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Como resultado del Examen de Fondo realizado, con fundamento en el Articulo 45 de
la Decision 486 de la Comision de la Comunidad Andina, se comunica:

1. Documentos estudiados

Descripcion:
Reivindicaciones:

Dibujos:
Prioridad:

2. Analisis de la Prioridad

Folios 148 a 303y 319
Folios 304 a 318
Folios 421 a 427

Folios 320 a 347

US 60/890,087
LUS60/938,565

11/Septiembre/2009
11/Septiembre/2009
20/Octubre/2011
11/Septiembre/2009
15/Febrero/2007
17/Mayo/2007

Se acepta la reivindicacion de Prioridad porque esta solicitud fue presentada dentro
del plazo establecido (Art. 8 D 486) y su contenido técnico corresponde con el de la

prioridad reivindicada.

3. Objeto de la invencidén

Titulo de la solicitud: “Coagonista de receptor de glucagdén/GLP-1" (folio 01).

El problema planteado en esta solicitud consiste en la necesidad de suministrar
peptidos Utiles en el tratamiento de la hipoglicemia.
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Para resolver este problema técnico la solicitud en estudio proporciona péptidos
andlogos del glucagéon/GLP-1. l

El objeto de [a presente Solicitud se relaciona con la Clasificacién Internacional de
Patentes (CIP): C7K 14/43

4. Reivindicaciones relativas a un uso o a_lun segundo uso (Art 14y 21 D 486)

El uso de la reivindicacién 25 no es patentable, de acuerdo con el Art 14.
5. De la Solicitud de Patente |

Reivindicaciones (Art 30 D 486, Art 22 PCT)

Las Reivindicaciones 1-24 no son claras porqiue:

1- La reivindicacion 1, se encuentra caracterizada por el resultado a alcanzar, como
es la actividad glucagén.

2- Se sugiere caracterizar el dimero de la 'reivindicacién 22 por sus elementos
esenciales, y que ademas éste se encuentre sustentado en la descripcién.

3- Elobjeto de la reivindicacion 24, referida a un estuche para la administracion de la
composicion, no hace parte de este campo técnico.

Las reivindicaciones 1-24 no son concisads, porque presentan una excesiva
complejidad, lo cual dificulta determinar la extensién del objeto que se busca
proteger.
I

Las reivindicaciones independientes y depelndientes, NO son concisas porque las
definiciones para el péptido andlogo de glucagén, son muy amplias. Se sugiere
restringir la solicitud a una razonable generalizacién de los péptidos analogos de
glucagdn con sus secuencias, qgue han sido elaborados 6 probados, es decir, que se
encuentran debidamente sustentados en el capltulo descriptivo.

Descripcién (Art 28 D 486)

Dado que esta solicitud se refiere a secuencras de nucledtidos y aminoacidos, deben
presentarse las listas en forma separada de Ia descripcién, bajo el titulo: “Listado de
secuencias” y anexarlas en formato digital.

Se requiere al Solicitante hacer las aclaraciones necesarias.
6. Determinacién del Estado de la Técnica
El Estado de la Técnica se determind con base en la Fecha de Presentacion de la

Solicitud de Prioridad: Febrero 15 de 2007 y se encontraron los siguientes
documentos que anticipan el objeto de esta solicitud:

Item Documento Titulo Fecha de Publicacién®
The Role of | Salt Bridge
Molecular Formation in Glucagon: An
D1 Medicine 8(5): Experimental and Theoretical Mayo/2002

251-262, 2002 Study of Glucagon Analogs and
Peptide Fragments of Glucagon
D2 US 2004/002468 Methods of treating diabetes 01/Enero/2004
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and other blood sugar
disorders

D1 http:fwww molmed.org/contenti2002/251.0df divulga (Ver tabla 1, Des-His' glucagén, Pag. 252,
262) analogos peptidicos de glucagdn y sus fragmentos

D2 hitp:iwww.google.com/patents/US20040002468 divulga (resumen, reivindicacion 1y 7) peptidos
analogos de glucagon

7. Examen de Patentabilidad (Art 14 D486)
Nivel inventivo (Art18 D486)
La reivindicacion 1 consiste en:

Un péptido de glucagén no nativo que comprende la secuencia de SEC ID No: 550
un analogo de secuencia de SEC 1D No: 55, en donde dicho analogo no es un
péptido natural y dicho analogo difiere de SEC ID No: 55, por 1 a 3 modificaciones de
amincacidos seleccionados, de las posiciones 1,2, 3,5, 7,10, 11, 13, 14, 17,18, 19,
21, 24, 27, 28, y 29, y en donde dicho péptido de glucagdn, exhibe actividad
aumentada en el receptor GLP-|, cuando se compara con el glucagon nativo.

Comparacién de las caracteristicas técnicas esenciales, con las del Estado de la Técnica:

Caracteristicas esenciales D1 D2
Un péptido de glucagdn no Un péptido de Un péptido de
nativo glucagdn no nativo glucagodn no nativo

Secuenciade SEC ID

No: 55: Des.His ' Secuencia de SEC ID |

Secuencia de SEC ID No: 55

o} . No: 35
glucagén
Analogo de secuencia de
SEC ID No: 55: por 123 Anslogos de glucagon:
modificaciones de Anaiogos de varias secuencias de
aminoacidos seleccionados, g : :
glucagdn aminoacidos

de las posiciones 1, 2, 3, 5,
7,10, 11,13, 14,17, 18, 19,
21,24, 27 28,y 29

modificadas 7, 13, 18

Los documentos D1y D2 se consideran el estado de la técnica cercano a la invencion
definida en la reivindicacion 1, porque divulgan péptidos analogos de glucagén a la
SEC ID No 55, en donde se pueden realizar modificaciones a los aminoacidos de las
posiciones 2, 5,9, 12, 17, 18 entre otras posiciones y se pueden realizar puentes de
unién (Vertabla 1, Des- Hns glucagon, Pag. 252, 262-D1) (Ver resumen, figuras 7,11,

18; paragrafos [0003-0006,0018}, [0022,0025,0027], [0047-0054], [0065-0074]-D2)

La diferencia entre |a invencion, definida en la reivindicacion 1 y los péptidos analogos
de glucagon del documento D1, es que se mencionan las modificaciones en los
aminoacidos 1,2, 3,5,7, 10, 11,13, 14, 17,18, 19, 21, 24, 27, 28, y 29, sin embargo
no se mencionan por qué aminoacidos o secuencias son modificados. En D1, los
analogos de glucagédn estan plenamente definidos por sus secuencias y posiciones
de aminoacidos que han sido modificadas.

