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Abstract. An analysis of the dependence known three dimensional structure of globular proteins
on their residue contacts and their interactions provides much information about their folding and
stability. In this work, we analyse the residue-residue contacts and the role of medium and long
range interactions in globular proteins belonging to different structural classes. The results show
that while medium range interactions predominate in all alpha class proteins, long range interactions
predominate in all beta class. The residues Pro and Gly are found to have lowest medium range
contacts, probably due to their helix breaking tendency. The hydrophobic residues lle, Val and Tyr
have higher long range contacts, and hence may serve as good nucleation centres. Further, the role of
charged residues and disulfide bridges in these interactions are also discussed.
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1. Introduction

The folding of a polypeptide chain into a unique three dimensional structure
involves numerous atomic/group interactions. Various investigations have been
performed to analyse the residue contacts and the role of various interactions in
the structure and stability of globular proteins [1-8]. The crystal structural data
for the available proteins has been used as a major tool for these studies. Based
on this, the free energy contacts between pairs of amino acid residues [9], the
preferred environment and co-operative behaviour of amino acid residues [10],
interactions of each kind of side chain with specified atom type and other side
chains [11], residue-residue preference/association potentials [3, 4, 12, 13], effec-
tive inter residue contact energies [14], aromatic-aromatic and polar interactions
[15, 16] and side chain clusters [17, 18] has been reported. Recently, Muthusamy &
Ponnuswamy [19] analysed the side chain structures on the residue-residue associ-
ations in globular proteins. Very recently, Karlin et al. [20] proposed a number of
distance measures between residues in protein structures based on average, mini-
mum and maximum distances of all the atom co-ordinates or with respect to side
chain co-ordinates only.

It has also been shown that short and medium interactions play a dominant
role in determining the conformation of amino acid residues in a protein [21, 22].
The importance of long range interactions in protein structure prediction has also
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been stressed by many workers [23, 24]. In this article, we relate the medium and
long range interactions with the residue-residue contacts computed in a set of 63
globular protein molecules belonging to different structural classes. Finally the role
of ion pairs, hydrophobic residues and disulfide bridges has been explored.

2. Material and Methods

Data base.The crystallographic data of 63 protein molecules taken from the
Brookhavan Data Base [25], forms the source for our present study. The pro-
teins selected were nonhomologous and their structures was determined to a high
resolution (R< 2.5E). Among these, 14 proteins belong to the structural class
all-, 16 belong to alls, 15 belong tax + § and 18 toa/3. The total number of
residues examined were 10877.

Each residue in the protein molecule is represented hy @arbon atom. The
centre is fixed at the carbon atom of the first (N-terminal) residue and the distance
between this atom and the rest of thecarbon atoms in the protein molecule is
computed. The composition of the surrounding residues associated with this residue
was calculated for a sphere of radius 8 E, which has been shown to be the required
volume of the medium within which a residue in a protein molecule which is known
to exert a detectable influence [10, 26]. The procedure was repeated each time by
moving the centre to the successivearbon atom along the polypeptide chain to
compute the composition of surrounding residues, for all the residues in a given
protein.

From the composition of surrounding residues within the sphere of 8 E radius,
the contribution due to shortH2 residues along the sequence), mediub¥ (
residues along the sequence) and long rangeH4 residues) interactions are
computed.

For a given residue, the composition of surrounding residues (within a sphere
of 8 E radius) was analysed in terms of their location at the sequence level. Those
residues that are within the distance of 2 residues from the central residue were
considered to be contributions from short range interaction type [27], and those
within the distance of 4 residues as the medium range [22] and thdsesidues
were considered as the long range contributions.

