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ABSTRACT

Zinc finger (ZnF) is an important class of nucleic acid and protein recognition domain, wherein, zinc ion
is the inorganic co-factor that forms a tetrahedral geometry with the cysteine and/or histidine residues.
ZnF domains take up diverse architectures with different ZnF motifs and have a wide range of biological
functions. Nonetheless, predicting the ZnF motif(s) from the sequence is quite challenging. To this end,
74 unique ZnF sequence patterns are collected from the literature and classified into 32 different classes.
Since the shorter length of ZnF sequence patterns leads to inaccurate predictions, ZnF domain Pfam HMM
profiles defined under 6 ZnF Pfam clans (215 HMM profiles) and a few undefined Pfam clans (74 HMM
profiles) are used for the prediction. A web server, namely, ZnF-Prot (https://project.iith.ac.in/znprot/) is
developed which can predict the presence of 31 ZnF domains in a protein/proteome sequence of any
organism. The use of ZnF sequence patterns and Pfam HMM profiles resulted in an accurate prediction
of 610 test cases (taken randomly from 249 organisms) considered here. Additionally, the application
of ZnF-Prot is demonstrated by considering Arabidopsis thaliana, Homo sapiens, Saccharomyces cerevisiae,
Caenorhabditis elegans and Ciona intestinalis proteomes as test cases, wherein, 87-96% of the predicted
ZnF motifs are cross-validated.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Metal ions play a pivotal role in catalyzing the biological
functions and stabilizing the biomacromolecular structures. Among
the metal ion co-factors, D-block metal ions play widespread
biological functions [1]. Previous studies have shown that 4-10%
of the genes in an organism encode for zinc binding proteins, viz.,
roughly 3000 human proteins, to perform the catalytic activity as
well as to stabilize the protein structure [1,2]. Zinc ion binding
enzymes are present in all the six major enzyme classes, namely,
oxidoreductases, transferases, hydrolases, lyases, isomerases and
ligases [2]. Thus, zinc deficiency causes several diseases in humans
[3]. Zinc deficiency is indeed concurrent with iron deficiency
anaemia (IDA) since zinc ion binding enzymes play a role in iron
metabolism [4,5].

Zinc finger (ZnF) proteins are a special class of zinc binding
proteins which consist of a small protein domain, wherein, Zn(Il)
is the inorganic co-factor that forms a tetrahedral geometry with
the cysteine and/or histidine residues [6-8]. ZnF proteins play an
important role in protein catalytic activity, stability and folding.
Thus, any alterations in the amino acids present in the ZnF do-
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main of a protein lead to several diseases [9]. The term zinc fin-
ger has been assigned based on the finger-like appearance seen in
the zinc ion binding domain of Xenopus laevis transcription fac-
tor IIIA [10]. This is referred to as the classical C2H2 zinc fin-
ger (ZnF) domain and is the most commonly found to date. Over
the time, many additional zinc finger domains have been discov-
ered. ZnF domains are compact and have a diverse architecture.
They play a wide range of essential biological functions. For in-
stance, zinc finger proteins have a key role in several tissue de-
velopment and differentiation [9]. Zinc finger proteins are one of
the most commonly occurring transcription factors and play an ex-
tensive role in gene regulation [9]. Due to their diverse and es-
sential functional roles, zinc finger proteins are potential drug tar-
gets to treat viral infections [11], cancer [12], inflammatory condi-
tions [13], parasitic diseases [13] and neurological disorders [13].
Besides, programmed ZnF nucleases have emerged as a prominent
gene editing tool [14] and ZnF is also being used in diagnostics
[15,16].

In addition to the classical C2H2 zinc finger domains, non-
classical zinc finger domains also occur in nature. The ZnF domains
differ from each other in terms of their motifs (ZnF motifs) as the
cysteine and histidine amino acids combinations and compositions
vary among them. An earlier investigation has classified ZnF
domains into eight classes [17] based on their 3D conformation.
The human genome organization (HUGO) gene nomenclature
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committee has classified human ZnF into 30 different domains
based on their structure [9].

Sequence pattern matching algorithms enable the identification
of conserved DNA or amino acid sequence patterns present in a set
of sequences [18]. Pattern matching helps in the identification of
biomarkers [19] and, conserved patterns in the non-coding regions
[20], protein coding regions [20] and promoter regions [20]. Simi-
larly, it is useful in identifying the amino acid patterns with func-
tional relevance [20], establishing out the evolutionary relationship
among the sequences [21], protein family classification [20], etc.

Profile Hidden Markov model (HMM) is widely used in compu-
tational biology to analyze the sequences [22] and aids in the gene
annotation, protein classification, motif detection, etc. by overcom-
ing the shortcomings in pairwise alignment, similarity search and
multiple sequence alignment methods [22]. It has long been used
in aligning distantly related sequences [23] as the multiple se-
quence alignment (MSA) of distantly related sequences becomes
challenging [24]. Profile HMM provides the position-specific proba-
bilities of the occurrence of amino acids/nucleotides in a given set
of sequences. The most common application of profile HMM is to
identify the distance homologues as well as the known sequence
domains present in the new sequences. Here, both sequence pat-
terns and profile HMMs are employed to identify various ZnF do-
mains/motifs present in a query protein/proteome.

The rest of the paper is organized as follows: Section 2 outlines
the related work. Problem definition is described in the Section 3.
Section 4 defines the proposed work. Sections 5-7 detail the exper-
imental setup, results and applications respectively. Section 8 illus-
trates the limitation. The conclusions are given in the Section 9.

2. Related work

Considering the wide range of biological roles, identifying the
ZnF sequence motifs present in the ZnF domain(s) of a pro-
tein/proteome is of great importance. Since it is time-consuming
to experimentally determine the ZnF protein domains/motifs [25],
computational prediction comes as an alternative. Although there
are tools such as Ion Com [26] and Zincbindpredict [27] to predict
the zinc binding sites present in a protein (note that zinc bind-
ing proteins [28] are different from zinc finger proteins [29]) se-
quence using pattern search approach, there is no well-established
tool to predict the presence of zinc finger motif(s) in a given pro-
tein sequence. Indeed, the existing MIB web tool [30] can predict
the zinc finger motif region, provided, the template structure is al-
ready available in the protein databank. Thus, MIB has a limita-
tion of predicting the ZnF motifs from a given protein/proteome
sequence.

