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The self-organization of kelical regions of myoglobin into a2 compact tertiary structure is considered on the
basis of the hypothesis on the step-wise mechanism of self-organization of protein molecules. It is assumed that the
self-organization begins with the formation of ‘‘centess of crystallization® and proceeds with the growth of one
such center or by a sequential collapse of two or more grown centers.

Different pathways of self-organization of myoglobin are considered; the most favourable structures correspond-
ing to the greatest number of dehydrated bulky hydrophobic gioups and to ali the strongly hydrophilic groups ex-
posed to water are selected at every stage of the given pathway and the others are neglected. One of the two most
favourable structures obtained in such a way coincides in rough resolution with the native tertiary structure of

protein.

1. Introduction

During the last years a conviction is becoming
more and more wide-spread that self-organization of
the native three-dimensional structure of 2 globular
protein cannot proceed by a random search of this
structure among all the possible conformations of
the protein chain. Therefore it is assumed [1—4] that
self-organization of globular proteins is a directed or
at least a partly directed process. This process can be
hypothetically divided into three main steps [5]):

1. At the first step fluctuating regions of the sec-
ondary structure are formed in the unfolded poly-
peptide chain and their formation is determined by
local interactions, i.e., by interactions of amino acid
residues adjacent along the chain (in the first place
by hydrogen bonds).

2. At the second step fluctuating regions of the
secondary structure collapse, forming a single com-
pact globule, the formation of which is determined
by long-range non-specific interactions of side groups
with the surrounding medium (water and the hydro-
phobic core of the globule formed).

3. At the third step this “intermediate™ compact

structure is re-arranged into a unique native structure
of globular protein, the formation of which is deter-
mined by specific long-range interactions of spatially
close amino acid residues.

Determinacy of the process of self-organization
may be accounted for by the fact that fluctuating
structures of every region of the chain forming at the
early stages of the process direct the formation of
more complex and more extent structures at the fol-
lowing stages, the fluctuating structures themselves
being at the same time only maintained and not re-
arranged [2—5] . For this to be sa, it is necessary that
the interactions within every region of a protein mole-
cule stabilize the same structure of this region which
is stabilized by interactions of the regions with each
other [3]. Such a concordance of local and long-range
interactions represents a necessary condition for the
“technological’ process of self-organizatioa and there-
fore must be programmed in the primary structures
of all the really existing proteins selected in the cousse
of biological evolution.

Considerable progress has been lately achieved in
the development of a theory of the first step of self-
arganization. At first a semi-empirical theory of fluc-
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tuating helical region formation in unfolded protein
chains was developed [5—9] and then a molecular
theory of local secondary structures of unfolded pro-
tein chains [10,11]. However, up to the present no
model of the globule self-organization from regions
with a fluctuating secondary structure has been sug-
gested permitting a theoretical calculation of the
globular protein three-dimensional structure. An at-
tempt to develop such a model is just the purpose of
this paper.

In the simplest case of highly helical proteins of
the giobin type, the first step of the self-organization
process is reduced to formation of fluctuating helical
regions and the second step to the assembly of a
three-dimensional globule from them. Namely this
simplest case is considered in concrete application
of the general model of the second step of self-organi-
zation.

2. Scheme of self-organization of regions with a
secondary structure into a compact globule

The suggested model of compact globule self-
organization from regions with a fluctusating second-
ary structure includes the following five assumptions:

1. Self-organization of regions with a secondary
structure into a compact globule begins with the
formation of one or several complexes from neigh-
bouring alang the chain fluctuating regions with a
secondary structure™.

2. These complexes serve as “centers of crystalii-
zation™ for a further process which consists in the
growth of centers by a sequential joining of regions
adjacent along the chain.

3. A single compact globule is formed by the
growth of one such center or by the sequential col-
lapse of two or more grown centers.

4. Joining of the new regions at each stage of each
pathway of self-organization occurs only to the “most
favourable™ structures formed at the preceding stage

* ft should be noted that in some cases (e.g., at Formation of
the g-structure from far along the chain regions) the second-
ary structure of some regions may be formed at this or fol-
lowing stages of self-organization on the neighbouring, along
the chain already structurized parts of the molecule as on
matrices.

and does not re-arrange but only maintains these
structures.

5. The most favourable of all the firal structures
corresponds to the native structure and the pathway
leading to this siructure corresponds to the real path-
way of self-organization.

The first three assumptions determine the way of
possible intermediate and final structure formation.
The necessity of postulating the formation and growth
of centers of crystallization instead of the simudiancous
colapse of all the regions with a secondary structure
into a single globule is clear from the fact that the
probability of pair collision of regions is always far
greater than the probability of simultaneous collision
of several regions. It is also obvious that the forma-
tion and growth of centers of crystallization must
proceed by the collapse of regions with a secondary
structure adjacent along the chain. In fact the collapse
of every pair of helices is connected with the forma-
tion of a loop from the chain region which joins them,
and the probability of the formation of such a loop
rapidly decreases with the increase of the number of
residuesj in the region forming the loop (for the
gaussian chain this probability decreases inversely
proportional to 73/2 and even more rapidly for more
rigid chains {12}).

The fourth assumption determines the most prob-
able (“technological’’) pathways of self-organization
and the last assumption determines the real pathway
of self-organization and the sought native structure.
The native structure is assumed to be the most favour-
able of all the fingl struciures formed as the reselt of
the most probable pathways of self~organization,
Thus, using our approach the search for the native
structure is not made among all the possible conforma-
tions of the protein chain but only among those of
them which lie on the most probable (technological)
pathways of self-organization.

