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Zinc fingers are the most abundant eukaryotic DNA-binding motifs, which recognize DNA triplets with
high efficacy and are used to develop chimeric enzymes for genome modification and site specific gene
therapy. Considering the importance of zinc finger motifs and their recognition patterns we have
developed a web interface with the incorporation of sequence based search algorithm named as Bind-
Predict. This algorithm facilitates the identification of target sites of zinc finger proteins (ZFPs) in the
given DNA sequences. This paper describes the concepts of the developed algorithm (scoring system)
and its applications in predicting ZFP binding sites. Bind-Predict web interface contains dual
applications such as a web server (Bind-Predict too') and a database (Bind-PredictdB). In order to
enhance its utility and to validate the prediction results, Bind-Predict™® is interconnected with Bind-
Predict®™. The combination of sequence based pattern recognition followed by computing Bind-Predict
scores is used to identify the ZFP binding sites in the direct (5NjBNj complementary (3 NjY)5ddjuble
strand DNA (5 NjY anj 3 NjY)5amj user-defined binding sites of the input sequence. Currently Bind-
Predict®™ contains 374 entries of zinc finger motifs comprising 91 engineered constructs, 250 naturally
occurring and 33 zinc binuclear clusters. Bind-Predict web interface is freely accessible at
http://zfp.bicpu.edu.in.

Key words: Engineered construct, site specific gene correction, targeted genome engineering, zinc binuclear

cluster, zinc finger.

INTRODUCTION

The ability to correct deformed phenotypes into wild types
is one of the greatest challenges in gene therapy.
Designer zinc finger protein (ZFP) technique is rapidly
becoming a powerful technology for site specific gene
correction and targeted genome engineering (Mani et al.,
2005). zZinc fingers are one of the most important classes
of DNA binding motifs with the best implicit protein-DNA
binding mechanisms (Pabo et al., 2001). Zinc finger motif

consists of 30 amino acid residues that fold into the b b U

domain, which is stabilized by a zinc ion and three
hydrophobic residues. The zinc ion is located between
t wo cysteine
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resi dues -hélbnof thdy 2FP (Lee et al., 1989).
Designer ZFPs can be potentially used for site-specific
gene correction, gene targeting, gene regulation, genome
modification with the aid of various chimeric proteins such
as chimeric nucleases, transcriptional activators, trans-
criptional repressors and targeted methylase, which are
formed by the fusion of Fokl cleavage domain, activator
domain, repressor domain and methylase into zinc finger
motifs (Durai et al., 2005). However, one of the key
challenges in ZFP engineering is to generate proteins
that can specifically identify their target DNA binding

rsasds cindetwo histiding h eresiues (Durai et al., 2006).

Monogenic diseases such as X-linked severe combined
immune deficiency (SCID), sickle-cell anemia (SCA),
pendred syndrome, haemophilia and Gaucher& disease
are caused by the inheritance of faulty alleles of a single
gene. These types of genetic disorders can be cured by
stimulating double-stranded break (DSB) with designer
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Figure 1. Workflow for Bind-Predict algorithm:
Steps involved in identifying potential zinc finger
protein binding sites in user-given input DNA
sequence.

ZFPs. Thus, the insertion of corrective donor sequence in
conjunction cert with specific nuclease, that would create
a DSB at or close to the site of mutation, might stimulate
site specific gene correction to the levels that would give
a therapeutic impact (Jasin, 1996).

Identification of ZFP target DNA binding sites are the
crucial step towards the development of designer ZFPs
for genome manipulation. We have developed a web
interface with the incorporation of Bind-Predict algorithm
and database resources which facilitates the identification
of potential target sites, location and related engineered
or natural ZFPs. The developed scoring system is
efficient in selecting the specific ZFP target site in the

user given DNA sequence.

