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Entropy of Different Residues on Protein Folding
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ABSTRACT The average contribution of confor-
mational entropy for individual amino acid residues
towards the free energy of protein folding is not well
understood. We have developed empirical scales for
the loss of the main-chain (torsion angles, ¢ and ¥)
conformational entropy by taking its side-chain into
account. The analysis shows that the main-chain
component of the total conformational entropy loss
for a residue is significant and reflects intrinsic
characteristics associated with individual residues.
The values have direct correlation with the hydro-
phobicity values and this has important bearing on
the folding process. Proteins 1999;36:332-339.
© 1999 Wiley-Liss, Inc.
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INTRODUCTION

When a protein folds into a compact globule, the resi-
dues lose degrees of freedom as lesser number of conforma-
tions can be accessed by the main- and the side-chain—
this reduction in conformational entropy opposes the folding
process.t? On the other hand, water molecules released
from contact with nonpolar side-chains (that get buried in
the folded state) gain in entropy. These are the source of
the hydrophobic effect, which is a major driving force for
folding.®4 However, as most globular proteins are only
marginally stable (the free energy for a folding-unfolding
reaction is around 5-20 kcal/mol)® it appears that the
conformational entropy is the prime deterrent to folding.®
While the calculation/measurement of the free energy
associated with hydrophobicity has received wide atten-
tion, Cornette et al.” reporting a comparison of 38 different
scales, the quantification of the conformational entropy
changes has been rare and usually computation-inten-
sive.18-13 Some recent work in this area have determined
scales for the conformational entropy change of side-
chains during protein folding.'*'° The backbone gets
neglected in such studies, presumably with the assump-
tion that the restriction on the conformation of the main-
chain on folding is the same for all residues, and hence its
inclusion will result in the addition of a constant term to
all the entropy values such that the relative scale remains
the same. D'Aquino et al.?2° have recently shown experimen-
tally that this assumption is not valid and that the
presence of the methyl group in alanine reduces the
conformational entropy of the peptide backbone by 2.5
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cal/K.mol with respect to that of glycine. They further
substantiated their result by computing the energy profile
of the backbone conformations as a function of the main-
chain dihedral angles, ¢ and . However, as discussed
below, the ¢,s angles can be influenced by the conforma-
tion of the side-chain of individual residues, and this needs
to be taken into account while calculating the conforma-
tional entropy of the main-chain. Here we report such a
calculation to show that the main-chain of each residue
makes a distinct contribution towards the loss of conforma-
tional entropy on folding, and that the values are related to
hydrophobicity.

Influence of the Side-Chain

That each amino acid residue leaves its imprint on the
protein structure on the basis of the chemical nature of its
side-chain, is undisputed. However, at a more subtle level
the side-chain can also influence the main-chain conforma-
tion of the residue,?! and the assumption that the ¢,
space is independent of the residue type while calculating
the relative entropy values?® is not justified. Because of the
interdependence between the main-chain and the side-
chain torsion angles,?-23 a residue is represented not by a
single ¢, distribution, but by distributions at three
discreet values of x; (—60, 180 and 60°, which are desig-
nated as g*, t and g~ conformational states, respectively),
or better yet, one should consider the distribution in the
three-dimensional space (¢b,¥,x1). Additionally, instead of
considering the influence of the side-chain up to the vy
position only (x;-torsion), the effect of the whole side-chain
can also be taken into account by calculating the &,
distribution for all the rotameric states of the side-chain.
All these methods to incorporate the effect of the side-
chain while calculating the main-chain conformational
entropy have been implemented by us.

Folded and Unfolded States

If one attempts to calculate the change in conforma-
tional entropy in bringing a particular residue to the
folded state, the unique conformation of the residue re-
quires its entropy in the folded state to be set to zero.'> On
the other hand, instead of dealing with a residue in specific
location in a protein structure, if we are interested in the
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average value for all residues of the same type then we
have to consider the distribution of the conformational
angles of the amino acid residue both in the folded and the
unfolded states. For example, Creamer and Rose,'* while
investigating the difference in conformational entropy
between a series of apolar side-chains in the unfolded state
and in the a-helical state, obtained these two distributions
using Monte Carlo calculations. Although the rotational
states that are being sampled by the main-chain in the
folded state are directly available from the statistical
analysis of known structures, the information on the
unfolded state is not directly available. As a result, scales
of main-chain entropy changes during folding have been
proposed relative to the value for Gly (considering &,
distributions in native states only).824 Below we propose a
procedure to fill in the lacuna on the unfolded state.

