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Abstract

Heat shock proteins are ubiquitous and highly conserved. Recently they have become implicated in the
import of proteins into organelles. All the heat shock genes characterized to date, however, are known
or assumed to be encoded in the nuclear genome even if the corresponding protein can be localised in
the mitochondrion or chloroplast. In contrast, we identify here an Asp70 gene in the unicellular chro-
mophytic alga Pavlova lutherii which is located on the chloroplast genome. Localisation of this gene to
the chloroplast chromosome is confirmed by Southern blot analysis and pulse-field gel electrophoresis
which also reveals that the length of the P. lutherii chloroplast chromosome is 115 kb. We compare the
predicted protein of this Asp70 gene with that of maize and of the analogous proteins in the prokary-
otic organisms Escherichia coli and Synechocystis PCC6803. The greatest identity is found with the

cyanobacterium Synechocystis PCC6803.

Introduction

The heat shock protein Hsp70 belongs to the
major family of highly conserved proteins that are
synthesized as a response to stress [ 16]. The heat
shock response is probably ubiquitous and Asp70
genes or the prokaryotic equivalent, dnaK, have
been found in organisms from bacteria[1] to man
[14]. Recently heat shock proteins, including
Hsp70, have been implicated in the import of
polypeptides to the endoplasmic reticutum, mito-
chondrion and chloroplast [5, 15, 19]. Import of
heat shock proteins into organelles is presumed to

be associated with their recognised role as mo-
lecular chaperones, which are proteins involved
in the transport of proteins across organelle mem-
branes [12, 24]. As part of this function, they act
to ensure the correct folding of certain polypep-
tides and their assembly into functional oligomers
without themselves forming part of the assembled
product [12]. Several molecular chaperones are
known to be associated with the heat shock re-
sponse or constitutively expressed homologues of
heat shock proteins [12, 15, 24].

Although Hsp70 homologues of eukaryotes are
present in organelles, their genes are thought to be

The nucleotide sequence reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under the

accession number X59555.
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located in the nucleus and indeed all previously
identified eukaryotic Asp70 genes are nuclear-
encoded [8, 22]. For example, three Hsp70 ho-
mologues have recently been identified in the
chloroplast of Pisum sativum {19], although the
genes coding for these proteins are presumed to
be located in the nucleus. The evidence for this
is indirect. Firstly, the chloroplast genomes of
both Marchantia polymorpha [21] and Nicotiana
tabacum [28)] have been completely sequenced
and do not contain any region encoding a protein
related to Hsp70. Secondly, a yeast mitochon-
drial Hsp70 homologue, Ssclp, has been shown
to be nuclear-encoded [8], as have the Asp70 genes
in maize [26] and petunia [31].

Apart from Hsp70, many chloroplast proteins
are nuclear-encoded and are subsequently trans-
ported into the chloroplast [29]. Paviova lutherii
is a chromophytic alga belonging to the phylum
Prymnesiophyta. The chloroplasts of these algae
are surrounded by four membranes, the outer-
most of which is continuous with the nuclear en-
velope. Furthermore, vesicles have been observed
between these membranes [10] which have been
suggested [11] to have a role in the import of
nuclear-encoded light-harvesting proteins. Dur-
ing sequencing of clones derived from P. lutherii
chloroplast DNA, an open reading frame coding
for an Hsp70 homologue was found. Here we
present the sequence of this Asp70 gene together
with unequivocal evidence for it being located on
the chloroplast chromosome.

Materials and methods
Strains, bacteriophages and plasmids

The host strain HB101 [ 18] was used for all ma-
nipulations. Chloroplast recombinants were gen-
erated using the vector pBR322 [3]. pZmc37
which contains a 2500 bp chloroplast fragment
coding for a maize ribulose-1,5-bisphosphate car-
boxylase (Rubisco) large subunit (LSU) has been
described [2]. pMAQS801 (this study) contains an
8.5kb P. lutherii chloroplast DNA fragment
cloned in the Bam HI site of pBR322 and in-
cludes the Asp70 gene. pMAQS8O07 (this study)

contains a 9.5 kb Bgl/ Il chloroplast DNA frag-
ment cloned into the Bam HI site of pBR322.
This fragment encodes the P. lutherii rpoB and
rpoCl genes. For DNA sequencing, fragments
were subcloned into the M13 bacteriophage vec-
tors mp18 or mp19 [32].

