
Supplemental Discussion 
 
The splice isoforms of broad and tramtrack 
 

br (broad) is an ecdysone-regulated gene that is essential for 

metamorphosis during Drosophila development (Thummel 2001). Four splice 

isoforms (Z1, Z2, Z3 and Z4) from this gene play both distinct and overlapping 

roles in gene regulation in a large number of tissues during metamorphosis 

(Bayer et al. 1996; Spokony and Restifo 2007).  Mutations that individually 

disrupt the function of three of the four isoforms present phenotypes that 

represent distinct complementation groups (Bayer et al. 1996; Bayer et al. 1997; 

Spokony and Restifo 2007).  All four of these isoforms encode unique pairs of 

zinc fingers (Supplementary Figure 4A, B) and consequently have the potential 

to recognize distinct sequences.  Analysis of their DNA-binding specificities 

reveals that each isoform displays a unique recognition sequence 

(Supplementary Figure 4C).  Interestingly, isoforms Z1 (PE) and Z4 (PC) 

display the greatest similarity in their recognition sequences, and Z4 is the only 

isoform (besides Z1) that can partially complement the loss of Z1 during 

Drosophila metamorphosis (Bayer et al. 1997). 

ttk (tramtrack) is a transcription factor that plays fundamental roles in early 

Drosophila development (Brown and Wu 1993; Harrison and Travers 1990; Read 

et al. 1992).  Ttk has two alternate spliced isoforms (-PF, 69kD and -PA, 88kD, 

Supplementary Figure 5) with different fingers sets and distinct DNA-binding 

specificities (Read and Manley 1992) that appear to play independent roles in 

development (Xiong and Montell 1993). The DNA-binding specificity of the 69kD 

isoform is well defined (Bergman et al. 2005; Noyes et al. 2008; Read and 

Manley 1992), however the preferred recognition motif for the 88kD isoform 

(AGGG(C/T)GG) is based on the footprinting analysis of only three bound 

sequence (Badenhorst et al. 1996; Read and Manley 1992).  Our analysis of 

these isoforms provides greater clarity for the preferred recognition sequences 

for the 88kD isoform and confirms that the 69kD and 88kD isoforms have 
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fundamental differences in their recognition preferences (Supplementary Figure 
5). 

 

Current frameworks for deconvoluting zinc-finger DNA recognition preferences 

Common specificity determinants for DNA-recognition by zinc fingers have 

largely been extracted from the biochemical and structural characterization of a 

small number of naturally-occurring ZFPs (Badis et al. 2009; Badis et al. 2008; 

Noyes et al. 2008; Wolfe et al. 2000; Zhu et al. 2009) and the selection and 

characterization of artificial ZFPs that recognize novel target sequences (Bae et 

al. 2003; Bulyk et al. 2001; Dreier et al. 2001; Dreier et al. 2005; Dreier et al. 

2000; Greisman and Pabo 1997; Gupta et al. 2012; Isalan et al. 1998; Isalan et al. 

2001; Lam et al. 2011; Liu et al. 2002; Maeder et al. 2008; Sander et al. 2011; 

Segal et al. 1999; Wolfe et al. 1999).  These data have provided a foundation for 

predictive recognition models to estimate the DNA-binding specificity of naturally-

occurring ZFPs (Benos et al. 2002; Cho et al. 2008; Kaplan et al. 2005; Liu and 

Stormo 2008; Persikov et al. 2009; Workman et al. 2005).  The growing archive 

of DNA-binding specificities for naturally-occurring ZFPs (Badis et al. 2009; Badis 

et al. 2008; Jolma et al. 2010; Noyes et al. 2008; Zhu et al. 2009) and the 

available structural information on a number of canonical-binding variants that 

recognize different target sequences (Elrod-Erickson and Pabo 1999; Kim and 

Berg 1996; Stoll et al. 2007; Wolfe et al. 2001) have also facilitated structural-

based modeling approaches to predict DNA-binding specificity (Havranek et al. 

