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Abstract

The degradation of klerval (I) was studied as a function of pH. The extent and routes of degradation were found
to be pH-dependent. Under strongly acidic conditions (pH < 2), the drug predominantly undergoes specific acid-cat-
alyzed hydrolysis of the side-chain amide bond yielding II. In weakly acidic solutions (2 < pH < 4), the backbone
amide bond was found to be hydrolyzed forming a tripeptide. The cleavage reaction proceeds via intramolecular
catalysis by carboxyl group displacement of the nitrogen of the peptide bond. In addition, parallel formation of a
small amount of succinimide was observed in acidic solutions (1 < pH < 5). In neutral solutions (5 < pH < 8), the
peptide isomerizes via the succinimide producing the iso-aspartyl isomer. The isomerization was found to be
pH-independent throughout neutral and basic pH regions. In basic solutions (pH > 8), the drug undergoes specific
base-catalyzed hyrolysis yielding II and epimerization generating D-epimer. The epimerization appears to occur via
the succinimide intermediate in neutral pH region. With increasing pH, however, the epimerization rate increases due
to direct epimerization of the peptides. © 1999 Elsevier Science B.V. All rights reserved.

Keywords: Klerval; Pseudo-tetrapeptide; Stability; Kinetics; Degradation; pH

aggregation (Pytela et al.,, 1986). Arginine—
glycine—aspartic acid (RGD) is an amino acid
sequence in fibrinogen recognized by the platelet
glycoprotein. Such binding ressults in the
crosslinking of platelets by fibrinogen leading to
aggregation and thrombus formation. Klerval (I
in Scheme 1), N-ethyl-N-[1-oxo0-4-(4-piperidinyl)
butyl] glycyl-L-a-aspartyl-3-cyclohexyl-L-alanina-
610-454.2238. mide', a pseudo-tetrapeptide and. RGD pepti-
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1. Introduction
The binding of fibrinogen to an activated mem-

brane-bound glycoprotein complex known as
GPIIb/Illa is the final obligatory step in platelet
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The aspartyl residue on proteins and peptides
has been reported to be potential degradation site
(Piszkiewicz et al., 1970; Marcus, 1985; Geiger
and Clarke, 1987; Kirsch et al., 1989; Stephenson
and Clarke, 1989; Tsuda et al., 1990; Oliyai and
Borchardt, 1993). Racemization and isomeriza-
tion of the aspartyl residue as well as deamidation
appear to be major degradation pathways in as-
partyl peptides and proteins.

An understanding of the kinetics and mecha-
nisms by which the drug degrades enables rational
design of a suitable dosage form. The studies
reported herein were undertaken to establish the
pH effect on the rates of individual degradation
routes and product distribution under both acidic
and alkaline conditions. A separate experiment
was performed to study the degradation of com-
pound IIL.

2. Materials and methods
2.1. Materials

The purity of klerval (I) and II was greater than
99%  as determined by high performance liquid
chromatography (HPLC) analysis. HPLC grade
acetonitrile and hexane sulfonic acid were used to
prepare the mobile phase. Buffer reagents and all
other chemicals were of reagent grade.

Hydrolysis fragments III and IV were prepared
by degradation of I in aqueous acid. The cyclic
imide (V) was prepared by non-aqueous degrada-
tion of I in DMF. The iso-peptide (VI) was
prepared by aqueous degradation of V under
basic conditions. The compounds were isolated by
semi-preparative HPLC and the structures deter-
mined by FAB mass spectrometry and NMR.
Other compounds were supplied by the Process
Chemistry Department of Rhone-Poulenc Rorer
Research and Development.

2.2. HPLC analysis

The HPLC system consisted of a pump
(Hewlett Packard 1050), an autoinjector (Waters
710B), a UV detector (Hewlett Packard 1050),
and a networking data acquisition system (Waters

860). The HPLC method employed a 150 x 4.6
mm i.d. 3 um particle size, octadecyl-bonded sil-
ica-stationary-phase column (Keystone Hypersil
BDS). The flow rate was 1.0 ml min~"' and the
detector wavelength for UV absorbance detection
was 210 nm. The column temperature was kept
constant at 40°C. Separations were carried out as
follows. An ion-pair buffer solution containing 40
mM NaH,PO, and 10 mM hexane sulfonic acid
in water, was prepared and the pH adjusted to 3.0
with H;PO,. Eluent A: ion-pair buffer solution/
water (50:50); eluent B: ion-pair buffer solution/
acetonitrile (50:50); 30 min linear gradient from
75% A (25% B) to 50% A (50% B); 20 min linear
gradient from 50% A (50% B) to 0% A (100% B).

