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Abstract 

The absolute Gibbs energy, enthalpy and entropy of each of the internal rotations found in protein side chains has been 
calculated. The calculation requires the moments of inertia of the side chains about each bond, the potential energy barrier 
and the symmetry number and gives the maximum possible thermodynamic consequences of restricting side chain motion 
when a protein folds. Hindering side chain internal rotations is unfavourable in terms of Gibbs energy and entropy; it is 
enthalpically favourable at 0 K. At room temperature, it is estimated that the adverse entropy of hindering buried side chain 
internal rotation is only 25% of the absolute entropy. The difference between absolute entropies in the folded and unfolded 
states gives the entropy change for folding. The estimated Gibbs energy change for restricting each residue correlates 
moderately well with the probability of that residue being found on the folded protein surface. rather than in the protein 
interior (where motion is restricted). 

Keyords: Internal rotation; Side chain; Protein stability; Absolute entropy; Protein folding; Conformational entropy 

1. Introduction 

The forces which stabilise a folded protein rela- 
tive to its unfolded state in aqueous solution remain 
poorly understood. These forces will include, at least, 
the hydrophobic effect, hydrogen bonding, van der 
Waals bonding in tightly packed cores and disul- 
phide bond formation. Conformational strain in the 
folded state, and loss of conformational Gibbs en- 
ergy upon folding, are effects which oppose folding. 
In this article, we investigate the thermodynamic 
properties of side chain internal rotations relative to 
a completely immobilised state and discuss possible 
implications for protein stability and structure. Con- 
sideration of side chain internal rotations, by an 
independent method, have recently been used by 

Creamer and Rose [l] to rationalise differences in 
o-helix propensities. Shakhnovich and Finkelstein [2] 
argued that the rate determining step in protein fold- 
ing is finding the correct side chain rotamers. 

Fig. 1 shows the internal rotations present in the 
side chains of the 20 naturally occurring amino acid 
side chains in proteins. Rotation is assumed to be 
possible about each of these bonds in the unfolded 
protein and may be restricted in the folded state by 
close packing and specific side chain-side chain in- 
teractions, such as hydrogen bonding and salt- 
bridges. Side chains that remain exposed to solvent 
on the protein surface may have some mobility 
restricted by secondary structure formation, but will, 
in general, lose less conformational entropy than 
buried side chains. The Gibbs energies. enthalpies 
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Fig. 1. Internal rotations present in the twenty naturally occurring 
side chains. 

and entropies of each of the rotors shown in Fig. 1 
can be calculated from theory. 

2. Materials and methods 

The theory used here was derived in a series of 
papers by Pitzer and co-workers [3-61. A useful 
summary of the theory is given in Ref. [7]. The 
partition function <Q,> for a free rotation (i.e., an 
internal rotation with no energy barrier, where the 
potential energy is invariant with dihedral angle) is 
given by Eq. (1). 

e, = 2.7935 \/(1038g-1cm-2K-‘)~rT 

n (‘1 
where I, is the reduced moment of inertia about the 
bond axis in gem’, T is the absolute temperature 
(here 298 K) and n is the symmetry number of the 
rotation (the number of identical structures per 360” 
rotation). Z, is calculated by measuring the moment 
of inertia of the side chain about the bond axis for 

the atoms attached (directly or indirectly) to the 
terminal end of the side chain only (Fig. 2). The 
assumption of ignoring the remainder of the protein 
on the backbone side of the bond axis can be justi- 
fied by considering the symmetric, coaxial top equa- 
tion Z, = I, ZJ(I, + I?) (where I, and I? are the 
moments of inertia of the two groups on either end 
of the bond), which is approximate for the asymmet- 
ric side chains and is a simplification of the general 
case. If the group on one end of the bond is very 
large (e.g., a polypeptide backbone) and the group 
on the other end is comparatively small (e.g., part of 
one side chain) then I, B I2 and I, = I, IZ/(Z, + I21 
= I,. The more general, exact equation for the re- 
duced moment of inertia [4] can be simplified simi- 
larly. It is therefore not necessary to know the mo- 
ment of inertia of the very large polypeptide back- 
bone: only the moment of inertia of the smaller 
group is needed. This is fortunate as estimating the 
moment of inertia of almost all of an unfolded 
protein about one axis is a formidable problem, 
because of the vast number of conformations that an 
unfolded protein may adopt. Ignoring the larger group 
(I,) is intuitively reasonable as the rate of an internal 
rotation will depend more on the size of the smaller 
group attached to one end of the bond axis rather 
than the larger group. Thus, the rate at which a dog’s 
tail wags depends on the size of the tail, not on the 
size of the dog. 

