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Molecular Dynamics Simulations of Helix Denaturation
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An understanding of the structural transitions that an a-helix undergoes will help to
elucidate such motions in proteins and their role in protein folding. We present the results of
molecular dynamics simulations to investigate these transitions in a short polyalanine
peptide (13 residues) both in vacua and in the presence of solvent. The denaturation of this
peptide was monitored as a function of temperature (ranging from 5 to 200°C).  In vacua,  the
helical state predominated at all temperatures? whereas in solution the helix melted with
increasing temperat,ure. Th .

e peptide wa’s predominantly helical at low temperature in
solution, while at intermediate temperatures the peptide spent the bulk of the time
fluctuating between different conformations with intermediate amounts of helix, e.g. not
completely helical nor entirely non-helical. Many of these conformations consisted of short
helical segments with intervening non-helical residues. At high temperature the peptide
unfolded and adopted various collapsed ur ,tructured states. The intrahelical hydrogen
bonds that’ break at high temperature wtre not fully compensated by hydrogen bonds
with water molecules in the partially unfolded forms of the peptide. Increases in
temperature disrupted both the helical structure and the peptide-water interactions. Water
pla.ved  a major but indirect role in facilitating unfolding, as opposed to specificallv
competing for the intrapeptide hydrogen bonds. The implications of our results to protein
folding are discussed.

helix-coil tra,nsitions;  molecular dvnamics; protein folding; helix solvation;
secondary structure fluctuations

1. Introduction

Motion and structural t’ransitions  are clearlv
important for the biological activity of proteins and,
as the most abundant form of secondary structure
found in globular proteins. the dvnamics of the
a-helix are particularly important. The motion and
structural transitions that peptides  undergo are also
of interest to a variety of other processes including
hormone-receptor interactions (Frv et al., 1989) the
efficacy of peptide drugs, vaccine development,
immune function (Tainer et al., 1984; Fieser et al.?
1987), membrane fusion (Takahashi?  1990))  and
possiblv membrane transport activitv (Vogel et al.,
1988). !I’he inherent, stability of the a:helix is also of
interest because of its probable role in protein
folding.

One of the currently favored models for protein
folding, the framework model! postulates that
secondary structure is formed early in folding and
that these preformed, marginallv stable fragments
coalesce to form tertiary structure (Ptitsyn &

Rashin, 1975; Kim & Baldwin, 1982). This hypo-
thesis implies that secondary structure should be
present under conditions where folding occurs spon-
taneously. Until recently most studies aimed at
detecting secondarv structure within small peptides
in aqueous solution were unsuccessful. There have
now been numerous reports of helix formation in
water at low temperature (usually 0 to 5 “C;
Bierzvnski et al.?  1982; Bradley et al., 1990; Brown &
Klee.“1977; Frv et al., 1989; Goodman & Kim, 1989;
Lyu et al., i990; Marqusee & Baldwin, 1987;
Marqusee et al., 1989; Shoemaker et al., 1985, 1987).
Even in the case of the most stable of these
peptides, the helix content is low near phvsiological
temperature. This suggests that other’ pieces of
secondary structure, or the protein scaffolding itself,
are important during protein folding for stability of
the nascent structure. Even so, a detailed under-
standing of helix dynamics aids in interpret’ing the
motions and structural transitions of proteins.

It is unlikely that the unfolding and refolding of
even a system as simple as an or-helix will ever be
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characterized at the molecular level using experi-
Incnti~l Ill(‘illi>. This  i>  \\-~ICV sirnul;~t  ion5  using
detailed interatomic force fields are verv importa.nt
in increasing our knowledge of these processes, as
they provide a complete and detailed description of
atomic motion. For these reasons, we performed
molecular dynamics simulations of polvalanine (I 3
residues) starting from the or-helix conformation,
both in vacu(o  and in water at six different tempera-
tures ranging from 5 to 200°C. Polvalanine was
chosen for this study because it is “the simplest
peptide that is able to adopt the a-helix conforma-
tion and because the helix-coil transitions and
dvnamics of polvalanine in vacua  have already been
analyzed in detail (Dagget!t  et al.. 1991) and serve as
a point) of departure for these solutlion  simulations.
The present simulations were performed to address
specifically how an a-helix unfolds, the effect of
water on unfolding and the role of increasing
temperature on these processes.

2. Methods
A 13-residue  peptide  of alanine  was generated with

close to ideal 4 and $ angles ( - 60”. - 40°,  respectively).
The termini of the peptide  were blocked (acetvlated at the
N terminus and amidat)ed at the C terminus;. The poten-
tial energy function and associated parameters have been
described (Levitt .  1983) .  Energy  minimization and
molecular dynamics were performed using the program
ENCAD  (Levitt. 1990) on a Silicon Graphics Iris 4D/
240GTX  computer. Water molecules were added around
the peptide  to fill a rectangular box, with walls a$t least)
8 A (1 A = 0.1 nm) from any peptide  atom. resulting in
the addition of 735 molecules. The density of the solvent
was set to the experimental value for the temperature of
interest (O-999  g/ml  at 278 K. O-99$  at 298. 0*988  at
323 K, 0*958  at 373. O-916  at 423. and 0.861  at 473 K:
Kell. 1967) bv adjusting the volume of the box. We didL
not use a macroscopic dielectric constant for the simula-
tions. This is equivalent’ to setting E = 1 and it is assumed
that tlhe representatiion  of t’he  microscopic environment
will approximate the desired dielectric effect when solvent
molecules are present. Each of the resulting systems at
different densities was then prepared for molecular dvna-
mics. A total of 2000 cycles of conjugate gradient minim-
ization was performed on the water molecules. followed
by 2000 steps of  molecular dynamics of  the water
molecules at the appropriat,e  temperature to be used for
the full simulation. The water molecules were then mini-
mized again for 2000  cycles. Following preparation of the
water molecules. the peptide  atoms only were minimized
for 2000 cycles, which was followed bv minimization of

Uthe entire system (2000 cycles).
Following preparation of each system (corresponding to

different temperatures), molecular dynamics was per-
formed for lo5 steps. or 200 ps. The system was brought
to the target temperature by small momentum impulses
for tvpicallv between 800  and 1000 steps. or less than 2 ps
(Levitt. 19&I).  After this point. the temperature remained
constant and no further scaling of the velocities was
necessary. Periodic boundary conditions were used and
the box volume was held constant during the simulation.
The water model and methods for truncating the long-
range interactions have been described by Levitt (1989)
and a more extensive description is in preparation. In
short, the water model is fully flexible with atom-centered

charges. Structures were saved every O-2  ps for analysis,
\+4ding 1000  strwturw  a t  each  tur-qwratw~~. Tht-b  y+
paratorv  steps and 200  ps of molecular dvnamics tookc.
approximately 60 h of central processing cunitl  time to
perform.

I72 vacua simulations were also performed at the 6
temperatures listed above to assess the importance of
water to the dynamics of the peptide.  The molecular
dvnamics protocol described above was emploved.

“Two other solution simulations were performed, begin-
ning with the peptide  in a /?-strand conformation
kP =- 120” and + =  150”) .  The solvated system
contained 897 water molecules. The simulations were per-
formed as described above at temperatures of 278 and
473 K for 100 ps.

