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Abstract—The amino acid sequences of the plastocyanins from Mercurialis perennis and Capsella bursa-pastoris have
been determined. The amides at positions 64 and 68 in the Mercurialis sequence were positioned by ‘homology’
Both proteins are single polypeptide chains of 99 residues and are closely related to other higher plant plastocyanins.

INTRODUCTION

The purification of the plastocyanin from Mercurialis
perennis and some of its properties have been reported
previously [1]. The aim of the present investigation was
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to determine the complete amino acid sequences of two
higher plant plastocyanins in order to generate more data
for the construction of an affinity tree relating the evolu-
tion of higher plants [2]. In addition, comparative
sequence data of plastocyanin is of value in integrating
various spectroscopic studies aimed at elucidating the
nature of the copper binding site [3].

RESULTS

Mercurialis plastocyanin
Fig. 1 shows the amino acid sequence of Mercurialis

Table 1. Amino acid composition of Mercurialis plastocyanin and its CNBr fragments. The results are
expressed as residues/mol. For the total protein the values taken were the average of 24 and 72 hr
hydrolysates except that values for threonine and serine were corrected for losses [13] and maximal values
(72 hr) were taken for valine and isoleucine. J-cysteine was determined as S-carboxymethyl cysteine

Total protein X-1 fragment X-2 fragment X-3 fragment
24hr 72hr Value Sequence 24 hr Sequence 24 hr Sequence 24 hr Sequence
taken

Asp 158 153 158 8 11.3 6 3.1 2 0.9 0
Asn 7 S 1 1
‘Thr 3.6 2.6 42 4 0.2 0 1.7 2 0.6 1
Ser 71 6.3 1.6 8 4.7 5 31 3 0 0
Glu 7.0 7.5 7.3 6 3.1 3 4.2 3 0 0
Gln 1 0 1 0
Pro 5.1 4.8 49 5 31 3 2,2 2 0 0
Gly 99 104 101 10 6.0 6 3.8 4 1.0 1
Ala 9.1 89 9.0 9 5.1 S 39 4 0 0
Cys * * 1 0 0 0.7 1 0 0
Val 8.7 9.9 9.9 10 5.5 6 1.0 1 2.7 3
Met 20 1.8 19 2

Ile 35 39 39 4 37 4 0.2 0 0 0
Leu 6.8 6.9 6.9 7 43 4 2.5 3 0 0
Tyr 2.5 24 2.5 3 0 0 2.5 3 0 0
Phe 53 5.8 5.6 6 4.8 5 1.1 1 0 0
His 2.1 22 22 2 1.2 1 1.1 1 0 0
Lys 5.1 5.3 5.2 5 2.7 3 0.9 1 11 1
Arg 0.2 0.3 0.3 0 0 0 0 0 0 0
Hse 0.7 1 0.6 1

Totals 99 57 35 7

* S-Carboxymethyl cysteine was not resolved from aspartic acid.
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plastocyanin and summarizes the evidence for it. The
amino acid composition calculated from the sequence is
in good agreement with that found by analysis of the
total protein (Table 1).

CNBr cleaved the S-carboxymethylcysteinyl protein
into three fragments which were separated and ordered as
described previously [4]. The amino acid composition of
the purified fragments are shown in Table 1, and there is
generally good agreement between the values obtained by
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Fig. 1. The amino aicd sequence of Mercurialis perennis plasto-
cyanin. Full lines under peptides indicate quantitative amino
acid analyses and broken lines qualitative analyses. Solid
arrows (——) indicate that the residue was identified un-
ambiguously; dashed arrows (— —) indicate that the residue
could not be unambiguously identified. Arrows (—) indicate
that the C-terminal residue of a peptide was identified as the free
amino acid. In peptides marked * methionine was identified as
homoserine.
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analysis and those calculated from the sequence. The
recoveries of homoserine were consistently low.

The automated sequence analysis of the total protein
enabled the first 32 residues in the sequence to be
identified (Fig. 1). This result provided an overlap with
peptides X1H1 to X1H6 obtained from a thermolysin
digest of fragment X-1. The single papain peptide iso-
lated, X1P [5] provided an overlap with thermolysin
peptides X1H7 and X1HS, leaving onl?z‘the existence ofa
peptide bond between peptides X1H6 and X1H7 un-
confirmed in the sequence of fragment X1.

