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Abstract

The folded (alpha helical) and unfolded (non-alpha helical) ensembles of the 21 amino acid peptide Ace-A21-Nme are characterized

structurally. The replica exchange molecular dynamics approach is used to generate these ensembles at 46 different temperatures ranging

from 278 to 487 K. Each replica system is simulated in explicit solvent for a period of 10 ns/replica, for a total of 460 ns. In addition to alpha

helices, poly proline II (PPII) structures were identified to occur significantly. At low T the alpha helical content is larger than the PPII

content, but near 300 K the PPII population is larger. Below 300 K, the PPII population increases with T ; but it decreases above 300 K. The

alpha helical content decreases with temperature. At temperatures below 300 K, there is a PPII propagation free energy that enhances the

formation of long segments of PPII structure. This propagation term is smaller than for alpha helices. PPII segments of length 8 or less are

more likely to form than alpha helices of the same length. The obtained low propensity for the formation of PPII segments of length shorter

than five suggest that the interactions are responsible for the formation of PPII structures require a PPII segment of at least four amino acids.

Stretches of four consecutive amino acids in the PPII conformations are needed for the formation of a groove around the peptide backbone

that is strongly hydrated. Water in this groove is delocalized along a channel formed by the peptide in the PPII conformation.

q 2003 Elsevier Ltd. All rights reserved.
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Alpha helices and beta sheets are the most common

secondary structural motifs found in folded proteins. The

propensity of helix formation is largely a local property of

the peptide sequence, while the formation of beta hairpins

and beta sheets is determined by tertiary interactions in the

folded state. Detailed time-resolved studies of the helix coil

transition in peptides [1,2] have shown that helix formation

occurs in the 200 ns time scale, while the formation of beta

hairpins occurs in the microsecond time scale [3]. The fast

rate of protein folding has been attributed to a funneled

energy landscape where the large configurational entropy

associated with the chain is balanced by intramolecular and

solvent interactions along a multitude of folding paths

[4–8]. Although the native state of proteins and peptides is

well known, little is known about the unfolded state.

The unfolded state of a peptide may adopt a wide range

of conformations, with some preference for particular

regions of the F–C map. Tiffany and Krimm, based on

CD measurements, suggested that a significant fraction of

the unordered structure has short segments (4–7 amino

acids) of poly prolyne II (PPII) conformations, interspersed

with sharp bends [9]. PPII is a structure adopted by poly

proline peptides, and collagen. An ideal PPII structure has

backbone dihedrals ðF;CÞ ¼ ð275; 145Þ; leading to an

extended, left handed helix, with three amino acids per turn.

Host guest experiments show the propensity for PPII in PXP

to follow P . Q . A . (G, L, M) . N . (I, V) [10]. In

globular proteins, however, the propensity of PPII confor-

mation is large for A and V amino acids, but not for G [11,

12]. The lack of correlation between the host guest

experiments and the observation in globular proteins have

been suggested to be due to the backbone hydration present

in peptides, and not in globular proteins [13]. Monte Carlo

calculations on a simple model of the Ala7 showed that the

PPII, and a structure close to a0 occupy the lowest energy on

the F–C map [14]. Ab initio calculations in of Ala

dipeptide with four explicit water molecules and a

continuum treatment for other water molecules show that

the PPII conformation is favored [15]. Experiments of

alanine tripeptide show a large propensity for the PPII

conformation [16–19]. The population of PPII over beta

conformation depends on the solvent, with PPII being

favored in water and the beta conformation favored in

DMSO [18]. Combined experimental and theoretical work
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show that the PPII in an Ala tripeptide is 80% PPII, and 20%

alpha [20]. Shi et al. have shown that unfolded heptapep-

tides adopt a PPII structure, and have suggested that the

helix coil transition is an order-to-order transition, where the

unfolded state is mostly PPII [21]. This work has raised

many questions: is the formation of PPII higher than

expected from random configurations? Will long-range

ordered PPII structures form? Is there a PPII nucleation

energy? Is there a PPII propagation energy?

