Available online at www.sciencedirect.com

E scIENcE@DuaEc-ro ;2l't.le'.:.lnaalt:)0.rna'
T SEVIER pharmaceutics
ELSEVIER International Journal of Pharmaceutics 273 (2004) 213-219

www.elsevier.com/locate/ijpharm

Note

The estimation of glutaminyl deamidation and
aspartyl cleavage rates in glucagon

Anjali B. Joshi, Lee E. Kirsch

Division of Pharmaceutics, College of Pharmacy, The University of lowa, lowa City, |A 52242, USA

Received 9 September 2003; received in revised form 8 January 2004 ; accepted 9 January 2004

Abstract

The major hydrolytic degradation pathways of glucagon under acidic conditions are cleavage at Asp-9, Asp-15, and Asp-21,
and deamidation at GIn-3, GIn-20, GIn-24, and Asn-28. The rate constants for these pathways were determined in the pH range
1-2.4 at 60C by kinetic data analysis of substrate and degradation product concentration—time profiles. Deamidation kinetics
were determined using penta-peptide fragments of glucagon containing the labile amide residue. The accurate determination
of the cleavage rate constants was confounded by the complexity of the degradation scheme of glucagon. Peptide cleavage
kinetics were determined by degradation of glucagon and its cleavage fragments under identical conditions and the use of
area-under-the-curve (AUC) and nonlinear regression methods of analysis. Glucagon degradation was first-order with respect
to time and concentration in the range of 314M. Glutaminyl deamidation rate constants were first-order with respect to
hydronium ion concentration and were similar for all three residues indicating a lack of sequence effects. The rate constants for
Asp cleavage were not first-order with respect to hydronium ion concentration and cleavage at Asp-21 was slower than cleavage
at Asp-9 and Asp-15 over the studied pH range.
© 2004 Elsevier B.V. All rights reserved.
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Glucagon is a small protein composed of 29 amino individual rate constants for each degradation path-
acid residues (HSEGTFTSDYSKYLD 15SRRAQ way as a function of pH. The relationship between
D21FVQ24WLMN 2gT). In previous studies Joshi pH-dependent kinetics of individual pathways was
et al.,, 2000, six major degradation pathways of used to make inferences regarding the mechanisms of
glucagon were identified in acidic solutions;+ 1 glutaminyl deamidation and aspartyl cleavage.
peptide cleavage at Asp-9, Asp-15, and Asp-21, and Reaction order with respect to time was deter-
deamidation at GIn-3, GIn-20, and GIn-24. Addition- mined by degrading buffered solutions of glucagon
ally, trace amounts of — 1 peptide cleavage at Asp-15 (pH 1.0, 1.5, and 2.4) at 6 to approximately
and deamidation at Asn-28 were detected. The objec- four half-lives. The linearity of the first-order plots
tives of the studies reported herein were to determine at different pH demonstrated that the reaction was
the order of glucagon degradation and to estimate the first-order with respect to time. Reaction order with

respect to concentration was determined using the ini-
. , _ tial rate method Qonnors, 199D Glucagon solutions
T g 1 o 1-319-:335-8824, (31, 150, 300, and 581M) were prepared in 0.01N
E-mail address: lee-kirsch@uiowa.edu (L.E. Kirsch). HCl and degraded at 6@ until 4—6% of the starting
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material was lost. Plots of initial degradation rate ver-
sus initial concentration yielded a straight line up to
an initial concentration of 30@M, which indicated
that glucagon degradation was first-order with respect
to concentration up to 3Q0M. At higher concentra-
tions, there was a negative deviation from the straight
line, indicating a less than first-order reaction. This
deviation from first-order behavior can be attributed to
the stabilizing effect of glucagon self-association that
is known to occur at higher concentratiorideven

et al., 1969. The importance of these results was that
first-order kinetic analyses were deemed appropriate
for estimating individual rate constants. Also, studies
conducted to measure the kinetics of glucagon loss
were initiated with substrate concentrations in the
range 28-31.M at which first-order kinetics applied.