3. Results

Molecular dvnamics simulations of a-helical Ala1 3
were performed for 200 picoseconds  at six different)
temperatures both with and without solvent. The
overall properties of the dynamics of the peptide in
solution as a function of the temperature are
described. Next: the structural properties of the
peptide and transitions it undergoes as a function of
temperature and environment are presented.
Finallv, the
described.

peptide-water interactions are

(a) Overall dynamic properties of the peptide  in water

Table 1 contains some of the overall properties of
the peptide in solvent as a function of temperature.
The accessible surface area decreased slightly with
increasing temperature to 373 K, at 423 K the
structure was slightly more exposed than the ideal
a-helical starting structure, and a’t 473 K there was
a large increase in the accessible surface area. The
changes below 423 K are probably not significant.
The rootmean-square (r.m.s.T)  displacement of the

Table 1
Overall properties of polyalanine in water
averaged over the entire simu.lation  as a

function qf  temperature

Temperature (K) A,4  (A2)t C”  r.m.s.d.  (A).$

278 - 2 8 1.3
298 - 3 4 2-l
323 - 2 9 2.1
373 - 1 1 2 . 6
423 9 3.2
473 1 7 3 51

t The average change in solvent accessible surface area during
the simulation. AA = (A(t)- A(t  = 0 ps)) (Lee & Richards,
197 1). All of the changes are relative to the accessible surface
area of the helix at 278 K before molecular dynamics, 1129.6 A2.

$ The average root-mean-square displacement (r.m.s.d.) of the
a-carbon atoms from the starting structure between 100 and
200 ps. To eliminate Brownian  motion, the r.m.s.d. is calculated
after optimum superposition of the protein co-ordinates (Kabsch,
1976).

h,
t Abbrev,iations used: r.m.s . , root-mean-
helix; c. coil: ts. transition state.

square;
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Figure 1. End-to-end distance for solution simulations
a’t  different temperatures as a function of time. The
distances are between N of residue 1 and the carbonyl.
oxygen atom of residue 13.

or-carbon atoms f r o m  t h e  startling  s t r u c t u r e
increased with temperature (except at 323 K).
These r.m.s. displacements were large, especiallv at.
473 K, given the size of the peptide.

Figure 1 shows how the end-to-end distance of
the peptide  (computed from the amide nitrogen
atom of residue 1 t,o  the carbonyl  oxygen atom of
residue 13) varied with time. This distance serves as
a measure of the overall motion of the peptide. The
end-to-end distance of an ideal a-helix of this length
would be -20 8, while a completely extended
conformation would be -45 A. At 278 K the
peptide became slightlv more compact with timed

8 0

0 5 IO 15

Residue number

Figure 2. The root-mean-square fluctuations in the
dihedral angle C#I  as a function of residue number and
temperature. The following symbols distinguish the
different simulations: (+J--) 278K. (+) 298K.
(4) 3 2 3  K. (-+-) 3 7 3  K, (4) 4 2 3  K, and (+)
473 K.

and then oscillated about the mean (r.m.s. fluctua-
tion = O-6 8).  The end-to-end distance was the
same at 298 K and well maintained, but there were
larger excursions from the mean compared to the
lower temperature simulation (r.m.s. fluctuation
= 0*9  8).  The deviation from the mean became even
grea,ter  with increasing temperature (l-3, l-6 and
1.9  A at 323. 373 and 423 K, respectively). The
structure became more compact, at 473 K and
exhibited very large deviations from the mean
(399 A) as opposed to oscillating about the mean as
observed at lower temperatures. All of the large
distortions were toward more compact structures,
except at 473 K. which did not contain helical
structure (data presented below).

The fluctuatlions  in the backbone dihedral angles
also reflect the motion of the peptide. Figure 2
shows the angular variance in 4 for each residue
(similar behavior is demonstrated in $). The simula-
tions at low temperature. 278 and 298 K, exhibited
larger fluctuations at the ends of the structure than
in the center. which is indicative of fraying of the
helix. Fraying was also observed at 323 K, in addi-
tion to m&e extensive unfolding of the C terminus.
Above 373 K, large fluctuations were observed
throughout the peptide. At 473 K the fluctuations
of some of the residues approached those expected
for a completelv random chain (- 104”). However,
the fluctuations‘ remained low for residues 8 and 9.

(b) Structural properties of the peptide  both
in vacua and in solution

To investigate how t’he helix content changed
with time and temperature, we calculated the
percentage of peptide residues that were helical.
Following the approach of Daggett et al. (1991),  a
helical segment occurs when the 4 and I/ values of
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Figure 3. Bamachandran  plots showing all dihedral
pairs during the simulations at: (a) 278 K: (b) 423 K and
(c) 473 K. Helical (4, $) values are defined as those in the
range -100”1+1-30”  and -SO”<$<-5”.

at least three consecutive residues are within the
helical region of conformational space. Using this
definition a pept,ide  of 13 residues can contain up to
three helical segments. The range of allowed values
was determined bv investigating where 4 and $
clust$er at low t’emperature when the peptide is
predominantly helical (Fig. 3(a)). From the distri-
bution of the Ramachandran plot we decided to use
the following angular criterion of helicity:
- 100” < tp < - 30” and -80”  < $ < -5O.
Originally, we assigned helical values to those
residues with (6, $) angles within 30” of ideal
a-helical angles ( - 57”, - 47”, respectively). The
cutoff was changed because the midpoint of the
heavv cluster of values in Figure 3(a) is approxi-
rna’teiy  ( - 65”. -42”) so that part of the cluster was
considered non-helical according to the previous
definition, although it is clearlv an extension of the”
helical region.

Xearlv  all of the simulations showed drops in
helix cdntent with time (see Fig. 4). The peptide
had similar average helix contents at 278, 298 and
323 K. although structural fluctuations were more
prevalent at 298 and 323 K. At these temperatures,
the peptide unfolds and refolds at the local level,
while maintaining high degrees of helix content. The
loss of local helical structure was fast: on average a
residue left the helical state every four to five pico-
seconds and returned in less than one picosecond.
Successive loss of local structure was observed for
the higher temperature simulations and led to more
global unfolding involving the entire sequence (as
denoted by the low helix contents). The time scale
of the global unfolding was temperature dependent,
spanning 25 to 200 picoseconds. The peptide quickly
unfolded at 4i3 K and did not regain helix content
with time. The peptide did form appreciable
amounts of p-structure. however, at this tempera-
ture (Fig. 5). During approximately 10 o/O of the
simulation, a p-turn existed between residues 5 and
9. which mav partlv explain the low dihedral fluc-
tuations sho&*n in Figure 2. Overall, the excursions
from the helical state involved everything from
slight deviations from tlhe  a-helical conformation,
local  shortlived  turn formation, to complete disrup-
tion of the structure. (Fig. 6 shows some representa-
tive structures at. 473 K.)

Figure 7 shows melting curves for the simulations
performed both in vacua  and in solution. Helix
content, was evaluated in three ways: (1) helical
residues were identified by the individual dihedral
angles (4, $); (2) helical segments were defined as
having at least1  three consecutive residues with
h e l i c a l  (4, +) g lan es; and (3) the helix content was
computed as the average number of intact native
i -+ i + 4 hydrogen bonds expected for an a-helix + 4
residues. The first definition measures local helix
content while the others reflect more global struc-
ture. In the solution simulations, the different
definitions vielded similar curves (Fig. 7). Increases
in temperature clearly led to substantial decreases
in helix content, in solution. In contrast, in the
absence of water the peptide exhibited high helix
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Figure 4. (a) to (f) Percentage of helix at different temperatures (averaged over 1 ps intervals) as a function of time.
The method of identifying helical segments (2 helical 3 residues) based on (6. $) values was used.