As known, the stability of the tertizry structure of
water-soluble globular proteins is connected to a great
extent with shielding from water of the overwhelming
majority of bulky hydrophebic groups and the expo-
sure to water of practically all the charged and other
strongly hydrophilic groups [13]. Namely this gener-
al principle of the structure of water-soluble globular
proteins was taken as a basis for defining the “most
favourable” intermediate and final structures in this
paper: the “most favourable™ structures are implied
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to be those corresponding to the reaximal dehydra-
tion of bulky hydrophobic groups and the minismal
dehydration of charged and other strongly hydro-
philic groups. More concretely, we searched for those
intermediate and final structures in which all the
strongly hydrophilic amino acid residues (Asn, Asp,
Asg, Gln, Glu, Lys) localized, as a rule, at the sur-
face of globular proteins, were exposed to water and
the maximal number of strongly hydrophobic resi-
dues (Cys, Val, Met, Leu, lle, Phe, Tyr, Trp) localized,
as a rule, in the hydrophaobic cores of globular pro-
teins, were shielded from contacts with water, De-
hydration of other amino acid residues which can be
lacated both in the cores of proteins and on their
surfaces was pot taken into account in this paper.
Other factors affecting the stability of intermediate
and final structures were not taken into account
either, in particular, the change of free energies of
fragments connecting the helical regions.

in the present paper the above-suggested scheme
of self-organization is applied to the myoglobin mole-
cule, and it is shown that this scheme allows to ob-
tain the native structure of myoglobin in rough re-
solution at Yeast as one of the few most favourabla
structures and to predict the pathway of its self-
organization.

3. Description of the model

A myoglobin molecule was modelled by nine
helical regions (A, B, C, CD, D, E, F, G and H) and

by flexible fragments connecting them: AB (see below),
EF, FG and GH (see [14] for the nomenclature).
Strongly hydraphaobic groups on helical regions are
enumerated in table 1. The ends of helical regions
were fixed in accordance with the data of the X-ray
analysis [15]. The CD region containing three bulky
hydrophobic groups was considered to be helical since
according to data of X-ray [15] and neutron [16)
analysis it contains three hydrogen bonds of the 14
type in the backbone and therefore can be regarded
as @ fragment of the helix 3,4. At the same time it
was assumed that conformations of the terminal resi-
dues CDN and CD7 of this helix not fixed by hydrogen
bonds can be arranged in such a way that the side
groups of these residues could be shielded from water
simultanecusly with the side group of the residue
CD4. The connecting fragments EF, FG and GH con-
sist correspoudingly of 8.5 and 5 residues which is
quite sufficient for the formation of 2 loop allowing
the pairs of helices connected by them to be packed
anti-parallel to each other into a hair-pin. Though the
connecting fragment AB is absent from the data of
K-ray analysis [15], we considered for generality also
structures which contain the hair-pin A—R. For this,
the helix B was shortened from the N-terminus by
four residues with the break of four corresponding
hydrogen bonds CQO.--NH. (An alternative formation
of the connecting fragment AB by shortening the
A-helix from the C-terminus is certainly less favour-
able, inasmuch as in the obtained anti-paralle] hair-
pin A--B the hydrophaobic terminus of the B helix is
not shielded by the shortened A-helix.) Structures

T™p 5, Leu 74 Val 8, Leu 3, Val 11, Trp 12, Val 15
val 2, Ile 9, Leu 10, Ile 11, Leu 13. Phe 18

lew 4, Val 9, Vel 11, Leu 12, Leu 15, Ile 18, Leu 19

Ila 2, Tyr 4, Lou S5, Phe 7, Ile 8, Ile 12, Ile 13, Val 15, Lew 16
Yet 8, Leu 12, Leu 14, Phe 15, Ile 19, Tyr 23

Table 1
Strongly hydrophobic groups in helical regions of sperm whale myoglobin
A
]
< Leu 5
<p Fba 1, Phe 4, leu 7
D et 5
b>
® Ien 1, Leu &
G
=
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Fig. 1. Scheme of contact of two mutually parallel (a) and perpendicular (b) cylinders. oy and «, are angle half-widths of dehy-

drated zones.

with the hair-pin A—B (i.e., with a reduced number
of hydrogen bonds) were considered as favourable if
the number of dehydrated bulky hydrophobic groups
in them was greater than in structures without such a
hair-pin.

Each helical region is modelled by a cylinder 10—12
A in diameter and a length equal to the length of the
helical region. Side groups are regarded to be localized
in the places of projections of their C_-atoms on the
side surface of the cylinder. The contact of helical
regions corresponds to the contact of cylinders model-
ling these regions.

From simple geometrical considerations the part
of the side surface of every cylinder shielded from
contacts with water by side surfaces of other cylinders
(the “dehydrated zone’”) was determined for all ti.
examined structures. Thus, at a contact of mutually
paralle] cylinders the length of the dehydrated zone
of each is evidently equal to the length of the con-
tact strip of the cylinders, and the angle half-widths
of dehydrated zones «y are determined from the sim-
ple equation cosay = Rf(R +r), where R is the radius
of the cylinder and r is the effective radius of a water
molecule (see fig. 1a). TakingR=5A and r=18A*
we obtain ay = 42°. An increase of R to 6 A decreases
the angle half-width only to 40°. It is easy to see that
a change of the angle between the axes of the con-
tacting cylinders within the limits of + 20° also does
not essentially influence the dimensions of dehydrated
zones for helices consisting of less than 20—25 resi-
dues: the angle half-widths of the dehydrated zones

* Maximal dimensions of a water molecule are 3.6 A. The
choice of the effective radius r = 1.8 A means that the ef-
fect of dehvdration becomes essential at such an approach
of cylinde:s when the free motion of a2 water molecule be-
tween thom becomes impossible.

at the ends of the contacting strip decrease with this
only to 36°, while the lengths of zones can be taken
as previously to be equal to the length of the contact-
ing strip.