We have recently shown?! that amino acid residues
(barring Gly, Ala and Pro) can be classified into five classes
depending on how the ¢, distribution of individual resi-
dues get affected by a change of the side-chain torsion
angle x;. These are: Class I: Ser, Cys, Met, Glu, GIn, Lys
and Arg; II: Leu; I11: Asp and Asn; IV: His, Phe, Tyr and
Trp; and V: Val, lle and Thr. The classification is also
chemically intuitive. Residues in a given class have similar
topological arrangements at least up to the vy-position,
beyond which the side-chain atoms do not significantly
interact with the main-chain atoms, and are non-invasive
as regard to the ¢, distribution.?* For example, Class |
has linear side-chains (up to y-position), whereas Class V
has aliphatic chains branched at Cg. As steric clash is the
limiting factor that affects the ¢, angles in the unfolded
state, one can safely assume that the ranges of the ¢,
angles that all residues in a given class span in the
unfolded state are identical. Because of the additional
short range interactions (like hydrogen bonding) that are
brought into play in the folded state (for example, due to
the presence of different atoms, as in Val and Thr), the
distribution of angles within this allowed &, space (in the
unfolded state) becomes different for different residues in a
class. Conversely then, the combined distribution of the
&, (and x;) values for all the members in a class can be
taken as the representation of the distribution in the
unfolded state for any member of the class. This translates
to the assumption that in the unfolded state a residue
cannot assume a (¢b,0,x;) value not accessible to any
member of the class in the native state, and that the
distribution is random. Further justification for this as-
sumption is provided by the energy calculations given in
the next section.

Theory

The change in the conformational entropy, AS, for a
main-chain taken from the unfolded state (U) to the folded
(F) state is given by:

AS = S(F) — S(U).
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Fig. 1. Distribution of points corresponding to all lle residues in the
three-dimensional space. For one cluster the standard deviations (magni-
fied four times) of the distribution of points are shown, which are the
ellipsoidal axes used for the calculation of volume in Method 1.

In one of the earliest studies Némethy et al.8 estimated the
restrictions on folding of either the main-chain or the
side-chain using:

AS =

accessible conformational space unfolded
-RIn - - - (@)
accessible conformational space folded

Although they used the area spanned by the torsion angles
&, ¢ to determine the main-chain entropy changes during
folding, we have used the equation by considering the
volume occupied by different residues in the (b5, x1) space.
Depending on the distribution of points, the 3-dimensional
space is divided into a number of regions, such that each
region encompasses a cluster of points (Fig. 1). For a given
residue the mean and the standard deviation (o) of the ¢,y
and x; values in a cluster are calculated.?! The product of
the three o values gives the volume of an ellipsoid that
provides an estimate of the dispersion of points in the
cluster. The summation of these ellipsoidal volumes over
all the regions give the conformational space available to
the residue in the folded state. The same procedure
repeated using the combined distribution of points for all
the members in a class gives the value for the unfolded
state of a member residue.

In a second method, we have directly used the distribu-
tion of points based on the definition of entropy?® as the
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Boltzmann sampling over all accessible states,

N
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where p; is the probability of the main-chain in state i
(where each state is represented by a grid of fixed size in
the (b,0,x1) space (Fig. 1), the sum being performed over
all the grid points (N) in the range of 360° along the three
axes); R is the gas constant. As earlier, S(U) is obtained
from the combined distribution of all the residues belong-
ing to a class.

As Leu is the only member of the class, the above
procedure of combining the &,,x; distributions of the
constituent class members to generate the unfolded state
fails. Moreover, two residues (Gly and Ala) are left out in
the above procedure (besides Pro, for which the main-
chain ¢ and the side-chain torsion angles are restricted
because of the pyrrolidine ring, and is not considered
here). As a result, there is a need for an independent
method to simulate the unfolded state for all the residues,
and for this we have taken recourse to energy calculation
in the ¢, space.

