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A cysteine protease, phytolacain R from full-growth greenish fruits of pokeweed, Phytolac-
ca americana L, was purified to electrophoretic homogeneity by a simple purification
procedure employing CM-Sepharose ion-exchange chromatography. The enzyme was
present in low content in the young fruits about 50d after flowering but gradually
accumulated in growing fruits. Its molecular mass was estimated to be ca. 23 kDa by
SDS-PAGE, and its sugar content was zero. Its amino acid sequence was established by
automated sequence analysis of the peptides obtained by cleavage with Achromobacter
protease I, chymotrypsin, trypsin, and cyanogen bromide. The enzyme is composed of 218
amino acid residues, of which it shares 110 residues (50%) with papain, 104 (47%) with
actinidain, and 87 (40%) with stem bromelain. The amino acid residues forming the
substrate-binding the S, pocket of papain, Tyr61, Tyr67, Pro68, Trp69, Vall33, and Phe207,
were predicted to be replaced by Gly, Trp, Met, His, Ala, and Met in phytolacain R,
respectively. As a consequence of these substitutions, the S, pocket is expected to be less
hydrophobic in phytolacain R than in papain.

Key words: amino acid sequence, cysteine protease, endopeptidase, Phytolacca americana,

pokeweed.

The fruits of pokeweed, Phytolacca americana, contain two
cysteine proteases. Phytolacain G was isolated from
medium-sized greenish fruits (1), whereas phytolacain R,
which is contained in low amount in young fruit, was
isolated from fully grown greenish fruits (2, 3). Analyses of
the amino terminal sequences of the two enzymes (4)
suggest that phytolacain R is not derived from phytolacain
G by protein processing during the course of fruit ripening.
These enzymes are present in the fruit in higher amounts
than appear to be required for the digestion of endogenous
substrates. They may act rather as a defense against
foreign substrates, e.g., proteins secreted by invading
pathogens (5). The caseinolytic activity of phytolacain G
was completely inhibited by a synthetic peptide containing
an S-(3-nitro-2-pyridinesulfenyl) group (Npys). The inhib-
itory activity of this compound against phytolacain G
resembled that of papain (I). Phytolacain R and papain
differed in their specificity for synthetic substrates (3). Bz-
L-Arg-pNA, a good substrate of papain, was not hydrolyzed
by phytolacain R. Likewise, a substrate of phytolacain R,
Bz-L-Tyr-pNA, was not hydrolyzed by papain (2).

In this study, we prepared phytolacain R and elucidated
some of its properties. We also determined its amino acid
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sequence in order to obtain structural information on the
substrate-recognition site.

MATERIALS AND METHODS

Materials—Greenish full-gsized fruits (50-70d after
flowering) of pokeweed were obtained from Kagoshima
city. CM-cellulose was purchased from Whatman (Kent,
England). CM-Sepharose was a product of Pharmacia
(Uppsala, Sweden). Papain and casein were obtained from
Merck (Darmstadt, Germany). Thrombin was a product of
Sigma (St. Louis, MO, USA). TPCK-trypsin was from
Worthington Biochemical (Freehold, NJ, USA). Achromo-
bacter protease I, PCMB, and other materials were pur-
chased from Wako Pure Chemical (Osaka).

Assay of Protease—Proteolytic activity was measured
by the modified method of Kunitz (6) with casein as a
substrate. Enzyme solution (1 ml) was added to 1 ml of 2%
(w/v) casein in 67 mM sodium-potassium phosphate
buffer, pH 7.5. After incubation at 35°C for 20 min, the
reaction was stopped by addition of 3 ml of 5% trichloro-
acetic acid. The mixture was left to stand for 30 min at
room temperature, then the precipitate was removed by
filtration through Advantec Toyo filter paper No. 5C
(Tokyo), and the absorbance of the filtrate was determined
at 280 nm. One unit of activity was defined as the activity
giving 0.001 A, units of change per min under the above
conditions.

Effect of Inhibitor—The Cys(Npys) peptide Phe-Leu-
Ser-Cys(Npys)-NH, was previously prepared as an inhibi-
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tor of phytolacain G (I). Its inhibitory activity against
phytolacain R and papain, a plant cysteine protease chosen
as a reference standard, was measured as follows. Phyto-
lacain R and papain were incubated in 67 mM sodium-
potassium phosphate buffer, pH 7.2, containing 2 mM
DTT, then the enzyme solutions were ultrafiltered to
remove DTT by use of a Centriprep (Amicon). The enzyme
(0.5 ml) was incubated with Cys(Npys) peptide (0.5 ml) in
67 mM sodium-potassium phosphate buffer, pH 7.2, at
30°C for 60 min, then the remaining activity of the reaction
mixture was assayed at pH 7.2 using casein as a substrate
as described above.

