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1. Introduction

General features of the three-dimensional structures
of globular proteins can be explained if it is assumed
that at early stages of protein folding the major part
of the polypeptide chain is in the a-helical conforma-
tion [1]. Analysis of the energy, kinetics and diffusion
factors as well as of the general features of the primary
structure of globular proteins also suggests the forma-
tion of highly helical intermediate globule as a general
principle of protein folding. In the present paper the
results of such an analysis are briefly summarized. It is
deduced that:

(i) Short a-helices bearing hydrophobic clusters on
their surfaces must be formed first.

(ii) These must then be united into a highly helical
intermediate globule.

(iii) A native structure must be formed by the sub-
sequent transition of a-helices of the highly
helical intermediate globule into different types
of secondary structure (this transition is not

.accompanied by any considerable shifts of the
material of a-helices relative to each other).

The stereochemical simulation of the formation of
a highly helical intermediate and its subsequent
transition into another conformation permits one to
predict, in good agreement with experiment, three-
dimensional structures of globular proteins with
different ratios of a-helices and B-sheets [2—6] . The
suggested principle of protein folding is a development
of Pauling and Corey’s ideas [7] that in the absence
of long-range interactions the a-helix is the most
preferable conformation for a polypeptide chain.

10

2. Structural prerequisites

2.1. Characteristic distribution of the hydrophobic
and hydrophilic residues along the polypeptide
chain in globular proteins

If the whole polypeptide chain of a natural
globular protein were coiled into an a-helix the major
portion of the hydrophobic side groups would be
found in clusters on the helix surface. The total
length of these hydrophobic clusters along the helix
axis will be 60—80% of the whole length of the
a-helix, and the length of each cluster will extend
through 2—7 helix turns. This striking feature is
observed in all globular proteins regardless of the
content of the a- and B-formsin their native structures
(see fig.1, [2,3,6]).

An c-helix with one hydrophobic cluster will be
described here as an s-helix and the corresponding frag-
ment of the polypeptide chain as an s-fragment
(fig.1a). Let us assume that the N-end of an s-helix
can be located in positions i-4, i—3,i—2,i—1, and the
C-end in positions j+1, 42, 7+3 and j+4, where the
i and j are the positions occupied by the first and the
last hydrophobic residue of the cluster, respectively.

2.2. Properties of s-helices

2.2.1. Property 1

It follows from the stereochemistry of the poly-
peptide chain that the number of hydrogen bonds
and van der Waals’ contacts will decrease [7] and the
hydrophobic cluster will break down into smaller
clusters when an s-helix is transformed into any other
sterically allowed conformation. This means that the
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a-helix is energetically the most stable conformation
for a single s-fragment if it does not yet interact with
other parts of the polypeptide chain and does not
contain a large amount of identically charged side
groups. Moreover, in any other conformation the

-fragment
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Fig.1. s-Helices. (a) F is the polypeptide chain of a globular
protein with a typical distribution of hydrophobic (e) and
hydrophilic (o) residues. H is an a-helix built from chain F.
Dotted regions on the a-helix surface are hydrophobic
clusters. Helical regions S1, S2, S3 are s-helices corresponding
to s-fragments 1, 2, 3 of the F chain. (b) Double a-helical
nets of parvalbumin (PLN) (helical protein [8]) and of the
variable part of immunoglobulin (IGV) (8-structural protein -
[9]). Large circles denote bulky hydrophobic residues. S1,
S2, 83 ... are s-helices. The ends of these s-helices can be
prolonged by 1—4 residues (determination of the s-helix
termini, section 2.1.). (« — — ), («.—.—.—) are helical and
B-structural regions in the native structures. A, Ala; C, Cys;
D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu;
M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val;
W, Trp; Y, Tyr.
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s-fragment will be in contact with a larger amount of
water molecules, and thus the entropy of water will
decrease when an s-helix is transformed into any other
conformation.

2.2.2. Property 2

It has been shown experimentally that the time
of a-helix formation is about 1077 s [10,11]. It is
much shorter than the time (1072 s and more)
necessary for forming the elements of protein tertiary
structure [12,13]. In particular, it is much shorter
than the time of 8-structure formation which is
measured in minutes and even hours [14—18] . Hence,
s-helices must be formed much faster than other
conformations.

2.2.3. Property 3

s-Fragments of globular protein polypeptide chains
contain about 10—20 residues (fig.1b, [2,3,6]). Then
s-helices of such a length are small, compact globules
with an axial ratio ranging from 1:1 to 2:1 (fig.2). It
is natural that such compact s-helices will diffuse in
solution much faster than any other conformation of
the s-fragment.

