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Summary. We have cloned and characterized members
of a gene family encoding polypeptide constituents of
the fucoxanthin, chlorophyll @/c protein complex, a
light-harvesting complex associated with photosystem 11
of diatoms and brown algae. Three cDNA clones encod-
ing proteins associated with this complex in the diatom
Phaeodactylum tricornutum have been isolated. As de-
duced from the nucleotide sequences, these light-harvest-
ing proteins show homology to the chlorophyll a/# bind-
ing polypeptides of higher plants. Specificaily, the N-
terminal regions of the fucoxanthin, chlorophyll a/c-
binding proteins are homologous to the chlorophyll a/b
binding proteins in both the third membrane-spanning
domain and the stroma-exposed region between mem-
brane-spanning domains 2 and 3. Like the chlorophyll
a/b-binding proteins, the mature fucoxanthin, chloro-
phyll a/e polypeptides have three hydrophobic a-helical
domains which could span the membrane bilayer. The
similarities between the two light-harvesting proteins
might reflect the fact that both bind chlorophyll mole-
cules and/or might be important for maintaining certain
structural features of the complex. There is little similari-
ty between the N-terminal sequences of the primary
translation products of the fucoxanthin, chlorophyll a/c
proteins and any transit sequences that have been char-
acterized. Instead, the N-terminal sequences have fea-
tures resembling those of signal sequences. Thus either
transit peptides used in P. tricornutum show little resem-
blance to those of higher plants and green algae or the
nuclear-encoded plastid proteins enter the organelle via
a mechanism different from that used in higher plants.
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Introduction

Different groups of photosynthetic organisms use differ-
ent antennae pigment complexes to capture light energy
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used for photosynthesis. In cyanobacteria and red algae
the major light-harvesting complex is a peripheral mem-
brane complex called the phycobilisome (Gantt 1981;
Glazer 1982, 1985; Grossman et al. 1988) while higher
plants and green algae use chlorophyll a/b binding
(CAB) proteins. Many other algal groups such as the
diatoms, chrysophytes, and dinoflagellates have light-
harvesting complexes in which xanthophylls are very
prominent pigments.

In both higher plants and green algae a variety of
related chiorophyll a/b binding proteins harvest light en-
ergy in complexes integral to the thylakoid membranes
(Chitnis and Thornber 1988 ; Green 1988 ; Hoffman et al.
1987; Pichersky et al. 1987). Although all of these poly-
peptides (gene designation cab) exhibit sequence similari-
ties, some serve to harvest light energy for photosystem
1T while others gather light energy for photosystem I
(Hoffman et al. 1987). The CAB polypeptides are en-
coded in the nuclear genome and are synthesized as high-
er molecular weight precursors in the cytoplasm of the
cell. The presequence, or transit peptide, is important
for transport of the newly synthesized polypeptides ac-
ross the double membrane of the chloroplast envelope
{Schmidt and Mishkind 1986; Mishkind and Scioli 1988;
Keegstra 1989). A considerable body of work has fo-
cused on the biosynthesis of the light-harvesting chloro-
phyll a/b protein complex, the determination of CAB
protein sequences (as deduced from gene characteriza-
tions) and the light-modulated expression of the differ-
ent cab genes (Chitnis and Thornber 1988; Murphy
1986; Tobin and Silverthorne 1985).

A number of pigment-protein complexes have been
isolated from brown algae and diatoms (Alberte et al.
1981 ; Barrett and Anderson 1977, 1980; Berkaloff et al.
1990; Caron and Brown 1987; Caron et al. 1988 ; Kirk
1977; Peyriere et al. 1984). In the diatoms much of the
light-harvesting is achieved by a fucoxanthin, chloro-
phyll a/c complex (FCPC) (Fawley and Grossman 1986;
Friedman and Alberte 1984). As determined by fluores-
cence emission spectra, both chlorophyll ¢ and fucoxan-
thin present in the complex can transfer light energy
to chlorophyll ¢ (Fawiey and Grossman 1986; Friedman
and Alberte 1984; Guggliemelli et al. 1981; Owens and
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Wold 1986; Owens 1986). The ratio of fucoxanthin to
chlorophyll in this complex is approximately 2:1 (Fried-
man and Alberte 1984; Owens and Wold 1986) and the
characteristic brown color of diatoms is a consequence
of this high level of fucoxanthin in the cells. Similar
pigmented systems are found in the brown algae (Barrett
and Anderson 1977; Goedheer 1970, 1973), and xantho-
phyll-dominated light-harvesting complexes are present
in a number of the other algal groups (Boczar and Préze-
lin 1986; Hiller et al. 1988; Prézelin and Alberte 1978;
Prézelin and Haxo 1976).

In contrast to the considerable body of information
on CAB polypeptides, little is known about the fucoxan-
thin, chlorophyll proteins (FCPs) and the biosynthesis
of the FCPC. The polypeptides of the complex are inte-
gral to the thylakoid membranes and the association
of fucoxanthin with the apoproteins of the complex is
disrupted during SDS-polyacrylamide gel electrophore-
sis (PAGE). Like CAB polypeptides, FCPs are encoded
in the nuclear genome and synthesized as higher molecu-
lar weight precursors in the cytoplasm of the cell (Fawley
and Grossman 1986; Friedman and Alberte 1986). The
presequence is probably involved in the transport of the
newly synthesized polypeptide into the chloroplast. We
have demonstrated that at least 3 polypeptides are con-
stituents of the FCPC; these range in apparent molecu-
lar mass from 18 to 19.5 kDa (Fawley and Grossman
1986). Others have reported that this complex is com-
posed of two polypeptides with molecular masses of ap-
proximately 17.5 and 18 kDa (Friedman and Alberte
1984). Differences in the apparent molecular masses and
subunit composition are probably a consequence of dif-
ferent SDS-PAGE systems used in analyzing the poly-
peptides.