Enzyme Purification—All purification procedures were
performed at 7°C. Frozen pokeweed fruits (300 g) in 20
mM sodium-potassium phosphate buffer, pH 7.0 (1,000
ml) were slowly homogenized, and the seeds were removed
from the sarcocarps. The sarcocarps were homogenized and
filtered through a cotton cloth. The filtrate was kept at 7°C
for 1 h, then centrifuged (3,500 % g, 15 min). Solid ammo-
nium sulfate was added to the supernatant to 60% satura-
tion, and the mixture was kept at 7°C for 15h. The
precipitated protein was collected by centrifugation
(3,500 X g, 15 min) and suspended in distilled water, and
the suspension was dialyzed against distilled water for 15 h.
The dialyzed enzyme solution was adjusted to pH 5.0 with
0.1 M acetic acid and centrifuged (10,000 g, 15 min) to
remove insoluble materials. The supernatant was put on a
CM-cellulose column (5.0 X 40 ¢cm) equilibrated with buffer
A (25 mM sodium acetate buffer, pH 5.0), the column was
washed with the same buffer, then the enzyme was eluted
with buffer B (0.17 M sodium acetate buffer, pH 6.2 con-
taining 0.3 M NaCl). Solid ammonium sulfate was added to
60% saturation to the enzyme-active fractions from the
column, and the mixture was kept at 7°C for 15 h, then
centrifuged (10,000 g, 15 min). The pellet obtained was
dialyzed against water for 6 h and against 25 mM acetate
buffer, pH 5.0, containing 4 mM cysteine for 8 h. After
centrifugation (10,000 g, 15 min), the supernatant was
applied to a column of CM-Sepharose (1.5 X 18 cm) equili-
brated with buffer A. Elution was carried out with a linear
gradient from buffer A to buffer C (0.17 M sodium acetate
buffer, pH 6.2) at a flow rate of 1.0 ml/min. The pooled
active fraction was concentrated by use of a Centriprep
(Amicon) and kept at —20°C.

Molecular Mass Determination—The molecular mass of
the enzyme was estimated by HPLC gel filtration on a
TSK-gel G2000SW column (600X 7.5 mm, Tosoh) equili-
brated with 50 mM sodium-potassium phosphate buffer,
pH 5.5, containing 0.3 M NaCl by elution with the same
buffer at a flow rate of 0.5 ml/min. The efluent was
monitored by measuring its absorbance at 280 nm. The
column was calibrated using BSA (67 kDa), chymotryp-
sinogen (26 kDa), myoglobin (18 kDa), and cytochrome ¢
(12 kDa).

The subunit molecular mass was estimated by SDS-
PAGE under reducing conditions according to the proce-
dure of Laemmli (7) using 15% gel. Molecular mass
markers were phosphorylase b (94 kDa), bovine serum
albumin (67 kDa), ovalbumin (45 kDa), carbonate dehy-
dratase (30 kDa), soybean trypsin inhibitor (20 kDa), and
a-lactalbumin (14 kDa). The proteins were stained with
Coomassie Brilliant Blue R-250.

Determination of Carbohydrate—The carbohydrate of
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the enzyme preparation was determined by the phenol-
sulfuric acid method (8). D-Mannose was used as a stan-
dard.

Preparation of S-Pyridylethylated Phytolacain R—Re-
duction and S-pyridylethylation of phytolacain R were
performed by the method of Ruegg and Rudinger (9). The
phytolacain R (10 mg, 380 nmol) was dissolved in 2.4 ml of
0.5 M Tris-HCI buffer, pH 8.5, containing 6 M guanidine-
HCl and 10 mM EDTA. The solution was kept under N, gas
at 25°C for 30 min, then DTT (23 mg, 150 ymol) was
added. The mixture was incubated at 25°C for 2 h, then
4-vinylpyridine (52 ul, 450 umol) was added, and the
incubation was continued for 2 h. The mixture was dialyzed
against 1 mM HCI containing 4 M urea at 4°C for 48 h.
PE-phytolacain R was purified on an Aquapore RP-300
column (4.6 X 30 mm, Brownlee) equilibrated with solvent
A (TFA/H,0, 1:1,000) by elution with a linear gradient
from 30% B to 100% B ((CH;CN/2-propanol, 3:7)/H,0/
TFA, 700:300:0.7] for 30 min at a flow rate of 0.5 ml/min.
The eluate was monitored by measuring the absorbance at
220 nm with a Gilson HPLC system. The PE-phytolacain R
fraction was collected and lyophilized.

