Proc. Natl. Acad. Sci. USA
Vol. 81, pp. 6983-6987, November 1984

Biochemistry

Cloning and sequencing of the genes encoding the « and B
subunits of C-phycocyanin from the cyanobacterium

Agmenellum quadruplicatum

(oligonucleotide probe/DNA sequence/protein sequence homologies/blue-green algae/phycobiliprotein)

Tawmi J. PiLoT* AND J. LAWRENCE Fox?
Department of Zoology, The University of Texas, Austin, TX 78712

Communicated by E. E. Snell, July 26, 1984

ABSTRACT Synthetic oligonucleotide probes were used
to identify a cloned DNA fragment from the cyanobacterium
Agmenellum quadruplicatum that contains the genes for the o
and g subunits of C-phycocyanin. The coding region for the a-
subunit gene begins 108 base pairs downstream from the 3’
end of the B-subunit structural gene. The sequences of the cod-
ing regions for both genes have been determined as well as 379
base pairs of 5’ flanking region, 204 base pairs of 3’ flanking
region, and the 108 base pairs between the two genes. The site
of transcriptional initiation is located =325 base pairs up-
stream from the B-subunit gene, and an open reading frame
114 base pairs long is found within this region. The signifi-
cance of this additional open reading frame is not yet known.
The derived amino acid sequences for both C-phycocyanin
subunits were compared with other known C-phycocyanin se-
quences for homology. Homologies between the A. quadrupli-
catum a subunit and « subunits from other species were
=70%, as were homologies between the A. quadruplicatum B
subunit and other B subunits. Homologies between the various
a« and B subunits were 21%-27%. Codon usage for both the
C-phycocyanin a- and B-subunit genes shows asymmetries for
many amino acids that correspond closely to those seen in
highly expressed Escherichia coli genes.

Phycobiliproteins are protein-chromophore conjugates
found in cyanobacteria (blue-green algae) as well as in rho-
dophytes (red algae) and cryptomonads. They are accessory
photosynthetic pigments and may comprise as much as
40%-60% of the soluble protein in these cells (1-3). Thus,
phycobiliproteins are major metabolic products of these or-
ganisms. These proteins can be divided into three classes
based on their spectral properties: phycoerythrins, phycocy-
anins, and allaphycocyanins. The basic structural unit of the
proteins contains one a chain and one B chain. The a poly-
peptide is covalently linked to one bilin derivative; the B
polypeptide is covalently linked to two bilin derivatives. In
vivo, phycobiliproteins exist in higher aggregation states
with the (aB)s form generally believed to be the functionally
important aggregate (3-6).

The role of phycobiliproteins is to trap light energy in the
500- to 650-nm wavelength range and to transfer it to chloro-
phyll a of photosystem II. In vivo, this transfer of energy
occurs with an efficiency approaching 100% (7). Measure-
ments of energy transfer in both intact algal cells and isolated
phycobilisomes (8-11) have shown that light energy is nor-
mally first absorbed by phycoerythrin, then transferred to
phycocyanin, then to allophycocyanin, and finally to chloro-
phyll a. It has further been established that the transfer of
energy within a phycobiliprotein is from the B chain to the a
chain (12-14).
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We are interested in the structure and function of phyco-
biliproteins from the cyanobacterium Agmenellum quadru-
plicatum (strain PR6) as well as in the organization and regu-
lation of the genes that encode these proteins. This organism
lacks phycoerythrin entirely and produces only small
amounts of allaphycocyanin. Thus, C-phycocyanin (C-PC) is
the predominant phycobiliprotein in these cells. We report
here the nucleotide sequences of the genes for bath subunits
of A. quadruplicatum C-PC as well as the sequence of a 114-
base-pair (bp) open reading frame located 112 bp upstream
from the 5’ end of the B-subunit gene. We also report the
derived amino acid sequences and compare these with avail-
able amino acid sequences for C-PC from several other algal
species.

