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Allophycocyanin (APC) a- and f-subunits were isolated from Anabaena cylindrica and their amino acid se-

quences were determined. The o- and §-subunits consisted of 160 and 161 amino acid residues, respectively,

and lacked tryptophan. The S-subunit contained an unknown derivative of aspartic acid. The sequences
were compared with those of other allophycocyanins.

Allophycocyanin A. cylindrica

1. INTRODUCTION

Red algae and blue-green algae contain light-
gathering protein complexes called phycobilisomes
that absorb light of wavelength 500—650 nm. The
solar energy absorbed is transferred to chlorophyll
a with high efficiency through a regular array of
various phycobiliproteins [1]. Allophycocyanin
(APC) is a common component of all
phycobilisomes and forms a core for the energy
transfer from phycobilisomes to chlorophyll a.
The molecule consists of 2 subunits, & and @&,
which form an («,f)s quaternary structure in
phycobilisomes. Each subunit binds covalently to a
phycocyanobilin (PCB) molecule through a cys-
teine residue of the protein [2,3]. The amino acid
sequences of both subunits of APC have so far
been determined from Mastigocladus laminosus
[4] and Cyanidium caldarium [5], and only for the
B-subunit of APC from Anabaena variabilis [6].

° Present address: Sumitomo Chemical Ind. Co.,
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Amino acid sequence

Aspartic acid derivative

This paper describes the primary structure of both
subunits of APC from A. cylindrica, a blue-green
alga, and compares them with those of 3 other
algal APC.

2. MATERIALS AND METHODS

All reagents and chemicals are described in [7];
A. cylindrica APC was prepared as in [8]. The
purified APC was separated into a- and 8-subunits
by chromatography on a DEAE-cellulose column
(2.5 x 35 cm) with a linear concentration gradient
of ammonium acetate of 20-200 mM containing
8 M urea at pH 6.0. Each subunit was fragmented
by CNBr treatment and the fragments
chromatographed on an SP-Sephadex C-25 col-
umn (1.5 X 32 cm) with a linear concentration gra-
dient of NaCl of 50—400 mM containing 8 M urea
and 0.6% phosphoric acid. Enzymic digestions,
separation of the digests, amino acid analysis, and
N- and C-terminal sequence analysis were carried
out essentially according to established methods,
the references to these methods being cited in [7].
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Fig.1. Summaries of the sequence studies of A. cylindrica allophycocyanin: (a) @-subunit and (b) #-subunit, (—, —,

+—) Solid-phase and manual Edman degradation, and carboxypeptidase Y and/or A digestion, respectively. (CN-, S-,

T-, C-) CNBr, staphylococcal V8 protease, tryptic, and chymotryptic peptides, respectively. C*, cysteine binding PCB;
D*, an unknown amino acid, probably a derivative of aspartic acid.
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Peptide binding PCB was subjected to Edman
degradation and the PCB-binding residue thus
released was dissolved in ethanol to confirm the
bound pigment by spectral measurement showing
the typical absorbance at 600 nm. The cysteine
residue binding to the pigment was identified on an
amino acid analyzer after hydrolysis with 6 N HCI
containing 0.21 M dimethyl sulfoxide [9].

An unknown amino acid was identified by
amino acid analysis and field-desorption mass
spectrometry [10] of the purified peptides.

3. RESULTS AND DISCUSSION

About 175 mg A. cylindrica APC was obtained
from 90 g wet cells. The Agso/A2s0 ratio was about
3.8. The - and #-subunits were well separated by
DEAE-cellulose column chromatography and suf-
ficiently pure for the sequence study.

The N-terminal sequences of both subunits were
determined up to the 33rd and 31st steps, respec-
tively, by both manual and .automated Edman
degradation. The C-terminal sequences of the a-
and SF-subunits were determined to be -Met-Gln by
carboxypeptidase A digestion and -(Gly,Leu)Ser
by carboxypeptidase Y digestion, respectively.

