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ABSTRACT Amyloid deposits of amylin in the pancreas are an important characteristic feature found in patients with Type-2
diabetes. The aggregate has been considered important in the disease pathology and has been studied extensively. However,
the secondary structures of the individual peptide have not been clearly identified. In this work, we present detailed solution
structures of rat amylin using a combination of Monte Carlo and molecular dynamics simulations. A new Monte Carlo method
is presented to determine the free energy of distinct biomolecular conformations. Both folded and random-coil conformations
of rat amylin are observed in water and their relative stability is examined in detail. The former contains an a-helical segment
comprised of residues 7–17. We find that at room temperature the folded structure is more stable, whereas at higher tempera-
tures the random-coil structure predominates. From the configurations and weights we calculate the a-carbon NMR chemical
shifts, with results that are in reasonable agreement with experiments of others. We also calculate the infrared spectrum in
the amide I stretch regime, and the results are in fair agreement with the experimental line shape presented herein.
INTRODUCTION
Amylin is a 37-residue peptide hormone that is produced by

the islet b-cells in the pancreas. Amyloid deposits of human

amylin have been identified as a hallmark of type 2 diabetes.

It is generally accepted that the aggregated amylin peptide is

a cause for the loss of insulin-producing pancreatic b-cells in

type 2 diabetic patients (1,2).

The fibrillar structures formed by amylin have been

studied extensively using experiments and simulations.

Using molecular dynamics (MD) simulations, several groups

have identified short amyloidogenic fragments within the

amylin peptide (3,4). Simulations suggest the formation

of a b-sheet structure with interdigitated side chains. Using

coordinated x-ray diffraction and electron diffraction tech-

niques, Makin and Serpell (5) determined that the fibrils of

human amylin are made up of extended b-strands that run

perpendicular to the fibril axis. Jayasinghe and Langen (6),

using electron paramagnetic resonance spectroscopy, deter-

mined that the b-strands adopt a parallel orientation. More

recently, Luca et al. (7) proposed an atomistic model of

amylin aggregate based on solid-state nuclear magnetic reso-

nance (NMR), scanning transmission electron microscopy,

and atomic force microscopy. The proposed structure

consists of striated ribbons containing four layers of parallel

b-sheets that are formed from two symmetric layers of amy-

lin molecules.

Although the structure of the aggregate is well understood,

little is known about the aggregation pathway of the amylin

peptide. Recently Shim et al. (8) studied that using isotope

labeling and infrared (IR) spectroscopy. Their results indi-
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cate that during the aggregation of the peptide, the residues

in the N-terminal half of the peptide form a b-sheet before

a b-sheet on the C-terminal side is formed (8). This result

is particularly intriguing as the residues near the N-terminus

are exactly the same for the rat and human amylin peptides,

but only human amylin peptide is known to form aggregates.

Thus, it is important for the study of the solution structure of

individual amylin molecules, and for understanding how the

residues on the C-terminal side affect its conformational

stability and perhaps influence its unfolding pathway.

In solution, human amylin is mostly regarded as being

unstructured (9–12). However, the interpretation of experi-

mental results is hampered by the extremely fast aggregation

kinetics of the peptide. It is known that in 1,1,1,3,3,

3-hexafluoro-2-propanol solution, in which amylin is

predominantly monomeric, it forms a stable a-helical

domain spanning residues 5–20 (13). Similarly, for the calci-

tonin gene-related peptide, which has a similar amino-acid

sequence to that of human amylin, and belongs to the same

hormone family, it is known that in trifluoric acid it forms

a stable a-helical segment spanning residues 6–18 (14).

Theoretical secondary-structure-prediction algorithms pre-

dict an a-helical secondary structure for residues 8–14 of

human amylin (15). It has been recently shown that in the

presence of phospholipid bilayers, human amylin adopts an

a-helical conformation (16).

Rat amylin exhibits >80% sequence identity with human

amylin; it differs from the human peptide at six residues, as

shown in Fig. 1. Three proline substitutions at positions 25,

28, and 29 are of particular importance, and are believed to

be the reason that rat amylin does not form aggregates

(17). Given the relatively high sequence homology between

the rat and human peptides, it is hypothesized that they may

exhibit common structural features. Indeed, studies by
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FIGURE 1 Human and rat amylin sequences. Differences between the

two are shown in red (for rat amylin).

