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ABSTRACT

The Cys,His, zinc finger (ZF) is the most frequently
found sequence-specific DNA-binding domain in eu-
karyotic proteins. The ZF’s modular protein-DNA
interface has also served as a platform for genome
engineering applications. Despite decades of intense
study, a predictive understanding of the DNA-binding
specificities of either natural or engineered ZF
domains remains elusive. To help fill this gap, we de-
veloped an integrated experimental-computational
approach to enrich and recover distinct groups of
ZFs that bind common targets. To showcase the
power of our approach, we built several large ZF
libraries and demonstrated their excellent diversity.
As proof of principle, we used one of these ZF
libraries to select and recover thousands of ZFs
that bind several 3-nt targets of interest. We were
then able to computationally cluster these recovered
ZFs to reveal several distinct classes of proteins, all
recovered from a single selection, to bind the same
target. Finally, for each target studied, we confirmed
that one or more representative ZFs yield the desired
specificity. In sum, the described approach enables
comprehensive large-scale selection and character-
ization of ZF specificities and should be a great aid in
furthering our understanding of the ZF domain.

INTRODUCTION

The Cys,His, zinc finger (ZF) is the most common DNA-
binding domain found in metazoans (1-3). Nearly 50% of
the transcription factors (TFs) in the human genome are

thought to use ZFs to recognize their targets (2-4), yet
characterization of their DNA-binding specificities has
proven difficult. Within these factors, a single ZF
domain binds 3-4 bases of DNA, whereas proteins often
contain arrays of multiple adjacent ZFs (Figure 1).
Though numerous variations are possible, each ZF
within a canonical array (5) binds DNA in ‘modules’ of
4bp that overlap in a single nucleotide position (Figure
1b). Adjacent ZFs in these canonical arrays may have
complementary or conflicting nucleotide preferences in
the overlap position.

Natural ZF proteins bind a wide range of DNA sites,
and their relatively modular interactions, as gleaned from
structure, have been leveraged to engineer ZF proteins
with desired specificities (6—12). In principle, individual
ZF domains with known specificities can be assembled
in tandem to bind larger sites that are a concatenation
of the individual subsites. However, modular assembly
of ZFs has a high failure rate when challenged to
activate a cell-based reporter assay, perhaps due to con-
flicting preferences in overlap nucleotides, indicating that
we do not fully understand the dependencies between
neighboring fingers that influence functional assembly
(13). It should be noted that some of these same fingers
were characterized with an alternative method and the
desired specificities were mostly revealed (14). Further,
zinc fingers assembled to include 4-6 fingers have
demonstrated much greater success that may imply that
conflict at the overlap may influence affinity (15), but a
disfavored pairing can ultimately be overcome when
assembling longer ZF arrays. As a result, engineered
ZFs are powerful tools for targeting auxiliary domains
to genomic targets [reviewed in (16)]. ZF-nucleases and
recombinases have enabled fine genome editing and have
proven function in many model organisms (17-23).
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Library Scaffold

RPYACPVESCDRRFS—-RSDNLRA-HIRIHTGQKP
FOQCRICMRNFS-XSXXLXX-HIRTHTGEKP
FACDICGRKFA-RSANLVR-HTKIHLRGS

Figure 1. Zinc finger-DNA interactions. (A) A single zinc finger is shown. The four ‘canonical’ (5) contacts are noted with colored stick arrows
between the specified positions of the recognition helix. Positions -1-6 of the recognition helix are labeled. The cross-strand canonical contact
between position 2 of the helix and the base immediately 3’ to the core 3 bp target is signified by a yellow dashed line. (B) Two zinc fingers are shown
that highlight how zinc finger targets can overlap. The contacts from the N-terminal and C-terminal fingers that both specify the same purple base
pair are noted with yellow arrows. (C) A three-fingered protein is shown with a 10-bp target. All four canonical contacts from each finger are shown
with arrows and cross-strand contacts with dashed arrows. The 3D design is meant to highlight how the zinc fingers wrap around the DNA and
bring contacts by distal fingers close together in 3D space. The helix of the central finger is shown as a rainbow to signify that it contains the
randomized library positions of the ‘RA’ library processed in this manuscript. The scaffold sequence for the library is given, with the -1-6 positions
of each helix underlined, and the randomized positions indicated by “X’. Zinc finger structures are modified from (6).

ZF activators can be engineered to regulate a target of
interest or control networks (24-26). ZF fusions to
methyltransferases have been used to methylate DNA or
histones site specifically (27-29).

Given the importance of ZFs in cellular networks and
their use in genome engineering applications,
characterizing their sequence-specific DNA binding is of
great interest. A wide range of experiments including
Systematic Evolution of Ligands by Exponential
Enrichment (SELEX), phage display, protein binding
microarray and bacterial one-hybrid (B1H) selection have
been used both to uncover the specificities of ZFs as well as
to select new ZFs to bind DNA sites of interest (30-40). As
a result, ZFs are perhaps the most well-characterized
DNA-binding domain, with several existing computational
approaches that use data from these experiments to predict
ZF binding sites (41-45). Despite these successes, we have
yet to obtain a predictive understanding of the ZF domain.
It has also proven difficult to engineer ZFs to specifically
bind every possible 3 bp binding site (46) or to assemble
them as functional arrays (13). Further, two recent large-
scale studies to characterize the binding specificities of
naturally occurring ZF proteins from human and fruit fly
failed to characterize 92 and 62% of these factors, respect-
ively, whereas all other domains tested offered high success
rates (3,47). A better understanding of the ZF domain

is clearly necessary to uncover, engineer or predict the
in vivo targets of these proteins.

To expand the knowledge base of possible ZF-DNA
interfaces, we developed a high-throughput method for
selecting ZFs with desired specificities that overcomes
some of the limitations of current approaches. Existing
methods for ZF selection such as phage display, BIH
and two-hybrid and yeast one-hybrid systems (10,17,48—
53) may recover primarily high-affinity zinc fingers as a
small number of clones are usually used to find a consen-
sus ZF amino acid profile that represents a given target
specificity. Analysis of a small number of selected clones
may bias the results toward the most likely high-affinity
candidates at the expense of lower affinity and possibly
more specific ZFs. Further, many previous approaches use
incomplete coding schemes in their ZF libraries or fix
residues on the recognition helix to limit the library size
required to cover all possible variants (17,52,54-57); this
may exclude unique combinations of amino acids required
to specify a given target or bias the utility of these results
to a limited application context. Finally, many previous
approaches for selecting ZFs binding DNA targets have
heavily relied upon high-affinity arginine-guanine
contacts, and as a result, many of the publicly available
ZFs are heavily biased toward GNN-binding fingers
(50-52,58,59). These fingers may limit the transferability
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of the results as they may be primarily driven by the high-
affinity contacts and not high overall specificity.

