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"free" iron ions are the major prooxidant factor in minced 
turkey muscles. Our results open a new way for the uti- 
lization of ceruloplasmin, a natural byproduct of animal 
blood, as a natural antioxidant for muscle foods. 

Registry No. Fe, 7439-89-6; ceruloplasmin, 9031-37-2; as- 
corbate, 50-81-7. 
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Figure 3. Effect of ceruloplasmin (150 U/g) on in situ lipid 
peroxidation in minced turkey muscle tiasues: 0, control, minced 
muscle (run 1); A, minced muscle (run 1) in the presence of 
ceruloplasmin; 0, control, minced muscle (run 2); A, minced 
muscle (run 2) in the presence of ceruloplasmin. 

Reactions 5 and 6 resemble the activity of a hydroper- 
oxidase like glutathione peroxidase, which decomposes 
hydroperoxides to nonradical compounds. The decom- 
position of hydroperoxides by heme proteins in the pres- 
ence of ascorbic acid has been documented (OBrien, 1969). 

In situ minced turkey muscle lipid peroxidation was 
inhibited by ceruloplasmin (Figure 3). This result was 
obtained with two different sources of turkey muscles, one 
of which tends to oxidize rapidly, the other more stable. 
In both samples, ceruloplasmin prevents between 76% and 
56% of the lipid peroxidation process. As a great part of 
the oxidation is prevented by low concentration of EDTA 
(Kanner et al., 1988) and ceruloplasmin, we conclude that 
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Limited Proteolysis of Ovalbumin by Pepsin 
Naofumi Kitabatake,* Kaoru Indo, and Etsushiro Doi 

The hydrolysis of hen egg white ovalbumin by porcine pepsin was examined a t  various pHs. Changes 
in molecular size of the ovalbumin occurring during hydrolysis were investigated by SDS-polyacrylamide 
gel electrophoresis. A strictly limited hydrolysis was observed a t  pH 4. Only a single peptide bond in 
the original ovalbumin (MW 45000) was cleft, and a peptide with a molecular weight of about 3000 was 
released. Both the released peptide and the residual protein (MW 42000) were resistant to further 
hydrolysis by prolonged incubation or addition of more pepsin. The cleavage site was between His-22 
and Ala-23 of the ovalbumin amino acid sequence. 

Enzymatic modification is a useful method to improve 
and upgrade the functional and nutritional properties of 
food protein; in particular, proteolytic hydrolysis is widely 
applied for such modification (Yamamoto, 1975; Kay, 1982; 
Adler-Nissen, 1986). Kitabatake and Doi (1985) prepared 

a transparent gel from pepsin-treated ovalbumin and egg 
white by heating although nonproteolyzed proteins gave 
turbid gels. However, it  is known that an extensive hy- 
drolysis of protein gives deteriorative effects: formation 
of a bitter peptide or loss of a functional property. Pro- 
teolytic activities are required to be controlled in some 
cases. For this purpose limited proteolysis is available. 

The transparent gel obtained from pepsin-treated 
ovalbumin, described above, gave no bitterness and a 
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hardness similar to that of the turbid gel prepared from 
nonproteolyzed ovalbumin. indicating that this proteolysis 
was the limited one. Usually pepsin does not show the 
limited proteolysis of protein, but in this study we showed 
that  such limited proteolytic activity can be obtained at 
a given condition when ovalbumin and egg white were used 
as a substrate. 

Pepsin is an acid protease that requires several subsites 
as well as a main binding site against good substrates 
(Fruton, 1976). From the studies of enzyme kinetics and 
chemical modification, the active site of pepsin is known 
to be composed of at least carboxylic groups, one (Asp-32, 
pH 1.5) protonated and the other (Asp-215, pH 4.5) un- 
protonated. The optimum pH for the hydrolysis of syn- 
thetic peptides varies between 2 and 4 depending on the 
structure of the peptides. Maximum rates for the hy- 
drolysis of various proteins have been observed at pH 2. 
The preferential cleavage site for proteins may change a t  
different pH regions. However, little evidence for the 
existence of different cleavage sites of the proteins at 
various pHs has been offered. 

