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ABSTRACT The environmental preference for
the occurrence of noncanonical hydrogen bonding
and cation-m interactions, in a data set containing
71 nonredundant (o/B)g barrel proteins, with re-
spect to amino acid type, secondary structure, sol-
vent accessibility, and stabilizing residues has been
performed. Qur analysis reveals some important
findings, which include (a) higher contribution of
weak interactions mediated by main-chain atoms
irrespective of the amino acids involved; (b) domina-
tion of the aromatic amino acids among interactions
involving side-chain atoms; (c) involvement of
strands as the principal secondary structural unit,
accommodating cross strand ion pair interaction
and clustering of aromatic amino acid residues; (d)
significant contribution to weak interactions occur
in the solvent exposed areas of the protein; (e)
majority of the interactions involve long-range con-
tacts; (f) the preference of Arg is higher than Lys to
form cation-m interaction; and (g) probability of
theoretically predicted stabilizing amino acid resi-
dues involved in weak interaction is higher for
polar amino acids such as Trp, Glu, and Gln. On
the whole, the present study reveals that the weak
interactions contribute to the global stability of
(a/B)g TIM-barrel proteins in an environment-
specific manner, which can possibly be exploited
for protein engineering applications. Proteins
2006;65:75-86. ©2006 Wiley-Liss, Inc.
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INTRODUCTION

The stability of a protein is determined by various
noncovalent interactions, such as hydrophobic, electro-
static, hydrogen bonds, and van der Waals interactions.*
Of these, several studies have elucidated that hydrogen
bonds have a key role in structure-function relationship of
proteins, which includes aiding over all folding, maintain-
ing local structure, facilitating protein ligand recognition,
enzymatic activity, protein hydration, and molecular dy-
namics.? Apart from these hydrogen bonds, it is now
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generally accepted that other weak electrostatic interac-
tions termed noncanonical interactions (NCI), such as
those involving C—H- - -O, C—H- - ‘mw, and the N—H- - =
interactions, contribute to structural stability of both
small molecules and biological macromolecules.

Even though the occurrence of these NCI was well
documented very early in time,?>® it was not until recently
that their importance was completely understood. Several
large-scale studies over the last decade have unambigu-
ously revealed the occurrence of these interactions in
crystal structures, revealing the importance of such inter-
actions and therefore reviving interest in studying them in
greater detail.®~'® For instance, the comprehensive study
by Steiner and Saenger,'® has shown that several dipole—
dipole interactions other than canonical hydrogen bonds
could significantly contribute to decrease the entropy and
therefore increase the overall stability of proteins. In
another study,'® the occurrence of C—H- - -O interactions
in protein was analyzed by categorizing them into interac-
tions that involve only the main-chain atoms, side-chain
atoms, or both. The same study clearly revealed the role of
weak C—H- - -O interactions in conformational flexibility
and in facilitating protein—protein interactions.'® Various
other studies have elucidated the role of NCI in biological
macromolecules and have shown that they serve as an
additional stabilizing factor in B-sheet,'* helix termini,'®
helices that contain proline residues,?® packing of trans-
membrane helices,?! collagen,” and in DNA.?2 They have
also been shown to be important in a variety of functional
contexts such as macromolecular recognition,”?324 enzy-
matic action,?® and stabilization of secondary structure.?®

In terms of energetic contribution, theoretical ab initio
calculations®”3° have clearly revealed that the energy of
these NCI is less than the energy of a conventional
hydrogen bond (O/N—H:- - -O=C). For instance, C—H: - -O
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interactions may contribute up to 2 kcal/mol, N—H: - -m
interactions contribute up to 3.5 kcal/mol, and C—H- - -
interactions contribute up to 1 kcal/mol, whereas regular
hydrogen bonds may contribute up to 5.5 kcal/mol.® Even
though the NCI contribute much less in energetic terms,
the observation that they can occur as frequently, or
sometimes more frequently than regular hydrogen bonds,
suggests that they may individually contribute less, but
cumulatively provide significant energy for protein stabil-
ity (M.M.B., unpublished results).

In addition, cation—w interactions between amino acid
side-chains are increasingly being recognized as important
structural and functional features of proteins and other
biomolecules.?'~3* Cation—m interactions can occur be-
tween cationic side-chain of either lysine or arginine and
the aromatic side-chain of phenylalanine, tyrosine, or
tryptophan. The stabilization energy originates in part
from electrostatic attraction between the cation (of the
basic amino acid residue) and regions of high electron
density in m-orbital of the aromatic group, leading to the
name cation—m interaction.®® There are reports of this
interaction for their role in the enhancement of stability of
thermophilic proteins,®$37 folding of polypeptides,®® and
the stability of membrane protein.?>*° The stability and
specificity of protein DNA complexes are also reported on
the basis of these cation—m interactions.***2

Although previous studies have investigated the occur-
rence of individual NCI [C*—H- - -O=C, cation—w and
those with aromatic ring systems as hydrogen bond accep-
tors] in various proteins,*3~*5 very few studies have system-
atically studied the role of these weak interactions in
relation to other factors such as amino acid preference,
secondary structural elements, solvent accessibility of a
particular fold, and stabilizing residues. In this study, we
have addressed these issues by analyzing the structures of
the (a/B)g barrel proteins (constituted by eight parallel
a-strands enveloped by eight a-helices).

