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Using the method of calculation of low energy packings of a-helices, we studied the effects of mutations,

deletions and insertions of amino acids on the structure of sperm whale myoglobin. It was found that these
events can cause complete breakdown of this structure.

Mutation Deletion

1. INTRODUCTION

The traditional approach to analysis of the ef-
fects of amino acid replacements is based on
testing their sterical permissibility in a folded
3-dimensional structure of globular proteins [1,2].
Most sterical and energetical strains might have
been eliminated by conformational accommoda-
tions of a new side chain in a preformed sterical en-
vironment, and this led to the conclusion that the
structure is not strongly affected by replacements
[1].

The overall spatial structure of globular proteins
is the result of the sequential folding of polypep-
tide chain fragments {3] and, hence, it is affected
only by replacements interfering with any of these
steps. Clearly, estimates obtained by an approach
disregarding these facts rather reflect chemical
modifications of amino acids in a ready structure
than the real conformational effects of mutations.
A broader basis is provided when replacement ef-
fects on the main steps of the self-organization of
globular protein are taken into consideration [4].

We here report the results obtained for the ef-
fects of mutations, deletions and insertions of
amino acids on one of the steps of the folding of
the spatial structure of sperm whale myoglobin.
These effects were analysed by calculating low
energy packings of the a-helices {5—7] in the par-
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Protein structure

ticular case of the folding of the G- and H-helices.
The data presented demonstrate that mutations,
deletions and insertions can cause complete
breakdown of the normal 3-dimensional structure
of globular proteins. There is good agreement bet-
ween these data and those for fixation of muta-
tions, deletions and insertions derived from
analysis of the evolutionary tree of the globin
family.

2. METHODS

The effects of all single amino acid substitutions
in each position of the G and in several of the H,
which are possible within the framework of the
genetic code, on the lowest energy packings of two-
helix system GH of sperm whale myoglobin were
analysed. (To specify, amino acid substitutions
resulting from replacement of single nucleotid in a
codon were considered.) The effects of deletions of
single amino acids and insertion of tryptophan in
each position of the G were also analysed. In each
case, the lowest energy conformation of the GH
was calculated and compared with that in the nor-
mal GH. The calculations were based on a method
(for details see [5—7]) in which the side chains of
the amino acids are represented by hard spheres
whose centres are on points corresponding to the
Cs-atoms and the backbone of the a-helix is
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represented by a cylinder with a radius of 4 A
(fig.1,2). The interactions between the two a-
helices are expressed by the following energy
function:
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In this energy function, the first sum includes
the interactions between the side chains of the a-
helices, the second and the third sums include the
interactions between the side chains and the
backbones, and the fourth term is the sum of the
energies of the electrostatic contacts between the
charged side chains of amino acids. The designa-
tions are:

R;;, distance between the i-th and j-th Cg-atoms in
the first and second a-helices, respectively;

R;, radius of hydration of the i-th side chain;

E} and EP, surface and polar contributions to the
energy of hydrophobic interactions of the i-th

side chain;
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P, distance between the i-th side chain of one helix
and the backbone of the other helix;

R, radius of the cylinder representing the
backbone;

F, energy of dehydratation of a solvent contact
area of the backbone (that area of the backbone
of one of the helices which comes into contact
with the side chain of the other);

E5;, energy of electrostatic contact between the i-th
and j-th amino acids. For parameter values see
[5~71.

To exclude sterically non-permissive conforma-
tions, we introduced a matrix of permissive
minimum distances between the Cs-atoms of one
of the helices and Cg-atoms of the other. In search
for the lowest energy packings, the relative orienta-
tion of the helices G and H is given by 6 parameters
{fig.1). The values of these parameters were chosen
randomly within their variation ranges [5-7]. In
this search, 20000 different relative orientations of
the G and H were examined, and the packing with
the lowest energy was chosen.

Search for deletions and insertions, which have
been fixed in the primary structure of globins dur-
ing evolution, was carried out as in [8]. Search for

Fig.1. Parameters giving the spatial orientation of two a-helices. The cylinder represents the backbone of the «-helices.

