Proc. Natl. Acad. Sci. USA
Vol. 82, pp. 3242-3246, May 1985
Cell Biology

Molecular cloning and nucleotide sequence of the a and B subunits
of allophycocyanin from the cyanelle genome of

Cyanophora paradoxa
(phycobilisome /photosynthesis /rapid DNA sequencing)

DoNALD A. BRYANT*, ROBERT DE LORIMIER*, DAvID H. LAMBERT*, JAMES M. DuBBs*, VERONICA L.
STIREWALT*, S. EDWARD STEVENS, JR.*, RONALD D. PORTER*, JOHN TaM', AND ERNEST JAay?’

*Microbiology Program, The Pennsylvania State University, University Park, PA 16802; and tDepartment of Chemistry, University of New Brunswick,

Fredericton, NB Canada E3B 5A3

Communicated by Jack Myers, December 27, 1984

ABSTRACT The genes for the a- and B-subunit apopro-
teins of allophycocyanin (AP) were isolated from the cyanelle
genome of Cyanophora paradoxa and subjected to nucleotide
sequence analysis. The AP B-subunit apoprotein gene was
localized to a 7.8-kilobase-pair Pst I restriction fragment from
cyanelle DNA by hybridization with a tetradecameric oligo-
nucleotide probe. Sequence analysis using that oligonucleotide
and its complement as primers for the dideoxy chain-termina-
tion sequencing method confirmed the presence of both AP a-
and fB-subunit genes on this restriction fragment. Additional
oligonucleotide primers were synthesized as sequencing pro-
gressed and were used to determine rapidly the nucleotide
sequence of a 1336-base-pair region of this cloned fragment.
This strategy allowed the sequencing to be completed without
a detailed restriction map and without extensive and time-
consuming subcloning. The sequenced region contains two
open reading frames whose deduced amino acid sequences are
81-85% homologous to cyanobacterial and red algal AP
subunits whose amino acid sequences have been determined.
The two open reading frames are in the same orientation and
are separated by 39 base pairs. AP a is 5’ to AP B and both
coding sequences are preceded by a polypurine, Shine-
Dalgarno-type sequence. Sequences upstream from AP o
closely resemble the Escherichia coli consensus promoter
sequences and also show considerable homology to promoter
sequences for several chloroplast-encoded psbA genes. A 56-
base-pair palindromic sequence downstream from the AP 8
gene could play a role in the termination of transcription or
translation. The allophycocyanin apoprotein subunit genes are
located on the large single-copy region of the cyanelle genome.

Phycobiliproteins are photosynthetic accessory pigments
found in cyanobacteria and the chloroplasts of red algae and
cryptomonads. Certain dinoflagellates, of which the best
studied example is Cyanophora paradoxa (1), also contain
these proteins in their chloroplast-like cyanelles. Spectro-
scopic properties define the three major classes of
phycobiliproteins: phycoerythrins (PE, Apax 540-570 nm);
phycocyanins (PC, Apax 610-625 nm); and allophycocyanins
(AP, A nax =650 nm). Each phycobiliprotein is comprised of
equimolar amounts of two nonidentical subunits, « and B.
Each subunit carries characteristic number(s) and type(s) of
linear tetrapyrrole chromophores that are covalently at-
tached to the polypeptides through one or two cysteinyl-
thioether linkages (2, 3). Amino acid sequence analyses have
been performed on proteins representing all of the spectro-
scopic classes (see data summarized in ref. 2). These studies
indicate that the phycobiliproteins are a homologous family
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descended from a single ancestral gene. Complete descrip-
tions of the properties of the phycobiliproteins can be
obtained from several recent reviews (2, 4-6). In all
phycobiliprotein-containing organisms except the cryp-
tomonads, the functional light-harvesting assembly is a
supramolecular protein structure called the phycobilisome
(for reviews, see refs. 2, 5-8). Phycobilisomes are largely
composed of phycobiliproteins but also contain a small
number of quantitatively minor, nonpigmented proteins
termed *‘linker polypeptides.’” The linker polypeptides play
important roles in the assembly of the phycobilisome, aid in
attachment of phycobilisomes to the thylakoid membrane,
and alter the spectroscopic properties of phycobiliproteins to
ensure efficient and unidirectional transfer of absorbed light
energy to the reaction center complexes in the thylakoid
membrane (2, 5, 9).