2.2.4. Property 4

The s-helix is a rigid structure. There are two
regions on its surface, the hydrophobic and the
hydrophilic ones, and they are divided by a clear
‘boundary. This means that s-helices possess rigid
specific patterns of their surfaces thus providing con-
ditions for selective and cooperative interactions
between different parts of the polypeptide chain.

Fig.2. An a-helical fragment assembled from CPK atomic
models (12 amino acid residues). The arrow shows the
a-helix axis directed from the N- to the C-end of the a-helix.
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3. Stages of protein folding

3.1. Formation of s-helices within the polypeptide
chain as the first stage of protein folding

I postulate that at the first stage of protein folding
(the initial stage when long-range interactions are
absent) the a-helix is the most probable structure for
s-fragments which comprise the major proportion of
the polypeptide chain length (section 2.1.). The basis
for the postulate is that s-helices are the most prefer-
able energetically (property 1), and can be formed
many times before the appearance of long-range
interactions (property 2).

If it is taken into account that the s-helices are the
most quickly diffusing structures in solution
(property 3), it can be concluded that they must be
the elements for the first long-range interactions
resulting in formation of a highly helical globule.

3.2. Packing of s-helices into a globule as the second
stage of protein folding

Itis natural to think that the highly helical globules
formed at this stage must satisfy the main principles
of structural organization which are observed in native
structures of globular proteins. Numerous experimental
data on three-dimensional structures of globular
proteins permit one to suggest three main principles
of their structural organization [4—6, 19-21].

1. Most hydrophobic side groups form a tightly
packed core, while most hydrophilic side groups
form a polar shell to the protein globule.

2. Polar atoms of the polypeptide chain, which are
found within the internal part of the globule,
always form intramolecular hydrogen or salt bonds.

3. Hydrophobic side groups in the core form double
hydrophobic layers.

The latter principle of structural organization is also
observed in crystals of organic compounds [22] and
in crystals of amino acids [23] . The hydrophobic
layers in proteins are formed by f-structural sheets,
by wide hydrophobic clusters of a-helices and by twe
a-helices whose hydrophobic cluster borders are
drawn together according to the knob-hole principle

(fig.3).

12

FEBS LETTERS

May 1978

Fig.3. Hydrophobic layer formed from the hydrophobic
clusterslgf two s-helices according to the knob-hole principle
[21]. (&).8Y") Hydrophobic groups on the s-helix surface.

Taking into account the three principles of struc-
tural organization mentioned, we built highly helical
globules from s-helices of polypeptide chains of
several globular proteins with known tertiary struc-
tures [6] . We began the globule construction with a
search for the s-helices which could form hydrophobic
layers according to the knob-hole principle (fig.3),
and we finished the construction by uniting the
hydrophobic layers with each other and with other
s-helices. At each stage of such an assembly, the
selectivity and cooperativity of the interaction
between s-helices (property 4) decreased the number
of alternative packing combinations. It was possible
to satisfy all the three principles of structural organi-
zation only in strictly defined, unique globules. Con-
sequently, at the second stage, the random search of
different packing combinations of s-helices resulted
in unique highly helical globules.

Each of the highly helical globules must be built
from three to eight s-helices. In the bi-s-helical
structure it would be impossible to shield a consider-
able part of the hydrophobic side groups from contact
with water. Nine or more s-helices would be difficult
to pack into one compact globule without shielding
the hydrophilic side groups of some s-helices by
hydrophobic clusters of other s-helices. Eight s-helices
could still be packed into a globular structure accord-
ing to the scheme: six s-helices are assembled in a
bunch, on each butt of which one more s-helix is
located. The length of an s-fragment is about 10—20
residues (fig.1a, [2,3,6]). Consequently, to build
one highly helical globule it is necessary to have a
chain consisting of 50—150 residues, and in those
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cases where the chain length is several hundred
residues, multidomain folding must take place.

The folding of proteins which are highly helical
in their native state must be terminated at this
second stage. This happens when the highly helical
globule formed at this stage is stable enough to
remain unchanged. With multidomain folding of the
polypeptide chain the globules first formed can then
be united into one large highly helical globule.

