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Abstract

Peridinin-chlorophyll a-proteins (PCPs) have been purified by combination of ammonium sulphate precipitation and cation exchange
chromatography. The amino acid sequences of several of the most abundant forms have been deduced by direct protein sequencing and
from DNA and indicate a highly conserved multi-gene family. At least two of the PCP genes are tandemly arranged. A novel form of the
protein was also obtained in low yield with fewer peridinins (six vs eight) per chlorophyll « and with a different molecular mass (34 kDa
vs 32 kDa) of its apoprotein. It had only 31% sequence identity with any of the more abundant PCP forms but retained a two-domain
structure.
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1. Introduction

Dinoflagellates possess two distinct light-harvesting
systems, an intrinsic Chl g-c-caroteno-complex with a 19
kDa polypeptide [1,2] which is related to the other Chl
a-b-binding proteins [1,3] and the unique water-soluble
peridinin chl a-protein (PCP) [4—15]. The latter has been
extensively studied and consists of either an apoprotein of
32 kDa binding 8 peridinins and 2 Chl a molecules
{(monomeric PCP) or is a dimer of 15 kDa apoproteins
each of which binds 4 peridinins and 1 Chl a (dimeric
PCP), although variations on these data for the number of
peridinins /Chl have been reported [4,12,15]. A full-length
c¢DNA of PCP from Symbiodinium has been sequenced
and shows the 32 kDa form of PCP to consist of 2 similar
domains each containing a double histidine residue as a
putative Chl a-binding site, providing evidence that the 32

Abbreviations: Chl, chlorophyll; PCP, peridinin-chlorophyll a-pro-
tein; MFPCP, mainform of peridinin-chlorophyll a-protein; HSPCP, high
salt form of peridinin-chlorophyll a-protein; LHC, light-harvesting com-
plex; PCR, polymerase chain reaction.
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kDa apoprotein may have resulted from fusion of two
similar genes [14].

A feature of all PCPs is the occurrence of electrophoret-
ically distinct isoforms ranging in pl from 4.0 to 8.0.
Although neither the physiological nor the molecular basis
of these isoforms is established, it has been suggested that
on the basis of the cDNA clones and Southern blotting
they may represent distinct gene products [13,14]. On the
other hand it has been reported that the different PCP
iso-forms from Alexandrium separated by ion exchange
are no longer present if protease inhibitors are included
throughout the preparation [15]. All forms of PCP so far
isolated are strongly antigenically related, recognising PCPs
across species and generic boundaries [6,7,10].

During the purification of PCP of one predominant
isoform for protein sequencing and crystallographic studies
[9], we also purified a minor PCP form which, as detailed
below, is distinguished from the most abundant forms by
spectra, pigment composition, molecular mass, antigenicity
and most compellingly by its primary sequence. We have
also sequenced a number of genomic and RT-PCR clones
which encode different variants of the most abundant PCP
species, at least two of which are arranged in tandem on
the genome. A preliminary account of part of this work
appears in the Proceedings of the 10th International Photo-
synthesis Congress [16].
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2. Materials and methods

Amphidinium carterae CS21 was cultured as previously
described [1,9]. Cells were harvested by flocculation with
0.5 mM AIK(SO,),.12H,0 and centrifugation at 3000 X g
using a Beckman J-10 rotor. After washing in 50 mM
tricine 20 mM KCl (pH 7.5), they were disrupted by a
single passage through a French pressure cell at 80 MPa.
Thylakoids and cell debris were removed by centrifugation
at 20000 X g for 30 min using a Beckman J-20 rotor. The
resulting supernatant was subjected to ammonium sulphate
precipitation and most of the PCP was recovered in the
70%—90% fraction. Precipitated PCP was dialysed exhaus-
tively against 5 mM Na acetate (pH 5.0) then applied to a
CM-Trisacryl column and developed with a linear salt
gradient. The PCP fraction eluting between 0.05 and 0.15
M NaCl and having an A5 1 /Azg0 am atio > 4.5 was
designated mainform PCP (MFPCP). A minor PCP frac-
tion eluting at 0.25 M salt was designated high salt PCP
(HSPCP).

