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Novel peptide-based pepsin inhibitors containing an epoxide group
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Abstract

1,2-Epoxy-3-( p-nitrophenoxy)propane (EPNP) is known to inhibit pepsin A and other aspartic proteinases by reacting with
the active site aspartic acid residue(s). However, the reaction is considerably slow in general, and therefore, it is desirable to
develop similar reagents that are capable of inhibiting these enzymes more rapidly. In the present study, we synthesized a series
of novel inhibitors which have a reactive epoxide group linked with peptide by a hydrazide bond, with a general structure: Iva-
L-Val-L-Val-(L-AA),-N,H,-ES-OEt (n = 0 ~ 2) (Iva, isovaleryl; AA, bulky hydrophobic or aromatic amino acid residue; ES,

epoxysuccinyl). These inhibitors were shown to inhibit porcine pepsin A remarkably faster than EPNDP.
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Introduction

Pepsin is the major proteinase involved in protein
digestion in the stomach under acidic conditions, and
belongs to the aspartic proteinase family, possessing
two catalytic aspartic acid residues at the active site
[1]. There are two major types of pepsin, i.e. pepsin A
[2] and pepsin C (or gastricsin) [3], in the adult
stomach, and the former is the major pepsin in human
and many other animals. So far, there are three kinds
of potent low-molecular-weight pepsin inhibitors
described in literature; diazoacetyl-DL-norleucine
methyl ester (DAN) (and related diazo reagents) [4—
6] and 1,2-epoxy-3-(p-nitrophenoxy)propane
(EPNP) [7] are irreversible pepsin inhibitors, and
pepstatin A (isovaleryl-L-valyl-L-valyl-statyl-L-alanyl-
statine) is a reversible pepsin inhibitor obtained from
Actinomysates [8] (Figure 1). Porcine pepsin A was
shown to be inhibited by specific esterification of the
carboxyl group of the active site Asp215 with DAN or
related diazo reagents in the presence of cupric ions

[4—6] and by that of the active site Asp32 or Asp215
with EPNP [9]. On the other hand, pepstatin A is
known to bind non-covalently to the active site of
porcine pepsin A, as a transition-state analog inhibitor
[10], the K; value being estimated to be around 10~ '°
M [11]. Human pepsin A was also shown to be
strongly inhibited by these inhibitors like porcine
pepsin A [7,12]. Pepsin C is also inhibited by DAN
and EPNP like pepsin A, although it is less sensitive to
pepstatin A. Thus, these inhibitors have been widely
used as specific inhibitors of pepsin and other aspartic
proteinases. So far DAN- and EPNP-related inhibi-
tors have not been used pharmacologically, but many
attempts have been made to make pharmacological
use of pepstatin A-related (statin-containing) inhibi-
tors as specific inhibitors toward related aspartic
proteinases such as human renin [13] and human
immunodefficiency virus proteinase [14].

DAN reacts with pepsin and other aspartic
proteinases very rapidly; porcine pepsin A is inacti-
vated completely within 10min in the presence
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Figure 1. The structures of pepsin inhibitors. (a) New inhibitors:
Isovaleryl-L-Val-L-Val-(1L-AA) -N,H,-ES-OEt (n = 0 ~ 2), (b)
Pepstatin A: Isovaleryl-L-Val-L-Val-Sta-L-Ala-Sta. Sta, statine
(4-amino-3-hydroxy-6-methylheptanoic acid). (c) EPNP. (d)
DAN. For EPNP and DAN, the reaction schemes with an active
site carboxyl group of pepsin are also shown.

of about 40- and 33-fold molar excess of DAN and
cupric ions, respectively, at pH 5.0 and 14°C [4]. This
rapid reaction is thought to be partly due to the
formation from DAN of a Cu®*-complexed reactive
carbene intermediate [15]. On the other hand, EPNP
reacts with them very slowly; it took over 70h for
complete inactivation of human pepsin with an excess
EPNP at pH 4.6 and 25°C [7]. Therefore it is
desirable to develop similar inhibitors which are
capable of inhibiting these enzymes much more
rapidly.