Until now, no nucleotide sequence data existed for any
phycobiliprotein genes. Sequence analysis at the nucleotide
level allows us to determine the structural relationship of the
individual subunit genes within the genome. It also allows us
to search the regulatory sequences of these genes for any
unique features. As more nucleotide sequences for phycobil-
iprotein genes from other organisms become available, ho-
mology studies can be undertaken at the nucleotide level.

MATERIALS AND METHODS

Library Construction. Genomic DNA from A. quadrupli-
catum was partially digested with Sau3A and size-fractionat-
ed on a Sepharose 4B column. Fragments ranging from 2 to
10 kilobase pairs (kbp) were ligated into pUC9 (15), which
had been digested with BamHI. This DNA was used to
transform Escherichia coli JM83 (16). Approximately 8000
recombinant colonies were isolated for screening.

Probes. Two oligonucleotides were synthesized by the
phosphoramidite method (17-19) for use as hybridization

probes. The sequence of the first probe, 5'-A-T-G~T—T-$-G-

A.-.%-A-T-T-T-T, was based on sequence data-for the first
A
five amino acids of the C-PC B subunit (20). The sequence

of the second probe, 5’-G-A-g-A-T-G-G-A-é-A-T-T-A-T,
A

was based on sequence data for amino acids 87-91 of the 8
subunit (unpublished data).

Screening. Recombinant colonies were transferred to ni-
trocellulose filters (21) and then hybridized by a modifica-

Abbreviations: kbp, kilobase pair(s); bp, base pair(s); C-PC, C-phy-

cocyanin.
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tion of the Grunstein and Hogness method (22): nitrocellu-
lose filters with bound colony DNA were prehybridized at
55°C for 2-3 hr in a large beaker containing 10x Denhardt’s
medium (0.2% bovine serum albumin/0.2% Ficoll/0.2%
polyvinylpyrrolidone) and 6x NaCl/Cit buffer (0.9 M
NaCl/0.09 M sodium citrate, pH 7.0) at 5 ml per filter. Fil-
ters were then transferred to Seal-And-Save bags (Sears)
containing 10X Denhardt’s medium, 6x NaCl/Cit at 3 ml per
filter, and ~10° cpm of labeled probe per filter. Probes were
5’ end-labeled using [y-*PJATP and T4 polynucleotide ki-
nase. Filters were hybridized overnight at 37°C, then re-
moved from the bags and washed 3 times in 2x NaCl/Cit for
10 min at room temperature. After washing, filters were al-
lowed to dry and were then exposed to x-ray film overnight
with an intensifying screen.

Restriction and Sequence Analysis. Plasmid DNA was sub-
jected to restriction analysis and Southern blot hybridiza-
tions (23) with the two 32P-labeled oligonucleotide probes.
Hybridization conditions were essentially the same as those
used for the colony screening. Sequencing was by the base-
specific chemical cleavage method of Maxam and Gilbert
(24).

RNA Isolation. Total A. quadruplicatum RNA was isolat-
ed by a modification of the method of Chirgwin et al. (25).
One-liter A. quadruplicatum cultures were grown at 39°C in
medium A (26) supplemented with 5% C0O,/95% air. Cells
were harvested at late logarithmic phase, washed with 0.12
M NaCl/0.05 M EDTA, pH 8.0, then resuspended in 20 ml of
RNA lysis buffer (4 M guanidinium isothiocyanate/0.5% so-
dium N-lauroylsarcosine/0.1 M 2-mercaptoethanol/1 mM
EDTA/0.2 M sodium acetate, pH 5.2) (25), and then passed
through a French pressure cell at 10,000 psi (1 psi = 6.895 x
10° Pa). Lysates were then layered into ultracentrifuge tubes
one-quarter filled with 5.7 M cesium chloride/0.05 M sodium
acetate, pH 5.2/1 mM EDTA, and centrifuged for 1618 hr
in a Beckman SW27 rotor at 25,000 rpm and 20°C. The RNA
pellets were redissolved in RN A lysis buffer, ethanol-precip-
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itated, resuspended in 0.3 M sodium acetate (pH 5.2), etha-
nol-precipitated again, and then resuspended in H,O and
stored at —70°C.