The Gibbs energy of an internal rotation with no 
potential barrier is -RT In Q,. This is now cor- 
rected to take into account the potential energy bar- 
rier, a procedure that will always make the Gibbs 
energy smaller in magnitude. The correction is a 

,/’ Bond Axis 
,/’ 

,,I’ 

backbone 

Fig. 2. Calculation of reduced moments of inertia, I,, for a two 
atom side chain. 



I33 A.J. Doig/BiophyGcul Chemistq 61 (19%~ I.?/-141 

Table I 

Moments of inertia, potential harriers, Gibbs energies. enthalpies and entropies of side chain internal rotations at 2Y8 K 

Residue and M. Of 1. Barrier Enthalpy Entropy Free Energy Total Free Energy 
bond no. (IO-‘“g.cm’) (kJ.mol-‘) (kJ,mol-‘) (J.K-‘mol-‘I (kJ.mol? (k.l mol ’ ) 
Ser x2 

Ser xl 

cys x2 
cyu XI 
Thr x2 
Thr xl 

Arg x7 

Arg ~6 
Arg x5 
Arg x-1 

Arg x3 

Arg x2 

Arg xl 

Phe x2 

Phe xl 

Tyr x3 

Tyr x.? 

Tyr xl 

Met x3 

Met x2 

Met xl 

Val XI 

Trp ~2 

Trp xl 
His ~2 

Hi\ xl 

lie x2 

Ile XI 

Leu x7 

Leu XI 

Ahn x3 

Asn x2 

Aw x I 
Gln x4 

Gln x3 

Gin XI! 

Gin x I 
Asp x2 
Asp xl 

Glu x3 

Glu x2 

Glu x I 

L)\ x5 

Ly\ x4 

Lys xi 
Lys x2 

Ly\ XI 
Mean 

0.84 4.8 I.1 
32 16.4 2.1 

I .8 6.8 I .4 

98 18.9 2.2 

0.X4 4.7 I.1 
69 20.8 2.1 

I.5 50.0 0.54 

I .s 39.9 0.54 
I IO 49.0 2.0 
120 17.9 2.3 

450 17.6 2.5 

250 25.0 2.3 

1010 18.0 2.5 

YO 13.4 2.5 

720 16.5 2.5 

0.79 15.0 0.6 

92 13.4 2.5 

1200 16.5 2.5 

54 14.5 2.2 

I20 19.5 2.3 

270 18.0 2.4 

72 22.5 2.1 

440 12.0 2.6 
I520 16.8 2.5 

5.5 5.3 2.4 

520 17.3 2.5 

37 21.1 2.6 

I IO 24.4 2.2 

73 22.5 2. I 

I60 22.9 2.3 

I .5 66.2 0.36 

44 x.3 2.3 

200 19.1 2.3 

I .s 66.2 0.36 

41 5.6 2.4 

200 lY.8 2.3 

I70 18.3 2.3 

10 5.5 2.4 

I x0 IX.5 2.3 

JO 2.5 2.0 

190 19.8 2.3 

170 18.2 2.3 

2.7 I I.9 I .3 

39 16.7 2.1 

7s 19.8 2.2 

2 IO 26.0 2.3 

320 18.0 2.4 

204 20.3 2.0 

IS 

24 

I8 

2x 

I5 
26 

2,s 

2.5 
I5 

20 

35 

30 

3X 

2-l 

37 

I’ 

21 

3Y 

27 

28 

33 

26 

37 

10 
32 

35 

23 

27 

26 

“Y 

I.5 

2’) 

30 

I.5 

31 
31 

30 

25 

31 

26 

30 

30 

2s 
27 

30 

33 
26 

-3.0 
-5.1 

- 3.‘) 

-6.1 

~ 3.0 

~ 5.6 

-0.2 

-0.2 
_ 2.5 

- 6.4 

- 7.9 

-6.8 

-x.x 

- 4.6 

- 8.5 
_ 2.9 

- 4.6 

- 9.0 

-5.X 

ph.2 

-7.3 

- 5.6 

- 8.4 

~ 9.4 
-7.1 

- 8. I 

-5.0 

-S.Y 

~5.6 

- 6.4 

- 0. I 

- 6.3 

- 6.9 

-0.1 

-6.X 

-6.X 

-6.7 
- 4.0 

-6.X 

-5.x 

-6.8 

- 6.7 

-0.8 

- 5.3 

-5.8 
- 6.3 

- 7.5 

- 5.6 

px.1 

- 10.0 

-X.6 

-32.x 

- 13.1 

- 16.5 

~ 19.3 

~5.6 

~ 17.8 

- IS.2 

- 10.9 

- 12.0 

~ 13.3 

- 20.4 

-I I.7 

- IS.3 

_ 25.7 

- IS.4 
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-A. Reality 
- - B. Symmetry # = I 