In the present study, we synthesized a series of novel
inhibitors carrying a reactive epoxide group. These
inhibitors have a general structure: Iva-L-Val-L-Val-
(L-AA),-NHNH-ES-OEt (n = 0 ~ 2) (Iva, isovaleryl;
AA, bulky hydrophobic or aromatic amino acid
residue; ES, epoxysuccinyl), in which the epoxide
group is linked with the peptide moiety by a hydrazide
bond. They were prepared by reacting Iva-Val-Val-
(AA),-NHNH, with ethyl L-trans-epoxysuccinate. All
these compounds thus prepared were shown to inhibit
porcine pepsin A at much faster rates than EPNP and

lva-Val-Val-OMe (AA), (n=0~2)
1 NaOH l MeOH/SOCE 0.~-+-HO-ES-OH
Iva-Val-Val-OH (AA) -OMe IR
| | -+-HO-ES-OH - -Arg
l DCCHOB HSOWECH
Iva-Val-Val-(AA) -OMe -t-EtO-ES-OEt
| were-mio | voweron
Iva-Val-Val-(AA) -N,H, -+EtO-ES-OH

l DCC/HOB

Iva-Val-Val-(AA) -N,H,-ES-OEt

Figure 2. Outline of the procedures for the synthesis of
the inhibitors. DCC, dicyclohexylcarbodiimide; HOBt,
1-hydroxybenzotriazole; Iva, isovaleryl; N,H,;-H,O, hydrazine
hydrate; SOCI,, thionylchloride; ES, epoxysuccinyl; t, trans.
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suggested to be useful as a novel series of active-site-
directed irreversible inhibitors for pepsin and other
aspartic proteinases.

Materials and methods
Materials

Porcine pepsin A, bovine hemoglobin and EPNP were
obtained from Sigma, and pepstatin A from Peptide
Instiute, Osaka. Porcine pepsin A was used in the
present study instead of human pepsin A since the
former is the only commercially available pepsin and is
thought to be very similar to human pepsin A in
various characteristics. Amino acids were obtained
from Nippon Rika Co., Tokyo and the other reagents
used were mostly from Wako Pure Chem. Ind. Tokyo
except for hydrazine hydrate and dicyclohexylcarbo-
diimide (Nacalai Tesque Co., Kyoto) and 1-hydro-
xybenzotriazole monohydrate (Kokusan Chemical
Co., Toyo). Other reagents used were of analytical
grade.

Synthesis of inhibitors

The compounds Iva-Val-Val-(AA),-N,H,-ES-OEt
(n = 0 ~ 2) were synthesized from Iva-Val-Val-(AA) .-
N,H; (n =0 ~ 2) and ethyl L-trans-epoxysuccinate
by the following general procedures (see Figure 2).

Iva-Val-Val-OH was conventionally prepared and
reacted with H-(AA),-OMe (n = 0 ~ 2) to yield Iva-
L-Val-L-Val-(AA),-OMe. Iva-Val-Val-(AA),-OMe
(5 mmol) was dissolved in 200 ml of methanol (or
dimethylformamide) and to this was added 4.8 ml
(100 mmol) of 100% hydrazine hydrate. The mixture
was stirred for 4 days at room temperature, then
concentrated under reduced pressure. To the residue
was added 300 ml of deionized water and the solution
was chilled with ice. The resulting precipitates were
collected by filtration and dried in a vacuum
desiccator over silica gel. The peptide hydrazides
Iva-Val-Val-(AA)-N,H; (n = 0 ~ 2) thus prepared
were purified by preparative HPLC on a Shiseido
Capcell Pak C18S column (20 X 250 mm) essentially
as described below. The overall yields of the purified
peptide hydrazides from Iva-Val-Val-(AA),-OMe were
19 to 42%.