Enzymatic Digestions— Achromobacter protease I: PE-
Phytolacain R (2 mg, 76 nmol) was digested with 40 ug (1.4
nmol) of Achromobacter protease I in 280 zl of 0.2 M
Tris-HCI buffer, pH 8.3, containing 1 mM EDTA, and 2 M
urea at 37°C for 24 h. The reaction was stopped by addition
of formic acid (40 x«l).

Chymotrypsin: A solution of PE-phytolacain R (2 mg, 76
nmol) in 30 gl of 1% ammonium bicarbonate, pH 8.0,
containing urea (24 mg) was preincubated at 37°C for 1 h,
then mixed with 170 ul of 1% ammonium bicarbonate and
bovine a-chymotrypsin (100 g, 4 nmol) in 20 gl of the
ammonium bicarbonate/urea solution. The reaction mix-

_ ture was incubated at 37°C for 5h. The reaction was

stopped by addition of formic acid (100 g1).

Trypsin: Trypsin digestion of PE-phytolacain R (2 mg,
76 nmol) was performed at 37°C for 12 h by using TPCK-
treated trypsin in 1% ammonium bicarbonate containing 1
mM CaCl, by the method described above for chymotryp-
sin digestion.

Cyanogen bromide cleavage: PE-phytolacain R (1 mg, 38
nmol) was treated at 25°C for 24 hin 100 1 of 70% formic
acid containing 1 mg of cyanogen bromide, using a ratio of
the modified protein to cyanogen bromide of 1:250 (mol/
mol). The reaction mixture was diluted with distilled
water, then lyophilized.

Separation of Peptides—The digests obtained with
Achromobacter protease I, chymotrypsin and cyanogen
bromide were chromatographed on an RP-HPLC C, column
(Aquapore butyl column, 4.6 X 100 mm, Brownlee) equili-
brated with solvent A by elution with a linear gradient from
100% solvent A to 60% solvent B for 90 min at a flow rate
of 0.5 ml/min. The eluate was monitored by measuring the
absorbance at 220 nm with the HPLC system as described
above.

The digests obtained with trypsin were chromatographed
on an RP-HPLC C; column (Aquapore RP-300 column,
4.6 X100 mm, Brownlee) under the conditions described
above.

Amino Acid Analysis—Samples were hydrolyzed with
100 i1 of 6 M HCl containing 0.1% phenol in vacuo at 110°C
for 24 h in tubes into a sealed vial with a Pico-Tag work

2T0Z ‘T $0go100 U0 jeyidsoH UensuyD enybueyd e /Bio'sfeulnolpioxo ql//:dny wouy pspeoumoq


http://jb.oxfordjournals.org/

28

station (Waters). The amino acids were derivatized with
phenylisothiocyanate in the work station, then the phenyl-
thiocarbamyl derivatives of amino acid were analyzed on a
Pico:Tag HPLC amino acid analysis system (Waters).

Amino acid analysis of whole PE-phytolacain R protein
and the cyanogen bromide-cleaved peptide was carried out
with a Hitachi L-8500 amino acid analyzer (Hitachi) by the
standard ninhydrin method.

Protein Sequencing Analysis—Automated Edman degra-
dation was performed with an Applied Biosystems 477A
protein sequencer (Applied Biosystems). The phenylthio-
hydantoin derivatives were identified by use of an Applied
Biosystems 120A analyzer.

RESULTS

Purification of Phytolacain R—Phytolecain R from
pokeweed fruit was purified by a simple procedure, which is
summarized in Table I. The elution profile of CM-Sepha-
rose column chromatography showed a sharp (phytolacain
G, fractions 87-93) and a broad (phytolacain R) active peak
(Fig. 1C). The pooled active fraction (phytolacain R, frac-
tions 120-145) from the preparation of ripe fruits was
concentrated by use of a Centriprep (Amicon) and kept
at —20°C. The enzyme was effectively isolated by the single
CM-Sepharose column chromatography, with 300g of
fruits yielding 45 mg of purified phytolacain R, represent-
ing 13-fold purification and 13% recovery. In our previous
study (2), 30 mg of the purified phytolacain R was obtained
from 30 kg of ripe fruits. The procedure involved several
steps, and it is thought that the enzyme degraded auto-
lytically in the course of isolation. In the present study,
phytolacain R was easily isolated in the pure form by one
step of chromatography. In this regard phytolacain G had
been obtained from fractions 86 to 95 in the same condition
as shown in Fig. 1B described previously.

