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We have determined the amino acid sequence of a small copper protein isolated from cucumber peelings. This cupredoxin contains 137 amino acids

including a pyroglutamate as the first residue. The N-terminal 110 amino acid-long domain shows 30-37% identity to 2 other cupredoxins,

stellacyanin and cucumber basic blue protein. A unique feature of this protein is a 27 amino acid-long C-terminal domain rich in 4-hydroxyproline

and serine and resembling certain plant cell wall proteins. The prolines in this domain are hydroaylated to a different extent depending on the
surrounding sequence.

Amino acid sequence; Copper protein; Stellacyanin; Pyroglutamate; 4-Hydroxyproline

1. INTRODUCTION

Plants and bacteria contain small copper-containing
proteins (cupredoxins) involved in electron transfer re-
actions. These proteins bind copper at coordination
sites classified as type I because of certain characteristic
spectral properties, notatly an intense absorption near
600 nm and an unusual :ZPR spectrum [1]. The three-
dimensional structure of several of these cupredoxins,
azurin, pseudoazurin, plastocyanin and cucumber basic
blue protein, has been determined. These known cupre-
doxins are single-domain proteins containing one cop-
per atom bound by two histidines, a cysteine and a
methionine in a distorted tetrahedral arrangement [1].

We have determined the amino acid sequence of a
cupredoxin isolated from cucumber peelings, which, in
addition to a copper-containing domain, has a short C-
terminal domain rich in serine and 4-hydroxyproline.
Composition and sequence of this domain resemble cell
wall proteins of the extensin family and related proteins.

The protein we describe has been isolated in the lab-
oratory of one of us (Nalbandyan) under the name of
stellacyanin [2] because of spectroscopic properties sim-
ilar to that of laquer tree stellacyanin. This similarity
probably has something to do with the nature of cop-
per-binding residues at the coordination site. Both pro-
teins seem to use a glutamine instead of methionine as
a ligand (see below). However, because we think that
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the sequences of the twe proteins are too different to
appear under the same name and because nothing is
known about the function of both proteins, we propose
the name cucumber peeling cupredoxin (CPC) for the
protein described here.

2. MATERIALS AND METHODS

The cupredoxin was isolated from cucumber (Cucumiis sativus) peel-
ings according to Aikazyan and Nalbandyan [2). The purified protein
was reduced and carboxymethylated under denaturing conditions [3).
Reagents and buffer salts were removed by reversed-phase chroma-
tography on a C4 column (0.46 x 25 cn1, Vydac, Hesperia, California)
using 0.1% trifluoroacetic acid (solvent A) and 70% acetonitrile in
0.1% trifluoroacetic ucid (solvent B} with a gradient from 0-60% B in
160 min and from 60-95% B in 40 min. The flow rate was 0.25 ml/min.
Enzymatie cleavages were done with 50-100 ug protein in 0.2 M
ammonium hydrogen carbonate buffer at an enzyme to subsirate ratio
of 1:100, with trypsin (TPCK-treated; Worthingten, Freehold, New
Jersey) for 6 h at 30°C, wiih a-chymotrypsin (Worthington) for 4 h
at 30°C, and with endoproteinase Asp-N (sequencing grade; Boehrin-
ger Mannheim, Germany) for 6 h at 30°C.