Currently many zinc finger protein binding site
prediction tools are available online such as ZFNGenome
(Reyon et al., 2011), Zif-Predict (Molparia et al., 2010),
ZifBASE (Jayakanthan et al., 2009), ZIFIBI (Cho et al.,
2008), and Zinc finger Tools (Mandell and Barbas, 2006).
Each tool has its unique features and particular
applications. The oligomerized pool engineering (OPEN)
method was adopted in ZFNGenome server, which is
useful to locate the zinc finger nuclease targets in several
model organisms. Zif-Predict is based on artificial neural
network (ANN), which is mainly used to predict DNA
binding specificity in C,H, zinc finger proteins. ZifBASE is
a comprehensive online resource of natural and
engineered zinc finger proteins along and prediction
server to identify ZFPs target sites in the user given DNA
sequence. ZIFIBI tool uses Hidden Markov Model (HMM),
which is also used to identify the C,H, zinc finger target
sites. Zinc finger tools are based on sequence pattern
recognition, which has the options of identifying zinc
finger nuclease target sites and designing of zinc finger
proteins. Two different strategies are adopted in the
present Bind-Predict™ namely, sequence based pattern
recognition and modified CCSearch algorithm (Garay et
al., 2005). Bind-Predict® possesses unique features
such as (i) searching of zinc finger protein target sites for
all classes such as C,H,, CXXC, PHD, NRC,, GATA, Cs,
C,HC in direct strand, complementary strand, double
strand with user-defined spacer and user-given target
sites and (ii) providing of the score, which is useful to
select the potential zinc finger protein target sites from
the possible predicted sites.

MATERIALS AND METHODS
Construction

Bind-Predict is a unique web-based repository for both database
(Bind-Predict®®) and prediction server (Bind-Predict®) to identify
the ZFP binding sites in the user-given DNA sequence. This three-
tiered clienti server architecture runs on apache HTTP server. A
package known isa solleétighroMApache + MySQL +
practical extraction and report language (Perl)/ hypertext
preprocessor (PHP) on the windows operating system was used to
create and execute the above applications. The database and
prediction tool are interconnected with each other. The open source
MySQL relational database was used as back-end for Bind-
Predict®®. All the tables present in the database are inter-related
and are maintained by a special database referential constraint,
that is, foreign key. Moreover, Bio-Perl modules were employed to
access the data from remote databases and to establish the stand
alone basic local alignment search tool (BLAST) applications.

Bind-predict algorithm

Bind-Predict algorithm (Figure 1) was developed based on two
parameters called identity index and frequency index. This
algorithm was derived based on CCSearcher algorithm (Garay-
Malpartida et al., 2005), which is efficiently used to predict the
caspase substrates binding site for the user-given sequences.



Table 1. Identity matrix.
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G A T C
G 1.00 0.00 0.00 0.00
A 0.00 1.00 0.00 0.00
T 0.00 0.00 1.00 0.00
C 0.00 0.00 0.00 1.00

Table 2. E3-Matrix (E3: Three-Finger Engineered Zinc finger protein).

1 2 3 4 5 6 7 8 9
G 1.00 1.00 1.00 1.00 0.89 1.00 1.00 0.77 1.00
A 0.01 0.82 0.01 0.00 0.86 0.01 0.00 0.90 0.02
T 0.01 0.75 0.02 0.00 1.00 0.02 0.01 0.67 0.05
C 0.00 0.07 0.00 0.00 0.82 0.02 0.00 1.00 0.01
Table 3. N4-Matrix (N4: Four-Finger Naturally Occurring Zinc finger protein).

1 2 3 4 5 6 7 8 9 10 11 12

G 1.00 0.09 1.00 0.01 1.00 1.00 1.00 0.09 1.00 1.00 0.94 1.00

A 0.00 0.09 0.20 0.00 0.00 0.03 0.29 0.09 0.09 0.94 1.00 0.00

T 0.00 0.09 0.00 1.00 0.00 0.44 0.44 0.12 0.12 0.94 1.00 0.52

C 0.43 1.00 0.00 0.44 0.47 0.00 0.00 1.00 0.09 0.18 0.19 0.00

Identity index ( I )