Antibodies raised against FCPs have been used to
examine the relationship between the diatom light-har-
vesting complex and complexes of similar function in
other chromophytic algae on the one hand (we will apply
the term chromophyte to algae that have xanthophyll,
chlorophyll a/c complexes), and the light-harvesting
chlorophyll a/b complex of both chlorophytes and high-
er plants on the other. Friedman and Alberte (1987)
reported that polyclonal antibodies raised against the
polypeptides of the FCPC cross-reacted with light-har-
vesting polypeptides of other diatoms but did not cross-
react with membrane polypeptides isolated from Chryso-
phyta, Cryptophyta and Pyrophyta. Cross-reactivity
with the CAB polypeptides of Chlorophyta was not ob-
served. Fawley et al. (1987) found that antibodies raised
to the light-harvesting proteins of the diatom Phaeodac-
tylum tricornutum cross-reacted with light-harvesting
proteins of other diatoms, the prymnesiophyte Paviova
gyrans and brown algae, but did not cross-react with
thylakoid membrane polypeptides from several Chryso-
phytes and other Prymnesiophytes. In contrast, Mano-
dori and Grossman (1990) observed that antibodies ra-
ised against the light-harvesting proteins of P. tricornu-
tum cross-reacted with thylakoid proteins from a range
of different organisms including those of higher plants.
Plumley and Schmidt (1984) observed that antibodies
raised against a CAB polypeptide from Chlamydomonas

reinhardtii cross-reacted with light-harvesting polypep-
tides of the diatom Cylindrotheca fusiformis. The results
of Manodori and Grossman (1990) and Plumley and
Schmidt (1984) suggest that some epitopes of the CAB
light-harvesting proteins and the FCPs are similar.

To help establish the relationship between the CAB
polypeptides and FCPs, we cloned and characterized
cDNAs encoding the FCPs. The deduced protein se-
quences demonstrate that the FCPs have a region similar
in structure to a region of the CAB polypeptides and,
like CAB polypeptides, may be anchored in the thylak-
oid membranes by three membrane-spanning domains.
The data also suggests that FCPs might enter the plastid
by a mechanism that is different from that used by high-
er plants.

Materials and methods

Materials. All chemicals were of reagent grade. Restric-
tion enzymes were from Bethesda Research Laborato-
ries, Boehringer Mannheim, United States Biochemical,
and Pharmacia. The Klenow fragment of DNA poly-
merase I, T4 DNA ligase, and Sequenase (version IT)
were from United States Biochemical. The radioactive
nucleotides [x-*?PJdCTP (>3000 Ci/mmol) and [o-
35S1dATP (> 600 Ci/mmol) were from Amersham.

" Cultures. Phaeodactylum tricornutum Bohlin (University

of Texas Culture Collection, strain 646) was grown at
25° C with continuous illumination of 150 uE m?s. Cul-
tures were bubbled with air containing 3% CO, and
grown in ESAW artificial sea-water medium (Harrison
et al. 1980) supplemented with ten times the normal lev-
els of nitrate (NaNQ;) and phosphate (K,HPO,), and
buffered at pH 7.7 with 10 mM TRIS-HCI. Vitamins
and silicate were omitted from the medium. Recombin-
ant plasmids or phage particles were grown in
Escherichia coli strains BB4, XL-1 Blue, NM514, or
JM101.

Preparation of genomic DNA. Cells were centrifuged for
10 min in a GS3 rotor at 6000 x g at 4° C. The superna-
tant was discarded and the cell pellet from a 6 1 culture
was resuspended in 15 ml of 50 mM TRIS-HCI, pH 8.0,
10 mM EDTA, 1.0% SDS, 10 mM dithiothreitol and
incubated at 37° C for 15 min. During this period the
cells lysed. The lysate was extracted with one vol. of
phenol followed by extractions with one vol. of phen-
ol:chloroform (1:1) and one vol. of chloroform. The
aqueous phase was collected, CsCl was added to 1.2 g/ml
and Hoechst dye (bisbenzimide 33258) to 0.4 mg/ml and
the extract was centrifuged in a Beckman Vti62.5 rotor
for 12-15 h. Both a plastid and nuclear DNA band were
collected, the dye was removed with isopropanol satu-
rated with 10 mM TRIS-HCI, pH 8.0, 1 mM EDTA
(TE) and CsCl (five extractions) and the DNA solution
dialyzed overnight against TE. The dialysate was made
150 mM in NaOAc and the DNA was precipitated over-
night at —20° C after the addition of two vol. of ethanol.
The DNA was collected by centrifugation at 10000 x g



for 10 min, dried in vacuo and resuspended in distilled
H,O to a final concentration of approximately 1 mg/ml.
Restriction digests were performed according to condi-
tions described either by Maniatis et al. (1982) or by
the manufacturer of the restriction enzyme.