The number of short-range, medium-range and long-range contacts for all the
residues in all 63 proteins was computed. The total number of contacts obtained
for each type of interaction in a protein was divided by the total number of residues
in a protein to calculate average contacts per residue. Also, the contacts were
computed for the four structural classes. The contribution of each amino acid
residues towards short, medium and long range interactions was also computed for
the entire database as well as for the four structural classes.
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Table I. Average residue contacts in the short, medium and long range

interactions in a set of 63 globular proteins

No. Protein N Average residue contacts
Code Short Medium Long

1 3CPV 108 3.944(426) 2.722(294)  2.500 (270)

2 3CYT 103 3.942 (406) 2.039 (210) 3.417 (352)

3  2MHR 118 3.949 (466) 2.983(352)  1.644 (194)

4 2HCOA 141 3.957(558) 3.106 (438) 2.113 (298)

5 2HCOB 146 3.959(578) 3.096 (452) 2.137 (312)

6 2MBN 153 3.961(606) 3.268(500)  1.765 (270)

7 156B 100 3.920(392) 3.380(338)  2.040 (204)

8 1PPT 36 3.833(138) 2.278 (82) 1.333 (48)

9 1GCN 29 2.793(110) 2.897 (84) 0.069 (2)
10  1LH1 153 3.961(606) 3.150(482) 2.078(318)
11 IMLT 26 3.769 (98) 3.462 (90) 0.077 (2)
12 1PP2 122 3.951(482) 2.197 (268)  3.066 (374)
13 2CTS 437 3.986 (1742) 2.705(1182) 2.847 (1244)
14  1TGS 56 3.893 (218) 1.107 (62) 3.357 (188)
15  4CHA 239 3.933(940) 1.038 (248) 5.590 (1336)
16 3CNA 237 3.975(942) 0.717 (170)  5.637 (1336)
17 3EST 240 3.975(954)  1.058 (254)  5.433(1304)
18 3EBX 62 3.919 (243) 0.645 (40) 4.903 (304)
19 3FAB 219 3.973(870) 0.785 (172) 4.621 (1012)
20 2S0OD 151 3.960 (598) 0.821 (124) 5.881 (888)
21  2PAB 114 3.947 (450)  0.807 (92) 4.596 (524)
22 1REI 107 3.944 (422) 0.748 (80) 5.290 (566)
23 1RDG 52 3.885 (202) 1.038 (54) 3.500 (182)
24  1TPA 58 3.897(226)  1.103 (64) 4.379 (254)
25 1PCY 99 3.939 (390) 0.828 (82) 4.869 (482)
26 2APR 325 3.982(1294) 1.022 (332) 5.415 (1760)
27 1INXB 62 3.903 (242) 0.548 (34) 4.710 (292)
28  2AZA 129 3.953 (510) 1.163 (150) 4.791 (618)
29  1CTX 71 3.915(278) 0.817 (58) 4.563 (324)
30 1GCR 174  3.966 (690) 0.862 (150) 5.598 (974)
31 1FDX 54 3.889(210) 1.148 (62) 3.481 (188)
32 3INS 102 3.765 (384) 1.980 (202) 3.804 (388)
33  2LzZ™M 164 3.963 (650) 2.720 (446) 2.500 (410)
34  3LYZ 129 3.953(510) 2.124 (274)  3.659 (472)
35 2PAD 108 3.944 (426)  2.722(294)  2.500 (270)
36 3BP2 122 3.951(482) 2.328(284) 2.754 (336)
37 1RNS 124 3.903(484)  1.387 (172) 4.113(510)
38 2SNS 141 3.957 (558) 1.759 (248)  4.255 (600)
39 2SS| 107 3.944 (422) 1.252 (134) 4.131 (442)
40 3TLN 316 3.981(1258) 2.070(654)  4.608 (1456)
41 2ACT 218 3.972(866) 1.541(336)  5.055 (1102)
42 2B5C 85 3.929(334) 1.953(166) 2.753 (234)
43 1HIP 85 3.929 (334) 1.341 (114) 3.835 (326)
44  2GAP 208 3.971 (826) 1.962 (408) 3.250 (676)
45 2CDV 107 3.944(422) 1.720(184)  2.654 (284)
46 3ADK 194 3.969(770) 2.536 (492)  2.784 (540)
47 4ADH 374 3.984(1490) 1.599 (598)  5.107 (1910)
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48 3CPA 309 3.961(1224)  1.942(600)  4.557 (1408)
49 3DFR 162 3.963(642)  1.271(206)  3.889 (630)
50 3FXN 138 3.957 (546)  2.043(282)  3.681 (508)
51 2GPD 333 3.982(1326) 1.742(580)  4.547 (1514)
52 3PGK 416 3.986 (1654)  1.899 (788)  4.376 (1816)
53 3LDH 329 3.982(1310) 2.018(664)  3.793 (1248)
54 2SBT 275 3.971(1092) 1.629 (448)  5.702 (1568)
55 2CAB 256 3.977(1018)  1.117(286)  5.328 (1364)
56 1RHD 293 3.980 (1166)  1.843 (540)  3.993 (1170)
57 1SRX 108 3.944 (426)  2.093(226)  3.630 (392)
58 1TIM 494 3.976 (1964)  2.121(1048)  4.089 (2020)
59 2CPP 405 3.985(1614)  2.326(942)  3.575 (1448)
60 1ABP 306 3.980 (1218) 2.118(648)  4.275 (1308)
61 1CRN 46 3.870 (178)  2.043 (94) 2.913 (134)
62 10VO 224 3.893(872)  1.321(296)  3.813 (854)
63 1CTF 68 3.912(266)  2.176(148)  3.441 (234)