2004; Siggers and Honig 2007; Yanover and Bradley 2011).  However, 

systematic incorporation of each ZFP motif into a predictive recognition model 

typically requires the association of each individual finger with a DNA subsite 

within the target sequence.  Thus, our desire to extract associations between 

fingers and subsites within our dataset. 

 

Analysis of the recognition preferences at position 2 

Serine is the most common residue present at position 2 in our ZFPs, and 

consistent with previous studies (Kim and Berg 1995), this residue displays no 
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particular preference for recognition at this position.  Aspartate also occurs 

frequently, almost exclusively in the context of RXD motifs (40 of 44 occurrences), 

which is consistent with prior studies shows a strong preference for Gua or Thy 

as the neighboring 3’ base (Isalan et al. 1997; Swirnoff and Milbrandt 1995).  

Contrastingly, positively charged residues at position 2 (Arg/Lys) occur primarily 

with Ade or Cyt at the neighboring base position, which is a trend also observed 

in the selection of artificial fingers where residues on neighboring recognition 

helices have been simultaneously randomized (Gupta et al. 2012; Isalan et al. 

1998).   The consistency of our data with previous analyses of ZFP specificity 

suggests that other novel trends that are observed within this dataset (e.g. 

correlation of Phe/Tyr at position 2 with Gua or Cyt at the neighboring base 

position) will provide a valuable framework for predicting recognition by 

uncharacterized naturally-occurring ZFPs. 
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Supplemental Figure 1. Genome-wide distribution of canonically linked Cys2-
His2 ZFPs.  A) Distribution of the linker lengths (< 20 amino acids) joining 
neighboring fingers within the zinc finger containing genes. B) Sequence logo 
(information content) of the 730 five amino acid linkers connecting zinc fingers 
within the Drosophila genome.   There is a strong bias toward sequences that 
correspond to TGE(K/R)P-type composition. C) Pie chart representing the 282 
multi-finger proteins in Drosophila.  Forty-six of these ZFPs have all of the fingers 
linked by canonical (five amino acid) linkers.  Sixty-six of these ZFPs have one or 
more of the fingers linked by a canonical linker. D) Schematic of the zinc finger 
domains in CG4360 and how these are deconstructed into 3 clusters based the 
linker size that connects neighboring fingers.  Individual clusters are then 
incorporated into the B1H system for specificity analysis (Noyes et al. 2008). 
 
Supplemental Figure 2. Ninety-four B1H characterized Cys2-His2 ZFP 
recognition motifs displayed as information content Sequence Logos. 
 
Supplemental Figure 3. Success rate for attempted Cys2-His2 zinc finger 
clusters in the B1H system based on: A), B) Canonical linkage of neighboring 
fingers within the characterized cluster and C), D) Number of constituent fingers 
within the characterized cluster, where a cluster can represent a subset of fingers 
from a gene. 
 
Supplemental Figure 4.  BR family analysis.  A) Alignment of Broad isoforms 
that contain two zinc fingers. B) Information content Sequence Logo of the 
aligned two-finger modules in A. C) DNA-binding specificity of the four splice 
isoforms (br-PA, br-PC, br-PE and br-PL) encoded by the br locus. 
 
Supplemental Figure 5.  TTK family analysis.  A) Alignment of two finger 
containing Tramtrack isoforms (-PA 88kD, and -PF 69kD). B) Preferred 
recognition motifs for ttk-PA and –PF.  
 
Supplemental Figure 6.  Lola family analysis.  A) Alignment of two-finger units 
from Lola isoforms that contain two or more fingers.  All of these fingers have a 
characteristic CCHC zinc coordination residues in finger 1.  The sequences of 
these recognition helices are generally diverse, although there are pairs of 
fingers that are identical (e.g. -PT and -PU). B) Information content Sequence 
Logo of the aligned two-finger modules in A. Note: In part A, only fingers 2 and 3 
of lola-PN (the only three-finger lola isoform) are included in the alignment, as 
these are the fingers responsible for DNA binding based on the recovered 
recognition motif (i.e. fingers 2 and 3 of lola-PN have the same amino acid 
residue content as lola-PY). 
 
