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ABSTRACT 

 

Knowing the sequence specificities of transcription factors allows us to surmise their functions and 

establish their regulatory roles in genomes. The most common DNA-binding domain among eukaryotic 

transcription factors is the Cys2His2 zinc finger domain; however, despite their prevalence, the 

specificities of the majority of Cys2His2 zinc finger proteins remain unknown due to the difficulty in 

assaying them. My objective was to develop a new phage displayed-based assay, in which individual 

Cys2His2 domains are displayed on phage in an otherwise constant three-finger protein scaffold. In 

Chapter 2, I discuss evidence for the modularity of the Cys2His2 domain, since my assay requires that zinc 

fingers be modular. In Chapter 3, I describe my results on the development of this phage display-based 

assay. This work provides support for a new strategy to determine the specificities of individual zinc 

fingers, which can be used to infer specificities for multi-finger Cys2His2 proteins. 
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1.1 SUMMARY 

The Cys2His2 (C2H2) class of zinc finger proteins constitutes the largest class of DNA-binding proteins in 

eukaryotes. These proteins usually have multiple fingers arranged in tandem, with each finger recognizing 

a 3-to-4-base subsite in DNA; these subsites may overlap by a base, but it is thought that individual zinc 

fingers are largely modular. Despite their prevalence, the sequence specificities of most C2H2 zinc finger 

proteins remain unknown. Knowledge of their DNA-binding specificities, as well as the determinants of 

their specificity, would be valuable in fields ranging from genome analysis to protein engineering.  

1.2 THE C2H2 CLASS OF ZINC FINGER PROTEINS 

Zinc finger proteins (ZFPs) are a family of proteins with a “zinc finger” motif, a motif that uses some 

combination of cysteine (Cys) and/or histidine (His) residues that coordinate a zinc ion for structural 

stability. ZFPs are divided into classes based on the number of Cys and His residues they contain; 

members of the C2H2 class of ZFPs have two of each residue, and constitute one of the most common 

structural motifs encoded by the genomes of eukaryotes (1), amounting to almost one-half of all known 

and predicted DNA-binding proteins in humans (2). Their numbers have recently exploded in the 

genomes of mammals, with their loci residing in clusters indicating that the family is evolving by tandem 

duplication (3). Analyses suggest that the diversification of paralogs is driven by positive selection (4), 

which may explain at least part of the family’s remarkably diverse sequence specificity (5).  

1.2.1 Structure  

Individual C2H2 zinc fingers have a characteristic compact β-β-α structure, with the short beta strands 

anti-parallel and the alpha helix inserting into the major groove of DNA for sequence recognition (6). 

Most naturally occurring zinc fingers (catalogued in Pfam) are 23 amino acids long, but they can be up to 

36 residues in length. The consensus sequence of the zinc finger is: 

(F/Y)-X-C-X2-5-C-X3-(F/Y)-X5-ψ-X2-H-X3-5-H 

where X represents any amino acid and ψ is a hydrophobic residue (5). The zinc ion is coordinated 

between the two cysteines at the ends of the beta strands and the two histidines at the end of the alpha 

helix. Interestingly, zinc fingers have only a relatively small number of fully conserved residues, 

including the zinc-coordinating as well as the hydrophobic residues; and fingers are separated by a short 
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linker that most frequently matches the 

consensus sequence TGEKP (5). Natural 

zinc finger proteins can have long tandem 

arrays, but not all of the fingers may 

necessarily bind DNA in such arrays (7). 

The repetitive structure of zinc finger genes 

may have helped in the expansion in both 

the number of zinc finger motifs per gene 

and number of zinc finger genes in total; 

possible mechanisms include unequal 

crossing over during recombination or 

slippage during replication (8). 

The first crystal structure of a ZFP-DNA 

complex was that of the three-zinc finger 

protein Zif268 in the early 1990s (11), and 

the structure was later refined at higher 

resolution (12). Since its publication, the 

Zif268-DNA structure has gone on to 

become a model for understanding DNA 

recognition by the C2H2 class of ZFPs. 

From the structure of its three fingers bound to DNA, base contacts were surmised, and the positions of 

the alpha helix responsible for the majority of the DNA contacts are in the -1, +2, +3, and +6, as 

illustrated in Figure 1A. The structure also led to a general model for three-zinc finger DNA binding, 

shown in Figure 1B. Most of the recognition occurs on one of the strands, usually the G-rich strand, 

except for position +2 of the helix, which interacts with the complementary strand. Position +2 may also 

confer inter-finger dependency, depending on the residue present. In the general model, position +2 of 

one helix interacts with a base whose pairing base is recognized by position +6 of the adjacent helix 

(shown in Figure 1B).  

A 

 

B 

 

 

Figure 1: C2H2 zinc finger-DNA interaction.  

 

(A) Most of the DNA contact occurs from 4 residues 

of the alpha helix: the -1, +2, +3, and +6 positions (9). 

(B) Generalized model of zinc finger-DNA 

interaction (10). 
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Because base contacts were seen to be made from these four positions in the helix, it was thought that 

perhaps ZF-DNA specificity could be represented by a simple “recognition code” that related the amino 

acid in a position in the helix to a 

particular base in the DNA (Figure 2). An 

early phage display-based study showed 

that zinc fingers could be selected with 

new DNA-binding specificities by 

randomizing amino acids in those four 

“recognition positions” (13); other early 

studies showed support for a recognition 

code derived from only the four positions, 

as they found no great added effect from 

randomizing a greater number of positions 

in the helix (14, 15).  

Since these earlier studies, however, other 

crystal structures of C2H2 ZFPs 

interacting with DNA have been 

published that have complicated this simple model of ZF-DNA recognition. These studies have revealed 

that docking arrangements on DNA can be grouped into two general categories: canonical (Zif268-like) 

docking, in which base contacts are largely made from the -1, +2, +3 and +6 positions; or non-canonical 

docking, in which positions making base contacts can differ, and subsite length and spacing can vary (5). 

Even within the canonical class, studies examining proteins that were derived from Zif268 found that 

there were significant differences in the pattern of side-chain-to-base interaction, and have suggested that 

the complexity of ZF-DNA recognition could not be captured by a simple recognition code (17, 18) as 

such a code inherently ignores positional dependencies, inter-finger dependencies, as well as changes in 

amino acid side chains that may affect the protein-DNA interface. 

Another emerging question from studies on ZF-DNA recognition is how often individual zinc fingers 

behave in a modular way – that is, whether zinc fingers with characterized specificity could be strung 

together such that each finger retained its specificity in a longer recognition sequence that is the 

 

 

Figure 2: Zinc finger-DNA amino-acid-to-base 

“recognition code”.   
 

Residues in the DNA-contacting positions of the 

alpha helix “specify” one of the four bases (16). 

Bold type highlights amino acids that occur 

frequently in phage display selections; asterisks 

indicate contacts that have been observed in 

structural studies; question marks indicates 

specificity is uncertain.  
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concatenation of each finger’s specificity. Much work has been done to this end (discussed in Section 

1.3.3) and indeed, it has been suggested that canonical C2H2 zinc fingers lend themselves well to 

modular assembly (5, 9). However, there is one known caveat: it has been found that when an Asp residue 

is present in position +2 of the alpha helix (as is the case for Zif268), this causes what has been termed 

the “target site overlap” problem (Figure 1B), in which two fingers’ subsites overlap by one base (9). 

However, despite this caveat, a simplified model of ZF-DNA interaction has still been useful for studies 

on the determinants of C2H2 sequence specificity, as illustrated by computational models that assume 

modularity (discussed further in Section 1.3.2). Furthermore, one can posit that the idea of modular 

assembly may be supported by the success of C2H2 zinc fingers in dominating as transcription factors: 

general modularity could feasibly allow mixing and matching of multi-zinc finger proteins by nature to 

easily generate proteins with novel DNA-binding specificities. 

1.2.2 Function 

As mentioned previously, the genomes of many species, from yeast to human, encode C2H2 zinc finger 

proteins. These can function independently as master regulators of sets of genes, or cooperatively with 

other DNA-binding proteins (5). Though there are examples of their mediating protein-protein 

interactions (19, 20) and binding to double-stranded RNA (21), most well-studied C2H2 zinc finger 

proteins are DNA-binding. Zinc fingers are usually present as part of larger proteins that include domains 

involved in transcriptional regulation (5). For example, Zif268 (also known as Egr1) is an immediate-

early response nuclear protein that regulates cellular proliferation and differentiation via its combined 

domains, which include: the DNA-binding domain (the three zinc fingers), a transcriptional activation 

domain, and a nuclear localization domain (22, 23). 

C2H2 zinc fingers are also called Krüppel-type zinc fingers, named after the Drosophila melanogaster 

ZFP called Krüppel; the German word “krüppel” literally translates to “cripple”, as mutations in this gene 

cause segments of the fruit fly embryo to fail to develop (24). The recent expansion of C2H2 zinc finger 

proteins in tetrapod vertebrates is of the KRAB-C2H2 form: the C2H2 domain(s) is combined with a 

KRAB (KRuppel-Associated Box) repressor domain (1, 3). Recent work suggests that this expansion may 

have occurred to combat the accumulation of retro-elements in mammalian genomes: the KRAB-

associated protein KAP1 has been shown to silence endogenous retro-elements in mouse early embryonic 

development, and it is thought that KRAB-ZFPs recruit KAP1 to these elements (25). 
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1.3 STUDIES ON C2H2 ZINC FINGER SPECIFICITY 

Despite being prevalent, many C2H2 ZFPs have unknown DNA-binding specificities. The JASPAR 

public database of high-quality transcription factor binding site information (26) provides binding motifs 

for only 19 of the 144 listed vertebrate C2H2 ZFPs (about 13%). Having information on sequence 

specificity, however, as well as the determinants of specificity, would be extremely valuable in fields 

ranging from genome analysis to protein engineering. As such, different groups over the past couple of 

decades have investigated C2H2 ZF-DNA interactions. 

1.3.1 Protein binding microarray assays 

Almost ten years ago, microarrays were first used to successfully investigate transcription factor DNA-

binding specificity using C2H2 zinc finger proteins: artificial zinc fingers were interrogated against all 

possible 3-bp binding sites (28). Since then, the 

protein-binding microarray has been refined to 

surmise longer motifs (27) and used by our lab 

and others to assay the specificities of hundreds 

of transcription factors (29, 30, 31), including 

C2H2 zinc finger proteins. The technique can 

be summarized as follows: a tagged DNA-

binding protein is “hybridized” to a microarray 

that has been spotted with a diverse set of 

probes; subsequent addition of a fluorescently 

tagged antibody reveals the DNA sequences 

that the protein has bound, and the level of 

binding (Figure 3). This method allows the 

robust determination of a protein’s DNA-

binding preference among thousands of DNA 

sequences. A more thorough description of 

PBMs is given in Section 2.2.3, and methods 

are described in Section 2.5.6 and 2.5.7.  

A 

 

B 

 

Figure 3: Protein-binding microarrays.   

 

(A) On the microarray, bound GST-tagged DNA-

binding proteins are detected with a fluorescent 

anti-GST antibody; adapted figure (27). (B) High-

resolution scan of an array with bound protein 

detected (via Alexa 647-labeled antibody). 
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Some C2H2 ZFPs have been successfully assayed using PBMs; in JASPAR, 33 of the 71 C2H2 zinc 

finger proteins with known specificities have been assayed using PBMs. However, in our lab, many 

C2H2 ZFPs have been problematic on PBM (unpublished data). One reason why they have been 

troublesome might be due to their long arrays: natural zinc finger proteins are typically multi-fingered, 

and can contain many zinc fingers in a tandem arrangement. As a result, they contain many cysteines, 

which are known to cross-link and aggregate (32). This property may complicate their in vitro expression.  

1.3.2 Computational prediction of specificity 

Groups have tried using computational approaches to attempt to predict the binding specificity of zinc 

finger proteins (33, 34, 35, 36). These approaches have been based on the canonical (or Zif268-like) 

DNA-binding model, incorporating the four interactions of the amino acids at positions -1, +2, +3, and +6 

with DNA bases (Figure 4A), and using experimental data from the literature (from in vitro experiments 

such as SELEX or phage display) of ZF-DNA pairs.  