All « proteins (1-14)
All 3 proteins (15-30)
a + (3 proteins (31-45)

3.951 (6826)
3.950 (9294)
3.951 (8166)

2.802 (4834)
0.921 (2168)
1.925 (3978)

2.361 (4076)
5.201 (12210)
3.722 (7694)

a/ 3 proteins (46—63)
Complete set

3.970 (18776)
3.959 (43062)

1.879 (8886)
1.826 (19866)

4.242 (20066)
4.049 (44046)

N is the total number of residues in the protein. The number of contacts are
given in brackets.

Abbreviations:

3CPV - Parvalbumin; 3CYT - Cytochrome c; 2MHR - Myo hemerythrin;
2HCOA - Hemoglobin A chain; 2HCOB - Hemoglobin B chain; 2MBN -
Myoglobin; 156B - Cytochrome b; 1PPT - Avian pancreatic polypeptide;
1GCN - Glucagon; 1LH1 - Leghemoglobin; IMLT - Mellitin; 1PP2 - Hydro-
lase; 2CTS - Citrate synthase; 1TGS - Trypsinogen; 4CHA - Chymotrypsin;
3CNA - Concanavalin A; 3EST - Tosyl elastase; 3EBX - Erabutoxin; 3FAB -
Immunoglobulin; 2SOD - Superoxide dismutase; 2PAB - Prealbumin; 1REI -
Bence Jones immunoglobulin; 1RDG - Rubredoxin; 1TPA - Trypsin; 1PCY -
Plastocyanin; 2APR - Acid protease; 1INXB - Neurotoxin B; 2AZA - Azurin;
1CTX - Cobratoxin; 1GCR - Gamma crystallin 1FDX - Ferredoxin; 3INS

- Insulin; 2LZM - Lysozyme T4; 3LYZ - Hen lysozyme; 2PAD - Papain;
3BP2 - Phospholipase A2; 1RNS - Ribonuclease S; 2SNS - Stap. nuclease;
2SSl - Strept. subtilisin inhibitor; 3TLN - Thermolysin; 2ACT - Actinidin;
2B5C - Cytochrome b5; 1HIP - High potential iron protein; 2GAP - Gene
activator protein; 2CDV - Cytochrome ¢3; 3ADK - Adenylate kinase; 4ADH

- Livel alcohol dehydrogenase; 3CPA - Carboxypeptidase A; 3DFR - Dihy-
drofolate reductase; 3FXN - Flavodoxin; 2GPD - Glyceraldehade phosphate
dehydrogenase; 3PGK - Phosphoglycerate kinase; 3LDH - Lactate dehydro-
genase; 2SBT - Subtilisin BPN’; 2CAB - Carbonic anhydrase B; 1RHD -
Rhodanase; 1SRX - Thioredoxin; 1TIM - Triose phosphate isomerase; 2CPP
- Cytochrome p450; 1ABP - Arabinose binding protein; 1CRN - Crambin;
10VO - Ovomucoid; 1CTF - Ribosomal protein.
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3. Results and Discussions
Occurrence of Residues in the Short, Medium and Long Range Interactions

The total number of contacts and average contacts per residue for the short, medium
and long range interactions computed for the set of 63 protein molecules is given
in Table I.