When the mutually perpendicular cylinders are in
contact, the lengths of their dehydrated zones may be
taken to be equal to the diameter of the cylinder (10 A).
The angle half-widths of zones &, are determined
from the equation cosa, = (R—r)/(R +r), which at
R=5Aand r=1.8A gives o, = 62° (see fig. 1b).

It is easy to determine the dimensions of dehy-
drated zones in other cases as well. For example, for
the packing of four cylinders shown in fig. 2 the
length of the dehydrated zone for each cylinder is
equal to 20 A, and its angle half-width is equal to
90° + ey + oy = 190° (see fig. 2b). In practical calcu-
lations the dehydrated zones for any mutual disposi-
tion of cylinders were approximated by zones corre-
sponding either to parallel or to perpendicular dis-
positions. The angle half-widths of dehydrated zones
at a parallel disposition of two cylinders were taken
as 40° and at their perpendicular disposition as 60°.
The left and the right boundaries of the dehydrated
zone parallel to the helix axis were situated at an
equal angle distance from the nearest to them C_-atoms
of bulky hydrophobic groups lying inside the zone.

73 L ' b

Fig. 2. An example of packing of four cylinders (2) and scheme
of their contact (b).
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Fig. 3. Schematic picture of the dehydrated zone on the suz-
face of the cylinder. Positions of strongly hydrophilic groups
are shown in which they axe considered to be dehydrated.

Side groups of hydrophobic residues located near
the boundaries of the dehydrated zone will strive to
enter this zone, while side groups of hydrophilic resi-
dues will, on the contrary, try to leave the zone.
Therefore the side groups Asn and Asp are considered
to be dehydrated only if the points representing them
lie within the dehydrated zone at an angle distance
of = 20° from the boundary of the zone parallel to
the axis of the helix and at a distance of =2 A from
the boundary of the zone perpendicular to the helix
axis (see fig. 3). Longer hydrophilic side groups Asg,
Gln, Glu and Lys are taken to be dehydrated if the
points representing them lie within the zone at dis-
tances correspondingly of 2 30° and = 3 A from its
boundaries (fig. 3). The bulky hydrophobic side
groups ave regarded to be dehydrated if the points
representing them lie within the zone at a distance
of = 1 A from its boundary perpendicular to the
helix axis.

Dehydration of non-helical regions each contain-
ing only one bulky hydrophobic group was not con-
sidered as well as dehydration of short helices C and
D each containing also only one such 2 group. These
short helices were regarded as connecting fragments
correspondingly between helices B and CD, and be-
tween helices CD and E, but their shielding effect on
the surfaces of other helices was taken into account.
Owing to very small lengths of the fragments between
helices B, C, CD, D and E it was assumed that the
angles between the axes of these helices as well as the
angle between the unshortened helices A and B can-
not be smaller than 90°, and the point of contact of
corresponding cylinder bases must lie within one of
them. Possible shifts of helices A, B, CD, E,F, G and
H relative to each other were determined taking into
account the maximal lengths of the fragments con-
necting them. These maximal lengths were calculated
for connecting fragments AB, EF, FG and GH in the
extended state (3.5 A per residue) and for the con-

necting fragments C and D in the helical state (1.5 A
per residue).

In order to take into account the geometry of the
model and really possible situations, we assumed that
at formation of a hair-pin from two cylinders with a
connecting region of five amino acids the base of one
cylinder must touch the side surface of the other and
the point of contact must be apart from the base of
the latter at a distance of not more than 3 A. Shield-
ing of the cylinder base by the side surface of the
other cylinder not neighbouring along the chain was
assumed to be unfavourable because of the possibili-
ty of steric overlaps with the non-helical region joined
to this base.

4_Method of calenlation

In accordance with the above-postulated scheme
it was assumed that the second stage of self-organiza-
tion (following the formation of helical regions) con-
sists in the formation of complexes from helices neigh-
bouring along the chain. These complexes can serve
as centers of crystallization for the further process.
To simplify the calculations it was considered that
every center of crystallization is formed from two
long helices (A, B, E, G and H) and one short helix
adjacent with them along the chain (CD and F). Thus,
pathways of self-organization were examined which
begin with the formation of the following centers of
crystallization: A—B—-CD, B—CD-E,E~F—-G and
F—G—H. This gives four “one-center” pathways of
self-organization beginning with the formation of any
one of these centers, and three “two-center” path-
ways beginning with the simultaneous formation of
any pair of these centers (A—B—CD,E—F—-G; A-B-CD
F—~G—H and B—CD-E, F—G—H) (see fig. 4).

The next, third stage of the process of self-organi-
zation consists in the growth of centers of cry'stalli-
zation at the expense of helical regions neighbouring
with them along the chain, and the fourth stage con-
sists in the formation of a single compact structure
of a protein molecule by the growth of one center of
crystallization or by a consecutive collapse of two or
more grown centers. It was supposed that during the
growth of each center it adjoins firstly the long helix
neighbouring with it along the chain and then the
short one, i.e., the B—CD—E center adjoins firstly the
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Fig. 4, Scheme of pathways of self-organization of 2 myoglobin molecule, Letters denote helices contained in the structure at a
given stage of self-organization. The hyphen separates two centers which ate not yet joined. Crosses mark the structures with the
hair-pin A-B. A scale showing the number of dehydrated bulky hydrophobic groups is given at the left,

Ahelix, and then the F-helix, while the E—~F-G cen-
ter firstly adjoins the H-helix and then the CD-helix.

