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ABSTRACT The configurational entropy of a
B-heptapeptide in solution at four different tempera-
tures is calculated. The contributions of the back-
bone and of the side-chain atoms to the total peptide
entropy are analyzed separately and the effective
contribution to the entropy arising from correla-
tions between these terms determined. The correla-
tion between the backbone and side-chain atoms
amounts to about 17% and is rather insensitive to
the temperature. The correlation of motion within
the backbone and within side-chains is much larger
and decreases with temperature. As the peptide
reversibly folds at higher temperatures, its change
in entropy and enthalpy upon folding is analyzed.
The change in entropy and enthalpy upon folding of
the peptide alone cannot account for the observed
change in free energy on folding of the peptide in
solution. Enthalpic and entropic contributions of
the solvent thus also play a key role. Proteins 2001;
43:45-56. ©2001 Wiley-Liss, Inc.

INTRODUCTION

Entropy is probably the most abused thermodynamic
quantity: it is often either ignored or identified as the
cause of inexplicable results. In contrast to the free energy
that is easily accessible by experiment, determination of
the entropy causes grief to the experimentalist and the
theoretician. Although entropy can, in principle, be calcu-
lated from molecular dynamics simulation trajectories,’~*
the calculations are hampered by methodological, conver-
gence, and computational problems. Consequently, much
less effort has been spent on the development of entropy
calculations as compared with free energy calculations.
This situation is changing. With the availability of very
long simulation trajectories (up to a couple of 100 ns),
which cover a high proportion of the accessible configura-
tion space of the molecular system of interest, as well as
more effective methods to estimate entropy,®® the role of
the entropy in complex molecular systems can now be
studied.

The importance of entropy in determining protein fold-
ing is well recognized.” Hydrophobic clustering is com-
monly attributed to an increase in entropy within the
solvent. The much touted folding funnels have been dis-
cussed in terms of an interplay between the configura-
tional entropy of the peptide chain, which would favor the
unfolded state and enthalpic interactions (energy gap)
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favoring the native or folded conformation.® On a more
local level, the effects of substitutions involving glycine
and proline on stability are often attributed to changes in
entropy within the folded or unfolded state. Entropic
barriers have also been used to explain the mechanism of
protein folding® and differences in side-chain entropy have
been evoked to explain the differences in the rate of folding
of different proteins.®

Using experimental calorimetric studies, only the total
change in entropy associated with a given process is
directly accessible. Despite attempts to correlate changes
in nuclear magnetic resonance (NMR) derived order param-
eters to changes in configurational entropy,!® estimates of
entropic contributions in the literature to date depend
primarily on database analysis''''? or simple models.'?
The current study is the first in which analysis of the
entropy is based on extensive sampling of a realistic model
of a protein or peptide under equilibrium conditions. In
this work we examine the configurational entropy of a
small non-natural peptide in solution'* that adopts a
well-characterized helical structure at room temperature
and shows reversible folding/unfolding transitions in 200-ns
trajectories. Specifically, we examine the total peptide
entropy both above and below the melting temperature,
the contributions of the backbone and side-chain atoms to
the total peptide entropy, and the magnitude of the effects
of correlations between backbone and side-chain atoms.
Although clearly there are differences between the folding
characteristics of peptides and proteins, the basic physical
principles remain essentially the same. The conclusions
drawn in regard to the specific peptide system will yield
insights into the role played by entropy in folding of
proteins in general.

METHOD

Entropy calculations are notoriously difficult, as the
entropy depends on the complete phase space of a molecu-
lar system and is sensitive to the inclusion of correlations
between motions along the many degrees of freedom. To
escape from the high dimensionality of phase space, many
methods®* employ internal generalized coordinates and
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use direct sampling of degrees of freedom or a harmonic
approximation to motion, or a combination of both ap-
proaches. The transformation to internal coordinates re-
duces the dimensionality of the problem but generates
additional complications because of mass-metric tensor
effects.>*

An approximate expression for the entropy introduced
by Schlitter® based on a quantum-mechanical harmonic
approximation does not require the transformation of
simulation trajectories to internal coordinates. The Appen-
dix provides a very brief summary of Schlitter’s formula. It
was implemented to work with the GROMOS96 simula-
tion package'®16 and was extensively tested.® It could be
shown that for condensed-phase molecular systems at
physiological temperatures (~300 K) the formula yields
results with errors below 5%.

