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Amylin is an important, but poorly understood, 37 amino acid glucoregulatory hormone with great potential to target metabolic
diseases. A working example that the amylin system is one worth developing is the FDA-approved drug used in insulin-requiring
diabetic patients, pramlintide. However, certain characteristics of pramlintide pharmacokinetics and formulation leave consid-
erable room for further development of amylin-mimetic compounds. Given that amylin-mimetic drug design and development is
an active area of research, surprisingly little is known about the structure/function relationships of amylin. This is largely due to the
unfavourable aggregative and solubility properties of the native peptide sequence, which are further complicated by the com-
position of amylin receptors. These are complexes of the calcitonin receptor with receptor activity-modifying proteins. This review
explores what is known of the structure—function relationships of amylin and provides insights that can be drawn from the closely
related peptide, CGRP. We also describe how this information is aiding the development of more potent and stable amylin
mimetics, including peptide hybrids.

Abbreviations
AM, adrenomedullin; AMY, amylin receptor; CLR, calcitonin receptor-like receptor; CT, calcitonin; ECD, extracellular do-
main; [APP, islet amyloid polypeptide; RAMP, receptor activity-modifying protein

Tables of Links

GPCRs AC187 B-CGRP

AMY; receptor GLP-1 receptor AM, adrenomedullin CGRPg_37
AMY; receptor RAMP1 AM2, intermedin CT, calcitonin
AMY; receptor RAMP2 Amylin GLP-1

CTR, CT receptor RAMP3 a-CGRP Pramlintide

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://www.guidetopharmacology.org,
the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are permanently archived in the Concise Guide
to PHARMACOLOGY 2015/16 (Alexander et al., 2015).
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Introduction to amylin and the
calcitonin family of peptides

Amylin is a centrally acting, neuroendocrine hormone syn-
thesized with insulin in the beta cells of pancreatic islets.
Co-secretion is provoked by nutrient influx to the gastroin-
testinal tract, signalling the need to restore blood-glucose ho-
meostasis. Insulin triggers glucose uptake in muscle and liver
cells, effectively removing glucose from the bloodstream and
making it available for energy use and storage. Amylin regu-
lates glucose homeostasis by inhibiting gastric emptying,
inhibiting the release of the counter-regulatory hormone glu-
cagon and inducing meal-ending satiety (Hay et al., 2015).
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Human amylin was probably first observed as early as
1901, described as hyaline deposits found in the pancreatic
islets of patients with type 2 diabetes (Opie, 1901). Amylin
was later characterized as an amyloidogenic peptide, isolated
from a beta cell tumour and called islet amyloid polypeptide
(IAPP), and then, amylin (Westermark et al., 1986). Physio-
logically, amylin functions as a glucoregulatory and satiety-
inducing hormone, which is protective against postprandial
spikes in blood glucose and overeating (see Hay et al., 2015;
Hinshaw et al., 2016). Under disease conditions, amylin be-
comes dysregulated, misfolds, self-associates and forms amy-
loid deposits (see Akter et al., 2016), but the role of amylin in
disease pathogenesis remains unclear.

MP3

Amylin receptor components comprise a family B GPCR, the calcitonin receptor. Depicted here is the more common splice variant without the 16
amino acid insert in intracellular loop 1, CT(,. This core GPCR interacts with one of three accessory proteins (RAMPs), which alter the pharmacol-

ogy and downstream signalling of the receptor.

1884 British Journal of Pharmacology (2016) 173 1883-1898



Amylin is a member of the calcitonin (CT) family of pep-
tides, which includes CT itself, the CGRPs comprising two
variants (¢CGRP and BCGRP), adrenomedullin (AM) and
AM2 (intermedin). All members of this family are clinically
relevant drug targets due to their roles in the regulation of
several critical homeostatic processes (Hay and Dickerson,
2010).

In the case of amylin, its beneficial physiological effects
on postprandial blood-glucose and meal-ending satiation
have made it a suitable target in diabetes, validated by
the FDA approval of the amylin analogue, pramlintide for
insulin-requiring diabetes (Schmitz et al., 1997). Despite
this, the pharmacokinetic profile of pramlintide and its
formulation requirements make it a suboptimal drug
(Weyer et al., 2001). In particular, the additional beneficial
effects of amylin or pramlintide in reducing body weight
and their synergistic actions with other metabolic hor-
mones are unlikely to translate into drugs for obesity with-
out further improvement to the molecule or formulation.
Therefore, there is considerable scope to improve upon
amylin and existing amylin mimetics to optimize their
therapeutic potential. Insight into how this may be
achieved requires unlocking the mechanisms of amylin
peptide binding and activation of its receptor(s), and
hence, how the amino acid sequence and structure of this
peptide translates into function.

Amylin receptors

Amylin and other CT family peptides are ligands for
family B GPCRs. The peptides range from 32 to 52
amino acids in length, and they activate GPCRs, which
can heterodimerize with accessory proteins called receptor
activity-modifying proteins (RAMPs). Three RAMP genes
are expressed in humans, encoding RAMP1, RAMP2 and
RAMP3, with 31% sequence identity between them
(McLatchie et al., 1998). GPCR association with RAMPs
adds an intriguing layer of complexity to receptor
activity because RAMPs can change the pharmacology, traf-
ficking, degradation/recycling pathways, glycosylation
state, and/or downstream signalling of associated GPCRs
(see Hay and Pioszak, 2016).

Amylin receptors comprise a core family B GPCR, the CT
receptor (CTR), associated with the three RAMPs (Figure 1).
Encoded on chromosome 12 in humans, CTR has two ma-
jor splice variants, hCT,, and hCT,, of which the former
is the major subtype. hCT, has a 16 amino acid insert in
its first intracellular loop (Gorn et al., 1992). Cloning from
MCF-7 and BIN-67 cells showed that residue 447 in hCT,
and hCT, is a proline but is a leucine in hCT, cloned
from T47D cells. Another human variant was described
from MCEF-7 cells which, like hCT,), not only lacks the
16 amino acids in the first loop but is also lacking 47
amino acids of its N-terminal extracellular domain (ECD)
(Albrandt et al., 1995). In rats, 1CT(, is equivalent to hCT
@, and there is also a splice variant, tC1b, which has an
additional 37 amino acids in the second extracellular loop
(Poyner et al., 2002).

The two main CTR isoforms, combined with the three
RAMPs, vyield six amylin receptors. The physiological
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relevance of each of the possible amylin receptor subtypes is
not well understood, but a range of studies have described
the pharmacological properties of many of these receptors
(Poyner et al., 2002; Hay et al., 2015).

Amylin receptor pharmacology

Association of CTR with RAMPs confers an increase in
amylin affinity, compared with CTR alone, and an
increase in potency in functional assays, so-called
induction of amylin receptor phenotype. Splice variants,
RAMP association, cell type in which the receptor is
expressed (and thus background signalling protein expres-
sion) and sequence differences between species lead to
considerable complexity in pharmacology (Tilakaratne
et al., 2000; Udawela et al., 2006a, b; Morfis et al., 2008).
Despite this complexity, patterns of receptor pharmacol-
ogy have emerged, and these are summarized in the Guide
to Pharmacology (currently only for human receptors;
www.guidetopharmacology.org). In particular, readers
should refer to the most recent edition of the Concise
Guide to Pharmacology to obtain the up-to-date rank or-
ders of potency of agonists and antagonists (Alexander
et al., 2015). The general consensus for agonist pharma-
cology is that amylin is a high-affinity/potency ligand of
AMY; and AMY;3 receptors and variably of AMY, recep-
tors; binding studies are generally used for the latter re-
ceptor. AMY;, and AMY3(, receptors are the most
extensively characterized and show variable responsive-
ness to CGRP, depending on the RAMP and species. The
pharmacology of agonists at human CT and amylin recep-
tors is shown in Table 1. These results demonstrate that
CGRP is a potent agonist at the only human AMY,
receptor. In rats, CGRP is also potent at AMY 3, receptors
(pECso rat amylin, raCGRP: rCT(, 8.11, 7.87; rAMY,
9.74, 9.66; TAMY3(,) 9.97, 9.68) (Bailey ef al., 2012).

Antagonists are very useful tools for characterization of
receptor pharmacology, provided a receptor-specific antago-
nist is available. The list of available antagonists targeting
amylin receptors remains short and with only modest
selectivity between CT and AMY receptors or between
AMY receptors. These antagonists are all very similar, in
that they are truncated forms of the full-length endogenous
peptide or variants thereof (Figure 2). AC187, a salmon
CT (sCT) and amylin chimeric peptide, has been widely
used in the literature as an amylin receptor-specific antago-
nist (Figure 2). However, its discrimination of hAMY,,, over
hCT, was only 10-fold, with even less of a difference at rat
receptors (Hay et al., 2005; Bailey et al., 2012). AC413,
another sCT/amylin chimera, has a similar profile. Inconsis-
tencies with rat amyling 3; have been reported, and it is
considered a weak antagonist. CGRPg 3; is a modestly
effective antagonist of AMY receptors. The pharmacology
of antagonists at AMY receptors is shown in Table 2. There
are no known low MW antagonists of CT or AMY receptors.
The highest affinity ligand is olcegepant, which was
designed as a CGRP receptor antagonist, against the
CLR/RAMP1 complex. This has a pA, of ~7.3 at hAMY,,
(Hay et al., 2006; Walker et al., 2015).
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Table 1
Peptide agonist pharmacology at calcitonin (CT) and amylin (AMY) receptors

Agonist (pECso )

—_— e e Cell Line/
Receptor hAMY rAMY hoCGRP hpCGRP Tissue References
hCT,) - 7.06 7.20 — 8.88 9.78 cAMP COos7 Udawela et al., 2006a

8.61 8.62 — - 9.95 - cAMP COos7 Gingell et al., 2014

- 6.95 6.80 7.18 8.99 - cAMP COs7 Hay et al., 2005

8.27 - - - 9.00 10.2 cAMP COs7 Albrandt et al., 1995

8.33 7.81 = = 9.71 = cAMP HEK293S Gingell et al., 2014

9.17 = = = 10.2 = cAMP RAEC Muff et al., 1999

— — — — 10.3 - cAMP COS7 Leuthauser et al., 2000

= 9.50 — = 11.2 = Dispersion Melanophore Armour et al., 1999

— 9.30 834 - 10.7 10.9 cAMP COs7 Qietal, 2013

- 9.39 8.1 - 12.0 - cAMP HEK293S Qietal, 2013

- 7.80 — - 8.80 - cAMP (30 min) COS7 Morfis et al., 2008

— 8.26 — — 9.61 — cAMP (5 min)  COS7 Morfis et al., 2008

- 7.76  — — 8.47 - pERK1/2 COos7 Morfis et al., 2008

- 7.44  — - 8.23 - Ca’* COS7 Morfis et al., 2008

- 8.28 — - 9.79 - cAMP(30 min) HEK293 Morfis et al., 2008

= 758 = = 7.89 - pERK1/2 HEK293 Morfis et al., 2008

- 7.51 - — 8.07 - Ca** HEK293 Morfis et al., 2008

- 713 6.88 — 9.43 10.1  cAMP COos7 Udawela et al., 2006b
rCT ey - 8.11  7.87 (raCGRP) 7.54 (rCGRP) 9.28 (rCT) — cAMP Cos7 Bailey et al., 2012
hCT,) - 712 7.09 - 8.75 10.22 cAMP COs7 Udawela et al., 2008
hAMYq,)  — 8.61 8.08 — 8.87 10.03 cAMP COS7 Udawela et al., 2006a