The (a/B)g barrel protein is one of the most frequent and
regular domain structures of globular proteins.*®~*® This
tertiary fold is observed in ~10% of all known enzymes.
Despite the similarity in the basic architecture, members
of this large family of proteins catalyze very different
reactions. Such diversity in function has made this family
an attractive target for protein engineering.*® Several
investigations have been performed to understand the
principles responsible for the folding and stability of the
TIM-barrel fold, in relation to packing of the B-strand
residues in the barrel core,?® overall folding,”' amino acid
clustering patterns,® and long-range interactions.®® Fur-
thermore, the characteristics of TIM-barrel proteins have
been reviewed in detail in terms of their structure, folding,
function, evolution, distribution, and some of its most
remarkable catalytic performances.5*~5°

Although recent studies have focused on the identifica-
tion of stabilizing residues in TIM-barrel domains,®® no
study has addressed the role and contribution of weak
interactions to the overall stability of these TIM-barrel
proteins. In this article, we have not only explored the
occurrence of the noncanonical and cation— interactions
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in TIM-barrel proteins but also systematically investi-
gated the environments in which such interactions occur,
and reveal the correlation between the local structural
environment and the occurrence of specific types of weak
interactions, i.e., the preference in terms of amino acid
composition, secondary structural unit, solvent accessibil-
ity, and sequential separation.

MATERIALS AND METHODS
Data Set

The data set consisting of 71 TIM-barrel proteins is the
same as described by Gromiha et al.? The amino acid
sequence similarity between any pair of proteins in the
database is lower than 20%. The Protein Data Bank
(PDB)®! codes of the TIM-barrel enzymes in our data set
are provided in the supplementary Table S-I (http:/
www.interscience.wiley.com/jpages/0887-3585/suppmat).
The complete names of the 71 proteins, along with their
respective bibliographic references, are available at http://
www.cbre.jp/~gromiha/tim/proteinlist.html. In case of
homo-oligomeric proteins, only one chain has been consid-
ered for our analysis.

Identification of Weak Interactions

The type of noncanonical interaction is indicated by a
two-letter code in which the first letter indicates the donor
atom and the second the acceptor: M, S, and S5 represent
the main-chain atom, side-chain atom, and side-chain
atom in the five-membered aromatic ring. The different
types of NCI involving main-chain to main-chain (MM)-
[C—H: - -O=C], main-chain to side-chain (MS)-
[C—H: - -O=C; C—H: - ‘m; N—H- - 7], main-chain to side-
chain five-member aromatic ring (MS5)-[C—H- - -7], side-
chain five-member ring to side-chain (S5S)-[n- - -7], side-
chain to main-chain (SM)-[C—H: - -O=C], side-chain to
side-chain (SS)-[C—H: - -O=C; C—H:: -w; N—H: - ‘m,
7 - -7w|, and side-chain to side-chain five-member ring
(SS5)-[C—H: - -m; N—H: - -, 7 - -w] were identified using
a stand-alone program that identifies each of the aforemen-
tioned interactions based on the four different geometric
criteria that are defined based on the distances and angles
of the atoms under consideration.®® A few of the interac-
tions could be calculated using the NCI server®? available
at http://www.mrc-lmb.cam.ac.uk/genomes/nci/. In the
present investigation, the default parameter values of the
NCI server®? were used to identify these NCI. Occurrence
of the canonical hydrogen bonds in the entire TIM-barrel
data set were identified using the program HBPLUS.%?

The number of cation—m interactions in each protein has
been calculated using the program CAPTURE developed
by Gallivan and Dougherty®! available at http:/capture-
.caltech.edu. We have considered only the energetically
significant E_,, . = —2 kcal/mole) interactions in the
present study.

Contribution of Individual Amino Acid Residues
and Their Sequential Separation

The percentage contribution of each amino acid residue
that was identified to participate in the different types of
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NCI was calculated as the ratio of the occurrence of a
specific amino acid involved in the particular type of
noncanonical interaction to the occurrence of the same
amino acid in our data set of the 71 TIM-barrel proteins.
The amino acid residue pairs involved in the interactions
were classified as short-range (< *3 residues), medium-
range (+3 or +4 residues), or long-range (> *4 residues)
based on their location in the amino acid sequence.%*%?

Secondary Structure and Solvent Accessibility

Secondary structure preference and solvent accessibility
(ASA) of the amino acid residues are among the key factors
that are essential to understand the structure-function
relationship of proteins. Secondary structure and accessi-
bility for the amino acid residues were calculated using
DSSP.%® We have systematically analyzed (a) the pattern
of preference for the amino acid residues involved in each
type of the noncanonical interaction to be present in a
particular secondary structure, and (b) their solvent acces-
sibility pattern. The secondary structural units have been
classified as helix, strand, turn, and coil in accordance with
Heringa and Argos.®” Solvent accessibility was divided
into three classes, 0—20%, 20-50%, and >50%, indicating
respectively the least, moderate, and high accessibility of
the amino acid residues to the solvent.®®:%° The percentage
of an amino acid in a particular ASA class involved in a
particular noncanonical interaction was evaluated using
the relation

NaNCI
BASA = ——=—— X 100
Naa
where Ny, NCI and N, indicate the number of instances
a particular amino acid belonging to a specific ASA class is
involved in NCI and the total number of instances of the
same amino acid (found in that ASA class) in the whole
data set, respectively.

Involvement of Stabilizing Residues in Weak
Interactions

The stabilizing residues in TIM-barrel proteins have
already been identified by Gromiha et al.®® with certain
cutoffvalues for each measure of stability such as surround-
ing hydrophobicity, long-range order, stabilizing center,
and conservation residues. In the present study, we have
identified the frequency occurrence of amino acid residues
involved in stabilization and NCI by calculating the ratio
of the number of stabilizing and number of noncanonical
interaction residues to the total number of amino acids in
each protein in the data set. The occurrence ratio of each
amino acid residue involved in stabilization to the non-
canonical interaction is calculated in order to assess the
probability of the amino acids that are predicted to be the
stabilizing residue and are also found to involve in the
non-canonical interaction.