-CSymmeuy#=3 

Angle 

Fig. 3. Curves of potential energy versus dihedral bond angle. 
Curve A shows an hypothetical potential that has three minima, 
though at different energies. Curves B and C show how the theory 
can be used to approximate this potential. Curve B has a symme- 
try number of 1 and curve C has a symmetry number of 3. 

function of the barrier height and partition function 
[7]. This correction factor assumes that the potential 
energy curve is a cosine. The effects of deviations 
from this ideal are discussed below. The entropy of 
an internal rotation is given by Eq. (2). 

S = R(0.5 + In Q,) - (S, - S) (2) 

S = free rotation entropy-barrier correction, where 
R(0.5 + In Q,) is the entropy of the free rotation and 
(S, - S) is the correction to take account of the 
energy barrier [7]. The enthalpy is available from 
Pitzer’s tables as a function of the partition function 
and the barrier. For a free internal rotation with no 
barrier, the results simplify to H = OSRT and S = 
R(0.5 + In Q,). 

As mentioned above, the theory assumes that the 
potential energy curve is a cosine. The theory can 
deal with deviations from an exact cosine potential 
in two ways. Fig. 3 shows an observed potential 
energy curve (A) with an approximate, but not exact 
three-fold symmetry. The theory can approximate 
this curve in one of two ways. Either a cosine curve 
is used that has a symmetry number of 1 (curve B in 
Fig. 3) or a symmetry number of 3 (curve C in Fig. 
3). Both these alternatives have the same potential 
energy barrier (difference between greatest peak and 
lowest trough) as the observed curve A. The thermo- 

dynamic functions for the curve B approximation is 
calculated as normal with a symmetry number of 1. 
For the curve C approximation, the thermodynamics 
of the internal rotation are calculated with a symme- 
try number of 3. If the true function is not exactly 
symmetric, R In 3 is then added to the entropy and 
- RT In 3 to the Gibbs energy; the enthalpy remains 
unchanged. Two sets of results were found using 
both methods. Method 1 used a symmetry number of 
1 (i.e., curve B in Fig. 3) and Method 2 used a 
symmetry number of 3 (curve C in Fig. 3). The 
results found using Method 2 are given in Table 1. 

Preliminary work on CH ,-CONH-CHR-CONH- 
CH, peptides (where R is the side chain of the 
amino acid under investigation), using MacroModel 
[8] and the AMBER force field [9] suggests that a 
cosine function with a symmetry number of 3 is 
more accurate. For example, the 3 conformations of 
lowest energy about the internal rotation differ by 
generally only about 10% of the barrier (results not 
shown). However, this is a somewhat circular argu- 
ment as the force field uses a cosine function with 
three-fold symmetry for dihedral energy terms. Devi- 
ations from an exact cosine originate in longer range 
interactions such as electrostatics and van der Waals 
clashes. A more complex theory is required to take 
into account the exact shape of the potential func- 
tion, though obtaining such a function precisely is 
not a trivial problem. In the remainder of this article 
the results quoted will be those obtained using 
Method 2, as this is probably more accurate. In any 
case, the results found with the two methods are very 
similar, especially for the entropies. The results found 
using Method 2 are given in Table 1. The Method 1 
results are not shown. 

A second problem in these calculations is in 
dealing with the potential effects of solvent water 
binding to polar groups. If this occurs throughout an 
internal rotation, the moment of inertia of that inter- 
nal rotation will be increased and hence also the 
Gibbs energy, enthalpy and entropy. Non-polar 
groups will presumably be unaffected. The likeli- 
hood of water remaining bound during an internal 
rotation can be assessed from the lifetimes of water 
hydrating unfolded protein compared to the time 
required for internal rotations. Studies on unfolded 
performic acid-oxidised ribonuclease A by ‘jC NMR 
have found that the correlation time for side chains is 
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in the range 0.2 to 1.61-1s [lo]. The correlation time 
for rotations closer to the backbone, such as Lys xl 
compared with Lys x4, is larger, as expected. The 
correlation time for backbone internal rotations is 
about 2ns. The residence times for water on the 
protein surface, which is presumably similar to that 
in the unfolded state, has been measured by NMR 
[I 11. It was found that all surface waters had resi- 
dence times in the subnanosecond range. The life- 
time of a water molecule solvating a polar group is 
therefore similar to the time required for an internal 
rotation. The similar timescales for internal rotations 
and water lifetimes attached to polar groups suggests 
that an internal rotation may take place each time the 
water-side chain hydrogen bond weakens by the 
water diffusing away. Since there does not appear to 
be any evidence for long lifetimes of water bound to 
surface side chains we will assume here that bound 
waters have no significant effect on moments of 
inertia of side chain internal rotations, though this 
problem is not yet resolved completely. 