Preparation of expression library. Genomic DNA from
P. tricornutum was digested with Sau3A in reactions that
ranged from 10% to 90% completion. DNA fragments
were separated in a 0.8% agarose gel and the region
of the gel containing fragments 3-6 kb in length was
excised. The DNA was electroeluted from the gel in
45 mM TRIS-borate, 1.25 mM EDTA (Maniatis et al.
1982), and extracted five times with phenol, once with
chloroform:phenol (1:1 and twice with chloroform
prior to precipitation at —20° C with two volumes of
ethanol. AZAP DNA was digested to completion with
Xhol. The first two bases of the Sau3A (insert DNA)
and Xhol (vector DNA) sites were filled-in using the
Klenow fragment of DNA polymerase I and the appro-
priate nucleotides. The filled-in products, which have
compatible ends, were ligated with T4 DNA ligase, and
packaged in vitro. The packaged ligation mixture was
used to infect E. coli strain BB4 and the plaques were
screened with antibodies (Fawley and Grossman 1986)
raised against the FCPs. Two immunopositive clones
were obtained. The internal Bluescript SK— plasmid
containing inserts of between 3 and 6 kb were rescued
from the A clones in E. coli XL-1 Blue (Short et al. 1988).
Restriction sites in the clones were mapped using the
enzymes BamH]1, Hindlll, EcoR1, Pvull, Pstl, Sall, and
Xhol.

Preparation of RNA. For the preparation of RNA, all
glassware was baked for 8 h and all solutions and plas-
ticware were autoclaved for 1 h. RNA was isolated from
P. tricornutum by a modification of the method of Col-
eman and Grossman (1984). Cells were collected by cen-
trifugation at 10000 x g for 10 min and resuspended in
50 mM TRIS-HC], pH 9.0, 20 mM EDTA, 1% SDS.
The lysate was extracted once with phenol, once with
chloroform:phenol (1:1), and twice with chloroform.
The aqueous phase was made to 0.2 M in NaCl and
the nucleic acid was precipitated with two volumes of
ethanol by gentle inversion. At this stage the DNA
formed an aggregate that was easy to spool out of solu-
tion. The RNA was allowed to flocculate out of the
solution for 2h at —20° C before being collected by
centrifugation for 10 min at 10000 x g. Two additional
ethanol precipitations were performed before polyaden-
ylated RNA was isolated according to the method of
Cashmore et al. (1978) using polyU-Sepharose beads.

Hybridizations. Southern hybridizations were performed
according to Conley et al. (1985). Regions homologous
among the clones were mapped using specific restriction
fragments from each of the clones as hybridization
probes. A 1.2 kb BamHI fragment from clone 6A (see
Fig. 1) was used to screen a P. tricornutum cDNA libr-
ary. For Northern analyses RNA was resolved on a
1.2% agarose gel containing 6% formaldehyde in
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20 mM MOPS buffer, 5mM NaOAc, 1 mM EDTA,
pH 7.0, and transferred to nitrocellulose. The DNA frag-
ments were labeled by primer extension using random
hexamers (Feinberg and Vogelstein 1983) and hybridized
to RNA as described by Conley et al. (1985). RNA size
markers in the low molecular weight range (0.16-
1.77 kb, Bethesda Research Laboratories) were used to
determine transcript lengths.

Preparation of cDNA. cDNA was prepared and cloned
using kits RPN 1256Y/Z and RPN 1257 from Amer-
sham. First-strand synthesis was primed with oligo dT
and carried out using reverse transcriptase. Ribonuclease
H was used to generate nicks in the RNA of the hybrids
and DNA polymerase I was used to synthesize the sec-
ond strand of DNA. Small 3’ overhangs on the first
strand were eliminated with T4 DNA polymerase and
the cDNA produced was ligated to EcoRI adapters. The
EcoRT ends of the adapted cDNA were phosphorylated
prior to ligation to Agt10 vector arms (predigested with
EcoRI and treated with alkaline phosphatase). The re-
combinant molecules were packaged in vitro and the
c¢DNA library was amplified in the host NM514. Plating
and screening of the phage library and isolation of the
phage DNA were performed as described by Maniatis
et al. (1982).

Sequencing. The cDNA inserts encoding the light-har-
vesting polypeptides were excised from phage DNA
preparations using either BamHI or Kpnl. Inserts were
ligated into appropriate restriction sites in the polylinker
of M13mp19. Single-stranded templates were isolated
and sequencing was performed by the dideoxy chain-
termination reactions (Sanger et al. 1977) using Sequen-
ase (version II), according to the manufacturer’s proto-
cols (United States Biochemical Corporation). When re-
quired as primers for sequencing reactions, oligonucleo-
tides were synthesized using the Biosearch 8600 oligon-
ucleotide synthesizer with reagents from Milligene Bio-
search. Each cDNA clone was sequenced in both direc-
tions. DNA sequence analysis was performed using the
IBI sequence analysis program, Version 2.02. Analysis
of protein structure and hydropathy was performed with
both the IBI and the MSEQ (University of Michigan
Software) programs.

Results

Approximately 100000 AZAP genomic clones were
sereened using the antibodies (Fawley and Grossman
1986) specific for the light-harvesting proteins of P. tri-
cornutum. Restriction maps of the two immunologically
positive clones that were isolated, clones 1A and 6A,
are shown in Fig. 1. Regions of the inserts from these
clones cross-hybridized (depicted as dark bars in Fig. 1).
Preliminary sequence analyses of these and other similar-
ly isolated clones (Manodori and Grossman 1990; and
data not shown) suggested that FCPs show amino acid
sequence similarities with the CAB proteins of higher
plants (see below).