The resulling peptides were separated on a C18 reversed-phase
column (0.46 x 25 em, Vydac) using the same solvents and gradient
as above. The blocked N-terminal tryptic peptide was [urther ¢cleaved
with | ug of thermolysin (E. Merck, Darmstadt, Gerinany) for 2 h at
30°C in 0.2 M ammonium hydrogen carbonate, and with 1 gg of
pyroglutamate aminopeptidase (sequencing grade; Boehringer
Mannheim, Germany) [4]. The C-terminal peptide resulting trom en-
doproteinase Asp-N cleavage was further cleaved with 1 yg subtilisin
(Boehringer Mannheimn, Germany) in 0.2 M ammonium hydrogen
carbonate. The resulting peptides were separated by CI8 reversed-
phase chromatography as above. The tryptic peptides of the entire
protein were ulse separaied on 2 Meno S cation-exchange ¢olumn
(HR 5/5, Pharmacia)at pH 2.5 [5]. Peptide T2 was further cleaved with
CNBr following pretreatment with 3% f-mercaptoethanol in 0.2 M
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ammonium hydrogen carbonate for 24 h at 23°C. The dried peptide
was dissolved in 75% formic acid and a small erystal of CNBr was
added. The mixture was incubated for 24 h at 23°C under nitrogen
in the dark and then lyophilized. The peplides were separated by
HMPLC as above,

Amino acid compositions were determined after hydrolysis for 24
hin 6 M HCl at 110°C on a LC 5001 analyzer (Bioironik, Germuny),
Sequence analysis by Edman degradation was done with Applied
Biosystems sequencers 470A and 473A following the manufacturer's
instructions. SDS-PAGE was done according to [6]. For the electro-
phoretic comparison ol intact and deglycosylated cupredoxin, | mg
of lyophilized protein was lurther dried over P,O, for 16 h and then
deglycosylated with triflucromethanesulfonic acid as in [7] with an
incubation time of 3 h. Fust alom bombardment mass spectra were
recorded with a mass spectrometer MAT 900 (Finnigan MAT, Bre-
men) equipped with a liquid secondary ion-ionization system.

3. RESULTS AND DISCUSSION

3.1, Preparation of peptides and sequence analysis

The purified cucumber peeling cupredoxin (CPC) mi-
grated in SDS gel electrophoresis as a broad band with
M, ~24,000-28,000 (Fig. 1). N-terminal sequencing did
not yield any PTH-amino acid derivative, indicating
that the N-iterminal amino acid of this protein was
blocked. In order to obtain peptides for internal se-
quencing, 50-100 ug portions of the carboxymethylated
protein were cleaved with trypsin and endoproteinase
Asp-N. The resulting peptides were separated by re-
versed-phase HPLC as shown for the trypiic digest in
Fig. 2. Both cleavage mixtures contained one peak
which did not give a sequence and thus contained the
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Fig. 1. SDS-PAGE of cucumber peeling cupredoxin before (lane 1)
and afler deglycosylation (lane 2) with trifluoromethanesulfonic acid
on a 10-209% gradient gel.
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Fig. 2. Reversed-phase HPLC ol tryplic peptides of cucumber peeling

cupredoxin. Peptides T4 and T35 were found in several peiks for

unknown reasons. The broad peak T2 contained the C-lerminal pep-
lide and peak T6 the N-terminal peptide.

blocked N terminus (EA2 and T6 in Fig. 3). The
blocked peptide T6 was {urther cleaved with thermoly-
sin and the separated peptides were sequenced. To-
gether with the other peptides from these two sets of
cleavage products this already established most of the
sequence presented in Fig. 3. Amino acid analysis of the
blocked peptide EA2 gave the composition Glu, Gly,
His, lle, Ser, Thr, Val.. The mass of this peptide as
determined by fast atom bombardment mass spectro-
metry was 822.5 Da, i.e. 18 Da less than expected from
its composition, indicating pyroglutamate as the N-ter-
minal residue. Subsequent treatment of peptide T6 with
pyroglutamate aminopeptidase unblocked the N termi-
nus, allowing sequence analysis to begin with the second
residue (Fig. 3).

Peptides T2 and EA4 showed a gap in the sequence
in the position corresponding to residue 109 in the com-
plete protein (Fig. 3). This non-identified residue was
followed by Thr in position 111 and could thus corre-
spond 1o the consensus sequence for N-glycosylation,
Asn-Xaa-Ser/Thr. The identlity of residue 109 as a gly-
cosylated Asn was also strongly indicated by amino acid
analysis of peptide T2 which contained two Asx, one for
position 104 and one for 109.

