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An acidic B-1,3-glucanase was detected in cucumber
leaves inoculated with either Colletotrichum lagenarium or
tobacco necrosis virus (TNV) as well as in the leaves above
those inoculated with the pathogens. The enzyme is extra-
cellular and migrates in native polyacrylamide gel elec-
trophoresis (PAGE) together with a Class III chitinase, a
bifunctional chitinase/lysozyme. The [B-1,3-glucanase was
separated by ultra-narrow pH range IEF-PAGE or by
SDS-PAGE and was purified to apparent homogeneity.
Only one isoform of the enzyme was detected. Its apparent
molecular mass is 38 kDa as estimated by SDS-PAGE, its
isoelectric point is 3.6 and the specific activity is approxi-
mately 26 pumol glucose equivalents liberated from lami-
narin min™ mg™ protein. Partial amino acid (five peptide
fragments with a total of 65 amino acids) sequencing of
the B-1,3-glucanase revealed similarities of 49% to 72% to
sequences of published B-1,3-glucanases from tobacco,
tomato, soybean, barley, and rice plants. A time course
study indicated that the increase of the [-1,3-glucanase
activity was associated with induced resistance against C.
lagenarium. The implications of these results to coordinate
defense responses in plant-microbe interactions are dis-
cussed.

B-1,3-Glucanases and chitinases have been suggested to
have a role in plant defense against diseases caused by fungi
because their substrates, 3-1,3-glucan and chitin, are major
components of the cell walls of many fungi (Wessels and
Sietsma 1981). The enzymes may also participate in plant de-
fense by releasing glucan fragments (elicitors), from fungal or
plant cell walls, that elicit phytoalexin accumulation in the
plant (Takeuchi et al. 1990). In many higher plants, B-1,3-
glucanases and chitinases accumulate coordinately following
infection (Kauffmann et al. 1987; Ferraris et al. 1987; Joosten
and De Wit 1989; Meins 1989), treatment with elicitors
(Kombrink et al. 1988), and in response to the plant stress
hormone ethylene (Mauch and Stachelin 1989). f-1,3-
Glucanases and chitinases can function synergistically in de-
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grading fungal cell walls in vitro (Mauch et al. 1988). How-
ever, the significance of this synergy in vivo with different
plant-microbe systems is unclear.

Cucumber provides a good model system for studying dis-
ease resistance and induced disease resistance (Kuc 1982).
Local and systemic increases in chitinase and peroxidase ac-
tivity induced by a necrotizing fungus, Colletotrichum lage-
narium, tobacco necrosis virus (TNV), fungal cell wall frag-
ments and dibasic sodium phosphate have been reported
(Jenns and Kuc 1979, Boller 1988, Metraux and Boller 1986,
1988; Boller 1988; Irving and Kuc 1990). Though the rela-
tionship between chitinase activity and disease resistance in
cucumber against C. lagenarium has been extensively inves-
tigated, there is relatively little information about the contri-
bution of B-1,3-glucanase. Increased B-1,3-glucanase activity
was reported in muskmelon foliage after infection with C.
lagenarium (Dargent and Touze 1974); however, the in-
creased activity was caused by an endoenzyme produced by
C. lagenarium (Rabenantoandro et al. 1976). It is not clear
from the literature whether B-1,3-glucanase is inducible and
whether it functions as a defense compound against C. lage-
narium in cucumber plants.

In this study, we present evidence for B-1,3-glucanase ac-
tivity in cucumber leaves inoculated with C. lagenarium or
TNV and in the leaves above those inoculated with the patho-
gens. A time course study indicated that enhanced B-1,3-
glucanase activity coincided with induced systemic disease
resistance. The B-1,3-glucanase has been purified and charac-
terized in terms of isoform pattern, apparent molecular
weight, .pl, and amino acid sequence similarities to sequences
of published B-1,3-glucanases from other plant species.

RESULTS

Induction and detection.

