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a b s t r a c t

The aqueous stability of four decapeptides was investigated in an acetate buffer at different pHs (4.0–5.5)
and temperatures (25, 40, and 60 ◦C). The four decapeptides share the following common sequence—Tyr-
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Ala-Arg-Asp-Aaa-Pro-Leu-Gly-Tyr-Thr, where Aaa represents Gln, Pro, Lys, or Leu. The major degradation
pathway was found to be the cleavage at Asp-Aaa. The degradation process fits well the first-order kinetics.
The cleavage of the decapeptide containing Asp-Pro was faster than that of other three decapeptides. A
strong pH dependence of cleavage was observed for all decapeptides, especially when pH was <5. Three
out of four decapeptides showed a clear Arrhenius temperature dependency whereas Asp-Pro-containing
peptide did not.
leavage

. Introduction

It is well known that proteins as potential pharmaceuticals
re far more challenging for development than small-molecule
rugs due to their chemical and physical instabilities. Unlike small
olecules, proteins possess not only primary but also higher order

tructures. Any structural modifications could potentially affect
heir therapeutic efficacy and/or immunogenicity. Thus, it is impor-
ant to understand their degradation pathways in order to design a
ational formulation and/or dosage form to minimize the degrada-
ion.

Since multiple degradation pathways are often observed during
rotein preparations and storage, development of a protein formu-

ation and/or dosage form is frequently the result of balancing these
ultiple degradation pathways.
Common chemical degradation pathways in proteins include

eamidation, oxidation, and bond cleavage (hydrolysis). Among
hem, hydrolysis has not been widely studied in details, partly due
o the complex nature of proteins. Nevertheless, literature data indi-
ate that the hydrolytic events can easily occur at solvent-exposed
sp or Asn (following deamidation) residues in proteins, such as
hM-CSF [1], bFGF [2], and insulin [3]. Given the prevalence and

everity of this degradation pathway, it seems necessary to under-
tand the factors affecting the rate of hydrolysis under different
onditions, so that a protein drug can be formulated with a minimal
ate of hydrolysis.

∗ Corresponding author. Tel.: +1 636 247 6359; fax: +1 636 247 5030.
E-mail address: ning.x.li@pfizer.com (N. Li).

731-7085/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2009.03.020
© 2009 Elsevier B.V. All rights reserved.

However, due to the complexity of protein structures and sophis-
ticated analytical tools for charactering the structural changes in
proteins, direct investigation of factors affecting the hydrolytic sta-
bility of a protein molecule is very difficult. Rather, the hydrolytic
stability of certain peptide bonds can be probed easily with model
peptides. With such a peptide model, many chemical degradation
pathways have been examined in detail, including Asn deamidation
under the influences of salts, buffers, ionic strength and solvents
[4–7], Asp isomerization [8,9], deamidation of Asn in a solid state
[10,11], hydrolysis of succinimide [12] and His or Met oxidation
[13–15].

Recently, we observed a major hydrolytic degradation at the
Asp-X bond in a protein during storage. We are not aware of any lit-
erature data showing such a major hydrolytic event in protein. We
suspect that the adjacent amino acid strongly affect the hydrolytic
rate. In order to understand the effect of adjacent amino acid on
the rate of hydrolysis, we synthesized four decapeptides and eval-
uated their hydrolytic stability in an aqueous solution. The four
decapeptides share the following common sequence—Tyr-Ala-Arg-
Asp-Aaa-Pro-Leu-Gly-Tyr-Thr, where Aaa represents Gln, Pro, Lys,
or Leu. Other factors affecting peptide bond stability at Asp residues
were also evaluated, including effect of pHs (4.0–5.5) and tem-
peratures (25, 40, and 60 ◦C). Any pH higher than 5.5 was not
investigated in this study because the original protein drug candi-
date was found to undergo deamidation rapidly at pH ≥6. The major

degradation pathway of these model peptides was confirmed to be
the cleavage at Asp-Aaa, which fits well the first-order kinetics. The
cleavage of the decapeptide containing Asp-Pro was faster than that
of other three decapeptides. A strong pH dependence of cleavage
was observed for all decapeptides. Three out of four decapeptide

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
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ig. 1. Reversed HPLC analysis profiles of stability samples for the four model pepti
eeks (peptide B).

egradation followed a clear Arrhenius temperature dependency
hereas Asp-Pro-containing peptide did not.