§1 Nuclease Mapping. The 5’ end of the mRNA for the A.
quadruplicatum C-PC genes was mapped by a modification
of the procedure from Weaver and Weissmann (27). Single-
stranded end-labeled fragments were prepared by labeling
the 5' ends with T4 polynucleotide kinase and electrophore-
sis through strand separation gels (24). Approximately
50,000 cpm of the labeled fragments and 50 ug of total A.
quadruplicatum RNA in 10 ul of 35% formamide/0.4 M
NaCl/1 mM EDTA/0.04 M Pipes, pH 6.4, were sealed in
glass capillaries, heated at 65°C for 10 min, and then incubat-
ed for 12-14 hr at 42°C. Samples were diluted into cold S1
nuclease buffer (27), digested with various amounts of S1
nuclease for 30 min, and run on denaturing polyacrylam-
ide/urea gels (24).

RESULTS AND DISCUSSION

Location and Sequence of A. quadruplicatum C-PC Genes.
One clone containing a 4.1-kbp insert was chosen for further
analysis. Plasmid DNA (designated pTP1) from this clone
was digested with Hincll, and the fragments were hybridized
with each of the oligonucleotide probes. A 0.6-kbp fragment
that hybridized with probe 2, but not with probe 1, was iso-
lated and the ends were sequenced to confirm that pTP1 did
contain the C-PC genes. One end was found to lie within the
C-PC B-subunit gene; the other end was located within the a-
subunit gene. This conclusion was based on the putative
DNA sequences derived from reverse transcription of the
amino acid sequences. A detailed restriction map of the re-
gion was generated, and the region containing the C-PC
genes was sequenced (Fig. 1).

Fig. 2 displays the noncoding strand sequences of the C-
PC B-subunit and a-subunit genes. The B-subunit gene is up-
stream from the a-subunit gene, with a 108-bp segment sepa-
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F1G6. 1. Restriction map and sequence analysis strategy for the C-PC a- and B-subunit genes of A. quadruplicatum. A map of the cloned 4.1-
kbp fragment (Upper) and an expanded map of the 1.6-kbp region (Middle) subjected to sequence analysis are shown. The arrows (Lower)

indicate direction and extent of sequence analysis.
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F1G. 2. Nucleotide sequences of A. quadruplicatum C-PC a-subunit and B-subunit genes and flanking regions. The S-subunit gene encom-
passes bases 380-895, and the a-subunit gene includes bases 1004-1489. The 114-bp open reading frame (bases 155-268) is underlined. Arrow
indicates the identified site of transcription initiation (plus or minus =5 bases). The derived amino acid sequences of the a and 8 subunits are

also shown.

rating them. The B-subunit gene-coding region contains 516
bp, and the a-subunit gene-coding region contains 486 bp.
The 5’ end of the C-PC transcript was located by S1 nucle-
ase mapping (Fig. 3). The 0.4-kbp Bgl I1I/Ava I fragment con-
taining 17 bp of B-subunit gene-coding region and 380 bp of
5’ flanking sequence was isolated, labeled, and strand sepa-
rated. The coding strand was hybridized with total A. qua-
druplicatum RNA, treated with S1 nuclease, and run on a
denaturing polyacrylamlde/urea gel. The major protected
fragment indicates that transcription initiates =325 bp up-
stream from the 5’ end of the B-subunit gene. A minor frag-
ment =180 bp long is also seen after S1 nuclease treatment,
but we believe this is an artifact resulting from melting of the
duplex at this position in the sequence. This region (bases
213-224) is highly A+T-rich. Just upstream from the identi-
fied initiation site is a sequence identical to the consensus
prokaryotic RNA polymerase binding site, T-A-T-A-A-T
(Fig. 2; bases 43-49) (28). No other sequences resembling

this consensus sequence are found anywhere upstream from
the B-subunit or a-subunit genes.

In most prokaryotes, the 5’ untranslated region on mRNA
molecules is generally not more than 200 bp long (29). Be-
cause we found that transcription initiates =325 bp upstream
from the B-subunit gene, we examined this region for unusu-
al features. We found an open reading frame starting with an
ATG that is 114 bp long. It starts =100 bp downstream from
the transcription initiation site and ends 112 bp upstream
from the 5’ end of the B-subunit gene (underlined in Fig. 2).