3. Problem definition

From the literature survey, it is evident that there is no up to
date classification of ZnF domains is available. Further, there is no
dedicated tool available for the identification of ZnF domains in a
given protein/proteome sequence. However, the biological signifi-
cance of zinc finger domains necessitates the proper classification
of all the existing zinc finger domains and the development of a
single platform that can predict both the classical and non-classical
zinc finger domains/motifs present in a given protein/proteome se-
quence. Development of a tool that uses sequence patterns and
profile HMMs together may thus be useful in filling up the gap
in the prediction of any type of ZnF domains/motifs present in a
protein/proteome sequence. In this context, the pattern search and
profile HMM approaches are discussed below.
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3.1. Pattern search

Pattern recognition approach has successfully been shown to
identify the nucleotide or amino acid sequence pattern(s) in bio-
logical sequences [31-34]. Let us consider a list of known amino
acids patterns (P) = [p;, Pit1» Piy2r Piy3»-- Pitn] Whose presence
is to be identified in the list of given protein sequences (S) = [s;,
Sit1r Sit2r Sit3r--- Sizn)- Note that both P and S have the patterns
that consist of 20 amino acids residues [A, C, D, E, F, G, H, |, K,
L, M, N, PQ, R, S, T, V, W and Y]. The pattern search algorithms
search for the presence of amino acids patterns (which is rela-
tively shorter than S) in S. For example, a short sequence pat-
tern (P = CMVSKLCFMSHDESFH) is searched against a longer se-
quence (S = MHDECHMVSCMVSKLCFMSHDESFHVSFHCKLAEGHMC)
irrespective of the amino acids position. However, this approach
has a shortcoming of providing false positive(s) [35].

3.2. Profile HMM

Sequence similarity search representing a domain or a protein
family can be done using the profile hidden Markov model (HMM).
This approach has successfully been used in detecting the remote
homologs by comparing a sequence to HMM profile [23]. It is a
probabilistic model that can capture position-specific information
about the conservation of amino acids in each columns of a set of
aligned sequences. Thus, profile hidden Markov model (HMM) can
be used to identify protein sequence similarities as it can encap-
sulate the evolutionary changes that have occurred in a set of re-
lated sequences. Profile HMM also captures the information about
to what extent the gaps and insertions occur in a set of sequences.

An HMM profile is associated with several probabilities as dis-
cussed below. A representative profile HMM model is shown in
Fig. 1. In the profile HMM model, each column representing the
alignment has a node, wherein, each node represents a match (M)
or a gap insertion (I) or a deletion (D) state. Thus, one can describe
the transition probabilities that simply represents the probability
of transition from one of these three states to another (viz, M to
M,Mtol, MtoD,Itol, [to M, 1toD,DtoD,DtoMandD
to I) via a connected edge. For instance, in an ungapped model,
the path through the model is strictly linear when moving from
ith match state node to i + 1t match state node. Further, there is
emission probabilities which are associated with each match and
insertion states and, is derived based on the probability of a given
residue existing at a particular position in the given alignment.

Thus, profile HMM method can capture the match states (M),
wherein, the probability distribution is the frequency of the amino
acids in each position, the insertion states (I) which are used to
model highly variable regions in the alignment and, the deletion
states (D), wherein, they do not match with any residues and acts
as silent states. Finally, this probabilistic model provides the esti-
mation of not only the observed frequencies of the amino acids in
each position (emission probability, (e)), but also, the transitions
between the amino acids derived from the observed occupancy of
each position (transition probability, (t)) in a trained multiple se-
quence alignment (Fig. 1B). Finally, an HMM diagram is derived for
a given set of sequences which has M, I and D as the hidden states
(Fig. 1C).

Subsequently, a dynamic programing algorithm is employed to
align a new sequence against the generated HMM profile. Although
many dynamic programing algorithms are being used to align the
sequence to a HMM profile [36], Viterbi algorithm is the frequently
used one [36] which is employed in the current study. As per
Viterbi algorithm, the optimal alignment of a query sequence to
the profile HMM can be obtained through the following equations
1-3 [37,38]. Viterbi dynamic programming algorithm creates the
alignment matrix by considering the sequence of observations (for
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Fig. 1. Schematic illustration of profile hidden Markov model (HMM) using a toy ex.
insertion (I;) and deletion (D;) states are colored in green (box), orange (diamond) and
sequences. (B and C) A toy example showing the generation of transition (detonated

ample. (A) A generalized representation of HMM model, wherein, the match (M;),
blue (circle) respectively. Note that ‘i’ represents the column number in the aligned
as t and indicated adjacent to each solid arrow) and emission (denoted as e and

indicated in the boxes) probabilities (B) and, the corresponding HMM diagram (C). Since the transition path has only match (square shape) and insertion (diamond shape)

states (B), the corresponding boxes are alone highlighted with appropriate color in (C).

example, X7, Xy, X3, ....,X;) on the horizontal axis and the states (for
instance, sy, Sy, S3, ..., S;) on the vertical axis. Each cell (ij) in the
matrix accumulates the Viterbi probability score using the follow-
ing equations.

V]% (i—1) +logam,_,m;

match (M;), from a match (M;;) or an insertion (I;_;) or a deletion
(Dj.1) state. Similarly, am;i;» Ay and ap,;; are the transition prob-
abilities to an insertion state (I;) from a match (M;) or an inser-
tion (I;) or a deletion (D;) state and am;_\p;» A1 ip; and ap, ,p, are

the transition probabilities to a deletion state (D;) from a match

VM) = log ey, o) +max{ V! (i—1)+loga; 1) (M;.;) or an insertion (I;.;) or a deletion (D;_;) state. Finally, a back-
J i ) v ‘1(1. ~1) +loga s tracking procedure is followed using a maximum Viterbi probabil-
j-1 8a;.,M; ity score to visit each column in the matrix until the first column
V]M (i—1)+log ) is reached.
iy _ 1¢i _
Vi(i) = log e ) +max{ V;(i—1) +logay, (2) 4. Proposed work
VP(i—1) +logap,
VM (i) 41 Based on the literature review and problem statement, follow-
) -1 (l? +108au; ., ing workflow has been formulated:
VP (i) = max{V]_, (i) +loga_,p, €)

V2, (1) +logap, p;

wherein, V]M(i), V]?(i) and V]P(i) are the log-odds values of the
highest scoring alignment (viz., the most probable path) corre-
spond to the subsequence of an observation. The em; (x) and e x;)
are the emission probabilities of the observation (x;) at the cur-
rent state M; and I; respectively. The Viterbi path probability from
the previous step are: V}‘f] i-1), V]‘L] (i—1) and VJQ] (i-1) for
the match state, VJM(i— 1), Vj’(i—l) and VjD(i—l) for the in-
sert state and V}‘fl (), Vj’,l(") and Vjﬂl(i) for the deletion state.
am; M A1 M, and ap; ,um; are the transition probabilities to a

(1) Classification of the zinc finger domains and the creation of
zinc finger motif sequence patterns repository. Prior to the im-
plementation of the proposed problem, a well-defined classifi-
cation of ZnF domains and the concurrent sequence motif in-
formation are required. Thus, previously published ZnF domain
classifications [9,17,39] have been carefully examined to cre-
ate a repository of zinc finger sequence motifs corresponding
to different ZnF domains.