When a tryptic digest of the cupredoxin was sepa-
raied on the strong cation exchanger Mono S at pH 2.5,
only peptide T2 was not bound, indicating that this
peptide contained no basic residue and thus represented
the C terminus. Subsequently this rapid purification
method was used to isolate the C-terminal peptide for
further investigation. Sequence analysis of peptide T2
did not allow identification of the C-ierminal residue
unequivocally due te rapidly decreasing yields of PTH-
amino acids at sites of Ser accumulation. However,
cleavage with CNBr resulted in peptides which could be
sequenced and allowed elucidation of the whole se-
quence of T2 (Fig. 3). This sequence wus in good agree-
ment with the amino acid composition of this peptide
(not shown). Besides expected CNBr peptides, we also
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Fig. 3. Amino seid sequence of cucumber peeting cupredosin, Broken

lines indicate the extension of sequenced peptides, letters refer to the

enzyme used for cleavage to obtain the indicated peptides: T, trypsin;

Tn, tnerindiysin;"BA, endoprotease Asp-iv; Th, éhymotrypsin; s, sub-

tilisin. CB indicutes cleavage by CNBr. o, partially lydroxylated

froline; &, campletely bydeaxyluted qrating, o, pyoglutamarte;
*, glycosylated asparagine,

separated and sequenced substantial amounts of langer
peptides due to partial cleavage at methionines. This is
usually caused by oxidation of this amino acid which
prevents the reaction with CNBr from taking place.
Actually, amino acid analysis of the whole protein as
well as unreduced peptide T2 showed almost no genuine
methionine, but only faster eluting oxidation products.
Reduction with mercaptoethanal was, however, par-
tiafly successfui, since cleavage of the reduced peptide
TZ gave rise to tiie pepudes siown in Fig. 3. Because
mass determination of T2 with fast atom bombardment
mass spectrometry was not possible, we selected peptide
T4 ror thls experiment. The result cfearly indicated that
& substantial pact, if not all, of Met™ was oxidized to
the sulfoxide, suggesting that this may also be the case
for all other methionines. Finally some very short over-
laps between tryptic and endoproteinase Asp-N-pro-
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duced peptides were extended with the aid of some chy-
motryptic peptides to ensure that no small peptide had
been overlooked (Fig. 3).

The complete saquence contained 137 amino acids
with a calculated mass of 14,748 Da for the unmodified
protein, Even with one N-linked carbohydrate structure
of probably 1,400-1,800 Da this is considerably less
DR UR APPATTHL Rt Tt tedmaned Srom 9D%
gels. However, we think that the presence of carbohy-
drate and the unusual composition of the C-terminal
sequence can account for this difference. When the car-
Yaliydrace was removed withh (riffuoromechanesulfonic
acid, which leaves only the linkage sugar, the M, was
reduced to ~20,000 (Fig. 1).

3.2, Comparison to other proteins

The sequence of cucumber peeling cupredoxin (CPC)
was clearly divided into two domains, the Cu-contain-
ing domain (residues 1-110) and a shorter C-terminai
tail rich in serine and 4-hydroxyproline. When com-
@auad wish she FASTP puegrean 18] 42 dmaaen proweis
sequences compiled in the MIPSX (Martinsried Insti-
tute {ar Pracein Sequences] data callection, the N-termi-
nal domain of CPC was found to be very similar to two
other cupredoxins, stellacyanin from the lacquer-tree [9]
and basic blue protein from cucumber seedlings (CBP)
{10} (Fig. 4). CPC (res. 1-1{Q} was ~36% identical to
stellacyanin and ~30% identical to CBP, while the iden-
tity between CBP and stellacyanin was ~37%.