Supplemental Figure 7. TOMTOM comparative motif analysis (Gupta et al. 
2007) identifies strong similarity between the Shn and NF-ΚB recognition 
sequences.  Comparison of the Shn recognition motif with motifs present in the 
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JASPAR database (Bryne et al. 2008) identifies significant similarity with NF-ΚB 
recognition motifs. 
 
Supplemental Figure 8. Assigning subsites of recognition for individual fingers. 
A) A schematic depicting canonical DNA recognition by a Cys2-His2 zinc finger.  
The numbered spheres on the α-helix represent the residues that are anticipated 
to contact DNA in the canonical recognition mode. These residues are numbered 
relative to the start of the α-helix and make contact (arrows) with their respective 
color-coded DNA bases (boxes). Each finger (in an N-terminal to C-terminal 
orientation) binds its DNA subsite (labeled 5’ to 3’) in an anti-parallel 
arrangement. The labels in the boxes 5, M, 3 and N refer to the 5’, middle, 3’ and 
neighboring subsite bases relative to the three base pair core subsite recognized 
by the finger. B) A recognition “code” for defining finger register within a 
recognition sequence. Based on previously defined correlations between 
specificity determinants and preferred bases at each position of the DNA subsite 
(Wolfe et al. 2000) we can assign fingers to subsites within the recognition motifs 
for many ZFPs. C) CG9895 provides an example of a ZFPs where the register of 
the fingers on the target site can be readily assigned based on previously 
determined amino acid - base correlations. The amino acids in the recognition 
helix of CG9895 are shown above the recognition motif in an anti-parallel 
orientation where the number of amino acids in the linker connecting neighboring 
fingers is indicated. Amino acid - base correlations are denoted by arrows.  
 
Supplemental Figure 9. Specificity assignments for ZFPs based on the 
characterization of finger subsets.  Sens contains 4 canonically linked zinc 
fingers, however the orientation and position of the fingers on the recognition 
motif is not inherently obvious.  We determined the specificity of fingers 1 to 3, 
which provides information both on the register and orientation of the fingers 
relative to this submotif.  Based on this information the position of the Sens 
fingers on the DNA can be confidently assigned. 
 
Supplemental Figure 10. Specificity assignments for ZFPs based on the 
characterization of a finger swap construct.  D19B (fingers 10-12) contains 3 
canonically linked zinc fingers, however the orientation of the fingers on the 
recognition motif is not inherently obvious.  We determined the specificity of 
D19B-F10-11 (F1-2 in this construct), fused to finger 3 of CG4360 whose 
specificity is clearly defined from our previous analysis. This yields information 
both on the register and orientation of the fingers on the motif enabling 
assignment of the D19B fingers specificities. 
 
Supplemental Figure 11. Binding site motifs for finger-subsets. A) B1H 
recognition motifs for thirty-three Drosophila zinc finger subsets or finger sets 
generated by splicing together fingers from different zinc finger arrays.  The 
header for each motif indicates the gene of origin of the fingers and the finger 
numbers are indicated as “F#”, where the fingers are numbered in order of 
occurrence in the gene.  Spliced finger sets are indicated by two gene names 
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and the fingers from each gene (e.g. Blimp-1-F1_CG4360F2-3) or in the case of 
two isoforms that have been combined (for the Broad or Lola families), by the 
isoform fingers that were combined.  For example “Br-PAPC” indicates Br-PA-F1 
fused to Br-PC-F2.  B) Finger subsets analyzed for the human ZFP BCL6. 
 
Supplemental Figure 12. Frequency Sequence logos for larger triplet bins of 
recognition helices (in Figure 4) displaying a number of unique members. The 
position of the determinants in the recognition helix are numbered relative to the 
start of the helix.  The average recognition motif over the core triplet for members 
in each bin is labeled as in Figure 1B.  
 
