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Abstract-An acid-stable and heat-labile proteinous protease inhibitor which was found in spinach leaves but not in 
seeds was isolated by sequential chromatography and preparative isoelectric focusing The isoelectric point of this 
inhibitor was 4.5. The inhibitor bad a M, of ca 18 000 and was rich in aspartic acid and glycine; it had 4 half-cystine, 
2 tryptophan and no methionine residues. Its extinction coefficient (El&) was 13.7 at 280nm. The inhibition was 
competitive and the dissociation constant was 3.32 x lo-i3 M. The inhibitor was specific to serine proteases and 
strongly inhibited trypsin and weakly inhibited a-chymotrypsin and kalbkrein. 

INTRODUCTION 

It is known that proteinous protease inhibitors are widely 
distributed in micro-organisms, animals and higher plants 
[l-4]. In higher plants, many kinds of protease inhibitors 
have been purified, mainly from legume seeds and various 
tissues in the Solanaceae [S, 63. The inhibitors from 
soybean seeds have been most thoroughly studied with 
respect to their structures and their protease-protease 
inhibitor interactions [7]. The present paper reports the 
results of the puritication and characterization of a 
protease inhibitor from spinach leaves. 
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Distribution of protease inhibitors 

The elution profiles on Sephadex G-75 chromato- 
graphy of the acid-soluble crude extracts prepared from 
various spinach tissues are shown in Fig. 1. Inhibitors for 
trypsin were eluted in two peaks in seeds (Fig. 1, A) and in 
leaves (Fig. 1, B) and in three peaks in roots (Fig. 1, C). 
Chromatography of the inhibitors on a calibrated 
Sephadex G-75 column indicated apparent M,s of 
ca 40000 (termed UOK), ca 20000 (termed I-20K) and 
ca 7000 (termed I-7K), respectively. I-20K was found in 
leaves and roots, but not in seeds. 

Purijcatlon of the protease inhibitor (I-20K) from leaves 

The acid-soluble crude extract of spinach leaves, which 
was desalted with a Sephadex G-25 column, was applied 
to a DEAE-Sephacel column. As shown in Fig. 2, some of 
the inhibitory activities for trypsin eluted with the initial 
buffer and some were eluted with a salt gradient at 

tPre-sent address: Suntory Institute for Biomedical Research, 
Wakayamadai, Shrmamoto-cho. Mishima-gun, Osaka 618, 
Japan. 
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Fig. 1. Gel Sltration of spinach trypsin inhibitors on Sephadex 
G-75. The acid-soluble materials were extracted from: 25 g seeds 
(A), 740)~ leaves (B) and 562g roots (C). Elution was done with 
Tris-HCI buffer, pH 7.4. Arrows a, b, c and d in the figure 
indicate the positions of the M, markers of 45 000,22 000,12 500 

and 6500, respectively. 
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Fig 2. Ion-exchange chromatography of the trypsin inhibitors 
extracted from spinach leaves on DEAESephacel. The applied 
material was eluted by a linear gradient of NaCl. (o-o) 

Absorbance at 280 nm; (o-o) inhibitory activity for trypsin. 
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0.12 M NaCl. These activities corresponded to the I-7K 
and I-20K inhibitor activities, respectively, determined by 
rechromatography on Sephadex G-75. The I-20K fraction 
was applied to a trypsin-polyacrylamide afEnity column. 
The inhibitor was eluted with 10 mM HCI as a single peak, 
and the elution peak of the inhibitory activity coincided 
with that of the Azeo absorption. This fraction was 
collected, adjusted to 50mM Tris-HCl by adding 1 M 
Tris-HCI buffer (pH 7.4) and subjected to preparative 
isoelectric focusing (Fig. 3). The inhibitor focused at 
pH 4.5. A summary of the typical purification procedures 
is presented in Table 1. An overall purification of ca 25W 
fold was achieved. About 0.8 mg of the purified protease 
inhibitor was obtained from 2 kg of spinach leaves with 
10.9 % recovery. 