La diferencia entre la invencion, definida en la reivindicacion 1y los péptidos analogos
de glucagén del documento D2, es que se mencionan las modificaciones en los
aminoacidos 1, 2, 3, 5,7, 10, 11,13, 14, 17,18, 19, 21, 24, 27, 28, y 29, sin embargo
Expediente; 09-097899 1er Art 45
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no se mencionan porque amincacidos o secLenmas son modificados. En D1, los
analogos de glucagon estan plenamente deflnidos por sus secuencias y posiciones
de aminoacidos que han sido modificadas.

El efecto que logra el incluir modificaciones en las posiciones de los aminoacidos 1, 2,
3,5,7,10, 11,13, 14,17, 18, 19, 21, 24, 27, 28, y 29, es que se obtienen péptidos
analogos de glucagdn GLP-1, con actividad mejorada.

Por lo tanto, el problema técnico objetivo que pretende resolver esta invencion se
puede formular asi: “como modificar los péptidos analogos de glucagdn previamente
conocidos en el documento de D1 para que “tengan una actividad glucagén GLP-1
mejorada y sean Utiles en el tratamiento de la, hipoglicemia.”

Sin embargo, la utilizacidon de modificaciones en las posiciones de los aminoécidos 7,
13, 18, entre otras, ya esta divulgada en el documento D2, que se refiere a peptfdos
analogos de glucagdn (Ver resumen, f|guras?’ 11, 18; paragrafos [0003-0006,0018],
[0022, 0025,0027], [0047-0054), [0065-0074]-D2)

En consecuencia, la persona del oficio normalmente versada en la materia, incluiria
modificaciones en las diferentes posiciones de aminodacidos del documento de D2 en
los péptidos analogos de glucagén del documento D1 para llegar asi al objeto de la
reivindicacion 1 de la solicitud. Por lo cual se considera obvia.

Conclusion: :
La reivindicacion 1 cumple el requisito de novedad (Art. 16), pero no cumple con el
requisito de nivel inventivo (Art. 18).

8. Conclusién '

Los requisitos de Patentabilidad de la presente Solicitud estan afectados asi:

ftem Documento TReivindicaciones afectadas | Requisito que afecta
. Molecular Medicine ' ' . ‘
L D1 8(5): 251-262,2002 . 1_-24 o | Nivel lnveitwo
[ D2 . US 2004/002468 | 1-24 1 Nivel Inventivo

En cumplimiento del articulo 45 de la Decisién 486 de la Comisién de la Comunidad
Andina, se le indica que debe dar respuesta dentro del término de sesenta (60) dias
contados a partir de la fecha de notificacion de la presente comunicacién. En casode
no dar respuesta al presente requerimiento, o SI a pesar de la respuesta subsistieran
los impedimentos para la concesién, se denegaré la patente.

Se invita al solicitante se sirva indicar, si asi lo considera, su renuncia al término
faltante para los 60 dias y presentarla por escrito.

Notifiquese el presente oficio conforme a lo dispuesto en el numeral 5.2, literal e), del
capitulo guinto de! titulo primero de la Circutar Unica No. 10 de 2001.
—

JOSE LUIS SALAZAR LOPEZ
Director de Nuevas Creaciones (C)

El antenormrez Eerlmlento fue notificado| por fijaciéon en lista, de fecha
16 0L

Elaborado por: Adriana P Camelo %

Revisago por: Consuela Lequizamdn
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Abstract

Background: Glucagon is a 29-residue peptide produced
in the e cells of the pancreas that interacts with hepatic re-
ceptors to stimulate glucose production and release, via a
cAMP-medialed pathway. Type 2 diabetes patients may
have an excess of glucagon and. as such, glucagon antago-
nists might serve as diabetes drugs. The antagonists that
bind to the glucagon receptor but do not exhibit activity
couid be analogs of glucagon. The presence of sal bridges
between some tesidues of glucagons (such as aspartic
acidy and others (such as lysine) might influence both the
binding to the receptor and the activity.

Materials and Methods: Experimental—The solid phase
method with 4-methylbenzilhydrilamine resin (p-MBHA
resin) was used for the synthesis of glucagon analogs. Rar
liver membranes were prepared from male Sprague-Dawley
rais by the Neville procedure. The receptor binding essay
was performed in 1% BSA. 1 mM dithjothreitol, 25 mM
Tris-HCI buffer, pH 7.2. Adenyl cyclase activity was mea-
sured in an assay medium containing 1% serum albumin,
25 mM MgcCl,. 2 mM dithiothreitol, 0,025 mM GTP. 5 mM
ATP. 0.9 mM theophylline , 17.2 mM creatine phosphare,

and | mg/m! creatine phosphokinase. Theeretfral—Quantum
chemical caleulations using the Titan program with the
6-31G* basis set were performed to calculate the binding
energies of salt bridges between aspartic or glutamic acids
and lysine. The relative stability of cyclic conformations of
glucagon segments versus the extended segments was de-
termined,

Results: Tt was found that the cyclic Glu9-Lysl2 amide
compound displayed a 20-fold decrease in binding affin-
ity, DesHisl cyclic compounds Glu20-Lys24 amide and
DesHis Glu9 Glu20-Lys24 amide behave as glucagon an-
tagonists, The calculations show that cyclic conformations
of tetrapeptidic and pentapeptidic segments of glucagon
arc more stable than the cxtended specics.

