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Abstract—The effects of PEGylation of glucose-dependent insulinotropic polypeptide (GIP) on potency and dipeptidyl peptidase IV
(DPPIV) stability are reported. N-terminal modification of GIP(1-30) with 40 kDa polyethylene glycol (PEG) abrogates functional
activity. In contrast, C-terminal PEGylation of GIP(1-30) maintains full agonism and reasonable potency at the GIP receptor and
confers a high level of DPPIV resistance. Moreover, the dual modification of N-terminal palmitoylation and C-terminal PEGylation
results in a full agonist of comparable potency to native GIP that is stable to DPPIV cleavage. The results provide the basis for the

development of long acting, PEGylated GIP, GIP variants, or GIP-based hybrid peptide therapeutics.

© 2005 Elsevier Ltd. All rights reserved.

The incretin glucose-dependent insulinotropic polypep-
tide (GIP) is a 42-residue peptide involved in the regula-
tion of fat and glucose metabolism.'~3 The use of GIP or
GIP variants holds promise as a peptide therapeutic for
conditions such as diabetes and obesity.>* For example,
modified GIP peptides improve glucose tolerance in ro-
dents,* and intravenous administration and continuous
infusion of GIP causes an acute stimulation of insulin
secretion in type II diabetic patients.>® The use of
unmodified GIP as a therapeutic, however, is limited
by the short in vivo lifetime of the native peptide.?

Two mechanisms largely account for the elimination of
GIP in vivo. The serine protease dipeptidyl peptidase IV
(DPPIV) provides one major mechanism for GIP inacti-
vation via cleavage of the two N-terminal amino
acids,”® which abrogates GIP receptor activation and
nullifies the insulinotropic property of native GIP.’
DPPIV proteolysis of GIP in humans occurs very rapid-
ly with a half-life of 5-7min.!%!" A second mechanism
of GIP elimination, common to all low molecular mass
peptides, is renal clearance.!®!! The DPPIV-digested
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product of GIP is cleared in humans with a half-life of
around 20 min.'%!" These metabolic fates of GIP need
to be circumvented to realize the therapeutic potential
of the peptide.

One approach to improve the in vivo half-life of GIP is the
use of N-terminal GIP variants of improved DPPIV sta-
bility.* Indeed, N-terminal variants of GIP that are resis-
tant to DPPIV cleavage improve glucose disposal in
normal and obese rodents.* The use of peptide variants,
however, carries the risk of an immune response and such
variants are still subject to renal clearance. A second ap-
proach to extending the duration of action of peptide
therapeutics is conjugation with fatty acids, which reduc-
es renal clearance by inducing association with plasma
proteins. For example, N-terminal palmitoylation of
GIP improves DPPIV resistance in vitro,'? and N-termi-
nal and internally palmitoylated variants of GIP offer im-
proved glucose disposal over native GIP in mice.'>!3

Conjugation of GIP with polyethylene glycol (PEG) of-
fers a third approach to increase the in vivo lifetime of
GIP. The pharmacokinetic properties of proteins are im-
proved by PEGylation, which decreases renal clearance
and increases stability to proteolysis.'*!> PEGylation
also offers the potential for reduced immunogenici-
ty,!*15 which is advantageous in the use of peptide
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variants or hybrids. Finally, PEG conjugation can limit
blood-brain barrier penetration'® and hence reduce po-
tential side effects.

GIP is a 42-residue peptide that exhibits both insulino-
tropic and somatostatinotropic properties.' > The insuli-
notropic activity is localized to residues 1-30,'” which is
the region of GIP used here. The N-terminus was deriv-
atized with the fatty acid palmitate or with 40 kDa PEG,
and the C-terminus was derivatized with 40 kDa PEG
(Table 1).'® Site-specific PEGylation was performed at
a non-native Cys residue introduced at either N- or
C-terminus. In addition, the dual modification of N-ter-
minal palmitoylation and C-terminal PEGylation was
performed (Table 1).

The N- and C-terminal modifications have different ef-
fects on the activation of the GIP receptor (Fig. 1)."°
GIP(1-30) is a full agonist with an apparent ECs, value
of 0.4+0.1 nM (Table 1). N-terminal PEGylation is
functionally very detrimental and increases the apparent
ECsq value at least 250-fold to over 100 nM (Table 1).
This is not simply due to modifying the N-terminus,
since N-terminal palmitoylation has minimal effect on
receptor stimulation: palm-GIP has an apparent ECs,
of 0.8 £ 0.1 nM (Table 1). Thus, N-terminal PEGylation
of GIP(1-30) is not tolerated functionally.

In contrast to N-terminal PEGylation, C-terminal
PEGylation only modestly affects functional activity:
GIP-PEG is a full agonist with an ECs, value of
2.6 £ 0.1 nM (Table 1). Moreover, the dual modification
of N-terminal palmitoylation and C-terminal PEGyla-
tion has an effect comparable to N-terminal palmitoyla-
tion alone on function (ECsy = 0.7 £ 0.1 nM) (Table 1).
Thus, C-terminal PEGylation of GIP(1-30) is function-
ally tolerated and certain N-terminal modifications (e.g.,
palmitoylation) can be combined with C-terminal
PEGylation and maintain functional activity.

Studies evaluating GIP(1-30) competitive binding give
similar results (Fig. 2).2° A small increase in the
apparent ICs, is observed upon C-terminal PEGylation
(Table 1). In contrast, N-terminal PEGylation leads to a
substantial loss of binding potency (ICso>1 puM;
Table 1), implying that N-terminal PEGylation affects
GIP receptor stimulation through direct disruption of
the binding interaction.

