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Evidence for a Partially Structured State of the Amylin Monomer
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ABSTRACT Islet amyloid polypeptide (amylin) is the main component in amyloid deposits formed in type |l diabetes. We used
triplet quenching to probe the dynamics of contact formation between the N-terminal disulfide loop and a C-terminal tryptophan in
monomeric amylins from human and rat. Quenching rates measured in the absence of denaturant are four times larger than
those in 6 M guanidinium chloride, indicating a decrease in the average end-to-end distance (collapse) at low denaturant concen-
trations. We were surprised to find an even greater (sevenfold) increase in quenching rates on removal of denaturant for a hydro-
philic control peptide containing the disulfide loop compared to the same peptide without the loop (twofold change). These results
suggest that collapse is driven by backbone-backbone and backbone-side chain interactions involving the disulfide loop portion
of the chain rather than by the formation of side-chain hydrophobic contacts. Molecular dynamics simulations of the control
peptide show that the collapse results from hydrogen-bonding interactions between the central residues of the chain and the
disulfide loop. The quenching experiments also indicate that the monomer of the human, amyloidogenic form of amylin is
more compact than the rat form, which does not form amyloid. We discuss these newly observed differences between human
and rat amylin in solution and their possible relation to aggregation and to the physiological function of amylin binding to the calci-

tonin receptor.

INTRODUCTION

Islet amyloid polypeptide (IAPP or amylin) is a 37-residue
peptide that is cosecreted with insulin in the 8-cells of the
pancreas. Human IAPP (hIAPP) is the main component
found in amyloid deposits of type II diabetes and forms
amyloid fibrils in vitro (1,2). There is no known folded struc-
ture of the hIAPP monomer, and circular dichroism suggests
that it is largely unstructured in aqueous solution (3,4). As
for other amyloid peptides, the link between the states of
this peptide observed in vitro and disease is not well under-
stood (5-9).

A feature of all amylin variants is the disulfide loop
between residues 2 and 7, which appears to be a functional
requirement for amylin to stimulate the calcitonin receptor
(10-12). The sequences of hIAPP, rat IAPP (rTAPP, which
does not form fibrils), and two control peptides, referred to
as cc-(AGQ)y and c(AGQ)g, are shown in Fig. 1. There is
extensive structural information on the monomeric form of
rIAPP, because it does not aggregate even at high concentra-
tions. NMR chemical shift data show significant helix
propensity for residues 5-19, as well as structure in the disul-
fide loop (residues 2—7), whereas the C-terminal residues
appear to be less structured (13,14). It has been suggested
that an a-helical segment extending from the disulfide at
residue 7 to residue 22 is formed when IAPP is dissolved
in lipids (3,13,15) and when it is bound to the calcitonin-
RAMP complex, and a-helical structures of the N-terminal
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19 residues of both hIAPP and rIAPP incorporated in dode-
cylphosphocholine vesicles have recently been reported (16).
The possible roles of the membrane-bound form in both initi-
ation of fibril formation (3,17,18) and cell death, have been
discussed (15,19,20). Recently, a structure of hIAPP in
amyloid fibrils has been proposed by Tycko and co-workers,
based on solid-state NMR restraints (21).

Unlike rIAPP, the conformational distribution of the
monomeric state of hIAPP has remained elusive because of
its fibril-forming propensity at the high concentrations
required for many experiments. However, the properties of
the monomer are expected to be important in the control of
its assembly and in determination of receptor binding
affinity. We have recently shown that monomeric hIAPP
can be prepared in aqueous buffer by sedimentation before
the assembly of fibrils is complete, yielding concentrations
high enough for spectroscopic analysis, without the need
for chemical denaturants or organic solvents. The superna-
tant contains only hJAPP monomers (22), which, although
metastable relative to the fibrillar aggregate, persist long
enough to be experimentally characterized.

To increase our understanding of the structure and
dynamics of both hIAPP and rIAPP monomers in aqueous
solution, we investigated the rates at which contacts are
formed between chain termini within a monomer, using the
rate of quenching of the triplet state of a C-terminal trypto-
phan by the N-terminal disulfide. These measurements can
be readily carried out on short polypeptides at low concentra-
tions and provide information on both the volume accessible
to the chain ends, which depends on the end-to-end distance
distribution, and the rate at which these conformations are
sampled by end-to-end diffusion. The technique has been
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Human KENTATEATQ-RLANFLVHSS -NNFGATLSST-NVGSNTW  FIGURE 1 Sequences of hIAPP (Human), rIAPP (Rar),
K(',‘ !‘_‘.A and the control peptides cc-AGQg and c-AGQy. The disul-
Rat NTATCATQ-RLANFLVRSS-NNLGPVLPPT-NVGSNTW  fide bond between residues 2 and 7, forming a loop at the

