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ABSTRACT: Four series of model molecules, each of which contains a coil section and one or two sections of fixed or-
dered backbone structure, have been examined to locate their low-energy conformations in water. The four series are:
helix—coil, helix—coil-helix, extended—coil, and extended-coil-extended. In each series, the length of the coil is al-
lowed to vary from four to ten residues, while the nuclei (ordered backbone structures) are held fixed at six residues.
By comparing these molecules, it is observed that the low-energy conformations of those containing two nuclei can
be regarded as being derived from low-energy conformations of molecules containing one nucleus. This suggests that
folding of proteins containing preformed nuclei proceeds through interactions between the nuclei and adjacent non-
regular sections of the chain rather than between nuclei. It is also observed that helices are better promoters of globu-
larity than extended strands. These results are compared with those from recent studies of various aspects of protein

folding.

Several approaches are being used to compute the three-
dimensional structure of a native protein in a given environ-
ment from a knowledge of its amino acid sequence. A useful
(if somewhat simplistic) method for classifying these ap-
proaches is to divide them into mechanistically “directed” and
“nondirected” folding procedures. In the nondirected pro-
cedures,3-5 an attempt is made to incorporate features which
will lead to a distribution of conformations which closely
matches the native structure at the end point of the calcula-
tion. No effort is made, however, to ensure that the interme-
diate stages of the calculation resemble postulated stages in
the folding of the molecule in solution. Indeed, in one proce-
dure,’® the intermediate stages do not necessarily possess the
correct juxtaposition of neighboring residues.

The directed procedures®-2 are based on the hope that the
efficiency of the computational folding process can be in-
creased by forcing it to model the actual folding mechanism
as closely as possible. This should prevent the molecule from
sampling regions of conformational space from whcih the
native conformation is not likely to be attained. For example,
in the three-step procedure of Tanaka and Scherage,’ the first
and second steps are characterized by the operation of short-
and medium-range interactions, respectively. Their combined
effect is to produce contact regions made up of residues which
are proximal along the chain. These contact regions frequently
consist (partially but not exclusively) of ordered backbone
structures, such as helices, bends, or extended strands. In the
third step, the long-range interactions between contact regions
which are distant along the chain bring the molecule into the
compact globular form which characterizes the native protein.
Ptitsyn and Rashin,® who carried out model-building studies
on a highly helical protein, were also concerned primarily with
the packing of preformed helical nuclei; this corresponds es-
sentially to the third step of the Tanaka-Scheraga model.

It is clear from the foregoing remarks that one of the central
postulates of the directed methods of protein folding is that
the preformed nuclei of ordered backbone structure interact
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with other parts of the chain in a manner which is crucial to
the folding process. It remains to ask how this comes about.
For example, is the folding due to the interaction between
nuclei, or between each nucleus and nonregular parts of the
chain? What are the roles of different types of ordered
structure in the folding process? These questions are difficult
to investigate by considering native proteins, where the
number of interactions is large. It was felt, therefore, that a
systematic study of simple molecules containing fixed nuclei
of ordered structure would be a useful method of refining our
understanding of the folding process. A number of studies
have appeared, directed primarily toward the interaction of
two helices.?-12 While the percent work was in progress, the
studies of Warshel and Levitt!? on carp myogen appeared.
They studied, among other things, the folding of two-helix
fragments of the carp myogen sequence.

We shall consider both helices and extended structures, and
will be interested in folding as a function of the separation of
the ordered structures along the chain, in the presence of
water. Our model is outlined more fully in the next section.

Methods

Four types of model molecules were considered here. Each
contained one or two blocks of residues fixed in a regular
structure and one nonregular block whose conformation was
allowed to vary. For example, one type was the helix—coil-helix
molecule, which we denote as HyCasHy. This type consisted
of two runs of N resides, each fixed in a helical conformation,
separated by M residues in a nonregular coil. The remaining
types were: helix-coil (HNyCps), extended—coil-extended
(EnCumEyN), and extended—coil (ExCay). In the present study,
N was taken as 6, and M was allowed to vary from 4 to 10. The
energy of each molecule (i.e., each value of M) was minimized
with respect to the dihedral angles in the Cps block.