444 Reddy et al.
Padrick and Miranker (12) suggest that rat and human amy-

lin adopt similar prefibrillar conformations. Recently, using

NMR chemical shifts, it was found that rat amylin adopts

an a-helical conformation for residues 5–19 (18). To date

there has been no computational effort to study the structure

of full-length amylin peptides.

In this work we investigate the structure of rat amylin

using a combination of atomistic Monte Carlo and molecular

dynamics simulations in explicit water. We find, in fact, that

there are two conformations in equilibrium—a folded struc-

ture in which residues 7–17 adopt an a-helical configuration,

and a random-coil structure. Using a new variant of replica

exchange umbrella sampling (REUS) Monte Carlo simula-

tions, we evaluate the relative thermodynamic stability of

the two structures, finding roughly equal free energies at

room temperature. From representative configurations of

each structure, and the relative weights, we calculate the

NMR secondary chemical shifts for the a-carbons, and our

results are in reasonable agreement with experiment (18).

IR spectroscopy is another widely-used method to probe

structure and dynamics of proteins (19–24). In particular,

the amide I mode, primarily involving peptide-bond

carbonyls, is highly sensitive to protein secondary structures

(25–27). Using the MD trajectories, the relative weights of

the two configurations, and local frequency and coupling

maps (28–30), we calculate the IR spectrum of rat amylin

in solution. To compare with these calculations, herein we

measure the same spectrum experimentally. The theoretical

IR spectrum is in fair agreement with experiment.
MATERIALS AND METHODS

Solution structure simulations

As mentioned above, the amino-acid sequence of rat amylin is given in

Fig. 1. Note that in both NMR and IR experiments, and in the simulations,

the C-terminal is capped with an NH2 group, and there is a disulfide bond

between Cys-2 and Cys-7. The starting structure used for the peptide is an

a-helix, which is constructed by restricting the 4 and j dihedral angles to

–57� and –47�, respectively. The peptide is immersed in simple point charge

H2O (31); it is modeled using the GROMOS96 53a6 force field (32–34),

which has been used extensively in the literature to study the folding of

protein molecules (35–37). Molecular dynamics (MD) simulations were per-

formed with the GROMACS molecular simulation package (38,39), suitably

modified to incorporate the new sampling techniques described in this article

(see below). The system included a single rat amylin peptide molecule,

11,218 water molecules, and four chloride counterions. Long-range electro-

static interactions were treated with a particle-mesh Ewald sum (40,41). All

simulations were performed with rigid bonds (using the linear constraint

solver method) and with an integration time step of 2 fs. The equilibrium

simulations were performed at a temperature of 298 K and pressure of 1

bar using Berendsen coupling (42).
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The relative thermodynamic stability of the folded and random-coil

conformations, sampled during the equilibrium MD simulations, was deter-

mined using a new variant of the REUS method that we describe in what

follows (43–47). Similar to traditional parallel tempering or replica

exchange molecular dynamics (REMD) (43,48,49), in this method M inde-

pendent replicas of the same system are simulated under different tempera-

ture conditions. For our problem we used 38 replicas, at temperatures chosen

between 273 K and 600 K according to the procedure of Rathore et al. (50).

In a typical REMD calculation for protein folding, the random-coil states are

easily sampled, but the a-helical conformations are not efficiently sampled

because of their larger folding timescale. To enable better sampling of the

folded a-helical states of the peptide, a weak umbrella potential, represented

by a set of harmonic springs, was imposed between the Ca atoms of the

native contacts. Labeling the residues with an index j, for an a-helical

conformation a native contact is defined by two residues with j and j þ 4,

and the distance between these residues is rj. The corresponding equilibrium

distance (determined from an ideal a-helical conformation), r0, was taken to

be 5.9 Å. The umbrella potential is therefore given by

U ¼ k
Xpþ q�1

j¼ p

�
rj � r0

�2
; (1)

where the spring constant k was chosen to be equal to k ¼ 100 kJ/mol/nm2.

For the particular case of amylin in water, we found that the a-helical

domain extends over residues 7–17 (see the Results and Discussion), so

that in the sum of Eq. 1 the starting residue is p ¼ 7, and the number of

springs is q ¼ 7. The umbrella potential helps sample folded states, whereas

replicas at high temperature permit sampling of unfolded states. The transi-

tions between the folded and unfolded states can be quantified using an order

parameter x defined as

x2 ¼ 1

q

Xpþ q�1

j¼ p

�
rj � r0

�2
: (2)

With this choice of x, the umbrella potential is reduced to a simple explicit

function of the order parameter:

U ¼ qkx2: (3)

In a conventional REMD simulation, replicas at different temperatures are

exchanged at regular intervals. Similarly, in REUS, configurations from

two different replicas are exchanged at regular intervals. The acceptance

criterion for the exchange is obtained by satisfying detailed balance criteria.