As shown Fig. 1A, phytolacain G was the major enzyme
fraction found in greenish small-sized fruits (2 wk after
flowering), and this enzyme increased with the growth of
fruits (Fig. 1, A-D). Phytolacain R, another basic proteoly-
tic enzyme, was found in full-sized greenish fruits (50-70 d
after flowering, Fig. 1C) and reddish ripe fruits (80-100d
after flowering, Fig. 1D). Full-sized greenish fruits (Fig.
1C) and reddish ripe fruits (Fig. 1D) of pokeweed thus
contained phytolacains G and R. The pass-through fraction
shown in Fig. 1, C and D, also contained proteolytic activity.
These activities were inactivated by PCMB, and no signifi-
cant difference was detected among the active fractions in
the sensitivity to various compounds and pH of maximum
activity (data not shown). It is suggested that these en-
zymes are isozymes of phytolacain. Phytolacain R had no
activity toward such synthetic substrates as Leu-p-nitro-
anilide (Leu-pNA), Ala-pNA for aminopeptidase activity,
and benzyloxycarbonyl-Phe-Leu (Z-Phe-Leu) for carboxy-

TABLE 1. Purification of phytolacain R from pokeweed fruits.
Total Total ) fic
Purification step protein activity a:.jptff'lity Recgzery
(mg) _ (units) _(onits/mg) )
Extract 4,570 47,300 10.4 100
Ammonium sulfate 1,280 36,000 28.1 76
CM-Sepharose 45 6,330 141 13

H. Yonezawa et al.

A 1.5 150
E
c
g 1.0 - 100 g
- 2
g z
2
E 0.5 50 T
«
E
0
00 50 100 150 200
Fraction number
E
g -—
g g
® 2
g z
2
g T
«
2
<
1] 50 100 150 200
Fraction number
£
g 7
=
. s
g z
F3
g 5
<
2
g :
% 3
: £
£ g
8 o
<
1 1
0 50 100 150 200
Fraction number
Fig. 1. Elution profiles on CM-Sepharose cation ion-exchange

chromatography of cysteine protease activity from pokeweed
fruits at various stages of growth. The flow rate of the column was
72ml/h. Each fraction was 15 ml. ®, absorbance at 280 nm; Z,
caseinolytic activity. A, small greenish fruits (2 wk after flowering,
diameter less than 3 mm); B, medium-sized greenish fruits (20-45 d
after flowering, 3-5 mm); C, full-sized greenish fruits (60-70 d after
flowering, 6-8 mm); D, ripe reddish fruits (80-100 d after flowering).
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peptidase activity (data not shown). Therefore, it is pre-
sumed that phytolacain R is an endopeptidase.

Molecular Mass of Phytolacain R—Purified protein
migrated as a single band of 23 kDa on SDS-PAGE ina 15%
polyacrylamide as shown in Fig. 2. A molecular mass of 25
kDa was also obtained by using TSK-gel HPLC gel filtra-
tion. Molecular masses of well-known plant cysteine pro-
teases occupy the range 23-30 kDa (10). Thus, phytolacain
R is typical of plant proteases in its molecular mass.

Carbohydrate Determination—No carbohydrate was
found in phytolacain R by the phenol-sulfuric acid method.
No sugar was found in phytolacain G by the same method
(4).

— 94
- 67
B 43
s — 30

- 20

Fig. 2. SDS-PAGE of purified phytolacain R. The samples were
electrophoresed in 15% polyacrylamide gel. The gel was stained in
Coomassie Brilliant Blue for 15 min and then destained. Lane 1,
purified phytolacain R; lane M, molecular mass standards (Da x 107%).
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Amino Acid Composition—The amino acid composition
of purified phytolacain R was determined (data not shown).
The values are expressed as the number of residues per
molecule, assuming a molecular mass of 24 kDa. Taking the
nearest integral numbers of residues, we calculated that
phytolacain R consisted of 218 amino acid residues per
molecule. Phytolacain R contained a methionine residue,
unlike papain.