The Hy and Exn blocks consisted of alanine residues and
the Cys block of glycine residues. Alanine was chosen because
of the simplicity of its side chain and glycine because of the

© 1978 American Chemical Society 1



2 Rackovsky, Scheraga

large volume of its conformational space. The dihedral angles
chosen for the helical and extended regions were (¢,¥) =
(—58°,—47°) and (180°,180°), respectively. Although the in-
tramolecular energy in the latter conformation is somewhat
unfavorable for alanine,!* we are interested primarily in the
differing tendencies of the two backbone structures to form
contact regions. We have chosen the dihedral angles
(180°,180°) to emphasize the distinction between the ex-
tended and helical structures.

In order to reduce computational expense, while adequately
sampling the conformational space of the molecule, the ro-
tational isomeric state (RIS) approximation was used. The
dihedral angles of the glycine residues were allowed to assume
a discrete set of values at 30° intervals, viz., ¢ or ¢ = —180°,
—150°, ..., 150°. This provides points that are reasonably
close in both energy and conformation to the principal minima
of the glycine residue.

The minimization scheme consisted of two stages. The first
was the random generation of conformations of each molecule
under study. Each conformation was checked on an atom-
by-atom basis for hard-sphere overlaps, using the hard-sphere
radii of Tanaka and Scheraga.l® Ten-thousand overlap-free
conformations of each molecule were produced, and the con-
formational energy of each was calculated; the lowest-energy
conformation in each set was identified.

In the second stage, this lowest energy conformation was
used as the starting point for a step-wise enérgy minimization.
The dihedral angles in the variable coil region were changed,
one at a time, by one step in each direction (£30°) on the RIS
lattice, and the energy of the resulting conformation was
calculated. If the energy was higher than that of the original
conformation (resulting from stage I), or if a hard-sphere
overlap developed, the conformation was rejected. The lowest
energy conformation of those remaining was then used as the
starting point for another cycle of stage II minimization. This
process was continued until the energy could not be lowered
any further. The resulting conformation was the lowest energy
conformation referred to in the remainder of this work.

The random number generator used in the first stage was
RANDK, a subroutine written by the Cornell Office of Com-
puter Services and stated by them to be superior to many of
the commercially available generators with respect to se-
quence correlations. Each of the 28 generation sequences
(seven values of M for each of four types of molecules) was
started from a different initation point, in order to guarantee
that the runs were independent.

The energy of an overlap-free conformation consists of a
number of contributions. Since the Hy and Ex blocks were
maintained fixed, the energies of these blocks were not com-
puted. The only energies computed were those for the indi-
vidual glycine residues, the interglycine residue interaction
energies, and the energies of interaction between the various
blocks. The energies of the glycine residues (short-range en-
ergy) were taken as those of N-acetyl-N’-methylglycineamide
at the selected (RIS) values of ¢ and ¢.14 Although these
energies depend only on the dihedral angles of a single residue,
the N-acetyl and N’-methyl blocking groups simulate parts
of the backbone adjacent to the residue in question. These
energies therefore account for intraresidue and part of the
nearest neighbor (i to i + 1) interactions, as well as the C,®¢
hydrogen bond energy.1¢ Since glycine has no side chain, it is
expected that the interaction between residues ; and ; £ 2 will
be negligible and that those between i and i + 3 will take place
over a very limited region of conformation space.l” We,
therefore, neglected them and assumed that the single residue
and nearest neighbor interactions dominate on the scale |; ~
J| <3.When |{ — j| = 4, the possibility of hydrogen bonding
leading to helix formation arises, provided that the intervening
dihedral angles assume appropriate values. This is of partic-
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ular interest in the present study, since the prefixed helices
could serve as nuclei on which larger helices could grow. The
i to i + 4 interaction, therefore, was modeled by a hard-sphere
interaction together with a hydrogen-bond energy which was
included if the correct dihedral angles were generated in the
Cu sequence.

