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Abstract

Recognition of protein fold from amino acid sequence is a challenging task. The structure and stability of proteins
from different fold are mainly dictated by inter-residue interactions. In our earlier work, we have successfully used
the medium- and long-range contacts for predicting the protein folding rates, discriminating globular and membrane
proteins and for distinguishing protein structural classes. In this work, we analyze the role of inter-residue interactions
in commonly occurring folds of globular proteins in order to understand their folding mechanisms. In the medium-
range contacts, the globin fold and four-helical bundle proteins have more contacts than that of DNA–RNA fold
although they all belong to all-a class. In long-range contacts, only the ribonuclease fold prefers 4–10 range and the
other folding types prefer the range 21–30 inayb class proteins. Further, the preferred residues and residue pairs
influenced by these different folds are discussed. The information about the preference of medium- and long-range
contacts exhibited by the 20 amino acid residues can be effectively used to predict the folding type of each protein.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

A unique stable three-dimensional structure of
a protein can be attained by inter and intra molec-
ular interactions between the constituent of amino
acid residues along the linear polypeptide chain.
The fold of the protein is defined by the arrange-
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ment of its major elements of secondary structures
and by the topology of the connections between
them. In most proteins thea-helices andb-sheets
pack together in one of the different possible ways
w1x. The connections between secondary structures
obey a set of empirical topological rules in almost
all cases. This means that it is common for sets of
unrelated proteins to have similar, if not identical,
folds. Based on the crystal structures available in
the Protein Data Bank(PDB), a number of inves-
tigations have been carried out to understand the
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role of different kind of interactions in the folding
and stability of globular proteinsw2–8x. The
importance of long-range interactions has been
stressed on various aspects such as the folding and
stability of proteinsw9,10x, deriving potentials for
fold recognitions w11–14x of globular proteins
establishing a relationship between protein
sequence and structurew15x and predicting protein
folding ratesw16x.
Recently, we have analyzed the influence of

medium- and long-range interactions in different
structural classes of proteins and showed that while
medium-range interactions predominate in alla-
class proteins, long-range interactions predominate
in the all b-class w17x. Based on this fact, an
evaluation of the performance of several secondary
structure prediction methods revealed that all the
methods predict the secondary structure of all
proteins more accurately than other classesw18x.
Furthermore, the concept of inter-residue contacts
has been successfully applied for discriminating
globular and membrane proteinsw19x and to pre-
dict the folding rates of two-state proteinw16x.
In this work, we have analyzed the influence of

medium- and long-range interactions in several
commonly occurring folds of globular proteins.
The results show the presence of distinct inter-
residue contacts in different folds among the same
structural class, which can be utilized for fold
recognition.

2. Materials and methods

2.1. Database

It is now well established that protein domains
having more than 30% of their sequence in com-
mon adopt the same fold structuresw20–23x. In
the present study, the classification method of
Murzin et al. w24x was used for the distinction
between different structural classes(SCOP, version
1.38). The structural classification in SCOP is
entirely manual and does not incorporate any of
the ‘hard and fast’ rules, such as those described
by different authorsw25–27x. Rather it focuses on
what structural elements are within the ‘core’ of
the protein. A protein with seven strands and one
helix may be ‘aqb’ if the helix is integral to the

core, while it would be ‘allb ’ if the helix was a
non-conserved elaboration. The distinction ofay
b andaqb is made on the interactions between
the a and b sections of the structure. Therefore,
in comparison with other classifications that only
based on the percentages of secondary structures,
the classification in SCOP is more natural, better
reflects the objective reality, and provides a more
reliable database for the study of proteins in
different structural classes. At a sequence identity
level of 30%, 675(155 all-a, 156 all-b, 184aq
b and 180ayb) unique sequences corresponding
to the four known structural classes have been
found in the PDB40D_1.37 database of SCOP
w28x. These 675 protein coordinates taken for the
PDB of Brookhaven National Laboratoryw29x
form the source for our present study. Further, we
obtained the information about the fold of all
proteins from SCOP w30x and CATH w31x
databases.
The four letter PDB codes(fifth and sixth letters

indicate the chain identification and domain num-
ber, respectively) for the proteins of different folds
used in the present study are given below.