SDS-polyacrylamide gel electrophoresis 

The purified protease inhibitor (ca 5 pg) was assayed for 
purity by SDS-polyacrylamide gel electrophoresis (Fig. 4). 
A single band, stained with Coomassie Brilliant Blue 
R-250, was observed at the position of M, 18 000. 
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Fig. 3. Isoelectric focusing of the inhibitor eluted from an 
affinity column. The focusing was done for the first day at a 
constant voltage of 400 V, the second day at 600 V and the third 
and fourth days at 900 V. (o l l ) pH; (o-o) inhibitory activity for 

trypsin. 
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Fig. 4. SDS-polyacrylamide gel electrophoresis of the purified 
inhibitor. The electrophoresis was performed according to 
LaemmIi [18], using 12% acrylamide gel. Proteins on the gel 
were stained with 0.1% Cuomassie Brilliant Blue R-250 dissolved 
in SO y0 TCA. (A) Indicator: albumin (M, 66 OOO), ovalbumin 
(M, 45 000), trypsinogen (M, 24000), /%ctoglobulin (M, 18 400) 

and lysozyme (A4,14300); (B) purified inhibitor (5 pg). 

Amino acid composition 

The results of amino acid analysis are given in Table 2. 
The calculation of amino acid residues was based on an M, 
of 18 000. The inhibitor was composed of 166 residues and 
had a calculated M, of 17 921. It was rich in aspartic acid 
and glycine, and had 4 half-cystine, 2 tryptophan and no 
methionine residues. 

Table 1 Summary of the punfication of protease mhibitor (I-20K) 

specific 
Recovery activity Purlficatlon 

Steps (%) (umts/mg) (times) 

1ooOOg sup.* 100.0 0.052 1.0 
Perchloric acldt (f.c. 3 %) 56.9 0.105 2.0 
Ammonium sulfate* (70 % sat.) 24.3 0.112 2.1 
DEAE-Sephacel (pH 7 4) 

Non-charged 
0.12MNaCl 16.8 

1.03 19.7 
1.01 193 

Sephadex G-75 164 4.20 80.8 
Ttypsm-PAG 11.5 117.1 2300 
Isoelectnc focusmg 10.9 130.0 2500 

*Actwlty was measured after desalting on Sephadex G-25. 
tActlvlty was measured m the 1OOOOg supematant fraction after neutrahzation 

with 5 M KOH 
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Table 2. Amino acid composition of spinach 
trypsin inhibltor (I-20K) 

Residues 
Amino actd nmol per molecule 

Aspartx acid 39.4 20 
Threonine 30.0 16 
Serine 28.3 15 
Glutamtc actd 23.7 
Prolme 17.9 

l2 4t 
9 

Glycme 35.7 19 
Alanine 157 8 
Valine 24.3 13 
Half-cystine* 7.4 4 
Metluoninet 0.4 0 
Isoleucme 18.5 10 
Leucine 23.1 12 
Tyrosme 14.1 7 
Phenylalanme 10.8 6 
Lysme 11.0 6 
Histidine 1.8 1 
Arginine 12.0 6 
Tryptophan$ 3.9 2 
Total 166 
J+f, 17921 

Calculattons were based on an M, of 18000. 
*Determined as cysteic acid [19]. 
t Determined as methtonme sulfone [ 191. 
$Determined by hydrolysis in the presence of 

thtoglycollic acid [20]. 

Absorption spectrum and extinction coejicient 

The UV absorption spectrum of the protease inhibitor 
in 50 mMTris-HCl (pH 7.4) showed a maximum at 
280 nm and a minimum at 245 nm. The Azso jAzeO ratio of 
the protein was 1.92 and the extinction coefficient (Ef&) 
was 13.7 at 280 nm. 