94

Fig. 1. Restriction map of genomic
clones selected by immunologically
screening a library of Phaeodactylum
I tricornutum genomic DNA in A1ZAP,
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with antibodies raised to the
fucoxanthin chlorophyll proteins (FCPs).
The dark bars above the insert DNA
indicate the regions in which the two
clones are homologous. The restriction
sites at the borders of each of the clones
(EcoRI and Kpnl for clone 1A and
BamHI and Kpnl for clone 6a) derive

Since genomic DNA was used to construct the ex-
pression library, it was possible that introns interrupted
the coding regions of the genes selected. Therefore, we
prepared a ¢cDNA library from P. tricornutum polyA™
RNA in the vector Agt10. The library, which represented
over a million different cDNA clones, was amplified and
screened with the homologous region on the immunolog-
ically selected clones (a 1.2 kb BamHI fragment at the
left border of clone 6A, see Fig. 1). DNA from the
cDNA clones was purified and the insert excised with
restriction endonucleases that cut in the EcoRI adapter
that had been attached to the cDNA prior to ligation
into Agt10. Inserts from two of the clones (Afcpl, Afcp2)
were excised from the vector with Kpnl while for the
third clone (Afcp3) the insert was removed with BamHI.
The three inserts were between 650 and 800 bp and hy-
bridized strongly to the 1.2 kb BamHI fragment that
was initially used in the isolation of these clones.

Insert DNAs from Afcpl and Afcp2 were hybridized
to digests of the P. tricornutum genomic DNA, as shown
in Fig. 2. The fep! gene hybridized strongly to a 2.2 kb
EcoRI fragment, a 7.4 kb Sa/l fragment, a 7.8 kb Pstl
fragment, and 3.1 kb and 0.9 kb BamHI fragments. The
Jfep2 gene hybridized strongly to a 1.55 kb EcoRI frag-
ment, 3.1 kb and 1.7 kb BamHI fragments, and Ps¢I and
Sall fragments of the same size as those to which fep?
hybridized. The fcp! and fcp2 genes were likely to be
different since they hybridized strongly to different
EcoRI fragments. This was confirmed by sequence anal-
yses (see below). However, since they hybridized to the
same Sall and PstI fragments (and one common BamHI
fragment), they are linked on the Phaeodactylum ge-
nome. Based on a similar analysis, fcp3 may also be
linked to fepf and fep2 (data not shown). Therefore,
there are clusters of genes in the diatom genome encod-
ing the light-harvesting polypeptides. In addition to the
strongly hybridizing bands, fep? and fep2 hybridized
weakly to several other DNA fragments in each of the
digests, demonstrating that these genes are part of a
nuclear, multigene family.

The sizes of the cDNAs, as shown in the sequences
of Fig. 3A, are 658, 733, and 676 bp for fepl, fep2, and
fep3, respectively. The polypeptides encoded by the
cDNAs are shown below the nucleotide sequences. The
fep2 and fep3 ¢DNAs end with a polyA tail which in
both cases is between 30 and 50 nucleotides long. The
fep! ¢cDNA either has a short 3’ nontranslated region
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Fig. 2. Autoradiograms showing hybridization of fep! and fep2
to restriction digests of genomic DNA. The genomic DNA was
cleaved with EcoRI (E), Sall (S), Pstl (P), and BamHI (B). Molecu-
lar weight markers indicated were from Bethesda Research Labora-
tories (1 kb ladder, 5615SA)

(and a short polyA tail which is included in Fig. 3) or
was truncated at the 3’ end during the cloning or sub-
cloning step. The largest cDNA is fep2 which, if the
polyA tail is included, is approximately 780 nucleotides
long. This is approximately the size of the largest tran-
script to which this cDNA hybridizes (see below and
Fig. 4). Thus, the fcp2 cDNA must be nearly full-length
and contains the complete coding region of the gene.
The other 2 clones may be truncated cither at the 5
end (fep2), or at both the 5" and 3’ ends (perhaps fep1),
although based on comparisons with fcp2 they too ap-
pear to encode complete FCP primary translation prod-
ucts (see below).
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FCPl
CTCAATACCATGGGTTTCCAGATATCATTCAAGATGAAAT TTGCCETTTITGCCTICCTCCTCGCCTCTGOTGCCGCCTITGCTCCGGCTCAGCAGTCGGCTCETACTTGGGTAGCCACE
M K F A V F A F L L A S A A ATF AP AQQSART SV AT

