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hapten inhibition method. Recently, Van Damme et al.
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The complete amino acid sequence of Japanese
hestnut (Castanea crenata Sieb. et Zucc.) agglutinin
CCA) was determined. Analysis by SIMS of the acidic
eptide obtained by pepsin digestion revealed that the
-terminal amino acid sequence should be Acetyl-Met-
lu-Glu. Prior to sequence analysis, redetermination
f cysteine residues indicated the presence of one cys-
eine residue per subunit. The complete sequence was
etermined by endoproteinase Arg-C and Achro-
obacter protease I digestion, and CNBr cleavage.
CA consists of 309 amino acid residues with a high
ontent of glycine (16.5 mol%) and one cysteine resi-
ue. The calculated molecular mass was 33,387 Da in-
luding the N-terminal acetyl group. C-terminal se-
uence analysis of intact CCA gave only one sequence,
MEYF, indicating that no heterogeneous CCA

ormed by posttranslational cleavage at the C-termi-
al region, as occurs in some legume lectins. Analysis
f the sequence of CCA itself revealed that CCA could
e divided into two structural domains, the N-domain
nd the C-domain, almost at the center. These domains
hare about 35% identical residues, so CCA has a re-
eat sequence. Also, both domains show a homology to

acalin-related lectins with 27–38% identity. These re-
ults suggest that the structure of CCA resembles two
olecules of jacalin-related lectin. © 2000 Academic Press

Key Words: Japanese chestnut; lectin; amino acid
equence; jacalin-related lectin; b-prism.

The plant lectins have been grouped according to
heir specificity for monosaccharides as assessed by the

Abbreviations used: CCA, Castanea crenata agglutinin; AARE,
cylamino acid releasing enzyme; AP-I, Achromobacter protease I;
m-Cys, carboxymethylated-cysteine; EPase RC, endoproteinase
rg-C; Gu-HCl, guanidine hydrochloride; 2-ME, 2-mercaptoethanol;
CM-, reduced and S-carboxymethylated; SIMS, secondary ion mass
pectrometry.
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roposed new criteria for classification of plant lectins
ased on their structure, function and evolution (1).
ccording to this, plant lectins are divided into four

arge and three small families, respectively: legume
ectins, chitin-binding lectins, ribosome-inactivating
roteins, monocot mannose-binding lectins; and jaca-
in-related lectins, amaranthin lectin, Cucurbitaceae
holem lectins. Many lectins belonging to the larger
amilies have been well-characterized, for example,
ith X-ray crystallography (1–4). On the other hand,

he latter three families had been considered as small
roups since they were found in restricted plant fami-
ies. Among them, it is considered that the jacalin-
elated lectin family may become a major in plant
ectins because some members have been discovered in
axonomically unrelated plant families.

The physiological roles of plant lectins have not
een clearly demonstrated, but the dominant view is
hat they are defense proteins (5, 6). In particular,
annose-binding lectins are assumed to be biologically

mportant proteins, because mannose is a scare sugar
n plants but is widely distributed in microorganisms,
nsects and animals. Thus, mannose-binding lectins
re considered to be a promising plant resource for
enerating genetically modified plants. In fact, trans-
enic plants expressing the snowdrop lectin (GNA)
ene exhibit increased resistance against sucking in-
ects (7). In order to promote one lectin to such levels of
pplication, systematic investigations are required
nto the relationships between structure and function
nd into the mechanism of expression.
Previously, we isolated a mannose/glucose-binding

ectin (CCA) from the seeds of the Japanese chestnut,
hich is the first lectin derived from the plant family
agaceae (8). Some physiological properties, such as
he molecular weight and amino acid composition,
ere different from other mannose-binding plant lec-

ins that were legume lectins or monocot lectins. CCA
onsists of 6 or 8 identical subunits without a disulfide
0006-291X/00 $35.00
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bond and has a molecular mass of 37 kDa as deter-
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ined by SDS-PAGE. In addition, the N-terminus of
CA is blocked. Thus, it is not clear to which plant

ectin family CCA belongs.
The aim of the present study was to determine the

omplete amino acid sequence of CCA including
locked N-terminal region. Based on the homology to
ther jacalin-related lectins, the structural futures
ere discussed.

ATERIALS AND METHODS

Materials. Japanese chestnut (Castanea crenata Sieb. et Zucc.)
gglutinin (CCA) was purified from fresh seeds of cv. “Kunimi” which
as harvested in the experimental farm of Kobe University in Kasai,
yogo Prefecture, Japan, as stated in our previous paper (8).