The sequences just upstream from the B-subunit and a-
subunit genes as well as the sequence upstream from the 114-
bp open reading frame were examined for possible ribosome-
binding sites. The sequence G-A-G-A is found 8-11 bp up-
stream from the B-subunit gene, 11-14 bp upstream from the
a-subunit gene, and 7-10 bp upstream from the 114-bp open
reading frame. This sequence is similar, although not identi-
cal, to the consensus prokaryotic ribosome binding sequence
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FiG. 3. Sl1 nuclease mapping of the 5’ end of the C-PC transcript.
The 0.4-kbp Bgl 11/Ava 1 fragment containing 17 bp of B-subunit
gene-coding region and 380 bp of 5’ flanking sequence was isolated
and then labeled and strand-separated. Coding strand was hybrid-
ized with total A. quadruplicatum RNA as described, then treated
with 20 units of S1 nuclease, and run on a 5% denaturing polyacryl-
amide/urea gel (lane 2). Size standards in lane 1 are end-labeled Hae
I1I-digested ¢X174 fragments.

G-G-A-G (30). The significance of this cannot be confirmed,
however, because the sequence of A. quadruplicatum 16S
rRNA has not been determined.

RNA blot hybridizations were carried out to confirm that
the B-subunit and a-subunit genes are transcribed on the

Proc. Natl. Acad. Sci. USA 81 (1984)

Table 1. % sequence homologies between C-PC subunits of
A. quadruplicatum and other organisms

Agmenel- Mastigocla-
lum Anacystis dus

a B a B a B a B
a — 22.8 74.7 26.5 69.8 25.3 74.7 259
B — — 23.5 703 21.0 64.5 21.6 65.7
Data are from the following references: Anacystis nidulans, a sub-

unit (31), B subunit (32); Mastigocladus laminosus (33); Cyanidium
caldarium, a subunit (34), B subunit (35).

Cyanidium

same mRNA (unpublished data). Probes specific for the B-
subunit gene, the a-subunit gene, and the region upstream
from the B-subunit gene all hybridized to a single mRNA of
the same size, 1450-1500 bases long. This is the expected
length for a message that initiates at the identified transcrip-
tion initiation site =325 bp upstream from the B-subunit gene
and continues through the end of the a-subunit gene. Thus, it
appears that this transcript contains the C-PC subunit genes,
but not the genes for the allophycocyanin subunits or any
other genes.

It has not been determined whether the 114-bp open read-
ing frame upstream from the B-subunit gene is translated into
a polypeptide, but its distance from the initiation site and the
fact that it has a possible ribosome binding site indicate that
it could be. It is in the same reading frame as the B-subunit
gene, but 5 termination codons lie in between, so it does not
appear to be a leader sequence. This polypeptide, if translat-
ed, may be involved in phycocyanobilin synthesis or attach-
ment, in formation of phycobilisomes, or in the regulation of
the C-PC genes. Further genetic analysis of A. quadruplica-
tum is needed before this can be determined.

Amino Acid Sequences of A. quadruplicatum C-PC Sub-
units. The predicted amino acid sequences of the C-PC B and
a subunits are shown in Fig. 2. The B subunit contains 172
amino acids and has a calculated molecular weight of 18,300;
the a subunit contains 162 amino acids and has a calculated
molecular weight of 17,600. The derived sequences agree
closely with the amino acid sequence data generated by pro-
tein sequencing (unpublished data). These amino acid se-
quences were compared for homology with known C-PC se-
quences from three other algal species. The results are
shown in Table 1.

