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The self-organization of helical regions of myogbbin into a compact tertizuy structure is considered on the 
basis of the hypothesis on the step-wise mechanism of self*rganization of protein molecules. It is assumed that the 
self-organization begins with the formation of “centess of crystalliition” and proceeds with the growth of one 
such center or by a sequential collapse of two or more grown centers. 

Different pathways of s&-organization of myogIobin are considered; the mast favourable structures correspond- 
ing to the greatest number of dehydrated bulky hydrophobic groups and to XII the strondy hydrophilic groups ex- 
posed to water are setected at every stage of the given pathway and the others are neglected_ One of the MO most 
favourable structures obtained in such J. 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 threeOimensiona1 structure of a globular 
protein cannot proceed by a random search of this 
structure among all the possible conformations of 
the protein chain. Therefore it is assumed Cl-43 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 15) : 

l_ At the fist 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 dater- 
mined by specific long-range interactions of spatially 
close amino acid residues. 

Determinacy of the process of self-organization 
rray 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 [Z-5] . For this to be so, 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 
ofall the really existing proteins selected in the course 
of biological evolution. 

Considerable progress has been lately achieved in 
the development of a theory of the first step of self- 
organization. At first a semi-empirical theory of fluc- 



CuaCing helical regiutt formation in ~nf~~d~d protein 
chains was developed [5-g] and then a molecufar 
theory of local secondary structures of unfolded pro- 
tein chains [IO, 111. However, up to the present no 
model of the globule self-ore;anization from regions 
with a fhlctuatfng secondary stnrctore has been tug- 
gested permitting a theoretical czdculation of the 
globukir protein three_dimensSonaI structure. An aC- 
tempt to develop such a made1 is just the purpose of 
this paper. 

In the simplest case of tighly helical proteins of 
the &obki type, the first step of the self-organization 
process is reduced to formation of fhzctuating iielical 
regions and the second step to the assembly of a 
threedimensional globule from them. Bkmely this 
simplest cask is considered in concrete application 
of the generaI model of the second step of self-organi- 
ZatiorL 

2. Scheme of self~pnization of regions with a 
secondary structure into a compact globule 

The suggested model of compact globule ~45 
orgmkation from regions with a fluctzz&%~g second- 
ary structure includes the following five assumptions: 

1. Seff-arganization of regions with a secondary 
structure into a compact globule begins with the 
formation af one or several ccrmplexes from ne&h- 
boutig along the chain fluctuating regions with a 
secondary structure*, 

2. These complexes serve as ‘%enters of crysC&i- 
zation” for a further process which consists in the 
growth of centers by a sequenCial 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 cc& 
lapse of two or more grown centers. 

4. Joining of the new re&ms at each &age of each 
pathway ofselfkganizatioa c)ccurs only ta the ‘cmost 
favourable”’ structures formed at the precedi.ng stage 

* It should be noted that ia same caes <e.g. at Forrmtion of 
the p-structvn: from far along the chain regions) rhe secaffd- 
aw structuref of some regions may be formed at this or fol- 
lowing stages af self~rganizati~n on the neighbouring, along 
the cimin dmady rtnrcturized parts of the malecul~ as OR 
matri=s. 

5. The most favourabie of ail the fmaI stru&uret 
corresponds Co the native structure and the pathway 
leading to this structure corresponds to the real path- 
way of seIf-o~ank&ion. 

The first three assumptions determine t&e way af 
possible intermediate and final structure formation. 
The necessity of postulating the formation and growth 
of centers of crystallization instead of the slm&‘#neo~s 
cobpse ofall the regions with a secondary structure 
into a single globule is char from t.he Fact that the 
pmbabllity of pair collision of regions is always far 
greater than the prob&Jity of s.knultaneous collision 
of several regions. It is also obvfous that the forma- 
tion and grawkh of centers of crystallization must 
proceed by the cotiapse of regfons with a secondary 
structure Q&LK~R~ do% the G&Z&L Ln fact the collapse 
of every p&r of helices is connected with the forma- 
tion of a loop from the chain region which joins them, 
and the probabijtity of the formation of such a Iaop 
rapidly decrea%?s with the increase of the number of 
residuesi in the region forming the loop (for tie 
gaussian &am &is probabi&y decreases inverseiy 
pmpotiu~f tuj3j2 and even more rapi&y for more 
rigid chains tlZ])+ 