. Materials and methods

.1. Materials

Four peptides, Tyr-Ala-Arg-Asp-Gln-Pro-Leu-Gly-Tyr-Thr (A),
yr-Ala-Arg-Asp-Pro-Pro-Leu-Gly-Tyr-Thr (B), Tyr-Ala-Arg-Asp-
ys-Pro-Leu-Gly-Tyr-Thr (C), and Tyr-Ala-Arg-Asp-Leu-Pro-Leu-
ly-Tyr-Thr (D) as lyophilized powder were provided by Pfizer
lobal Research and Development, Chemistry group with purity
reater than 95%. Sodium acetate trihydrate, sodium chloride,
olysorbate 80 (PS80) are NF, EP, JP grade. Trifluoroacetic acid
s HPLC grade. They were purchased from J.T. Baker. Acetic acid
lacial extra pure was from EM Science. Acetonitrile, HPLC grade,
as from Sigma–Aldrich. Water-for-injection was from Baxter.
eionized water ≥18 M� cm was generated using Milli-Q water
urification system from Millipore. All materials were used as-
eceived.

.2. Sample preparation and stability studies

Formulation buffers with pH 5.5, 5.0, 4.5 and 4.0 were prepared
y mixing appropriate amounts of 20 mM sodium acetate with
0 mM acetic acid. To mimic the composition of the protein for-
ulation, sodium chloride and polysorbate 80 were also added to

he buffer to a final concentration of 0.82% and 0.02% (w/v), respec-
ively.

Stability samples were prepared by dissolving 4 mg of each pep-
ide in 2 mL of the above formulation buffers with pH from 4.0 to

.5. The pH of the solutions was verified after the peptides were
ompletely dissolved. These solutions were aliquot into type I glass
ials, capped, sealed and placed in 25, 40, and 60 ◦C stability cham-
ers for up to 10 weeks. Samples were pulled at 2-, 4-, 6-, 8-, and
0-week intervals for analysis.
amples were incubated at pH 4.5 and 40 ◦C for 8 weeks (peptides A, C and D) and 2

2.3. HPLC and LC/MS analysis

High-performance liquid chromatographic (HPLC) analysis was
performed using Agilent 1100 series (Agilent Technologies Inc., Cal-
ifornia, USA). Five microliters of each peptide solution was injected
to a Zobax C18 reversed-phase column (2.1 mm × 150 mm, 5 �m)
and eluted at a flow rate 0.2 mL/min with mobile phase A of 0.1%
TFA in water and mobile phase B of 0.085% TFA in acetonitrile. The
column temperature was kept at ambient. A multi-step gradient
was applied as following: 0–25% B in 20 min, 25–40% B in 7 min,
40–100% B in 8 min, and 100–0% B in 5 min. Elution profile was
monitored by UV at 214 nm. The HPLC was also coupled with a
Q-ToF microTM mass spectrometer from Waters-Micromass, pre-
viously calibrated with myoglobin. The mass spectra were acquired
and analyzed using MassLynx 4.0 software.

3. Results and discussion

3.1. Chromatographic separation and identification of
degradation products

Chromatographic analysis of aged stability samples using
reversed-phase HPLC with a gradient elution is shown in Fig. 1.
Peaks A1, B1, C1, and D1 are the intact decapeptides. Although Asp
can also form iso-Asp degradation product, this method does not
differentiate these two isomers. During storage, each decapeptide
generated two major and one or two minor degradation products
in addition to the parent peptide. All major degradation products
were baseline separated from their parent peptides.

Online monitoring of each peaks with mass spectrometer dur-
ing the HPLC elution indicated that almost all the peaks are derived
from the parent peptides. One major degradation product was

present in all the stability samples (peaks A3, B3, C3, and D3) and
was identified to have a m/z value of 524.2. This value corresponds
to the cleaved tetrapeptide from the N-terminus—Tyr-Ala-Arg-Asp.
The peaks A2, B2, C2 and D2 have m/z of 678.3, 647.2, 678.4 and
663.3, and correspond to the remaining amino acid sequence of the
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ithdrawn every 2 weeks for analysis.

our peptides—Gln-Pro-Leu-Gly-Tyr-Thr (peptide A), Pro-Pro-Leu-
ly-Tyr-Thr (peptide B), Lys-Pro-Leu-Gly-Tyr-Thr (peptide C) and
eu-Pro-Leu-Gly-Tyr-Thr (peptide D), respectively. These indicated
hat all four decapetides have undergone cleavage at the C-terminal
ide of Asp-4.