9.71 9.90 - - 9.96 - cAMP COs7 Gingell et al., 2014

- 9.12 8.70 9.16 8.93 - cAMP COos7 Hay et al., 2005

9.00 898 — - 9.73 - cAMP HEK293S Gingell et al., 2014

8.73 — - - 10.1 - cAMP RAEC Muff et al., 1999

— — 9.11 — 9.62 — cAMP COS7 Leuthauser et al., 2000

- 9.66 — - 11.3 — Dispersion Melanophore Armour et al., 1999

- 10.5 10.2 - 10.6 11.1  cAMP COs7 Qietal, 2013

- 10.1 9.16 - - - cAMP HEK293S Qietal, 2013

- 9.23 - - 8.64 - cAMP(30 min) COS7 Morfis et al., 2008

— 9.76  — — 9.28 — cAMP (5 min)  COS7 Morfis et al., 2008

- 834 - - 8.35 - pERK1/2 Cos7 Morfis et al., 2008

- 773 - - 7.98 - Ca’* Cos7 Morfis et al., 2008

- 9.69 — - 9.88 - cAMP(30 min) HEK293 Morfis et al., 2008

- 7.78  — - 8.12 - pERK1/2 HEK293 Morfis et al., 2008

- 8.22 - - 7.65 - Ca* HEK293 Morfis et al., 2008

- 8.47 845 — 9.00 10.12 cAMP COos7 Udawela et al., 2006b
rAMYq1@  — 9.74  9.66 (raCGRP) 8.87 (rBCBRP) 8.90 (rCT) — cAMP COos7 Bailey et al., 2012
hAMYpy  — 792 8.0 - 9.93 9.77  cAMP COs7 Udawela et al., 2008
hAMYo,)  — 7.78 7.29 = 925 9.66 cAMP COs7 Udawela et al., 2006a

9.11 8.86 — = 9.93 = cAMP COos7 Gingell et al., 2014

8.27 847 — = 9.64 = cAMP HEK293S Gingell et al., 2014

8.73 — — — 10.3 — cAMP RAEC Muff et al., 1999

- 9.90 — - 11.4 - Dispersion Melanophore Armour et al., 1999

- 8.25 — — 8.82 - cAMP(30 min) COS7 Morfis et al., 2008

(Continues)
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Table 1 (Continued)

Agonist (pECso )

Amylin structure—function m

Cell Line/

Receptor hAMY rAMY hoCGRP hfCGRP
- 8.53 - - 9.27
- 7.83 - - 8.56
- 7.66  — - 8.08
- 9.08 — - 9.70
- 7.57 - - 8.09
- 7.44  — - 8.11
- 716 7.1 - 9.39
hAMY @y  — 7.94  7.74 - 8.77
hAMY3,  9.60 9.47 — - 9.54
- 8.63 7.60 7.67 8.02
8.90 8.93 - - 9.58
9.11 - - - 9.00
- 10.8 - - 10.7
- 9.26 7.91 — 9.18
- 10.2 9.7 - 12.1
- 9.12 - - 8.20
- 9.57 - - 9.03
- 8.43 - - 8.02
- 8.04 — - 7.80
- 992 - - 8.78
- 8.09 - - 7.83
- 8.23 - - 7.73
- 8.61 7.62 - 8.17
rAMYs,y — 9.97  9.68 (raCGRP) 8.95 (rBCGRP) 8.30 (rCT)
hAMY3p)  — 8.19 6.75 — 7.89

References

Morfis et al., 2008

Tissue

- cAMP (5 min) COS7

— pERK1/2 COS7 Morfis et al., 2008

- ca** cos7 Morfis et al., 2008

— cAMP(30 min) HEK293 Morfis et al., 2008
- pERK1/2 HEK293 Morfis et al., 2008

- Ca** HEK293 Morfis et al., 2008
9.70 cAMP COS7 Udawela et al., 2006b
10.33 cAMP COS7 Udawela et al., 2008
- cAMP COS7 Gingell et al., 2014
— cAMP COS7 Hay et al., 2005

- cAMP HEK293S Gingell et al., 2014
— cAMP RAEC Muff et al., 1999

- Dispersion Melanophore Armour et al., 1999
- cAMP COS7 Qietal, 2013

— cAMP HEK293S Qietal, 2013

- cAMP(30 min) COS7
- cAMP (5 min)  COS7

Morfis et al., 2008
Morfis et al., 2008

= pERK1/2 COS7 Morfis et al., 2008

- Ca’* COS7 Morfis et al., 2008

— cAMP(30 min) HEK293 Morfis et al., 2008

— pERK1/2 HEK293 Morfis et al., 2008

- Ca2+ HEK293 Morfis et al., 2008
9.58 cAMP COS7 Udawela et al., 2006b
- cAMP COSs7 Bailey et al., 2012
9.95 cAMP COs7 Udawela et al., 2008

Overview of amylin structure/function

A ‘two-domain model of binding’ has been proposed to
describe family B GPCR peptide ligand receptor binding and
activation. In this model, the peptide C-terminus binds to
the moderate length extracellular N-terminus of the
receptor, docking the peptide and optimally positioning the
N-terminus of the peptide to bind to the upper transmem-
brane domain and extracellular loops of the receptor, ulti-
mately causing receptor activation. In this model, the
peptide C-terminus initiates binding to the receptor, and
the N-terminal interactions activate the receptor (Hoare,
2005) (Figure 3). This model provides a useful framework for
considering data on the structure-function relationships of
amylin and its closely related family members. For example,
the two-domain mode of binding for these peptides is sup-
ported by data with N-terminally truncated peptides, which
bind the receptor but generally do not cause activation - the
antagonists described above.

In fact, N-terminal deletions result in antagonists for all
peptides in this family including human amyling 37,
aCGRPg_37 and AM,;,_s,, supporting the notion of the impor-
tance of the N-terminus for receptor activation (Barwell et al.,

2012). Although binding affinity of all of these peptides is
lower for each of these fragments compared with the parent
peptide, this appears to be particularly the case for
amyling_37. It has very low affinity for AMY receptors and is
rarely used (Bailey et al., 2012). The reasons for this are not
known. In agreement with the two-domain model, a small
11mer fragment haCGRP,;_37 retains binding affinity in com-
petition binding assays against receptor/RAMP ECD com-
plexes (Moad and Pioszak, 2013).

N-terminal ring fragments of AM(15-22), aCGRP (1-8)
and amylin (1-8) have been tested and are reportedly biolog-
ically active, inhibiting gastric acid secretion in rats, although
with marked reductions in potency compared with their full-
length equivalents (Rossowski et al., 1997). Some activity of
N-terminal fragments was preserved with cyclised fragments
of human amylin,_g, which retained the ability to stimulate
rat fetal osteoblast proliferation and increase bone volume,
albeit at very high concentrations (Kowalczyk et al., 2012).
In the native peptides, the C-terminus clearly needs to be
present for full bioactivity. However, the N-terminal
fragments with some activity could act as leads for further de-
velopment. For example, there has been success with GLP-1
N-terminal fragments. This peptide, which mirrors many of

British Journal of Pharmacology (2016) 173 1883-1898 1887
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(A)
_Qq rD/_\-/NHZ
S — r -
Disulphide Amphipathic C-terminal
loop o helix amidation
(B)
Human KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY
Rat KCNTATCATQRLANFLVRSSNNLGPVLPPTNVGSNTY
Mouse KCNTATCATQRLANFLVRSSNNLGPVLPPTNVGSNTY
Baboon ICNTATCATQRLANFLVRSSNNFGTILSSTNVGSDTY
Macaque KCNTATCATQRLANFLVRSSNNFGTILSSTNVGSDTY
Bear KCNTATCATQRLANFLVRSGNNLGAILSPTNVGSNTY
Bovine KCGTATCETQRLANFLAPSSNKLGAIFSPTKMGSNTY
Porcine KCNMATCATQHLANFLDRSRNNLGTIFSPTKVGSNTY
Dog KCNTATCATQRLANFLVRTSNNLGAILSPTNVGSNTY
Cat KCNTATCATQRLANFLIRSSNNLGAILSPTNVGSNTY
Ferret KCNTATCVTQRLANFLIHSSNNLGAILLPTDVGSNTY
Goldfish KCNTATCVTQRLADFLVRSSNTRGTVYAPTNVGANTY
©
hAMY KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY
haCGRP ACDTATCVTHRLAGLLSRSGGVVKNNFVPTNVGSKAF
D)
rAMY KCNTATCATQRLANFLVRSSNNLGPVLPPTNVGSNTY
rAMY8-37 ------- ATQRLANFLVRSSNNLGPVLPPTNVGSNTY
sCT CSNLSTCVLGKLSQELHK----L-QTYPRTNTGSGTP
sCT8-32  ------- VLGKLSQELHK----L-QTYPRTNTGSGTP
AC187  —--—--- VLGKLSQELHK----L-QTYPRTNTGSNTY
AC413  ------- ATQRLANFLVR----L-QTYPRTNVGANTY

Figure 2

(A) Rat amylin general structure highlighting three important structural regions of the peptide: the N-terminal disulphide loop; the 7-17 amphi-
pathic a helix followed by a turn, a small 20-24 residue « helix and 25-37 flexible loop; and an amidated C-terminus. (B)-(D) show amino acid
sequence alignments of different species of amylin peptides, human amylin with CGRP and native rat amylin or salmon calcitonin with their trun-
cated or chimera antagonist equivalents respectively. In these alignments, red residues are completely conserved residues across either the amylin
species, between amylin/CGRP or between full-length peptides and antagonists. The blue residues are strongly similar and only differ between

two amino acid residues, shown for (B) and (C) only.

the physiological effects of amylin on glucoregulation and sa-
tiety, is also a family B GPCR ligand. Modified N-terminal
GLP-1 fragments have now been developed, which are very
potent (Mapelli et al., 2009; Hoang et al., 2015).