3. Results 

The potential energy barriers to the rotations were 
calculated using MacroModel [8], the AMBER force 
field [9] and a dielectric constant of 80, a value 
appropriate for rotations in water, at 298K. Each of 
the amino acids was placed in a CH,-CONH-CHR- 
CONH-CH, molecule (where R is the side chain of 
the amino acid under investigation). An uncharged 
molecule was used to avoid strong ionic interactions 
between the side chain and the backbone that would 
be present in the unfolded state (except close to the 
N- and C-termini). The structure was energy min- 
imised, starting from B-sheet backbone dihedral an- 
gles and extended side chains. Typically x, = 60” 
and xZ, xi and x4 = 1 SO”. This initial conformation 
was allowed to relax into a nearby local minimum by 
energy minimisation and the energy of the relaxed 
conformation calculated. The dihedral angle of the 
bond being considered was then constrained into a 
high energy, eclipsed conformation while the re- 
mainder of the molecule was allowed to relax into a 
nearby low energy conformation to remove too-close 
van der Waals contacts, etc. The energy of the 
molecule was calculated, after energy minimisation 

and then the removal of the constraint. The potential 
energy barrier to the internal rotation is the differ- 
ence between this energy and the energy of the 
energy minimised molecule. All the possible eclipsed 
conformers were investigated to ensure that the high- 
est energy conformer had been found. The results 
obtained are given in Table 1. Potential barriers were 
also calculated in an identical manner except using a 
dielectric constant of 1, the dielectric of a vacuum. It 
was found that while the absolute energies varied 
greatly from those calculated with a dielectric of 80. 
the energy barriers, which are the differences be- 
tween two absolute energies, agreed to within 107~ 
in the few cases considered (results not shown). This 
is because the dielectric is not part of the dihedral 
angle energy term in the AMBER force field which 
dominates these energy changes. Individual water 
molecules bound to polar groups were not consid- 
ered when estimating the potential barriers. A more 
accurate method for determining the internal energy 
as a function of dihedral angle has been described 
[la. 

The moments of inertia of the terminal ends of the 
side chains were calculated using the energy min- 
imised structure described above and a FORTRAN 
program which used a MacroModel data file. Mo- 
ments of inertia for 18 internal rotations have been 
published by Lee et al. [ 131. Our results are virtually 
identical. 

The results obtained are shown in Table 1. Clearly, 
the side chains will not always be in their lowest 
energy conformations during an internal rotation 
which introduces an error into the estimates of the 
moments of inertia. The symmetry numbers of the 
internal rotations are 1 apart from the following: Arg 
x7 (21, Arg x6 (21, Arg x5 (2), Phe x2 (21, Tyr x2 
(21, Asn x3 (2). Gln x4 (21, Asp x2 (21. Glu x-3 (2) 
and Lys x5 (3). 

It is notable that the internal rotations that are 
restricted by conjugation (such as those within the 
guanidinium group) have much smaller Gibbs ener- 
gies. For example, Asn x3 has a Gibbs energy of 
only - 0.1 kJ mol- ’ because of its small moment of 
inertia resulting from the rotation of two hydrogens 
about the C-N bond axis, a high barrier because of 
conjugation and a symmetry number of 2. Similarly, 
Arg ~5 has a Gibbs energy of only - 2.5 kJ mol - ’ , 
despite its sizeable moment of inertia of 49 X 



136 A.J. Doig/Biophykd Chemistr?:6/ (19%) 131-141 

10e4’ gcm2, because of its high barrier and symme- 
try. 