The fourth assumption determInes the most prob- 
able (Yechnological”) pathways of self-organization 
and the last assumption determines the real pathway 
of sdf+zgtizaCion and the sou&C native structure, 
2&? ?zzl+ive Hzz.&Z&E ~~~~~~~ fo 5E &e mOsP&WXiF 
able @oE &e@wi srmcmm pbnned as &ie restrzC of 
the nmst probable prhaqys uf selfergurzkarian. 
Thus, using our approach the search for the native 
structure is not made among alI the possible conf6kma- 
tkms of the protein chain buf ordy among %21ose of 
them which Ee on the most probable ~te~~u~o~~) 
pathways of self;organization. 

As known, Cl18 stability of the tertiary structure of 
water-soluble globular proteins is connected Co a great 
extent with ti&Gg from water of the overwhelming 
majority of &s&y hy~o~hob~c groups and the expo- 
sure to water of practically alf the charged and other 
strongly hydrophilic groups 113]_ Namely Ms gener- 
al pninciple of the structure of water-soluble glabtdar 
proteins was C&en as a basis for defining the %ost 
favourable” intermediate and fimal structures irr this 
paper: Che “most favouraMe” structures are implied 



to be those corresponding to the mximal dzhydra- 
tion of b&y hydrophobic groups and the min%n&I 
dehlydratiun of charged and other stmsq@y hydro- 
philic groups. More cuncreteIy, we searched for those 
interned&e and final structures in which ai! the 
strongly hydrophiiic amino acid residues (Am, Asp, 
Arg, 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 se&- 
dues (Cys,Val, Met, Leu, ile, Phe,Tyr, Trp) Iacakzed, 
as a rufe, in the hydrophobic cores of globular pro- 
teins, were shielded from contacts with water. De- 
hydration OF other amino acid residues which can be 
located both in the cores of proteins and on their 
surfaces was not taken into account in this paper, 
Other factors affecting the stabil@ of intemediate 
and i3nal 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 selforganization 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- 
xllution at least as one of the few most favourabb 
structures and to predict the pathway of its self- 
organization. 

3. Destiption of the model 

A myoglobin mob&e was modelled by nine 
helical regions (A, B, C, CD, D, E, F, G and ki) and 

by flexible fragments connecting them: Al3 (see below), 
EF, FG and CR (see [ t4] for the nomenclature). 
Strong& hydrophobic groups OR helical regions are 
enumerated in table X . The ends of helica! regions 
were fixed in accordance with the data of the X-ray 
analysis 1151 -The CD region containing three bulky 
hydrophobic groups was considered to be helical since 
according to data of X-ray [Is] and neutron g 161 
analysis it contains three hydrogen bonds of the 1-4 