The conformational features of the unfolded state can
also be obtained from the fact that when unfolded, the
conformation of a residue is influenced only by short-range
interactions which are adequately quantified through force-
field calculations. The ¢,y map obtained by Ramachan-
dran and coworkers?8 is based on the simple assumption
that the torsion angles that lead to steric clash are not
permissible. This assumption is equally applicable both for
the native and the denatured state, so that short range
steric clash makes a portion of the whole map inaccessible
even in the denatured state. Because of various secondary
and tertiary interactions, residues in the native state are
not spread all over the allowed region in the ¢, map, but
occupy only a part of it. However, in the denatured state
the main-chain torsion angles can be expected to span the
whole space within the bounds of steep energy gradient.
Consequently, we have calculated the ¢,0 energy maps for
all the different combinations of the side-chain torsion
angles (rotamers) of a given residue (X) in a tripeptide,
Ala-X-Ala. For a given map, starting from the minimum
energy value, contours are drawn at a fixed increment of
energy and the area of the map enclosed by each contour
level is calculated and compared with the area in the
previous level. This process is repeated until a steep
energy gradient is reached and no significant increase in
area is observed. This area can then be taken as the
maximum area that is accessible to the residue for the
rotameric state under consideration. The area accessible
in the folded state is obtained from the distribution of
crystallographic data points for the residue in the same
rotameric state (Fig. 2). Equation (1) then gives the AS
value for the main-chain of the rotamer, and the average
AS value can be obtained by considering all the rotamers.
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Fig. 2. Boundary obtained by energy calculation (Method 3, for the
unfolded state) shown superimposed on the distribution of points corre-
sponding to lle in the rotameric state g*t.
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METHODS

Two hundred ninety-four X-ray crystallographic protein
coordinate files taken from Brookhaven Protein Data
Bank (PDB),27 1998 version, having resolution =2.0 A and
R-factor =0.2 were selected conforming to <25% sequence
homology criterion.?® For proteins having more than one
subunit, only those subunits were taken as prescribed in
the list available at http://www.sander.embl-heidelberg.de.
Torsion angles of the main-chain (¢ and ) and side-chain (x)
were calculated using the program DIHDRL provided by PDB.
Small screening factors, discussed below, depending on the
density/number of data points in a region/grid, were applied to
get consistent entropy values in different methods.

Method 1

It was found that for all the residues there were a
maximum of twelve distinct regions in the (),0,x1) space
where the points are clustered. The dispersion of the
points in each region can be approximated by the standard
deviation associated with the mean of each variable within
the region (Fig. 1). The regions are defined?! by the
combination of the following ranges of ¢, and x1:

(%) U(°) x1(°)
—180,0 —120,60 —240,-120 (t)
60,240 —120,0 (g+)
0,120 (g—)
0,180 —90,90 —240,-120 (t)
90,270 —120,0 (g+)
0,120 (g-)
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The product of standard deviations for each variable in a
given range gave the volume dispersion of that cluster. The
sum of all the clusters gave the total accessible volume for
the residue in the 3-dimensional space. The dispersion
volume for all the residues individually (except Ala, Gly
and Pro) and combining them into classes (for the unfolded
state) were obtained and the entropy values calculated
using equation (1).

While combining the occupied regions in the (b,0,x1)
space of different residues to get the value for a class it was
assumed that in the unfolded state these regions were
randomly populated. As such, even though the distribution
of points in the individual 10° X 10° X 10° grids within the
occupied regions of a given residue may vary, only one
point was retained per occupied grid per residue while
getting the distribution (and subsequent calculation of the
standard deviations) for the class in the unfolded state.

If a region was sparsely populated (containing <1% of
the total data points), it was not considered; this cut-off
was found to be necessary as each region gets equal weight
in this calculation and a region with a very negligible
number of widely dispersed points lead to a spuriously
large volume contribution. As an example, for the aromatic
residues in Class 1V, only 7 out of 12 regions contributed to
the volume calculation for the class, as well as the indi-
vidual residues.

Method 2

Torsion angles &, x; of all residues were plotted in a
3-dimensional Cartesian axes having ranges 0 through
360°. The fraction of the number of points (N;) in a 10° X
10° X 10° grid to the total number (N;) of points of a
residue gave the probability p; for the evaluation of
entropy in the folded state using equation (2). The choice of
a 10° grid size has been found to be suitable in an earlier
study.?* As discussed under Method 1, the condition that
the whole occupied region is randomly accessible to a given
residue in the denatured state was imposed by assuming
all occupied grids to have just one point. This modified
distribution was then combined to get the distribution for
the class for the calculation of entropy in the denatured
state.