We will outline the current understanding of the sub-
regions of the amylin amino acid sequence and how this in-
formation may be used to refine drug development strategies.
Given the overlap in activity of amylin and CGRP at the
AMY; receptor, comparisons will be made between these
two peptides.

Primary sequence

Within the CT family of peptides the N-terminus and C-terminus
are the most highly conserved regions with more diver-
gence in the mid-portions of each peptide. The same holds
true for amylin across several species; strongly conserved
termini with key variations in regions nearer the mid to
C-terminal end of the peptide, suggesting an importance

1888 British Journal of Pharmacology (2016) 173 1883-1898

in retention of the N-terminal and C-terminal residues for
biological activity (Figure 2B).

Certain amino acids across the CT family of peptides are
of particular interest due to their strong conservation:
particularly, Cys?, Cys’, Thr® and a C-terminal aromatic resi-
due (except calcitonin, which has proline). The first residue
is often small and uncharged, and the second is cysteine,
which is always conserved in all species. The next four are
highly conserved residues between amylin and CGRP
sequences — Asp/Asn-Thr-Ala-Thr. Thr® appears to be
conserved in all members of CT family across many species
(Watkins et al., 2013 (Figure 2C).

In amylin, the first two residues, lysine and cysteine, are
strongly conserved from goldfish to humans (Figure 2B). The
Ala-Thr-Cys sequence in positions 5, 6 and 7 are also highly con-
served across species. Thr’, GIn'°, a basic amino acid at position
11 (Arg or His in pig), Leu at position 12, Ala at position 13, Asn
or Asp (goldfish) at 14, Phe at 15, Leu at 16, His/Arg/Pro at 18,
Ser at 19 and Asn at position 21 are all mostly conserved across
species. Positions 3 and 4 are mostly Asn and Thr, respectively,
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Table 2
Peptide antagonist pharmacology at calcitonin (CT) and amylin (AMY) receptors

Antagonist (pK;, or pA,)

Receptor Agonist AC187 AC413 rAMYg 3;; hoCGRPg 37 sCTg 3> Assay Cell line References
hCT hAMY 7.25 - - - 8.09 cAMP COs7 Gingell et al., 2014
hCT 7.15 6.94 <5 <5 8.17 cAMP COos7 Hay et al., 2005
rAMY 6.89 7.48 - - 8.22 cAMP COos7 Hay et al., 2005
rAMY 8.85 - - - 8.95 cAMP COs7 Qietal, 2013
hCT - — - - 9.4 Dispersion Melanophores Armour et al., 1999
rAMY - - - - 9.25 Dispersion Melanophores Armour et al., 1999
rCTey rAMY 7.78 8.09 <5 <5 (rat g_37) 8.13 cAMP COs7 Bailey et al., 2012
hAMY4,  hAMY 7.84 = = = 7.27 cAMP CcOs7 Gingell et al., 2014
hCT 7.30 711 <5 <5 7.95 cAMP COos7 Hay et al., 2005
rAMY 8.02 7.92 5.59 6.62 7.78 cAMP COs7 Hay et al., 2005
rAMY 9.25 - - - 8.08 cAMP COs7 Qietal., 2013
haCGRP  7.86 7.30 - 6.79 7.80 cAMP COs7 Qietal., 2013
hpCGRP  7.85 7.25 - 6.78 7.68 cAMP COSs7 Qietal., 2013
hAMY(3,  hAMY 8.30 - - - 8.21 cAMP COs7 Gingell et al., 2014
hCT 7.37 6.83 <5 <5 7.87 cAMP COos7 Hay et al., 2005
rAMY 7.68 7.10 <5 6.17 7.92 cAMP COos7 Hay et al., 2005
rAMY - - <5 - 8.2 Dispersion Melanophores Armour et al., 1999
hCT - — - - 9.45 Dispersion Melanophores Armour et al., 1999
rAMYaa.  rAMY 8.24 8.97 6.16 7.62,7.07 (rat g_37) 7.42 cAMP COs7 Bailey et al., 2012
rAMY 34y rAMY 8.11 8.60 5.53 7.00 (rat g_37) 8.17 cAMP COS7 Bailey et al., 2012

NN . NN NN
c c c w

Figure 3

The two-domain model of peptide binding and receptor activation. From left to right, the peptide encounters the seven-transmembrane GPCR
associated with a RAMP accessory protein in the cell membrane, the C-terminal end of the peptide binds to the extracellular N-terminus of the
receptor complex and binding induces the alignment of the peptide N-terminus to the juxtamembrane region of the GPCR facilitating the acti-
vation of the G-protein, its subsequent association with adenylyl cyclase (AC) and downstream production of cAMP.

although this is not always the case as highlighted by cow and of the peptide, the most highly conserved residues across species
pig sequences. Position 8 is mainly Ala between species but is a include Gly**, Thr*®, Gly**, Thr*® and the C-terminal aromatic
Glu or Val in cow and goldfish respectively. Tyr*”. Small nonpolar residues occupy position 26 (Ile or Val),

The mid-region of the peptide has the most divergence, and and prolines are common at position 29, but are replaced by a
the residues are less conserved. Nearing the C-terminal portion serine in humans and primates. Residue 32 is a small nonpolar
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valine except in bovine species, replaced with a larger nonpolar
methionine.

The most closely related peptide to amylin is CGRP (Figure 2C).
It is particularly useful for comparing structure/function re-
lationships with amylin given the ~50% sequence identity
between them.

Disulphide loop/amidated C-terminus

Two biologically critical post-translational modifications in
the CT family of peptides are also evident in amylin; the
strongly conserved N-terminal disulphide loop between two
cysteine residues and the amidated C-terminus (Figure 2A).
These have distinctive roles in terms of receptor binding
and activation.

The N-terminal disulphide loop, which has been termed
the ‘activation loop’ is considered essential for receptor acti-
vation (Barwell et al., 2012). Accordingly, linearized rat
amylin with the C-terminal amide was 100-fold less
potent at inhibiting glycogen synthesis in rat soleus
muscle in vitro compared with the native peptide. The linear
peptide also lacking the C-terminal amide lost all biological
activity in this model (Roberts et al., 1989). This finding was
further reinforced using a rat fetal osteoblast proliferation
assay, normally stimulated by wild-type rat amylin in the
sub-nanomolar range. The peptide lacking both post-
translational modifications was ineffective at eliciting
osteoblast proliferation and analogues with only one of
these modifications behaved as antagonists in this system
(Cornish et al., 1998). In CGRP, breaking the disulphide
resulted in a linear peptide, which failed to increase blood
flow or inhibit osteoclast resorption, whilst the intact full-
length peptide retained these functions (Zaidi et al., 1990).
Destruction of the disulphide loop in haCGRP also abolished
bioactivity in rat atrial stimulation assays, further substanti-
ating the importance of these features to the functionality
of these peptides (Tippins et al., 1986). Nevertheless,
linear analogues of haCGRP have been synthesized that
challenge the paradigm of the unequivocal importance of
the N-terminal disulphide ‘activation loop’. In some assays,
these analogues have been shown to retain binding affinity
and/or activity either as full or partial agonists (Dennis
et al., 1989; Hay et al., 2005; Bailey and Hay, 2006).

Synthesis of fragments of haCGRP,7_37 and AM37_s, lack-
ing the C-terminal amide abolished binding of the peptide to
receptor ECD complexes (Moad and Pioszak, 2013). In crystal
structures of these peptides bound to their receptor ECDs, the
importance of this C-terminal amide is clearly evident (Booe
et al., 2015). Similarly, when hCT is synthesized without its
C-terminal amide or there is disruption of the N-terminal di-
sulphide loop, drastic reductions in biological activity to in-
duce hypocalcaemic effects are seen in rats (Rittel et al., 1976).

These structural features in the amylin peptide have
not recently been interrupted in the more classical
physiological systems amylin is now known to act through,
particularly their effect on producing glycaemic or gastric
emptying effects or at defined receptors. However, these
data suggest that both post-translational modifications have
a strong influence on the affinity and efficacy of this family
of peptides at their receptors. Alongside these elements, the
primary sequence and resulting secondary structures of
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these peptides also play an important role in receptor recog-
nition and activation.

Secondary structure

Amylin is considered an intrinsically disordered peptide lack-
ing a structurally defined shape to perform its biological func-
tions (He et al., 2015). It has often been studied in the
presence of sodium dodecyl sulfate (SDS) micelles and with
other detergents in NMR spectroscopy for structural informa-
tion on association with these membranes as a model of how
it would act in vivo at a cellular and receptor interface
(Watkins et al.,, 2012 - see table therein). A caveat in
interpreting these data is that SDS micelles and detergents
potentially confound results given that they naturally induce
a-helical secondary structures in favour of the native struc-
ture (Watkins et al., 2012).

In the presence of dodecylphosphocholine (DPC) mi-
celles using solution NMR, rat amylin was shown to have an
N-terminal helix spanning residues 5-17, a short helix from
20 to 23 and a long flexible disordered loop from 24 to 37
(Nangaetal., 2009); human amylin had a similar 1-17 residue
helix (Nanga et al., 2008). NMR and molecular dynamic sim-
ulation studies of the amyloidogenic and non-amyloidogenic
sequences of human and rat amylin, respectively, suggested
slightly different structural features with more a-helical
content and fewer B sheets in rat amylin. The three main
structural superfamilies observed in amyloidogenic amylin-
included B-hairpin, helix-hairpin and helix-coil structures.
Non-amyloidogenic sequences occupied only two of these
superfamily structures including the helix-hairpin and
helix-coil. The most dominant non-amyloidogenic structure
was the helix-coil, whereby residues 1-7 formed a short
turn-coil, an 8-17 o helix and a long turn coil from 18 to 37.
The helix-hairpin fold had a 1-7 turn-coil followed by an
8-37 helix and a short p-hairpin. The structure only seen in
amyloidogenic amylin was the f-hairpin motif comprising a
B-strand from residues 9 to 17, a turn from 18 to 22 and an-
other B-strand from 23 to 33 (Wu and Shea, 2013). Another
molecular dynamic simulation study of both peptides in
solution also indicated differences in secondary structure
conformations with rat amylin adopting an N-terminal o he-
lix and unstructured coil and human amylin with three
conformations including an N-terminal o helix, p-hairpin
and an unstructured coil (Chiu et al., 2013).