RESULTS AND DISCUSSION
Weak Interactions in TIM-Barrel Proteins

The representative instances of noncanonical interac-
tion in the TIM-barrel motif of the enzyme fructose 1, 6
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bisphosphate aldolase (PDB: lado) are given in Figure 1.
The interactions of the main-chain to side-chain atoms
involving the residue pairs His 80—Phe 79 (NH: - -m), Lys
129-Gln 132 (C—H- - -0O=C), Gly 28-Phe299 (CH- - -m),
and that involving only side-chain atoms in Trp 313—
Phe57 (- - -w) and Trp 313-Tyr 58 (- - -w) are indicated.
In the complete data set, among the 15 different NCI,
MM-CHOC shows the highest contribution of about 35%.
Further analysis indicated that the main-chain atoms
contribute significantly (about 75%) either as donor or
acceptor or both. This global analysis on the data set of
TIM-barrel proteins indicates that the distribution of the
atoms involved in the noncanonical weak interactions are
not random, but are more oriented toward the high
incident main-chain atoms. This suggests that the NCI
could contribute significantly to the stability of the TIM-
barrel proteins. In addition to the main-chain to main-
chain interactions, we find high incidence of main-chain to
side-chain and side-chain to side-chain interactions in
specific TIM-barrel domains containing enzymes. For ex-
ample, the enzymes diol dehydrogenase (1leex) and mono-
methylamine methyltransferase (112q) indicate significant
contribution of the MS-[C—H- - -O=C], MS-[CH: - 7], SM-
[C—H: - -O=C], SS-[w - -w] interactions. Relatively high
incidence of MS-[CH- - -w] and SS-[=- - -m] interactions in
the majority of the proteins in the data set stresses the
importance of aromatic amino acid residues in stabilizing
the TIM-barrel scaffold.

Number of Amino Acids in a TIM-Barrel Protein
Versus Number of Weak Interactions

It could be contemplated that the observed NCI could be
proportional to the total number of amino acids and
therefore could be characterized as amino acid indepen-
dent factor, contributing to the global stability of the
enzyme. Similar analysis was performed with respect to
cation— interactions in transmembrane helical (TMH) as
well as transmembrane strand (TMS) proteins,”®"! but
the arguments differ in both. Correlation between the
number of amino acid residues and the number of interac-
tions is significant in TMS proteins. The present study
focuses on the weak interactions, which is much more
prevalent in addition to the residue type specific cation—m
interactions. The number of amino acid residues was
correlated with the number of canonical hydrogen bonds
as identified by HBPLUS [Fig. 2(a)], the noncanonical
hydrogen bonding interaction [Fig. 2(b)], and cation—m
interactions [Fig. 2(c)] in the considered set of TIM-barrel
proteins. It could be inferred from the figures [Fig. 2(a—c)]
that the correlation of the number of amino acids to the
number of nonbonded interactions is different for canoni-
cal (R? = 0.76), noncanonical (R = 0.55) hydrogen bonds
and cation—m interaction (R = 0.33). The lesser regression
coefficient in the case of cation—w interactions could be
attributable to the low incidence of aromatic amino acid
residues in proteins. Relative contribution of the noncanoni-
cal and canonical hydrogen bonds to the stability of
TIM-barrel domain was also evaluated. The correlation
between the number of conventional hydrogen bonding
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(A) N-H...m interaction

S
(C) C-H...m interaction

Fig. 1.

(B) C-H...O interaction

(D) m... m interaction

Representative instances of noncanonical interactions in the enzyme fructose 1,6 bisphosphate

aldolase (PDB: 1ado, 1.9 A resolution) from the glycolytic pathway. A: N—H- - -m interaction involving
main-chain N atom of His 80 and side-chain aromatic ring of Phe 79. B: C—H- - -O interactions involving the
main-chain C—H of Gly 129 and side-chain O of Glu 132. C: C—H- - - interaction involving main-chain C—H
of Gly 28 and side-chain aromatic ring of Phe 299. D: «r- - - interaction involving the aromatic rings of Trp 313

with Phe 57 and Tyr 58.

and noncanonical hydrogen bonding is given in Figure
2(d). The data (Table I) and Figure 2(d) (slope < 1) indicate
that in TIM-barrel proteins, the contribution of the conven-
tional hydrogen bonding is higher than the nonconven-
tional hydrogen bonding interactions.

From Table I it could be inferred that the proteins
represented by IDs 2ebn, 1gat, and 1qtw (all belonging to
hydrolases) have an identical number of amino acids in
their primary structure but display a total of 109, 112, and
87 NCI; 4, 3, and 5 cation— interactions, respectively.
Therefore, in the case of TIM-barrel motifs, less correla-
tion between the number of amino acids and the occur-
rence of weak interactions exists. Furthermore, the aver-
age number of interactions involving only the main-chain
atoms is 38 * 13 whereas the collective contribution of the
other interactions involving the side-chain atoms is 68 =
36. This difference in the number of NCI does indicate that
the contribution to the overall stability of TIM-barrel
domain is dictated by the amino acid side-chains. More-
over, the measured standard deviation value, especially
for the side-chain atoms, implies that the variation in the
amino acid composition does contribute to the difference
observed in the number of noncanonical interactions.
However, the anomalous occurrence of certain types of
interactions in specific TIM-barrel domains, in the present
data set, cannot be rationalized by mere statistical analy-
sis. For example, the presence of 49 SS-CHOC interac-
tions in malate synthase (1d8c), might be attributed to the

PROTEINS: Structure, Function, and Bioinformatics

local environment of these residues that is essential for the
stability/conformation of this enzyme.