¥1, 2 are the angles giving the contact line on the first and second helices, respectively; hy, hz denote the position of

the points of contact on the first and second helices; d and #, the distance and the angle between the axes of the helices,
respectively.
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mutations was performed on the evolutionary tree
derived from 40 known primary structures of
globins of taxonomically distant groups (for
method, see [9]).

3. RESULTS AND DISCUSSION

Our calculations enabled us to establish that cer-
tain mutations can produce complete breakdown
of the normal spatial structure of globins. Fig.2
compares 3 projections of the spatial structure of
the GH without any mutations with ones having a
single substitution Arg — Gly in position 16 of
the H. As seen in fig.2, this mutation distorts
drastically the normal structure. The G and H
make contacts with those side chains of their sur-
faces which have not been earlier involved in in-
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terhelical interactions. As compared with the
orientation in the normal structure, there occurs a
rotation of the helices about their own axes, name-
ly a rotation of the contact line of the G and that
of the H by 50°. As a result, out of a total of 23
normal contacts between the side chains of the G
and H, only 5 are retained by the distorted struc-
ture and 12 new ones arise (table 1).

In the normal GH structure, one surface is
almost entirely polar while the other is
hydrophobic [5—6]. It is this hydrophobic surface
of the GH which interacts with the hydrophobic
one of the three-helix system ABE during the for-
mation of the globular nucleus of the normal struc-
ture of globins [7]. In the distorted GH structure,
this interaction is impossible because both surfaces
become partially polar [4].

SPERM VHALE MYDLLOBIN HELICES G H .NORMAL.

SPERM UHALE MYOGLOBIN HELICES G H JMUTANT.

Fig.2. Effect of mutation Arg — Gly in position 16 of the H helix on the lowest energy conformation of the two-helix

system GH in sperm whale myoglobin. Right — 3 projections of the GH without mutations. Left — 3 projections of

the GH with a mutation. The side chains of the amino acids are represented by a hard sphere. The hydrophobic side
chains are hatched. Mutation position is indicated by an arrow (not shown in the left projection).
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Table 1

A list of contacts between the side chains of the G- and
H-helices in a normal lowest energy packing and after
mutation in Arg—>Gly in position 16 of the H-helix
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Table 2

Effects of mutations in different positions of the G-helix
on the packing of the two-helix system GH in sperm
whale myoglobin

Side chains involved in
contacts of the G- and
H-helices in the G-H
structure after mutation

Side chains involved in

contacts of the G- and

H-helices in the normal
G-H structure

H G H G
Iis P Lo IL*
Az P, K22 I
Ris I Y23 L?
Iis I L2s I
Yz L K2 Ls
Fis Ls Fis Ee
Rie Ls Iis E¢
Ig Ls K2 E¢
Rie Es Fis Se?
Ris Ig M; Iis*
Lz Sy Ay Iis
Fis Se Liz Iis®
Ris Sy Fis I3
Mg Ii2 Mg His
L Iz Ay Hzo
Qs Iis Mg Hao
M;s Iis Fis Eio
Ng 113
Ly Iis
Qs Lig
Mg Lis
Qs Hy;
Qs Hie

2 Contacts retained after mutation

Index refers to the position of the side chain in a helix

Position in Amino acid Number of
the G-helix substitution contacts® retained
between the side
chains of the G-
and H-helices
2 I—R 2
3 K—1I 23
4 Y—D 23
6 E—YV 3
6 E—Q 2
8 I— N 23
9 S— W 14
11 A — E 0
12 I—R 1
12 I—F 23
16 L—Q 23

2 In the two-helix system GH without mutations the
number of contacts between the side chains of G and
H is 23

The calculations we performed indicate that the
spatial structure of the GH is altered by mutations
which change polarity or charge of the amino acids
(table 2). Furthermore, the effects of mutations are
not strongly dependent on position (central or ter-
minal) in the a-helix. Mutations in the N- or C-end
equally affect the GH structure. Of 161 mutations
possible in the G, only 15 (10%) can completely
break down the normal GH structure, and the re-