type in the bzw2cbone and therefore can be regarded 

as a fragment of the helix 3 IO _ At the same time it 
was assumed that conformations of the terminal resi. 
dues CD1 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 
~~~~~eo~s~y tith the side group of the residue 
(334. The connecting fragments EF, FG and GH con- 
sist correspondingly of $35 and 5 residues which is 
quite sufficient for the formation of a loop allowing 
the p&s of helcces connected by them to be packed 
anti-par&3 to each 0th~ into a hair-pin. Though the 
connecting fragmem AB is absent from the datzx of 
X-Iay ma1ysi.s IlS] , we considered for generality ako 
structures which contain the hair-pin A-B. For this, 
the helix B was shortened from the N-terminus by 
four residues with the break of four corresponding 
hydrogen bonds CO-+&I. (An alternative formation 
of the connecting fragment AE by shortening the 
A-h&ii from the C-terminus is certainly iess favour- 
able, inasmuch as in the obtained anti-parallel hair- 
pin A-B the hydrophobic terminus of the B helix is 
not shielded by the shortened A-helix.) Structures 
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F&. 1. Scheme of contact of two mutuaIly paraUe1 (a) and perpendicular I$) cylinders. “1 and alare 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 lo-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 Cm-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 tk 
examined structures. Thus, at a contact of mutually 
paratlei cylinders the length of the dehydrated zone 
of each is evidently equal to the lekgth of the con- 
tact strip of the cylinders, and the angle half-widths 
of dehydrated zones era are determined from the sim- 
ple equation cosat = R/(R f~). where R is the radius 
of the cylinder and r is the effective radius of a water 
molecule (see fg. la). Taking R = 5 A and t = 1.8 A* 
we obtain ayp = 42”. An increase ofR to 6 A decreases 
the angle l&f-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 off 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 moIecuie are 3.6 A. The 
choice of tie effective radius r = 1.8 A means that the ef- 
fect of dehydration becomes essential at such an approach 
of cylindex when the free motion of a water molecule be- 
tween th;;;l becomes impossible. 

at the ends of the contacting strip decrease with this 
only to 36O, 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(10A). 
The angle half-widths of zones a1 are determined 
from the equation cos oL = (R-r)/(R fr), which at 
R = 5 a and r = 1.8 A gives crI = 62” (see fig. 1 b). 

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 
Iength of the dehydrated zone for each cylinder is 
equal to 20 A, and its angle half-width is equal to 
90° f&t +alj+: 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 perpendiculslr dis- 

positions. The angle half-widths of dehydrated zones 
at a parallel disposition of two cylinders were taken 
as 4@ 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 Cm-atoms 
of bulky hydrophobic groups lying inside the zone. 

Fig. 2. An example of packing of four cylinders (a) and scheme 
of their contact(b). 
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Fig. 3. Schem&ic picture of the dehydnted zone on the sur- 
face of the cylinder. Positions of strongly hydrophilic groups 
are shown in which they are 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 fii. 3). Longer hydrophilic side groups Arg, 
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 are regarded to be dehydrated if the points 
representing them lie within the zone at a distance 
of 2 1 A from its boundary perpendicuIar 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 a group. These 
short helices were regarded as connecting fragments 
correspondingIy 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 2s 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. Possiile shifts of helices A, B, CD, E, F, G and 
fF 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 heliml state (1.5 R 
per residue)_ 

In order to take into account the geometry of the 
model and really possibIe 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 lztter 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 cllain 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 calculation 

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 whkh 
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 cqstalli- 
zation at the expense of helical re@ons 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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and their rotation around their axes within the knits 
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 crystaIIizatictn is not m-arranged with the 
growth or joining of these centers. 

Therefore the joining of helices to the already 
formed intermediate structures was performed only 
for the most hvourable structures with a great enough 
number of dehydrated bulky hydrophobic groups.. 
However, the roughness of our method makes it im- 
possible to determine quite r&ably the real degree 
of dehydration of helices in all the considered struc- 
tures. To increase the reliability of the method we 
treated as most favourable not cnly the conforma- 
tions with the maximal number of bulky hydrophobic 
groups but also the conformations with this number 
decreased by one. Among the latter conformations 
we rejected all those with the number of dehydrated 
VaI greater than the minimal number of VaI in the 
conformation with the maximal number of dehy- 
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Flg.5.The most favorable intermediate and 
crystallizationA-B-C!& 

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 favounble 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) 