Supplemental Figure 13. Amino acid - base correlations. Frequency logo 
displaying the average base preference for each amino acid at potential 
recognition position on the Recognition Helix (RH) assuming canonical 
recognition.  The total number of recognition helices and the number of unique 
recognition helices that contain the amino acid at that position are indicated 
above each logo, where a unique set considers residues at positions -1,1, 2, 3 
and 6).  Base position nomenclature is defined in Supplemental Figure 9. 
 
Supplemental Figure 14. Tyrosine at position 3 specifies A.  Recognition motif 
of an artificial zinc finger protein containing Tyr at position 3 of finger 3 displays a 
strong preference for A at the middle position of the finger triplet (circled). 
 
Supplemental Figure 15. B1H-determined specificities of the artificial ZFAs 
assembled entirely from artificial finger sets for use in the ZFN activity assays.  In 
the case of 5p_irs1b-like_n, arginine has been introduced at position 6 of the 
second finger to encourage a preference for guanine at the corresponding 
position in the finger subsite (indicated with red box). 
 
Supplemental Figure 16. Activity and toxicity of the nhlh2 ZFNs.  A) Dose 
response curve of the nhlh2 ZFNs in zebrafish embryos.  Embryos were sorted 
into groups based on morphology and survival at 24 hpf where “Monsters” 
indicates embryos with morphological defects (Meng et al. 2008).  Lesion 
frequency was assessed by loss of sensitivity of a PCR product spanning the 
genomic target site to HaeIII. M denotes 100bp DNA ladder (NEB). Lesion 
frequency was determined by ImageJ analysis of the uncleaved and cleaved 
DNA bands. C) Lesions in shotgun cloned sequences from the HaeIII resistant 
band. 
 
Supplemental Figure 17. Activity and toxicity of the irs1 ZFNs.  A) Dose 
response curve of the irs1 ZFNs in zebrafish embryos.  Embryos were sorted into 
groups based on morphology and survival at 24 hpf where “Monsters” indicates 
embryos with morphological defects (Meng et al. 2008).  Lesion frequency was 
assessed by T7EI sensitivity of a PCR product spanning the genomic target site 
(Kim et al. 2009). M denotes 100bp DNA ladder (NEB). Lesion frequency was 
determined by ImageJ analysis of the uncleaved and cleaved DNA bands.  C) 
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Lesions in shotgun cloned sequences from lacZ assay for frame-shifted products. 
 
Supplemental Figure 18. Activity and toxicity of the nr3c1 ZFNs.  A) Dose 
response curve of the nr3c1 ZFNs in zebrafish embryos.  Embryos were sorted 
into groups based on morphology and survival at 24 hpf where “Monsters” 
indicates embryos with morphological defects (Meng et al. 2008). Lesion 
frequency was assessed by T7EI sensitivity of a PCR product spanning the 
genomic target site (Kim et al. 2009). M denotes 100bp DNA ladder (NEB). 
Lesion frequency was determined by ImageJ analysis of the uncleaved and 
cleaved DNA bands.  C) Lesions in shotgun cloned sequences from lacZ assay 
for frame-shifted products. 
 
Supplemental Figure 19. Activity and toxicity of the irs1b-like ZFNs.  A) Dose 
response curve of the irs1b-like ZFNs in zebrafish embryos.  Embryos were 
sorted into groups based on morphology and survival at 24 hpf where “Monsters” 
indicates embryos with morphological defects (Meng et al. 2008). Lesion 
frequency was assessed by loss of sensitivity of a PCR product spanning the 
genomic target site to PflMI. M denotes 100bp DNA ladder (NEB). Lesion 
frequency was determined by ImageJ analysis of the uncleaved and cleaved 
DNA bands.  C) Lesions in shotgun cloned sequences from the PfIMI resistant 
band. 
 