In this manuscript, we study the folded (helical) and

unfolded states of Ac-A21-methyl amide (Nme) in water,

and over a wide range of temperatures. The ensemble of

states were generated in a previous work where we applied

the replica exchange molecular dynamics method (REMD)

[22,23] to study the equilibrium folding/unfolding thermo-

dynamics of Ac-A21-Nme and the Fs peptide (Fs stands for

folded short peptide with sequence Ac-AAAAA(AAARA)3

A-Nme designed by Lockhard and Kim [24]) over a broad

range of temperatures [25]. We use the ensemble of

configurations, over a broad range of T ; previously

generated for Ac-A21-Nme to characterize the folded and

unfolded states in terms of their structures, F–C maps, end-

to-end distance distributions, and hydration. In our previous

calculations, we found that a small modification in the

dihedral angle energy Cornell et al. [26] force field was

needed to obtain a better description of the helix coil

thermodynamics, when compared to experiments. The

modified Amber force field eliminates the backbone

dihedral angle energy terms for rotations around the F

and C angles (i.e. the energy term is set to zero). With the

modified Amber force field (parm_mod) the transition

temperature for Ala based peptides, the Zimm–Bragg helix

nucleation, and propagation parameters were in good

agreement with measurements [27]. In this manuscript, we

show that the propensity of PPII configurations observed is

significantly larger than expected from random distri-

butions. We show that segments of at least four consecutive

amino acids in the PPII conformation are stable. We also show

that segments of PPII of length 8 are common, and that

segments as long as 17 amino acids are formed at low

temperature. We will also show that water forms a delocalized

channel around the PPII backbone. This water channel may

play a role in stabilizing the PPII conformation.

1. Methods

The replica exchange method has been implemented

with M replicas distributed over M processors, where each

replica system is a peptide in explicit solvent. Each system

is simulated at different T distributed over a broad range

(275–487 K). Replicas are sorted according to T and couple

to each other via a temperature exchange Monte Carlo (MC)

procedure, described next. At fixed time intervals, neighbor-

ing systems, i and j; with temperatures Ti and Tj;

respectively, can exchange configurations, such that system

i changes to temperature Tj; and system j to temperature Ti:

The probability that this exchange occurs satisfies detailed

balance:

WðXÞwðX;X0Þ ¼ WðX0ÞwðX0
;XÞ;

where WðXÞ is the weighting factor for the state X; and

wðX;X0Þ is the transition probability of exchanging system X

to system X0: WðXÞ is given by the product of the Boltzmann

factors for each of the M replicas. In the exchange process,

we scale the velocities of all particles by
p
ðTi=TjÞ in system

j; and
p
ðTj=TiÞ in system i; such that there are no net changes

in the total kinetic energy. This gives

wðX;X0Þ=wðX0
;XÞ ¼ expð2DÞ;

where D ¼ ðbi 2 bjÞðUj 2 UiÞ; bi is ðkBTÞ21; kB is the

Boltzmann constant, and Ui is the potential energy of

system i; before the exchange. These transition probabilities

are implemented using the Metropolis criterion [22,23].

Only replicas having neighboring temperatures are allowed

to exchange. The direction of exchange of neighboring

replicas is chosen at random.

The Ac-A21-Nme peptide consists of 21 amino acid and

222 atoms. This system is contained in a cubic box

containing 2640 TIP3P water molecules [28]. The initial

configurations for the replicas are generated by a 1.0 ns

simulation of the extended peptide, in vacuo, at

1000 K. Configurations sampled during the last 0.9 ns are

clustered based on their pairwise root mean square distance

(rmsd). We generate 100 clusters, and select 46 structures

from different clusters. Each one of the structures is at least

2.5 A in rmsd from any structure belonging to other clusters.

No biases are imposed regarding secondary structure or

energy. The selected configurations are solvated and

assigned as initial configurations for the 46 replicas. The

assignment of configurations to each of the chosen

temperatures is done at random. The solvated system is

immersed in a cubic box is 43.5 Å, which is 1.5 times the

linear dimension of the folded alpha helix.