Identity matrix (MI ) (Table 1) is used to compute the identity index.
The identity matrix is applied to each nucleotide at predictive

binding sites ( PS) from 374 annotated ZFP target DNA binding

sites ( AS) of Bind-Predict®™. Each predictive binding site receives
a numeric value which is obtained from the sum of individual values
ascribed to each nucleotide. This algorithm begins with splitting of
nucleotides from minimum length of three to maximum length of a
predictive binding site. For example, GAGGAG is split into a set of
predictive binding sites substring called {GAG}, {AGG}, {GGA},
{GAG}, {GAGG}, {AGGA}, {GGAG}, {GAGGA}, {AGGAG} and
{GAGGAG}. Since the recognition helix of ZFPs requires
consecutive and minimum length of three nucleotides for binding,
the algorithm starts with splitting of a binding site from a minimum of
three nucleotides onwards. Subsequently, all the substrings of each
predictive binding site are matched with available database entries
of annotated binding sites for exact identity. Identity matrix is
applied only to the highest length substring which has the exact
match with annotated binding sites to calculate the similarity score
by the sum of individual values. For example, consider the above
substrings, if {GAG}, {AGG} and {GAGG]} are the only substrings
having exact identity with annotated binding sites, then the identity
maitrix values will be substituted only by {GAGG} to avoid the
application of identity matrix values to the matching of redundant
substrings. For instance, in the case of matching of two or more
highest length substrings, any one of its substrings will be
considered for the similarity score calculation, so that divergent
nucleotides receive their respective values from the identity matrix.

Thus 374 different numerical values of |, are generated for each

predictive binding site. The equation used to calculate identity index
is defined as:

: a::l\/ll (Ps)
a ::MI (As)

1, 1)

where N represents length of the predictive binding site.

Frequency Index (1)

We have developed four different types of normalized frequency
matrices for frequency index ( I g ) calculation (Tables 2 to 5). They
are E3-Matrix, N4-Matrix, N3-Matrix and N2-Matrix, developed from

annotated binding site sequences of three fingered engineered
constructs and four, three and two fingered naturally occurring

ZFPs. The relative frequency ( fi ) for each nucleotide at position [

(i =1 toN; N is the length of binding sites, that is, 6 for two
fingers, 9 for three fingers and 12 for four fingers proteins) was

calculated from N annotated binding sites using equation (2). The
values of N are 79, 53, 8 and 42 for three finger engineered
construct, four, three and two finger naturally occurring ZFPs
respectively (Figure 2). We have taken all the possible occurrences
of each binding site in the alignment. For example, erythroid
transcription factor [Accession Number or ID: PU_NOO0090] has four
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Table 4. N3-Matrix (N3: Three-Finger Naturally Occurring Zinc finger protein).

1 2 3 4 5 6 7 8 9
G 1.00 1.00 1.00 0.66 1.00 1.00 1.00 1.00 1.00
A 0.00 0.00 0.00 0.00 0.24 0.00 0.19 0.00 0.16
T 0.00 0.24 0.00 1.00 0.00 0.00 0.00 0.00 0.00
C 0.33 0.76 0.59 1.00 0.76 0.33 0.40 1.00 0.16

Table 5. N2-Matrix (N2: Two-Finger Naturally Occurring zinc finger protein).

1 2 3 4 5 6
G 0.39 1.00 1.00 0.28 0.40 1.00
A 1.00 0.46 1.00 0.06 1.00 1.00
T 0.60 0.00 0.10 1.00 1.00 0.00
C 0.10 0.36 0.00 0.00 0.50 0.00

possible binding sites such as TGATAA, TGATAG, AGATAA and
AGATAG.

2

where I, represents the occurrence of each nucleotide for each
position in the annotated binding sites. The normalized relative
frequency ( NFi ) was calculated by the relative frequency of each

nucleotide at position i to the maximum relative frequency for the
same position in the binding sites.

f;

NF=—"—
f. max

®)

Finally, the frequency index (|F) is calculated as the mean of

NFi for each position [ (i =1 toN; Nis the length of the
predictive binding site). Therefore, each of the binding sites

receives distinctive |F value and it expresses the possibility of
ZFPs binding.