Enzymatic Properties—Matsueda et al. employed an
affinity labeling method to study the inhibition of cysteine
proteases including a cytoplasmic Ca®*-dependent pro-

Residual enzyme activity (%)

0.1 1.0 10 50
Concentration of inhibitor (M)

o

Fig. 3. Inhibitory effect of the Cys(Npys) peptide on phyto-
lacains R and G and papain. Phytolacains R (C) and G (®) and
papain (A) protease activities were measured using casein as a
substrate. Enzyme concentrations were 2.3 uM.
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................................................................................. S in R. Sequences derived by Edman
B-2 B-3 degradation of specific peptides are
5 >~ | Ts I given below the overall sequence
=] (bold type). The peptides derived
C-5 C-6 from PE-phytolacain R by treat-
ment with Achromobacter protease
21;AMYPIKN I, chymotrypsin, trypsin, and cya-
nogen bromide are designated by
—_—]
K-6 the letters K, C, T, and B, respec-
—={ tively. The peptides are numbered
B-4 from the N-terminus.
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TABLE II. Amino acid composition of peptides obtained from
phytolacain R by Achromobacter protease I digestion.

H. Yonezawa et al.

TABLE III. Amino acid composition of peptides obtained from
phytolacain R by trypsin digestion.

Amino acid _ K-1 K2 K-3 K4 K5 K6 Amino scid  T-1 T2 T-3 T4 T-5 T-6
Asx 43(4) 4.7(6) 6.2(7) 2.0 21(3) 3.2(3) Asx 1.4(1) 2.3(3) 2.0(2) 0.9(1)
Glx 6.3(5) 11.0(11) 2.2(1) 1.8(2) 3.3(2) Glx 2.4(2) 1.0(1) 1.4(1) 273@) 0.7(1)

Ser 1.01) 3.2(4) 4.1(4) 18(2) 2.1(3) Ser 2.1(2) 1.8(2)

Gly 6.5(7) 10.9(8) 4.9(5) 3.6(2) 6.0(6) Gly 1.3(1) 1.2(1) 1.5(1) 3.8(4) 1.2Q1)
His 2.0(2) 0.8(1) His 0.8(1)
Arg 1.21) 1.9(3) 5.9(6) 2.4(3) Arg 1.1(1) 1.3(1)

Thr 1.1(1) 2.4(1) 2.2(1) 0.9(1) 182 1.3Q1) Thr 1.1(1)

Ala 1.4(1) 4.0(4) 17.0(5) 2.7(2)  3.3(3) Ala 2.6(3) 1.9(2)
Pro 2.4(2) 0.8(1) 5.2(4) 2.3(2) Pro 0.8(1) 1.6(2) 1.3(1)

Tyr 2.2(2) 55(5) 1.2(2) 2.4(2) 2.6(2) Tyr 1.4(1) 1.11)  1.7(2)  1.3(1)
Val 2.3(2) 3.95) 6.8(5) 1.5(1) 24(2) 2.2(1) Val 0.8(1) 15(2) 1.4(1) 1.3(1) 0.7(1) 1.8(2)
Met 1.7(2) 4.0(4) Met

PE-Cys 4.0(4) 1.0(1) 1.01) 1.0(1) PE-Cys 0.5(1) 0.5(1)

Te 1.5(1) 2.4(2) 17.0(6) 2.5(2) 3.2(2) Tle 1.2(1) 1.6(2) 1.0(1)
Leu 1.5(1) 3.3(3) 65.4(3) 1.4(1) 3.8(3) 2.1(1) Leu 2.1(3) 142 15(1) 221) 1.1(1)
Trp -1 -QO -(@ - (2) Trp

Phe 1.0(1) 1.7(1) 1.7(2) Phe 1.0(2)

Lys 1.1(1) 1.0(1) 1.6(1) 1.1(1) 1.0(1) 1.0(1) Lys 1.0(2) 1.0(1)
Total 18 47 74 17 24 37 Total 12 7 11 16 14 10
Position  1-18  19-65 66-139 140-166 167-180 181-217 Position  47-68 104-112 113-123 124-139 140-153 157-166

0.50

K4

K-3 K2

K-1
K-6
K-§

025

Absorbance at 220 nm

———

0 2 & %
Retantion time (min)

Fig. 5. Separation of peptides from a Achromobacter protease

I digest of PE-phytolacain R. PE-phytolacain R was digested with

Achromobacter protease I, and peptides were separated by chroma-
tography on an Aquapore butyl column as described in the text.

tease, rat liver lysosome cathepsing B, H, and L, (11), and
calpain (12). The inhibitors had a homologous sequence to
a good substrate of these enzymes, and the P, residue of the
substrate was replaced with a Cys(Npys) residue. The
inhibitory action of a Cys(Npys) peptide was specific for the
cysteine proteases, and the Cys(Npys) residue of the
inhibitor was presumed to bind to the SH-group of the
active site on the enzymes. The inhibitory activity of the
Cys(Npys) peptide toward phytolacains R and G and papain
is shown in Fig. 3. On addition of 5.0 M inhibitor, 15% of
the original caseinolytic activity of phytolacain R (2.3 M)
and 24% of the original activity of papain remained, while
the caseinolytic activity of phytolacain G was completely
inhibited (Fig. 3) (1).