The above approximations mean that the medium-range
(2 < |i = J| < 4) interactions were modeled by a hard-sphere

- potential plus an |i ~ j} = 4 hydrogen bond. It is possible that,

by using this approximation, certain conformations which are
stabilized by medium-range interactions, such as other types
of hydrogen bonds, were ignored. In a glycine chain, however,
the formation of such structures is entropically disadvanta-
geous, and the approximation is probably not seriously in
error.

The long-range (|i — j| > 4) interaction energies were cal-
culated using the empirical free energies of Tanaka and
Scheragal® for residue-residue contact. These parameters,
which arise from a statistical analysis of residue pair contacts
in 25 globular proteins, reflect the relative tendencies of var-
ious residues to associate with each other or to remain un-
paired, in the presence of water.

Results

The four series of of low-energy conformations which re-
sulted from the minimization procedure are shown as stereo
ORTEP drawings in Figures 1-4. For simplicity, only the C«
and CP atoms are shown, and the backbone is represented by
virtual bonds connecting the C* atoms.

In this section, the characteristics of the individual con-
formations are presented.

A. HNCy Series. M = 4-6. The conformations of these
molecules are dominated by a tendency for the coil to fold
efficiently against the fixed helix. There is no contribution to
the stabilization energy from intracoil (IC) interactions (see
Table I).

M = 7. The longer coil forms a somewhat wider loop, but
the helix—coil (HC) interaction is still the dominant factor in
folding, and there is no IC interaction.

M = 8. The coil is wrapped very tightly against the helix,
and the IC interaction still plays no role in stabilizing the
conformation.

M =9, The coil is now long enough to form an open circular
loop which lies against the helix. The stability of this confor-
mation now has a significant contribution (18%) from the IC
interaction.

M = 10. There is some indication of a circular loop (in the
opposite sense to the M = 9 loop) forming in the coil as it folds
against the helix. The less efficient formation of this loop is
reflected in the smaller contribution (5%) of the IC interaction
to the stability of the conformation.

B. HvCyHp Series. M = 4. The molecule assumes a
simple U shape with nonparallel arms. The angle between
helix axes is 112°, and the stability of the conformation is due
priamarily (73%) to the interhelix (HH) interaction. The HC
interaction is relatively small (see Table I), and there is no IC
interaction.

M = 5. The presence of an additional residue in the coil
greatly increases the flexibility of the molecule. Although the
interhelix angle is the same as in the M = 4 case (112°), there
is now a much more favorable orientation of the C-terminal
helix relative to the coil. This is reflected in the much greater
HC interaction (51%). The two types of long-range interaction
(HC and HH) are sufficient to compensate for a slightly un-
favorable short-range (SR) interaction (—2%). There is no IC
interaction.

M = 6. As the flexibility of the coil increases with length,
we begin to see a feature common to several of the longer HCH
molecules. This is the insertion of one helix into a “pocket”
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Figure 2. Same as Figure 1 but for the HpnCpHpy series.
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Figure 3. Same as Figure 1 but for the ExCyy series.

formed by the coil and the other helix. The two helices in this
case are essentially perpendicular (89°), with the C-terminal
helix fitting between the coil and the N-terminal helix. The
HC interaction accounts for 67% of the total stabilization and
the HH interaction for 32%. The SR interaction is very slightly
favorable (1%).

M = 7. Here, again, the C-terminal helix is in a pocket
formed by the coil and N-terminal helix. In this case, however,
the C-terminal helix protrudes from the pocket so that the two
helices are nearly parallel (the interhelical angle being 16°).
This leads to a favorable HH interaction; although the pro-
portion (26%) is smaller than for M = 6, the numerical value
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is larger. The HC interaction is 58% of the total, and the SR
energy is 15%.

M = 8, The situation that we have encountered thus far is
reversed here. We now find the N-terminal helix in a pocket
formed by the C-terminal helix and the coil. The two helices
are relatively closely aligned (37°). The proportional contri-
butions by the various interactions to the stability are the
same as in the M = 7 case.

