Vol. 11, No. 1, January-February 1978

Influence of Water on Protein Structure 9

Influence of Water on Protein Structure. An
Analysis of the Preferences of Amino Acid Residues
for the Inside or Outside and for Specific
Conformations in a Protein Moleculel

David H. Wertz22 and Harold A. Scheraga*2P
Department of Chemistry, Cornell University, Ithaca, New York 14853.

Received July 8, 1977

ABSTRACT: The x-ray structures of 20 proteins have been examined and each of the residues in these proteins was
assigned to the inside or outside of the molecules and to a conformational state. The data obtained confirm that polar
groups are generally found on the outside of proteins and nonpolar residues are generally found on the inside. Seven
of the amino acids (Ala, Arg, Cys, His, Pro, Ser, Tyr) have inside/outside preferences which are not consistent with
their usual assignment as either polar or nonpolar residues; explanations are given for these apparent inconsisten-
cies. Of the three types of backbone structure considered here (extended, « helix, and nonregular), extended struc-
tures have the greatest preference for the inside of proteins, and nonregular structures have the greatest preference
for the outside. It is suggested that differences in entropy play an important part in the inside/outside preferences
of backbone structures. There are generally significant changes in the conformational preferences of the residues in
going from the inside to the outside of proteins; environmental (rather than local) solute-solvent interactions seem
to be the predominant cause of these changes in conformational preferences.

This paper summarizes information about the prefer-
ences of amino acid residues in proteins for the inside or out-
side and for specific conformations. Presumably, these pref-
erences reflect, to some extent, the interactions of the residues
with water. Studies related to the inside/outside preferences
of residues have been reported previously.3- However, as will
be pointed out in the text, the analysis reported here was de-
signed to provide somewhat different information.

GO et al.” have summarized the various possible types of
interaction of water with a polypeptide. The effect of solvent
can also be examined from another point of view, in which
water can affect the conformation of a protein in at least three
possibly ways, viz., (1) the preferred conformation of a protein
could be one which has as many nonpolar residues as possible
on the inside of the protein while simultaneously having as
many polar residues as possible on the outside; (2) water could
act to stabilize or destabilize entire backbone conformations
such as « helices and extended structures relative to nonre-
gular structures; (3) the conformational preferences of each
residue could depend on whether or not it is in contact with
water. In an attempt to learn more about each of these three
factors, we examined the x-ray structures of 20 globular pro-
teins, essentially the same ones considered by Maxfield and
Scheraga.? Each residue was assigned to a conformational
state, using the criteria of Maxfield and Scheraga,® and also
to either the inside or the outside of the proteins. It is assumed
that the distribution of amino acids, of the backbone confor-
mations, and of the conformations of the amino acids, between
the inside and outside of the protein are affected by water—
solute interactions; then, from an analysis of the conforma-
tional and inside/outside data, it is possible to obtain infor-
mation about each of the above-mentioned three effects of
water on the structure of proteins.

Method Used to Assign Residues to the Inside or
Outside of a Protein Molecule

Each of the residues in the 20 proteins considered here was
assigned to the inside or outside of the protein by means of the
following seven-step algorithm.

(1) Using the Cartesian coordinates of each protein as
supplied by the Brookhaven Data bank, two mutually per-
pendicular sets of parallel planes were passed through the
protein molecules. One set of planes was parallel to the XY
plane and the other was parallel to the XZ plane. Each set of
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planes was placed at 1-A intervals. The first plane in the XY
set was 1.7 A below the most negative Z coordinate, and the
first plane in the XZ set was 1.7 A below the most negative Y
coordinate.

(2) All planes passing through the protein molecule were
examined, and the atoms whose van der Waals spheres® were
intersected by each plane were identified.

(3) Three sets of lines were drawn through the protein, one
set parallel to each of the axes. The lines in each set were
parallel and 1 A apart. The lines parallel to the X axis were
drawn in each of the planes of the XY set, and the first line
in each plane was 1.7 A below the most negative Y coordinate
in the protein. The lines parallel to the Y axis were drawn in
each of the planes of the XY set, and the first line in each
plane was 1.7 A below the most negative X coordinate in the
protein. The lines parallel to the Z axis were drawn in each of
the planes of the XZ set, and the first line in each plane was
1.7 A below the most negative X coordinate in the protein.

(4) The atoms that had been identified in step 2 were ex-
amined to determine which ones were intersected by the lines
drawn in step 3. Also, the points of intersection of each line
with the surface of the van der Waals sphere of an atom were
recorded.