In contrast to previous approaches, we set out to build
large diverse ZF libraries and to uncover a range of dis-
parate ZFs. We developed and applied an experimental-
computational pipeline to enrich and recover groups of
distinct ZFs that bind a common target from a single se-
lection. Our main contributions are as follows. First, we
optimized a polymerase chain reaction (PCR)-based
cassette mutagenesis method to build libraries of ZF
proteins where up to six amino acid positions are varied,
all 20 amino acids are possible and theoretical DNA
library sizes of 3 x 107 and 1 x 10° are over-sampled by
at least 5-fold. Second, we derived a simple analytical
formula to calculate the expected diversity of a library
and showed via high-throughput sequencing that the
produced libraries offer levels of diversity that approach
the theoretical maximum. Third, we used one of our ZF
libraries with five varying amino acid positions in conjunc-
tion with the B1H system to select and deep sequence ZFs
that bind several 3 bp targets of interest. Fourth, we de-
veloped an information-theoretic approach, based on the
number of ways a protein sequence may be encoded that
allowed us to uncover enriched ZFs (i.e. corresponding to
ZFs binding the targets of interest) from large sequence
pools that may contain considerable background. Fifth,
because the sequencing depth of selected ZF pools resulted
in thousands of enriched ZFs for each target, we clustered
them to uncover distinct classes of similar amino acid
profiles. Finally, for each target studied, we confirmed
that one or more of the selected ZFs offer the desired
specificity and further tested a subset of these to confirm
that they can act as artificial TFs in yeast.

MATERIALS AND METHODS
Library oligonucleotide design

There were three critical regions considered for design of
the library-encoding oligonucleotides: the annealing
region, the library and the extension (see Supplementary
Figure S1 for reference). The region that anneals to the
template DNA was designed to have 65-70°C of annealing
temperature. The randomized library region of the oligo-
nucleotide was designed to introduce an NNS coding
scheme for each codon to be randomized in the desired
position of the ZF coding template. An NNS coding
scheme results in 32 possible codons and codes for all
possible amino acids plus one stop codon. The five
prime extension of the oligo contains a restriction
enzyme target as it was used here to capture the library
PCR product by digestion and ligation with an extended
piece of DNA. Template sequences are listed in the
Supplementary Material.

Library build procedure

The library build procedure was broken down into five
basic steps: (i) library PCR first round; (ii) digestion/
ligation capture; (iii) library PCR second round; (iv)
digestion and ligation into the expression construct; and
(v) transformation and expansion. We now describe each
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of these steps in more detail with an exhaustive descrip-
tion of the library build procedure provided in the
Supplementary Materials.

Library PCR first round

In all, 4896 PCR reactions were performed using the
library-encoding oligonucleotide and an appropriate
template. Each PCR reaction used Expand High Fidelity
Plus (Roche, 04 743 733 001) and 15-20 cycles were
carried out as listed in the Supplementary Methods.
PCR reactions were pooled and recovered by gel electro-
phoresis and gel extraction.

Digestion/ligation capture

The recovered DNA is digested with the appropriate
enzyme to assemble with the desired extension fragment
(Supplementary Figure S1). Digests were recovered by gel
electrophoresis and gel extraction. Finally, T4 DNA liga-
tions were performed according to the manufacturer’s
guidelines with a 1:1 molar equivalent of each fragment,
separated on an agarose gel and the library-ligated band
recovered.

Library PCR second round

The ligated library material was expanded by a second
round of PCR using external primers, far removed from
the library-coding region. PCR reactions were pooled and
recovered by gel electrophoresis and gel extraction.

Digestion and ligation into expression construct

The expanded PCR material was digested with Kpnl and
Xbal according to the manufacturer’s guidelines and re-
covered by gel electrophoresis. T4 DNA ligase was used
for large-scale library ligation. For each library build,
5-10 ligations were performed using a 5:1 molar ratio of
insert to vector. Two micrograms of the Kpnl-Xbal-
digested expression vector was used per 20ul ligation.
Ligations were held at 16°C for 12-14h, followed by
20min at 65°C. Ligations were ethanol precipitated and
resuspended in 20 ul of Tris-buffer.

Transformation and expansion

A test transformation of 1 ul of the recovered ligation was
used to determine the number of transformants each trans-
formation will produce and help predict the number of
transformants required for a given library build. In most
cases, a single transformation results in 5 x 10® to 1 x 10°
transformants. On electroporation, transformations were
recovered in 1 1 SOC [Super Optimal Broth (SOB)+0.5%
glucose]. For controls, an empty ligation using 1 ug of cut
vector and no insert served as a control to determine the
ligation fold over the background. Transformation of
cells with no DNA was used as an expansion control.
Cells were recovered for 45min at 37°C with shaking. In
all, 200 ul were recovered from each control and sample to
quantify library build size (see later). Carbenicillin was
added to each sample and control to select for the
presence of the ligated plasmid. Cells were allowed to
expand to an OD600 of 0.5-0.75 when using the expansion
control as the blank (~5-6h). DNA was harvested and
sequenced to confirm diversity.
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Templates, library sequences and expression vectors are
listed in the Supplementary Material.

Calculating library build

To quantify library builds, the 200 ul recovered from each
sample previously was diluted in 10-fold steps, plated on
antibiotic containing media and grown at 37°C overnight.
Once grown, the number of cells that took up plasmids
from the transformation was calculated by counting
colonies at the lowest dilution present and back
calculating to quantify the size of the library build. We
are able to confirm the fraction of cells that are trans-
formed by library-ligated plasmid versus background by
running a no insert control and making a comparison by
which we typically find roughly 100-fold increase in the
number of transformants per unit plated for the library
insert relative to this control. The 100-fold over this back-
ground demonstrated here approximates that roughly 1%
or less of our total library build is from background and
99% is from ligated library material. Further, the expres-
sion vectors cloned into all contain a non-coding cassette
between the sites cloned into. Therefore, the small amount
of background transformed in any selection will not
contain a functional DNA-binding domain and will not
survive the selection conditions.

Library diversity analysis

The libraries were Illumina sequenced by the Princeton
University High  Throughput Sequencing facility.
FastQC was used for preliminary data quality analysis
and filtering, and all the sequences were processed
further by custom Python scripts. First, all the low-
quality sequences with mismatches observed either in
regions of the amplified fragments that should have been
constant codon positions or in the Illumina adapter
regions were removed. The database of 15- or 18-bp-
long nucleotide sequences corresponding to the 5 or 6
amino acid positions was collected.

To test the diversity of the designed libraries, we
compared the number of total sequences processed with
the number of unique sequences appearing in the library.
For a sequence with 7 variable amino acid positions,
encoded by the NNS codons, the total possible number
of encoding DNA sequence variants could be computed as
N = (4*4*2)". Thus, for the libraries with six variable
amino acid positions N = 1.07 x 10°, and for libraries
with five variable amino acid N = 3.36x10". In the
ideal case, we would obtain a uniform distribution of
the DNA variants in the library when sampled
randomly, and we can compute the expected number of
distinct (or unique) sequences U observed as a function of
the total number sequenced » and the total number of
possible variants N as:

o)

When the number of studied sequences n is small (n<<N),
the number of unique sequences observed U should be
close to n (i.e. all the sequences are unique). However, at

high sequencing depth (n—00), U will be limited by the
total number of possible variants N. To assess diversity,
the number of unique sequences observed in filtered
Illumina data was compared with the value predicted by
Equation (1) at the same number of studied sequences (n).
We also report sequence counts as a fraction of the the-
oretical maximum N (Figure 2).