The solvated systems are subjected to 500 steps of

steepest descent energy minimization and a 100 ps MD

simulation at constant NPT, with P ¼ 1 at. and

T ¼ 300 K. We used the modified Force field of Cornell

et al. [25,26] and the suite of programs in Amber [29],

modified to include the generalized reaction field (GRF)

treatment of electrostatic interactions [30,31] and the replica

exchange algorithm. We used the GRF with a cut-off of

8.0 A. Non-bonded pairs lists were updated every 10

integration steps. The integration step in all simulations is

0.002 ps. The system is coupled to an external heat bath

with relaxation time of 0.1 ps [32]. All bonds involving

hydrogen atoms were constrained using SHAKE with a

tolerance of 0.0005 A. The final configuration of the MD

simulation was then used to execute 100 ps MD simulation

at NTV at T ¼ 275; 300, 325, 350, 400, 450, 500 and

550 K. The volume of the system was maintained to be the

final volume obtained from the initial MD NPT simulation
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at 300 K. These runs were used to determine the average

potential energy of the system as a function of T ; which is

then used to determine the set of temperatures to be

employed in the replica exchange method. The exchange

rate among replicas ranges from 8 to 20%, with an overall

exchange rate of 14%. Exchanges are attempted every 125

integration steps (0.25 ps). We simulated 46 replicas with

T ¼ 278–487 K, spanning a range of T in which the peptide

samples folded and unfolded states. We simulated this

system for 10 ns/replica, with 46 replicas, for a total of

460 ns of MD sampling.

The REMD methods has been applied to study the energy

landscape of peptides in explicit solvent models [33,34].

Side-by-side comparisons of REMD with molecular dynamics

(MD) simulations have shown that the REMD provides a

much broader sampling of configurational space than regular

MD simulations that cover the same time scales [35].

2. Analysis

Equilibrium quantities, based on ensemble averages at

each temperature, are evaluated over the second half of the

10 ns/replica simulations. Block averages over 0.25 ns were

performed to estimate errors in the ensemble averages. The

hydration of the peptide structure around the PPII

configurations is analyzed over the last 2 ns/replica of the

simulation.

We analyze the configurations generated by the replica

exchange simulations in terms of the backbone dihedral

angles F–C maps and the sequence helical content. To

analyze the alpha helical content of the peptide, the sampled

configurations are labeled by a sequence of 21 h or c’s,

depending on the F and C angles of each amino acid. We

label ðF;CÞ pairs as h’s if the angles are (260 ^ 30,

260 ^ 35)8, and as c’s, otherwise. Calculations of the

helical content follow the Lifson–Roig theory. An N- and

C-capped 21 amino acid sequence can have a maximum helical

length of 19, and 21 amino acids are characterized as h’s or c’s

[36–38]. Configurations are labeled by their h–c patterns.

We perform a similar analysis for PPII conformations,

where we label ðF;CÞ pairs as p’s (representing PPII

configurations) if the angles are 2120 # F # 2308; and

60 # C # 1808; and 0’s otherwise. We label conformations

as beta if the angles are 2180 # F , 21208; and 60 #

C # 1808: The PPII content is calculated assuming that an

ordered PPII segment consists of three or more consecutive

amino acids in the PPII conformation. This choice is

arbitrary, but consistent with the criteria used for alpha

helical segments. In analyzing the conformations of the

peptide, we adopt a binary code for describing the

conformations as alpha or non-alpha, PPII or non-PPII,

and beta or non-beta. In this code, there are 221 different

conformations. We use the patterns observed in this set as a

reference state in the statistical analysis of the propensities

of the alpha and PPII conformations.

We calculate the 3JHNa coupling coefficients as a func-

tion of T for all amino acids. We use the Karplus relation

[39] between the 3JHNa coupling coefficients and the F

dihedral angle using 3JHNa ¼ 6:51 cos2u2 1:76 cosuþ 1:6,

with u ¼ lF2 608l [40].

We calculate the density of water around PPII structures

of length 5. We use the F–C angles to identify

configurations that have PPII segments of length 5 of

more. Each segment of five is aligned to an ideal PPII

structure by performing rotations and translation of the

whole system. The local density of water is calculated in a

1 Å grid in cube covering ^20 Å from the segment center

of mass. These calculations are done for all 46 temperatures.

The triplet correlation function of central two consecutive

carbonyl oxygen atoms in the backbone of the PPII segment

and water are calculated. The calculation of the triplet

correlation functions for water have been described before

[41,42].

