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Representation of amino acid sequences in terms of interaction energy
in protein globules
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Abstract We suggest a new simple approach for comparing the
primary structure of proteins and their spatial structure. It relies
on the one-to-one correspondence between each residue of the
polypeptide chain and the energy of van der Waals interactions
between the regions of the native globule flanking this residue.
The method obviates the sophisticated geometrical criteria for
estimating similarity between spatial structures. Besides, it
permits one to analyze structural units of different scale.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

The comparison of protein structures at different levels of
the hierarchic organization of the globule is a significant prob-
lem of structural biology [1-4]. This problem requires under-
standing of the structural properties of proteins in relation to
their primary structures [5-9]. In particular, one has to for-
mulate the physical criteria to delineate energy-independent
parts of the spatial structure [10-13]. This would make it
possible to establish the hierarchy of structural units of differ-
ent scale in the protein globule [14,15]: regions with high
energy content [12], modules, subdomains, domains [16,17].
This system of terms is applied in subsequent analysis of spa-
tial structure at different levels of protein globule hierarchy, as
well as in the case of multiglobular structures.

The aim of this work is to describe any protein amino acid
sequence by a system of energy parameters suitable for graph-
ical comparison of the protein spatial structures, delineation
of the domain (module) structure, and detection of similar
regions in various proteins. This may provide a basis for
comparisons of spatial and primary structures, locations of
insertions and deletions, and analysis of standard motifs
which are common to different proteins. We have performed
a computational analysis of the distribution of van der Waals
interaction energy in the spatial structure of proteins. A novel
approach (see Section 2) to estimating the interaction energy
allows us to sort out interactions taking place at different
hierarchy levels. Most of the current approaches to the anal-
ysis of the protein globule in the structural and energetic
aspects require preliminary subjective information such as di-
rect visual analysis or sophisticated parameters chosen a priori
[16,17]. We try to overcome these shortcomings by developing
an obvious simple method. This method requires only one
parameter (barrier value, for details see Section 2) which
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may be varied throughout the entire range of its possible
values. Moreover, by varying this parameter one can observe
a different scale of structural and energetic hierarchy. Ac-
tually, we subdivide the sequence into regions corresponding
to the elements of the hierarchy and perform an analysis of
these regions independently of one another. The method is
applied to nine known 3D structures of various ribonucleases.
Two of them, bovine pancreatic RNase A (3rn3; here and
below the code in the Brookhaven Protein Data Bank is giv-
en) and bovine seminal fluid RNase BS (1bsr), are close struc-
tural homologues. The second pair of close structural homo-
logues are bacterial RNases of Bacillus amyloliquefaciens
(barnase) and Bucillus intermedius 7P (binase). The third
pair is composed of RNases H from Escherichia coli (2rn2)
and Thermus thermophilus (1ril). The last group is a triplet of
homologues: RNase MS from Aspergillus saitoi (lrms),
RNase F1 from Fusarium moniliforme (1fus), and RNase T1
from Aspergillus oryzae (1rls). Analysis of the sets of close
structural homologues gives us a possibility to observe regions
of spatial similarity corresponding to specific motifs of pri-
mary structure. On the other hand, we can see regions of
primary structure which are responsible for differences be-
tween the spatial structures under comparison.

2. Materials and methods

The programs used in the calculations were written in Borland C
and run on an IBM/PC Pentium-133.

The essence of the approach is the idea of one-to-one correspond-
ence between each residue of the polypeptide chain and the energy of
van der Waals interactions between the regions of the native globule
flanking this particular amino acid. The energy of interactions is cal-
culated with the Lennard-Jones 6-12 potential [18], using the Sheraga
parametrization [19]. The energy of the paired interactions is calcu-
lated for atoms belonging to residues separated by at least two amino
acid residues. This is sufficient [11,12] for estimating the interactions
between the adjacent regions of the globule.

The following procedure is aimed at defining the hierarchy of se-
quence fragments corresponding to the particular structural regions of
the protein globule. First, we plot the curve of interaction energy
between the regions of the native globule flanking each residue. Sec-
ond, the minimum of interactions between parts of the globule is
assumed to correspond to the local maximum on the curve. The
null value of the interaction energy implies complete energetic inde-
pendence of the adjacent regions from each other. We assume that a
particular maximum coincides with the point of minimal interactions
at the corresponding hierarchical level. The point of minimal interac-
tion is determined using the value which we call ‘potential barrier’. If
the differences between some maximum on the energy interaction
curve and the previous and next minima exceed a fixed threshold,
then this maximum corresponds to the point of minimal interactions
(at the particular level of hierarchy). ‘Barrier’ values are normalized
by the value of the global minimum (Ej) on the first curve. Since the
total energy of the compared proteins may differ, we introduce the
following coefficient K for the value of the barrier: B2=KBI,
K =Min2/Minl. Let us compare protein 1 against protein 2. In this

0014-5793/97/$17.00 © 1997 Federation of European Biochemical Societies. All rights reserved.