Because of the presence of phycobiliproteins and the
presence of peptidoglycan in their cell-wall remnant, the
cyanelles of C. paradoxa have generally been regarded as
endosymbiotic, degenerated cyanobacteria (1). However,
the genetic complexity of the cyanelle genome [=127 kilobase
pairs (kbp); ref. 10] is too low for a cyanobacterial genome
(11, 12) and is clearly more similar to that observed for most
higher plant and algal chloroplasts (13). By using inhibitors of
protein synthesis specific for either 70S or 80S ribosomes,
Grossman et al. (14) have concluded that the phycobilipro-
teins and the large linker phycobiliprotein of C. paradoxa are
synthesized on 70S cyanelle ribosomes, while the rod linker
polypeptides are apparently encoded in the nucleus and are
translated on 80S cytoplasmic ribosomes. These observa-
tions are consistent with the idea that the phycobiliproteins
are encoded in the cyanelle genome of C. paradoxa; hence,
C. paradoxa could provide an attractive system for the
isolation of genes encoding phycobiliproteins. Lemaux and
Grossman (15) exploited these observations in obtaining
cloned fragments from the small single-copy region of the
cyanelle DNA of C. paradoxa that carry the coding sequence
for at least the B8 subunit of PC.

In this communication we describe the molecular cloning
and complete nucleotide sequences of the genes encoding the
a and B subunits of AP from the cyanelle genome of C.
paradoxa. These sequences are discussed in comparison with
our recently completed sequence analysis of the genes
encoding the a- and B-subunit apoproteins of PC from the
unicellular cyanobacterium Synechococcus 7002 (Agmenel-
lum quadruplicatum strain PR-6; ref. 16). In addition, we
describe a rapid, efficient method for nucleotide sequencing
using the chain-termination method on double-stranded tem-
plates and using synthetic oligonucleotides as primers.

Abbreviations: AP, allophycocyanin; PC, phycocyanin; PE,
phycoerythrin; kbp, kilobase pair(s); bp, base pair(s).
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MATERIALS AND METHODS

Materials. Restriction endonucleases, T4 DNA ligase, T4
polynucleotide kinase, and DNA polymerase I were pur-
chased from Bethesda Research Laboratories. The Klenow
fragment of DNA polymerase I was purchased from
Boehringer Mannheim. [y-*?PJATP (=4500 Ci/mmol; 1 Ci =
37 GBq) and [a-**P}dATP (=600 Ci/mmol) were purchased
from ICN. The M13 reverse sequencing primer was pur-
chased from New England Biolabs. Technical-grade cesium
chloride was used for all DNA preparations. All other
chemicals were reagent grade.

Culture Conditions, DNA Purification, and Molecular Clon-
ing. C. paradoxa (originally obtained from the Pasteur
Culture Collection, Institut Pasteur, Paris) was obtained from
Jessup M. Shively (Clemson University) and grownin Allen’s
modified medium (17) containing 10 mM Hepes buffer, pH
7.2. Cyanelles were isolated as described (18). Cyanelle DNA
was extracted as described in ref. 19 using the method of
Godson and Vapnek (20). Cyanelles were lysed by treatment
with lysozyme (2.7 mg/ml) followed by treatment with
NaDodSO, (1.33%, wt/vol). A partial Pst I library of the
cyanelle genome was constructed in Escherichia coli strain
RDP 145 (21) using pBR322 as the vector.

Synthesis of Oligonucleotides. The 16 tetradecameric
oligonucleotides 3’ T-A-C-G-T-(T/C)-C-T-(A/G)--
C-G-(A/G/C/T)-T-A 5’ (described in Results) were sepa-
rately synthesized and purified as described (22). All other
oligonucleotides were synthesized on controlled-pore glass
supports using the phosphoramidite chemistry developed by
Caruthers and co-workers (23, 24) in an Applied Biosystems
(Foster City, CA) model 380A automated DNA synthesizer.
After complete deprotection in concentrated ammonium
hydroxide, the products were lyophilized twice, washed with
100% ethanol, lyophilized, suspended in 2 M ammonium
acetate, and collected by centrifugation after overnight
ethanol precipitation at —20°C. The precipitates were sus-
pended in sterile water and the absorbance at 260 nm was
determined after appropriate dilution. Working stocks were
approximately 15 uM (4260 nm = 2.0). Oligonucleotides in the
range of 14-17 bases were ~85% full-length product and were
sufficiently pure for use as sequencing primers without
additional purification.