Stoichiometric experiments 

Inhibition of trypsin activity at pH 7.8 by increasing the 
level of inhibitor is shown in Fig. 5. The titration curve 
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Fig. 5. Titration curve of tqpsin activity with the inhibitor. The 
inhibitor was first added to the trypsin solution and incubated for 
10 min at 25” and then the reaction was started by the addition of 

BAEE. 

was linear up to 80 % inhibition of trypsin activity and the 
extrapolation of the curve indicated that 1 mol of the 
inhibitor reacted with 1 mol of trypsin to form a 1: 1 
inhibitor-enzyme complex. The dissociation constant 
estimated bf the method of Green and Work [S] was 
3.32 x 10-r M. 

Enzyme speciJicity of the inhibitor 

The specificity of the inhibitor was tested against 
several proteases from serine, -SH and acid classes 
(Table 3). The inhibition was highly specific for trypsin. 
a-Chymotrypsin and kallikrein were only slightly in- 
hibited. The inhibitor exerted its inhibitory effect on both 
the esterase and amidase activities of trypsin and kallik- 
rein, using benxoyl-L-arginine ethyl ester and H-D-valyl-L- 
leucyl-L-arginine-p-nitroanilide as substrates, respect- 
ively. On the other hand, no inhibition was observed for 
thiol proteases papain, chymopapain and bromelain, or 
for an acid protease, pepsin. 

Heat stability of the inhibitor 

The purified inhibitor was treated for 10 min at 80” and 
90” in 50 mM Tris-HCI (pH 7.4). The treatments reduced 
the activity by 40and 100 %, respectively. More than 80 % 
of the inhibitory activity remained after treatment at 70” 
for 10 min. 

Table 3. Substrate spectticny of the mhtbitor (I-20K) 

Enzyme Substrate 

Fmal concn pH of 
of substrate reaction Inhibttion 

(mM) mixture (%) 

Trypsin 
Trypsin 
a-Chymotrypsin 
Kallikrem 
Kalhkrein 

0.3 
0.6 
1.5 
0.3 
0.6 

Papain 
Cymopapain 
Bromelam 

BAEE 
H-DVal-Leu-Arg-pNA 
ATEE 
BAEE 
H-DVal-Leu-Arg-pNA 

Bz-Phe-Val-Arg-pNA 
Bz-Phe-Val-Arg-pNa 
Bz-Phe-Val-Arg-pNA 

0.7 
0.7 
0.7 

Pepsin Hemoglobin * 

7.8 44.1 
7.8 34.1 
7.8 8.6 
8.7 9.1 
8.7 12.5 

56 0 
5.6 0 
5.6 0 

t 0 

The concentratton of all enzymes m the reaction mixture was 100 nM. 
* 2 y0 hemoglobin was used as the substrate. 
tThe reaction was carried out in 0.06 M HCl. 
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arginine ethyl ester (BAEE, Sigma) after addition of inhibitors. 
The assay system was composed of 0.5 ml sample, 0.2 ml 500 mM 
Tris-HCl bu!Fer (pH 7.8), 0.1 ml 25 &ml trypsin (Worthington) 
containing 0.0025 M HCl and 0.02 M Cat&, and 0.2 ml 
0.0015 M BAEE. The reaction was started by the addition of 
BAEE, and the increase in A zs3 was recorded. The activity of 
inhibitors was expressed as uruts of trypsin activity inhibited. 

The enzyme specificity of the inhibitor was tested by using 3 
groups of proteases: senne proteases [trypsin, a-chymotrypsm 
(Worthington) and kallikrein (Sigma)], thiol proteaaes [papain, 
chymopapain and bromelain (Sigma)] and an acid protease 
[pepsin (Worthington)]. The concn of all enzymes used in 
reaction mixture was 100 nM. The activity of the inhibitor was 
spectrophotometrically estimated from the residual hydrolys= 
activity of substrates [Zl, 223. As substrates of proteases, 
H-D-valyl-L-leucyl-L-argmine-p-nitroanilide (H-r+Val-Leu-Arg- 
pNA, Kabi), N-benzoyl-L-phenylalanyl-L-valyl-L-arginine-p 
nitroanilide (Bz-Phe-ValArg-pNA, Kabi), N-acetyl-L-tyrosine 
ethyl ester (ATEE, Sigma) and hemoglobin (Sigma) were used. 
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