ce- (AGR) , KéNTAT&AGQ-AGQAGQAGQA-GQAGQAGQAG-QAGQW
CAGQ-AGQAGQAGQA-GQAGQAGQAG-QAGQW

c- (AGQ),

developed to obtain dynamical and structural information
about a range of problems including disordered peptides, de-
natured proteins, the helix-coil transition, and ultrafast
protein folding (23-26). Here, we have used tryptophan
triplet quenching to measure the rate of contact formation
between Trp®’ and the Cys*-Cys’ disulfide in human and
rat amylin both in high denaturant conditions and in aqueous
buffer in the absence of denaturant. As a control for these
studies, using the triplet quenching technique we investi-
gated the properties of a well studied peptide sequence
(25,27,28) to which the disulfide loop of hIAPP was added,
cc-(AGQ)o (Fig. 1). To provide a detailed structural interpre-
tation of the results, we carried out all-atom molecular
dynamics studies of all three peptides in water.

Theory of experiment

Quenching of the tryptophan triplet state by cysteine or disul-
fides is a short-range process, requiring that these side chains
be roughly within 0.3 nm of contact (29). The quenching is
described by a two-step kinetic model in which the ends of
the peptide diffuse together with rate kp, to form an
encounter complex; the cystine then either quenches the
tryptophan triplet state at a rate ¢ or diffuses away at a rate
kp_. The observed quenching rate (ko) is given by

=k 6]

q
ko s — kpy ———
b e — p
where the quenching yield, ¢, is the probability of quenching
during the lifetime of the encounter complex. Equation 1 can
be rearranged to give

1
— =+ @)
kobs kR kD+

where the reaction-limited rate, kg, is given by kg = gKcq,
and K.y (=kp,/kp_) is the equilibrium constant for forming
the encounter complex. The reaction-limited and diffusion-
limited (kp,) rates can be obtained experimentally by
measuring the dependence of the observed quenching rates
on solution viscosity (see the Supporting Material). By
considering the contact formation as a one-dimensional
diffusion along the end-to-end distance coordinate, the reac-
tion- and diffusion-limited rates can be related to the end-to-
end distance distribution, p(r), and the diffusion coefficient,
D. In the case where the quenching rate is given by a J-func-
tion, go(r — a), where a is the distance of the van der Waals
contact, the Szabo, Schulten, Schulten theory gives the reac-
tion-limited rates as kg = gpeq(a).

N-terminus of the sequences, is indicated in blue. Note that
the tyrosine at the C-terminus of native IAPP sequences
(Y*) has been modified to a tryptophan W37,

For a Gaussian chain and small «, this reduces to

4a’q
kr = 3
K Vchain ’ ( )

where Vepin = (27(r2)/3)*/%. The diffusion-limited rate is
given by
4mDa _ 4mDa

kpy = = : 4
P a3 Vewain ©@

This simple case illustrates that both rates are inversely
proportional to Vp,i,; in addition, kg depends on the quench-
ing rate, g, whereas kp, depends on the diffusion coefficient,
D. Note that if both ¢ and D are independent of solution
conditions that alter V., then both rates would scale iden-
tically. For example, increasing the average end-to-end
distance by increasing chain length or by swelling the chain
via repulsive interactions will increase Vi, and decrease
both kg and kp,.

METHODS
Sample preparation

Highly purified, lyophilized hIAPP, rIAPP, and cc-AGQq peptides, with
amidated C-terminus and a disulfide bond between Cys” and Cys’, were
supplied by R. Tycko’s group. For each experiment, solutions of monomeric
IAPP (rat or human) and cc-AGQq were freshly prepared as described by
Vaiana et al. (22). Buffer was 50 mM NaOAc at pH 4.9 with or without
6 M GdmHCL

Tryptophan triplet quenching experiments

The dynamics of end-to-end contact formation were measured by moni-
toring the lifetime of the triplet state of tryptophan (at the N-terminus of
the peptide), which is quenched by close contact with cystine and disulfides
(at the C-terminus of the peptide) (25,28). The tryptophan is excited to its
triplet state by a nanosecond ultraviolet laser pulse and the population of
the triplet state as a function of time is monitored by time-resolved triplet-
triplet absorption. For each sample, measurements were performed as a func-
tion of temperature at values ranging from 0° to 50°C. Viscosity dependence
of the quenching rates was measured in sucrose solutions at concentrations
ranging from 0 to 40% w/w in buffer and from 0 to 32% w/w in GdmCl.