Conclusions: The biological data and the rheoretical cai-
culations show that an inwramolecular salt bridge might
impart stability to some glucagon antagonists and, when
situated at the C-terminus of glucagon, might facilitate in-
duction of an a-helix upon initial hormone association
with the membranc bilayer. These findings might be a
useful tool for the design of new glucagon antagonists.

Introduction

Glucagon is a 29-residue peptide hormone secreted
by pancreatic A cells responsible together with in-
sulin for maintaining normal levels of glucose criti-
cal to the survival of an organism. The driving force
for continued efforts to study glucagon lies primar-
ily in the still unresolved problem of diabetes melli-
tus. There is persuasive evidence thar the major
metabolic complications of diabetes, hyperglycemia
and keloacidosis. are ofien accompanied by an ab-
normal increase in the level of plasma glucagon rel-
ative to insulin (1,2). Glucagon activity is mediated
by the glucagon recepior, a member of family B re-
ceptors within the superfamily of G protein-coupled
receptors that includes receprors for many important

Caorrespondence and reprint requests should be addressed 10t
Dr. Anne-Maric Sapse, John Jay College and Graduate School,
City University of New York, New York, New York, 10019,
Phore: 212-337-8949; fax 212-935-3594; ¢ mail: acransgs@anl.com.

peptide hormones (3.4). The biological effects of
glucagon are initiared by high-affinity binding to its
mermbrane-bound receptor. the necessary first step
in glucagon action. Upon glucagon binding, the ex-
traccllular signal is transcduced across the cell mem-
brane to aciivate adenylyl cyclase via the het-
erotrimeric G protein G, resulting in an increase in
cAMP. which mediates most of glucagon’s cellular
effects. Precise and efficient signaling that ultimately
results in glucose production requires specific bind-
ing of glucagon to its cell surface receptors. Thus,
structural information about the peptide ligand that
influences receptor binding affiniry is central to the
design of antagonists of glucagon. An analog of
glucagon that binds to the receptor but does nor ac-
tivate adenylyl cyclase is considered an antagonist.
Thus, a good antagonist will compete for glucagon
binding and inhibit adenylyl cyclase. A structural
analog of glucagon that inhibits glucagon action by
competing effectively for receptor binding sites is a
reasonable target for drug design as an alternative or
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adjunct to insulin therapy in the management of
diabetic complicatjons.

Numerous structure-=funcrion srudies of glucagon
have singled out specific active site residues respon-
sible for either high-affinity binding or activation
and afforded some insight into its mechanism of ac-
tion. We have demonstrated that the negatively
charged side chain of aspartic acid residues at posi-
tions ¢, 15, and 21 play important roles in either the
binding or activity function of the hormone (5,6).
The N-terminal histidine, which is strictly conserved
within the family, Turnishes determinants of both
binding and activity of the hormone (7,8). The posi-
tively charged groups at positions 12, 17, and 18
contribute to receptlor recognition and ensure maxi-
mum biological potency {9,10).

The molecular basis for the interaction of
glucagon with the glucagon receptor remains to be
elucidated. It is widely accepted thai the glucagon
binding site resides in the extracellular domain of
the receptor. which consisis of the long amino ter-
minal tail and three extracellular loops that connect
the transmembrane helices {11,12). 1n the presence
of its receptor, glucagon changes its conformation to
the acrivated form. It had been suggested that in-
tramolecular salt bridges within the glucagon mole-
cule stabilize the active conformation and ailow for-
mation of a more compact folded struciure that
facilitates hormone access (o its binding pockel
within the closely packed extracellular region of the
receptor. There are amino acid residues in glucagon

that could potentally form sah bridges. Indeed, the
X-ray crystal structure of [Lys'™'®, Glu*']glucagon
amide revealed that the ability ro form a salt bridge
between Lys'® and Glu?' is likely responsible for the
analog’s enhanced binding and superagonist activity
(10.13).

To examine the feasibility of salt bridge forma-
tion in glucagon and its significance to glucagon-
induced receptor binding and activation, we syn-
thesized four glucagon analegs (Table 1, 2-5) with
an internal lactam. Lactam cyclization resulling
from a covalently bonded side chain salt bridge
should stabilize secondary structures if they are pre-
sent in the peptide. Amide bond formation was al-
lowed to occur between Glu? and Lys®, analog 2,
Glu’ and Lys'?, analogs 3 and 4, and Glu*® and
Lys**, analog 5, in the corresponding glucagon
analogs. The binding and activity parameters of the
resulting lactam-containing glucagon analogs were
compared to acyclic counterparts to determine
whether formation of a ¢yclic structure was favor-
able at those positions.

In addition, the present work applied theoreti-
cal methods to study the energetics of salt bridge
formation in glucagon by using the following
as model structures. The complex formed by [ree as-
partic acid and lysine residues was analyzed in two
conformations. The first, featuring the formation
of a salt bridge with the hydrogen ol the aspartic
acid carboxyl directed toward the lone pair of
clecirons on the lysine e-amine nitvogen (Fig. 1A);

Table 1. Pharmacological parameters of cyclic analogues of glucagon

Receptor Binding

Activity Adenylyl Cyclase

Relative Relative Maximum

Affinity®, Fold Potency”, Activity® pA,*?
Glucagon and Analogues (%) Decrease (%) (%) Value
1A Glucagon 100 100 100 -
1B Glucagon amide 100 15 100 -
1C DesHis'glucagon 8 12.5 0.1 36 —
1D DesHis'glucagon amide 63 1.6 0.16 44 -
2 Cyclic[Glu*Lys®}-amide 0.41 244 0.58 100
3 Cyclic[Glu®Lys'*]-amide 4.8 21 0.126 18 —_—
4 DesHis'cyelic|Glu® Lys'*-amide 12.6 8 <0.00013 — 6.9
5 DesHis'Glu®cyclic| Gl Lys**|-amide 19.1 5.3 <0.003 — 6.8