NMR spectroscopy in zwitterionic DPC micelles of frag-
ments of rat amylin;_;g and human amylin;_;g show that
they have similar secondary structures with a 1-17 helix with
a turn from Cys’ to the N-terminus. These fragments only dif-
fer at position 18 (His, Arg in rat). Regardless, these fragments
adopt different orientations with rat amylin staying at the
membrane surface whilst human amylin buries deeper
within the membrane. In acidic environments, protonating
the His'® of human AMY,_;o changes its membrane orienta-
tion to mimic that of rat amylin, suggesting the deprotonated
state of His'® in neutral pH conditions may play a role in cell
membrane or receptor interactions (Nanga et al., 2008).

The helix-turn-disorder structures seem to be a theme
throughout the CT family of peptides. Circular dichroism
(CD) spectroscopy of human amylin and haCGRP in aqueous



solution reveal largely unstructured conformations. When
SDS micelles were added, helical content and overall second-
ary structure of both peptides increased (Saldanha and
Mahadevan, 1991). Introducing solvents such as TFE also
cause a-helical secondary structure increases from 20% to
70% for haCGRP and hBCGRP. Fragment haCGRPg_3; had
less helix content under both aqueous and TFE conditions
compared with full-length haCGRP suggesting that the first
seven N-terminal residues may stabilize the helix (Hubbard
etal., 1991).

Amylin appears to be intrinsically disordered in aqueous
solution, which suggests that it is likely to sample several dif-
ferent secondary conformations in physiological fluids with
perhaps a more defined structure when interacting with its re-
ceptors. We must be mindful of the limitations of CD and
NMR structural information considering solvent and artificial
membrane influences on secondary structure. Also, the ma-
jority of the data available are from related peptides in the
family as opposed to amylin itself, given its insolubility and
fibrillogenic properties. Until crystal structures of the amylin
peptide bound to one of its receptors become available, only
inferences can be drawn on the data available, regarding its
native secondary structure.

Structure/function - detailed
information

Loop residues 1-7
An alanine scan of the non-cysteine residues in the N-
terminal loop of rat amylin was undertaken whereby Lys’,
Asn®, Thr* and Thr® within the loop were individually re-
placed, creating four alanine analogues. Each was tested for
binding in rat nucleus accumbens membranes and for
in vivo activity in fasted mice to reduce food intake. Alanine
analogues 1, 3 and 4 retained binding and their in vivo an-
orexigenic activity. However, whilst Thr® retained its binding
ability, this analogue was no longer able to reduce food intake
(Roth et al., 2008). Initial modification of rat amylin Lys' by
iodination was not well tolerated, resulting in large reduc-
tions in binding affinity in rat liver plasma membranes, pos-
sibly due to steric interruption of interactions between the
peptide N-terminus and its receptor. However, modification
of Lys' with the addition of a biotin moiety was accommo-
dated when an eight-atom spanning bridge was included be-
tween the Lys-NH, group and the biotin C-terminus. The
resulting analogue retained similar activity to rat amylin
(Chantry et al., 1992). The activity of any of these analogues
at defined amylin receptor subtypes is not known.
Nevertheless, the limited data have parallels with CGRP.
Residue mutations at positions 1, 3 and 4 to alanine were also
unremarkable, with modest effects on binding or receptor ac-
tivation. However, substitution of residues Ala® or Thr®
within the disulphide loop with other amino acids was
detrimental. This is perhaps unsurprising given the strong
conservation of these residues across species in CGRP
and the absolute conservation of Thr® across the CGRP family
of peptides (Hay et al.,, 2014). Further details on the
structure-function of this region of CGRP have recently been
reviewed and should be consulted for more detailed
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information on modifications to the CGRP N-terminus
(Watkins et al., 2013).

These findings seem to challenge a strict two-domain
model paradigm. Only one of the proposed ‘activation loop’
residues in rat amylin affected in vivo activity (Thr®), and only
two resulted in potency reductions for haCGRP (Ala®, Thr®).
These findings suggest that residues beyond this loop are also
important for function, perhaps within the helical region.

Helix residues 8—18

All CGRP family peptides are proposed to possess an amphi-
pathic helix comprising approximately 10 amino acids in
length. Molecular dynamic simulations of sCT predict a helix
spanning residues 9-19 (Amodeo et al., 1999). Helical ana-
logues of a rat amylin/sCT chimera were synthesized to ascer-
tain the role of the amphipathic helix in peptide activity.
Shortening of the helix resulted in a loss of efficacy to reduce
food intake in mice in vivo. Conversely, lengthening the helix
tended to retain or even enhance the potency of these ana-
logues and improving the hydrophobic face of the helix in-
creased peptide efficacy in vivo (Roth et al., 2008). It is
possible that these effects are due to increasing a-helical con-
tacts with the peptide at the receptor interface or further sta-
bilization of the peptide secondary structure.

Deletion of Leu'® from sCT resulted in large reductions in
potency in hypocalcaemic assays and adenylate cyclase stim-
ulation in T47D human breast cancer cells. Des-Leu'®-sCT
partially retained binding, but the corresponding deletion
analogue (Phe'®) of hCT lost nearly all the binding. In most
CT species, position 16 is a Leu with the exception of hCT,
where it is a Phe. In the CGRP family, amylin and CGRP have
a strongly conserved Leu'®, across species. Deletion of this
residue in CT perhaps has structural consequences on the sta-
bility of the amphipathic helix and the ability of the peptide
to effectively interact with the receptor (Findlay et al., 1983).

CGRP is proposed to possess an amphipathic helix span-
ning residues 8-18 (Lynch and Kaiser, 1988). Single-residue
alanine analogues at positions 8 and 9 for Val and Thr, respec-
tively, only resulted in small reductions in potency (Hay et al.,
2014). Whilst conserved across CGRP species, these residues
are much more divergent in the CGRP family as a whole.
Mutation of Arg"' or Leu'? to alanine in haCGRPg_3, had
more substantial effects on affinity, perhaps due to reduced
a-helical content. In amylin sequences, Arg'' is highly
conserved with only the pig possessing a histidine at this po-
sition. Position 12 is quite conserved as Leu across the CGRP
family, indicating it is likely to play an important role in
structure/function relationships within the family (Howitt
etal., 2003).

It is evident that residues important for binding are
present in N-terminal regions of these peptides and are not
confined to the C-terminus. Mutations to the mid-peptide
amphipathic helical regions may interrupt this important
secondary structure and impact affinity and/or efficacy
(Mimeault et al., 1992).

Small helix residues 19-24: the ‘amyloidogenic
core’

Many analogues of amylin have been studied in order to
investigate their role in amyloid formation in vitro (e.g.
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Westermark ef al., 1990; Akter et al., 2016). Unfortunately,
they have not been interrogated for their contribution to
the biological activity of amylin and thus will not be
discussed in this review. Structure/function relationships will
be analysed according to experiments performed on related
peptides where data are available.

Alanine analogues of haCGRPg_ 37 replacing Ser'”, Gly20
and Gly*! were well tolerated (Boulanger et al., 1996). When
Arg" or Arg'® of haCGRPg_3; were replaced with serines, only
minimal reductions in binding affinity were observed. In the
double mutant, affinity was reduced by 1000-fold. Replacing
these residues with positively charged counterparts (Glu'" or
Glu'® of haCGRPg_3;) also significantly affected binding
(Howitt et al., 2003). Therefore, at least one of the negatively
charged Arg residues in this region of the peptide is needed for
presumably important binding contacts with the receptor. In
amylin species, the residue at position 18 is less conserved
than in CGRP and is an Arg with the exception of the human
variant (His'®) and the cow (Pro'®).

Flexible loop residues 25-37

Structure/function relationships of the C-terminal most resi-
dues of amylin have not been extensively investigated.
However, a recent study investigated C-terminal fragments
of sCT and a rat amylin/sCT chimera (AC413) in binding to
the ECDs of CTR and amylin receptors (Lee et al., 2016).
Alanine replacements highlighted residues important for
binding. In the AC413 fragment, critical residues for binding
were the amylin residues Thr*°, Val*?> and Gly>>. The aro-
matic Tyr’” did not seem to be important.

The crystal structures for C-terminal fragment peptides, a
CGRP,7_37 analogue and AM;5_s, bound to their equivalent
RAMP and CLR ECDs, combined with alanine scanning
and residue swapping between the peptides, have revealed
additional helpful structure/function information for
peptide-receptor binding. Important residues for CGRP,7_37
binding included Thr*°, Val** and Phe®” in addition to an in-
tact C-terminal amide. The recent AC413 data from Lee et al.,
illustrate the conservation of mechanism for Thr*® and Val®?,
which are conserved between CGRP and amylin (Figure 2C).
Positions 30 and 32 are also identical threonine and valine
residues across amylin species (apart from cow, which is a
methionine at position 32). The final C-terminal residue in
all amylin species is an aromatic tyrosine, similar to the bulky
hydrophobic character of CGRP’s phenylalanine. This
suggests that both may make important hydrophobic
interactions with receptor ECDs but alanine substitution did
not greatly affect amylin affinity, unlike the equivalent
mutation for CGRP (Moad and Pioszak, 2013; Booe et al.,
2015; Lee et al., 2016). Other studies have also shown the
importance of the C-terminal ring in CGRP (Dumont et al.,
1997; Smith et al., 2003).

For AM,s_s,, residues Pro*3, Lys46, le?, Gly51, Tyr52 and
the C-terminal amidation were critical for activity, further re-
inforcing the importance of the C-terminal aromatic residue.
In sCT, the C-terminal proline was also critical (Lee et al.,
2016). It is possible that there are subtly different mecha-
nisms at play in receptor binding between CGRP/AM/CT
and amylin.

With regard to secondary structure, both AM and CGRP
C-terminal fragments were largely disordered in the crystal
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structures with only AM,s_s, displaying a small o-helical turn
(Booe et al., 2015). These data agree with NMR and CD struc-
tural determinations at the C-terminus for haCGRP and
hAMY, as previously described. These structural features are
those observed from truncated peptides. The remaining
residues of CGRP and AM could potentially affect the secondary
structure of these peptides. Important residue interactions that
may impart and influence secondary structure and peptide
folding cannot be ruled out from the existing data.

Translating structure—function
information into novel peptides

Structural manipulations and investigations have provided
some clues into important residues and regions for amylin
peptide/receptor interactions. However, to further guide
the design of novel and improved amylin mimetics,
information concerning the physiological half-life of amylin
and break-down mechanisms must be considered for further
exploitation.

