
Supplementary Figure 1: Comparison of target site composition for CoDA-ZFNs 
and our tested ZFNs.  
 

 
 
The half sites for ZFNs constructed in Sander et. al. using the CoDA strategy11 
and ZFNs constructed in this paper were compiled by aligning their 5’ ends. 
Frequency plots and Sequence Logos displaying information content on a 2-bit 
scale were generated for each set of sites using Weblogo24.�



Supplementary Figure 2: Identification of DNA binding specificity for 2F-modules 
using the CV-B1H method25. 

 
The 2F-module is fused to an N-terminal finger (RSDTLAR) that binds to the ‘GCG’ 
triplet adjacent to the 6bp randomized zinc finger binding region on the reporter 
plasmid. Also included is a 4bp randomized region (key region) that serves as an 
internal control to identify biases in the recovered DNA sequences due to jackpot 
effects. Following selection, the surviving colonies are pooled and the distribution of 
bases recovered at each position within the selected binding sites can be evaluated 
in a single sequencing reaction as shown here for finger 2 and finger 3 of Zif268. The 
recovered binding sites are determined by Illumina sequencing and then a binding 
site motif is calculated from these sequences using either log-odds-like or GRaMS 
(Growth Rate Modeling of Specificities) method25. For Zif268 F2 and F3, the binding 
site model obtained using the log-odds-like and GRaMS method closely matches the 
motif obtained by HT-SELEX26. 



Supplementary Figure 3: Montage showing the binding site specificities of the best 2F-modules 
selected from the Asn+3F2 and the His+3F2 library for each 2bp junction.  

 

The 2F-modules are designated as having ‘preferential specificity’ (black box), ‘compatible specificity’ 
(cyan box) or ‘poor specificity’ (magenta box) for the desired target sequence. 



Supplementary Figure 4: Influence of stringency on the specificity of the 
recovered 2F-module.   

 

Comparison of specificities of one 2F-module selected at low stringency (5mM 3-
AT) and two modules (10 mM,1 & 10 mM,2) selected at high stringency (10mM) 
for a ‘CT’ junction sequence from the Asn+3F2-library.  The modules recovered 
from the higher stringency selection display increased preference for their target 
site. 



Supplementary Figure 5: DNA-binding site specificities for 2F modules that bind GAN-NYG and 
GGN-NYG sequences. 

 

  



 

  



 

  



 

The 2F modules obtained via B1H-selections or rational design that bind each of 16 GAN-NYG and GGN-NYG 
sequences with highest specificity are displayed. The recognition helix sequences (positions -1, 1, 2, 3, 4, 5 

and 6) for the F1 and F2 are shown, and the finger origin is indicated beside each sequence. The randomized 

interface positions are shown in red. Binding site specificities were determined using the CV-B1H method. The 

chromatograms are binding site profiles obtained by Sanger sequencing the pools of selected binding sites. 
Binding site logos were obtained via log-odds-like and GRaMS modeling post Illumina sequencing.  For the 

GGN-NYG 2F-modules, all modules display ‘good specificity’ except for the CC, GT and TC modules that 

display ‘compatible specificity’ and the AT and TT modules that display ‘poor specificity’ for their target sites. 



Supplementary Figure 6: Comparison of specificities of CoDA-2F modules and our 2F 
modules.  

 



Five CoDA11 2F modules were fused to the ‘GCG’-binding F1 followed by their binding 
site analysis via the CV-B1H assay. The binding site logos obtained through GRaMS 
analysis are displayed for both the CoDA modules and the equivalent B1H-selected 
modules, where the recognition helices are shown for comparison. A B1H-activity assay 
was performed for the CoDA and B1H-selected 2F modules (in combination with the 
‘GCG’-binding F1) against fixed binding sites with either Adenine or Guanine at the 4th 
position (GAXYCG, where Y is either A or G) to determine the relative activity of the 2F 
module on each sequence variant. Each row in the assay represents 10-fold dilution of 
bacterial cells on plates containing the His3 inhibitor 3-AT to provide a stringent 
challenge to ZFA-driven reporter activity. �



Supplementary Figure 7: Examples of module alterations designed to expand 
the archive of targetable sequences through rational design.  