The ratio of peridinin to Chl @ and HSPCP-peridinin to
MFPCP-peridinin was determined in 80% acetone extracts
using millimolar extinction coefficients of 76.8 at 663 nm
for Chl a [17] and 85 at 478 nm for peridinin [18]. The
ratio of peridinin in the two forms of PCP was also
determined after separation of peridinin and Chl a by
HPLC using a C,; Bondpak column (Waters) and a gradi-
ent of 100% solvent A (1 MeOH; 1 CH,CN:2H,0) to
100% solvent B (1 MeOH:1 CH3CN). Areas under the
peridinin peaks were compared after normalising the Chl a
peaks in HSPCP and MFPCP.

Polypeptides were separated by the Laemmli method
[19] using a 12% or 15% resolving gel and standard
proteins to estimate relative molecular masses. Polyclonal
antibodies were prepared by injecting 600 g purified
MFPCP emulsified with Freunds complete adjuvant into a
femaie White New Zealand rabbit followed by a boost of
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Fig. 2. Absorbance and circular dichroism spectra of MFPCP and HSPCP
(a) native proteins (b) pigments in 80% acetone (c) circular dichroism.
The spectra have been normalised to the Chl a Qy absorbance at 670 nm
or 663 nm, respectively, or to the negative CD at 670 nm.

300 nwg MFPCP in incomplete adjuvant after 4 weeks.
Western blotting was performed as previously described
[1,20,21]

Total DNA was isolated using SDS and proteinase-K
and purified by caesium chloride gradient centrifugation
[22]. DNA fragments for cloning and sequencing were
amplified from genomic DNA by PCR using primers
designed from protein sequence data. For the HSPCP
the forward primer was 1235 5'-
GC(ACTG)GAAGAAAGTT(TC)GA(TC)TGGGG
corresponding to the amino acid sequence AEKFDWG
and the reverse primer was 1795 5'-
GC(AGCT)GC(GA)AA(AGCTDA(GAXAGCT)GCCAT-
(AT)TG corresponding to the sequence QMALFAA. To
obtain the 3’ end of the gene for MFPCP, cDNA fragments
obtained by reverse transcription from polyA + RNA were
amplified. First strand ¢cDNA synthesis utilised a Notl
primer adaptor 2360 5-AATTCGCGGCCGC(T),s and
reagents and protocol as described for the 5'-Amplified
RACE Kit (Clontech). Second strand synthesis and PCR
amplification was with the forward primer 1444 5'-AAG-
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Fig. 3. SDS polyacrylamide electrophoresis and Western blotting of purified PCP forms. Lane 1,

HSPCP; lane 2, protein standards; lane 3,

HSPCP + MFPCP; lane 4, MFPCP; lane 5, protein standards; lane 6, MFPCP; lane 7, protein standards; lane 8, HSPCP; lane 9, HSPCP + MFPCP; lanes
10, 11, 12 and 13, Western blot of lanes 6, 7, 8 and 9 with antibody to MFPCP; lane 14, HSPCP after prolonged storage at — 20°C; lane 15, protein
standards. Lanes 1-5 and 14-15 were obtained using 12% acrylamide gels and lanes 6—9 using 15% acrylamide gels.

GTACCTGCGTA(TC)ATGAA corresponding to the
sequence KVPAYMK and 2360 as the reverse primer.
A DNA fragment encoding the 3’ end of one MFPCP
gene, the intergenic space, leader sequence and 5'end of
the next gene was amplified from genomic DNA. For this
reaction Taq Extender PCR additive (Stratagene) was in-
cluded. The forward primer was 1457 5-TCCTGAAG-
GAGAT(TCA)GA(TC)TGG corresponding to the se-
quence FLKEIDW and the reverse primer was 819 5'-
ATHGCXADICC(TCA)ATIGC(TC)TT(AG)TG(GA)-

TG corresponding to the sequence HHKAIGSI. A full-
length ¢cDNA clone was obtained using the primer 2364
5-GTTGTCATCATGGTTCGCAG corresponding to the 5
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Fig. 4. Amino acid sequence of MFPCP and HSPCP determined by a
combination of protein sequencing and genomic PCR and aligned using
the ‘Bestfit’ programme. A (upper sequence): MFPCP; B (lower se-
quence): HSPCP. Upper case letters show the protein-derived sequences
and lower case letters the DNA-derived sequence. L = identity; : and
. = similarity; — = a space; an arrow shows the cleavage point of HSPCP
on prolonged storage and Chl-binding histidines are over /underlined.