2.3. Kinetic methods

Stock solutions of I or II (I mg ml~') and
buffers (0.2 M) in water were prepared. An
aliquot (2.5 ml) of the drug stock solution, an
appropriate amount of hydrochloric acid (HCI)
(pH 1.1-1.8), chloroacetate (pH 2.4-3.3), acetate
(pH 4.0-5.8), phosphate (pH 6.8-7.8), borate
(pH 8.4-9.0), or carbonate (pH 9.2-9.8) buffer
stock solution and an appropriate amount of 1 M
NaCl to maintain an ionic strength of 0.1 were
transferred into a 25-ml volumetric flask and filled
to volume with water. A low buffer concentration
of 0.02 M was used to minimize possible general
acid—base catalysis by the buffer species. The pH
values of the buffer solutions were measured at
the reaction temperature with a pH meter stan-
dardized at the same temperature. The pH values
of HCI solutions at the reaction temperature were
calculated using activity coefficients extrapolated
from literature data (Harned and Owen, 1958).
The reaction flask was kept in a constant-temper-
ature water bath at 80.0°C ( £ 0.1). Samples were
taken at appropriate time intervals and cooled to
room temperature, and analyzed by HPLC using
the method described previously.

2.4. Determination of rate constants

The dynamics of the degradation of I, II and
the related compounds were described by differen-
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tial equations representing mass action terms and
rate constants. The experimental data were fit
using the integrated forms of the equations
through nonlinear regression analysis. The curve-
fitting was performed by a computer iteration
procedure using RS/1 (BBN Software Products)
or SigmaPlot (SPSS).

2.5. Determination of ionization constants

The ionization constants of I and II were deter-
mined by potentiometric titration using a Sirius
PCA microtitrator (East Sussex, UK). To a 10 ml
of 0.1 M KNO; solution containing 1 mg of I or
II, 0.3 ml of 0.5M HCI was added to lower the
pH to 2. The solution was titrated with 0.5 M
KOH to pH 11. Titrated values for the side chain
of aspartic acid (pK,,) and piperidinyl ring (pK,,)
of T were 3.8 and 11.3, respectively. The pK,
values for the C-terminal caboxylic acid (pK,;),
the side chain of aspartic acid (pK,,) and pipe-
ridinyl ring (pK,;) of II were 3.0, 4.3 and 11.3,
respectively.

3. Results and discussion
3.1. Product distribution

HPLC chromatograms showing the separation
of the degradation products are given in Fig. 1. A
total of three hydrolysis products (II, IIT and IV)
have been observed in the degradation of I in
aqueous solutions of various pH values. In addi-
tion to the cleavage products, L-succinimde (V),
L-isoaspartyl isomer (VI), D-aspartyl epimer (VII),
D-succinimide (VIII) and D-isoaspartyl isomer
(IX) have been detected. The identification of the
products was achieved by co-injecting authentic
samples of the degradation products. The peak
area mass balance of the reaction products was
found to be 97-102% under most conditions
studied.

3.2. Rate-pH profile
The kinetics of klerval degradation is affected

by the ionization of the carboxylic acid (pK,, =
3.8) of the aspartyl residue. However, the kinetics
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Fig. 1. High performance liquid chromatography (HPLC) chromatograms of degraded I (a, b, ¢) and related compounds (d, e) at
80°C in aqueous solutions. X, Deamidation product of VI; XI, deamidation product of VIL (a) pH 1.1, 3.5 h; (b) pH 7.0, 120 h;
(c) pH 9.3, 8 h; (d) VL, pH 9.3, 50 h; (e) VII, pH 9.3, 50 h; (f) mixture of I, II, VI and VIIL.

is not affected by the secondary amine in the
piperidinyl group (pK,, = 11.3) because the pK,,
lies outside of the pH range studied. Below pH 3,
I exists mainly in cationic form (A4.); between pH
4 and 10 in zwitterion (A4,); and above pH 10 in
anion.