“The ratio of unlabeled glucagon concentration required to displace 50% of receptor-bound ['**1)-glucagon, 1C.,, to the concentration

required for analogues of glucagon X 100,

"The ratio of glucagon cancentration at 50% stimulation {ECsg) of natural glucagon to that of glucagon analogue ¥ 100.
“The ratio of maximun response of glucagon analogue to that of natural glucagon X 100,
pA; value is the negative logarithm ot the concentration of inhibhor that reduces the response 10 | unijt ol agonist 1o the respoase

abtained from 0.5 unit of agonist.
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Synthesis and Purification of Glucagon Analogs

Glucagon analogs were synthesized by the solid phase
method with p-MBHA resin on an Applied Biosys-
tems 430A peptide synthesizer using procedures de-
veloped for the synthesis of natural glucagons (15).
All amino acids were coupled as their N¥-Boc deriva-
tives. Standard protocol for double couplings with
preformed symmetric anhydrides in dimerthyl{or-
mamide was used, except for arginine, asparagine,

and glutamine, which were coupled as N'-hydroxy-
benzotraizole esters. Aspartic acid and glutamic
acids to be cyclized were coupled as N¥-Boc-Asp-
(3-Ofm) and N%-Boc-Glu-({y-Ofm), respectively.
Lysine 1o be cyclized was coupled as N*-Boc-Lys
(N“-Fmoc). Aflter removing the side chain Fm and
Fmoc protecting groups of aspartic and lysine deriv-
atives with 20% piperidine for 40 min, the peptides
were cyclized on the resin using three equivalews of

Fig- 3. (A) A conformation of a heptapeptide fragment derived from glucagon representing residues 7-13: Thr'-Ser™-Asp®-
Tyr'®-Ser'-Lys'2-Tyr'?, featuring a hydrogen bond beiween the s-amino group of lysine and the g-carboxyl group of Asp®.
{B) An extended conformation of the heprapeprtide in Figure 3A. {(C) A cniled conformarian of the heprapeptide fn Figure 3A.

(D) Another extended conformation of the heptapeptide in Figure 3A, different from the conformation in Figure 3B.
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Fig. 3. ({cominued)

benzotriazolyloxytris[dimethylamino]-phosphenium
hexafluorophosphate. The protected peptide resins
were cleaved by the low=high HF procedure (16)
and the crude peptides were extracted with 10%
glacial acetic and purified as described previously
{17). Purity of the peptide derivatives was verified to
be greater than 95% by analytical HPLC on octadecyl-
silica (Vydac C18, Separations Group, Hesperia, CA.
USA}) applying a gradient of 25-45% acetonitrile in
0.05% aqucous TFA over 20 min. Amino acid analy-
sis yielded amino acid compositions consistent with

theory. Mass spectral analysis using the clectrospray
method determined the (M + H) + peak to be
within 0.3 da of theory,

Receptor Binding

Rat liver membranes were prepared from male
Sprague-Dawley rals (Charles River Laboratories)
by the Neville procedure, resuspended in NaHCO;,
and stored as aliquots under liquid nirrogen until
use (18). Prolein was determined by a modified
Lowry method (19). The receptor binding assay
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was performed in 1% BSA. 1 mM dithiothreitol,
and 25 mM Tris-HCl buffer, pH 7.2 (20). The
amount of radioiodinated glucagon displaced from
receptor sites by increasing concentrations of antag-
onist was measured. Binding affinity was expressed
as the ratio of the concentration of natural glucagon
to that of the antagonist required 1o displace 50%
of receptor-bound labeled glucagon multiplied
by 100.

Adenylyl Cyclase Activity

Adenylyl cyclase aclivity was measured in an assay
medium containing 1% BSA, 25 mM MgcCl,, 2 mM
dithiothreitol. 0.025 mM GTP, 5 mM ATP, 0.9 mM
theophylline, 17.2 mM creatine phosphate, and
I mg/ml creatine phosphokinase (213, The CAMP re-
leased was determined with a commercial kit from
Amersham in which unlabeied cAMP was allowed
to compete with [8-H] cAMP for a high-affinity
cAMP-binding protein. Data for stimulation of
adenylyl cyclase are expressed as picomoles of
cAMP produced per milligram of protein per minute
and plotted against the logarithm of peplide concen-
tration. Relative activity is a measure of the potency

Fig. 4. {A) A conformatton of a tctrapeptide
fragment derived {rom glucagon represent-
ing residues 9-12: Asp9-Tyri0-Serl1-Lyslz,
featuring a hydrogen bond between the
hydrogen of the B-carbaxyl group of Asp®
and the lone pair ol electrons on g-amino
group of LysL2. (B) An extended conlormation
of the tetrapeptide i Figure 4A. (C) A coiled
confurmation of the terrapeptide in Figure 4A.
featuring a hydrogen bend between a hydrogen
in Lys12 and a backbone oxygen.

of the analog in the adenylyl cyclasc assay and is ex-
pressed as the ratio (X100) of the concentration of
glucagon to that of the analog required to give half
the maximum response of analog. This method of
comparison was arbitrarily selected because the
shapes of the activity response curves of natural
glucagon and the analogs are not always parallel, es-
pecially in the case of partial agonists.

Inhibition of adenylyl cyclase was determined
using the same procedure above except thal increas-
ing concentrations of peptide antagonist were allowed
to compete with a constant concentration of natural
glucagon. The ratio of the concentration of antagonist
to agonist when the response is reduced to 50% of
the response to plucagon in the absence of anlago-
nist is the inhibition index (I/As). The pA2 value,
calculated also from the dosc-response curve, is the
negative logarithmn of the concentration of antagonist
that reduces the response to 1 unit of agonist 1o the re-
sponse obtained from 0.5 unit of agonist (22).