DNA cloning and fragment purification

Manipulations of DNA were performed accord-
ing to standard protocols [18] or to the manu-
facturers’ instructions when using DNA modify-
ing enzymes. DNA fragments for subcloning into
MI13 or for use in hybridisation analysis were
gel-purified using GeneClean IT (BIO 101, La
Jolla, CA, USA).

DNA sequencing

Sequencing was performed by the chain termi-
nation method [27] with the use of a Sequenase
kit (United States Biochemical Corporation).
Sequencing was done using both single- and
double-stranded templates according to the man-
ufacturers’ protocols. Primers used were either
the universal primer supplied or synthetic oligo-
nucleotides synthesised on a Pharmacia Gene
Assembler MarkII. Oligonucleotides were de-
signed to provide extensive overlap between gels
and, where necessary, compressions were re-
solved by the substitution of dITP for dGTP.

Nucleic acid hybridisation

DNA fractionated on agarose gels was trans-
ferred onto Zeta-probe nylon membrane (Bio-
Rad) by alkaline diffusion according to the man-
ufacturers’ instructions. DNA for dot blotting was
prepared with a BioRad dot blot apparatus by
direct application to the membrane after denatur-
ation. Probes for hybridisation were made radio-
active by oligo-labelling using a kit and protocols
provide by Bresatec (SA, Australia). Hybridisa-
tions were routinely carried out at 65 °C in



the presence of Dextran sulphate (109, w/v),
4x SSPE (20x SSPE=3.6M NaCl, 02M
Na,HPO,, 0.02M EDTA, pH 7.7), 1.0%, SDS
and 1.09 Blotto (not-fat powdered milk) for 16 h.

Cell culture

Stock cultures of P. lutherii were obtained from
the CSIRO Fisheries Collection, Hobart, No.
CS-23, and cultivated axenically in Provasoli’s
sterile enrichment seawater [23] at 18 °C under
constant white light illumination of 20 uE m~2
s~ ! with aeration.

Isolation of genomic DNA

The method of isolation of genomic DNA and
separation of chloroplast DNA is modified from
Rochaix [25]. 5x 10'° cells were harvested by
centrifugation at 3000 x g and resuspended in
20 ml of A buffer. Pronase and SDS treatment
was as described for the phenol extraction. The
aqueous phase was collected and DNA was
spooled onto a glass rod, after adding 0.1 vol-
umes of 3 M sodium actetate (pH 5.1) and two
volumes of ice-cold absolute ethanol. The DNA
was washed in 8§09, and absolute ethanol (10 min
each), air-dried and dissolved in 10 ml of TE. The
DNA was then purified by CsCl density gradient
centrifugation [18]. The DNA was recovered
from the gradient, diluted four-fold with sterile
water and then recovered by spooling as described
above and finally resuspended in 200 ul of TE.

Separation of nuclear and chloroplast DNA

350 pg of genomic DNA was dissolved in 3.35 ml
of TE (10 mM Tris pH 8.0, | mM EDTA) and
sheared by a single passage through a 19 gauge
syringe needle. CsCl (4.27 g) was added and dis-
solved and the refractive index adjusted to 1.3990.
This solution was then centrifuged at 40000 rpm
for 65 h (Ti80 rotor, Beckman Spinco). Follow-
ing centrifugation, 150 ul fractions were collected
from the bottom of the gradient. Absorbance
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readings at 260 nm and the refractive index of
each fraction were recorded. Standards com-
prising DNA from E. coli and Micrococcus lyso-
deikticus were treated in an identical fashion for
the purpose of determining the G/C content of
P. lutherii DNA fractions.