Hybridization with Oligonucleotides. Probe oligonucleo-
tides were labeled at the 5’ end with [y-*2P]ATP by T4
polynucleotide kinase. Hybridization experiments with
Southern blots of DNA digested with restriction enzymes or
of lysed colonies on nitrocellulose were performed as de-
scribed (16, 25). Hybridization conditions for oligonucleotide
probes were selected as described (29).

Nucleotide Sequencing Studies. Sequencing by the chain-
termination (dideoxy) method (26) was carried out according
to Heidecker et al. (27). The plasmid DNA template was
linearized by digestion to completion with an appropriate
restriction enzyme; the molar ratio of the primer/template
was generally 10:1. Both strands of the coding sequence were
determined using synthetic oligonucleotides as primers (see
Results). Primer sequences were confirmed by overlapping
sequences from the complementary strand. One portion of
the sequence was completed by subcloning in pUC9 (28) and
by sequencing with the M13 reverse oligonucleotide primer.
Amino acid sequences and codon frequencies were deduced
from nucleotide sequences by the computer program of
Conrad and Mount (29).

RESULTS AND DISCUSSION

The amino-terminal sequences of most AP gB-subunit
polypeptides begin Met-Gln-Asp-Ala-Ile (2, 30-33). If the
degenerate third base of the isoleucine codon is not included,
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this sequence of amino acids can be encoded by 16 sense-
strand (i.e., mRNA complementary) DNA sequences: 3’
T-A-C-G-T-(T/C)-C-T-(A/G)-C-G-(A/G/T/C)-T-A 5'. Each
of these sequences was separately synthesized. Initially, an
equimolar mixture of all 16 sequences was labeled with
[y-**PJATP and used as a hybridization probe against a
Southern blot carrying various restriction digests of the
cyanelle genome of C. paradoxa. This mixture was also used
to probe cloned cyanelle DNA fragments from a partial Pst
I library of the cyanelle genome that had been constructed in
E. coli using pBR322 as the cloning vector. Both types of
hybridization (data not shown) indicated that a 7.8-kbp Pst |
fragment carried a sequence complementary to the hybridiza-
tion probe mixture. Subsequent hybridization experiments
with various combinations of the 16 oligonucleotides and
individual oligonucleotides revealed that only the sequence 3’
T-A-C-G-T-T-C-T-G-C-G-T-T-A 5’ hybridized to this restric-
tion fragment.

The complementary sequence of the hybridizing oligo-
nucleotide, 5’ A-T-G-C-A-A-G-A-C-C-G-T-A-T 3’, was syn-
thesized and both oligonucleotides were used as primers for
the chain-termination (dideoxy) sequencing method using Pst
I-digested plasmid pCpcPst7.8 as the template. The results of
these sequencing experiments confirmed the presence of
sequences that could encode both the « and B subunits of AP
on this restriction fragment of the cyanelle genome.