(2) Collection of the HMM profiles corresponding to different ZnF
domains and the creation of their local repository.

(3) Implementation of ZnF domain prediction web tool that em-
ploys sequence pattern search and profile HMM approaches.
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Fig. 2. Classification of 32 zinc finger domains. The sequence motif patterns under each zinc finger domain (green colored box) are shown in blue colored box. Note that
treble clef zinc finger domains were sub-classified into 11 different types (orange colored box), namely, RING, PHD, LIM, B-box, HIT, MYND, ZZ, THAP, MYM, FYVE and

PKC/DAG domains. C and H in the sequence pattern represent cysteine and histidine am

ino acid residues that coordinate with the zinc ion and the numerical values given

in the sequence pattern represent the number of times a particular amino acid occurs consecutively in the zinc finger motif pattern. The yellow color star represents that
CTCHY zinc finger domain which is not considered for the prediction as it doesn’t have any Pfam HMM profile (See Experimental setup section).

(4) Validation of the efficacy of the proposed approach.
(5) Demonstration of the application of the proposed approach.

5. Experimental setup
5.1. Classification of zinc finger domains

By considering the structural diversity of the ZnF domains, a
systematic classification of zinc finger domains was initially done
through a thorough literature survey. Since 2003, four investiga-
tions have discussed in detail about the classification of zinc fin-
ger domains. The first ever ZnF domain classification was done in
2003 based on their 3-dimensional structure [17]. In this study,
ZnF domains were classified into eight types, namely, C2H2 zinc
finger, gag knuckle (zinc knuckle), treble clef zinc finger, zinc rib-
bon, Zn2/Cys6 zinc finger, TAZ2 domain, zinc binding loop and
metallothionein. In 2017, ZnF domains related to human health
and diseases were classified into 30 different types in accordance
with the approval of the human genome organization (HUGO) gene
nomenclature committee [9]. ZnF domains were classified into 8
major classes in an another study [40]: BB« zinc finger (C2H2
zinc finger), gag knuckle (zinc knuckle) zinc finger, zinc ribbon,
CCCH zinc finger, CCHHC zinc finger, treble clef zinc finger (sub-
classes: RING domain, LIM domain, FYVE domain, PHD domain, B-
box domain and HIT domain), Zn2/Cys6 zinc finger and TAZ do-
main zinc finger. Additionally, the treble clef zinc finger was clas-
sified into to 6 sub-classes in the same study (see above). No-
tably, the zinc binding loop and metallothionein domain which
were originally classified as ZnF domain in 2003 [17] were not con-
sidered as the ZnF domains in the recent classifications [9,40]. In
another study, ZnF domains were classified into 51 types based on
the protein functional domain classification of InterPro and SMART
databases [39]. A detailed analysis was carried out in the current
study to derive a unified and comprehensive classification of ZnF
domains by considering the abovementioned classifications (Sup-
plementary Table S1). Here, the zinc finger domains were clas-
sified into 32 major classes (Fig. 2), namely, C2H2, CCCH, Zinc
ribbon, zinc knuckle (gag knuckle), TAZ domain, Zn2/Cys6, treble
clef (RING, PHD, LIM, B-box, HIT, MYND, ZZ, THAP, MYM, FYVE

and PKC/DAG domains), CCHHC, CW, 3CXXC, DHHC, CXXC, CPXCG,
CHCC, CHY, CTCHY, TRAF, FLZ, A20, AN1, C3HC, C2HC5, C5HC2, Dof,
DNA-pol, SCA7, GCS, BTK, Tim10/DDP, DM, NF-X1 and XPA. Further,
a total of 56 different zinc finger motif types were grouped un-
der the above-mentioned 32 major classes based on the zinc ion
coordinating cysteine and/or histidine sequence motifs (Fig. 2). For
instance, CCHH (i.e. 2 cysteines followed by 2 histidines), CCHC,
CCCH and CHHC motif types were grouped under C2H2 zinc fin-
ger. Similarly, zinc ribbon domain classification encompasses CCCC,
CCCH and CHCC motif types. Notably, treble clef was sub-classified
into 11 types and 17 sequence motifs were grouped under them.

5.2. Creation of a repository of zinc finger motif sequence patterns

Through an extensive literature survey, 74 different zinc finger
motif sequence patterns that represent 56 motif types of 32 ZnF
domains (Table 1) were collected and stored in a local database.
The patterns were stored in such a way that the amino acids con-
necting the cysteine (C) and/or histidine (H) residues and coordi-
nate with zinc ion were represented by “X”. For instance, in C-
X5-C-X11-14-C-X5-C zinc finger motif pattern, which belongs to the
zinc ribbon domain identified in L37 and L37a Ribosomal protein
in Haloarcula marismortui [41], the amino acids connecting the 4
cysteine residues were indicated by “X”. Further, any 2 amino acids
(X5) can be present in between the 15t and 2" cysteines and 3
and 4 cysteines. Similarly, in between 2" and 3™ cysteines any
amino acids combination with a length of 11 to 14 (X1.14) can be
present. In the local repository, 10, 1,6, 1,2, 1,21, 1,1, 1,3, 1 and
2 motif sequence patterns were listed under C2H2, CCCH, Zinc rib-
bon, zinc knuckle (gag knuckle), TAZ domain, Zn2/Cys6, treble clef,
CCHHC, CW, 3CXXC, DHHC, CXXC and CPXCG domains respectively
(Table 1). Similarly, CHCC, CHY, TRAF, FLZ, A20, AN1, C3HC, C2HC5,
C5HC2, Dof, DNA-pol, SCA7, GCS, BTK, Tim10/DDP, DM, NF-X1 and
XPA zinc finger domains contain one zinc finger motif sequence
pattern each (Table 1).

5.3. Collection of Pfam hidden Markov model (HMM) profiles

The HMM profile corresponding to 31 zinc finger domains
were collected from Pfam (protein families) database [42]



C. Sathyaseelan, L.P.P. Patro and T. Rathinavelan

Table 1

Pattern Recognition 135 (2023) 109134

List of zinc finger motif sequence patterns that represent 56 motif types of 32 ZnF domains. Column 2 lists 32 zinc finger domain classification, column 3 lists the sub-
classifications (only in treble clef), column 4 lists 56 motif types and column 5 lists the 74 different zinc finger motif sequence patterns.