We label each replica with an index m, and this replica’s inverse temperature

by bm. One can then label the configuration residing at an instant t in this

replica by the pair mt. We define the state X to have configurations mt and

nt in the two replicas m and n (at time t), whereas in state X0 these two config-

urations are exchanged. By invoking detailed balance we can write

PðXÞwp

�
X/X

0�
wacc

�
X/X

0�¼P
�
X
0�

wp

�
X
0
/X

�
wacc

�
X
0
/X

�
;

(4)

where P(X) denotes the probability of finding the system in state X, wp(X /
X0) represents the probability of proposing an exchange between state X and

state X0, and wacc (X / X0) represents the probability of accepting the

proposed exchange between state X and state X0. If the forward and reverse

moves are proposed with equal probability, then wp(X / X0)¼ wp(X0 / X).

Hence, the acceptance criteria for the exchange between states X and X0 is

given by

wacc

�
X/X

0� ¼ min

�
1;

P
�
X
0�

PðXÞ

�
: (5)

The ratio of the equilibrium probabilities is given by
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P
�
X
0�

PðXÞ ¼
expð � bmEnt � bmUntÞexpð � bnEmt � bnUmtÞ
expð � bmEmt � bmUmtÞexpð � bnEnt � bnUntÞ

;

(6)

where Emt is the potential energy of configuration mt (and Umt is

the umbrella potential in configuration mt). Defining DE ¼ Ent – Emt,

DU ¼ Unt – Umt, and Db ¼ bn – bm, Eq. 5 becomes

wacc

�
X/X

0� ¼ minð1; expðDbDEÞexpðDbDUÞÞ: (7)

For each replica, the configurations from the simulation were saved every

4 ps for a total of 50 ns.

The potential of mean force or free energy for folding the peptide from

a random coil to an a-helical state was calculated as a function of the order

parameter x using the weighted histogram analysis method (51). In this

method the order parameter x is discretized, and then one considers the (un-

normalized) probability histogram Pk, b (x) as a function of order parameter

x, which is obtained from

Pk;bðxÞ ¼
XM

m¼ 1

XT

t¼ 1

expð � bEmt � bUmtÞdx;xmtPM
n¼ 1

expðfn � bnEnt � bnUntÞ
; (8)

and

fm ¼ �ln
X

x

Pk;bm
ðxÞ: (9)

In the above equation, T is the total number of data points (snapshots) in each

replica. These two equations are solved iteratively, until fm and Pk, b (x) are

consistent with each other. The potential of mean force is determined from

the probability distribution Pk, b (x) according to

fðxÞ ¼ �kT In P0; bðxÞ: (10)

NMR secondary chemical shifts

NMR chemical shifts are known to be a sensitive probe of secondary

structure (52). Secondary chemical shifts are the measured shifts minus their

corrected random-coil values (18,53). A variety of secondary chemical shifts

were determined for each residue, using 13C- and 15N-labeled wild-type rat

amylin, and triple-resonance techniques (18). In all (Ha, HN, carbonyl C, Ca,

and Cb) cases, the secondary chemical shifts were indicative of a-helical

structure from residues 5–19. For example, for these residues the Ca chem-

ical shifts are all positive.

From our ensemble of simulation configurations for both the a-helix and

random-coil states, together with the calculated weights of these two config-

urations, we can make a quantitative comparison with these experiments.

For each configuration, NMR secondary chemical shifts were calculated

using the SPARTA (53) and SHIFTX (54) programs, available from

http://spin.niddk.nih.gov/bax and http://redpoll.pharmacy.ualberta.ca/shiftx/.

For each conformer, the calculated shifts were obtained as an average over

a 100-ns simulation trajectory. We focused on the a-carbon 13C chemical

shifts, and for each residue the random-coil value was subtracted (53).

IR line shape

The absorption line shape can be calculated from the Fourier transform of the

quantum dipole time-correlation function (55). If the electric field of the

excitation light is polarized in the be direction, the linear absorption line shape

is

IðuÞ � Re

Z N

0

dt e�iut
�be$~mð0Þ~mðtÞ$be�; (11)
where ~m is the dipole operator for the system. The brackets indicate a

quantum equilibrium statistical mechanical average, which is impossible

to evaluate for a nontrivial condensed phase system.