The B-1,3-glucanase activity in crude extracts from healthy,
inoculated leaves and the leaves above the inoculated leaves
was determined colorimetrically or by activity assays on na-
tive gels after electrophoreses (see Materials and Methods). B-
1,3-Glucanase activity was detected in both inoculated leaves
and the leaves above 7 days after inoculating foliage with C.
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lagenarium or TNV (Fig. 1). The activity was lost after boil-
ing the crude extracts for 10 min (Fig. 1A, B). To determine
the localization of the enzyme, the intercellular wash fluid
(ICF) was collected from both infected leaves and the leaves
above infected leaves. B-1,3-Glucanase activity was detected
in ICF and not in extracts of leaves after removal of ICF (Fig.
2}, indicating that the enzyme is principally extracellular. A
band with B-1,3-glucanase activity was detected on native
gels (Figs. 1A, 2). After broad pH range isoelectric focusing
electrophoresis (IEF), only one band with (-1,3-glucanase
activity (acidic) was detected in cucumber leaf extracts (Fig.
3, lane 2), whereas several bands with B-1,3-glucanase activ-
ity (both acidic and basic) were detected in extracts (positive
control, Pan et al. 1989) from tobacco leaves inoculated with
Peronospora tabacina (Fig. 3, lane 1). To investigate whether
the increase of B-1,3-glucanase activity was associated with
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Fig. 1. Detection of B-1,3-glucanase activity in cucumber leaves 7 days
after inoculation with either Colletotrichum lagenarium or tobacco ne-
crosis virus (TNV). A, B-1,3-Glucanase activity was detected on a native
polyacrylamide gel (PAGE). Crude extract (80 mg of total protein) was
applied per lane; B, B-1,3-glucanase activity was determined colorimet-
rically by the standard laminarin-dinitrosalicylate method. Samples: C1
and C2, from control leaves (leaf 1 for C1 and leaf 2 for C2); T1, from
leaves (leaf 1) inoculated with either C. lagenarium or TNV, T2, from
leaves (leaf 2) above the inoculated leaves (induced leaves); Tbl and
Tb2, the same as T1 and T2 but the samples were boiled for 10 min be-
fore loading.
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induced resistance, a time course study was conducted. B-1,3-
Glucanase activity in leaf 2 above inoculated leaf 1 was in-
versely related to the leaf area covered with lesions after
challenge inoculation of leaf 2 (Fig. 4).

Purification of the -1,3-glucanase.

Protein bands stained with Coomassie brilliant blue and a
band with B-1,3-glucanase activity were compared to locate
the position of B-1,3-glucanase on native gels. The band with
B-1,3-glucanase activity (Fig. 5) appeared the same as the
band for the bifunctional (Class III) chitinase/lysozyme re-
ported by Metraux et al. (1989). Two possibilities were con-
sidered at this stage. One possibility was that the B-1,3-
glucanase activity might be contributed by the bifunctional
chitinase/lysozyme; the other was that the cucumber B-1,3-
glucanase and chitinase might comigrate in native gels. Two

1 2 3 4 5 6 7

Fig. 2. Localization of §-1,3-glucanase activity in cucumber leaves. En-
zyme activity was analyzed on a native polyacrylamide gel. Samples
from: 1, control leaf 1; 2, leaf 1 inoculated with TNV; 3, leaf 2 above
inoculated leaf 1; 4, inoculated leaf 1 after removing intercellular wash
fluid (ICF); 3, leaf 2 above inoculated leaf 1 after removing ICF; 6, ICF
of inoculated leaf 1; 7, ICF of leaf 2 above inoculated leaf 1.
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Fig. 3. Isozyme pattern of B-1,3-glucanase activity on an isoelectric fo-
cusing (IEF) polyacrylamide gel. 1, Positive control, extract of tobacco
leaves that were infected with Peronospora tabacina; 2, extract of cu-
cumber leaves inoculated with TNV. One hundred milligrams of total
protein was applied per lane. Arrows indicate bands with activity.