Amylin metabolism
Amylin metabolism appears to be via a combination of renal
clearance and proteolysis to generate a variety of metabolites,
such as a des-Lys metabolite, which is active, and other
cleavage products that are unlikely to generate active peptide
fragments (Nakazato et al., 1990; Watschinger et al., 1992;
Leckstrom et al., 1997; Vine et al., 1998). Amylin has a
circulating plasma half-life of approximately 13 min in rats
following an intravenous bolus injection (Young, 2005).
Radioimmunoassays of homogenized human pancreatic
tissue showed it to contain human amylin,_3; as the major
molecular form with two additional C-terminal fragments:
amylin,;_3; and amylin,s 3; (Miyazato et al., 1994). This
suggests that human amylin processing may occur between
residues Leu'® and Val'” and between residues Phe** and
Gly** forming these major by-products. In rats, mice and cats,
amylin,_3; and amylin,¢_3; were detected with the latter as
the major form identified. Therefore, processing occurs
between Arg'® and Ser'”, unlike the processing in
humans (Miyazato et al., 1992). In rat plasma and pancreas,
N-terminal fragments were also detected along with full-
length amylin; amylin, 14, amylin,_;;. Interestingly, these
N-terminal fragments were not present in human pancreatic
tissue (Miyazato et al., 1994). The data available for amylin
clearance are limited; however, some data suggest it can be
processed by insulin-degrading enzyme (IDE) between amino
acids Phe'®/Leu'® and His'®/Leu'® (Guo et al., 2010); the
latter of which is consistent with the presence of amylin
fragments 19-37 in cats, rats and mice. Other cleavage sites
of human amylin by IDE were revealed between residues
Arg''/Leu'? and Asn®'/Val*’> (Shen et al., 2006). Also,
injecting obese and lean mice with selective IDE inhibitors re-
sulted in increased plasma amylin levels and slowed gastric
emptying compared with control animals (Bellia and Grasso,
2014; Maianti ef al., 2014). CGRP is cleaved at position 16
yielding the 17-37 fragment, which have been shown to
weakly antagonize the actions of the parent peptide
(Miyazato et al., 1994).



In humans, amylin circulates in both glycosylated and
non-glycosylated forms, with the latter considered the
biologically active species (Fineman et al., 1997). Naturally
occurring O-linked glycosylation is found on N-terminal
threonine residues, Thr® and/or Thr®, completely abolishing
agonist activity in rat soleus muscle. The modification of
Thr® in particular given its conservation and location within
the N-terminal ‘activation loop’ may explain the loss of
activity.

Given the importance of understanding amylin metabo-
lism, further studies using modern analytical techniques,
such as sensitive mass spectrometry, would provide further
insight into peptide residues to focus on in attempts to pro-
long plasma half-life or the half-life of amylin analogues. Im-
provements to the half-life of amylin and amylin mimetics
could be clinically beneficial, and a range of strategies are be-
ing employed to generate modified peptides either with a lon-
ger duration of action, greater solubility or increased efficacy
as outlined below.

Pramlintide

The advantageous properties of the prolines in the rat amylin
sequence resulted in the creation of the amylin mimetic
pramlintide. Pramlintide is a chimeric peptide composed of
the human amylin primary sequence with three proline sub-
stitutions from the rat amylin primary sequence: Ala**Pro,
Ser?®Pro and Ser?’Pro (Figures 2, 4). Pramlintide retains all
of the beneficial actions of native amylin without the disad-
vantages of amyloid formation and cytotoxicity (Schmitz
etal., 1997). Pramlintide is an FDA-approved adjunctive treat-
ment to insulin for type 1 and type 2 diabetes, with further
scope as an anti-obesity therapy. Unfortunately, pramlintide
must be buffered at an acidic pH of 4 in order to retain solubil-
ity. Because insulin is buffered at a neutral pH, the two cannot
be mixed in a single formulation (Nonoyama et al., 2008).
Therefore, patients receiving both pramlintide and insulin
require two separate injections before meals, which limits
compliance. Considerable efforts have been employed to
improve both the pharmacokinetics and/or formulation lim-
itations of pramlintide.

Glycosylated pramlintide

A common technique to improve drug half-lives is by intro-
ducing oligosaccharides onto peptide residues. Asparagine-
linked glycosylation is possible at the six Asn residues present
on the pramlintide peptide: Asn®, Asn'?, Asn?!, Asn??, Asn®!
and Asn®*’. Three sugars of increasing size (GlcNac, penta
and undecasaccharides) were enzymically added at each Asn
and screened for retention of biological activity in COS7 cells
transfected with hAMY,(,) or hAMYj3, receptors for cAMP
production. An analogue is illustrated in Figure 4. The ana-
logues with glycosylation closer to the C-terminus were bet-
ter tolerated with only moderate reductions in potency at
both receptors (Kowalczyk et al., 2014). Enzymatically added
GIcNAc residues on Asn® and Asn®' are also biologically
active in CHO-K1 cells at calcium signalling; however, even
a GIcNAc on Asn® reduced efficacy and penta/undeca-
saccharides had 10-fold and 20-fold losses in activity
respectively. In vivo, rats treated with glycosylated Asn?'
pramlintide with GIcNAc, and the pentasaccharide, but not
the undecasaccharide, were effective in an oral glucose
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tolerance test. This illustrates that glycosylated pramlintide
is active but supports the notion that larger sugars may dis-
rupt secondary structure and/or sterically interfere with pep-
tide activity (Tomabechi et al., 2013), at least with the
positions utilized and synthetic approach used thus far.

Chimeras

Davalintide is a potent amylin mimetic agonist retaining the
favourable biological effects of amylin. It is a chimera of the
primary sequences of rat amylin and sCT (Figures 2, 4).
Davalintide is 32 amino acids in length and also contains
the conserved disulphide bridge between Cys2 and Cys’ with
an amidated C-terminus. Competition binding assays in rat
nucleus accumbens membranes and production of cAMP in
rat insulinoma cells revealed that davalintide remained
equipotent with rat amylin (Mack et al., 2010).

Acute and prolonged administration of davalintide in ro-
dents produced dose-dependent reductions of food intake
and fatpad-specific weight loss with reductions in gastric
emptying rates and glucagon production (Mack et al., 2011).
Like amylin, these effects were not due to increased locomo-
tor activity, suggesting activation of similar centrally medi-
ated metabolic pathways. Lesioning of the area postrema
further confirmed this, as the food-suppressive and weight-
loss effects of both davalintide and rat amylin were abolished.
Expression of c-fos overlapped in the same brain regions for
rat amylin and davalintide; however, expression was
prolonged for davalintide, which lasted 8 h compared with
2 h with rat amylin (Mack et al., 2010).

With a half-life of 26 min for davalintide compared with
17 min for rat amylin, a reduced rate of renal clearance was con-
sidered unlikely to be the reason for this longer half-life. This
disparity was attributed to reduced dissociation rates of the
davalintide observed in membrane preparations, as their associ-
ation rates were similar (Mack et al., 2011). This effect is likely to
be attributable to the sCT sequence within the peptide, where
the degree of helical secondary structure in sCT appears to influ-
ence peptide binding kinetics (Hilton et al., 2000).

Phybrids

The concept of combination therapies has been brought a
step further with peptide hybrids or ‘phybrids’, combining
two distinct peptides with beneficial metabolic effects, which
may additively influence weight loss and/or glucoregulation
by targeting two distinct receptors with complementary bio-
logical activity. Two such compounds, AC164204 and
AC164209, produced by Trevaskis et al. (2013) have achieved
this. The GLP-1 receptor agonist exenatide analogue AC3082
C-terminus was linked covalently to the N-terminus of
amylin chimera des-Lys'-davalintide (Figure 4). AC164204
and AC164209 differ by the type of linker used between pep-
tides with a p-Ala-B-Ala and Gly-Gly-Gly spacer respectively.
Davalintide was C-terminally amidated, and after ligation
was oxidized to produce the N-terminal 2-7 disulphide loop
(Trevaskis et al., 2013). In vitro, HEK293 cells transfected with
hCT, or rat thyroid carcinoma cells expressing the GLP-1 re-
ceptor were used to measure cAMP production. Both
phybrids acted as agonists at these receptors with potencies
similar to their parent peptides, albeit with blunted potency
at the hCT, probably due to the N-terminal linker attach-
ment to davalintide and/or other potential steric hindrance
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imposed by this modification. The hAMY receptor(s) them-
selves were not explored here and require further analysis.
Both acute i.p. administration and sustained infusions of
both analogues dose-dependently improved HbA1lc levels af-
ter an oral glucose tolerance test in normal, obese and
diabetic mice. Compared with the parent peptides adminis-
tered alone, sustained infusions resulted in greater appetite
suppression and weight loss in ob/ob mice and rats with
diet-induced obesity (DIO). Fat pad analysis of DIO rats re-
vealed smaller fat pads with a maintenance of lean mass
(Trevaskis et al., 2013).

N-methylation

The addition of methyl groups to amines in peptides
(N-methylation) is also a technique employed to improve
peptide pharmacokinetics and/or formulation. N-methylated
derivatives of human amylin with methylation at positions
Gly** and Ile*® had improved solubility. They also retained
receptor activation, although with reductions in binding
and potency when tested in MCF-7 cells expressing amylin-
responsive receptors. While MCF-7 cells are commonly used
models for amylin receptor pharmacology, the exact compo-
sition of their receptors and RAMP expression is currently
undefined. To improve potency and binding parameters,
derivatives were created with methylation at position Ala*®
and Leu?’, Phe?® and Ala®® or Ile?® and Leu?’, which all had
full-agonist activity for cAMP production in MCF-7 cells.
The peptide with methylation at Ala*® and Leu®’ was three-
fold more potent than human amylin, while the other
analogues were equipotent. All derivatives also displayed
improved half-lives over human amylin and pramlintide
(Yan et al., 2013).

PEGylation

PEGylation is the covalent attachment of polyethylene glycol
(PEG) polymers to peptides or proteins and is used to improve
the pharmacokinetic profiles of peptides by potentially
increasing the half-life by inhibiting renal clearance and/or
protease degradation, reducing immunogenicity and/or in-
creasing solubility (Pisal et al., 2010).

Methoxyl monoPEGylated and diPEGylated murine
amylin were synthesized with the PEGylated residue being
the N-terminal lysine at position 1 due to the availability
of its two free amino groups (Figure 4). Subcutaneous
administration of murine amylin and both of its PEGylated
derivatives in mice caused equivalent reductions in blood
glucose levels. However, both derivatives displayed a
prolonged duration of action, reaching maximal effect at
5 h post-administration compared with 2 h for unmodified
amylin. The hypoglycaemic actions of unmodified amylin
lasted a total of 5 h whereas both PEGylated amylin deriva-
tives lasted a full 24 h (Guterres et al., 2013). The retained
bioactivity of both PEGylated conjugates reveals that these
modifications did not hinder the ability of the peptide to
activate its receptor(s), despite the additions of large PEG
groups at Lys'. The longer duration of action of these
conjugates also validate this technique in improving the
half-life of amylin (Guterres ef al., 2013). These conjugates
were also effective in reducing glycaemia when subcutane-
ously administered in rats with consistently prolonged
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durations of action over that of unmodified amylin
(Guerreiro et al., 2013).