(5) The first and last atoms intersected by a line were con-
sidered to be on the surface of the protein; a “hit” was scored
for both atoms found to lie on the surface by this criterion. To
identify surface atoms in involuted folds (i.e., clefts), a 2-A
spacer was moved along the line that intersected the two
previously located surface atoms; if this 2-A spacer was placed
in a position where it did not intersect any atoms, then the
intersections of the line and the two atoms nearest to the ends
of the 2-A spacer in that position were also considered to be
on the surface (of the cleft, in this case), and a “hit” was scored
for both of these atoms.

(6) After all of the lines passing through the protein mole-
cule were examined, an atom was assigned a score of 0 if it had
fewer than 5 “hits”, a score of 1 if it had 5 to 9 “hits”, and a
score of 2 if it had 10 or more “hits” (such a large number of
“hits” is possible because spheres of 2.2 A radii® can be in-
tersected by many lines spaced 1 A apart).

(7) The scores of all of the atoms in each residue (excluding
hydrogens, which were not included in the x-ray coordinates
used) were added, and the sum was divided by the number of
nontertiary atoms (i.e., atoms bonded to only one or two
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nonhydrogen atoms) in the residue. If this average score was
equal to or greater than 1, the residue was considered to be on
the outside of the protein; if the score was less than 1, it was
considered to be on the inside. Tertiary atoms were not
counted when determining the average score because expe-

" rience showed that tertiary atoms rarely had much contact
with water (i.e., they rarely had as many as 5 “hits”); if they
had been included, they would have lowered the average score
for the residue.

The method for assigning a residue to the inside or outside
of a protein molecule, described above, differs significantly
from the “rolling ball” method of Lee and Richards?® since the
latter does not assign small voids to the outside. However, the
results of our method (when expressed on an atom-by-atom
basis) are qualitatively the same as those of Lee and Richard,!!
who considered the exposure of atoms (not residues) to the
outside. By considering residues, rather than atoms, the de-
gree of exposure of a residue to the outside can be correlated
with its conformational state.

Shrake and Rupley* assessed the exposure of atoms to water
by assigning 92 points to ths surface of the van der Waals
sphere of each atom and determining the number of such
points which were not inside the van der Waals sphere of any
other atom. As in our method, voids between atoms too small
to accommodate a water molecule were assigned to the in-
side.

The method described in this paper was chosen because the
algorithm is simple and easy to program and requires very
little computer time. The 1.5 s of CPU time (IBM 370/168)
required by this method to assign the residues of lysozyme to
the inside or the outside is substantially less (estimated to be
about 15 times less) than the time required by the procedure
of Shrake and Rupley.* Lee and Richards did not publish es-
timates of the time required by their method. However, the
method of Shrake and Rupley appears to be much simpler
than that of Lee and Richards and hence is probably faster.

Tanaka and Scheraga® examined 25 proteins and deter-
mined whether the side chain of each residue made contact
with other side chains or not. Residues which make no con-
tacts are on the outside. However, since a residue can make
contact with another residue and still be on the outside, their
data cannot be compared with the data in this paper.

Relative Preferences of Amino Acids for the Inside
and Outside of Proteins

We define a quantity P;, for any residue X as the number
of interior X residues divided by the total number of X resi-
dues, in all of the proteins examined. The values of Pj, for each
of the 20 naturally occurring amino acids are given in Table
1. Chothia® has determined the fraction of each residue that
is completely buried (i.e., has less than 5% of its surface area
exposed to water). This is a much more stringent condition
than our requirement that most of the atoms of the residue
have little or no contact with water for the residue to be con-
sidered inside. Given these differences in definition as to what
constitutes “inside” (‘“‘buried”), it is not surprising that
Chothia’s values for the fraction of each residue that is buried
and our values of Pj, differ significantly. For example,
Chothia’s average value of Pj, is 0.28, compared to ours of 0.57.
We did not use Chothia’s stringent requirement for assighing
residues to the inside because such a requirement assigns
many residues to the outside even though they have little
contact with the solvent.

As is well known, polar residues are generally found outside
and nonpolar residues are generally found inside the protein
molecule. However, as pointed out earlier,36 there are ex-
ceptions to this generalization.

The nonpolar residues Ala and Pro have values of Pj, that

Macromolecules
Table I
Values of P;, for the Naturally Occurring Amino Acid
Residues
Residue P;, Residue Py,
Ala 0.52 Leu 0.77
Arg 0.49 Lys 0.31
Asn 0.42 Met 0.76
Asp 0.37 Phe 0.87
Cys 0.83 © Pro 0.35
Gln 0.35 Ser 0.49
Glu 0.38 Thr 0.38
Gly 0.41 Trp 0.86
His 0.70 Tyr 0.64
Ile 0.79 Val 0.72
Av P,¢ 0.57
P, total b = no. of residues inside 0.54

total no. of residues

@ Average of the listed values of Pj, of the 20 residues. ® This
value pertains to all residues in the 20 proteins, without distin-
guishing one kind of residue from another.