contents even with increasing temperature. It The degree of conformational sampling at
should be emphasized that only the trends in helix different temperatures can l,C seen i n
content. either with time or temperature. are mean- Ramachandran plots, showing all (4, @) values
ingful. The absolute helix contents cannot be explored during the simulations. At)  low tempera-
compared directly to experimental values because ture, the peptide was predominantly helical, with
the definition is somewhat arbitrarl-. although
outside the bounds of dynamic fluctktions  within

most points clustering in the lower left,  quadrant of
the plot (Fig. 3(a)). At higher temperature the

well-maintained portions of secondary structure peptide began to explore more of the B-region of
(< 15”). conformational space (Fig. 3(b)). At 473 K the
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Figure 5. Ptventage  of local structure at 473  K a s  a
function of residue number from 0 to 100 ps. The filled
circles represent a-helix and the open circles are for
p-structure. The structure assignment’ was based on
dihedral angle pairs (or-helix. -100”~~+--30”.
-80°11jbi-5” and p-structure -169”_<$<-89’.
83” _< t,b  _< 165”).

peptide explored most of (4, $) space (Fig. 3(c)).
In addition to showing the amount of conforma-
tional space sampled as a function of temperature,
these plots demonstrate that our definition of helix
content is reasonable. For example, the definition
would be inappropriate or misleading if all of the
(4, $) values clustered around the a-helical region
such that a small change in the angular cutoff would
lead to a large change in the calculated helix
content. From the helical region the (4, +) values
drifted toward higher $ and lower 4 values until
finally the P-region was reached. Manv of the struc-
tures falling along the diagonal near the helical
region are distortled  helices,  with carbonyl  groups
tilting out to interact with the solvent.

Other helical properties can also be determined
using the definition described above for identifying
helical segments (Table 2). In solution. the average
helix length decreased with increasing temperature.
Multiple -helices  were present. although not domi-

nant in solution. while a single long helix was the
norm in vacua.

As would be expected. intramolecular hvdrogen
bonds were important in stabilizing the’ helical
conformation. The i + i + 4 hydrogen bonds typical
of an ideal a-helix were the most populated hydro-
gen bonds at low t,emperature  (Table 3). With
increasing temperature other hydrogen bonds
became populated (e.g. i +i+5) (compare i+i+4
hydrogen  bonds to all observed main-chain hvdro-
gen bonds; Table 3) although the total number of
main-chain hvdrogen bonds decreased with
increasing temperature. At 278 K, the number of
hydrogen bonds was essentially constant with time.
Many of the non hi+4 hydrogen bonds involved
the blocking groups. which are not counted even if
they do adopt an i+4 spacing. Above 373 K: the
i + i + 4 hydrogen bonds became less populated than
the other main-chain hydrogen bonds after approxi-
ma*tely 70 picoseconds  of molecular dynamics.
which correlates roughly with unfolding of the helix
(Fig. 4). At 473 K. however, the number of i +4
hvdrogen bonds dropped almost immediatfelv.  All of
the hvdrogen bond trends observed correlated with
the cLhanges in helix content with either time or
temperature (data not presented), namely, when the
intrahelical hydrogen bonds broke the helix content
decreased.

(c) Structural transitions

Alt%hough the simulations were too short to reach
equilibrium, fast events can be treated as if at
equilibrium. An example of these fast)  events is the
single residue helix + coil (h + c) transition. The
changes in free energy for this process were deter-
mined both ijz  vacu,o  and in solution. Residues
within helical regions were defined as described
above. The free energy was computed from the
average waiting time (7)  for the h+c and c’+ h
transition for each residue; these waiting times
reflect the relative populations of the different
conformations. The ratio of the waiting times was
then averaged over all residues during t!ie  100 to

Table 2
Helical properties averaged over the  100 to 200 ps interval of the simulations as a function of

temperature and environment

Temperature (K)

(Helix length) (residues)

Solution Vacuum

S o .  helices/structure

Solution Vacuum

“/b  of time wit,h  > 1 helix

Solution Vacuum

278 11.4 12.3 1-O 1-o 2 0
298 843 11.7 l-2 1-o 1 8 1
323 9.4 12-O 1-l 1-o 7 1
373 5.6 1 l-2 1-C) 1-O 1 6 3
423 4.7 10.9 0% 1-o 1 4 4
473 3-o 10-s o-0 1-o 0 4

The method of defining helical segments was used to determine the helical properties (e.g. (4, II/)  of at least 3 consecutive residues are
required to be within the helical region of conformational space as described in the text). The following properties are given: the average
helix length, the average number of helical segments per structure. and the percentage of the simulation time that &ore  than 1  helical
segment was present.
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Figure 6. (a) to (f) Stereoviews of snapshots from the high temperature solution simulation at 473 K: (a) 4% ps with
850/,  helix: (b) 17.13  ps  with OO/(-, helix; (c) 19.2  ps, 23O;,’ helix; (d) 27.8  ps.  46?& helix: (e) 100 ps.  Oq;,  helix: and
(f) 199.8  ps, oy() helix. Intrapeptide hvdrogen bonds are shown as broken lines.u



1128 V.  Daggett and M. Levitt

enables us to extract additional information about
the frequency and rates of these transitions. The
waiting times multiplied by the observed number of
transitions will not necessarily account for the full
100 ps analvsis time because transitions were
counted for h--,c--, h, such that towards the end of
the time interval the helical state may not have
been regained. For the 473 K water simulation, the
free energv change is reported for 0 to 100 pico-
seconds of the simulation because the number of
structural transitions was very low during the
second half of the simulation.

The free energy change for the h-,c transition
decreased with increasing temperature in solution
(Fig. 8). Transitions to non-helical conformations
were unfavorable below 423 K, although the free
energy change was still near ET. In vacua,  such
transitions were unfavorable at all the temperatures
studied and the free energy change is independent of
temperature. Comparison of the two curves shows
clearly that the h*c t$ransition was more favorable
in water than in vacua.  From these curves, the
enthalpy and entropy changes for the helix to coil
transition can also be estimated (using the familiar
relationship, AG = AH- TAS and plotting AG
versus T). In water, the conversion of a residue from
the helical t’o the non-helical region of conforma-
tional space was driven by an entropy change of
9-O cal/mol per K per residue and opposed by an
enthalpy change of 3*7 kcal/(mol-residue). In vacua,
AH = 0.72 kcal/(mol-residue) and AS = - 290 cal/
mol per K per residue, which indicates that there
was little entropic and enthalpic distinction between
the helical and non-helical states. The main reason

8 0

X.-

?  60

2 0

0
3 0 0 4 0 0

Temperature (K)

Figure 7. Average percentage of helix (averaged over
the 100 to 200 ps time interval) as a function of tempera-
ture. The 2 curves marked by filled circles used the helix
definition that requires repeating structure: the broken
line represents t’he  simulations in zwxo  and t,he  con-
tinuous line the situation in solution. The line with the
open circle is for the solution simulation using the helix
definition that measures only  local structure and the final
curve (filled squares) used the hydrogen bond definition of
helix content.