Independent fits to determine relaxation rates,
kops, at each temperature

Data were initially independently fit to an exponential relaxation, together with
a time-independent offset and a second offset function that was constant for
times <10~* s and varied linearly with log(¢) for times >10"* s (empirically
accounting for the observed slower decay due to a radical photoproduct
(25)). This yielded the exponential relaxation rates (kops), Which were plotted
as a function of temperature for each peptide and solution condition (see Fig. 3).
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time (sec) time (sec) residues 2 and 7) due to end-to-end contact formation.

Molecular dynamics simulations

Molecular dynamics simulations of c-(AGQ)o, cc-(AGQ)y, hIAPP, and
rTAPP were run in explicit solvent using the GROMACS (30) molecular
simulation package, with the Amber ff03 protein force field (31) and
TIP3P water (32). Simulations of the AGQ-derived peptides were run for
94 ns, initiated from configurations chosen at 50-ps intervals from a constant
volume simulation at 800 K, for a total of ~0.75 us of data. Several 20-ns
trajectories of hIAPP and rIAPP, initiated from configurations having the
same contacts as observed in the “kinked” cc-(AGQ)y population, were
run at 300 K. The temperature was maintained at 300 K using a Nose-Hoo-
ver (33,34) thermostat, and the pressure at 1 atm with a Parinello-Rahman
(35) barostat.
Further details are provided in the Supporting Material.

RESULTS
Quenching rates for rIAPP and hlAPP

To probe the end-to-end contact dynamics of IAPP, we
mutated the C-terminal tyrosine to tryptophan and utilized
the disulfide bridge between residues 2 and 7 as the quencher
of tryptophan phosphorescence (Fig. 1). It is important to
note that the tryptophan (W>’) mutation introduces no
observable differences in the fibril-forming properties of
hIAPP (see Fig. S7 in the Supporting Material, as well as
related text). The disulfide bridge produces a cystine, the
quenching properties of which have been characterized
previously in a cystine dipeptide and a cyclic disulfide lip-
oate (25,36). We find that the bimolecular rate at which the
disulfide loop of amylin, KCNTATCA (ccA), quenches
n-acetyl tryptophan amide (2.1 (10%) M~' s7!; see Fig. S1)
is comparable to those measured for both cysteine and

cystine (25), where we have previously established that
quenching is almost completely reaction-limited. Conse-
quently, we can assume that changes in rates produced by
changing solution conditions are primarily due to changes
in the disulfide-tryptophan distance distribution. A more
sophisticated analysis, described in the Supporting Material,
shows that this is indeed the case.

The decay of tryptophan triplet-triplet absorption
measured after nanosecond excitation in 6 M GdmCl and
in buffer is shown in Fig. 2 for hIAPP and in Fig. S2 for
rTAPP. The measured absorbance traces show a fast expo-
nential decay (corresponding to the decay of the triplet state)
followed by a slowly decaying tail of much smaller ampli-
tude (corresponding to the decay of a radical photoproduct)
(25). Arrhenius plots of the exponential relaxation rates ob-
tained by independently fitting the data for each temperature
are shown in Fig. 3 (see the Methods section of the Support-
ing Material). Two results are immediately apparent: 1), the
relaxation rates are ~2-fold faster for hIAPP than for rIAPP
under all conditions, indicating that rTAPP is always more
expanded than hIAPP; and 2), the rates for both rTAPP and
hIAPP increase by approximately a factor of 4 in aqueous
buffer relative to 6 M GdmCl (Fig. 3), indicating a significant
compaction of both peptides in buffer. This increase of the
quenching rate is ~2 times larger than that observed in earlier
studies of c(AGQ)y (27), a peptide of the same length as
IAPP (Fig. 1). This result suggested that these peptides,
which have larger, more hydrophobic residues, are experi-
encing larger attractive interactions than c(AGQ)y in aqueous
buffer, presumably due to attractive interactions between
hydrophobic side chains.

100 100 100
8 MAPP | 7 hIAPP | g Buffer cc-AGQ,
2 10} Buffer 1 ¢ 10 Buffer 1 2 10f .
E 2 2
o 1 J g i M'\ ] & b~ o J
c | TU=-a c il > c To~<
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£ o1f 6MGdmCI Sooo. 1 £ o1} ®oe. 1 % oaf Sog.
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001 1 1 1 1 001 1 1 1 1 001 1 1 1 1
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1000/Temperature (°K) 1000/Temperature (°K) 1000/Temperature (°K)

FIGURE 3 Arrhenius plots of the exponential relaxation rates (quenching rates) obtained from fits of Fig. 2 (and Fig. 4 and Fig. S2). Comparison between
the three peptides, rIAPP, hIAPP, and cc-AGQy, in 6 M GdmCl and in aqueous buffer.
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FIGURE 4 Decay of tryptophan triplet-triplet absorption
for solutions of monomeric cc-AGQy (as in Fig. 2).
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Quenching rates for cc-(AGQ)g