Chemicals. Endoproteinase Arg-C (EPase RC) was obtained from
oche Diagnostics K.K. Achromobacter protease I (AP-I) and acyl-
mino releasing enzyme (AARE) were purchased from Wako Pure
hemical Industries Ltd. and Takara Co., respectively. Papain and
ther chemical reagents were purchased from Nakarai Tesque Co.

Isolation of acidic peptides. About 20 mg of CCA was digested
ith pepsin in 2 ml of 0.01 N HCl at 37°C for 24 h. The mixture was

yophilized, then dissolved in 2 ml of Milli-Q water and applied on a
owex 50 3 2 column (1 3 4 cm) equilibrated with water. Fifteen ml
f through and wash fractions were collected and lyophilized, and the
aterial was dissolved in 0.5 ml of 0.1% TFA. Then, acidic peptides
ere purified by RP-HPLC equipped with a Cosmosil C8 column

Nacalai Tesque Co.).

Mass spectrometry. The secondary ion mass spectrum (SIMS) was
easured with a Hitachi M-4000H double-focusing mass spectrometer

sing glycerol as the matrix, in positive-ion mode with CSK ion bom-
ardment (6 kV). Ten nmol of acidic peptide was used in the analysis.

Re-determination of cysteine residue. In order to re-determine the
ysteine residue, performic acid oxidation and reduced S-carboxy-
ethylation were carried out under various conditions. Performic

cid oxidation was carried out according to the method of Moore (9)
t 4°C for 4 h and at 0°C overnight. Reduced S-carboxymethylation
as carried out with monoiodoacetate according to the method of
restfield et al. (10) in the presence of 50 mM 2-mercaptoethanol and
arious concentrations of urea or guanidine-hydrochloride (Gu-HCl).

Enzymatic digestions and chemical cleavage. Prior to fragmenta-
ion, CCA was treated with monoiodoacetate to modify the cysteine
esidue. EPase RC digestion was performed in 50 mM HEPES buffer,
H 7.8, containing 10 mM 2-ME, 5 mM CaCl2, 20 mM methylamine
nd 3 M urea. AP-I digestion was carried out in 0.1 M Tris-HCl
uffer, pH 8.5, containing 3 M urea. In both cases, the ratio of
nzyme to substrate was 1 to 100 by weight and reactions were
arried out at 37°C for 24 h. The RCM-CCA was cleaved with 100
olar excess of CNBr in 70% of formic acid at 37°C for 24 h.
Separation of peptides was carried out by RP-HPLC (Beckman)

quipped with a Cosmosil C8 column. The mobile phase used was
.1% (v/v) TFA and elution was performed with an adequate linear
oncentration gradient of acetonitrile with a flow rate of 1 ml/min.

Amino acid analysis and sequence analysis. Amino acid analysis
f peptides was carried out with 30 ml of 3-N-mercaptoethanesulfonic
cid to determine the content of tryptophan residues in evacuated
nd sealed tubes at 120°C for 12 h. The hydrolysates were analyzed
ith a Hitachi 835 amino acid analyzer. The N-terminal sequence of
eptide was determined by a Shimadzu PPSQ-10 protein sequencer
sing 100–150 nmol of peptides. The C-terminal sequence of intact
CA (about 5 nmol was used) was determined on a Procise C 494
rotein sequencer (PE Applied Biosystems) using the method of Boyd
t al. (11).
24
Nomenclature of peptides. The peptides are numbered in the
rder of elution from HPLC. In this paper, P, R, K, and M represent
he peptides derived from the pepsin, EPase RC, AP-I digestions and
NBr cleavage, respectively.

Sequence alignment of CCA. Sequence homology of the N- and
-domains of CCA was sought in the protein database (SWISS-
ROT) on the web site at http://www.ncbi.nlm.nih.gov/blast. On the
ve jacalin-related lectins, which were found by homology search,
ultiple sequence alignment was carried out using MALTALIN on

he web site at http://w3.toulouse.inra.fr/lgc/multalin.