 

The specificity determinants that were constant in the original libraries were 
replaced by other residue to expand the repertoire of targetable sequences. DNA 
binding specificity of new 2F-modules was determined using CV-B1H method 
and the logos were obtained using GRaMS modeling. (a) Examples of the 
influence of substitution of determinants at position 3 of F2 (shown in blue) on the 
specificity of the 2FM-25 2F-module.  In three instances this results in a desired 
change in the specificity only at base 2, however in 2FM-1101 the introduction of 
Asp results in a change in the preference of base position 3, akin to the effects 
observed for the D20A mutation in Zif26827. (b) Substituting the N-terminal cap 
residues in F1 (RSD at positions -1, 1 and 2) with a QRG cap results in a 
concomitant change in base preference from G to A at the 6th base position 
without severely compromising the specificity for the junction sequence.  �



Supplementary Figure 8: Binding site specificities of ZFAs incorporated into 
each ZFN pair.  

 
 
The binding site specificities for the ZFAs incorporated into ZFNs were 
determined via a B1H assay using the randomized 28bp library followed by 
Illumina28. The desired target sites are provided below each Sequence logo 
where the portion recognized by a 2F-module is highlighted in bold.  The target 
gene is listed to the left of each ZFN pair.�



Supplementary Figure 9: Assessment of ZFN activity using the yeast based 
chromosomal reporter assay.  
 

 
 
The test ZFN target site along with the target site for the positive control ZFN was 
integrated into the yeast genome where ZFN activity is measured by the 

reconstitution of α-galactosidase activity21. ZFN expression was induced by 
treating yeast cells with galactose for 30 minutes. The activity relative to the 
positive control ZFN pair that yields ~10% lesion frequency in zebrafish is 
displayed as a mean of three experiments. Bars represent standard deviation. 
The rock1 and lepr ZFNs (shown in red) were inactive based on comparison to a 
GFP control.�



Supplementary Figure 10: Influence of non-canonical linker on ZFN specificity 
and activity.  
 

 
 
(a) For 4 4F-ZFNs, the canonical linker (‘C’) between the 2nd and the 3rd finger 
was replaced by a non-canonical linker (‘N’; TGSQKP). DNA binding specificities 
were determined for the modified ZFNs using the B1H assay as previously 
described. (b) The activity of the modified ZFNs with non-canonical linker was 
assessed using the yeast based reporter assay. The activities are relative to the 
positive control ZFN activity and is displayed as a mean of three experiments. 
Bars represent standard deviation and * indicates P < 0.05 as determined by 
paired student’s t-test.�
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Supplementary Table 5: Influence of non-canonical linker on ZFN activity in zebrafish.  ��
Lesion Frequency (%) 

TGQKP TGQKP TGSQKP TGSQKP ZFNL Linker 
Target gene TGQKP TGSQKP TGQKP TGSQKP ZFNR Linker 
zgc77041 4.4 4.1 12.3 15.7 

dclk2 0.1 0.5 0.3 1.1 
 
The lesion frequencies (in %) in zebrafish are shown for different combinations of ZFNL 
and ZFNR with canonical (TGQKP) and non-canonical (TGSQKP) of zgc77041 and 
dclk2 ZFNs.�



Supplementary Table 6: Founder rates for four ZFN target genes. 

Gene 
Name

Number of ZFN 
injected Fish 

Screened

Number of 
Founders 
Identified

Size of insertions or 
deletions at target site 

(+/-bp)

ZFN Lesion 
Frequency 
in embryos

mc4r 9 2 -5, -5 12.9

lrp8 17 8 +5, -3, -7, -8, -10,-12, -21 7.3

mc3r 5 2 +4, -11 3.1

apoeb 11 3 -4, -37, +9 2.8



Supplementary Table 7: Metrics for comparison of different ZFN assembly systems. 
 

 Gupta 
1/2FM 

CoDA 
2FM 

Kim 
1/2FM 

Zhu 
1FM 

Kim 
1FM 

Archive Reference A B C D E 

Number of Unique ZFN sites 
in zebrafish protein-coding 

exons (25090 unique genes 

Zv9.64) 

608,081 110,629 8,645,342 182,698 n.d. 

Fraction of zebrafish protein-
coding genes containing ZFN 

site 

95.0% 79.2% 98.8% 85.9% n.d. 

Average density of ZFN sites 

(# bp/site) 
132 722 10 438 n.d. 

Number of Unique ZFN sites 

in human protein-coding exons 

(20236 unique genes 
GRCh37.p5) 

1,384,075 269,242 14,669,536 444,163 n.d. 

Fraction of human protein-

coding genes containing ZFN 

site 

96.7% 92.2% 97.8 94.5% n.d. 