To test this hypothesis, we synthesized a control peptide,
cc-(AGQ)y, in which the C-terminal cysteine of c(AGQ),
(25,27-29) was substituted with the disulfide terminal loop
of IAPP (Fig. 1). The decay of tryptophan triplet-triplet absorp-
tion observed for this peptide is shown in Fig. 4 with the fitted
exponential relaxation rates in Fig. 3. The striking result is that
the rates for cc-(AGQ)y increase even more in buffer relative to
6 M GdmCl than those for the IAPP sequences. An ~9-fold
increase is observed for cc-(AGQ)y, compared with the
~4-fold increase for rIAPP and hIAPP (Fig. 3) and a <2-fold
increase for c(AGQ)o in the absence of the disulfide loop
(27). These results indicate that the end-to-loop distribution
of cc-(AGQ)y becomes much more compact as the denaturant
concentration is lowered, whereas a much smaller increase in
size is inferred for c-(AGQ)y, strongly suggesting that the
collapse results from attractive interactions between the
repeating AGQ sequence and the disulfide loop. The most
reasonable hypothesis is that the high local concentration of
backbone residues and hydrogen-bonding side chains in
the disulfide loop increases the probability of forming favor-
able interactions with the more C-terminal residues of
cc-(AGQ)y. A control experiment in which the disulfide
bond of cc-(AGQ)y was reduced by adding tris(2-carboxye-
thyl)phosphine (a reducing agent) showed that the quenching
rate for the reduced peptide increases only by a factor of 2 in
going from buffer to 6 M GdmCl, similar to that for
c-(AGQ)o. This result rules out the possibility that the collapse
is due to the addition of the particular C-terminal sequence
rather than the disulfide loop. The fact that the increase in
rate for cc-(AGQ)o is larger than that observed for either of
the more hydrophobic hIAPP and rIAPP sequences further
suggests that compaction of the amylin sequences does not
result primarily from interactions between hydrophobic side
chains, but instead must also be driven by interactions between
the chain backbone and the disulfide loop.

Molecular dynamics simulations of c-(AGQ)y
and cc-(AGQ),

To test this hypothesis, we carried out molecular dynamics
simulations of ¢c-(AGQ)y and cc-(AGQ)y in water; for each
peptide, eight independent trajectories were run, starting
from randomized conformations drawn from a run at high

time (sec)

L
1e-4 1e-3

temperature. It can be seen from the sample trajectories in
Fig. 5, A and B, that both peptides sample a comparable
range of end-to-end distances (3-35 A) (remaining trajecto-
ries are given in Fig. S5). A striking difference, however, is
that the c-(AGQ)o trajectories often sample the entire distri-
bution within the ~90-ns timescale of a single MD run,
whereas the cc-(AGQ)y trajectories sample only small sub-
sets of the distribution on this timescale. This requires that
there be relatively long-lived interactions in the ensemble
of states of cc-(AGQ)o. In the limited set of trajectories
that have been calculated, the distances from the disulfide
to the tryptophan (Fig. 6, A and B) for cc-(AGQ)o are signif-
icantly smaller and have more defined structure than the
cysteine-tryptophan distances in c-(AGQ)o. The major
portion of the population is observed in a relatively long-
lived set of states in which this distance is 12-5 A.

To determine the structural features responsible for this
behavior, we examined three subpopulations from the trajec-
tories selected on the basis of the distance between the tryp-
tophan and a cysteine sulfur atom, ry,..: “‘contact”, with ry._¢
<5 A; “kinked”, with 5 A < Foee < 12 A; and “open’’, with
12 A < ry... We calculated contact maps for these subsets
from the c-(AGQ)o and cc-(AGQ)o trajectories. The borders
of these categories are indicated by red dashed lines in Figs.
5 and 6 for reference. The maps for the contact and kinked
subsets are shown in Fig. S6. In the kinked population of
c-(AGQ)y, there is evidence for a (-hairpin-like structure
with a turn that includes Gly®, which is present in about
one-third of the population. A set of antiparallel hydrogen
bonds between these residues would decrease the length of
the free chain from 31 to ~16 residues and contribute to
the peak in the distribution at r,,.. = 10-11 A. In the contact
subset, these interactions are even more probable, with occu-
pancies as high as 0.5. In cc-(AGQ)y, a completely different
set of interactions shortens the length of the free (AGQ),
sequence to <15 residues. In the kinked population, interac-
tions between residues 2—4 of the loop and residues 10-20 in
the repeating (AGQ),, sequence are present with probabilities
as high as 0.5. These interactions become even more prob-
able in the contact subset. Schematic illustrations of these
populations are depicted in Fig. 7. The high probability of
these interactions in the complete ensemble is therefore
responsible for the decrease in end-to-end distance observed
in the simulations of cc-(AGQ)o.
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FIGURE 5 Sample trajectories of end-to-end distances from explicit
solvent MD simulations of the control sequence AGQq with and without
the addition of the N-terminal disulfide loop of amylin. (A) End-to-end
distance without disulfide loop c-AGQy. (B) End-to-end distance with disul-
fide loop cc-AGQy. Red lines indicate the boundaries between the three
subpopulations, selected on the basis of the distance between the tryptophan
and a cysteine sulfur atom: “contact” (ry.. <95 A), “kinked” (5 A < ry.c <
12 A), and “open” (12 A < ry.o). Insets in B show representative structures
from the kinked population taken from each trajectory. (C) Average
secondary structure formation in the kinked population calculated using
STRIDE,; red, a-helix; black, G-sheet.