Overall homologies between A. quadruplicatum C-PC a

Table 2. Codon usage in A. quadruplicatum C-PC a-subunit and B-subunit genes

a B a B a B a B
81818) Phe 0 2 UCuU Ser 2 6 UAU Tyr 2 1 UGU Cys 1 1
uucC Phe 5 4 ucCcC Ser 0 3 UAC Tyr 9 4 UGC Cys 1 2
UUA Leu 0 0 UCA Ser 0 0 UAA Ter 1 1 UGA Ter 0 0
UuG Leu 2 0 UCG Ser 0 0 UAG Ter 0 0 UGG Trp 1 0
CUuU Leu 4 2 CCU Pro 2 0 CAU His 1 0 CGU Arg 5 6
cucC Leu 9 10 CCC Pro 3 4 CAC His 1 0 CGC Arg 2 4
CUA Leu 1 0 CCA Pro 0 0 CAA Gln 4 3 CGA Arg 0 1
CUG Leu 0 0 CCG Pro 0 0 CAG Gin 2 3 CGG Arg 0 1
AUU Ile 1 3 ACU Thr 8 4 AAU Asn 1 3 AGU Ser 0 0
AUC Ile 5 5 ACC Thr 6 7 AAC Asn 8 4 AGC Ser 5 3
AUA Ile 0 0 ACA Thr 0 0 AAA Lys 4 4 AGA Arg 0 0
AUG Met 3 6 ACG Thr 1 0 AAG Lys 3 2 AGG Arg 0 0
GUU Val ) 10 GCU Ala 14 17 GAU Asp 4 S GGU Gly 9 10
GUC Val 1 0 GCC Ala 2 3 GAC Asp [ 5 GGC Gly 4 1
GUA Val 1 6 GCA Ala 5 3 GAA Glu 5 8 GGA Gly 0 1
GUG Val 0 0 GCG Ala 2 4 GAG Glu 2 1 GGG Gly 0 0

Ter, termination.
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and the other known a sequences are 69%-75%; the homolo-
gies between A. quadruplicatum C-PC B and the other
known B sequences are 64%-71%. The regions where the
phycocyanobilin groups attach (a amino acid 84 and 8 amino
acids 82 and 153) are highly conserved in both A. quadrupli-
catum C-PC subunits just as they are in the other species (36,
37).

It is believed that all phycobiliprotein genes arose from a
single ancestral gene by gene duplication, and several mod-
els have been proposed to explain this (35, 38, 39). In these
models, the genes for the allophycocyanin subunits are pro-
posed to have arisen first, giving rise then to the genes for
the C-PC subunits. Both subunits of allophycocyanin have
only one attached chromophore, as does the a subunit of C-
PC; the C-PC B subunit has two attached chromophores. In
the model of Troxler et al. (35), this second site for chromo-
phore attachment in the C-PC B subunit is due to the inser-
tion of 12 amino acids at positions 146-157.

Thus, to properly align a and B subunits for homology
comparisons, this second chromophore region must be
looped out, along with amino acids 80-81 of the a chain.
When this alignment is made, the homologies between C-PC
a and the B subunits is 22%-27% and between C-PC B and
the a subunits is 21%-23.5%. There are small regions of
higher homology scattered throughout the entire lengths of
the sequences, especially around the attachment site for
the first chromophore, but there are no long homologous
stretches.

Codon Usage in A. quadruplicatum C-PC Genes. Codon us-
age in both the B-subunit and a-subunit genes of A. quadru-
plicatum C-PC (Table 2) shows asymmetries that correspond
closely to those seen in highly expressed E. coli genes (40).
Although the abundance of various A. quadruplicatum
tRNA species is not known, it would appear to be similar to
that of E. coli, except for tRNAP™, because CCC is the pre-
ferred codon in A. quadruplicatum rather than CCG as in E.
coli.

Another criterion used to judge which codon will be pre-
ferred for a particular amino acid in highly expressed genes
is a bias in choice between cytosine and uracil in the third
position. The bias is toward the nucleotide that yields a co-
don-anticodon binding energy of intermediate strength.
Gouy and Gautier (40) show that if the first two bases are
both adenine or uracil, then cytosine is preferred over uracil
in position three, while if the first two bases are both cyto-
sine or guanine, then uracil is preferred. The codons for the
A. quadruplicatum C-PC genes adhere to this, except for
those which code for proline. The codon CCC is seen 7 times
in these two genes, while CCU only appears twice.
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