Average density of ZFN sites 

(# bp/site) 
123 633 12 383 n.d. 

 Tested ZFNs 
Number of ZFN pairs tested in 

Archive Reference 
11 38 13 29 315 ^ 

Number "active" ZFNs 9 19 3 8 23 

Percent active ZFNs 82% 50% 23% 28% 7% 

Percent GNN modules in 
ZFNs 64% 99% 63% * 86% 40% 

ZFNs sites with non-GNN 
finger (active) 

11 (9) 2 (1) (3) * 17 (2) 33 (8) ^ 

ZFN sites with non-N-G 

junctions (active) 
11 (9) 1 (0) (3) * 10 (1) 33 (8) ^ 

 
 
A = this manuscript 
B = Sander, J. D. et al. Nature methods 8, 67-69 (2011) 
C = Kim, S. el al. Nature methods 8, 7 (2011) 
D = Zhu, C. et al. Development 138, 4555-4564 (2011) 
E = Kim, H. J., et al. Genome Res 19, 1279-1288 (2009) 
n.d. = not determined 
* = only target sequences for successful ZFNs reported 
^ = multiple zfn pairs were tested at each target site 
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Supplementary Discussion 1: 

Comparison to previously described Finger Archives: 

A number of different systems have been described for assembling Zinc Finger 
Arrays (ZFAs) from one-finger (1F)1-10 or two-finger (2F)11, 12 archives.  These 
archives display diversity in the number of fingers, the base composition of their 
recognition sequences and the strategies for their assembly.  The quality of many 
of these archives have been assessed on a moderate to large scale through 
characterization of the constructed ZFAs13-16 or assessment of the activity of 
ZFNs containing these ZFAs in cell lines or in vivo9-12, 15 (Supplementary Table 
7). The likelihood of any given ZFN constructed from the different archives being 
active varies, where the rates for ZFNs derived from 1F archives are below 30% 
and those from two-finger archives are generally higher, ranging between 24 and 
82% (Supplementary Table 7).   

The finger archive that is most advantageous for a user to employ for 
constructing ZFNs may depend not only on its potential success rate, but also 
the availability of target sites near a specific genomic position for applications 
where site specific modification is desired. To assess the general utility of these 
archives for gene editing in vertebrates, we compared the number of potential 
target sites in protein-coding exons within the zebrafish (Zv9) and human 
(GRCh37.p5) genome, as well as the overlap of target sites between these 
different archives.  We focused our comparisons on the two-finger module 
archives because they generally have higher success rates (Gupta 1/2FM, CoDA 
2FM11 and Kim 1/2FM12; Supplementary Table 7). The combination of our 2FM 
archive with our previously described 1FM archive (Zhu 1FM10) expands the 
targeting density of our original archive by 3-fold, while creating ZFNs with 
promising activity. This combined archive has a ~5-fold higher density of ZFN 
sites than the CoDA archive, with an average of one unique ZFN site every ~140 
bp.  The Kim 1/2FM archive has the highest targeting density of the three 
archives due to the large number of 2F-modules it contains with an average rate 
of one unique ZFN site every 10 bp, albeit with a lower overall success rate.   

While the targeting density provides one important reflection on the utility of an 
archive, its flexibility can be inferred from the composition of target sequences 
evaluated in studies validating its efficacy. While the CoDA archive contains a 
combination of GNN and non-GNN finger sets (61 non N-G junction 2F-
modules), the ZFNs that were evaluated by Sander and colleagues were 
composed almost entirely of GNN finger sets (99%).  This may reflect the fact 
that only 3 of 10 ZFAs containing non N-G junction 2F-modules were functional 
in their bacterial activity-assay11, which was used as a prescreen for choosing 
modules employed in their ZFNs.  Our characterized ZFNs contain a more 
diverse set of fingers where roughly two-thirds (64%) were GNN finger sets 
(Supplementary Figure 1).  Of the 39 CoDA ZFNs that were evaluated, only 
one target contained a finger set recognizing a non-N-G junction between 
fingers, whereas all 11 of our evaluated ZFNs contained non-N-G junction, 
demonstrating the breadth of sequences that can be effectively targeted using 



our system (Supplementary Table 7). For the ZFNs evaluated in the Kim 1/2FM 
archive analysis, only the sequences of the three active ZFNs were reported 
limiting the comparisons that can be drawn between it and the other archives12.   

