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The loss of conformational entropy of protein side-chains is
a major effect in the energetics of folding. The simplest
approach is to enumerate the number of freely rotatable
bonds. Recently, two scales of side-chain conformational
entropy have been proposed based on the definition of entropy
as the Boltzmann sampling over all accessible states (S =
—RIplnp; where p; is the probability of being in a
rotameric state). In one scale, derived only for aliphatic and
aromatic side-chains, the values of p; were obtained from
Monte Carlo simulations. In the other scale, the observed
frequencies of different rotameric states in a database of
protein crystal structures yielded an estimate for p;. Here an
empirical estimation of the fusion entropy of the side-chains
is used to derive a third scale. The fusion entropy is obtained
as a sum of empirically derived contributions from component
hydrocarbon: and functional groups. There is a good
agreement between the fusion scale and the other two scales.
This suggests that the magnitude of conformational entropy
is being correctly established.
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Introduction

The reduction in the number of accessible main-chain and side-
chain conformations when a protein folds into a compact globule
yields an unfavourable entropic effect (Karplus and Kushick,
1981; Brady and Karplus, 1985; Dill, 1990; Pickett and
Sternberg, 1993). This reduction in conformational entropy
counters the hydrophobic effect (Kauzmann, 1959) favouring the
folded state and in part explains the marginal stability of most
globular proteins (Privalov and Gill, 1988). The conformational
entropy of side-chains was considered by Leach et al. (1966) to
explain the a-helix forming tendencies of Ile and Leu. Finkelstein
and Ptitsyn (1977) included the entropic effect of different side-
chains to evaluate the tendencies of residues to form different
secondary structures. Shakhnovich and Finkelstein (1989)
suggested that protein folding will be an ‘all-or-none’ transition,
as protein €xpansion must achieve a certain threshold to permit
the entropic benefit of freeing the rotations of buried side-chains.
There are numerous scales of residue hydrophobicity (e.g.
Fauchere and Pliska, 1983; Eisenberg and McLachlan, 1986;
Sharp et al., 1991a,b), with 38 different scales being reported
and compared by Cornette et al. (1987). In contrast, attempts
1o quantify conformational entropy changes were based either
on the number of rotatable bonds (Némethy eral., 1966;
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Finkelstein and Janin, 1989; Novotny et al., 1989) or require
time-consuming calculations (e.g. Karplus and Kushick, 1981;
Di Nola er al., 1984; Brady and Karplus, 1985; Meirovitch er al.,
1992).

Recently, Creamer and Rose (1992) and Pickett and Sternberg
(1993) introduced scales for the conformational entropy change
of side-chains (AS.) during protein folding. Both scales are
based on the definition of entropy S as the Boltzmann sampling
of states:

S=-R X plnp,

where p; is the probability of the side-chain being in state i. In
the scale of Pickett and Sternberg (1993), a buried side-chain
in the folded protein was taken as occupying one conformational
state. An estimate of p; for the accessible states for the side-
chain in the unfolded protein was obtained from the observed
distribution of side-chain rotamers in 50 non-homologous protein
crystal structures. This approach directly yielded AS, for 13
side-chains. Special considerations were given to rotations about
bonds that yielded an identical arrangement of atoms (e.g. a x2
rotation of 180° for Phe), to restriction of free rotation of terminal
amide and carboxyl groups and to the restriction of the rotation
of hydroxyl groups if they form hydrogen bonds when buried.
(Hydrogen bond formation could be evaluated from the
coordinates of the protein or more generally be based on the
extent of burial of the side-chain.) The resultant scale gave
changes in free energy per residue due to restriction of side-chain
conformational entropy that ranged from 0 to +2.1 kcal/mol at
300 K. Creamer and Rose (1992) estimated conformational
entropy from a Monte Carlo simulation to evaluate p; for the
rotamer library. Values for Ala, Val, Ile, Leu, Met, Phe, Tyr
and Trp were obtained in the extended and the o-helical
conformations. Their values for these side-chains in the extended
conformation agreed with the scale of Pickett and Sternberg
(1993). Here we show that an alternative empirical approach
based on the entropy of fusion of small organic compounds
(Chickos et al., 1990, 1991) yields comparable values for the
conformational entropy of protein side-chains.