PEGylated hybrids

To further improve the half-life and stability of the aforemen-
tioned hybrids, the C-terminus of exenatide analogue AC3174
was linked to the N-terminus of the davalintide with a 40 kD
PEG between the two peptides (Figure 4). Activity was analysed
in vitro at the CTR by measuring cAMP accumulation in
transfected HEK293 cells and at rat thyroid C-cells, which en-
dogenously express GLP-1 receptors. It activated both receptors
in the low-nM concentration range (Sun et al., 2013). In vivo,
dose-dependent reductions in blood-glucose levels and weight
loss were seen following subcutaneous injections in female rats
with longer-lasting effects compared with rat amylin, sustained
for up to 4-5 days. In DIO rats, the conjugated analogue dose-
dependently reduced food intake and body weight with a half-
life of 27 h. The estimated human half-life calculated from this
was determined to be approximately 100 h and amenable to a
once-weekly dosing regimen (Sun et al., 2013).

Closing remarks

From available data thus far, it is becoming increasingly ap-
parent that whilst the two-domain model of binding and
activation for family B receptor peptide ligands is useful,
this is only to a limited degree. N-terminal ring fragments
retain biological activity (Rossowski et al., 1997), and C-
terminal fragments are often antagonists and retain binding
to receptors (Barwell et al., 2012) validating these facets of
the model; however, the data are not always so cleanly
defined. Also questionable is the degree of importance of
the disulphide ‘activation loop’ and C-terminal tyrosine
amide in the amylin peptide. The studies for amylin inves-
tigating their roles have not been carried out in biological
assays with defined amylin receptors or in measuring
canonical amylin-mediated physiological actions (Roberts
et al., 1989). With CGRP, breaking the N-terminal di-
sulphide still resulted in partial agonists in some biological as-
says. There are suitable suggestions as to the secondary
structure the native amylin peptide adopts although, in solu-
tion, it is likely to be disordered and capriciously change
structure (He et al., 2015). Information from CD and NMR
studies utilize detergent membranes to mimic cellular
membrane/peptide interactions, which are not ideal as they
naturally instigate helical conformations, and these vary de-
pending on solvent used and/or micellar composition
(Watkins ef al., 2012). In order to be certain, crystal structures
of amylin or pramlintide bound to an amylin receptor are
needed. The crystal structures for a CGRP,;_3; analogue and
AM37_s, offer useful insights (Booe et al., 2015) but fragments
only tell part of the story, and N-terminal interactions with re-
ceptor juxtamembrane regions are excluded in these models.

The scope for peptide modification strategies to develop
new amylin mimetics is substantial. However, to drive drug
design and development, more information is needed to
understand amylin and how it acts to elicit physiological
responses and, thus, how its structure influences function.
Metabolism and glucoregulation are enormously complex
physiological processes requiring multifaceted hormonal
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and enzymic responses. In the future, it is likely to be combi-
nation therapies that will be the most useful to effectively
target diseases such as diabetes and obesity.

Conflict of interest

The authors declare no conflicts of interest.

References

Akter R, Cao P, Noor H, Ridgway Z, Tu LH, Wang H et al. (2016). Islet
amyloid polypeptide: structure, function, and pathophysiology. J
Diabetes Res 2016 : 2798269. doi:10.1155/2016/2798269.

Albrandt K, Brady EM, Moore CX, Mull E, Sierzega ME, Beaumont K
(1995). Molecular cloning and functional expression of a third
isoform of the human calcitonin receptor and partial
characterization of the calcitonin receptor gene. Endocrinology 136:
5377-5384. doi:10.1210/endo.136.12.7588285.

Alexander SP, Davenport AP, Kelly E, Marrion N, Peters JA, Benson HE
et al. (2015). The Concise Guide to PHARMACOLOGY 2015/16: G
protein-coupled receptors. Br ] Pharmacol 172: 5744-5869.
doi:10.1111/bph.13348.

Amodeo P, Motta A, Strazzullo G, Castiglione Morell MA (1999).
Conformational flexibility in calcitonin: the dynamic properties of
human and salmon calcitonin in solution. ] Biomol NMR 13: 161-174.

Armour SL, Foord S, Kenakin T, Chen W (1999). Pharmacological
characterization of receptor-activity-modifying proteins (RAMPs)
and the human calcitonin receptor. ] Pharmacol Toxicol Methods 42:
217-224. doi:10.1016/51056-8719(00)00074-5.

Bailey RJ, Hay DL (2006). Pharmacology of the human CGRP1 receptor in
Cos 7 cells. Peptides 27: 1367-1375. pii: S0196-9781(05)00561-9.

Bailey R], Walker CS, Ferner AH, Loomes KM, Prijic G, Halim A et al.
(2012). Pharmacological characterization of rat amylin receptors:
implications for the identification of amylin receptor subtypes. Br J
Pharmacol 166: 151-167. doi:10.1111/j.1476-5381.2011.01717 .x.

Barwell J, Gingell JJ, Watkins HA, Archbold JK, Poyner DR, Hay DL
(2012). Calcitonin and calcitonin receptor-like receptors: common
themes with family B GPCRs? Br ] Pharmacol 166: 51-65.
doi:10.1111/j.1476-5381.2011.01525 .x.

Bellia F, Grasso G (2014). The role of copper(lI) and zinc(II) in the
degradation of human and murine IAPP by insulin-degrading
enzyme. ] Mass Spectrom 49: 274-279. doi:10.1002/jms.3338.

Booe JM, Walker CS, Barwell J, Kuteyi G, Simms ], Jamaluddin MA
et al. (2015). Structural basis for receptor activity-modifying protein-
dependent selective peptide recognition by a G protein-coupled
receptor. Mol Cell 58: 1040-1052. doi:10.1016/j.molcel.2015.04.018.

Boulanger Y, Khiat A, Larocque A, Fournier A, St-Pierre S (1996).
Structural comparison of alanine-substituted analogues of the
calcitonin gene-related peptide 8-37. Importance of the C-terminal
segment for antagonistic activity. Int ] Pept Protein Res 47: 477-483.

Chantry A, Foot EA, Leighton B, Day AJ, Willis AC (1992). Biotinyl
analogues of amylin as biologically active probes for amylin/CGRP
receptor recognition. FEBS Lett 296: 123-127. pii: 0014-5793(92)80362-K.

Chiu CC, Singh S, de Pablo JJ (2013). Effect of proline mutations on
the monomer conformations of amylin. Biophys J 105: 1227-1235.
doi:10.1016/j.bpj.2013.07.029.

1896 British Journal of Pharmacology (2016) 173 1883-1898

Cornish J, Callon KE, Lin CQ, Xiao CL, Mulvey TB, Coy DH et al.
(1998). Dissociation of the effects of amylin on osteoblast
proliferation and bone resorption. Am J Physiol 274: E827-E833.

Dennis T, Fournier A, St Pierre S, Quirion R (1989). Structure-activity
profile of calcitonin gene-related peptide in peripheral and brain
tissues. Evidence for receptor multiplicity. ] Pharmacol Exp Ther 251:
718-725.

Dumont Y, Fournier A, St-Pierre S, Quirion R (1997). A potent and
selective CGRP2 agonist, [Cys(Et)2,7]hCGRP alpha: comparison in
prototypical CGRP1 and CGRP2 in vitro bioassays. Can J Physiol
Pharmacol 75: 671-657.

Findlay DM, Michelangeli VP, Orlowski RC, Martin TJ (1983).
Biological activities and receptor interactions of des-Leul6 salmon
and des-Phel6 human calcitonin. Endocrinology 112: 1288-1291.
doi:10.1210/endo-112-4-1288.

Fineman M Koda ] Percy A, Rittenhouse J (1997). Glycosylated amylins.

Gingell JJ, Burns ER, Hay DL (2014). Activity of pramlintide, rat and
human amylin but not Abetal-42 at human amylin receptors.
Endocrinology 155: 21-26. d0i:10.1210/en.2013-1658.

Gorn AH, Lin HY, Yamin M, Auron PE, Flannery MR, Tapp DR et al.
(1992). Cloning, characterization, and expression of a human
calcitonin receptor from an ovarian carcinoma cell line. J Clin Invest
90: 1726-1735. doi:10.1172/JCI116046.

Guerreiro LH, Guterres MF, Melo-Ferreira B, Erthal LC, da Silva Rosa
M, Lourenco D et al. (2013). Preparation and characterization of
PEGylated amylin. AAPS PharmSciTech 14: 1083-1097. doi:10.1208/
$12249-013-9987-4.

Guo Q, Manolopoulou M, Bian Y, Schilling AB, Tang W] (2010).
Molecular basis for the recognition and cleavages of IGF-1I, TGF-
alpha, and amylin by human insulin-degrading enzyme. ] Mol Biol
395:430-443. doi:10.1016/j.jmb.2009.10.072.

Guterres MF, Guerreiro LH, Melo-Ferreira B, Erthal LC, Lima LM
(2013). Amylin conjugation with methoxyl polyethyleneglycol.
Protein Pept Lett 20: 1264-1271. PPL-EPUB-53882 [pii]

Hay DL, Dickerson IM (2010). The Calcitonin Gene-related Peptide
Family: Form, Function and Future Perspectives. Anonymous
Springer: Netherlands.

Hay DL, Chen S, Lutz TA, Parkes DG, Roth JD (2015). Amylin:
pharmacology, physiology, and clinical potential. Pharmacol Rev 67:
564-600. doi:10.1124/pr.115.010629.

Hay DL, Christopoulos G, Christopoulos A, Poyner DR, Sexton PM
(2005). Pharmacological discrimination of calcitonin receptor:
receptor activity-modifying protein complexes. Mol Pharmacol 67:
1655-1665, mol.104.008615 [pii].

Hay DL, Christopoulos G, Christopoulos A, Sexton PM (2006).
Determinants of 1-piperidinecarboxamide, N-[2-[[5-amino-]-[[4-(4-
pyridinyl)-1-piperazinyl]carbonyl]pentylJamino]-1-[(3,5-d ibromo-4-
hydroxyphenyl)methyl]-2-oxoethyl]-4-(1,4-dihydro-2-oxo-3(2H)-
quinazoliny 1) (BIBN4096BS) affinity for calcitonin gene-related
peptide and amylin receptors-the role of receptor activity
modifying protein 1. Mol Pharmacol 70: 1984-1991.
mol.106.027953 [pii]

Hay DL, Harris PW, Kowalczyk R, Brimble MA, Rathbone DL, Barwell J et al.
(2014). Structure-activity relationships of the N-terminus of calcitonin
gene-related peptide: key roles of alanine-5 and threonine-6 in receptor
activation. Br ] Pharmacol 171: 415-426. doi:10.1111/bph.12464.