experiments were conducted to determine which, if either, of
the two possibilities was valid. In the first experiment, IEF-
PAGE with an ultra-narrow pH range (pH 3 to 4.5) indicated
that the band with 3-1,3-glucanase activity could be separated
from that with chitinase activity (Fig. 6). The protein band on
strip A corresponding to the B-1,3-glucanase activity (strip C)
did not have chitinase activity (strip B), indicating that the -
1,3-glucanase and the chitinase are different proteins. In the
second experiment, the protein band detected on native gels
(Fig. 5) was cut from the gel and eluted with an elution buffer
(Promega). The eluted proteins were analyzed by native-
PAGE as well as SDS-PAGE (Fig. 7). Confirming the result of
the first experiment, there were several protein bands on the
SDS gel (Fig. 7B, lane 4) while only one protein band was
evident on the native gel (Fig. 7A, lane 4). The dominant
protein (Fig. 7B, lane 4) was further purified (Fig. 7B, lane 5
and Fig. 7C, lane 2) and sequenced. The sequence of the N-
terminal 29 amino acids was: Ala-Gly-Ile-Ala-Ile-Tyr-Trp-
Gly-Gln-Asn-Gly-Asn-Glu-Gly-Ser-Leu-Ala-Ser-Thr-x-Ala-
Thr-Gly-Asn-Tyr-Glu-Phe-Val-Glu. With the exception of one
amino acid (no. 20, cysteine, was not detected), the sequence
is identical to that of the N-terminal sequence of the bifunc-
tional chitinase/lysozyme (Metraux et al. 1987). Therefore,
the inducible B-1,3-glucanase might be one of the other pro-
tein bands. Since it was impossible to conduct enzyme activ-
ity assays to locate the [3-1,3-glucanase protein on SDS gel,
the B-1,3-glucanase protein was further purified (Fig. 7B, lane
6 and Fig. 7C, lane 3) by cutting the band from native IEF gel
corresponding to B-1,3-glucanase activity. The molecular
mass of the B-1,3-glucanase was about 38 kDa (Fig. 7B) and
its pI was about 3.6 (Fig. 7C). Its specific activity was calcu-
lated as 26.4 pmol glucose equivalents released min™ mg™!
protein with laminarin as substrate (Table 1).

Amino acid sequencing and homology analysis.
The N-terminal amino acids of the purified 3-1,3-glucanase
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Fig. 4. Correlation of B-1,3-glucanase activity and induced resistance to
Colletotrichum lagenarium in leaf 2 at intervals after inoculating leaf 1
with TNV. Two sets of plants were used for this experiment. For one set,
leaf 2 of TNV-induced (®) or control (O) plants was challenged with C.
lagenarium at 1-day intervals after inoculation of leaf 1 with TNV or
treatment of leaf 1 with water. The leaf area covered with lesions was
measured 7 days after challenge. For the other set of plants, the TNV-
inoculated leaf 1 (W), leaf 2 above the TNV- inoculated leaf (&) and leaf
1 (O) and leaf 2 (A) from uninfected plants were sampled at the same
time intervals as above and the enzyme activities were assayed. The ar-
row indicates the time after induction when induced systemic resistance
was consistently evident.

could not be sequenced, because the N-terminal was blocked.
The purified protein was digested by an asparagine/aspartic
acid specific endoproteinase and the resulting peptides were
separated by reverse-phase HPLC. Four peptide fractions
(Fractions 50, 65, 68, and 73) were selected to be sequenced.
Table 2 shows the sequences. Fraction 68 is a peptide coe-
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Fig. 5. Direct analysis of B-1,3-glucanase activity on a native polyacry-
lamide gel. Two identical gel strips were cut from the original gel after
clectrophoresis. On one strip (A) enzyme activity was detected. The
other strip (B) was stained with Coomassie Brilliant Blue. Samples
from: 1, uninoculated leaves; 2, TN V-inoculated leaves.
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Fig. 6. Separation of B-1,3-glucanase from the bifunctional Class III
chitinase/lysozyme by ultra-narrow pH (3 to 4.5) range IEF. A whole gel
was cut into three identical strips after electrophoresis. One strip (A) was
stained with Coomassie Brilliant Blue, a second (B) was used to deter-
mine chitinase activity (Chi) and the third (C) was used to detect -1,3-
glucanase activity (Glu). The functions for protein bands on A were
identified by matching A with B and C. Samples: C, from uninoculated
leaves; T, from TNV-inoculated leaves. Strip B was observed under UV
radiation.
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Fig. 7. Purification of B-1,3-glucanase. The band on a native gel corresponding to B-1,3-glucanase activity was cut out and protein(s) in the gel were
eluted with an elution buffer (Promega). A, Native PAGE (15%); samples from: 1, uninoculated leaves; 2, TNV-inoculated leaves; 3, leaves above inocu-
lated leaves; 4, the eluted proteins; B, SDS-PAGE (12.5%); 1, marker (Promega) for molecular weight; 2, TNV-inoculated leaves; 3, leaves above inocu-
lated leaves; 4, the eluted proteins; 5, further purified Class I1I chitinase (Chi); 6, further purified B-1,3-glucanase (Glu); C, IEF-PAGE (7%); 1, pI marker
(Sigma); 2, purified Class III chitinase; 3, purified B-1,3-glucanase. Gels were stained with Coomasie Brilliant Blue.