M = 9. This is an exception to the pocket-forming tendency
that we have seen thus far. The coil loops around fairly tightly,
so that a pocket is not formed. Rather, the coil folds efficiently
against the C-terminal helix and (for the first time in this se-
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Figure 4. Same as Figure 1 but for the ENCpEp series.

ries) with itself. The HC interaction accounts for 93% and the
IC interaction for 11% of the total stabilization. This is bal-
anced by a rather unfavorable SR interaction (—6%). The
interhelix angle is 55°, and the HH interaction is very
small.

M = 10. Once again, we find a “pocket” conformation, but,
because of the length of the coil, there is significant stabili-
zation due to IC interactions (5%). There is some HH inter-
action (9%), but the HC interaction dominates the stability
of the molecule. This conformation is much more stable in
terms of short-range energies (4%) than is the case for M =
9.

C. ENCu Series. M = 4-7. In this group, the coil folds
against the strand to form 8-hairpin-like structures. This is
particularly evident in the M = 6 and 7 cases. There is no IC
interaction in any of these conformation. The extended
strand—coil (EC) interaction increases from 35% for M = 4 to
71% for M = 7 (see Table I).

M = 8, The greater flexibility of the longer coil enables the
structure to form a loop, with substantial IC interaction (30%).
The EC interaction drops drastically, to 29%. The hairpin-like
shape is no longer present. )

M = 9. The coil forms a loop, rather resembling that in
EsCoEg (see below). The longer coil interacts efficiently with
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Table I
Contribution of Various Types of Interactions to Stabilization of Model Molecules

Fraction of total enegy Fraction of total energy

of HyCa moleculesa:®

of HyCyHy molecules?:¢

Fraction of total energy Fraction of total energy
of ExCar molecules® @ of ExnCpEn molecules®®

EC IC SR EE i1C EC SR

M HC IC SR HH 1C HC SR
10 0.58 0.05 0.37 0.09 0.05 0.82 0.04
9 0.67 0.18 0.15 0.02 0.11 0.93
8 0.74 0.0 0.26 0.26 0.0 0.58 0.16
7 0.71 0.0 0.29 0.26 0.0 0.58 0.15
6 0.70 0.0 0.30 0.32 0.0 0.67 0.01
5 0.66 0.0 0.34 0.51 0.0 0.51
4 0.58 0.0 0.42 0.73 0.0 0.15 0.13

—0.06

—0.02

0.38 0.30 0.32 0.03 0.25 0.56 0.16
0.50 0.18 0.32 0.0 0.21 0.56 0.23
0.29 0.30 0.41 0.09 0.0 0.86 0.05
0.71 0.0 0.29 0.21 0.0 0.57 0.22
0.65 0.0 0.35 0.42 0.0 0.41 0.18
0.50 0.0 0.50 0.53 0.0 0.28 0.19
0.35 0.0 0.65 0.717 0.0 0.14 0.09

a For the conformations of Figure 1. ® Abbreviations are: HC, helix—coil interaction; IC, intracoil interaction; SR, single-residue
energy; HH, interhelix interaction; EC, extended strand—coil interaction; EE, extended strand—extended strand interaction. ¢ For
the conformations of Figure 2. ¢ For the conformations of Figure 3. ¢ For the conformations of Figure 4.

the extended strand. The EC interaction is responsible for 50%
of the total stabilization, and the IC interaction contributes
18%.

M = 10. The coil forms a loop which folds against the ex-
tended strand as well as against itself. The IC interaction is
30% and the EC interaction is 38% of the total stabilization.

D. ENCaxEnN Series. M = 4. Because of the short coil, the
only efficient way for the molecule to fold is in a structure
which closely resembles a 8 hairpin. The angle between
strands is 177°, which means that they are essentially anti-
parallel. Most of the stabilization comes from the interstrand
(EE) interaction (77%), with 14% due to the strand—coil (EC)
interaction. There is no IC interaction.

M = 5. Again we find a hairpin, with interstrand angle 172°.
The EE interaction contributes 53% to the stabilization and
the EC interaction 28%. There is, again, no IC interaction.