The ZFNs evaluated in our study were chosen to serve a number of different 
goals. Foremost, ZFNs were chosen to assay different numbers of fingers per 
ZFN and different mixtures of 2F- and 1F-modules, where all of the ZFN pairs 
contain at least one non-GNN finger and one non-N-G interface.   While there is 
some bias in the composition of the fingers comprising the ZFNs that were 
evaluated, many of the choices were driven by the desire to inactivate specific 
target genes in zebrafish that if successful could potentially yield useful disease 
models (atherosclerosis (apoeb, lrp8), obesity (lepr, mc3r, mc4r), and diabetes 
(irs2)).  Nonetheless, we believe that the 82% success rate achieved in this 
sample set will not be completely representative of ZFNs constructed from this 
archive.  For example, this archive is a mixture of 2F-modules and 1F-modules, 
where about 30% of the identified ZFNs are composed of only 1F-modules.  
Based on our prior evaluation, we would anticipate only about one-fourth of these 
ZFNs composed entirely of 1F-modules to be active10.  To aid the user in the 
choice of ZFNs for specific target genes we have constructed a scoring function 
that weights the 2F-modules based on their specificity in the B1H system.  This 
has been integrated with our previously described 1F-module scoring function10 
in the web-based tool described below. 

 

Supplementary Discussion 2: 

Modifications to our ZFN sets to increase their activity in vivo: 

In the course of these studies we have evaluated four finger ZFNs with and 
without a disrupted linker (TGSQKP) between pairs of fingers to assess the 
effects of this modification on ZFN activity.  Pioneering work by Choo and 
colleagues17-19 demonstrated the potential utility of contemplating recognition by 
zinc fingers as two finger units.  The effective use of disrupted linkers can be 
found in the ZFNs employed in a large number of publications from Sangamo 
BioSciences20-22. Based on their preferential use of disrupted linkers in the 
majority of their ZFNs, we infer that this modification provides mechanistic 
advantages.  We have independently examined the effect of utilizing the 
TGSQKP linker between pairs of fingers, and in two instances (zgc77041 & 
dclk2) found clear benefits when using this modified linker (Supplementary 
Table 5).   This linker modification is not required for ZFN function, but may be 
beneficial for function in some instances. Consequently we have used this 
modification in two other ZFNs (lepr & irs2) that displayed moderate activity in 
our initial analysis of somatic lesion frequency (Supplementary Figure 10). 

In our ZFNs we have employed a four amino acid linker (LRGS) between the 
ZFA and the FokI domain described by Cathomen and colleagues23 for ZFN sites 
with a five or six bp gap between the half-sites.  Our website also discovers 



potential ZFN sites that contain a seven bp gap. For these sites we recommend 
the use of a eight amino acid linker (TGPGAAGS), as Cathomen and 
colleagues23 have demonstrated that longer linkers provide improved efficiency 
for the seven bp gap between ZFN recognition sites. 

 

Supplementary Discussion 3: 

Description of web interface for identification of ZFN sites within query 
sequences: 

Our website (http://pgfe.umassmed.edu/ZFPmodularsearchV2.html) allows a 
user to input a single sequence or multiple sequences in FASTA format for the 
identification of sites that can be targeted with ZFN constructed from our single 
finger10 and two finger archives.  This website is completely anonymous; no login 
is required to use the interface and no user information is saved from a submitted 
query.  Users can choose from multiple formats (browser, text file, word 
document or excel file) for the output from the initial analysis.  Potential ZFN sites 
are ranked based on their overall score (the scoring metric is described in 
Methods).  Additional information is provided regarding the position of the site 
within each input sequence, the target sequence for each ZFN monomer, the gap 
separating these sites, whether there is a restriction enzyme (RE) site within this 
spacer, and the identity of the finger modules that comprise each ZFA monomer.  
Each ZFA has four potential fingers (F3, F2, F1, & F0), where the fourth finger 
(F0 in our nomenclature) if absent is indicated by ‘XXX’.  Modules appearing in 
UPPERCASE are from the single finger module archive10, while modules 
appearing in lowercase are from the archive described in this study and will occur 
in pairs (e.g. grn & nyr pairs).  Within the browser output, more detailed 
information on each ZFN can be output using a button at the end of each column.  
Again there is a choice of output formats, where for each ZFN additional 
pertinent information is provided: the ZFA amino acid and DNA sequences for 
gene synthesis, modules IDs within our archive for PCR-based construction, 
recognition helix sequences, and information on RE sites that overlap with the 
spacer region for genotyping.  The DNA sequences that are provided include 
Acc65I and BamHI sites at their termini for cloning into our pCS2 vectors (DD/RR 
or EL/KK versions) that are available from Addgene. A detailed protocol for the 
assembly of the ZFA can be downloaded from the home page of the website, but 
we recommend gene synthesis for the construction of ZFAs due to its 
affordability and ease. 