B1H zinc finger selection

Zinc finger selections were performed as previously
described (17,35). Briefly, all ZF libraries were built in
an expression vector that will express the ZF-omega
fusion using a strong promoter. This vector offers the
highest expression level of the previously described BIH
vectors (34). One five amino acid library was chosen to
test. This library is referred to as the ‘RA’ library because
it expresses the helix RSDNLRA as the N-terminal finger
(see Figures 1 and 2 and the supplement for details of the
RA library). The ‘RA’ library vector was transformed
along with one of the BI1H reporter plasmids into the
BI1H selection strain. Each BIH reporter plasmid used
per selection offered the target site of interest 10bp
upstream of the promoter that drives expression of the
HIS3 reporter gene (see Supplementary Material). After
transformation with both plasmids, the cells were
expanded, washed and a fraction plated in serial dilution
and incubated at 37°C. The remaining cells were stored at
4°C overnight. Once grown, the serial dilutions were
counted and roughly 1 x 10® cells plated on selective
media from the stored remainder of cells. Selections
were always tested at a high (10mM 3AT) and low
(2.5mM 3AT) stringency. This cell count represents a
3-fold over sampling of the five amino acid library
investigated here. Cells were grown on the selection
plates for 36-48h at 37°C. Surviving cells were counted,
pooled and prepped for Illumina sequencing.

B1H binding site selection

ZF binding site selections were performed as previously
described (34). Briefly, a vector that expresses a candidate
ZF using the lacUVS promoter was transformed along
with a reporter plasmid library that contains a 28 bp
region of randomized sequence upstream of the
promoter that regulates the HIS3 reporter. This library
has been previously described (34). Transformants were
treated as previously, with the exception that 5 x 10’
cells were plated. Cells were grown on selective plates con-
taining 5 or 20mM 3AT, at 37°C for 36-48 h. Surviving
cells were counted, pooled and prepped for Illumina
sequencing.

DNA prep for Illumina sequencing

A detailed description of the Illumina prep can be found in
the Supplementary Methods. Briefly, colonies that
survived the ZF and binding site selections as described
previously were pooled and DNA harvested. The variable
region of either the ZFs or the random binding site region
of the reporter was amplified by PCR using the barcoded
Illumina primers listed in Supplementary Table S1. The
PCR reactions used Expand High Fidelity Plus (Roche, 04
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Figure 2. Library diversity determined by deep sequencing. (A) The number of distinct sequences recovered as a function of the number of total
sequences is shown for eight libraries with five random amino acids, with the RA library processed in this article bolded. The theoretical line is a
depiction of Equation (1) in the main text representing the number of distinct sequences one would expect as sequencing depth is varied from a
uniformly distributed pool of sequences. The fraction of the theoretical maximum that is represented by the number of sequences processed is shown
at the top. (B) The number of distinct sequences recovered as a function of the number of total sequences processed is shown for four libraries with

six random amino acids.

743 733 001), 12 cycles, in a 96-well format, with one
reaction representing each pool. The PCR products were
recovered by gel electrophoresis and gel extraction. The
concentration of each product was quantified (Thermo
scientific, Nanodrop 2000c) and diluted to 10nM. The
barcoded products were combined and sequenced.

Processing zinc finger selection data

Illumina sequencing and analysis were used to uncover
amino acid sequences binding a desired DNA site. To
uncover truly enriched ZFs from sequence pools that
may contain significant background, we considered each
way a protein could be encoded using NNS codons and
computed the relative observation frequency p; of each
such DNA sequence in the Illumina sequencing. The
Shannon entropy (60), normalized by the number of
possible ways to code the amino acid sequence using
NNS codons, was used as a measure of the diversity
with which that particular amino acid sequence was
observed:

1 N
E=— 23" pilog, pi 2
og N ;p, og, pi )

where N is the total number of DNA variants to encode
the current amino acid sequence. Amino acid sequences
with either normalized entropy >0.25 or that can only
have a single possible encoding with NNS codons were
retained for further analysis; the rest were removed, as
the lack of diversity in their underlying coding sequences
suggests that they may be artifacts.

Zinc finger cluster analysis

When similar combinations of amino acids result in
binding the same DNA target, they can be clustered into

‘specificity groups’ of similar protein sequences that offer
alternative binding strategies. Therefore, each selection ex-
periment was described as a graph with amino acid
sequences representing the nodes of the graph. The simi-
larity between two sequences was computed using
BLOSUMBG62 (61) and normalized to be between 0 and 1.
Two nodes were connected with an edge if the similarity
score between the two corresponding protein sequences
exceeded 0.25. We used the SPICi program (62) with
default parameters to identify clusters of 10 or more
protein sequences. Finally, for each selection, we used
the amino acid sequences that passed the entropy and
clustering filters, along with the frequencies with which
they occurred, to build a combined sequence logo (63).

Processing binding site selection data

Illumina sequencing and analysis were used to uncover
binding site preferences selected with candidate ZF
proteins by BI1H selection. FastQC was used for prelimin-
ary data quality analysis and filtering, and all the se-
quences were processed further by custom Python
scripts.  All low-quality sequences with mismatches
observed in the constant adapter regions were removed.
The database of 28 bp long nucleotide sequences contain-
ing the selection region was collected, keeping every
sequence observed at least twice in the sequencing
database. We observed that there were highly similar
28 bp sequences, and that these may cause difficulties for
motif finding approaches. To find 10 bp enriched within
these sequences, we greedily grouped any pair of 28 bp
long sequences that differed by <2 nt positions. For each
group of similar sequences, we chose the sequence with the
highest counts as its representative sequence. We then
used MEME to uncover the overrepresented 10bp
motifs (corresponding to the binding site length of three
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ZFs) that are found within the set of filtered sequences.
The 10 bp matches to the motifs are extracted from the
original set of sequences and represented by sequence
logos using the log of the frequencies with which each
sequence is observed.

Zinc finger induction of GFP

Yeast ZF strain and plasmid construction: transformations
were performed with a standard lithium acetate method.
To construct all ZF-estrogen receptor-VP16 fusions (ZF-
EVs), a previously described strain (25) was used that
harbors the URA3 gene between an integrated ACT/
promoter and the estrogen receptor-VP16 coding
sequence. Candidate ZFs were PCR amplified to include
homology to the ACTI1 promoter and the estrogen
receptor, transformed into cells and selected via 5-FOA
counter-selection of URA3. Single colonies were isolated
and sequenced to verify the presence of the proper DNA-
binding domain. The reporter plasmids used were modifi-
cations of a previously reported CEN plasmid containing
the URA3 selectable marker. ZF binding sites were cloned
between the Xbal and Notl sites, placing them in a
position with confirmed activity, of the promoter that
drives green fluorescent protein (GFP) expression.

Induction

Three biological replicates were tested for each zinc finger
binding site pair. Cells were grown in synthetic complete
medium lacking uracil. Induction of ZF-EV activators by
100nM B-estradiol (Tocris Biosciences, Ellisville, MO,
USA) was performed in cells during log-phase growth
(culture absorbance = 50-100 Klett units). Cells were
recovered at 12 h post induction.

Flow cytometry

Approximately 10 cells were harvested by centrifugation
and subsequently washed and resuspended in Dulbecco’s
phosphate-buffered saline (DPBS)+0.1% Tween-20.
Measurements of GFP fluorescence were performed with
a BD LSRII Multi-Laser Analyzer with HTS (BD
Biosciences, Sparks, MD, USA). Mean fluorescence
values were determined from at least 50000 cells. For
each experiment, a positive control, Zif268 paired with
its consensus target, and a negative control, Zif268 with
an empty vector, were performed. The mean GFP fluor-
escence for each test zinc finger binding site pair was
normalized to the positive control GFP output to
control for variability between experiments.