Pulse-field gel electrophoresis
Lysis of P. lutherii cells and pulse-field gel elec-

trophoresis has been previously described [7].
Approximately 10° cells were lysed.
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Fig. 1. A (top). Elution profile for P. lutherii genomic DNA
subjected to caesium chloride density gradient centrifugation
and fractionated. B (bottom). Dot blot of eluted fractions with
pZmc37 used as a probe. The photo is the result of a 16 h
exposure to X-ray film.
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GGATTTTCAATCCACTGCTCTACCGACTGAGCTATCCCGGCTTTTTATGATGAAACCATT
ATACTAAAAAGAGTAAAAAARATCAACCAAATTAAGGTTCGGTAAATACACCTTTAAGAA
ATACCGATTTAAAGTTATATTATCTAATATAGATAATATAATTTTAGGAAGATAGAAAAA

MetAlaLysValValGlyIleAspLeuGlyThrThrAsnSerValValAlaValMetGlu
ATGGCAAAAGTCGTTGGTATTGATTTAGGTACAACAAACTCGGTGGTCGCTGTTATGGAA

GlyGlyLysProThrValIleThrAsnSerGluGlyGlyThrThrThrProServalval
GGAGGAAAACCTACTGTAATAACAAACTCAGAAGGTGGAACAACAACACCCTCTGTTGTG

AlaTyrAlaLysAsnGlyAspLeuLeuValGlyGlnIleAlaLysArgGlnAlavVallle
GCTTATGCAAAAAATGGTGATCTTCTTGTAGGACAGATAGCAAAAAGGCAGGCCGTAATA

AsnSerGluAsnThrPheTyrSerValLysArgPheIleGlyArgProSerLysGluVal
AATTCTGAAAATACATTTTATTCGGTAAAGAGGTTTATTGGAAGGCCATCAAAAGAGGTT

SerAspGluLeuArgGlnThrProTyrLysIleGluAspSerGluGlyLysIleArgLeu
TCAGATGAACTGAGACAGACTCCTTACAAGATAGAAGATAGTGAAGGTAAGATAAGATTA

LysCysProAsnLeuAsnLysAsnPheAlaAlaGluGluIleSerAlaGlnValLeuArg
AAATGCCCTAACTTAAATAAGAATTTTGCAGCAGAAGAAATTTCAGCACAAGTACTAAGA

LysLeuValAsnAspAlaAsnLysTyrLeuGlyGluLysValGluLysAlaValIleThr
AAGCTTGTGAACGATGCAAATAAATATTTAGGAGAAAAAGTAGAAAAAGCTGTAATTACA
HindIII

ValProAlaTyrPheAsnAspSerGlnArgGlnAlaThrLysAspAlaGlyLysIleAla
GTACCTGCATATTTTAACGATTCTCAAAGACAAGCAACAAAAGATGCAGGTAAAATCGCA

GlyLeuGluVallLeuArgIleIleAsnGluProThrAlaAlaSerLeulAlaTyrGlyLeu
GGCTTAGAGGTTTTACGTATCATAAATGAACCTACAGCAGCTTCATTGGCTTATGGTTTA

AspLysLysAspAsnGluThrIleLeuValPheAspLeuGlyGlyGlyThrPheAspVal
GATAAAAARAGATAACGAAACTATTTTAGTTTTTGATTTGGGTGGAGGTACGTTTGATGTA

SerIleleuGluvalGlyAspGlyValPheGluvValLeuSerThrSerGlyAspThrArg
TCTATACTCGAAGTAGGAGATGGTGTTTTTGAGGTACTTTCAACTTCAGGGGATACAAGA

LeuGlyGlyAspAspPheAspGluLysIleVallLysTrpLeuLeuAsnGluPheGluLys
CTGGGTGGAGATGATTTTGACGAGAAAATTGTTAAGTGGTTGTTAAACGAATTCGAAAAA

GluGluLysPheSerLeulLysGlyAspSerGlnAlaLeuGlnArgLeuThrGluAlaAla
GAAGAGAAATTCAGTTTAAAAGGCGATAGCCAAGCTTTACAAAGGCTTACAGAAGCTGCA
HindIII
GluLysAlaLysIleGluLeuSerSerLeuSerGlnThrGluIleAsnLeuProPhelle
GAAAAAGCAAAAATCGAGCTCTCTAGTTTGAGTCAAACAGAAATAAATTTGCCATTTATA