Materials and methods

In the approach of Chickos et al. (1990, 1991), the entropy of
fusion of a molecule is estimated from a sum of the contributions
of component groups. These contributions depend on the
structural environment of the group (see below) and were derived
empirically from experimental fusion entropies of 649 organic
compounds. This group additivity approach for the estimation
of fusion entropies has been developed to evaluate the total phase
change entropy occurring from 0 K to the melting point. Since
only the sum of the major discontinuities in the heat capacity curve
is evaluated by this approach, motions that are characterized by
small activation energies and are likely to be active in the solid
(and in the buried portions of the protein) are not evaluated. For
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Table 1. Groups, group values and coefficients used in estimating fusion entropies of side-chains

Functional group Group value Group coefficients
Gy (&)

Acyclic hydrocarbon groups

Primary sp> carbon atom 4.38 (Al) 1 (A2)

Secondary sp’ carbon atom 2.25 (B1) 1 (B2)

Tertiary sp3 carbon atom —3.87 (V1) 0.69 (V2)

Aromatic groups

Tertiary spgr::)arbon 1.54 (DI) 1 (D2)

Quaternary sp? carbon adjacent to an sp> carbon —2.47 (E1) 1 (E2)

Peripheral quaternary sp? carbon adjacent to an sp? carbon -1.02 (F1) 1 (F2)

Ring equation for » atoms in cyclic group

AS = 8.41 (W1) + 1.025[n — 3] (H1)

Cyclic groups
Cyclic tertiary sp? carbon -1.04 (I1) 0.62 (12)
Cyclic quaternary sp? carbon -2.8 J1) 0.86 (J2)
Functional group Group value Group coefficients (Cy)

(Gp)

(of G G;? Cy

Type 1
Carboxylic acid 3.56 (K1) 1 1.83 (K2) 1.88 (K3) 1.72 (K4)
Alcohols 0.27 (L1) 1 12.6 L2) 18.9 L3) 26.4 (L4)
Phenol 3.96 M1 1 1.0 M2) 1.0 M3) 1.0 M4)
Primary amide 6.26 (N1) 1 1.0 (N2) NA (N3) NA (N4)
Primary aliphatic amine 3.88 oD 1 1.82 (02) NA (03) NA (04)
Thiol 43 (P1) 1 1.0 (P2) NA (P3) NA (P4)
Acyclic type II
Secondary amides -0.1 Q1) 1 1.0 Q2) NA Q3) NA (Q4)
Secondary amines -0.52 (R1) 1 1.0 (R2) NA (R3) NA (R4)
Sulphide 1.72 (SH 1 NA (S2) 0.36 (S3) NA (S4)
Cyclic type O
Cyclic secondary amine 0.44 (T1) 1 NA (T2) NA (T3) NA (T4)
Cyclic sp? nitrogen 0.4 (ul) 1 1.0 (U2) NA (U3) NA (U4)

The terms primary, secondary, tertiary and quaternary are defined by the number of hydrogen atoms attached to the carbon, 3, 2, 1 and 0, respectively. Data
abstracted from Chickos et al. (1991). The terms in brackets (e.g. A1) are a device to explain the calculations reported in Table II. NA indicates that a value

is not available.
2A value of 1 was used when the value of C3 is unavailable but required.

most compounds the total phase change entropy is equivalent to
the fusion entropy.

At the melting temperature, the two phases are in equilibrium
s0 AHy,, = TASy,. The enthalpy term is dominated by the loss
of favourable packing that occurred in the solid state. The entropic
effects are mainly due to the freeing up of both rigid-body motion
and internal rotations on melting. Thus the entropy of fusion
(ASg,s) provides an estimate of the entropy change due to these
motions. The rigid-body term includes components due to
translational and rotational entropy, both of which increase
logarithmically with the molecular mass and moments of inertia
(Benson, 1976). Thus, for a series of organic molecules of similar
mass, the differences in ASg, provide an estimation of entropic
effects other than those due to rigid-body motion.