end encoding the leader sequence together with primer
2360 above. A genomic clone corresponding to the full
coding region together with an additional 400 bases at the

" end was obtained using the primer 2364 alone. For
genomic and RT-PCR a regime of 3 min at 94°C, 1 min at
52°C and 2 min at 72°C followed by 34 cycles of 1 min at
94°C, 1 min at 52°C and 2 min at 72°C was employed.
PCR products were separated on agarose gels, the products
purified using a Gene Clean Kit (BIO-101) and cloned into
the pGEM-T vector (Promega).

Standard dideoxy termination sequencing techniques
[23] were used to sequence the DNA, employing a Seque-
nase II kit according to the manufacturer’s instructions.
Clones were sequenced in both directions using a combina-
tion of standard subcloning and custom oligonucleotide
primers. DNA sequences were aligned using the Bestfit
and Pileup programmes [24] accessed through the Aus-
tralian Genomic Information Service

3. Results

The 70-90% ammonium sulphate fraction was applied
to a cation-exchange column and developed with a salt
gradient as shown in Fig. 1. Under the starting condition of
pH 5.0 and 5 mM acetate, ~ 20% of the PCP was eluted.
The salt gradient was commenced when the A, ... of the
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Fig. 5. The tandem arrangement of MFPCP genes as determined by
genomic PCR. Boxes indicate the coding regions of the genes, arrows the
sites of the primers, heavy vertical lines the putative Chl-binding sites
(His residues) and hatched the leader sequences. * position of stop
codon. The nucleotide sequence for this figure is X94549.
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eluate had fallen to 1/10 of the starting value. A major
peak of PCP, 70% as judged by the A, .., was eluted in
fractions 19-24 at ~ 0.1 M NaCl. The A ;5 .0/ A670 am
ratio had a mean value of 4.15 through this region but then
a minor peak of 478 nm absorbance (2% of total A ;g )
was observed at fractions 29-35 (0.15 M NaCl) with an
Ayrg am/As70 om Tatio of 3.37. After this latter PCP form
had eluted, the A4 1m/Ae70 am Tatio began to increase
again. The spectral properties of the two PCP forms are
shown in Fig. 2. The change in A, ,./A¢70 nm ratio
A

60

GTTGTGATCATGGTTCGCAGTGGTAAGAAGGCTGTGGTGTTGGCGGCAGTCGCTTTCTGT
M V R § G K K A V VvV L A A VvV A F C
120
GCAACTAGTGTGGTGCAGAAGAGCCATGGCTTCGTCCCTTCACCCTTGCGCCAGCGTGCT
A T S8 VvV VvV Q K 8 H G F V P S P L R Q R A
180
GCTGCAGCAGGAGCAGCAGCAGCGTCAGCTGCCACCATGTTCGCTCCAGCGGCCTTCGCA
A A A G A A A A S A ATMVF A P A A F A
240
GATGAGATTGGTGATGCTGCGAAGAAGCTTGGGGATGCATCCTATGCATTCGCAAAAGAG
D E I G D A A K KL G DA AS Y A F A K E