are less than the average value of 0.57. Presumably the (small)
methyl side-chain group of Ala is not sufficiently nonpolar
{compared to the two polar peptide groups linking the Ala
residue to the rest of the polypeptide chain) to force the Ala
residue preferentially to the inside; the net effect is that Ala
has no preference for either the inside or the outside. Con-
sidering that the pyrrolidine ring of Pro contains four meth-
ylene groups, it might seem surprising that Pro has a strong
preference to be on the outside of protein molecules (only Lys
has a stronger preference for the outside than Pro). However,
recalling that pyrrolidine itself is miscible with water,12 that
polyproline is one of the most water-soluble polyamino acids,'3
and that crystalline polyproline has a strong affinity for
water,14 the preference of Pro residues for contact with water
is consistent with its behavior in the model systems referred
to above.15

The strong preference for Cys to be inside is accounted for
by the fact that almost all Cys residues in proteins occur as
cystine (with a disulfide bond of low polarity), and that its role
as a bridge between two different parts of the polypeptide
chain would shield it from contact with water no matter what
its polarity were.

The absence of a strong preference of Ser for the outside
is at first surprising, especially since Thr (even with an extra
methyl group) does exhibit a strong preference for the outside.
However, conformational energy calculations show that most
of the low-energy conformations of Ser have a side chain-
backbone hydrogen bond,1® while the methyl group of Thr
causes most of the conformations of Thr with side chain-
backbone hydrogen bonds to be relatively high in energy.1®
Since the intramolecular hydrogen bond would have to be
broken for the OH group to be completely hydrated, the net
solvation energy will be more negative for Thr than for Ser.
It would be desirable to test this explanation by examining
x-ray structures of proteins for such side chain-backbone
hydrogen bonds. However, since the positions of hydrogens
are not determined at the present resolution of protein x-ray
structures, such a test cannot be carried out at this time.

His and T'yr both contain groups that are polar and easily
ionized and yet Table I shows that these residues are generally
found inside proteins. The reason for this apparent anomaly
is that the polar atoms in each of these residues constitute only
one part of the side chain; the remainder of the side chains are
nonpolar. An examination of our data on an atom-by-atom
basis showed that these residues are usually placed so that the
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polar atoms of the side chain are outside the protein and the
nonpolar atoms are inside. This same placement of the resi-
dues can be seen in the data of Lee and Richards.? Since the
nonpolar parts of the His and Tyr side chains contain more
atoms than the polar parts, the result is that, on the “average”,
these residues are inside the protein.17

Liys, like His and Tyr, has a polar group at the end of a larger
nonpolar side chain, and yet Lys has the greatest preference
for the outside (lowest P;,) of all the residues in Table I. This
means that the entire side chain of Lys, not just the polar part,
is usually outside the protein. We believe the reason that the
whole Lys side chain is usually outside is that (when Lys is on
the outside) each backbone conformation of Lys has an ex-
ceptionally large number of side-chain conformations, which
are close in energy.1® When Lys is on the inside, the side chain
is fixed in one conformation. Entropy of mixing calculations,
based on the calculated energies of N-acetyl-N’-methylamides
of the naturally occurring amino acids,'® show that when the
average backbone conformation of Lys goes from a state where
the side chain is fixed in one conformation (i.e., inside) to a
state where the side chain exists as a statistical ensemble of
conformations (i.e., outside) the entropy of mixing for the
average backbone conformation increases by 4.9 eu. This is
2.8 eu greater than the entropy increase for the average residue
when it goes from one side-chain conformation to an ensemble
of conformations. [The N-acetyl-N’-methylamides of the
residues are crude models for residues in a protein, but they
are adequate for estimating the relative increase in the en-
tropies of the residues when they go from one side-chain
conformation (i.e., inside) to an ensemble of conformations
(i.e., outside).] The entropy of mixing of the typical residue
(that has a greater preference for the outside than the average
residue) is 1.2 eu greater than the entropy of mixing of the
typical residue (that has a greater preference for the inside
than the average residue).

Arg, like Lys, is a charged residue, and we estimate that the
entropy of mixing of the average backbone conformation of
Argis 1.5 eu greater than the entropy of mixing of the average
residue. Yet Arg, unlike Lys, does not have a strong preference
for the outside. The entropy of mixing of the average Arg
conformation is significantly less than the entropy of mixing
of the average Lys conformation, but one would still expect
Arg to have a strong preference for the outside. However, Arg
does not have a strong preference for the outside because it
is often part of acid-base pairs. Maxfield and Scheraga (ref
8 and unpublished results) found that, when Arg was part of
an «a helix, 50% of such Arg residues were part of an intrahel-
ical acid-base pair. Maxfield and Scheraga did not look for the
presence of nonintrahelical acid-base pairs, but the data of
Tanaka and Scheraga® imply that such acid-base pairs are
quite common. Since water weakens the interactions between
the groups of an acid-base pair, one would expect to find al-
most all acid-base pairs on the inside of the protein.