Schlitter’s formula uses the covariance matrix of the
atom-positional fluctuation, which is easily computed from
the trajectory of a simulation. Because the cartesian
coordinates are directly used to calculate the covariance
matrix, the overall translational and rotational motion is
included, possibly leading to convergence problems. This
can be avoided by removing the translation of the center of
mass and the rotation around the center of mass of the
molecule by performing translational/rotational fits of the
trajectory structures of the molecule during calculation of
the covariance matrix.® So, the entropy of the translational
center of mass motion can be excluded from the calcula-
tion. The same holds for the overall rotational entropy,
with the caveat that overall rotation cannot be rigorously
separated from internal motion for a flexible molecule. The
entropy contributions of internal degrees of freedom (e.g.,
torsional angles) could also be obtained using Schlitter’s
formula. However, this would require a transformation to
internal coordinates, with its concomitant metric tensor
complications, losing the advantage of Schlitter’s formula,
i.e., that cartesian coordinates can be used. In that case, it
is preferable to use standard formulae to compute the
entropy. The use of Schlitter’s formula is straightforward
when the entropy of subgroups of atoms is of interest. Only
the atoms of interest are then included in calculating the
covariance matrix.

The off-diagonal elements of the covariance matrix are
nonzero because of the correlation between the cartesian
coordinates of all atoms. If the entropy is calculated using
the complete covariance matrix, these correlations are
included. By contrast, if only the diagonal elements of the
covariance matrix are used, all correlations between carte-
sian coordinate components of atoms are ignored, result-
ing in a larger entropy. In this way, correlation between
atoms can be estimated.

A B-HEPTAPEPTIDE IN SOLUTION

The system studied consists of a B-heptapeptide, a
non-natural peptide composed of B-amino acid residues.
The system has been studied extensively by NMR'? and
molecular dynamics simulations'*'® and shows helical
secondary structure in methanol. Figure 1 shows the
structural formula, the helical conformation as deter-
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Fig. 1. Structural formula of the B-heptapeptide, NMR determined
helical folded model structure (/eff), and an extended structure from the
350 K simulation (right).

mined by NMR at room temperature, and an extended
structure taken from the simulation.

The B-heptapeptide in methanol was simulated in a
periodic computational box at four different temperatures
(298, 340, 350, and 360 K) using the GROMOS96 simula-
tion package.'®'® The NMR model structure was taken as
the initial structure for the simulations at 298, 340, and
350 K. The 360-K simulation was started from a fully
extended conformation of the peptide. The simulations at
298 K and 340 K covered 200 ns, those at 350 K and 360 K
50 ns each. Configurations saved at 0.5-ps intervals were
used in the calculations. The peptide undergoes reversible
folding in the simulations, and the ratio of folded to
unfolded structures decreases with increasing tempera-
ture from 25:1 at 298 K to 1:3 at 360 K.

The atom-positional root-mean-square deviation (RMSD)
from the (folded) NMR model structure was taken as an
index to assign the configurations to the folded or unfolded
categories. The RMSD of the main chain atoms in residues
2—6 from the NMR model structure is shown for all four
temperatures in the lower panels of Figures 2-5. Configu-
rations with an RMSD with respect to the NMR model
structure of <0.1 nm are considered to represent the
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Fig. 2. Absolute entropy S,, of the B-heptapeptide (excluding overall translation and rotation) and
backbone atom-positional root-mean-square deviation (RMSD) (residues 2—6) from the NMR model structure.

Simulation at 298 K.
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Fig. 3. Absolute entropy S, of the B-heptapeptide (excluding overall translation and rotation) and
backbone atom-positional root-mean-square deviation (RMSD) (residues 2—6) from the NMR model structure.

Simulation at 340 K.



48 H.SCHAFERET AL.

3000 T T T T T T T T
350K ——
2800 4
5
£ 2600 -
1
=2
v 2400 -
2200 —
J\L ! | 1 1 1
04 F I 1 T 1 1 1 -
350K —
i
03 F —
[m)]
[42]
= 4
« |
L N { ORI | U | | N O S A ]
1 1 Y NI | Th T | HI
[
) | ] ] 1 I ]
10 15 20 25 30 35 40 45 50

simulation time t [ns]

Fig. 4. Absolute entropy S,, of the B-heptapeptide (excluding overall translation and rotation) and
backbone atom-positional root-mean-square deviation (RMSD) (residues 2—6) from the NMR model structure.

