Volume 304, number 2,3, 119-123

FEBS 11130
© 1992 Federation of European Biochemical Socicties 00145793/92/85.00

June 1992

Characterisation of a chloroplast-encoded secY homologue and atpH
from a chromophytic alga

Evidence for a novel chloroplast genome organisation

Carol D. Scaramuzzi, Harold W. Stokes and Roger G. Hiller

School of Biological Sciences, Macquarie University, Sydney, NSW 2109, Ausiralia

Received 17 March 1992; revised version received 21 April 1992

secY is & prokaryotic gene that encodes the SecY protein, an integral membrane component of the prokaryotic protein translocation apparatus.

A chloroplast-encoded sec ¥ homologue has been identified in the unicellular, chromophytic alga, Paviova lusherii, The gene predicts a protein

composed of len membrane-spanning regions, that is approximately 25% homologous and 50% similar to bacterial and plastid SecY proteins. The

secY gene from P. lutherii is independent of the ribosomal protein (rp) gene cluster to which it is closely linked in other organisms, In P. futherii

seeY is located 5 to atpf and atpH. Since, in higher plants the atpfHFA gene cluster and the rp gene cluster are separated by approximately 50
kb, we conclude, this indicates a novel chloroplast gene arrangement in P, {utherii,

Chloroplast genome; Chromophyta: Paviova lutherii, sec Y, atpH; Protein translocation

1. INTRODUCTION

The chloroplast genome of land plants consists of a
circular double-stranded molecule of DNA, ranging
from 120 to 150 kb [1]. The circular molecule contains
an inverted repeat which separates a small copy and a
large copy region. This arrangement of the chloroplast
genome, thought to confer evolutionary stability, is al-
most universal among the higher plants [1]. The chloro-
plast genomes of algae show a greater diversity of size,
ranging from 84 kb to 600 kb [2] whereas those of the
chromophytic algae for which there is much less infor-
mation available, fall within the range of 100 to 160 kb
[2]. There are indications, based on nucleotide sequence
data for the Rubisco genes, rbeL and rbeS, that the
chromophytic alga contain several genes that are similar
to prokaryotic genes but which are not present in higher
plant and green algal chloroplast DNA [3]. Some genes
involved in protein translocation have also been re-
tained on the chloroplast genome of eukaryotic algae
ouiside of the chlorophyta [4-6). The sec ¥ gene is found
in both Escherichia coli (7] and Bacillus subtilis {8] where
it forms part of the spc¢ operon of the ribosomal protein
(rp) gene cluster and in Cyanophora paradoxa [9] where
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it is located immediately adjacent to the final gene of
this operon. Recently, a chloroplast-encoded sec Y hom-
ologue from a cryptophytic algae has also been located
within the spe operon [6]. The bacierial rp gene cluster
is composed of three operons, the S10, spc and alpha
operons collectively containing 28 genes. Only 11 of
these genes are found in the analogous rp cluster of
higher plants [10,11]. It is presumed that the remainder
have been lost or transferred to the nucleus. Among
these is sec Y, of the spe operon the product of which is
involved in prokaryotic protein translocation [8]. We
report here the nucleotide sequence of two chloroplast-
encoded genes, secY and atpH, from the chromophytic
alga, Pavlova lutherii and show that they are linked on
the chloroplast genome but positioned independently of
the rp cluster. We conclude that the chloroplast genome
arrangement in this organism is novel.

2. MATERIALS AND METHODS

P. hutherii was cultivated in Provosoli's enrichmeni media [12]. Har-
vesting, preparation of chloroplast DNA, construction of clone banks
and hybridisation techniques have been previously described {4]. Ma-
nipulations of DNA were performed according to standard protocols
{13] or, when using DNA-modifying enzymes, to the manufacturers
instructions, DNA fragments for subcloning into M13 or for use in
hybridisation analysis were gel-purified using GeneClean I1 (BIO 101,
La Jolla, CA, USA). The host strains JM 101 [14] and HB101 [13] were
used for all manipulations.