Relative Stabilities of Helical, Extended, and
Nonregular Structures on the Inside and the Outside
of Proteins

The criteria of Maxfield and Scheraga® were used to assign
each residue of the 20 proteins to one of five conformational
states (ag, o1, extended, {g, {L). Residues in the ag confor-
mation were subdivided into one of two conformational states.
An agy, residue is part of a run of four or more residues in the
ag conformation (i.e., part of a right-handed o helix), and an
oR; residue is an isolated ag residue or part of a run of two or
three ag residues. Residues in the extended conformation
were also subdivided into one of two conformational states:
(1) to the e, state if it was part of a run of four or more residues
in the extended conformation (i.e., an extended structure) or
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Table 11
Fraction of Inside and Buried Residues in Various
Backhone Structures

Backbone structure Pin Ppur
Nonregular 0.43 0.20
Helix 0.60 0.28
Extended 0.68 0.43

(2) to the ¢ conformation if it was an isolated extended residue
or if it was part of a run of two or three extended residues. This
gave a total of seven conformational states (arn, oRi, €exs € 0L
{r, and {1). In Table 11, these seven conformational states have
been consolidated into three types of backbone structure,
nonregular structure (all residues except ary and e residues),
helix (agn residues), and extended structure (eex).

Not all of the residues in surface nonregular, helix, and
extended structures are on the exterior side of the structure
and thus on the outside of the protein. One would expect up
to half of the residues in backbone structures that lie on the
surface of the protein to be on the side of the structure that
faces the interior of the protein; therefore, such residues would
be inside the molecule. In order to obtain a more accurate
count of the residues that are part of backbone structures, all
of whose sides are inside the protein, we introduce the concept
of a “buried” residue. A buried residue is defined as one that
(together with both residues on either side of it) is inside the
protein. We may define a quantity Ppy, (analogous to the
definition of P;,) as the fraction of X residues that are buried.
The values of P, and Py, for the three types of backbone
structure are listed in Table II.

Both the a helices and  sheets, which are made up of ex-
tended structures, have a network of hydrogen bonds. Yet, the
values of Py, for these two structures differ greatly. There-
fore, the inability of the atoms in these networks of hydrogen
bonds to be solvated cannot be the reason for the larger rela-
tive preference of extended structures for the inside. In fact,
if hydrogen bonds were the origin of this behavior, one would
expect extended structures to prefer the surface more than
helices because a significant fraction of extended structures
are not part of a parallel or antiparallel hydrogen-bonded 3
structure and, therefore, their amide groups could be acces-
sible to the solvent.

Chothia® determined the exposed surface area of 12 proteins
and found, as we have, that residues in extended structures
are more likely to be inside the protein than residues in «
helices. Given the difference between Chothia’s and our cri-
teria for assigning residues to the inside, and given the dif-
ference between his and our criteria to assign residues to he-
lical and extended structures,!® the qualitative agreement
between his results and ours is fortuitous. In addition, Chothia
did not distinguish, as we have, between residues inside the
protein, but part of a structure on the surface of the protein,
and residues that are part of structures buried inside the
protein.

Chothia® ascribed his observation (that, generally, the outer
strands of a 8 sheet were less exposed to solvent than the
residues in an « helix, and that the residues in the central
strand of a three-stranded 8 sheet were much less exposed to
solvent than the outer strands) to the assumption that the
residues in 8 sheets are better able to shield each other from
solvent. For the reasons given in the next paragraph, we be-
lieve that these observations do not result because 3 sheets are
better at shielding each other from solvent but are due to the
fact that extended structures are generally buried inside the
protein and thus shielded from the solvent by other resi-
dues.
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Table ITI
Change in the Apparent Value of AG° of Conformational Interconversion in Going from the Inside to the Outside
€i 2 €ex QRi & ORh € 2 ORh
Residue Unadjusted® Adjusted® Unadjusted® Adjusted® Unadjusted® Adjusted®
Ala 0.78 0.16 0.56 0.15 0.34 -0.07
Arg 0.42 -0.20 0.04 -0.37 0.01 -0.40
Asn —-0.41 1.03 1.10 0.69 —0.16 -0.57
Asp 0.38 -0.24 0.19 —-0.22 -0.39 -0.80
Cys 0.50 -0.12 0.22 -0.19 0.58 0.17
Gln 0.07 —-0.55 0.35 -0.06 0.15 —0.26
Glu 0.17 —-0.45 0.55 0.14 ~0.22 —0.63
Gly 0.46 -0.16 0.77 0.36 0.68 0.27
His 0.44 —-0.18 0.16 -0.25 -0.08 —0.49
Ile 0.43 -0.19 0.43 0.02 0.47 0.06
Leu 0.18 —-0.44 0.47 0.06 0.24 -0.17
Lys 0.50 -0.12 0.26 —-0.16 -0.04 -0.45
Met -0.17 -0.79 d d 0.44 0.03
Phe 0.37 -0.25 1.59 1.18 0.81 0.40
Pro 0.03 —0.59 0.52 0.11 -0.06 -0.47
Ser 0.61 -0.01 0.54 0.13 0.30 -0.11
Thr 0.67 0.05 0.69 0.28 0.50 0.09
Trp 0.29 -0.33 0.29 -0.12 -0.20 -0.61
Tyr 0.20 -0.42 0.60 0.19 -0.20 -0.61
Val 0.16 —-0.46 0.33 -0.08 0.30 -0.11
Av |A(AG?)| 0.36 0.34 0.51 0.25 0.31 0.34