If one is focused on a particular IR band, in this case the amide I band of

the peptide, one useful approximation is to treat the amide I vibrational

modes quantum mechanically, ignore other high-frequency modes, and treat

the low-frequency degrees of freedom (translations, rotations, and torsions)

classically. Within such a mixed quantum/classical approach, the IR line

shape for a multi-chromophore system can be written as (56)

IðuÞ � Re

Z N

0

dt e�iut
X

ij

�
mið0ÞFijðtÞmjðtÞ

�
e�t=2T1 : ð12Þ

In the above equation, i and j index the amide I vibrational chromophore;

miðtÞ ¼ ~miðtÞ$be, where ~miðtÞ is the transition dipole of the ith chromophore

at time t; and Fij(t) values are the elements of the matrix F(t), which satisfies

the equation

_FðtÞ ¼ iFðtÞkðtÞ; (13)

subject to the initial condition Fij(0) ¼ dij, and with

kijðtÞ ¼ uiðtÞdij þ uij

�
t
��

1� dij

�
: (14)

ui(t) values represent the local-mode transition frequencies and uij(t)

values are the vibrational couplings. The angular brackets now indicate a

classical equilibrium statistical mechanical average. T1 is the lifetime of

the first excited state of an isolated amide I vibration, and the term e�t=2T1

is added phenomenologically to include lifetime broadening. T1 is set to

be 600 fs (57).

The amide I local-mode frequencies are calculated with the empirical

frequency map developed by Lin et al. (28):

ui ¼ f1717 þ 4213Ei; C þ 2108Ei; Ng cm�1: (15)

In the map, local-mode frequencies are related to the electric fields due to

nearby water molecules, counterions, and peptide atoms that are more

than three covalent bonds away. Ei, C is the electric-field component for

the ith chromophore in the C¼O direction on the C atom and Ei, N is that

on the N atom (both in atomic units). A 20 Å cutoff is used for electric field

calculations in the MD simulations. It has been shown that couplings

between adjacent peptide units are mainly due to overlapping charge densi-

ties, which cause through-bond interactions, whereas those between nonad-

jacent peptide units are primarily long-distance electrostatic interactions

(30). The former depend on nearby dihedral angles, and for which we

have adopted the approach of Jansen et al. (29) and used their nearest-

neighbor coupling map. The latter are calculated with the transition-dipole

coupling approximation (30,58)

Zuij ¼
~mi$~mj

r3
ij

� 3

�
~mi$~rij

��
~mj$~rij

�
r5

ij

: (16)

In the above equation, the vector~rij connects the two transition dipoles ~mi

and ~mj. The transition dipole has the strength of 0.37 D. It points toward

the nitrogen atom with an angle of 20� with respect to the C¼O bond,

and its location is on the C¼O bond with a distance of 0.868 Å from the

carbon atom (30,58).

If the rotational dynamics of the system are sufficiently fast, then during

the course of the simulation the peptide will sample all possible orientations

with respect to the electric field unit vector be. However, it is not the case

here, and so one needs instead to average over all possible orientations ofbe with respect to the lab-fixed axes. This is equivalent to averaging over

the three cases where be is bx, by, and bz, which is what we do here.

To calculate the IR spectrum, MD simulations with the same parameters

described in the solution structure simulations section were performed. The

MD simulation code was modified to report the local-mode frequencies
Biophysical Journal 98(3) 443–451
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using Eq. 15. The local-mode frequencies and coordinate trajectories were

saved every 10 fs for a total of 2 ns for each conformer. The latter were

used to calculate vibrational couplings. The IR line shape evaluation

included 37 carbonyls in the main-chain peptide bonds and seven carbonyls

from Asn and Gln side chains. The line shape was calculated by direct

numerical integration of Eq. 13 (59,60).

Experimental peptide preparation
and IR spectrum

We first note that these experiments were performed in D2O (rather than

H2O) solution, to avoid the strong spectral overlap between the H2O bend

and amide I stretch. However, the simulations were performed with H2O.