S. No Classification Sub-classification Motif types Sequence motif patterns
C-Xy.4-C-X4.5-H-X, 4-H
C-Xy.5-C-Xy2-H-X5.5-H
C-Xg.12-C-X17.22-H-X-H
CCHH C-Xp-C-X11.15-H-X5-[CH]
C-X4-C-X12-H-X1g-H
C-X4.5-C-X51.24-H-X-H
C-X;5-C-X4-H-X4-C
1 C2H2 C-X5-C-X12-H-X4-C
CCHC C-Xp-C-X41-H-X3-C
C-Xo-C-X16-H-Xg-C
C-X3.§-C-X3331-H-X»-C
C-X1-C-Xg.25-C-X1-H
CceH C-X5-C-X5-C-X3-H
CHHC C-X5.7-H-X7.9-H-X5_4-C
2 CCCH CCCH C-X3.17-C-X3.19-C-X1.5-H
C-X-C-Xp1.24-C-X5-C
C-X3.4-C-Xj0-20-C-X-C
3 Zinc ribbon ceee C-X-C-X1p-C-Xo-C
C-X3-[CH]-Xj5.17-C-X,-C
CCCH C-Xp-C-X;2-C-X4-H
CHCC C-X5-H-Xs3-C-Xp-C
4 Zinc knuckle CCHC C-X3.4-C-X4-H-X4-C
. CCHC C-X4-C-Xg.0-H-X5-C
> TAZ domain Hece H-X3-C-X4.12-C-Xo.4-C
6 Zn2/Cys6 6 C-Xp-C-Xg-C-Xs5.13-C-X5-C-Xg.9-C
C3HC4/C3H2C3 C-X-C-Xo.30-C-X1.3-H-Xy_4-[CH]-X5-C-X4.74-C-Xo-C
RING C4HC3 C-Xo-C-Xo.91-C-X.4-C-Xo-H-X5-C-X7.74-C-Xo-C
CCCH C-Xp-C-X16.15-C-Xg.12-H
PHD C4HC3 C-X1.2-C-X7.21-C-X5.4-C-X4.5-H-X5-C-X12.46-C-X5-C
C-X3-C-Xj6-23-[ CH]-X3-[CH]-X;-C-X5-C-X15.30-C-X1.3-[CHD]
LIM C2HC5/C2H2C4 C-Xp-C-X17.19-H-Xp-C-X5-C-X5-C-X15.19-C
C-X,-C-X17.19-H-X-C-X,-C-X5-C-X731-C-X5-[CHDE]
C-X3-C-Xg.17-C-X3-C-X4.8-C-X.3-[CH]-X3_4-H-X5_19-H
C-X5-C-X7.11-C-X5-[CD]-X4.5-C-X-C-X4.5-H-X5 g-H
B-box C6H2/C5H3 C—Xz -C-Xg—C-X7-C-Xz—C-X4-H-X6.3-H
7 Treble clef C-X3-C-X7.12-C-X5-C-X4-C-X;-[CH]-X3.4-H-X4.9-H
CHC4H2 C-X5.4-H-X7 19-C-X;_4-[ CDE]-X4.7-C-X5-C-X3 6-H-X; 5-H
HIT C6HC C-X3.4-C-X7.11-C-X3-C-X4-C-X3-C-X3-H-X5.5-C
ccce C-Xy.4-C-Xy5.19-C-X3-C
MYND C6HC C-X3.4-C-X7.12-C-Xg.2-C-X5-C-X3-C-X7.9-H-X5-C
/74 C6H2 C-X3-C-X5.11-C-X3-C-5.-C-X5-C-5_14-H-X;_7-H
THAP CCCH C-Xy.4-C-X35.53-C-X-H
MYM 8 C-X-C-X10.92-C-X3-C-X13.19-C-Xp-C-X10.95-C-X5-C
ccce C-X-C-X10.94-[FY]-C-X3-C
FYVE C8/C6HC2 C-X1.4-C-X11.23-C-X5-C-X4-C-X36-[CH]-X13.49-C-X5-C
PKC/DAG HC4HC2 H-X11.12-C-X3-C-X15.14-C-X,-C-X4-H-X,-C-X4.7-C
8 CCHHC CCHHC C-X4-C-X4-H-X;-H-X5-C
cw ccce C-Xp.4-C-X15.91-C-X10.15-C
10 3CXXC 3 CXXC 3 C-X;-C
CCHC C-Xp-C-Xg-H-Xg-C
11 DHHC C2HC2HC C-X-C-Xg-H-C-X-C-X4-D-H-H-C-X5-C
C2HC3HC C-Xg-C-Xg-H-C-Xo-C-Xo-C-X4-D-H-H-C-X5-C
12 CXXC Cc8 C-X3-C-X5-C-X4.5-C-X5-C-X5-C-Xg.15-C-X4-C
CCcC C-X5-C-X17.20-C-X,-C
13 CPXCG CCHH C-X;3-C-Xy5-H-X,-H
14 CHCC CHCC C-Xg-H-X14-C-X,-C
15 CHY CHC4H2C4 C-X-H-X9-CC-X5-C-X-CH-Xs5-H-X{ -C-X-C-Xo-C-X5-C
16 TRAF CCCCJCCHC C-Xp.5-C-Xq1-[HC]-X3.4-C
17 FLZ CCCC C-X-C-X17.20-C-X3-C
18 A20 ccce C-Xp.4-C-X41-C-X5-C
19 AN1 C5H2C C-X3-C-Xg.12-C-X1.2-C-X4-C-X;-H-X5-H-X-C
20 C3HC C3HC C-X7-C-X5-C-X41-H-X5-C
21 C2HC5 C2HC5 C-X;-C-X4-H-Xg.g-C-Xp-C-X4-C-X5.5-C-Xp-C
22 C5HC2 C3H C-Xp-C-X15.19-C-X5-H
23 Dof CCcC C-X3-C-X51-C-X;,-C
24 DNA-pol Cc8 C-X3.4-C-Xg.34-C-X3.4-C-X30.35-C-X3_4-C-X11.20-C-X1_5-C
25 SCA7 CCCH C-Xo.10-C-X5-C-Xp-H
26 GCS CCcC C-X3-C-X16.17-C-X,-C
27 BTK Hcce H-X10-C-C-Xo-C
28 Tim10/DDP ccce C-X3-C-X15.91-C-X5-C
29 DM C2H2C4 C-X3-C-X5-H-Xg-H-X54-C-X4-C-X;-C-X;5_3-C
30 NE-X1 CHC4/CHCH2C C-X1.6-H-X-C-X3-[HC]-X3_4-[HC]-X1.10-C
31 XPA ccce C-Xp-C-X17-C-Xp-C
32 CTCHY C2HC3HC3HC C-Xp-C-X10-HC-Xp-C-Xp-C-Xo-HC-Xo-C-Xo -C-Xg-H-X; -C
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(https://pfam.xfam.org/). Pfam has a massive collection of protein
families which are represented by multiple sequence alignment
(MSA) and HMM profiles along with the functional domain infor-
mation. A total of 289 Pfam HMM profiles were collected, among
which, 259 belongs to above classified 31 zinc finger domains and
30 belongs to other zinc finger domains (not a part of above classi-
fication and don’t have any sequence motif patterns) (Supplemen-
tary Table S2). It is noteworthy that the Pfam HMM profiles cor-
responding to the zinc finger domains were searched through the
keyword “zinc finger” in the keyword search option of the Pfam
database. Subsequently, the grouping of the collected Pfam HMM
profiles according to 31 different zinc finger classes was done as
described below. Initially, the Pfam HMM profiles belonging to a
particular ZnF clan in the Pfam database were directly assigned
under a zinc finger domain. For examples, the 52 different Pfam
HMM profiles that correspond to the Pfam clan C2H2-zf (CL0361)
were categorized as C2H2 zinc finger HMM profile. However, cate-
gorizing all the HMM profiles corresponding to the 31 different ZnF
domains was not straightforward since many HMM profiles were
not defined under a particular ZnF clan. Such HMM profiles were
assigned under a zinc finger domain based on the “description” or
“name” field given in the HMM profiles or through the literature
survey. For instance, zf-B_box (PF00643) is not categorized under
any clan in the Pfam database. However, it was categorized under
treble clef zinc finger domain in the local repository based on the
HMM profile “description” field. The collected Pfam HMM profiles
were then named according to their zinc finger domain classifi-
cation (e.g. C2H2 zinc finger, treble clef zinc finger, etc.). Finally,
289 Pfam (including the 30 zinc finger domains that don’t have
sequence motif patterns) HMM profiles were compiled into a sin-
gle file to facilitate the sequence to Pfam HMM profile search. It is
noteworthy that due to the unavailability of Pfam HMM profile(s)
corresponding to CTCHY zinc finger domain, this ZnF domain was
excluded for the prediction.