The organic solid state will be taken as a model for the interior
of the folded protein in which atomic motion of side-chains is
constrained to within a single rotameric conformation. Indeed,
measurements of packing density with protein crystal structure
are comparable to that of small organic molecules (Richards,
1974). Similarly, the non-rigid-body motions in the liquid state
will model the unfolded protein in which side-chains are sampling
allowed rotamers. In this model the rotation of hydrogen atoms
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must be considered. It is assumed that in the folded protein as
well as in the denatured molecule there is free rotation of methyl
groups and of other hydrogen atoms, apart from the restriction
of hydroxyl groups that form hydrogen bonds when buried. The
estimate of fusion entropy does not include contributions from
effects such as the freeing up of methyl rotations that are
characterized by small activation energies. Thus the relative
values of the entropies of fusion of model compounds representing
side-chains could provide a measure of the conformational
entropy effects during protein folding. A similar model for the
entropy of fusion of linear hydrocarbons has been used by
Nicholls er al. (1991) to estimate the conformational entropy per
rotational bond of the aliphatic side-chains.

The application of the group additivity scheme to evaluate
fusion entropies of peptides depends on the structure and
complexity of the amino acid residue. Equation (1) can be used
for amino acids containing acyclic and aromatic components.
Those amino acid residues containing non-aromatic cyclic
components can be evaluated using equation (2).

Acyclic and aromatic molecules
ASqu = Z‘niGj = anCJGJ + %nkaGk
i j

(1)



Cyclic molecules
AS, =[8.41+1.025(n -3+ Ln G +1n,C,G, (2
. - 7

+2n,CiG,
k

where & = )i."k 3

The quantity 7 in these equations refers to the number of identical
groups and in the case of cyclic molecules to the number of
methylene groups necessary to simulate the size of the ring. The
subscripts i, j and k, respectively, identify the hydrocarbon
components, the carbons bearing the functional group and the
functional groups, where a functional group is any non-
hydrocarbon component. The terms C and G refer to group
coefficients and group values, respectively. These terms are
provided in Table I, which contains a summary of the groups
used in estimating the amino acid residues in proteins (see also
Figure 1). Group values for functional groups in Pro and Arg
are not presently available and these side-chains are not
considered here. In addition, the estimation of conformational
entropy for Gly would include the different contribution due to
main-chain effects and, although the value is reported, it is not
considered in detail below.

In modelling the fusion entropies of multifunctional
compounds, it was found empirically that the group values used
in evaluating the contribution of some functional groups were
not strictly additive, but often depended on the total number of
functional groups in the molecule under consideration. This fact
is reflected by the magnitudes of some group coefficients, C;
and Cy in Table 1. Ideally the indices K determined by equation
(3) and used in the symbols Cx should be determined based on
the total number of functional groups in the molecule. Some of
these Cg values change markedly as the number of groups
increases. We have found, from work on polymers (work in
progress), that C; and C, values are suitable for estimating
fusion entropies of macromolecules and thus the C, values
represent suitable maximum values. The calculation for ring
compounds is shown empirically to apply to the modelling of
fusion of low molecular weight organic compounds (typically n
< 8). This calculation is not intended to apply to modelling the
effect of disulphide linkages in protein chains. In modelling the
entropy change of each side-chain (R) in going from a
conformationally mobile to a rigid state, the total number of
functional groups in each peptide has some effect on the
magnitude of the entropy change estimated. Group coefficients
for some functional groups in highly substituted amino acids are
not presently available. We have chosen (see Table II) to calculate
the contribution of each amino acid residue to the protein
backbone as the contribution of a disubstituted secondary amide
linkage (Q1 X Q2) and a trisubstituted methine carbon (V1 XV2),
as illustrated in bold face for an R side-chain:

R

|
~NH-CH-CONH ~

Each peptide in the protein contributes one amide linkage to the
protein. Group values and group coefficients for side-chains were
chosen on the basis of structure and substitution, respectively.
Entropy changes for pure hydrocarbon side-chains (Gly, Ala,
Val, Ile, Leu, Phe) are estimated as disubstituted molecules and
other side-chains as trisubstituted. The value of Cx would be

Protein side-chain conformational entropy
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Fig. 1. Chemical structure of groups used to estimate fusion entropy (see
Table 1). Curved bonds represent bonding contributions to a ring.

chosen as appropriate for each C, and C;, respectively. Values
of Cx for some functional groups in environments containing
multiple substitutions are not available (e.g. N3, P3, Q3, T3,
U3). Group coefficients for these cases were chosen selecting
the most highly substituted group coefficient available. In most
cases the group coefficients were not very sensitive to successive
substitutions (functional groups Q, P, N, U; Table I). Only in
one case (functional group T) and in two peptides (His, Trp) is
the sensitivity of the functional group to successive substitutions
unknown.