AACATCGCTTTCGAGAACCAAATCGGTGCTCAGCAACCCETCGGATATTCGGATCCCCTCGGTCTGGTCCCCGACGGTGACCAGGAGAAGTTCGACCGTCTCCGTTACCTTGAGATCAAG
N M A F ENTETITEGA A QO QTPTLTGTYUWDTPULGTLVADTGTDTG QETEKT FTDRTILTERYVETIHK
CACGGGCGTATTTGTATGCTTGCCGTTGCCGGATACCTCACCCAAGAAGCCGGCATTCGTCTTCEGGGAGACATTGACTACTCAGGCACCAGCTTCGAATCGATTCCCAATGGATTCGCT
H G R TICMTLATYVATGUYTLTIT QETACGTITZ RTILTPGDTIDTJTY S GT SFETSTITPNTEGTF A
GCCTTGAGTCCTGTCCCTGEAGCCEGCATTGCCCAAAT TATTGCTTTCATTGGCT T TCTCGAAATCGCCG TCATGAAGGACAT TACTGGAGGAGAGT TTGTIGGCGACTTCCGCAACAAC
AL S AV &PGAGTA AQTITITA AFIT1TG6GFILETILIAVMEXDITOGGETFTVGDTFT RTENHN
TACCTCGACTTTGGCTGRGACACTTTCAGTGAGCACAAGAAGCTTCAGAAGCGTGCTATCGAACTCAACCAGGGACGTGCGGCACAAATGGGCATCCTTGCTCTCATGGTGCACGAACAG
Y L D F G WD TP F S ETJDTKT KTLTG QEKT RA ATTETLTENG QG GT RAA AAQMGTITLALUMTYTHE Q
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FCP2
AACAACACATATATACGTTTCGACAAAATGAAGACTGCTGTCATTGCCTETCTCATCGCCGECECCGCCECCTTTECCCETGCCAAGAACGCGGCCCGTACTTCGETTGCCACCAACATG
M KT AV I ASLIAGA AAABATFATPATIKINGAARTSVYVATNUNM
GCATTCGAAGACGAGCTCGGTGCTCAGCCTCCGCTTGGAT TCTTCGATCECCTCGGCCT TGTCGCCGACGGTGACCAGGAGAAGT TCGACCGTCTCCET TACGT TGAGATCAAGCATGGA
AF EDETLTGAO QT PT@PTLTGTFEFTP®PDPLTGLTGYADTGDT G QET KTFTDRTILTERTYVTVETITEKTEHTE
CGTATTTCCATGCTTGCTGT TG TGGATACC TCGTCCAGGAAGCCGGCETCCOTCTTCCAGGAACCATCGACTACTCCGGCAAGACCTTCGCTGAGATCCCCAACGTCGECGCCTTCAAG
RI §SMLAVVGEGYLVQEA AGT VR RTLTPGTTIDYS SGXKTTFAETTPUNTVAGA ATFTEK
GAGATCCCCGCTGGTGGACT TGTACAGCT TCTTTICTTCATTGGAGTCCT TGAATCCAGTGTCATGCGTGACT TGACCGGCCAAGCCEAGT TCGTTGGTGACTICCGTAACGGAGCCATE
EI PAGGTLV VAQLTLTFTFTIG6VILES S$SSVMRDTLTTGETG BAGTETFT VGDTFT RTINGEGATI

GACTICGGCTGGGACACCT T TGACGAGGAGACCCAGT TCAAGAAGCGTGCCATTGAGCTCAACCAGGGCEGCGCTGCCCAGATGGGAATTCTTGCCCTTATGGTGCACGAGCAGTTGGGT
D F GWDTTFDETETU QTFT KT KT RATILITETLIUNG GG GTRAAQMGTITTILALMTYTETE- QTLGG
G%CTgTCECCECC%CCgGTéATTTTGTTACATTTACTGACTTCAAGGAGTCGAGGAATCGATACTGCCGTCGTTTCCAG@ATCCGAGGTTTCATAAACTCTGTTAACGTTATAGAAACAG
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FCP3
ATGGAAACTATTCAAGATGAAGTTCGCCGTTTTCGCCTCECTACTTGCCTCCGCCECEGECTTCECTCCEGCCCAGCAGTCCECCCETACCTCCETCOCEACCAACATGGCCTTCEAGAA
M K F AV F A S L L A S AAATFAPAQ QS ATRT S VATNMATFTETN
CGAGCTCAGTGCCCAGCCTCCGCT TGGATTTTTCGATCCCCTCGGCCTCETCGCCGACGETGACCAGGAAAAGT TCCACCETCTTCETTACGT TGAGATCAAGCACGGACGTATTTCCAT
ELGAQPZPTLGTFTFTDTPTLTGTLTVA ADTGT DTG QETE KT FDT RLT ERTYVETITZERXTHEEGEGR RTIS™M
GCTTGCCGITGCTGGATACCTCGTCCAGGAGAACGGAATECCACTTCOGGGAGACATCGACTACTCCGGAACCAGCTTCEAATCGATCCGTAATGGTTTCGCCGCTTTGAGCACCATCTE
LAV AG YTLVQEUZNTEGTITZRTLTPGDTITDTYTSGECT S SFETSTILITPHNTE GTF AATLTITITHTI S
CGGTGCTGGTATTGCCCAGATCETIGCTTTCATTGGATTCCTCGAGCTCECCETCATCAAGGATATCACTGGAGGAGAATTCGTAGGTGACTTCCGTAATGACT TTATTGATTTCGGCTS
G AGIAQIVAFTIGT FTLTETLTAVMZEKTODPTITTGCTGTETFTVSGTDTFTPRUNDTEFTITDTFTEGTW
GGACTCCTITGATGAGGAAACCAAGATGCAGAAGCGTGCTATTGAGCTCAACCAGEGCCETGCCGCTCAGATGGETATCCTTGCCTTCATGGTCCACGAACAGCTAGGGGTCTCCCTCAT
DS FDEETT KM®OQZKT RATITETLTPNTGQGE GTRAA A QMG GTITLALHMSTYHET QTLGUV §11

CC%CA%CTA*AGCTATGGGTTGATGTTCCTCCGGTTAGATéTAACAGGATTAGTGCAATTCGAGTTGAATéACTGGG
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Fig. 3. A Nucleotide sequences of fcp!, fep2, and fep3. The amino
acid sequences (single letter code) encoded by the cDNAs are given
below the nucleotide sequences. Both the nucleotide and amino
acid numbers are at the end of each line. B Homology among
the FCPs. FCP1 and FCP2 are compared to FCP3. Blank spaces
have been left for the amino acids of FCP1 and FCP2 which are

The designated initiator codons in all 3 clones were
chosen for a number of reasons. Each is the first Met
codon found in the 5’ region of the cDNA and initiates
open reading frames (ORFs) of 196 amino acids for
FCP1 and 197 amino acids for both FCP2 and FCP3.

identical to those of FCP3. A capital letter for an amino acid
in FCP1 and FCP2 indicates that the amino acid represents a
conserved or neutral substitution relative to FCP3 while a small
letter indicates a nonconserved substitution. The amino acid
number, in increments of ten, is located above the sequence