Hay DL, Pioszak AA (2016). receptor activity-modifying proteins
(RAMPs): new insights and roles. Annu Rev. Pharmacol Toxicol 56:
469-487. doi:10.1146/annurev-pharmtox-010715-103120.


http://dx.doi.org/10.1155/2016/2798269
http://dx.doi.org/10.1210/endo.136.12.7588285
http://dx.doi.org/10.1111/bph.13348
http://dx.doi.org/10.1016/S1056-8719(00)00074-5
http://dx.doi.org/10.1111/j.1476-5381.2011.01717.x
http://dx.doi.org/10.1111/j.1476-5381.2011.01525.x
http://dx.doi.org/10.1002/jms.3338
http://dx.doi.org/10.1016/j.molcel.2015.04.018
http://dx.doi.org/10.1016/j.bpj.2013.07.029
http://dx.doi.org/10.1210/endo-112-4-1288
http://dx.doi.org/10.1210/en.2013-1658
http://dx.doi.org/10.1172/JCI116046
http://dx.doi.org/10.1208/s12249-013-9987-4
http://dx.doi.org/10.1208/s12249-013-9987-4
http://dx.doi.org/10.1016/j.jmb.2009.10.072
http://dx.doi.org/10.1124/pr.115.010629
http://dx.doi.org/10.1111/bph.12464
http://dx.doi.org/10.1146/annurev-pharmtox-010715-103120

HeJ, DaiJ, Li], Peng X, Niemi AJ (2015). Aspects of structural
landscape of human islet amyloid polypeptide. ] Chem Phys 142:
045102. doi:10.1063/1.4905586.

Hilton JM, Dowton M, Houssami S, Sexton PM (2000). Identification
of key components in the irreversibility of salmon calcitonin binding
to calcitonin receptors. ] Endocrinol 166: 213-226 .JOE03630 [pii]

Hinshaw L, Schiavon M, Dadlani V, Mallad A, Dalla Man C, Bharucha
Aetal. (2016). effect of pramlintide on postprandial glucose fluxes in
type 1 diabetes. J Clin Endocrinol Metab: jc20153952. doi:10.1210/
jc.2015-3952.

Hoang HN, Song K, Hill TA, Derksen DR, Edmonds DJ, Kok WM et al.
(201S5). Short hydrophobic peptides with cyclic constraints are
potent glucagon-like peptide-1 receptor (GLP-1R) agonists. ] Med
Chem 58: 4080-4085. doi:10.1021/acs.jmedchem.5b00166.

Hoare SR (2005). Mechanisms of peptide and nonpeptide ligand
binding to class B G-protein-coupled receptors. Drug Discov Today
10: 417-427, pii: $1359644605033702.

Howitt SG, Kilk K, Wang Y, Smith DM, Langel U, Poyner DR (2003).
The role of the 8-18 helix of CGRP8-37 in mediating high affinity
binding to CGRP receptors; coulombic and steric interactions. Br J
Pharmacol 138: 325-332. doi:10.1038/sj.bjp.0705040.

Hubbard JA, Martin SR, Chaplin LC, Bose C, Kelly SM, Price NC (1991).
Solution structures of calcitonin-gene-related-peptide analogues of
calcitonin-gene-related peptide and amylin. Biochem J 275: 785-788.

Kowalczyk R, Brimble MA, Tomabechi Y, Fairbanks AJ, Fletcher M,
Hay DL (2014). Convergent chemoenzymatic synthesis of a library of
glycosylated analogues of pramlintide: structure-activity
relationships for amylin receptor agonism. Org Biomol Chem 12:
8142-8151. doi:10.1039/c40b01208a.

Kowalczyk R, Harris PW, Brimble MA, Callon KE, Watson M, Cornish
J (2012). Synthesis and evaluation of disulfide bond mimetics of
amylin-(1-8) as agents to treat osteoporosis. Bioorg Med Chem 20:
2661-2668. doi:10.1016/j.bmc.2012.02.030.

Leckstrom A, Bjorklund K, Permert J, Larsson R, Westermark P (1997).
Renal elimination of islet amyloid polypeptide. Biochem Biophys Res
Commun 239: 265-268, S0006-291X(97)97465-9 [pii].

Lee SM, Hay DL, Pioszak AA (2016). Calcitonin and amylin receptor
peptide interaction mechanisms: insights into peptide-binding
modes and allosteric modulation of the calcitonin receptor by
receptor activity-modifying proteins. ] Biol Chem 291: 8686-8700.

Leuthauser K, Gujer R, Aldecoa A, McKinney RA, Muff R, Fischer JA
et al. (2000). Receptor-activity-modifying protein 1 forms
heterodimers with two G-protein-coupled receptors to define ligand
recognition. Biochem J 351: 347-351.

Lynch B, Kaiser ET (1988). Biological properties of two models of
calcitonin gene related peptide with idealized amphiphilic alpha-
helices of different lengths. Biochemistry 27: 7600-7607.

Mack CM, Smith PA, Athanacio JR, Xu K, Wilson JK, Reynolds JM
etal. (2011). Glucoregulatory effects and prolonged duration of
action of davalintide: a novel amylinomimetic peptide. Diabetes
Obes Metab 13: 1105-1113. doi:10.1111/j.1463-1326.2011.01465 .x.

Mack CM, Soares CJ, Wilson JK, Athanacio JR, Turek VF, Trevaskis JL
etal. (2010). Davalintide (AC2307), a novel amylin-mimetic peptide:
enhanced pharmacological properties over native amylin to reduce
food intake and body weight. Int ] Obes (Lond) 34: 385-395.
doi:10.1038/ijo.2009.238.

Maianti JP, McFedries A, Foda ZH, Kleiner RE, Du XQ, Leissring MA
et al. (2014). Anti-diabetic activity of insulin-degrading enzyme

Amylin structure—function m

inhibitors mediated by multiple hormones. Nature 511: 94-98.
doi:10.1038/nature13297.

Mapelli C, Natarajan SI, Meyer JP, Bastos MM, Bernatowicz MS, Lee
VG et al. (2009). Eleven amino acid glucagon-like peptide-1 receptor
agonists with antidiabetic activity. ] Med Chem 52: 7788-7799.
doi:10.1021/jm900752a.

McLatchie LM, Fraser NJ, Main MJ, Wise A, Brown J, Thompson N
et al. (1998). RAMPs regulate the transport and ligand specificity of
the calcitonin-receptor-like receptor. Nature 393: 333-339.
doi:10.1038/30666.

Mimeault M, St-Pierre S, Quirion R, Dumont Y, Fournier A (1992).
Synthesis and structure-activity analysis of fragments and analogs of
CGRP8-37. Ann N Y Acad Sci 657: 426-428.

Miyazato M, Nakazato M, Shiomi K, Aburaya J, Kangawa K, Matsuo H
et al. (1992). Molecular forms of islet amyloid polypeptide (IAPP/
amylin) in four mammals. Diabetes Res Clin Pract 15: 31-36.

Miyazato M, Nakazato M, Shiomi K, Kangawa K, Matsuo H,
Matsukura S (1994). Isolation and sequence determination of two N-
terminal fragments of islet amyloid polypeptide in rat pancreas.
Regul Pept 49: 203-210.

Moad HE, Pioszak AA (2013). Selective CGRP and adrenomedullin
peptide binding by tethered RAMP-calcitonin receptor-like receptor
extracellular domain fusion proteins. Protein Sci 22: 1775-1785.
doi:10.1002/pro.2377.

Morfis M, Tilakaratne N, Furness SG, Christopoulos G, Werry TD,
Christopoulos A et al. (2008). Receptor activity-modifying proteins
differentially modulate the G protein-coupling efficiency of amylin
receptors. Endocrinology 149: 5423-5431. doi:10.1210/en.2007-1735.

Muff R, Buhlmann N, Fischer JA, Born W (1999). An amylin receptor
is revealed following co-transfection of a calcitonin receptor with
receptor activity modifying proteins-1 or -3. Endocrinology 140:
2924-2927. doi:10.1210/endo.140.6.6930.

Nakazato M, Miyazato M, Asai ], Mitsukawa T, Kangawa K, Matsuo H
etal. (1990). Islet amyloid polypeptide, a novel pancreatic peptide, is
a circulating hormone secreted under glucose stimulation. Biochem
Biophys Res Commun 169: 713-718, 0006-291X(90)90389-5 [pii].

Nanga RP, Brender JR, Xu J, Hartman K, Subramanian V,
Ramamoorthy A (2009). Three-dimensional structure and
orientation of rat islet amyloid polypeptide protein in a membrane
environment by solution NMR spectroscopy. ] Am Chem Soc 131:
8252-8261. d0i:10.1021/ja9010095.

Nanga RP, Brender JR, Xu J, Veglia G, Ramamoorthy A (2008).
Structures of rat and human islet amyloid polypeptide IAPP (1-19) in
micelles by NMR spectroscopy. Biochemistry 47: 12689-12697.
doi:10.1021/bi8014357.

Nonoyama A, Laurence JS, Garriques L, Qi H, Le T, Middaugh CR
(2008). A biophysical characterization of the peptide drug
pramlintide (AC137) using empirical phase diagrams. ] Pharm Sci 97:
2552-2567. do0i:10.1002/jps.21197.

Opie EL (1901). On the relation of chronic interstitial pancreatitis to the
islands of langerhans and to diabetes melutus. ] Exp Med 5: 397-428.

Pawson AJ, Sharman JL, Benson HE, Faccenda E, Alexander SPH,
Buneman OP et al. (2014). The IUPHAR/BPS Guide to
PHARMACOLOGY: an expert-driven knowledge base of drug targets
and their ligands. Nucleic Acids Res 42 (Database Issue):
D1098-D1106.

Pisal DS, Kosloski MP, Balu-Iyer SV (2010). Delivery of therapeutic
proteins. ] Pharm Sci 99: 2557-2575. doi:10.1002/jps.22054.

