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The conformations adopted by peptides and proteins are
known to be dependent on their environment.1-5 The question
then arises as to which conformations are more or less stable
in different environments. For instance, protein folding involves
a highly correlated transition from an unfolded state with a high
degree of solvent exposure to a folded state of relatively low
solvent exposure where many amino acid residues are sur-
rounded by protein. Hence, understanding the effects of changes
in environment on the conformation of amino acid chains could
enable the rationalization of certain underlying principles
governing the protein folding mechanism.6,7

In this paper, we present molecular dynamics simulations and
experimental results which compare the different conformational
preferences of amino acid chains on changing their environ-
ments. We will explicitly consider three different environments,
namely, the gas phase, aqueous solution, and the protein
environment. To achieve this we have assumed that the
backbone conformation (determined byφ andψ) is, to a first
approximation, essentially independent of the nature of the
amino acid side chain (with the exception of glycine and proline)
and independent of the nature of the rest of the chain.8

In this spirit, our gas phase model is a four alanine residue
peptide whose conformational preferences have been determined
by 100 ns stochastic dynamics simulations using continuum
solvents with relative permittivities of 1 and 80.9 Explicit
aqueous solvent simulations of the same tetrapeptide have also
been obtained over 10 ns for four different permutations of the
terminal group charge (NH3+ and NH2 for the N terminus, CO2-

and CO2H for the C terminus).8 All simulations were performed
with the latest CHARMM all atom force field.10 Although the
results are force field dependent, it is assumed that the
underlying potential surface in the CHARMM model and the
limited sampling during 10 ns are sufficiently accurate for this
coarse comparison with experiment. Theφ andψ distributions
obtained correspond to averages over the central residues
(residues 2 and 3). In addition, the aqueous environment results
have been averaged over the different charge end group
combinations. Probability distributions corresponding to a

protein environment are traditionally obtained from X-ray
crystallography.11-14 Hence, we have obtained the relevantφ
and ψ dihedral angle distributions directly from 63 protein
crystal structures as deposited in the Brookhaven protein
database (a full list of the proteins and further details are given
in ref 15).
The relationship between the various population distributions

is illustrated in Scheme 1, where the probability distributions
are reflected in terms of torsional potentials of mean force (PMF)
obtained from the usual Boltzmann relationship.16 Moving
horizontally, one obtains the free energy for rotation∆W1f2

between two different conformations (ê1 andê2; êi ) φ or ψ),
while vertical changes correspond to the free energy of solvation
∆Wgfaq of a fixed conformation of the backbone on changing
the environment. In general, for conformationally flexible
molecules,∆Wsolv ) Waq(ê2) - Wg(ê1) corresponds to the free
energy of solvation per residue during a conformational change,
while ∆Wfold ) Wprot(ê2) - Waq(ê1) corresponds to the free
energy of protein folding per residue in solution. Here, we are
primarily concerned with differences in the PMF’s given by
∆∆W ) ∆W1f2,aq - ∆W1f2,g ) ∆W1,gfaq - ∆W2,gfaq, i.e.,
which represent the relative changes in solvation between two
different conformations of the peptide backbone.
The probability distributions obtained for the three different

environments have been converted to rotational PMFs and are
displayed in Figure 1. A quantitative picture of the average
effect that the different environments have on the backbone
conformations adopted by amino acid chains is apparent. For
theφ degree of freedom, all methods give minima around-90°
and 60°, except for a small shift to-70° observed for the protein
environment. Relatively high free energy conformations near
-10° and 120° observed in the gas phase are also observed in
explicit aqueous and continuum aqueous environments. How-
ever, proteins appear to be more tolerant of these conformations.
Populations of the two different major conformations (-90°/
60°) at 300 K are 97/3, 99/1, 100/0, and 92/8 for theε ) 1, ε
) 80, and explicit aqueous and protein environments, respec-
tively.
The ψ dihedral potentials of mean force display a marked

shift from the gas phase potential. In particular, the minimum
at 70° disappears on moving to an aqueous or protein environ-
ment. The PMFs obtained for the aqueous and protein environ-
ments display very similar features with both giving two minima
around-60° and 160°, the major differences occurring in the
magnitude of the barriers dividing these minima. Populations
for the two minima (-60°/160°) at 300 K are 56/44, 50/50,
and 55/45 for theε ) 80 and explicit aqueous and protein

(1) Brooks, C. L., III; Karplus, M.J. Mol. Biol. 1989, 208, 159-181.
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Scheme 1. Thermodynamic Cycle Involving Changes in
Conformation (ê) and Environment (g) gas, aq) aqueous,
and prot) protein)

8714 J. Am. Chem. Soc.1997,119,8714-8715

S0002-7863(96)03752-3 CCC: $14.00 © 1997 American Chemical Society



environments, respectively. Interestingly, the very simpleε )
80 continuum model produces results which are in near
quantitative agreement with the explicit solvent simulations; the
only significant difference being that the continuum model gives
somewhat lower barriers to rotation. This is also supported by
other theoretical results for small peptides which have suggested
that the major contribution to the change in PMF on going from
gas phase to aqueous solution is a simple dielectric effect.17

Hence, the coarse continuum approximation appears to be a
satisfactory representation of solvent effects for these coarse
comparisons of nonpolar systems while providing a vast increase
in computational efficiency.
For our purposes it is more informative to look at differences

in effects between the various environments. The data presented
in Figure 2 illustrate the changes in the torsional rotational
potential energy surfaces on moving from one environment to
another. Thus, the influence of the intramolecular potential has
been removed in comparison with that in Figure 1. Data forφ
are incomplete, due to insufficient sampling in the explicit
solvent simulations (rate constants forφ transitions are 1-2
orders of magnitude slower thanψ transitions),8,18 but suggest
that a change in environment from the gas phase to aqueous or
protein, or a change from aqueous to protein, all tend to favor
folded conformations around 0°. This type of environmental
effect has also been observed in an integral equation study of
a small zwitterionic peptide in salt solution.19 The change in

solvation of the averageψ rotational free energy surface on
going from aqueous solution to a protein environment again
favors folded conformations in the region of 0°.20 This suggests
that desolvation of random coil like backbone conformations,
and their subsequent interaction with a protein matrix, is such
that folded configurations are favored by up to 20kJ/mol perψ
degree of freedom on the average. However, by comparing
small single-residue results with those for polypeptide chains,
we neglected to include explicitly in Scheme 1 the configura-
tional entropy (-T∆S) lost on folding.7 This entropy cost is
on the order of 5-42 kJ/mol per residue orφ/ψ pair,21,22 with
total free energies of folding in ranging from-20 to-40kJ/
mol for a medium size protein (100 residues). Therefore,
environmental stabilization free energies in the region of 20
kJ/mol perψ degree of freedom are consistent with these
numbers within the previously stated approximate framework.
This semiquantitative picture of changes in peptide backbone
solvation could prove valuable in attempts to model and
understand protein folding pathways.23,24
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Figure 1. Free energy profiles for theφ (top) andψ (bottom) degrees
of freedom as a function of environment: vacuumε ) 1 (thick solid),
vacuumε ) 80 (thin solid), aqueous (thick dotted), and protein (thick
dashed).

Figure 2. Solvation free energy differences for theφ (top) andψ
(bottom) degrees of freedom as a function of change in environment:
vacuum to aqueous (thick solid), vacuum to protein (thick dotted), and
aqueous to protein (thick dashed).
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