Crankshaft motion can occur when a small central 
portion of a molecule rotates about two or more 
single bonds, thus avoiding large motions at the ends 
of the chain. Its expected prevalence within the 
protein backbone means that the methods here can- 
not be used for backbone internal rotations. It is 
likely that some co-operative crankshaft rotation will 
take place within some of the larger side chains. If 
this is significant, the Gibbs energies of the internal 
rotations will be less certain (perhaps smaller), par- 
ticularly for the internal rotations close to the back- 
bone of the longer side chains. It is also possible that 
the values given here are overestimates for aqueous 
solution, as a fairly viscous solvent, such as water, is 
likely to decrease the rate of internal rotation and 
make it easier for such motions to be restricted. Such 
effects cannot be quantified using the present theory. 
Hydrogen bonding of polar side chains back to the 
main chain or interactions of side chains with each 
other may also lower rotational entropies by hinder- 
ing motion in the unfolded state. 

Although there are a number of approximations in 
these calculations (discussed above), the thermody- 
namic quantities obtained for rotations in the un- 
folded state (Table 1) are often relatively insensitive 
to the assumptions made and to the different mo- 
ments of inertia or potential barriers. For example, 
Tyr x 1 and Ser xl have almost identical potential 
barriers while the moment of inertia of Tyr x 1 is 38 
times larger than that of Ser xl. Despite this large 
range, the Gibbs energy of Tyr x 1 is only 1.8 times 
larger than that of Ser x 1. This is primarily because 
the Gibbs energy depends only on the logarithm of 
the reduced moment of inertia. Similarly, Met x3 
and His x2 have very similar moments of inertia but 
the barrier of Met x3 is 2.7 times large than that of 
His x2. This difference, however, results in the 
Gibbs energy of His x2 being only 1.2 times larger 
than that of Met x3. 

As the pK, of His is 7, both protonated and 
unprotonated His are commonly present in proteins. 
The extra proton will give slightly different moments 
of inertia to the two forms and hence slightly differ- 
ent results for the internal rotations. These were 
calculated for protonated and unprotonated His but 
no significant differences were found to within 

0.1 kJmol-’ for G and H and 1 JK-‘mol-’ for S. 
The results given in Table 1 for His are therefore 
appropriate for both states of His. The protonated 
and unprotonated states have not been compared for 
any other side chains. 

In a preliminary version of this article we calcu- 
lated the thermodynamic properties of the internal 
rotations assuming that bound waters were present 
[ 141. Comparison of the results presented here with 
those published previously illustrate the effects of 
bound waters. In the previous work the following 
numbers of water molecules were assumed to rotate 
with the following functional groups: CO, (5), NH: 
(3), CONH, (41, uncharged imidazole (2), charged 
imidazole (4), guanidine (51, SH cl), OH (1) and NH 
(1). The effect of these bound waters on the Gibbs 
energies of the internal rotations varied from site to 
site. Where the moment of inertia without water is 
very small, such as Ser x2, the addition of a single 
water to the hydroxyl group increased the moment of 
inertia 180-fold from 0.84 X IO”” gem’ to 150 X 
I 04’ g cm* and hence the Gibbs energy nearly 3-fold 
from - 3.0 kJ mol- ’ to - 8.4 kJ mol- ’ The addition 
of water had a much smaller effect when the moment 
of inertia of the group without bound water was 
larger. For example the addition of 5 waters in- 
creased the moment of inertia of Arg x1 from 
1010 X 104” gem’ to 3700 X 10”” gem’ and the 
Gibbs energy from - 8.8 kJ mol- ’ to 
- 10.3 kJ mol-‘. The uncertainty in the numbers and 
locations of these bound waters makes the results of 
these calculations on polar side chains less reliable 
than for non-polar side chains. As non-polar side 
chains will not have any bound waters, if bound 
water is important, only the Gibbs energies of the 
polar side chains will be increased. Bound waters 
increased the total Gibbs energies of the polar side 
chains by about 50% on average. 

The enthalpies in Table 1 are positive thus show- 
ing that restriction of side chain motion is enthalpi- 
tally favourable. This is because the hindered rota- 
tion will be on average closer to the bottom of the 
potential energy well. The restricting of internal 
rotations is unfavourable in terms of Gibbs energy 
and entropy as a smaller range of dihedral angles can 
now be sampled. 