The coding region for the AP subunits of C. paradoxa was
sequenced on both strands using chemically synthesized
oligonucleotides with the strategy shown in Fig. 1. Based
upon the intitial sequences obtained, two new oligonu-
cleotides were synthesized corresponding to nucleotides
991-1004 (5’ G-C-A-A-T-G-C-T-T-G-C-A-G-G 3') and nucle-
otides 385-398 (3’ G-G-A-C-C-A-C-C-A-T-T-G-C-G 5’) (Fig.
2). Sequence results obtained with these oligonucleotides
extended the single-strand sequence for both genes beyond
the actual coding region for the a and B subunits. Sequencing
of the complementary strand for this region and appropriate
overlaps were obtained by synthesizing the following
oligonucleotides for use as sequencing primers: nucleotides
1181-1196 (3’ G-A-C-C-A-A-A-T-C-C-A-A-T-T-A-A 5'), nu-
cleotides 991-1004 (3' C-G-T-T-A-C-G-A-A-C-G-T-C-C 5'),
and nucleotides 409423 (5' G-A-A-A-T-G-A-C-T-G-C-T-A-
C-T 3’). The complementary strand sequencing was com-
pleted by constructing a subclone in pUC9 extending from
the BamHI site in the insert in pCpcPst7.8 to the downstream
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Fi1G. 1. Restriction map of plasmid pCpcPst7.8, which carries a
7.8-kbp Pst I fragment from the cyanelle genome of C. paradoxa, and
nucleotide sequencing strategy for the AP coding region. Restriction
enzymes: P, Pst I; X, Xho I; Bg, Bgl 11; E, EcoRl; B, BamHI; H,
HindlIll; S, Sal I; R, EcoRlI site in pBR322 portion of plasmid. The
arrows represent sequenced segments, with dots and the star
representing 5’ end points and arrowheads representing 3’ end
points for each strand. Dots indicate sequences obtained with
synthetic oligonucleotides described in the text; the star indicates a
sequence obtained using the M13 reverse sequencing primer and
pCpcPst7.802 DNA as template. The thick lines indicate AP a- and
AP B-subunit coding regions.
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TTAAAGTAAGTTTTATAGTAACAATTAATGGATACTTATGAGTAAATACCTTTTTACCTATAGGTATCCATTTGTTCATAGAAAGTATTGACGGATCCAT
TCATATAATTTACTCATTTATAGTATTATAGAAATTGGTTCCAAAGCCCATAACTTTTTATTCCTTTTARAAGAACCTATCTTATGAGTATCGTTACCAA

B METSERILEVALTHRLY
GTCTATTGTTAATGCTGATGCTGAAGCTCGTTACCTTAGCCCAGGCGAGTTAGATCGTATTAAAAGTTTTGCTGCGTCTGGCGARAGACGTTTACGTATT
SSERILEVALASNALAASPALAGLUALAARGTYRLEUSERPROGLYGLULEUASPARG ILELYSSERPHEALAALASERGLYGLUARGARGLEUARGILE
GCACAAATTTTAACTGATAACCGTGAACGCATCGTTAGAGAAGCTGGTCAACAACTTTTCCAAAAACGCCCTGATATCGTTTCCCCTGGTGGTAACGCAT
ALAGLNILELEUTHRASPASNARGGLUARG I LEVALARGGLUALAGLYGLNGLNLEUPHEGLNLYSARGPROASP I LEVALSERPROGLYGLYASNALAT
ATGGTGAAGAAATGACTGCTACTTGTTTACGTGACTTAGATTATTATCTTCGTTTAGTAACTTATGGTGTTGTTGCTGGTGATGCAACTCCAATTGAAGA
YRGLYGLUGLUMETTHRALATHRCYSLEUARGASPLEUASPTYRTYRLEUARGLEUVALTHRTYRGLYVALVALALAGLYASPALATHRPROILEGLUGL

AATTGGTTTAGTTGGTGTTAAAGAAATGTATAATTCTTTAGGTACTCCAGTAGCAGCTGTAGCAGAAGGCGTTCGTTCCGCTAAGAGTGTAGCAACTGGT
UILEGLYLEUVALGLYVALLYSGLUMETTYRASNSERLEUGLYTHRPROVALALAALAVALALAGLUGLYVALARGSERALALYSSERVALALATHRGLY