Degradation kinetics were studied by initiating re-
actions with glucagon, its cleavage fragments 10-9,
16-9, and 22-29 (resulting from + 1 cleavage at
Asp-9, Asp-15, and Asp-21, respectively), and the
GIn containing peptides 1-5 and 17-21 at pH 1, 1.5
(0.13 and 0.04M HCI), 2.0 and 2.4 (0.1 and 0.14M
phosphate). Initial substrate concentrations were ap-
proximately 3QuM; ionic strength was adjusted to
0.15M with NaCl; and the degradation temperature
was 60°C. Reaction mixture samples were removed
at pre-determined time intervals and frozen-82°C
until they were analyzed by HPLC. All reaction mix-
tures were analyzed using either a Lichrospher RP-18,
51, 4.6 mm x 250 mm column or a Vydac C-4.u5
4.6 mm x 250 mm column. Separation was achieved
using gradients of 0.03% aqueous TFA with either ace-
tonitrile or methanol. The analytical wavelength was
214 nm, column temperature was 35, and the flow
rate was 1 ml/min.

The deamidation rate constants were estimated from
the GIn containing peptides 1-5, 17-21, and 22-29.
Initial estimates were obtained using the method of ini-
tial rates Connors, 1990 The initial estimates were
then used in a nonlinear regression program (WinNon-
lin, Version 3.0) to accurately estimate the individual

deamidation rate constants in the presence of parallelPH

pathways of substrate loss. A typical fit for the deami-
dation reaction is shown ifrig. 1 and the rate con-
stants and pH rate profiles are shownTable 1and
Fig. 3a respectively.

The estimation of the cleavage rate constants in
glucagon was a significant experimental design and
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Fig. 1. Loss of 1-5M) and formation of its deamidation product
(1-5) (O). Data points were experimentally determined and
curves were generated by nonlinear regression using the scheme
indicated.

data analysis problem. The observed rate constant for
glucagon losslgpg) is the sum of the rate constants for
loss by all parallel pathways including both cleavage
and deamidation§cheme L The complexity of the
degradation scheme (especially the presence of multi-
ple interconnecting pathways for generating cleavage
products) necessitated a two-step approach for obtain-
ing accurate rate constant estimates.

The two-step approach entailed:

(a) Preliminary estimation of rate constants using an
area-under-the-curve (AUC) method of analysis
(Notari and DeYoung, 1975

(b) Fitting the complete model for glucagon degrada-
tion using nonlinear least squares regression and
the initial estimates obtained in (a).

The AUC method of analysis can be used in a degra-
dation scheme involving multiple parallel pathways of
substrate loss to determine the fraction of starting ma-
terial that is lost through a particular pathway. Con-

Table 1
Deamidation and cleavage rate constants for glucagon determined
by nonlinear regression

Deamidation rate
constant 102 h™1)

Cleavage rate
constant 107 h™1)

Kds Ki2o  Kd24  Kazs k1o kie k22
1.0 6.89 5.83 6.78 3.32 2.30 3.00 0.68
1.5 2.12 1.60 1.79 0.65 1.01 1.19 0.40
20 - - 0.68 0.26 - - -
2.4 0.49 0.38 0.26 0.11 1.22 1.17 0.41
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Scheme 1. The full model of glucagon degradation.

sider the reaction scheme Therefore, the AUC obtained experimentally by inte-

Kk grating concentration—time profiles for each fragment

ﬁ‘ -B-=SC represents a portion that forms directly from glucagon
0

and a portion that forms circuitously via cleavage and
The fraction of A degrading to Bf§,s) can be deter-  deamidation products. Hence, in order to get an esti-
mined experimentally by: (a) starting a reaction with A mate of the cleavage rate constakig, kis, andkoo,
(initial concentration= Ag) and measuring the AUC  the portion of the AUC that is contributed by the cleav-

of B as it forms from A (AUG,a), (b) starting areac-  age and deamidation products needs to be subtracted

tion with B (initial concentration= Bg) with the same  from the experimentally determined AUC. This is
initial concentration as A in step (a) and measuring the described inEgs. (2)—(4)which were used to obtain
AUC of its first-order loss (AU@oss), (C) determining initial estimates fokio, kie, andkoo, respectively

the fractionfg,s from the ratio of the two AUCs, i.e. k10 kg3 k10
—=f106—[——] (2
forn = AUCg/a 1) kobs / kobskobs — kd3
/ AUCg|oss kl