This paper describes the very limited proteolysis of 
ovalbumin by porcine pepsin observed at pH 4. Only a 
single peptide bond in the ovalbumin molecule was cleft, 
and a stable intermediate named p-ovalbumin, which gave 
a heatinduced transparent gel whereas the ovalbumin gave 
a turbid gel at the same heating condition, was obtained. 
This means that a slight hydrolysis of protein can result 
in a drastic change of the functional properties of food 
protein. The cleavage site was determined, and it is also 
discussed in terms of the amino acid sequence and the 
conformation of the ovalbumin. 

MATERIALS AND METHODS 
Ovalbumin was prepared by crystallization from fresh 

hen egg white in a half-saturated ammonium sulfate sus- 
pension. Crystallizations were done five times. Sodium 
azide (0.03%) and EDTA (0.1 mM) were added through 
the preparation of the ovalbumin and the following enzyme 
experiments to prevent microbial contamination and the 
probable oxidation of free SH groups. The ovalbumin was 
crystallized five times. The purified ovalbumin suspension 
was centrifuged and the precipitate collected. The pre- 
cipitate was solubilized by the addition of a sodium 
phosphate buffer (20 mM, pH 7.5) containing sodium azide 
(0.03%) and EDTA (0.1 mM) and dialyzed against the 
same buffer. Concentration of ovalbumin was estimated 
from the absorbance at 280 nm with = 0.712 (Glazer 
et al., 1963). 

Pepsin (from porcine stomach mucosa, 1:60000) was 
obtained from Sigma Chemical Co. Carboxypeptidase Y 
purchased from the Oriental Yeast Co. was used to de- 
termine the carboxyl terminal of the protein. SDS-poly- 
acrylamide gel electrophoresis (SDS-PAGE) was carried 
out as described by Laemmli (1970) with a minor modi- 
fication (see legend in Figure 1). 

Gel chromatography was carried out with Sephadex 
G 7 5  previously equilibrated with sodium phosphate buffer 
(20 mM, pH 7.5) containing sodium azide (0.02%): column 
size, 2 X 75 cm; flow rate, 15 mL/h; sample applied, 1 mL 
of the reaction mixture. The determination of the sulf- 
hydryl group was performed by the procedure of Ellman 
(1959) with a minor modification. To  4.9 mL of sodium 
phosphate buffer (40 mM, pH 8.0). which contained SDS 
(0.48%). urea (8 M), and EDTA (1 mM), was added 0.1 
mL of an ovalbumin solution (40 mg/mL). Native oval- 
bumin did not react with the Ellman's reagent without the 
addition of SDS and urea. The amino terminal of the 
protein was determined by the dansyl chloride method 
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Fiyre 1. Proteolysis of ovalbumin by pepsin at pH 2.0, measured 
by SDS-PAGE. Reaction mixture (1 mL) contained 50 rL of 
ovalbumin (40 mg/mL), 4 rL of pepsin (10 mg/mL), 500 rL of 
hydrochloric acid-sodium acetate buffer (0.2 M. pH 2.0), and 10 
rL of aodium azide (3 mg/mL). After incubation for the indicated 
period (numbers in the figure give reaction time in hours), 5 rL 
of 2-mercaptoethanol, 5 gL of bromophenol blue solution (0.05%), 
40 rL of water, and 50 rL of the sample buffer for SDS-PAGE 
contninii Tris buffer (125 mM, pH 7.0) and SDS (2%, w/v) were 
added to 20 p L  of the reaction mixture and then heated for 3 min 
at 100 "C. Fifteen microliters of this mixture containing 3 pg of 
ovalbumin wan applied to a SDSpolyacrylamide gel (13.5%. w/v). 
Migration occurred from top to bottom. 

(Gray and Hartley, 1963). The dansylated protein was 
hydrolyzed with 5.7 M HCl for 20 h a t  105 "C, and the 
dansyl amino acids were identified by two-dimensional 
thin-layer chromatography on polyamide sheets (7.5 X 7.5 
cm). 