M = 6. The coil becomes longer, and the hairpin is skewed
so that a significant amount of the coil is packed against the
C-terminal strand. The interstrand angle is 152°, and the EE
(42%) and EC (41%) interactions are nearly equal.

M =17, The coil is now long enough so that EC interactions
dominate the stabilization energy (57%). The angle between
strands is 127°, and the EE interaction is only 21% of the total.
There is no IC interaction. The hairpin shape is beginning to
disappear.

M = 8. The disposition of the extended strands is now es-
sentially dictated by the coil, which loops around to maximize
its interaction with the C-terminal strand. The EC interaction
constitutes 86% of the total stabilization and the EE interac-
tion only 9%. There is no IC interaction. The interstrand angle
is 126°.

M = 9, The coil completely dominates the conformation of
the molecule. The EE angle is 57°, but there is no EE inter-
action. The coil loops back on itself so that, for the first time
in this series, we find an IC interaction (21%). The EC inter-
action is 56% of the total.

M = 10. Again the coil dominates the conformational
preference. The loop is even sharper than in the M = 9 case,
and the EE interaction is very small (3%). The EC interaction
is 56%, and the IC interaction is 25% of the total stabilization.
The interstrand angle is 63°.

Discussion

On the basis of the results presented above, we shall con-
sider the questions about long-range interactions which were
posed in the introductary section.

It is clear that the folding of the HxC)y series is governed
by the need to optimize the contact between the coil and helix
sections. Significant intracoil interactions appear only when
the coil becomes long enough to make contact with itself
without sacrificing helix—coil contacts.

Comparison of this series with the HyCpsHy series is in-
structive. As a point of departure, we focus our attention on
the HgCg and HgCgHg conformations. The similarity between
these two is striking; in fact, they are identical through the
fifth residue in the coil. (In this connection, it should be noted
again that the random number and minimization sequences
used to generate these conformations were completely inde-
pendent.) This suggests that the folding of the HyCaHn
molecules is governed essentially by the interaction of the coil
with one of the fixed helices. In fact, the “pocket” conforma-
tion can be viewed as arising from this type of interaction.
Careful inspection of the other long (M > 5) HgCprHg mole-
cules reveals that most of them can be thought of as deriving
from CpsHg molecules in which the coil is wrapped against the
helix (which is now C-terminal). When the intervening coil
drops below a certain length, the interference between the two
bulky helices begins to govern the conformation. As was
mentioned in the previous section, the HgCoHg conformation
is something of an exception to the pocket-forming rule.
Perhaps a lower energy conformation with a pocket-type
structure might be found. Nevertheless, it is possible to view
the conformation which was found as derived from an effi-
ciently packed CgHg conformation.

The conformational tendencies pointed out above are
likewise evident in the ExCys and EMCMEN series. The
shorter (M < 8) E¢Cas molecules form hairpins in which the
coil arranges itself against the fixed strand. As the coil be-
comes sufficiently long and flexible, an energy advantage is
gained by loop formation. Inspection of the ExCp/Exn series
indicates that there is generally a much stronger interaction
of the coil with the C-terminal extended strand than with the
N-terminal strand. At M = 7, the tendency of the coil to loop
begins to manifest itself and becomes increasingly significant
toward the long end of the series. We suggest that all of the
EsCarrEg low-energy conformations found here can be derived
from similar CpEg conformations.

It is possible that the tendency, manifested in both series,
to favor interaction of the coil with the C-terminal rather than
the N-terminal fixed nucleus, is due to the basic asymmetry
of the peptide chain. Conceivably, though, corresponding
low-energy conformations exist in which the coil interacts
preferentially with the N-terminal nucleus. In any case, lim-
ited evidence obtained in the course of this study indicates
that conformations in which the interactions are more sym-
metrically distributed tend to be of higher energy than the
asymmetric conformations; i.e., interactions between the fixed
nuclei and the coil are favored over those between the fixed
nuclei at both ends of the molecule.