(4)

Hence, the calculated identity index (||) and frequency index

(|F) is applied to a general equation (5) to find out the Bind-
Predict Score.

I+ e

Bind-Predict Score = (5)

We have implemented this algorithm into Bind-Predict °° to identify

the ZFP binding pattern using Hyper Text Markup Language
(HTML) as web interface. PHP and Bio-PERL were used as
application programs to develop the dynamic web interface.

Data sources of Bind-Predict®®

Bind-Predict® (Figure 3) has two divisions, one of engineered ZFPs
and the other of naturally occurring ZFPs (zinc finger and zinc
binuclear cluster). It uses various data sources such as scientific
literature (PubMed) (Sayers et al., 2010), sequence-level
information (UniProt) (Wu et al, 2006) and structural-level
information (Protein Data Bank and Modbase) (Berman et al., 2003;
Pieper et al., 2009). In house PHP script was used to calculate the
theoretical isoelectric point and molecular weight of the protein.
Most of the entries of ZFP do not have three-dimensional (3D)
structural details in PDB. Hence, homology modeling technique was
employed to predict the 3D structures of those protein entries. All
the predicted structures were optimized and validated using
structure analysis and verification server (SAVES)
(http://nihserver.mbi.ucla.edu/SAVES/). The freely available JMol
applet was enabled to display the protein molecules and allows the
user to perform structural analyses and to download the molecule in
PDB file format.

Manual curation of Bind-Predict®®

Manual curation, an important feature of the database, is performed
to ensure the precision of the collected data from various sources.
This includes three important parameters such as usage of
database referential and unique key constraints, declaration or
definition of variable, data types and data normalization. The
curated engineered, natural zinc finger and zinc binuclear cluster
data are stored in MySQL relational database through graphical
user interface mode i PHPMyAdmin.

RESULTS AND DISCUSSION

Bind-Predict is a web interface, which contains both
database and prediction tool of zinc finger proteins.
Another public domain database, named as ZifBASE
(Jayakanthan et al., 2009), have valid options for the
prediction of ZFP binding sites in direct, complementary
and double stand DNA and contains 139 entries of zinc
finger motifs. Bind-Predict is a web resource for zinc
finger proteins, which has several unique features, such
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fingers natural origin and D) two fingers natural origin binding site sequences.

as having (i) reliable scoring system, (ii) graphical output
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of prediction results, (iii) standalone BLAST application
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A
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Figure 3. Workflow for Bind-Predict®: Steps involved in retrieving the records from Bind-

Predict®,

(BLASTZ), (iv) Genbank accession ID based input
scheme, (v) 374 entries of zinc finger motifs, (vi) three-
dimensional structural information for all the entries, (vii)
dynamic structural display of ZFP using Jmol applets,
(vii) incl usi on of associ at ed
c | u s (ix fetching of database records based on
accession number, source organism and 64 possible
triplet codons, (x) statistical representation of entries
through Pie chart and (xi) exporting the results into
Portable Document Format (PDF).

Working with Bind-Predict *°*

We have built an interactive web interface with three-
tiered client-server architecture using server side
scripting language. Its execution begins with sequence
based pattern recognition followed by the selection of
scoring matrices and computation of identity index,
frequency index and bind-predict scores to evaluate the
predicted ZFP binding pattern.

Input

The user can input DNA sequence using any one of the
three different options such as text area, file upload or

GenBank accession number (Figure 4A). In the text area,
the user can paste their sequence in a raw or FASTA
format. Browse option is used to upload a sequence file
from local disk. The user can type GenBank accession
r nrureberu in cthee  tekttzox provided ifon uetrieveng IDNA
sequence from NCBI server (www.nchi.nim.nih.gov).
Virtual function was used to connect two different server
side scripting languages such as PHP and Perl. Bio:
SeqlO module of Bio-Perl was used to access sequence
records from the remote nucleic acid sequence database.