Four-helical bundle: 1BUC, 1FAP, 1LE4, 1LPE,
1VTM, 256B, 2CCY, 2HMQ, 2LIG, 2MHR.

Globin: 1BAB, 1CPC, 1ECO, 1FCS, 1HBG,
1LH1, 1MBS, 2HCOA, 2HCOB, 2LHB, 3SDH,
4MBN.

DNA–RNA: 1AOY, 1BIA, 1CGP, 1DPRA1,
1ETD, 1FOW, 1HCR, 1HST, 1IGN, 1LEA, 1MSE,
1OPC, 1PDN, 1RNL, 1SFE, 1TNS, 1XGS, 2HTS.

Immunoglobulin: 1A45, 1ACX, 1BGLA1,
1CD1, 1CD8, 1CID, 1ENH, 1GGT, 1GOF_1,
1HIL, 1MAM, 1MSP, 1NCI, 1NEU, 1NOA, 1REI,
1TEN, 1TLK, 1VCAA1, 1VCAA2, 1XSO, 2HFT,
2SOD, 3DPA_1, 3HHR, 4FAB, 4KBP.

Oligosaccharide binding (OB): 1ASY, 1CKM,
1CUK, 1ESF, 1LTS, 1MJC, 1PYP, 1RIP, 1STY,
1YHB, 3ULL.

Ferredoxin: 1AB8, 1AFI, 1APS, 1DAR_4,
1DUR, 1FCA, 1FD2, 1FNB, 1FWP, 1MLA, 1MLI,
1NPK, 1NRC, 1PBA, 1PIL, 1PSD, 1RAA, 1REG,
1RIS, 1UP1, 1VAOA1, 1VJW, 1XER, 2BOP,
2PIA, 3RUB, 3RUBL2.

Flavodoxin: 1BMT, 1CUS, 1ESC, 1GPMA2,
1ORDA1, 1QRD, 1REQA2, 1SCUA1, 2FX2,
2NACA1, 3CHY.
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Ribonuclease: 1ASU, 1BCO, 1CHM, 1GLA,
1HJR, 1HPM, 1KFD, 1NOY, 1SFE, 2RN2.

FAD–NAD: 1COY_1, 1COY_2, 1DNP, 1GAL,
1GD1, 1GES, 1GND_1, 1GND_2, 1HRDA1,
1KIF, 1MBB_1, 1PBE, 1PVDA1, 1SCUA2,
1VAOA2, 1XEL, 1YVE, 2CMD, 2NACA2,
2OHX, 2TMDA2.

Rossmann: 1CSE, 1DHR, 1ETU, 2DRI, 2HAD,
2LIV, 2PGD, 2SBT, 3ADK, 3COX, 3LDH, 3PGK,
4GPD, 4ICD, 5ABP, 5ADH, 5NLL.
(ayb) barrel: 1ADD, 1AK5, 1BKS, 1BPL,8

1BYB, 1CBG, 1CDG, 1DIK_1, 1DJX, 1DOR,
1DOS, 1EBH, 1FCB, 1GOX, 1GYM, 1HVQ,
1LUC, 1MNS, 1NAL, 1NFP, 1PII, 1PKYA2,
1PTA, 1PUD, 1QAP, 1QBA, 1REQA1, 1SFT,
1TIM, 1TPF, 1TRE, 1UCW, 1XYZ, 2AAA, 2ACR,
2KAU, 2KAUC1, 2MNR, 2TAA, 2XIS, 3RUB.

