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1 | INTRODUCTION

The cation-aromatic database (CAD) is a resource that provides com-

Abstract

The cation-aromatic database (CAD) is a comprehensive repository of cation-
aromatic motifs found in experimentally determined protein structures, first reported
in 2007 [Proteins, 2007, 67, 1179]. The present article is an update of CAD that con-
tains information of approximately 27.26 million cation-aromatic motifs. CAD uses
three distance parameters (r, d1, and d2) to determine the position of the cation rela-
tive to the centroid of the aromatic residue and classifies the motifs as cation-mt or
cation-o interactions. As of June 2023, about 193 936 protein structures were
retrieved from Protein Data Bank, and this resulted in the identification of an impres-
sive number of 27 255 817 cation-aromatic motifs. Among these motifs, spherical
motifs constituted 94.09%, while cylindrical motifs made up the remaining 5.91%.
When considering the interaction of metal ions with aromatic residues, 965 564
motifs are identified. Remarkably, 82.08% of these motifs involved the binding of
metal ions to the amino acid HIS. Moreover, the analysis of binding preferences
between cations and aromatic residues revealed that the HIS-HIS, PHE-ARG, and
TRP-ARG pairs exhibited a preferential geometry. The motif pair HIS-HIS was the
most prevalent, accounting for 19.87% of the total, closely followed by TYR-LYS at
10.17%. Conversely, the motif pair TRP-HIS had the lowest occurrence, representing
only 4.20% of the total. The data generated help in revealing the characteristics and
biological functions of cation-aromatic interactions in biological molecules. The
updated version of CAD (Cation-Aromatic Database V2.0) can be accessed at

https://acds.neist.res.in/cadv2.
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insights into the prevalence and characteristics of cation-aromatic
motifs. Since its inception, CAD has played a pivotal role in unraveling
the structural and functional implications of cation-aromatic

prehensive information about the cation-aromatic motifs in protein
structures. The first version of CAD was introduced in 2007, with
about 6 124 083 cation-aromatic motifs from 34 917 protein struc-
tures in the Protein Data Bank (PDB).*? It has provided valuable

interactions.>®
The understanding of cation-mt interactions has significantly
advanced due to the tremendous development in the structural char-

acterization techniques, other experimental advances, and
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computational studies. Computations played a critical role in decipher-
ing the roles of structural and energetic factors and their manifesta-
tion in controlling the macromolecular assembly. Exploring various
aspects of cation-mt interactions, such as dependence on curvature

(o}

and electronic factors,” energy decomposition analysis,'® solvation

effects,’? complexation with metal ions,}? contrasting preferences

3 and struc-

between nitrogen- and phosphorous-substituted rings,*
tural and energetic preferences of cation binding.2* Furthermore,
explicit solvent effects on cation-rt interactions,*” size dependence of
cyclic and acyclic m-systems,*® contrasting structural and energetic
characteristics of bare and coordinatively saturated metal ions,'” and
analysis of aromatic m-networks in proteins’® have been
investigated!?=27 that have collectively contributed to an enhanced
understanding of cation-t interactions in diverse biological and chemi-
cal contexts.

Thus, over the past decade, our understanding of protein struc-
tures and cation-aromatic interactions has advanced significantly,
necessitating an update to the CAD. Figure 1 represents the number
of articles published over time on studying the cation-mt interactions
and highlighting their nature and role in the protein structure and
function.22° This manuscript presents the updated version of CAD
(CAD V2.0), which represents a major update since the original
release, incorporating advancements in methodologies and a substan-
tially expanded dataset. CAD V2.0 now encompasses an extensive
collection of over 193 936 proteins, ensuring a comprehensive cover-
age of cation-aromatic interactions across diverse protein structures
and families. Furthermore, we present a comprehensive analysis of
the distribution, prevalence, and characteristics of cation-aromatic
motifs based on the enriched dataset within CAD V2.0. The updated
database is accompanied by improved search functionalities,
enhanced performance, and increased security measures, offering
researchers an even more robust and user-friendly platform. CAD
V2.0, which is a greatly improved and expanded version, provides not

only the data augmentation of the last 15 years but also has many
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new features, in the categories of data acquisition, filtering, and classi-
fication. Clearly, expansion of CAD leads to comprehensive and
exhaustive repository and the data generated are of tremendous value
for bringing out novel structure-function correlations, primarily

guided by cation-mt interactions.