Search parameters
Find ZFP binding sites in direct strand (5 NjY)3 Nj
This option allows users to find potential ZFP binding

sites in the forward strand of DNA sequence using GNN,
CNN, TNN and ANN as triplets.

Find ZFP binding sites in complementary strand
(BNjY B Nj

This option allows users to find potential ZFP binding
sites in the reverse strand of DNA sequence using NNC,
NNG, NNA and NNT as triplets.
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Figure 4. Bind-Predict °° web interface for finding ZFP binding sites in single strand DNA: (A) Input window with various search
parameters; in which GNN was selected as search pattern, (B) Output page contains predicted ZFP binding sites (highlighted in red),

position, scores and matched Bind-Predict®
Predict™

Find ZFP binding sites in both the strands (5 NjY &8nij
3NjY bwNth user-specified spacers

Direct and complementary strand ZFP binding sites and
their locations are predicted by this option. Spacers are
included in this option to identify the dimerization region
of Fokl cleavage domain.

Find ZFP binding sites based on user specified
binding sites

This option allows users to perform a search for input

records and (C) Result page of engineered zinc finger protein (PU_EC0085) from Bind-

binding site that exactly matches with regions of long
stretch of DNA sequence. It can also be used to search
sequences in the promoter region for recognition site that
is closely matching the binding sites.

ZFP scoring matrix

This option allows user to select any one of the
normalized frequency matrices from the list. The selected
matrix is used to calculate the frequency index score. The
frequency index score lies in the range of 0 to 1. The
frequency index score equal to 1 represents the best
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prediction site. The user may select N4-Matrix for
predicting binding site of four zinc finger proteins (ZFPs),
since it was developed from the dataset of naturally
occurring binding sites of four fingers ZFPs. Similarly, N2-
Matrix and E3/N3-Matrix may be selected for predicted
binding site of two fingers and three fingers ZFPs
respectively.

Output

A specific pendred syndrome causing target A Pe n dr
(Accession Number: AF030880) was retrieved from NCBI
server and it submitted as input sequence into Bind-
Predict ™. We have EihdoZ&ER bindirg sites in
direct strands (86star ) par
triplet i G N Nhamber of zinc finger motif A A lard dinally
N4 matrixd as a s c orThe gearch yesulte m
produced 162 possible ZFP target sites in the direct
strand of DNA sequence with their locations. The output
also produced identity index score, frequency index score
and Bind-Predict score for the above search. These
results are cross linked with their related database
accession numbers of entineered or natural zinc finger
proteins of Bind-Predict™ (Figure 4B). The computed

|, score represents the similarity between predictive

binding sites and annotated biding sites of ZFPs. |,

score equal to 1 represents the perfect identity, whereas
near to one indicate high similarity. Only the score of

highest |, for each predictive binding site is considered

for further Bind-Predict score calculations. The Bind-
Predict score lies in a range from 0 to 1, which implies
the order of increasing possibility of predicted site to act
as ZFPs binding site. The Bind-Predict score equal to 1
represents the perfect match between predictive and
annotated binding site. Among the above predicted sites,
eighth site (that is, GCGGGG) shows good Bind-Predict
score of 0.92 and it is found in 187-192 region of input
DNA sequence. This site matches with nine different
engineered ZFPs (that is, PU_ECO0018, PU_EC0037,
PU_EC0053, PU_EC0069, PU_EC0070, PU_EC0071,
PU_ECO0072, PU_ECO0073 and PU_EC0085) and seven
natural (that is, PU_NOO0003, PU_NO0031, PU_NO0032,
PU_NOO0033, PU_NOO0046, PU_NOO0047 and
PU_NOO0089) from Bind-Predict®. Similarly, the other
search parameters such as triplets and number of zinc
finger motifs which ranges from 2 to 4 can also be
selected for zinc finger protein binding site predictions in
both direct and complimentary strand of DNA. The
inclusion of spacer in predicted ZFP binding site could
provide a new dimension to design synthetic construct,
which is essential for targeted genome engineering
(Durai et al., 2005). The search parameter fFind ZFP
binding sites in double strando is used to identify the
possible ZFP binding sites along with the spacer
information.