Although other kinetically equivalent reactions
are not ruled out, the shape of the rate-pH profile
indicates the occurrence of a specific acid-cata-
lyzed process for the cation below pH 2 (ky),
water-catalyzed or spontaneous processes for
the cation between pH 2 and 5 (k,) and the
zwitterion between pH 5 and 9 (k)), and a specific
base-catalyzed process for the zwitterion above
pH 9 (kon). The rate expression for the kinetic
scheme is:

Rate = koAl (M)
where k., is the observed first-order rate constant
and [A] is the total drug concentration. Since

[Al=[Ad +[A] 2)

where [A.] and [A,] are the concentrations of the
cation and zwitterion, respectively. The observed
rate constant (k,.,) can be formulated as:

Kobs = (ka[HT] 4+ ko)fe + (ko + kon[OH 71,
= {(ku[H™] + k)[H']

+ (ko + kouK,/[H DK} /(Kyy + [HT])
A3)
where f, and f, are the fractions of A, and 4,,
respectively.
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Fig. 2. The rate-pH profiles for the degradation of I (@) and II (A) in aqueous solutions at 80°C. Ionic strength, 0.1. The solid lines
are computer-generated curves based on Eqs. (3) and (4) and using obtained kinetic parameters in Table 1.

The experimental rate constants were fit to Eq.
(3) using nonlinear regression analysis (Fig. 2).
The rate constants and the pK,, value obtained
from the plot are given in Table 1. The solid line
in Fig. 2 represents the theoretical curve calcu-
lated by substituting the rate constants in Table 1
into Eq. (3). Since pK, values of carboxyl groups
are not expected to be dramatically affected by
the increase in temperature, the pK,; value (3.80)

Table 1

Calculated rate constants and pK, values for the degradation
of T and II at 80°C in accordance with Egs. (3) and (4),
respectively

I 1|
Ky (A= M~1) 1.92 (£0.04) kyy (k' M) 2.33 ( £0.04) x
10-!
k, (1) 241 (+ k, (h) 5.12 (+0.10) x
0.05)x 102 102
k., (h—1) 1.79 (+ k. (h—") 8.13 (+0.15)x
0.04)x 103 102
iy (W1 692 (+1.7) k. (h~") 1.05 (+0.02) x
M- 10-3
pK,, 3.97 (+£0.06) pK,, 2.82 (+0.08)
pK,» 4.37 (+0.09)

obtained by potentiometric titration at room tem-
perature agrees fairly well with the value (3.97)
obtained from the rate-pH profile.

3.3. Degradation in strongly acidic solutions

Under highly acidic conditions (pH < 2), the
three amide bonds are the potential hydronium-
ion-catalyzed hydrolysis sites (Scheme 1). The hy-
drolysis of the side-chain amide bond of I forming
II constitutes the major degradation route. Kler-
val (I) and the hydrolysis product (II) undergo
further fragmentation to yield the tripeptide (III)
and dipeptide (IV). The detection of a very small
amount of the succinimide (V in Scheme 2) at the
pH range of 1-2 represents a minor degradation
pathway. This is illustrated by the results obtained
at pH 1.1 (Fig. 3a), where approximately 78% of
I underwent side-chain deamidation generating II;
18% direct cleavage of the aspartyl peptide bond
yielding III; and only 2% cyclization forming V.
The computer-generated rate-pH profiles for the
formation of various degradation products are
shown in Fig. 4.



6 C.M. Won et al. / International Journal of Pharmaceutics 190 (1999) 1-11

o

"««ll;/l\NH,ﬂ’ e

)

-H,0

YNH%\‘_

(VD

(VIID)

+H20

aX)

Scheme 2.