RESULTS

Zinc finger library builds by PCR-driven cassette
mutagenesis

We recognized that the routine production of large and
diverse ZF libraries could greatly expand the number
of known protein—-DNA interactions mediated by this
domain. To provide a straightforward method to
produce such libraries, we optimized a PCR-based proced-
ure to assemble and expand a library cassette that focuses
on the steps that influence production and bias. The steps

of the procedure are outlined in Supplementary Figure S1
and detailed in the Supplementary Methods. There were
three foci at the core of the optimized method. First, a
separation of 20°C between the designed annealing tem-
perature of the library oligo and the temperature per-
formed in the PCR reaction minimizes any amplification
advantage that one library member may have over
another (Supplementary Figure S2). Second, many reac-
tions were carried out and pooled to dilute any bias that
might occur in one reaction versus another. Finally, design
of a restriction site at the 5 end of the oligo allows for
capture of full-length library fragments (Supplementary
Figure S1). These fragments can be captured by digestion
and ligation with another fragment of DNA. The ligated
fragment can then be expanded with a second round of
PCR using distal external primers that should expand the
library fragment uniformly. The second expansion of the
DNA allows for production of a great deal of material to
be cloned into the expression vector of choice and
maintain diversity from ligation to PCR expansion to
the final library build (Supplementary Figure S3). This
procedure has produced tens of micrograms of fully
digested librar?/ cassette allowing for the routine produc-
tion of 10°~10'° library builds (Supplementary Table S2).
We have used this method to produce multiple ZF
libraries where either 5 or 6 codons have been fully
randomized using an NNS coding scheme (Figure 2). All
library builds over-sampled the theoretical diversity by at
least 5-fold. The sequence and randomized codons are
detailed in the Supplementary Material.

Measuring library diversity

We used Illumina sequencing along with theoretical calcu-
lations to characterize the diversity offered by our library
building procedure. We compared the number of unique
sequences recovered as a function of the total number
sequenced with the number of unique sequences one
would expect from a library with DNA sequences uni-
formly distributed (Figure 2). Eight libraries were built
where five codons were randomized: positions -1, 2, 3, 5
and 6 of the recognition helix (Figures la and 2a) within
the coding sequence for either the central or C-terminal
ZF of a three-fingered protein. We recovered 5.3 to
9.8 x 10° sequences for each of these libraries and find in
each case ~95% of the expected diversity (Figure 2a). In
addition, we describe four libraries where six codons have
been randomized: positions -1, 1, 2, 3, 5 and 6, resulting in
a theoretical library size of 1.07 x 10°. We recovered
6 x 10° to 4.5 x 10" sequences from these libraries, which
offered 98-99% of the expected diversity (Figure 2b); we
note that these sequences represent only 0.6-4.2% of the
theoretical maximum, and this level of diversity will likely
be reduced when sampling a larger faction of the
maximum. Though we are pleased with the high level of
diversity across 12 libraries, it is worth noting that some of
the small differences between sampled and expected diver-
sity might be explained by bias in the synthesis of the
library oligonucleotide. We find common bias at ‘N’ and
‘S’ positions for all libraries made with common library
oligonucleotides (Supplementary Table S3). Libraries
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made with different oligonucleotides have their own
separate common bias. These data imply that the slight
bias observed may originate in the coding oligonucleotide
and not the library building process.

Computational pipeline of ZF selections

To test the functionality of a ZF library with the con-
firmed diversity offered earlier in the text, we focused on
a single library where the central finger is randomized.
This library consists of a three-fingered array that sur-
rounds the randomized center finger with a GAG-
binding C-terminal finger and a N-terminal finger that
specifies 5 (a/c)AG 3'. This library was chosen because
the recognition helix of the N-terminal finger,
RSDNLRA, provides flexibility in the specificity immedi-
ately 3’ to the bases the library finger should specify. This
flexibility is presumably because of the residues at pos-
itions 5 and 6 of the helix and is therefore referred to as
the ‘RA’ library. Also to note, the C-terminal GAG-
binding finger places an alanine at position 2 of the rec-
ognition helix (RSANLVR) so as to avoid cross-strand
contacts that could influence the selection. A previous
report demonstrates that an alanine at position 2 of an
N-terminal finger has little influence on the 3’ base pref-
erence (64). ZFs were selected from the RA library to bind
to all sequences included in the 5 nAG 3’ and 5 CAn 3’
sets using a BIH system (34). This system offers a sensitive
assay of a specific protein-DNA interaction while
providing a level of non-specific competition from the bac-
terial genome. These selections enriched for hundreds or
thousands of candidate ZFs (Supplementary Table S4).
Surviving colonies from each selection were pooled and
processed for sequencing.

Illumina sequencing and analysis were used to uncover
preferences in the amino acid sequences binding a desired
DNA site. To restrict our analysis to colonies that survive
as the result of DNA binding as opposed to some other
background artifact, we reasoned that if a particular
amino acid sequence can bind the target DNA site, and
that sequence can be encoded in several ways, we should
recover a diverse set of underlying DNA sequences, par-
ticularly because of the confirmed diversity of our
libraries. In contrast, if an amino acid sequence is repre-
sented primarily by a single-coding DNA sequence, this
protein sequence should be considered background and
removed from further analysis. It is also possible that a
small amount of true positives are lost because they do not
fold properly in bacteria.

To implement this intuition, the normalized Shannon
entropy, as described in the Methods, was used as a
measure of the diversity with which that particular
amino acid sequence was observed. Amino acid sequences
with multiple encodings and low normalized entropy
(E<0.25) were removed from further consideration.
This computational filter significantly improved our
ability to detect amino acid sequences that were enriched
in selections (Figure 3). Finally, clusters of different types
of entropy filtered ZFs selected to bind a common DNA
target were determined by grouping proteins with high
sequence similarity.
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Multiple cluster-designed ZFs offer desired specificity

ZFs were selected from the ‘RA’ library to bind all 5’ nAG
3 and 5 CAn 3’ targets by B1H selection (Figures 4 and 5,
respectively). Entropy filtered ZFs were divided into clus-
ters and the three clusters with the largest number of total
sequence counts are shown. For each of the 5 nAG 3’ and
5" CAn 3’ targets, 4439-8006 protein sequences passed the
entropy filter and were found in clusters of size at least 10.
Clusters representing at least 5% of the total counts re-
covered at low stringency, and where a similar cluster was
recovered at high stringency, were processed further and
referred to as highly populated clusters. In the case of the
5" CAn 3 selections, 2 of 4 produced only one highly
populated cluster (Figure 5, 5 CAA 3 and 5 CAT 3).
Central ZFs were designed that resemble the highly
populated clusters, and the DNA-binding specificity was
determined by B1H selection in the context of the three-
fingered protein they were originally selected with
(Figure 5). The BIH method has been established as a
simple approach to characterize specificities for all of the
most commonly used DNA-binding domains, including
ZFs; specificities produced by this method have high
similarities to specificities determined by alternative
methods (34,37,51,65,66). To provide a point of compari-
son, we also tested ZFs that have been suggested in the
literature for the 5 CAn 3’ targets (67). In most tested
cases, the desired base preferences at the core 3-bp
target are clearly reflected in the sequence logos corres-
ponding to the determined DNA-binding specificities. In
other cases, though the specificity offered by a candidate
ZF might be weak, it is still evident that the finger would
be able to bind the desired target. Interestingly, in many
clusters, an aspartic acid is enriched at position 2 of the
helix that has been shown to provide guanine or thymine
preference at the base 3’ to the core 3 bp target. Though
none of these ZFs were selected with a guanine or thymine
at this position, either the guanine/thymine preference is
noticeable or all specificity at the 3’ base is lost (Figure 4).
Several ZFs selected in the RA libraries for the 5 CAn 3’
clusters were also tested with an alternate N-terminal
neighboring ZF, the N-terminal finger of Zif268
(Supplementary Figure S4). Half of these fingers
maintain their respective specificity with the alternative
neighbor, whereas the other half either failed the selection
or the specificity for the N-terminal finger is lost.