Diethyl L-trans-epoxysuccinate was prepared from
trans-D,L-epoxysuccinic acid via trans-L-epoxysucci-
nic acid/L-Arg salt as described [16], and then
converted to ethyl L-trans-epoxysuccinate as
described [17]. Ethyl L-trans-epoxysuccinate (0.16 g,
1.0 mmol) dissolved in 5ml of tetrahydrofuran was
ice-cooled and mixed with Iva-Val-Val-(AA),-N,H;
(0.5 mmol), 0.076 g (0.5 mmol) of 1-hydroxybenzo-
triazole monohydrate and 0.11g (0.5 mmol) of
dicyclohexylcarbodiimide, and the mixture was stirred
for 1h in an ice bath, then overnight at room
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Table I.  Analytical data of the inhibitors.
Inhibitors
Yield® Amino acid composition Retention time
Name* Structure (%) MW [M + H]" (mol/mol)© (min)¢
\'A% Iva-Val-Val-N,H,-ES-OEt 40 456.7 457 Val nd 20.7
VVF Iva-Val-Val-Phe-N,H,-ES-OEt 29 603.7 604 Val 1.95, Phe 1.05 26.8
VVW Iva-Val-Val-Trp-N,H,-ES-OEt 36 642.7 643 Val 1.88, Trp nd 26.6
VVI Iva-Val-Val-Ile-N,H,-ES-OEt (35) 569.7 570 Val 2.16, Ile 0.83 (17.2)
VVL Iva-Val-Val-Leu-N,H,-ES-OEt 16 569.7 570 Val 1.99, Leu 1.13 26.4
VVM Iva-Val-Val-Met-N,H,-ES-OEt 14 587.7 588 Val 1.98, Met 0.72 24.0
VVLW Iva-Val-Val-Leu-Trp-N,H,-ES-OEt (62) 755.9 756 Val 1.87, Leu 0.97, Trp nd (23.1)
VVLM Iva-Val-Val-Leu-Met-N,H,-ES-OEt (71) 700.9 701 Val 2.05, Leu 1.21, Met 0.91 (21.4)

#The inhibitors are named based on the amino acid sequences of the peptide portions, using the one-letter codes for amino acid residues.
® Overall yield after HPLC purification from the corresponding peptide hydrazide except for the values in parenthesis which were determined
before HPLC. ¢ Each inhibitor was hydrolyzed in 6N HCl at 110°C for 24 h for the analysis. nd, not determined. ¢ Retention time was obtained
with a Shimadzu L.C-10A HPLC system using a JEOL Crest Pak C18S column (4.6 X 150 mm) with a 0-80% actonitrile gradient except for
the values in parenthesis which were determined using a Shiseido Capcell Pak C18 column (4.6 X 150 mm) with a 30—90% acetonitrile

gradient as described in the text.

temperature. To this was added a few drops of glacial
acetic acid and the mixture was stirred for 10 min, and
dried under reduced pressure, then in a vacuum
desiccator over silica gel. The residue (0.55-0.69 g)
was dissolved in dimethylsulfoxide to 20 mg/mlL., and
1.0mL of this solution was submitted to HPLC.
Preparative HPLC was performed in a Shimadzu L.C-
6A HPLC system using a Shiseido Capcell Pak C18S
column (20 X 250 mm) eluted with a linear gradient
of acetonitrile (from 20 to 80% in 2h) in 0.1%
trifluoroacetic acid at a flow rate of 3.2 mL per min
and monitored at 210 nm. The major peak fraction
was pooled and lyophilized.

Purity check

The molecular weight determination was performed
by mass spectrometry using a JEOL (JMS-
SX102/JMA-DA6000) mass spectrometer. HPLC
was carried out with a Shimadzu LC-10A HPLC
system using a JASCO Crest Pak C18S column
(4.6 X 150mm) eluted with a linear gradient of
acetonitrile (0—-80% in 40 min) in 0.1% trifluoroacetic
acid at a flow rate of 1.0 mL/min or using a Shiseido
Capcell Pak C18 column (4.6 X 150 mm) eluted with
a linear gradient (30-90% in 30min) in 0.1%
trifluoroacetic acid at a flow rate of 1.0 mL/min.
Amino acid analysis was performed with a Waters
AccQTag amino acid analysis system after acid
hydrolysis in 6N HCI at 110°C for 24 h.

Pepsin assay

The pepsin activity was determined with bovine
hemoglobin as a substrate as described [18] when
the inhibition of pepsin A by the epoxide inhibitors
was investigated. On the other hand, the inhibition
of pepsin A by Iva-Val-Val-OH and Iva-Val-Val-

N,H; was examined using the chromogenic peptide
substrate Lys-Pro-Ile-Glu-Phe*Phe(NO,)-Arg-Leu
[19].