Method 3

The nonbonded-energy calculations over the whole ¢,
range were performed for the sequence Ala-X-Ala (the
peptide terminals being capped by protons), X being any
residue, using the CVFF2° forcefield as implemented in the
program DISCOVER_3 (Biosym/MSI, San Diego, CA).
Acidic and basic residues were considered with appropri-
ate charges. Calculations were carried out by restraining
the side-chain at discreet values of x; (and beyond); all the
rotameric states were considered. As x; can have slightly
different values at different regions of the ¢,y map,?* we
found out the average of all the x torsion angles of a
residue when the main-chain conformation is in one of the
4 regions given above; however, if the mean value could not
evaluated because of the paucity of data, the torsion angle

was placed at the canonical value of =60 or 180°. Next, the
energy values within the individual regions were com-
puted (at 5° intervals) by fixing the side-chain at these
average values, and the total map was constructed.

Starting with the minimum energy (E;,) value in a map,
contours were drawn at 5 kcal/mol intervals (this value is
approximately 1/10th the value of the standard deviation
of the average of all E,, values), and areas enclosed (as the
percentage of the total map-area) were found out. If a
given increment increased the area by less than 10% of the
map area then the area at that step was accepted as the
accessible area for the rotamer in the denatured state (Fig.
2). For Cys, Ser and Thr, this area was found to be
profoundly affected by the orientation of the -SH or -OH
proton in the side-chain. As there is no way of ascertaining
the position of the proton from crystallographic method,
we have used six idealized orientations (given by the
torsion angle, C,-C;3-0O/S,-H, with values 0, =60, =120 and
180°) for each value of x; and the average value of the
areas was accepted.

For the folded state of a residue, the ¢, values for each
rotamer were plotted and the map was divided into
squares 10° on a side. If a grid contained more than 0.25%
of the data points it was assumed to be occupied (for Gly,
however, as the points are distributed in all the four
guadrants of the map, a threshold value of 0.1% was used)
and the total number of such grids gave the accessible
area. (On average, about 96% data points are enclosed in
this area). If the population of a rotamer is less than 0.5%
of the total number (78,662) of residues in our database,
the size of the grid was increased to 20° and the threshold
value for occupancy was changed to 1%.

The change in the conformational entropy for each
rotamer of a residue was then calculated using equation
(1), and the weighted AS value,

>N, AS,
A

AS = —(———
2N,
-
was found out; N, is the number of data points for the

rotamer that defined the accessible area; the summation is
over all rotamers.

RESULTS AND DISCUSSION

Scales of the Main-Chain Conformational
Entropy Values

Tables | and Il provide the values for the average loss of
main-chain conformational entropy, obtained by three
different methods. As different considerations have gone
into the calculation of each set of values the concurrence
between them is remarkable (Table I11). While the side-
chain torsion, x4, is directly used in Methods 1 and 2, the
effect of the whole side-chain is taken into account, albeit
indirectly, in Method 3. Also, the agreement between Set 3
and the other two sets suggests that the unfolded state
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TABLE I. Conformational Entropy Values Using Methods 1 and 2

Residue Set 1 Set 2 Entropy TAS (kcal/mol at 300 K)
Name 9% of total population?  Volume® occupied Entropy (AS/R) Absolute (S/R) Relative (AS/R) Set 1 Set 2
a) Class | 4.13 7.94
Cys 1.42 1.99 -0.73 6.23 -1.72 -0.43 -1.02
Ser 6.13 2.66 -0.44 6.84 -1.10 -0.26 —0.66
Met 1.97 2.10 —0.68 5.98 —1.97 —-0.41 -1.17
Glu 5.72 2.43 —-0.53 6.41 -1.53 -0.32 -0.91
GIn 3.67 217 -0.64 6.26 —1.68 —-0.30 —1.00
Lys 5.83 2.33 -0.57 6.62 -1.32 -0.34 -0.79
Arg 4.36 2.28 -0.59 6.49 —1.45 -0.35 —0.86
b) Class Il 2.50 7.72
Leue 8.10 0.97 —0.95 6.24 —1.48 -0.57 —-0.88
c) Class Il 4.89 7.68
Asp 6.18 2.74 —-0.58 6.62 —1.06 —-0.35 —-0.63
Asn 4.79 3.04 -0.47 6.80 —0.88 -0.28 -0.52
d) Class IV 2.71 7.41
His 2.26 222 -0.20 6.47 —0.95 -0.12 -0.57
Phe 4.10 1.62 -051 6.36 —1.05 —0.30 —-0.63
Tyr 3.81 1.69 -0.47 6.45 —0.96 -0.28 -0.57
Trp 1.60 1.59 -0.53 6.09 -1.33 -0.32 -0.79
e) ClassV 3.09 7.46
Val 7.02 1.47 -0.74 5.81 —1.65 -0.44 -0.98
lle 5.43 1.00 -1.13 5.60 —-1.86 —0.67 -1.11
Thr 5.96 2.04 -041 6.32 -1.14 -0.24 —0.68