2 Values of A(AG®) from eq 6, expressed in kcal/mol. ® Values of A(AG®) from eq 10, with [A(AG®)]group = 0.62. ¢ Values of A(AG®)
from eq 13 with [A(AG®)]group = 0.41. @ Not enough data were available to obtain these values. ¢ Average of the absolute values of

the numbers in each column.

The conclusion that extended structures have a greater
preference for the inside than the other types of structures is
consistent with the observation that many of the homopoly-
mers which adopt either the random coil or helical confor-
mations in solution adopt the extended structure in the
crystal.!® For the reasons discussed in the Appendix, it appears
that there is a greater increase in the entropy of nonregular
and helical structures than of extended structures in going
from the inside of the protein (where the librational motions
of all types of residues are highly restricted and, therefore, the
entropy is low) to the outside of the protein (where the re-
strictions on the librational motions are less severe and,
therefore, the entropy is higher). This means that a protein
will usually be more stable if it has nonregular or helical
structures on the surface instead of extended structures.

The preference of nonregular structures for the surface of
proteins is probably the result of three factors: (1) The absence
of a network of amide hydrogen bonds implies that many of
the amide groups in a nonregular structure are free to hy-
drogen bond with water. (2) The absence of a network of hy-
drogen bonds also implies that the entropy of a nonregular
structure (on the surface of a protein) is higher than that of
a helical or extended structure because intramolecular hy-
drogen bonds restrict the librations of a residue and cause the
entropy of conformations with hydrogen bonds to be low;16:20
on the inside, all types of structures have restricted librational
motions. (3) While helical and extended structures are
somewhat flexible, they cannot make sharp turns;2! yet sharp
changes in the direction of the polypeptide chain (which are
classified here among the nonregular structures) seem nec-
essary for the polypeptide chain to fold into a compact, glob-
ular structure. If the main role of nonregular structure were
to join lengths of regular structure together, then most of the
sections of nonregular structure should occur on the surface
of the protein. We cannot ascertain the relative importance
of these three possible causes for the preference of nonregular
structure to lie on the surface of proteins. However, by the
conformational criteria used here, we found more residues of
the 20 proteins in nonregular structures than in either helical

or extended structures. This large amount of nonregular
structure would seem to be much more than would be neces-
sary if the predominant role of nonregular structure were to
supply turns to link lengths of regular structures together; i.e.,
factor no. 3 above cannot be the dominant one.

The errors in empirical protein conformation prediction
algorithms based on short-range (intra-residue) interactions
alone® are generally ascribed to the fact that medium- and
long-range intraprotein interactions and protein-water in-
teractions are not included in the algorithm. The fact that
empirical conformational prediction algorithms, based on
short-range interactions, have moderate success shows that
the short-range interactions are more important than the
long-range and protein—-water interactions in determining the
conformation of a residue.22 However, since each of the three
types of backbone structure in Table II have quite different
preferences for the inside of proteins, the effects of protein—
water interactions are not negligible, and the accuracy of
protein prediction algorithms might be improved significantly
if the effects of protein-water interactions could be accounted
for. Using the values of P;, in Table I, it should be possible to
predict whether or not a section of a peptide chain is inside
or outside, irrespective of its conformation. Then, the data in
Table II (which show that the conformational preferences
differ on the inside and the outside) could be used to modify
the predictions, depending on whether the section of the
protein whose conformation is to be predicted is inside or
outside.