These sequences would have molecular weights of just
over 21 kDa, which matches well the previously deter-
mined size for the primary translation products of the
light-harvesting proteins of P. tricornutum (Fawley and
Grossmann 1986; Friedman and Alberte 1986). Second-
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Fig. 4. Hybridization of fep! and fep2 to polyA™ and polyA~
RNA. The inserts from Afcpi and Afep2 were purified from agarose
gels and used as hybridization probes. The sizes of the transcripts
were determined using low molecular weight markers (0.16—
1.77 kb, 5623SA) from Bethesda Research Laboratories

ly, there is no homology between sequences upstream
of this initiator Met among the different clones; the ho-
mology among the clones begins at, or very near to,
this Met. Thirdly, the ORFs have homology to CAB
polypeptides of green algae and higher plants (discussed
below, see Fig. 6). Fourthly, in analyzing some genomic
clones for different members of the gene family (which
appear to be colinear with the ¢cDNAs), stop codons
were found just 5 to this Met (data not shown).

The fept and fep2 genes hybridized strongly to very
abundant transcripts, as shown in Fig. 4. While fcp! hy-
bridized to a transcript of approximately 790 nucleo-
tides, fcp2 hybridized to two transcripts, one of approxi-
mately 750 nucleotides and the other of approximately
790 nucleotides. These transcripts, as expected for genes
encoded in the nuclear genome, are enriched in the po-
lyadenylated fraction of the RNA. The considerable ho-
mology among the fcp genes that have been character-
ized suggests that many will hybridize to transcripts de-
rived from other members of the gene family. This, plus
the variability in length of the polyA tail, may explain
why the bands to which the ¢cDNAs hybridized are
broad.

A comparison of the three proteins encoded by the
Jfep genes is presented in Fig. 3B. The proteins are very
similar; of 197 amino acids, 174 residues are identical
between FCP3 and FCP1. Most of the differences repre-
sent conservative substitutions. FCP2 also exhibits a
high degree of sequence similarity to FCP3 and FCP1.
The strong similarity among all three proteins is reflected
in the hydropathy plots in Fig. 5. There are four regions
[labeled I (amino acids 1-20), II (amino acids 73-94),
IIT (amino acids 110-133), IV (amino acids 174-196)]
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Fig. 5. Hydropathy plots of the FCPs. The range of the scale on
the y-axis is from 0 to 1, with 0 being the most polar and 1 the
most hydrophobic. The hydrophobicity parameters used were those
of Argos etal. (1982) with a scanning factor of 13. The residue
number is on the x-axis. The peaks labeled I, II, 111, and IV are
the most hydrophobic regions of the protein and have the potential
to form membrane-spanning domains

of the putative primary translation products which ex-
hibit a pronounced hydrophobic character. These same
regions have a tendency to form a-helical configurations
that are punctuated by f turns, as determined using the
parameters of Garnier et al. (1978). These a-helical, hyd-
rophobic domains of the FCPs may be membrane-span-
ning domains. Regions II, III, and IV may span the
membranes in the mature FCP and would be analogous
to the three membrane-spanning domains of CAB poly-
peptides of higher plants. The first hydrophobic domain
is at the N-terminus of the protein and is probably part
of the presequence involved in targetting these proteins
to plastids. However, this domain shows little resem-
blance to N-terminal extensions on nascent proteins tar-
getted to higher plant chloroplasts. The latter sequences
often have a tripartate conserved framework (Karlin-
Neuman and Tobin 1986) which is not present at the
N-terminus of the FCPs. The N-termini of the FCPs
do, however, have some features reminiscent of signal
sequences which initiate cotranslational transport across
the endoplasmic reticulum. This intriguing finding is
more thoroughly explored in the discussion.

Finally, a comparison of the FCPs with other CAB
polypeptides suggests both a functional and structural
relationship between light-harvesting polypeptides of the
diatom and higher plants. The sequence from amino
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I II
10 20 30 40 50 60 70 80 90 100
FCP2 MKTAVIASLIAGAAAFAPA KNAARTSVATNMAFEDELGAQPPLGFFDPLGLVADGDQEKFDRLRYVEIKHGR ISMLAWGYLVQEAGVRLPGTI DYSGKT
ERLHCPAB pgngederlyPngFDPLGL AD DpthpeLkvkElKnGR laMsgmleyaQ-Aingerv e>
LG1AB19 (182) plgengplyPgGaFDPLGL AD DpEaFaeLkvkElKnGR laMfsmfofVQ-A!Vtngpl enladh>
DUNCBP (191 engplyPgeaFDPLGL AD DpthaeLkvkEIKnGR laMfAchffVQ A\VtngpI enltdh>
TOMCABGA (168) PgGaFDPLGy sk DpaKFeeLkvkElKnGR laleVchVQqsay L GTg plenla>
TOMCAB4A (179 plgengklyPgGaFDPLGL AD-DpEaFaeLkvkEIKNGR [laMfsmfGffvQ-AiVtgkGpl enlsdh>
MS 111
111 v
110 120 130 140 150 160 170 180 190
FCP2 FAEIPNVAA FKEIPAGGLVQLLFFIGVLESSVMIRDLTGEAEFVGDFRNGAIDFGWDTFDEETQFKKRATELNQ| GRAAQMGI LALMVHEQLGVSLL| PQ
LG1AB19 1Ad> (251)
DUNCBP lAnpaennA F> (264)
TOMCABS -thlad pu hnnI gdvnpkg1Fpn> (246 - end)
TOMCAB4A i Ad> (248)

