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Summary. A gene homologous to the E. coli groEL locus
was identified on the plastid genome of the unicellular red
alga Cyanidium caldarium strain 14-1-1 (synonym:
Galdieria sulphuraria). The complete nucleotide sequence
was determined and compared to bacterial- and nuclear-
encoded counterparts of higher plants. At the amino-acid
level the C. caldarium gene shows 70% homology to the
corresponding gene of the cyanobacterium Synechococ-
cus and 52% homology to nuclear-encoded counterparts
of higher plants, respectively. Northern and Western blot
experiments were used to investigate the dependence of
the transcript- and protein-level on culture temperature
and heat shock.
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Introduction

Recent studies on chromophytic and rhodophytic algae
have revealed a large body of striking differences con-
cerning the organization of their plastid genomes com-
pared to those of chlorophytic algae and higher plants,
respectively. While not pretending to resolve the issue of
whether the photosynthetic organells are descendants of
single or multiple endosymbiosis events, these data point
unmistakably to a long period of separated evolution of
the different algal plastids. One has, therefore, to consid-
er the meaning of the differences as well as of the similar-
ities. All types of plastids investigated so far possess genes
for the ribosomal RNAs, as well as a set of tRNAs, and
several essential proteins of the photosynthetic apparatus
(Palmer 1985; Douglas 1988; Markowicz et al. 1988; De-
laney and Cattolico 1989; Hwang and Tabita 1989; Maid
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and Zetsche 1990, 1991; Winhauer et al. 1991). Rhodo-
phytes show plastid genomes which are somewhat larger
than the majority of chlorophyll a+b plastid genomes
(Reith and Cattolico 1986; Shivji 1991). Together with
the lack of introns within protein-coding genes this seems
to enable the plastid genomes of Rhodophytes to encode
more genes than their chlorophytic counterparts: rhodo-
phytic plastids, like those of Chromophytes, encode for
the gene of the small Rubisco subunit (Douglas and
Durnford 1989; Hwang and Tabita 1989; Valentin and
Zetsche 1989, 1990; Kostrzewa etal. 1990). Phyco-
biliprotein genes, as well as as the sec4 gene and the
ompR gene, have been detected on the plastid genomes of
red algae (Valentin et al., in preparation; Kessler et al., in
press). These features may be considered as more primi-
tive attributes and as relics of the former cyanobacteri-
um-like endosymbiont. They also may indicate a long
period since the separation of the evolutionary pathways
of chloroplasts and rhodophytic and chromophytic plas-
tids, respectively.

In our laboratory we study the plastid genome organi-
zation of rhodophytic and chromophytic algae in relation
to their coding capacity, the occurrence of additional
genes compared to chlorophytic plastids, and any unusu-
al gene arrangements, qualities which may all be useful as
taxonomic tools. In this paper we present the nucleotide
sequence of a red algal plastid-encoded gene homologu-
ous to the E. coli groFL gene. This protein, belonging to
the chaperonin group (reviewed by Roy 1989; Gatenby
and Ellis 1990; Ellis 1990), has its nuclear-encoded coun-
terparts in the Rubisco subunit-binding protein of higher
plants (Hemmingsen et al. 1988). In the case of Cyanidi-
um caldarium the gene product is of double interest. First,
both Rubisco subunit genes, rbcL and rbcS, are co-tran-
scribed from the plastid genome as in other red algae
(Valentin and K. Zetsche 1989, 1990); hence, together
with the C. caldarium groEL gene, there may be the op-
portunity for expression-experiments to elucidate the
rbeL-rbeS/groEL interactions. Second, the thermophilic
eucaryote C. caldarium may provide insight into the plas-
tid heat-shock response system.
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Materials and methods

Strain and culture conditions. C. caldarium Geitler, strain 14-1-1 was
isolated by Allen; we used strain 107.79 from the collection of algae
maintained by the Institute of Plant Physiology of the University of
Géttingen. This strain is identical with Galdiera sulphuraria (Merola
et al. 1981). Cells were grown axenically under constant light (7 500
lux) in 1 or 5 litre flasks as described (Steinmiiller et al. 1983) at
45°C. Cells were heat-shocked at 60°C for 40 min with RNA isola-
tion following immediately. For protein extraction cells were heat-
shocked for 1 and 2 h, respectively, at 60 °C. Cells were harvested by
centrifugation for 10 min at 5000 g.