When examined more closely, we find that a number of
potential hydrogen bonds stabilize kinked conformations in
which residues 10-20 in the (AGQ), sequence interact
with the disulfide loop. These interactions include back-
bone-backbone hydrogen bonds between residues 2 and 5
of the disulfide loop and residues 10 and 20 in the (AGQ),
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sequence and side chain-backbone interactions between resi-
dues N° and T* and the same set of residues. The presence of
these interactions effectively shortens the free (AGQ),, chain
from ~30 to ~16 residues, dramatically increasing the rate of
end-to-end contact formation. An important feature of the
disulfide loop that favors the formation of stable hydrogen-
bonded complexes is its very low flexibility. The backbone
root mean-square fluctuations of the disulphide loop residues
(2-7) over all 0.75 us of simulation time is only ~0.33 A.
The loop therefore provides a rigid template, reducing the
entropy cost for the formation of intrapeptide hydrogen
bonds. The residues from the (AGQ), sequence that are
most likely to be involved in these interactions with the
loop are presumably selected by minimizing the loss in chain
entropy required to immobilize this portion of the chain, and
are therefore those closest to the disulfide (residues 10-20).
However, we do also observe a significant population of
long-range contacts between the disulfide loop and the C-
terminus of the chain, whose formation may be facilitated
by the intervening short-range contacts. In the ‘‘contact”
population, the long-range contacts are replaced by a direct
interaction of the terminal W>” side chain with the disulfide.
Note that the most frequently formed contacts in the map do
not arise from a single specific structure and that the precise
interactions in the kinked population are quite heterogeneous
(see structures in Fig. 5 B, inset). There is no persistent
secondary structure in the kinked peptides, with only a small
helical population near the C-terminus (Fig. 5 C); however,
the force field used is known to be slightly biased in favor
of helix formation. The effects we observe in sequences con-
taining the amylin disulfide loop are much more pronounced
than those observed for linear (gly-ser) peptides, for which
the formation of random hydrogen bonds between backbone
residues was invoked to explain the dependence of the loop
formation dynamics and end-to-end distances on denaturant
concentrations (37,38).

Molecular dynamics simulations of hIAPP
and rlAPP

A series of molecular dynamics simulations of hIAPP and
rIAPP was carried out starting from open states prepared at
high temperature, as for cc-(AGQ)o. In these trajectories,
the peptides often appear to have become “‘stuck” in config-
urations with lifetimes comparable to the length of the trajec-
tories, so it was not possible to sample the conformational
space occupied by these peptides even approximately.
From the limited data, the duration of these events appears
to be longer than in the cc-(AGQ)y trajectories, suggesting
that the addition of bulky, hydrophobic residues results in
somewhat more stable intramolecular interaction in these
peptides. Since these trajectories tended to become stuck in
minima that could be reached rapidly from the starting
conformations, they did not frequently sample conforma-
tions that contained the contacts found in the cc-(AGQ)o
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simulations. In an effort to determine whether such kinked
species might also be stable for the amylin sequences,
a second series of short trajectories was calculated from
starting conformations chosen at regular intervals from
high-temperature simulations biased to favor the formation
of contacts found in the contact maps obtained from the
cc-(AGQ)o simulations. These typically formed ~60% of
all the possible contacts observed in cc-(AGQ)o and included
species classified as “‘open”, ‘kinked’’, and ‘‘contact’
conformations. The r,,. distances from these trajectories,
particularly those for which r,. was <10 A, varied less
than those in Fig. 5, strongly suggesting that these contacts,
or similar hydrogen-bonded interactions, may also be stable
for the amylin sequences.