Fig. 6. Homology of FCP2 with the CAB polypeptides. Identical
amino acids are capitalized, a colon indicates an identity or a con-
served substitution, a dot a neutral substitution, and a space a
lack of conservation. Hydrophobic region II of the FCPs (see
Fig. 5) and membrane-spanning region 11T (MS III) of the CAB
polypeptides are aligned and boxed. The other three hydrophobic
regions (I, III, IV) of the primary translation product of FCP2
are also boxed. The amino acid residues of the CAB polypeptides
at which the homology begins and ends (except for the Euglena

acids 30-100 of the putative primary translation prod-
ucts of the FCPs are homologous to the C-terminal re-
gions of several CAB polypeptides. This explains the
results which demonstrated an immunological similarity
between FCP and CAB polypeptides. Figure 6 shows
a comparison of FCP2 with CAB polypeptides of Eug-
lena, Lemna, Dunaliella, and tomato. Based on models
proposed for the integration of CAB polypeptides into
the thylakoid membranes, the N-terminal regions of
FCPs are homologous to CAB poiypeptides in the re-
gions of the third membrane-spanning domain and the
stroma-exposed loop that connects membrane-spanning
domains 1I and 11II.

Discussion
The characterization of genes encoding the fucoxanthin,

chlorophyll a/c¢ binding proteins, the first nuclear en-
coded genes that have been characterized in the diatoms,

sequence) are given in parenthesis to the left and right, respectively,
of the amino acid sequences; only a partial sequence exists for
the CAB polypeptide of Euglena. The numbering is from the initia-
tor Met of the primary translation product. The different CAB
polypeptides aligned are from FEuglena gracilis (ERLHCPAB,
Houlne and Schantz 1987), Lemna gibba (LG1AB19, Karlin-Neu-
man et al. 1985), Dunaliella salina (DUNCBP, Long et al. 1989),
and Lycopersicon esculentum (TOMCAB4A and TOMCABGA, Pi-
chersky et al. 1987; Hoffman et al. 1987)

has expanded our knowledge of the components of the
fucoxanthin-based light-harvesting complexes and pro-
vided some insight into the relationship between FCPs
and CAB proteins of higher plants. First, the fucoxan-
thin, chlorophyll a/c polypeptides are encoded by a mul-
tigene family that resides in the nuclear genome. Based
on both limited analyses of genomic clones and the
number of different restriction fragments that hybridize
to the cDNAs, there are a minimum of six distinct genes
in this multigene family in P. tricornutum. Sequences of
the three cDNA clones presented here, plus two addi-
tional genomic clones that have been sequenced (manu-
script in preparation) have demonstrated that many of
the genes in this family are similar. Second, based on
both hydropathy and secondary structure analyses, the
FCP primary translation products have four «-helical
hydrophobic domains, only three of which are probably
present in the mature protein. These regions have the
potential to span the photosynthetic membrane in a
manner similar to that of the CAB polypeptides (Karlin-
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Neuman et al. 1985; Peter and Thornber 1988). Third,
as suggested by previous information on the cross-reac-
tivity of antibodies raised against the FCPs (Plumley
and Schmidt 1984; Manodori and Grossman 1990),
there are some sequence similarities between the CAB
polypeptides and FCPs. The N-terminal regions of the
FCPs contain sequences that are similar to the C-termi-
nal regions of the CAB polypeptides. In CAB polypep-
tides this region encompasses the third membrane-span-
ning domain and the stroma-exposed loop located be-
tween membrane-spanning domains II and III. Finally,
the putative presequence, which probably comprises 20—
30 amino acids of the primary translation product (simi-
larity with the C-terminus of the CAB polypeptides be-
gins at approximately amino acid 30), does not resemble
presequences, or transit peptides, found in nuclear-en-
coded proteins that are targetted to the plastids of higher
plants. The properties of this presequence are more simi-
lar to those of signal sequences (see below), which are
required for cotranslational transport of proteins into
the endoplasmic reticulum (Gierasch 1989).

The region common to FCPs and CAB polypeptides
probably reflects similar functions that have been main-
tained in these light-harvesting polypeptides. The con-
served region could be important for the binding of chlo-
rophyll molecules and/or the interactions of the light-
harvesting proteins with other pigment protein mole-
cules in the thylakoid membranes. Recently a model for
the orientation of CAB polypeptides in the membrane
has been presented. Each of the polypeptides is thought
to bind between 6 and 13 chlorophyll molecules (Kuhl-
brandt 1984; Ryrie et al. 1980; Suss 1983; Thornber
1975; Thornber et al. 1979). The three putative mem-
brane-spanning regions are bordered by f turns and a
cluster of charged residues that might anchor the hydro-
phobic « helices in the lipid bilayer. The FCPs also have
charged amino acid residues and f turns that border
the putative membrane-spanning helices. This is
especially apparent for hydrophobic regions II and IV
(see Fig. 6, amino acids 73-92 and 173-195). Some of
the conserved charged residues may have more specific
functions. Positively charged amino acids (His, Gln,
Asn) in, or close to, the membrane-spanning regions
might co-ordinate the chlorophyll molecules within the
complex (Peter and Thornber 1988). In the purple and
green photosynthetic bacteria, His residues in the reac-
tion center polypeptides are important in orienting the
bacteriochlorophyll molecules (Deisenhofer et al. 1985;
Zuber 1985). The charged residues might also form salt
bridges that stabilize the monomeric and/or oligomeric
conformation of the light-harvesting proteins. Other
functions of the regions conserved between FCP and
CAB polypeptides may be related to the interactions
of these proteins with other polypeptides of the photo-
synthetic membranes, or with ions and metabolites that
might regulate both the efficiency of energy transfer to
the reaction centers and/or the relative proportion of
energy distributed between the two photosystems.