Supplemental Figure 20. Relationship between number of characterized fingers 
and the width of recognition motif recovered in B1H analysis.  Each motifs edge 
was defined by the final position with information content >0.5 bits.  Filled circles 
in the plot represent individual motif-finger combinations, where the members in 
each finger number bin are colored differently.  There is a clear increase in motif 
width from 2 to 3 finger units, after which the distribution plateaus. 
 
Supplemental Dataset 1. Position Frequency Matrices of the core triplet for the 
assigned fingers within the ZFP recognition motifs.  The recognition residues at 
positions -1, 2, 3 and 6 for each finger, and its position and strand in the larger 
motif are indicated in the header of each entry. 
 
Supplemental Table 1. Three hundred and twenty-seven Cys2-His2 ZFPs in the 
Drosophila genome. 
 
Supplemental Table 2. Successfully characterized Cys2-His2 ZFPs from 
Drosophila melanogaster. 
 
Supplemental Table 3. Alternately spliced genes that display isoform-dependent 
changes in zinc finger composition or number. 
 
Supplemental Table 4. Single finger – DNA subsite combinations derived from 
characterized 83 Cys2-His2 ZFPs from D. melanogaster. 
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Supplemental Table 5. Recognition helices for all Drosophila single finger – 
DNA subsite combinations represented in Figure 4. 
 
Supplemental Table 6. ZFA amino acid sequences and ZFN target sites. 
 
Supplemental Table 7. Ratios of ZFNs injected into zebrafish embryos relative 
to robustness in B1H selection system. 
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Figure 2 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Supplemental Figure 3. Linkage of Fingers in each B1H Characterized Zinc Finger 
Cluster. 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4 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Figure 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Figure 6 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Figure 9 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Figure 12 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Figure 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Figure 16 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Supplementary Table 1. 
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Supplementary Table 2. Successfully characterized Cys2-His2 ZFPs from 
Drosophila melanogaster. 
 
Please see attached. 
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Supplementary Table 3. Alternately spliced genes that display isoform-
dependent changes in zinc finger composition or number. 
 

gene name 
isoforms with different 
recognition potential  isoform differences 

Lola  15  different composite finger sets 
Br  4  different composite finger sets 
Crol  4  different composite finger sets 
Fru  3  different composite finger sets 
CG12236  2  different composite finger sets 
Ttk  2  different composite finger sets 
ab  2  different composite finger sets 
Cf2  2  one additional internal finger in array 
CG17829  2  one additional internal finger in array 
CG9817  2  one additional internal finger in array 
CG12054  2  additional N‐terminal finger 
Rgr  2  additional N‐terminal finger 
Rn  2  additional N‐terminal finger 
CG1529  2  two additional N‐terminal fingers 
zfh1  2  one additional N‐terminal fingers 
CG10274  2  three additional N‐terminal fingers 
MTF‐1  2  four additional N‐terminal fingers 
CG6813  2  additional C‐terminal finger 
Gl  2  additional C‐terminal finger 
Hang  2  additional C‐terminal finger 
CG12071  2  two additional C‐terminal fingers 
CG6791  2  two additional C‐terminal fingers 
mid  2  two additional C‐terminal fingers 
CG2678  2  three additional C‐terminal fingers 
CG4360  2  three additional C‐terminal fingers 
CG14667  2  three additional C‐terminal fingers 
CG11456  2  four additional C‐terminal fingers 
CG31388  2  seven additional C‐terminal fingers 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Supplementary Table 4. Single finger – DNA subsite combinations derived from 
characterized 83 Cys2-His2 ZFPs from D. melanogaster .  
 
Please see attached. 
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Supplementary Table 5. Recognition helices for all Drosophila single finger – 
DNA subsite combinations represented in Figure 4.  
 
Please see attached.  
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Supplementary Table 6. ZFA amino acid sequences and ZFN target sites. 
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Supplementary Table 7. Ratios of ZFNs injected into zebrafish embryos relative 
to robustness in B1H selection system. 
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