= f16/6—[ f10/G % f16/10] — kas_Kio 3
In the more complex glucagon degradation scheme kob kobs kobs—kd3
(Scheme }, kio, k1, andko2 represent rate constants

that describe the cleavage of the intact peptide at ko,

residues 9, 15 and 21 leading to the formation of = f22/6 — [ f16/G X f22/16] — [f10/G X f22/10]

peptide fragments 1Q—29, 16— 29 and 22-2§. (1) kez koo kivo koo

can be used to obtain the fraction of glucagon that —_— || —=—] (4
kobskobs — kd3 kobs kobs — kd20

degrades to 10-291¢,G), 16-29 {16/c), and 22-29
(f22/G). However, the cleavage products also arise The derivations forEgs. (2)—(4)are provided in
from each other and from deamidation products. Appendix A
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The experimental design for estimating the cleav-
age rate constants was as follows. At each pH, four
reactions were initiated with glucagon and its three
cleavage fragments:

Conc. x10° (M)

e Reaction 1: Loss of glucagon and formation of
10-29, 16-29, and 22-29.

e Reaction 2: Loss of 10-29 and formation of 16—-29
and 22-29. (a)

e Reaction 3: Loss of 16—29 and formation of 22—29.

e Reaction 4: Loss of 22-29.

These reactions gave rise to 10 concentration—time
profiles that were used to obtain the fractidage,
f1e/G, f22/G, f22/16, f22/10, @andfig/10 Using Eq. (1)
The rate constantkgps kg3, and kgoo were ob-
tained from the first-order loss profiles of glucagon,
1-5, and 17-21, respectively. The initial estimates
for kio, kis, and ko> were then calculated from

Conc. * 10° (M)

~
o
~

Egs. (2)—(4)and used in WinNonlin to estimate accu- 8

rate cleavage rate constants by simultaneously fitting 7

the concentration—time profiles for glucagon loss § 2

and degradation product appearance and loss using f 4

the model depicted irscheme 1The observed and 5 ;

model predicted concentration—time profiles obtained 1

by nonlinear regression are shownHig. 2 The rate 0#

constants and pH rate profiles for- 1 Asp cleavage 0 100200300

(© Time (h)

are shown inTable 1andFig. 3k respectively.
Differences in reaction rates at chemically identi- 5 5 Formation of 10-207), 16-29 (1), and 2229 ©) from
cal amino acid residues can be attributed to either (a) glucagon at pH (a) 1.0, (b) 1.5, and (c) 2.4. Data points were
a sequence effect in which the neighboring groups experimentally determined and curves were generated by nonlinear
immediately surrounding the labile amino acid affect regression usingcheme 1
reaction rates, or (b) higher order structure effects in
which the folding of the molecule can either enhance dominantly random coil in dilute aqueous solutions.
(Wright, 199 or retard Kossiakoff, 1988 reaction This has been shown through numerous studies using
rates. Differences in the magnitude of rate constants circular dichroism $rere and Brooks, 199H NMR
for similar pathways can provide insight into whether (Boesch et al., 1978; Yi et al., 1992and optical ro-
primary sequence or conformation is the major deter- tatory dispersionGratzer et al., 1968 Therefore, we
minant of reactivity. believe the differences in + 1 cleavage rates at the
The three GIn residues in glucagon (Ser-=@ly, three Asp residues may be attributable to a primary
Ala-Glnyo-Asp, Val-Glrps-Trp) have neighboring  sequence effect. The presence of hydroxyl groups
groups of varying nature, yet they reacted at similar near Asp-9 and Asp-15 (Ser-8, Tyr-10, and Ser-16)
rates Fig. 39. This lack of sequence effects is con- may be responsible for their higher reactivities be-
sistent with a direct hydrolysis mechanisPafel and cause hydroxyl groups can act as potential hydrogen
Borchardt, 199D The rates of: + 1 cleavage were  bonding partners for the Asp side-chain. The resulting
similar at Ser-Asg-Tyr and Leu-Asps-Ser but ap- effect on side-chain ionization may have an impact
parently lower at GIn-Asp-Phe Fig. 3b). The lower on reactivity. This hypothesis is further strengthened
propensity of Asp-21 to cleave may not be attributed by the fact that the Asp-28 residue (resulting from
to secondary structure effects because glucagon is pre-deamidation of Asn-28) is next to a hydroxyl contain-
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Fig. 3. pH rate profiles for (a) deamidation at GIn<@){ GIn-20
(), GIn-24 (), and Asn-28 Q). (b) n + 1 cleavage at Asp-9
(H), Asp-15 @A), and Asp-21 @).