 

 

 

Figure 4: Computational prediction of zinc finger protein sequence specificity.  

 

(A) Model of ZF-DNA binding, incorporating the four DNA-contacting residues in the alpha 

helix (B) Comparison of predicted binding motifs to motifs in TRANSFAC; individual ZF 

specificity predictions were concatenated to assemble predicted binding sites for multi-ZF 

proteins. (35) 

 

  

A B 
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In one study (35), predictions of DNA-binding specificities for some ZFPs were compared to their known 

binding specificities from the TRANSFAC database of binding motifs (37). ZFPs were chosen if they had 

2, 3, or 4 fingers and at least 6 known binding sites in the database; using their model, Liu and Stormo 

made predictions for multi-zinc fingered proteins by simply concatenating the predictions for individual 

zinc fingers. Comparisons of the resulting predictions to TRANSFAC sequence logos yielded mostly 

positive results: the majority of the predictions did resemble the previously determined specificities, but 

some were very different (Figure 4B).  ZFPs with G/C-rich binding sites tended to be predicted 

accurately while those with A/T-rich sites were not; this may be due to the smaller amount of training 

data available for the latter set. Recent models have been trained on only roughly a thousand examples of 

ZF-DNA pairs (34, 35), and many of them are variations of Zif268 and Sp1 fingers, which bind G/C-rich 

sequences.  However, zinc fingers can be selected to bind almost any DNA triplet, and there are known 

natural zinc fingers that bind A/T-rich sites. With more training data – tens of thousands or even hundreds 

of thousands of positive examples – it is probable that these computational prediction methods would 

improve. That being said, one possible limitation of these current approaches is that they are based on the 

canonical model, with the result that ZFPs with the same amino acids in the four key positions yield 

identical predictions. However, other positions are known to play a role in specificity – albeit 

comparatively subtle roles (16) – and it is possible that extending the model to incorporate more positions 

may improve predictions.   

These computational models of ZF DNA-binding specificity have practical applications. A very recent 

example highlighting this is the finding that the ZFP Prdm9 binds to recombination hotspots in the human 

genome. A group had implicated Prdm9 in binding recombination hotspots by comparing the motif found 

in hotspots to specificity predictions for a list of candidate genes (including Prdm9) using the Persikov et 

al. model (34). The recombination hotspot motif matched Prdm9’s predicted specificity quite well (38), 

and another group showed that Prdm9 did in fact bind to these recombination hotspots (39). 
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1.3.3 Selection of artificial zinc fingers 

Not only do their prevalence and diverse sequence specificity make C2H2 zinc fingers interesting in 

evolutionary and genome analyses, but their simplified model of DNA-interaction, as well as their 

versatility in DNA-binding, have made them extremely attractive for protein engineering studies over the 

past decade. As mentioned previously, in the mid-1990s, groups demonstrated that phage display could be 

used to select zinc fingers with novel DNA-binding specificities (13, 40), illustrated in Figure 5A. 

Subsequent work showed that these novel 

ZFPs could be tethered to repressor or 

activator domains to effect changes in 

transcriptional regulation (42, 43, 44). Other 

groups showed that nonspecific nuclease 

domains could be successfully fused to these 

specific zinc finger proteins (to generate zinc 

finer nucleases or ZFNs) and used to make 

targeted genome modifications in Drosophila 

(45), C. elegans (46), zebrafish (47), plant 

(48), and human cells (49). 

Together, these results fuelled efforts to select 

individual zinc fingers that could recognize all 

64 possible DNA triplets using in vitro 

methods, such as phage display, but also in 

vivo methods, such as bacterial-2-hybrid 

shown in Figure 5B. The combined effort of multiple groups has led to the formation of a consortium – 

the Zinc Finger Consortium (ZFC) – whose aim it is to explore strategies to generate and develop ZFNs 

as tools. The ZFC has made a publicly available kit of individual zinc finger modules that recognize many 

DNA triplets (50, 51, 52, 53); these modules can be mixed and matched to form a zinc finger array (ZFA) 

that recognizes a larger target sequence (Figure 6). Effectively, these modules represent a finger-to-triplet 

code, which may be better than previous amino acid-to-base codes because it accounts for other residues 

in the alpha helix that may affect zinc finger specificity. 

A 

 

B 

 

Figure 5: Selection of zinc finger proteins with 

specific DNA-binding activity. 

 

(A) Selection of novel zinc fingers using an in vitro 

phage-display system; adapted figure (40). (B) 

Selection of zinc fingers using a cell-based bacterial 

two-hybrid assay (41). 
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In spite of this accumulated body of work 

suggesting that zinc fingers are largely 

modular domains that can be mixed and 

matched, a recent publication has 

challenged the notion of C2H2 zinc finger 

modularity (54). Surveying a large number 

of ZFAs constructed by modular 

assembly, the group concluded that 

modular assembly was generally not a 

successful strategy (this debate forms the 

basis for the work described in Chapter 2). 

1.4 THE NEED FOR FURTHER STUDY  

Though much work has been done over the past two decades investigating C2H2 zinc finger structure, 

prevalence, and sequence specificity, we still have much to learn about these proteins as (1) determining 

or inferring the specificity of members is currently difficult; (2) predictions of zinc finger sequence 

specificity from amino acid sequence need improvement; and (3) there is ongoing debate regarding the 

validity of assuming the general modularity of zinc fingers.  

Their prevalence, versatility, and potential applications in health and medicine make elucidating the 

sequence-specific determinants of zinc finger-DNA recognition especially desirable. Of particular interest 

to our lab is to be able to predict the sequence specificity of a ZFP using only its amino acid sequence. If 

predictions could lead to putative target sites in the genome, the regulatory networks of these ZFPs as 

well as their functions might be surmised; such information would help progress eukaryotic genome 

analyses. These specificity predictions would be also useful in the design and engineering of novel C2H2 

zinc finger proteins that are used as tools for genome modifications and potentially gene therapy. For 

these reasons, it is of interest to study and understand the rules that govern zinc finger-DNA recognition. 

 

 

Figure 6: Zinc finger-DNA triplet recognition code.  

 

Each zinc finger binds a 3-base sequence. (54) 
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1.5 THESIS OUTLINE 

This thesis describes my work on the development of a new assay to interrogate C2H2 zinc finger 

specificities. In this system, each individual C2H2 domain is isolated from its natural context and 

displayed on phage in an otherwise constant three-finger protein scaffold. These libraries of C2H2 zinc 

fingers will be selected against individual DNA targets to identify sequence-specific binders. This 

endeavour is dependent on the modularity of individual C2H2 zinc fingers since it is required that the 

specificity of a given finger in the artificial framework be the same as its specificity in its natural context. 

Therefore, in Chapter 2, I discuss evidence for the modularity of the C2H2 domain by more closely 

examining three-zinc finger arrays constructed by modular assembly. Next, in Chapter 3, I describe my 

work on the development of the phage display system. I present my work on (1) constructing a zinc finger 

protein scaffold for phage display of individual zinc fingers; (2) generating several variants for 

preliminary experiments; and (3) generating two phage-displayed libraries of natural and artificial zinc 

fingers. Together, these results provide support for a new strategy that can be used to determine the 

specificity of individual zinc fingers, and the hope is that, using this information, it will possible to infer 

specificities for multi-finger C2H2 proteins.   
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CHAPTER 2 

 

ASSESSING THE MODULARITY OF ZINC FINGERS IN ARRAYS 

CONSTRUCTED BY MODULAR ASSEMBLY 

 

 

 

 

 

 

 

 

I performed all experiments in this chapter, with the exception of about one-half of the protein binding 

microarray experiments (the HK format set and some from the ME format set), which were done by 

Atina Cote and Anton van der Ven. Daniel Voytas provided 17 plasmids encoding modularly 

assembled zinc finger arrays. In Section 2.3, Harm van Bakel and Esther T. Chan wrote the scripts used 

by the Hughes lab to process data from protein binding microarray experiments.  

 

This chapter was written with the help of my supervisor Timothy Hughes to be submitted to Nucleic 

Acids Research, and hence it contains some background information that was covered in Chapter 1. 

Timothy Hughes and Harm van Bakel also helped with analysis of the data. 
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2.1 ABSTRACT 

Cys2His2 (C2H2) zinc fingers (ZFs) are the most prevalent type of vertebrate transcription factor DNA-

binding domain, and can behave in a modular manner, which may be responsible for the motif’s 

evolutionary success. Taking advantage of their modularity, ZF proteins have been engineered using a 

modular assembly approach: three individual ZFs, each with known 3-base specificity, can be combined 

to generate a zinc finger array (ZFA) that has a 9-base target. Though there have been numerous studies 

citing successful construction of ZFAs using modular assembly, there is ongoing debate regarding the 

general modularity of this domain and the modular assembly approach. A recent survey of a large number 

of ZFAs constructed by modular assembly reported unexpectedly high failure rates (~70%), casting doubt 

on the modularity of C2H2 ZFs and complicating analysis of their sequence specificity and its 

determinants. Here, we used protein-binding microarrays to analyze several dozen ZFAs that failed in the 

aforementioned study. We find that most do in fact bind specifically to DNA containing sequences 

resembling their intended targets. Similarly, most individual ZFs either retain the target specificity or 

degenerate specificity when modularly assembled into functional ZFAs, including cases in which we 

tested multiple contexts for the same ZF. Our findings are in agreement with previous work describing 

C2H2 ZF modularity, and support the validity of efforts to understand the determinants of individual ZF 

sequence specificity as well as computational prediction of DNA-binding sites for ZF proteins with 

unknown specificities. 

2.2 INTRODUCTION 

The C2H2 zinc finger (ZF) is the most prevalent DNA-binding domain in eukaryotes (1), with genes that 

encode this domain constituting nearly one-half of all transcription factors in the human genome (2). The 

explosion in number of their loci appears to be a recent evolutionary event, and these loci reside in 

clusters indicating the family evolved through tandem duplication (3); analyses have shown that the 

diversification of paralogs is driven by positive selection (4), and as such this protein family is known to 

have remarkably diverse specificity (5). C2H2 ZF proteins often have multiple fingers arranged in 

tandem, with each finger binding 3-4 bases, so that a multi-fingered protein recognizes a longer DNA 

sequence that is the combination of each finger’s specificity (55).  

ZF-DNA interactions can be grouped into either canonical or non-canonical binding (9). The prior group 

has been experimented with extensively as these ZFs seemed to lend themselves well to modular 
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assembly. Because their binding was regarded as largely modular, and because they had diverse 

specificity, they were attractive domains for protein engineering. Efforts to generate novel C2H2 ZFs by 

selection and optimization led to the development of domains that recognize triplets of the form 5’-NNN-

3’. More specifically, novel ZFs were generated to bind: all GNN (56, 57), 15 CNN (58) and some ANN 

(59) sequences. Using such engineered ZF domains, novel multi-ZF proteins were constructed; fused to 

either repressor or activator domains, these ZF proteins were used to successfully control gene expression 

in plant (44), and human cells (42, 43). In more detailed studies of the individual domains, it was found 

that they generally maintained their original high specificity in different contexts (9) – that is, in different 

positions of a protein and among different fingers.  

2.2.1 Publicly available kit for modular assembly 

Recently, many groups have become interested in building novel DNA-binding proteins. The Zinc Finger 

Consortium (http://www.zincfingers.org/) is a group devoted to the engineering of ZF proteins for use as 

tools in the scientific community. The group has advocated using a modular approach to designing new 

ZF proteins by “mixing and matching” individual characterized ZFs to generate a multi-zinc finger array 

(ZFA). To this end, the consortium has made publicly available (through Addgene, 

http://www.addgene.org) a collection 

of ZFs, called “modules”, that include 

both human ZFs and ones that have 

been selected or optimized in vitro (50, 

51, 52, 53). These modules have each 

been characterized to bind a 3-base 

subsite – covering all GNN, most 

ANN and CNN, and a few TNN 

triplets (52) – and three modules can 

be assembled by simple cloning to 

generate a custom ZFA that recognizes 

a 9-bp target site (Figure 7). These 

sequence-specific ZFAs are desirable 

because they can be fused to a 

 

 

Figure 7: Modular assembly.   