 

  



Supplementary Methods: 

Description of GRaMSc and W log-odds motif construction algorithms used in this 
study. 

GRaMSc: In the original implementation of GRaMS24, nonlinear regression was 
employed to parameterize a model consisting of a PWM and a parameter, �, 
which describes the degree of saturation of each binding site due to the free 
concentration of the TF. We used the same model for this study, but re-arranged 
the objective function. Instead of fitting to the observed growth rate of each site, 
we fit to the observed counts per site. We call this version of the program 
GRaMSc. 

Many of the Zif268 mutants in this study are more specific than wild type Zif268 
for their preferred sequences. We found in practice that for very specific proteins 
that resulted in only a handful of sites with growth rates significantly larger than 
the median growth rate, the most accurate recognition model was generated by 
re-arranging the GRaMS objective function to fit directly to the observed counts 
per site. Otherwise, when there were very few appreciably enriched sites (few 
informative data points), there was a tendency to over fit to the noise in the 
growth rate data. We found it also helped to adjust M, the maximum observed 
growth rate by a factor of 1.02. This prevented a single site from dominating the 
motif completely when only very few sites had growth rates appreciably larger 
than the median growth rate and one site clearly had a much higher growth rate 
than the other enriched sites. The following equations describe the adjusted 
model.  The observed growth rate (ri), or enrichment, of each site is given by: 

�� � ����
�����

�����
��  (1) 

where t indicates the duration of the selection experiment, i is an index over all 46 
6mers, fi(t) is the frequency of site i at time t, and fi(0) is the initial frequency of 

site i at time 0. The growth rate of a site, Si, is a sigmoid function of μ, the 
chemical potential of the TF, and the Gibbs free energy of the TF binding to the 
site as well as the maximum and minimum possible growth rates: 

�� �
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�������� � �  (2) 

where W is the PWM and Si*W yields the Gibbs free energy of binding to Si. The 
variables M and D determine the upper and lower plateaus of the sigmoid curve.  
M is set to the maximum observed growth rate times a scalar of 1.02, and D is 
set to the median observed growth rate. The total number of times each site was 
observed is modeled by the following equation:  

�� � ����� � �
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 (3) 



where NF is the total number of sequenced sites. The Levenberg-Marquardt 

algorithm was used to fit the parameters of the PWM and the μ parameter.  
Regularization was used to prevent over fitting. 

W log-odds: The W log-odds (‘W’ stands for ‘word based’ log-odds) method 
more accurately reflects our knowledge of the initial frequency of each 6mer in 
the library than a simple log-odds weight matrix. Generally, the following formula 
is used to compute log-odds PWMs: 

 ��� � �����
���

��
  (4) 

where Wbj is the log-odds matrix, Pbj is the probability after selection of observing 
base b at position j in the binding site, and Pb is the initial probability of observing 
base b before selection.  Because the initial frequency of each 6mer binding site 
prior to selection was known from deep sequencing of the initial counter selected 
library, the enrichment of each site after selection was calculated directly. The 
enrichment ratio of the ith site is given by the equation 

 
�����
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  (5) 

where t is the final time or duration of the selection experiment, fi(t) is the final 
frequency at time t, fi(0) is the initial frequency at time 0, and i is an index over all 
46 6mers. A site’s enrichment ratio can be thought of as the Ka of that site. A 
pseudo count of one was added to all final and initial counts when calculating the 
initial and final frequencies.  The sum of all the enrichment ratios for all 6mers 
containing base b at position j was used to calculate each element of the W log-
odds matrix: 

 ��� � ����� �������
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 (6) 

where Sij indicates the base at position j of site i, b is an index over the four 

nucleotide bases, Bb returns base b and δx,y is the Kronecker delta function which 
returns 1 if the bases x and y are identical and zero otherwise. For example, to 
determine the energy contribution of an A in the first position of the binding site 
(W1,1) the set of all 1024 6mers that have an A at position 1 was determined and 
the enrichment ratios for all of these sites were summed and the negative of the 
log of this value was taken.   � �
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