Table 1. Purification of B-1,3-glucanase from cucumber leaves inocu-
lated with tobacco necrosis virus®

Protein  Activity
(mg) (nkat)

Specific activity ~ Recovery
(nkat/mg protein) (%)

Crude extract 397 159 0.4 100
Electrophoreses
Native-PAGE 6.1 57 9.4 32
IEF-PAGE 0.068 154 226 9.1
IEF-PAGE 0.007 3.1 440 1.8

* The starting material (53 g fresh weight) consisted of 26-day-old cu-
cumber leaves 6 days after inoculation with TNV,

Table 2. Partial amino acid sequences of the cucumber B-1,3-glucanase

Asp-Asn-Ala-Asn-Ala-Trp-Ile-Gln
Asp-Glu-Asn-Leu-Lys-Phe-Ala-Pro-Pro-Glu-Val-
Glu-Arg-His-Trp-Gly-Leu-Phe-Ser-Pro-Asn-Lys
Asp-Asn-Gly-Arg-Thr-Tyr-Asn-Asn-Leu-Ile-Gln-
His-Val-Lys-Gln-Gly-Thr

68" Asp-Tyr-Ala-Ile-Phe-Thr-Gly-The-Ser
Fraction  73: Asp-Thr-Val-Tyr-Ala-Ala-Leu-Glu-Lys-Gly

Fraction  50:
Fraction  65:

Fraction  68:

luted with fraction 68. Figure 8 demonstrates that sequences
of these five peptides (in total 65 amino acids) had 56%
similarity to that of tobacco acidic B-1,3-glucanase PR-2b/a
and 61% to that of tobacco vascular basic B-1,3-glucanase
(Linthorst et al. 1990); 50% to that of tomato acidic B-1,3-
glucanase (van Kan et al. 1992); 72% (o that of soybean eth-
ylene-inducible (-1,3-glucanase (Takeuchi et al. 1990); 51%
to that of barley B-1,3-glucanase (Wang and Fincher 1992);
and 49% to that of rice B-glucanase (Simmons 1991).
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DISCUSSION

Several putative defense compounds have been suggested
to be involved in resistance and induced resistance in cucum-
ber plants against diseases caused by fungi, bacteria, and vi-
ruses. Associations of increased peroxidase and chitinase ac-
tivities with induced resistance in cucumber are well docu-
mented (Hammerschmidt et al. 1982; Metraux et al. 1986). It
is not apparent, however, that these enzymes or any other re-
ported putative defense compound alone have a determinant
role in resistance. Resistance is likely to be multicomponent
(Dixon and Harrison 1990; Kuc 1990). Coordinate expres-
sions and interactions between multiple putative defense
compounds in plants during infection are likely to be critical
for resistance. The characterization of the inducible cucumber
B-1,3-glucanase and its association with induced disease re-
sistance in this study provide supporting evidence for this
point of view,

It is unlikely that the B-1,3-glucanase was produced by the
fungus since it was increased in TNV-inoculated leaves as
well as in the leaves above (Fig. 1). The bifunctional
chitinase/lysozyme and [B-1,3-glucanase comigrate together
under nondenaturing conditions and can be separated by
isoclectric points (Fig. 7C). One possibility is that the charge-
to-mass ratio of the two proteins are coincidentally similar
since the B-1,3-glucanase is larger and has a higher charge
than the chitinase. Another possibility is that, since both en-
zymes are principally intercellular and tend to aggregate to-
gether under nondenaturing conditions (Fig. 7A), the two hy-
drolases may have a similar three-dimensional structure and
might be arranged juxtapositionally in vivo after they are in-
duced and secreted extracellularly. Such an arrangement
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Fig. 8. Partial amino acid sequence of cucumber -1,3-glucanase compared to sequences of several published plant -1,3-glucanases. Numbers indicate
amino acid positions in the respective whole sequences. Amino acids identical to those of cucumber B-1,3-glucanase are designated by a dash (=): CcGn,
Cucumber; NtNa, Tobacco (acidic); NtBa, Tobacco (basic); LeGlua, Tomato; GmEi, Soybean; HvGII], Barley; OsGnsl1, Rice.

would support a role in plant defense for the synergism re-
ported in vitro between the two hydrolases in fungal cell wall
degradation. Although the B-1,3-glucanase activity was not
enhanced as markedly as the Class III bifunctional chitinase
(Fig. 7B, lane 4), the B-1,3-glucanase has a relatively high
specific activity (Table 1) and the activity required for action
as a defense compound per se or synergistically in vivo is not
reported. It would be interesting to obtain direct evidence for
the compartmental arrangement of these two hydrolases.