Cluster-designed ZFs function as artificial TFs

The three-fingered proteins described previously that
harbor center fingers representing the helices tested to
bind all 5 CAn 3" and 5 GAG 3 target were tested as
artificial TFs. We have previously shown that induction of
a ZF-EV by the addition of B-estradiol can activate a
target gene site specifically with no significant background
activity in yeast (25). We tested these cluster-designed ZF-
EVs for their ability to activate a GFP reporter when the
appropriate binding site is placed in the promoter. To
provide a measure of specificity and relative affinity, we
tested these same helices for their ability to induce GFP
when paired with the set of targets 5 CAA 3/, 5 CAC 3, ¥
CAG 3,5 CAT 3,5 AAG 3 and 5 GAG 3 (Figure 6).
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Figure 3. Overview of the computational pipeline for zinc finger selection analysis. The example details selection of the central finger in a three-
fingered array to recognize the 10bp target 5-GAGCAA(a/c)AG-3'. The C-terminal and N-terminal constant fingers use the RSANLVR and
RSDNLRA helices, which bind GAG and (a/c)AG, respectively. Five amino acid positions (-1, 2, 3, 5 and 6) were randomized with a constant
serine at position 1 and leucine at position 4. An unprocessed data sequence logo reflects the raw counts of recovered sequences at five variable
positions (top left). Next, after the entropy-based diversity filter is applied, the amino acid enrichment is shown as a sequence logo. Zinc fingers with
similar amino acid profiles are clustered and the highly populated cluster used to determine a candidate protein to test specificity (QSGNLKS
sequence for the finger 2 positions -1-6) is shown. Finally, the desired binding specificity is confirmed for finger arrays that use a candidate finger that
represents the main cluster.
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Figure 4. Selection of zinc fingers to bind all nAG targets. Zinc fingers were selected from the ‘RA’ library to bind all four nAG targets and
processed as described in Figure 3 and in the text. In each case, the entropy filtered zinc fingers have been broken into multiple clusters, the largest
three of which are shown. The percentage of the total sequences recovered that are included in each cluster is noted to the left. Boxed clusters were
identified at low and high stringency. The specificity of candidates that represent these clusters was tested by BIH selection in the context of the
three-finger protein using the C-terminal and N-terminal constant fingers (RSANLVR and RSDNLRA) used in the original finger selection. The
sequence of the helix for each candidate zinc finger tested is shown under the arrow that points to the resulting specificity.
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Figure 5. Selection of zinc fingers to bind all CAn targets. Zinc fingers were selected from the ‘RA’ library to bind all four CAn targets and
processed as described in Figure 3 and in the text. In each case, the entropy filtered zinc fingers have been broken into multiple clusters, the largest
three of which are shown. The percentage of the total sequences recovered that are included in each cluster is noted to the left. Boxed clusters were
identified at low and high stringency. The specificity of candidates that represent these clusters were tested by BIH selection in the context of the
three-finger protein using the C-terminal and N-terminal constant fingers (RSANLVR and RSDNLRA) used in the original finger selection. The
sequence of the helix for each candidate zinc finger tested is shown under the arrow that points to the resulting specificity. Below each black line, the
published helix suggested to bind each of these targets is also shown (67). Candidate proteins using these published helices were assembled and

specificities determined.

For comparison, ZFs previously described to bind the 5
CAn 3’ targets were also tested on this same set of targets
(67). To provide an approximation of affinity, we also
tested Zif268 paired with a set of sequences where the
N-terminal finger target has been modified. These targets
offer known decreases in affinity relative to the Zif268
consensus target (Figure 6, right) (64). All GFP outputs
have been normalized to the experimental positive control,
Zif268 paired with its consensus target, so a comparison
can be made across experiments. All cluster-designed ZF-
EVs activate their designed target significantly greater
than any other target. By contrast, two helices suggested
in the literature for their respective targets (SKKALTE-
CAC and TSGNLTE-CAT) do not appear to have suffi-
cient affinity to activate GFP when paired with any
binding site; however, we note that these helices were
selected in different contexts than the ones tested here.
Complementary to the specificities offered in Figure 5,
the 5 CAG 3’ cluster-designed ZF’s also activate 5
AAG 3 strongly. Surprisingly these ZFs also activate
the 5 CAT 3’ target, indicating that two different

strategies to bind a 3’ guanine will both tolerate tyrosine
at this position.

DISCUSSION

The method described here has the potential to greatly
influence protein engineering, ZF engineering and as a
result, genome engineering. Because our library building
method is based on PCR assembly of a library cassette, it
is easily modified for the construction of libraries for any
protein of interest. As a result, our integrated pipeline for
library building, characterizing diversity and determining
enrichment based on coding entropy could be applied to
any protein-engineering project of interest. Further,
because deep sequencing is relatively easy and affordable,
while all other steps require simple molecular biology tech-
niques, our method should make it routine for a non-
expert laboratory to build large diverse libraries of their
protein of choice.

We have gone to great lengths to modify and document
our library building procedure while confirming the
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Figure 6. Artificial TF induction of GFP in yeast. We previously
described a system to induce an artificial ZF-EV with pB-estradiol
(25). Activation of GFP can be induced with B-estradiol if a target
complementary to the zinc finger used is placed in the promoter
upstream of the GFP coding sequence. To provide a sense of relative
specificity and affinity, the helices described in Figure 5, and the GAG-
binding fingers described in Figure 4, were challenged with a set of
similar targets, listed across the bottom of the chart. Each experiment
included a positive control, the Zif268 activity when paired with its
consensus target. This allows for the GFP output to be normalized
in each experiment to the positive control output. Here, the normalized
GFP output for each zinc finger and binding site pair is shown as a
heat plot. For reference, a key is provided that shows the normalized
GFP output when Zif268 is paired with binding sites of known affinity
relative to the consensus (64). Asterisk: helices underlined and in italics
were tested as suggested in the literature to bind the target noted on the
left (67).

reproducible diversity that it provides. By comparison,
previous ZF library builds have typically sequenced a rela-
tively small number of clones from the unselected library
and confirmed a somewhat uniform distribution of nu-
cleotides (17,50,52). Here, we characterize and confirm
the diversity of our libraries by deep sequencing. The di-
versity of our libraries enables the selection of thousands
of ZFs that bind a common target of interest, and that
further cluster into distinct groups of sequences. Further,
although it is intuitive to screen selected proteins for those
encoded in a sufficiently diverse way, the success of this
approach depends on the assumption that the starting
library is itself diverse. A biased or incomplete library
might offer a single coding sequence far in excess of the
remaining library members. If this member is truly
selected, our approach would discard this member
because other ways of encoding this protein are not
observed. Thus, the diversity of our libraries is necessary
for the success of our overall approach.

To capture as many ZFs as possible able to bind each
target, we reasoned that expressing the ZF library at a high
level would allow for the recovery of ZFs that offer a wide
range of affinities. To accomplish this goal we built our
libraries with the previously described BIH expression
vector with the strongest promoter (34). One risk with
this type of approach is that a high background may
result. However, by using the coding entropy we have

shown that we can recover enriched proteins from our se-
lections even when they are in the presence of a high back-
ground, whether that background is made of true or false
positives, where true positives could represent competing
clusters of ZFs.