3.4. Degradation in weakly acidic solutions

The degradation pathway involving direct hy-
drolysis of the amide side-chain to generate II is
an acid-catalyzed process, and the route yielding
III is a pH-independent reaction between pH 1
and 3. Therefore, as pH increases under weakly
acidic conditions (2 < pH < 5), the rate of II for-
mation decreases significantly and the formation
of III becomes predominant (Fig. 3b). The degra-
dation route forming the succinimide (V) also
becomes progressively noticeable as the overall
degradation rate decreases. The succinimide (V),
which is stable under strongly acidic conditions,
degrades further to form VI in weakly acidic
solutions. At pH 4.0, it was observed that 73% of

I degraded via the pathway leading to III and
27% to V (Fig. 3b). The deamidation rate for I
was slow enough that an insignificant amount
(< 1%) of II was formed.

The relative maximum concentration of the suc-
cinimide intermediate (V) was found to be low
(< 10%) and the low concentration did not allow
the rate constants for the formation and decom-
position of V to be determined with suitable
precision. The pH dependence of the computer-
generated rate constants for the formation of V
appears to be sigmoidal (Fig. 4). As the observed
apparent pattern is within the amount of fluctua-
tion that can be attributed to systematic fitting
errors, no attempts were made to analyze the
curve.
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Fig. 3. (a) Time course for I (@), II (A), III (A), IV (V), and V (@) during the degradation of I in 0.1 N HCI at 80°C. (b) Time
course for I (@), III (A), IV (V), V (@), and VI (B) during the degradation of I in acetate buffer of pH 4.0 at 80°C. Both L- and

D-epimers are included in V and VL.

The shape of the rate-pH profile for the forma-
tion of III is shown in Fig. 4. The variation of the
rate constant from pH 1 to 5 indicates kinetic rate
dependence on the degree of the undissociated
carboxyl form of the aspartyl residue and inde-
pendence of the external hydronium-ion concen-
tration. This pH dependence is characterized by
consistency of the rate constant from pH 1 to 3
and a decrease in the rate constant from pH 3 to
5 as the carboxyl group ionizes.

Aspartyl-peptide bonds are known to be selec-
tively hydrolyzed under mildly acidic conditions
(Marcus, 1985). A mechanism of neighboring car-
boxyl-group catalysis in the hydrolysis of the
amide bond of I forming III, which accommo-
dates the kinetic data, is an intramolecular nucle-
ophilic displacement of the protonated amide by
carboxylate anion of the aspartyl residue as
shown in Scheme 3 (Piszkiewicz et al., 1970).
Since NH, is a poor leaving group, protonation of

the leaving group is of primary importance for the
hydrolysis of the amide bond. Only unionized
neighboring carboxyl group is able to protonate
NH, and catalyze the hydrolysis (Thanassi and
Bruice, 1966). As pH increases beyond 4, the
concentration of the undissociated carboxyl group
decreases and, hence, the intramolecular carboxyl-
group catalysis decreases.

The degradation of II, which has two carboxyl
groups, proceeds approximately 3 times as fast as
that of I in the pH range of 3—4 (Fig. 2). The
rate-pH profile for the degradation of II demon-
strates a bell-shaped curve with the maximum rate
between two pK, values (2.8 and 4.4) of the
carboxyl groups. The rate maximum is approxi-
mately at the pH corresponding to the maximum
concentration of the singly-ionized species.

The observed rate constant for the degradation
of II excluding the alkaline region can be formu-
lated as shown in Eq. (4).
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Kobs = (ku[H™] + ko)fe + kof, + ko,
= {(ka[H"]+ kJIH P+ kK, [H]

+ kKo Ko} (HTF + Ky [H] + K, K,)
4)

where f_, f, and f, are fractions of cation, zwitte-
rion and anion, respectively, and kg, k., k. and
k.’ are rate constants corresponding to hydro-
nium-ion-catalyzed reaction of the cation, solvent
catalyzed reactions of the zwitterion and the an-
ion or their kinetic equivalents, respectively. The
values (Table 1) for the rate constants and ioniza-
tion constants were estimated from the nonlinear
regression of the plots of the observed rate of
degradation of II versus pH in Fig. 2.