ThrAlaAsnGluAsnGlyAlaLysHisIleGluLysThrLeuThrGlyGluLysPheGlu
ACAGCCAACGAAAACGGGGCAAAACATATCGAAAAGACATTAACTGGTGAAAAATTTGAA

SerLeuCysSerAspLeuPheAspArgCysArgIleProvalGluAsnAlaLeuLysAsp
AGCTTATGTAGCGACTTGTTTGACAGATGTCGTATACCTGTAGAAAACGCTTTAAAAGAT

HindIII

AlaLysLeulysProAsnGlnIleAspGluValVall.euValGlyGlySerThrArgIle
GCAAAACTAAAACCAAATCAAATCGATGAAGTTGTTCTTGTAGGTGGATCAACGCGAATT

ProAlavValLysLysLeuVallLysAspIleLeuGlyLysGluProAsnGluThrvalAsn
CCCGCTGTAAAAAAACTTGTTAAAGATATACTAGGAAAGGAACCGAACGAAACAGTAAAT

ProAspGluvalvalAlaIleGlyAlaAlaIleGlnAlaGlyValLeuSerGlyGluval
CCTGATGAAGTAGTAGCTATAGGTGCTGCAATACAAGCGGGTGTACTTTCTGGAGAAGTA

LysAsplleLeuLeuLeuAspValThrProLeuSerLeuGlyValGluThrLeuGlyGly
AAAGATATTTTACTATTAGATGTAACTCCTCTATCTTTAGGGGTAGAAACATTAGGGGGA

ValThrThrLysIleIleProArgAsnThrThrvalProThrLysLysSerGluIlePhe
GTTACAACAAAGATTATCCCTAGAAACACAACTGTACCTACTAAAAAGTCAGAAATTTTT
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SerThrAlaValAspAsnGlnProAanalGluIleHisValLeuGlnGlyGluArgGlu
TCAACAGCGGTAGATAATCAACCAAACGTAGARATACATGTCTTACAAGGAGAGCGTGAA

PheAlaArgAspAsnlLysSerLeuGlyThrPheArgleuAspGlyIleLeuProAlaPro
TTTGCTAGAGACAATAAAAGTCTAGGTACTTTTAGACTAGATGGTATACTACCAGCCCCT

ArgGlyIleProGlnIleGluValThrPheAspIleAspAlaAsnGlylleLeuServVal
AGAGGAATACCTCAAATTGAAGTAACTTTTGATATTGATGCAAATGGTATCCTTTCAGTA

ThrAlaGlnAspLysGlyThrSerLysGlnGlnSerIleThrIleSerGlyAlaSerThr
ACTGCTCAAGATAAAGGAACATCAAAGCAGCAAAGTATAACTATATCTGGAGCATCTACT

LeuProLysGluGluValGluLysMetValLysGluAlaGluGlnAsnAlaAlaAlaAsp
TTACCTAAAGAGGAAGTAGAAAAGATGGTTAAAGAAGCAGAGCAAAACGCTGCAGCAGAT

LysGluLysGlyGluAsnIleArgValLysAsnGluAlaAspLeuTyrCysTyrGlnAla
AAAGAGAAAGGCGAAAATATACGCGTTAAGAATGAAGCAGACTTATACTGCTATCAAGCA

GluLysGlnIleSerGluLeuProGluAlaleuValAsnGluAsnGlnSerLeulleLys
GAGAAACAAATAAGTGAGCTACCAGAAGCATTAGTAAATGAAAACCAATCTCTAATCAAA

GluSerLysGluThrValGluMetLeuLysGluAsnIleLysLysGluAspTyrAspLys
GAAAGTAARAGAAACGGTCGAGATGTTAAAAGAGAACATCAAAAAAGAAGATTATGACAAA

IleLysGluAsnLeulLysLysLeuGlnGluLysLeuMetGlulleGlyGlnLysAlaTyr
ATAAAAGAAAATTTAAAAAAATTACAGGAAAAGCTAATGGAGATTGGCCARAAAGCTTAC
HindIII
AlaLysLysGluProLeulLysAspGluAspSerAsnLysAlaGlySerGlnAspAspPhe
GCTAAAAAAGAGCCTTTGAAAGACGAAGATTCAAATAAAGCTGGATCTCAGGATGATTTT