30¢C
gTGGACTGGAACAACGGTATCTTCTTGCAGGCACCAGGGAAGCTTCAACCACTCGAGGCA
VvV D W NNG I F L Q A P G KL Q P L E A
360
CTGAAGGCCATCGACAAGATGATTGTCATGGGGGCGGCTGCTGACCCGAAGCTGCTGAAG
L K A I D K M I VM G A A A D P K L L K
420
GCAGCTGCTGAAGCTCACCACAAGGCTATTGGCAGTGTGAGCGGCCCARATGGTGTGACC
A A A E A HHKATIG S V S G P NGV T
480
TCACGAGCTGATTGGGACAACGTGAATGCTGCGCTTGGCCGTGTCATTGCATCAGTTCCG
S R A DWDNV NAA ATLGR RV I A S V P
540
GAGAACATGGTGATGGATGTCTATGATTCAGTGTCCAAGATCACAGATCCAARGGTACCT
E N M VM DV Y D S V S K I T DZPI KV P
600
GCGTACATGAAGTCTCTGGTGAGCGGTGCTGATGCTGAGAAGGCCTACGAGGGCTTCCTT
A Y M K S L V 8 G A D A E K A Y E G F L
660
GCATTCAAGGATGTGGTGAAGAAGAGCCAAGTGACCTCCGCAGCTGGGCCTGCARCAGTG
A F K D V V K K 8 Q VT S A A G P A T V
720
CCCTCAGGTGACAAGATCGGCGTGGCTGCCCAGCAGCTTTCCGAAGCGTCCTACCCATTC
P § G D K I G V A A Q QL 8 E A S Y P F
780
CTGAAGGAGATCGACTGGCTTTCTGACGTGTATATGAAGCCACTCCCTGGTGTGAGCGCA
L X E I D W UL S D V Y M K P L P G V S A
840
CAGCAGTCCTTGAAGGCCATTGACAAGATGATCGTGATGGGTGCCCAGGCGGACGGCAAT
0 @ S L K A I DKMTIV M G A QA DGN
900
GCATTGAAGGCAGCTGCGGAGGCCCACCACAAGGCGATTGGAAGCATCGATGCCACAGGT
A L K A A A E A HHKATIG S I DA AT G
960
GTGACGTCAGCTGCTGACTATGCGGCAGTGAATGCAGCACTTGGGCGCGTGATAGCTTCT
v T S A A DY A AV NAAULGU RV I A 8
1020
GTGCCCAAGAGCACGGTCATGGATGTC TACAATGCAATGGCTGGCGCAACCGATACCTCG
v P K § T V M DV Y NA M A G A T DT S
1080
ATTCCACTGAACATGTTCTCAAAGGTGAACCCACTTGATGCAAACGCAGCCGCGAAGGCC
I P L N M F 8 KV N P L D AN AU BRAAIKA
1140
TTCTACACCTTCAAGGATGTCGTGCAAGCCGCTCARCGATGAGCTCAGCTCCGRACTTTT
F Y T F K D V V Q A A Q R *
1200
GTCAGAATTGTTGCCCTTGAAGGGCTGACTGACCTTGTGTTTGCCACAGGTCTGTAGTGA
1260
CTTGCCGCGATGATTGCCAGGTGCTGTTTGAATTTGCACATCTGTGTGTTTTTGAGACGT
1320
GCGATTGGGGATGAAATCCCGTGATGCTGCTAAGACAAARARALAARARAARAAAARARA

AAAAAAAARACGCCGGCGCTTAAG

noted in Fig. 1 is reinforced when the pigments are
removed from the apoprotein (Fig. 2B). The ratio of
absorbance at 478 nm for HSPCP: MFPCP was 0.777
corresponding to peridinin: Chl a of 6.2 if the MFPCP has
eight. In a separate experiment in which the pigments were
separated by HPLC, the ratio of absorbance under the
peridinin peaks was 0.75 (HSPCP /MFPCP) after normali-
sation with respect to Chl a, consistent with a 6:8 ratio of
peridinin in the two forms. The main features of the
circular dichroism spectrum (Fig. 2C) of HSPCP compared