By randomizing five amino acid positions, we can theor-
etically obtain 3.2 million possible ZFs, which is vastly
larger than the 256 4-mer DNA subsites that any one of
these fingers can bind. Thus, combinatorially, we expect
that many individual ZFs bind each subsite. The ability
to capture multiple distinct ZF clusters from a single
selection, and in new selection contexts, could greatly
enhance our ability to assemble engineered ZFs as
modules. This is easily understood when one considers
that with the exception of a few N-terminal ZF selections,
most selections have used neighboring ZFs that would
require guanine immediately 3’ to the 3 bp selection target
(17,50,52,54,67). Not surprisingly, a strong enrichment for
aspartic acid or glutamic acid at position 2 of the selected
helix is often found as these residues have been shown to
make a cross-strand contact with the cytosine that would
complement the 3’ guanine to the selected target. This may
be a fundamental limitation of the candidate ZFs often
used for modular assembly and may help explain why the
most successful assemblies have been those that offer
repeats of overlapping GNN-binding fingers (13).

The selections reported here use the ‘RA’ finger N-
terminal to the selected finger, placing an adenine imme-
diately 3’ to the 3-bp target. The ability to uncover
multiple clusters of ZF proteins may be due to the use
of the 3’ adenine, potential flexibility of the RA finger to
accommodate multiple neighbors or simply the sequencing
depth. In previously published reports the sequencing
depth is not great enough to determine whether additional
secondary clusters exist (17,50,52,54,67). However, we
observe that our selections produce clusters that offer
zinc fingers similar to those documented by these
previous efforts as well as new types of fingers. In
addition, the recovery of multiple clusters that use
aromatic residues would not have been possible with the
previous libraries that use a VNS coding scheme (52,54).
Interestingly, the N-terminal OPEN selection of GAG,
which as the N-terminal finger does not require a neigh-
boring 3’ guanine, does not enrich for the aspartic acid or
glutamic acid at position 2. Rather, a common finger
enriched is TKHNLVR, which is similar to the first
cluster selected here albeit without the aromatic at
position 2 that the OPEN VNS code would not allow
for (52). Finally, because previous fingers were selected
with guanine-binding neighbors and functional assembly
of these published GNN-binding fingers is well docu-
mented, it is possible that the fingers generated in this
report will function under conditions that mimic their se-
lection context as well (i.e. with either 3" adenine specificity
and/or neighbors similar to the ‘RA’ finger). Tests of these
selected fingers with an alternative G-binding neighbor
revealed that some fingers appear to provide a general
solution to binding a triplet, whereas others seem more
specialized. Therefore, providing multiple classes of zinc
fingers per binding triplet has a clear advantage, as it
provides multiple distinct alternatives to test. An
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expansion of the approach outlined in this manuscript to
select ZFs with a suite of disparate neighbors may provide
a guide to understanding generalized and specialized solu-
tions and as a result, what types of ZFs assemble well
together and what types do not. Regardless, more
clusters able to bind common sequences provide more
types of ZFs to choose from, each of which may provide
a different set of neighbors with which it can function.

Though the work here is limited to a small number of
targets in one selection context, further application of this
approach may greatly improve our understanding of the
ZF domain. As noted earlier in the text, this is one of the
first examples of a fully randomized ZF selection where
the base 3’ to the target was not a guanine. These new
fingers were either not coded for or not found in
previous libraries that used a guanine-binding neighbor
and as a result extend our knowledge base of ZF
protein—-DNA interactions. Future selection of new
fingers with alternative neighbors or at different positions
within the parent protein may continue to provide details
of the complex intra- and inter-finger influences that
impact the protein—DNA interaction interface. We antici-
pate that an exhaustive portfolio of ZF clusters selected to
bind every possible 3 bp target in multiple contexts and
positions will be a great aid in improving our ability to
predict and design the specificities of ZFs.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

FUNDING

A.V.P. and M.S. were supported in part by NIH [ROl
GMO076275] and NSF [ABI 1062371]. E.F.R., B.L.O,
and M.B.N. were supported by the Lewis-Sigler Fellow
Program and endowed gift of Peter Lewis. Funding for
open access charge: NIH [RO1 GMO076275] the Lewis-
Sigler Fellow Program, endowed gift of Peter Lewis.

Conflict of interest statement. None declared.

REFERENCES

1. Muller,A., MacCallum,R.M. and Sternberg,M.J. (2002) Structural
characterization of the human proteome. Genome Res., 12,
1625-1641.

2. Emerson,R.O. and Thomas,J.H. (2009) Adaptive evolution in zinc
finger transcription factors. PLoS Genet., 5, €e1000325.

3. Jolma,A., Yan,J., Whitington,T., Toivonen,J., Nitta,K.R.,
Rastas,P., Morgunova,E., Enge,M., Taipale,M., Wei,G. et al.
(2013) DNA-binding specificities of human transcription factors.
Cell, 152, 327-339.

4. Tupler,R., Perini,G. and Green,M.R. (2001) Expressing the

human genome. Nature, 409, 832-833.

. Wolfe,S.A., Nekludova,L. and Pabo,C.O. (2000) DNA
recognition by Cys2His2 zinc finger proteins. Annu. Rev. Biophys.
Biomol. Struct., 29, 183-212.

6. Pavletich,N.P. and Pabo,C.O. (1991) Zinc finger-DNA
recognition: crystal structure of a Zif268-DNA complex at 2.1 A.
Science, 252, 809-817.

7. Pavletich,N.P. and Pabo,C.O. (1993) Crystal structure of a five-
finger GLI-DNA complex: new perspectives on zinc fingers.
Science, 261, 1701-1707.

i

Nucleic Acids Research, 2014, Vol. 42, No.3 1507

8. Fairall,L., Schwabe,J.W., Chapman,L., Finch,J.T. and Rhodes,D.
(1993) The crystal structure of a two zinc-finger peptide reveals
an extension to the rules for zinc-finger/DNA recognition. Nature,
366, 433-487.

9. Nolte,R.T., Conlin,R.M., Harrison,S.C. and Brown,R.S. (1998)
Differing roles for zinc fingers in DNA recognition: structure of a
six-finger transcription factor IIIA complex. Proc. Natl Acad. Sci.
USA, 95, 2938-2943.

10. Joung,J.K., Ramm,E.I. and Pabo,C.O. (2000) A bacterial two-
hybrid selection system for studying protein-DNA and protein-
protein interactions. Proc. Natl Acad. Sci. USA, 97, 7382-7387.

11. Greisman,H.A. and Pabo,C.O. (1997) A general strategy for
selecting high-affinity zinc finger proteins for diverse DNA target
sites. Science, 275, 657-661.

12. Isalan,M., Choo,Y. and Klug,A. (1997) Synergy between adjacent
zine fingers in sequence-specific DNA recognition. Proc. Natl
Acad. Sci. USA, 94, 5617-5621.

13. Ramirez,C.L., Foley,J.E., Wright,D.A., Muller-Lerch,F.,
Rahman,S.H., Cornu,T.I., Winfrey,R.J., Sander,J.D., Fu,F.,
Townsend,J.A. et al. (2008) Unexpected failure rates for
modular assembly of engineered zinc fingers. Nat. Methods, 5,
374-375.