2 | IDENTIFICATION AND
CHARACTERIZATION OF CATION-
AROMATIC MOTIFS

The cation-aromatic motifs in the CAD were generated using a cus-
tom FORTRAN code developed in-house. The code was modified
further to be able to account for the changes in the PDB file format
after the release of the earlier version of CAD. The protocol details
can be found in the first version.! Scheme 1 illustrates the work-
flow for extracting the geometrical features of the motifs and
applying classification filters to update the database. The position
of the cationic moiety relative to the arene is determined using
three parameters namely, cation-centroid (of the arene) distance (r),
perpendicular distance to the cation from the molecular plane of
the aromatic ring (d1), and distance between the cation and the
principal axis of the arene (d2) as shown in Scheme 2. The identi-
fied motifs are classified as either spherical motifs (within a virtual
sphere and outside the cylinder) or cylindrical motifs (those lie
within a cylinder). Cations located inside the cylinder are catego-
rized as cation-m interactions, whereas spherical motifs are recog-

nized as cation-o interactions.

3 | UPDATION AND ANALYSIS

The first version of CAD was developed using MySQL, and for the

current updated version, we have moved to PostgreSQL 14 database
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Number of publications related to cation-mt interaction in general and in proteins from 1992 to 2023, obtained from Web of
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SCHEME 1 Workflow for updating the cation-aromatic database (CAD).

server, installed and configured on the Cent 7.9 Linux Operating Sys-
tem. This transition to PostgreSQL brings several advantages, includ-
ing enhanced performance, flexibility, and improved security for
researchers utilizing the database. To ensure efficient organization
and retrieval of data, each identified motif is meticulously stored in a
dedicated 20-column table within the CAD. This table includes crucial
information such as the PDB ID, cation details (residue, atom type,
chain, and chain ID), cation-aromatic distances, aromatic residue infor-
mation, cation position (spherical/cylindrical motif, d1, and d2), pro-
tein class, as well as additional details like resolution and experimental
techniques. Notably, all cations identified within the cylinder are cate-
gorized as “putative cations” while those outside the cylinder are not

included in this category. To facilitate user-friendly access to the

CAD, we have developed a graphical user interface (GUI) frontend.
This frontend enables users to retrieve information using various
refinement filters accessible through the advanced search page. The
frontend design incorporates HTML, PHP, JavaScript, and CSS, and is
hosted on an Apache server. The backend database server is seam-
lessly connected to the frontend user interface using the PHP to Post-
greSQL connector, ensuring smooth and reliable data retrieval and
interaction.

The attractive interaction between the aromatic side chains of
residues (PHE, TYR, TRP, and HIS) and cationic moieties of amino
acids (ARG, LYS, and HIS) or metal ions leads to the formation of
cation-aromatic motifs. Our analysis encompassed the examination
of all 193 936 proteins, resulting in the identification of 27 255 817
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(A)
SCHEME 2

d2 (B) spherical (black) and cylindrical (red) cation-aromatic motifs.

cation-aromatic motifs. Among these motifs, 94.09% (25 644 677)
motifs were identified as spherical motifs while the remaining 5.91%
(1 611 140) were identified as cylindrical motifs. Tables S1-S9 pro-
vide the number and distribution of spherical and cylindrical motifs
based on distance parameters. The analysis reveals that the number
of motifs increases gradually with increasing d1 values in spherical
motifs involving only amino acid side chain residues, reaching a maxi-
mum between 2.5 and 4.5 A, followed by a decline. Metal cations
show a decrease in motifs with increasing cation-centroid distance,
indicating a preference for strong cation-aromatic interactions. Cylin-
drical motifs formed by amino acid side chains primarily occur after
3.0 A, suggesting a specific spatial arrangement for these interactions.
The distribution of motifs based on d2 follows a Gaussian pattern,
with a significant number of motifs observed between 2.0 and 5.0 A.
Notably, there is a sharp increase up to 2.0 A, followed by a rise and
subsequent decrease beyond 4.5 A. Inorganic metal cations, particu-
larly zinc and iron, dominate the motifs abundantly available between
2.5 and 4.0 A, suggesting a preference for cation-mt or cation-o inter-
actions at an average distance from the aromatic residues
(Figures 2-4, and S1). Consequently, the abundance of spherical
motifs (cation-o interaction) surpasses that of cylindrical motifs (cat-
ion-mt interaction), emphasizing the stabilization of proteins primarily

through cation-o interactions.