It was also supposed that in the presence of two cen-
ters of crystallization their building up firstly proceeds
at the expense of the peighbouring helical regions and
only then the joining of these centers into a single
structure takes place. It is easy to sce (fig. 4) that

with these assumptions the branching takes place on-
ly for one twa-center pathway from the seven path-
ways of self-organization, i.e., for the pathways be-

ginning with the formation of the centers A~B--CD
and F—G~H (these two centers “compete” with each
other for the E-helix).

All intermediate and final structures were described
in teqms of the type of packing of the given set of
helices and the more detailed conformation of the
given set. The type of packing was characterized by
an approximate mutual arrangement of cylinders
modelling the helices (see figs. 5-10), and the con-
formation was determined by small transfers of cylinders
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and their rotation around their axes within the limits
of the given type of packing. In accordance with the
scheme of self-organization accepted by us it was
assumed that the most favourable conformation of
centers of crystallization is not re-arranged with the
growth or joining of these centers.

Therefore the joining of helices to the alseady
formed intermediate structures was performed only
for the most favourable structures with a great enough
number of dehydrated bulky hydrophobic groups.
However, the roughness of our method makes it im-
possible to determine quite reliably the reaf degree
of dehydration of helices in all the considered struc-
tures. To inctease the reliability of the method we
treated as most favourable not enly the conforma-
tions with the maximal number of bulky hydropliobic
groups but also the conformations with this number
decreased by one. Among the latter conformations
we rejected all those with the numbers of dehydrated
Val greater than the minimal number of Val in the
conformation with the maximal number of dehy-

drated bulky hydrophobic groups as unfavourable
for taking into account the lesser hydrophobicity of
Val in comparison with the more bulky groups,

The searches of the most favourable structures
were performed practically in the following way. The
search for possible types of packing for every center
of crystallization was done manually (on plasticine
models or graphically) within the limits of the model
described in the previous section. We considered on-
ly those types of packing which do not lead to de-
hydration of strongly hydrophilic groups (see above)
ar to formation of long internal channels open for
water. Then for every type of packing the conforma-
tion corresponding to the maximal number of dehy-
drated bulky hydrophobic groups of all the helices
in the center was considered as well as the other
above-mentioned ““most favourable™ conformations.
The searching of conformations for every type of
packing was also done manually. To this aim an
evolvent of the surface of the corresponding cylinder
was plotted on the plane for every helix and the
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Fig. 6. The most favourable intermediate and final structures of the one-center pathway of self-organization with the center of

crystallization B—CD-E.

positions of C_-atoms of all the residues of the helix
were marked on it. The given type of packing of hel-
ices imposes definite dimensions and a certain form
of their dehydrated zones with an accuracy to the
parameters dependent on the small transfer of heli-
ces (the rotation of the helices around their axes
does not, evidently, change the dimensions and the
form of the dehydrated zone), while the conforma-
tion of the center of crystallization determines these
parameters and fixes the position of each zone on
the evolvent of the corresponding cylinder. There-
fore [or every type of packing of all cylinders such
positions of dehydrated zones were chosen on the
evolvent at which the maximal number of bulky
hydrophobic groups (Cys, lle, Leu, Met, Plie, Trp,
Tyr, Val) enters all these zones but neither of strong-
Iy hydrophilic groups (Asn, Asp, Arg, Gln, Glu, Lys)
daes so, The parameters of zones dependent on paral-
lel transfer of cylinders varied within the limits per-
mitted by maximal lengths of connecting fragments.
After this, the number of dehydrated bulky hydro-

phobic groups was calculated for every position of
zones on the evolvents, i.e., for every conformation
of the center of crystallization, and only the *“‘most
favourable” conformations were considered.

The same criterion was also applied to the con-
formations corresponding to different types of pack-
ing, i.e., only those types of packing of each center
were considered which have the “most favourable™
conformations (see above).

An analogous consideration was applied to the
packings and conformations of centers of crystalliza-
tion at all the stages of their growth. To the conforma-
tion of the center, considered at the previous stage,
the helical region neighbouring along the chain was
joined in all the possible ways and the packing and
conformation of the new structure were determined
by the method described above. During this, the con-
formation of the center to which joining proceeds
did not vary, while only the type of joining, the small
transfer and the rotation of the joined helical region
around its axis varied. Again only the “most favourable™
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Fig. 7. The most favourable intermediate and final structures of the one-center pathways of self-organization with the centers of
crystallization E—~F-G and F-G—H. At the formation of the E-F-G—H complex both pathways become confluent.

conformations of the new structure were considered.
For two-center pathways the indicated criterion
was applied to each center individually at all the

stages preceding the joining of these centers into a
single structure. The joining of two centers into a
single structure was regarded as the growth of one
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Fig. 8. The most favourable intermediate and final structures of the two-center pathways of self-organization with centers of
crystallization A—B-CD + E-F—-G.
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Fig. 9. The most favourable intermediate and final structures of the two-center pathway of self-organization with the centers
A~-B-CD + F~G—H. The E-helix can be joined either to the first (structures 1 and 2) or to the second (structure 3) centers. In
case of the formation of the complex E~F—G—H the further pathway of self-creanization coincides with the pathway A-B-CD
+ E-F-G (sce fig. 8).