A chloroplast DNA clone bank was generated using Hindlli chloro-
plast DNA fragments and the plasmid vector, pUCI9 [15]. In the
course of investigaling the gene organisation of the P. futherii chloto-
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plast genome we identified a secY clone, pMAQBU4, containing a
807-bp DNA fragment internal to the sec ¥ gene (+735 1o +1542) (Fig,
1) and an atpl/H clone, pMAQS06, containing a 264-bp DNA frag.
ment incorporating the 3’ coding region of arpf and the 5 coding
region ol atpH. Inserts from pMAQRE04 and pMAQB806, were used to
screen Lhe chloroplast DNA clone bank previously described [4]. Both
hybridised to pMAQB03 which contains a 8.0-kb Bgill fragment of
chloroplust DNA, DNA sequencing was performed by the chain ter-
nination method [16] using a Sequenase kit (United States Biochemi-
cul Corporation). Sequencing of both single and doublesstranded tem-
plates was performed according to the manufucturers protocols. Prim-
ers used were either the universal primer supplied or synthetic cligonus
cleolides synthesized on a Pharmacia Gene Assemibler Markll, Ol-
igonucleotides were designed to provide extensive overlap between
gels and, where necessury, compressions were resolved by Lhe substitu-
tion of dITP lor dGTP. PCR reactions were prepared using a Gene-
Amp Kil (Perkin Elmer Cetus) in a 50 #l volume using 10 ng of
chloroplast DNA and oligonucleotide primers (16-mers) at 200 nM.
An initial cycle of 3 min a1t 94°C, | min at 37°Cund 3 min at 652C was
followed by 29 cycles of 1 min at 94°C, 1 min at 37°C and 3 min al
65°C.

3. RESULTS

The secY gene is composed of 1257 nucleotides (Fig.
1) which predicts a protein of 419 amino acids with a
molecular weight of 46,563. The predicted protein se-
quence of P. lutherit secY is shown in Fig. 2 and com-
pared with the predicted sec Y protein of Crypromonas
& [6] and C. paradoxa [9]. The percent identity/similar-
ity of organelle encoded SecY proteins are compared
with each other and with SecY from E. coli and B.
subtilis in Table 1. The five SecY protein sequences are
approximately 50% conserved, with regions of homol-
ogy confined to ten hydrophobic regions and several
charged regions. These domains correspond to the ten
putative hydrophobic, membrane-spanning regions
(MSR) and four cytosolically exposed charged loops
consistent with the structure of other SecY proteins
[6.8.9,17). However, P. lutherii SecY shows considerable
variation at both termini, in particular at the amino
terminus, which contains an additional 7 and 39 amino
acid residues in the E. coli and C. paradoxa SecY pro-
teins respectively.

The chloroplast-encoded aipH gene of P. lutherii is
composed of 249 nucleotides (Fig. 3) and predicts a
protein of 83 amino acids, which is highly conserved. P.
letherii AtpH is 87% identical to AtpH from the cyano-
bacteria [18,19], 88% identical to its counterpart in
Qdontella sinensus [20] and spinach [21], 90% identical

Table |
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to the wheat AtpH [22] and 91.3% identical to AtpH of
Marchantia polymorpha [23).

PMAQS803 DNA was mapped by restriction endonu-
clease analysis involving digestion with Xholl, Xholl/
EcoRl, EcoRlI, Pstl and Pstl/EcoRl and hybridisation
with secY and azpl/H DNA inserts of pMAQ804 and
pMAQZg06. Both probes hybridised to a 6.0-kb Xholl
fragment. From the pattern of fragments in the digests
that hybridised to each of the two probes, a physical
map of this XAoll fragment was constructed (Fig. 4).

The orientation and position of the 2.3-kb EcoRI
fragment containing the sec ¥ gene relative to the atpl/H
genes was deduced from PCR experiments, Outward
facing primers were made to the 3’ and 5 sequenced
non-coding regions surrounding sec ¥ and to the 3’ and
5" sequenced regions surrounding the atpH gene. The
relative positions of the PCR primers (A, B, C, D) are
indicated in Fig. 4 and the nucleotide sequence of each
is overlined in Figs. | and 3. All four combinations of
outward facing primers were cycled with chloroplast
DNA. An amplified product of 1050 bases was gener-
ated only with primers B and C (Fig. 4). Combinations
without template DNA failed to synthesise a product.