Amino Acid Sequence—The sequencing is summarized in
Fig. 4. The peptides showing proteolytic digestions and
chemical cleavage were further purifiéd by reverse-phase
HPLC for sequencing in some cases.

The N-terminal amino acid sequence of the enzyme was

0.50

025

Absorbance at 220 nm

L)

[} E 80 90
Retention time (min)

Fig. 6. Separation of peptides from a trypsin digest of PE-
phytolacain R. PE-phytolacain R was digested with trypsin, and
peptides were separated by chromatography on an Aquapore RP-300
column as described in the text.

determined to position 52. It matched perfectly the amino
acid sequence up to position 35 reported previously (3).
Most of the sequence could be deduced from the peptides
obtained with Achromobacter protease L.

Six peptides were produced by Achromobacter protease I
cleavage of the PE-phytolacain R (Table II and Fig. 5) and
sequenced at least partly. K-1, K-4, K-5, and K-6 were
completely sequenced and had a lysine at the C-terminus.
The sequences of peptides K-1 and K-2 were aligned with
the help of the N-terminal sequence of PE-phytolacain R.

The remaining sequence and the overlaps were obtained
by the cleavage of PE-phytolacain R with trypsin (Table Il
and Fig. 6) and chymotrypsin (Table IV and Fig. 7), and by
chemical cleavage with cyanogen bromide (Table V and Fig.
8). The sequence of peptide C-6 was used to link the
sequences of peptides K-5 and K-6 obtained with Achromo-
bacter protease I. Similarly peptides T-2 and T-3 were
linked by peptide C-3, T-3, and T-4 by C-4, T-4, and T-5 by
C-5, and B-1 and B-2 by C-2. The carboxy-terminal residue
of phytolacain R was Asn, obtained by sequencing of
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TABLE IV. Amino acid composition of peptides obtained from
phytolacain R by chymotrypsin digestion.

31

TABLE V. Amino acid composition of peptides obtained from
phytolacain R by BrCN cleavage.

Amino acid C-1 C-2 C.3 C-4 C-5 C-6 Amino acid B-1 B-2 B-3 B-4
Asx 1.4(1) 3.2(4) 3.1(3) 1.0(1) 0.9(1) Asx 1.8(2) 10.3(11) 1.0(1) 0.9(1)
Glx 2.2(2) 1.8(2) Glx 1.1(1) 14.8(14) 1.0(1)

Ser 1.0(1) 1.0Q1) Ser 1.0(1) 7.4(8)
Gly 5.2(5) 2.0(2) 1.3(1) Gly 2.0(2) 13.8(14) 1.6(2)
His 0.6(1) His 2.1(2) 1.4(1)

Arg 1.2(1) 1.1(1) 0.9(1) Arg 7.8(6) 2.6(3)

Thr 0.8(1) Thr 2.1(4) 0.8(1)

Ala 2.9(3) Ala 1.2(1) 7.1(7)

Pro 0.9(1) 1.9(2) 1.1(Q1) Pro 4.7(4) 1.1(1) 1.0(1)
Tyr 1.6(2) Tyr 0.6(1) 9.1(9) 2.3(1)
Val 1.2(1) 1.0(1) Val 7.1(8)

Met 0.6(1) H-Ser 1.0(1) 0.8(1) 1.3(1)

PE-Cys 1.0(1) PE-Cys 1.9(1)

Ile 1.6(3) 2.0(2) Ile 2.1(3) 4.2(5) 1.1(1) 0.8(1)
Leu 1.6(2) 1.1(1) Leu 7.3(7) 1.4(1)

Trp -1 - - (1) Trp

Phe 1.1(1) Phe 0.6(1)

Lys 1.0(1) 1.1(1)  1.0(1) Lys 2.3(3) 0.8(1)
Total 11 16 12 12 4 4 Total 16 109 12 5
Position 58-68 76-90 111-122 123-134 138-141 180-183 Position 70-84 86-193 194-205 214-218

0.50
C6 ¢t

C-3
0.2%

C-2

Absorbance at 220 nm
O
{3

o

[¢] a0 80 90
Retantion time (min)

Fig. 7. Separation of peptides from a chymotrypsin digest of
PE-phytolacain R. PE-phytolacain R was digested with chymotryp-
sin, and peptides were separated by chromatography on an Aquapore
buty!l column as described in the text.

peptide B-4, which was shown not to contain homoserine or
homoserine lactone by amino acid analysis. The amino acid
composition of phytolacain R was consistent with that of the
enzyme described above.