B
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A240
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E I 6 D A A K TULGDA A S Y A F A KE V
300
GACTGGAACARATGGTATCTTCTTGCAGGCACCAGGGAAGCTGCAACCACTCGCGGCACTG
D W NDNGTI F L Q A P G KL Q P L A A L
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AAGGCCATCGACARGATGATTGTCATGGGGGCAGCGGCTGACCCGCAGCTGTTGAAGGCA
K A I D K M I vV M G A A A D P Q L L K A
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GCTGCTGAAGCTCACCACAAGGCCATTACCACTGTGAGCGGCGCAAATGGTGTGACCTCA
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CGCGCTGACTGGGACAATGTGAACGCTGCTCTTGGCCGTGTCATCTCAGCAGTTCCGGAG
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TTCAAGGATGTGGTGAAGAAGAACCAAGTGACATCTGCAGCTGGGCCTGCAACGGTECCC
F K D vV vV X K N Q vT™ 8 A A G P A T V P
720
TCTGGTGACACAATTGGCGTGGCGGCCCAGAAGCTTTCAGATGCGTCCTACCCGTTCCTG
s 6 DT I GV A A Q K L 8 DA S Y P F L
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AAGCAAATCGACTGGCTTTCTGATGTGTATCTGAAGCCCCTCCCTGGCGTGAGCGCACAG
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CAGTCCTTGAAAGCCATTGATAGGATGATCGTGATGGGTGCCCAGGCGGACGGCAACGCA
Q 8 L K A I D R M I VvV M G A Q A D G N A
900
TTGAAGGCGGCTGCGGAGGCCCACCACAAGGCGATTGGAAGCATCGATGCCAAAGGTGTG
L K A A A E A HHKMATI G S I D A K G V
960
ACATCCGCTGCCGACTATGCGGARAGTGAATGCAGCAATTGGGCGGGTGGTGGCTTCTGTG
T S A A D Y A E V N A A I G R YV V A S V
1020
CCCAAGAGCACGGTCATGGATGTCTACAAGGCAATGGCTAGTGTTACCGATACCGGGATT
P K §S T VvV M DV Y K A MA S YV T DT G T
1080
CCACTTAACATGTTCTCABAGGTGAACCCACTTGATGCAAACGCAGCCGCGAAGGCGTTC
P L N M F S K V N P L D A NAA A K A F
1140
TACACCTTCAAGGATGTCGTGCTTGCCGCGCAACGCTAAGCTCCGATGTTCGTTGAGCGT
Y T F XK DV V L A A Q R *
1200
TTGCCACAGACTCGTGTGACTGGC TGCAAGGTGTGCTGCTGCAAGGTGCCCTTTTTTAAT
1260
TGCGCATCTGTGTGCTTTTAGACGTGCCACCATGTCTAGGTTCCCGTGACTTAGCTTCTT
1320
TGATGCAGTGATGGTCCGGGGATGGTTGCTTTGCGCAAGACTGGTGCTCGCTTCAGCGGE
1380
AGAGGCGGTTGACACACCAAAAGGCTGGAATATGCGTGGGTATGGGTTCTGTGTTCTCCG
1440
TTTATTGTGTGCAGTCGTTTTTAAAGGAAATTGGTGTGGATTGCGTTGATGAGAGCGAAG
1500
TCTTGACCATCGCCGATGACAACAACCACATCAACAAGAACAAGTACAAGGCAGCTTGAA

CTGAGCTGCGAACCATGATCACAAC

Fig. 6. Nucleotide and amino acid sequences of 2 different MFPCPs obtained by (A) RT-PCR and (B) genomic PCR. Start of mature proteins is shown by
an arrow. The underlined motif SPLR occurs in the intrinsic light-harvesting protein sequence and is a possible protease recognition site [3].
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to that of MFPCP are that the positive CD at 430 nm is
less pronounced, the isobestic point for the Cotton effect of
the peridinin shifts from 479 nm to 492 nm and the
negative component in the region of 500 nm to 560 nm is
more asymmetric. The fluorescence emission at 77 K is
shifted from 669 nm in MFPCP to 674 nm in HSPCP
(results not shown).