No open reading frames (ORFS) greater than 100
bases were identified in either of the 500 bases 5’ or 3’
to the secY coding sequence. Nucleic ucid searches of
each of these regions with sequences in the genbank
database failed to reveal any significant matches. As the
primers B and C were inset by 93 and 188 bp, respec-
tively, from the end of the sequenced regions, we con-
clude that the unsequenced region between the secY
EcoRl1 fragment and atpl/H Xholl/EcoR1 fragment is
780 bases. As aip/ is highly conserved and encompasses
approximately 723 bp [20] we determine from the nucle-
otide sequence and PCR data that there is 600 bases of
non-coding sequence between the end of the secY and
the start of atpl. The results also show that the sec ¥ and
atpl/H genes are transcribed in the same direction.

4. DISCUSSION

The presence of a secY gene linked to atpH, on the
P. lutherii chloroplast chromosome indicates that there
are obvious differences in the chloroplast genome or-
ganisation and structure of this alga when compared
with chloroplast genomes from other plant phyla, In all
cases, thus far reported, sec Y forms part of or is located

Pairwise comparison for predicted SecY proteins from P. futheréi, C, puradoxa, Crypiononas, E. coli and B, subtilis

P. tutherii C. parucora Criptomuonas E. coli B. subtifis
P. lutherii - 28/50 /58 31/49 26/53
C. paradoxa 28/50 - 29/43 25/46 25/46
Crypiomonas 32/55 29/48 - 34/56 33/57

Numbers refer to percent identity/similarity.
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. N - . . . . A< 100 . .
AAARRAAATTGTTTCTACGRATARAMATCTTCAAGTATARAACGAAATATACATT TATAACAAGTATTTTTAATTGACT TCAGCAATGCTAACTTTCTT TTARGTTCACTCTATTTACGT
. . «EcoRl . EcoRl . . . 200 . . . .
ATTTTACTTACTAAAGTT TTATTTITATATGAATTCTT TTTGAAT T CATTTT T TTTCAAATTAARTATAGTTTTTGTTGTARAATTATAACTARACTTRATAATCGTCTAAARAAATGTT
. . . . . 300 . . . » . .
CACACTGRAAATTGTTGTATACACCACTGTAATCTTTCATCTCTCT ST TTACATTIGGTTTTACTT TTCCAGEGATCCTTCTCCTARCCCARACAGARAAGATATCGATTAACCACTATA
. . . 400 .

TGTTAAAATTACATCTGCTGTATTAATCAACTGCTGTAAT ITTAACTCTTTTTTATTAAAARAATCACTAARTTCT TAATAATATATATTAACT TGCTAAACACATTARCTATTCATGAA
sec¥> M K

. . . 600
AARGGCATTTGTATTAGAAGGTCCCCTTGT TCTTCGGCTATTTCCTACCGATAATGATACT TATTTTTGCTCGCTTAGGCART TATATTCCTATACCAGGTATAACGGAAGTCGARTCTTT

XK A F VL EGP?P LV L RLF RT I MI1IULIUFARTLGMDNYTIZ®?TI1IUZPSGE I

. 500 . . .

T EV E 8 F
. . . . - 700 . .
TTATGARAGCTCTTTCCGAARTACATCAAT TTATAATTTAAGTGCTCTTTCTGGCGGCTCTARTGT TATTAGCATAT TAACTCTAGST TTAGGTCCATTT TTTAGCGCTAGTCTAGCAGT
¥ E 8 58 F R N T 5 I ¥ N L § A L 8 G G S NV I S I L T UL GG&UL G PUPFF S5 A S L AV
. HindIII . - . . . 800

. . . -

TCAATTTCTTGTTAAGCTTTACCCAGCTTT TGARAARACTT CAAAACGAAGAAGGTGAAGARGGCCGCAAAACCATTGTTCGCTATACAAGAATACTTACAGTTCTT TTCTGTATCATAGA
g F L V K L ¥ P A F E K L Q NE E G EEGURIRKTTIWVR®YTRI
. . . . . 900 . . .

AAGTTTTTTCTTATCAAACTCTCTARGGTCATTTGTTTTTART TGGAACTCTATTTCATACT TTGTCGTTGCCGCTGCTGTARCAACAGGTTCATIAGTTTTAGTTTGGCTCAGTGAAGT
$ F T L 5 N 8 L R & PV F NW®WNSTI & Y FV VAA AV T TG S5 L V LV W L S E V

. . . 1000 . B . .