The acceleration of the rate and the bell-shaped
profile can be explained by an intramolecular
bifunctional catalysis (Morawetz and Oreskes,
1958; Morawetz and Shafer, 1962) in which suit-
ably spaced two carboxyl groups (a carboxyl
group and a carboxylate anion) participate in
hydrolysis (Scheme 3). The C-terminal carboxy-

100
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>
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Fig. 4. The rate-pH profiles for the formation of II (A), III
(A), V(#), VI (B), and VII (O) in the degradation of I at
80°C. Both L- and d-epimers are included in V and VL.
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late anion attacks the carbonyl carbon while the
unionized side-chain carboxyl group of the aspar-
tic acid stabilizes the 6-membered-ring transition
state by hydrogen bonding to the leaving group.

3.5. Degradation in neutral-to-basic solutions

At neutral pH (5 < pH < 8), the acid- or base-
catalyzed hydrolysis is negligible and the domi-
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Fig. 5. (a) Time course for I (@), I1 (A), VI (W), VII (O) and IX (OJ) during the degradation of I in phosphate buffer of pH 7.0
at 80°C. (b) Time course for I (@), II (A), VI (B), VII (O), IX ((J) and p-epimer of II (*) in the degradation of I in carbonate

buffer of pH 9.3 at 80°C.

nant reaction is isomerization leading to the for-
mation of the isoaspartyl peptide VI (Fig. 5a).
The formation of VI can only be explained by a
mechanism involving conversion of the backbone
amide to the succinimide (V) and subsequent hy-
drolysis to a mixture of normal (I) and isoaspartyl
(VI) forms (Scheme 2). The formation of V from
I entails an intramolecular cyclization involving a
nucleophilic attack of the aspartyl side-chain car-
bonyl carbon by the peptide-bond nitrogen and
subsequent loss of the hydroxyl moiety to form a
succinimidyl residue. As pH of the solution in-
creases above 5 where I exists as a zwitterion, the
cyclization rate is expected to be independent of
pH reflecting the rate of water-catalyzed reaction
of the zwitterion. As the carboxylate oxygen is
unprotonated in this pH region and thus is a very
poor leaving group, the formation of the succin-
imide from the zwitterion is expected to be a slow
process.

In general, succinimides are stable in acidic
solutions, but the stability progressively dimin-
ishes with increasing pH (Yakatan and Fan,
1977). The hydrolysis of L-succinimide (V) and
D-succinimide (VIII) at 80°C went to completion
instantaneously at pH 9.3 and within an hour at
pH 7.0. The D-succinimide (k= 0.252 h—! at pH
7.0, 50°C) demonstrated increased stability rela-
tive to the L-succinimide (k=0.452 h—! at pH
7.0, 50°C). This is consistent with previous obser-
vations in an ACTH hexapeptide (Geiger and
Clarke, 1987) and tetragastrin (McFadden and
Clarke, 1986).

As the hydrolysis of the succinimide ring be-
comes much faster than its formation with in-
creasing pH, the succinimide intermediate (V) is
no longer detectable. The formation of the succin-
imide intermediate may be the rate-determining
step of the pH-independent isomerization reac-
tion.
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In alkaline pH region (pH > 8), rapid deamida-
tion of the side-chain amide group of I to II is
again apparent, but the epimerization of I-VII is
rapid enough to compete with the deamidation
reaction (Fig. 5b). At pH 9.3, 64% of I underwent
hydrolysis to II, 30% epimerization to VII (28%)
and IX (2%), and 6% isomerization to VI. The
deamidation and epimerization reactions are spe-
cific hydroxyl-ion catalyzed.

The epimerization of L-succinimide (V), result-
ing in the formation of D-normal (VII) and D-iso
(IX) peptides competes with the hydrolysis to
L-normal (I) and L-iso (VI) peptides. The epimer-
ization and hydrolysis of the succinimides are
reversible reactions and represent progress toward
an equilibration of I, VI, VII and IX. The equi-
librium concentrations of the products at pH 7.0
and 9.3 are given in Table 2. The data suggest that
the hydrolysis products are favored to epimeriza-