 

Characterized zinc finger modules are assembled via 

cloning to form an artificial three-zinc-finger array. 
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nonspecific nuclease domain to generate zinc finger nucleases (ZFNs), which are a useful tool for making 

targeted genome modifications. These ZFNs function as dimers to make site-specific double stranded 

breaks, stimulating highly efficient gene targeting (60, 61). A number of different groups have 

demonstrated that ZFNs, constructed by modular assembly, can be used to successfully make genome 

modifications in various organisms, including Drosophila (45), C. elegans (46), zebrafish (47), plant (48), 

and human cells (49). 

2.2.2 Debates about modular assembly and the general modularity of zinc fingers 

Despite evidence of modularity and successes of modular assembly in the literature, there is still ongoing 

debate in the field about the modularity of the ZF domain, and ultimately the utility of a modular 

assembly approach. Recently, a large-scale examination of modular ZF assembly was carried out by 

Ramirez et al.(54): 210 of these three ZFAs were generated and assayed for their ability to bind to their 

intended target sequences. They found that 147 ZFAs failed in their assays, yielding an overall failure rate 

of about 70%. These high failure rates called into question the modularity of the ZF motif, a quality that 

had until then been assumed or demonstrated in many studies of the domain. Interestingly, Ramirez et al. 

pointed out that previously cited high rates of success were due to a bias in studies towards 9-bp target 

sites composed of two or three GNN subsites (9, 50); Ramirez et al. found that the greater the number of 

GNN subsites, the more likely the target site would be recognized by a ZFA. 

In the first part of their study, Ramirez et al. tested a smaller set of ZFAs by either one or two of the 

following assays, the latter two of which test the ZFN form of the ZFA: electrophoretic mobility shift 

assay (27 ZFAs), episomal recombination assay (9 ZFAs), and plant single-stranded annealing assay (7 

ZFAs). In the second part of their study, a much larger set was tested by bacterial-2-hybrid assay, or B2H, 

(174 ZFAs). This assay tests a ZFA’s ability to bind to its intended target sequence with high enough 

affinity to cause the activation of a reporter gene. This group focused on affinity-based assays because 

their aim was to generate ZFNs, for which relatively high-affinity ZFAs are required (54), but which led 

to a rather arbitrary cut-off in their B2H assay: a ZFA that demonstrated less than 1.57-fold activation was 

considered a “failure”. These “failed” proteins may not be binding with high enough affinity to be called 

successes in these affinity-based assays, but they may still be binding specifically to their intended 

targets. Furthermore, a number of factors may be responsible for lack of a positive result by B2H: in vivo, 

relative occupancy of target sites can be modulated not only by affinity of the DNA-binding domain to its 
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target site, but also by the abundance of the protein, co-factors, and chromatin accessibility. In our view, it 

is misleading to label a ZFA as “failure” if in fact it does exhibit its target sequence specificity. Retention 

of specificity is important as modularity is crucial not only to efforts to construct artificial transcription 

factors, but also for studies on the determinants of ZF domain sequence specificity. The latter endeavour 

is of particular interest to our group, and we sought to investigate this claim that ZFs were generally not 

exhibiting modularity.  

2.2.3 The protein binding microarray is a fast, comprehensive and reliable method 

Instead of focusing on affinity, we used a different assay to ask whether ZF modules in these modularly 

assembled ZFAs were exhibiting their expected DNA-binding specificities. Our lab and others have used 

protein-binding microarrays (PBMs) to determine the binding specificities of hundreds of different 

transcription factors from a wide range of species. The technique can be summarized as follows: a tagged 

DNA-binding protein is “hybridized” to a microarray that has been spotted with a diverse set of probes; 

subsequent addition of a fluorescently tagged antibody reveals the DNA sequences that the protein has 

bound. This method allows the robust determination of a protein’s DNA-binding preference among 

thousands of DNA sequences. More exactly, the DNA probes are designed based on a de Bruijn sequence 

of order 10 – that is, the probes are designed in an overlapping manner such that all possible 10-mers are 

present exactly once, all 9-mers are present at least 8 times, and all 8-mers are present at least 32 times; 

those that are present multiple times are in different sequence contexts on the array, allowing for an 

overall unbiased assessment of their preference (27). We and others have shown that PBMs can 

recapitulate the known preferences of many transcription factors (29, 30, 31), and are therefore a reliable 

tool for assaying DNA-binding specificity. In fact, JASPAR (26) – an open-source database for high-

quality transcription factor binding site information – currently has more data derived from protein-

binding microarray experiments than any other kind of data in the literature. 

Briefly, PBM analysis revealed that most ZFAs have sequence preference very similar to those intended, 

and that the majority of individual modules have either expected specificity or degenerate specificity. 

2.3 RESULTS 

Using PBMs, we assayed a total of 31 ZFAs, 28 of which were designated as failures by Ramirez et 

al.(54). These arrays were either: (1) sent to us by the people that led the study (see Section 2.5.4); or (2) 
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ordered by DNA synthesis (see Section 2.5.5) and chosen such that (a) modules could be tested in 

different contexts; (b) the DNA triplets that these modules specified formed a diverse set; and (c) the 

modules represented both the human fingers (Toolgen modules (50)) and the fingers obtained by selection 

methods (Barbas (53) and Sangamo (51, 52) modules). See Methods for the complete list of ZFAs used in 

this study. Additional data can be found online at http://hugheslab.ccbr.utoronto.ca/supplementary-

data/C2H2_modularity/. 

2.3.1 Zinc finger arrays typically bind to sequences that resemble their intended target  

PBM data can be represented in several ways, including motifs and consensus sequences, as well as a 

table of relative preferences for individual sequences, most typically all 32,896 possible 8-mers 

(collapsing reverse complements).  A previously-established threshold for statistical significance was 

described by Berger et al. and utilizes 8-mer “E-scores” – in essence, a score that reflects the relative 

ranking of the intensity of the 32 probes that contain each 8-mer, relative to the remaining ~41,000 

probes.  E-scores are similar to the AUC (Area Under the Receiver Operating Curve) statistical metric, 

but range from -0.5 to 0.5.  Permutation tests in which the identity of the array probes is scrambled have 

shown that any score above 0.45 would not be observed by chance in a data set much larger than the one 

used here.  Using a success criterion that at least one 8-mer must have an E-score of 0.45 or greater, all 

three of the control proteins were successes, as were 17 of the 28 proteins that failed for Ramirez et al. 

(54). Evidently, not all of the modularly assembly ZFAs bound DNA in our PBM assay (11 ZFAs); this 

may be because in vitro production was problematic for these ZFAs, or that the ZFAs may have DNA-

binding affinity below the threshold required for the PBM assay. 

Since the ZFAs were designed to recognize 9-base sites, we first examined how the intended target 

ranked among all 131,072 possible 9-mers, using the same E-score statistic described above. For the 

majority of functional ZFAs, the 9-mer target ranked very highly (Table 1).  

We also compared the intended 9-mer target to a motif generated from an alignment of the top 8-mers 

with E-score > 0.45 (using ten 8-mers or fewer; we used 8-mers to take advantage of the E-score cut-off). 

Comparisons reveal that the majority of “failed” ZFAs did in fact exhibit sequence-specific DNA-binding 

activity, with 16 of the 17 “failed” arrays binding DNA sequences that were similar to their intended 9-bp 

targets (Table 1). Only one ZFA (ZFA188) bound sequences that were quite different from its intended 
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target. These results suggest that the assays used previously by Ramirez et al. (54) to determine ZFA 

activity may be either error-prone or relatively insensitive.  

 

Table 1: Summary of results for ZFAs that exhibited DNA-binding activity on PBM. 

 

Columns indicate: zinc finger array ID as designated by Ramirez et al.(54); results of assay for activity by Ramirez 

et al.; publicly available modules used for construction of the ZFA; the rank of the intended 9-mer target on PBM, 

on both the ME and HK array format; and the intended 9-mer target compared to sequence logo generated from an 

alignment of the top (ten or fewer) 8-mers with E-score > 0.45. 
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2.3.2 Zinc finger modules typically retain target specificities or degenerate specificities 

We next looked more closely at the 20 ZFAs that showed DNA-binding activity, and asked whether 

individual modules appeared to bind their characterized 3-bp subsite. We surmised the apparent 

specificity of the module in each instance that it was present in a ZFA using the top 8-mers and 9-mers 

that the ZFA preferred (ten or fewer, using the E-score cut-off), aligned to the binding sequence in a way 

similar to that shown in Table 1 (full tables of aligned 8-mers and 9-mers and derived motifs are posted 

online).  A summary of this analysis is shown in Table 2. All 38 C2H2-ZF modules present in at least one 

successful ZFA are listed, along with their expected target subsite in each of the 20 successful ZFAs.  

Their apparent specificities are coloured according to how closely they resemble the intended target, with 

green indicating complete agreement, yellow indicating degeneracy, red indicating disagreement, and 

grey no apparent contribution to sequence specificity despite being present in a successful ZFA.  

We found that, in general, modules used in different contexts tend to retain their intended specificity or 

degenerate specificity. The majority of the individual ZF modules (22/38) in functional arrays specified 

the intended triplet (green) in at least one case. Among the remaining 16 modules, 9 had at least one 

context in which the finger specified a degenerate triplet (yellow). There were 9 modules that bound 

triplets that varied dramatically from the intended triplet (red); however, of these, 5 also bound to triplets 

identical or similar to their target (modules 14, 72, 117, 119 and 139). These results indicate that some 

modules may have less or different specificity from what has been characterized, or that they may specify 

slightly different subsites in different positions and contexts. For example, module 117 (which specifies 

the subsite GGA) preferred GGA in position F2 of ZFA57, but bound GGT in position F3 of ZFA169.  

Lastly, only one module (module 93) failed to contribute any sequence specificity in a ZFA.  
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Table 2: Modules in functional ZFAs typically retain at least degenerate specificity 

 
 

The first column shows the modules used to construct the ZFAs and the second column indicates their 3-base 

specificity; the first row lists the arrays; the remaining cells indicate which modules were used in the array and what 

the specificity appeared to be based on the top ten most bound probes on PBM. Colours indicate whether the 

assayed specificity of the modules in the zinc finger array was in agreement with its target specificity. To the right of 

the table is a second condensed version. 

  

Module Triplet ZFA1 ZFA2 ZFA2 ZFA3 ZFA4 ZFA5 ZFA7 ZFA8 ZFA10 ZFA15 ZFA24 ZFA45 ZFA57 ZFA57 ZFA75 ZFA93 ZFA107 ZFA145 ZFA152 ZFA160 ZFA169 ZFA188 Module Triplet All observed sequence preferences

12 GGT GGA 12 GGT GGA

14 GTC CCN GNN 14 GTC CCN GNN

15 GTG BGK 15 GTG BGK

19 GAC GCA 19 GAC GCA

23 GCG GCG GCG 23 GCG GCG GCG

30 GTC GWH 30 GTC GWH

36 GAA GAA 36 GAA GAA

43 GCT GCT 43 GCT GCT

44 GGA GGA 44 GGA GGA

53 AGG AGG 53 AGG AGG

58 GGG GGG 58 GGG GGG

59 GGA GGA GGA GGA 59 GGA GGA GGA GGA

60 GGT GGT GGT 60 GGT GGT GGT

61 GGC GGC GGN 61 GGC GGC GGN

62 GAG GNG 62 GAG GNG

63 GAA GAA 63 GAA GAA

64 GAT GAT GAW GAT 64 GAT GAT GAW GAT

67 GTA GYN 67 GTA GYN

70 GCG GCG GCG 70 GCG GCG GCG

71 GCA GCA 71 GCA GCA

72 GCT GYT GCT GYN NNG GCT 72 GCT GYT GCT GYN NNG GCT

73 GCC SCN GCC 73 GCC SCN GCC

77 AAT HAT 77 AAT HAT

78 ACA RCN 78 ACA RCN

86 ATA RTA ATA 86 ATA RTA ATA

93 CCA NNN 93 CCA NNN

106 TGG NGG 106 TGG NGG

114 GGA GNN 114 GGA GNN

116 GAA GAA 116 GAA GAA

117 GGA GGA GGT 117 GGA GGA GGT

119 AGA AGA YGB 119 AGA AGA YGB

122 GAA ??? 122 GAA ???

130 GCG BYG GCG GYG 130 GCG BYG GCG GYG

132 AGG NGG 132 AGG NGG

136 GAG GAG 136 GAG GAG

138 GTG GTN GTG GYN 138 GTG GTN GTG GYN

139 GCT GYD ??? 139 GCT GYD ???

140 GGT ??? 140 GGT ???

Sangamo modules Exact match to intended triplet Y = C or T B = G, C, or T

Barbas modules Degenerate, consistent with intended triplet S = C or G H = A, C, or T

Toolgen modules Discrepancy from intended triplet K = G or T D = A, G, or T

No apparent contribution to sequence specificity W = A or T

R = A or G



21 

 

2.4 DISCUSSION 

Using PBMs, we show that modular assembly does not result in overwhelming failure, at least not with 

respect to DNA-binding specificity. Of the “failed” ZFAs that showed DNA-binding activity, the vast 

majority (16/17) exhibit sequence specificities that are not inconsistent with the individual finger 

specificities of the modules used to construct them. Only one ZFA (ZFA188) exhibited sequence 

specificity that was quite different than what its modules had been characterized to bind. We are hesitant 

to speculate on why this may be without more data, but these modules may have affinity for other triplets 

in addition to the one that they were characterized to bind.  