The carboxyl terminal of the protein was determined 
by the use of carboxypeptidase Y followed by automatic 
amino acid analysis. 
RESULTS 

The enzymatic reaction of pepsin with ovalbumin (10 
mg/mL) as the substrate was performed at various pHs 
(1-7) a t  25 OC. Hydrochloric acid-odium acetab buffer 
(pH 1-3). sodium acetate buffer (pH 4-5), and sodium 
phosphate buffer (pH 6-7) were used at 0.1 M concen- 
trations. The hydrolysis of the ovalbumin molecule was 
judged by the change in the SDS-PAGE pattern. A t  pH 
2 (Figure l), the original band of the ovalbumin (MW 
45000) gradually diminished with time, almost disap- 
pearing after 12 h. No bands other than the original one 
appeared in the SDS-PAGE pattern, indicating that the 
ovalbumin molecule was hydrolyzed directly to small 
peptides. A t  pH 4 (Figure 2).  the appearance of a new 
band (MW i~ 42000) was observed as the original band 
disappeared. After 12 h, all of the original ovalbumin 
molecule had become this smaller intermediate protein, 
which was stable against further reaction with pepsin. No 
hydrolysis was observed during further reaction for 12 h 
(lane 5 in Figure 2) or after the addition of more pepsin 
(lane 6 in Figure 2). This stable intermediate protein was 
named p-ovalbumin. At  pH >5, no hydrolysis of the 
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Table 1. Release of Amino Acids from Ovalbumin or 
p-Ovalbumin by Carboxypsptidaw Y DigestionD 

0 a e 1 2 2 4  +pQ.h 

LI 
a=- 

- w L 1  

ovalbumin time. min Val Ser Pro 
orin 5 0.19 0.38 0.72 
O f A  20 0.57 0.63 0.95 
p-OVA 5 0.28 0.45 0.54 

"Six milligrams of native ovalbumin or p-ovalbumin in 2 mL of 
sodium phosphate buffer (20 mM, pH 7.5) was added to 0.1 mL of 
SDS solution (1.12 M) and the resultant mixture heated for 5 min 
at 90 "C. Then, 0.5 mL of N-ethylmorpholine acetate (1.0 M. pH 
6.5) and 0.06 mL of carboxypeptidase Y (5 mg/mL). freshly pre- 
pared from powder, were added to the mixture. After incubation 
for 5 or 20 min at 25 ' C ,  the enzyme reaction was stopped by ad- 
dition of 0.5 mL of trichloroacetic acid solution (20%. w/v). The 
reaction mixture was concentrated on a rotary evaporator. The 
concentrate was mixed with 0.5 mL of citrate buffer (0.2 M, pH 
2.2), and 0.3 mL of the mixture was put into an automatic amino 
acid analyzer (Hitachi Model 935). Each value represents moles of 
amino acid released per mole of protein. 

Figwe 2. F'rotwlyak of ovalbumin by pepsin at pH 4.0, measured 
by SDS-PAGE. Details are the same as in Figure 1 except for 
pH. Numbers in the figure give the reaction time (hours), and 
'+ pepsin" means that the same amount of pepsin (40 pgf4 rL) 
was added again to the reaction mixture after 12-h incubation 
and the resultant mixture allowed to stand for 12 h. 

AcGly-Ser-l1e-Gly-~la-Ala-Ser-Met-G1 u-PheePhe-Asp-Val-Phe- 
Lys-G1 u-Leu-Lys-Val-Hir-His-Ala-Asn-Glu-Asn-lle-Phe-Tyr~ 

1 0  IS 

* I  I * o  

--------Gln-C~s-Gly---------------------Gl"-C:r-Val-----Ala- 7 1  I , ,  1.1 

I50 IS5 I 6 0  

3 6 5  3 7 0  ,,$ 

G1 u-A1 a-Gly-Val-Asp-A1 a-A1 a-Ser-Val -Ser-Glu-61 u-Phe-Arg-A1 a- 

Asp-His-Pm-Phe-Leu-Phemlle-Lyr-Hi 2-1 le-A1 a-Thr-Asn-A1 a- 

Val -Leu-Phe-Phe-Gly-AqaVal -Ser -Pro 
380 1 8 1  

Figure 3. Primary amino acid sequence of ovalbumin. This 
sequence is given in Nisbet et al. (1982). The pepsin cleavage 
site at pH 4 is indicated by an arrow. 

ovalbumin was observed. The above results show that the 
ovalbumin was hydrolyzed to the stable intermediate p- 
ovalbumin with a smaller molecular weight than the ori- 
ginal ovalbumin, by pepsin at pH 4. A fragment of small 
molecular weight (.-3000) released from the ovalbumin was 
not detectable by SDS-PAGE but was detected by gel 
filtration on Sephadex G-75. The hydrolysate of the 
ovalbumin at  pH 4 by pepsin was applied on the Sephadex 
column. Two large peaks corresponding to p-ovalbumin 
and to this fragment and a minor peak corresponding to 
pepsin were observed on the chromatogram. The fractions 
containing p-ovalbumin or the fragment were collected and 
used for the analysis described below. The  original 
ovalbumin was also treated on the same Sephadex column 
and used as a reference. 