Table 2
Equilibrium concentrations (%) in the hydrolysis of V and
VIII and rate percent for the interconversion of I, VI and VII
at 80°C*

pH  Reactant Products
| VI Vil IX
70 V 17.5 64.2 3.0 153
Vi 9.6 19.1 11.4 59.9
| - 72.5 5.9 17.0
(74.2) (3.5) (17.7)
\%! 44.7 — 5.3 41.3
(44.6) 7.7 (39.0)
vil 13.1 18.6 - 59.7
(10.3) (19.5) (61.6)
93 V 19.5 67.8 1.9 10.8
Vi 8.6 14.4 11.5 65.5
| - 6.4 28.3 1.5
(30.5) 0.8) 4.9
[6.8] [28.3] [1.1]
V1 2.4 - <l 18.0
(12.4) (1.2) 6.8)
[5.6] [0.5] [14.3]
vil 31.7 <1 - 44
3.5 (5.9 (26.7)
[29.0] [1.3] [5.8]

4 The percent values in () were calculated assuming the
reaction went through the succcinimde intermediates. The
percent values in [] were calculated assuming 99.3% of the
epimerization of I, 78.4% of VI and 97.2% of VII were direct
and the rest were indirect through the succinimides.

tion products. It is noteworthy that thermody-
namic equilibrium favors isopeptides over normal
peptides in the hydrolysis of the succinimides. The
preferential isopeptide formation from succin-
imdes has also been observed for the succinimides
of an ACTH hexapeptide (Geiger and Clarke,
1987) and daptomycin (Kirsch et al., 1989).

The formation rate constants of various degra-
dation products in the degradation of I at pH 7.0
(Fig. 5a) and pH 9.3 (Fig. 5b) were estimated by
an initial-rate method (Jencks, 1987). Similar rate
measurements were carried out with VI and VII
degradation. The rate percent for each isomeriza-
tion and epimerization pathway is listed in Table
2. Assuming the interconversion of the peptides
occurs only via the succinimide intermediates (V
and VIII), the percent rate for each pathway was
calculated. The results demonstrate that practically
total conversion can be attributed to the succin-
imide intermediates at pH 7.0.

The mechanism for the epimerization of peptides
involves removal of an a-proton by a base to form
a carbanion intermediate. The stability of the
carbanion intermediate depends on the inductive
and resonance effects of the a-carbon substituents.
The carboxylate anion has been found to have
negative influence on the epimerization rate
through its direct field effect on the incipient
carbanion (Smith and Baum, 1987). It has been
found that removal of the carboxylate anion by
ester or amide formation enhances racemization
(Matsuo et al., 1967). In addition, increased reso-
nance of the carbanion of succinimides through
two carbonyl groups is expected to stabilize the
carbanion and, hence, enhance the racemization
rate of the cyclic imides. Although succinimides are
unstable and present in only trace quantities, cy-
clization of aspartyl peptides to succinimides and
the subsequent epimerization is likely to be the
principal epimerization pathway at neutral pH
(Geiger and Clarke, 1987).

Base catalysis of the epimerization is indicated
by the increase in epimerization rates with in-
creasing pH (Fig. 4). If the succinimides (V and
VIII) were the only species that undergo epimer-
ization and no epimerization of other species oc-
cur, the ratio of the formation rates of VII-IX
should be irrelevant to the starting peptide, I or
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VI. The fact that VII, IX or I is a major product
in the degradation of I, VI or VII, respectively,
indicates the direct epimerization at the aspartyl
and isoaspartyl peptides. The rates of the peptide
epimerization determined at pH 9.3 are much
faster than that predicted assuming the succin-
imides are the only epimerizing species (Table 2).
The calculated interconversion rates agree fairly
well with observed rates when 99.3% of the
epimerization of I, 78.4% of VI and 97.2% of VII
are assumed to occur directly and the rest via the
succinimides. In other words, more direct epimer-
ization occurs in the normal peptide than the
isopeptide as the carbanion of the normal peptide
is probably more stable than that of the
isopeptide.

As pH increases further, the rate of the pH-in-
dependent formation of the succinimide from the
peptides becomes slow relative to its pH-depen-
dent decomposition reactions. Accordingly, the
contribution to the total epimerization rate via the
succinimides becomes less significant with increas-
ing pH.
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