2.2. Computation of surrounding residues and
long-range contacts

The computation of surrounding residues in a
protein molecule has been described in our earlier
article w8x. The residues in a protein molecule are
represented by their Ca atoms. Using the Ca
coordinates, a sphere of radius 8 A is fixed around˚
each residue and the composition of surrounding
residues associated with all the residues is calcu-
lated. It has been shown that the influence of each
residue over the surrounding medium extends
effectively only up to 8 Aw32–34x.˚
For a given residue, the composition of sur-

rounding residues is analyzed in terms of the
location at the sequence level and the contributions
from -"3 residues are treated as short range
contacts,"3 or "4 residues as medium-range
contacts and)"4 residues are treated as long-
range contactsw17x.

2.3. Long-range contacts in different ranges of
residue distances

The long-range contacts()"4 residues) are
further classified into several intervals with a step
of 10 (4–10; 11–20; 21–30; 31–40; 41–50 and
)50). The number of long-range contacts in each
interval for all the residues in different folding
types was computed. Furthermore, the percentage

of long-range contacts for all the folds in each
interval were calculated.

2.4. Preference of surrounding residues influenced
by long-range contacts

The residues coming within a sphere of 8 A for˚
each residue in all the four structural classes and
different fold types were computed and the resi-
dues which contribute towards long range are
selected as described above. For a given residue,
the preference of all the 20 amino acid residues to
form long-range contacts is computed and the total
preference for all the 20 amino acid residues is
estimated. The average preference of surrounding
residues is computed using the expression:

Ni,j8
N MN si,j Nq Ni j8 8

whereN is the number of surrounding residuesi,j

of type j around residuei. N andN are, respec-i j

tively the total number of residues of typei and j.
The top ten residue pairs were selected and used
for further analysis. A similar analysis was carried
out for residues influenced by medium-range
contacts.

3. Results and discussion

3.1. Occurrence of residues in medium- and long-
range interactions in different folding types

The average numbers of medium- and long-
range contacts for 11 commonly occurring folding
types in different structural classes are given in
Table 1.
Among the 11 folding types, the folds such as,

four-helical bundle, globin and DNA–RNA belong
to all-a class, immunoglobulin and OB belong to
all-b, ferridoxin belongs toaqb and the remain-
ing 5 folding types (flavodoxin, ribonuclease,
FAD–NAD, Rossmann and(ayb) barrel) belong8

to ayb class. We have analyzed the folding types
that have sufficient number(010) of proteins.
We found that the average medium- and long-

range contact for DNA–RNA fold differs appre-
ciably from that of all-a proteins. Further, the
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Table 1
Average medium- and long-range contacts for different struc-
tural classes and different folding types of globular proteins

Structural classyfold Np Nres Number of contactsy
residue

Medium Long

All-a 155 22 335 2.72"0.662 2.05"0.853
Four-helical bundle 10 1309 3.15"0.358 1.88"0.377
Globin 12 1786 3.17"0.089 2.08"0.221
DNA–RNA 18 1401 2.26"0.347 2.22"0.570

All-b 156 26 004 0.91"1.459 4.81"1.969
Immunoglobulin 27 3481 0.75"0.401 4.72"0.841
OB 11 1290 1.04"0.389 4.19"0.553

aqb 184 27 637 1.64"1.173 3.78"1.224
Ferredoxin 27 2862 1.58"0.280 3.68"0.569

ayb 180 47 245 1.95"1.000 3.88"1.009
Flavodoxin 11 2036 1.94"0.276 3.85"0.514
Ribonuclease 10 1921 1.86"0.139 3.66"0.397
FAD–NAD 21 4000 1.74"0.414 3.89"0.492
Rossmann 17 5151 1.95"0.328 4.23"0.698
(ayb) barrel8 41 13 620 2.03"0.312 4.06"0.422

N , number of proteins taken for the analysis;N , numberp res

of residues in each data set.