The complete sequence of fragment X-2 wasestablished
from the dansyl-phenylisothiocyanate analysis of thermo-
lytic and tryptic peptides, which gave complete overlap
(Fig. 1). Evidence from the peptides for Met-92 was not
strong, although the CNBr cleavage at this point
confirmed the presence of a methionine residue. The
smallest fragment, X3 was further purified by high
voltage paper electrophoresis at pH 6.5 before its
sequence was established by dansyl-phenylisothiocyanate
analysis.

Table 2. Properties of peptides isolated from Mercurialis
plastocyanin. Electrophoretic mobilites of peptides at pH 6.5
were measured from the neutral amino acids relative to aspartic
acid and at pH 1.9 were measured from 1-dimethylaminonaphth-
alene-5-sulphonic acid relative to Dns-arginine.

Mobility at
Peptide pH 6.5 pH 19 BAWP
X1H1 —0.44 0.41 -
X1H2 -0.62 0.31 -
X1H3 0 0.35 0.31
X1H3a 0 0.30 -
X1H4 0 0.60 047
X1HS 0 0.75 —
X1H6 0.40 0.72 —
X1H7 —0.62 0.47 —
X1H8 0 0.50 0.34
X1p 0/0.34 — —
X2H1 -0.99 — -
X2H2 -0.27 0.27 —
X2H2a ~0.33 0.33 —
X2H2b 0 0.60 0.58
X2H3 0 0.60 0.48
X2H4 0 0.60 0.29
X2HS 0.08 — —
X2T1 —0.65 0.34 -
X212 0.11 — —
X3 0.32 0.74 -—

BAWP, R, of peptide after descending PC in n-BuOH-
HOAc-H,0-Py (15:3:12:10). — = nd.

The electrophoretic mobilities and R  values on
paper chromatography of the peptides ‘isolated are
given in Table 2. All of the acid/amide residues in the
sequence except for Asn 64 and Glu 68, have been
assigned, from a consideration of the electrophoretic
mobilities of the peptides at pH 6.5 [6] or from the
automated sequencer results. Asn 64 and Glu 68 were
assigned by homology with the other higher plant
plastocyanins from which amino aicd sequence data are
available [3].
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Fig. 2. Amino acid sequence of Capsella bursa-pastoris plasto-
cyanin. Full lines under peptides indicate quantitative amino
acid analyses and broken lines qualitative analyses. Solid
arrows (——) indicate that the residue was identified unambig-
uously; dashed arrows (— —) indicate that the residue could not be
unambiguously identified. Arrows (——) indicate that the
C-terminal residue of a peptide was identified as the free amino
acid. In peptides marked * methionine was identified as homo-
serine. The figures below peptide X2H1 show the electro-
phoretic mobility of the peptide at pH 6.5 after successive steps of
phenylisothiocyanate degradation [8].
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Capsella plastocyanin

Fig 2 shows the amino acid sequence of Capsella
plastocyanin and summarizes the evidence for it. The
amino acid composition calculated from the sequence is
in good agreement with that found by analysis of the
total protein (Table 3), except that the values found by
analysis for glutamic acid and lysine were consistently
high.

CNBr cleaved the S-carboxymethylcysteinyl protein
into three fragments (Fig. 2) which were separated and
ordered as described previously [4]. The amino acid
compositions of the purified fragments are shown in
Table 3. The values determined by the analysis are
generally in good agreement with those calculated from
the sequences of the three fragments. The recoveries of
homoserine and tyrosine were consistently low.

The automated sequence analysis of the total protein
enabled the first 28 residues in the sequence to be
identified (Fig. 2). This result provided an overlap with
peptides X1H1 to X1H7 obtained from a thermolysin
digest of fragment X1. The single papain peptide isolated,
X1P [S] provided an overlap with thermolysin peptides
X1H8 and X1H9 leaving only the peptide bond between
X1H7 and X1HS8 unconfirmed.