Measurement of pepsin inhibition with the synthetic
inhibitors

The inhibition of pepsin A by each inhibitor was
examined as follows. A mixture of 400 pLL of 2.9 pM
(0.1 mg/ml) solution of porcine pepsin A dissolved in
0.01M sodium acetate buffer, pH 5.0, 400 pL of
0.1 M sodium acetate buffer, pH 3.5, and 400 nL of
deionized water was preincubated at 37°C for 3 min.
To this was added 400 pL. of 1.75mM inhibitor
solution in dimethylsulfoxide. The reaction mixture
(pepsin: Inhibitor = 1: 600, mol/mol; final pepsin
concentration, approximately 0.73 puM) was kept at
37°C and at appropriate intervals an aliquot of 80 pLL
was pipetted for assay. The assay was performed with
bovine hemoglobin as a substrate. Pepsin A was also
treated with EPNP (Sigma) under the same con-
ditions for comparison.

In addition, the reversible inhibition of the enzyme
by Iva-Val-Val-OH and Iva-Val-Val-N,H; was also
measured. A mixture of 29 nM porcine pepsin A and
each peptide at various concentrations was preincu-
bated at 37°C for 10 min in 0.1M sodium formate
buffer, pH 3.1, and then the activity was determined
with the chromogenic peptide substrate.

Results and discussion

The general structure of the inhibitors is illustrated
in Figure 1a and the structures of pepstatin A, EPNP
and DAN are also shown for comparison (Figures 1b—
d). Figure 2 shows schematically the outline of the
synthetic procedures of the inhibitors. The yields,
molecular weights, amino acid compositions and
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Figure 3. Time courses of inhibition of porcine pepsin A by the
new inhibitors and EPNP. O, EPNP; @, Inhibitor VV; [, Inhibitor
VVL; B, Inhibitor VVM; A, Inhibitor VVI; A, Inhibitor VVW; &,
Inhibitor VVF; <, Inhibitor VVLW; and X , Inhibitor VVLM.

HPLC retention times of the inhibitors are summar-
ized in Table I. Each inhibitor gave a molecular weight
essentially identical with the theoretical one and an
expected amino acid composition, and also gave a
single peak on HPLC.

The peptide Iva-Val-Val constitutes part of the
pepstatin A molecule and was shown to bind to the
S3-S1 subsites of pepsin A when pepstatin forms a
tight complex with the enzyme [20]. This peptide
portion was therefore thought to bind strongly to
pepsin. However, Iva-Val-Val-OH and Iva-Val-Val-
N,H; showed rather weak reversible inhibition of
pepsin A; about 1 mM concentration of each peptide
was necessary to obtain over 50% inhibition (data not
shown). This result indicated that the binding to the
active site of these peptides alone was not so strong
and specific as expected. Moreover, the subsites of
pepsin A outside S1 and S1° are known to be in general
quite non-specific, and to be able to accommodate
different types of residues [2]. This suggested the
possibility that the inhibitor might bind to the active
site cleft more strongly when the peptide portion was
C-terminally extended with a bulky hydrophobic or
aromatic residue or residues, such as Phe and Leu,
which are known to be more preferred than Val as the
P1 residue [21,22]. Therefore, such inhibitors were
also synthesized.

The time courses of inhibition of pepsin A by these
epoxide inhibitors are shown in Figure 3 together with
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that of EPNP. All the inhibitors prepared in this study
were shown to inhibit pepsin A considerably faster
than EPNP. Approximate times required for 50%
inhibition for the individual inhibitors were as follows:
VVLM, 1.3h; VVF, 1.6 h; VVLW, 2.0 h; VVW, 2.6 h;
VVI, 3.0h; VV, 5.5h; VVM, 6.8h; VVL, 7.5h; and
EPNDP, >50h. Inhibitor VV has the structure most
similar to part (Iva-Val-Val-Sta, K; = ~ 10 ° M [23])
of pepstatin, in which statin is replaced with N,H,-
ES-OEt. Therefore, when the Iva-Val-Val portion of
Inhibitor VV is bound to the enzyme like that of
pepstatin, this N,H,-ES-OEt group might come close
to the S1-S1’° subsite of the enzyme, to be favorable for
reaction with the catalytic residue(s). In the case of
Inhibitor VV, about 65% of the original activity was
lost in 9 h of reaction while the inhibition was about
20% with EPNP (Figure 3).