Relative Contribution of Amino Acids

If the number of amino acids per se does not define the
extent of occurrence of NCI, then it is logical to rationalize
that the type of amino acid could dictate the number and
strength of these interactions. This indirectly would sig-
nify the importance of amino acid type/amino acid composi-
tion rather than the mere number of amino acid residues
present in a given TIM-barrel protein. The relative contri-
bution of each of the amino acid residues as donor and
acceptor for each type of interaction was identified and
they are tabulated in Table II(a) and Il(b), respectively. It
could be inferred that only in the MM—-CHOC interaction,
all the 20 amino acids serve as donor as well as acceptor.
As observed in the whole data set (Table I), most of the
amino acid residues participate in the weak interactions to
a greater percentage through their main-chain atoms
which indirectly is dictated by the type of side-chain,
irrespective of whether the amino acid is a donor or
acceptor. The amino acid residue glycine, which generally
induces greater flexibility in the protein chain, seems to
have greater apparent involvement in the interaction as
indicated by its percentage contribution of 25. This is valid
only when glycine is a donor. When glycine is as an
acceptor, its contribution is in par with other amino acid
residues [Table II(a and b)]. This could be attributed to the
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a: Relationship between number of amino acid residues and number of canonical hydrogen bonds in TIM-barrel proteins (R? = 0.76). b:

Relationship between number of amino acid residues and number of noncanonical hydrogen bonds in TIM-barrel proteins (R* = 0.55). c: Relationship
between number of amino acid residues and number of cation—m interactions in TIM-barrel proteins (R = 0.33). d: Relationship between number of
canonical hydrogen bonds and number of noncanonical interactions in TIM-barrel proteins (R® = 0.61).

greater probability of the glycine residue to be donor
because of the presence of two «a protons opposed to one in
all the other amino acid residues. It is also interesting to
note that the incidence of the aromatic amino acids in NCI
is relatively high, with the percentage value as high as 35
for = - - interactions, for both donor and acceptor. The
packing of the aromatic amino acid residues with specified
geometries is generally considered as one of the major
factors contributing to the thermodynamic stability of
proteins.”? In addition, both His and Pro are involved
significantly in SM—CHOC interaction. Such CHOC inter-
actions involving His residues have been reported in the
active site of serine hydrolases.?® Similar results were
obtained when the amino acid residues that are involved
in the NCI were normalized (Supplementary Table S-Ila
and S-IIb). We have also estimated the percentage of
aromatic and positively charged amino acids that are
involved in cation—m interactions in TIM-barrel protein
structures. The relative contribution of cationic and aro-

PROTEINS: Structure, Function, and Bioinformatics

matic amino acid residues in TIM-barrel proteins is also
given in Table II(a and b). We found that percentage
contribution of aromatic amino acids in TIM-barrel pro-
teins is more or less similar to that of TMS proteins (Phe
7.5%, Tyr 11.54%, and Trp 19.61%). We also found that,
similar to TMS and globular proteins, the percentage
contribution of positively charged amino acid Arg (15.17%)
is higher than that of Lys (6.17%) in TIM-barrel proteins.
Thus, our analysis indicates that the contribution of amino
acids toward a particular noncanonical interaction is
specific in TIM-barrel proteins.

Distribution of NCI Based on Sequential
Separation

The contribution of NCI in TIM-barrel proteins could
define either the local or the global stability of the protein.
Therefore, to evaluate the contribution of the inter-
residual interactions, the sequential distance (short-
range: < *3 residues, medium-range: *3 or 4 residues,

DOI 10.1002/prot
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TABLE 1. Distribution of Weak Interactions Estimated in TIM-Barrel Proteins

PDB No. No.H Cation- MM MS MS MS MS5 MS5 S5 SM SS SS SS SS  SS5 SS5  SSh Total
code AA bonds ™ CHOC CHOC CHPI NHPI CHPI NHPI PIPI CHOC CHOC CHPI NHPI PIPI CHPI NHPI PIPI interaction