IleAspAlaAspPheThrGluSerLys***
ATTGACGCGGATTTTACCGAAAGTAAATAATTCTTAAAGTGTCTTGCTAATATAGAARACC

TCAAAATCATAACTAGAAATCCCAAAAATATAAGATTTTTCCGATTTCTAGTTATGATTT

TCAGGTTTAATTGAAAAAGTTAACACTTTTACGCATCAAATTAATGTACCATAAGTTGT
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Fig. 2. Nucleotide sequence of the P. lutherii hsp70 gene and surrounding sequence. Hind III restriction sites and the predicted

Hsp70 protein sequence are indicated.

Results
Identification of chloroplast DNA

A total of 20 fractions were collected off the CsCl
gradient designed to separate nuclear DNA from
chloroplast DNA. The absorbance of each of
these fractions was determined and the elution
profile is shown in Fig. 1A. Two peaks were
present, the first comprising fractions 9 to 14 and
the second comprising fractions 16 to 19. The
bouyant densities in CsCl of the two peaks were,
respectively, 1.720 g/cm® and 1.690 g/cm®. By
comparison with the two standards (see Materi-
als and methods) the respective G/C contents of
the DNA in each peak are 679 and 37%.

To confirm that the A/T-rich DNA peak con-
sisting of less than 109 of the total DNA was

from the chloroplast, 10 ul of each fraction was
dot-blotted onto nylon membrane and probed
with pZmc37 which contains a fragment of the
gene coding for the large subunit of Rubisco from
maize [2]. This ubiquitous plant gene is highly
conserved and is chloroplast-encoded in all eu-
karyotic plants and algae. The results of the hy-
bridisation experiment, shown in Fig. 1B, con-
firms that the small peak containing less than
109, of the total DNA is highly enriched in chlo-
roplast DNA.

Identification of a hsp70 gene

To investigate the molecular organisation of the
chloroplast genome of Paviova lutherii, DNA from
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fractions 16—19 were pooled and used in subse-
quent cloning experiments. Chloroplast DNA was
digested with Bg/II and cloned into Bam HI-
digested, dephosphorylated pBR322. We identi-
fied, by DNA sequencing, a clone designated
pMAQS801, possessing an open reading frame
(ORF) which, when used in data base searches,
showed remarkable similarity with previously
identified Hsp70 proteins. Consequently, the se-
quence of a 2.0 kb region completely contained
within this Bg/ II fragment was determined and is
shown in Fig. 2 along with the predicted amino
acid sequence of the ORF. The ORF predicts a
polypeptide of 629 amino acids with a molecular
mass of 68714 Da which is obviously related to
the Hsp70 family of proteins.

Confirmation that the hsp70 gene is on the chloro-
plast chromosome

To verify that the hsp70 gene isolated here is
chloroplast-encoded, an 899bp Hind III frag-
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Fig. 3. Southern blot analysis of P. lutherii DNA. Two micro-
grams of total DNA (lane 1), two micrograms of nuclear DNA
(lane 2) and half a microgram of chloroplast DNA (lane 3)
were digested to completion with Hind III and separated by
agarose gel electrophoresis. The major band seen in total DNA
(lane 1) and chloroplast DNA (lane 3) are due to hybridisation
to the 899 bp Hind I1II DNA fragment. The nature of the two
minor bands in lane 3 at approximately 1.5 kb and 2.1kb is
not known but may imply the presence of a gene family.

ment internal to the gene (position + 900 to
+ 1798 in Fig. 2) was used as a probe in South-
ern Dblotting experiments against Hind III-
digested nuclear, chloroplast and total genomic
DNA fractions. The results shown in Fig. 3 re-
veal that only those fractions containing chloro-
plast DNA possess sequences homologous to this
P. lutherii hsp70 gene probe. Figure 3 is the result
of a three-day autoradiograph exposure. Subse-
quent exposures of up to 14 days failed to reveal
any evidence of sequences homologous to this
hsp70 probe in the nuclear fraction.