Fig. 10. The most favourable intermediate and final structures of the two-center pathway of self-organization with the centers of
crystallization B—CD—E + F—G—H.
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center, i.e., the conformations of every center did
not vary and it was only their mutual packing that
varied. Only the “most favourable™ final structures
were considered.

5. Results

Figures 5—10 show the conformations of the most
favourable intermediate and final structures for all
the pathways of self-organization presented in fig. 4.
The helical regions are shown by projections of cylin-
ders to the plane of the figure (by circles or by rec-
tangles). The direction from the N-terminus of the
chain to the C-terminus is shown in the rectangles
with an arrow and in the circles with a point if the
corresponding vector is directed from the plane of the
figure and with the A sign if the vector is directed
beyond the plane of the figure. So as not to over-
burden the figures, the helix C (and sometimes also
helix D) is not shown. The types of packing of each
center of crystallization are denoted in figs. 510 by
nuinbers. If some type of packing leads at the follow-
ing stage to several different types of packing its num-
ber is maintained and the nuraber of the type of pack-
ing grown from it is added after the point. The scale
of the number of dehydrated bulky hydrophobic
groups is given at the left of each of figs. 5—10; the
types of packing containing hair-pin A—B (and cor-
respondingly a smaller number of hydrogen bonds)
are mparked with crosses. The bottom of the picture
of each structure indicates the maximal number of
dehydrated bulky groups in the corresponding type
of packing.

Table 2 lists for each type of packing the maximal
apumbers of dehydrated bulky hydrophobic groups
on helices and the numbers of considered most favour-
able conformations (the Iatter numbers listed in col-
umn 5 should be considered as approximate because
of difficulties of manual search of conformations)
as well as the numbers of the most favourable con-
formations of the preceding stage leading to this type
of packing and the numbers of the most favourable
conformations of this type of packing leading to the
most favourable conformations at the following
stage_ If this type of packing does not lead to any
favourable structure at the following stage the table
gives as an example one of its most favourable con-

formations and lists bulky hydrophobic groups de-
hydrated in this conformation. If different conforma-
tions of this type of packing lead to different types
of packing at the following stages, the table gives for
each of the new types of packing one conformation
leading to it. Different conformations of the given
type of packing are denoted by adding a letter after
the number corresponding to this type of packing.
All the possible favourable conformations can be ob-
tained in a systematic way as shown for the example
of the center F~G—H in the appendix.

For example, fig. 6 gives six most fav. urable types
of packing of the center of erystaliization B—-CD--E.
Four of these six types (types of packing, 1,4,5 and
6) have each four most favourable conformations and
each of two others only one most favourable confor-
mation. The last two types of packing {two and three)
as well as all the four conformations of type of pack-
ing 6 give the most favourable conformations after
joining of the A-helix. Types of packing 2 and 3 have
at this stage of self-organization eight most favour-
able conformations in each and type of packing 6
containing the hair-pin A—B has six most favourable
conformations. The favourable joining of the F-helix
is possibie to five different conformations of type
of packing 2 leading to three new types of packing:
2.1,2.2 and 2.3 with one most favourable conforma.
tion in types 2.1 and 2.2 and four most favourable
conformations in type 2.3. Tvpe of packing 3 prod-
uces the same number of new types of packing and
conformations in them, while type of packing 6 gives
no favourable conformations at this stage. The favour-
able joining of the G-helix is possible to three con-
formations of type of packing 2.3 and to one con-
formation of type of packing 3.3 giving three new
conformations for each type of packing 2.3 and 3.3.
Joining of the H-helix to the type of packing 2.3 gives
two new types of packing 2.3.1 and 2.3.2 with two
and five different favourable conformations. One con-
formation of the type of packing 3.3 leads after the
joining of the H-helix to type of packing 3.3.1 with
three different favourable conformations. One of the
most favourable conformations of each type of pack-
ing is given in table 2. If some type of packing leads
to several new types of packing at the following stage,
table 2 gives for each new type of packing one favour-
able conformation leading to it. Thus, at the stage
A—B—-CD—E-F~G two favourable conformations
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2c.3a and 2c.3b are given for type of packing 2.3
leading to new types of packing 2.3.1 and 2.3.2 of
the complex A—~B—-CD—E-F-G-H.

Centers of crystallization E—F—G and F—G-H
(fig. 7) have eight and five different types of packing
with a different number of most favourable confor-
mations in each (all the conformations of the center
of crystallization F—G—H are listed in detail in the
appendix). Both these centers of crystallization lead
to the same most favourable type of packing at the
joining to them of the helix E, and starting from this
moment the two pathways meige. The joining of the
helix CD leads to two comparably favourable types
of packing. At a further growth these two types of
packing lead to two different final types of packing,
one of them containing the hair-pin A—B.

Table 3 lists the final structures obtained on all
the pathways of self-organization. Designations of
the most favourable conformation, exposed bulky
hydrophobic groups on each helix, the total number
of the exposed bulky hydrophobic groups in each of
the listed conformations and the number of Val
among them are given for each structure. Of the
eleven obtained final structures six do not contain
the hair-pin A—B and have from four to nine exposed
bulky hydrophobic groups. Fig. 4 shows that the most
favourable among all the final structures are the struc-
tures formed on the two-center pathway of self-orga-
nization beginning with the formation of the B—CD—E
and F—-G-H centers (fig. 10). Naturally the forma-
tion of the B—CD—E center and the joining of the
A-helix to it, as well as the formation of the F—G—H
center proceed on this pathway in the same manner
as on the corresponding one-center pathways of self-
organization. As a result three comparably favourable
types of packing of the complex from helices A, B,
CD, E (2, 3 and 6) and five comparably favourable
types of packing of the complex from helices F, G
and H are formed. The joining of these centers with-
out a change of their conformations can give fifteen
different final structures. However, only joining of
type of packing 2 of the complex A-B—CD—E with
types of packing 1 and 2 of the center of crystalliza-
tion F—G—H leads to two final structures comparably
favourable with types of packing 2:1 and 2:2.Tible 3
shows that these final structures have the minimal
number of exposed bulky hydrophobic groups, name-
ly four.