TTACTTTCCGGTGATGATGCTGCTGAAGCTGGCTCTTACTTCGATTACGTGATTGCTGCTTTACAATAAAATTTTTGTAATTTTAACAAACTCTAAGGAA
LEuLEUSERGLYASPASPALAALAGLUALAGLYSERTYRPHEASPTYRVALILEALAALALEUGLNEND
CTGAACTTATGCAAGACGCTATTACTGCTGTAATTAATGCTGCTGATGTACAAGGTAAATATCTTGATACTGCATCTGTAGAAAAATTARAAAGCTATTT
MeTGLNASPALATLETHRALAVAL ILEASNALAALAASPVALGLNGLYLYSTYRLEUASPTHRALASERVALGLULYSLEULYSSERTYRPH
CCAAACTGGTGAATTAAGAGTTCGTGCAGCTGCAACTATTGCTGCTAACTCTTCTGCAATCATTARAGAAGCTGTAGCTAAATCCCTTCTTTATTCCGAT
EGUNTHRGLYGLULEUARGVALARGALAALAALATHR I LEALAALAASNSERSERALAILE ILELYSGLUALAVALALALYSSERLEULEUTYRSERASP
ATCACCCGTCCAGGTGGTAACATGTACACTACTCGTCGTTATGCTGCATGTATTCGTGACTTAGATTACTATGTACGTTACGCTACTTATGCAATGCTTG
ILETHRARGPROGLYGLYASNMETTYRTHRTHRARGARG TYRALAALACYSILEARGASPLEUASPTYRTYRVALARGTYRALATHRTYRALAMETLEUA

CAGGTGACACATCTATTTTAGATGAACGTGTATTAAATGGTCTTAAAGAAACTTATAACTCTTTAGGTGTACCTGTAGGTGCAACTATCCAAGCAATTCA
LAGLYASPTHRSERILELEUASPGLUARGVALLEUASNGLYLEULYSGLUTHRTYRASNSERLEUGLYVALPROVALGLYALATHR ILEGLNALATLEGL
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FiG. 2. Nucleotide sequence of the AP coding region from the cyanelle genome of C. paradoxa. The coding sequence for the AP a subunit
extends from nucleotide 184 to nucleotide 669 while the AP B-gene sequence extends from nucleotide 709 to nucleotide 1194. The predicted amino
acid sequences of the two AP apoproteins are juxtaposed to the coding sequences. The underlined sequences upstream from AP « resemble
the consensus promoter sequences for E. coli and putative promoters for chloroplast-encoded psbA genes. A 56-bp palindrome, centered
between nucleotides 1251 and 1252 and that might play a role in transcription termination, is also underlined.

EcoRlI site in the insert (plasmid pCpcPst7.802; see Fig. 1).
The appropriate nucleotide sequence was obtained from this
subclone by using the M13 reverse sequencing primer.

Two recent reviews, one describing developments for
rapid DNA sequence analysis (34) and the other describing
potential applications of oligonucleotides in molecular biol-
ogy (35), offer little, if any, description of what we consider
to be a major use of synthetic oligonucleotides—i.e., their use
as specific primers for rapid, directed analysis of DNA
sequences. This sequencing project was rapidly completed
without a detailed restriction map of the region sequenced.
The sequencing was largely, though not entirely, completed
without subcloning. Since the oligonucleotide primers were
chosen to provide overlapping sequences, overlapping
subclones did not have to be generated nor sequenced.
Finally, the method allows high-efficiency sequencing since
the sequence data that can be obtained from each oligo-
nucleotide primer are roughly constant (350450 bp using
multiple loadings on 5-6% acrylamide gels). After attempting
to use random subcloning as a strategy to sequence the lacZ
gene of E. coli, Kalnins et al. (36) concluded that random
subcloning protocols would not be sufficient to complete
most DNA sequencing studies. The results of this sequencing
study suggest that a combination of directed subcloning and
oligonucleotide-directed chain termination sequencing
should provide a rapid approach to the problem of DNA
sequence analysis.

The nucleotide sequence of the 1336-bp region of
pCpcPst7.8, which includes the coding sequences for the a-
and B-subunit apoproteins of C. paradoxa AP, is shown in
Fig. 2. This region contains two long, open reading frames,
which are indicated by the juxtaposed translations. The AP
a coding sequence extends from nucleotide 184 to nucleotide
669 while the AP B coding sequence extends from nucleotide
709 to nucleotide 1194. As shown in Fig. 3, each putative
polypeptide is highly homologous to AP subunits from other
organisms. The predicted masses of the AP subunit
apoproteins are 17,277 and 17,281 daltons for AP « and AP
B, respectively.