Many of the other inhibitors tended to show
somewhat stronger inhibition than Inhibitor VV as
expected. Thus, under the conditions used, over 70%
inhibition occurred in 24h with each inhibitor,
whereas it was less than 30% in 24h with EPNP
(Figure 3). Against expectation, Inhibitors VVL and
VVM were somewhat less inhibitory than Inhibitor
VV. Anyway, it is evident that the peptide moiety of
each inhibitor helps to increase the reactivity of the
epoxide group more effectively than the p-nitrophe-
noxy moiety of EPNP, although there are some
variations in the inhibitory activity among the
inhibitors. The differences in the inhibitory activity
among the inhibitors may be partly due to some
differences in the affinity and mode of binding of the
inhibitors to the active site.

Meanwhile, we synthesized some additional inhibi-
tors related with those described above and investi-
gated their inhibitory effects on porcine pepsin A (Ito
H, Hirono T, Takahashi K. unpublished). Benzylox-
ycarbonyl-L-Leu-N,H,-ES-OEt was almost as inhibi-
tory as EPNP, indicating the importance of the
extended peptide portion in the epoxide inhibitors for
stronger inhibition. On the other hand, the compound
L-trans-EtO-ES-L-Val-L-Val-L-Leu, which has the
epoxide moiety at the N-terminus of the peptide,
hardly inhibited pepsin. Thus it seems important to
have the epoxide moiety at the C-terminus; the
peptide portion of the above compound might not be
able to effectively bind to the S1°-S3’ subsite of pepsin.
Furthermore, we synthesized DAN-analogs, diazoa-
cetyl-L-Leu-L-Val-L-Val-O-benzyl (or methyl) ester
and diazoacetyl-L-Val-L-Val-L-Leu-O-benzyl (or
methyl) ester, which however inhibited pepsin rather
weakly. Under the conditions where DAN inhibited
pepsin A almost completely, these compounds
inhibited the enzyme to the extent of only 10-30%.

The sites of reaction of EPNP have been elucidated
so far for porcine pepsin [9], penicillopepsin [24,25],
bovine chymosin [26], and rhizopuspepsin [27], and
in most cases EPNP was shown to react fairly
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specifically with the catalytic Asp residues correspond-
ing to Asp32 and Asp215 in porcine pepsin
A. The reaction involves specific esterification of the
B-carboxyl group of Asp by the epoxy group of EPNP
as shown in Figure lc, resulting in irreversible
inhibition of the enzyme. In the present study, the
site(s) of reaction of the inhibitors in the pepsin
molecule has not been determined; however it should
be reasonable to assume that they could most
probably esterify the active site Asp32 or Asp215.

Taken together, the novel series of inhibitors
synthesized in the present study and similar epoxide
inhibitors are thought to be useful as active-site-
directed irreversible inhibitors not only of pepsin A
but also of aspartic proteinases in general. The site(s)
of reaction of each inhibitor in pepsin A and other
aspartic proteinases remains to be elucidated in future
studies.

Acknowledgements

This study was supported in part by grants-in-aid for
Scientific Research from the Japan Society for the
Promotion of Science.

References

[1] Foltmann B. Gastric proteinases — structure, function,
evolution and mechanism of action. In: Campbell PN,
Marshall RD, editors. Essays in biochem., Vol. 17 London:
Academic Press; 1981. p 52—84.

[2] Tang J. Pepsin A. In: Barrett AJ, Rawlings ND, Woessner JF,
editors. Handbook of proteolytic enzymes, Vol. 1 2nd ed
London: Academic Press; 2004. p 19-28.

[3] Tang ]J. Gastricsin. In: Barrett AJ, Rawlings ND, Woessner JF,
editors. Handbook of proteolytic enzymes, Vol. 1 2nd ed
London: Academic Press; 2004. p 38—43.

[4] Rajagopalan TG, Moore S, Stein WH. The inactivation of
pepsin by diazoacetylnorleucine methyl ester. J Biol Chem
1966;241:4295-4297.

[5] Fry KT, Kim OK, Spona J, Kettering CF, Hamilton GA. A
reactive aspartyl residue of pepsin. Biochem Biophys Res
Commun 1968;30:489-495.

[6] Bayliss RS, Knowles JR, Wybrandt GB. An aspartic acid
residue at the active site of pepsin. The isolation and sequence
of the heptapeptide. Biochem J 1969;113:377-386.

[7] Tang J. Specific and irreversible inactivation of pepsin by
substrate-like epoxides. ] Biol Chem 1971;246:4510-4517.