TATAACAGAGCGTGGTAT TGGTAATGGTTCTTCTCTTTTAAT T T TAATAGGTAATC TATCAAGGTTCAGATT TT TAATARATAAAGACGATT TTGATTCTTTAAACGTCAGCTCTCAAAG
I T ER GI 6 NG S 85 L LI LI GNUILUSURVFRPFULTINIEKDUDTFUDSTILNUVS S Q s

. 1100 . . . . . . . . . 1200

TAATCTTTATATTATTTATATAATAATTACTCTAGTGTCGATGCTTATTTTCAGTACTCTTTCCCAGGAAGGTGCCCGAARAATACCCGTGGTTTCAGCCARACAACTGATAGATGGTGT

N L ¥ I I ¥ I 1 I T LV §MULIUPFPFSTUL S QEGARIKTIUZ®PVVYSAIKOQTLI

L TVL FCI I E

D &6 V
. . . . . . . . . 1300 . .
TGAAGATGATATGAGGCGTTCTTATATACCTATAAGATTTGGCCAAGCTGGTGTCGTTCCAATTATTTTITCTTCCTCAATACTTT TATT TT TAACCACATCARTAARGCARCTTCCTAA
E D DBDM®BRR S Y TP TIRPFFG6 A GV VP ITI PSS s I L LFLTTS I K QUL P N
. . - . . . . 1400 . . . -
TGCGAATATTGCTACAAGAGTTATT I TAGATTCAGTAAATCT TCAGCAGATATT TTACT T TT T TACT TTTCTTGTTCTARTTATATTTTTCAGTTTTTTTTATACCTTGATAATCTTAAG
A NI A TRWVIILD SV NULOGQ@HSQIUPF® Y F FTU FULV LI FFSPFPFYTULITII LS
' . . 7 . 1500 . . . . HindlIil . .
CCCTTCAGACATAGCGAAMAATCTTARGARAARTGTCGTCTGT TATTCAAGATACAARGCCCGGCGTAGCCACARAAGTATATATTCGARAAT TCATATTACAAGCTTCTTTITGTTGGTTS
P S DI A KNUILKHKMS S5 YV I @D T KUPOCV ATIHKV Y I RKTFI
. . 1600 . . . .
AATACTTCTTTCTGCATTAATTTTAATCCCTTCTATCCTTGCCGCAGCTT TGCGTG T TCATCCTTTGTCAATCTCTGGGATAACTTCACTTATTTTATCTTTTAGTATAATTAATGATAC

I L Ls AL I LI P S5 I LA AATULGV HZPUL ST1 s 661 T 5 1L I L S8 F s
. 1700 . .

L Q A 8§ F V 6 8

I I NDT

. . . 1800
CGTTCGCCAAGTAT TAGCCTATAGAGATACTCGTAAAT TTCTTCTT TCTAGCTGAGTAACTTGT TCGATARGAAATTTAGAAGAGGCTARGT TTTTGCCCTTTACCTI TCGAAGTTTTTG

vV R QWV LAY RDTRI KT F UL L S5 5 *

. . . . . 1900 . .
TTTTGCCTAARTCT TGCCTTTCAGCT TTARAGGAAGAT AAARTC TATCTTGTCTTTTTTCGART TGATCARTTCATATATARAT GAAAACAGAAAATTTTTTTATC TCTAGT TAATARRA
. N . 2000 . . . .

AAAAATTTCTGTITTCATTCTAATAAACAATTATTTTCTATGCATCTTTTTAGTAGCAATTART TCAACTGCTATTATATTGGC TGGG TAAATARGCCCASGCCTTATTCTTAT TTAGCT
HindIIl . . . . 2100

CTTCGAAGCTTTARAATTTTTTTAATCTTCGATTTATAGTARGT ACTATACCTTGCAT TTTCCT GG TAGCAACTGGTTGACGGTGARGTACAGTTGTCCATACAGAGTGCTTTITTICTT
. . B> N . . .