The AP o- and AP B-subunit genes are in the same
orientation with AP «a located upstream from the AP B gene.

This organization is opposite to that found for the PC genes
of Synechococcus 7002 (16), in which PC B is upstream from
PC a. The two coding sequences are separated by a 39 bp,
A+T-rich sequence. Each coding sequence is preceded by a
polypurine, Shine-Dalgarno-type sequence (5’ A-A-A-G-A-
A 3' for AP @ and 5’ A-A-G-G-A-A 3’ for AP B) that ends 8
bp upstream from the initiator methionine codon and could
play a role in translation initiation.
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Fig. 3. Comparison of AP a- and AP B-subunit amino acid
sequences. Organisms and references for sequence data: C. para. (C.
paradoxa) AP «a and B sequences deduced from nucleotide sequence
in this paper; C. cald. (C. caldarium) AP a and AP B (32); M. lam.
(Mastigocladus laminosus = Fischerella PCC 7603) AP « and AP 8
(31); Anabaena (Anabaena variabilis = Anabaena PCC 7118) AP B
(33). Also included are the PC a and PC B sequences for Synechococ-
cus PCC 7002 (Synecho.; equivalent to Agmenellum quadruplicatum
strain PR-6; ref. 16). Blank positions indicate identity with the C.
paradoxa sequence at that position. Stars indicate gaps inserted to
maximize homology. The single-letter notation for amino acids is as
follows: A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid;
F, phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L,
leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R,
arginine; S, serine; T, threonine; V, valine; W, tryptophan; Y,
tyrosine.
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An examination of the 5’ flanking sequences for the AP
a-subunit coding sequence reveals sequences that closely
resemble the consensus E. coli promoter sequences (37).
These sequences also exhibit remarkable similarity to the
proposed promoter sequences for several choloroplast-en-
coded pshA genes (38—41). These sequences are indicated by
underlining in Fig. 2. The sequence 5’ T-A-T-T-G-A-C-G 3’
occurs at nucleotides 86-93 and is similar to the —35
consensus sequence 5’ t-g-T-T-G-A-C-A 3’ for E. coli (37).
Downstream from this sequence are several potential —10-
like sequences. The sequences 5’ T-A-T-A-A-T 3', located
between nucleotides 104-109, and 5’ T-T-A-T-A-G-T 3',
located between nucleotides 118-124, most closely match the
E. coli —10 (Pribnow box) consensus sequence 5’ t-T-A-t-a-
a-T 3’ (37). The sequences that most closely match the E. coli
—35 and —10 consensus sequences are separated by 25 bp,
which falls outside the range observed for known E. coli
promoters (37). Resolution of this problem will have to await
mapping of the 5’ end of the mRNA transcript.

Link (39) has noted the presence of a eukaryotic ‘““TATA-
like”” sequence motif located between the —35-like and
—10-like elements of most chloroplast protein genes, but not
for chloroplast tRNA and rRNA genes. The consensus
sequence of this element for psbA genes from the
chloroplasts of several higher plants is 5' (C/T)-A-T-A-T-A-
A 3'; this closely resembles the consensus promoter se-
quence for genes transcribed by RNA polymerase II. Strik-
ingly, this sequence element, 5’ C-A-T-A-T-A-A 3’ (nucleo-
tides 102-108; underlined in Fig. 2), also occurs between the
—35-like sequence and one of the —10-like sequences located
upstream from the AP a-subunit gene. Link (39) has shown
in an in vitro transcription system that, in the absence of the
—35-like sequence, a region containing this TATA-like ele-
ment still allows a basal level of specific transcription of the
mustard psbhA gene. He has suggested that the light-regulated
expression of the psbA gene might involve a ‘‘promoter-
switch” involving these different elements. Whether the
homologous sequences observed upstream from AP a could
play a similar role in C. paradoxa is unknown.

Downstream from the AP B-subunit gene is a 56-bp
palindrome centered between nucleotides 1251 and 1252 (see
Fig. 2). The free energy of formation for a hairpin structure
from this sequence would be about —36.6 kcal/mol (1 cal =
4.18 J) (42). A hairpin structure formed as a result of this
sequence could play a role in either transcription or transla-
tion termination. Similar palindromic sequences have been
noted downstream from several chloroplast genes (38) and
are a common feature upstream from transcription termina-
tion sites in prokaryotes (37).