Table 3

The effects of deletions of single amino acids and insertions of tryptophan in all positions of the G-helix on the packing
of the two-helix system GH in sperm whale myoglobin

Number of normal contacts

Position of deletion or insertion in the G-helix

retained between the side chains of
the G- and H-helices after

1234567 8 91011121314151617181920

Deletions

Insertions

21020 5 514 6 7 0 0 0 017171516191521 2121

— 1917 2 21 0 0 0 21515 020191920212115
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maining mutations weakly, if at all, distort the
structure. :
Table 3 summarizes the data computed for the
effects of deletions of single amino acids and inser-
tions of tryptophan in all positions of the G on the
lowest energy conformation of the GH. It is im-
mediately apparent that deletions and insertions
cause complete breakdown of the structure much
more frequently than mutations (40% of deletions
and 45% of mutations distort so drastically the
GH structure that there remain no more than 10
normal contacts between the side chains). The
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strongest distorting effects are in the centre of the
G, and the weakest at its ends. Thus, the extent to
which deletions or insertions distort the normal
conformation is related to their position in the a-
helix.

The results indicate that mutations, deletions
and insertions, which interfere with the main steps
of folding, can cause complete breakdown of the
protein structure. Based on these results, a muta-
tion is considered structurally permissible; i.e.,
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Fig.3. Evolutionary tree of globin family. The tree was derived from primary structure data concerning 40 globins of

distantly related taxonomic groups. Internal deletions are indicated by squares and internal insertions by triangles on

the branches. The pendant triangles with apexes pointing to the branches represent insertions, and those with apexes

pointing away from the branch represent deletions at the ends of the globin chain. The numbers indicate the length and
position of deletions and insertions in the primary structure.
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drastically not effecting the 3-dimensional struc-
ture and limited to the vicinity of the mutation
position, when all the main intermediate steps of
folding are unaltered. Only under these conditions,
structural distortion is local and occurs at the last
steps of folding when the intermediate globular
structure  becomes native through fine
stereochemical adjustments.

Mutation interference with protein function has
been related to local disturbances of protein con-
formation involving active centres [2]. We obtain-
ed evidence for yet another mechanism of func-
tional interference: single amino acid substitutions
far from the active site can break down the struc-
ture and, as a consequence, the functional centres
of the protein molecule. Support comes from ex-
perimental results indicating that mutations can
deviate from normal the folding of bacteriophage
P22 tail proteins and thereby give rise to non-
functional proteins [10,11].

The data computed for the damaging effects of
mutations, deletions and insertions agree well with
those obtained by analysis of the globin evolu-
tionary tree. A schematic representation of the tree
is given in fig.3. The set of parameters used to test
the uniformity of the distribution of mutations,
deletions and insertions along the secondary struc-
ture of globins are compiled in table 4.

Apparent from these data is the non-uniformity

Table 4

Distribution of evolutionary deletions, insertions and
mutations in the helical and interhelical sections of
polypeptide chains of globins

Event location
in the chain

Events/position

Deletions +  Mutations
insertions

Interhelical sections 0.55 23.9
End residues of the

helices 0.27 23.3
Internal residues of

the helices 0.14 27.0
Total 0.28 25.2
x® 12.26 2.14

# The uniformity tested by Chi-square (y*) method is
obvious for mutations via deletions and insertions
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of the distribution of deletions plus insertions and
their concentration in the interhelical sections and
at the ends of the a-helices. This is in agreement
with the results of the conformational analysis ac-
cording to which deletions or insertions in the a-
helix centre always break down the normal struc-
ture of the globin molecule.

The fixation frequencies of mutations exceed
100-fold those of deletions plus insertions. In con-
trast to deletions plus insertions, mutations are
uniformly distributed along the secondary struc-
ture (table 4). This also agrees with the computed
data indicating that:

(i) Deletions and insertions more frequently
damage protein structure than mutations;

(i) The damaging effects of mutations are more
related to the type of amino acid substitutions
than to its location in the a-helix (table 2).
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