The groups contributing to each amino acid residue are shown
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Table II. Calculation of side-chain conformational entropy

Peptide unit Calculation of AS AS of peptide  TAS_ g, TAS, ..o TAS, gim Nbond'
related to of peptide® (e.u.)® (kcal/mol)© (kcal/mol)? (kcal/mol)®
Ala (QI*Q2+VI1*V2+Al) 1.61 0.00 0.00 0.0 0
Asn (Q1*Q2+VI1*V2+B1)+NI1*N3 5.74 ~1.24 -1.57 - 2
Asp (QI*Q2+V1*V2+B1)+KI1*K3 6.17 -1.37 —-1.25 - 2
Cys (Q1*Q2+VI*V2+B1)+P1*P3 3.78 —0.65 -0.55 - 1
Gin (Q1*Q2+VI1*V2+B1)+B1+NI1*N3 7.99 -1.91 -2.11 - 3
Glu (Q1*Q2+V1*V2+BI1)+B1+KI1*K3 8.42 -2.04 —-1.81 — 3
Gly (Q1*Q2+Bl) 2.15 (=0.16) (0.0) - 0
His (QI*Q2+V1*V2+B1)+ W1l +2*H1

+2*¥1*2 +J1*J2+ T1*T3+U1*U3 7.08 —1.64 -0.96 - 2
lle (Q1*Q2+VI1*V2+B1)+2*A1+ V1 4.37 -0.83 -0.89 -0.74 2
Leu (QI*Q2+VI*V2+Bl1)+2*A1+VI 4.37 -0.83 -0.78 -0.54 2
Lys (Q1*Q2+V1*V2+B1)+3*B1+01*03 13.29 -3.50 -1.94 - 4
Met (Q1*Q2+V2*V1+B1)+Al1+B1+SI1*S3  6.73 -1.54 -1.61 —1.54 3
Phe (Q1*Q2+VI1*V2+B1)+5*D1 +EI 4.71 -0.93 -0.58 -1.27 2
Ser (QI*Q2+VI1*V2+B1)+L1*L3 4.58 -0.89 -1.71 - 1
Thr (QI*Q2+VI1*V2+A1)+VI*¥V2+L1*L3 4.04 -0.73 —-1.63 - 1
Trp (Q1*Q2+VI1*V2+B1)+4*D1 + W1

+2*H1 +11*124+2*J1 +J1*J2 + T1*T3 7.89 —1.88 -0.97 -1.22 2
Tyr (QI*Q2+VI*V2+Bl1)+4*D1 +E1 +F1

+MI1*M3 6.11 -1.35 —-0.98 -1.73 2
Val (Q1*Q2+VI*V2+VI+Al)+Al+VI 2.12 ~0.15 -0.51 -0.44 1

aTerms used in Table I for calculation. Coefficients with a value of 1.00 are not shown.

®Calculated entropy of fusion in entropy units (e.u.) in units of cal/mol K.

€TAS, y, calculated from column 2 relative to Ala at 7 = 300 K (i.e. from fusion data).

4TAS, ., from Pickett and Sternberg (1993) based on the rotamer library.
*TAS. m from the Monte Carlo simulations of Creamer and Rose (1992).

N bond is number of side-chain rotatable bonds leading to altered positions for heavy atoms, from Pickett and Sternberg (1993).