5.4. Web server implementation

To facilitate the automated prediction of ZnF domains/motifs
present in a protein/proteome using the sequence motif patterns
and Pfam HMM profiles, the ZnF-Prot web server was developed.
ZnF-Prot ( Zi nc Finger domains in Proteins/Pr oteomes, https://
project.iith.ac.in/znprot/) web tool was implemented in an Ubuntu
Linux system (18.04 LTS) with the help of Apache (https://httpd.
apache.org) and D3.js (https://d3js.org/). The client-side user inter-
face was implemented using HTML and PHP. The in-house scripts
used in the prediction were written in bash, python and R.

5.5. Methodology employed in the prediction of zinc finger motifs

5.5.1. Zinc finger motif pattern search

The methodology was devised in such a way that when a query
protein sequence is submitted as an input, ZnF-Prot looks for the
presence of one or more of the 74 zinc finger sequence motif pat-
terns that are stored in the local database. Due to the shorter
length of the ZnF sequence patterns, the output from the pattern
search approach may contain false positive(s). To overcome this is-
sue, all the zinc finger motif patterns reported from the pattern
search are confirmed using the Pfam HMM profile search (See be-
low) (Fig. 3).

5.5.2. Sequence to Pfam HMM profile search

Simultaneously, ZnF-Prot compares the query sequence with
289 Pfam HMM profiles to avoid the false positive(s) and increase
the ZnF domain/motif prediction accuracy. The HMMER [43] soft-
ware is employed in ZnF-Prot for the query sequence to Pfam
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HMM profile search. The hmmpress command is used in the con-
version of the text format of the HMM profiles to a binary format
to facilitate the use of hmmscan and hmmsearch commands. The
hmmscan command has been used to search the query protein se-
quence against binary formatted HMM profile database to find the
significant ZnF functional domain. The -cut_ga (“ga” stands for the
gathering threshold which is generally used to define the signifi-
cance of the query sequence match against a particular Pfam do-
main) option is used along with the hmmscan command to report
only the significant ZnF Pfam domain. Finally, the ZnF domain Pfam
families that have the gathering threshold greater than or equal to
the bit score are alone considered as the significant ones and the
others are considered as an insignificant (viz., the gathering thresh-
old of the ZnF domain Pfam family is lesser than or equal to the bit
score of the ZnF domain Pfam family) and are ignored. If no Pfam
families are reported through the above criteria, an E-value cut-off
of 1e-04 is used to shortlist the Pfam families. Note that the E-
value cut-off of 1e-04 is chosen based on the systematic analysis
of 610 test cases, wherein, the E-value less than 1e-04 is observed
for the successful predictions (Supplementary Table S3). To further
eliminate the false negative predictions by retaining the accuracy
of prediction, in the next round, a relaxation of 1e-01 is given for
the E-value cut-off to search the Pfam HMM profile. Note that this
relaxation is incorporated since one of the 610 test cases exhib-
ited the E-value cut-off of 1e-03. Finally, the Pfam families with
the E-value >1e-01 are excluded for the next round of ZnF domain
prediction (Fig. 3).

5.5.3. ZnF motif prediction

During the next round of ZnF domain prediction, the results ob-
tained from the zinc finger motif pattern search approach and se-
quence to Pfam HMM profile search approach are compared with
each other to remove the false positives from both approaches.
If both approaches report the presence of one or more common
zinc finger motif types in the query sequence, then the zinc fin-
ger domain/motif prediction is considered to be accurate. Notably,
two different types of pattern search and Pfam HMM profile search
comparisons are done. The first one is a straight forward method,
wherein, the residue numbers of the pattern search and Pfam
HMM profile search matches (normal (NRML) in Fig. 3). There may
also be a situation with a shift in the residue numbers of the
ZnF motif predicted using the pattern search which falls partially
within the ZnF domain predicted using Pfam HMM profile search.
Since this still represents the presence of the ZnF motif, this is also
considered as an accurate prediction, but with a shift (shift (SHFT)
in Fig. 3).