In selecting ZFAs to test on PBM, we chose ZFAs such that we could test the same module in different 

contexts. We show evidence supporting the idea that some modules may be better than others for their 

recalcitrance to contextual effects. Of the fifteen modules tested in multiple contexts, modules 23, 59 and 

60 appeared to specify their triplet in every case (Table 2); other modules, including 72, 117, and 119, 

specified their intended triplet in at least one case but also bound to other triplets in different contexts. 

Our sampling in this study is small; it would be interesting and useful to have more data on how often 

specificity of each module is generally retained when used in different positions (F1 vs. F2 vs. F3) and in 

different contexts.  

We also noted that all 6 ZFAs constructed from human ZF modules (instead of selected or optimized 

artificial ZFs) were present in the set of ZFAs that we considered successes, suggesting that capacity for 

modular assembly may be a property of natural ZFs. Others have also found that naturally occurring ZFs 

fare better in producing functional ZFAs (49).  

We also recapitulated the bias towards GNN subsites, as most successful ZFAs in Table 1 have modules 

that recognize GNN subsites, listed in Table 2. However, the modules used in the Zinc Finger 

Consortium’s modular assembly kit are mostly based on F2 of Zif268 or one of the three fingers of Sp1, 

which naturally prefer (T/G)GG (5), or GG(G/T), G(C/A)G, and (G/T)GG, respectively (62). It is 

possible that the bias towards GNN subsites can be attributed to the source of the modules, and thus the 

suggestion by Ramirez et al. (54) that success of modular assembly in general is correlated with the 

number of GNN subsites may simply be due to study bias. 
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Our results are consistent with previously mentioned studies on the general modularity of C2H2 ZFs, and 

support the efforts of groups using a modular assembly approach. As Kim et al. noted (63), however, the 

work of Ramirez et al. (54) is important for recognizing the capabilities and limitations of this technology 

(63). Their work nicely sets up a subsequent publication on a new strategy for engineering ZFNs, called 

OPEN, for Oligomerized Pool ENgineering (64). The strategy relies on selection and is therefore is not an 

engineering strategy as modular assembly is, as only the latter involves designing and building a ZFA 

with a predicted outcome. In fact, the OPEN strategy completely avoids attempting to understand the 

characteristics of the domain itself that have led to engineering problems – but understandably so, as their 

interest lies in the final product. Thus, Ramirez et al. (54) advocate their OPEN method to avoid modular 

assembly, but in doing so they made claims of general ZF non-modularity which required qualification. 

2.4.1 Assumption of modularity in zinc finger studies 

One area affected by claims of non-modularity is that of ZF protein engineering. Modular assembly is 

arguably the fastest and most straightforward strategy, simple enough to be carried out by the vast 

majority of labs that wish to generate custom ZFNs for use as tools to make targeted genome 

modifications. The technique has been successfully employed by many in the past (a comprehensive list is 

provided by Kim et al. (63) in their reply to Ramirez et al.(54)), and arguments against the modularity of 

ZFs may hinder the progress of a large number of labs by causing general confusion in the field. 

Another affected area, of particular interest to our group, is that of computational prediction of ZF protein 

specificity. Despite the fact that C2H2 ZFs are the largest class of transcription factors in human, their 

specificities remain largely unknown. It would be useful to be able to make highly accurate predictions of 

DNA-binding specificity for ZF proteins with currently unknown specificity. Recent models of ZF 

protein DNA-binding specificity have been generated that rely on modularity (34, 35): the predicted 

specificity of a ZF protein is the concatenation of the predictions for each individual finger. Using these 

models, the known specificities of some ZF proteins have been recapitulated with some success, 

providing support for the notion of ZF modularity. Continued work in this field hinges on the assumption 

of modularity being generally true. 
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2.4.2 The validity and utility of assuming modularity 

ZFs appear to be modular to some extent, and we argue that that extent is enough for the assumption of 

modularity to be valid in our studies as well as others. Simplified models of complex phenomena can be 

immensely useful, and this is illustrated by the numerous cases of successful construction of ZFNs based 

on models of ZF-DNA binding that assume ZF modularity, as well as by the accuracy of computational 

predictions of ZFP specificity. Further work is required to elucidate the complex rules governing ZF-

DNA interaction but this simplified model of DNA-binding is of demonstrated utility. 

We also speculate that the modular quality of ZF domains may be an evolutionary strategy. Being 

modular may make multi-ZF proteins amenable to mixing and matching by nature to generate 

transcription factors with novel DNA-binding specificities. In this way, the modular quality of the ZF 

may be responsible for its recent expansion in the genomes of vertebrate species today (8, 65). 

Our analyses support previous results in this field, indicating that, in the majority of cases, modular 

assembly is successful, and that individual ZFs generally retain sequence-specific DNA-binding activity 

in different contexts. We maintain that though zinc-finger DNA interactions are complex, ZFs are 

modular enough that a simplified model that assumes modularity is still very useful – not only for ZFN 

technology, but also for computational prediction of ZF sequence specificity. Our findings support the 

biological relevance of efforts to understand the determinants of sequence specificity of individual C2H2 

ZF domains, and are also consistent with the possibility that C2H2 modular assembly is a widespread 

evolutionary mechanism.   



24 

 

2.5 MATERIALS AND METHODS 

2.5.1 Strains, media and antibiotics 

All cloning steps were carried out in E. coli XL1-Blue. LB media was used, which contained 5 g NaCl, 10 

g tryptone, and 5 g yeast extract per litre of water. Ampicillin was used at a final concentration of 100 

μg/ml.   

2.5.2 Lists of plasmids and oligonucleotides 
Table 3: List of plasmids used in this study 
Plasmid Source ZFA (plasmid backbone) 

pTH5288 Laboratory of Daniel Voytas ZFA1 (pc3XB) 

pTH5289 Laboratory of Daniel Voytas ZFA2 (pc3XB) 

pTH5290 Laboratory of Daniel Voytas ZFA3 (pc3XB) 

pTH5291 Laboratory of Daniel Voytas ZFA4 (pc3XB) 

pTH5292 Laboratory of Daniel Voytas ZFA5 (pc3XB) 

pTH5294 Laboratory of Daniel Voytas ZFA7* (pc3XB) 

pTH5295 Laboratory of Daniel Voytas ZFA8* (pc3XB) 

pTH5297 Laboratory of Daniel Voytas ZFA10* (pc3XB) 

pTH5298 Laboratory of Daniel Voytas ZFA11 (pc3XB) 

pTH5302 Laboratory of Daniel Voytas ZFA15 (pc3XB) 

pTH5307 Laboratory of Daniel Voytas ZFA24* (pc3XB) 

pTH5611 Synthesized by BioBasic Inc. ZFA45 (puc57) 

pTH5612 Synthesized by BioBasic Inc. ZFA48 (puc57) 

pTH5613 Synthesized by BioBasic Inc. ZFA57 (puc57) 

pTH5615 Synthesized by BioBasic Inc. ZFA67 (puc57) 

pTH5616 Synthesized by BioBasic Inc. ZFA75 (puc57) 

pTH5617 Synthesized by BioBasic Inc. ZFA86 (puc57) 

pTH5618 Synthesized by BioBasic Inc. ZFA93 (puc57) 

pTH5619 Synthesized by BioBasic Inc. ZFA98 (puc57) 

pTH5620 Synthesized by BioBasic Inc. ZFA107 (puc57) 

pTH5621 Synthesized by BioBasic Inc. ZFA117 (puc57) 

pTH5622 Synthesized by BioBasic Inc. ZFA145 (puc57) 

pTH5623 Synthesized by BioBasic Inc. ZFA152 (puc57) 

pTH5624 Synthesized by BioBasic Inc. ZFA160 (puc57) 

pTH5625 Synthesized by BioBasic Inc. ZFA163 (puc57) 

pTH5626 Synthesized by BioBasic Inc. ZFA169 (puc57) 

pTH5627 Synthesized by BioBasic Inc. ZFA188 (puc57) 

pTH5628 Synthesized by BioBasic Inc. ZFA195 (puc57) 

pTH5629 Synthesized by BioBasic Inc. ZFA206 (puc57) 

pTH5630 Synthesized by BioBasic Inc. ZFA207 (puc57) 

pTH5631 Synthesized by BioBasic Inc. ZFA210 (puc57) 

pTH5470 ZFA subcloned from pTH5288 ZFA1 (pTH5325) 

pTH5471 ZFA subcloned from pTH5289 ZFA2 (pTH5325) 

pTH5421 ZFA subcloned from pTH5290 ZFA3 (pTH5325) 

pTH5422 ZFA subcloned from pTH5291 ZFA4 (pTH5325) 

pTH5423 ZFA subcloned from pTH5292 ZFA5 (pTH5325) 

pTH5424 ZFA subcloned from pTH5294 ZFA7* (pTH5325) 

pTH5425 ZFA subcloned from pTH5295 ZFA8* (pTH5325) 

pTH5426 ZFA subcloned from pTH5297 ZFA10* (pTH5325) 

pTH5427 ZFA subcloned from pTH5298 ZFA11 (pTH5325) 

pTH5428 ZFA subcloned from pTH5302 ZFA15 (pTH5325) 
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pTH5472 ZFA subcloned from pTH5304 ZFA17 (pTH5325) 

pTH5473 ZFA subcloned from pTH5307 ZFA24* (pTH5325) 

pTH5568 ZFA subcloned from pTH5610 ZFA41 (pTH5325) 

pTH5569 ZFA subcloned from pTH5611 ZFA45 (pTH5325) 

pTH5570 ZFA subcloned from pTH5612 ZFA48 (pTH5325) 

pTH5571 ZFA subcloned from pTH5613 ZFA57 (pTH5325) 

pTH5572 ZFA subcloned from pTH5614 ZFA61 (pTH5325) 

pTH5573 ZFA subcloned from pTH5615 ZFA67 (pTH5325) 

pTH5574 ZFA subcloned from pTH5616 ZFA75 (pTH5325) 

pTH5575 ZFA subcloned from pTH5617 ZFA86 (pTH5325) 

pTH5576 ZFA subcloned from pTH5618 ZFA93 (pTH5325) 

pTH5577 ZFA subcloned from pTH5619 ZFA98 (pTH5325) 

pTH5578 ZFA subcloned from pTH5620 ZFA107 (pTH5325) 

pTH5579 ZFA subcloned from pTH5621 ZFA117 (pTH5325) 

pTH5580 ZFA subcloned from pTH5622 ZFA145 (pTH5325) 

pTH5581 ZFA subcloned from pTH5623 ZFA152 (pTH5325) 

pTH5582 ZFA subcloned from pTH5624 ZFA160 (pTH5325) 

pTH5583 ZFA subcloned from pTH5625 ZFA163 (pTH5325) 

pTH5584 ZFA subcloned from pTH5626 ZFA169 (pTH5325) 

pTH5585 ZFA subcloned from pTH5627 ZFA188 (pTH5325) 

pTH5586 ZFA subcloned from pTH5628 ZFA195 (pTH5325) 

pTH5587 ZFA subcloned from pTH5629 ZFA206 (pTH5325) 

pTH5588 ZFA subcloned from pTH5630 ZFA207 (pTH5325) 

pTH5589 ZFA subcloned from pTH5631 ZFA210 (pTH5325) 

Asterisk (*) indicates that ZFA was different than what was annotated in previous study  

(see Section 2.5.4) 

 

Table 4: List of oligonucleotides used in this study 
Oligo Sequence (5’-3’) Comments 

TH14557;  

F Primer 

CCTGAGCTCTCTAGAC

CCGGGGAGAAGC 

Contains SacI adapter; used for 

cloning all ZFAs in Table 1 from 

vector backbone pc3XB 

TH14558; 

R1Primer 

CCTGGATCCACCGGTA

TGTGTTC 

Used for cloning the following 

ZFAs in Table 1 from vector 

backbone pc3XB: 1, 2, 7, 8, 10, 15, 

17   

TH14559; 

R2 Primer 

CCTGGATCCACCGGTG

TGGGTC 

Used for cloning the following 

ZFAs in Table 1 from vector 

backbone pc3XB: 3, 4, 5, 11, 24 
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2.5.3 PCR and cloning of zinc finger arrays 

Stratagene’s Herculase polymerase was used for PCR, according to the manufacturer’s instructions. 