DISCUSSION

The sequence of PE-phytolacain R was aligned with that of
papain [EC 3.4.22.2] (13, 14), actinidain [EC 3.4.22.14)
(15), and stem bromelain (EC 3.4.22.32] (16) (Fig. 9). Of
its 218 amino acid residues, phytolacain R shares 110
residues (50%) with papain, 104 (47%) with actinidain and
87 (40%) with stem bromelain. It was found to have 7
cysteines by sequencing and amino acid analysis, suggest-
ing that it has three disulfide bridges, like other members of
the papain family. At the N-terminus, phytolacain R is
longer than papain by one residue, asparagine. Stem
bromelain is8 longer by one alanine residue (16). A proline
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*H.Ser shows homoserine residue.

0.20
B-2

Absorbance at 215 nm
(4
o
o

B-3

0 30 60 90 120
Retantion time (min)

Fig. 8. Separation of peptides from a cyanogen bromide digest
of PE-phytolacain R. PE.phytolacain R was cleaved with cyanogen
bromide, and peptides were separated by chromatography on an
Aquapore butyl column as described in the text.

residue at position 2 (position 3 in phytolacain R and stem
bromelain) is conserved in the papain family. This residue
is considered to prevent unwanted N-terminal proteolysis
(17). In comparison with papain, phytolacain R shows an
insert of six amino acid residues between positions 167 and
168. In the same region, chymopapain [EC 3.4.22.6] (18),
caricain [EC 3.4.22.30] (19), and actinidain (16) have a
four amino acid insert.

The relationship of structure and function in cysteine
proteases has been investigated, especially for papain and
actinidain, whose tertiary structures are known (20).
Cys25 and His159 (based on the residue numbering of
papain) of phytolacain R were predicted to be the catalytic
residues by homology to papain. Asn175 of papain, oriented
in the vicinity of the imidazole of His159 (17), was also
conserved in phytolacain R. Of the residues surrounding the
putative oxianion hole in papain, Asn64, Gly65, and
Aspl58 (21) were replaced by Lys, Gly, and Asn, respec-
tively, in phytolacain R, while GIn19, Gly66, and Trpl177
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1 10 ' 0 40 50
Papain 1{PIE Y VIDWR|QKG TP CWAF[SAVVTI G[I|I K|[I|[RT|GINL NE Y|S|E
Actinidain L|P|S Y VIDWRI|S AG vDI CWAF|ISAI ATVI[E|GIINK|I|TS|GISL | SL|S|E
S.Brometaln AVIPIQS I|DWR|IDYG TS CWAFIAAI AT VI[E|S|IYK]I|KK[G|I L EPL|S|E
Phytolacain R NLIPISY I|[DWRINNY TPV CWAFSYVAAAVIE|G|IINR|IHHVT|GINRV 8 L|(S|P
-1 1] 70 80 90 100
Papain QELLIDCIDR- - RS YGI|C|N YPWSALQLY -AQY|GIHYRNT|YPY[EGVQRY|CIRSRE K
Actinidaln ELI|IDCIGRTQNTRGIC|D YITDGFQF I INDG|GINTDEN|YPYITAQGDGD|CIDVALQ
S.Bromelain QVLIDCIAK- - - GYG|C|K EFRAFEFI | SNK ASGAI|]YPYIKAAKGTI|ICIKTDG YV
Phytolscain R QLLIDCIRY - - GGG D|CIK MHSAFQY I I NNG|GI HMWDD|]YPYIVQRQRS|C/[QQ ARG
101 110 120 130 140 150 V‘IOO
Papain GPYAAXTDGVRQVICPYNEGALLYSIANQPIVSVYVLEAAGKDIFIQLIYIRGIG/) VIGIPICGINX VD
Actinkdein DAKYVTIDTYDNIVIPYNNEWALQTAVTYQ|PIVSVALDAAGDA|FIKQYAS ] T CGITAVD
S.Bromelain PNSAYIT-GYAR|VIP-RNNESSMMYAVSK|PIITVYAVDANA- NIFIQY|Y[KS v NIGIPICG|- SLN
Phytolacain R R--VVTIQGYQR|VIPPNDEGNLLRAIAQQPIVSI ALEGYSKD|F|QL|Y|GGG Y/GIDICG|ITK I N
161 170 180 100 200 210
Papain VAAVIGYG|- - - - - - PN[Y[I LI NSWIGTG|WGE(N|GY|I|R[I KIRIGTGNSY GLYTSSFY|PIVKN
Actinidain IVIVIGYG|- - TEGG VD|Y | VIKIN DTT|IWGE|E|IGYM{R|I LIRINV - GG A GI1ATMPS Y PIVKYNN
S.Bromelaln VTAIIGYG|- - - - - - aD|Y|IP K- - GAKIWGE|A|G Y|I |[RM AJRIDY S S S S ] G|l AIDPLY|PITLEE
Phytotacsein R VLAVI[GYG|TTLSSNED|Y|I QL|K|N S|wW|8 AG|WGE|S|G Y|M|R|[I LIRINTGRPE GVNMAAMY(P|II KN