Table III. Comparisons of entropy scales

Scales Residues Regression equation Correlation Paired differences
(mean + SD)
fus/rot not GPR TAS qs = 0.95 TAS,,,, — 0.15 0.69 (5%) —0.096 = 0.596
fus’rot not GPRK TAS  q = 0.71 TAS,..o, — 0.34 0.68 (5%) -0.004 = 0.476
fus + OH/rot not GPR TAS 4, = 1.13 TAS.,,, — 0.10 0.81 (1%) —0.246 = 0.493
fus/sim AVILMFYW TAS s = 091 TAS , — 0.09 0.84 (1%) -0.004 + 0.353
rot/sim AVILMFYW TAS o = 0.60 TAS ., — 0.23 0.77 5%) —-0.145 = 0.382
fus:rot AVILMFYW TAS, ¢, = 1.13 TAS ., — 0.05 0.81 5%) —-0.148 = 0.388
fus:N'bond not GPR TAS, ;s = 0.76 Nbond + 0.21 0.89 (1%)
rot/Nbond not GPR TAS. ., = 0.41 Nbond — 0.36 0.67 (5%)
fus/Nbond AVILMFYW TAS, s = 0.59 Nbond + 0.10 0.81 (5%)
ro/Nbond AVILMFYW TAS, ., = 0.49 Nbond + 0.06 0.93 (1%)
sim/Nbond AVILMFYW TAS,.qim = 0.54 Nbond + 0.01 0.80 (5%)

Fus, rot and sim denote the fusion, rotamer library (Pickett and Sternberg, 1993) and simulation (Creamer and Rose, 1992) scales. fus + OH denotes the
addition of hydroxyl rotation for Ser, Thr and Tyr. Abond is the number of rotatable bonds from Table I. The linear least squares regression is given,
together with the Pearson correlation coefficient (r) with the significance level of a non-zero slope. The mean =+ standard deviation of the paired differences

of the two scales are given. All values are in kcal/mol.

in the second column of Table II. The results of the calculation
are given in the third column of the table. Since we are interested
in the loss of side-chain conformational entropy, Table II, column
4 gives TAS, changes for each amino acid side-chain relative
to Ala.

Results

Table II contrasts the values for TAS, (T = 300 K) obtained
from the fusion data (denoted AS, ;) with the values from
Pickett and Sternberg (1993), derived from the rotamer library
(AS o), and from Creamer and Rose (1993), based on Monte
Carlo simulations (AS_,). Two approaches are used to
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quantify the agreement between the scales. First, the linear least-
squares regression with the Pearson correlation coefficient
(Altman, 1991) are reported. This quantifies the extent to which
two scales are associated, but does not quantify the agreement.
Thus a second measure is introduced that considers the paired
differences between the two scales and reports the mean =+
standard deviation. The comparisons between the scales are
summarized in Table III.

Figure 2A shows that the fusion and rotamer-library scales are
in broad agreement. At 7 = 300 K the two scales are related
by the equation:

TAS, s = 0.95 TAS, . —0.15
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Fig. 2. (A) Values for side-chains of TAS_;, (i.e. fusion values) plotted against TAS,,, (i.e. rotamer-library values) at T = 300 K. (B) AG,, for residue

burial from Miller er al. (1987) plotted against ¢
The equation of the line is AG,, = 0.40($

correlation of 0.90.

The correlation coefficient for the regression is r = 0.69, which
is significant at the 1% level. The mean + standard deviation
of the paired differences is —0.096 + 0.696 kcal/mol. Thus,
on average, the scales agree closely, but there is some variation
in the agreement for the individual observations.

The largest difference in the two scales is for Lys (TAS. g
= —3.50 kcal/mol and TAS,,, = —1.94 kcal/mol). Without
this side-chain, the mean =+ standard deviation of the differences
is —0.004 + 0.476, i.e. the standard deviation is reduced
markedly. The correlation coefficient is almost unaltered (r =
0.68). The fusion approach may have overestimated the number
of allowed side-chain rotamers for Lys, by not considering steric
restrictions due to main-chain/side-chain interactions.
Alternatively, the rotamer-library approach may have inaccurately
estimated p; for the Lys rotamer library, possibly due to
experimental errors in crystal structures. At present one cannot
distinguish which value for Lys is more accurate.

There are also differences in the values of TAS, for Ser and
Thr. Pickett and Sternberg (1993) introduced an additional term
of —RIn6 (= —1.07 kcal/mol at 300 K) to the values of AS,
of these side-chains to estimate the effects of the restriction of
hydroxyl rotation due to hydrogen bonding. It is possible that
the change in entropy on melting did not fully include the effect
of freeing up hydroxyl rotation, as in both the liquid and the solid
states these hydroxyls form hydrogen bonds. Then, an additional
term of —RIn6 should be introduced to the values of TAS_ g,
for Ser and Thr, leading to a better agreement of the scales.
However, an addition term of —RIn2 (= 0.41 kcal/mol) was also
added to include the hydroxyl rotation of Tyr, and if this term
were added to TAS,. g then the agreement for Tyr would be
poorer. With these hydroxyl corrections, the correlation between
the scales improves (r = 0.81), although the agreement becomes
poorer, with the mean + standard deviation of the differences
being —0.25 + 0.49 kcal/mol.