The a-subunit was cleaved by CNBr to yield
peptides CN-1 to -4 after SP-Sephadex C-25 col-
umn chromatography and these were separately
digested with staphylococcal protease. Peptides
CN-1-S-1 to -4, and CN-4-S-1 were obtained in
pure form by high-performance liquid chromatog-
raphy (HPLC). Another portion of the a-subunit
was digested with chymotrypsin and 7 pure pep-
tides, C-1 to -7, were obtained by HPLC. These
peptides were sequenced by Edman degradation
and carboxypeptidase Y digestion. A summary of
the sequence study of the a-subunit is given in
fig.1a.

The @-subunit was cleaved by CNBr to yield pep-
tides CN-1 to -5 after separation by SP-Sephadex
C-25 column chromatography. Peptide CN-1 was
digested with staphylococcal protease and trypsin,
and the digests were separated by HPLC to yield
peptides CN-T-1 to -3, and CN-1-S-1 to -3. Peptide
CN-5 was digested with chymotrypsin and HPLC
yielded peptide CN-5-C-1. Another portion of the
G-subunit was digested with trypsin and peptides
T-1 and T-2 were purified by HPLC. All these pep-
tides were sequenced by Edman degradation and
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carboxypeptidase Y digestion. The results are sum-
marized in fig.1b. The total numbers of residues in
the a- and #-subunits were 160 and 161, respective-
ly, and both lacked tryptophan.

When peptide CN-2 of the a-subunit was se-
quenced by Edman degradation, a PTH-amino
acid binding PCB was detected at the 4th step. The
residue was found to be cysteine after HCI
hydrolysis [9]. This was located at the 80th posi-
tion. Similarly, PCB of the #-subunit was bound to
Cys-81.

Peptide CN-1-S-3 (#-subunit) contained an
unknown amino acid. At the 17th step of Edman
degradation a PTH derivative was eluted between
PTH-serine and -homoserine in our HPLC elution
system. Amino acid analysis of this peptide gave 2
molecules of aspartic acid. A chymotryptic pep-
tide, residues 63—73, containing an unknown
amino acid was separately isolated and subjected
to field-desorption mass spectrometry giving a
mass number of 1239 which is 29 larger than that
expected from the composition if the residue in
question had been aspartic acid. Although we
could not study this compound further, we con-
cluded that it was a derivative of aspartic acid. Ad-
dition of methanolamine to the aspartyl carboxyl
group would account for the extra mass, but we
have no evidence to confirm this at the moment.
Sidler et al. [11] have recently found -
hydroxylysine in Cryptomonas phycoerythrin-545,
but our compound seemed to be different from
theirs.

The structures of A. cylindrica APC subunits
were compared with those of C. caldarium [5], M.
laminosus [4] and A. variabilis [6] in fig.2. There
are identities of 65—-81% and 73—89% among the
a; and S-subunits, respectively (table 1), indicating
that there has been more constraint of mutability
in the G-subunit than in the a-subunit during the
evolution of these subunits. The identity between
a- and F-subunits in the same organism was only
about 30%, indicating that the gene for APC
duplicated prior to speciation, as found in
hemoglobin [12] and ferredoxin [13].

High homologies were found particularly
around the PCB-binding regions (fig.2). A method
for predicting the secondary structures [14] of
these regions suggested that they were arranged in
antiparallel &-sheets. The S-subunit contained a
high level of tyrosine and arginine in this region.
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a=Subunits:

1 10 20 30 40 50 60 70 80,
A.c. SIVTKAIVNADAEARYLSPGELDRIKSFVAGGASRLRIAQVLTENRERIVKQAGDQLFQKRPDVVSPGGNAYGQEMTATC
C.c. M S LS QR I D Q Q I E
M.1. S SS EXK I D
90 100 110 120 130 140 150 160
A.c. LRDLDYYLRLVTYGIVSGDVIPIEEIGIVGVREMYKSLGTPIDAVAGGVAAMKNVAATLLSAEDSSEAGSYFDYVVGAMQ
C.c. VA IA L K N S E ID cs GD RA F KLP 5SS
M.1. I A A s SS81 AA A A LA