In addition to the major degradation products, minor prod-
cts were also identified. In peptide A stability sample, two small
dditional peaks (A4 and A5) were found to have m/z of 1020.5
nd 653.3 and correspond to the peptide A losing N-terminal
yr (Ala-Arg-Asp-Gln-Pro-Leu-Gly-Tyr-Thr) and Tyr-Ala-Arg-Asp-
ln. In peptide C stability sample, peak C4 has m/z of 1165.6 and
orresponds to hydrated peptide C (Tyr-Ala-Arg-Asp-Lys-Pro-Leu-
ly-Tyr-Thr*H2O). In peptide D stability sample, peaks D4 and D5
ave m/z of 1062.5 and 1150.6 and correspond to peptide D losing C-
erminal Thr (Tyr-Ala-Arg-Asp-Leu-Pro-Leu-Gly-Tyr) and hydrated
eptide D (Tyr-Ala-Arg-Asp-Leu-Pro-Leu-Gly-Tyr-Thr*H2O). The
inor peaks were seen in peptide B—B4 and B5. B4 might be an arti-

act because it was not picked up by mass spectrometer. B5 has m/z
f 1029, which does not match any of the components from the pep-
ide B. Further investigation is on going. These minor components
onstitute less than 5% of the total degradation product, respectively
or peptides A–D and their abundance did not change significantly
ver time. Therefore, the cleavage at the peptide bond of Asp-Aaa
s the major degradation pathway for all four decapeptides under
he conditions investigated.

The susceptibility to hydrolysis of Asp-Aaa peptide bond
bserved in this study has been reported by Kirsch et al. who inves-
igated the degradation pathways of glucagon, a 29 amino acid
eptide used for emergency treatment of insulin-induced hypo-
lycemia [16–18]. Glucagon contains three Asp and all of them were

ound to undergo cleavage at the C-terminal site of Asp peptide
ond simultaneously under pH 2.5 and temperature stress condi-
ion of 60 ◦C [16–18]. The amino acids that followed Asp in glucagon
re Tyr (Asp9-Tyr10), Ser (Asp15-Ser16) and Phe (Asp21-Phe22).
imilarly, Oliyali and Borchardt [11] also found that a hexapep-
mples used for this analysis were stored at 40 ◦C for up to 10 weeks. Samples were

tide with amino acid of Val-Tyr-Pro-Asp-Gly-Ala under highly acidic
condition (pH 0.3–3.0) decomposed predominantly via intramolec-
ular cleavage of the Asp-Gly amide bond, forming fragment 1
Val-Tyr-Pro-Asp and fragment 2 Gly-Ala. Furthermore, Tsuda et
al. [19] observed that under storage condition of 60 ◦C and pH
lower than 4.0, the intestinal hormone secretin, which contains two
Asp residues at positions 3 and 15 degraded into fragment pep-
tides as a result of cleavage reaction at positions Asp3-Gly4 and
Asp15-Gly16. The results from the current study, along with those
aforementioned in the literature, suggest that Asp-Aaa bond is more
susceptible to cleavage than other peptide bonds in solution phase.

Instability of Asp-Aaa bond in gas phase has also been reported.
Martin and co-workers [20] investigated E. coli thioredoxin and
recombinant human macrophage colony stimulating factor (rhM-
CSF) cleavage in gas phase under tightly controlled condition using
MALD-ToF mass spectrometer. The E. coli thioredoxin (108 amino
acids) contains 11 Asp, followed by Lys, Asp, Ser, Thr, Leu, Gly,
Phe, Glu, and Gln; whereas rhM-CSF (302 amino acids) contains
2 Asp, both followed by Pro. Their investigation showed that 10 of
11 Asp-Aaa bonds in E. coli thioredoxin and all 2 Asp-Pro in rhM-CSF
undergone cleavages. Fragments from the Asp-Pro cleavages are the
most abundant while distribution of other fragment ions is similar.
Even though the studies performed by Martin et al. were in the gas
phase, it provides valuable information regarding the instability of
Asp-Aaa bond, especially the Asp-Pro in proteins susceptible to the
cleavage.