3. Results

We first describe the helix coil transition for the A21

peptide, as described by the REMD simulations. In Fig. 1,

we show the alpha helical and PPII content profile for A21

as a function of temperature. This alpha helix profile have

been reported earlier [25]. We define the midpoint of the

helix coil transition as the temperature at which the helical

content is 0.5. For A21 this T is below 273 K. The helical

content of A21 at 278 K is 34%. Spek et al.’s data on A13

flanked by charged amino acid side chains is near 40% at

273 K in 1 M NaCl solution [27]. The Zimm–Bragg helix

propagation and nucleation parameters for A21 are w ¼

1:37 and v ¼ 0:076 at 273 K, which correspond to s ¼ 1:3;

and s ¼ 0:004: Fig. 1 also shows the PPII content profile as

a function of T : This profile shows that the PPII content first

increases slightly with T ; up to T , 300 K; and then

decreases. The non-monotonous shape of this curve

Fig. 1. Alpha helical and PPII content profiles (top), and average number of

continuous alpha helical and PPII segments (bottom), as a function of T for

the A21 (Ac-A21-methyl amide).

A.E. Garcia / Polymer 45 (2004) 669–676 671



suggests that two competing effects affect the stability of

PPII. At T , 294 K the PPII content equals the alpha helical

content. At T , 350 K the PPII þ alpha helical content add

to 28%, and other, disordered, conformations add to 72%,

showing that the helix-coil transition is an order to disorder

transition, but with the caveat that the ordered state consists

of two populations, alpha helices and PPII.

The bottom curve in Fig. 1 shows the average number of

continuous alpha helical and PPII segments, as a function of

T : For alpha helices, we obtain an average number less than

one, indicating that the average number of helical segments

is dominated by chains with zero or one continuous

segments. This result is consistent with a high alpha helical

nucleation energy. For PPII segments, we obtain an average

number of 1.5, suggesting chains with one or two PPII

segments dominate the ensemble. This result is consistent

with the existence of a PPII nucleation energy that is smaller

than the corresponding energy for alpha helices.

Next, we will characterize the sampled ensembles in

terms of structural parameters. Fig. 2 shows the F–C map

of the N-terminal amino acid in A21 at low (278 K) and high

(487 K) temperatures. The N- and C-terminal amino acids

are the most disordered at all temperatures. From these

maps, we can clearly identify six basins, identified as: (i)

alpha, centered near ðF;CÞ , ð260;260Þ; (ii) PPII

centered near ðF;CÞ , ð260; 120Þ; (iii) beta, centered

near ðF;CÞ , ð2150; 120Þ; (iv) alpha0, centered near

ðF;CÞ , ð2150;290Þ; (v) alpha-L, centered near

ðF;CÞ , ð60; 60Þ; and (vi) centered near ðF;CÞ ,
ð60;290Þ: The alpha, beta, and PPII configurations are the

most populated. At low temperature the population is

dominated by PPII and alpha configurations. At high

temperature the population is still dominated by PPII,

followed by beta and alpha configurations. Fig. 3 shows the

population of beta, PPII, and alpha configurations by the

central amino acid in A21, and the N- and C-termini, as a

function of temperature. From these plots we see that the

population of beta configurations increases with T ; the

population of the PPII configurations for the N- and

C-termini decreases with T ; while for the central amino

acid it increases. The population of the alpha configurations

for the central amino acid decreases with T ; while it

decreases for the C-terminal amino acid, and remains

constant for the N-terminal amino acid. Notice that for the

N- and C-termini amino acids the populations are 70–75%

PPII, 8–20% alpha, and 5–10% beta, at 278 K. This is not

far from the 80% PPII, 20% alpha (or not PPII) populations

measured by pump probe IR spectroscopy on tripeptides

[17].

Fig. 4 shows the 3JHNa coupling coefficients for amino

acids Ala 2, 3, 10, 11, 15, 16, 19 and 20, as a function of

temperature. We find that the 3JHNa near the N- and

C-termini change from 5.2 to 5.8, while for the central

amino acids it changes from 4.6 (corresponding to alpha

helices) to 5.8, over the same T range. The 3JHNa at the

termini, and at high T are in reasonable agreement with

Fig. 2. Contour maps of the population of F–C angles for the N-terminal amino acid at two temperatures, 278 and 487 K. The contours are plotted in a

logarithmic scale, in kBT units. We identify six basins near ðF;CÞ , ð260;260Þ (alpha), (260, 120) (PPII), (2150, 120) (beta), (2150, 290) (alpha0), (60,

60) (alpha-L), and (60, 290).