ing residue (Thr-29) and is cleaved at rates similar to
Asp-9 and Asp-15Joshi and Kirsch, 2002 Future
studies will be aimed at testing this hypothesis.

Appendix A

Note: The following abbreviations were used in the
equations that follow: “glucagon” has been abbrevi-
ated to “G”, “10-29" has been abbreviated to “10”,
“16—29” has been abbreviated to “16”, “22-29" has
been abbreviated to “22”.

In Scheme 1the rate of change of concentration of
10-29 is given by

d[1o
% = k10x[G]+k10x[Gaal —k100s¢[10] (A1)
wherekioloss= k16 + k22 + k100ther
Taking the Laplace oEq. (A.1)yields:
16— k10G k10Gd3 (A.2)
s+ k1oloss S + k10loss

The expressions fo6 and Ggs can be obtained by
considering the rate of change of concentration of
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these species and taking the Laplace of the resulting
differential equations. We get

_ Go
G = A.3
s + kobs ( )
- ka3G
Gz = 9870 (A4)
(s + kobs) (s + kd3los9

whereGyg is the initial concentration of glucagokyps
the observed rate constant for loss of glucades,
the rate constant for deamidation at GIn-3, &ggloss
the rate constant for loss of (glucagon)d

Substitutingegs. (A.3) and (A.4)nto Eq. (A.2)and
taking the inverse Laplace yields

[10] = k10Go % (e—kobsf _ e—klolossf)
k10l0ss— kobs
k10kd3G
+ 10kd3U0 % (e—kobst)
(deIoss—kobs) (kloloss—kobs)
+ klokd3GO X (e—kd3loss‘)
(kobs—deIoss) (kloloss—deIoss)
k10kd3Go

% (e—klolosé )

+
(kobs—k1010s9 (kd3loss—k10l0s9
(A.5)

IntegratingEq. (A.5) from 0 to « yields the experi-
mentally observed AUC of 10-29 when the reaction
is initiated with glucagon

k10Go kask10Go
AUCqg/c = (A.6)
kobsk10loss  kobskd3losd10l0ss
AUCi106 _ kio kgzkio
AUC10l0ss  kobs  kobskd3loss

Since glucagon and (glucag@plre only different in
their third residue, they will degrade by similar path-
ways. Hence, we can writgy3joss= kobs — kd3

k k
. (ﬁ 10 )
kobskobs — kd3

Rearrangingeq. (A.7), we getEg. (2) wherekjg is
the rate constant for + 1 cleavage at Asp-%ops
the observed rate constant for glucagon légs,the
rate constant for deamidation at GIn-3, dng/c the
fraction of glucagon that degrades to 10—£9;. (2)
can be used to obtain an initial estimatekef since
kobs andkys are known andio/g can be experimen-
tally obtained usingeg. (1) It can be seen from

k10

A7
kobs ( )

fio6 =
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Eq. (2) that the accurate estimation &fg was ob-
tained by experimentally determining the total AUC
of 10-29 originating from glucagorfi(,c) and sub-
tracting from it the effect of the pathway glucagesn
(glucagond3 (represented bia/kons), and the effect
of the pathway(glucagond3 — 10-29 (represented
by k10/(kobs — kd3))-