4 | DISTRIBUTION OF AMINO ACID
RESIDUES IN CATION-AROMATIC MOTIFS

We investigated the distribution of aromatic residues (PHE, TYR,
TRP, and HIS) and cationic residues (ARG, HIS, and LYS) in the

(B)

M+

-’

\}\ f\’

Schematic representation of the (A) virtual sphere and cylinder with a representative cation (M) specified by distances r, d1, and

identified cation-aromatic motifs. The abundance of these residues
is depicted in Figure 5. Figure 6 depicts the representative struc-
tures of the 12 cation-aromatic motifs formed from the combina-
tion of the arene and basic amino acid residues, while Table S10
provides the actual number of motifs for aromatic and cationic resi-
dues. A perusal of Figure 5 reveals that the most abundant cationic
amino acid is HIS (36.71%), followed by ARG (32.90%) and LYS
(30.38%), collectively accounting for 25 741 650 (94.44%) of all
cation-aromatic motifs. The majority of ARG residues (93.60%) are
found in spherical motifs, while a smaller portion (6.40%) is present
in cylindrical motifs. Similarly, 93.55% of motifs containing HIS and
94.32% of motifs with LYS are observed to be spherical. Among the
aromatic residues, HIS is the most abundant (33.87%), followed by
TYR (24.97%), PHE (22.17%), and TRP (18.99%). Interestingly, only
a small percentage (1%-2%) of each aromatic residue is found in
cylindrical motifs, indicating a higher preference for cation-o inter-
actions rather than cation-mt interactions. We further explored the
combinations of aromatic and basic amino acid pairs in cation-
aromatic motifs whose frequencies of occurrence are given in
Table 1. The most frequent pair observed was HIS-HIS (19.87%),
followed by LYS-TYR (10.77%) and ARG-TYR (9.31%) as given in
Figure 7. This can be attributed to the unique properties of the
imidazole ring in HIS, which can form both hydrogen bonding and
ni-cation interactions, making it versatile in forming stable interac-
tions with the aromatic rings of other amino acid residues, and its
higher relative abundance compared with the other amino acid resi-
dues considered here. HIS acting as a cation or an arene has shown
different trends compared with their other counterparts in terms of
their relative abundance, which may be traced to their size and
compactness (Figures 2-4). While LYS-TYR and ARG-TYR are less
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FIGURE 2 The distribution of aromatic and cationic residues in (A) spherical and (B) cylindrical motifs according to their cation-centroid
distances.

4807 » @ 1.6 -
% 450 Cu 2 I
2 450 b, S 14 o -
L =
21509 ¢ Z 124 =
e - =)
2ol ¥ : : -
= 120 N ~ 1.0+
(=2 = Zn - =
£ 90 = g0841 @
= =l
= - S 0.6 d
s 60 s S
P = 0.4
2 N 2 ° ®
£ 30 ® £ 02
= -~ ° £ 0.2
4 - ® (] e 4 * z. o ~
0 0.0
T T T T T T T T T T T T T T T T
0 < \n < v = b =2 n < 0 < w = b =
T T 30109 %3 S S S S B
= w S w < b = 0 d ula cl 3 d "I> < o
~ ~ ) ) < - w i o ~ P - <+ -« w v
r (distance between arene centroid and cationin A) r (distance between arene centroid and cationin A)
(A) (Spherical) (B) (Cylindrical)

FIGURE 3 The distribution of most common metal cations in (A) spherical and (B) cylindrical motifs according to their cation-centroid
distances.

frequent, they are still significant. Other pairs are less common, involved, as well as specific requirements of the structure and func-

possibly due to the size and structural constraints of the residues tion of proteins.
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i 5: 5 | DISTRIBUTION OF METAL CATIONS IN

=§aﬁ°n CATION-AROMATIC MOTIFS
rene

The cation-aromatic motifs include various metal ions interacting
with aromatic residues. We have identified 16 metal ions in addition
o to the three basic amino acids. For the database analysis, the oxida-

tion state information of the metal ions was excluded, and only the

names of the metal ions were considered in the analysis. Figure 8

&

Motifs (%
(%) SMo

provides an overview of the frequency of occurrence of metal ion-
arene motifs, as well as the percentage occurrence of different aro-
matic residues and metal ions with each arene in the cation-aromatic
motifs. Table S11 presents the abundance of metal ions in terms of
the number of motifs, with Hg showing the highest occurrence
among the cations with fewer than 2000 motifs. Among the identi-
fied motifs, 0.97% of cylindrical motifs and 5.84% of spherical motifs