Fig. 3. Populations of configurations sampling the alpha, beta, and PPII

regions of the F–C map as a function of temperature for the N-terminal,

C-terminal and center amino acids in Ac-A21-Nme.
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the measurements by Shi et al. in shorter peptides [21]. The
3JHNa data by Shi et al. offered some evidence for the

formation of ordered PPII structures. However, the 3JHNa

couplings measure the average coefficient for an amino acid

and do not provide information about the conformation of

the neighboring amino acids. Given the presence of various

basins in the F–C maps, the large propensity of individual

amino acids for PPII and alpha configurations does not

imply that long-range ordered structures will be formed.

To characterize the structural ensemble sampled by A21,

we calculate the histograms of the number of PPII and alpha

conformations of lengths 1–19, without having any amino

acid in between in another conformation. The negative of

the logarithm of the probability distributions obtained from

these histograms define the potential of mean force (pmf),

WðNÞ=kBT ; for forming PPII or alpha structures of length N:

The pmfs at four temperatures (278, 300, 326 and 350 K)

are shown in Fig. 5. The pmf profiles show the free energy

for forming long-range ordered structures, relative to each

other. At temperatures 278–326 K the free energy to form

helices of length 12–16 is lower than to form PPII

structures. However, the free energy of PPII structures of

length 3–9 is lower or equal than for alpha helices of the

same length, at all temperatures shown. At 278K the PPII

pmf has minima at lengths 8 and 11. This figure shows that

long-range ordered PPII segments are formed, although they

are not the dominant structure in A21. Alpha helices, on the

other h and, are the dominant, long-range, ordered structures

at all temperatures shown. The cooperativity imparted by

the i; i þ 4 hydrogen bond pattern is responsible for this

long-range order [37].

To determine the statistical significance of forming long-

range ordered structures, we define an unbiased ensemble

that consists of all possible configurations that can be

adopted by a chain of length 21, considering only two

possible states for each member of the chain. There are 221

possible microstates in this ensemble. This unbiased binary

ensemble has the highest Shannon entropy for a chain of

length 21, where each member of the chain has probability

0.5 of being in either 1 or 0. We also calculate binary

ensembles for PPII (PPII ¼ 1, other ¼ 0), and alpha

(alpha ¼ 1, other ¼ 0) structures. These two ensembles

are compared to the unbiased ensemble. We define NLðXÞ as

the number of islands of 1’s of length L in X; where

X ¼ PPII, alpha, or the reference ensemble. We define

PLðXÞ ¼ NLðXÞ=Nconfiguration; where Nconfiguration is the num-

ber of configurations in the ensemble (20,000 for the PPII

and alpha ensembles, and 221 for the reference ensemble.

Fig. 6 shows a semilog plot of the ratio of PLðXÞ=PL(REF),

for the PPII and alpha ensembles, as a function of the

segment length. This ratio will be large if the number of

configurations of X of length L is much larger than in the

reference state.

First, we will describe the results for the alpha helical

ensemble. For alpha helices at low temperature the number

of conformations with helices of length 18 is 10,000 times

larger at the lower temperatures than for the unbiased

ensemble. However, for helices of length 1–6 fewer

conformations are observed than for the unbiased ensemble,

with the lowest count for two consecutive segments in an

Fig. 4. 3JHNa coupling coefficients as a function of temperature for selected

amino acids in A21.

Fig. 5. Potential of mean force, WðNÞ; for forming alpha and PPII segments

of various length, N; as a function of segment length.

Fig. 6. Ratio of the observed number of counts for alpha and PPII

configurations of various lengths over the expected number of counts in the

reference, unbiased, state.
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alpha helical configuration, reflecting the nucleation energy

cost for helix formation. For segments of length larger than

three, there is an increase in the number of observed

configurations with the helix length, up to length 17. As T

increases the number of longer helical configurations

decreases. The curves corresponding to the alpha helices

can be understood in terms of the nucleation and

propagation parameters in the Zimm–Bragg theory. The

lower than expected propensity of helical segments of

length 2 is due to the helix nucleation energy. Helical

segments of length 2 do not form hydrogen bonds but pay an

entropic price for restricting their conformations to the

alpha region. At length 3, one hydrogen bond is formed, the

energy is lowered, but over all this is still a high free energy

state. For every hydrogen bond formed there is a gain in free

energy and propensity for forming longer segments is

enhanced. This construction does not tell us anything new,

but will help understand the energetics of PPII formation in

the next plot.