Lee et al. [ 131 calculated absolute entropies of 
residues X in an (Ala),-X-(Ala), o-helical peptide, 



Table 2 

Entropy change for folding a side chain from the unfolded state to 

a helix surface 

Side S (unfolded) ” S (helix surface) h AS 
Chain (J.K-‘mol-‘) (J,K-‘mol-‘) (~.~-‘tnol~~‘) 

Val 26 16 - 10 

Lcu 55 14 -II 

Ile so 39 -II 

Phe 61 53 -8 

Trp 77 6X -9 

His 67 sx -9 

Asp 56 1x -8 
Ser 39 35 -4 

Thr JI 36 -5 

” Data from Table I. Sum of xl and x2. 

h Data from Ref. [ 131. Cys is not consider as Lee et al. considered 

x I only while we consider x I and x2 for this side chain. 

where X is a short residue. The difference between 
their entropies and the results here gives the entropy 
change for transferring a side chain from the un- 
folded state to the surface of an a-helix. For exam- 
ple, the absolute entropy of Val in the unfolded state 
is 26 J Km’ mol- ’ (Table I), the absolute entropy of 
Val on the surface of an a-helix is I6 J K- ’ molt ’ 
[ 131, giving the entropy change for folding the Val 
side chain as - IO J K- ’ mol- ’ The complete set of 
these calculations is given in Table 2. Lee et al. 
stated that “The value of the configurational entropy 
is difficult to calculate in the unfolded state...” and 
hence only made calculations for side chains in 
isolated folded helices. The work presented here 
therefore nicely complements their work as it en- 
ables the entropy change for folding to be calculated. 

4. Discussion and conclusion 

The results listed in Table I should be reasonable 
estimates of the Gibbs energies, enthalpies and en- 
tropies of side chain internal rotations in the un- 
folded state relative to a stationary rotor at the 
bottom of its potential energy well (i.e., OK). The 
estimated entropies of side chain internal rotations 
are therefore Third Law (absolute) entropies. How- 
ever, within a protein core, or any complex involving 
peptides, there will be some residual motion about 
the bonds, such as in the form of a torsional vibra- 
tion. which will retain some of the Gibbs energy. 

entropy and enthalpy of the internal rotation in the 
unfolded or unbound state. This has been experimen- 
tally verified by the NMR observation that some 
groups will continue to rotate at a significant rate 
(e.g., the aromatic rings of tyrosine or phenylalanine 
about their c‘ , -C, axes) within the folded protein on 
occasion. leading to averaged proton signals [ 151. It 
is therefore important to stress that the results listed 
in Table I can give upper limits only of the thermo- 
dynamic changes that occur in protein folding and 
other situations where internal rotations are hindered. 
All the calculated Gibbs energy can be lost only if an 
infinitely high energy barrier is imposed or the group 
is cooled to absolute zero. 

It is possible to divide the absolute configura- 
tional entropy, calculated here, into two parts. Firstly, 
there will be a change in the number of rotamers 
populated (conformational entropy); secondly. the 
width of an allowed potential energy well might 
narrow (vibrational entropy). Karplus et al. [ 161 used 
molecular dynamics simulations to estimate vibra- 
tional and conformational entropy during folding. 
They suggested that although the magnitude of abso- 
lute vibrational entropy is nearly an order of magni- 
tude larger than conformational entropy. the most 
important change on folding is in conformational 
entropy. 

A number of groups have recently made estimates 
of side chain conformational entropies (reviewed in 
Ref. [ 171). A consensus was reached that the entropy 
change on folding is approximately 
- 14 J Km’ mol- ’ per residue in protein folding and 
= - 7 J Km ’ molt ’ per buried rotamer [ 171. These 
figures can be compared to the mean absolute en- 
tropy of 26 J Km’ mol_ ’ per rotor (Table I ). This 
shows that only = 25% of the absolute entropy of 
the internal rotation is lost in protein folding. A 
larger fraction may be lost where the constraints are 
greater such as during covalent bond or transition 
state formation [18]. Polar interactions within folded 
proteins may provide such a more restricted environ- 
ment. If the barrier within a folded protein can be 
measured or calculated. the methods used here may 
be suitable for estimating the thermodynamics of 
these residual motions, though motion in this case 
may be more complex than in the unfolded state. If 
the torsional vibration in the folded protein is not 
about the minimum energy conformation. this will 
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contribute to enthalpically unfavourable strain en- 

ergy. 
Entropy changes for folding a side chain onto the 

surface of an o-helix are given in Table 2. It is seen 
that the observed entropy change is, on average, 16% 
of the absolute entropy. A larger fraction of the 
absolute entropy will presumably be lost for folding 
into a more restricted hydrophobic core. These re- 
sults are somwhat larger than those of Creamer and 
Rose [l] who calculated this quantity by an indepen- 
dent method. 

The negative enthalpy change that results from 
the complete restriction of internal rotations is an 
effect on the enthalpy of protein folding that has not 
been previously noted, to our knowledge. Table 1 
shows that this effect is at most = - 2 kJ mol- ’ per 
internal rotation at OK. At room temperature, it will 
be offset (perhaps even fully) by the enthalpy of 
torsional vibrations in the folded protein. Any resid- 
ual enthalpy change originating in this way will also 
be offset by strain. Each internal rotation has a heat 
capacity (Cv) of approximately 8 J K- ’ mol- ’ [7]. A 
change in heat capacity from restriction of motion is 
therefore possible, though it is probably small, as 
heat capacity changes in protein folding appear to be 
dominated by changes in hydration [ 19-231. 