aThe values for Gly, Ala and Pro are 8.23, 8.67 and 4.75, respectively.
bGiven by X oy, * o, * 0,1 , Wwhere os (in deg) are the standard deviations of different clusters in the (¢, I, x1) space, the summation being over all the
clusters, as given in Methods. The individual values are divided by that of lle which has the smallest volume (not considering Leu, for reasons

given below).

As Leu is the only member of class 11, its unfolded state has been simulated by putting it along with all other members of class | and excluding the
g~ conformation from the calculation. This is because as the branching in the side-chain is at the y-position the y1-dependence of the ¢, { map of
Leu resembles that of the unbranched residues of class I, except that its side-chain is hardly found in the g~ conformation.2*

TABLE I1. Conformational Entropy Values (Set 3) Using Method 3

No. of Most populous rotamer TAS
possible 9% of total % of the (¢, ) map occupied Entropy (kcal/mol at 300 K)
Residue rotamers Name population Observed Calculated (AS/R) Calculated Scaled?
Gly 17.90 57.93 -1.17 -0.70 -1.41
Ala 5.63 19.19 —-1.23 —0.73 —145
Cys 3 gt 57 7.87 14.63 —-0.69 -0.41 -1.03
Ser 3 g 47 6.10 17.61 —0.95 —0.57 —-1.24
Met 27 g gtg* 16 6.17 14.93 -0.76 —-0.45 -1.08
Glu 27 grtg* 18 7.64 13.46 -0.72 -0.43 -1.05
GIn 27 g*tg~ 14 4.94 14.24 —0.86 -0.51 -1.16
Lys 81 grtet 18 5.56 10.8 -0.57 -0.34 -0.93
Arg 81 grttt 11 8.02 11.25 -0.59 -0.35 —0.95
Leu 9 gt 56 6.10 13.45 —-0.80 —-0.48 -1.12
Asp 9 grg* 43 5.79 10.19 —-0.67 —-0.40 —-1.01
Asn 9 gtg* 33 6.64 12.81 —0.63 —-0.38 -0.99
His 9 gt 28 7.48 9.39 -0.17 -0.10 -0.61
Phe 6 gtgt- 42 8.02 13.37 —0.58 -0.35 -0.95
Tyr 6 grgt- 42 7.33 13.29 -0.61 —0.36 —0.96
Trp 9 g'g- 34 5.40 13.39 -0.67 —-0.40 -1.01
Val 3 g+ 73 4.48 11.57 -0.87 —0.52 -1.17
lle 9 g't 58 3.78 9.41 -0.78 —0.46 -1.09
Thr 3 g- 47 6.48 13.62 -0.84 -0.50 -1.15

aScaled to the values of Set 2, using the equation y = 1.33x — 0.48, obtained by regression analysis between Set 2 (y) and Set 3 (x) (after removing

Ser, Cys and Thr, as given in Table I11).



LOSS OF MAIN-CHAIN CONFORMATIONAL ENTROPY 337

TABLE IlI. Correlation
Coefficients Between the
Three Sets of Conformational
Entropy Values

Set 2 Set 3
Set 1 0.73 0.49 (0.73)
Set 2 0.44 (0.66)

Values in brackets are obtained when
Ser, Thr and Cys are omitted from
calculations.

obtained from the energy calculation is similar to the one
derived from the combined distribution of a class of
residues, thereby lending a justification, based on energet-
ics, for the earlier classification?! of amino acid residues.