It is seen from table 3 that the most favourable
structure obtained on the pathways of self-organiza-
tion with the centers E—F—G and F—G—H has seven
exposed bulky hydrophobic groups and therefore is
considerably less favourable than the structures ob-
tained on the two-center pathway with the centers
B—CD-E and F—G-H. The moreso it is true for the
structures obtained on the one-center pathway with
the center of crystallization B—~CD—E which have
nine exposed bulky hydrophobic groups each. The
most favourable structures with the hair-pin A—B
have from four to eight exposed bulky hydrophobic
groups and therefore a considerable loss of free ener-
gy at disruption of a few hydroger. bonds necessary
for formation of the hair-pin A—B is not compensated
in them by the gain in free energy of dehydration in
comparison with the structures not containing the
hair-pin A—B. Consequently all these structures also
are noticeably less favourable in comparison with the
structures obtained on the two-center pathway with
the centers B—CD—E and F—~G—H.

The two final structures obtained on the pathway
of self-organization B—CD--E + F—G—H according to
the criteria used in our work are equally favourable
and preference cannot be given to any. However, it is
seen from table 3 that structure 2:1 has a somewhat
lower free energy of dehydration than alternative
structure 2:2 as it has two Val exposed to water and
two more bulky hydrophobic groups instead of one
Val and three more bulky hydrophobic groups in the
alternative structure. Examination of the schematic
representation of these structures in fig. 10 shows
that this structure also possesses a greater general
compactness and that the location of helices F and
E in it is considerably more favourable for joining of
the heme to His E7 and F8 than in structure 2:2.

6. Discussion

Fig. 11 shows the final structure 2:1 presented in
fig. 10, as well as the wellknown structure of native
myoglobin in a 5 A resolution [17] shown for com-
parison. It is seen from the figure that the theoretical-
Iy obtained structure practically coincides with the
native stiucture of myoglobin in a rough resolution:
in both cases helices A and B form a nearly right angle,
helices C, D and the region CD joining them form a
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Fig. 11. (1) The most favourable final structure of sperm
whale apomyoglobin obtained as a result of the “technolog-
ical™ pathway of self-organization (structure 2:1 in fig. 10);
(b) the structure of native sperm whale myoglobinina S A
resolution [17].

loop, helix E goes approximately in anti-parallels to
the A-helix simultaneously contacting with the middle
of the B-helix, helix F is directed to the E-helix at an
acute angle, and the G- and H-helices form an approx-
imately anti-parallel hair-pin lying in a plane parallel
to the plane of helices A and E. Therefore we think
that the pathway shown in fig. 10 and leading to the
final structure 2:1 in the main features coincides with
the “‘native’ pathway of self-organization of a myo-
globin molecule although the details of this pathway
will possibly require a more precise definition (e.g.,
the A-helix can be joined after and not before the
collapse of the two halves of the molecule).

Thus beginning with the consideration of 24 fa-
vourable types of packing with more than 100 dif-
ferent favourable conformations corresponding to
formation of different centers of crystallization we
obtained, using the formulated above criterion of the
“most favourable’” structures, at each stage of each
of the seven pathways of self-organization 11 differ-
ent final types of packing from which only two types
of packing were found to be comparably favourable
according to our criterion. One of these two most
favourable structures turned out to approximately
coincide with the myoglobin native structure. This
result can be hardly treated as a chance one and it
should probably be considered as a confirmation of
the applicability of the criterion proposed by us for
selection of intermediate and final structures.

It should be underlined that in this communica-
tion we have considered only the self-organization
of the protein part of myoglobin and not the joining

of heme, therefore the structure obtained by us daes
not pertain to myoglobin but to apomyoglobin. There-
fore the approximate coincidence of this structure
with the structure of native myoglobin may mean

that the joining of heme does not lead to the re-ammange-
ment of the most stable structure of apomyoglobin,
but to a further stabilization of its already pre-existing
structure which may differ from the structure of holo-
protein not in principle but only by a less stability

and greater susceptibility to fluctuations [5]. The
circumstance that apomyoglobin is characterized by

a less degree of helicity [18] and larger dimensions

of the molecule [19] than those of myoglobin does
not contradict this point of view, since the fluctua-
tions of the secondary structure must lead to a de-
crease of the mean degree of helicity while the fluc-
tuations of the tertiary structure must lead to an in-
crease of mean dimensions of the molecule.

The pathway of self-organization of a myoglobin
molecule obtained by us consists of an independent
formation of the structures of both halves of the mole-
cule with their subsequent collapse into a single com-
pact structure. This conclusion is in good agreement
with the analysis of intramolecular contacts in a myo-
globin molecule [20—22] which implies that intra-
molecular interactions in the protein part of the mole-
cule stabilize the internal structures of both its parts
to a greater extent than the structure of the molecule
as a whole. On the basis of these results it can be pre-
sumed that the locking and unlocking of both halves
of the molecule represents an essential part of the
processes of heat fluctuations in the molecule of apo-
myoglobin and that the building-in of the heme be-
tween these halves stabilizes their locked structure.
Thus, the structure of apomyoglobin obtained by
us and the pathway of its self-organization seem to
be in good accordance with the main function of
apomyoglobin, i.c., the joining of the heme. In this
connection it is interesting to note once again that in
our final structure 2:1 (in contrast to the altemnative
final structure 2:2 on the same pathway of self-organi-
zation) His E7 and His F8 are located on the internal
surfaces of helices E and F opposite each other and
can be simultaneously joined to the heme.