Theoretical Calculations

The Asp/Lys and Glu/Lys ion pairing complexes were
investipated with ab initio calculations. using the



Titan compuler program, version 1.05 (Wavelunciion,
Inc., Trvine, CA, USA). The basis set used is 6-31G*, at
Hartree-Fock level, The 6-31G* basis set consists of
one Slater orbital used for the description of the core
electrons and expanded in a series of six gaussians,
with the valence clectrons described by two Slater or-
bitals each, one expanded in a series of three gaus-
sians and the other approximated by one gaussian, In
addition, d orbitals are set on nonhydrogen atoms.
The geometries of the complexes are optimized and
the results are shown in Table 2. Scheme | shows the
numbering of the atoms. The optimized complexes are
shown in Figures 1 and 2. The heptapeptide segment
Thr-Ser-Asp-Tyr-Ser-Lys-Tyr {Fig. 3), which repre-
sents the 7-13 fragment of glucagon, has been investj-
gated with the semi-empirical method AMI. Four dif-
ferent initial conformations werc optimized and the
resulting structures are shown in Figure 3. The Titan
program was used. The wetrapeptide Asp-Tyr-Ser-Lys
(Fig. 4), representing residues 9-12 of glucagon, was
investigated with ab initio merhods, using the 3-21G
basis set, which uses one Slater orbital to the descrip-
tion of core ¢lectrons, expanded in a series of three
gaussians. The valence electrons are described by two
Slater orbirals, one expanded in a series of two gaus-
sians, the other approximated by one gaussian,
Geometry optimizarion was performed on three initial
conformations and the resulis are shown in Figure 4,
For all the structures considered, solvalion energies
were obtained using the SM5.4 model (23). In addi-
tion, the single-poimt cnergies of the tetrapeptides
were also calculated with the 6-31G* basis set, using
the 3-21G obtained geometries. Table 3 shows the
tofa] energies of the heptapeptide fragment in differ-
ent conformers, in kcal/mol. Table 4 shows the
energy values obtained for the tetragjeptide. The
pentapeptide, Glu®®-Asp?!-Phe??-val?.Lys??, was
optimized with the use of the 3-21G Dbasis set in an
extended conformation and in a cyclic conformation
allowing hydrogen bonding between glulamic acid
and lysine. The hydrogen bonds are between the
carboxyl hydrogen and the lone pair of clectrons on
the £-amino group of lysine. Single-point energies
using the 3-21G obtained geometries were calcu-
lated using the 6-31G* basis set. The energy values
are shown in Table 5. The optimized structures are
shown in Figure 5.

Results and Discussion

We prepared glucagon analogs with intramolecular
side chain lactams by solid-phase peptide synihesis
using a Boc straiegy (24). Internal lactams were
designed ai three different locations: at the N-terminal
portion of the molecule between positions 2 and
analog 2, close o ithe central hinpe region between
positions 9 and 12, analogs 3 and 4, and at the
C-terminal end of the molecule between positions
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Table 2. Geometry of complexes 1 and 2 (X and
degree)

Bond Lengths

la 1b 2a 2b
NI1-H1’ 1.874 — 1.905 -
HI-Ol’ —_ 1.601 —_ 1.579
H2-0Y —_— 2.000 _ 1.924
NIC] 1.467 1.488 1.465 1.481
clcz2 1.525 1.524 1.524 1.524
cacs 1.531 1.533 1.530 1.531
Cic4 1.533 1.532 1.533 1.529
C4C5 1.537 1.533 1.537 1.530
C5C6 1.516 1.520 1.514 1.506
C5N2 1.455 1.455 1.455 1.454
C601 1.186 1.187 1.191 1.158
C5HS 1.083 1.094 1.088 1.091
HI'OY 0.975 —_ 0.973 -
orcl’ 1.314 1.235 1.315 i.252
a2 cr 1,198 1.255 1.195 1,252
Ccrcy 1.512 1.525 1.510 1.523
crcy 1.529 1.543 1.525 1.529
CyCy 1.525 1.520 1.531 1.564
C4°03 1.182 1.192 — —
CI¥NY’ 1.447 1.446 _ _
C3'HY¥ 1.091 1.092 - —
CA'NY’ _— — 1.448 1.453
C4°C5' _— _— 1.523 1.511
C5°03° —_ - 1.188 1.188
C4'H4’ -— - 1.094 1.090
C5'HS5” — - 1.092 1.095
Bond Angles

Ia b 2a 2b

OT'HI'N1 174.56 —_ 173.23 —
O1"HIN1 — 155.48 —_ 157.07
O2'H2N1 —_ 123.12 —_— 128.23
Ni1ClC2 110.60 111.47 110.52 110.19
ClC2C3 112,93 114.42 112,69 113.84
C2C3C4 111.79 111.48 111.60 112.27
C3C4C5 115.85 114.92 116.06 114.70
C4C5C6 111.09 112.05 111.60 112.13
C5C601 123.54 123.91 123.20 123.58
C4C5N2 110.07 111.43 110.53 111.9]
HI'OLClV 110.67 —_ 110.35 —
orcrcy 112.19 117.23 11270 116.9
HIOI'CI —_ 102.90 - 102.74
H202°Cl’ — 108.11 —— 107.79
C1'c2rcsys 114.03 109.44 11217 112.83

20 and 24, analog 5 Lactam formation occurred
between a COOH side chain provided by a glutamic