The  amino acid sequence and the position of the S-S 
bridge have already been described by Nisbet et al. (1981) 
and are shown in Figure 3. The amount of free SH in the 
original ovalbumin and in thep-ovalbumin was determined 
by the use of Ellman's reagent. 

The  original ovalbumin contained 4.0 mol and the p- 
ovalbumin 3.2 mol of SH/mol of protein. The amount of 
SH in the ovalbumin found was consistent with that given 

- s o l v m l  

Figure 4. Thin-layer chromatography of dansyl amino acids on 
polyamide sheeta. First, 80 pL of the p-ovalbumin (200 rg) 
obtained by G-75 Sepbadex chromatography was added to 50 rL 
of redistilled N-ethylmorpholine, and 75 rL of dansyl chloride 
(25 mg/mL) was added to the mixture. After thorough mixing, 
the mixture was incubated for 1 ha t  25 "C and 500 pL of acetone 
was added. The precipitate was collected by centrifugation (3000g. 
for 10 min), washed with 500 rL of 6 M HCI, and incubated for 
18 ba t  105 "C to hydrolyze the peptide. After incubation, the 
HCI was removed from the hydrolysate with NaOH pellets. The 
dried matter was solubilized hy the addition of ethanol (10 pL) 
and spotted on polyamide layer sheets (7.5 X 7.5 cm, from Cheng 
Chin Trading Co., Ltd.). The first solvent was water-0% formic 
acid (2W3, v/v), the second solvent benzeneacetic acid (91, v/v). 
and the third solvent ethyl acetatemethanol-acetic acid (201:1, 
by volume). 

by Nisbet e t  al. (1981). One cysteine residue was removed 
from the ovalbumin during this limited proteolysis by 
pepsin. Therefore, the site of the proteolytic cleavage must 
be either between Cys-11 and Cys-30 or between Cys-367 
and Cys-382 (Figure 3). 

The carboxyl terminal of the original ovalbumin and of 
the p-ovalbumin was determined with carboxypeptidase 
Y as shown in Table I. Proline, serine, and valine were 
successively released from the ovalbumin with time, as 
Nisbet et al. also reported (see Figure 3). In the case of 
p-ovalbumin, results similar to those for the original 
ovalbumin were obtained. This indicates that no cleavage 
occurred a t  the side close to the carboxyl terminal of the 
ovalbumin, that  is between Cys-367 and Cys-382. The 
amino terminal of the original ovalbumin was not de- 
tachable by the p-ovalbumin as shown in Figure 4. 

Spots corresponding to dansylalanine and dansyllysine 
were observed on the polyamide sheets. A minor spot was 
also found when the original ovalbumin was used, hut that 
was not identified. 
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The results indicate that the amino terminal of p -  
ovalbumin is alanine. The only possible site of cleavage 
of the ovalbumin is the peptide bond between His-22 and 
Ala-23, which is between Cys-11 and Cys-30. 

The amino and carboxyl terminals of the fragment (after 
12 h of hydrolysis) separated by Sephadex G-75 were also 
examined as described above. No dansyl amino acids 
derived from the amino terminal of the fragment were 
detectable on the polyacrylamide sheets. The carboxyl 
terminal of the fragment was histidine. The results in- 
dicate that the fragment was a peptide from the amino 
terminal to the His-22 of the original ovalbumin. The 
fragment obtained after 24 h of hydrolysis contained the 
same carboxyl terminal (histidine). All these results in- 
dicate that only a single peptide bond (His-22-Ala-23) in 
the ovalbumin was cleft after reaction with pepsin at pH 
4. 
DISCUSSION 

At  pH 2.0, pepsin hydrolyzed the ovalbumin molecule 
into small peptides not detected by SDS-PAGE; that is, 
it  attacked the many peptide bonds of ovalbumin a t  this 
PH. 