ARG HIS LYS PHE TYR TRP HIS
Amino Acid Residues

FIGURE 5 The distribution of different cationic and aromatic contain metal fons as cations, making up 1.04% and 5.56% of the
amino acids in the cation-aromatic motifs observed in proteins. total motifs, respectively. The analysis revealed that the majority of
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FIGURE 6 The representative structures of the 12 cation-aromatic pairs formed between three basic amino acids (ARG, LYS, HIS) and four
aromatic amino acids (PHE, TYR, TRP, HIS).

metal ions (82.08%) bind to HIS, and mostly the binding is with the studies have suggested a preference for cation-o interactions

free N atom of the histidine ring. This preference can be attributed
to the presence of heteroatoms in the imidazole ring of HIS, provid-
ing coordination sites for metal ions. Moreover, quantum chemical

between metal ions and hetero-aromatics, further supporting the
abundance of spherical motifs over cylindrical motifs. The preference
of metal cations to bind aromatic residues follows the order of
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TABLE 1 The frequency of pair-wise

Arene Cation # cylindrical motifs # spherical motifs # total motifs .
occurrence of basic (ARG, HIS, LYS)
PHE ARG 160 551 2148164 2308715 amino acid and aromatic (PHE, TYR, TRP,
PHE HIS 132 891 1508 771 1641 662 HIS) amino acids in the cation-aromatic
PHE LYS 135818 1830 625 1966 443 motifs.
TYR ARG 154 061 2242775 2 396 836
TYR HIS 120 157 1428 813 1548 970
TYR LYS 136 349 2 635 393 2771742
TRP ARG 158 762 2 156 803 2 315 565
TRP HIS 116 808 1029 229 1146 037
TRP LYS 122 083 1533450 1655533
HIS ARG 68 334 1380 259 1448 593
HIS HIS 2,39 927 4873778 5113705
HIS LYS 49 676 1378 173 1427 849
20.0 — residues using contour plots. The plots in Figures 8 and 9 and
Figure S2 show the density of observed cation-aromatic pairs, and
Table S12 provides a glimpse of the statistical descriptors applied to
160 the distance parameters. A closer inspection of Table S12 suggests
= that in addition to the minor skew in the distribution of r, d1, and d2
512.0 | values, the variance for the perpendicular distances is much higher
2 — compared with the r values suggesting a lesser spread around the
E — — _ mean in the latter. This combined with the frequency of occurrence of
§ 8.0 + these distance parameter pairs has shown some valuable insights. The
@ highest density of pairs occurs within specific distance ranges: 3.0-
4.5 for d1 and 5.0-6.0 for r (Figure 9A), 5.0-6.0 for d2 and
e r (Figure 9B), 2.0-4.0 for d1 and 3.5-6.0 for d2 (Figure 9C), which
suggests a potential optimal distance for cation-arene interactions.
0.0 1 . y y y y . . y y y y This finding could have implications for understanding the mechanism
E_ E E E E E E % E E é é of cation-arene interactions and their role in biological systems. Given
% E E %’ a g % g E E 2z that the d2 parameter provides valuable insights into the preferences
Amino Acid Pairs of cationic-aromatic residue pairs toward cation-nt and cation-o inter-
actions, and r provides the distance between arene centroid and cat-
FIGURE 7 The percentage occurrence of the pairs of amino acid

residues PHE, TYR, TRP, HIS, ARG, and LYS in the cation-aromatic
motifs.

HIS > TYR > PHE > TRP. Metal cations preferentially interact with
aromatic residues, but TYR and PHE have limited binding ability due
to their lack of nitrogen atoms and functional groups, as well as their
larger size. TRP's complex indole ring also reduces its affinity for

metal ion interactions.

6 | BINDING PREFERENCES OF CATIONS
TOWARD DIFFERENT AROMATIC RESIDUES

The geometrical parameters of cation-aromatic motifs were examined

to elucidate the binding preferences of cations toward aromatic

ion, we conducted a more detailed examination of r versus d2 for all
cationic-aromatic residue pairs generating the contour plots, as
depicted in Figure 10. PHE-ARG and TRP-ARG pairs showed a sharp
peak around 4.5 and 5.0 A for PHE-ARG, and 3.9 and 5.5 A for TRP-
ARG, indicating a preferential geometry. PHE and TRP pairs with LYS
and HIS exhibited a scattered distribution, suggesting multiple inter-
acting poses. TYR-based cation-arene pairs showed discrete distribu-
tions with major and minor peaks. TRP-ARG and TRP-HIS pairs
displayed prominent peaks at around 5.5 and 5.0 A, respectively. HIS-
HIS pairs showed a major peak at smaller distances (around 2.2 A),
indicating a preferential geometry. HIS-ARG and HIS-LYS pairs dis-
played spread-out distributions with smaller peaks, suggesting multi-
ple preferred geometrical arrangements. Overall, these contour plots
provide valuable insights into the binding preferences and geometrical
arrangements of cationic and aromatic residues, with potential impli-
cations for understanding cation-arene interactions in biological

systems.
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7 | CLASSIFICATION OF CATION-
AROMATIC MOTIFS BASED ON ENZYME
CLASSIFICATION