Further, there may be insertion(s) and/or deletion(s) and/or mu-
tation(s) in the finger motif amino acids across different organisms
due to the evolution, thus, the pattern search may not predict it
as a ZnF motif. However, the Pfam HMM profile search can still
report the presence of the ZnF motif under such scenario. Thus,
to reduce the false-negative predictions under such circumstances,
ZnF-Prot proceeds with the prediction through Pfam HMM profile-
based prediction. Here, the pairwise sequence alignment of HMM
profile to query sequence is carried out to find out the presence
of conserved zinc coordinating residues (cysteine(s) or histidine(s))
in the HMM profile as well as in the query sequence. If both the
HMM profile and query sequence have the marker residue(s) (cys-
teine(s) or histidine(s)), then, it is considered that the query se-
quence has the potential ZnF motif (no motif (NMTF)). Since there
is no ZnF pattern seen in the query, ZnF simply reports the pres-
ence of a ZnF domain along with the motif without mentioning the
position of the motif. However, if there are no conserved marker
amino acids found in the query, then, ZnF-Prot reports that the
query has the mutated ZnF motif (not considered as ZnF motif due
to the presence of mutation (XMUT)). In contrast, if the pairwise
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Fig. 3. Flowchart illustrating the methodology implemented in the zinc finger motif prediction. Either the protein/proteome sequence or PDB ID can be given as an input
to the ZnF-Prot server. The methodology consists of 5 steps: (i) search for zinc finger motif sequence pattern in the query sequence using the ZnF motif sequence patterns
stored in the local database (brown colored box), (ii) query sequence vs Pfam HMM profile search to find significant Pfam domains (violet colored box, NRML, SHFT), (iii)
the choice of E-value threshold for Pfam HMM profile search during the second and third prediction rounds, (iv) comparison of the results obtained from the zinc finger
motif sequence pattern and Pfam HMM profile search approaches to predict the final zinc finger motif (pink color box), (v) pairwise comparison between the HMM profile
and query (NMFT, XMUT and XNCH). The ZnF motif(s) containing domains predicted with the appropriate pattern(s) is indicated as NRML and SHFT and without the pattern
is indicated as NMTF. See Fig. 4 for detailed explanation regarding NRML, SHFT, NMFT, XMUT and XNCH. Note that XDMN represents the situation when there is no HMM

profile found for the query sequence.

aligned HMM profile region doesn’t have the conserved marker
amino acids (cysteine(s) or histidine(s)), then ZnF-Prot directly re-
ports the absence of any ZnF motif in the query (no pattern and
no conserved C and H (XNCH)). Such a situation arises when a se-
quence pattern in the query randomly aligns with the HMM pro-
file. Further, if there is no matching HMM profile for the given
query, then, ZnF-Prot reports the absence of a ZnF domain (XDMN).
The above-mentioned protocol is described in Figs. 3 and 4.

At the end, ZnF-Prot displays all the predicted zinc finger do-
mains (viz, 31 different zinc finger domains, Fig. 2) present in the
query protein/proteome sequence. A detailed summary of the pat-
tern search and Pfam HMM profile search approaches are also pro-
vided. In the case of proteome wide ZnF prediction, the overall
statistics of different ZnF domains present in the proteome are also

displayed. ZnF-Prot also provides the user with an option to get an
email notification soon after the job is completed. This option is
useful in the case of proteome wide ZnF domain prediction which
requires more computational time. At the time of job submission,
ZnF-Prot provides a job ID to the user which can be used to check
the status of the job. The outputs will be stored in the server for a
week from the date of completion of the job.

6. Results

As mentioned in the Section 5, ZnF-Prot predicts the zinc finger
domain(s) present in the query protein/proteome sequence in an
automated fashion.
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A) NRML
Pfam HMM domain search

Pfam profile: 2f-U1 1 mpkyyCdYCdiyLthDspsvRksHngGrkHkenvkdyy 38

Consensus

m++YyC+YC++yLthD++svRksH G++H ++++dyy

Aligned query pattern:Q05900 1 i7yyCEYCHSYLTHDTLSVRKSHLVGKNHLRITADYY 38

ZnF motif pattern search
ZnF class: C2H2

Query pattern region 6 | CEYCHSYLTHDTLSVRKSHLVGKNH = 30

Pattern syntax
B) SHFT

Pfam HMM domain search
Pfam profile: Prok-RING_4

Consensus Cc eq

ZnF motif pattern search
ZnF class: Treble_clef-RING

Query pattern region 1330 |CFWCMEQLEPEAMSVLTGCGHLICDTCIEPFIEESSMLPQAKKTKGE
CIXH2}CIXI{9,39)CIXI{L,3}HIX]{2,4}[CHI[X]{2}CIX]{4, 74)CX]{2}C

Pattern syntax
C) NMTF
Pfam HMM domain search

Pfam profile: zf-C3HC4_5

Consensus

C[X]{2,5}C[X]{11,15}H[X]{3,5}H

1| cvlcteq...ekkvilepCgHIvCreCfd 26

e +|

CgHI+C++C +

2 eiCPvCkssrYInpdleflinpeCYhkmCesCvdRIFsdGPngCPvagth 51
++CP+Ck++rYl pd++fl+npeCYh++CesCvdR+Fs GP+qCP+ gC+

Aligned query pattern: Q03290 11 DMCPICKTDRYLSPDVKFLVNPECYHRICESCVDRIFSLGPAQCPYKGCD 60

ZnF motif pattern search

ZnF class: No match found
D) XMUT

Pfam HMM domain search
Pfam profile: zf-MYST

Consensus

1 ymiekielGeyeiktWYfSpYPeeltnvkkLyvCefClkYmksakelerHkkkC 55

v+ +GHyei++WYISpYP elt+++ +y+ ++|+Y+ stk++er++kkC

Aligned query pattern: Q08649 164 VRNLNRIIMGKYEIEPWYFSPYPIELTDEDFIYI%DF‘;LQYFGSKKQVERYRKKC 218

ZnF motif pattern search

ZnF class: No match found
E) XNCH

Pfam HMM domain search

Pfam profile: Ribosomal_L33 15 YtttknkrntperLelkKYcprerkhtIHKEtK 47

Consensus

Y+++++ 4+ Y+pr+r+h+l+kE+K

Aligned query pattern: P36533 21 YSRYISIKKGAPLVTQVRYDPVVKRHVLFKEAK 53

ZnF motif pattern search

ZnF class: No match found

Fig. 4. Examples representing the Pfam HMM profile alignment and the query sequence. (A) NRML showing the ZnF motif predicted through pattern search falling within
the Pfam domain. (B) SHFT showing the ZnF motif predicted through pattern search falling partially out of the Pfam domain. (C) NMFT representing the case where, no
motif(s) is found through pattern search, but Pfam domain is available. (D) XMUT is an extension of (C), wherein, the conserved cysteine or histidine residues are not found
in the query. (E) XNCH, is an extension of (C), wherein, there is no conserved cysteine or histidine residues present in the HMM profile. Note that in all the cases, the Pfam
domain, consensus sequence and the query sequence are given in blue, brown and yellow colored box respectively. Magenta colored box in (A) and (B) represent the ZnF

motif pattern found in the query.

6.1. Functionality of ZnF-Prot web server

ZnF-Prot accepts the FASTA format protein sequence(s) or the
PDB ID for the ZnF domain prediction. The user can either paste
the protein sequence in the given sequence input window or up-
load the input protein sequence file. Fig. 5A depicts the web inter-
face of ZnF-Prot, wherein, the ZnF domain prediction is displayed
for a given query sequence.