Primers used are listed in Table 4. Zinc finger arrays were cloned as SacI-BamHI fragments into the 

GST-tagged vector pTH5325 used for protein binding microarray analyses.  

2.5.4 Re-sequencing previously constructed zinc finger arrays 

We requested 36 of the 210 previously-constructed ZFAs from Daniel Voytas. We received 21 samples, 

and re-sequenced them to confirm their identities. In doing so, we reached the unfortunate conclusion that 

many of these had been misconstructed or misidentified. In most cases, the sample turned out to be a 

different array, while in others the modules had been assembled in an incorrect order; our detailed 

findings are summarized in Table 5. Out of the 17 samples that we re-sequenced, only 7 ZFAs were 

correctly annotated. We suspect that these annotation errors may have been one reason (though probably a 

very minor reason, since these were from a small set constructed by one lab) for the failure of some these 

ZFAs in assays: since constructed arrays are only tested against their intended 9-bp target site, if the ZFA 

was incorrectly identified or constructed, the wrong target site would have been used to test its activity. 

We re-annotated these misidentified ZFAs (see Table 5) and subjected them to protein-binding 

microarray analysis to determine whether or not they bound DNA and, if they did, whether their apparent 

specificities matched their intended ones. 

2.5.5 Synthesis of additional zinc finger arrays 

We were met with delays after requesting the remaining 174 ZFAs constructed by Ramirez et al., and so 

opted to have 20 synthesized from BioBasic Inc. (Table 6).  
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Table 5: Annotated ZFA/module IDs versus sequence-verified IDs 
Annotated ID Sequence-verified ID 

ZFA F1 F2 F3 ZFA F1 F2 F3 

ZFA1 73 72 60 ZFA1** 73 72 60 

ZFA2 72 72 106 ZFA2** 72 72 106 

ZFA3 15 19 43 ZFA3** 15 19 43 

ZFA4 14 30 53 ZFA4** 14 30 53 

ZFA5 12 23 44 ZFA5** 12 23 44 

ZFA7* 58 72 59 Misconstructed** 58 59 72 

ZFA8* 67 60 64 Misconstructed** 67 64 60 

ZFA10* 70 61 59 Misconstructed** 70 59 61 

ZFA11 10 23 40 ZFA11** 10 23 40 

ZFA12* 15 19 43 ZFA5 12 23 44 

ZFA13* 4 21 39 ZFA11 10 23 40 

ZFA15 61 70 71 ZFA15** 61 70 71 

ZFA17* 60 70 59 ZFA5 12 23 44 

ZFA22* 8 24 57 ZFA17 60 70 59 

ZFA23* 15 31 49 ZFA11 10 23 40 

ZFA24* 8 24 43 Wholly different** 62 63 59 

ZFA27* 13 31 37 ZFA5 12 23 44 

Columns F1, F2 and F3 indicate numbered modules from the Zinc Finger Consortium’s publicly available kit for 

modular assembly of ZFAs; asterisk (*) indicates a different ZFA than annotated; double asterisk (**) indicates ZFA 

used in this study 
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Table 6: ZFAs ordered from BioBasic Inc. 
ZFA F1 F2 F3 

ZFA45 64 86 77 

ZFA48 86 83 79 

ZFA57 119 117 119 

ZFA67 92 90 87 

ZFA75 73 64 93 

ZFA86 101 92 98 

ZFA93 14 23 36 

ZFA98 8 26 37 

ZFA107 138 139 136 

ZFA117 11 28 39 

ZFA145 132 116 130 

ZFA152 114 138 130 

ZFA160 78 86 72 

ZFA163 100 104 72 

ZFA169 138 130 117 

ZFA188 139 122 140 

ZFA195 91 101 69 

ZFA206 6 23 50 

ZFA207 83 103 104 

ZFA210 86 105 105 

Columns F1, F2 and F3 indicate numbered modules from the  

Zinc Finger Consortium’s publicly available kit for modular  

assembly of ZFAs. 
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2.5.6 Protein binding microarray experiments  

Sequences of the two (ME and HK) PBM “all-10-mer” designs are given at 

http://hugheslab.ccbr.utoronto.ca/supplementary-data/C2H2_modularity/. Details of the design and use of 

PBMs have previously been described (27, 66, 67). Plasmids are listed in Table S1. Briefly, 150 ng of 

plasmid DNA was used in a 25 μl in vitro transcription/translation reaction using a PURExpress In Vitro 

Protein Synthesis Kit from New England BioLabs, supplemented with RNase inhibitor and 50 μM zinc 

acetate. After a two-hour incubation at 37
o
C, 12.5 μl of the mix was added to 137.5 μl of protein-binding 

solution for a final mix of PBS/2% skim milk/0.2 mg per ml BSA/50 μM zinc acetate/0.1% Tween 20. 

This mixture was added to an array previously blocked with PBS/2% skim milk and washed once with 

PBS/0.1% Tween 20 and once with PBS/0.01% Triton X 100.  After a one-hour incubation at room 

temperature, the array was washed once with PBS/0.5% Tween 20/50 μM zinc acetate and once with 

PBS/0.01% Triton X 100/50 μM zinc acetate. Cy5-labeled anti-GST antibody was added, diluted in 

PBS/2% skim milk/50 μM zinc acetate. After a one-hour incubation at room temperature, the array was 

washed three times with PBS/0.05% Tween 20/50 μM zinc acetate and once with PBS/50 μM zinc 

acetate. The array was imaged using an Agilent microarray scanner at 2 μM resolution. 

2.5.7 Microarray analyses 

Image spot intensities were quantified using ImaGene software (BioDiscovery), and bad spots were 

manually flagged and removed.  To estimate the relative preference for each 8-mer, two different scores 

were calculated:  (1) the Z-score was calculated from the average signal intensity across the 16 or 32 spots 

containing each 8-mer, and (2) the “E-score” (for enrichment), which scales between -0.5 and 0.5, is a 

variation on Area under the ROC curve (previously described in detail (27)) and is our preferred metric as 

it is highly reproducible and facilitates comparison between separate experiments. Each ZFA was tested 

on two different universal microarrays (designated ME and HK). E-score data are discussed in the text; 

however, both Z- and E-score data are provided in the supplementary data online at 

http://hugheslab.ccbr.utoronto.ca/supplementary-data/C2H2_modularity/ 

http://hugheslab.ccbr.utoronto.ca/supplementary-data/C2H2_modularity/
http://hugheslab.ccbr.utoronto.ca/supplementary-data/C2H2_modularity/
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CHAPTER 3  

 

A PHAGE DISPLAY SYSTEM TO PROFILE THE DNA-BINDING 

SPECIFICITIES OF C2H2 ZINC FINGERS 

 

 

 

 

 

 

 

 

I performed all experiments in this chapter, except for Section 3.3.3, in which experiments were done 

with substantial help from Sanie Mnaimneh with the objective of project transfer, as well as Section 

3.4.2, which discusses Ally Yang’s (current) efforts in cloning individual constructs from the natural zinc 

finger library for protein-binding microarray analysis. In Section 3.5.7.1, the mutagenic oligonucleotide 

was designed by Sachdev Sidhu. In Section 3.3.2.2, Harm van Bakel and Esther T. Chan wrote the 

scripts used by the Hughes lab to process data from protein binding microarray experiments. In Section 

3.3.4.2, Esther T. Chan provided the natural C2H2 zinc finger sequences from Pfam and Ensembl. In 

Section 3.3.4.3, Sanie Mnaimneh and Atina Cote helped with sample preparation for Illumina 

sequencing of the phage libraries and Kenneth Chu performed analyses on the data.  
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3.1 ABSTRACT 

C2H2 zinc fingers are the most common DNA-binding proteins in eukaryotes. Despite their prevalence, 

however, their sequence specificities remain largely unknown. They generally perform poorly in our 

current assay for interrogating transcription factor binding specificities; this difficulty formed the basis for 

my work, which was to develop a phage display system for profiling C2H2 zinc finger DNA-binding 

specificities. To do this, I constructed a scaffold based on the well-known zinc finger protein Zif268, 

which has 3 fingers (F1, F2 and F3) that each interact with 3-4 bp in a longer DNA target. In the scaffold, 

F1 and F2 are held constant while different zinc fingers are cloned in the F3 position. These resulting 

libraries of F3 variants will be subjected to individual 4 bp DNA targets to select for high-affinity binders; 

the 4 bp will be permuted in individual selection experiments to identify zinc fingers that bind to every 

possible 4 bp DNA target, resulting in a total of 256 selections.  The long-term goals of this project – 

collecting large amounts of data on C2H2 sequence-specificities for specificity prediction – exceed the 

scope of a Master’s thesis. Therefore, this thesis describes the development of the phage display system 

and the generation of two phage-displayed zinc fingers libraries to be used in future selections. 

Before generating the phage displayed zinc finger libraries, I first constructed four F3 variants with which 

I performed preliminary experiments. First, I used protein binding microarrays to confirm that the variants 

had their expected DNA-binding specificities. Next, I confirmed that phage could display these proteins 

as fusions to their viral coat protein and that phage displaying these variants could distinguish between 

different DNA binding sites, providing support for this new assay. I then generated two phage-displayed 

zinc finger libraries to use in this new system: (1) an artificial library of 10
10

 zinc fingers, and (2) a natural 

library of approximately 50,000 naturally occurring zinc fingers. These two libraries are now ready to be 

used in selection experiments against DNA targets. The hope is that, with information derived from these 

selections, it will possible to predict target sites for zinc fingers with currently unknown specificity. 
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3.2 INTRODUCTION 

3.2.1 Current difficulties in assaying C2H2 zinc finger protein sequence specificity 

In our lab, protein binding microarrays (PBMs), described in Chapter 2, have been used extensively to 

interrogate the DNA-binding specificities of many 

transcription factors (TFs), from a wide range of TF 

classes and species.  Figure 8 shows the percent 

success rate of PBMs broken down by TF class. 

Though the C2H2 zinc finger class of transcription 

factors is by far the most abundant, they have 

generally been problematic on PBM. One reason 

why they have been troublesome might be due to 

their long arrays; natural zinc finger proteins are 

typically multi-fingered, and can contain up to 

dozens of zinc fingers in a tandem arrangement. As 

a result, they contain many cysteine residues, which 

are known to cross-link and aggregate, and may 

complicate their expression in vitro. These past 

difficulties called for the development of a new 

assay to profile their sequence specificities.  