TACATCTATATT TTGTAATATCGCGGBGAGGGTTGTGT TCACTATT TTACGAGTATET TGCCCCGTGCAGCCTTATCCTTAGGACCARGARGGTTATT CTATATGGTTTAACCTAAAT TG

Fig. 1. Nucleotide sequence of the P. fitherii sec ¥ gene and surrounding sequence. Hindl1l restriction sites and the SecY predicted protein sequence
are shown. The nucleotide sequences used to construct PCR primers (A and B) are overlined.

within the rp gene cluster from which the analogous However, the secY gene on the P. lutherii chloropla§t
gene cluster in higher plants appears to be derived [10]. genome is independent of the rp gene cluster and is
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REINPE D T 20 O N . ‘o
FYFFTFLVLIIFFSFFYTL-IILSPSDIAKNLKKMSSVIQDTKPGVATKVYIRKFILQAS
LYLLFYFTLILFFSYFYT=SLILNPNDVSKNLKKMESSIYGVRPGKATTEYLQKTLNRLT
FKDFCYL'TIMLFSSNYAL'INI\PKTLAEhLNSMNALIPGVRPbSETKVYSEQLIHRLN

R, arx ., JER R

FVGSIL LSALILIDSILAAALGVHPLSISGITS LI L.5FSIINDTVRQVLAY ~=m=m=nr= R
FLOALFLAFIAIVPNIIETLTNLSVFRKGLGGTSLLIIVGVQVDTSKQIQTYLmanmmnma
FIGSFVLALVCILPSIVERSLGLPKLQILSPVSISIALGVAVDTTRRITSYLGSSSPFKR

'l.l . ) . A .

DTem=meau- RKFL-- LSS
------- ISKNYET--IVR

DSSKREPLKRDFSKRREAN

Fig, 2, Comparison of the derived amino acid sequences of P. futherii
SecY (l) with SecY proteins of Crypromonas (2) and C. paradoxa (3).
The predicted protein sequence is shown for all SecY proteins. The ten
putative MSR are overlined. Identical amino acid residues are indi-
cated with an asterisk (*); conservative substitutions are indicated with
a dot (e). Alignments were carried out using the CLUSTAL program
[34]. Substitutions are designaled conservative if both amino acids fall
within one of the following exchange groups: T, §, A, G, P: R, K, H:
F,W,Y:D,E, QN: 1L, M, V:and C[35].

linked to awpf/H. Both these findings support the hy-
pothesis that the chloroplast genome of P. lutherii dif-
fers from those of higher plants, where the atp/HFA and
the rp gene clusters are separated by approximately 50
kb [11] and secY is not present. It also differs from the
cryptophytic alga and C. paradoxa, where sec? is pres-
ent and linked to the spc operon, of the rp gene cluster
[6.9].

The presence of the secY gene on the chloroplast

HindIII . . Pscl . .
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genome of P, lutherii and its possible role within the
chloroplast of this alga is of considerable importance.
In E. coli, sec'Y is one of six genes that code for protein
translocation components. Protein translocation across
the prokaryotic membranes involves an array of com-
ponents (SecA, B, D, E, F and Y), termed ‘export appa-
ratus’ which include soluble and membrane-associaied
proteins as well as signal peptides in the translocated
protein, These features are common to the translocation
process across the eukaryotic rough eindoplasmic reticu-
lum [24]. Suh et al. (1990) [8] suggest that signal peptide
recognition proteins [25,26] and the soluble cytoplasmic
SecA proteins [27,28] are likely candidates for interac-
tion with SecY in order to facilitate bacterial protein
translocation.

A chloroplast-encoded gene which predicts a protein
related to bacterial SecA [27,28] is also present in P.
futherii (Scaramuzzi, PhD Thesis, 1991). The amino ter-
minus of P. lutherii SecA is 52% identical to the equiv-
alent region of the E. cofi and B. subtilis SecA proteins.
The amino terminus of SecA is essential for its function
[27] by coupling ATP hydrolysis to precursor protein
transport [29-31]. To date, sec4 has not been reported
from any chloroplast genome but its presence, together
with seeY on the chloroplast genome of P, [utherii
strongly implies that this organism has an alternative
mechanism for protein translocation into and within the
chloroplast, and which may be similar to bacterial pro-
tein translocation. Further support for this is the discov-
ery of a chloroplast-encoded Hsp70 in P. futherii [4].