The cation-aromatic motifs were categorized based on the enzyme
classification entries found in the protein databank. Out of the 193 936
unique proteins involved in cation-aromatic interactions, 104 964 pro-
teins are associated with one or more classes in the Enzyme Classifica-
tion (EC) scheme.?! The proteins in each enzyme class can be further
classified as oxidoreductase (17 678), transferase (37 350), hydrolase
(44 001), lyase (10 083), isomerase (4225), ligase (3603), and translo-
case (1660). A table in the database contains the details of these pro-
teins, and the cation-aromatic motifs belonging to these classes can be
accessed using the “Class” option on the CAD webpage.

71 | A comparison with other resources

There are several resources available for obtaining information on
noncovalent interactions, including cation-it interactions in

proteins and other molecular systems. These resources include
CIPDB, RING, ExptNCl, PLIP, MolADI,
others.?2®* |n Table $13, you can find a comprehensive list of

ProteinTools, and

databases, web servers, and software programs specifically
designed for identifying and analyzing these interactions. How-
ever, among these resources, CAD V2.0 stands out as a remark-
able database of cation-aromatic motifs. It contains information
on approximately 27.26 million such motifs, identified within the
3D structures of proteins. CAD V2.0 employs three distance
parameters, namely r, d1, and d2, to determine the position of the
cation in relation to the arene. It further categorizes
cation-aromatic motifs as either cation-m or cation-o motifs.
The cation-aromatic database not only offers an extensive collec-
tion of information on cation-aromatic motifs but also provides a
comprehensive analysis of their occurrence across different pro-
tein classes. This wealth of information can greatly contribute to
our understanding of the structural and functional implications of
cation-aromatic interactions in proteins. Additionally, it can facili-
tate the development of new methods for predicting and analyzing

such interactions.
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FIGURE 10 Contour maps representing the frequency of distribution of d2 with respect to r for cation (ARG, LYS, HIS)-arene (PHE, TYR,

TRP, HIS) pairs. The distance parameters r and d2 are given in A.

8 | CONCLUSIONS

The aromatic side chain residues of the proteins interact attractively

with the cationic moieties like basic amino acids or metal ions forming

cation-aromatic motifs. The mode of interaction between the cation
and the aromatic residue not only determines the preference of form-
ing a cation-t or cation-o interaction but also the strengths of these

interactions. Analyzing the occurrence of these cation-aromatic motifs
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in proteins can underline the influence of aromatic and other non-
covalent interactions in the structural stability of the proteins. This
update of the cation-aromatic database put forth an extensive analy-
sis of the cation-aromatic motifs and their frequency of occurrence in
different types of protein classes. Out of the 27 255 817 cation-
aromatic motifs identified, 94.09% were spherical motifs, and the
remaining 5.91% were cylindrical motifs. This suggests a distinct pref-
erence for cation-o interactions over cation-m interactions in proteins.
The distribution of cation-aromatic motifs based on distance parame-
ters showed a general increase in motif count with distance, leading
to Gaussian distributions. This suggests that most cation-aromatic
interactions are either weak or moderately strong. The distribution of
aromatic residues and cations in the set of identified cation-aromatic
motifs suggested that the order of relative abundance of the arene
residues in the motifs is HIS > TYR > PHE > TRP with a range of
occurrence to between 19% and 34%. Among the basic amino acids,
the HIS molecules occur in ~37% of the residues followed by ARG
and LYS. As anticipated, when the basic amino acid and aromatic resi-
due pairs were investigated, it was observed that the HIS-HIS pair had
the highest relative abundance followed by LYS-TYR and ARG-TYR.
Although the overall number of metal cations in the motifs is relatively
low, the Zn ion was found in ~1 million cation-aromatic motifs, sur-
passing the occurrences of Fe and Mn by a large margin. Interestingly,
the HIS residue has occurred most frequently as the prominent arene
even in the metal-arene motifs.
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