For PPII conformations, we observe that segments of

length 14 are 100 times more likely to occur at the lower

temperatures than in the unbiased ensemble. Notice,

however, that alpha helical segment of the same length

are 1000 times more likely to occur than in the reference

ensemble, reflecting a higher cooperativity for the formation

of alpha helices. At 300 K we observed PPII as long as 17

amino acids, with a count 100 times larger at lower

temperatures than the unbiased ensemble. At the lowest two

temperatures, we see an exponential increase in the

propensity of forming PPII segments if increasing length

(up to length 14). In analogy with the alpha helix, this

implies that there is a PPII propagation free energy that

enhances PPII formation. The propensity to form long PPII

structures disappears at higher temperatures. PPII segments

of length shorter than five are less likely to occur than in the

reference ensemble. This suggests that the energy driving

the formation of PPII requires PPII segments of length 5 or

more to act favorably. Interestingly, the ratio for PPII

segments increase with temperature for lengths 5–6, and

decrease for longer and shorter segments. A comparison of

the profiles for alpha and PPII structures show that short

lengths, up to length 8, the chain will prefer PPII over alpha

helices. If we assume that the segment length preferences

apply to any peptide of length 21 or less, sequences of length

8 or less will show a predominant PPII conformation. This is

consistent with the observation of PPII structures by

Shi et al. [21]

A property that can be measured for peptides and that

plays a crucial role in the modeling of polymers is the end-

to-end distance distribution. For a random coil, we expect

the end-to-end distance distribution to be a Gaussian distri-

bution, with mean proportional to the square root of the

number of amino acids. For a 21 amino acid alpha helix we

expect an end-to-end distance around 30 A, and for helix-

turn helix it could be as short as an atomic contact (3.2 A).

For a PPII segment of length 16, we should observe an

end-to-end distance of 40 A. For the ensembles studied here,

we expect a mixture of all of the above. We use the methyl

groups in the acetyl and methyl amide termini of the chain

to calculate the end-to-end distance. Fig. 7 shows the end-

to-end distance distributions over a broad temperature

range. At high temperatures, we see a distribution that could

be well approximated to a Gaussian distribution with

average distance near 15 A. At the lowest temperature, we

seen the most complex distribution, with multiple peaks at

,13, 35, 50–60 A, corresponding to distributions domi-

nated by disordered and bent helical conformations, helices,

and PPII extended conformations. Configurations with end-

to-end distances larger than the simulation box length

(43.5 A) may be affected by the periodic boundary condi-

tions. We can neglect extended beta conformations in our

analysis, since we did not find segments of more than four

consecutive beta angle pairs. As the temperature increases,

the peak corresponding to alpha helices gets smaller, and the

peaks corresponding to PPII extended conformations

disappear. Also, the peak near 15–20 A broadens.

Given the simplicity of the amino acid being studied

(Ala), and the lack of significant intermolecular packing

interactions, it has been speculated that water stabilizes PPII

conformations [10,11,21,43]. We characterize the density of

water around PPII segments of length 5 obtained during the

last 2 ns of the simulation. All configurations identified to

have PPII segments of length 5 or more are aligned to an

ideal PPII segment. The density was mapped on 41 A cubic

grid, using a 1 A mesh. The grid is centered at the five amino

acid fragment center of mass. Fig. 8 shows the position of

large water density around these PPII conformations, at

three different temperatures. The high density grid points

are labeled with spheres in yellow for water densities in the

range 3r0 , r , 2r0; and orange for higher water densities,

r $ 3r0: r0 is the bulk density of water. At low temperature

the sites of high water density form a continuous chain of

sites, 1 A apart, surrounding the PPII backbone, and

bounded on the sides by side chain CB atoms three amino

acid apart. This high water density chain suggests that water

can occupy multiple positions near the carbonyl atoms. That

is, water molecules are delocalized in this channel, and are

not pinned around polar atoms. Interestingly, this groove

requires four consecutive amino acids to form—an inter-

esting number in light of the previous observation regarding

the formation of PPII segments of length 5 or more. Water

molecules coordinated to the backbone amino nitrogen atom

have much higher density ð3–5r0Þ; and are more tightly

Fig. 7. End-to-end distance distribution for A21 at various temperatures.
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localized. At higher temperatures the continuous water

chain breaks, and water forms clusters around the nitrogen

and oxygen backbone atoms.