Table 2
Percentage of long-range contacts for different residue intervals in four structural classes and different folding types

Structural classy Nlong Percentage long-range contacts
folding type

4–10 11–20 21–30 31–40 41–50 )50

All-a 55 324 31.95"16.531 14.84"13.908 11.16"8.043 10.75"8.698 7.78"8.033 21.57"17.343
Four-helical 2482 20.17"4.991 12.58"8.683 12.10"5.128 12.23"5.356 11.85"4.647 31.06"11.760
Globin 3716 24.03"4.340 5.98"1.745 5.72"1.423 12.18"3.750 9.25"3.568 42.83"7.635
DNA–RNA 3202 36.77"11.218 19.51"7.996 8.13"6.859 15.75"10.595 11.65"7.792 8.18"11.373

All-b 130 028 18.14"7.060 22.59"10.317 13.49"10.324 10.21"7.847 8.57"5.578 26.97"15.908
Immunoglobulin 16 870 17.13"6.916 23.21"3.814 13.45"5.870 10.33"5.295 10.66"4.776 25.21"10.297
OB 5434 22.38"4.287 25.54"5.632 11.72"5.167 12.92"7.118 10.35"2.812 17.09"12.215

aqb 108 970 21.85"7.987 20.09"9.031 12.83"9.065 11.19"7.781 8.02"7.217 26.02"14.737
Ferredoxin 10 370 18.82"5.182 14.43"4.536 13.17"8.988 12.19"6.296 11.27"5.078 30.12"12.909

ayb 187 404 17.22"4.093 11.99"5.949 19.54"11.198 11.45"11.626 7.26"7.106 32.53"15.522
Flavodoxin 7946 16.22"4.265 11.25"8.000 26.26"12.526 11.84"9.986 12.34"5.967 22.08"10.716
Ribonuclease 7058 22.28"5.045 18.45"4.731 13.15"8.269 7.26"5.585 5.48"3.525 33.38"8.221
FAD–NAD 15 644 19.50"8.359 14.31"5.305 23.90"15.907 8.22"5.238 6.01"5.229 28.06"11.130
Rossmann 22 344 16.33"2.305 13.40"9.441 19.00"8.649 9.54"6.398 7.08"6.764 34.63"12.673
(ayb) barrel8 55 286 16.17"2.447 12.06"5.017 19.53"9.767 15.58"7.103 10.17"7.388 26.48"9.980

N , number of long-range contacts.long

globin fold and four-helical bundle proteins have
more medium-range contacts than that of RNA–
DNA fold although all these proteins belong to
the same structural class. The four-helical bundle
proteins have less long-range contacts compared
with other folding types of proteins in all-a class.
In all-b class proteins, OB fold proteins have

remarkably low long-range contacts. Among the
different folds belong toayb class, FAD–NAD
has the lowest medium-range contacts and Ross-
mann fold has the highest long-range contacts.

3.2. Long-range contacts for different residue
intervals in different folding types

The average percentage of long-range contacts
for different residue intervals in different fold types
of all structural classes are given in Table 2.
In all-a class, all the folding types prefer the

range of 4–10 and the four-helical bundle fold has
the lowest contact in the same range. Further,
globin fold proteins show insignificant number of
contacts in the range of 11–20. The immunoglob-
ulin and OB fold proteins prefer the long-range
contacts in the range of 11–20 as observed in all-
b class proteinsw10x. In ayb class folds, it is
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interesting to note that only the ribonuclease fold
prefers 4–10 range and the other fold types prefer
the range 21–30 as observed in otherayb class
proteinsw10x. In consistent with the previous anal-
ysis w35x that the(ayb) barrel fold proteins have8

the highest long-range contacts in the range of
21–30. The analysis on the interval)50 showed
that among the 11 folding types, the globin fold
has the highest number of long-range contact
whereas DNA–RNA fold has the lowest contact,
both belong to all-a class. The subdivision of
interval)50 into small bins yielded insignificant
number of contacts and hence the results are not
included in the analysis.