Other outliers in the correlation are for His and Trp. Both
peptides contain unknown sensitivity to successive substitutions
in the group additivity scheme, so the calculated fusion entropies
may be less accurate than for other side-chains. Further analysis
of organic compounds with the relevant functional groups would
help in the evaluation of more accurate estimates of the fusion
entropies for these two side-chains.

Creamer and Rose (1992) estimated AS, for Ala, Val, lle,
Leu, Met, Phe, Tyr and Trp from a Monte Carlo simulation of

obs — TAS. g, [hydrophobicity scale of Fauchére and Pliska (1983), minus fusion entropy times at 300 K].
obs — TAS8c.s) — 0.13 with a correlation of 0.95. (C) AG,, plotted against . — TAS_ 5, [corrected
hydrophobicity scale of Sharp et al. (1991a,b) minus fusion entropy times at 300 K]. The equation of the line is AG,, = 0.32($. — TAS,

) + 0.493 with a

c-fu:

the rotamer population (see Table II). For these side-chains the
correlation (r) between AS, g, and AS_ i, is 0.84, with the mean
+ standard deviation of the paired differences being 0.00 +
0.35 kcal/mol. For these side-chains the corresponding values
for AS. ¢ and AS_,, are r = 0.81 and the mean =+ standard
deviation of paired differences is —0.15 + 0.39 kcal/mol. The
slightly closer agreement of the fusion values with the Creamer
and Rose (1992) scale results mainly from the value for Trp.
For these side-chains the correlation coefficient between AS_ 4
and AS_ . is 0.81.

Table III also compares these three scales with the simpler
approach based on the number of side-chain bonds about which
rotation leads to different heavy atom positions (see Pickett and
Sternberg, 1993, Table 5). For the 17 residues in Table II, the
correlation coefficients of the number of rotatable bonds with
fusion and rotamer scales are 0.89 and 0.67. The lower
correlation for the rotamer scale results in part from the treatment
of the additional terms for free rotations of hydroxyl, amide and
carboxyl groups. For the eight residues considered by Creamer
and Rose (1993), the correlation coefficients of the number of
rotatable bonds with fusion, rotamer and simulation scales are
0.81, 0.93 and 0.80. Thus, although all three scales of entropy
are related to the number of rotatable bonds, they also include
other terms that should provide a more accurate description of
the effect.

Pickett and Sternberg (1993) suggested that one should include
terms for both hydrophobicity and conformational entropy to
explain the tendency of residue types to be buried. Two scales
for the hydrophobicity were considered—the experimental values
(P of Fauchere and Pliska (1983) and these values corrected
(®.) for the different volumes of solute and solvent (Sharp
et al., 1991a,b). The observed frequencies of residue burial were
quantified by the free energy transfer scale (AG,) of Miller
et al. (1987), derived from analysis of protein crystal structures.
Figure 2B and C shows the agreement between AG,, and two
hydrophobicity scales modified by TAS..qs for all residues
except Arg, Gly and Pro. [Note that Pickett and Sternberg (1993),
excluded Lys and Pro, following Miller er al. (1987).]

Formally, the correlation coefficients of AG,, with ® alone,
with &, — TAS,_, and with &, — TAS_ 4, are 0.878, 0.908
and 0.954. The significance of the improvements in correlation
coefficients can be estimated by the approach suggested by Neill
and Dunn (1975). &, — TAS 4 is significantly more highly
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correlated with AG,, than &, (significance level P = 0.025).
$ps — TAS, . 1s not significantly more highly correlated with
AGy, than @, (P = 0.32). $,,s — TAS, g is not significantly
more highly correlated with AG,, than &4, — TAS,., but it
is almost so (P = 0.08). The correlation coefficients of AG,,
with & alone, with . — TAS_ . and with &, — TAS_ 4, are
0.737, 0.811 and 0.900. &, — TAS,_ g is significantly more highly
correlated with AG,, than . (P = 0.00006). &, — TAS_ . is
also significantly more highly correlated with AG,, than &,
(P = 0.038). &, — TAS, 4 is significantly more highly correlated
with AG,, than . — TAS_ (P = 0.002).