Because all potentials involving D2O are the same as for H2O, the ensembles

of configurations in the two cases are identical. This means, for example, that

calculations of relative free energies and secondary chemical shifts are not

affected by this change. IR spectra are often affected by molecular dynamics,

and because the masses of H2O and D2O are different, there will be differ-

ences in time-dependent solvent-induced frequency and coupling fluctua-

tions. These differences, however, are expected to be small.

Rat amylin were purchased from Bachem (Bubendorf, Switzerland) and

dissolved in deuterated hexafluoroisopropanol (d-HFIP) at a concentration

of 0.5 mM. An aliquot of the d-HFIP stock solution was made into D2O solu-

tion after evaporating d-HFIP. The rat amylin D2O solution was lyophilized

in 0.1 mM DCl multiple times and then one time in D2O to remove residual

trifluoric acid (which was present in the purchased sample, and which has

a strong absorption in the amide I band region). The final peptide sample

was in D2O at pH 6 with a concentration of 0.5 mM. The spectrum was taken

in an IR cell, which consisted of two CaF2 windows separated by a 100-mm

Teflon spacer.
FIGURE 2 A snapshot of rat amylin in (a) a-helical conformation and

(b) random coil conformation.
RESULTS AND DISCUSSION

Solution structure determination

First, we investigate the equilibrium solution structures of rat

amylin. The starting structure for the MD simulations was

prepared by folding all of the peptide’s residues into an

a-helix conformation. The energy of the resulting structure

was then minimized to remove bad contacts. Within a short

period of time (<1 ns), the molecule unfolded into a confor-

mation where residues 7–17 assumed an a-helix; the rest of

the peptide adopted an unstructured, random-coil-like state.

The system was equilibrated at length before starting actual

production runs. From this point on, four independent

simulations were performed to analyze the stability of the

structure thus obtained. Simulation runs 1, 2, and 3 were

performed using the GROMOS96 53a6 force field. A repre-

sentative snapshot from this run is presented in Fig. 2. Run 4

was performed using the AMBER99 (61) force field, to also

analyze the effect of force field on the structure. The struc-

ture showed no further important conformational changes

even after relatively long simulation times in all the four

independent runs (225 ns for Runs 1 and 4, and 100 ns for

Runs 2 and 3). The root mean-square deviation (RMSD) of

the Ca atoms belonging to domain 7–17, with respect to

the starting structure, is presented in Fig. 3. In the RMSD

calculation, the peptide is rotated and translated so as to

minimize the RMSD (with respect to the starting structure).

The low value for RMSD throughout the entire length of the
Biophysical Journal 98(3) 443–451
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simulation in all four runs indicates a high stability for

the predicted structure. The evolution of secondary structure

of rat amylin calculated using the Dictionary of Protein

Secondary Structure (62) definitions is presented in Fig. 4.

It is important to note that in all four runs considered here,

residues 7–17 remained folded in the a-helix conformation

throughout the entire length of the trajectory.

Direct MD runs at constant temperature (such as those

shown in Fig. 2) serve to provide an indication of the

stability of a particular conformational state, but they cannot

provide an unambiguous measure of the thermodynamic

stability of a particular structure, particularly if large free

energy barriers separate one conformational state of the

system from another. To determine the true relative stability

of the a-helical conformation vis-a-vis that of the random

coil, the free energy of the system was evaluated by resorting
FIGURE 4 Evolution of secondary structure as a function of residue

calculated using the Dictionary of Protein Secondary Structure definitions

(62). (a) GROMOS96 53a6 force field. (b) AMBER99 force field.
to REUS simulations. Such simulations require that the prob-

ability distribution curves corresponding to neighboring

replicas exhibit a sufficient degree of overlap. Fig. S1 in

the Supporting Material shows the combined energy (poten-

tial energy þ umbrella energy) distribution of the protein at

different temperatures used in our REUS simulations. As can

be seen from the figure, the overlap between adjacent

replicas is appropriate and does lead to a near optimal accep-

tance rate of ~15%, as prescribed by Rathore et al. (50).

Fig. S2 follows the history of two configurations throughout

an REUS simulation; by history, we refer to the replica and

order parameter that a configuration will occupy and adopt at

any given time during the simulation. As can be seen in

Fig. S2, the exchange of configurations at regular intervals

between replicas running at different temperatures allows

the peptides to fold and unfold repeatedly over the course

of a simulation, thereby ensuring efficient sampling of

conformational space and guaranteeing that the a-helical

structure of the molecule is erased and reformed multiple

times. Fig. 5 a shows the corresponding free-energy change

of the peptide during the helix-coil transformation at three

temperatures: 298, 346, and 416 K. In all cases the free-

energy curves show (at least) two minima: at ~x ¼ 0.1 nm

(the a-helical state) and ~x¼ 0.4 nm (the random-coil state).