While the fraction from which pMAQS801 is
derived is highly enriched for chloroplast DNA,
it is nonetheless possible that it is contaminated
with small amounts of either mitochondrial DNA
or A/T-rich nuclear DNA and that one of these
is the source of our Asp70 gene. To confirm the
chloroplast origin of this clone, P. lutherii cells
were lysed and subjected to pulsed-field gel elec-
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Fig. 4. Pulse-field gel electrophoresis of lysed P. lutherii cells.
Lane A. Agarose gel of electrophoresed P. lutherii DNA.
Lane B. Southern blot of A using a fragment of pMAQS807
(rpoB and rpoCl) as a probe. The filter was exposed to X-ray
film for 3 h. Lane C. Southern blot of A using a fragment of
pMAQS801 (hsp70) as a probe. The filter was exposed to X-
ray film for 3 h. Prior to hybridisation with this probe the fil-
ter was stripped of pMAQS801 probe DNA by standard pro-
tocols [18], and exposed to X-ray film for 16 h to confirm
complete removal of probe. Lane D. Agarose gel of molecu-
lar weight markers comprising concatamers of non-transcribed
spacer DNA from Dictyostelium discoideum extrachromosomal
ribosomal DNA (R. Cole and K. Williams, personal commu-
nication). Bands begin at 100 kb and increase in length in
34 kb increments.



trophoresis. Result shown in Fig. 4 reveal several
bands, one corresponding to a length of approx-
imately 115 kb, with the rest larger than 400 kb.
DNA from this gel was transferred by Southern
blotting to nylon membrane. In the first instance
this filter was probed with pMAQR807, another
recombinant clone derived from our enriched
chloroplast fractions. We have found that this
clone contains two open reading frames which
predict proteins very closely related to RpoB and
RpoC1 chloroplast RNA polymerase subunit
proteins (data not shown). We therefore conclude
that pMAQB807 is derived from the P. lutherii
chloroplast genome. When the cloned fragment
comprising pMAQ807 was used to probe the
Southern blot of the pulsed-field gel, hybridisa-
tion occurs specifically to the 115 kb band iden-
tifying this band as chloroplast DNA. Cattolico
[4] has stated that the chromophytic algae pos-
sess chloroplast genomes in the range of 100 to
160 kb. We have also estimated by restriction
mapping that the P. lutherii chloroplast genome is
in the range of 110 to 130 kb (data not shown).
Thus a length of 115 kb is consistent with both of
these sets of values.

The Southern blot of the pulse-field gel was
also probed with the 899 bp Hind III fragment
from pMAQS801 which is internal to the Asp70
gene. As shown in Fig. 4, this fragment also spe-
cifically hybridises to the 115 kb chloroplast band.
This experiment therefore excludes a nuclear or-
igin for the Asp70 gene cloned here. While neither
the CsCl density gradient nor the pulse-field gel
revealed the presence of mitochondrial DNA, we
believe it is extremely unlikely that this Asp70 gene
could be derived from DNA from the chromo-
some of this organelle. The mitochondrial DNA
would need to be of both the same length and the
same density as the chloroplast genome to pro-
duce the results described. Additionally, if our
chloroplast fraction did contain mitochondrial
DNA of the same length as the chloroplast DNA,
the sum of the fragments generated by restriction
digests would be approximately 230 kb, which is
not the case. Consequently we conclude that the
hsp70 gene identified here is located on the chlo-
roplast genome.
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Comparison with other Hsp70 proteins

In Fig. 5 we compare the predicted P. lutherii
Hsp70 protein sequence with that of Zea mays
and the analogous prokaryotic protein, Dnak,
from the cyanobacterium Synechocystis PCC6803
and E. coli. The P. lutherii sequence displays sig-
nificant homology to all three, although the great-
est similarity is seen with the prokaryotic proteins
and the relatedness to DnaK from the photosyn-
thetic prokaryote Synechocystis PCC6803 is strik-
ing. Specifically, the percentage of identity/
similarity of Synechocystis PCC6803 DnakK [6],
E. coli DnaK [1] and Zea mays Hsp70 [26] to
P. lutherii Hsp70 is 70/91, 53/87 and 44/80 re-
spectively.

Discussion

We report here the first case of an Asp70 gene
being encoded outside the nucleus. That the gene
identified here is located on the chloroplast chro-
mosome is supported by four observations.