3.2. Degradation kinetics and rate comparison

The storage stability of the four model peptides was evaluated

at different pHs for up to 10 weeks. The change in intact peptide
concentration with time at different pHs, as monitored by reversed-
phase HPLC, is shown in Fig. 2. The curves fitted well the first-order
degradation kinetics (linear relationship between ln C and time) as
shown in Fig. 3. The selected apparent rate constant derived from
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Table 1
Apparent degradation rate constant at pH 4.5.

Peptide T (◦C) k (×104 h−1) T (◦C) k (×104 h−1) T (◦C) k (×104 h−1)

A 25 0.22 40 1.26 60 7.45
B
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with decreasing pH. This increase is more dramatic when pH

F
a

25 4.70 40 38.0 60 79.6
25 0.62 40 1.87 60 9.70
25 0.40 40 1.68 60 8.80

he slope of these curves for each peptide is listed in Table 1. The
rst-order degradation kinetics was also observed by others for a
sp-containing oligopeptide secretin in aqueous solution [19].

The relative rates of peptide cleavage at specified condition vary
epending on the amino acid following Asp. The Asp-Aaa cleav-
ge of peptides A, C and D occurred at comparable rates, whereas
leavage of peptide B was much more rapid at all pHs. The rate dif-
erence was over 11 times at pH 5.5 and 40 ◦C and 14 times at pH 4
nd 40 ◦C. The Asp is followed by Pro in peptide B, whereas the Asp
s followed by Gln, Lys and Leu in peptides A, C and D, respectively.

brief review of the literatures showed that the labile character of
sp-Pro bonds has been reported by others in solution phase during
tudies of amino acid sequence of various proteins [21] as well as
n gas phase in the study of protein characterization as mentioned
bove [20].

Several mechanisms have been proposed in the past on the
leavage of Asp-Aaa bonds. Extensive investigation of a Asp-
ontaining hexapeptide by Oliyai and Borchardt [11] using nuclear
agnetic resonance (NMR) and kinetic solvent isotope effect tech-

iques indicated that the most likely degradation mechanism, as

hown in Fig. 4, involves acid-catalyzed intramolecular nucleophilic
ttack of the aspartyl carboxylic acid side chain on the n + 1 peptide
ond carbonyl center, resulting in the formation of a cyclic anhy-
ride intermediate. This intermediate undergoes hydrolysis to give

ig. 3. First-order plot for peptides A–D at pHs 4.0, 4.5, 5.0 and 5.5. All the samples we
nalysis.
iomedical Analysis 50 (2009) 73–78

the cleaved products. Such cleavage mechanism was also corrobo-
rated by Kirsch et al. [17,18] during their investigation of Glucagon
degradation pathways.

Although the side chain of aspartic acid participation in the rapid
cleavage of Asp-Aaa bonds is evident based on above analysis, the
role of proline in the degradation pathway has not been described
and should also be considered since Asp-Pro peptide bond is much
more labile than Asp-Gln, Asp-Gly and Asp-Leu found in our study
and others [20]. It is obvious that the basicity of the secondary
amine group in proline is higher than that of the primary amine
group, as reflected by its highest pKa. The proline nitrogen in the
peptide bond linkage would have greater basicity than those of
other three amino acids and easily undergoes protonation under
acidic condition. The increased basicity of the nitrogen in proline
relative to nitrogen in other amino acids might help the cleavage
reactions in two steps. First, the lone pair of electron on the nitrogen
may polarize further the carbonyl C–N bond and make the car-
bonyl carbon more susceptible to nucleophilic attack. Second, the
increased basicity of nitrogen may promote protonation of nitrogen
of the intermediate. Thus, Asp-Pro peptide bond has the highest
cleavage rate. This is consistent with the mechanism proposed by
Martin et al. for gas-phase cleavage of Asp-Pro bond of rhM-CSF
[20].