Changes in Conformational Preferences in Going from
the Inside to the Outside

Given the partial success of protein conformation prediction
algorithms based on the assumption that short-range intra-
protein interactions predominate, it would be useful to learn
if a similar assumption about residue-water interactions
would also be successful. Short-range intraprotein interactions
may be defined as those within a residue, i.e., by ignoring in-
teractions with neighboring residues. Let us define residue-
water inreractions in an analogous manner: local solute—sol-
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vent interactions are the interactions between a residue and
water with no influence from the neighboring residues. The
changes in the local solute-solvent interactions caused by the
presence of other residues will be attributed to the environ-
mental solute-solvent interactions. If the analogy between the
short-range intraprotein interactions and the local solute-
solvent interactions is valid, then the local solute-solvent
interactions would predominate over the environmental in-
teractions. The following discussion is concerned with the
validity of this assumption.

The data of Table Il were obtained in an attempt to de-
termine the effects of the local solute-solvent interactions on
the conformational preferences of the 20 naturally occurring
amino acids. Consider the three conformational changes

€ 2 €ex (1)
@Ri 2 ORh (2)

and
& = QRh (3)

Equation 1 pertains to a reaction in which an isolated residue
in the extended conformation is transferred from a nonregular
structure to an extended structure; similsrly, eq 2 pertains to
helical residues. Equation 3 pertains to a reaction in which a
residue in the ¢ conformation is transferred from a nonregular
structure to an «-helical structure. In general, for the equi-
librium

a=b (4)

between two conformational states a and b, the value of AG®
may be written as

AG® = —RT In (no. of b/no. of a) (5)

To express how the preference of a residue for conformation
a, relative to its preference for conformation b, changes in
going from the inside to the outside of a protein molecule, we
consider A(AG?), the change in the values of AG°, where

A(AG®) = ~RT In (no. of b outside/no. of a outside)
+ RT In (no. of b inside/no. of a inside) (6)

A positive value of A(AG°) means that b/a is greater on the
inside. The values of A(AG®) for each residue, computed from
eq 6, are listed in the “unadjusted” columns in Table III.

Since the only difference between the ¢ and ¢, (or between
the ar; and agrn) conformations is the conformations of the
neighbors of the residue, the local solute-solvent interactions
are by definition identical for the species on both sides of eq
1 and 2, respectively. Thus, if local solute-solvent interactions
were to predominate (as the short-range intraprotein inter-
actions do), then | A(AG?)| for reactions 1 and 2 should be ~0
and, in any event, much smaller than | A(AG®)| for a reaction
(such as reaction 3) that involves a conformational change of
the given residue. In fact, however, the opposite is observed,;
i.e., the average “unadjusted” values of | A(AG®)| are greater
for reactions 1 and 2 (0.36 and 0.51 kcal/mol, respectively)
than for reaction 3 (0.31 keal/mol). It thus appears that, while
the sum of the local and environmental solute-solvent inter-
actions has an important effect on the conformational pref-
erences of the residues, it is the environmental solute-solvent
interactions that predominate, not the local solute-solvent
interactions.

It was shown in Table II that nonregular, helix, and ex-
tended structures have different inside/outside preferences.
Thus, it could be argued that the values of A(AG?®) are the
sums of two parts, the contribution of the individual residue,
and a “group” contribution from the type of backbone
structure of which the residue is a part. In order to remove this
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“group” contribution to A(AG®), we can adjust the values
computed by eq 6, as follows:

[A(AGo)]adjusted = [A(AGO)]\madjusted - [A(AGo)]group (7)

Since & 18 part of a nonregular structure, the “group” equilib-
rium corresponding to equation 1 is:

nonregular = ¢ (8)

The [A(AG°)]group for this equilibrium can be obtained from
eq 6 as:

[A(AGO)]groupx =—RTIn[(1- Pin)(e,/(l - Pin)nonregular]
+ RT In [(Pin)eex/(Pin)nonregular] 9)

[A(AG ®)]group; = 0.62 (10)

when (Pin)e; 80d (Pin)nonregular are taken from column 2 of
Table II.

Since ag; and ¢; are part of nonregular structure, the “group”
equilibrium corresponding to eq 2 and 3 is:

nonregular = agy (11)

The value of a(AG?) for this equilibrium can be obtained from
eq 6 as:

[A(AGO)]groupm =—-RTIn [(1 - Pin)aah/(l - Pin)nonregular]
+RTIn [(Pin)aah/(Pin)nomegular] (12)

[A(AGO)]groupg,a =041 (13)

when (Pip)ag, and (Pin)nonregular 8re taken from column 2 of
Table II. :

The values of [A(AG °)]adjusted for each residue are listed in
the “adjusted” columns of Table IIL.