The PCP forms obtained from the cation exchange
column were concentrated and their apoproteins separated
by SDS-PAGE (Fig. 3, lanes 1, 3 and 4). PCP comprising
the major peak probably includes several isoforms as
judged by chromatofocusing and separation on a size-ex-
clusion chromatography column at low ionic strength (re-
sults not shown), but all MFPCP forms have an apoprotein
of 32 kDa, whereas that of HSPCP is 34 kDa. On pro-
longed storage the HSPCP breaks down to two main
peptides of 17 and 16 kDa (Fig. 3, lane 14). Polycional
antibodies to MFPCP react very weakly with HSPCP (Fig.
3, compare lanes 10 and 13 with lane 12), suggesting that
the two PCP forms are very different in primary structure,
a view reinforced by N-terminal sequencing. MFPCP was
sequenced by automated Edman degradation combined
with cyanogen bromide and proteolytic cleavage and the
sequence shown in Fig. 4A was obtained. Some hetero-
geneity was observed, notably Ala/Leu at residue 221,
and more significantly for the existence of isoforms,
Asp /Pro at residue 76 (not shown in figure). Genomic and
RT-PCR derived sequences (see below) and comparison
with the cDNA derived sequence from Symbiodinium sug-
gest that the three C-terminal residues are Ala-Gln-Arg,
although this has not been unequivocally established by
direct protein sequencing. On Edman sequencing of HSPCP
it was immediately apparent that it was very different from
all MFPCPS and this was confirmed by sequencing a
number of internal peptides generated by enzymatic degra-
dation and separated by reverse-phase HPLC. A combina-
tion of genomic PCR and direct sequencing was used to
generate the sequence of HSPCP shown in Fig. 4B. We
cannot be sure that the sequence is complete at the C-
terminus but the calculated mass is 34 289 Da correspond-
ing to the value determined from migration in SDS poly-
acrylamide gels.

The cleavage observed on prolonged storage was shown
by sequencing to take place at the Arg residue at position
170 (arrow in Fig. 4) since the upper band of Fig. 3 (lane
14) contained the N-terminus DGIAD... and the lower
band began with the sequence YVPDG..... MFPCP and
HSPCP are 31% identical and 55% similar in comparison
to > 85% identity between monomeric MFPCPs from
Amphidinium and Symbiodinium. HSPCP does, however,
retain the two-domain structure of monomeric MFPCPs
with a putative Chl-binding histidine in each domain.

Since the protein sequencing provided compelling evi-
dence that MFPCPs are heterogenous, at least in part as a
result of different gene expression, we investigated by
genomic PCR whether such genes might be adjacent.
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Fig. 7. Alignment of all MFPCP complete and partial amino acid
sequences. a,b and d, Amphidinium (this paper); c, Symbiodinium [14]; e,
Alexandrium [15]; f, Heterocapsa bold-face Pisano and Hiller (unpub-
lished) and [13]. Leader sequences are underlined. All mature protein
monomeric sequences begin at the D (Asp) at position 57. The dimeric
PCP of Heterocapsa has been aligned by the Pileup programme with the
C-terminal domain of other PCPs. The Heterocapsa sequence is incom-
plete at the C-terminus as Ref. [13] has a reading frame error.

=

Using a forward primer between the putative Chl-binding
sites and a reverse primer made to the Chl-binding sites, a
number of PCR products were obtained (results not shown)
including one of 1272 bp. When this was sequenced it
encoded the C-terminus of one MFPCP, an intergenic
region and the leader sequence and N-terminal region as
far as the first chlorophyll binding site of another MFPCP
(Fig. 5). Full-length MFPCP sequences (Fig. 6A,B) were
obtained by further genomic PCR or RT-PCR experiments
utilising forward primers made to the region encoding the
N-terminus of the leader sequence (see Section 2). In no
case did we find evidence from any of the genomic PCR
experiments for introns within the PCP coding regions.
The information derived from these studies and from the
literature is combined in Fig. 7 and demonstrates clearly
that all MFPCPs (even those with a 15 kDa apoprotein) are
closely related and are more closely related overall than
HSPCP is to MFPCP within Amphidinium.

4. Discussion

As shown here by DNA and protein sequencing, the
origin of isoforms of PCP lies at least in part in the
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expression of different genes but in some species [15] may
be accentuated by proteolytic activity. Protease inhibitors
were not employed in our experiments as no effect of
PMSF was seen in preliminary purifications and our puri-
fied MFPCP gave crystals diffracting to 2.3 A [9]. N-
terminal sequencing of minor MFPCP forms gave termini
as in Fig. 4, indicating that any proteolytic activity must
have been C-terminal and resulting in differences in mass
below the resolution of our polyacrylamide gels. Interest-
ingly, the slow proteolytic activity associated with HSPCP
which results in cleavage at an arginine residue between
the two putative Chl-binding domains was not inhibited by
PMSF or a cocktail of well-known protease inhibitors
(Sharples and Hiller, unpublished).