PIIS0014-5793(97)01346-X


mailto:ber@imb.imb.ac.ru

44

case, Minl and Min2 are the values of global minima on the first
curve corresponding to protein 1 and protein 2, respectively. Bl and
B2 are the respective values of the potential barriers. Several iterations
for the set of barrier values of the minimal energy are performed in
the following manner. We assign a set of barrier values: 0.3E,
0.25E,, 0.2Eg, 0.15E,, 0.1E,, and 0.05E; of global minimum on the
first curve (Eg) for the protein with the lowest global minimum (pro-
tein 1). Then, for protein 2 the barrier values are: K0.3Ey, K0.25E,,
KO0.2Ey, KO.15E;, KO.1Ep, and KO0.05Eg, respectively. All data in
Table 1 and Figs. 1 and 2 are presented only for the barriers which
permit dividing the sequence into energy-independent parts at the
given hierarchical level. Then, the amino acid residues coinciding
with a certain minimal value of the interaction energy are defined as
boundaries of the amino acid sequence regions. In addition the values
of the interaction energy for isolated regions of the sequence and the
interaction energy between them are computed.

3. Results

Figs. 1 and 2 are the graphical representation of two sets of
structural homologues: RNases H and RNases MS, F1, and
T1. In Table 1 the results are summarized for the two other
sets of homologues: RNases A and BS, and binase and bar-
nase. Calculations are performed for different values of bar-
riers, corresponding to various levels of hierarchy.

The similarity of regions (1-36) versus (6-40) in RNases H
from E. coli and T. thermophilus is evident (Fig. 1), as well as
for regions (62-121) versus (67-125) (some difference in the
region (121-end) may be explained by the absence of the 19
C-terminal residues from the X-ray structure). RNases MS,
F1, and T1 exhibit similarities mainly in regions (1-30(31),
(32(33)-58(57)), and (90-104(105,106)) (Fig. 2). Regions of
similarity for RNase A and RNase BS, as one can see from
Table 1, include residues (77-107) versus (83-107), and (109—
124) versus (109-124). Subsequences (1-21), (23-32), and (55—
110) versus (1-20), (22-32), and (54-110) are similar for bar-
nase versus binase. Fragment 109-124 is common to both
RNases A and BS for all values of barriers (Table 1). Sim-
ilarly, fragment 55-110 (54-110) is common to binase and
barnase. Only at the level with the lowest barrier value
(0.05Ey; here and below barrier value for the protein with
the lowest global minimum is presented, see Section 2) it splits
into 55-83 and 85-110 in barnase and 54-94, 96-102, 104-110
in binase. Similarities in RNases MS, F1, and T1 are found

Table 1
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interaction energy, kcal/mol

number of residue

20

15
22
29 :
36
43
57
64
71

-20

-40

-60

-80

~100

interaction energy, kcal/mol

~120

-140

number of residue

Fig. 1. Contribution of individual regions to the interaction energy.
A: RNase H from E. coli (2rn2); (B) RNase H from T. thermophi-
lus. The lower curve presents the interaction energy between regions
of the native globule flanking each residue. A particular maximum
coincides with the point of minimal interactions. Other curves corre-
spond to energy hierarchical levels and were produced by varying of
the ‘potential barrier’ value (0.1Eg, 0.05Ey for RNase H from E.
coli and KO.15E;, KO0.05E, for RNase H from 7. thermophilus,
K =0.83). Clear similarity of regions (1-36) and (62-121) versus (6—
40) and (67-125), respectively, can be observed.

for the following subsequences: (i) (1-30), (32-58),(60-88),
and (90-106(104)) in the F1 and T1 (barrier value 0.1Eg);
(i) (33(32)-57(38)) and (90-105(106,104)) in MS, F1, and
T1 (barrier value 0.05E); (iii) (1(3)-31(30)) in MS and TI,
as well as (60-72) and (74-88) in F1 and T1 (barrier value
0.05Ey). Thus, the data presented reveal fragments of primary
structure which correspond to differences between compared

Regions of primary structure defined by the minima of the interaction energy

Bl Ribonuclease A Ribonuclease BS Barnase Binase
K=0.85 K=0.9
25 - — — 1-52, 54-110
20 - 1-12, 14-107, 1-53, 55-110 1-52, 54-110
109-124
15 1-107, 109-124 1-12, 14-69, 1-53, 55-110 1-20, 22-52,
71-107, 109-124 54-110
10 1-47, 49-107, 1-12, 14-69, 1-21, 23-53, 1-20, 22-52,
109-124 71-73, 75-107, 55-110 54-110
109-124
5 1-40, 42-47, 1-12, 14-32, 1-21, 23-32, 1-20, 22-32,
49-69, 71-75, 34-40, 42-59, 34-53, 55-83, 34-52, 5494,
77-107, 109-124 61-69, 71-73, 85-110 96-102, 104-110
75-81, 83-107,
109-124