In a similar manner, we can obtain the expression
for the experimentally observed AUC of 16—-29 when
the reaction is initiated with glucagon

k16Go k10k16Go
kobsk16loss  Kobsk10los16loss
kask16Go
kobskd3los&16l0ss
Dividing Eqg. (A.8)by AUC1610ss= Go/Kisloss We get
AUC16/6 _ kie  kiokie kdskie
AUC16l0ss B kobs ~ kobsk10loss  kobskd3loss

Since glucagon and (glucagg@s)are only different
in their third residue, they will degrade by similar
pathways. Hence, we can writQsjoss = kobs — kd3-
Also, we can writekg/kops = f10/G, andkie/kioloss=
f16/10. RearrangingEq. (A.9), we getEq. (3) where
kig is the rate constant for + 1 cleavage at Asp-15,
f16/G the fraction of glucagon that degrades to 16-29,
andfye/10 the fraction of 10-29 that degrades to 16-29.
Eqg. (3) can be used to obtain an initial estimate for
k16 Sincekops andkys are known, andye/G, fi0/G, and
f16/10 can be experimentally determined usigg. (1)
It can be seen fronkq. (3)that the accurate estima-
tion of k;g was obtained by experimentally determin-
ing the total AUC of 16—29 originating from glucagon
(f16/G) and subtracting from it the effect of the pathway
10-29— 16-29 (represented bfio/ % f16/10), and
the effect of the pathways glucages (glucagond3
(represented biys/kong and(glucagond3 — 10-29
(represented by e/(kobs — kd3))-

Similarly, we can also obtain an expression for the
experimentally observed AUC of 22—-29 when the re-
action is initiated with glucagon

k16k22Go

kobsk16los22l0ss
kdsk22Go

kobskd3los22loss
(A.10)

AUC16/G6 =

(A.8)

(A.9)

k22Go
kobk22l0ss
k10k22Go
kobsk10los22l0ss
kd20k22Go

kobskd20los&22l0ss

AUCo/c =
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Dividing Eq. (A.10) by AUC2210ss = Golko210ss WE
get

AUCaoc _ k22 k1gko2 k1ok22
AUC22|oss kobs kobsk16loss  kobsk10loss
k k
d3k22 d20k22 (A11)
kobskdsloss  kobskd20loss

Since glucagon, (glucagaq)and (glucagonypo are
only different in their third residue, they will de-
grade by similar pathways. Hence, we can write
kdzloss= kobs — ka3 andkgooloss= kobs — kd20. AlSO,
we can writekig/kobs = f16/G, K22/ki6loss = f22/16,
Kiolkobs = f10/G, andkoolkioioss= f22/10- Rearrang-
ing Eg. (A.11) we getEq. (4) whereksy; is the rate
constant forn + 1 cleavage at Asp-2Xgoo the rate
constant for deamidation at GIn-2Qp, the fraction

of glucagon that degrades to 22—2%,16 the fraction

of 16-29 that degrades to 22-29, dhgl1o the frac-
tion of 10-29 that degrades to 22—-X. (4) can be
used to obtain an initial estimate fi, sincekgps, Ky3,
andkgog are known, an(ﬂzz/G, f16/(3, flO/Gy f22/16, and
f22/10 can be experimentally determined uskg. (1)

It can be seen frorkq. (4)that the accurate estimation
of ko2 was obtained by experimentally determining the
total AUC of 22—29 originating from glucagofyf,c)
and subtracting from it the effect of the pathways
16-29 — 22-29 (represented byigc x f22/16),
10-29 — 22-29 (represented bylo/G X f22/1o),
glucagon— (glucagond3 (represented bigys/kops)
and (glucagond3 — 22-29 (represented by
kool (kops — kq3)), and glucagon— (glucagond20
(represented bykgoo/kony and (glucagond20 —
22-29 (represented o/ (kops — kd20))-
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