14. Lam,K.N., van Bakel,H., Cote,A.G., van der Ven,A. and
Hughes,T.R. (2011) Sequence specificity is obtained from the
majority of modular C2H2 zinc-finger arrays. Nucleic Acids Res.,
39, 4680-4690.

15. Bhakta,M.S., Henry,I.M., Ousterout,D.G., Das,K.T.,
Lockwood,S.H., Meckler,J.F., Wallen,M.C., Zykovich,A., Yu,Y.,
Leo,H. er al. (2013) Highly active zinc-finger nucleases by
extended modular assembly. Genome Res., 23, 530-538.

16. Klug,A. (2010) The discovery of zinc fingers and their
development for practical applications in gene regulation and
genome manipulation. Q. Rev. Biophys., 43, 1-21.

17. Meng,X., Noyes,M.B., Zhu,L.J., Lawson,N.D. and Wolfe,S.A.
(2008) Targeted gene inactivation in zebrafish using engineered
zinc-finger nucleases. Nat. Biotechnol., 26, 695-701.

18. Urnov,F.D., Miller,J.C., Lee,Y.L., Beausejour,C.M., Rock,J.M.,
Augustus,S., Jamieson,A.C., Porteus,M.H., Gregory,P.D. and
Holmes,M.C. (2005) Highly efficient endogenous human gene
correction using designed zinc-finger nucleases. Nature, 435,
646-651.

19. Beumer,K.J., Trautman,J.K., Bozas,A., Liu,J.L., Rutter,J.,
GallJ.G. and Carroll,D. (2008) Efficient gene targeting in
Drosophila by direct embryo injection with zinc-finger nucleases.
Proc. Natl Acad. Sci. USA, 105, 19821-19826.

20. Hockemeyer,D., Soldner,F., Beard,C., Gao,Q., Mitalipova,M.,
DeKelver,R.C., Katibah,G.E., Amora,R., Boydston,E.A.,
Zeitler,B. et al. (2009) Efficient targeting of expressed and silent
genes in human ESCs and iPSCs using zinc-finger nucleases. Nat.
Biotechnol., 27, 851-857.

21. Wood,A.J., Lo,T.W., Zeitler,B., Pickle,C.S., Ralston,E.J.,
Lee,A.H., Amora,R., Miller,J.C., Leung,E., Meng,X. et al. (2011)
Targeted genome editing across species using ZFNs and
TALENSs. Science, 333, 307.

22. Gersbach,C.A., Gaj,T., Gordley,R.M. and Barbas,C.F.III. (2010)
Directed evolution of recombinase specificity by split gene
reassembly. Nucleic Acids Res., 38, 4198-4206.

23. Proudfoot,C., McPherson,A.L., Kolb,A.F. and Stark, W.M. (2011)
Zinc finger recombinases with adaptable DNA sequence
specificity. PLoS One, 6, €19537.

24. KhalilLA.S., Lu,T.K., Bashor,C.J., Ramirez,C.L., Pyenson,N.C.,
Joung,J.K. and Collins,J.J. (2012) A synthetic biology framework
for programming eukaryotic transcription functions. Cel/, 150,
647-658.

25. Mclsaac,R.S., Oakes,B.L., Wang,X., Dummit,K.A., Botstein,D.
and Noyes,M.B. (2013) Synthetic gene expression perturbation
systems with rapid, tunable, single-gene specificity in yeast.
Nucleic Acids Res., 41, e57.

26. Tan,S., Guschin,D., Davalos,A., Lee,Y.L., Snowden,A.W.,
Jouvenot,Y., Zhang,H.S., Howes,K., McNamara,A.R., Lai,A.
et al. (2003) Zinc-finger protein-targeted gene regulation:
genomewide single-gene specificity. Proc. Natl Acad. Sci. USA,
100, 11997-12002.


above
'
tilized
-
-
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1034/-/DC1

1508 Nucleic Acids Research, 2014, Vol. 42, No. 3

27.

28.

29.

30.

3

—

32.

33.

34.

35.

36.

37.

38.

39.

40.

4

—_

42.

43.

44.

45.

46

47.

Carvin,C.D., Parr,R.D. and Kladde,M.P. (2003) Site-selective

in vivo targeting of cytosine-5 DNA methylation by zinc-finger
proteins. Nucleic Acids Res., 31, 6493-6501.

Chaikind,B., Kilambi,K.P., Gray,J.J. and Ostermeier,M. (2012)
Targeted DNA methylation using an artificially bisected M.Hhal
fused to zinc fingers. PLoS One, 7, ¢44852.

Snowden,A.W., Gregory,P.D., Case,C.C. and Pabo,C.O. (2002)
Gene-specific targeting of H3K9 methylation is sufficient for
initiating repression in vivo. Curr. Biol., 12, 2159-2166.
Bulyk,M.L., Huang,X., Choo,Y. and Church,G.M. (2001)
Exploring the DNA-binding specificities of zinc fingers with DNA
microarrays. Proc. Natl Acad. Sci. USA, 98, 7158-7163.

. De Silva,E.K., Gehrke,A.R., Olszewski,K., Leon,I., Chahal,J.S.,

Bulyk,M.L. and Llinas,M. (2008) Specific DNA-binding by
apicomplexan AP2 transcription factors. Proc. Natl Acad. Sci.
USA, 105, 8393-8398.

Berger,M.F., Philippakis,A.A., Qureshi,A.M., He,F.S.,
Estep,P.W. III and Bulyk,M.L. (2006) Compact, universal DNA
microarrays to comprehensively determine transcription-factor
binding site specificities. Nat. Biotechnol., 24, 1429-1435.
Badis,G., Berger,M.F., Philippakis,A.A., Talukder,S.,
Gehrke,A.R., Jaeger,S.A., Chan,E.T., Metzler,G., Vedenko,A.,
Chen,X. et al. (2009) Diversity and complexity in DNA
recognition by transcription factors. Science, 324, 1720-1723.
Noyes,M.B., Meng,X., Wakabayashi,A., Sinha,S., Brodsky,M.H.
and Wolfe,S.A. (2008) A systematic characterization of factors
that regulate Drosophila segmentation via a bacterial one-hybrid
system. Nucleic Acids Res., 36, 2547-2560.

Noyes,M.B. (2012) Analysis of specific protein-DNA interactions
by bacterial one-hybrid assay. Methods Mol. Biol., 786, 79-95.
Meng,X., Brodsky,M.H. and Wolfe,S.A. (2005) A bacterial one-
hybrid system for determining the DNA-binding specificity of
transcription factors. Nat. Biotechnol., 23, 988-994.

Noyes,M.B., Christensen,R.G., Wakabayashi,A., Stormo,G.D.,
Brodsky,M.H. and Wolfe,S.A. (2008) Analysis of homeodomain
specificities allows the family-wide prediction of preferred
recognition sites. Cell, 133, 1277-1289.

Jolma,A., Kivioja,T., Toivonen,J., Cheng,L., Wei,G., Enge,M.,
Taipale,M., Vaquerizas,J.M., Yan.J., Sillanpaa,M.J. et al. (2010)
Multiplexed massively parallel SELEX for characterization of
human transcription factor binding specificities. Genome Res., 20,
861-873.