200 picosecond interval of the simulation (K, +h
= z,-., I7 c-+h= kc-.h/kh-tc, AGcdh=  -RT  ln &+if

Table 4). This approach of using waiting times for
calculating equilibrium constants is equivalent to
using the ratio of the populations, e.g. h’, +h = [o/o
helix]/lqb coil]. T)eterminat,ion  of the waiting times

Table 3
Inter- Q&  intramolecullar  hydrogen bonds and water contacts a,s  a functcion  of temperature and

starting conformation

Yropertyt 278 298

Temperature (K)

a-Helix Extended P-strand
-

323 373 423 473 278 473

No. C=O..  . HN  Hl3
No. i-G+4
c=o.. . HN HH
No. i-h+5
c=o.. . HN  HI3
Average accessible
surface area (A2)
No. water molecules
contacting peptide
No. HX  . . . H,O  HH
So.  HN  . . . H,O
contact)s

9.2 8.9
6-l 5-o

9.0
5-4

7*5
3.8

“4
r.2 2.6
3.0 0.6

0.0 o-9 0.3 0.9 1 . 2 o-4

1102 1096 1101 1119 1139 1303 1529 1468

54- l 51.6 52.8 48.8 43.2 45.8 85.0 60.1

2.3 2.1 1.6 1.9 1.5 3.8 1 0 . 8 6.2
2.8 3.0 3.0 4.2 3*9 8.4 1 3 . 3 1 0 . 8

No. (‘=O..  . H,o  HH
Xo.  (‘=O...H,O
contacts

12.0 1 1 . 3 9-5 8.5 7.3 8.2 20.0 11.8
19.4 1 9 . 3 19.6 1 9 . 9 1 9 . 1 23.3 34.6 30.6

No. H,O..  . H,O  H13 1202 1 1 8 7 1 1 6 1 1116 1064 999

0.2
o-0

O-8
o-0

o-0 o-0

HB, hydrogen bonds. Contacts were defined as having interatomic distances ~2.6  A, while hydrogen bonds had the added
requirements that the donor-H.. .acceptor angle was wit,hin  45” of linearity.

7 All properties considered were averaged over the full duration of the simulations (200 ps for the helical simulations and 100 ps for
the /?  runs).
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Figure 8. The free energv  change for the single residue
helix to coil transition both in racuo  and in solution as a
function of’ temperature. The free energv  changes were
calculated as described in the text for tl;e  100  to 200  ps
interval  of  the simulation.  except at  473  where the
a.verage was done between 0 and 100 ps.

for the lack of distinction bet!ween  the t’wo sta,tes 2:n
vacua  was t’hat when a residue left the helical state
in vacua  it never st)rayed far from the helical region
of (4, +) space.

The rates for these h +W transit’ions  were also
investigat!ed  as a function of the environment. Rate
const,ants  for the single residue transitions were
approximated as the inverse of the waiting times.
From the rate constants. Arrhenius plots  were
constructed to obtain activation energies (In /C
versus l/7’,  where the slope = - EJR.  not shown).
The activation energv in solution was 2.42 kcal/mol
for the h --+c tram&ion. and - l-25  kcalimol for
c -+ h. The corresponding activation energies &
vacua  were 0%8 and - 0.09 kcallmol for the h + c
and c+ h transitions. respect’ivel?-.  The entropy of
activation was determined from the y-intercept of
the Arrhenius plots ’ e@h intercept = In ,;1..
A$$ = R In (I;lh /e&J’),  where h is Planck’s constant
and jLR is the Roltzmann constant). From the a,ct,iva-
tion energies and entropies. the enthalpy and free
energy of activat’ion  were determined for both tran-
sitions at’  each temperat$ure (AH: = &-- RT and
AGS = AH:-TAti:). Both the activation enthalpl
and entropy changes varied with temperature: th*e
activation enthalpy decreased by 0*4  kcal/mol  in
200” and ASS  decreased b\- 1-l  Cal/( mol-degree). The
free energies of a,ctivation changed most
dramatically.

Figure 9 c/ shows the temperature dependence of
the nctivation free energies for the single residue
transitions. both in vact;o  and in solution. In all
cases, except for the h + c transition in solution, the
free energv of activation increased with increasing
temperatu’re. reflecting the increased difficulty of
finding the relat  ivelv ordered transition state struc-
ture from progressively more disordered states
(Fig. 3). Comparison of t,he  solution and vacuum

h-+ c, vacuum

h - c, solution

c- h, solution

c -  h, vacuum

0 ! I 1
2 0 0 300 4 0 0

Temperature (K )

5 0 0

Figure 9. The temperature dependence of the free
energy of activation for the single residue h ---)  c’  and c + h
transitions. Calculation of A(::  is described  in the text.

curves for the h -+c (or h-,ts. rather. where tls  is the
transition state structure en route to the non-helical
state) indicate t,hat the process was more favorable
in solution. In mcuo.  the c+ ts transition exhibits
the same temperature dependence as h+ts. The
c + h transition in solution shows a much steeper
increase in the activation energy with temperature.
As non-helical states further from the helical region
of conformat.ional space are adopted with increasing
temperature (Fig. 3). it becomes increasingly difi-
cult to form the transition state structure and this
effect is most dramatic in solution because of the
ability of the solvent to aid in stabilization of the
non-helical state.

From the free energ differences between t,he
st,a,tes  and the activatio;? free energy changes, free
energy profiles were constructed. Unfortunately,
only the free energy difference between t.he  helix.
coil a’nd the transition state structure between them
ca’n be determined. and not tlhe  absolute free ener-
gies of these states. Therefore. we do not, have a
point of reference for placement of the pronile along
the ?/-axis. In principle. changes in the relative
positions of an\-  of the three states can be altered
when the free energy changes with temperature. The
three simplest possibilities are: (1) the free energy of
the helical state. G,. is independent of temperature;
(2) the free energy of the transition state, G,,, is
independent of temperature: and (3) the coil state,
G,. is independent of temperature. The first two
cases are most likely. Since the non-helical state is
heterogeneous. more a,nd different states will be
available with increasing temperature (Fig. 3),
making changes in G, likely. Since the transition
from a helical  to a nokhelical  conformation
involves simple dihedral rotations it is reasonable to
assume that the absolute free energy of the transi-
tion state is essentiallly  independent of temperature.
Considering the wide range of helical (4, Ic/) values
allowed. some differences in G, would be expected.
Therefore, G,, being independent of temperature is
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I ( a 1 In solution, G+, independent of temperature

\\-+
0

I

h E!d
AG cc+ h

- I

2 7 8
298
3 2 3

373

’ - 423
\

C

Reaction co-ordinate +

(b) /n  VOCUO,  G,,  independent of temperature
ts

2 7 8
2 9 8
3 2 3
373
4 2 3

373 >/I

423 -1

473 -
h

Reaction co-ordinate +

Figure 10. Free energy profiles for the single residue h + c transition as a function of temperature and environment:
(a) in solution and (b) in vucuo. The transition state is denoted by ts. Determination of AG,,,, AGi,, and AGE,, is
described in the text. The absolute free energies of the h, c and ts st)ates  cannot be determined. So, we do not have a point
of reference for positioning the profile along the y-axis. G,, was assumed to be independent of temperature SO that
positioning of the h and c states is relative to ts. The rationale for this choice is given in the text.

probably the most reasonable possibilitSv  and is used
here, but the other alternatives cannot be ruled out,.

