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Abstract—The amino acid sequence of plastocyanin from lettuce (Lactuca sativa L.) was determined by using a
Beckman 890C automatic sequencer and by dansyl-phenylisothiocyanate analysis of peptides obtained by enzymic
digestion of purified CNBr fragments. The protein consists of a single polypeptide chain of 99 residues, and shows
close homology with other higher plant plastocyanins. The data are discussed in relation to the possible residues

involved in the binding of copper in plastocyanin.

INTRODUCTION

Plastocyanin is a ‘blue’, Type 1, copper protein which
is involved in photosynthetic electron transport [1].
Recently, studies of its amino acid sequence have been
initiated in order to deduce a plant phylogeny based on
amino acid sequence comparisons [2]. In the absence
of a crystal structure analysis for plastocyanin, the
sequence data may give an insight into the nature of
the copper binding in the protein, since, when the lettuce
and other plastocyanin sequences are compared, the
number of invariant residues which could act as ligands
is now fairly limited.

RESULTS AND DISCUSSION

The amino acid sequence of plastocyanin from lettuce
is shown in Fig. 1, together with the details of the frag-
ments and peptides which were analysed. The protein
consists of a single polypeptide chain of 99 residues, and
shows great homology with other higher plant plasto-
cyanins [4,9, 11-15].

The automatic sequencer unambiguously identified 34
of the N-terminal 43 residues and allowed probable iden-
tification of a further 8 of these residues; this sequence
corresponds to the largest CNBr fragment. The sequence
data were confirmed, and the remainder of the sequence
of the largest CNBr fragment established, by analysis
of tryptic and thermolytic peptides. The two large tryptic
peptides X1T1 and X1T3 could not be readily separated
and so were not further examined. The evidence obtained
by degradation for residues His-37, Ala-52, Ser-53 and
Lys-54 was weaker than for other residues. However, pep-
tide compositions support the assignments of His-37 and
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Lys-54 and the tryptic cleavage before Ile-55 also sug-
gests a lysine residue is present, as arginine is absent
in the protein. In position 52 both alanine and serine
were observed, but with alanine being the stronger. At
position 53 both these residues were again observed but
with serine being the stronger. It is possible that some
heterogeneity may exist in these positions. The automatic
sequencer analysis established overlaps between all the
residues in the fragment except for that between residues
54 and 55 which has been assumed by homology [4, 11].

Automatic sequence analysis of the second CNBr frag-
ment identified 12 of the N-terminal 14 residues. These

‘were confirmed and the remainder of the sequence estab-

lished by analysis of tryptic and thermolytic peptides.
In this fragment, the evidence obtained for Pro-66 was
weaker than for other residues in the sequence.

The sequence of the smallest CNBr fragment was
established directly and together with the sequences of
the other two fragments completes the sequence of let-
tuce plastocyanin. Overlaps between the CNBr fragments
have not been shown but have been assumed by homo-
logy with plastocyanins where this has been shown
[13,14]. Where amide residues could not be directly
identified, they were established from the peptide mobili-
ties at pH 6.5 [16].

The amino acid compositions of the protein (Table
1) determined by analysis and from the sequence are
generally in agreement.

When the lettuce plastocyanin sequence is compared
with the 9 other complete higher plant plastocyanin
sequences [4,9, 11-15; Boulter et al., unpublished], and
also with the plastocyanin sequences for the algae, Chlor-
ella fusca [17] and Anabaena variabilis [18] only 30 resi-
dues remain invariant (see Figs. 2 and 3). Of these there
are 8 glycine and 4 proline residues, many of which may
be important for proper folding of the polypeptide chain.
In addition the invariant hydrophobic residues may in
many cases be important internal residues in the protein.

The number of possible invariant residues which could
act as copper ligands is now very limited. Of these, the
invariant Cys residue is of interest since X-ray photoelec-
tron spectroscopy studies have demonstrated that a sin-
gle sulphur atom is involved in the copper binding site
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Fig. 1. The amino acid sequence of plastocyanin from lettuce
{Lactuca sativa). Peptides which were purified for analysis are
shown by a solid line. Cyanogen bromide fragments are
labelled X; tryptic peptides T; thermolytic peptides, H:
Arrows — indicate residues which were identified by either
the automated or manual sequencing. Where some ambiguity
existed in identification an arrow --» is used. An arrow v
indicates that the free amino acid was also observed and an
arrow <— indicates identification by carboxypeptidase analy-
sis. An * indicates that methionine was identified as homoser-
ine after CNBr cleavage.



Amino acid sequence of plastocyanin from Lactuca sativa

Table 1. Amino acid analysis of lettuce plastocyanin

By analysis (20 hr) Sequence
Asp 9.9 5
Asn 5
Thr* 6.3 6
Ser* 8.8 9
Glu 9
Gin 10.6 1
Pro 4.7 S
Gly 10.5 10
Ala 8.8 9
Val 11.6 11
Cys 09 1
Met 19 2
e 25 3
Leu 6.5 6
Tyr 3.0 3
Phe 6.4 6
His 1.9 2
Lys 5.3 5
Arg g 0
Trpt [ -0

* Corrected to zero time of hydrolysis. ¥ Determined spec-
trophotometrically.
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{19]. The Cys residue is the only invariant sulphur-con-
taining side chain; chemical [20] and spectroscopic
[21,22] studies also support this residue as being a cop-
per ligand.