or to formation of long internal cllannek open for 
water. Then for every type of packing the canforma- 
tion corresponding to the mzuimal number of dehy- 

drated bulky hydrophobic groups of all the helices 
in the center was considered as welI as the other 
above-mentioned “most favourable” conformations. 
The searching of conformations for every type of 
packing was ais0 done manually. To this aim an 
evolvent of the surface of the corresponding cylinder 
was plotted on the plane For every helk and the 

fmal structures of the onecenter pathway of self-organization with the center of 
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Fig 6. The most favourable intermediate and final structures of the onezenter pathway of self-organization with the center of 

crysttilization B-CD-E. 

positions of (&-atoms of .ah the residues of the helix 
were marked on it. The given type of packing of hel- 
ices imposes d&kite dimensions and a certain form 

of their dehydrated zones with an accuracy to the 
parameters dependent on the small transfer of heli- 
ces (&e rotation of the helices around their axes 
does not, evidently, change the dimensions nnd the 
form of the dehydrated zone), while the conforma- 
tion of the center of crystallization determines these 
parameters and fuses the position of each zone on 
the evolvent of the corresponding cylinder. There- 
fore ror every type of packing of all cylinders such 
positions of dehydrated zones were chosen on the 
evofvent at which the maximal number of bulky 

hydrophobic groups (Cys, Ile. &XI, Met, Phe, Trp, 
Tyr, Val) enters all these zones but neither of strong- 
ly hydrophilic groups (Asn, Asp, Arg, Gin, Glu, Lys) 
does so. The parameters of zones dependent on paral- 
lel transfer of cylinders varied within the Emits 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 aIso 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 crystal&a- 
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 alI the possible ways and the packing and 
conformation of the new structure were determined 
by the method described above. During this, the wn- 
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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Fe. 7. The mast favourable intermediate and final structures of the oneccntcr pathways of seif-orpniration with the centers of 

crystallization E-F-G and F-G-H. At the formation of the E-F-G-H complex both p;lthways become confluent. 

conformations of the new structure were considered. stages preceding the joining of these centers into a 
For two-center pathways the indicated criterion single structure. The joining of two centers into a 

was applied to each center individually at alI the singIe structure was regarded as the growth of one 
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Fii. 8- Ihe most favourable intermediate and final structures of the two-center pathways of self-organization with centers of 
ctyst&izztion A-B-CD + E-F-C. 
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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-C-H. The E-heIix can be joined either to the first (structures 1 and 2) or to the second (structure 3) centers. ln 
case of the formation of the complex E-F-G-H the further pathway of self-organiration coincides with the pathway A-B-CD 
+ E-F-G (see fii. 8). 

Fig. 10. The most favourable intermediate and final structures of the twocenter pathway of self-organization witi the centers of 
crystallization B-CD-E + F-G-H. 



center, i.e., the conforruations of every center did 
not vary and it was only their mutual packing that 
varied_ Only the ccmo~t favourabIe” fulai structures 
were considered. 

Figures 5-410 show the; conformations of the IIIOS~ 
favourable intermediate and final structures for all 
the pz&ways of seff-orga&M.ion presented in fig, 4, 
The keJ.iea# regions are shown by projections of &in- 
ders to the plane of the figure (by circles or by rec- 
tangles)_ The hector from the ~~te~~~s of the 
&ain to the C-terminus is shown in the rectangles 
with an arrow and in the circies with a point if the 
correspon~~g vector is directed from the plane of the 
fiiure and with the Asign if the vector is directed 
beyond the plane of the Ggure_ So 3s not to over- 
burden the figms, the helix C (and sometimes aku 
helix D) is not shown. The types of packing of each 
center of cryst&ization are denoted in figs. 5-10 by 
mlzEbers, If some type of packing Ieads at the foffow- 
ing stage to several different types of packing its num- 
ber is maintained and the number 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 bft of each of figs. 5---X0; the 
types of packing containing hair-pin A-B (and cor- 
respondingly a smaller number of hydrogen bonds) 
are marked with crosses. The bottom of the pictuz 
of each structure indicates the rua.xbual number of 
dehydrated bulky groups in the corresponding type 
of packing. 

Table 2 I&s for each type of pack&g the ma.xituai 
numbers of dehydrated bulky bydrophebic groups 
on hehces and the numbers of considered most favour- 
able conformations (the htter numbers Listed in co& 
umn 5 should be considered as approximte because 
of difficulties of maru& search of conformations) 
as weli as the numbers of the most favourable tort- 
formations of the preceding stage leading to &is type 
of packing and the numbers of the most fiwourabk 
conformations of this type of packing leading to the 
most favourabb conformations at the following 
stage_ If th.is type of packing does not lead la any 
favourabfe structure at the foBowing stage the table 
g&es as an example one of its most favourable con- 

formations and lists bulky hydrophobic groups de- 
