEGF ..LTPG LTNAPA
MADLSVRRGTGSTPQR,TREWDP;FQQMQELMNWDPFE....LANHPWFANR

MATTLPVQR ...... HPRSL SELFAAFPS....AG RPTF.

..~.......RELRIF.....AEQVJGT....

RENS WjSTRVDWSKEPBE HVFKEIKADL?EK DRVQISGER
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QGPPAFIVLPA.FREVRWFY KA:DlPG E DIEVTLTGDR SVSGWIR
..DTRLMRLEDIEMIKR..Y RAELPG DPDKDVDIVGR NQJ.TLVIR
.SARPAMMPMDAIWRE~EffF AEF R

SVK E D QIWHRL|ERSSGKMMRR[FRLPENK MDQVKAA ENGVLTVTVPK
SSIEEEKS DTIWHRIVERSSGKIFIMRIRIFIRLPENK EEVKA ENGVLSVTTVPK
ESRIERSER[MYYIEARFTATPiEM[GGDNVR-ADLKNGVLTLTLPPK
TE|QK 1DGj... .

. [SEYgSIFRITVITLMPVGEDDIKDDIKATYD GILTVSVAV
PGVDP ..EMLAAERPRGV[FlNRJQLVLGENDT YQEGVLKLSIP

EEVK[K7EEVKTl[f:Th
VQESK[P E VKS I I
RPEV PjKRIQ|V|AS1SGGTEQKEHIKAYPAPAEPGLAAPLGWPGFS
SEG.JKPTEKH1JIQRSTN
AERAKIRKISVDI.RFGNNGHQTINKTAHEIIDA

FIG. 2. Alignment of SP21 and selected LMW-HSPs. atl7, A. thaliana HSP17; gml7, Glycine max HSP17.5E; sp2l, S. aurantiaca SP21; mtl4,
Mycobacterium tuberculosis 14-kDa antigen; m118, Mycobacterium leprae 18-kDa antigen. Similar amino acids are boxed; identical amino acids are
shaded. The alignment was done by using the program Tree (6).

temperature shift) than after indole induction. This agrees with
the findings for other bacteria; e.g., maximum induction of
heat shock protein synthesis in Escherichia coli occurs within a
few minutes of exposure to elevated temperature, with a
subsequent decline to a steady-state level which reflects the
new growth temperature (9, 19).
The different time courses of SP21 production in response to

stress situations such as heat shock, anoxia, or starvation
(fruiting body formation) may reflect independent pathways
connected by a common crossing point at which the expression
of hspA is modulated. The existence of a linkage of heat shock
and myxospore formation has been demonstrated for S. auran-
tiaca (8) and Myxococcus xanthus, a closely related myxobac-

HS 370C

0' 3' 6' 9' 12' 24' 36' 60' -2
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FIG. 3. Western blot analysis of stress-induced hspA expression.
(Left) The heat shock response of exponentially growing S. aurantiaca
cells was induced at 370C, and samples were withdrawn at the time
points (minutes) indicated. (Right) An S. aurantiaca culture was
depleted of oxygen (see text), and a sample was taken after 4 h. The
samples were normalized for their protein content. The numbers on
the left show molecular weights (in thousands).

terium. Heat shock prior to chemical induction of development
or starvation leads to accelerated and enhanced spore forma-
tion. These effects appear to be dependent on the actual
expression of heat shock genes, which might sensitize the cells
to other stressors to which they subsequently respond more
rapidly (15, 20).
The eukaryotic LMW-HSPs are known to form high-molec-

ular-weight complexes, the so-called heat shock granules,
during the heat shock response. The purification scheme for
SP21 included sedimentation of the protein at 186,000 x g
within the membrane fraction (11). As the sequence of hspA
does not indicate a direct interaction of SP21 with the mem-
branes, the ability to sediment SP21 suggests that SP21 also
forms aggregates or is organized in larger complexes.
Whereas for mammalian LMW-HSPs a role in the acquisi-

tion of thermoresistence has been discussed (2, 16, 24), no
biological function could be assigned for the only LMW-HSP
of Saccharomyces cerevisiae (33). Recent in vitro studies indi-
cate that mammalian LMW-HSP and the alpha-crystallins
possess a chaperone-like function in that they prevent thermic
aggregation of other proteins (4, 13, 14, 18). Perhaps SP21 has
a similar function and stabilizes cellular components during
stress and the extensive reconstructing activities accompanying
spore formation.

It has been suggested that the LMW-HSPs of plants are
involved in the regulation of translation during the heat shock
response. Nover et al. (23) showed that the heat shock granules
of tomato cells contain a particular subset of mRNAs. These
authors propose that the heat shock granules in tomato
function as a storage compartment for a subset of mRNAs
which will be needed after the heat shock.
The marked homology of SP21 to the LMW-HSPs of plants

makes it tempting to speculate on the functional relationship
of the proteins. Since SP21 is present in the mature fruiting
body, it might help pack mRNAs which will be necessary for
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the early steps of germination, or SP21 may protect mRNAs of
the housekeeping genes during certain periods of development
during which other mRNAs are heavily degraded.

S. aurantiaca may be a very helpful model system, because it
combines the simplicity of a prokaryote with remarkable
cell-cell interactions and multicellular development. These
features may help to elucidate the role of LMW-HSPs in
development and may allow detection of their function in cell
communication. As the fruiting body consists of a stalk,
branches, and sporangioles, it might be possible to address
questions of "tissue-specific" expression.
To gain more information about the function of the protein

and about its role in fruiting body formation, we are attempting
to isolate strains carrying mutations in the SP21 gene.

Nucleotide sequence accession number. The hspA sequence
has been deposited in the EMBL/GenBank data base under
accession no. M94510.
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