Jagannathan,V., Roulet,E., Delorenzi,M. and Bucher,P. (2006)
HTPSELEX—a database of high-throughput SELEX libraries for
transcription factor binding sites. Nucleic Acids Res., 34, D90-D9%4.
Roulet,E., Busso,S., Camargo,A.A., Simpson,A.J., Mermod,N.
and Bucher,P. (2002) High-throughput SELEX SAGE method for
quantitative modeling of transcription-factor binding sites. Nat.
Biotechnol., 20, 831-835.

. Persikov,A.V., Osada,R. and Singh,M. (2009) Predicting DNA

recognition by Cys2His2 zinc finger proteins. Bioinformatics, 25,
22-29.

Kaplan,T., Friedman,N. and Margalit,H. (2005) Ab initio
prediction of transcription factor targets using structural
knowledge. PLoS Comput. Biol., 1, el.

Benos,P.V., Lapedes,A.S. and Stormo,G.D. (2002) Probabilistic
code for DNA recognition by proteins of the EGR family.

J. Mol. Biol., 323, 701-727.

Persikov,A.V. and Singh,M. (2011) An expanded binding model
for Cys2His2 zinc finger protein-DNA interfaces. Phys. Biol., 8,
035010.

Sander,J.D., Reyon,D., Maeder,M.L., Foley,J.E., Thibodeau-
Beganny,S., Li,X., Regan,M.R., Dahlborg,E.J., Goodwin,M.J.,
Fu,F. et al. (2010) Predicting success of oligomerized pool
engineering (OPEN) for zinc finger target site sequences. BMC
Bioinformatics, 11, 543.

. Fu,F. and Voytas,D.F. (2013) Zinc Finger Database (ZiFDB)

v2.0: a comprehensive database of C(2)H(2) zinc fingers and
engineered zinc finger arrays. Nucleic Acids Res., 41, D452-D455.
Enuameh,M.S., Asriyan,Y., Richards,A., Christensen,R.G.,
Hall,V.L., Kazemian,M., Zhu,C., Pham,H., Cheng,Q., Blatti,C.
et al. (2013) Global analysis of Drosophila Cys2-His2 zinc finger
proteins reveals a multitude of novel recognition motifs and
binding determinants. Genome Res., 23, 928-940.

48.

49.

50.

SI.

52.

53.

54.

S5.

56.

57.

58.

59.

60.

6

—

62.

63.

64.

65.

66.

67.

Rebar,E.J. and Pabo,C.O. (1994) Zinc finger phage: affinity
selection of fingers with new DNA-binding specificities. Science,
263, 671-673.

Rebar,E.J., Greisman,H.A. and Pabo,C.O. (1996) Phage display
methods for selecting zinc finger proteins with novel DNA-
binding specificities. Methods Enzymol., 267, 129-149.

Segal,D.J., Dreier,B., Beerli,R.R. and Barbas,C.F. III (1999)
Toward controlling gene expression at will: selection and design
of zinc finger domains recognizing each of the 5-GNN-3" DNA
target sequences. Proc. Natl Acad. Sci. USA, 96, 2758-2763.
Zhu,C., Smith,T., McNulty,J., Rayla,A.L., Lakshmanan,A.,
Siekmann,A.F., Buffardi,M., Meng,X., Shin,J., Padmanabhan,A.
et al. (2011) Evaluation and application of modularly assembled
zinc-finger nucleases in zebrafish. Development, 138, 4555-4564.
Maeder,M.L., Thibodeau-Beganny,S., Osiak,A., Wright,D.A.,
Anthony,R.M., Eichtinger,M., Jiang,T., Foley,J.E., Winfrey,R.J.,
Townsend,J.A. et al. (2008) Rapid “open-source” engineering of
customized zinc-finger nucleases for highly efficient gene
modification. Mol. Cell, 31, 294-301.

Bae,K.H., Kwon,Y.D., Shin,H.C., Hwang,M.S., Ryu,E.H.,
Park,K.S., Yang, H.Y., Lee,D.K., Lee,Y., Park,J. et al. (2003)
Human zinc fingers as building blocks in the construction of
artificial transcription factors. Nat. Biotechnol., 21, 275-280.
Dreier,B., Beerli,R.R., Segal,D.J., Flippin,J.D. and

Barbas,C.F. III (2001) Development of zinc finger domains for
recognition of the 5-ANN-3’ family of DNA sequences and their
use in the construction of artificial transcription factors. J. Biol.
Chem., 276, 29466-29478.

Gupta,A., Christensen,R.G., Rayla,A.L., Lakshmanan,A.,
Stormo,G.D. and Wolfe,S.A. (2012) An optimized two-finger
archive for ZFN-mediated gene targeting. Nat. Methods, 9,
588-590.

Isalan,M., Klug,A. and Choo,Y. (2001) A rapid, generally
applicable method to engineer zinc fingers illustrated by targeting
the HIV-1 promoter. Nat. Biotechnol., 19, 656—660.

Zhu,C., Gupta,A., Hall,V.L., Rayla,A.L., Christensen,R.G.,
Dake,B., Lakshmanan,A., Kuperwasser,C., Stormo,G.D. and
Wolfe,S.A. (2013) Using defined finger-finger interfaces as units of
assembly for constructing zinc-finger nucleases. Nucleic Acids
Res., 41, 2455-2465.

Sander,J.D., Dahlborg,E.J., Goodwin,M.J., Cade,L., Zhang,F.,
Cifuentes,D., Curtin,S.J., Blackburn,J.S., Thibodeau-Beganny,S.,
QLY. et al. (2011) Selection-free zinc-finger-nuclease engineering
by context-dependent assembly (CoDA). Nat. Methods, 8, 67-69.
Liu,Q., Xia,Z., Zhong,X. and Case,C.C. (2002) Validated zinc
finger protein designs for all 16 GNN DNA triplet targets.

J. Biol. Chem., 277, 3850-3856.

Shannon,C.E. (1948) A Mathematical Theory of Communication.
At&T Tech. J., 27, 379-423.

. Henikoff,S. and Henikoff,J.G. (1992) Amino acid substitution

matrices from protein blocks. Proc. Natl Acad. Sci. USA, 89,
10915-10919.

Jiang,P. and Singh,M. (2010) SPICi: a fast clustering algorithm
for large biological networks. Bioinformatics, 26, 1105-1111.
Schneider,T.D. and Stephens,R.M. (1990) Sequence logos: a new
way to display consensus sequences. Nucleic Acids Res., 18,
6097-6100.

Miller,J.C. and Pabo,C.O. (2001) Rearrangement of side-chains in
a Zif268 mutant highlights the complexities of zinc finger-DNA
recognition. J. Mol. Biol., 313, 309-315.

Anderson,D.M., George,R., Noyes,M.B., Rowton,M., Liu,W.,
Jiang,R., Wolfe,S.A., Wilson-Rawls,J. and Rawls,A. (2012)
Characterization of the DNA-binding properties of the Mohawk
homeobox transcription factor. J. Biol. Chem., 287, 35351-35359.
Christensen,R.G., Enuameh,M.S., Noyes,M.B., Brodsky,M.H.,
Wolfe,S.A. and Stormo,G.D. (2012) Recognition models to
predict DNA-binding specificities of homeodomain proteins.
Bioinformatics, 28, 184-189.

Dreier,B., Fuller,R.P., Segal,D.J., Lund,C.V., Blancafort,P.,
Huber,A., Koksch,B. and Barbas,C.F. III (2005) Development of
zinc finger domains for recognition of the 5-CNN-3' family DNA
sequences and their use in the construction of artificial
transcription factors. J. Biol. Chem., 280, 35588-35597.