3.3. Preference of residues in the medium- and
long-range contacts

3.3.1. Folds belong to all-a class proteins
The average medium- and long-range contacts

for all the 20 amino acid residues for four-helical
bundle, globin and DNA–RNA fold types along
with all-a proteins are presented in Fig. 1a and b.
All the 20 amino acid residues in the four-helical
bundle and Globin folds have higher medium-
range contacts and the DNA–RNA fold has lower
medium-range contacts compared to all-a class
proteins. The residue His has the highest medium-
range contact in four-helical bundle fold followed
by Leu, Cys, Met, Ala and Arg. The residue, Pro
has the lowest medium-range contacts due to its
helix breaking tendencyw36x. In globin fold, Cys
has the highest medium-range contacts followed
by Trp, Ile, Leu and Val. The residue Leu has the
highest medium-range contacts in DNA–RNA fold
followed by Gln and Ala. We noticed that Pro has
higher medium-range contacts in globin fold com-
pared to other folds. Although all the above three-
folds belong to all-a class, the residue preferences
in the medium-range changed significantly and
this information may be helpful to identify the
fold recognition.
In long-range contacts, the residue Cys has

observed the highest long-range contacts in all-a

class proteins followed by Val, Ile, Tyr and Phe.
The negatively charged residues Glu and Asp have
low long-range contacts. In four-helical bundle
fold, all the 20 amino acid residues have less long-

range contacts compared to all-a class proteins. In
globin fold, the residues Cys, Lys, Met, Gln and
Val have appreciable number of long-range con-
tacts. Interestingly, the residue Tyr has the highest
long-range contacts in DNA–RNA fold followed
by Ile, Val, Cys and Phe. It is noteworthy that the
residue Tyr, Ile, Val, Phe and Glu have more
number of long-range contacts in DNA–RNA
compared with all-a class proteins.

3.3.2. Folds belong to ayb class proteins
The average medium- and long-range contacts

for all the 20 amino acid residues in different folds
of ayb class of proteins are presented in Fig. 2a
and b. The residues Glu, Lys, Met, Asn, Arg and
Thr in flavodoxin, residues Lys, Asn, Ser and His
in ribonuclease, residue His in FAD–NAD, resi-
dues Phe, Gly, His, Lys, Met, Pro, Trp and Tyr in
Rossmann and the residues Ala, Asp, Glu, Ile,
Lys, Asn, Gln, Arg, Val and Tyr in(ayb) barrel8

have more number of medium-range contacts com-
pared toayb class proteins.
In long-range contacts, the residues Cys, Leu,

Met, Gln, Val, Trp and Tyr in flavodoxin, Glu,
Phe, and Thr in ribonuclease, Ala and Ile in FAD–
NAD have higher preference compared toayb

class proteins. The residues Ala, Gly, His, Ile, Asn,
Arg, Ser, Val and Trp have more long-range
contacts in Rossmann fold than other folds belong
to ayb class proteins. The residues Cys, Gln and
Tyr in flavodoxin and the residues Glu, Phe and
Thr have significant number of long-range contacts
in ribonuclease fold. The residue Pro has apprecia-
ble number of long-range contacts in(ayb) barrel8

fold proteins. It is interesting to note that the
residue preferences vary with each folding type in
the average medium- and long-range contacts
although they all belong to one structural class.
Hence, the information about the preference of
medium- and long-range contacts exhibited by the
20 amino acid residues can be effectively used to
predict the folding type of each proteins.

3.4. Residue pairs influenced by medium- and
long-range contacts

The preference of each amino acid residue to
be surrounded by all the 20 amino acid residues
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Fig. 1. (a) Average medium-range contacts in different folds belong to all-a class.(b) Average long-range contacts in different
folds belong to all-a class.

due to long-range contacts in different folding
types of proteins belonging to all-a class anday
b class are computed and the topmost 10 residue
pairs are given in Table 3a and b. We found that
the preferences of residue pairs to form medium-

and long-range contacts shows a significant differ-
ence among different folds of all-a andayb class
proteins. In general, the hydrophobic and polar
residues have an equal preference in forming
medium-range contacts whereas in long-range con-
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Fig. 2. (a) Average medium-range contacts in different folds belong toayb class proteins.(b) Average long-range contacts in
different folds belong toayb class proteins.