At low temperature in solution, the helical state
was clearly favored, such that even when the non-
helical state was attained, the free energv of activa-
tion to reach the transition state was low. making
conversion back to the helical state facile
(Fig. 10(a)). The free energy of activation for the
c + h transformation changed dramat,ically  with
temperature, unlike the h --+ c transition. At high
temperature it became more difficult to traverse the
barrier to get back to the helical state. The free
energy of the helical state was essentially indepen-
dent of temperature in solution. In vacua.  however,
the free energy difference between the helix and coil
states was independent of temperature such that
the free energies of both the helical and coil state

dropped with increasing temperature, with Gh
always less than G, at a particular temperature
(Fig. 10(b)). That the free energy of the helical state
would decrease in this case with temperature can be
rationalized because the peptide is able to adopt
more conformations at high temperature that are
still considered to be helical according to our defini-
tion, thereby increasing the entropy. In the case of
the solution simulations, the water interactions
seem to counteract this effect. Within this same
context, the entropy for going from the helical
conformation to the transition state becomes more
unfavorable because of the necessity of both finding
and “freezing” the transition state geometry. The
entropy of activation for the c + ts conversion also
became more unfavorable in both environments
with increasing temperature, and, supporting the
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Table 4
Helix-coil transitions as a functioji  of temperature and environment during the 100 to 200 ps

iI twvnl qf the aimuJlationa

Temperature (Ii)

Property 278 298 323 3i3 423 473

A. c w  in vacua

(X0.  tran./res.)
(fhd)  (PSI
(Lh)  (PS)
L,
AGc4  (kcal/mol)

9 1, b) 1 1 1S 22 2 4
5.3 4.4 4 . 6 3.3 3.4 3.2
04 0.6 0.5 O-5 0.5 O-5

12.2 7.3 95 6 . 7 6-9 5-9
- 1.4 - 1 . 2 - 1.4 - 1.4 - 1 . 6 -1.7

B. r - h in solution

(No. tran./res.)
(7h+c)  (PS)
(fc-bh)  (PQ
Kc-+,
AL,  (kcal/mol)

1, ??? 26 20 38 39 3r
5-O 3.0 3-6 1.4 1.1 i-8
0.6 0.5 0.8 1.0 1.1 1.4
80 5.9 4.5 1.4 1.0 0.5

- 1.1 - 1.0 -1.0 - 0.2 0.0 0.6

C. h,ric  w hhic  i,n solution

(No. tran./res.)
(7  hhc-rhcc)  (ps)
(7  hcc+hhc)  (ps)
K hcc+hhc
AGhcc+hhc (kcal/mol)

3 3 5 9 4
3 . 3 2-6 2.8 2.6 6.0
7*0 5-o 5.6 3.5 3-o.

- 2.1 1.9 2.0 1.3 0.5
-0*4 - 0 . 4 - O-5 - 0.2 0.6

D. CCiC  c-)  chic  in solution

(No. tran./res.)
(7 chc-acc)  (Ps)
(7  cccehc)  (PSI

Lc-rchc
AGccc+chc (kcal/mol)

- 8 1 3 1 8
- - 3.3 3-o 2.2

3.1 1.9 1.0
- - 1.0 0.6 0.4
- - 0 -0 0.4 0.8

Transit,ions  are defined as occurring between residues within the helical region of conformational space, based on the (4,  @)  values (see
the text), and any other conformation. The first 2 procxesses  represent single residue transitions. hccohhc  depicts helix propagation, and
the final process is helix nucleation. At 473 K the transitions were evaluated from 0 to 100 ps because there were very few transitions
during the 2nd half of the simulation. (Xo.  tran./res.)  is the average number of transitions observed during 100 ps. The waiting times.
5. were determined directly from the simulation. from which K and AG were determined (e.g. K,,, = rh+&,,h and AC = - RT  h-r  K).
All of the entries were averaged over time and all residues. The values for t’he  equilibrium constants may  be slightly different than what
is computed from the waiting times given: the difference is because the equilibrium constants were calculated considering more
significant figures than are given in this Table.

notion of hindered rotation in adopting the transi-
tion state structure, the entropv  of activation in
solution for the c + ts transition ;Tas ten times more
unfavorable than for h + ts.

The propensitv for helix propagation was also
monitored for the solution simulaOtions above 278 K
(hcic+ hhic; Table 4); at 278 K there were too few
transitions to obtain good statistics. Even at higher
temperatures there were very few transitions (3 to
9) and we are probably at the limits of analyzing
these transitions as fast events. As for the single
residue transitions? the free energy change for the
process in solution was temperature dependent,
with the tendency for conversion of a non-helica.1
residue to the helical state becoming less favorable
with increasing temperature. Below 373 K it was
harder to convert a residue to a helical conforma-
tion at the helix-coil interface than the background
level for tIhe single residue transition. At 373 and
423 K, propagation of the helix was slightlv morer

favorable than the single residue transitions. Thus,
at these temperatures the neighboring helical
residue facilitated conversion. The equilibrium
constants for helix propagation correspond to the s
parameter of the Zimm-Bragg model (discussed
further below). Furthermore, the changes in
enthalpy and entropy for helix propagation were
obtained from a plot of the free energy of propaga-
tion (given in Table 4) veraus  temperature as
described for the single residue transitions in
Figure 8. The resulting values were AHrroragation  =
- 291 kcal/( mol-residue) and ASpropagation  = - 5.1  cal/
mol per K per residue. These values should be
comparable to the enthalpy changes for the helix-
coil transitions determined experimentally;
however, thev can be viewed as only approximate
because the free energv change with temperature
was not strictly linear (correlation coefficient of
65%).

Finallv, helix nucleation within a non-helical”
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region was investigated above 373 K (Table 4,
ccic + chic). At lower temperature this process
occurred infrequent 1~  . The free energv change for
the process was unfavorable. This transition was
more difficult than bot’h  the single residue transi-
tions and propagation. Therefore, the neighboring
non-helical residues helped to maintain the central
residue in a non-helical conformation. The intrinsic
nucleation parameter, 0, can be determined from
the equilibrium constants for nucleation and propa-
gation W),,, +chc = 0 s. The nucleation parameter
was independent of temperature below 473 K and
equal to 094.  at 473 K 0 = 0% A macroscopic CT
equivalent to the nucleation parameter from the
Zimm-Bragg model was also calculat,ed  from
equation 3b of their paper (Zimm & Bragg. 1959)
using the helix contents and s parameters described
above. The resulting values were low3  to 10e4.  The
difference between this macroscopic CJ and the
intrinsic, microscopic value is due to the different
definitions for the h and c transitions. The earlier
Zimm-Bragg model defines helical segments bv
hvdrogen bonds and therefore nucleation involves
at least three residues adopting loca’l  helical struc-
tures to form the first hvdrogen bond. We cannot
evaluate this process? a&here  were too few occur-
rences. Nucleation for a five-residue segment is more
difficult than one would predict from the intrinsic
values (e.g. in the worst case where each transition
occurred independent(ly.  the macroscopic value
would be g3, or approximately O*l%). The process is
evidently more complicated.

(d) Peptide-water jinteractiozrs

(i) Water motio72
The water molecules in the simulation can be

broken down int,o different classes for analvsis:
water molecules in contact with polar peptide atoms
(<3-l A): water molecules in contact with non-polar
peptide atoms ( < 4.5 A); water molecules not in
these groups but within 10 A of the peptide: and
bulk water. The water molecules were extremei\
mobile during the simula,tion  and exchange bet)wee’;l
the different ‘groups readilv. The diffusion of the
molecules was essentially the same for the different
classes at all temperatues, differing by no more than
0.06 A2/ps  and generallv less than 0.02 Yjps. The
diffusion increased with’temperature,  bv an order of
magnitude, between 278 and 473 K (0.13 and
1.80 A2/ps,  respectivelv for bulk water). The mean
residence time for the-different shells also differed.
The average time that anv particular water
molecule spent, in contact with the peptide. with
either polar or non-polar groups. was extremely
short and decreased from 0.7 picosecond at 273 K to
O-3 picosecond at 473 K. Although the water
molecules exchanged quickly between the different
shells throughout the simulation. the peptide did
influence the nearby water molecules. The orienta-
tional entropy of the water molecules. compared to
a completely disordered state: increased with
increasing temperature (Fig. 1 l? calculation of the

0

300 400

Temperature ( K  )

Figure 11. The orientational entropv of the water
molecules near non-polar residues and near polar residues.
This entropv  is determined bv comparing the distribu-
tions of water molecule positions and orientations to those
expected for a random11 oriented solvent. using the
equations AS = - 12, Cni In p,. where kB  is the Boltz-mar-m
constlant. 72i  is the observed number. and pi is the ratio of
ni to the number expected for a uniform distribution
(Levitt & Sharon, 1988).

entropy has been described by Levitt $ Sharon
(1988)). TlIe orientational effect of the non-polar
and polar groups of the peptide changed by approxi-
mately the same degree with temperature. At high
temperature. the non-polar groups had little
ordering effect on the water molecules (i.e. AS close
to zero). while the polar groups were still able to
constrain the motion of the nearby water molecules.