laOc 437 400 5 39 2 48 4 1 3 0 8 6 1 1 35 1 0 0 149
la3x 265 227 0 23 5 8 2 0 0 0 5 3 1 2 3 0 0 0 52
ladl 264 275 1 24 8 9 1 2 0 0 6 3 1 1 3 0 0 2 60
lado 363 327 1 30 7 16 2 3 1 0 11 3 4 0 4 1 0 0 82
lads 315 281 8 33 7 13 2 5 2 1 11 7 5 2 10 1 1 0 100
laq0 612 275 7 38 7 17 0 6 0 0 4 2 4 2 12 1 1 0 94
1b3o 368 238 4 26 6 6 1 0 0 0 7 3 1 1 6 0 0 0 57
1b4k 326 302 3 36 5 17 4 2 1 0 10 3 3 1 10 0 0 0 92
1b54 230 223 6 28 3 12 1 3 1 0 3 2 1 0 3 0 0 0 57
1b5t 275 247 3 30 3 13 0 2 3 0 8 10 2 2 7 0 0 0 80
1bd0 233 344 0 25 2 14 4 5 0 0 5 1 1 0 8 1 0 0 66
1bf6 291 310 4 38 8 15 1 0 0 0 10 3 3 1 9 0 0 0 88
1bpl 201 191 2 14 5 17 2 4 2 0 11 4 2 1 15 0 0 1 78
lbgc 302 332 4 54 10 28 2 9 2 2 8 2 5 0 12 2 0 0 136
1btm 251 231 3 29 8 6 3 1 1 0 8 2 3 0 5 0 0 0 66
lbyb 491 482 5 56 13 40 4 11 3 1 13 6 17 2 40 6 1 0 213
lcod 358 369 6 61 10 24 7 17 7 2 18 7 3 3 21 1 0 1 182
Iceo 332 322 4 39 6 34 1 7 2 3 5 6 6 1 27 0 0 3 140
lenv 283 255 1 34 7 21 1 6 2 1 7 1 4 1 17 0 0 1 103
1d3g 360 370 0 57 8 24 0 1 0 0 16 4 2 0 5 0 0 0 117
1d8c 688 696 13 73 9 25 0 12 3 1 24 49 3 2 17 2 4 0 224
1di3 191 174 4 22 2 6 1 2 1 0 4 3 0 0 3 0 0 0 44
1dos 359 355 1 38 2 15 1 3 1 0 5 7 3 2 4 0 1 1 83
1e70 499 520 8 76 9 53 3 8 4 2 13 4 6 1 58 2 1 3 243
ledg 380 377 6 32 4 34 2 10 2 3 6 3 5 4 22 0 1 2 130
ledq 348 351 2 30 5 23 0 3 2 2 8 6 4 1 19 1 0 0 104
leex 551 613 6 54 20 30 2 3 0 0 10 5 8 3 10 1 1 0 147
leom 283 279 1 47 8 28 5 6 3 0 11 1 4 2 17 0 0 0 132
1f74 293 313 2 29 11 25 3 1 0 0 6 3 4 1 10 0 0 1 94
1f8m 427 404 7 38 9 20 3 8 2 0 11 4 1 4 13 1 0 0 114
1gg0 275 210 1 39 3 12 2 0 0 0 11 10 18 41 4 0 0 0 140
1gow 489 519 11 62 9 47 4 16 5 2 15 9 14 3 49 7 2 2 246
1gvf 273 274 3 36 3 13 0 2 0 0 7 5 1 1 6 0 1 0 75
1gwl 375 391 3 55 13 30 1 15 4 0 13 3 6 0 37 3 0 1 181
1h7w 312 304 2 43 3 13 1 7 1 0 9 2 0 1 7 0 0 1 88
1hg3 224 184 1 32 6 4 0 1 1 0 10 3 0 0 0 0 0 0 57
lhuv 349 321 4 35 8 15 2 7 2 0 7 4 1 0 4 2 0 0 87
lilw 179 166 2 30 7 12 2 3 0 1 5 6 0 0 9 0 0 0 75
litqg 369 393 4 40 9 18 0 3 2 1 12 2 4 1 12 1 0 0 105
1j5s 451 424 4 29 9 32 2 15 2 1 15 9 8 4 14 4 0 2 146
ljd 252 275 3 35 7 13 1 1 0 0 3 5 2 0 5 0 0 0 72
Ljuk 247 230 2 32 3 11 0 0 0 0 5 1 2 1 9 0 0 0 64
lk4g 372 352 5 42 9 21 0 4 1 1 13 5 2 0 14 0 0 0 112
1kbl 364 372 2 34 6 19 1 1 1 0 5 6 0 1 10 0 0 0 84
1kd0 240 271 2 22 4 10 0 2 0 0 2 3 1 4 7 0 0 0 55
1km0 237 232 1 24 3 10 0 0 0 0 7 4 0 0 3 0 0 0 51
112q 457 514 2 59 20 25 4 4 1 0 12 8 4 0 11 1 0 1 150
lluc 326 331 4 38 10 20 2 4 1 2 9 1 7 0 17 1 0 1 113
llwh 391 356 8 30 7 27 4 5 1 0 17 2 4 0 0 1 2 0 100
Inar 289 267 1 36 6 31 1 4 1 0 10 1 1 0 20 0 2 0 113
lonr 316 329 5 26 4 16 1 5 0 0 8 5 5 3 6 2 2 0 83
1pdy 294 289 2 30 5 13 3 4 1 1 5 1 1 0 7 1 0 0 72
lpym 284 275 0 25 3 12 2 4 2 2 5 5 0 0 4 0 0 0 64
lqap 167 126 0 14 2 7 0 1 0 0 2 2 0 0 0 0 0 0 28
lqat 285 242 3 35 6 25 7 4 2 0 10 1 4 1 17 0 0 0 112
lqnr 344 358 2 43 3 22 4 11 3 4 4 1 2 5 34 2 3 2 143
1qo2 238 238 1 36 2 12 0 1 0 0 10 3 1 0 2 0 0 0 67
lqtw 285 251 5 31 5 13 0 5 0 0 9 7 3 0 13 0 1 0 87
Ireq 559 539 5 38 13 19 5 7 2 0 14 4 7 3 19 0 1 0 132
1smd 402 415 12 49 11 28 1 16 6 1 11 6 2 4 28 0 1 0 164
1tml 286 266 3 40 5 12 0 11 1 0 9 2 0 0 7 2 2 0 91
1ttp 256 242 1 17 4 14 2 0 0 0 5 3 0 0 5 0 0 0 50
luro 357 340 4 37 6 15 2 3 1 1 18 4 2 5 8 0 2 0 104
2dor 311 293 1 38 8 20 4 0 0 0 9 0 1 0 17 0 0 0 97
2ebn 285 258 4 47 4 25 3 0 0 0 4 4 4 0 17 1 0 0 109
2tmd 340 348 3 42 11 33 1 7 0 1 19 5 2 1 14 2 0 0 138
2tps 226 223 0 25 5 7 0 0 0 0 3 2 0 0 5 0 0 0 47
4ubp 389 411 4 56 7 14 0 4 1 0 23 6 3 1 3 2 0 0 120
5ptd 296 270 5 40 7 24 7 5 1 0 13 3 7 3 24 0 1 0 135
7a3h 300 313 5 51 11 22 1 13 3 1 6 8 3 6 14 0 2 0 141
8ruc 327 311 10 39 7 14 3 6 2 0 7 7 2 2 6 0 2 0 97
Total 22,806 257 2,665 483 1,391 135 342 96 37 653 331 231 132 913 53 35 25 7,522
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TABLE II(A). Donor Role of Amino Acid: Percentage Contribution of Different Amino Acids in a Particular Type of
Noncanonical Interaction