6.2. ZnF domain/motif prediction accuracy of ZnF-Prot

To check the efficacy and accuracy of the prediction, a to-
tal of 610 test cases belonging to 31 different zinc finger do-
main classes from 249 organisms are randomly chosen and tested
using the ZnF-Prot web interface. The sequences corresponding

to these test cases are taken from NCBI GenBank. Among the
610 test cases, 50, 40, 30, 20, 35, 30 and 165 test cases corre-
spond to C2H2, Zinc ribbon, TAZ domain, TRAF, Zinc knuckle (gag
knuckle), Zn2/Cys6 and Treble clef (RING, PHD, LIM, B-box, HIT,
MYND, ZZ, THAP, MYM, FYVE and PKC/DAG) respectively. Simi-
larly, 10 test cases each are considered for CCHHC, CW, 3CXXC,
DHHC, CXXC, CPXCG, CHCC, CHY, TRAF, FLZ, A20, AN1, C3HC,
C2HC5, C5HC2, Dof, DNA-pol, SCA7, GCS, BTK, Tim10/DDP, DM, NF-
X1 and XPA zinc finger domains respectively (Fig. 5B). As men-
tioned in the Experimental setup section, the CTCHY zinc finger
is not considered for the prediction as it doesn’t have the Pfam
HMM profile.

Out of the 610 test cases considered here, the ZnF-Prot web
server accurately predicts 610 zinc finger domains/motifs (Fig. 5B
and Supplementary Table S3).
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Fig. 5. Zinc finger domain(s)/motif(s) prediction using ZnF-Prot. (A) The accurate prediction of C2H2 (2) zinc finger domain present in the PDB ID: 1VA1 (1) and the
summary of sequence pattern search output (3) are shown. (B) Bar chart illustrating the prediction accuracy of ZnF-Prot for the 610 test cases correspond to 56 motifs of 31
ZnF domains. The dark blue color bar represents the total number of test cases considered under each zinc finger sub-class and red color bar represents the corresponding

successful predictions.

6.3. Elimination of HMM profile based false predictions with the
inclusion of sequence pattern

The combined use of sequence pattern along with the Pfam
HMM profile employed in ZnF-Prot is useful in improving the ZnF
motif prediction accuracy when a Pfam match is reported at an
insignificant level (viz., with a significant value of zero). Such in-
significant Pfam matches may or may not be reliable. For exam-
ple, Pfam reports a zf-PARP domain as a match at an insignificant
level (Fig. S1A) for the UniProt ID: 062366. A detailed compari-
son between the Pfam scan, UniProt and PROSITE results indicate
that the query sequence doesn’t have an ZnF motif (Fig. S1). A con-
trary example is the UniProt ID: Q08562, wherein, the presence
of zf-RING_5 domain is reported at an insignificant level which
is confirmed to be a true ZnF-domain by UniProt and PROSITE
(Fig. S2). The situation becomes more challenging when more than
one Pfam matches are seen at the insignificant level (Fig. S1).
Thus, these examples illustrate the challenges in deciding the re-
liability of the insignificant Pfam predictions. However, the use
of sequence pattern along with Pfam HMM profile in ZnF-Prot
readily distinguishes the true-positive and true-negative results
(Fig. S3).

Further, utilization of ZnF sequence patterns and Pfam HMM
profile helps in eliminative false-positives in mutated situations as
discussed below.

7. Applications
7.1. ZnF-Prot as a diagnostic tool to predict the mutated ZnF domains

Any alternation in the ZnF motif leads to several diseases [9].
One such example is the mutations in ZnF750 human transcrip-
tion factor which leads to diseases like psoriasis [44|. ZnF-Prot
accurately predicts the presence of ZnF domain in the wild-type
ZnF750 human transcription factor (Uniprot ID: Q32MQO) and its
absence in the mutant (Fig. 6). This is possible because both the
sequence pattern and HMM profile searches are employed in ZnF-
Prot. It is noteworthy that the use of sequence to HMM profile
search alone will wrongly predict the presence of ZnF domain in
the mutated ZnF750 human transcription factor.

7.2. Proteome wide prediction of ZnF domains using ZnF-Prot

Besides predicting the ZnF domain(s)/motif(s) present in a pro-
tein sequence, ZnF-Prot also predicts the ZnF domains present in
the whole proteome sequence of any organism. Since the method-
ology simply requires the sequence information to predict the ZnF
domain, it can report the presence of ZnF domain(s) in a protein or
proteome sequence without any structural prerequisite. Thus, the
user can simply upload a text file that contains the sequences (in
the FASTA format with each protein sequence separated by a “>”
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li i hmm hmm  hmm bit
seqid start end start end hmmacc hmm name type start end length score E-valuesignificance clan
Q32mMQ0 5 58 5 58 PF15269.6 :.Ef;c_g:lg;zj Domain il 54 54 1223 600E-36 | 1 ! | cLo361
B Mutated type Significant
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Fig. 6. Illustration of the use of ZnF-Prot as a diagnostic tool by considering the (A) wild-type and (B) mutated ZnF750 human transcription factor (Uniprot ID:Q32MQO).
Note that both ZnF-Prot (A (i)) and Pfam Scan (A (ii)) predict the ZnF domain. The absence of ZnF domain/motif is seen in the ZnF-Prot output of mutated ZnF750 human
transcription factor (B (i)), whereas, Pfam Scan shows the presence of the ZnF domain (B (ii)). The cysteines (Cs) and histidines (Hs) in (A) and the mutations in the equivalent

positions in (B) are circled.

header) corresponding to all the proteins present in a proteome to
ZnF-Prot server. Using the methodology given in Fig. 3, the ZnF-
Prot predicts the ZnF domains present in the whole proteome of
an organism. This feature of ZnF-Prot is tested by considering the
whole proteome sequences of Arabidopsis thaliana, Homo sapiens,
Saccharomyces cerevisiae, Caenorhabditis elegans and Ciona intesti-
nalis.

Initially, the experimentally determined three dimensional
structures of Arabidopsis thaliana and Homo sapiens proteomes are
considered as the test cases to precisely validate the ZnF do-
mains/motifs predicted by ZnF-Prot. Using the UniProt whole pro-
teome annotation datasheets (H. sapiens ID = UP000005640 and A.
thaliana ID = UP000006548), the protein databank (PDB) IDs of the
zinc finger containing protein structures of A. thaliana and H. sapi-
ens are obtained. Subsequently, the corresponding 3D-structures
are downloaded from PDB automatically with a help of an in-
house python script by including the “Zn” keyword to download
only the structures that have zinc. A total of 56 (A. thaliana) and
489 (H. sapiens) unique protein structures are found to have zinc
finger. ZnF-Prot accurately predicts 52 (A. thaliana, Supplementary
Table S4) and 470 (H. sapiens, Supplementary Table S5) ZnF do-
mains/motifs (95.8%). A detailed inspection indicates that ZnF-Prot
fails to predict the remaining ZnF domains/motifs either due to
the absence of Pfam HMM profile (3.5%) or due to the presence
of novel (viz, less frequently observed) ZnF domains (0.7%).