@0\
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C2rC3Ca 111.89 110.08 112.82 112.85
C3C4a'CH — — 110.70 111.83
C2'C3'NIV’ 111.89 110.99 —_ —_
C3"Cq4'03 123.45 123.47 - —
C3'C4'NY’ — _ 111.36 107.17
C4'C5'03° - —_ 123,38 124.77
Dihedral Angles

la 1b 2a 2b
CI'OI'HI'Nl” -—125.13 — -174.78 —
HI'N1Cl1C2 —57.80 —_ 64.07 _
NICIC2C3 -171.44 -—57.19 —175.88 -—57.68
ClCaC3C4 -171.86 =-171.05 -171.02 -—175.22
C2C3C4C5 -164.96 —170.46 -168.36 -—170.69
C3C4C5N2 64.46 60.71 64,04 60.50
C3C4C5CH —-57.05 -—-60.80 -5540 -—-461.14
01C6C5C4 —-105.96 - 36.14 ~-110.99 ~36.14
o1I'craycy 173.50 88.73 168.60 —124.74
C1C2rg3'Cqd’ —62.28 —55.99 17851 —174.62
Cl'C2'C3'NI’ 66.80 70.98 — —_

C2C¥Ca403  —105.96 12521 -_— —
C2'C3 C4'NY’ — — -67.04 -—151.19
C2'C3°Ca'Cs’ — —_ 165.86 82.78
C3'C4'Cs50¥ — — 141.56 119.78

acid residue and an NH,; side chain supplied by a
lysine residue at those positions. With this strategy,
we aimed to probe for thar portion of glucagon that
can be stabilized by lactam cyclization formed by
an amide bond between the y-carboxyl group of a
glutamic acid and the g-amine group of a lysine. In
the case of cyclic[Glu® Lys®], cyclic|Glu® Lys'?], and

Table 3. Energies {(au), binding encrgy (kcal/mol) of
complexes 1 and 2

Complex
Aspartic-Lysine complex (1a) —853.69864
Aspartate ion-lysine ion {1b) —853.68014
Glutamic-lysine complex (2a) —892.73339
Glutamate ton-lysine ion (2b) —892.70054

Binding Binding energy +
Complex energy Solvation energy
la -13.6 -25.4
1b: vs, ions —-121.2 7.0
10 5 vs, neutral species —-2.0 -13.7
2a -12.9 —-24.4
2b : vs, ions -119.9 -4.6

2b 1 vs. neutral species —4.0 —13.4

Lys- Asp N]NM: wo OV
cl Hzc/ ¢itc=0 02
C2\<:H2 HC G
- H2c< C3' CH—NH; NI
C4 en, HC, C¥
H;N-—-CH/ cs \\0 03
N2 }C:
6 01
Lys- Gl
My,  ro OF
C1 HgC/ Cl' c—==0 02
o \CH; CoHg CY
c3 HzC/ ¥ /C“z
C4\CH3 CTvCi_NH NI'
HN-—CH CS5 CH C5¥'
N2 HC=—=0 ° oy
6 Ot

desHis'cyclic[Glu? Lys'? Jglucagon amide, analogs 2,
3, andd 4 (Table 1), the oppositely charged side chains
were positioned al i and i — 3 relative to each other.
In the cyclic]Glu**Lys**] derivative, analog 5 (Table 1)
the charged residues were situated i and { = 4 rela-
tive to each other. Substitution of glutamic acid for
aspartic acid at position 9 of glucagon had been
shown previously (o result in an analog that behaved
as a plucagon antagonist {17). The effect of intramal-
ecular lactam formation on recepror binding affinity
and subsequent stimulation of adenylyl cyclase was
measured. Binding affinity and adenylyl cyclase ac-
tivity were assayed on rat liver inembrances thar arc

Table 4. Energies of some conformations of the
heptapeptidic fragment of glucagon: Thr7-Scr8-asp9-
tyrl0-serll-lysi2-tyrl3 (kcal/mol)

Structure Energy Encrgy + Solvation Energy
3a —538.62 —572.25
3b —~573.49 —611.02
3¢ —539.49 -571.42
3d ~576.35 —611.30
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Table 5.
calculations, using 3-21G and 6-31G*//3-21G basis sets

Energies (au) of the tetrapeptidic fragment of glucagon Asp-Tyr-Ser-Lys as calculated with ab initio

4a (conlaining Asp-Lys bridge)
4b (extended)
4¢ {containing a Lys-backbone H bond)

3-21G 6-31G*/3-21G
—-1713.92181 —1723.48502
—1713.88362 —1723.44827
—-1713.93222 —1723.47322

Energies (kcal/mol}

Relative:
Solvation: AE (3-21G) 4E(3-21G} + Solvation energy AE(6-31G*//3-21G)
4a —60.48 6.53 ~53.95 0.0
4b —29.97 30.49 .52 23.06
4c —44.10 0.0 —44.10 7.41

rich in glucagon receptors. The binding and activity
parameters of the glucagon lactams were compared
to those of their acyclic counterparts. The cyctic
analogs were designed to indirectly provide insight
on the importance of internal fon pair formation to
glucagon binding and activity. Informarion from
these studies might peint to new directions in the
design of novel glucagon antagonists.

in addition 10 syntheric analegs, theoretical cal-
culalions were performed on model cyclic pepiides
based on sequences from glucagon. The energetics of
intramolecular hydrogen bond formation within a
terrapeptide, and a heptapeptide, containing an as-
partic/glutamic acid at position i and a lysine at the
i + 3 position, and a peptapeptide with a glutamic
acid at the i position and a lysine at the i + 4 posi-
tion, were calculated using the AM1 semi-empirical
method for the heptapepiide and (he ab initio

B

A

mcthod using the 3-21G basis set and the 6-31G*
basis sel [or the tetrapeptide and pentapeptide. The
tetrapeptide Asp-Tyr-Ser-Lys represented residues
9-12 of glucagon, the heptapeptide Thr-Ser-Asp-
Tyr-Ser-Lys-Tyr represented residues 7-14, and
the pentapeptide Glu-Asp-Phe-Val-Lys represented
residucs 20-24, Internal hydrogen bonding between
the carboxylic group and amino functional groups of
the peptides resulted in a 17-membered cyclic pep-
tide in the case of the i and i + 3 cyclization (Figs. 3A
and 4A) and a 2!-membered cyclic peptide in the
iand i + 4 cyclization (Fig. 5A). The peptide models
mimicked the cyclic glucagon analogs listed in
Table 1. The minimum energies obtained were con-
trasted with the biotogical data,