Simulation at 350 K.

folded state, while configurations with an RMSD of >0.15
nm are considered unfolded.'*

CONFIGURATIONAL ENTROPY OF THE
B-HEPTAPEPTIDE

The configurational entropy of the B-heptapeptide was
calculated for all four temperatures, using all configura-
tions (of the B-heptapeptide only, excluding the solvent) in
the trajectory irrespective of their fold. The peptide configu-
rations were fitted on top of each other using a least-
squares fit of all peptide atoms. This was done in order to
remove the overall translation of the center of mass and
the overall rotation of the peptide. The overall rotation
cannot be removed in an unambiguous way. The effect of
fitting based on different subsets of peptide atoms has
been analyzed elsewhere.®

Figures 2-5 show the peptide entropy in the upper
panels and the atom-positional RMSD from the helical
model structure in the lower panels, as a function of time
for all four temperatures. There is a striking correlation
between unfolding events in the RMSD, i.e., large in-
creases in the RMSD, and sharp increases in the entropy.
This can best be seen at 298 K, where the peptide stays in
the helical fold for nearly the whole simulation. The RMSD
shows three major unfolding events mirrored in the en-
tropy by three jumps. These jumps in the entropy occur
when the peptide explores new regions in phase space. At

higher temperatures, the jumps are less well correlated
with the RMSD, especially at the end of the trajectory,
when unfolding events may not necessarily open up new
regions of phase space. The decrease in entropy that can be
observed for some parts of the trajectories is possibly less
intuitive. It is best illustrated with the first 20 ns of the
simulation at 340 K (Fig. 3). After the initial 10 ns, in
which the peptide stays mostly unfolded and every new
conformation that is sampled induces a significant in-
crease in entropy, the peptide folds and remains in basi-
cally the same conformation for the next 10 ns, reducing its
entropy. The effect on the total entropy of this resampling
of conformations is still patent toward the end of the
trajectory but, as with the sampling of new conformations,
the weights become smaller.

The ordering of the entropies with temperature is gener-
ally correct: entropy increases with increasing tempera-
ture. The entropy at 350 K is slightly lower than at 340 K,
which can be explained by the different lengths of the
simulations, 50 ns versus 200 ns, respectively. The trajec-
tory averages at 350 K are generally less well converged.
This reversed order of 340 K and 350 K is apparent in most
results.

For all four temperatures, the configurational entropy
levels off at the end of the trajectory, indicating a relative
convergence. It is not necessarily an indication that the
whole of phase space has been sampled, but that impor-
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Fig. 5. Absolute entropy S,, of the B-heptapeptide (excluding overall translation and rotation) and
backbone atom-positional root-mean-square deviation (RMSD) (residues 2—6) from the NMR model structure.

Simulation at 360 K.

tant regions of phase space accessible to the peptide have
been sufficiently sampled. It has also been shown® that the
overall rotation of the peptide and the volume of the
(periodic) computational box are sampled rather com-
pletely.

ENTROPY PER RESIDUE

By using only a subset of the atoms of a molecule in the
calculation of the covariance matrix of atom-positional
fluctuations, it is possible to calculate the entropy of this
particular subset of atoms. It is therefore possible to
calculate the entropy of each of the seven residues of the
B-heptapeptide. However, when calculating the entropy of
a subset of atoms in the system, the correlations with the
rest of the system (i.e., all atoms not in the subset) are
ignored. If correlations between two subsets of atoms are
non-negligible, the sum of the entropies of the two subsets
will be larger than the entropy calculated from the com-
bined subsets.!®2° The entropy per residue was calculated
using all peptide configurations in the saved trajectory.
Each configuration was fitted onto the first using a least-
squares fit for a particular set of atoms. To identify
possible artifacts originating in the fitting procedure,
three different sets of atoms were used in the least-squares
fit: (1) all atoms of the peptide; (2) only the backbone
atoms; and (3) four atoms in the (4th) central residue (the
carbon bound to the nitrogen and its three covalently

bound neighbors). Because the residues possess different
numbers of atoms, the entropy per residue was normalised
using the number of atoms.