More details on matched accession numbers (Figure

4C) can be accessed by hyperlink, which contains
information about class, type, frame work, length, protein
sequence and structure, finger information, binding
sequence, source, theoretical molecular weight,
isoelectric point, dissociation constant value and scientific
references of a particular ZFP. This information is helpful
for designing novel synthetic construct or chimeric
nucleases that can cure various monogenic diseases by
site-specific gene correction or targeted genomic
engineering.
ignilarly, sickle cell anemia causing gene fHomo
sapiens hemoglobind (Accession Number: NM_000518.4)
was given as input sequence to the Bind-Predict *°. We
have selectedt h e f i nZFP birglingasite infdouble
trand, DNAO  ( t i 3)
o@réﬁts NG ’ aslm%%éeﬁcetvgerde sel ect sitd
pattern along with number of zinc finger motif fAllo
‘spacer length @0 (Figure 5A). These searches produced
single zinc finger binding site &GGTGCATCTGACTCCOH
located at 53-67 in the input DNA sequence (Figure 5B).
There are two naturally occurring zinc finger protein
binding sites (PU_NOO0142 and PU_NOO0143) which
matched with the predicted binding site (Figure 5C).
Hence, the finger sequences of these two matched
entries can be used to construct the engineered zinc
finger protein for various biomedical applications.

The pr dod zZ-mBirding Sites for User Defined
Target Site0 ¢ a n dte finditeeetypes of zinc finger
proteins that would possibly bind to the user defined
target site. For example, consider the sickle cell anemia,
in which seventmutatded
this, selecting two anchor nucleotide residues that
preceding and succeeding of mutated GTG as target
sites would be useful for finding the types of zinc finger
sequences that would bind to it. We have submitted two
anchor nucleotide t ar get sites
stand and ACTCCTTCAGAO in
input in two separate searches along with b-hemoglobin
gene (Accession Number: NM_000518.4) in the form of
direct and complimentary sequences, respectively to the
Bind-Predict®. We also modified the input gene
sequence from wild type to mutated one by changing
seventh condon from GAG to GTG. Fin a | IN¥ matriXxo
scoring system was selected. The submission of the
above selected parameters led to the prediction that the
engineered construct zinc finger protein ZFPAPs
(Accession ID: PU_EC0025) matches with both of the
input target sites. Hence, the information provided in this
entry would be useful for the development of designer
zinc finger protein for the application of gene therapy.

Standalone BLAST application

BLASTz:, a standalone BLAST web interface for ZFPs
extends the utility of BLAST to find similar sequences of
binding site against developed datasets and provides
user friendly output to parse and navigate the BLAST
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Figure 5. Bind-Predict ' web interface for finding ZFP binding sites in double strand DNA: (A) Input window with various search parameters;
in which GNN and NNC was selected as search pattern (B) Output page contains possible ZFP binding sites (highlighted the finger binding
region in red and spacer region in green), position, scores and matched Bind-Predict®™ records and (C) Result page of naturally occurring zinc

finger protein (PU_N00142) from Bind-Predict®.

results. We have developed three datasets, namely,
engineered, natural ZFPs and zinc binuclear clusters.
BioPerli StandaloneBLAST.pm module was used to
launch the BLASTz application. BLASTz is used to
identify the similar binding sites present in the Bind-
Predict®™ that affords a way to extend the use of Bind-
Predict®™. In addition, NCBI BLAST link (Camacho et al.,
2009) is also provided for the users to identify homology
of given query from GenBank/EMBL/DDBJ. BLASTz can
be accessed from result page of Bind-Predict® by

selecting any one of the predicted binding sites. The
default search parameters include expectation value of
0.01, gap existence penalty of 5 and gap extension
penalty of 8.

Working with Bind-Predict®®

The web interface of Bind-Predict®® was developed using
Hyper Text Markup Language (HTML). This database is