Analog 3, cyclic[Glu’Lys'*]amide, displayed a
20-fold decrease in binding affinity 10 4.8% and
retained weak agonist activity. The acyclic counterpart

Fig. 5. (A) A cyclic conformation of Glu-Asp-Phe-Val-Lys that features a hydrogen bond beiween the glutamic and lysine

residues. (B) An exrended conformation of Glu-Asp-Phe-Val-Lys.
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had a binding affinity of 14% (17). Deleting histi-
dine 1 in desHis'cyclicjGlu®Lys'*jamide, analog 4,
abolished the ability to activate adenyly! cyclase
cven at the highest concentration tested, but the
binding affinity was enhanced to 12.6%. Lactam
forination between Glu?® and Lys** in desHis' Glu®
cyclie[Glu*'Lys**jamide, analog 5, preserved 20%
binding affinity for glucagon receptors and the de-
rivative did not activate adenylyl cyclase. Not sur-
prisingly, bath analogs 4 and 5 were able to inhibit
glucagon-stimulated adenylyl cyclase activation and
behaved as glucagon antagonists with a comparable
PA; value of 6.8. In contrast, cyclic peptide forma-
tion berween Giu® and Lys’ in cyclic[Glu®Lys®]-
amide, analog 2, was not well-tolerated and resulted
ina99% loss i in binding affinity (Table 1). However,
cyclic[GluLys®Jamide was still a full agonist, al-
though with significamly reduced potency.

We have established the critical importance of
Asp® glucagon for the activation of the glucagon re-
cepior (5}). Moreover, we and others have shown thai
the positive charge of Lys'? contributes both to the
binding affinity and to the potency of activation
(9.25). The data cannot specify, however, whether
these charged residues interact with each other in an
inuramolecular salt bridge or whether these observa-
tions support ion pairing with oppositely charged
residues in the receptor binding pocket. Tmerestingly,
because the aspartic acid at position 9 and Iysme at
position 12 were not altered in cyclic[Glu®Lys’ Jamide,
the analog retained full agonist activity.

Whart is evident from the bioassay data is that
the ligand receptor interface can accommeodate a
cyclic structure at the C-terminal half but less so at
bath the midsection of the molecule and close 10 the
N-terminus. The C-terminal half has been shown o
be Jargely helical, while the N-terminus has a more
flexible conformation (26,28). The lactam between
Glu? and Lys® in cyclic[Glu®Lys®jamide, analog 2.
restricts chain flexibility and prevents efficient con-
tact W1th the receptor. However, Asp® in cyclic-
[Glu’Lys*lamide maintained its ability to bring
about full aciivation. Despite the notion that the N-
terminal half is mostly responsible for aciivation
and the C-terminal half for binding to the receptor,
our results suggest that the first five residues of
glucagon are critical for binding,

Laclam cyclizaton ai the midsection of the
peptide alse impaired receptor binding. Cyclic

[Glu®Lys'*]amide, analog 3, showed only 5% bind-
ing afﬁm;r but deletion of histidine in desHis""
cyclic[Glu®Lys'*Jamide, analog 4, restored binding
affinity to 13%. The acychc derivatives [Glu”]glucagon
amide and desHis'[Glu®] glucagon amide had bind-
ing affinities of 14% and 41%, respectively. These re-
wlts are consistent with a report that cyclic[Asp’
Lys'¥*jglucagon amide displayed only 1% binding
affinity and was inactive (14) and reinforce the notion
that Asp” and Lys'? are not likely (o be involved in an
intramolecular salt bridge.

A lactam between Glu*® and Lgs“at the C-terminal
region of DesHis' Glu¥cyclic[Glu®Lys**amide, ana-
log 5, was better tolerated and the peptide retained
20% binding affinity. The C-terminal end of the
glucagon molecule is largely helical and studies
have suggested that helical content is enhanced by
conformational constraints such as a lactam bridge.
In this analog the connecting side chains are at the i
and i + 4 positions, which has a stabilizing efifect on
a helix, The lactam in analog 5 is a 21-membered
ring. Formation of a lactam bridge between a Lys'” i
and a Glu?' i + 4 was recently shown ro be favorable
and l‘urlher supporls our finding (29). The laclams in
cyclic|GluLys®Jamide and cyclic{Glu’Lys'?Jamide,
analogs 2 and 3, arc more constricted because the
connecting side chains are at the i and i + 3 positions.
The lactam in these analogs is an 18-membered
ring that might distort the backbone rather than
stabilize ir.

Binding energies of the model peptides were
calculated as the dilference between the energy of
the complex and the sum of the energies of the sub-
systems. As shown in Table 6, the binding energies
ol aspartic acid and lysine (complex 1) and of glu-
tamic acid and lysine (complex 2) are substantial.
Complex la, which features a hydrogen bond be-
tween the 1wo neuiral species, is slightly more
bound than the complex 2a showing that replacing
the aspartic acid residue by a glutamic acid does
not influence the binding energy significantly. The
same is rrue of complexes 1b and 2h, which feature
the bond between two opposite charges, the aspar-
tate or giutamaic anions, respectively, with the ly-
sine cation. In these complexes, two of the lysine
NH;™ group are bound to the iwo oxygens of the car-
boxylate anion, This bond, compared to the separate
ions, is very strong due to the electrostatic attraction
upon its formation. However, when compared to the

Table 6. Energies (au) of the pentapeptide Glu-Asp-Phe-Val-Lys, relative and solvation energy

(kcal/mol)
Energy (3-21G) AE(3-21G) Energy(6-31G*) AE(6-31G*) Solvation Energy
Cyclic =-2112.56024 0.0 -2124.34392 0.0 -51.89
Extended —2112,54067 12.28 -2124.33707 4.30 —21.66
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independent neutral species, it is weaker than the
bond in the 1a and 2a complexes. Taking into con-
siderarion the solvation energies did not influence
the wrend,

In previous siudies, we investipated possible
reasons for the loss of activity of the glucagon analog
with Asp® to Glu® substitution. It was reasoned that
shifting the carboxz'l position affects the topographic
interaction of Asp® with a critical contact point in
the receptor that switches on the activation response
(30). According to the resulis in Table 2, the stabi-
lization energy of salt bridge lormation between as-
partic acid and lysine would not be measurably dif-
ferent if aspartic acid were replaced with a glutamic
acid. Thus, the addition of one methylene group in
glutamic acid would not be a contributing factor to
the loss in activity if aspartic acid were involved in
an intramolecular salt bridge.