tacts, most of the contribution is influenced by
hydrophobic residues.
The analysis on the preference of amino acid

residues in the medium-range contacts showed that
the residues Asp and Gln in four-helical bundle,

Gly, Phe, and His in globin and Ser in DNA–
RNA fold make appreciable contribution. In long-
range contacts, Pro, Met, Ser, His and Tyr in
four-helical bundle, Gly, Lys, Glu in Globin and
Asn, Trp and Ser in DNA–RNA fold make appre-
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Table 3
Topmost 10 residue pairs influenced by different folding types

(a) Folds belong to all-a class

Medium-range contacts Long-range contacts

All-a Four-helical Globin DNA–RNA All-a Four-helical Globin DNA–RNA

L–L A–A A–A L–L L–L A–A A–L L–L
A–A D–K A–K K–K C–C L–L A–V A–A
E–K L–L L–L A–L A–L A–L G–K I–I
A–L D–R V–V E–R A–A A–V L–L I–V
E–R L–Q G–K I–L I–L V–V L–V L–V
A–E K–K G–L A–K A–V P–P A–A N–W
L–V A–L F–L L–V L–V M–S V–V A–L
I–L E–E H–L R–V A–I L–R A–G I–L
E–E A–K L–V S–S I–I H–H E–K S–S
A–V L–R A–G I–I V–V Y–Y A–I I–R

(b) Folds belong toayb class

Medium-range contacts Long-range contacts

ayb Flavodoxin Ribonuclease FAD–NAD Rossmann(ayb) barrel8 ayb Flavodoxin Ribonuclease FAD–NAD Rossmann(ayb) barrel8

A–A A–A A–A A–A A–A A–A V–V V–V V–V V–V V–V V–V
L–L G–L D–L L–L E–K A–L L–L A–V L–V G–G G–G A–V
A–L I–E E–R G–S A–G L–L G–G I–V A–L I–I A–V A–A
E–K A–K I–V A–G G–G E–K L–V L–L A–V I–V I–V A–L
A–G E–K A–L V–V A–L A–E A–V I–I I–V L–L I–I L–L
A–R G–L E–K G–G E–L A–G I–V A–I G–G A–V I–L I–V
A–E E–E L–R A–V V–V D–K A–G A–A L–L L–V L–V L–V
A–V A–L L–L I–I G–L A–K A–L A–L I–L A–I L–L I–L
G–L D–K D–R A–L D–K A–V A–A I–L A–I A–A A–L A–I
L–V T–T A–E G–V A–K A–R I–I A–G A–A A–G A–I I–I
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ciable contribution. Although these threefolds
belong to all-a class, the preferred residue pairs
significantly differ in each fold.
A–A and V–V are the most preferred residue

pairs in all the folds belonging toayb class
proteins in the medium- and long-range contacts,
respectively. The role of Gly in forming medium-
range contacts is distinct in different folding types
of ayb proteins; it has appreciable contribution in
FAD–NAD while it is minimal in ribonuclease
fold. The polar and hydrophobic residues influence
the medium-range contacts equally whereas the
long-range contacts are influenced mainly by
hydrophobic residues in the different folds belong
to ayb class proteins.

4. Conclusions

We have analyzed the role of medium- and
long-range contacts in several commonly occurring
folds of globular proteins. We found that the globin
and four-helical bundle folds have appreciably
higher medium-range contacts than that of DNA–
RNA fold. Immunoglobulin fold in all-b proteins
has the highest number of long-range contact
among all the folding types. Ribonuclease fold
prefers the range 4–10 while the residues in all
other folds of ayb class proteins interact with
distant residues in the range of 21–30 to form
long-range contacts. The role of Gly is more
important to form medium- and long-range con-
tacts in globin fold than other folding types of all-
a proteins. The observations found in the present
study could be useful for predicting the fold
recognition.
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