Encouraged by the ZnF-Prot prediction results of Arabidopsis
thaliana and Homo sapiens, ZnF domains/motifs present in the en-
tire proteome of Saccharomyces cerevisiae, Caenorhabditis elegans
and Ciona intestinalis are investigated using their sequences. For
this, Saccharomyces cerevisiae proteome which contains 6050 pro-
teins is downloaded from the UniProt database (Proteome ID:
UP000002311) and is uploaded as an input in the ZnF-Prot web
server for the prediction of zinc finger domains/motifs. ZnF-Prot
web server predicts the presence of 341 zinc finger domains/motifs
(in 334 proteins) that belong to 17 zinc finger domain classes
(Fig. 7A and Supplementary Table S6). Similarly, Caenorhabditis ele-
gans proteome which contains 26,620 proteins is downloaded from
the UniProt database (Proteome ID: UP000001940) and subjected
to ZnF domain prediction using ZnF-Protein. ZnF-Prot predicts the
presence of 1652 zinc finger domains/motifs (belonging to 28 ZnF
domain classes) in 1625 proteins (Fig. 7B and Supplementary Table
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S7). In the Ciona intestinalis proteome, ZnF-Prot predicts 784 zinc
finger domains/motifs that belong to 24 zinc finger domains/motifs
classes in 744 proteins (UniProt Proteome ID: UP000008144, con-
tains 17,309 protein sequences) (Fig. 7C and Supplementary Table
S8).

7.2.1. Validation of the prediction

The ZnF domains/motifs predicted (refer Experimental setup
section for the gathering threshold and E-value used for the pre-
diction) to be present in the proteomes of S. cerevisiae, C. elegans
and C. intestinalis are cross-validated using UniProt [45], PROSITE
[46], NCBI-CDD [47] and InterPro [48] as these tools complement
each other in providing the ZnF motif containing domain infor-
mation (Fig. 8 and Fig. S4). Initially, ZnF-Prot prediction output is
cross-validated using UniProt annotation datasheet. Secondly, the
ZnF motifs that are not annotated by UniProt, but, are reported
by ZnF-Prot are validated through PROSITE. It is worth mentioning
that the default normalized score (N_score) of 8.5 or an E-value
of 0.32 is used for the PROSITE prediction. The ZnF-motifs that
couldn’t be verified through both UniProt and PROSITE are next
validated by NCBI-CDD (the default E-Value of 0.01 for the query
search against position specific scoring matrix (PSSM) is used for
the prediction) and subsequently by InterPro (does not provide an
E-value as it uses different member databases which uses different
scoring systems for the prediction, thus, may not provide a mean-
ingful information). The remaining ZnFs are validated through lit-
erature, if available.

87-93% of ZnF domains/motifs predicted by ZnF-Prot for the
whole proteomes of Saccharomyces cerevisiae (Supplementary Ta-
ble S9), Caenorhabditis elegans (Supplementary Table S10) and
Ciona intestinalis (Supplementary Table S11) are successfully cross-
validated by verifying their presence in at least one of the above-
mentioned online tools. In all the above three proteomes, ZnF-Prot
reports 11% additional ZnF motifs/domains which are yet to be val-
idated.

8. Limitations of ZnF-Prot
Although the ZnF motif patterns are systematically and carefully

collected through literature survey, still unidentified ZnF motif pat-
terns may exist in nature. Due to this reason, ZnF-Prot may predict
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Fig. 7. Proteome wide zinc finger domain prediction using ZnF-Prot. Pie chart illustrating the statistics of different zinc finger domains predicted for (A) Saccharomyces
cerevisiae (Proteome ID: UP000002311) (B) Caenorhabditis elegans (Proteome ID: UP000001940) (C) Ciona intestinalis (Proteome ID: UP000008144) proteomes.

a few false-negative ZnF motifs. One such example is the UniProt
ID: Q8NB78, which is a novel and rare ZnF motif [49] and has not
yet been classified under any ZnF motifs. The Pfam HMM profile
is also not available for this motif. Thus, ZnF-Prot doesn’t predict
the ZnF domain containing this motif. To addresses such issues,

ZnF motif sequence patterns and Pfam HMM profiles are being up-

dated time-to-time in ZnF-Prot. One such example is Uniprot ID:
Q9STM3 [50], wherein, two ZnF domains (PDB ID: 6A57) [51] to-

n

gether forms a novel ZnF domain with a unique sequence pattern.
After identifying such a novel domain during the revision of the
manuscript, the sequence pattern “C-X4-C-X;,-H-X;6-H” has been

included in the ZnF-Prot local sequence pattern library and vali-
dated.

Thus, the ZnF domain/motif prediction accuracy of ZnF-Prot will

further be improved when more ZnF motif sequence patterns from
multiple organisms become available.
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Fig. 8. Cross-validation of the proteome wide ZnF motifs predicted by ZnF-Prot. (A-C) Bar diagram illustrating the statistics of ZnF muotifs predicted in (A) S. cerevisiae, (B) C.
elegans and (C) C. intestinalis and their cross-validation. Note that the bar chart provides the comparison between ZnF-Prot prediction (colored dark blue) and, UniProt anno-
tation (colored red), PROSITE (colored brown), NCBI-CDD (colored yellow), InterPro (colored blue) and literature (colored orange)and the corresponding ZnF motifs/domain

numbers adjacent to each bar.

9. Conclusion

Zinc finger (ZnF) is one of the large families of metalloproteins,
wherein, the zinc metal ion coordinates with the cysteine and/or
histidine residues of the ZnF domain. Until now, there is no single
platform available to predict any type of ZnF motif containing do-
mains present in a protein sequence. To this end, a systematic clas-
sification of 32 ZnF domains is carried out and a local repository of
their sequence motif patterns and Pfam HMM profiles are created.
A web server, namely, ZnF-Prot which uses these sequence motif
patterns and Pfam HMM profiles is developed here to predict the
zinc finger domain(s)/motif(s) present in the protein/proteome of
any organism. ZnF-Prot not only successfully predicts the presence
of 93.1%, 87.4% and 89% ZnF domains/motifs respectively in the
proteomes of Saccharomyces cerevisiae, Caenorhabditis elegans and
Ciona intestinalis but also suggest the presence of 11% additional
ZnF-motifs in these organisms. Thus, ZnF-Prot serves as a valu-
able tool in the proteome wide prediction of ZnF domains/motifs
present in any organism. In the future, newly discovered ZnF do-
main(s) will periodically be updated to improve the prediction ac-
curacy.
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