3.2.2 Using a phage display system to assay individual zinc finger sequence specificity 

3.2.2.1 Rationale 

Phage display was first established in the mid-1980s by George Smith (68). Briefly, it relies on the 

presentation of peptides from the surface of phage by fusing peptides of interest to a viral coat protein; 

traditionally, filamentous phage have been used as they replicate without killing the host cell (69). The 

viral particles carry the DNA molecules that encode the fusion protein, thereby establishing a physical 

link between phenotype and genotype. Robust methods have been developed to generate phage-displayed 

libraries with diversities greater than 10
10

, and to affinity-select for traits of interest (70). Through a 

process called panning, those phage particles whose displayed peptides exhibit the trait being selected for 

 

Figure 8: C2H2 ZF proteins have a low 

success rate on protein binding microarray. 
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are amplified in bacterial hosts while non-binding 

phage are removed; successive rounds of panning 

yield a much smaller pool of phage that have 

outcompeted their counterparts for the desired 

binding trait. Phage display has been applied in a 

variety of different contexts, including selecting for 

DNA-binding proteins on the basis of sequence-

specificity. Figure 9 illustrates a round of panning to 

select for phage that have affinity to an immobilized 

DNA target.  

The objective of this project is to develop a system to 

profile zinc finger DNA-binding preferences. Phage 

display should work well for several reasons. First, 

and most importantly, phage display has been 

demonstrated to work for C2H2 zinc fingers; in the past, zinc fingers with novel specificities have been 

selected and characterized using this method. Second, in the system I have designed, individual zinc 

fingers will be taken out of their natural context and assayed in a three-zinc-finger framework, in which 

the first two fingers remain constant. By breaking zinc fingers up in this way, we remedy the problem of 

having long tandem arrays, which do not appear to express well heterologously. Third, it is an efficient 

system: it is much more feasible to assay billions of zinc fingers 256 times (using a phage pool against a 

constant DNA target) than it is to do a billion assays for each individual zinc finger protein that exists 

(using a constant zinc finger against a DNA pool). Fourth, zinc finger sequences are short, ranging from 

23 to 36 amino acids in length. Not only does this mean that multi-zinc fingered proteins can be displayed 

on phage, it also makes randomization experiments feasible as the ZF sequences are short enough to be 

tractable by current DNA synthesis technology. Furthermore, since I previously showed evidence for the 

modularity of zinc fingers (Chapter 2), we can be reasonably confident that the specificity of a zinc finger 

obtained from doing phage display will generally resemble the specificity that it exhibits in its natural 

context. These points make phage display an attractive system for tackling the problem of specificity 

determination for C2H2 zinc fingers.  

 

 

Figure 9: Affinity selection of phage pool 

against a specific DNA target. 
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3.2.2.2 Our C2H2 phage display system and the Zif268 scaffold  

In the late 1980s, two groups independently 

discovered the gene encoding a three-zinc-

finger protein involved in early growth 

response that they respectively named Egr1 

and Zif268 (71, 72). Since the crystal 

structure of Zif268 bound to DNA was 

published (11, 12), it has gone on to 

become the prototype for understanding 

DNA recognition by the C2H2 class of 

ZFPs, and early studies exploring the 

specificity of ZFPs using phage display 

were done using Zif268-based designs. 

Zif268 has three tandem fingers; each of these fingers exhibits the characteristic beta-beta-alpha structure, 

and interacts with a 3-4 bp sequence of DNA; together, the three fingers recognize the nine-base-pair 

sequence 5’GCGTGGGCG, with slight overlap between the subsites (5) (Figure 10). From the structure 

of DNA-bound Zif268, the critical residues known to make base contacts with DNA are the -1, +2, +3 

and +6 positions of the alpha helix. As discussed in Chapter 1, a simplified model – in which possible 

positional and inter-finger dependencies are ignored – has been useful. Computational predictions of ZFP 

specificity based on such a model have yielded accurate predictions for proteins whose binding 

specificities are known. There is room for improvement, however, as predictions for some proteins were 

quite different when compared to the known specificity. This inaccuracy may be because these 

computational models have been trained on only one or two thousand examples of zinc finger-DNA 

interactions; it is likely that with more training data, models will have increased predictive power. The 

objective of my project is to remedy this problem through a new assay that can provide large amounts of 

data on the binding specificities of C2H2 zinc fingers. 

The phage display system that I am developing, based on a Zif268 scaffold, will be used to systematically 

carry out hundreds of selections, the information from which will be used to try to link the amino acid 

sequence of a given zinc finger to the DNA sequence that it will target. These selections will also give us 

 

Figure 10: The Zif268-DNA complex.   

 

(16) 
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the sequence specificities of all naturally-

occurring C2H2 zinc fingers. The ultimate 

goal is to gain insight into the patterns or 

rules that exist for zinc-finger DNA 

recognition so as to be able to predict target 

sites for zinc fingers with currently unknown 

specificity. To be able to collect data on the 

DNA-specificities of a large number of zinc 

fingers, phage-displayed libraries of Zif268 

variants will be used. The variants are made 

using oligonucleotide-directed mutagenesis 

to incorporate a variant third finger into an 

otherwise wild-type Zif268 construct; in this 

way, the phage particles display the first two 

wild-type fingers of Zif268 while the third 

finger is replaced with a variant library.  

Using this system, two different libraries will 

be assayed: the first is a smaller library of 

~50,000 naturally occurring zinc fingers; the 

second is an extremely diverse library of 

10
10

 artificial zinc fingers. The artificial 

library allows us to permute certain residues to capture all amino acid possibilities, so that we can explore 

how the critical DNA-contacting residues as well as other positions along the entire length of the finger 

affect DNA-binding specificity. Unlike the artificial library, the natural library will have fingers of 

varying length, allowing us to see the effects of insertions and deletions on sequence specificity. These 

two libraries can be used in selections against each of the 256 variants of the full Zif268 consensus 

(5’NNNNGGGCG), varying the four positions contacted by the third finger. Each of these pools can then 

be barcoded and sequenced; after sequencing the fingers that bind with high-affinity to the DNA target for 

each of the 256 selections, it will then be possible to begin to derive patterns for zinc finger-DNA 

interactions. Figure 11 summarizes this strategy. 

 

 

 

Figure 11: Overview of C2H2 phage display project. 
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F3 was chosen as the position into 

which the libraries of zinc fingers 

would be cloned because it has the least 

“target site overlap” problem of the 

three fingers of wild-type Zif268 (see 

Figure 12, and discussed previously in 

Section 1.2.1): the DNA subsites of F1 

and F2 overlap more than do the 

subsites of F2 and F3, as a result of the 

hydrogen bonding between residues in 

the fingers and the bases in the DNA subsites. In addition, this position was used by other groups in 

previous studies to characterize natural and artificial zinc fingers.  

3.2.2.3 Barcoding and Illumina sequencing of zinc fingers 

Using deep-sequencing on the Illumina platform, the phage from each of the 256 selections can be 

sequenced fully to identify all zinc fingers that have affinity for the DNA target. This will be 

accomplished by performing PCR directly off phage pools, using primers that have a barcode as well as 

Illumina adapters (Figure 13).  

To obtain approximate information on 

affinities, each round of panning in the 256 

selections will be sequenced: in this way, 

those zinc fingers that have lower affinity 

than others in the pool can be identified 

before they drop out in the early rounds of 

selection. It is not yet clear how many 

rounds of selection should be done, as too 

few rounds may result in a lack of 

enrichment for high-affinity zinc finger 

binders while too many rounds may result 

 
 

Figure 12: Hydrogen bonding between residues of the 

fingers of Zif268 and bases in the DNA.  

 

Dotted lines indicate non-ideal geometry. (5) 

 

 
 

 

Figure 13: Barcoding for Illumina sequencing of 

zinc fingers from phage. 
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in only one or a few zinc fingers being present. That being said, the number of rounds will likely be 

between 4 and 6, which results in 1024 or 1536 individual pools of phage that have to be barcoded and 

sequenced for each library.  

3.2.3 Scope of this thesis 

The long-term goals of this project – collecting large amounts of data on C2H2 sequence-specificities for 

zinc finger protein specificity prediction – exceed the scope of a Master’s thesis. Therefore, this thesis 

describes the development of the phage display system including: (1) the construction of the Zif268-based 

scaffold and preliminary validation with test constructs, and (2) the design and generation of the two 

libraries to be used.  

3.3 RESULTS 

3.3.1 Modifying a phagemid for use in the zinc finger phage display system 

A phagemid vector can be propagated by bacteria (as double-stranded DNA) as well as viruses (as single-

stranded DNA), as it contains replication origins for both. I obtained a phagemid backbone carrying the 

pIII coat protein, and modified it to be used in this new assay. The step-by-step modifications are 

summarized in Figure 14. They are briefly described here; a more thorough description is provided in the 

Methods (Section 3.5.7), and phagemid sequences for every construct are provided in Appendix B.   

I generated a FLAG epitope tag followed by SacI and BamHI restriction sites fused to the N-terminus of 

pIII; I used these sites to clone F1 and F2 of Zif268 (Figure 14A). I then use oligo-directed mutagenesis 

(a technique first pioneered by Michael Smith, and later refined by Thomas Kunkel (73, 74))  to introduce 

three tandem stop codons, a frame-shifting base, and a BclI site for screening purposes (Figure 14B). The 

template vector was prepared to undergo another round of oligonucleotide-directed mutagenesis to 

simultaneously a) introduce a third finger and b) remove the three stop codons, the extra base causing the 

frame-shift, and the BclI site. These third fingers would be a diverse set of zinc fingers encoded by a pool 

of oligos, generating a library of finger 3 variants (Figure 14C). The tandem stop codons are important 

because they terminate translation of the fusion coat protein if a third finger is not cloned in.  
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Figure 14: Detailed plan for construction of template vector. 
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3.3.2 Preliminary analyses of four Zif268 variants displayed on phage 

Before proceeding with using the template vector to make libraries to be displayed on phage, I made a 

few zinc finger proteins with which to perform preliminary experiments. I made four constructs to test the 

feasibility of this new zinc finger-phage display system.  

3.3.2.1 Constructing the four F3 variants 

I used the template vector (pTH5311) to generate four variants of Zif268. These are illustrated in Figure 

15, their details are summarized in Table 7, and the sequences of the mutagenic oligos used to generate 

the four constructs are given in Table 12.   

 

 
 

          Figure 15: Graphical depiction of the four Zif268 variants. 

 

 Table 7: Four F3 variants of Zif268. 

Zif268 variant Abbrev. 

Finger 3  

amino acid 

sequence 

pTH 

number 
Comments 

Wild-type F3 WT FACDICGRNFAR

SDERKKHTKIH 

pTH5312  Reconstituted wild-type Zif268 

Delete of F3 DEL -- pTH5313 Retains wild-type F1 and F2 of 

Zif268; has no F3 

Pfam-based F3 PFAM YKCKECDKAYS

QKSNLTKHQRTH 

pTH5314 Each residue of the wild-type F3 was 

changed to the most (or one of the 

most) common residue according to 

Pfam alignment 

GAT F3 GAT FACDICGRNFSTS

GNLV[K]HTKIH 

pTH5315 Documented to bind 5’GAT (59); 

constructed with unintentional point 

mutation RK 
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The first F3 variant was the wild-type F3 from Zif268, thereby regenerating the wild-type three-finger 

DNA-binding domain of Zif268. This variant was constructed to determine if these three fingers captured 

the known DNA-binding specificity of Zif268. 

The second F3 variant was an F3 deletion. I simply removed the tandem stops, frame-shifting base, and 

BclI site. I made this variant to validate the system I was developing: to make sure that F1 and F2 of 

Zif268 did not have such high affinity to their 5-bp site that the phage-displayed protein would bind 

regardless of affinity (or lack thereof) of F3 for the 4-bp being permuted. That is, this deletion construct, 

without the third finger, should display no binding activity at all (or very close to none) in order for us to 

be able to assay F3 specificity. 

I called the third F3 variant Pfam; to generate the amino acid sequence for this finger, I simply changed 

every residue from the wild-type F3 to the most common one according to the Pfam alignment of more 

than 50,000 natural zinc finger sequences – or the second-most common, if the wild-type (Zif268) residue 

was the most frequent one. It therefore represents the Pfam consensus sequence for C2H2 zinc fingers. I 

did not have a particular objective in mind when generating this construct (since I had no idea what it 

might bind), but it would later be useful for optimizing selection conditions (Section 3.3.3). 