ESULTS AND DISCUSSION

N-terminal sequence analysis. The blocked N-ter-
inal residue and partial N-terminal sequence of CCA
ere determined by analysis of the acidic peptide
hich was isolated from the pepsin digest of intact
CA using a Dowex 50 3 2 column. The through frac-

ion was applied to a Cosmosil 5C8 column. Only one
ajor peptide, P1, was then obtained (Fig. 1). The

mino acid composition of P1 was Met 1 and Glx 2
table inset in Fig. 1) and the sequence could not de-
ermined directly. The molecular mass of P1 was de-
ermined to be 450 (MH1) by SIMS (Fig. 2A). This
alue corresponds to the sum of acetyl groups, one
ethionine and two glutamic acids minus three water
olecules. By considering some fragment ions (Fig.

B), the N-terminal sequence should be Ac-Met-Glu-
lu. After treatment with AARE, the sequence of Glu-
lu was obtained (data not shown).

Redetermination of cysteine residues. Although we
reviously reported that CCA has no cysteine resi-
ues, some nonreproducible results were obtained dur-
ng preliminary fragmentation without pretreatment.
herefore, the cysteine residues were redetermined

FIG. 1. Separation of acidic peptides derived from peptic diges-
ion of CCA by RP-HPLC. The table (inset) shows the amino acid
omposition of P1.
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nder various conditions (Table 1). Performic acid ox-
dation performed at 0°C for 4 h gave a result of 0.48

ol cysteine per mol of subunit, while oxidation at 4°C
or 12 h gave 0.69 mol/mol. On the other hand, the
esults of reduction and S-carboxymethylation de-
ended on the denaturants used and their concentra-
ions. In the case of urea, 0.59 mol/mol of Cm-Cys could
e detected in the presence of 10 M. In contrast to this,
u-HCl is a more effective denaturant because 0.77
nd 1.11 mol/mol of Cm-Cys were detected in the pres-
nce of 6 and 8 M Gu-HCl, respectively. Thus, it was
oncluded that CCA contains one cysteine residue per
ubunit. This cysteine does not form an intersubunit
–S bond, because the molecular weight of the subunit
as the same in the presence and in the absence of

eductant (8). These results suggest that this cysteine
xists at a buried site and that CCA may maintain the
tructure by strong hydrophobic interactions which
ould not be easily broken by urea.

Sequence determination. C-terminal analysis was
arried out on intact CCA and gave only one sequence,
MEYF. This indicates that CCA is a single chain

ectin and does not show heterogeneity by posttransla-

FIG. 2. (A) Secondary ion mass spectrum of acidic peptide, P1.
he apparent mass value, 450, of a major peak corresponds exactly
o the sum of the acetyl group, Met, two Glu minus three water
olecules. (B) A possible assignment of some fragment ions. A mass

f m/z 102 may be derived from immonium ion (1H2N 5 CRH)
f Glu.
25
bout some legume lectins (2).
The complete amino acid sequence of CCA was de-

uced from the peptide analyses summarized in Fig. 3.
he main fragmentation of sequence determination
as performed with EPase RC digestion and CNBr

leavage of RCM-CCA. EPase RC digestion gave 12
ragments (R1-R12). Among them, R1-4 and R7-9 were
ompletely sequenced. Only R10 could not be se-
uenced directly, but was sequenced after digestion of
ARE. This is led to the conclusion that R10 is an
-terminal peptide. In the case of CNBr cleavage, pep-

ides other than M1 show heterogeneity in RP-HPLC
ecause of the equilibrium of homoserine and homo-
erine lactone. According to the results of amino acid
nalysis, peptides showing the same composition were
onnected then subjected to sequence analysis. The
equence of M3 coincided with the sequences of AARE
reated R1 and acidic peptide, since the N-terminal
cetyl-Met may be removed by CNBr cleavage. This
upports the nation that the N-terminal blocked amino
cid is a methionine. The complete sequence was de-
ermined by obtaining the overlap peptide generated
y AP-I digestion. Although AP-I digestion gave 12
ragments, di- and tri-peptides and N-terminal frag-

ents could not be obtained.
The present study reveals that the subunit of CCA is
single polypeptide chain consisting of 309 amino acid

esidues, and that its molecular mass is 33,387 Da
hich agrees with a previously estimated value of 37
Da by SDS-PAGE within experimental error. In ad-
ition, the presence of one cysteine residue, Cys45, was
n agreement with the results of the redetermination of
ysteine.
One attractive feature was found by the homology
atrix of CCA itself (data not shown). When CCA is

ivided almost at the center into two domains (N-
omain and C-domain), these domains show 35% iden-
ity with each other; CCA has an internal repeat se-
uence. Such large repeat sequences were observed in
he B-chain of ricin (of the ribosome-inactivating pro-
ein family) and bluebell fetuin-binding lectin (SCAfet,
f the monocot mannose-binding lectin family). The