Automated sequence analysis of fragment X2 using a
peptide programme [7] enabled the first 12 residues in
the fragment to be identified. The complete sequence of
the fragment was established by the dansyl-phenyl-
isothiocyanate analysis of thermolytic and chymotryptic
peptides (Fig. 2). The evidence from the peptides for
Gly-91 and Met-92 was weak, although the CNBr
cleavage confirms the presence of Met-92.

The smallest fragment, X3 was further purified by
high-voltage paper electrophoresis at pH 6.5 before its
sequence was established by dansyl-phenylisothiocyanate
analysis.

The electrophoretic mobilities and where applicable
R, values on paper chromatography of the isolated
peptides are given in Table 4. All of the amide residues in
the sequence have been assigned, either from a con-
sideration of the electrophoretic mobilities of the peptides
at pH 6.5 [6], or from the automatic sequencer results.
The identification of Asn-60 was confirmed by deter-
mining the electrophoretic mobility of peptide X2H1
after each degradation step [8]. This residue was also
clearly identified as asparagine during the automated
sequence analysis of CNBr fragment X-2.

DISCUSSION

In both plastocyanin molecules the amino acid
sequences of the three CNBr fragments isolated account
completely for the composition of the total protein.
Since no other CNBr fragments were isolated, it is
considered that the sequences of the three fragments
provide sufficient evidence to establish the complete
sequences of the two molecules, even though peptides
which overlapped the two methionine residues were not
isolated. Amino acid analyses of individual peptides
were not obtained, but the generally good agreement
obtained between sequence and composition for the
CNBr fragments means that there is still reasonable
evidence for the proposed amino acid sequences.

In both sequences the evidence from the peptides for
Gly-91 and Met-92 is not strong, as these residues were
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Table 3. Amino acid composition of Capsella plastocyanin and its CNBr fragments. The results are

expresses as residues/mol. For the total protein the values taken were the averages of 24 and 72 hr

hydrolysates except that values for threonine and serine were corrected for losses [13] and maximal values
(72 hr) were taken for valine and 1soleucine

Total protein

X-1 fragment

X-2 fragment X-3 fragment

72hr Value Sequence 24 hr Sequence 24 hr Sequence 24 hr Sequence

24 hr
taken

Asp 12.8 12.8 12.8 6 9.4 ) 3.7 1 1.0 0
Asn 7 4 2 1
Thr 36 3.1 3.9 4 04 0 30 3 1.0 1
Ser 5.7 4.5 6.4 6 3.8 5 1.1 1 0 0
Glu 11.2 11.0 111 9 4.5 4 6.0 5 0 0
Gln 1 1

Pro 3.7 3.7 3.7 4 2.9 3 1.1 1 0 0
Gly 11.8 11.9 11.9 12 7.0 7 4.3 4 1.0 1
Ala 9.8 9.9 9.9 10 38 4 5.6 6 0 0
Cys 0.9 0.9 1 0 0 * 1 0 0
Val 9.0 9.9 9.9 10 55 6 1.1 1 2.8 3
Met 1.8 1.9 1.9 2

Ile 4.8 4.9 49 5 4.9 5 0.3 0 0 0
Leu 6.4 6.4 6.4 6 3.2 3 29 3 0 0
Tyr 2.8 2.6 2.7 3 0 0 2.3 3 0 0
Phe 6.0 6.0 6.0 6 51 5 1.0 1 0 0
His 1.8 1.8 1.8 2 1.0 1 0.9 1 0 0
Lys 54 5.6 5.5 5 4.5 4 0.4 0 1.3 1
Arg 0.3 0.3 0.3 0 0 0 0 0 0 0
Hse 0.3 1 0.4 1

Total 99 57 35 7

* S-Carboxymethyl cysteine was not resolved from aspartic acid.