(ii) Water-peptide contacts

The number of water molecules in contact with
the peptide depends on the extent to which the
conformation is open and exposed to solvent. It also
depends on the properties of the water molecules
themselves. Thus. at high temperature, the peptide
unfolds, becoming less compact and more exposed
to solvent (Ta’ble  3). Water properties also change
at higher temperature: the density decreases?
reducing the number of water molecules in contact
with a given exposed group and the probability that
a water molecule in contact with a given polar
group will actuallv form a hydrogen bond also
decreases. The average number of water molecules
in the hydration shell immediately around the
peptide decreased with increasing temperature
(Table 3) except for the slight increase in the
number of contacts from 423 to 473 K. These
results indicate that specific hydration became
patchv at high temperature (the average amount of
surface area/ increased from 20.4 to 28-4 A2/water
molecule). This decrease in hydration was a bit
surprising given that the accessible surface area
increased, exposing more polar main-chain atoms to
water. That the number of water molecules
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containing the peptide does not increase throughout
the t,emperature  range and scale with the surface
area is due to the decrease in water densit>-  at high
temperature. The types of water contacts were then
broken down furtlher.

Table 3 also contains t,he  average number of
contacts between the amide hydrogen of the peptide
with water molecules (d(HX  . . . O,,,,,) < 26 -si) and
specific hvdrogen bonds (d(HX  . . . Owater)  < 2.6 L&
and t)(S-?;H-0) within 45’ of linearity) at each
temperatlure. At low temperature (278 K) essen-
tially all of the water molecules in contact with the
amide peptide groups formed hydrogen bonds. At
higher temperatures, the decrease in densitv and the
additional entropy led to both a de&ease in
contacts and hvdrogen bonds (Table 3). AT 473 K,
where essentially all of the amide hydrogen atoms
were exposed. both the number of hydrogen bonds
and contacts were high. in spite of the low density
and increased water motion. In the extended
P-strand. both the number of hvdrogen bonds and
contacts were greater than in t’hk  simulation begin-
ning from an a-helical conformation. The values
decreased with increasing temperature, however, as
the structure collapsed and exposure of the main
chain decreased. The increase in entropy with
increasing t!emperature  also led to decreases in the
number of water-water hvdrogen bonds (Table 3).

Table 3 also contains c the corresponding water
contacts and hydrogen bonds t,o  the carbonvl
oxygen atoms of the peptide. where the dista&e
cutoff is bebween  the carbonyl oxygen atom and
either. or both. hydrogen of a water molecule. At
low temperature (278 and 288 K) there wa,s  a discre-
pancv between the average number of contacts and
hvdrbgen bonds. but the trends with time were the
same. It’ appears that there is some competition for
the t’wo hydrogen bonding sites on the carbonyl
oxygen atom. since the percentage of the contact
water molecules that form hydrogen bonds with the
carbonyl oxygen atom is lower than with the amide
hvdrogen atoms (82 o/o 2rersujs  62 T&  at 2 78 ET .
Table 3). At higher temperatures (323. 373. 423 K)
the average number of hydrogen bonds decreased
and the GO.. . water contacts increased slightly.
At 373 K the number of cont’acts  increased dramati-
cally near the end of the simulation where the helix
content dropped below 20?& At 473 K all the
carbongl groups were almost completely exposed to
solvent throughout the simulation, the number of
conta,cts  was high but the number of actual C=
o . . . wat,er  hydrogen bonds wa,s at  approximately
the same level as at lower temperatures where tlhe
helix was intact. The number of contacts and helix
content were negatively correlated, to varying
degrees. demonstrating that the contacts increased
as the helix content dropped (data not present’ed).
Again the extended P-strand participated in bot,h
more contlacts  and hydrogen bonds with water than
did the cc-helix. (‘ompari& of the highest tempera-
ture a-helix and /?-strand simulations indicates that
the unfolded form of the helix was not extended and
instead more closely resembled the collapsed state

F F F B

4 H-N-
-c=o  IM

\
\2. W a t e r

4 H-N-
-c=o  0

W a t e r

B F B B

TS B R
H - N - H - N -

Figure 12. Somenclature  for the intra- and int’er-
molecular hydrogen bonds with the carbonyl oxygen
atoms of  the peptide. Hvdrogen  bonds are defined as
having distances between ‘the carbonvl oxygen atom and
the closest amide hydrogen or wa’ter hydrogen atom
5 26 A. for the first 0 residues (the final 4 carbon-y1
oxygen atoms do not have peptide  hydrogen bonding
partners). The abbreviations used are: FF, both pep’tide
and water hydrogen bonds are formed: FB. peptide
hvdrogen bond is formed while the hvdrogen bond tlo
&ater  is broken: BF. the peptide  hydrogen bond is broken
and the water hydrogen bond is formed: BB. both broken:
TS. S-centered hvdrogen bond between water and the
peptide:  and BR.’ water molecule bridging carbonyl and
amide groups.

reached
least bv.

bv the P-strand at high temperat
these criteria.

ure, at

(iii) Correlated hydrogen bonding

At any time, a particular peptide carbon-y1 group
can be hydrogen bonded to a peptide HX group, to
a wat,er  molecule, to bot,h, or to neither. In an
attempt to elucidate the role of water in breaking
the peptide hydrogen bonds, distances between the
carbonyl oxygen -atoms  and the nearest amide
h v d r o g e n  a n d  wa.ter  h y d r o g e n  a t o m s  w e r e
cbmputed a s a measure of hydrogen bonding.
Different hvdrogen bonding scenarios were con-
sidered: both the intrapeptide and peptide-water
hvdrogen bonds were formed simultaneously (FF);
the main-chain peptide bond was formed while the
hvdrogen bond to water was broken (FB); the
pkptide hvdrogen bond was broken and the hvdro-
gen bond-  to solvent was intact (BF); and ‘both
hvdrogen bonds were simultaneouslv broken (BB)
(l&g. 12). The change in a parti&lar  hydrogen
bonding arrangement from one structure to the next
along the trajectory is given for tlwo temperatures in
Table 5. The number of times the conversions
occurred is obtained by moving along a row.

