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Abstract-The amino acid sequence of plastocyanin from lettuce (Lactuca saticu 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 [l]. 
Recently, studies of its amino acid sequence have been 
initiated in order to deduce a plant phylogeny based on 
ammo 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. 

RESULTSANDDlSCUSSlON 

The ammo 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 [4,9,1 l-151. 

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 XlTl and XlT3 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 pcptide 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- 
ellafusca [17] and Anabaelta uariabilis [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. t. The amino acid sequence of ~st~yanin from lettuce 
(Luctuca s&t@ 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 --7 is used. An arrow -7 
indicates that the free amino acid was also observed and an 
arrow y indicates identification by carboxypeptidase analy- 
sis. An * indicates that methionine was identiiied as homoser- 

ine after CNBr cleavage. 



Amino acid sequence of plastocyanin from ktia sat&a 1201 

Table 1. Amino acid analysis of lettuce. plastocyaain 

Asp 
Asn 
Thr* 
ser* 
Glu 
Gln 

pro 

=Y 
Ala 
Val 
CYS 
Met 
Ile 
Leu 
TYr 
Phe 
His 
LYS 
Arg 
-fW 

By analysis (20 hr) 

9.9 

6.3 
8.8 

10.6 

4.7 

10.5 
8.8 

11.6 
0.9 
1.9 
2.5 
6.5 
3.0 
6.4 
1.9 
5.3 

0 
0 

SeqU~Ce 

: 
6 
9 
9 
1 
5 

10 
9 

11 
1 
2 
3 
6 

;t 
2 
5 
0 

-0 . 

* Corrected to zero time of hydrolysis. t Determined spec- 
trophotometrically. 

[193. The Cys residue is the only invariant suiphur-con- 
taining side chain; chemical [20] and spectroscopic 
[X,22] studies also support this residue as being a cog 
per l&and. 

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 r20] 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 [4,17,24J 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 compiexes suggest that strong 
oxygen binding to the copper is unlikely [25], Miskowski 
et at. [22] have suggested that oxygen ligands could 
occupy weak axial positions in a trigonal bipyrimadal 
geometry. 

-2 -1 1 5 10 
Glu Asp A& Asp lb 
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Fig. 2. Invariant amiuo acid residues of the pl~t~y~n data‘ set. * = &l&on in Cb~~e~~a. 

Anabaena variabilis 
Chlorella ji4sca 
Runiex ~~fo~~~ 
Sambucus n&a 
Spirurcia okracea 
Cucurbim pepo 
Capella bursa-past&s 
So&urn hberosum 
Vicia faba 
Phase&s vulgaris 
Mercurialis perennis 
Luctuca sutiua 

60 48 19 12 0 
61 48 19 19 12 0 
61 49 22 20 15 14 0 
58 47 19 17 17 17 18 0 
58 42 24 21 17 20 23 22 0 
57 47 22 19 16 19 20 19 20 0 
59 49 21 16 17 15 17 15 22 16 0 
57 47 18 20 14 17 17 17 21 13 15 0 

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



1202 J. A. M. RAMSNAW et al. 

EXPERIMENTAL 

Plastocyanin was prepared from lettuce leaves as previously 
described f31. &carboxymethylated lettuce plastocyanin 
(3bmol) w&-prepared and cleaved with CNBr using the 
methods drcviouslv described f41. The resultina CNBr fraa- 
ments were separated by gel-fil%tton [4] and samples of the 
two largest fragments were digested with trypsin and with 
thermolysin using the condttions 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 [S) and by car- 
boxypeptidase A digestion, using the procedure8 described 
ptiousIy [4,6,7]. Automated sequence analysis of the native 
protein (4OOnmol) 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 
[S, 9) Tdentificstion of the phenylthiohydantoin amino acids 
by TLC GL C and after regeneration of the amino acid by 
HI hydrolysis [lo] followed the methods previously described 
[4,9]. Amino acid analyses were performed on a Locarte 
amino acid analyser. 

1. 

2. 
3. 

4. 

5. 

6. 

7. 

REFERENCES 

Ma&in, R. and Malmstrom, B. G. (1970) Ado. Enzymol. 
33. 177. 
Boulter, D. (1973) Nobel Symp. 25. 211. 
Ramshqw, J. A. M., Brown, R. H., Scawen, M. D. and 
Boulteri D. (1973) Biochim. Biophys Acta 303, 269. 
Ramshaw, J. A. M., Scawen, M. D., Bailey, C. J. and 
Boulter, D. (1974) Eiochem. J. 139, 583. 
Gray, W. R. and Hartley, B. S. (1963) B&hem. J, 89, 
378. 
Thompson, E. W., Laycock, M. V., Ramshaw, J. A. M. 
bred Bnlut~cr, D. (1970) Bidchem. J. 117. 183. 

R Jm*tl~c 1. A. M., Thompson, E. W. and Boulter, D. 
(1970) Biochern. J. 119. 535. 

8. Beckman (1972) Model ,890 C Sequencer instruction 
Manual. Spinco Division, Beckman Instruments Inc., Palo 
41to. 

9. Scawen, M. D. and Boulter, D. (1974) Eiochem. J. 143, 
257. 

10. Inglis, A. S., Nicholls, P. W. and Roxburgh, C. M. (1971) 
Aktralian .I. Biol. Sci. 24, 1247. 

11. Ramshaw. J. A. M.. Scawen, M. D. and Boulter, D. (1974) 
Biochem i. 141, 835. 

12. Scawen, M. D., Ramshaw, J. A. M., Brown, R. H. and 
Boulter, D. (1974) European J. B&hem 44, 299. 

13. Milne, R. P., Wells, J. R. E. and Ambler, R. P. (1974) 
Biochem. J. 143. 691. 

14. Haslett, B., Bailey, C. J., Ram&w, J. A. M., Scawen, M. 
D. and. Boulter, D. (1974) B&hem. Sot. Trans. 2. 1329. 

15. Scawen. M. D.. Ramshaw. J. 4. M. and Boulter. D. (1975) 
Biochek J. 14% 343. 

16. Offord, R. E. (1966) Nature (London) 211. 591. 
17. Kelly, J. and Ambler, R. P. (1974) Biochem. J. 143. 681. 
18. A&en, 4. (1975) Biochem. J. 149. 657. 
19. Solomon, E. I., Clendening, P. J., Gray, H. B. and Grun- 

thaner, F. J. (1975) J. Amer. Chem. Sot. 97. 3878. 
20. Katoh, S., Shiratori, I. and Takamiya, A. (1962) J. Bio- 

21. 

22. 

23 

24. 

25. 

them. (Tokyo) 51. 32. 
McMillin, D. R., Rosenberg, R. C. and Gray, H. B. (1974) 
Proc. Natl. Acad. Sci. U.S. 71, 4760. 
Miskowski, V., Tang, S. P. W., Spiro, T. G., Shapiro, E. 
and Moss, T. H. (1975) Biochemistry 14, 1244. 
Markley, J. L., Ulrich, E. L., Berg, S. P. and Kroamann, 
D. W. (1975) Biochemistry 14, 4428. 
Ambler, R. P. (1971) In Recent Develooments in the Chemi- 
cal Study of Protein Structure, pp. 289-305. INSERM, 
Paris. 
Freeman, H. C. (1973) Ch. 4. Metal Complexes of Amino 
acids and Peptides. In Inorganic Biochemistry Vol. 1, (Ed. 
Eichhorn, G. L.), pp. 121-166. Elsevier, Amsterdam. 