It is noteworthy that hydrophobicity and the effect 
of the restriction of internal rotations act in the 
opposite sense for non-polar side chains. As a non- 
polar side chain increases in length, the hydrophobic 
effect becomes more favourable. However, a longer 
side chain will generally have a larger number of 
internal rotations, which will discourage the burial of 
such a group within a solid-like protein core. This 
will be offset by improved van der Waals bonding in 
a denser protein core [24] and opposed by the intro- 
duction of strain. Note that the sum of the Gibbs 
energies of internal rotations for side chains will not 
be simply proportional to the solvent accessible sur- 
face area of the side chain since internal rotations 
depend upon shape as well as size. The contribution 
a non-polar residue makes to the Gibbs energy of 
protein folding is therefore not expected to be ex- 
actly proportional to surface area, though this is 
widely assumed. The thermodynamic effects of close 
packing and restriction of side chain internal rota- 
tions have been considered by Nicholls et al. [25] 
who used hydrocarbon melting as a model for hy- 

drophobic core formation from a liquid hydrocarbon 
state. The energetics of aqueous solution to liquid 
hydrocarbon transfer (the hydrophobic effect) can be 
assessed by solvent transfer experiments. They con- 
cluded that close packing and side chain restriction 
come close to cancelling one another out. 

The relative importance of internal rotations and 
the hydrophobic effect in protein structure can be 
investigated by examining these quantities for each 
residue and seeing how well they correlate with 
protein structure. All other things being equal, it is 
expected that side chains with a higher number of 
internal rotations will be less likely to be buried as 
the restriction of internal rotations is unfavourable. 
An ‘equilibrium constant’ for partitioning between a 
protein surface and interior can be obtained from the 
fraction of residues buried. The logarithm of this 
equilibrium constant is proportional to a Gibbs en- 
ergy for transfer between the protein surface and 
interior (AG,,). These transfer Gibbs energies have 
been calculated by Radzicka and Wolfenden [26], 
based upon a survey of protein crystal structures by 
Chothia [27], who defined a buried residue as one 
that has < 5% of the surface area of the residue in a 
Gly-X-Gly tripeptide. If AG,, is plotted against the 
cost in Gibbs energy of completely freezing out the 
rotors in a side chain (AG,,,), the correlation is 
reasonable (R = 0.76, Fig. 4), though generally 
poorer than in plots of AG,, versus hydrophobicity 
[26]. Pickett and Stemberg [28] similarly concluded 
that an improved correlation between AG,, and hy- 
drophobicity can be reached if side chain entropy is 
added to the hydrophobicity scale. Alternative defini- 
tions of surface exposed and buried residues will 
give somewhat different plots. We previously made 
this plot using internal rotation Gibbs energies ob- 
tained by including water molecules bound to polar 
side chains [14]. A better correlation was obtained 
then because the Gibbs energies of the internal rota- 
tions in polar side chains were larger. The difference 
between polar and non-polar side chains was thus 
exaggerated. 

Non-polar residues are more likely to be buried in 
folded proteins than to be found on the protein 
surface; polar residues show the opposite trend. This 
observation has traditionally been explained by the 
fact that it is more favourable to transfer a non-polar 
residue to a protein core than a polar residue, as a 



result of the hydrophobic effect [29]. However, while 
this is clearly a real and important effect, the evi- 
dence of Fig. 4 suggests the partitioning of residues 
between the protein core and the protein surface may 
also be affected by the energetic cost of restricting 
the internal rotations in a side chain, though to a 
lesser extent. The folding of polar residues is dis- 
couraged as a result of polar groups generally being 
located on the ends of long, unbranched flexible 
chains with many internal rotations. Non-polar 
residues are generally easier to bury as they are short 
and branched. Branching decreases the number of 
internal rotations in a side chain and therefore makes 
burial easier. The overall contribution of restricting 
side chain motion to protein stability may be rela- 
tively small as (i) residues with many internal rota- 
tions tend to stay on the protein surface and (ii> only 
25% of the absolute entropy of the internal rotation 
may be lost upon folding (see earlier). Nevertheless. 
a mean value of approximately 14 J K-’ mall’ per 
residue in protein folding is still important. 