For all the 10877 residues, 43062 short range contacts, 19866 medium range
contacts and 44046 long range contacts were found. On an average, within the
sphere of 8E radius, 4 residues contribute towards short range interactions, 2
residues towards medium range and 4 residues towards long range interactions.
This result clearly shows that a significant number of residues far away in the
sequence can come together through long range interactions to maintain the tertiary
structure.

In the medium range, the highest value of 3.46 contacts/residue was found for
the protein mellitin (1MLT) which belongs to the all structural class. As more
than two neighbouring residues come within the 8 E radius sphere dnlalix
(due to intra-chain hydrogen bonding) this effect is appreciable. The lowest value
of 0.55 was found for neurotoxin (LNXB), an dlprotein, due to the extended
nature of the backbone. It is interesting to note that both of the above proteins are
small in size.

In our earlier work [7] we computed the radius for a set of globular proteins and
found that the radius is directly related to the total number of residues in a protein.
The total number of contacts was computed and then the values were normalized by
dividing with the total number of residues. Hence, it is fair to compare the average
contacts per residue between proteins of different size.

The reverse was observed for the long range contacts. The lowest value of 0.07
was observed for glucagon (LGCN), another smajlpe protein, having only two
long range contacts. In this protein, 50 % of the residues are in helical conformation.
Hence these residues prefer local interaction (short and medium) and the number
of long range contacts are very minimal. The highest value of 5.88 was observed
for superoxide dismutase (2SOD), an @ltype protein. These results reveal the
dominance of medium range interactions in stabilizing alpha helices and the long
range interactions the beta strands. The conformational studies on peptides and
proteins also showed that the alpha helical structures are stabilized by short and
medium range interactions (28). In the present study, we excluded the effect of
short range interactions of alpha helical proteins due to (a) the abundance of such
interactions arising from the helical backbone, and (b) those interactions due to
nearest neighbour residues and hence the number of contacts are almost equal
(~ 4) for all the proteins (except for LGCN).

Variations Among Structural Class

From Table |, we also observe that average medium range contacts are highest (2.80)
for all-« type proteins, and lowest (0.92) for d@ltype proteins. This indicates the
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vital influence of medium range contacts in alkype proteins. In thex + ¢ and
a/ (3 classes the medium and long range contacts lie in the range betweearall-
all-;s type proteins.

In the all« type highest (3.46) medium range contacts are found in 1MLT and
lowest (1.1) in 1TGS. It has also been shown that 1MLT acquires more electrostatic
free energy due to high charge-helix dipole interactions and ion pairs [7]. In the
all-g type highest (1.163) medium range contacts are found in 2AZA, and lowest
(0.55) in INXB. The free energy studies on these proteins [7] showed that 2AZA
acquires more hydrophobic free energy (0.73 kcal/mol per residue) than 1NXB
(0.5 kcal/mol per residue). In the + 3 type, highest medium range contacts is
2.72in 2LZM and lowest (1.15) in 1FDX. In the/ S type highest (2.53) medium
range contacts is found in 3ADK and lowest in (1.12) 2CAB. It is interesting to
note that the lowest number of contacts per residue in plleteins is nearly equal
to that of the highest number of contacts/residue irBgiroteins. This may be due
to the presence of a minimum number of residues in helical segments of 1TGS
(all-a type) and the occurrence of some residues in the helical conformation of
2AZA (all-g type).