Determination of reaction- and diffusion-limited
rates

Although we have assumed that the increase in observed
tryptophan triplet quenching rates entirely reflects a decrease

conformational substates of amylin

R> 1.1 nm
Q ‘open’ 0.5<R<1L1nm
Of ‘kinked’
k;. Q
=
k, T
Trp
kHMlT k”)_
R < 0.5 nm
ku- n kn,

R<0.5nm

‘contact’
Q
@ ‘contact’

FIGURE 7 Schematic depiction of representative members of the
“contact”, “kinked”, and ‘“‘open” populations for peptides with the
N-terminal disulfide loop.

FIGURE 6 Distribution of end-to-end distances calcu-
lated from trajectories of c-AGQy (A) and cc-AGQy (B).
Red lines indicate boundaries between ‘‘contact”,
“kinked”, and “open” subsets (as in Fig. 5).

in average end-to-end distance (i.e., a change in the equilib-
rium end-to-end distance distribution), the observed quench-
ing rates in principle also depend on the diffusional
dynamics of the chain. To verify that the faster rates are
not caused by faster dynamics, we measured the quenching
rates as a function of solvent viscosity (cf. Lapidus et al.
(28)) and analyzed the temperature and viscosity dependence
as described in the Methods section of the Supporting Mate-
rial (Fig. S3). This allows the reaction-limited rate kg (which
entirely reflects changes in the equilibrium end-to-end
distance distribution) to be separately determined from the
effects of diffusion. The results from this analysis lead to
conclusions qualitatively identical to those discussed above.

Arrhenius plots of the reaction-limited (kg) and diffusion-
limited (nkp, ) rates obtained by this analysis are shown in
Fig. S4. Since the temperature dependence of the rates in
6 M GdmCl is very similar for all three peptides, and
analogous results were obtained in buffer, we confine our
discussion to the rates at 20°C, the median temperature of
our experiments. The values of kg and nkp, for cc-AGQo,
hIAPP, and rIAPP at this temperature are summarized in
Table 1. As was observed for the rates shown in Fig. 3,in 6 M
GdmCl, the values of kg and nkp for hIAPP are very similar
to those for cc-AGQoy, whereas for rIAPP, both rates are
~2-fold slower. When the rates in buffer are compared to those
in 6 M GdmCl, an ~4-fold increase is observed in both ki and
nkp.. for both rIAPP and hIAPP, whereas a nearly sevenfold
increase is observed for cc-AGQo. As noted above, these
increases are significantly larger than the almost twofold
increase observed for c-AGQg in previous studies (27). The
finding that dependence of kg on solution conditions is nearly
identical to that of nkp is consistent with our interpretation
that the differences result primarily from interactions between
the chain and the disulfide loop that alter Vy,.;, by affecting
the end-to-end distribution, p.q(r) (cf. Eqs. 3 and 4).

DISCUSSION
Difference between hlAPP and rIAPP

Comparing the three peptides in 6 M GdmCl, it is evident
from both the raw data (Fig. 3) and the reaction- and diffu-
sion-limited rates kg and nkp, (Fig. S4 and Table 1) that
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TABLE 1 Comparison of rates in aqueous buffer and 6 M GdmCl

kops (s™") Jeons (buffer) ke (us™") kg (buffer) nkp (P us™) ko (buffer)
Peptide Buffer 6 M GdmCl  Kobs(GdmCl) Buffer 6MGdmcl  kR(GAmCl)  pygrer 6 M Gdmcl  Mkp(GdmCl)
cc-AGQy 20+ 02 021 £002 95+17  24+02 035+003 69+12 64+12 094+0.17 68+ 26
hIAPP 093 = 0.07 023 = 0.02 4.0 = 0.7 12+£01 032+003 38=07 36+06 13+02  28=11
rIAPP 064 + 005 0.3 =001 49 +09 089 + 007 0.19 + 002 47 +08 20 +04 062+0.11 32 +12

Uncertainty in kop,s (~9%) was estimated by calculating the standard deviation of log ks values obtained from independent fits of the relaxation rates relative to
the best-fit estimates obtained from the global fits of viscosity dependence at all temperatures. The number of degrees of freedom was (N — 2) x (number of
temperature values — 1), where N is the total number of points. The errors for kg were assumed to be the same as for ks (~9%) and the error on nkp was
estimated from the error on the slope of a straight line passing through two values of ko (by simple error propagation: 0kp/kp = 2 X 0 kobs/A kops =
18%). The errors on the ratios obtained by error propagation are ~13% for kr/kr and ~26% for nkp/nkp.

the chain volume for hIAPP is comparable to that for the
control sequence cc-AGQo, but that the chain volume for
rIAPP is significantly larger than that of the control. We
interpret these results as reflecting changes in the stiffness
of the chain between the disulfide and the C-terminal trypto-
phan. The ordering between the three peptides is reasonable,
given their differences in sequence. The additional bulky
side chains in the hIAPP chain, which has 17, would be
expected to result in somewhat larger excluded-volume
interactions compared to the nine bulky side chains in
cc-AGQo, leading to increased occupancy of expanded
configurations. In rIAPP, three additional residues from the
hIAPP sequence with small side chains (Ala25, Serzg, and
Serzg) are substituted with proline, which, because of both
side-chain volume and restriction in accessible (¢—y/) space,
is expected to increase the stiffness of rIAPP. These results
are consistent with a recent NMR study that appeared after
submission of this article (39).