The chloroplasts of chromophytic algae are sur-
rounded by two extra membranes, the chloroplast endo-
plasmic reticulum (CER) which bear eukaryotic ribo-
somes [32]. These features have been implicated in the
import of nuclear-encoded, chloroplast light-harvesting
proteins in the diatom, Phaeodactylum tricornutum [33].
That the chiromophytic algae have additional mecha-
nisms accommodating chloroplast protein transloca-
tion has also been proposed for another diatom O. si-
nensus [20). An ORF located upstream of the a#p/ gene
predicts a protein that is approximately 20% identical
to a prokaryotic periplasmic ATP-binding transport

. . 100 . .

ARGCTTTAATCTTCOCGAC TCTATCTGCASCTTACAT TCCTGAAGCACTTGAATAAAATTTAACATT CAATTTCTAGTGATTCTCTACTAAAAAALAACAAAT TTGT TAAT TTARAAABA

atpI>A L I F A T L S A A ¥ I G E A L E *

<c _Pstl

200

ARTATATATATAGTAAATT TTTCACARAAGGTT TAATATGAAT CCTATTAT TTCTGCAGCTTCTGTAATTGCCGCTGGTCTTTCTGTTGGT TTAGCTGCTATTGETCCTGGTATCGGCCA
atpi> M N P I I S A A &8 ¥V I A A G L 8 VGG LAATIGDP G 1I 6 Q

. MindIll . . . 300 . f . D> .

AGGTAGCGCTGCTGGTCAAGCTTTAGRAGGTAT TGCTCGTCAACCAGAGGC TGAAGGTAAGATTCOAGGTACTCTACT TCTATCTCTAGCT TT TATGGAAGCCCTTACTAT TTATGGTCT

&6 5 A A G QA L E G I ARQPEADEGUHRTIRGSTTLLULSULAPFMEALTTIUYOG L
. . . 400 . . . . . .

TGTAGTAGCCTTATCGCTECTTITCCCAARCCCATTCACAGCETC TTARTATAGATCAT TTTTTT TT TARCTTCAAGEGTAGAT TATATT TTTGAAGTAARAARCC

Y ¥ A L 858 L L F ANZPPF T A 5 *

Fig. 3. Nucleotide sequence of the P, futheril, atpH gene and the 3’ region ol the preceding atpf gene. Nucleotide sequences used to construct PCR
primers (C and D) are overlined. The predicted amino acid sequences of AipH and the carboxy terminus of Atpl are shown,
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Fig. 4. Map of pMAQB03 which contains an 8.0-kb fragment of
P. lutherit chloroplast DNA showing the positions of sec Y, arpf and
aipff. The secY gene is located on a 2.3-kb EcoRI1 fragment and the
atp genes are located on a 1.6-kb EcoRI/.Xholl fragment. The two
DNA fragments ccntaining the genes are contiguous. The bold bars
represent the regions of DNA sequenced. The length and position of
the lop arrows correspond 10 the location of the respective genes. The
direction of presumed transcription is indicaled. Bottom arrows indi-
cdle the position and direstion of the PCR primers (A, B, C, D),

protein but does not display any similarity to the SecY
protein reported here. The authors [20] conclude that
the *peculiar organisation of the chromophytic plastids
including four additional membranes requires addi-
tional transport systems’. Movement of proteins within
the chloroplast across thylakoid membranes may also
be facilitated via these proteins.

The discovery of chloroplast-encoded sec?, sec4 and
hsp70 genes and the linkage of sec Y to the aipf and atpH
genes reveal that the chloroplast genorie of P. futherii
differs substantially from that of other plant phyla. It
may also be noted that the percent identity/similarity of
P. lutherii SecY with Cryptomonas @ SecY is similar to
that with C. paradoxa cyanelle SecY and bacterial SecY
and that there is only a low percent identity/similarity
in the C-terminal region of chloroplast-encoded Hsp70
proteins (27% identity/48% similarity in 128 C-terminal
residues) from P. lutherii and Lhe red algae Porphyra
umbilicalis [5]. We tentatively suggest that the chromo-
phytic algae form a lineage distinct from the Chloro-
phyta, Cryptophyta, Rhodophyta and the cyanelle con-
taining group of algae.
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