The entropies S;°° of residue x for all four temperatures
and the three different translational/rotational fits are
shown in Figure 6. At 298 K, the central residue shows a
lower entropy than the ends of the peptide chain. Using
only four atoms in the central residue in the least-squares
fit increases, not unexpectedly, the difference in entropy
between the centre and ends of the peptide chain. The
differences in residual entropy are smaller at higher
temperatures, as the mobility of the central residues
increases because of more frequent unfolding events. The
use of only four atoms in the central residue for fitting
results in an artificially low entropy for the central resi-
due. In this case, even at the highest temperature, there is
a pronounced entropy difference between the center and
the ends of the peptide chain.

ENTROPY OF THE BACKBONE AND
SIDE-CHAINS

The atoms of the peptide were split into two groups: one
consisting of all (46) backbone atoms, the other consisting
of all (18) side-chain atoms. For both subsets, the entropy
was calculated using all configurations in each saved
trajectory. The peptide configurations were fitted on top of
each other using a least-squares fit for all atoms. Entropy
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Fig. 6. Entropy per residue per atom for 298 K (+), 340 K (), 350 K
(X), and 360 K (@). The entropy has been normalized using the number of
atoms in each residue. Different sets of atoms are used in the translational/
rotational least-squares fit aimed at removal of overall translational and
rotational contributions to the entropy. Top, all atoms. Middle, all back-
bone atoms. Bottom, four atoms of the central residue.

was calculated using the full covariance matrix, thus
including all correlations within the particular (sub)set of
atoms (backbone or side-chains), and neglecting all correla-
tions by using only the diagonal elements of the covariance
matrix. Table I shows the results of the calculation of the
entropy of the entire peptide, S,;; of the backbone atoms,
S,p; and of the side-chain atoms, S,.. Superscript
indicates an entropy calculation in which all correlations
were neglected. Because the backbone and side-chain
subgroups of atoms have different numbers of atoms, the
entropy values were normalized through division by the
number of atoms. The normalized values are given in
parentheses in Table I.

Comparing the total peptide entropy S,;; with the value
S, obtained by neglecting all correlations, the importance
of motional correlations becomes clear: inclusion of correla-
tions reduces the entropy by about a factor of 2 at the four
temperatures.

Comparing the entropy of the side-chains, the backbone,
and the entire peptide, the backbone contributes more
entropy than do the side-chains. However, per atom, the
side-chains contain more entropy than the backbone. This
larger share of the entropy in the side-chains can be
attributed to the side-chains greater flexibility. Unfortu-
nately, artifacts from the least-squares fit cannot be

TABLE 1. Configurational Entropy of the Entire 3-
Heptapeptide (S,,), Its Backbone (S,,;)), and Side-Chains
(S,.) After a Structural Least-Squares Fit Using All Atoms’

T San (J K Tmol ™) Sar (J K tmol™ 1)
298 K 2051 (32) 4381 (69)
340 K 2825 (44) 5774 (90)
350 K 2776 (43) 5864 (92)
360 K 2987 (47) 5881 (92)

T Spp T K Tmol™) Sip K Tmol ™)
298 K 1359 (30) 2912 (63)
340K 1923 (42) 3934 (86)
350 K 1882 (41) 3993 (87)
360 K 2020 (44) 3977 (87)

T See T K T mol ™) Sz (JK Tmol™ 1)
298 K 1041 (58) 1469 (82)
340K 1370 (76) 1840 (102)
350 K 1358 (75) 1872 (104)
360 K 1437 (80) 1904 (106)

"Entropy was calculated using the complete covariance matrix (no
superscript) and using only the diagonal elements (superscript —). The
entropy per atom is given in parentheses.

TABLE II. Distribution of Entropy Between Backbone and
Side-Chains, and Correlation Between Backbone
and Side-Chains’

T(K)
298 340 350 360

Decrease in entropy due to correlation
b = Sge T Sp —

San K T mol ™) 349(5) 469(7) 464(7) 470(7)
Percentage of the correlation
AS o/ San (%) 177 177 177 16(16)
Percentage of the entropy in the backbone
Sw Sa 850 ) 4708 49300 48(29) 49(30)
Sbb + Ssc Sall v
Percentage of the entropy in the side-chains
Ssc Sal - ASZC)/rI;b
(%) 36(5) 35(54) 35(54) 35(54)

Sbb + Ssc Sall

TASerr is the decrease in entropy because of correlation between the
side-chains and the backbone. The percentage of the correlation on the
configurational entropy S,; and the percentage of entropy contributed
by the side-chains and the backbone are given. Values calculated on a
per-atom basis are given in parentheses.

neglected: if the backbone moves, the side-chains will also
be moved, and this motion will not be removed by the
least-squares fit. Nevertheless, at 298 K, the least-squares
fit has been shown to be good,® and the entropy per atom in
the side-chains at 298 K is roughly 50% higher than in the
backbone.