The model used by us for computing is certainly
very rough. Therefore we have studied the dependence
of the result on small changes of parameters involved
in computing. Thus an analogous result was obtained
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on the two-center pathway of self-organization
B—CD-E + F—G-I at a somewhat different locali-
zation of the termini of helices and without taking
into account the F-helix_ Another criterion of the
“most favourable” structures was also used [23].
Tanford’s data on the free energy of amino acid trans-
fer from water to ethanol [24] were us:d for calcu-
lating the free energy of bulky hydrophobic group
dehydration in different conformations. We attributed
to the “‘most favourable™ structures those structures,
the free energy of dehydration of which differed
from the maximal not more than by 4.1 kcalfmole
which corresponds to the difference in the exposure
of two Val or one Val and one Leu. With this only
one new type of packing appears comparably favour-
able with the native on the same pathway of self-
organization. And, finally, the transfer of His to the
group of strongly hydrophilic amino acids also had

no effect on the result.

This evidences that the main result of the study
(namely, that the myoglobin native structure is found
to be nearly the same as one of the two or three
structures obtained at the assembly of apomyoglobin
from two halves with the centers of crystallization
B—CD-E and F—G-H) is invariant with changes of
parameters involved in calculation. Examination of
amino acid replacements in eight known primary
structures of different myoglobins [25] has shown
that this result is true for all of them.

The present paper represents the first attempt to
abtain theoretically the tertiary structure of globular
protein and to predict the pathway of its self-organiza-
tion. At this stage of development of the theory our
aim was not to derive the tertiary structure directly
from the primary one and we proceeded from helical
regions localized according to the data of X-ray anal-
ysis. The progress achieved lately in the theory of the
secondary structure of globular proteins [10,11,26,
27] allows to hope that the theoretical localization of
the secondary structure will become in the nearest
future a sufficiently reliable basis for the theoretical
prediction of the tertiary structure.

The criteria for selection of the most favourable
structures and the method of searching for different
compact structures used in the present paper are of
course very rough. Although they woik for the myo-
globin molecules consisting of long helical regions,
they can hardly lead to success for other proteins

containing only comparatively short helical regions or
regions with g-structure. Therefore, they should in no
way be considered as a general method for the theo-
retical obtainment of tertiary structures of globular
proteins. The results obtained above should be re-
garded rather as an illustration of the usefulness of
the approach suggested by us to the theoretical 0b-
tainment of the tertiary structure of globular protein
as a result of the “technological” pathway of its self-
arganization. It seems to us that namely this approach
and not its concrete realization in the given paper can
be of general importance for the problem of theoret-
ical prediction of the tertiary structure of globular
proteins.

Appendix: Example of the search for the most
favourable conformations

To render the method of search for the most fa-
vourable structures, described above, more clearly
we will give it in detail here for the center of crystal-
lization F—G—H.

As indicated in the paper the search was carried
out manually; at first all possible types of packing
were searched graphically or on plasticine models and
then conformations differing one from another by
small transfer and rotations of helices around their
axis were specified within the framework of the given
type of packing. In the dominating majority of cases
a graphic study was quite sufficient and plasticine
cylinders connected by flexible fragments were needed
only when z two-dimensional drawing did not give a
clear idea of the three-dimensional structure.

In the hair-pins of the perpendicular type only the
N-terminus of the H-helix can be shielded from water
because of the small length of the GH fragment. Since
the N-terminus of the H-helix does not contain bulky
hydrophobic groups it is evident that the hair-pins of
such a type will not be favourable enough. Therefore
all favourable packings must include the hair-pin G—H
of the anti-parallel type. Fig. 12 represents all six pos-
sible types of packing of the three helices F, G and H
including the G—H hair-pin of the anti-paralle! type.
Types of packing 1 and 4,2 and 6, 3 and 5 are con-
nected by an approximate mirror symmetry relation.
There aze no other types of packing with a sufficient-
ly favourable shielding of hydrophobic regions.
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1 2 3 4 5 6
Bl dd
Fig. 12. Possible types of packing of the center of crystalliza-
tion F—G-H.

Fig. 13 represents evolvents of the side surfaces of
helices G and H on the plane. In order to find all pos-
sible rotations of the helix G in the hair-pin G—H we
select in fig. 13a a bulky hydrophobic group lying at
the right edge of the hydrophobic region of the helix
G. This is Ile G13. We include it by all possible means
into the strip 80° wide shiclded by the helix H so as
to dispose the right and the left boundaries of the
dehydrated zone parallel to the helix axis at an equal
angle distance from the C_-atoms of bulky hydro-
phobic groups lying inside the zone nearest to them.
Then we move this strip fron: right to left inciuding
into it consecutive bulky hydrophobic groups. Then
the dehydrated groups to the extreme right will con-
secutively be the groups [le G2, Leu G16, Leu G35,
ete. Upon reaching the left boundary of the hydro-
phobic region of the helix G we will have all possible
rotations of the helix G relative to the helix H. All
possible rotations of the helix H relative to the helix
G can be found in the same way. Possible shifts of
helices relative to each other are determined by the
length of the non-helical region GH. Dehydrated zones

Fig. 13. The evolvents of the G and H cylirders on the plane.
The hatched zones correspond to dehydsated zones of the
conformation la.

on helices G and H corresponding to conformation 1a
are hatched in fig. 13. A hair-pin of the anti-parallel
type leads to the hatched zone parallel to helix axes,
and hair-pins F—G and F—H of the perpendicular
type lead to zones perpendicular to axes of the helices
G and H also hatched in fig. 13.