RNase A versus RNase BS and barnase versus binase are compared. Bl are the values for determining the hierarchical levels in the protein with the
deepest global minimum (Eg, for details of the procedure see Section 2). To compare hierarchical levels in the RNase A versus RNase BS and in the
barnase versus binase, B2 was calculated (see Section 2). The K values for the comparison are given in the first row. Similar regions of primary
structure in the compared proteins are shown in bold.
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interaction energy, kcal/mol

number of residue

interaction energy, kcalimol
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Fig. 2. Contribution of individual regions to the interaction energy.
A: RNase MS from A4. saitoi (Irms); B: RNase F1 from F. monili-
forme (1fus); C: RNase T1 from A. oryzae (1rls). Barrier which per-
mit dividing the sequence into energy-independent parts are 0.05E,
for RNase MS and KO.1Ey, K0.05E, for F1 (K=0.78) and T1
(K =0.83). Subsequences (32(33)-58(57)) and (90-105(106,104)) of
RNases MS, F1, T1 correspond to the fragments of energy curves
with similar behavior at all hierarchical levels. Subsequence (1-30)
of RNase F1 differs from the same regions in the RNase MS and
T1 at the hierarchical level with lowest barrier value (0.005E;), and
subsequence (59-88) of RNase MS differs from regions (60-72) and
(74-88) in RNases F1 and T1.

spatial structures. Obviously, the influence of barrier values
may be traced in this case.

4. Discussion

In this work we suggest plotting the interaction energy
against the amino acid sequence. Thus, we recognize regions
of the primary structure corresponding to the parts of the
spatial structure with high energy capacity (minima on the
curves) and boundaries between these parts (maxima on the
curves). This approach reflects some features of the protein
spatial structures and their thermodynamic properties. One
can see that the shape of the curves (Figs. 1 and 2) and the
location of the boundaries between regions of primary struc-
ture (Table 1) reflect the structural homology of proteins.
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The existence of substitutions in homologues leads to vary-
ing subdivisions of primary structure, as follows, for example,
from the analysis of RNases A and BS (Table 1). These data
agree with the fact that more than half of the substitutions are
in regions 16-20 and 28-40. As to the data for binase and
barnase presented in Table 1, we may conclude that the de-
lineated segments show a striking correspondence to cooper-
ative units defined in microcalorimetric experiments [20]. Be-
sides, our results are in general accordance with the modular
structure (1-24, 25-52, 53-73, 74-88, 89-98, and 99-110) re-
vealed on the basis of the so-called centripetal profile ap-
proach [21] and studied in biochemical experiments [22,23].
As one can see, Table 1 presents fairly similar patterns of
the primary structure division.

In addition, the interaction energy curves can be used as an
approach to alignment by matching similar parts of curves
and points of null energy between them. Thus from the com-
parison of Figs. 1A and 1B one can suggest a shift of the
curve in Fig. 1B to the left leading to greater similarity of
the energy graphic representations. As a result, 21 of the first
36 amino acids are identical (five of the remaining 15 positions
contain physically similar residues). It is easy to mark regions
1-31(32) and 32(33)-58(57), (90-105(106,104)) for RNases
MS, F, and T1, as well as regions (60-72) and (74-88) for
RNases F1 and T1 (see Fig. 2). These regions can be used for
alignment based on similarity of the corresponding parts of
the energy curve. The described regions of primary structure
constitute a system of segments of secondary structure which
interact to form the skeleton of the RNase T1 protein fold:
the o-helix revealed in the X-ray experimental structure [24]
corresponds to subsequence 1-32; B-strands 39-42, 56-59 and
76-80, 89-91 in the X-ray structure belong to delineated re-
gions of primary structure 32-58, 74-88 and 89-91, respec-
tively (see Fig. 2C).

Besides, it is interesting to analyze the results for RNase H
from E. coli and RNase H from T. thermophilus (Fig. 1). The
main trough on the curve (residues 48-121) is deeper in the
protein from the thermophilic organism as compared to the
mesophilic analogue. This should be a result of exchange of
smaller residues in the mesophilic protein for bulky residues in
the thermophilic protein. Moreover, one can see the corre-
spondence between regions of primary structure detected by
our approach and the general protein fold. The major domain
RNase H from E. coli observed in [25] comprises the follow-
ing regions of secondary structure: o-helices 43-58, 71-79,
100-112, 127-141 and B-strands 5-14, 19-28, and 31-39. Re-
gion 1-36 (Fig. 1A) corresponds to tightly packed B-strands
5-14, 19-28 and 31-39; region 38-60 to the large o-helix 43—
58 in the X-ray structure; region 60-155 consists of o-helices
71-79, 100-112, and 127-141.

Finally, this approach is, in fact, a kind of projection of the
3D structure of a globular protein on the 1D structure of its
sequence. This method allows us to determine the regions of
primary structure corresponding to the parts of the spatial
structure with high energy content. Thus, one can compare
these regions of primary structure at different hierarchical
levels. This numerical sequence of interaction energy values
corresponding to the amino acid sequence can be used as an
input for further formal procedures.
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