At 278 .I& when both hvdrogen bonds were intact
thev were likelv to remiin intact, although there” L
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Table 5
Conversion of the hydrogen bonding arrangements between the peptide  and water in a particular structure (N)

and  in the slrcceeding structure (X  +  I)

x+1

x F F FB BF BB BR’ T S

A. 278 K

F F 3645 418 657 1 6 0 5
FB 412 2517 93 31
BF 617 85 390 2
BB 1 0 3 2 7 5

B. 423 K
F F
FB
BF
BB

395 255 292 33 3 3
218 3013 1 6 2 250
327 1 3 6 2846 251

3 3 239 2 6 1 280

Average times (ps) for hydrogen bond exchanqe  between peptide  and solvent passing through states with both’
possibilikes  formed or both. broke12

F F F F BB BB
T w FB+-,lUF FB+FB Fl%BF FB+FB

278 1 - o 1-o o-4 o-4
423 o-5 o-5 0.6 0.4

Moving across a specific row gives the number of times that the hydrogen bonding pattern of II; converted to the A’+  1 arrangement.
The nomenclature used is given in Fig. 12.

were a large number of cases where one of the two
hvdrogen bonds broke (FF+FB and FF+BF.
Tible  5). Once the solvent hvdrogen bond was
broken (FB), the nextj structure was most likelv to
have the same hvdrogen bonding pattern, cbut
formation of the water hvdrogen bonds was also
likelv. There were few cases of BF at this tempera-
ture’(the  sum of the entries along the row), and this
arrangement usually led to formation of the second
hydrogen bond. There were verv few situations
where bot’h  hydrogen bonds werevbroken or where
there was a direct swap of hydrogen bonds (e.g.
FB + BF and BF + FB). The average amount of
time between FB+BF proceeding through either
FF or BB is also given in Table 5, along with the
times for reversion to FB. The average times for
passing through states with both hvdrogen bonds
intact was l-0 picosecond and the conversion wa#s
faster for intervening structures with both hvdrogene
bonds broken, O-4 picosecond.

The profile was quite different at higher tempera-
ture (423 K). There were many fewer cases of
formation of both hvdrogen bonds. From the FF
state, FB and BF were likely. Direct hydrogen bond
exchange between FB and BF was more frequent at
high temperature although both were most likelv to
convert, to FF or BB first. Exchange between
FB+BF and FB+FB through structures with
both hydrogen bonds formed occurred more rapidlv
at high temperature. The times were comparable for

different temperatures for passing through struc-
tures with both hvdrogen bonds broken, although at
423 K there were ma&  more cases of both hydro-
gen bonds being broken simultaneously. Hence, at
higher tempera,ture. where exchange of the hydro-
gen bonds was probable, direct concerted exchange
did occur but the process was much more likely tlo
pass through intermediate states with both hvdro-”
gen bonds intact or bot.h broken.

We then investigated the process of water inser-
tion into the helix. It has been postulated
(Sundaralingam & Sekharudu, 1989) that a-helices
unfold by formation of a three-centered hydrogen ’
bond between a water molecule and the peptide
(TS) from FF. and then the water pries the helix
apart, yielding a water molecule bridging the
carbonyl and amide groups (BR) (Fig. 12). This
process (FF +TS+BR)  occurred only once during
the simulations, at 423 K. The number of cases of
FF + TS was low at all temperatures (Table 5). The
number of bridging water molecules increased with
increasing temperature (from 0 at 278 K to 221 at
473 K),  or unfolding of the helix. There were three
cases of direct insertion, FF + BR, which occurred
at 423 K. Thus: the bridging water molecules seem
to be important as the helix unfolds or in the
partiallv unfolded/unfolded conformations, but
unfolding was not caused by the insertion. Rather,
the internal helix motion and indirect helix destabi-
lizing effect of the solvent lead to unfolding.
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4. Discussion

For manv vears it was thought that small
peptides  coC&’  not adopt helical conformations in
solution. This was due primarly to unsuccessful
experimental attemptIs  to detect helical structure in
fragments excised from proteins (Epand &
Scheraga, 1968) and statistical mechanical models
of the helix-coil transition (Schellman, 1958; Peller,
1959a,b;  Schwarz. 1965, 1968; Flory & Miller, 1966;
Zimm & Bragg, 1959). Most theoretical treatments
of this problem, with the exception of that of Lifson
& Roig (1961),  assert that propagation should be
relatively facile and nucleation difficult, such that
long helices are formed rather than short and scat-
tered helical segments. These ideas gained support
when the host-guest method was used to experi-
mentally determine the s and c parameters of the
Zimm-Bragg model, where s is the equilibrium
constant for helix propagation and CT reflects the
likelihood of nucleation. This approach involves
introducing an amino acid (guest) into a water
soluble homopolymer (host) with a well-character-
ized helix-coil transition. For L-alanine  s = 1.06 and
0 = 8 x lo-’ (Scheraga, 1973). These values indicate
that the helical state is only favored slightly over
the coil state and that nucleation is difficult (e.g.
0 = 1 for no barrier to nucleation). The main physi-
cal rationale for this is that propagation of long
helices circumvents the entropy cost of bringing
residues together to form the first hydrogen bond,
as the entropy cost is lower for building onto an
existing structure.

In contrast, in our simulations, short helices were
highly populated and at times short helical
segments were broken by a non-helical segment. A
consequence of this behavior is that s and ct are both
greater than expected. The intrinsic nucleation
parameter, c, was approximately 0~5,  as determined
in a previous simulation in vacua  (Daggett et al.,
1991). It is a bit surprising that the same CT value is
obtained in vacua  and in solution, as 0 would be
expected to be lower in solution because of the
solvent’s ability to stabilize the coil  state.
Unfortunately, an experimental 0 for a small
peptide is not available for comparison, but it is
usually assumed to be 10m3 to lo? By fitting our
results to the Zimm-Bragg model (as described in
Results, section (c), above) the macroscopic CT for
our simulations is 10m3 to 10s4,  in accord with the
generally accepted values. The s value from our
simulation was dependent on temperature,
decreasing with increasing temperature. Near the
experimental temperature, 278 K, s was approxi-
mately 2. An experimentally derived s value of l-79
at 273 K for an alanine-based peptide has been
reported (Lye et al., 1990). In the previous simula-
tion in vacua  an s value of ~4 was determined at
400 K (Daggett et al., 1991). This value was thought,
to be high because of the lack of solvent. The s value
did indeed drop to - 1 at this temperature in
solution.

From the free energy changes for helix propaga-

tion, the enthalpic and entropic contributions to this
process were determined. The resulting AH for the
helix to coil transition (2-l kcal/(mol-residue),
Results section (c)) is in the vicinity of the results of
calorimetric measurements for helix unfolding of an
alanine  b a s e d peptide (1.3 kcal/(mol-residue);
Scholtz et al.:  1991) and of polyglutamate (l+kcal/
(mol-residue); Rialdi & Hermans, 1966). Although
our value is high, the agreement is gratifying given
that, our definition of helix content has not been
calibrated against experiment. The values for
propagation of the helix were used in lieu of those
for the single residue transitions because Scholtz et
al. (1991) have suggested that circular dichroism
and calorimetric probes monitor the same unfolding
events. There must be some critical number of
helical residues to give a circular dichroism signal
(Manning et at., 1988) and single isolated, helical
residues within a peptide should not contribute
much to the signal.

In the earlier simulation of polyalanine in vacua
the transition rate for a single residue propagating a
helix was 101*/s  (Daggett et al., 1991). The experi-
mental results suggest rate constants of lo7 to
lO’*/s  for a variety of polypeptides in different
solvents (Bosterling & Engel, 1979; Gruenewald et
aZ.,  1979; Inoue et al., 1979; Tsuji et al., 1976). It was
thought that the value determined from the simula-
tion was at the high end of the experimental range
because of the use of high temperature (400 K) and
the lack of solvent (the value will also depend on the
definition of h and c, of course). These two possibili-
ties can now be ruled out. The simulations in solu-
tion presented here also yield an approximate
transition rate of lO’*/s (3 to 9 transitions/l00 ps)
for all of the temperatures investigated. Therefore,
the value is still at the high end of the experimental
range but is reasonable. Also, the time scale of the
structural changes that take place during the simu-
lations appears to be reasonable, as the diffusion of
the water molecules as a function of temperature is
similar to the experimental values: 0.13 to
l-80  A2/ps  between 278 and 473 K in the simulation
versus O* 14 to 2.87 A2/ps  experimentally for pure
water (the experimental values below 323 K were
taken from Table 4.7 of Eisenberg & Kauzmann
(1969),  the values at higher temperatures were esti-
mated from the viscosity data in Table 4.8);
however, water diffusion decreases in biopolymer
solutions (Cook & Kuntz, 1974). Diffusion is one of
the few time-dependent properties that can be
determined directly both experimentally and from
the simulations.