Finally, I generated the fourth F3 variant; from the literature, I found that this zinc finger was selected to 

bind 5’GAT (59). This finger would be useful for my preliminary experiments: by cloning it in place of 

the wild-type third finger, I could determine if the specificity of the protein changed to reflect the 

presence of the different finger. For discussion of an unintended point mutation in this finger, see Section 

3.5.8. 

3.3.2.2 Protein binding microarray analyses of F3 variants 

After constructing the Zif268 F3 variants, I next wanted to see if these variants displayed their expected 

DNA-binding activity. To do this, I used protein binding microarrays (PBMs). I cloned the four 

constructs – WT, DEL, PFAM and GAT – from the phagemid backbone into the lab’s GST-tagged vector 

for PBM experiments, pTH5325 (see Section 2.2.3, in which protein-binding microarrays were already 

discussed, and Section 3.5.10 and 3.5.11 for details on methods). All constructs were cloned as SacI-

BamHI fragments using PCR primers TH14638 and TH14639.  
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I used two different microarray formats, designated ME and HK, which have the same probes but differ in 

their physical arrangement; IDs for these PBM experiments can be found in Appendix C. From the 

32,896 total 8-mers on the array, I looked at the scores for the 256 8-mers that had the format 

5’[NNNN]GGGC (see Section 3.5.11 for details on scores). Recall that the binding site for wild-type 

Zif268 is the 9-mer 5’[GCGT]GGGCG, and that the first four bases would be permuted in our phage 

selection strategy. Therefore, the 8-mers that I looked at were the ones that would give an indication of 

how well this strategy might work. The positive control protein I included was the DNA-binding domain 

of Egr1, also known as Zif268. Figure 16 is a heat map of the clustered scores of the 256 8-mers for all 

five proteins on both ME and HK array formats. If an 8-mer was more highly bound by the protein, its 

score is higher, and it is coloured more yellow in the figure. The two dashed boxed areas are zoomed in 

further in Figures 17 and 18.  

In Figure 16, Egr1 and the WT construct showed similar preferences for 8-mers, which was expected as 

their DNA binding domains are identical. Looking at the DEL construct, it was reassuring that it basically 

did not bind DNA on PBM. It was important that this be the case, for the reason discussed previously in 

Section 3.3.2.1. I did not know exactly what to expect for the PFAM construct, but it also showed a lack 

of sequence specific DNA-binding activity. Closing in on the preferred 8-mers of Egr1 and the WT F3 

variant in Figure 17, I saw that they most preferred the sequences 5’[GCGT]GGGC and 

5’[GCGG]GGGC; Zif268 is known to prefer both these sequences. In Figure 18, which shows the 

preferred 8-mers of the GAT F3 variant, it can be seen that the GAT F3 construct binds 5’GAT; it binds 

best the sequence 5’[GATG]GGGC.  

Using PBMs, I saw that the four constructs displayed the expected DNA-binding specificity (or lack 

thereof), and I moved forward with more experiments to validate the phage display system.  
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Figure 16: Protein-binding microarray results for Zif268 variants.  

 

Preferences to 256 8-mers are shown for 5 different proteins (Egr1/Zif268, WT F3 variant, Delete F3 

variant, PFAM F3 variant, and GAT F3 variant) on two array types (ME and HK). Colour scales with 

score of 8-mer from PBM experiment (see Section 3.5.11 for details on scores). 
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Figure 17: DNA-binding activity of the wild-type F3 variant on protein-binding microarray.  

 

Colour scales with score of 8-mer from PBM experiment (see Section 3.5.11 for details on scores). 
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Figure 18: DNA-binding activity of the GAT F3 variant on protein-binding microarray. 

 

Colour scales with score of 8-mer from PBM experiment (see Section 3.5.11 for details on scores). 
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3.3.2.3 Variants can be displayed by phage 

I next wanted to see if these four variants could be displayed on phage, as fusions to the phage pIII coat 

protein. To do this, I generated phage displaying each of these variants to use in an anti-FLAG ELISA 

(see Section 3.5.12 for details). This assay, summarized in Figure 19A, uses anti-FLAG antibody, non-

specifically adsorbed to a well of a microtiter plate, to capture phage that are successfully displaying the 

FLAG-tagged fusion protein. Comparable amounts of each type of phage are added to single wells; 

detection of phage is done with an anti-M13 antibody conjugated to horseradish peroxidase, followed by 

the addition of colourimetric substrate and an absorbance reading.  

Using this assay, I tested the phage for their ability to display six different constructs: the four different 

Zif268 variants, and two positive controls. One positive control was the FLAG-tagged empty vector 

(pTH5309); the other was a FLAG-tagged FYN construct (from Haiming Huang of the Sidhu lab). For 

each sample, signals from the corresponding the no-antibody negative controls were subtracted. The 

results from this assay are summarized in Figure 19B.  

The positive controls – the empty FLAG-tagged vector and FLAG-tagged FYN – seemed to display the 

best. The Zif268 variants were also found to be displayed, although at lower levels compared to the 

positive controls. The DEL F3 signal was highest, perhaps related to its being significantly shorter than 

the other F3 constructs. WT F3 and GAT F3 signals were slightly lower, and the PFAM F3 signal was the 

lowest. 
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Figure 19: Phage can display C2H2-pIII fusion proteins on their surface.  

 

(A) Summary of anti-FLAG ELISA assay: anti-FLAG antibody is used to coat wells; phages displaying 

different F3 variants are added; detection is carried out with anti-M13 antibody conjugated to horseradish 

peroxidase and subsequent addition of a colourimetric substrate. (B) Displayed levels estimated by 

ELISA.  

A B 



47 

 

3.3.2.4 Variants displayed by phage can discriminate between DNA binding sites 

I next wanted to test if phage displaying different variants could distinguish between different DNA 

binding sites. To do this, I used the same six types of phages in a DNA-binding-site phage ELISA (see 

Section 3.5.15 for details). In this assay, biotinylated DNA binding sites are synthesized in vitro (Figure 

20A) after annealing a biotinylated universal primer oligo to a specific DNA binding site oligo via a 

constant primer region. The oligo carrying the 9-base binding site has the site flanked by six unspecified 

nucleotides on either side, which get filled on the complementary strand during synthesis, so that the 

flanking sequences differ from oligo to oligo and should not play an unwanted role in the selection of 

phage. Following synthesis, the biotinylated binding site is bound to the well of a streptavidin-coated 

microtiter plate. Addition of phage and detection were done as described in the previous Section 3.3.2.3. 

This assay is depicted in Figure 20B.  

For this assay, the empty FLAG-tagged vector and FLAG-tagged FYN served as negative controls, as 

neither should have DNA-binding activity. I also included a no-phage negative control. I tested the six 

different types of phage for their ability to bind four different DNA binding sites, including two negative 

controls. These binding sites were: (1) 5’[GCGT]GGGCG, the wild-type Zif268 binding site, which 

phage displaying the WT F3 should bind; (2) 5’[GATT]GGGCG, a binding site that should be preferred 

by phage displaying the GAT F3; (3) 5’[NNNN]GGGCG, the first negative control, to check that having 

only F1 and F2 of Zif268 was not sufficient for phage binding; and (4) a negative control I called “Primer 

Control”,  which is synthesized using a “binding site oligo” that lacks the 9-base binding site as well as 

the 5’ flanking Ns (indicated by dashed box in Figure 20A).  

To check that DNA was in fact attached to the streptavidin-coated plate, I used a Cy5-labeled binding site 

oligo: I synthesized the binding site, added it to the well and was able to visualize its presence using a 

fluorescence imager (data not shown). Sequences for all binding sites and the universal primer are given 

in Table 12. For each sample, signals from the corresponding no-binding site negative control as well as 

the no-phage negative control were subtracted, and then normalized to the corresponding FLAG signals 

from the previous Section 3.3.2.3 to account for differences in displayed levels.  
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Figure 20: Phages displaying different F3 constructs can distinguish between DNA binding sites.  

 

(A) Synthesis of DNA binding site after annealing a universal biotinylated oligo to a specific DNA 

binding site oligo. (B) Summary of DNA binding site ELISA assay: binding sites are bound to 

streptavidin-coated wells; phage displaying different F3 variants are added; detection is carried out with 

anti-M13 antibody conjugated to horseradish peroxidase and subsequent addition of a colourimetric 

substrate. (C) Phage binding to different DNA targets estimated by ELISA. 

A B 
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The results from this assay are shown in Figure 20C. Phage displaying the FLAG tag alone or FLAG-

tagged FYN showed low signals. Phage displaying WT F3 bound the binding site 5’[GCGT]GGGCG 

best, and at comparably high levels; likewise, phage displaying GAT F3 bound 5’[GATT]GGGCG best. 

Phage displaying the DEL F3 showed low levels of binding for these two binding sites, and those signals 

were comparable to the signal from the 5’[NNNN]GGGCG negative control. Interestingly, the PFAM F3 

seemed to bind quite well to 5’[GCGT]GGGCG, 5’[GATT]GGGCG as well as 5’[NNNN]GGGCG, but it 

did not bind to the Primer Control. This construct appeared to be binding non-specifically to DNA; 

because it was “sticky” in this assay, it actually proved to be a useful sample to have for the optimization 

of selection conditions, discussed in the following Section 3.3.3. 

3.3.3 Optimizing selection conditions 

In this section, I had substantial help from Sanie Mnaimneh. Together, we tried various conditions – 

varying incubation times, washes, and trying different additives – to attempt to reduce the nonspecific 

binding of the PFAM F3 construct (see Section 3.3.2.4).  

Here, we used four different types of phage: (1) phage displaying the WT F3; (2) phage displaying the 

GAT F3; (3) phage displaying the PFAM F3; and (4) phage with the template vector (TP; pTH5311), 

which should not be displayed as the translational stops are still present. We decided to drop the DEL F3 

and instead to use the TP because the TP would be present in phage libraries; this is because oligo-

directed mutagenesis reactions are only about 60-80% efficient, and so not all template vectors get an F3 

cloned in. Therefore, we wanted to make sure that phage with TP only were not somehow sticking to 

DNA-coated wells. The DNA used was similar to that in previous section, but without the 

5’[NNNN]GGGCG negative control. 

We used an ELISA method like the one used in Section 3.3.2.4 to gauge phage binding. We tried adding 

more and different kinds of nonspecific competitor and blocking agents, varied incubation times and 

increased washes to attempt to reduce the nonspecific binding of the PFAM-displaying phage (refer to 

Figure 20C). Figure 21 shows the results of the condition deemed to be the best; in this condition, we 

reduced the time allowed for phage binding from 1-2 hours to 5 minutes, and also added substantial 

amounts of heparin, salmon sperm single-stranded DNA as well as salmon sperm double-stranded DNA 

as nonspecific competitor (see Section 3.5.15 for the optimized protocol).  
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We managed to reduce 

PFAM F3 binding down to 

levels almost as low as 

background levels from the 

no-phage control. Although 

GAT F3 binding to 

5’[GATT]GGCG appeared to 

be somewhat compromised, 

WT F3 binding to 

5’[GCGT]GGGCG was still 

strong. We also found that 

the signal from TP binding 

was comparable to 

background signals from no-phage controls in all cases, indicating that any phage with TP only in phage 

libraries would likely not be a problem during the selections. 

My results show that phage displaying different zinc fingers can discriminate between different binding 

sites (Section 3.3.2.4 and this section), and that zinc fingers placed in different contexts generally retain 

their specificity (Chapter 2). These results support the strategy of this project: given a library of phage 

that are displaying different zinc fingers in the F3 position of the Zif268-based scaffold, it should be 

possible to select those that can bind to a DNA target from those than do not bind. 

3.3.4 Constructing two zinc finger phage libraries 

I next made libraries of phage-displayed zinc finger proteins – an artificial zinc finger library as well as a 

natural zinc finger library, depicted in Figure 22. The libraries were constructed in different ways, but 

both methods used a pool of oligos that encode zinc fingers; these zinc fingers were designed to be 

flanked on either side by vector-homology regions (19 bases and 22 bases; chosen based on comparable 

melting temperature) for the purpose of cloning using oligo-directed mutagenesis (refer to Figure 14A). 

The template vector used to generate the libraries was pTH5695, shown in Appendix B with the 19- and 

22-base vector homology regions indicated.  