3.3, Intramolecular rearrangements in highly helical
globules as the third stage of protein folding

This stage must follow the previous one when
folding of the polypeptide chain of a protein of low
helical content takes place. Such a protein can
result from transformation of s-helices of a highly
helical globule into the B-structural and/or irregular
conformations. In the cases of folding of long poly-
peptide chains, the globules of low helical content
formed in this way can be united into one large
globule, in particular, into a globule of highly -
structural content.

As a rule, there are hydrophilic side groups on the
surface of s-helices. That is why s-helices cannot be
immersed into the highly helical globule and must be
located on its surface. Therefore the transformation
of s-helices into other conformations will not meet
strong steric hindrance. Energy loss due to break-
down of the s-helix can be compensated by long-
range interactions. For example, the transformation
of s-helices into other conformations can result in:

(i) A more tightly packed and/or larger hydrophobic
core.

(ii) Formation of additional intraglobular bonds such
as disulfide bonds and/or coordinate bonds with
cofactors.

(iii) Better contacts with other globules and/or chain
regions which have not been involved in the
formation of a highly helical globule.

(iv) A smaller globule surface which gives an entropy
gain at interaction with water.

A detailed analysis of the transition conditions is

given in [5,6].

The transition of the s-helix into another conforma-
tion cannot be accompanied by a distance shift of the
s-fragment on the surface of the hydrophobic core of
a globule, since this process would be accompanied
by a considerable damage to the core and its unshield-
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ing. Consequently, the s-fragments in a globule of low
helical content must be located relative to each other
approximately in the same manner as at the preceding
stage of the highly helical globule, i.e., the three-
dimensional structure of proteins of low helical
content has been determined by interactions between
s-helices in intermediate highly helical globules.

4. Testing the hypothesis

Recently our group has developed a completely
a priori stereochemical theory of the three-dimensional
structure of globular proteins [4—6] based on the
above-mentioned principle of protein folding. Using
the algorithm developed for the prediction of native
structure we tested our theory on a number of protein
molecules with known tertiary structure, such as
globins and carp parvalbumin (helical proteins), the
variable part of immunoglobulin (8-structural protein),
carboxypeptidase (a large protein with both a- and
B-structures), trypsin inhibitor (a protein with disulfide
bridges). These molecules represent the main types
of three-dimensional structures of globular protein
known at present [19}. A comparison of theoretical
and X-ray three-dimensional structures of these
proteins has shown that there is practically complete
agreement between them both in the localization of
helical and §-structural regions and in the spatial
orientation of these regions relative to each other.
The following peculiarity has been also observed: all
helical regions and most of the $-strands in native
structures are localized on s-fragments (fig.1b), an
exception being the 8-strands which are located on
the borders of 8-structural sheets and have few
hydrophobic residues. It is just this peculiarity that
must be expected from our principle of protein
folding.

The available experimental evidence on the folding
pathway of proteins [24-26] (reviewed [27—30] ) is
also in good agreement with our theory. For example,
the order of disulfide bridge formation in the trypsin
inhibitor molecule determined theoretically [6,31]
and experimentally [25] completely coincide.
Recently, a folding scheme of a-lactalbumin deduced
from the three-state denaturation mechanism has
been proposed [26] . According to this scheme a
helical globular intermediate is formed first, and its
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transition into the native structure is accompanied
by a decrease of the helix content and the simul-
taneous appearance of the S-structure.

5. Discussion

It should be noted that for S-structural proteins it
would be reasonable to propose an alternative pathway
of native structure formation where the §-structure is
formed at the first stage of folding [32]. Indeed, the
B-structure is the only one capable of competing
energetically to a certain extent with the o-helix
[32]. Nevertheless, this alternative scheme seems to
me hardly probable for the following reasons:

(1) The parallel S-structure is formed by drawing
together of the sections which are distant from
each other along the polypeptide chain. The same
is valid for the antiparallel §-structure observed in
globular proteins since their f-structural sheet is
assembled, as a rule, from f-structural hairpins
which are also distant from each other along the
chain [19].

(2) The formation of each hydrogen bond in the
B-structural hairpin is accompanied by the fixation
of two amino acid residues. The fixation of two
residues by one hydrogen bond also takes place
on formation of the parallel -structure when two
free strands are united.

In contrast to the B-structure, the a-helix is formed
by drawing together of the residues which are located
close to each other along the chain, and one hydrogen
bond fixes only one residue.

In my opinion, these distance and entropy dif-
ferences in formation of - and g-structures must result
in an inability of the §-structure to compete effectively
with the o-helices and their complexes in the first
stage of protein folding (property 2, section 2.2.2.).
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