The stability to DPPIV proteolysis of the functionally
active PEGylated analogs GIP(1-30)-PEG and palm-

Table 1. Peptide sequences, modifications, and in vitro activities
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Figure 1. cAMP production in a CHO cell line expressing the human
GIP receptor stimulated by GIP(1-30) (M), GIP(1-30)-PEG (O),
palm-GIP (¢), palm-GIP-PEG (@), and PEG-GIP(1-30) (V). PEGy-
lation is functionally tolerated at the C-terminus, but not at the N-
terminus. In addition, the combination of C-terminal PEGylation with
the N-terminal modification of palmitoylation is functionally
tolerated.
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Figure 2. Competition-binding displacement from the human GIP
receptor of '’I-GIP by GIP(1-30), PEG-GIP(1-30), and GIP(1-30)—
PEG. Binding activity is preserved upon PEGylation at the C-terminus
but not at the N-terminus.

GIP(1-30)-PEG was evaluated with N-terminal Edman
sequencing.?! If proteolysis occurs, the appearance of
DPPIV products with a free N-terminal a-amino group
will be detected with Edman sequencing.

Upon incubation of GIP(1-30)-PEG with DPPIV,
N-terminal sequences corresponding to the appearance
of proteolytic products beginning at Glu 3 and Thr 5
are observed with Edman sequencing (Fig. 3). The sta-
bility of GIP(1-30)-PEG (50% intact after 7 days) is,

Peptide Sequence® ECso (nM)® ICso (nM)®
GIP(1-30) YAEGTFISDYSIAMDKIHQQDFVNWLLAQK 04+0.1 8+ 1
Palm-GIP(1-30) Palm-YAEGTFISDYSIAMDKIHQQDFVNWLLAQK-C 0.8 +0.1 28+ 1

PEG-GIP(1-30)
GIP(1-30)-PEG
Palm-GIP(1-30) PEG

C(PEG)-YAEGTFISDYSIAMDKIHQQDFVNWLLAQK >100 >1000
YAEGTFISDYSIAMDKIHQQDFVNWLLAQK-C(PEG)
Palm-YAEGTFISDYSIAMDKIHQQDFVNWLLAQK-C(PEG)

26%0.1 341
0.7+0.1 191

% The peptide core corresponds to residues 1-30 of human GIP. Palm denotes that the N-terminus is palmitoylated. C(PEG) denotes a non-native Cys
residue at either the N- or C-terminus that is conjugated with 40 kDa mPEG2-MAL. All peptides are amidated at the C-terminus.

®Values are means of three experiments # the standard error of the mean.
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Figure 3. DPPIV proteolysis of GIP(1-30)-PEG. The appearance of
peptides corresponding to proteolytic products of GIP-PEG beginning
at residue Glu 3 (EGTFI...) and Thr 5 (TFISDY...), and the loss of
the full-length peptide (YAEGTFI...) were monitored with Edman
sequencing. The same experiment with palm-GIP-PEG showed no
appearance of proteolysis products, indicating that N-terminal palm-
itoylation stabilizes against DPPIV cleavage.
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Figure 4. Relative rates of DPPIV proteolysis of GIP(1-30) and
GIP(1-30)-PEG shown as the appearance of proteolytic products with
time.

however, significantly higher than GIP(1-30) (complete
degradation after 24 h under the conditions used here;
Fig. 4). C-terminal PEGylation, therefore, confers sig-
nificant but not complete resistance to DPPIV
proteolysis.

The stability of the C-terminally PEGylated analog to
DPPIV proteolysis is made essentially complete by
N-terminal palmitoylation. No degradation products
of palm-GIP(1-30)-PEG are observed by Edman
sequencing over a period of 7 days.

PEGylation often increases protease resistance,'> and this
is seen here for GIP(1-30) upon C-terminal PEGylation.
However, the protection afforded by C-terminal PEGyla-
tion is not sufficient to completely preclude DPPIV prote-
olysis. Modification of the N-terminus of GIP is also
required. The N-terminal amino group of DPPIV-bound
peptides forms binding interactions with DPPIV, as seen
in the crystal structures of DPPIV complexes,?>?* and
hence modifications such as acetylation or palmitoylation
that modify the N-terminal amino group would be expect-
ed to protect DPPIV substrates to proteolysis. Indeed,
such modifications do confer DPPIV resistance.!??* In

addition, N-terminal amino-acid variations also impart
DPPIV resistance,* and such changes could be combined
with C-terminal PEGylation.

PEGylation can decrease the in vitro potency of a pro-
tein, which is compensated for in vivo by the extended
lifetime and associated prolonged in vivo efficacy of
the PEGylated protein.'* However, C-terminal PEGyla-
tion of GIP(1-30) has a strikingly less effect on in vitro
function than is seen with other PEGylated proteins.'*
This finding suggests that the C-terminus of GIP(1-30)
is quite tolerant of changes in structure—function terms.
More generally, the results illustrate the importance of
site-specific PEGylation in maintaining activity, as op-
posed to the use of non-specific PEGylation that can im-
pair the in vitro activity of the derivatized protein.?>2’

We conclude that GIP(1-30) can be modified at the
N-terminus (to impart DPPIV resistance) and PEGylat-
ed at the C-terminus (to improve lifetime, impart
DPPIV resistance and reduce immunogenicity) whilst
maintaining potency and full agonism of the GIP recep-
tor. The results provide the basis for the development of
long acting, PEGylated GIP, GIP variants GIP-based
hybrid peptide therapeutics of improved pharmacoki-
netic properties, improved in vivo efficacy, and extended
duration of action in vivo.
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