Table II shows the distribution of the entropy between
the backbone and the side-chains, and the correlation
between backbone and side-chains. Again, it is clear that
the side-chains contribute relatively more to the entropy
per atom than does the backbone. The distribution is only
slightly dependent on the temperature: the ratio between
entropy in the side-chains to entropy in the backbone is
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Fig. 7. Decrease in the entropy due to the correlation between the side-chains and the backbone. Entropies of the side-chains, backbone, and the
entire molecule were all calculated after a translational and rotational least-squares fit on all atoms. The curves show the difference between the sum of
the backbone and side-chain entropies and the entropy of the entire peptide using all atoms (and including all correlations between the atoms) [eq. (1)].

slightly higher at 298 K than at the higher temperatures.
As unfolding events become more frequent, the backbone
motion is increased relative to that of the side-chains;
therefore, the backbone contributes more to the entropy.

Correlation Between Backbone and Side-Chains

The motion of the side-chains and the backbone is,
naturally, correlated. In calculating the configurational
entropy S_;; of the peptide, the correlations between all
atoms of the peptide are taken into account. In the
calculations of S}, and S, only the correlations inside the
particular subgroup of atoms (backbone, side-chains) are
taken into account. Therefore, the correlation between the
side chain and the backbone atoms can be calculated as

(D

Table II shows the values for AS$s, for all four tempera-
tures. A jump in the correlation between 298 K and 340 K
mirrors a sudden increase in the configurational entropy
S.n as unfolding sets in. The absolute increase in correla-
tion is misleading because the percentage of the correla-
tion ASLE, on the configurational entropy (Table II,
second line) shows no significant change with increasing
temperature. The correlation between backbone and side-

ASgg}rgb = Ssc + Sbb - Sall

chain motion is rather insensitive to the temperature. This
is not so surprising for a small peptide with a helical
secondary structure, which positions the side-chains on
the peptide surface.

AS:h is shown as a function of simulation time in
Figure 7. The correlation between the backbone and the
side-chains shows large fluctuations in the beginning but
quickly reaches a constant level. Especially at 298 K, the
curve shows distinct dips at 35, 70, and 175 ns, time points
at which major unfolding events take place (Fig. 2). When
the peptide explores new conformations, the correlation
between backbone and side-chains decreases. The correla-
tion builds up again very quickly when the peptide stays in
the new conformation.

Cooperative Motion Within the Backbone
and Within the Side-Chains

Correlation does not occur only between the side-chains
and the backbone of the peptide but within the side-chains
and within the backbone as well. The entropy of the
subsets (side-chain atoms, backbone atoms) was not only
calculated using the full covariance matrix (S,,, S,.), but
also using only the diagonal elements of the covariance
matrix (Sy,,, S..). The difference between these two values



H. SCHAFERET AL.

TABLE III. Effect of Correlation Within Subsets of Atoms'

T (K)
298 340 350 360

Correlation within backbone

ASET™ = Spp — Sy K Tmol 1) 1553 (34) 2010 (44) 2111 (46) 1957 (43)
Correlation within side chains

AS©T = S — S (JK 'mol ) 428 (24) 470 (26) 513 (29) 467 (26)
Difference in correlation

AASET . = ASE™ — AS®T (JK 'mol ) 1125 (10) 1541 (18) 1597 (17) 1490 (17)
Percentage of correlation within the backbone

ASE™/S,, (%) 114 105 112 97
Percentage of correlation within the backbone (w.r.t. Sy;)

o 1Spp, (%) 53 51 53 49

Percentage of correlation within side-chains

ASE™S_ (%) 41 34 38 32
Percentage of correlation within side-chains (w.r.t. Sg)

ASZTIS,. (%) 29 26 27 25

TAS<™ is the decrease in the entropy because of correlation within and between all side-chains, AS{™ is the
entropy decrease because of correlation inside the backbone. Values in parentheses are normalized through
division by the number of atoms. AASZ is the difference between the correlation within the backbone and
side-chains. The correlation is also given in percentage with respect to the configurational entropy S, _ .., and
with respect to the uncorrelated configurational entropy (superscript —).