However, a t  pH 4.0, pepsin acted on only one peptide 
bond in the ovalbumin molecule and produced a stable 
intermediate, p-ovalbumin. 

The roughly estimated molecular weight of the released 
peptide (3000) from the SDS-PAGE pattern coincided well 
with the number of residues, determined by amino and 
carboxyl terminal analyses to be 22. Both the fragment 
peptide and the p-ovalbumin were resistant to further 
hydrolysis by pepsin a t  pH 4. The proteolysis might be 
limited for two reasons. One is the change of the substrate 
specificity of pepsin caused by changes in pH. The other 
is the conformation of the native ovalbumin. 

As described in the introduction, two carboxyl groups 
in pepsin molecule are easential to its catalytic action. The 
enzyme is most active for various synthetic peptides be- 
tween pH 1.5 and 4.5. 

Most experiments for the hydrolysis of a protein sub- 
strate by pepsin are carried out at pH 1.8 or 2.0, but when 
the hydrolysis was carried out a t  pH 4 in this study, only 
a single peptide bond of the ovalbumin was hydrolyzed. 
In separate experiments, the hydrolysis of casein by pepsin 
was examined (data not shown). At  pH 4, the formation 
of a intermediate protein (limited hydrolyzed ovalbumin) 
was observed on SDS-PAGE, indicating that, a t  least a t  
pH 4, the cleavage sites of the protein were fewer than at 
pH 2. However, in the case of casein, the intermediate 
protein gradually diminished after prolonged incubation. 
This difference of ovalbumin and casein can be explained 
by the difference of their conformations. The casein 
molecule has a random structure a t  all pHs and does not 
need the addition of a denaturant even for proteolysis a t  
neutral pH. However, most proteins need the addition of 
some denaturant or the treatment for denaturation of 
protein to be proteolyzed a t  neutral pH. 

Ovalbumin is also resistant to proteolysis at neutral pH. 
For example, trypsin did not act a t  all a t  pH 7 (unpub- 
lished data). Subtilisin can hydrolyze two sites of oval- 
bumin (bonds 345-346 and 352-353). 

A t  pH 4, the conformation of ovalbumin would not be 
very different from that a t  neutral pH, and the bonds 
between His-22 and Ala-23 are exposed at the surface, to 
be easily cleft by pepsin. Another peptide sequence be- 
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tween 345 and 353 is also probably exposed, as shown by 
experiments with subtilisin. However, this part of the 
peptide was not hydrolyzed a t  pH 4 by pepsin, probably 
by the decrease of cleavage sites by pepsin at pH 4. 

I t  is known that ovalbumin is synthesized and secreted 
without the cleavage of a hydrophobic signal peptide, 
unlike other secretory proteins. Meek et al. (1982) spec- 
ulated that the hydrophobic signal peptide lies between 
residues 25 and 45 and folds back toward the preceding 
residues to form an amphipathic hairpin structure. Res- 
idues 1-25 of ovalbumin do not possess a hydrophobic 
stretch, whereas residues 2 6 4 5  are all either hydrophobic 
or uncharged. They suggest that this amphipathic se- 
quence forms one limb of a hairpin loop, which is the signal 
element responsible for interaction with the microsomal 
membrane. The site of pepsin attack is the curved part 
of the loop, that is, the conversion area from a hydrophilic 
amino acid sequence to a hydrophobic amino acid se- 
quence. On the other hand, Lingappa et al. (1979) stated 
that the signal sequence involved in membrane translo- 
cation is located between residues 234 and 253. 

Our studies suggest that His-22 and Ala-23 are exposed 
on the outside of the ovalbumin molecule and that when 
the hairpin loop is also on the outside and linked to the 
rest of the ovalbumin molecule (residue 50 linked to 38.9, 
pepsin will probably selectively attack only the peptide 
bond between His-22 and Ala-23. This supports the sug- 
gestion of Meek et al. (1982) rather than that of Lingappa 
et al. (1979). 

Registry No. Pepsin, 9001-75-6; carboxypeptidase Y, 9046- 
67-7. 
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