Fig. 9 shows the triplet correlation function of water

molecules around two consecutive carbonyl oxygen atoms

(Olþ2 and Olþ3), in a five amino acid segment consisting of

amino acids l to l þ 4, in conformations that adopt the PPII

structure, g3OOW; and the water triplet correlation function,

g3WWW: The triple correlation functions depend on three

variables, ðr; s; tÞ; describing the sides of a triangle. We only

show the triplets with r ¼ dðOlþ2;Olþ3Þ ¼ 3:6 Å. For PPII

structures, the O–O distance are sharply distributed around

3.6 Å. In the g3OOW triplet correlation function we observe

three larger peaks at ðs; tÞ ¼ (3.0 Å, 5.5 Å), (5.5 Å, 3.0 Å)

and (5.5 Å, 5.5 Å). The first two peaks correspond water

molecules hydrogen bonded to one O. The third peak

corresponds to water molecules hydrogen bonded to the

backbone nitrogen atom between the two carbonyls. These

water molecules are strongly bound. The water density

around the nitrogen atoms is 3–5r0: These sites are shown

with orange spheres in Fig. 8. This distribution is

significantly different from the g3WWW obtained for three

water molecules, showing that the PPII structure changes

the water structure near its surface.

4. Conclusions

The structural characterization of the folded and

unfolded ensembles of A21 shows a system where alpha

helices and PPII configurations coexist at low temperatures.

At low temperature the PPII content increases with

temperature, up to 300 K, when is shows a maximum. At

higher temperatures the PPII content decreases with

temperature. As temperature increases, the propensity to

form alpha helices decrease. At all temperatures a

disordered state dominates the ensemble. At higher

temperatures the end-to-end distance distribution is similar

to a Gaussian chain, and the system does not hold long-

range ordered structures, except for alpha helices. PPII

structures of length 5–8 are more likely to form than in an

unbiased ensemble, but only by a factor of two. At low T

Fig. 8. Sites of high water density around PPII conformations at three different temperatures (278, 300 and 350 K). The density is calculated in a 41 A grid, at

1 A resolution. The grid points with high water density are labeled with spheres in yellow ð3r0 , r . 2r0Þ and orange ðr $ 3r0Þ: The yellow and orange

spheres indicate positions of high water density, not positions simultaneously occupied by individual water molecules. The PPII forms a left-handed helix with

three amino acids per turn. The color codes are C (cyan), O (red), and N (blue). We used the program VMD to create this image.

Fig. 9. Triplet correlation function of water molecules around consecutive two carbonyl oxygen (O) atoms in conformations that adopt the PPII structure,

g3OOW; and the water triplet correlation function, g3WWW: For PPII structures the O–O distance is sharply distributed around 3.6 A. We show the g3ðr; s; tÞ;

where ðr; s; tÞ are the sides of a triangle defined by O(l ¼ 2), O(l þ 3) and OW, for r ¼ 3:6 A, and all values of s; t between 0 and 10 A.
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fragments of length 14 are 100 times more likely to occur

than in the unbiased ensemble. In our calculations, we do

not see the helix coil transition occurring as an order to

order, but rather as an order to disorder, as it has been

commonly described, with the caveat that there are two

ordered structures at low temperature, one with a large

population (alpha helices), and the other with a minor

population (PPII). For peptides of length 8 or less the PPII

structure will dominate over the alpha conformation. We

found that at low temperatures the propensity of forming

longer PPII segments is enhanced, indicating the existence

of a significant propagation free energy. We also found that

PPII segments of length less than four are significantly less

likely to form than in an unbiased ensemble. This suggests

that segments of length 4 are needed to stabilize PPII

structures. Calculations of the hydration around PPII segments

of length 5 or more suggested that four amino acids in the PPII

conformation are needed to form a channel occupied by water

molecules. These water molecules are delocalized along the

channel at low temperature. These observations suggest that

the formation of the water channel may provide a

mechanism for the cooperativity observed in PPII.
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