Conversely, long range contacts are highest in thg &lpe proteins and lowest
in the all« type proteins. This indicates the importance of long range effects in
predicting the beta strands. Among the @lproteins highest (3.42) long range
contacts are observed for cytochrome C (3CYT) and lowest (0.07) for glucagon
(1GCN). In the allg type, highest (5.88) long range contacts are found in super-
oxide dismutase and lowest (3.5) in 1RDG. Interestingly, the lowest value th all-
proteins is greater than the highest value observed for thetgpe proteins. In the
a + (3 type, highest (5.06) long range contacts are found in 2ACT and lowest (2.5)
in 2LZM. In the /3 type, highest (5.7) long range contacts are found in 2SBT
and lowest (2.78) in 3ADK. It is interesting to note that all the proteins with higher
long range contacts acquire more hydrophobic free energy [7].

Preference of Residues in the Medium and Long Range Contacts

Medium Range ContactEhe average medium range contacts computed for all the
20 types of amino acid residues in the four structural classes are given in Table II.
In the all« type, among the 20 amino acid residues, the residue Leu has the highest
medium range contacts. Also the residues Phe, Met, Ala and His have values higher
than 3.0. The residues Pro and Gly have lowest medium range contacts, due to the
fact that these residues are helix breakers [29].

In the all{3 class the highest medium range contacts was observed for Met (1.2)
than other residues. Also the residues Trp, Asp, GIn, Cys and Ser have values
greater than 1.0. The residue His has the lowest medium range contact.

Inthea + G class, highest medium range contact was observed for the residue
Cys (2.3). Also the residues Ala, Leu, Met, GIn, Phe, Glu and His had higher values
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Table Il. Average medium range contacts for the 20 amino acid
residues in 4 structural classes of globular Proteins

Residue Average medium range contacts
all o all 3 a+p a/B

Ala 3.04 0.98 2.26 2.08
Asp 2.63 1.16 1.90 1.76
Cys 2.84 1.04 2.30 1.92
Glu 2.67 0.80 2.15 2.24
Phe 3.26 0.78 2.17 1.99
Gly 211 0.84 1.71 1.67
His 3.02 0.67 2.04 1.88
lle 2.93 0.91 1.88 1.80
Lys 2.83 0.90 1.91 1.96
Leu 3.38 0.86 2.23 2.17
Met 3.19 1.20 2.21 2.34
Asn 2.88 1.12 1.90 1.84
Pro 1.88 0.91 1.20 1.38
GIn 2.88 1.10 2.19 2.19
Arg 2.77 0.83 2.25 211
Ser 2.43 1.02 1.66 1.68
Thr 2.62 0.79 1.60 1.75
Val 2.88 0.77 1.70 1.61
Trp 2.85 1.17 1.93 1.96
Tyr 2.78 0.91 1.52 1.82

greater than 2.0. The residue Pro had the lowest medium range contact (1.2) among
all the residues.

Inthea/ 3 type class, highest medium range contact was observed for the residue
Met (2.34). Also the residues Glu, GIn, Leu, Arg and Ala had values greater than
2.0. The residue Pro had the lowest medium range contacts.

In all the 63 considered proteins, irrespective of the structural class the residue
Met had the highest medium range contact (2.27). Also the residues Leu, Ala,
Glu and GIn had more than 2 contacts per residue. From the analysis of the helix
forming tendency of residues in a set of 63 proteins we observed that the residues
involving more medium range contacts such as Met, Leu, Ala and Glu are very
strong helix formers and the residue Glin is also a helix former [29, 30]. It is also
interesting to note that in most of the classes alx + 3 anda/3) Pro had the
lowest medium range contact, indicating the fact that it is not a favoured residue
in alpha helical conformation [3, 29, 30]. Also it may explain why prediction of
alpha helices is more accurate than that of beta strands [30-32].
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Figure 1 Variation of long range contacts for the 20 amino acid residues in different structural
classes of globular proteins.

..... alla; - - - --all B; ——a + 8; —a/B.