Table 3 shows that at AMI calculational level,
the extended species of the heptlapeptide Thr-Ser-
Asp-Tyr-Ser-Lys-Tyr. which represents the 7-13
fragment of glucagon, is more stable than the cyclic
madel, with or without the inclusion of the solvadion
energy. However, as shown in Table 4, salt bridge
formarion berween Asp and Lys of the (i + 3)
tetrapeptide Asp-Tyr-Ser-Lys, resulted in a cyclic
conformation that had a lower energy than the ex-
tended tetrapepride Asp-Tyr-Ser-Lys, at both 3-21G
and 6-31G*//3-21G levels. This peplide lragment
represents residues 9-12 of glucagon, The same sys-
tem investigated at AM1 level shows the extended
conformation as more stable, indicating that AM]
calculations are not appropriate for the description
of these systems. This is probably due 1o a poor de-
scription of hydrogen bonds.

As seen in Table 4, at 3-21G calculational level,
the energy of the structure 4¢, which features a hy-
drogen bond between a backbone oxygen and one of
the hydrogens on the g-amino nitrogen, is lower
than the one of the structure 4a, which [eatures the
Asp’-Lys'? hydrogen bond in which the hydrogen is
positioned on the carboxyl as in Figure 1A or 2A.
However, when the solvation energy is taken into
consideration, the order is reversed, which suggests
that the Asp”Lys'? salt bridge is less likely to form
in a hydrophobic pocket. This observation is consis-
tent with the idea that the peptide ligand binds very
close 1o the lipid bilayer and is most likely stabilized
by hydrophobic interactions with the membrane-
bound recepror proiein. At 6-31G*//3-21G calcula-
tional level. 4a is the lowest in energy, even without
solvation energy added.

A peptide lactam desHis cyclic[ Glu®Lys'*}-amide
produced from an i to i + 3 cyclization of a v-COOH
and e-amino of Glu® and Lys'?, respectively, was
shown to have a lower binding affinity than its acyclic
counterpart, which was reported 10 have a binding
affinity of 41% (17). This observation supports the
notion that the Glu® carboxyl and the Lys'? amino
groups are not likely to interact intramolecularly, but

may instead engage in ionic interactions with recep-
tor protein residues (Table 1). The Glu® derivarive is
uncoupled from the recepior, and thus, the decreased
binding may be due to the loss of the Lys'? inierac-
tion. These results are consistent with the finding that
cyclic[Asp® Lys'*)glucagon amide retained only 1%
binding alfinity and was inactive {14).

An amide bond belween v-COOH and e-amino
of Glu*® and Lys*, respectively, was tolerated in the
analog DesHis' Glu”cyclic{Glu**Lys**]amide and 20%
binding affinity was retained. As seen in Table 5,
a pentapeptide Glu-Asp-Phe-Val-Lys, which repre-
sents the 20-24 segment of a glucagon analog, ex-
hibited a lower energy for the cyclic conformation
invelving an Asp/Lys salt bridge than [or the ex-
tended one using ab initio calculations, Hartree-
Fock, with the 3-21G basis sct, The pentapeptide is
more stable in the cyclic form than the extended
form: by 12.28 kcal and also exhibirs a stronger sol-
vation energy (Table 5). In the tetrapeptide the
cyclic conformation containing the salt bridge in
Figure 4A is more stable than the extended form in
Figurc 4B by about 23 kcal/mol, but its solvation
energy is much higher, making it much more stable,
As seen in Tables 4 and 5, both with and without
Laking into account the solvation energy, the cyclic
tetrapeptide shows a greater stabilization compared
to the extended form than doees the cyclic pentapep-
tide.

Our results are consistent with tentative models
that have been proposed for the binding of peprtide
ligands to members of family B-type GPCRs (31,32).
In this medel, binding of the peptide ligand 1o iis
receptor occurs in two steps, First, a  helical
conformation is induced as the peptide associates
nonspecifically with the membrane bilayer, fol-
lowed by a second conformational change when
the N-terminus of the pepride interacts with the
membrane-bound receptor and activates it, The C-
terminal end of the glucagon meolecule has been
shown by x-ray struciure analysis to be largely helical
{26). The current model indicates that this structure

may closely represent the physiologic conformation of

glucagon in the presence of its membrane-bound re-
ceptor, contrary to earlier assumptions.

In summary. data obtained from our cyclic
glucagon analogs support a current mode! of the ac-
tive conformation of glucagon. The peptide ligand in
solution can assume many conformations, A small
population of these conformations will predominate
when the ligand interacts with its receptor on the
cell surface. We tested the idea that an internal sal
bridge might contribute 1o the stabilization of this
putative conformation. Biological data bolstered by
ab initie calculations indeed show good probability
that an intramolccular salt bridge at the C-terminus
of glucagon might facilitate provide local srabiliza-
tion within the peptide as it interacts with is recep-
tor, In contrast, an intramoiecular salt bridge has a
destabilizing effect at the N-terminal 1-13 sequence
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t contains residues required for interaciion with
receptor. Thus, an internal i to i + 4 intramolec-
1 salr bridge at the C-terminal half of glucagon

may be a useful feature in antagonist design and
may lead to novel glucagon antagonists.
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