The restriction map of the 7.8-kbp Pst I fragment that
carries the AP genes of C. paradoxa (Fig. 1) has been
compared to the restriction map of the cyanelle genome of C.
paradoxa reported by Kuntz et al. (43). The restriction
pattern of the 7.8-kbp fragment matches exactly the pattern
observed at approximately three o’clock in the restriction
map published by Kuntz et al. (43), a result that we have
confirmed through mapping experiments with our isolate of
C. paradoxa (unpublished observations). This places the AP
genes in the large single-copy region of the cyanelle genome
and approximately 30 kbp distant from the PC B-subunit
gene, which has been mapped near the center of the small
single-copy region of the cyanelle genome (15).

The deduced amino acid sequences of the C. paradoxa AP
a- and AP B-subunit polypeptides have been compared in
Fig. 3 with the complete amino acid sequences for the a and
B subunits of AP from the cyanobacterium Mastigocladus
laminosus (31), to the a and B subunits of AP from the red alga
Cyanidium caldarium (32), to the B subunit of AP from the
cyanobacterium Anabaena variabilis (33), and to the a and 8
subunits of PC from the cyanobacterium Synechococcus 7002
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(16). The sequences have been aligned for maximal homology
based on comparisons of both the amino acid sequences of
the apoproteins and nucleotide sequences of the genes. The
pairs of AP a-subunit sequences have an average amino acid
homology of 81 + 3% while the pairs of AP B subunits have
an average amino acid homology of 85 = 0.6%. When aligned
for maximal homology, the two AP apoprotein subunits from
C. paradoxa have amino acid sequences that are 40%
homologous to one another.

The predicted amino acid sequence of the AP B subunit is
highly homologous at both its NH, and COOH termini and is
identical in length (161 amino acids) to other AP B subunits
whose amino acid sequences have been determined (2,
30-33). This suggests that proteolytic processing of the AP 8
subunit does not occur in vivo. However, the NH, termini of
most AP a subunits for which amino acid sequences have
been determined begin with the sequence Ser-lle-Val-Thr-
Lys ... (2,30-32), while the NH, terminus of the C. paradoxa
AP a subunit is predicted to be Met-Ser-Ile-Val-Thr-Lys ....
Whether the methionine is proteolytically removed from the
C. paradoxa AP a polypeptide is not known, since amino acid
sequencing of this AP subunit has not been performed.

We have compared the coding sequences for the AP genes
from C. paradoxa and the PC genes from Synechococcus
7002 (16). The AP a/AP B coding sequences represent the
most homologous pairing while the PC a/ AP B represent the
least. The corrected percent divergences of replacement and
silent substitutions were calculated for the best aligned
sequences of these two pairings by the method of Perler et al.
(44). The AP a/AP B pairing gives corrected divergence
values of 78% and 58% for silent and replacement mutations,
respectively. These values are roughly comparable with
those derived from comparison of the a- and B-globin gene
coding sequences of higher eukaryotes (45). The PC a/AP B
pairing gives values of 139% and 84% for silent and replace-
ment mutations, respectively. Although the higher value for
replacement mutations is probably an accurate reflection of
the divergence between AP and PC, the high value for silent
mutations in this latter comparison may also be partially a
reflection of the large differences in G+C content (12, 46) and
codon usage for the two organisms. The currently available
nucleotide sequence data for biliprotein genes are much too
limited to allow definitive statements concerning the evolu-
tion of this gene family.

A question of interest to those who have studied
phycobiliprotein primary structures and the evolution of this
protein family concerns the origin of the second
chromophore-binding site on the PC B subunit. The single
chromophore-binding sites of the AP a, AP B, and PC a
subunits are clearly homologous to one of the chromophore-
binding sites of the PC B subunit (see data compiled in ref. 2).
It has been suggested that an insertion event centered about
the COOH-terminal chromophore-binding cysteine added
about 10 amino acids to the PC B ancestral gene and thereby
generated a second chromophore-binding site (31, 32).