Long Range Contact$he variation of average long range contacts for the 20 types
of amino acid residues are displayed in Figure 1. In thevallass the residue Cys

had the highest long range contact (3.78). This indicated that the disulfide bridge
forming tendency of Cys is far apart in their sequence level [33]. In most of the
proteins used in this study, a similar pattern was observed and hence Cys had a
higher long range contact. Also the residues lle, Val and Met had values greater
than 3.0. Itis interesting to note that all the four residues are hydrophobic in nature.
This shows the formation of hydrophobic cores in proteins with residues which
are far down in the sequence. The lowest value was found for Asp (1.51). Also the
residues Glu, Lys and His had low values. It is noteworthy that all these residues
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Table Ill. Comparison of medium and long range contacts
in globular proteins

Residue Medium Long Ratio
Ala 2.11 3.92 1.86
Asp 1.80 2.85 1.58
Cys 1.88 5.55 2.95
Glu 2.09 2.72 1.30
Phe 1.98 453 2.29
Gly 153 4.31 2.82
His 1.98 3.77 1.90
lle 1.77 5.58 3.15
Lys 1.96 2.79 142
Leu 2.19 4.59 2.10
Met 2.27 4.14 1.82
Asn 1.84 3.64 1.98
Pro 1.32 3.57 2.70
Gln 2.03 3.06 1.51
Arg 1.94 3.78 1.95
Ser 1.57 3.75 2.39
Thr 1.57 4.09 2.61
Val 1.63 5.43 3.33
Trp 1.90 4.83 254
Tyr 1.67 4.93 295
*Ratio = ~verage number of long range contacts

Average number of medium range contacts

are charged residues. This is consistent with the study of Matthews [34] that ion
pairs prefer a local environment.

In the all5 class, highest long range contacts was observed for Cys (6.95).
Corresponding values in decreasing order were for Tyr, Val, Leu, lle and His. The
lowest value was observed for Asp (3.79). In the- 8 category, highest long
range contact was observed for lle (5.61). The residues Trp, Val, Cys and Leu have
comparable values. Lowest long range contact was observed for Lys (2.5). In the
a/ 3 class, highest long range contact was observed for lle (5.79). The residue Val
also had an almost equivalent value (5.78). The residue Cys had a value of 5.5.
Lowest long range contact was observed for Glu (2.68).

Overall, lle had the highest (5.58) long range contact followed by Cys and Val.
Lowest value was observed for Glu (2.72). Other residues having lowest long range
contacts are Lys (2.79), and Asp (2.85). Again, residues having minimum number
of long range contacts are charged residues. This indicates that the probability of
forming ion pairs in the sequence level in this rangef4 residues) is minimum
and most of the ion-pairs are formed between neighbouring residues [34, 35].
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Figure 2 Average medium and long range contacts for the 20 amino acid residues in globular
proteins.
..... medium range contacts; — long range contacts.

Comparison Between Medium and Long Range Conthci&able Ill, the average
medium and long range contacts per residue and the ratio between these contacts
are presented. In Figure 2, the average medium and long range contacts per residue
for the 20 types of amino acid residues are displayed. A perusal of the figure
reveals that for all the residues long range contacts are higher than the medium
range contacts. However, apart from the residue Cys which is involved in disulfide
bonding, the hydrophobicresidues Val, lle and Tyr have relatively higher long range
contacts (nearly three times higher than the medium range contacts; Table IlI). It
suggests that these residues can serve as nucleation centres during the process of
folding and get buried in the interior. The residues Glu and Lys contribute nearly
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equally for medium and long range contacts (although all the charged residues have
a similar behaviour).

For now, we have applied this information to predict interactions and inter-
residue contacts in crystal structures of proteins.

4. Conclusions

The local side chain interactions are not sufficient for predicting the secondary
structures of proteins. The present study reveals the importance of medium range
interaction in the formation ofr helices and the importance of long range inter-
actions in the case ¢f strands. The helix forming residues Met, Leu, Ala and
Glu have more medium range contacts in the tertiary structure of proteins. The
residues in thex class of proteins have higher medium range contacts whereas in
0 class of proteins have higher long range contacts. The behaviour of Cys residues
have been explicitly known from the higher contacts in long range level due to the
formation of disulfide bridges. The hydrophobic residues lle, Cys, Val and Met in
all-a proteins have a larger number of long range contacts, as well in other classes,
showing their strong effect in the formation of a hydrophobic core in the interior
of globular proteins with residues far apart at the level of sequence.
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