Isolation of rhodoplast DN A. Was as described by Maid et al. (1990).

Mapping and cloning of rhodoplast DNA fragments. Restriction en-
donucleases and T4-DNA Ligase, purchased from Boehringer
Mannheim Biochemicals FRG and Gibco-BRL FRG, were used
according to the manufacturer’s recommendations. The cloning
vector was pUC18. Starting with the rhodoplast rRNA operon
(Maid et al. 1990; Maid and Zetsche 1991) overlapping plastid
DNA fragments were identified from EcoRI, Bglll, HindII and
HindIII libraries by colony hybridization.

Labelling of DNA probes. Hexanucleotide primers (Boehringer)
were used to label DNA fragments in low melting point agarose
slices (FMC) either with digoxygenin-UTP for Southern hybridiza-
tions or with 3?P-a-dATP for Northern hybridizations.

Northern analysis. Total cellular RNA was isolated as described
(Ausubel et al. 1987).

Protein technigues. We obtained antibodies raised against a
LacZ(alpha peptide)-groEL(E. coli) fusion protein from R. Webb
(Purdue University, West Lafayette, Indiana) and against the E. coli
groEL protein from G. Lorimer (Molecular Biology Division, Cen-
tral Research and Development Department, E.I. DuPont de
Nemours and Company, FRG). Polyacrylamid gel electrophoresis
and Western blotting were done as described (Towbin et al. 1979)
and were developed with alkaline phosphatase-conjugated sec-
ondary antibodies.

Sequence analysis. Subclones were directly sequenced in plasmid
pUC 18 with the T7 polymerase kit (Pharmacia). Sequence data
were computed with the “Kroeger-Menu” (Kroger and Kroger-
Block 1984) and the PROSIS software (Pharmacia) using the
EMBL data library and the CLUSTAL-program (Higgins and
Sharp 1988).

Results and discussion

The C. caldarium groEL gene was located about 5kb
upstream of the 168 rRNA gene and the inverted repeat
border, respectively. It is separated from the 16S rRNA
gene by the psbD/psbC operon, the rps16 gene (in prepa-
ration), and a gene homologous to the E. coli ompR
(Kessler et al. 1992) which is transcribed from the oppo-
site strand. Figure 1 shows a physical map of the identi-
fied genes. Due to the small amount of enriched plastid
DNA of C. caldarium we have not yet established a phys-
ical map of the total rhodoplast genome, so there is no
possibility of assigning this gene to either the small or the
large single-copy region. Higher plant plastids, and those
of the Chromophytes Olisthodiscus Iuteus and Cryp-
tomonas ©, show the inverted repeats oriented with the
23s rRNA genes towards the small single-copy region,
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Fig. 1. Physical map of one plastid single-copy area upstream to the
16s rDNA. Arrows represent the sizes and localizations of the fol-
lowing genes: 1, groEL; 2, rpsi6; 3, psbC; 4, psbD; 5, ompR; 6, 168
rRNA (2-4, submitted; 5, Kessler et al. 1992; 6, Maid and Zetsche
1990). Abbreviations: BG, Bglll, E, EcoRl; H, Hindlll; HII,
Hindl}; IR, inverted repeat; kb, kilobases