Experimentally, small helices are marginally
stable in solution and unlike longer polypeptides do
not show co-operative melting curves. In the simu-
lations presented here the peptide was stable as an _.
a-helix at low temperature and melted with
increasing temperature. This is consistent with the
experimental studies, although in the simulations
t h e  peptide w a s too stable at moderate-high
temperatures with denaturation spanning - 120”.
For comparison, unfolding of a polyalanine- based
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pptidP spans - 70”  espwirnmtlally  (Marqusee et al..
1989). However. our simulations were short, and,
given the drop in helix content with time (Fig. 4).
the unfolding range would presumably decrease in
longer simulations. With increasing temperature the
coil state became more fa,vorable’than  the helical
state and the free energy of activation of the c + h
transition increased with temperature. making it
difficult for a non-helical residue to return to the
helical state. The behavior of the free energy of
activation was due predominantly to the entropic
dificultv  in adopting the transition state structure
f r o m  pWrogressivel\ _  more disordered non-helicalc
conformations.

Most unfolding steps involved the loss of local
helical structure. ‘At low temperature. these transi-
tions led to fluctuations about the helical conforma-
t’ion.  A successive loss of local structure resulted in
more global unfolding. The more global unfolding
steps began as fraying at the ends of the helical
segments or unfolding ‘within the helix. The latter
t>Te  of unfolding usually involved a kink in the
structure. ~-hi& was then propagated. Tn some
cases these kinks or turns were stabilized through
hvdrogen bonds with water and non-ideal (other
than i  + i+4)  intracha.in hydrogen bonds were
formed. But. this mechanism of unfolding is not
dependent on the presence of water molecules, as
the same behavior was observed i,a  CQCUO  both here
and in a previous simulation (Daggett et al.. 1991).
Formations of these kinks or turns often facilitated
further unfolding. Tn  the case of refolding. helix
formation was ofien initiated at turns.

Tn our simulations. the peptide  spent the bulk of
its time fluctuat.ing  between conformations with
intermediate helix Content  at all but the highest
tempera.ture. Fractions of helix are observed in
smal l pept ides using circular dichroism.
Furt hermorc. specific regions of helix along the
sequence have b e e n identified using two-dimen-
sional nuclear magnetic resonance - experiments
(Hradle>T  et crl.. 199@:  Frv  et ul..  1989: hu  et al..
1990: Osterhout et OZ..  l&9).  Thus. small’ peptides
appear to be made up mostly of structures with
intermediate helix contents. as opposed to an equili-
brium between Ol,  and 100 O.  helical structures. In
the simulations. the peptide  was stable even with
short helical segments broken by  a non-helical
region. Conservation to highly  helical conformations
proceeded from these short ‘helical fragments and
both nucleation and propagation were relative11
facile. Tn the case of a protein, just the formation df
this type of transient structure may aid folding b;
limiting the conformational space that needs to be
sampled and allowing a framework onto which
further structural elements can dock or allowing on-
sit,e  folding to occur. The different conformations of
the peptide  interconverted readily. implying that
different conformations could be searched quickly
during prot!ein  folding while preventing thYe
’ ‘ freezing’ ? of incorrect conformations.

The presence of wat’er  facilitated h-,  c transi-
Cons,  or unfolding. while inhibiting c+ h conver-

s ions . or refolding. T h u s ,  w a t e r  a c t e d  a s  a
d e n a t u r a n t  a n d ,  i n  fact(,  s m a l l  peptides  shoM
increased helicitp in trifluoroethanol. for example.
compared to water (Nelson &  Kallenbach:  1986).
However. the effect of water on the peptide  was
relatively non-specific. The polar peptide  atoms had
more of  an effect  on the orientations of  the
surrounding water molecules than did the non-polar
groups, but this effect diminished with increasing
temperature. At low temperature most of the wat,er
molecules in contact with the polar atoms formed
hvdrogen bonds. In fact,  most of the peptide
c&bony1  groups in the structures at low tempera-
ture formed both intrapeptide and water hydrogen
bonds simultaneouslv. At high temperature (but
below 473 K) and &ecreased water density.  the
peptide  became partially unfolded, the num’ber  of
main chain-water contacts increased slightly but
the number of hydrogen bonds decreased. At 473 I-L
however? both ‘the number of water-main chain
contacts and hydrogen bonds increased as expected
with increases in the accessible surface area.
Therefore. the exposure of the backbone in the
completely unfolded state ordered the nearby water
molecules. To achieve this effect the peptide  had to
overcome both the decrease in densit)y  (and there-
fore lower probability of having water molecules
nearby) and the increased water disorder.

Most of the occurrences of hvdrogen bond
exchange from FB (having the intrabeptide  hydro-
gen bond formed and the ‘hvdrogen bond to water
broken) to BF (a broken ‘intrapept’ide  hvdrogen
bond and int,act  hvdrogen bond with’ water)
proceeded through Ltermediate  structures with
either both of the hydrogen bonds formed or both
broken. in l ieu of  corLertled  direct exchange.
Sundaralingam 8;  S e k h a r u d u  ( 1 9 8 9 )  surveyed
crystal structures with hydrated or-helices  and foknd
a number of cases of inserted water molecules. On
the basis of this observation. they postulated that
carbonyl  groups are hydratIed  in the helical confor-
mation (FF). then a three-centered hydrogen bond
is formed (TS). The water molecule then inserts
itself between the carbonyl and amide groups.
acting as a bridge (RR). which will favor formation
of turns. They propose that this process describes
the folding/unfolding pathway of a-helices. We did
not find this to be an important mode of unfolding
in our simulations. In fact, it was observed only
once in all of the simulations. We did, however, find
numerous bridging waters, the occurrence of which
increased with temperature, which is consistent
with Sundaralingam &  Sekharudu’s contention that
bridging water molecules are associated with desta-
bilization of the helix. This effect has also been
observed in another simulation by DiCapua  et al.
(1990). The Ramachandran maps generated during
the simulations show movement away from the
a-helix region of conformational space towards
the P-region with increasing temperature.
Sundaralingam 87  Sekharudu (1989) also observed
these intermediate conformations in what they call
the elbow region of the map. Thus, our findings do
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indeed suggest; that bridging wat.er  molecules are
important during unfolding and correlate with turn
formation. Howev~.  contirarv  to Sundaralineam &
Sekharudu’s  proposal, the bridging water mblecule
is not arrived at directly by concerted attack.
Instead the process is due to the inherent motion of
the helix and the non-specific denaturing effect of
water.

The solvent did. however, int’eract  stronglv and
f’avorablv with the peptide in its partiallv uniolded
form bui  not’ predominantlv through specific  hvdro-
gen bonds. Therefore, the intramolecular hvdiogen
bonds of the helical state were not fullv cornpen-
sated by hydrogen bonds to solvent in the partially
unfolded forms of the peptide. These partially
unfolded forms are presumably the types of struc-
tures present experimentally; but because of the
increased mobility and transient nature of the intra-
molecular hydrogen bonds at higher temperatures,
the atoms were not aligned properly on average for
formation of hvdrogen bonds. The lower water
densitv at high iemperature  also contributSes  to the
decreised  peptide-water intera,ctions.  Therefore.
increases in temperature not only disrupted the
structure of the peptide but also the peptide-water
interactions.
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