The foregoing remarks suggest that the extent to which
protein folding is influenced by interaction between pre-
formed nuclei is governed by the length of the nonregular
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section separating them. Inspection of Table I shows that, for
the HyCpsHy series, the HC interaction begins to dominate
at M = 5, while the corresponding value for the ENCyEn
series is M = 7. It would seem that the relevant parameter is
the ratio between the length of the fixed nuclei and that of the
adjacent nonregular section. If this parameter is sufficiently
small, it may be an unwarranted simplification to consider
only packing of preformed (helical or extended) nuclei.

The conclusion that the importance of the H+-H or E-.E
interactions in folding is dependent on the length of the
nonregular coil separating the nuclei is consistent with the
observation of Levitt and Chothial8 that, in native proteins,
ordered nuclei which are adjacent along the chain are generally
spatially close. As they remark, the nonregular portions in
native proteins are frequently short. Even if the nonregular
coil is of the same length as or longer than the nuclei that it
connects, optimal contact between one nucleus and the coil
will tend to bring the second nucleus into proximity with the
first (although, from an energetic viewpoint, the two nuclei
may not be in particularly advantageous contact). Our results
are also consistent with the results of Warshel and Levitt13 on
the folding of carp myogen segments containing pairs of hel-
ices. They consider two fragments: helices C (10 residues) and
D (9 residues) together with the intervening 10 residues, and
E (10 residues) and F (7 residues) with the intervening 10
residues. They arrived at minimum-energy structures which
are essentially variations on the nonparallel “U” forms that
were observed here for the shorter HyCasHy molecules.
Furthermore, the “idealized native” conformations for the
myogen fragments which Warshel and Levitt took from the
actual native structure seem to be similar to the twisted U
shape which we found for HgCsHg. Both in the myogen frag-
ments and in the model molecules to which we have compared
them, the number of residues in the fixed nuclei and in the
intervening coil are approximately equal, although the number
of residues in the two studies are significantly different (10
vs. 8). It should also be remarked that the energy functions
used in the two studies are very different. These two obser-
vations imply that the conformations of these molecules are
probably determined by considerations of packing efficiency
and that in this connection the relation between the length
of the fixed nuclei and that of the variable coil may indeed be
an important parameter.

Another interesting observation arising from the low-energy
conformations found here is the greater efficiency of the helix
over the extended strand for promoting compact structures.
For example, in the EgC7Eg through E¢C1¢Eg conformations,
the extended strands are unable to overcome the looping
propensities of the coil. This is undoubltedly due to the
slimness of the extended strand, which imposes stringent
conformational requirements on a coil with which it is to fold
compactly. One is led to suspect that there may be an advan-
tage for folding in the fact, observed by Finkelstein and
Ptitsyn,!® that there is a higher probability for helices to
preform in the denatured protein than for any other regular
structure. The presence of preformed helices might enable the
correct globular form to be produced quickly and directly.

In closing, we remark that our results are subject to the
uncertainly inherent in all such conformational energy cal-
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Table I1
Average Radii of Gyration and Standard Deviation for
the Four Series of Conformations

Radius of gyration, A

Series Av Stand Dev
HnxCar 5.28 0.56
HyxCyHpy 6.64 0.66
EnCu 7.76 0.52
EnCyEN 10.87 1.27

culations due to the so-called local-minimum problem: the
lack of assurance that the minimum found for the free energy
of each molecule is the gobal one. Inspection of the low-energy
conformations found here suggests that, in most cases, they
are packed as efficiently as possible (with expections which
can be understood in terms of the structure of the molecule),
and that the global minimum cannot be radically different in
its important features from those found here. Objective evi-
dence for this belief comes from a consideration of the dis-
tribution of radii of gyration in the different series. In Table
II we show the average and standard deviation for each series.
It can be seen that the values are well separated and have
reasonably small standard deviations (about 10%). More to
the point, within a given series, the radii of gyration generally
increase monotonically with M. The efficiency of packing is
thus fairly constant within a given series, which is consistent
with our belief that energies cannot be lowered significant-

ly.
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