TABLE 1

Number of Cysteine Residues in a Subunit of CCA

Methods Conditions
Detected Cys

(mol/mol subunit)

eductiona and
S-carboxymethylation

8 M urea 0.46
10 M urea 0.59
6 M Gu-HCl 0.77
8 M Gu-HCl 1.11

erformic acid oxidation 0°C, 4 h 0.48
4°C, 12 h 0.69

a Reduction was carried out with 50 mM 2-ME.
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icin B-chain shows a 32% identity, which is assumed
o be caused by a gene duplication and has two sugar
inding sites (12, 13). The SCAfet exhibits 55% identity
nd contains three putative carbohydrate-binding sites
14, 15). As to CCA, at least two binding sites may exist
n one subunit, according to the homology between
hese domains, though kinetic studies have never been
onducted.

FIG. 3. Complete amino acid sequence of CCA. All arrows indicat
ines represent peptides obtained by EPase RC digestion, CNBr clea
26
Multiple alignment of CCA and other jacalin-related
ectins. A homology search of the whole sequence of
CA indicated that G64-I148 and W177-M306 in CCA
xhibited 49 and 35% identity with F4-L131 and G50-
133 in the a-chain of MPA (Maclura promifera lectin)

16), respectively. Furthermore, regarding the same
ositions, similar identities were observed between
CA and the a-chain of jacalin (Artocarpus integrifolia

termined sequences of peptides. Solid lines, double lines, and dotted
e, and AP-I digestion, respectively.
e de
vag
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ectin) (16). MPA and jacalin are major members of the
acalin-related lectin family. These results support the
heory that CCA has a repeat sequence, the N- and
-domains, as described above, and suggest that they
ave homology to jacalin-related lectins. Therefore,
ultiple alignment was carried out in relation to the
- and C-domains in CCA and five jacalin-related lec-

ins, MPA, jacalin, KM1 (Artocarpus integrifolia) (17),
alsepa (Calystegia sepium) (18) and heltuba (Heli-
nthus tuberosus) (19) (Fig. 4).
The common structural feature of jacalin-related lec-

ins is based that they are considered to be a threefold
ymmetric b-prism fold on the basis of the results of
-ray crystallographic studies (20–22) and a molecular
uilding study (17). The b-prism fold of jacalin-related
ectins consists of three Greek key motifs. According to
he results on heltuba, Greek keys 1 and 3 show the
igh conservation because the loop regions that are

FIG. 4. Sequence alignment of the N- and C-domains of CCA wit
nd C-domains are boxed with a solid line and dotted lines, respect
rrows above the sequence are estimated b-sheet regions in heltuba.
otifs in heltuba.
27
resent in both motifs are important for sugar binding.
hereas the Greek key 2 is a variant region though the

ole has not been cleared. The results of alignment
xhibited similar tendencies. In the comparison of the
- and C-domains, identical residues were 20 and 21 in
reek key 1 and 3, respectively, but only 13 residues
ere identical in Greek key 2. Since the low reactive

ysteine residue, Cys45, was present in Greek key 2, it
ay be estimated that this motif exists in a buried site

nd contributes to maintain the conformation.
To date, a jacalin-related lectin family further di-

ided into two subgroups: a galactose-specific subgroup
nd a mannose-binding subgroup. The former com-
rises jacalin and MPA which are tetrameric two-chain
ectins, (ab)4). They bind to galactose with a hydrogen
ond between the a-amino group of the a-chain, which
re generated by posttranslational cleavage, and O4 of
alactose. While, the later includes KM1, calsepa and

calin-related lectins. Conserved residues in all sequences and in N-
y. Hyphens are gaps inserted to achieve maximum alignment. The
e bold number on the right represents the corresponding Greek key
h ja
ivel
Th
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hain jacalin-related lectins cannot bind to galactose
ecause they have not been subjected to such modifi-
ations. Posttranslational cleavage may be an impor-
ant factor contributing to the difference of carbohy-
rate specificity. CCA consists of a single polypeptide
hain and shows specificity for mannose. Thus, it is
ssumed that the structure of CCA resembles two
inked mannose-binding jacalin-related lectins.

Based on the information obtained above, cDNA
loning of CCA is now progressing to determine
hether or not CCA has a signal sequence.
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