%

Amino Cation-m MM MS MS MS MS5 MS5 S55 SM SS SS SS SS SS5 SS5  SS5
acid  interactions CHOC CHOC CHPI NHPI CHPI NHPI PIPI CHOC CHOC CHPI NHPI PIPI CHPI NHPI PIPI
ALA 852 1.62 319 * * *

ARG 15.17 8.08 211 132 % * 1.93 *

ASN 9.87  2.06 * * * * 2.51 1.52

ASP 4.18 * * * * *

CYS 13.98 143 1.08 143 *

GLN 777 0.72 131 % * * 2.39 *

GLU 5.86 * 114 % *

GLY 2465 496 698 12 * *

HIS 11.76 294 * * * * 2445 1415 10.66 2.02

ILE 17.2 131 * * * *

LEU 8.73  2.08 * * * *

LYS 6.17 658 24 163 % * 1006 983 41 116 * *

MET 1161 1.07 1.96 * *

PHE 1523 221 5179 326 * * 34.03 1.68
PRO 1128 468  5.07 115 30.78 688  17.36 2.1

SER 10.89  2.68 164 % *

THR 10.74 124 * *

TRP 899 169 281 197 7416 1938 9.55 34.83

TYR 1266 225 4899 391 * * 26.51 1.07
VAL 15.32 * 118 ¥ * *

Blank spaces indicate that the amino acids are not involved in that interaction; *Indicates the <1% contribution of a particular amino acid.

TABLE II(B). Acceptor Role of Amino Acid: Percentage Contribution of Different Amino Acids in a Particular Type of
Noncanonical Interaction

%

Amino Cation-m MM MS MS MS MS5 MS5 S558 SM SS SS SS SS SS5 SS5 SS5
acid  interactions CHOC CHOC CHPI NHPI CHPI NHPI PIPI CHOC CHOC CHPI NHPI PIPI CHPI NHPI PIPI
ALA 9.56 2

ARG 10.63 2.81

ASN 8.07 753 368 314

ASP 7.55 12.68 405 87

CYS 11.83 1.79

GLN 8.6 7.53 251 346

GLU 6.19  9.02 229 721

GLY 11.89 3.6

HIS 13.6 3.31

ILE 19.88 2.61

LEU 13.71 2.34

LYS 10.14 2.63

MET 12.68 2.5

PHE 7.50 13.45 62.71 5.78 168 231 494 294 3592

PRO 8.41 2.1

SER 9.62 2.83

THR 10.25 2.48

TRP 19.61 13.76 25 281 8596 25 421 11.79 871 3371 1236 843 6.74
TYR 11.54 13.49 59.29 817 237 237 11.00 343 2923

VAL 16.75 2.85

Blank spaces indicate that the amino acids are not involved in that interaction.

and long-range: > *4 residues) between the amino acids
involved in the various NCI and cation— interactions was
calculated and the result is depicted as percentage occur-
rence in Figure 3. It is evident that a greater percentage of
the interactions is defined by long-range contacts. Short-
range interactions dominate only in the case of the main-
chain to side-chain interactions involving aromatic amino

PROTEINS: Structure, Function, and Bioinformatics

acid residues. This interaction, specifically involving the
aromatic amino acid residues in the present data set, could
have a significant role in restricting the dynamics and
therefore lower the entropy of the aromatic amino acid
residues. The contribution of the medium-range contacts is
comparatively less in all the interactions studied. There-
fore, all the main-chain to main-chain, side-chain to main-
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Fig. 3. Percentage occurrence of different noncanonical hydrogen
bonding and cation— interaction ranges in TIM-barrel proteins.

chain, and side-chain to side-chains involve only in long-
range interactions. Among all the side-chain interactions,
SS5-mr- - - interactions show the highest long-range per-
centage of occurrence in TIM-barrel proteins. In case of
cation— interactions in TIM-barrel proteins, 17, 11, and
72% of cation—m interactions are contributed by short-,
medium-, and long-range interactions. This observation
suggested that the majority of the cation—m interactions in
TIM-barrel proteins are influenced by long-range contacts
as observed in DNA binding proteins.*? This also indicates
that these weak interactions contribute to both local and
global conformational stability of TIM-barrel proteins.