Fucoxanthin, an oxygenated carotenoid, is the major
pigment associated with the FCPC. The CAB light-har-
vesting complexes in higher plants also contain oxygen-

ated carotenoids, the major one being lutein. While the
ratio of fucoxanthin to chlorophyll in FCPC in approxi-
mately 2:1 there is only one xanthophyll molecule for
every 5-10 chlorophyll molecules (Kolubayev et al.
1985) in the CAB light-harvesting complexes. However,
the xanthophyll in the latter complex is vital to its assem-
bly (Plumley and Schmidt 1987) and can also function
in harvesting light energy and transferring it to chloro-
phyll molecules (Siefermann-Harms and Ninnemann
1983). The lack of homology with CAB polypeptides
at the C-termini of FCPs might reflect the differences
in the pigments that bind to these light-harvesting pro-
teins; the C-termini of the FCPs might be specialized
to bind several molecules of fucoxanthin.

Finally, the primary translation products of the
FCPs do not appear to have presequences that resemble
transit peptides, the sequences involved in the posttrans-
lational transport of proteins into chloroplasts (Schmidt
and Mishkind 1986; Mishkind and Scioli 1988). There
is little similarity between the first 30 amino acids of
the primary translation products of the FCPs (the size
of the transit peptide varies but is often comprised of
between 30 and 50 amino acids) and any transit peptide
that has been characterized to date. An amino acid
framework deduced for higher plant transit sequences
has three specific domains (Karlin-Neuman and Tobin
1986) which are not present in the putative presequence
of the FCPs. The N-termini of the FCPs are, however,
similar to signal sequences. The N-terminal domain of
a signal sequence has one, or a cluster of basic amino
acids followed by a hydrophobic central region. As the
cleavage site of the sequence is approached it becomes
more hydrophilic. The FCPs initiate with a Met followed
by the basic Lys residue (Lys is found at the second
position of many signal sequences). Following the Lys-2
of the FCPs there is a sequence of 1012 amino acids
which is very hydrophobic. Similar to a signal sequence,
this hydrophobic domain is followed by a region (amino
acids 15-25) that becomes progressively more hydrophil-
ic (see Fig. 6). In contrast, many transit peptides begin
with the sequence Met— Ala— Ala/Ser/Thr (see Chitnis
and Thornber 1988), and we are unaware of any that
have a positively charged amino acid in the second posi-
tion. For transit peptides the sequence Gly— Arg— Val
often precedes the cleavage site. No such sequence is
present in the N-terminal region of the primary transla-
tion products of the FCPs. However, based on the rules
compiled by von Heijne (1985, 1986) for the prediction
of signal sequence cleavage sites, we would predict such
a site following the Thr residue at position 29 of FCP1,
FCP2 and FCP3 (although there are other potential
cleavage sites). The ‘ —1, —3 rule’ (amino acid position
relative to cleavage site) predicts that the residue at posi-
tion —1 would be small (Ala, Ser, Gly Cys, Thr, or
Gln) and that the amino acid at —3 must neither be
charged nor large and polar. For eukaryotic organisms
the prevalent amino acids at —3 are Ala, Val, or Ser
although the rules for predicting signal sequence cleav-
age sites are much less reliable than for prokaryotes.
In prokaryotes only Ala, Gly, Ser, and Thr have been
found at the —1 position and only Ala, Gly, Leu, Ser,



Thr, and Val at the —3 position. All of these require-
ments are satisfied for the three FCPs if cleavage occurs
after the Thr 29 residue. The —3, —1 positions would
be Val, Thr for all three of the FCPs.

The hypothesis that a signal sequence is required for
the transport of proteins into plastids of chromophytic
algae is consistent with the morphological characteristics
of plastids in these organisms. These organisms contain
a plastid that is completely encased by two layers of
endoplasmic reticulum (Gibbs 1962, 1970, 1978, 1979).
This network, thought to be a barrier to the flow of
macromolecules into the plastid, may have attached ri-
bosomes (Gibbs 1978). Furthermore, there are many ve-
sicles between this ER system and the plastid (Gibbs
1978), suggesting vesicular traffic between the two mem-
brane systems. From the examination of electron micro-
graphs coupled with studies in which protein synthesis
was inhibited on either 80S cytoplasmic or 70S plastid
ribosomes, Gibbs has suggested that proteins enter the
plastids of the Chrysophyte Ochromonas danica via the
fusion of vesicles, derived from the plastid ER, with
the plastid envelope (Gibbs 1978, 1979). Hence, the
FCPs may pass into the plastid ER of P. fricornutum
via a cotranslational process, and then become packaged
in vesicles that fuse with the plastid envelope.

While the arguments derived from the sequence data
here and from previously published morphological data
(Gibbs 1970, 1978, 1979) compellingly suggest that the
transport of proteins into the plastids of the chromo-
phytic algae involves a cotranslational process, they are
still only circumstantial. Recent data demonstrating that
the primary translation products of the FCPs can enter
dog pancreas microsomes and be processed to the size
of the mature protein (Bhaya and Grossman, unpub-
lished) provides direct support for the hypothesis. Bio-
chemical analyses, including in vitro reconstitution of
protein transport, will enable us definitively to character-
ize processes required for the transport of proteins into
the plastids of the chromophytic algae.
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