B=-Subunits:

1 10 20 30 40 50 60 70 4 80
A.c. MODAITSVINSSDVQGKYLDTAALEKLKGYFATGELRVRAATTISANAAAIVKEAVAKSLLYSDITRPGGD MYTTRRYAA
C.c. A TA SSII Q A A GID LD
M.1. A s s A LT L D
A.v. A A A A S N

- 90 100 110 120 130 140 150 160

A.c. C IRDLDYYLRYSTYAMLAGDPSILDERVLNGLKETYNSLGVPVGATVQAIQAMKEVTASLVGPDAGKEMGVYFDYISSGLS
C.c. A LS I 1S [ E I c
M.1. A I8 c
A.V. A I A I L

Fig.2. Comparison of amino acid sequences of a- and g-subunits of APC from various organisms. A.c., C.c.,, ML,
A.v., A. cylindrica, C. caldarium, M. laminosus and A. variabilis, respectively. Amino acids shown below the sequences
of A. cylindrica APC subunits are those of other APC subunits found to be different.

Table 1

Matrices of amino acid differences among the a- and S-subunits of APC
from 4 algae

a-Subunits A-Subunits
A.c. C.wc. ML Ac. Cc. ML Awv.
A.c. 0 35 20 A.c. 0 25 12 11
C.c. 35 0 30 C.c. 25 0 24 26
M.L 20 30 0 M.L 12 24 0 15
A.v, 11 26 15 0

The matrices were derived on the basis of the alignments given in fig.2.
A.c., Anabaena cyiindrica; C.c., Cyanidium caldarium; M.,
Mastigocladus laminosus; A.v., Anabaena variabilis

These structural characteristics of APC must con- REFERENCES

i o the uni spectral properties of this
;ﬁ‘;;é the unique sp prop [1] Gantt, E. (1981) Annu. Rev. Plant Physiol. 32,
: 327-347.

[2] Killilea, S.D., O’Carra, P. and Murphy, R.F.
(1980) Biochem. J. 187, 311-320.

219



Volume 191, number 2

[3] Glazer, A.N. (1984) Biochim. Biophys. Acta 768,
29-51.

[4] Sidler, W., Gysi, J., Isker, E. and Zuber, H. (1981)
Hoppe-Seyler’s Z. Physiol. Chem. 362, 611-628.

[S] Offner, G.D. and Troxler, R.F. (1983) J. Biol.
Chem. 258, 9931-9940.

[6) De Lange, R.J., Williams, L.-C. and Glazer, A.N.
(1981) J. Biol. Chem. 256, 9558—9566.

[7] Wakabayashi, S., Matsubara, H., Kim, C.H. and
King, T.E. (1982) J. Biol. Chem. 257, 9335-9344,

[8) Murakami, A., Mimuro, M., Ohki, K. and Fujita,
Y. (1981) J. Biochem. 89, 79—86.

[9]1 Glazer, A.N., Hixson, C.S. and De Lange, R.J.
(1979) Anal. Biochem. 92, 489—496.

220

FEBS LETTERS

October 1985

[10] Shimonishi, Y., Hong, Y.-M., Katakuse, I. and
Hara, S. (1981) Bull. Chem. Soc. Jap. 52,
3069-3075.

[11] Sidler, W., Kumpf, B., Suter, F., Morisset, W.,
Wehrmeyer, W. and Zuber, H. (1985) J. Biol.
Chem. 366, 233-244.

[12] Dickerson, R.E. and Geis, I. (1983) Hemoglobin:
Structure, Function, Evolution and Pathology,
Benjamin/Cummings, Menlo Park, CA.

[13] Matsubara, H., Hase, T., Wakabayashi, S. and
Wada, K. (1980) in: The Evolution of Protein
Structure and Function (Sigman, D.S. and Brazier,
M.A.B. eds) pp.245-266, Academic Press, New
York.

[14] Chou, P.Y. and Fasman, G.D. (1978) Adv.
Enzymol. 47, 262—-272.