Secondary Structure Preference

The occurrence of these weak interactions has been
observed at the terminus of the secondary structural units,
in particular a-helix and B-sheet.!*'® These interactions
have been proposed to have a definitive role in stabilizing
these secondary structural scaffolds of proteins. The pro-
pensity of the amino acid residues to favor a particular
conformation has been well augmented. Such conforma-
tional preference is not only dependent on the amino acid
alone but is also dependent on the local amino acid
sequence. Therefore, to draw correlation between the
occurrences of a particular noncanonical interaction to an
amino acid adopting a particular secondary structural
fold, we have analyzed the percentage occurrence of the
noncanonical interaction in a particular secondary struc-
ture, irrespective of the amino acid, and the result is
depicted in Figure 4. The amino acid residues (donor and
acceptor) involved in main-chain to main-chain interac-
tions prefer the extended conformation. However, in both
the main-chain to side-chain and side-chain to side-chain
interactions, both donors and acceptors prefer helical
conformation whereas only the side-chain to main-chain
CHOC interaction prefers to be in a nonhelical and nonex-
tended conformation.

We further analyzed the secondary structure preference
for each amino acid that participates in the different types
of NCI (Table III). In the whole data set, we did not find
any exclusive preference for a particular secondary struc-
ture. The majority of the MM—-CHOC interactions prefer to
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Fig. 4. Percentage of residues in the different secondary structural
units that participate in the various types of noncanonical interactions.

occur in the strand, irrespective of the amino acid propen-
sity to adopt a particular secondary structure. To rational-
ize the existence of these NCI in the strands, we analyzed
the total percentage of the secondary structural units in
TIM-barrel domains using our data set. However, analysis
of the percentage of residues involved in the different
secondary structural conformation indicates that the per-
centage of helices, strands, and turns are 43 * 7, 15 * 3,
and 13 = 4, respectively. Thus, the preference of these NCI
is dependent on other complex factors such as the position-
ing and the neighborhood of the amino acid residues,
which is necessary for the stability of the strands. Except
for the SS—-CHOC and SS-7- - -m, the remaining side-chain
to side-chain interactions were found to be not signifi-
cantly selective (<10% occurrence) to any particular second-
ary structure. However it is interesting to note that there
is a preference for strand in both SS—-CHOC interactions
that involve the acidic-basic amino acid pairs. Also, the
side-chain of the aromatic residues interacts predomi-
nantly when they occur in strands. These interacting pairs
were found to be in the adjacent strands thereby contribut-
ing to the stability of the B-sheet scaffold in TIM-barrel
proteins. Fabiola et al.'* and Derewenda et al.® have
described that similar cross-strand interactions between
MM-CHOC are ubiquitous and therefore could act as an
additional stabilizing factor for the B-sheets. The analysis
thus indicates that the greater number of NCI occur in the
strand although no such correlation could be drawn for
amino acids preferring a-helices. We also found that, as in
DNA binding proteins,*? cation—m interaction forming
cationic residues prefer to be in B-strands of TIM-barrel
proteins. Phe prefers to be in coil, Tyr in turn, and Trp
prefer to be in helix. This analysis indicates that, at least
in the case of TIM-barrel fold, the weak interactions do not
occur at random but have residue-specific preference for a
particular secondary structure.
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TABLE III. Secondary Structure Preference for the Residues Involved in Weak Interactions

MS- MS-— MS- MS5-
CHOC CHPI NHPI CHPI
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Don, donor; Ace, acceptor; H, helix; C, coli; S, strand; T, turn; Eq, more or less equally distributed; *Insignificant involvement in a specific
secondary structure and blank space shows that the particular amino acid will not participate in that interaction.

TABLE IV. Solvent Accessibility Preference for the Amino Acid Involved in Weak Interaction

MM- MS- MS-— MS- MS5-
Ami Cation—w CHOC CHOC CHPI NHPI CHPI
ino

MS5- S55—
NHPI PIPI

SM-— SS— SS— SS— SS— SS5— SS5— SS5—
CHOC CHOC CHPI NHPI PIPI CHPI NHPI PIPI

acid Don Acc Don Acc Don Acc Don Acc Don Acc Don Acc Don Acc Don Acc Don Acc Don Acc Don Acc Don Acc Don Acc Don Acc Don Acc Don Acc
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® % % ¥ g % % % Mg ¥ ¥ %

b % % b % % % % % % by ¥ ¥ % ¥ ¥ %t
t}
*

*

G
ecllv-Miec il oo llv- Bl ool ve M > B oo Bl ve Mo B o~ il o< B oo B o il we B oo B o il o
oMo Miec il oo livBie Bl oo llve M > B oo Bl ve B e B o~ il oo B oo B o~ il oo B oo B o il o
[s~BlocRie il oo lloe Biee B ool oe B o> Bl oo Jiloe Moo B ool > B o> B o~ Bl > B oo B o il o
s>locRie R oo lloe Biee R ool oe M o> B o~ Bl oo Mo B o~ > B o> B o~ Bl o< B oo B > Bl o

E E
B B B

sBlecBiec i os v Bl osllve i > ov Bl oe Mo B o s Bl > M > B o~ il oo B o> B o Bl o

Don, donor; Acc, acceptor; B, buried (0-20% ASA); P, partially buried (20-50% ASA); E, exposed (>50% ASA); Eq, equally distributed. Blank
space shows that the particular amino acid does not participate in that interaction; *Less than five interactions involving residues which were

deemed to be statistically insignificant.