Table 4. Properties of peptides 1solated from Capsella plasto-
cyanin. Electrophoretic mobilities of peptides at pH 6.5 were
measured from the neutral amino acids relative to aspartic acid
and at pH 19 from 1-dimethylaminonaphthalenc-5-sulphonic
acid relative to Dns-arginine

Mobility at

Peptide pH65 pH 1.9 BAWP
X1H1 —0.40 0.44 0.86
X1H2 -0.32 0.38 0.24
X1H3 0 0.78 0.75
X1H4 0.32 0.38 0.40
X1HS5 0 069 0.51
X1H6 0.24 1.15 -
X1H7 0.24 0.68 0.29
X1HS8 —0.63 043 -
X1H9 0/0.54 0.57 0.37
X1P 0/0.32 - —
X2H1 ~0.99 0.36 —
X2H2 033 0.33 -
X2H2a 0 0.61 038
X2H2b —0.35 0.46 0.20
X2H3 -0.35 0.51 045
X2H4 0 0.78 0.62
X2H5 —-0.25 0.28 0.39
X2H6 0.1 0.52 0.18
X2C1 -0.8 — -
X2C2 ~-0.51 - -
X2C3 0 0.47 —
X2C4 0.17 0.62 —
X3 0.36 — —

BAWP, R, after descending PC in n-BuOH-HOAc-H,O-Py
(15:3:12:10) — = n.d.

only seen in one peptide in each case and the identifi-
cations could not be completely unambiguous because of
carry-over. However the amino acid composition of the
fragments X2 and the CNBr cleavage provide additional
evidence for the presence of methionine.

The amino acid sequences of these plastocyanins are
similar to the other higher plant plastocyanin sequences
which have been published [see 3]. Of the two reported
here the Capsella sequence is the most unusual in that
residue 21, which had previously been considered an
invariant valine is isoleucine. In both the Mercurialis and
Capsella sequences, residue 60 is unusual in that it is
alanine and asparagine respectively, instead of an acidic
residue as in all the other higher plant plastocyanin
sequences studied so far [3]. However, in all cases the net
charge in this region of the sequence, residues 58-62 is
maintained at —3.

EXPERIMENTAL

Materials. Leaves of Dog’s Mercury (Mercurialis perennis and
Shepherd’s Purse (Capsella bursu-pastoris) were collected locally.
Other materials were as described previously [5,9]. Plastocyanin
was prepared from both species as described in ref. [1]

Sequence analysis. Plastocyanin from both species was
denatured in 6 M guanidine chloride, reduced and S-carboxy-
methylated [4, 10]). The S-carboxymethylcysteinyl plasto-
cyanins were cleaved by CNBr in 70%, formic acid [11] and the
fragments separated by gel filtration on Sephadex G50 equili-
brated in 709, formic acid [4] The purified CNBr fragments
were digested with trypsin or chymotrypsin. thermolysin and
papain, [4, 7]. The resulting peptides were purified by high
voltage paper electrophoresis (HVE) and PC [5] The amino
acid sequences of the purified peptides were determined by
using the dansyl-phenylisothiocvanate method [12]asdescribed
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in ref. [9]. Automated sequencer analysis was carried out on a
Beckman model 890C automatic protein sequencer [7].
Samples of S-carboxymethylcysteinyl plastocyanin for amino
acid analysis were hydrolysed in constant boiling HCI at 105°
for 24 and 72 hr. Samples of the purified CNBr fragments were
hydrolysed for 24 hr only. The analyses were carried out on a
Locarte amino acid analyser. Quantitative amino acid analyses
of the purified peptides were not obtained, but every peptide
examined was analysed qualitatively by dansylation following
hydrolysis [9].

Quantities of material used. For CNBr cleavage, 25 mg of
S-carboxymethyl cysteinyl protein was used. 0.75-1 pmol of the
purified fragments was used for each enzymic digest 0.3 pmol
of S-carboxymethylcysteinyl plastocyanins and of fragment
X-2 in the case of Capsella plastocyanin, were used for the
automated sequencer analysis.

Nomenclature. The CNBr fragments are labelled X and are
numbered in Figs 1 and 2 on the basis of their position in the
complete sequence. Peptides obtained by enzymic digestion
of the purified fragments are numbered according to their
position in the parent fragment. The following abbreviations
are employed: T. trypsin; C, chymotrypsin; H, thermolysin;
P, papain.
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