TABLE IV. Peptide Entropy of Folded Configurations (Atom-Positional RMSD for
Residues 2-6 From NMR Model Structure < 0.1 nm) S; ;4 and of Unfolded Configurations
(RMSD > 0.15nm) S, c1a’

T (XK)
298 340 350 360

Entropy of folded configurations

Sa T K Tmol 1) 1810 1976 1995 2048
Entropy of unfolded configurations

St @ K 1 mol ™) 2337 2854 2763 2921
Enthalpy of folded configurations

H;yq (& mol ™) -500 —473 —467 —463
Enthalpy of unfolded configurations

H, t1qa &I mol 1) —429 —386 —411 -371
Difference in entropy

ASg, = Spia — Sunta @K 1mol™h) —527 —878 —768 —873
Difference in enthalpy

AH;, = Hgyy — Hpp0q &&J mol ™) =71 —-87 —56 -92
Free energy of folding

AGy, = AHg, — TASg (kJmol 1) 86 212 213 222
Free energy from cluster analysis

AGE (kJ mol ™) -74 16 13 3.3
Free energy from counting

AGE%° (kJ mol 1) -81 19 1.7 35

"Together with the peptide enthalpy of the folded/unfolded configurations Hy,o/H 14 the values Sy 4 and

S

unfol

4 are used to estimate a peptide free energy of folding AGy,. AGE, is the free energy of folding

calculated from the cluster analysis of trajectory conformations, while AG;2"° is calculated by counting
folded versus unfolded conformations. The latter two values include peptide—solvent enthalpies and
correlations and solvent enthalpies and correlations, whereas AGy, only contains peptide contributions to

enthalpy and entropy.
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TABLE V. Contributions From Backbone and Side-Chains to the Change in Configurational
Entropy upon Folding”

T K)

298

340 350 360

Entropy of the backbone in folded
configurations

Sb (JK ' mol Y 1126 (24)

Entropy of the backbone in
unfolded configurations

SE8ia (K T mol 1) 1520 (33)

Entropy in the side-chains in
folded configurations

S, (JK 1 mol ) 931 (52)

Entropy in the side-chains in
unfolded configurations

S5 ia Kt mol ™) 1179 (66)

Entropy change upon folding in
backbone
ASE> (J K 'mol ™) -394 (-9)
Entropy change upon folding in
side-chains

ASE (JK ' mol 1) —247 (—14)

1239 (27) 1247 (27) 1286 (28)

1897 (41) 1831 (40) 1942 (42)

999 (55) 1015 (56) 1033 (57)

1385 (77) 1352 (75) 1402 (78)

—657(—14) —584 (—13) —657 (—14)

—386 (—21) —337(-19) —369 (—20)

Values per atom are given in parentheses.

ASST =S5 — S @)

is the decrease in entropy because of correlation between
the atoms of set xx [backbone (bb) or side-chains (sc)].

The entropy of the backbone and of the side-chains,
including (S,,) or excluding (S_,) correlations, is shown in
Table I. The change in entropy because of correlations
within the backbone (ASE)™) or within the side-chains
(ASZ™) are shown in Table III. Values normalized through
division by the number of atoms are given in parentheses.
The decrease in entropy due to correlation in the backbone
ASEY™ is consistently larger than in the side-chains AS$™.
This is indicative of a more correlated motion of the
backbone even at higher temperatures where unfolded
configurations dominate. This is hardly surprising, as the
backbone is, by definition, connected by bonds, whereas
the side-chains are not directly connected to each other.
Table III also gives the relative decrease in entropy with
respect to the configurational entropies S,,, and S,,. With
increasing temperature the importance of correlations
decreases within the backbone, as well as within the
side-chains. Yet there is a greater decrease in the back-
bone, most likely because of the onset of unfolding.

FOLDING

In the previous sections, the configurational entropy of
the peptide was calculated using all configurations, irre-
spective of their conformation. As stated before, the B-hep-
tapeptide is showing reversible folding, and an RMSD
criterion was used to categorize conformations as folded or
unfolded.!® The same RMSD criterion has been used here,
i.e., an atom-positional RMSD with respect to the NMR

model structure of <0.1 nm counts as folded, >0.15 nm as
unfolded. We note that the absolute numbers computed for
the change in entropy, enthalpy, and free energy (from the
previous two quantities and from counting of configura-
tions) upon folding are dependent on the precise RMSD
criteria used for the definition of the folded and unfolded
states, but the conclusions drawn on the relative weights
of entropy and enthalpy and on the comparison with the
free energies from counting of configurations are not
sensitive to these criteria.