Chain volume and dynamics: role of the disulfide
loop

Taken together, our results for hIAPP, rIAPP, and cc-AGQq
in buffer and 6 M GdmCl, when compared with those for
c-AGQo, show that there is significant collapse of all three
peptides in buffer relative to their structure in 6 M GdmCl
and suggest that, instead of side-chain hydrophobic interac-
tions, hydrogen bonding between the N-terminal disulfide
loop and the rest of the backbone plays an important role
in the collapse of these peptides (40). The simulations
support this interpretation and indicate that the collapse
of cc-AGQy is driven primarily by hydrogen-bonding
backbone-backbone and backbone-sidechain interactions
between the chain and the disulfide loop. The simulations
also support the contention that these interactions play a
significant role in the collapse of the IAPP sequences. The
smaller increases observed for hJAPP and rIAPP, however,
suggest that the bulky side chains in the IAPP sequences
in some way moderate the extent of collapse of these
peptides relative to cc-AGQo.

Our finding that the collapse of cc-AGQy is significantly
enhanced by the introduction of the disulfide loop can be
rationalized in terms of the effective contact order (ECO),
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proposed by Fiebig and Dill (41,42). ECO is defined as the
length of the shortest path (following covalent or noncova-
lent bonds between adjacent residues) between two residues,
i and j, that form a contact. Fiebig and Dill pointed out that
the entropic cost of forming a contact is determined not by
the positions of two residues in sequence, but by the ECO.
The stable disulfide loop in IAPP and in our model peptide
cc-AGQy serves to decrease the ECO for interactions
between residues within the loop. As shown by our simula-
tions, this increases the occupancy of an ensemble of confor-
mations that has clusters of weak interactions between
residues within the loop and residues in the free chain that
are closest to the loop, resulting in shortened distances
between the disulfide and the C-terminal tryptophan. By
clustering several potential interaction sites, formation of
the disulfide loop increases the probability that multiple
interactions will occur within the kinked subensemble,
lowering its free energy. From a kinetic perspective, this
additional constraint accelerates the conformational search
for interacting partners by >100-fold relative to the free
chain. The effective decrease in free energy required to
produce a kinked state that has significant occupancy can
be estimated from the diffusional lifetime of the pair state,
kp. = 1-2 x 108 s71 (25), and the diffusion-limited rate
of loop formation, kp, = 2-4 X 10° s_l, to be AG ~
—RTIn(kp/kp,) = -2 kcal/mol, which would require that
the ensemble contain, on average, only a couple of hydrogen
bonds.

Possible functional significance of the disulfide
loop

The presence of the disulfide loop could modulate interac-
tions between amylin and other proteins in a number of
ways. First, the formation of intramolecular hydrogen bonds
between residues in the chain and the loop will disfavor the
formation of structural features in which these residues
participate in other intramolecular hydrogen bonds. In partic-
ular, the formation of both solvated and transmembrane
helices would be expected to be less probable in the presence
of the loop. Second, the loop could serve as a template for
the formation of intermolecular interactions with hydrogen
bonding partners from other proteins. The interactions
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between the disulfide loop and the AGQ backbone are quite
weak: the dissociation constant, estimated as the reciprocal
of the chain volume for a 7- to 10-residue chain, is
40-100 mM, consistent with the observation in sedimenta-
tion studies of rTAPP and hIAPP (22) that the population
of dimers is negligible at loading concentrations of ~50 uM.
The probability of forming such interactions will be deter-
mined, to a large degree, by the entropy cost that must be
paid to form them. For a free chain, the entropy loss should
be comparable to the AS.qnr of ~4 eu for folding (43), so the
affinity of the loop for an immobilized chain having an
optimal conformation could increase by as much as a factor
of 10°. Interactions with a region of a chain that is already
constrained by other interactions to be close in space to the
loop would be particularly likely and could compete with in-
tramolecular interactions.