Ser, Thr and Cys have maximum discrepancies in the
Set 3 values compared to the other sets. This is because the
results of the energy calculation for these residues are
highly sensitive to the location of the terminal proton of
the side-chain. The calculated area can change by as much
as 100% depending on the conformation (that defines the
position of the proton) selected (see Methods). In the
ensuing discussion we use the Set 2 values (along with
those of Gly and Ala from Set 3 scaled to Set 2) as these
values are obtained directly from the observed distribu-
tion.

Although not used in the discussion, our aim for employ-
ing Method 1 was to see if a simple volume calculation
using three ¢ values can give result comparable to other
methods. One may argue that this ellipsoid enclosing the
distribution of &,,x; points is aligned with the three axis,
whereas a more sophisticated method would be to calcu-
late intertial tensor of the points and then use the deduced
principal axes of an enclosing nonaligned ellipsoid for the
volume calculation. As can be seen, AS values calculated
by Method 1 are reasonable, and besides the volumes given
in Table I, are also correlated with other parameters like
the B-sheet propensities of residues (manuscript under
preparation). This method has the added advantage that
one may also include the influence of other side-chain
torsion angles, say x, by considering a hypervolume consist-
ing of ¢, x; and xo.

Substitution of Gly by Ala

Gly and Ala are bypassed in all work dealing with the
side-chain conformational entropy. But even without any
side-chain torsion angle they do have large and compa-
rable negative AS values, which has important connota-
tion for protein engineering experiments aimed at enhanc-
ing protein thermostability. Matthews et al.3° have proposed
that substitutions which decrease the chain entropy of the
unfolded state might shift the equilibrium to the folded
state, provided there are no enthalpic penalties for these
changes in the folded state. It was assumed that Gly
residues would lose the maximum conformational entropy
upon folding and its substitution, even by a slightly larger
residue like Ala, would be stabilizing, as indeed was the
case in many instances.2030-37 However, inasmuch as AS

for Gly and Ala are nearly the same, the degree to which
the conformational flexibility of the main-chain is reduced
due to a change from a Gly to an Ala residue is similar both
in the denatured and the folded states. Consequently, our
data do not support the hypothesis that the higher protein
stability arising out of such mutations is due to entropic
effect; rather the enthalpic contribution involving the
methyl group may also be important.

This result needs to be put in proper perspective. Our
method of finding out the maximum area that is accessible
to a residue in the unfolded state is similar to Ramachan-
dran’s method of delineating the contact map,?® i.e., the
region devoid of any steric clash. Gly residues in known
structures, however, cover only a limited portion of this
allowed region as can be seen in the diagrams of Ra-
makrishnan and Srinivasan.3® Even for Ala, the points are
not distributed for the whole allowed region and indeed
Stites and Pranata?* have commented that of all residues
(except Gly and Pro), Ala is the most ordered. Our result
quantifies the reduction in the area over which the ¢,
points in the known structures are distributed as com-
pared to the total allowed region, and the values obtained
for Gly and Ala are nearly identical. The relative AS values
enumerated here provide guidelines for the judicious
substitutions that would decrease the conformational en-
tropy of unfolding and may thereby stabilize the native
structure.

Main-Chain Conformational Entropy,
Hydrophobicity and Protein Folding

Inasmuch as the contribution of the side-chain torsion x;
is taken into account in our calculation, the entropy values
reported here should approximate the value for the whole
residue if it does not have any torsion angle beyond x;.
Moreover, it is the main-chain that determines the protein
fold, and it is highly plausible that at the initial stages of
folding, the main-chain atoms and the close side-chain
atoms (x; torsion) get restrained, leaving the side-chain
atoms further off to retain their full flexibility characteris-
tic of the unfolded state. As such, even for the longer
residues (with x, and beyond) the estimated entropy
values should correspond closely to the loss in the confor-
mational entropy for the whole residue as these are folding
to make the protein core. Additionally, side-chains of
residues on protein surface are highly mobile (so much so
that the distribution of their side-chain conformations may
be what one expects in the unfolded state'®) and for these
residues, our AS values would be the major component of
the overall value.