From an examination of the adjusted average values of
JA(AG?)| in Table I, it can be seen that the value for reaction
3 (0.34 kcal/mol) is slightly larger than the value for reaction
2 (0.25 keal/mol) but that it is the same as the value for reac-
tion 1 (0.34 kcal/mol). Again, if local solute-solvent interac-
tions predominated, the average value of | A(AG®)| should be
much larger (not equal to or only slightly larger) for reaction
3 than for reactions 1 and 2. This result means that, even when
the effects of the inside/outside preferences of the backbone
structures are taken into account, local solute-solvent inter-
actions do not predominate; this prevents us from determining
the effects of local solute-solvent interactions on the confor-
mational preferences of the residues from an examination of
the conformational preferences of the individual residues in
proteins.

The observation that local solute-solvent interactions do
not dominate the total solute-solvent interaction, while the
short-range intraprotein interactions do dominate the total
intraprotein interactions, would seem to imply that the
local/environmental solute-solvent interaction ratio is smaller
than the short-range/long-range intraprotein interaction ratio.
However, since the effects of short-range intraprotein inter-
actions and the local solute-solvent interactions are assessed
(from x-ray data on proteins) by examining each type of res-
idue in an “average” environment in a protein, the implication
that these ratios differ is not necessarily true. Depending on
the environment of a residue, the medium- and long-range
intraprotein interactions can either reinforce or diminish the
conformational preference caused by the short-range inter-
actions. When an average is taken over many environments,
the medium- and long-range interactions tend to cancel,
leaving only the invariant short-range interactions. This is
presumably the reason that empirical prediction algorithms
(based only on short-range interactions) work as well as they
do. The environmental solute-solvent interactions are the
changes in the local solute-solvent interactions caused by the
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presence of other residues around a residue. Since the presence
of other residues always serves to shield a residue from water,
the environmental interactions, unlike the long-range inter-
actions, always act in one direction. When an average is taken,
the environmental interactions do not cancel; as a result, it
becomes difficult to separate the effects of the local solute-
solvent interactions from the environmental ones in their
influence on the conformational preferences of the resi-
dues.

Thus, while short-range prediction algorithms work fairly
well because of the dominance of short-range interactions,
these algorithms could be improved by including the effect
of solvent. However, one would have to include the total sol-
vent effect, not just the local one.

Conclusion

This study confirmed the importance of the well-known
preference for polar groups to be on the outside and for non-
polar groups to be on the inside of protein molecules. One of
the most interesting results obtained here is that entropic
effects, arising from the difference between the restricted
crystalline-like environment of the inside of a protein molecule
and the fluid less-restricted environment of groups on the
outside (in water), play a major role in determining the
placement of residues and of different types of backbone
structures in the protein molecule.
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Appendix

Change in Entropy upon Restriction of Backbone
Segments. Our hypothesis that extended structures gain less
entropy than helical or nonregular structures in going from
the inside of a protein to the surface was originally based on
two factors: (1) In an extended structure, the end-to-end
distance of each residue is close to the maximum possible
length. Thus, if a residue in the extended conformation
undergoes librational motion, or changes its conformation, its
end-to-end distance will usually decrease. (2) The highly
folded nature of a stable protein would fix the ends of any
section of the peptide chain. With the ends of a section fixed,
aresidue in a protein can decrease its end-to-end distance only
if the end-to-end distances of the neighboring residues in-
crease. However, the neighbors of a residue in an extended
structure (being themselves in the extended conformation)
cannot increase their end-to-end distances easily. Thus, the
librational motions of an extended structure will be restricted
(no matter in which part of the globular protein it lies), and
the entropy of the extended structure will be low. In helical
or nonregular structures (even those with fixed ends), the
residues are at neither their maximum nor minimum dis-
tances, and the end-to-end distance of a residue can adapt
easily to the effects of librational motions; as a result the en-
tropy will be greater when it is in an environment in which
these librational motions can occur (viz., the surface).

The above arguments seem reasonable for a completely
extended chain, i.e., one with all backbone dihedral angles
equal to 180°. However, real extended structures are not
completely extended (i.e., their dihedral angles are close to,
but differ somewhat from, 180°), and it is not certain how valid
the above arguments are for such “distorted” structures. To
test the validity of these arguments on real extended struc-
tures, vibrational frequencies of N-acetyl-(Ala)s-amide were
calculated by the method of Wilson et al.23 The entropy of the
chains was computed from the vibrational frequencies. The
flexible geometry force field used in these calculations will be
described in another publication. The blocked penta-L-ala-
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Table IV
Vibrational Entropy of Extended and Helical Chains of
N-Acetyl-(Ala)s-amide with Different Restrictions

Decrease in

AS.—
Type of AS,-,, upon restriction
restriction eu of ends, eu

Unrestricted 21

Ends bonded (case 1) 21 0
1 atom at each end of 19 2

chain fixed (case 2)
2 atoms at each end of 16 5

chain fixed (case 3)

nine chains were taken in the extended conformation (¢ =
—153°, ¢ = 155°) and in the helical conformation (¢ = —60°,
¥ = —41°), respectively. The ends of the chain were fixed in
three different ways: (1) A stiff bond was placed between the
acetyl and amide end groups and given an equilibrium bond
length equal to the actual distance between the end groups.
(2) One atom in each end group was fixed in space. (3) Two
atoms in each of the end groups were fixed in space.