The N-terminal disulfide loop between Cys? and Cys’ is
highly conserved among IAPP sequences, a structural fea-
ture also shared with the larger family of genetically, struc-
turally, and functionally related hormone peptides: calcitonin
(Ct), calcitonin gene-related peptide, and adrenomedullin,
referred to as the Ct peptide family. The loop has been shown
to be necessary for these peptides to activate cell response
when binding to their receptors, although its absence does
not prevent binding with high affinity. The capacity of the
loop to form multiple H-bond interactions could play
a role in modulating binding and receptor activation.
H-bonding of residues in the transmembrane sequence to
the loop could, for example, reduce affinity of this portion
of the sequence for the receptor. Conversely, the transmem-
brane binding of the peptide (thought to involve some of
residues 8-37) to its receptor (12), would be expected to
favor attractive intermolecular interactions between the
loop and other nearby extracellular portions of the receptor.
It has been suggested that this is a necessary step for biolog-
ical activation (12)).

Although the available structural data argue that the disul-
fide loop does not participate in the core structure of the
amyloid fiber (21), it has been shown to alter the aggregation
kinetics (44). Our observations suggest that fibrillization
might be modulated by the loop in several ways. First, the
formation of intramolecular interactions could compete
with fibril formation by decreasing the population of chains
that can adopt the fibril-forming structure. This is consistent
with the finding that removing the disulfide bond eliminates
the ‘“‘activation phase” in seeded kinetics of hIAPP (44).
Such a scenario, in which assembly occurs via an ‘““assem-
bly-competent” structure (N*) (45), has been observed in
several simulation studies (46,47), where it has also been
found that altering the kinetic barrier separating the natively
unfolded state U from N*, can have a large effect on the
aggregation kinetics (47). Second, the finding that under
all solution conditions studied, rIAPP preferentially occupies
states with larger end-to-end distances compared to hIAPP is
expected to affect both stability and kinetics of fibril forma-
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tion, though it is unlikely that this alone causes the dramatic
differences observed between rIAPP and hIAPP. Third, the
presence of an array of potential hydrogen-bonding groups
at the ends of the growing fibril could provide a template
to which the disulfide loop could bind. An intriguing
possibility is that the disulfide loops within the fibril may
act as secondary nucleation sites, as has been recently sug-
gested (44).

SUMMARY AND CONCLUSIONS

We find that the presence of the N-terminal disulphide loop
of amylin (residues 2—7) induces a significant collapse of the
three peptides studied, hIAPP, rTAPP, and the model peptide
cc-AGQy in aqueous buffer. We were surprised to find that
the collapse is greatest for the least hydrophobic sequence,
cc-AGQqy, and is dramatically enhanced by the introduction
of the disulfide loop, suggesting that the collapse is driven
by backbone-backbone and backbone-side chain interactions
rather than by interactions between hydrophobic side chains.
Molecular dynamics simulations on this control sequence
show that hydrogen-bonding interactions between the central
residues of the chain and the disulfide loop reduce the length
of the free chain by ~2-fold. We interpret this in terms of
ECO, which is dramatically reduced in the presence of the
disulphide bond and favors the formation of clusters of indi-
vidually short-lived H-bonds, stabilizing the population of
a kinked state. We propose that a similar mechanism is
responsible for the observed collapsed state of rTAPP and
hIAPP in buffer, that is, that these peptides collapse by form-
ing a significantly occupied, kinked subensemble of states
stabilized primarily by the formation of backbone-backbone
and side chain-backbone hydrogen bonds between residues
in the N-terminal disulfide loop and residues nearby in the
linear portion of the polypeptide chain. In this case, though,
the presence of large hydrophobic residues and the increased
stiffness of the IAPP sequences relative to cc-AGQy act to
screen the attractive interactions, causing a reduced collapse
relative to that of the more flexible and minimally hydro-
phobic sequence cc-AGQo.

Finally, we note that the experimental results described
here represent the first, to our knowledge, direct comparison
between monomeric rIAPP and hIAPP in aqueous solution
to show a clear difference in the conformational states
sampled by these two peptides (these results are consistent
with a recent NMR study that appeared after we submitted
this article (39)). The differences in the chain properties point
out the importance of both topology and sequence in deter-
mining the extent of collapse and suggests that collapse is
likely to occur in other disordered peptides featuring tight
N-terminal disulphide loops, with the sequence modulating
the collapse through excluded volume and specific side
chain-side chain interactions. The differences in rIAPP and
hIAPP that we observe, however, do not appear to be capable
of rationalizing the large differences in fibrillogenesis and
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pathogenesis of these peptides, so interpeptide interactions
clearly need to be considered. Further studies are needed to
understand how conformational states sampled by the mono-
mer in solution are linked to its aggregation propensity.
Understanding the interplay between intra- and interprotein
interactions remains the main challenge for understanding
amyloid aggregation and disease.

SUPPORTING MATERIAL

Methods, eight figures, and references are available at http://www.biophysj.
org/biophysj/supplemental/S0006-3495(09)01432-5.
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