whereas the inverted repeat orientation is reversed on the
cyanclle genome of Cyanophora paradoxa (Bohnert et al.
1985) and the plastid genome of the red alga Porphyra
yezoensis. However, the existing physical maps of red
algal plastomes do not agree with our findings. In the
case of Griffithsia pacifica (Li and Cattolico 1987) no
inverted repeat could be detected and the map of P. ye-
zoensis shows hybridization signals to the ppcBA gene
upstream of one 16S rRNA gene (Shivii 1991). In our
laboratory we found structural differences within and
around the ribosomal operons of the unicellular red algae
C. caldarium and Porhyridium aerugineum, as well as the
multicellular red alga Antithamnion sp. (in preparation),
so the plastid genomes of red algae seem to exhibit large
structural differences. According to the chaperon con-
cept (for a review see Gatenby and Ellis 1990) proteins
which are involved in the correct folding of other
polypeptides and the correct assembly of multimeric
proteins, respectively, without being a part of the result-
ing structure, are called chaperonines. The C. caldarium
chaperonin is the first one described to be encoded on the
plastid genome. Figure 2 shows the nucleotide sequence
with the deduced amino-acid sequence, Fig. 3 an align-
ment with corresponding sequences from bacteria and a
higher plant. The amino-acid homologies of the com-
pared gene products to each other are listed in Table 1.

Western blotting experiments with antibodies against
the E. coli 65kDa Chaperonin (obtained from G.
Lorimer, see Materials and methods) detect two protein
bands of nearly equal size (Fig. 4) which is in good agree-
ment with the molecular weight deduced from the amino-
acid sequence of 57.8 kDa. Two forms of the nucleus-en-
coded higher plant Rubisco-binding protein with ana Mr
of 61000 () and 60000 (B) have been described; never-
theless the two Western-blot signals in the case of C.
caldarium may point to different groEL-protein process-
ing products as only one groEL gene could be detected by
homologous Southern hybridization against total C. cal-
darium DNA (data not shown). However, there are con-
siderable cross reactions of the antibody with other E.
coli proteins. Therefore, further studies with antibodies
against a cyanobacterial groEL protein, together with
expression-experiments, may help to characterize the
C. caldarium groEL homologue.
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AATAATATTATTCAATATTTTTATATTAATAGTTTTATTCTATATGTTTTAATATTTTTATCTTTACATATTACACGAT IATGACTAAACAGATTTTATA
Met.ThrLysGinIleLeuTyr

TCAAGAAAA%GCACGTAAAGCTTTAGAAAAAGGAATTGATATACTCGCCGAAGCTGTTTCTGTTACTTTAGGACCTAAAGGACGTAATGTTGTAATTGAA
GlnGluAsnAlaArgLysAlaleuGlulysGlyIleAspIleLeuAlaGluAlaValServValThrLeuGlyProLysGlyArgAsnvalvalIleGlu

AAAAAATATGGTCCTCCTCAGATAATAAATGATGGTGTAACTATTGCTAAAGAGATAGAACTTGAGGATCATATAGARAATACAGGAGTCGCTTTAATTA
LysLysTyrGlyProProGlnIleIleAsnAspGlyValThrIleAlalysGlulleGluLeuGluAaspHiaTleGluAsnThrGlyvalAlaLeulleAry

GACAAGCAGCTTCTAAAACCAATGATGTTGCTGGGGATGGTACAACTACATCTACTGTATTAGCACATGCAATTGTGAAACAAGGAATGAGAAATGTTGC
GlnAlaAlaSerLysThrAsnAspValAlaGlyAspGlyThrThrThrSerThrValleuAlaHisAlaIleValLysGlnGlyMetArgAsnvalala

AGCAGGAGCTAATCCCATAGCTTTAAAGAGGGGAATAGATARAGCCACTCAATTTATCATTAATAAAATTTCCGAGTATTCACGCCCTGTTGAGGACAAT
AlaGlyAlaAsnProlleAlaLeulysArgGlyIleAspLysAlaThrGlnPhellelleAsnLyslleSerGluTyrSerArgProValGluAspAsn