Table 4 lists dehydrated bulky hydrophobic groups
of all the conformations obtained by the method de-
scribed above with ten and more dehydrated bulky
hydrophobic groups for al the six types of packing
except types 2 and 6 for which only a part of the con-
formations is listed. For types of packing 2 and 6
location of the axes of helices F, G and H in one plane
is considerably mote favourable for the further growth
of the structure than non-plane location since the ob-
tained plane permits a simultaneous contact of the
helix E with three helices without formation of in-
ternal cavities or channels as well as joining of the
hydrophobic plane formed by the other half of the
molecule. Examination of the growth of nion-planar
conformations of types of packing 2 and 6 confirms
this conclusion. Thus, non-planar conformations of
types 2 and 6 can be considered as unfavourable. AH
conformations of type 6 with ten or eleven dehydrated
bulky hydrophobic groups pertain to the non-planar
type as well as all the unlisted conformations of type
2. Thus, conformations 6a and 6b listed as an example
and unlisted conformations of type 2 can be rejected
(the rejected conformations are marked with the sign
“—"" in the corresponding lines of the last right col-
umn of table 4).

It is seen from table 4 that the maximal number
of dehydrated bulky hydrophobic groups on the hel-
ices of the center of crystallization F—G—H is equal
to 11 and in some conformations there is no Val
among these 11 groups. According to our criterion
of the “most favourable™ structure all the conforma-
tions with ten dehydrated bulky hydrophobic groups
with one Val among them are considered as unfavour-
aktle and can be rejected. These are conformations 1i,
15, 3f, 3g, 4j, 4k, 41, 4n, 40, 4p, 5c, 5d, All the other
conformations not marked with the sign “—" are fa-
vourable and should be taken into account in con-
sidering further growth of the structure.

In the packing of type 1 there are eight favourable
conformations differing one from another by rota-
tions around the axes or by small shifts of helices in
the packing. It should be noted that each conformation
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Table 4
All possible conformations of the crystallization center F—G—H with 10—~11 dehydrated bulky hydrophaobic groups
Type of | Conform- | Debydrsted Bulky Hydrophoblc Groups on Helices i doed Py
Ppacking ation P G g °’£&,‘?‘f‘ &:gsﬁg
1a 1% 2y S 135 16 | By12,15,15,19 11 o
1 i - - 8 115,19 %0 [o]
e -~ 12, 5 13 B,12,1%,15,19 10 o
13 - {2, 35, 16 -" - 10 o
L 1o - S 12, 16 -" 10 0
1e - 4,5, 8,12 -" . 1 ]
1= ] - - = 18415419 10 o
1h -t &, 8,12, 15 8,12,14,15,19 11 4
11 e -" 8, 14,15,19 10 1
13 - Gy a, 45 By 12415,75419 10 5
2a 145 2,59 7 43, 16 }8,12, 15,19 11 2]
2b 1, - - . 10 0
2 2c & - - - - 10 [+
24 1,4 - B, 15,19 10 0
Za - -t 8,12, 19 10 o
3a Te 2, B, 13, 416 }8,12, 15,19 10 0
b e 2, 5%, 8, 16 - 10 4]
b1 e 445, 8,12, 16 - - 1 Q
3 3 - 55 Byi2s 5 -7 - 0 o
L) -r &4,5, 8,12, - 1 o
3¢ -t &y 8412, 15 - - 10 1
g - Gy 748y 15 - - 10 1
ag 1,0 2, % 12, 16 la;12,  15,19,23 11 o
av - - . 8512, 15,19, 10 o
4 -t - 8. 15.-19.25 10 (]
34 - - - By12, 19,23 10 Q
ne - 2, 5, B,12 8212, 15,13,23 Ly ]
24 -t - . 8,12, 15,19 10 L]
Az - -" - By 15919423 0 o
& an e - 8,12, 19423 10 o
52 - Se 812, 15 84,12,  15,12423 " 1
&3 -rten -" . 8,12, 15,19 10 4
LS -t - - 8y 1521923 10 1
a1 -t - - 8,12, 19,23 10 1
4n -l %939 B 15 By12, 15,519,253 1" 1
4n _— - - 8,12, 15,19 10 1
&o -t - . 8, 15519223 10 1
5p - - By12, 19,23 10 1
Se 145 2y G 12, 16 ] 8,12, 15,19 10 0
5 5 -’ 2, 5. 8,12 -, 10 o
5¢ - S5s 8412, 15 - 10 1
o4 't 8,5, B, 15 - - 10 1
6 Ga Tk | 2454547 15 8,12, 15,19 1 1
&b - ] 24 8, 15 - - 10 1

Designations the same as in table 2.
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with eleven dehydrated ouwky groups among which
there is no Val can “generate” several conformations
with ten dehydrated bulky groups differing from the
“generating” conformation by the exposure of one
additicnal hydrophobic group on one of the helices
due to small rotations or shifts of this helix. In the
packing of type 2 there are five favourable conforma-
tions, four of them are “‘generated” by conformation
2a. Packing 3 has five favoutable conformations, pack-
ing 4 has ten and packing 5 has two favourable con-
formations. The enumerated conformations represent
a complete set of favourable conformations of the
center of crystallization F—G—H.

All the conformations for any other structure can
be obtained in an analogous way.
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