hydrated in this ca~fo~at~o~. 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 nonformation 
leading to it. Different cooformat~o~s of the given 
type of packing are denoted by adding a letter after 
the number corresponding ta this type of packing.. 
Ail the possible favourable can formations 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 sitE most favc urable types 
of packing of the center of ciystahization EL-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 favourabfe confor- 
mation. The last two types of packing (two and three) 
as weEI as all the four conformations of type of pack- 
ing 6 give the most favuurabie conformations after 
joining of the A-helix. Types of packing 2 and 3 have 
at this stage of se&organization eight most favaur- 
able conformations in each and type of packing 6 
contair&rg tht: hair-pi= A--B has six mc& favoursble 
conformations. The favourable joining of the F&?iix 
is possible to five different conformations of type 
of packing 2 leading to three new types of packing: 
2.1,Z.Z and 2.3 with one most favourable conforma- 
tion in types 2.1 and 2.2 and four most favourable 
confo~tio~s in type 2.3. Type of packing 3 prod- 
uces the same number of new types of packing and 
&onfor~atio~ in them, white type of pa&rig 6 gives 
no favo~rab~e ~o~form~t~ons at this stage- The favour- 
able joining of the G-helix is possible to three con- 
Farmations of type of packzing 2.3 and io one con- 
formation of type of packing 3.3 giving three new 
conformations for each type of pa&@ 2.3 and 3.3. 

Joining of the Hi-helix to the type of packing 2.3 gives 
two new types of pad&g 2.3.X and 2.32 with two 
and Eve different favourable conformations. One con- 
form&ion of the type of packing 3.3 Ieads after the 
joining of the H-helix to type of packing 3.3.1 with 
three different favourable conformations. One of the 
most favoo~ble ~o~o~at~o~ 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 follotig stage, 
table 2 gives for each new type of packing one Fauour- 
abfe ~~~o~ation lead&g 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 (aa the c~~or~~ons of the center 
of crystallization F-G-H are Listed in detail in the 
appendix). Both these centers of crystalhzation 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 merge. 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 conforma~on, 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 abe 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 
b&y hydrophobic groups. Fig. 4 shows that the most 
favourabIe among aB 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 co~es~ond~g onecenter pathways of self- 
organization. As a result three comparabiy favourable 
types of packing of the complex from he&es A, B, 
CD, E (2,3 and 6) and five comparably favoumble 
types of packing of the complex from he&s F, G 
and Ei are formed. The joining of these centers with- 
out a change of their conformations can give fifteen 
different fina structures. Eiowever, only joking of 
type of packing 2 of the complex A-B-CD-E with 
types of packing 1 and 2 of the center of crystaihza- 
tion F-C-H leads to two fii structures cbmparably 
favourab!e with types of packing 2: 1 and 2:2_ TdbIe 3 
shows that these finaf 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 mores0 it is true for the 
structures obtained on the onecenter 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 hydrogen 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-E. Consequently all these structures also 
are noticeably less favourable in comparison with the 
structures obtained on the twocenter pathway with 
the centers B-CD-E and F-C-H. 

The two final structures obtained on the pathway 
of self-organization E-CD-E f 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 aitemative 
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 favourabte for joining of 
the heme to His E7 and FS than in structure 2:2. 

6. Discussion 

Fig- 11 shows the fiiai structure 2: 1 presented in 
fg_ IO, as well as the wee-known structure of native 
myogiobin in a 5 A resolution [ 171 shown for com- 
parison. It is seen from the figure that the theoreticai- 
ly obtained structure practically coincides with the 
native structure of myo~obiR in a rough resohrtion: 
in both cases hehces A and B form a nearly right angie, 
helices C, D and the region CD joining them form a 
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b) (b) 
Fig. 11. (a) The most favaurable final structure of sperm 
whale apomyoglobin obtained as a result of the “technolag- 
icaY pathway of self-organization (structure 2:l in fig. 10); 
(b) the structure of native sperm whale myoglabin in a 5 A 
resolution [ 17]_ 

Ioop, heIix E goes approximately in anti-parallels to 
the A-helix simuhaneously contacting with the middle 
of the B-helix, helix F is directed to the E-helix at an 
acute angIe, and the G- and H-helices form an approx- 
imately anti-paraiIeI hair-pin lying in a plane parallel 
to the plane of hefices A and E. Therefore we think 
that the pathway shown in fig. 10 and leading to the 
final structure 2: I 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 shouid be underlined that in this communica- 

tion we have considered only the self-organization 

of the protein part of myogIobin and not the joining 

of heme, therefore the structure obtained by us does 
not pertain to myoglobin but to apomyoglobin. T’bere- 
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-arrange- 
ment of the most stable structure of apomyoglobin, 
but to a further stabilization of its already preexisting 
structure which may differ from the structure of hobo- 
protein not in principle but only by a less stability 
and greater susceptibility to fluctuations (51. The 
circumstance that apomyogiobin is characterized by 