Homology analyses (Fig. 8) of partial amino acid se-
quences between cucumber [-1,3-glucanase and [B-1,3-
glucanases from six other plant species demonstrate the high-
est identity to that of soybean B-1,3-glucanase. The soybean
B-1,3-glucanase has been suggested to release B-1,3-glucan
from fungal cell wall and the released B-1,3-glucans may act
as elicitors of phytoalexin and other stress-related compounds
in soybeans (Keen and Yoshikawa 1983; Tacheuchi et al.
1990; Yoshikawa et al. 1993). The acidic cucumber B-1,3-
glucanase may also release [3-1,3-glucans as elicitors for other
defense mechanisms.

An interesting finding reported here is that only one B-1,3-
glucanase isoform (acidic) was detected in cucumber, whereas
in other plant systems there are often several B-1,3-glucanase
isozymes (acidic and basic). When several isozymes are de-
tected in a plant, it is often difficult to identify the specific

role of each of them in defense (Simmons 1994). We suggest
that there are advantages in studying the role of [-1,3-
glucanase in a plant system with a single isoform. Cucumber
B-1,3-glucanase might, therefore, be a good enzyme for fur-
ther study.

MATERIALS AND METHODS

Biological materials.

Cucumber plants (Cucumis sativus L..) cv. Wisconsin SMR-
58 were grown as previously described (Dean and Kuc 1986)
in a greenhouse at 23 to 33°C with a 14-h photoperiod. Colle-
totrichum lagenarium (Pass) Ell. & Halst. Race 1 was main-
tained on green bean juice agar at 24°C in the dark and coni-
dial suspensions were prepared from 7-day cultures (Dean and
Kuc 1986). TNV inoculum was obtained from freeze-dried
cucumber leaves infected with TNV and stored at —20°C.

Plant inoculation and assessment of systemic resistance.
Plants (16 to 20 days old) with the first true leaf (leaf 1)
fully expanded, and the leaf above (leaf 2) one third to one
half expanded were used for the induction of systemic resis-
tance in all experiments. (-1,3-Glucanase activity and sys-
temic resistance were induced by infiltrating approximately
10 pl of a conidial suspension of C. lagenarium ( 5 x 10°
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spores ml™') into 20 sites on the lower surface of leaf 1 using
an Eppendorf repeating pipette. 3-1,3-Glucanase activity and
systemic resistance were also induced by TNV. The TNV in-
oculum was prepared from 1 g of frozen infected leaf tissue
and ground in 10 ml of 0.1 M cold phosphate buffer (pH 6.0)
in an ice-cooled mortar. The homogenate was filtered through
four layers of cheesecloth, and then diluted to 200 ml with
distilled water to yield 30 to 50 lesions per inoculated leaf.
The leaf to be inoculated (leaf 1) was lightly dusted with Car-
borundum and rubbed gently with cheesecloth previously
dipped into the virus preparation (Jenns and Kuc 1979). The
plants remained on greenhouse benches as it was unnecessary
to place infiltrated or rubbed plants in a humidity chamber to
ensure symptom development (Gottstein and Kuc 1989).
Control plants were infiltrated or rubbed with water. Plants
were challenged 7 days after induction for assessment of
systemic resistance according to the method previously de-
scribed (Dean and Kuc 1986).

Tissue collection and protein extraction.

In all experiments, tissues were collected from leaves 1 and
2 during the 11-day period following induction of leaf 1 and
after challenge of leaf 2. The leaf tissues were rapidly frozen
with dry ice and stored at —80°C. Frozen leaf tissues were
homogenized at 0 to 4°C in 0.1 M sodium citrate buffer (pH
5.4), containing 0.1% (v/v) B-mercaptoethanol and 0.1%
(w/v) L-ascorbic acid. The presence of reducing agents in the
extraction buffer was essential for obtaining high activity of
the enzyme. The homogenate was centrifuged at 12,000 x g
for 30 min, and the supernatant was decanted and dialyzed
against two changes of water for 24 h and then against two
changes of 0.05 M sodium acetate buffer (pH 5.0) for 2 h.
The dialyzate was centrifuged again at 10,000 x g for 10 min.
The resulting supernatant was used as crude enzyme extract
and for further B-1,3-glucanase purification. Intercellular
wash fluid (ICF) was collected by the method of Rathmell
and Sequeira (1974). The leaves were washed with distilled
water, cut longitudinally into 2-cm-wide strips, and vacuum-
infiltrated with water for 5 min at approximately —5 kPa. The
leaf strips were blotted dry with paper towels, and centrifuged
at 1,500 x g for 10 min in perforated polypropylene syringe
tubes. The ICF accumulated in the lower chamber was col-
lected and stored at —20°C. The tissue remaining was col-
lected and extracted as described above. Protein concentra-
tions were measured using the Bio-Rad protein assay kit with
bovine gamma globulin as standard (Bradford 1976).