AAAGCTATTACTCAGGTAGCAACAATTTCTTCAGGTAATGATGAAAATATAGGAAAAATGATTGCAGATGCAATTGARAAAGTTGGTCGTGAAGGTGTTA
LysAlalleThrGlnValAlaThrIleSerSerGlyAsnAspGluAsnlleGlyLysMetIleAlaAspAlalleGluLysValGlyArgGluGlyvallle

TTTCTATAGAAGAAGGAAAATCAACTACAACAGAATTAGAAATTAAAGAAGGTATGAAATTCGAAAGAGGATATATTTCTCCATATTTTGTAACAGATAG
SerIleGluGluGlyLyaSerThrThyThrGluLeuGluIleLysGluGlyMetLysPheGluArgGlyTyrlleSerProTyrPheValThrAspSer

TGACCGAATGGAAGTAGTTCAAGAAAATGCATCTGTTTTAATAACAGATAAAAAAATAACACTTGTTCAACAAGATCTTTTACCAGTTTTAGAACAAATT
AspArgMetGluvalValGlnGluasnAlaSerValLeuIleThrAspLysLysYleThrLeuValGlnGlnAspLeuLeuProValLeuGluGlnIle

GCTAAAACAAATAAACCACTTCTAATAATAGCTGAAGATATAGAGAAAGAAGCACTTGCAACATTAATTGTTAATAAATTAAGAGGAATATTAAACGTTG
AlaLysThrasnlLysProLeuLeullelleAlaGluAspIlleGluLysGlualaLeuAlaThrLeullevValAsnLysLeuArgGlyIleLeuAanValval

TAGCTGTTAAGGCTCCAGGGTTTGGAGATAGAAGAAAATCTATTTTAGAAGATATCGCTATATTAACAGGAGGACAATTAATTACAGAAGATGCAGGTTT
AlaValLysAlaProGlyPheGlyAspArgArgLysSerlIleleuGluAsplleAlalleLeuThrGlyGlyGlnLeuIlleThrGluAspAlaGlyLeu

GAGTCTAGATAAAGTTGATTTATCTATGCTTGGGCAAGCTAATAAGGTTATTGTAAATAAAGAATCTACAARCTATTATATCTAATGCCAATGAAAATAAT
SerLeuAsplLysValAspLeuSerMetLeuGlyGlnAlaAsnLysVallleValAsnLysGluSerThrThrlilelleSerAsnAlaAsnGluAsnAsn

GTGAAAGCTAGATGTGAACAAATTCGTAAACAAATTGAAATTACTGATTCCTCATATGAAAAAGAGAAATTACAAGAGAGACTTGCTAAATTAGCAGGAG
ValLysAlaArgCysGluGlnIleArgLysGlnIleGlulleThraspSerSerTyrGluLysGluLysLeuGlnGluArgLeuAlaLysLeuAlaGlyGly

GAATCGCTGTTATTAAGGTAGGTGCAGCGACAGAAACTGAAATGAAAGATAAAAAATTACGTTTAGAGGATGCCATAAATGCAARCTAAAGCTGCAATTGA
IleAlavalIleLysValGlyAlaAlaThrGluThrGluMetLysAspLysLysLeuArgLeuGluAspAlalleAsnAlaThrLysAlaAalalleGlu

AGAAGGCATTGTACCAGGTGGCGGAGCTACATTAGTACATTTAGCTAATGATTTATTCAATTGGGCCAAAGGTGTTTTAAAAGAAGATGAATTAATAGGT
GluGlyIleValProGlyGlyGlyAlaThrLeuValHisLeuAlaAsnAspLeuPheAsnTrpAlalysGlyValLleuLlysGluAspGluLeulleGly

GCATTAATCGTGGAGAAATCTATAACAGCGCCTTTAAAACGTATAGT TCAAAATGAGGGCAAAAATGGAGCTATTGTTGTCGATGAAATAAAARATCTTG
AlalLeullevalGluLysSerIleThrAlaProLeulysArgIleValGIinAsnGluGlyLyeAsnGlyAlallevalvValaspGlulleLysAsnLeuAsp