a less degree of belicity [IS] and larger dimensions 
of the molecule 1191 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 corn- 
pact structure. This conclusion is in good agreement 

with the analysis of intramolecular contacts in a myo- 
globin molecule [20-221 which implies that intro- 
molecular interactions in the protein parr 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.e., 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 alternative 
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 td the heme. 

The model used by us for computing is certainly 
very rough. Therefore we have studied the dependence 
of the resuft 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-orgnization 
&CD-E + F-G-H 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 (231. 
Tanford’s data on the free energy of ammo acid trans- 
fer from water to ethanol 1241 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 kcallmole 
which corresponds to the difference in the exposure 
of two Val or &e 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-C-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 aB of them. 

The present paper represents the fmt attempt to 
obtain 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 Iocalized according to the data of X-ray anal- 
ysis_ The progress achieved lately in the theory of the 
secondary structure of globular proteins [lo,1 126, 
271 allows to hope that the theoretical locahzation of 
the secondary structure wiil 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 work 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 @-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 theoreticai ob- 
tainment of the tertiary structure of globtdar protein 
as a result of the “tecimoio~~c~I”path~vny of its self- 
organization. It seems to us that namely this approach 
and not its concrete reaiiition 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 crystai- 
liition F-G-H. 

As indicated in the paper the search was carried 
out manually; at first a!l 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 a two-dimensional drawing did not give a 
clear idea of the threedimensional 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 grGUpS it is evident that the hair-pins of 
such a type wiB not be favourable enough. Therefore 
all favourable packings must include the h&-pin G-H 
of the anti-parallel type. Fig. I2 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-parallel type. 
Types of packing 1 and 4,2 and 6,3 and 5 are con- 
nected by an approximate mirror symmetry relation. 
There are no other types of packing with a Sufficient- 
ly favourable shielding of hydrophobic regions. 
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F& 12. Possible types of packing of the center of crystalliza- 
tion F-G-Ii. 

Fig. 13 represents evolvents of the side surfaces of 
hehces G and H on the pIane. In order to find ah pos- 
Ale rotations of the helix G in the hair-pin G-H we 
select in fii. 13a a bulky hydrophobic group lying at 
the right edge of the hydrophobic region of the helix 
G. This is Ile G13. We in&de it by all possible means 
into the strip 80” wide shielded 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 from right to left ticluding 
into it consecutive bulky hydrophobic groups. Then 
the dehydrated groups to the extreme right will con- 
secutively be the groups Ile G2, Leu G16, Leu GS, 
etc. Upon reaching the left boundary of the hydro- 
phobic region of the helix G we will have all possible 
rotations of the helix C 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 

a 6 

Fig. i3. The evolvents of the G and H cylinders OR the plane. 
The hatched zones correspond to dehydrated zones of the 
mnfo~tion la. 

on helices G and H corresponding to conformation la 
are hatched in fig. 13. A hair-pin of the anti-parallel 
type leads to the hatched zone parallel to 

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 hehces F, G and H in one plane 
is considerably more 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 pIane formed by the other half of the 
molecule. Examination of the growth of non-planar 
conformations of types of packing 2 and 6 confkms 
this conclusion. Thus, non-planar conformations of 
types 2 and 6 can be considered as unfavourable. All 
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 coI- 
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 confonna- 
tions with ten dehydrated bulky hydrophobic groups 
with one Val among them-are considered as unfavour- 
able and can be rejected. These are conformations li, 
lj, 3f, 3g, 4j, 4k, 41,4n, 40,4p, SC, 5d, All the other 
conformations not marked with the sign ‘L-” are fa- 
vourable and should be taken into account in con- 
sidering further growth of the structure. 

In the packing of type I there are eight favourable 
conformations differing one from another by rota- 
tions around the axes or by small shifts of hehces in 
the packing It should be noted that each conformation 
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with eleven dehydrated ou&y 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 

additional hydrophobic group on one of the he&es 
due to SKWII rotations or shifts of this helix. In the 

packing of type 2 there are five favourabIe wnforma- 
tions, four of them are ‘*generated” by conformation 
2a. Packing 3 has five favoulabIe conformations, pack- 
ing 4 has ten and packing 5 has two favourable con- 

formations. The enumerated conformations represent 
a complete set of favourabIe conformations of the 
center of crystaI.hzation F-G-EL 

All the conformations for any other structure can 
be obtained in an anaIogous way_ 
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