Solvent Accessibility of Residues Involved in Weak
Interactions

We have estimated the solvent accessibility of all resi-
dues that are involved in various types of noncanonical
and cation—m interactions with the aid of DSSP.6* The
relation between the amino acid residues in these interac-
tions and solvent accessibility is given in Table IV. The
solvent accessibility of amino acid residues has been
categorized as buried (0-20%), partially buried (20-50%),
and exposed (>50%). Amino acid residues that occur in
less than five NCI were deemed as statistically insignifi-
cant and therefore were not included in the analysis. Most
of the other amino acid residues that were involved in NCI
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prefer to be in the solvent excluded environment, espe-
cially when the interaction involves main-chain atoms.
The data indicate that the basic amino acid residues prefer
to be solvent exposed when they are involved in a nonca-
nonical interaction. However, by analyzing the percentage
of cation—m interactions forming residues at various catego-
ries of solvent accessibility, we observed that 14.91% of
Lys and 25.77% of Arg prefer to be in the buried region.
However, the aromatic amino acids Phe and Tyr (13.29%
and 15.03%, respectively) prefer to be partially buried,
whereas Trp (28.41%) prefers to be in surface. Glu and Gln
prefer to be in the protein surface for all types of NCI,
except for MM—CHOC interactions. However, as pre-

DOI 10.1002/prot



84 S. CHAKKARAVARTHI ET AL.

dicted, the aromatic amino acid residues Phe, Tyr, and Trp
that serve as both donor and acceptor in the NCI, prefer to
be in the buried environment. This result coincides with
the fact that tryptophan residues in C—H- - -m interaction
prefer to be in the interior of protein.?® Therefore, this
analysis indicates that the majority of the amino acid
residues prefer to involve in noncanonical interaction only
when they are excluded from the solvent. It is quite
possible that the competition between the noncanonical
interactions among the amino acid residues and the solva-
tion patterns might contribute to the absence of these
weak interactions in the solvent exposed amino acid
residues, because the contribution to the global energy is
much greater in solvation than that of the weak NCI.

Stabilization Residues Versus Weak Interactions

It would also be useful to identify any patterns of
correlation between the number of weak interactions in a
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Fig. 5. Frequency of the stabilizing residues and the noncanonical
interactions observed for all the TIM-barrel domains in the data set
(x-axis).

given TIM-barrel domain and the theoretically predicted
stabilizing residues.®® Therefore, the frequency occurrence
of stabilizing and noncanonical interaction involving resi-
dues, in the whole TIM-barrel data set, was calculated and
is shown in Figure 5. It is obvious from the figure that
there is no direct correlation between the frequency of
stabilization residues and the frequency of NCI. However,
considering the whole data set, of 957 stabilizing resi-
dues,®® 728 residues (76.07%) are involved in the NCI.
Interestingly, of 728 noncanonical interaction residues
which act as stabilizing residues, about 70% (671 residues)
of them are involved in the MM—CHOC interactions (data
not shown). Table V gives the percentage contribution of
the individual amino acid residues that are involved in
NCI and cation—m interactions. It could be observed that
the contribution of the long chain polar residues is higher
than that of the other amino acid residues. Therefore, this
analysis reveals that the weak interactions contribute to
the stability of the TIM-barrel domain.

CONCLUSIONS

The present work on the environmental preference of
NCI in TIM-barrel proteins clearly indicates that greater
contributions to interactions are observed for main-chain
to main-chain and those involving aromatic amino acid
residues. Moderate correlation between the number of
amino acids and number of noncanonical interactions
indicates that the amino acid composition/sequence could
have a crucial role in dictating the NCI rather than the
mere number of amino acids. However, more rigorous
analysis is required to strengthen this view. A majority of
the main-chain to main-chain, side-chain to main-chain,
and side-chain to side-chain pairs involved in a noncanoni-
cal interaction tend to be long-range interactions. Second-

TABLE V. Amino Acid Percentage Contribution of Stabilizing Residues in Weak Interactions

Total number of % of stabilizing % of stabilizing
stabilizing Number of stabilizing residues in Number of stabilizing residues in

Amino acid residues residues in NCI NCI residues in cation—m cation—r
ALA 88 55 62.50

ARG 17 9 52.94 1 5.88
ASN 27 19 70.37

ASP 17 9 52.94

CYS 13 9 62.23

GLN 15 15 100.00

GLU 28 25 89.29

GLY 102 80 78.43

HIS 14 11 78.57

ILE 125 92 73.60

LEU 96 68 70.83

LYS 13 12 92.31 2 15.38
MET 26 15 57.69

PHE 53 39 73.58 1 1.89
PRO 38 22 57.89

SER 46 37 80.43

THR 43 21 48.84

TRP 14 8 57.14 1 7.14
TYR 28 21 75.00 2 7.14
VAL 154 104 67.53

Blank spaces indicate the amino acids are not involved in that interaction.
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ary structure preference of the noncanonical interaction in
TIM-barrel protein shows that about 58% of main-chain to
main-chain interaction residues prefer to be in a strand.
The preference of a particular secondary structure de-
pends on the interaction type and the amino acid involved.
In the TIM-barrel protein data set, the positively charged
amino acids, Arg and Lys, involved in noncanonical hydro-
gen bonding interactions prefer to be in the solvent
exposed surface but the aromatic amino acid (Phe, Tyr,
and Trp) prefers the buried regions of the protein. Al-
though there is no one-to-one correlation between the
occurrence of stabilizing residues and the number of NCI,
considering the whole data set of TIM-barrel motifs, we
find higher probability of the polar amino acid with long
chain to contribute to stability and participate in these
weak interactions. Overall, the study does indicate that
weak interactions, like the conventional hydrogen bonds,
are environment specific and therefore could be a neces-
sary force for both the local and global stability of TIM-
barrel proteins.
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