Entropy Change Upon Folding

Using only folded configurations in the entropy calcula-
tion yields the configurational entropy of the folded state,
the unfolded configurations yield the entropy of the un-
folded state. Table IV gives the entropy of the folded and
unfolded configurations (S, 4 and S, c1q, respectively) for
all four temperatures. The change in entropy upon folding
AS¢, = Sgia — Sunfola 1s also given. The loss in configura-
tional entropy upon folding of the peptide is substantial
and is higher at the high temperatures. As already men-
tioned, the computed entropies exclude contributions from
translation and rotation. This means, for example, that
the contribution to ASg, from the change in rotational
entropy upon folding arising from the (possibly) different
moments of inertia of the folded and unfolded conforma-
tions has been neglected.

The entropy calculation can again be performed on the
two subsets of atoms constituting the backbone and the
side-chains. The contribution of the backbone and side-
chains to the change in configurational entropy upon
folding is given in Table V. In absolute terms the change in
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entropy in the backbone ASEP is clearly dominating. Nor-
malized through division by the number of atoms (num-
bers within parentheses) the side-chains show a greater
loss in entropy upon folding. Even though the peptide is
very short, the folded helical conformation seems to re-
strict the mobility of the side-chains significantly.

Free Energy of Folding

The thermodynamic quantity that ultimately deter-
mines the folding of the B-heptapeptide is the free energy
of folding AGy,. Daura et al.'*'® estimated AGy, by calcu-
lating the ratio of folded to unfolded configurations by
simple counting. Their results (AG:2""°) are summarised in
Table IV. Another route to the free energy uses the

thermodynamic relation

AG = AH — TAS (3)

where AH is the change in enthalpy. The enthalpy change
upon folding AH,, was obtained by averaging only intramo-
lecular interactions of the peptide separately for the folded
and the unfolded configurations. Because our entropy
calculations were restricted to the configurational entro-
pies of the peptide, and solvent entropy as well as peptide—

solvent correlations were neglected, the enthalpies were
calculated accordingly. The enthalpies of the folded and
unfolded configurations Hy, 4 and H ¢4, TeSPectively, are
shown in Table IV. In general, the gain in intramolecular
interaction energy upon folding increases with increasing
temperature.

The free energies of folding AGy, according to eq. (3) are
also given in Table IV. The values range from 86 kJ mol !
at 298 K up to 222 kJ mol * at 360 K. The large positive
values for the free energy of folding would indicate that the
folded state is highly improbable. Therefore, the B-hep-
tapeptide would be unfolded at all four temperatures. This
is obviously not true and implies that the role of the
solvent is vital in the folding process.?' AGy, captures only
the solute (peptide) part of the free energy; the solvent
contribution is completely ignored. Thus, it represents the
gain in free energy of the peptide upon folding, not of the
peptide and its solvent environment. The peptide loses
entropy upon folding (ASy, is negative), which is insuffi-
ciently offset by a lowering of the enthalpy upon folding.
This results in the positive free energy change. The solvent
must therefore compensate the entropy loss of the peptide
upon folding. Direct interactions between the solvent and
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peptide cannot explain the difference. At 340 K, the
potential energies of the interaction between the solvent
and the peptide are virtually identical in the folded and
unfolded configurations. Therefore, it is apparent that to
compensate for the entropy loss of the peptide upon
folding, there must be either an increase in entropy in the
solvent, a loss in peptide—solvent correlations, or an in-
crease in solvent—solvent interactions.

EXPLORATION OF PHASE SPACE

Ultimately the entropy of a system depends on the entire
phase space. The stepwise increase in the configurational
entropy was correlated to unfolding events (see Configura-
tional Entropy of the B-Heptapeptide, above). The entropy
shows some convergence as unfolding events become more
frequent, yet a reliable confirmation of convergence cannot
be given. Daura et al.'® clustered the trajectories accord-
ing to a RMSD criterion (atom-positional RMSD for the
backbone atoms of residues 2—6 < 0.1 nm). By plotting the
number of clusters explored up to time ¢, an attempt was
made to obtain a rough idea about the amount of phase
space sampled. The number of clusters containing one or
more members at time ¢ is compared with the configura-
tional entropy at time ¢ in Figure 8.