British Journal of Pharmacology (2016) 173 1883-1898 1897


http://dx.doi.org/10.1063/1.4905586
http://dx.doi.org/10.1210/jc.2015-3952
http://dx.doi.org/10.1210/jc.2015-3952
http://dx.doi.org/10.1021/acs.jmedchem.5b00166
http://dx.doi.org/10.1038/sj.bjp.0705040
http://dx.doi.org/10.1039/c4ob01208a
http://dx.doi.org/10.1016/j.bmc.2012.02.030
http://dx.doi.org/10.1111/j.1463-1326.2011.01465.x
http://dx.doi.org/10.1038/ijo.2009.238
http://dx.doi.org/10.1038/nature13297
http://dx.doi.org/10.1021/jm900752a
http://dx.doi.org/10.1038/30666
http://dx.doi.org/10.1002/pro.2377
http://dx.doi.org/10.1210/en.2007-1735
http://dx.doi.org/10.1210/endo.140.6.6930
http://dx.doi.org/10.1021/ja9010095
http://dx.doi.org/10.1021/bi8014357
http://dx.doi.org/10.1002/jps.21197
http://dx.doi.org/10.1002/jps.22054

m R L Bower and D L Hay

Poyner DR, Sexton PM, Marshall I, Smith DM, Quirion R, Born W
et al. (2002). International Union of Pharmacology. XXXII. The
mammalian calcitonin gene-related peptides, adrenomedullin,
amylin, and calcitonin receptors. Pharmacol Rev 54: 233-246.

Qi T, Dong M, Watkins HA, Wootten D, Miller L], Hay DL (2013).
Receptor activity-modifying protein-dependent impairment of
calcitonin receptor splice variant delta(1-47)hCT((a)) function. Br ]
Pharmacol 168: 644-657. doi:10.1111/j.1476-5381.2012.02197 .x.

Rittel W, Maier R, Brugger M, Kamber B, Riniker B, Sieber P (1976).
Struktur-Wirkungsbeziehungen beim menschlichen Calcitonin. III.
Die biologische Aktivitét verkiirzter oder an den Kettenenden
modifizierter, synthetischer analoger. Experientia 32: 246-248.
doi:10.1007/BF01937791.

Roberts AN, Leighton B, Todd JA, Cockburn D, Schofield PN, Sutton R
et al. (1989). Molecular and functional characterization of amylin, a
peptide associated with type 2 diabetes mellitus. Proc Natl Acad Sci U
S A 86:9662-9666.

Rossowski WJ, Jiang NY, Coy DH (1997). Adrenomedullin, amylin,
calcitonin gene-related peptide and their fragments are potent
inhibitors of gastric acid secretion in rats. Eur ] Pharmacol 336: 51-63.
pii: S0014-2999(97)01252-1.

Roth JD, Mack CM, Soares CJ, Ghosh SS, Parkes DG (2008). Amylin-
based pharmacotherapy - past, present & future. Immunol Endocr
Metab Agents Med Chem 8: 317-324. doi:10.2174/
187152208787169189.

Saldanha J, Mahadevan D (1991). Molecular model-building of
amylin and alpha-calcitonin gene-related polypeptide hormones
using a combination of knowledge sources. Protein Eng 4: 539-544.

Schmitz O, Nyholm B, Orskov L, Gravholt C, Moller N (1997). Effects
of amylin and the amylin agonist pramlintide on glucose
metabolism. Diabet Med 14 (Suppl. 2): $19-S23. doi:10.1002/(SICI)
1096-9136(199706)14:2+<S19::AID-DIA400>3.0.CO;2-4.

Shen Y, Joachimiak A, Rosner MR, Tang W] (2006). Structures of
human insulin-degrading enzyme reveal a new substrate recognition
mechanism. Nature 443: 870-874, nature05143 [pii].

Smith DD, Saha S, Fang G, Schaffert C, Waugh DJ, Zeng Wet al.
(2003). Modifications to the N-terminus but not the C-terminus of
calcitonin gene-related peptide(8-37) produce antagonists with
increased affinity. ] Med Chem 46: 2427-2435. doi:10.1021/jm020507f.

Sun C, Trevaskis JL, Jodka CM, Neravetla S, Griffin P, Xu K et al.
(2013). Bifunctional PEGylated exenatide-amylinomimetic hybrids
to treat metabolic disorders: an example of long-acting dual
hormonal therapeutics. ] Med Chem 56: 9328-9341. doi:10.1021/
jm401418s.

Tilakaratne N, Christopoulos G, Zumpe ET, Foord SM, Sexton PM
(2000). Amylin receptor phenotypes derived from human calcitonin
receptor/RAMP coexpression exhibit pharmacological differences
dependent on receptor isoform and host cell environment. ]
Pharmacol Exp Ther 294: 61-272.

Tippins JR, Di Marzo V, Panico M, Morris HR, MacIntyre I (1986).
Investigation of the structure/activity relationship of human
calcitonin gene-related peptide (CGRP). Biochem Biophys Res
Commun 134: 1306-1311. pii: 0006-291X(86)90392-X.

Tomabechi Y, Krippner G, Rendle PM, Squire MA, Fairbanks AJ
(2013). Glycosylation of pramlintide: synthetic glycopeptides that
display in vitro and in vivo activities as amylin receptor agonists.
Chemistry 19: 15084-15088. doi:10.1002/chem.201303303.

Trevaskis JL, Mack CM, Sun C, Soares CJ, D’Souza L], Levy OE et al.
(2013). Improved glucose control and reduced body weight in

1898 British Journal of Pharmacology (2016) 173 1883-1898

rodents with dual mechanism of action peptide hybrids. PLoS One 8:
€78154. doi:10.1371/journal.pone.0078154.

Udawela M, Christopoulos G, Motfis M, Tilakaratne N, Christopoulos
A, Sexton PM (2008). The effects of C-terminal truncation of receptor
activity modifying proteins on the induction of amylin receptor
phenotype from human CTb receptors. Regul Pept 145: 65-71,
S0167-0115(07)00151-6 [pii].

Udawela M, Christopoulos G, Tilakaratne N, Christopoulos A,
Albiston A, Sexton PM (2006a). Distinct receptor activity-modifying
protein domains differentially modulate interaction with calcitonin
receptors. Mol Pharmacol 69: 1984-1989, mol.105.021915 [pii].

Udawela M, Christopoulos G, Morfis M, Christopoulos A, Ye S,
Tilakaratne N et al. (2006b). A critical role for the short intracellular C
terminus in receptor activity-modifying protein function. Mol
Pharmacol 70: 1750-1760 , mol.106.024257 [pii].

Vine W, Smith P, LaChappell R, Blase E, Lumpkin R, Young A (1998).
Nephrectomy decreases amylin and pramlintide clearance in rats.
Horm Metab Res 30: 514-517. d0i:10.1055/s-2007-978923.

Walker CS, Eftekhari S, Bower RL, Wilderman A, Insel PA, Edvinsson L
etal. (2015). A second trigeminal CGRP receptor: function and
expression of the AMY1 receptor. Ann Clin Transl Neurol 2: 595-608.
doi: 10.1002/acn3.197.

Watkins HA, Au M, Hay DL (2012). The structure of secretin family
GPCR peptide ligands: implications for receptor pharmacology and
drug development. Drug Discov Today 17: 1006-1014. doi:10.1016/j.
drudis.2012.05.005.

Watkins HA, Rathbone DL, Barwell J, Hay DL, Poyner DR (2013).
Structure-activity relationships for alpha-calcitonin gene-related
peptide. Br ] Pharmacol 170: 1308-1322. doi:10.1111/bph.12072.

Watschinger B, Hartter E, Traindl O, Pohanka E, Pidlich J, Kovarik J
(1992). Increased levels of plasma amylin in advanced renal failure.
Clin Nephrol 37: 131-134.

Westermark P, Engstrom U, Johnson KH, Westermark GT, Betsholtz
C (1990). Islet amyloid polypeptide: pinpointing amino acid residues
linked to amyloid fibril formation. Proc Natl Acad Sci U S A 87:
5036-5040.

Westermark P, Wernstedt C, Wilander E, Sletten K (1986). A novel
peptide in the calcitonin gene related peptide family as an amyloid
fibril protein in the endocrine pancreas. Biochem Biophys Res
Commun 140: 827-831. 0006-291X(86)90708-4 [pii].

Weyer C, Maggs DG, Young AA, Kolterman OG (2001). Amylin
replacement with pramlintide as an adjunct to insulin therapy in
type 1 and type 2 diabetes mellitus: a physiological approach toward
improved metabolic control. Curr Pharm Des 7: 1353-1373.

Wu C, Shea JE (2013). Structural similarities and differences between
amyloidogenic and non-amyloidogenic islet amyloid polypeptide
(IAPP) sequences and implications for the dual physiological and
pathological activities of these peptides. PLoS Comput Biol 9:
€1003211. doi:10.1371/journal.pcbi.1003211.

Yan LM, Velkova A, Tatarek-Nossol M, Rammes G, Sibaev A,
Andreetto E et al. (2013). Selectively N-methylated soluble IAPP
mimics as potent IAPP receptor agonists and nanomolar inhibitors of
cytotoxic self-assembly of both IAPP and Abeta40. Angew Chem Int
Ed Engl 52: 10378-10383. doi:10.1002/anie.201302840.

Young A (2005). Tissue expression and secretion of amylin. Adv
Pharmacol 52: 19-45, $1054-3589(05)52002-7 [pii].

Zaidi M, Brain SD, Tippins JR, Di Marzo V, Moonga BS, Chambers TJ
et al. (1990). Structure-activity relationship of human calcitonin-
gene-related peptide. Biochem ] 269: 775-780.


http://dx.doi.org/10.1111/j.1476-5381.2012.02197.x
http://dx.doi.org/10.1007/BF01937791
http://dx.doi.org/10.2174/187152208787169189
http://dx.doi.org/10.2174/187152208787169189
http://dx.doi.org/10.1002/(SICI)1096-9136(199706)14:2+%3cS19::AID-DIA400%3e3.0.CO;2-4
http://dx.doi.org/10.1002/(SICI)1096-9136(199706)14:2+%3cS19::AID-DIA400%3e3.0.CO;2-4
http://dx.doi.org/10.1002/(SICI)1096-9136(199706)14:2+%3cS19::AID-DIA400%3e3.0.CO;2-4
http://dx.doi.org/10.1002/(SICI)1096-9136(199706)14:2+%3cS19::AID-DIA400%3e3.0.CO;2-4
http://dx.doi.org/10.1021/jm020507f
http://dx.doi.org/10.1021/jm401418s
http://dx.doi.org/10.1021/jm401418s
http://dx.doi.org/10.1002/chem.201303303
http://dx.doi.org/10.1371/journal.pone.0078154
http://dx.doi.org/10.1055/s-2007-978923
http://dx.doi.org/10.1002/acn3.197
http://dx.doi.org/10.1016/j.drudis.2012.05.005
http://dx.doi.org/10.1016/j.drudis.2012.05.005
http://dx.doi.org/10.1111/bph.12072
http://dx.doi.org/10.1371/journal.pcbi.1003211
http://dx.doi.org/10.1002/anie.201302840