Previous studies have shown that different PCP iso-
forms are remarkably similar in spectroscopic properties
and amino acid composition. This similarity is reempha-
sised by the direct amino acid sequences and by the
PCR-derived sequences reported here for MFPCP. The
identity between Symbiodinium and Amphidinium PCPs is
greater than 85% and there is a similar level of identity
with the partial sequences of Heterocapsa [13] and
Alexandrium [15]. It may be noted that the cDNA se-
quences previously reported [13] from Heterocapsa as
indicating major differences in amino acid sequence at the
C-terminus are in error as the start codon was incorrectly
assigned. The error was compounded by a reading frame
error in the region of the stop codon since moving the
reading frame by one base produces a C-terminal sequence
with strong identity with that of Amphidinium and Sym-
biodinium. The minor HSPCP form differs from MFPCP
in its absorbance, CD and fluorescence emission but some
of these differences are also found in a comparison of
Amphidinium MFPCP with Heterocapsa PCP. HSPCP is
set apart by its very different amino acid sequence and by
its pigment composition being relatively deficient in peri-
dinin. These factors, its relatively low concentration and
longer wavelength fluorescence emission suggest it may
play a special role, perhaps as a link between MFPCP and
an intrinsic Chl-protein.

Although other workers [4,12,15] have reported varia-
tion in the ratio of peridinin to Chl a, most of the
variations have been for peridinin/Chl a ratios greater
than that of usually accepted 8:2. Our suggestion that
HSPCP has only six peridinins per 2 Chl a again rein-
forces the unusual nature of this PCP form. The crystal
structure of MFPCP has recently been solved and shows
unequivocally that Amphidinium MFPCP has a
peridinin:Chl a composition of 8:2 [25]. This suggests that
values of 12 peridinins per monomeric PCP [12,15] in
Alexandrium may require re-evaluation, especially in light
of the similarity of apoprotein size, primary sequence,
amino acid composition, CD spectrum and most impor-
tantly identity of A,g nm/As70 nm Of the holoprotein with
that (4.1/1) of MFPCP of Amphidinium.

Interpretation of the role of HSPCP is hampered by our

lack of knowledge of the location of even MFPCP. Im-
muno-gold labelling of Amphidinium thylakoids is incon-
clusive (Vesk and Hiller, unpublished observations). Al-
though the thylakoid lumen is slightly larger than that of
higher plants and green algae, it is not as distended and
electron dense as it is in Cryptophytes, which contain a
lumenal phycobilin [26-29]. The putative leader sequence
of Symbiodinium PCP has been interpreted [14] as being
lumen-directing, having an N-terminal region which re-
sembles that of proteins exported from the endoplasmic
reticulum together with a hydrophobic C-terminal region.
We found similar leader sequences for 2 Amphidinium
MFPCPs, although the identity between the two leader
sequences is much less than between the mature proteins.
Both leader sequences possess the A-X-A motif which
precedes the cleavage site of typical higher plant lumenal
proteins [30] and additionally there are negatively charged
amino acids in the first four residues following the cleav-
age site, another feature of lumenally located thylakoid
proteins [31]. Symbiodinium PCP leader has the sequence
NFVGP which also occurs near the C-terminus of several
Cab proteins and there is a similar motif GFVPSP present
in the Amphidinium leader at the same point. More strik-
ing is the occurrence in the Amphidinium leader of the
SPLR motif which is the C-terminus of the Chl a-c-
caroteno protein [3] and postulated to be the recognition
site for the arginine-specific protease responsible for con-
version of the LHC polyprotein to its mature form. A
similar coincidence has been noted in processing sites for
Euglena preLHC. The C-terminus of the Euglena LHC
leader sequence has the GXKX motif which is conserved
at the C-terminus of the decapeptide which separates each
mature LHC peptide in the precursor polyprotein; a com-
mon peptidase was suggested to be responsible for pro-
cessing in both instances [32]. We speculate that in Am-
phidinium as well, an arginine-specific protease located in
the stroma cleaves both preLHC to its mature polypeptides
and processes prePCP to a form with a hydrophobic
N-terminal extension which is lumen-directing. The same
protease may also be responsible for the cleavage of
purified HSPCP observed on prolonged storage.
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