A better correlation is generally found between 
the degree of side chain burial in proteins and hy- 
drophobicity [26], than between burial and internal 

py = 132 +0.32x R = 0.76 
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Fig. 3. Correlation between Gibbs energy of side chain internal 
rotations (AC,,,) and virtual Gibbs energy of transfer from protein 
surface to interior (AGtr), In this graph the residues Cys, Pro and 
Gly are not included. Cys is not included as it is found commonly 
in disulphide bonds and the cost of freezing a disulphide unit is 
unknown and cannot be calculated by the method used here as the 
side chains form part of a loop. Gly and Pro are not included as 
the internal rotations in their backbones differ greatly from the 
other residues [33]. Gly is more flexible than other residues and 
Pro has only a single backbone rotor caused by the 5-membered 
ring it possesses. 

NOrlNKl”e Isoleucine Leucine 

Fig. 5. Internal rotations in norleucine. isoleucine and leucine 

rotations. This supports the belief that internal rota- 
tions are less important to protein structure and 
stability than hydrophobicity. Gibbs energies of side 
chain internal rotations correlates moderately well 
with hydrophobicity. AC,,,, was plotted against 
residue transfer data from cyclohexane [26], vapour 
[30], and I-octanol [3l] to aqueous solution (not 
shown). The least squares correlation coefficients 
found were 0.61, 0.74 and 0.37. respectively. Thus, 
more polar side chains generally have more internal 
rotations. 

Consideration of internal rotations may give some 
insight into why these particular side chains were 
selected by evolution. Residues such as Val. Ile and 
Leu form protein cores readily not only because of 
their hydrophobic nature but also because their 
branched side chains decrease the number of internal 
rotations that need to be restricted in a protein core. 
For example. the amino acid norleucine (Fig. 5). 
which will have a similar hydrophobicity to leucine 
and isoleucine, is not found in proteins. Isoleucine 
and leucine have the advantage over norleucine of 
having one fewer internal rotation. The burial of the 
naturally occurring residues is therefore energetically 
favoured. Similarly, charged residues. such as argi- 
nine and lysine, have their polar groups on the ends 
of long, unbranched chains. Their burial in protein 
cores is discouraged not only by their polar nature 
but also by the large number of internal rotations 
which will be restricted. If groups such as Arg and 
Lys are buried they must form strong interactions to 
overcome the large loss of entropy from restriction 
of their motion. 

The energetics of protein folding are often as- 
sessed by solvent transfer experiments where com- 
pounds which mode1 protein side chains are trans- 
ferred from aqueous to non-polar solution. However, 
a non-polar solution is an inappropriate model for a 
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protein core as it is not close-packed. The effects of 
improved van der Waals bonding and restriction of 
internal rotations in a close-packed core cannot be 
observed in solution. Side chains such as norleucine 
and isoleucine may show very similar energetics of 
solvent transfer and van der Waals bonding, as they 
have similar surface areas, but the cost of restricting 
their internal rotations will differ. 

It has been shown that the interior of membrane 
bound proteins is comparable in hydrophobicity with 
that of water soluble proteins, rather than being 
‘inside-out’ with polar groups buried and non-polar 
groups on the surface, interacting with the non-polar 
solvent [32]. This observation suggests that determin- 
ing whether a particular residue is more likely to be 
buried in a membrane protein is dominated by the 
cost of restricting the internal rotations in the side 
chain, rather than the hydrophobicity of the residue, 
since for unfolding in a membrane there is a negligi- 
ble hydrophobic effect. The authors suggested that 
the interior of membrane bound proteins are non- 
polar as “van der Waals forces in close-packed 
interiors of all proteins are crucial for protein stabil- 
ity”. This is very likely true; however, there is no 
obvious reason why close-packed interiors cannot be 
formed using some polar atoms and hence why polar 
groups do not form part of protein cores. The most 
important determinant of which residues tend to 
form the interior of membrane-soluble proteins may 
be the cost of restricting the internal rotations in the 
residue side chain, an unfavourable Gibbs energy 
which will be relevant in any solvent. 

In conclusion, Pitzer’s theory was applied to 
amino acid side chain internal rotations to calculate 
their thermodynamic properties relative to complete 
immobilisation at OK. The Gibbs energy of an inter- 
nal rotation increases with the moment of inertia 
about the bond axis and decreases with the height of 
the barrier to the rotation, increasing symmetry and 
with the number of water molecules bound to the 
side chain during the rotation. Restricting an internal 
rotation is unfavourable in terms of Gibbs energy 
and entropy but enthalpically favourable. 
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