ATTTTTCTATAGGATATGATGCTTCTACTAGTAAGTTTGTAAATATGTATGAATCAGGTATTATTGATCCAGCTAAGGTAACAAGATCTGCTTTACAAAA
PheSerIleGlyTyrAspAlaSerThrSerLysPheValaAsnMetTyrGluSerGlyIlelleAspProAlaLysValThrArgSerAlaLeuGlnaAsan

TGCATCTTCTATTGCAGGTATGATTTTAACAACTGAATGCTTAGTTGTAGATGAAATGAACAGAAATATGGAAGTTCGTAAATAATAACCATCTCTTACA

AlaSerSerIleAlaGlyMetIleLeuThrThrGluCysLeuValvValAspGluMetAsnArgAsnMetGluvalArgLys-c—

AGGAATTATACTTCCTTGTAAGAGATGGTTATTATTTACGAACTTCCATATTTCTGTTAAGCCATCTGTATAACAATTTATATATAAACATAGTAGACTA
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Fig. 2. Nucleotide sequence
and deduced amino-acid se-
quence of te C. caldarium
groEL gene

Fig. 3. Amino-acid alignment of

. . v . L "y e K W . *®, ., . KON, koK kok | okNek koK KR RNk ook K e *'** groEL-homologous proteins from
500 . .
AINATKAAIEEGIVPGGGATLVHLANDLENWAKGYLKEDELIGALIVEKSITAPLKRIVQNEGKNGATVVDEIKNLDFSIGYDASTSKFVNMYESGI IDP Cyanidium caldar wum (Cc), Syne-
AINATKAAVEEGIVPGGGTTLAHLAPQLEEWATANLSGEELTGAQTVARALTARLKRIAENAGLNGAV I SERVKELPFDEGYDASNNQFVNHFTAGIVDP chococcus sp. Strain PCC 7942
ALHATRAAVEEGVVAGGGVALIRVASKLADLRGQNEDQNV--GIKVALRAMEAPLRQIVLNCGEEPSVVANTVKGGDGNYGYNAATEEYGNMIDMGILDP (Sy), Escherichia coli (Ec) and
AKNATFAATEEGIVPGGGAAYVHLSTYVPAIKETIEDHDERLGADI IQKALQAPASLIANNAGVEGEVVIEKIKESEWEMGYNAMTDKYENLI ESGVIDP Triticum aestivum (Ta). The latter
Eoek KA RRE K KK L T KK R, e sequence is deduced from a
552 ¢-DNA clone from the nuclear-en-

AKVIRSALQNASSIAGMILTTECLVVDEMNRNMEVRK -~ v - = ~=o—— =~ coded a-subunit gene. For refer-
AKVIRSALQNAASIAAMVLTTECI VVDKPEPKEKAPACAGGGMGDFDY -~ %
TKVTRSALQYAASVAGLMITTECMVTDLPKNDAADLGAAGGMGGMGGMGGHM ences see Table 1. (*) represents
AKVTRCALQNAASVSGMVLTTQATVVEKPKPKPKVAEPAEGQLSV--~mmmm exact maiches and (.) conserva-

Wrwk wkx w ok, Lk, %, tive matches across all positions
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Fig. 4. Western blot of C. caldarium proteins. groE-related proteins
were detected using polyclonal antibodies against the E. coli groEL-
protein. Lane 1, C. caldarium grown at 45°C, than heat-shocked at
60°C for 2h. Lane 2, cells grown at 45°C, than heat-shocked at
60°C for 1 h. Lane 3, cells grown at 45°C, no heat-shock. Lane 4,
E. coli grown at 37°C, protein extraction. 4+ B, C. caldarium
groEL-protein; C, E. coli groEL-protein. Additional signals (e.g.,
D) may be due to cross reactions of the polyclonal antibody with
conserved epitopes of other heat-shock related proteins