On the basis of the available nucleotide sequence data we
propose a more detailed scheme that requires several events
for which the temporal sequence cannot presently be deter-
mined. The 3’ termini of the Synechococcus 7002 PC genes
and the C. paradoxa AP genes have been aligned to allow
maximal homology (Fig. 4). Inspection of the PC B-subunit
gene reveals two regions that are not homologous to se-
quences occurring in the other genes. These regions flank the
second chromophore-binding site. We propose that the PC 8
gene increased in length via unequal sister chromatid ex-
change (47) or replication fork slippage (‘‘looping out’’; ref.
48). These events may possibly have involved the three 9-bp
direct repeats that occur in the PC B gene (Fig. 4). Either type
of event could have effectively duplicated a region coding for
9-10 amino acids in the region NH, terminal to the chro-
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AP o: CCA GTA GCA GCT GTA GCA GAA GGC GTT CGT TCC GCT AAG AGT GTA GCA --= == --= == === === —== ACT GGT
AP #: CCT GTA GGT GCA ACT ATC CAA GCA ATT CAA GCT GCT AAR GAA GTA ACT - - 6CT 6T
PC a: CCC AGC TGG TAT GTT GAA GCT CTC AAG CAC ATC AAA GCA AAC CAT - - - - 66T

PC & CCC GGT GCT TCC GTT GCT GCT GGT GTA CGT GCA ATG GGT AAA GCT CfT GTA GCG ATT GTT ATG GAT CCC GCT 66T

AP a: TTA CTT TCC GGT GA T GAT GCT GCT --- --- ---
AP &: TTA GTA --- GGT CC T GAT GCT 66T --- --
PC a: TT6 ACT --- GGC GA T 6CT GCT ACT --- --- ---

GAA GCT GGC TCT TAC TTC GAT TAC GTG ATT GCT GCT TTA CAA TAA
A GA- GAA ATG GGT ATT TAC TAC GAC TAC ATT TCT TCT GCT TTA GGT TAA
GAA ACT AAC AAC TAC ATC GAC TAC GCA ATT AAC GCC CTC AGC TAA

PC e: GTA ACT TCC GGT GACT GCA GCT CT CTC CAA CAG GAA ATC GAA CTC TAC TTC GAA ACT GCT GCA AAA GCT GTT GAA TAA

+ .

FiG. 4. Comparison of the 3’ termini of the coding sequences for C. paradoxa AP genes and the Synechococcus 7002 PC genes (16). Dashes
indicate gaps inserted to maximize homology. The three 9-bp direct repeats that may have played a role in PC B-subunit elongation (see Results
and Discussion) are underlined. The proposed insertion and deletion events that could have shifted the reading frame to create a codon (TGC)
for a chromophore-binding cysteine in the PC B gene are indicated by the symbols 1 and |, respectively.

mophore-binding site near the COOH terminus of the PC B
polypeptide. In support of the duplication hypothesis for the
increased length of the PC B gene, we have previously noted
that there is a significant degree of nucleotide homology
between the two segments bounded by these three direct
repeats (16).

A secondary event appears to have been an ‘‘C’’ insertion
mutation (see Fig. 4) that retained an aspartic acid residue
(GAT — GAC) but shifted the reading frame so as to produce
a cysteine codon (TGC) where alanine (GCN) had previously
occurred. An apparent deletion 8 bp downstream from the
“C” insertion returns the reading frame to that originally
used. The origin of the 6-9 bp insertion/deletion that occurs
3’ to these events (COOH terminal to the second chro-
mophore-binding cysteine) is uncertain. Events occurring in
this region may have been required to optimize the newly
acquired chromophore-binding site.

With the inclusion of previous work (16), we have now
cloned and sequenced the genes coding for both subunits of
examples of two of the three major spectroscopic classes of
phycobiliproteins. We hope to obtain a better understanding
of the evolution of the phycobiliprotein gene family as
additional nucleotide sequence data become available. The
cloned AP and PC genes will provide hybridization probes for
studying the expression of these genes, which is known to
vary in response to light intensity, light wavelength (comple-
mentary chromatic adaptation), and nutrient availability.
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