The three-dimensional structure of CBP, as deter-
mined by X-ray diffraction, has shown the single copper
atom to be beund by His*, Cys™, His* and Met* (Fig.
4) [11]. These residues were also conserved in other
small eopper proteins Lke azanin, pseadozzurin and
plastocyanin, which have been shown to have essen-
tially the same three-dimensional structure as CBP [1]
but the sequences of which are not similar enough to
CPC, CBP or stellacyanin in order to be detected by the
FASTP program. Sequence alignment of stellacyanin,
CBP and CPC suggests that ail three cupredoxins have
conserved the two His and the Cys but the fourth li-
gand, Met, is replaced by Gln (Fig. 4) in both stellacy-
anin and CPC. Gla” has already been suggested as the

*
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Fig. 4. Alignment of homologous cupredoxin sequences. CPC, cucumber peeling cupredoxin (this study); CBP, cucumber basic blue protein [10);
5TC, stellacyanin [9]. Amino acids conserved in all three sequences are boxed. Posi-translational medifications are not indicated, except pyroglu-
tamate, pE. *, amino acids involved in copper binding.
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fourth ligand in stellacyanin on the basis of model
building experiments [12]). This was supported by a re-
cent pulsed electron nuclear double resonance
{ENDOR) study [13) which showed an amide o be
involved in copper binding. Besides the Cys involved in
copper binding, all three proteins have two more cys-
teines, which have been shown in stellacyanin [14] and
EBP 02D 20 Jormp 2 Dindipe Dokage.

The C-terminal domain of CPC is unique for a cupre-
doxin. It is about 27 residues long and contains blocks
of hydroxylated prolines and serines resembling se-
quences found in plant cell-wall glycoproteins of the
extensin family and related proteins [15,16), where sim-
ilar repeats occur multiple times. The plant enzyme re-
sponsible for she hydroxylation of proline to 4-hy-
droxyproline is rather different from its animal counter-
part. While the latter specifically hydroxylates prolines
in the sequence Gly-Xaa-Pro-Gly [17), the plant hydrox-
vlase seems to prefer substrates containing the sequence
Ser-(Pro), with n = 1-4 [18]. Furthermore, the latter
SYURIR Trs 10 e presen o u speiic voiiurmeoon
[19] which is thought to be the polyproline II conforma-
tion {20], consisting of a fefi-handed helix of three resi-
dues per turn and a rise of 0.31 nm per residue [21]. This
is different from the hydroxylation of Gly-Xaa-Pro-Gly
seguences in collagen which occurs in the unfolded pol-
ypeptide chain. The C-terminal ail of CPC contains 4
short blocks of consecutive prolines and a single pro-
line. Two of the prolines are preceded by Ser, the others
by Met. Among the first prolines following Ser or Met,
only those following Ser are completely hydroxylated,
while the first proline following Met is hydroxylated to
~10% anly (Pra''®, Pra'?) or not as a)l (Pra?),. Thus,
tre seguerice specificicy of (¢ responsivie fiydroxylase
isnat.ahsalute, bt Ser-(Pra), is the nreferced suhstrate.
In cell-wall proteins most of the hydroxyprolines were
usually modified by the attachment of 1-4 arabinose
tesidues [15], Qne indication far the occurtence of ak
least partial glycosylation in CPC was the observation
that the second hydroxyproline in the short proline/
hydroxyproline blocks was found in rather low yields
(~50%) during sequencing, when compared with neigh-
bouring residues. This point will need further examina-
tion.

Nothing is known about the morphological location
of CPC apart from the fact that it is contained in the
peelings. rlowever, the similarity of the C-terminai do-
main with the much longer hydroxyproline-rich cell wall
proteins suggests that this protein with unknown func-
tion is also an extracellular protein which may interact
with other cell wall components using the short C-termi-
nal domain. The glycosylated Asn'® is located exactly
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between the two different domains, thus separating the
globular copper-containing domain from the C-termi-
nal domain, which is probably in the polyproline II
conformation and therefore takes the form of a short
rigid rod. The function of the carbohydrate could be
either to protect the linking region against proteases or
to keep the rigid rod away from the globular domain in
LYDEX IO LDINIP DASY ALEBSS I LINEF £8P W) ompo-
nents.
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