While at 298 K the number of clusters follows the
stepwise increase in entropy very closely, at higher tem-
peratures the number of clusters is consistently increas-
ing, while the entropy levels off. The number of sampled
clusters contains no information about their relative weight
and the entropy sometimes decreases while the number of
clusters increases. The probability of finding a new cluster
with high relative weight decreases with increasing simu-
lation time, and so it decreases the amount of configura-
tional information contained in these new clusters.

CONCLUSIONS

The calculation of configurational entropies of small
peptides is now feasible with the availability of trajectories
of dozens of nanoseconds. Using Schlitter’s formula,®
problems concerning the mass-metric tensor can be avoided.
The use of a least-squares fit to remove overall rotation of
the peptide introduces some ambiguity that needs to be
considered.®

The configurational entropy of the peptide generally
shows the expected behavior as a function of temperature.
The stepwise increase in the entropy as a function of time
could be correlated with unfolding events of the peptide.
Analyzing the entropy per residue shows an entropy
difference between the centre and the ends of the peptide
chain, which decreases with temperature. In the unfolded
state, only a small difference between the residues re-
mains because of the increased flexibility of the chain
ends.

Comparing the entropy of the backbone with that of the
side-chains, the latter contribute less entropy in absolute
terms, but more per atom. The B-heptapeptide differs from
proteins in that it contains fewer side-chain atoms than
backbone atoms. In proteins the ratio is reversed. Normal-
izing the entropy through division by the number of atoms,

the side-chains contribute more entropy than the back-
bone does. Upon unfolding, the backbone contribution
increases.

The correlation between the backbone and the side-
chains decreases the entropy by around 17%. This percent-
age stays rather constant with simulation time and is
rather insensitive to the temperature.

The difference in configurational entropy of the peptide
between the folded and unfolded configurations is large.
This results in a large free energy of folding for the peptide.
The route to the free energy of folding via the configura-
tional entropy of the peptide captures only the peptide part
and ignores the change in the entropy and enthalpy of the
solvent and the change in peptide—solvent correlation.
This underlines the important role of the solvent in
peptide folding. Using the GROMOS96 force field, the
folding of the B-heptapeptide seems to be driven predomi-
nantly by entropy changes.

Entropy calculations clearly have an important role to
play in understanding the underlying forces that drive
peptide and protein folding. This study shows that consid-
eration of the configurational entropy of the peptide alone
is insufficient and that entropy calculations including
solvent degrees of freedom are called for. In future work we
will examine the influence of different solvents, different
stable folds, and different chemical structure of non-
natural peptides.
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APPENDIX: ABSOLUTE ENTROPY IN TERMS OF
THE COVARIANCE MATRIX OF ATOM-
POSITIONAL FLUCTUATIONS

The formula for the entropy introduced by J. Schlitter®
is based on the approximation that each degree of freedom
can be represented by a quantum-mechanical harmonic
oscillator. The frequency o of each of these harmonic
oscillators is determined by its classical variance (x%),
through the equipartition theorem:

moXx?), = kT

(A1)

where m is the mass of the degree of freedom, kg is
Boltzmann’s constant, T is the temperature and (...)
indicated ensemble or trajectory averaging. Schlitter then
proposes the following heuristic formula for the entropy of
1 degree of freedom:

kpTe?
BﬁZ <x2>c:|

1
SSShO<S’E§kBln[1+ (A2)

where e is Euler’s number and % is Planck’s constant
divided by 2.

The quantity S’ as defined in eq. (A2) has a number of
desired properties®:

1. It is an upper bound to the entropy S, of a quantum
harmonic oscillator, and to the exact entropy.

2. The entropy S’ approaches zero when the temperature
goes to zero, which is the correct quantum-mechanical
limit.

3. The entropy S’ is proportional to In T for T' approaching
infinity, which is the correct classical-mechanical limit.

4. Formula (A2) is easily generalizable to many degrees of
freedom:

B

L kpTe?
S<8S =§kgln det 1+TMO' (A3)

in which M is the mass matrix, which holds the
masses belonging to the degrees of freedom on the
diagonal and has zero off-diagonal elements, and o is
the covariance matrix of atom-positional fluctuations

o = ((x; = (X)) (o = (x))) (A4)

The cartesian coordinates of the atoms are denoted by

X1 ... Xgn-

5. Schlitter’s entropy formula has no singularity if the
matrix o is singular.

For a more detailed rationalization and test of formula
(A3), we refer to refs. 5, 6.
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