1. The DNA from which the clone is derived
is highly purified for chloroplast DNA.

2. Pulse-field gel electrophoresis and subse-
quent Southern blotting identifies the chloroplast
chromosome to be 115 kb and that the Asp70 gene
hybridises specifically to it.

3. Restriction mapping of DNA derived from
the fractions used for cloning is consistent with a
genome size of 115 kb, excluding the possibility
that these fractions were contaminated with mi-
tochondrial DNA of the same size and same den-
sity as the chloroplast genome.

4. The A/T content of the Asp70 gene is 65,
which matches very closely the A/T content of the
chloroplast as a whole which we estimate by cae-
sium chloride density gradient centrifugation to
be 639;.

When this chloroplast Asp70 gene is used as a
probe against nuclear, genomic and chloroplast
DNA fractions, there appear to be no homolo-
gous sequences in the nucleus. These data might
suggest that the only Asp70 gene in P. lutherii is
located in the chloroplast. It is probable however
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Fig. 5. Protein comparison of predicted peptide sequence of P. lutherii Hsp70 (line 1), Synechocystis PCC6803 DnaK (line 2), E. coli
DnaK (line 3) and Zea mays Hsp70 (line 4). Protein alignments were generated using the CLUSTAL program [13]. The complete
predicted peptide sequence for P. lutherii Hsp70 is shown, amino acid residues identical to P. lutherii are indicated by an asterisk.



that other hsp70 genes are present in the nucleus
but are not sufficiently similar to our chloroplast
probe to be detected. Although Hsp70 proteins
are very highly conserved, the dramatic difference
between the G/C contents of the P. lutherii nu-
clear and chloroplast genomes (67% and 379,
respectively) may have resulted in relatively di-
verged coding sequences through codon bias. It
is noteworthy that the coding sequence of the
gene reported here favours A/T-rich codons by
10/1 for some amino acids.

The exact map position of the Asp70 gene on
the chloroplast genome is, at present, unknown.
To date we have identified, by DNA sequencing,
four other P. lutherii chloroplast genes (unpub-
lished observation) but we have not yet been able
to link Asp70 to any of them by restriction map-
ping. Additionally no other identifiable ORFs are
present in the sequenced 250 bases immediately
3’ and 5’ to the Asp70 gene.

The finding of a chloroplast-encoded Hsp70
protein and its close relatedness to DnaK of a
cyanobacterium has several important implica-
tions. Firstly, it is widely accepted that the chlo-
roplasts of plants and algae originated as endo-
sybionts. In the case of the Chromophyta this was
probably a two-step process; nonetheless the pri-
mary event is presumed to have involved a pho-
tosynthetic bacterium [9, 17]. P. lutherii Hsp70 is
more closely related to prokaryotic DnaK pro-
teins generally than to the Hsp70 of higher eu-
karyotes, strongly implying a prokaryotic origin
for the P. lutherii gene. In particular, the similar-
ity between P. lutherii Hsp70 and the correspond-
ing protein from Synechocystis PCC6803 suggests
that the P. lutherii chloroplast and the cyanobac-
teria have a very close common ancestor and
supports the theory that chloroplasts originated
as the result of an endosymbiotic event [30].

This is the first reported case of an hsp70 gene
to be chloroplast-encoded. Why would P. lutherii
possess an hsp70 gene in its chloroplast? The
chloroplast of P. lutherii is surrounded by four
membranes, a feature confined to chromophytic
algae. The outermost membrane, the chloroplast
endoplasmic reticulum (CER) is continuous with
the nuclear envelope and vesicles have been found
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between the CER and the chloroplast [10]. Fur-
ther, it has been suggested [ 11] that these vesicles
have a role in the import of nuclear-encoded light-
harvesting proteins into the chromophytic chlo-
roplast. Given that current models for protein
stabilisation and transport across organelles re-
quire the presence of Hsp70 on both sides of the
membrane [12, 20] a chloroplast-encoded heat
shock protein may facilitate chloroplast protein
transport in this organism. It is possible that the
organisation of protein transport genes in
P. lutherii may be novel and that this organism
will be important in understanding the biochem-
istry and evolution of chloroplast protein trans-
port.
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