At room temperature, the peptide exhibits a slightly greater

stability in the a-helical state (with probability of roughly

0.55) compared to the random coil (whose probability is

~0.45). At the highest temperature, the random coil is

considerably more stable. The convergence of the simulation

was assessed by confirming that the free energy profile of
0 0.1 0.2 0.3 0.4 0.5
Order Parameter ξ  (nm)

-10

-5

0

5

Fr
ee

 E
ne

rg
y 

(k
J/

m
o Temp 416 K

b

0 0.1 0.2 0.3 0.4 0.5
Order Parameter ξ  (nm)

-10

-5

0

5

Fr
ee

 E
ne

rg
y 

(k
J/

m
ol

) 30 ns
50 ns
75 ns

FIGURE 5 (a) Free energy as a function of a-helix order parameter, as

described in the text. (b) Free energy curve at 298 K for three different

lengths (30, 50, and 75 ns) of simulation time.
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Fig. 5 a did not change appreciably after the simulations

were extended over longer periods of time (results shown

in Fig. 5 b). As can be seen in the figure, at early times

(e.g., 30 ns) the free energy profiles change appreciably,

but after ~50 ns they reach a converged steady-state value.

NMR secondary chemical shifts

The NMR 13Ca secondary chemical shifts were calculated as

described above for each of the two conformers predicted by

our REUS simulations (the a-helical and the random coil).

The theoretical secondary NMR shifts of the a-helical and

random coil conformations are shown in Fig. 6. One sees
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FIGURE 6 Calculated NMR 13Ca secondary chemical shifts for: a-helical

(a and b) and random-coil conformations (c and d) using the SPARTA

(a and c) and SHIFTX (b and d) programs (53,54).
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that, for the a-helical conformer (Fig. 6, a and b), the

secondary chemical shifts are uniformly positive, with

some magnitudes reaching values as large as 3 ppm in

strongly a-helical regions (residues 7–17). In contrast, for

the random coil conformation (Fig. 6, c and d), the shifts

are smaller and appear to be randomly distributed. The rela-

tive probability analysis described above indicates that the

equilibrium solution structure is composed of 55% of the

a-helical state and 45% of the random-coil state. The theoret-

ical secondary NMR shifts averaged over the two conforma-

tions, weighted by their relative stabilities, are shown in

Fig. 7, together with the experimental results (18). As can

be seen in Fig. 7, a and b, the predicted NMR shifts can

change appreciably depending on the algorithm or method

(SPARTA or SHIFTX) used to determine NMR spectra

from results of simulations. Given such limitations, we first
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FIGURE 7 (a and b) Theoretical NMR secondary chemical shifts from the

weighted average of the results in the previous figure using the SPARTA (a)

and SHIFTX (b) programs. (c) Experimental NMR secondary chemical

shifts (18). (d and e) Correlation between experimentally observed chemical

shifts and those obtained from SPARTA and SHIFTX programs.
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focus our discussion on the most salient features of the

experimental and calculated spectra: in all cases the shifts

are positive. They have approximately the same magnitude,

particularly for residues between 7 and 17, which is where

the a-helix is located. Our results can thus be viewed as

generally consistent with experiment, and serve to confirm

the overall a-helical character of the region comprised

between such residues.