In interpreting these results, one must consider that the AG,,
values are only a guide to the tendency of a residue to be buried
in a protein, for example, relying on a cut-off for the definition
of burial. The general conclusion is that including a scale of side-
chain entropy with hydrophobicity tends to lead to a better model
for the tendency of residues to be buried than hydrophobicity
alone. There is also some suggestion that the fusion approach
leads to a better correlation, but this mainly results from the
difference in the value for Lys in the two scales.

Discussion and conclusion

In any application of the entropy scale, it is useful to have an
estimate of the likely errors. The scale based on the rotamer
library provides a direct evaluation from protein structure for
13 side-chains. Sampling errors were shown to introduce at most
an error of +£5% (Pickett and Sternberg, 1993). In addition,
heuristic terms were introduced to model free rotation in seven
side-chains. The largest of these terms was — RlIn6 for Asn, Gln,
Ser and Thr. The actual value could be between —RIn4 and
—RIn8, leading to an error of up to +0.25 kcal/mol. This error
value is shown in Figure 2A. The fusion approach is based on
experimental values of entropy changes. The mean deviation
between predicted and experimental values of ASg,, was +2
cal/mol K (= 0.6 kcal/mol at 300 K) for multisubstituted
compounds in the database. This provides a lower limit on the
probable errors in the values of AS_ 4. However, in the fusion
scale only values relative to Ala rather than absolute magnitudes
are required, and so we suggest an error value of +0.5 kcal/mol
for AS..ns, Which is shown in Figure 2A.

To evaluate the correspondence of the two scales of
conformational entropy, it is instructive to acknowledge the
discrepancies and controversies over the correct values for residue
hydrophobicity. Cornette et al. (1987) reports the correlations
between 45 measures of hydrophobicity derived from 38 scales.
For example, two widely used measures are the scales of Hopp
and Woods (1981) and of Kyte and Doolittle (1982), and although
the range of values is similar, the correlation between them is
0.70, compared to the correlation of 0.69 between the two entropy
scales. More importantly, it has recently been suggested (Sharp
etal., 1991a,b) that the results of experimental transfer
experiments should be corrected for the sizes of the solvent and
solute, leading to nearly a doubling of the hydrophobic effect.
In this paper the correlation between the empirical AG,, values
of Miller er al. (1987) and the calculated combined effects of
hydrophobicity and conformational entropy was explored.
Although correlations of at least 0.9 can be obtained, the slopes
of the graphs in Figure 2B and C are 0.40 and 0.32, which are
far removed from the 1.0 required for agreement. In contrast,
the agreement between the two entropy scales in Figure 2A has
a slope of 0.95.

At present, the agreement of these two scales derived
independently and from quite different considerations provides
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confidence that the values are roughly correct. This strongly
suggests that the change in conformational entropy of buried side-
chains during protein folding results from the reduction in the
rotameric conformational space. Recently, Privalov and
Makhatadze (1993) evaluated the entropy of residue hydration
and using experimental values for the entropy of protein folding
estimated the change in side-chain conformational entropy during
protein folding. Their values are about five times higher for
individual proteins than the values estimated by Pickett and
Sternberg (1993), based on freezing buried side-chains. Indeed,
Privalov and Makhatadze (1993) suggest that the conformational
entropic effect for side-chains is between the values for fusion
and sublimation, whilst in this paper a scale is based solely on
fusion as the model. As information correlating residues and
protein stability accumulates, particularly via site-directed
mutations (e.g. Matsumura er al., 1988; Sandberg and
Terwilliger, 1991; Serrano ez al., 1992), it may be possible to
identify the best scale of entropy to use. More generally, entropic
effects due to restriction of rotation occur in many biological
processes, not just protein folding. This approach, based on fusion
data, could be extended to other modelling areas, such as
investigating the binding of ligands, including drugs, to receptors.
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