Although several possible invariant N ligands still
exist, as well as the polypeptide backbone, the two invar-
iant histidine residues are of note, since both vari-
ation of redox potential with pH [20] and NMR studies
{23] suggest a close association of histidine to the copper
binding site. Also the homology noted between the C-ter-
minal regions of plastocyanin and azurin [4,17,24] in-
cludes homology with one of the invariant histidine resi-
dues as well as with the invariant cysteine. A histidine
residue homologous to the other invariant histidine resi- -
due in plastocyanins may also be present in azurin
[4,17,24]. The C-terminal region of plastocyanin also
contains the single invariant tyrosine residue, for which
a homologous residue is also present in azurin. While
studies with model copper complexes suggest that strong
oxygen binding to the copper is unlikely [25], Miskowski
et al. [22] have suggested that oxygen ligands could
occupy weak axial positions in a trigonal bipyrimadal
geometry.

-2 -1 1
Glu Asp Ala Asp Tle Leu

5 10
Lew Gly Ala Asp Asp Gly Al

Thr Tl Glu Val Lys Gly Glu Lys Glu
Leu Thr Ser Gly Ser Gly
Tyr Ser Leu
Val Ser

Gt e Gt Phe Lew Asn Asn Ala Gly Phe Pro His Asn

Lys Val Thr Trp Lys Lys Val Pro
s Thr Val Val
(Y]
Ala Ala Tle Ser * . Giu Ala Asp Leu leu Asn Ala
Glu Lys Leu Leu Ala His Asm Gin Ty Met  Ser
Gly Lys Met  Asm Asp Glu
Leu Asp Glu
Ser Pro Lys
Val Ser
80 90
Tyr Gly Phe Phe Cys Ala Pro His Arg Gly Ala Gly Lew
Lys Tyr Tyr Gh Gin Met
Ser Ser
Thr

20
Lew Ala Phe Glu Pro Ale Asn Len Gl Tie Ala Ala Gly Asp
Val Tle Asn Asp Val Ser Val Lys Lys Glu
Leu Gly Gl Phe Thr Pro Pro
Val Ser  Lys Ser  Ser
Ser
Thr
40 50
Te Val Phe Asp Ala Adls Glu dsn Pro Ala Gly Adls Als Al
Val Glu Asp Len le Ser Lys Ser Asm Asp
Val Val Asp Ser
70
Ala Gly Gin Ser Thr Ala Adla Ala Leu Asp Ala Ala Gly Glu
Pro Glu Thr Tyr Gl Thr Asn Phe Ser Glu Lys Ser
Val Lys Val Lys Thr Thr Ser Thr
Ser Thr
Val

Lys Gly Gin Ile Thr Val Alg
Val Lys Val Am

Thr Gin

Fig. 2. Invariant amino acid residues of the plastocyanin data get. * = Deletion in Chlorella.
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Anabaena variabilis 0
Chlorella fusca 50 0
Rumex obtusifolius 943 0
Sambucus nigra 60 4720 0
Spinacia oleracea 60 48 1912 0O

Cucurbita pepo
Capsella bursa-pastoris
Solanum tuberosum
Vicia faba

Phaseolus vulgaris
Mercurialis perennis
Lactuca sativa

6148 191912 O
614922201514 0O
584719171717 18 O
58.42242117202322 0
5747221916 19201920 0
59 49 21 16 17 1517 1522 16 0
57 47 18 20 14 17

1717211315 0

Fig. 3. Matrix of amino acid differences among plastocyanins.
See text for source of sequence data.
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EXPERIMENTAL

Plastocyanin was prepared from lettuce leaves as previously
described [3]. S-carboxymethylated lettuce plastocyanin
(3 umol) was prepared and cleaved with CNBr using the
methods previously described [4]. The resulting CNBr frag-
ments were separated by gel-filtration [4) and samples of the
two largest fragments were digested with trypsin and with
thermolysin using the conditions previously described [4].
Peptides were purified by high voltage paper electrophoresis
and by PC [4]. Their amino acid sequences were determined
by the dansylphenylisothiocyanate method [5] and by car-
boxypeptidase A digestion, using the procedures described
previously {4, 6, 7). Automated sequence analysis of the native
protein (400 nmol) and of the second CNBr fragment
(100 nmol) were carried out on a Beckman 890 C sequenator
using ‘fast-protein’ and ‘fast-peptide’ programs respectively
[8,9] Tdentification of the phenylthiohydantoin amino acids
by TLC GLC and after regeneration of the amino acid by
HI hydrolysis [10] followed the methods previously described
[4,9]. Amino acid analyses were performed on a Locarte
amino acid analyser.
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