3.3. Impact of formulation pH on the rate of degradation

The pH dependency of the cleavage is clearly seen in Fig. 5.
The rate constant for all four peptides investigated increased
is <5, especially for peptide B. For every 0.5 pH unit decrease,
the increase of cleavage rate constant is in the range of 1.4–2.7
times at 40 ◦C. This supports that the formation of cleavage
products is acid catalyzed. As discussed earlier, this pH depen-

re stored at 40 ◦C for up to 10 weeks. Samples were withdrawn every 2 weeks for
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ig. 4. Asp-Aaa cleavage mechanism proposed by Oliyai et al. [11] involves acid-cata
+ 1 peptide bond carbonyl center, resulting in the formation of a cyclic anhydride

ency of the cleavage was also observed in glucagon Asp-Aaa
eptide bond cleavage reported by Kirsch et al. [16–18] and Asp-
ontaining hexapeptide reported by Oliyai and Borchardt [11]. The
leavage mechanism, as discussed previously, is believed to be
cid-catalyzed intramolecular nucleophilic attack of the aspartyl
arboxylic acid side chain on Asp-Aaa peptide bond carbonyl center,

hich results in the formation of a cyclic anhydride intermedi-

te. This intermediate undergoes hydrolysis and yields the cleavage
roduct [18].

Acid-catalyzed hydrolysis can be divided into two
ategories—general and specific types [22]. General acid–base
intramolecular nucleophilic attack of the aspartyl carboxylic acid side chain on the
ediate. This intermediate undergoes hydrolysis to give the cleaved products.

catalysis is characterized by a unit change in log rate constant
with a unit change in pH in the catalytic regions. In this study, the
maximum increase in rate constant was 5.4 times when the pH was
dropped below 5. It seems that specific acid catalysis (mediated
by hydronium ion) would be applicable to the cleavage reaction of
these decapeptides. However, other factors need to be considered

in interpreting the results. We know that small Asp-containing
peptides undergo reversible isomerization through succinimide
formation, which is also strongly pH-dependent in the region
studied [9]. In addition, although secondary structure of a peptide
of this size is generally not present in an aqueous solution, the
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Fig. 5. Profiles of rate constant as function of pH. All the samples were stored at
40 ◦C for up to 10 weeks. Samples were withdrawn every 2 weeks for analysis.
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ig. 6. Arrhenius plot of decapeptide degradation at pH 4.5. All the samples used in
his analysis were in pH 4.5 formulation buffer and stored up to 10 weeks. Samples
ere withdrawn every 2 weeks for analysis.

teric and inhibitory effect of other amino acids on the hydrolytic
vent cannot be ruled out.

.4. Effect of temperature on the rate of degradation

The cleavage of the model peptides occurs very rapidly at pH
.0. In a trial experiment, the model peptides completely degraded

t this pH at 60 ◦C at the second stability sampling point (data not
hown). Therefore, the temperature dependency of the storage sta-
ility was evaluated at pH 4.5 for the four model peptides. The
bserved rate constant at different storage temperatures of 25, 40,
nd 60 ◦C was shown in Fig. 6. Peptides A, C, and D demonstrated a

[
[

[

iomedical Analysis 50 (2009) 73–78

clear Arrhenius temperature dependency within this temperature
range, whereas a large deviation was observed for peptide B. The
arch-shaped deviation has been suggested to be due to a change
in degradation mechanism with temperature [22]. This might be
true for peptide B as a few unknown degradation products were
not simply hydrolytic products.

4. Conclusion

The major degradation pathway of the four model peptides
in the pH range of 4.0–5.5 in the temperature range of 25–60 ◦C
was found to be the cleavage at Asp-Aaa. The degradation process
fits well a first-order kinetics for all four peptides. The cleavage
of the decapeptide containing Asp-Pro was the fastest among the
four model decapeptides. A strong pH dependence of cleavage
was observed for all decapeptides, especially peptide containing
Ala-Pro. The degradation was much more rapid at lower pHs, espe-
cially when pH was <5. Three model decapeptides showed a clear
Arrhenius temperature dependency, whereas Asp-Pro-containing
peptide did not, suggesting change of degradation mechanism with
temperature.
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