Fig. 9. Comparison of the amino acid sequences of phytolacain R and other plant cysteine proteases. The four sequences were aligned

for maximum homology. Numbering is according to that of papain.

were conserved. These substitutions probably account for
the difference in substrate specificity observed between
phytolacain R and papain: Bz-L-Arg-pNA, a good substrate
of papain, was not hydrolyzed by phytolacain R; and Bz-
L-Tyr-pNA, a substrate of phytolacain R, was not hydro-
lyzed by papain (2). In particular, the replacement of
Asn64 by Lys may lead to positive charge repulsion be-
tween Lys64 of phytolacain R and the side chain of Arg of
the substrate Bz-L-Arg-pNA. We previously classified the
substrate specificities of phytolacain R and papain as broad
type, based on the P, position of the cleavage sites (3). On
the other hand, the P, position of the sites of cleavage by
phytolacain R was occupied mainly by a hydrophobic amino
acid residue such as Val, Tyr, or Phe (four of nine cleavage
sites of insulin B-chain) or by a small amino acid residue,
glycine or serine. In the case of papain, however, the P,
position was mainly occupied by a hydrophobic amino acid
residue such as Val, Leu, Tyr, or Phe (six of eight cleavage
sites). Papain was reported to prefer hydrophobic amino
acid residues at P, of the cleavage sites (22), while
phytolacain R also preferred small amino acid residues such
as Ser (P;) or Gly (P;) substrates. The papain substrate
pyroglutamyl-Phe-L.eu-pNA (23) was not hydrolyzed by
phytolacain R (data not shown). In some positions, the
amino acid residues forming the pocket of the subsite S, of
phytolacain R differed from those of papain. The amino acid
residues forming the substrate binding S, pocket of papain
(20, 24), Tyr61, Tyr67, Pro68, Trp69, Vall33, and Phe207
were replaced by Gly, Trp, Met, His, Ala, and Met in
phytolacain R, respectively (Table VI). These substitu-
tions, especially Tyr61—Gly and Val133—Ala, presum-
ably make the S; pocket is less hydrophobic in phytolacain
R than in papain. '

Phytolacain R may react with the Cys(Npys) residue of
Phe-Leu-Ser-Cys(Npys)-NH, as a P,’ site or a P, site,

TABLE VI. Amino acid residues forming the pocket of subsite
S, in phytolacain R and papain.

E Position No*

nzymes 61 67 68 69 133 157 205 207
Phytolacain R Gly Trp Met His Ala Ile Ala Met
Papain Tyr Tyr Pro Trp Val Val Ser Phe

2Based on the residue numbering of papain.

because it is thought to prefer a hydrophobic residue such as
Leu or a small hydrophilic residue such as Ser at position
P,. In brief, it was found that the inhibition by an affinity
labeling approach using Npys peptide was effective against
the protease activity of phytolacain R or G. The activity of
phytolacain G was completely inhibited by the Npys
peptide, whereas the caseinolytic activity of phytolacain R
remained. Phytolacains R and G thus differ somewhat in
substrate specificity.

A cysteine protease has been implicated in the digestive
process during the later stages of fruit development (25).
However, to our knowledge, a comparison of the proteases
of ripe and unripe fruits of the same plant has not hitherto
been conducted. Phytolacains G and R both originated from
the fruits of pokeweed, but differences were observed
between then. Nine sites of oxidized insulin B-chain were
cleaved by phytolacain G during 20 h of hydrolysis. Six of
the sites cleaved by phytolacain G were also cleaved by
phytolacain R. The substrate specificity of phytolacain G
was broad but resembled that of papain in the preference
for a hydrophobic residue at the P, position. The N-termi-
nal sequences of phytolacains G and R also differed, but the
amino acid residues conserved in the papain family were
also conserved in these enzymes (4).

J. Biochem.
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