[8] Umezawa H, Aoyagi T, Morishima H, Matsuzaki M, Hamada
M. Pepstatin, a new pepsin inhibitor produced by Actinomy-
cetes. J Antibiot (Tokyo) 1970;23:259—-262.

[9] Chen KC, Tang J. Amino acid sequence around the epoxide-
reactive residues in pepsin. ] Biol Chem 1972;247:2566—-2574.

[10] Marciniszyn J Jr, Hartsuck, JA, Tang J. Mode of inhibition
of acid proteases by pepstatin. J Biol Chem 1976;
251:7088-7094.

[11] Kunimoto S, Aoyagi T, Nishizawa R, Komai T, Takeuchi T.
Mechanism of inhibition of pepsin by pepstatin. II. J Antibiot
(Tokyo) 1974;27:413-418.

[12] Athauda SB, Tanji M, Kageyama T, Takahashi K. A
comparative study on the NH,-terminal amino acid sequences
and some other properties of six isozymic forms of human
pepsinogens and pepsins. J Biochem 1989;106:920-927.

[13] Suzuki F, Murakami K, Nakamura Y, Inagami T. Renin. In:
Barrett AJ, Rawlings ND, Woessner JF, editors. Handbook of
proteolytic enzymes. Vol. 1 2nd ed London: Academic Press;
2004. p 54-61.

[14] Dunn BM, Rao M. Human immunodeficiency virus 1

retropepsin. In: Barrett AJ, Rawlings ND, Woessner JF,

editors. Handbook of proteolytic enzymes, Vol. 1 2nd ed

London: Academic Press; 2004. p 144-154.

Lundblad RL, Stein WH. On the reaction of diazoacetyl

compounds with pepsin. J Biol Chem 1969;244:154—160.

[16] Hatayama K, Yokoo C, Murata M, Sota K. Method for
preparing optically active dialkyl trans-epoxysuccinates.
European Patent, EP 138468 Apr 24, 1985.

[17] Chehade KA, Baruch A, Verhelst SH, Bogyo M. An improved
preparation of the activity-based probe JPM-OEt and in situ
applications. Synthesis 2005;2:240—-244.

[18] Kageyama T, Takahashi K. Pepsinogens and pepsins from
gastric mucosa of Japanese monkey. Purification and
characterization. ] Biochem 1976;79:455-468.

[19] Dunn BM, Jimenez M, Parten BF, Valler MJ, Rolph CE, Kay
J. A systematic series of synthetic chromophoric substrates for
aspartic proteinases. Biochem J 1986;237:899-906.

[20] Fujinaga M, Chernaia MM, Tarasova NI, Mosimann SC,
James MN. Protein Sci 1995;4:960-972.

[21] Tang J. Specificity of pepsin and its dependence on a possible
hydrophobic binding site. Nature 1963;199:1094—-1095.

[22] Fruton JS. The mechanism of the catalytic action of pepsin
and related acid proteinases. Adv Enzymol 1976;44:1-36.

[23] Rich DH, Sun ET, Ulm E. Synthesis of analogues of the
carboxyl protease inhibitor pepstatin. Effects of structure on
inhibition of pepsin and renin. ] Med Chem 1980;23:27-33.

[24] Sodek J, Hofmann T. Amino acid sequence around the active
site aspartic acid in penicillopepsin. Can ] Biochem
1970;48:1014—-1016.

[25] James MN, Hsu IN, Delbaere L'T. Mechanism of acid protease
catalysis based on the crystal structure of penicillopepsin.
Nature 1977;267:808—813.

[26] Chang W], Takahashi K. The structure and function of acid
proteases, III. Isolation and characterization of the active-site
peptides from bovine rennin. J Biochem 1974;76:467—-474.

[27] Nakamura S, Takahashi K. Amino acid sequences around 1,2-
epoxy-3-(p-nitrophenoxy)propane-reactive residues in Rhizo-
pus chinensis acid protease. Homology with pepsin and rennin.
J Biochem 1977;81:805-807.

[15

—



Copyright of Journal of Enzyme Inhibition & Medicinal Chemistry is the property of Taylor &
Francis Ltd and its content may not be copied or emailed to multiple sites or posted to a listserv
without the copyright holder's express written permission. However, users may print, download, or
email articles for individual use.