Determination of enzyme activities.

Total B-1,3-glucanase activity was colorimetrically assayed
by the laminarin-dinitrosalicylate method of Abeles and For-
rence (1979) with some modifications. Crude enzyme extract
was precipitated with 5 volumes of cold acetone at —20°C for
30 min and centrifuged at 10,000 x g for 10 min. The pellet
was vacuum dried and suspended in sodium acetate buffer
(pH 5.0). The suspension, 62.5 pl, was added to 62.5 pl of
4% laminarin (USB) and then incubated at 40°C for 10 min.
The reaction was stopped by adding 375 wl of dinitrosalicy-
late reagent and heating for 5 min on a boiling water bath.
The resulting colored solution was diluted with 4.5 ml of
water, vortexed, and its absorbance at 500 nm was deter-
mined. The blank was the suspension mixed with the dini-
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trosalicylate reagent to which the solution containing lami-
narin was added (Pan et al. 1989). One katal unit of enzyme
activity was defined as the amount of enzyme that produced
reducing sugar equivalent to 1 mole of glucose equivalent per
second under the above conditions. The activities of B-1,3-
glucanase and chitinase on gels and protein patterns were
analyzed after a single separation using 15% (w/v) native-
PAGE gel or 7% (w/v) IEF-PAGE gel (Pan et al. 1989) with
urea (2.4 M) as an additive.

Protein purification.

The extracts used for enzyme assays described above were
freeze dried, the residues were dissolved in acetate buffer, pH
5.2 (5 g fresh weight leaf tissue/ ml), and applied to gels.
Proteins were first separated by 15% native-PAGE described
above. A 1-cm wide gel strip was cut from the whole gel im-
mediately after electrophoresis. The gel strip was assayed for
B-1,3-glucanase activity and then matched to the remaining
gel. Gel pieces were cut from the remaining gel correspond-
ing to the position on the gel strip with demonstrated B-1,3-
glucanase activity. The gel pieces were placed in distilled
water for 5 min and blotted dry with paper towels. The pieces
were then placed in microcentrifuge tubes with 2 volumes of
protein elution buffer (Promega) and homogenized. The pro-
teins were eluted from the homogenate for 3 h at 37°C, and
the homogenate was centrifuged at 10,000 x g for 10 min.
The supernatant was decanted, mixed with 5 volumes of cold
acetone, and put at —20°C for 30 min. The mixture was centri-
fuged at 10,000 x g for 15 min. The pellet was vacuum dried
and resuspended in sodium acetate buffer (pH 5.0). The purity
of cucumber B-1,3-glucanase was checked by 12.5% (w/v)
SDS-PAGE and 7% IEF-PAGE with a pH range of 3 to 5.5
(Pharmacia, Sweden). The above processes were repeated to
further purify the B-1,3-glucanase.

Chemical amino acid sequencing,

To determine the amino acid sequence, the purified B-1,3-
glucanase was subjected to IEF on 7% polyacrylamide gels.
Following electrophoresis, the protein was electroblotted onto
an Immobilon-P (Millipore) PVDF membrane by the method
of Matsudaira (1987), but without methanol in the transfer
buffer. Protein was stained with Coomassie Brilliant Blue R-
250 (Bio-Rad). After the membrane was air dried, the protein
band was excised. The protein was digested with an aspar-
agine/aspartic acid-specific endoproteinase for 21.5 h at 37°C
by the methods of Fernandez et al. (1994). The resulting
products were separated by reverse-phase HPLC using a C18
stationary phase and a gradient of CH;CN versus H,0, 0.06%
trifluoroacetic acid throughout. The peptides from clear and
sharp fractions were sequenced using an Applied Biosystems
(Foster City, CA) model 477A peptide sequencer with on-line
phenylthiohydantoin-amino acid analysis.
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