In order to analyse if the entropy values reflect the
residue hydrophobicities, we have compared the —TAS
values with a few hydrophobicity scales (Table 1V). Values
are in good agreement with the scales due to Kyte-
Doolittle and Wolfenden (Fig. 3). Some workers have
considered hydrophobicity and side-chain entropy to be
distinct entities.’® However, as there is a substantial
correlation between the main-chain conformation entropy
and hydrophobicity it can be surmised that both get a
major contribution from a common factor. In case of
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TABLE 1V. Correlation Coefficients Between
Conformational Entropy Values (—AS) and Some
Representative Hydrophobicity Data

Set2 +
Hydrophobicity scale of Set1 Set 2 Gly + Ala?
Fauchere and Pliska® 0.44 (0.53) 0.32(0.60) 0.20(0.30)
Kyte and Doolittle* 0.65(0.78) 0.47(0.77) 0.46 (0.63)
Miller et al.#? 0.38(0.59) 0.30(0.77) 0.32(0.59)
Ponnuswamy et al.*3 0.55(0.63) 0.52(0.79) 0.36(0.46)
Wolfenden et al.* 0.55(0.77) 0.37(0.75) 0.51(0.80)
Values obtained on exclusion of Arg, Lys, Glu and GIn are given in

parentheses.
aValues for Gly and Ala are from Set 3 scaled to Set 2 (last column of
Table I1).

hydrophobicity it is water, and it is likely that water also
contributes to AS values, albeit in an indirect manner.
Hydrophobicity is determined by the chemical nature of
the side-chain and its surface area, which in turn also
control the (¢,0,x;1) values that a particular residue can
adopt, and thus the main-chain entropy.

Residues that show large deviations from the fitted lines
in Figure 3 are Arg, Lys, Glu and GIn. Interestingly,
however, these are the very residues for which the hydro-
phobicity values derived by various methods also show
wide variations.?® These residues have large components
of both polar and nonpolar atoms which may contribute
differently depending on the systems used to generate the
hydrophobicity scales, whereas in our calculations, itis the
nearby nonpolar part that is likely to affect the main-chain
conformation and thereby the resultant entropy values.

It is remarkable that the hydrophobic residues (Fig. 3),
and Gly and Ala (Table I1) show the maximum reduction of
the main-chain conformational entropy on folding, unlike
the earlier studies concerned only with the side-chain
entropies which showed, as expected, that the entropy
values depend on the length of the side-chain. As these
constitute a major proportion of amino-acid residues in a
protein (Table 1), AS values will have a pronounced influ-
ence in the folding process. In the hydrophobic collapse
model,® it is the hydrophobic residues which initiate the
folding process, but our study indicates that the main-
chain of these same residues get the maximum resistance,
owing to conformational entropy to take up the native
form. This may be beneficial for a productive folding
process as it means that specific non-covalent interactions
(like hydrogen bonding) must start to be formed at this
stage to overcome the entropic cost. Without the counter-
ing influence from AS the hydrophobic residues might
aggregate, leading to non-native like forms. Seen from this
angle the term “hydrophobic collapse” may be a too severe
term, as it does not adequately convey the opposition of the
main-chain entropy of the hydrophobic residues.

CONCLUDING REMARKS

In summary, any attempt to elucidate thermodynamic
parameters neglecting the main-chain on account of its
invariance within the naturally occurring amino acid
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Fig. 3. Plot of the loss of main-chain conformational entropy (—TAS
values, Set 2 + Gly + Ala, explained in Table IV footnote) against the
hydrophobicity values (both in kcal/mol) due to (a) Kyte and Doolittle, and
(b) Wolfenden. The least-squares lines [(a) y = 10.30x —7.64; (b)
y = 15.93x —16.35] are obtained by excluding Gly, Ala, Arg, Lys, Glu and
GIn from the regression analysis; the corresponding correlation coeffi-
cients are provided in Table 1V, third column.

residues may not be correct; although chemically equiva-
lent, the backbones from different residues have varying
degree of conformational restrictions imposed by the side-
chain. The main hindrance for the calculation of the loss in
the main-chain conformational entropy has been the lack
of any concrete data on the possible conformations in the
denatured state. We have overcome this by energy calcula-
tions, and by combining the distribution of residues that
show similar y;-dependence of the ¢,{s plot.2* Hydrophobic
residues, and Gly and Ala have larger entropy values with
important implications for the folding process. The derived
entropy values can be used for protein stabilization by
rational amino acid replacements based on the concept of
entropic stabilization.30
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