In the three restricted cases, and for the chain with unre-
stricted ends, the hydrogen bonds in the helical structures
made their entropies lower than those of the extended
structures. However, extended structures in proteins are often
part of hydrogen-bonded 3 sheets, and helices in proteins are
often irregular and thus lack good intrachain hydrogen bonds.
For these reasons, the effects of the hydrogen bonds on the
entropies of the models used in these calculations (viz., single
extended chains and perfect helices) must be subtracted out
before the entropies of the models can be used to answer the
question under consideration here. This can be accomplished
by examining how the difference in entropy between the helix
and the extended structure changes when the ends go from
the free to the restricted state. While the helix has a lower
entropy both when the ends are free and when they are re-
stricted, our hypothesis requires that the difference in entropy
between the helix and the extended structure be smaller when
the ends are restricted.

Table IV shows that fixing the atoms at the ends of the
chains (cases 2 and 3) does cause the entropy difference be-
tween the extended and helical structures to decrease, as
predicted. However, the fact that the presence of a stiff bond
between the ends of the chains (case 1) does not cause the
entropy difference to decrease means that our original hy-
pothesis (that restriction of the end-to-end distance of the
chains would result in a decrease in the entropy difference
between the chains) is not correct. It appears that the entropy
difference between the extended and helical structures
changes only when the twisting and rotational motions of the
ends of the chains are inhibited. It is worth pointing out that,
as the restrictions on the movements of the atoms at the ends
of the chains are increased (i.e., in going from case 2 to case 3),
the entropy difference between the conformations decreases;
also, the typical atom in even the most restricted of the (Ala)s
chains studied here can move more freely than the atoms in
a chain on the surface of a protein.

In conclusion, our original hypothesis (that entropy favors
helices over extended structures on the outside) seems to be
confirmed. These entropic effects arise from the fact that the
polypeptide chain is folded; this restricts the rotational motion
of the ends of the sections of the chain. This restriction causes
a greater reduction of the entropy of extended structures
(compared to helices) on the outside.
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ABSTRACT: Mean-square unperturbed radii of gyration, (s2), have been computed as functions of degree of poly-
merization and helix content for cross-linked polypeptides of the poly(L-alanine) type. Zimm-Bragg statistical
weights were assigned values appropriate for poly(hydroxybutyl-L-glutamine) in water. The g (=(s2), branched/
{$2)0, linear) for polypeptides with a finite degree of polymerization fall between the limits defined using random-
flight statistics and rigid-rod behavior. For polypeptides of the molecular weight usually encountered, g varies
strongly with helix content when helicity exceeds 20%. Partially helical polypeptides require substantially higher de-
grees of polymerization than do completely disordered polypeptides in order to attain the limiting g obtained from

random-flight statistics.

Proteins frequently contain interchain cross-links. The
most prevalent naturally occurring cross-link results from
disulfide bond formation by two cysteinyl residues.! Covalent
cross-links have also been chemically induced in protein
complexes to determine which polypeptide chains are
neighbors. This approach has been applied to chromatin,2-5
ribosomes,® and merabranes.” Treatment of mouse LA-9 cells
with tetranitromethane, for example, produces a cross-link
between the C-terminal half of histone H2B and the C-ter-
minal half of histone H4.5 Analysis of products of cross-linking
reactions frequently includes gel permeation chromatography
or polyacrylamide gel electrophoresis in either aqueous so-
dium dodecyl sulfate or aqueous acid-urea solution. Typical
proteins are denatured under these conditions.® They may,
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however, still have a substantial fraction (up to ~50%) of their
amino acid residues present in o helices.? Analysis of the
transport properties of these proteins would be facilitated by
knowledge of the effect of cross-linking on their unperturbed
dimensions.

One approach to an estimate of the unperturbed dimensions
would be to utilize random-flight statistics to compute pa-
rameters denoted by g0 and f;. 11

(s2)¢ for cross-linked molecule
{s2)¢ for analogous linear molecule

g (1)

~_ {s%)o!/2 for ith uncross-linked polypeptide chain
' (52)01/2 for cross-linked molecule

(2)
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