If we now make a more-quantitative comparison between

simulated and experimental spectra, one finds that the

primary differences arise for residues outside the helical

(7–17) region. To gain some perspective into such differ-

ences, it is important to specify several details pertaining

to the experimental spectra reported by Williamson and

Miranker (18). First, in experiments Pro is observed to

make a cis-trans conformational change. However, this

being a very slow transition, it is usually not observed with

any of the force fields generally used for protein simulations

(63). This could explain the differences for residues 25, 28,

and 29. Second, in calculating deviations from random

coil, in their article, Williamson and Miranker subtract a

random coil value that is sequence-dependent. For example,

for Asparagine at residue numbers 3, 14, 22, and 31, a value

of 52.9 is subtracted, whereas for Asparagine at residue

number 21, a value of 52.3 is subtracted. Similarly for

Leu-12, 16, and 23, they subtract a value of 55.1, whereas

for Leu-27, a value of 52.7 is subtracted. In contrast, the

algorithms subtracts an equal value for all residues. When

these details are taken into consideration, we see that the

agreement between simulations and experiment is in fact

reasonable. Again, we emphasize that the key piece of infor-

mation from the experiments and simulations is the a-helical

nature of residues 7–17.
IR line shape calculation

Fig. 8 shows the theoretical IR spectra of the a-helical and

random-coil conformations, each weighted by their relative

populations. The total theoretical spectrum is obtained by

adding the results for the a-helix and random-coil, and

the experimental spectrum measured herein. Note that the

theoretical and experimental spectra are normalized to have

the same peak height. The theoretical line shape for the

a-helical conformer exhibits a shoulder at ~1657 cm�1,

which is characteristic of a-helices (64). However, its main

peak is ~1631 cm�1, which is very similar to the peak in

the theoretical line shape for the random-coil state. Thus,

the total theoretical line shape is unstructured (as in experi-

ment), but it is too red-shifted by ~17 cm�1, and too broad

by ~21 cm�1.
CONCLUSIONS

Atomistic-scale theoretical simulations of rat amylin in solu-

tion have been presented. The folded state of rat amylin is
found to contain a helical segment spanning residues 7–17.

A newly proposed variant of replica exchange simulations

permitted careful quantification of the relative stability of

the helical and random-coil conformations as a function of

temperature. It was found that at room temperature the

a-helical conformation was marginally more stable than

the random-coil state.

Trajectories for the two conformers, together with their

relative probabilities, were used to calculate both NMR

secondary chemical shifts, and amide I IR spectra. In both

cases agreement with experiment was only qualitative.

Discrepancies between theory and experiment for the NMR

observables could be ascribed to deficiencies in the force field

used, in the SPARTA algorithm to calculate the shifts, and/or

to insufficient sampling. Discrepancies between theory and

experiment for the IR observable could be ascribed to force-

field and sampling issues, as well as to deficiencies in our

theoretical approach for calculating IR spectra—in particular,

those involving frequency and coupling maps. Thus, these

findings indicate the need for further work on developing

and comparing force fields, and on theoretical spectroscopic

methodology. Nonetheless, given the complexity of the amy-

lin molecule and the level of detail at which structure is being

resolved, even the qualitative agreement between theory and

experiment is encouraging. It shows the promise of a

combined simulation, theoretical, and experimental approach

for elucidating protein structure and dynamics, particularly in

circumstances (such as membrane proteins, or systems with

fast aggregation kinetics) in which a single approach may

well be inadequate.

The similarity of rat and human amylin sequences near the

N-terminus suggests that human amylin might also exhibit

a similar a-helical secondary structure. In fact, our prelimi-

nary simulations of human amylin protein suggest that the

human amylin protein exhibits conformations with a similar

a-helical structure between residues 7 and 17; however,
Biophysical Journal 98(3) 443–451
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in the human case one also finds an additional b-hairpin ap-

pearing between residues 23–27 and 30–34 (Allam S.

Reddy, Sadanand Singh, Lu Wang, Yun Ling, Martin T.

Zanni, James L. Skinner, and Juan J. De Pablo, unpublished

results). Our preliminary results also indicate that the unfold-

ing pathway of the human amylin protein involves formation

of contacts between the b-hairpin segment of the protein with

the a-helical structure, leading to an overall loss of a-helicity

and unfolding of the peptide. The proline mutations in rat

amylin (at residues 25, 28, and 29) prevent the formation

of such a b-hairpin, thereby precluding the occurrence of

an unfolding process similar to that observed in the human

version of the peptide.

Recently, Engel et al. (65) studied the interaction of amy-

lin with phospholipid monolayers. Their results suggest that

amylin inserts into lipid monolayers as a monomer. Further-

more, they suggest that insertion occurs at the N-terminus. It

is known that the insertion ability of proteins into mono-

layers is influenced by their secondary structure in solution.

The a-helical segment near the N-terminus, as predicted in

our work (and also by the NMR experiments (18)), would

promote its insertion into the monolayers. In addition, amy-

lin in its aggregated state would lose the a-helical secondary

structure, thereby making the insertion of the peptide less

favorable, as observed by Engel et al. (65). Ongoing work

in our labs (66,67), particularly using isotope labels and

2DIR spectroscopy, is focused on human amylin and its

aggregation pathways, in the absence and presence of

membranes.
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