- !- 1.9kb

Fig. 5. Northern blot of C. caldarium total cellular RNA hybridized
against a 0.6 kb 3?P-labeled plastid-DNA probe from the central
groEL-coding region. Equal amounts of RNA were loaded on each
lane. Lane 1, cells grown at 45°C. Lane 2, Cells grown at 45°C, than
beat-shocked for 40 min at 60°C with RNA isolation following
immediately

There is a high degree of conservation between the E.
coli groEL gene product, which is one of the main
proteins of the bacterial heat-shock response system
(Hemmingsen et al. 1988), the 65 kDa protein gene of
Mycobacterium tuberculosis (Shinnick 1987) and M. lep-
rae (Mehra 1986), and the Rubisco subunit-binding
proteins of higher plants (about 50 to 65% at amino-acid

Table 1. Identical amino-acid residues in percent between groEL-
homologous proteins of the following organisms: C. cal, Cyanidium
caldarium (plastid-encoded); E. col, Escherichia coli (Hemmingsen
et al. 1988); M. rub, Mycobacterium tuberculosis (Shinnick 1987);
T.aes, Triticum aestivum (cDNA-Fragment of nucleus-encoded
a-subunit gene, Hemmingsen et al. 1988); Syn, Synechococcus sp.
Strain PCC 7942 (Webb et al. 1990)

Species Syn E. col M. tub T. aes
C. cal 70 52 53 52
Syn 55 60 52
E. col 59 47
M. tub 49

level, see Table 1). The latter are encoded in the nuclear
DNA as larger precursors and are transported into the
chloroplasts (Hemmingson et al. 1988). In this organelle
they manage the correct assembly of the nuclear-encoded
small Rubisco subunits and the plastid-encoded large
subunits. For this reason C. caldarium is an organism of
dual interest. On one hand it is an extremely thermophilic
unicellular eucaryote (Allen 1959); on the other hand,
like all red algae so far investigated, both of the Rubisco
subunits are encoded on the plastid genome. The highest
homology (70%) is between the deduced C. caldarium
protein and its counterpart in Cyanobacterium Syne-
chococcus sp. strain PCC 7942 (Webb et al. 1990). A close
relationship between red algal plastids and cyanobacteria
was also found in the case of the pshbA gene and the
ribosomal RNA operon (Maid et al. 1990; Winhauer
et al. 1991; Maid and Zetsche 1991). Further studies are
required to determine the distribution of the groEL gene
throughout the diverse algal taxa.

Whereas the E. coli and cyanobacterial groE loci con-
sist of two components, groES coding for a 15 kDa
protein and groEL coding for a protein of about 65 kDa,
no groES homologue has yet been detected in the closer
upstream area (700 bp) of the red algal groEL gene. The
same is true for the Mycobacterium groEL gene and no
eukaryotic groES homologue has been found to-date
(Hemmingsen et al. 1988). The transcript size of about
1.9 kb (Fig. 5) points to a monocistronic transcription of
the C. caldarium groEL gene. As the existence of a func-
tional groEL gene copy in the nucleus could not be ex-
cluded, we hybridized total cellular DNA against a plas-
tid DNA fragment containing groEL. Only the fragments
corresponding to the plastid area of Fig. 1 could be de-
tected (data not shown). For this reason, and because of
the high degree of conmservation compared to other
groEL-genes, the plastid gene seems to be functional and
is not a pseudogene.

The Northern blot analyses with total RNA of C.
caldarium show higher amounts of the groEL transcript
when the cells were heat-shocked at 60°C for 40 min in
contrast to cells grown at 45°C (Fig. 5). The protein level,
however, seems to remain almost constant (Fig. 4), indi-
cating transcriptional as well as translational regulation
of groEL expression. Further investigations in our labo-
ratory will focus on the plastid stress-response of the
thermophilic C. caldarium and its mode of regulation.
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