  

 
 

Figure 21: Optimized selection conditions reduce the nonspecific 

binding of PFAM F3 variant. 
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Figure 22: Representations of two constructed phage-displayed zinc finger libraries.  

 

(A) Artificial “Trimer” library of 10
10

 zinc fingers; possible residues at each position in the 23-amino-acid 

zinc finger are shown, and (B) a few select sequences from natural “OLS” library of ~50,000 zinc fingers 

of varying length.  

A 

B 
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3.3.4.1 Artificial library of 10
10 

zinc fingers 

The first library is a very diverse artificial library of zinc fingers, comprising 10
10

 unique variants, which 

is the limit using current protocols for making phage libraries. The length of the zinc fingers is uniform: 

all are 23 amino acids long. This length was chosen for two reasons: (1) it is by far the most common 

length of natural zinc fingers found in Pfam, and (2) it just met the limit of the length of oligo that could 

be synthesized, given that flanking vector-homology regions had to be added.  

It would have been ideal to vary each residue in the 23-amino acid zinc finger maximally so that all 

possible zinc fingers of length 23 could be sampled; however that would result in 20
23

 different zinc 

finger sequences, which is much larger than the 10
10

 limit. To reduce the number of possibilities down to 

10
10

, I turned to Pfam’s alignment of more than 50,000 natural zinc finger sequences (represented as a 

logo in Figure 22A) to do a tailored randomization. Using sequences from Pfam, I constrained the 

possible residues at each position towards those amino acids that naturally occur most frequently. For 

example, I would not have to permute the positions that have the two Cys and two His residues. In 

contrast, I permuted most those residues that are known to contact DNA in a Zif268-like canonical 

interaction; at these positions, all amino acid possibilities are encoded, excluding Cys and Pro, which are 

known to cause disulfide bond formation and kinks in alpha helices, respectively.  I then added the 

required flanking vector-homology sequences, and ordered the oligo pool encoding these zinc fingers 

from TriLink Biotechnologies (see Table 12 for the sequence); this company uses “trimer 

oligonucleotides” to conveniently only encode certain amino acids at specified positions, allowing me to 

specify 18 of the 20 amino acids in the four “recognition positions” (hence the colloquial name for this 

library being “trimer” or “TR”).  

I used the oligo pool to carry out an oligo-directed mutagenesis reaction and library amplification (see 

Sections 3.5.6.1 and 3.5.17 for methods) to generate phage displaying these zinc fingers in the F3 position 

of Zif268. After I generated the phage library, I used the phage to infect E. coli XL1-Blue, and chose 24 

clones for sequencing. Table 8 summarizes these sequencing results. From this small sample, about 70% 

of the phage in the library carry an inserted F3, which is within the expected 60-80% range for 

mutagenesis efficiency. About 20% are carrying the template, and about 10% are mutated.  

 

 



53 

 

 

 

 

 

 

 

Table 8: Random sampling of 24 clones from the artificial (TR) 

phage-displayed zinc finger library. 

 

Clone Sequencing Result 

1 Insert present 

2 Template 

3 Insert present 

4 Insert present 

5 Insert present 

6 Insert present 

7 Insert present 

8 Insert present 

9 Anomalous 

10 Template 

11 Insert present 

12 Insert present 

13 Template 

14 Insert present 

15 Template 

16 Insert present 

17 Insert present 

18 Insert present 

19 Extra base in read 

20 Insert present 

21 Insert present 

22 Template 

23 Insert present 

24 Insert present 

  
Type Percent of Sample 

Template 20.8 

Artificial F3 70.8 

"Mutated" 8.3 
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3.3.4.2 Natural library of 50K zinc fingers  

I next made a library of natural zinc fingers. Esther Chan provided me with natural zinc finger sequences 

from Pfam and Ensembl. Unlike the artificial library of uniform length, these natural zinc fingers vary 

between 23 to 36 amino acids (depicted in Figure 22B). I removed duplicate sequences between the Pfam 

and Ensembl collections, after which about 50,000 unique sequences remained. I then back-translated the 

sequences to DNA, added the flanking vector-homology regions to each sequence, and the pool was 

ordered from Agilent Technologies, using their Oligo Library Synthesis method (hence the colloquial 

name for this library, “OLS”). The size limit for this method was about 200 bases, well above the highest 

oligo size of 149 bases. 

I amplified the OLS pool using primers complementary to the flanking vector homology regions, 

TH14666 and TH14667 (see Table 12 for sequences). I used the PCR product to carry out the oligo-

directed mutagenesis reaction and phage generation, and again sampled 24 clones; the sequencing results 

are shown in Table 9. Much more of the library turned out to be template-carrying phage (over 50%), but 

since the diversity of this library was very low (about 5×10
4
 in contrast to 1×10

11
 for the artificial library) 

the mutagenesis rate did not need to be as high to capture all the possible clones. Only one sequence 

turned out to be mutated, but this sample size was small; since I used PCR to amplify the OLS pool, there 

may well be a higher rate of mutation.   
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Table 9: Random sampling of 24 clones from the natural (OLS) 

phage-displayed zinc finger library. 

 

Clone Sequencing Result 

1 Anole lizard  

2 Template 

3 Mutated  

4 Template 

5 Anole lizard 

6 Template 

7 Template 

8 Sea squirt 

9 Template 

10 Template 

11 Guinea pig 

12 Homo sapiens 

13 Xenopus tropicalis 

14 Template 

15 Template 

16 Template 

17 Cow 

18 Template 

19 Oryzias latipes 

20 Template 

21 Aedes aegypti 

22 Template 

23 Template 

24 Sea squirt 

  
Type Percent of Sample 

Template 54.2 

Natural F3 41.7 

"Mutated" 4.2 
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3.3.4.3 Illumina-sequencing of phage libraries 

After generating the libraries, I prepared them for Illumina sequencing. I did this for a couple of reasons: 

(1) to sample the libraries (the artificial library was included knowing that it was too large to sample 

completely, but it was possible to sample the natural library of ~50,000 sequences fully), and (2) to get an 

indication of whether or not the sequencing strategy and design would work. Sanie Mnaimneh and I 

performed PCR directly off the phage libraries, adding barcoded Solexa-adapters (sequences are provided 

in Table 12). Sample preparation for cluster generation on the Illumina flow cell was done by Atina Cote. 

Preliminary analyses of the sequencing data were performed by Kenneth Chu on both the natural OLS 

library and the artificial Trimer library. For the natural library, he found that 95% of the ~50,000 unique 

finger sequences were present (from approximately 10 million zinc finger reads). With respect to the 

artificial Trimer library, he found that 95% of the zinc fingers sequenced (approximately 20 million) were 

present only once with the remaining 5% being present more than once. The number of sequenced 

artificial fingers represents approximately 0.2% of the artificial library if it does in fact contain 10
10

 

unique fingers (it may contain slightly less since there are duplicate sequences present). Both libraries are 

ready to be used in selection experiments. 

3.4 DISCUSSION AND NEXT STEPS 

I have shown evidence supporting our new strategy of interrogating C2H2 zinc finger specificity using a 

phage display system. These results suggest that it should be possible to select sequence-specific zinc 

fingers from a diverse phage-displayed zinc finger library.    

3.4.1 Trial selection of TR and OLS library against selected DNA-binding sites 

I have prepared zinc finger phage libraries, and the next step now is to use those libraries in a pilot 

experiment: to select the libraries, using single or multiple rounds of panning, against several different 

binding sites, and sequence the pool of resulting binders. The DNA binding sites to try first should be 

selected based on whatever information is available about the known preferences of the natural zinc 

fingers included in the OLS library; the hope is that these fingers can be pulled out in the phage 

selections, serving as a kind of positive control.  
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As of now, we are still uncertain about how many rounds of panning to do for each selection. Typically, 4 

rounds are done in phage selections, but it may be useful to continue – for example, up to 6 rounds. As 

mentioned previously, the idea is to barcode and sequence the pool binding phage after every round so 

that relative affinities of zinc fingers can be approximated; with more rounds of panning, perhaps more 

affinity information can be gathered. Sanie Mnaimneh is currently preparing to do this pilot experiment, 

after which sequencing will be done. The sequencing results should reveal whether or not this method 

works: the pools of binding zinc fingers should be different between the selections, and, as the rounds of 

selection continue, high-affinity zinc fingers should be enriched while low-affinity zinc fingers are 

removed. For validation, individual constructs can be tested by ELISA or subcloned and their specificity 

validated on protein binding microarray. 

3.4.2 Pool-cloning of natural library clones for protein binding microarray analysis 

Ally Yang is currently carrying out experiments to check that the natural OLS library does in fact have 

DNA-binding activity and specificity. To this end, she is cloning out several dozen constructs to test on 

protein-binding microarray. This is being done by subcloning the three-zinc finger construct, carrying the 

constant F1 and F2 of the Zif268 scaffold as well as the varying F3, into the PBM-vector pTH5325 as a 

SacI-BamHI fragment (refer to Figure 14D for final phagemid vector composition). 

3.4.3 Illumina sequencing strategy 

In our initial sequencing of whole phage libraries to sample them (Section 3.3.4.3), we used paired-end 

sequencing with the default Illumina sequencing primer. However, for the future, it is possible to do 

single-read sequencing for both libraries, and avoid sequencing the constant 19 bases of Common Primer 

Region 1. This requires the use of a second sequencing primer – one that matches the Common Primer 

Region 1. The sequencing would proceed as follows: the default Illumina primer is used to sequence the 5 

or 6 bases used to barcode the sample (NB: these positions should also have as diverse a set of 

nucleotides as possible because the Illumina Genome Analyzer uses the first four bases to calibrate – that 

is, to recognize clusters as being unique); the Illumina sequencing primer is removed, and the custom 

sequencing primer is added to sequence the zinc finger region. The Trimer library has zinc fingers that are 

all 69 bases, so length is not an issue; for the natural library, the longest zinc finger to be sequenced is 108 

bases, which should be possible on the Genome Analyzer. I have passed along information about the 

primer and barcoding strategy to Atina Cote. After sequencing information from the initial pilot 
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experiments become available (Section 3.4.1), it will be possible to figure out the extent to which 

multiplexing can be done. After this point, the experiments can be ramped up to the full 256 selections.  

3.5 MATERIALS AND METHODS 

3.5.1 Lists of strains, plasmids and oligonucleotides 

Tables 10, 11, and 12 below list all strains, plasmids, and oligos used in this chapter, respectively. 

 

Table 10: List of strains used in Chapter 3 
Strain Source Relevant markers Purpose 

E. coli  

XL1-Blue 

Hughes lab pTH collection 

or Stratagene 

Tetracycline resistant (10 μg/ml) For infection by phage 

(propagation or titration) 

E. coli K12 

dam-/dcm- 

New England Biolabs dam
–
/dcm

–
  For isolating unmethylated 

plasmid DNA 

E. coli K12 

CJ236 

New England Biolabs dut
–
/ung

–
, chloramphenicol 

resistant (15 μg/ml) 

Used in conjunction with 

M13KO7 phage for isolating 

dU-ssDNA (contains uracil 

instead of thymine); use 

chloramphenicol in solid 

media only 

E. coli SS320 Nicolas Economopoulos,  

Sidhu Lab 

Tetracycline resistant (10 μg/ml) For library amplification 

M13K07 helper 

phage 

New England Biolabs Kanamycin resistant (25 μg/ml) For phage propagation 

 

Table 11: List of plasmids used in Chapter 3 
Plasmid  Source/Builder/ 

Original backbone 

Relevant markers/ genes Comments/ 

Colloquial name 

pTH4767 Akiko Koide/Sachdev Sidhu Ampicillin resistance; M13 

replication origin; ColE1 replication 

origin; pIII gene 

pFN 

pTH2580 Gwenael Badis/Shaheynoor 

Talukder 

Zif268 DNA-binding domain  

pTH4919 pTH4767 Deletion of FN domain; replaced 

with SacI-BamHI restriction sites 

pFN-OM 

pTH5309 pTH4919 Added N-terminal FLAG pFN-OM-FLAG 

pTH5310 pTH5309 Added Zif268 F1, F2, and 5 AAs 

preceding F1 (as SacI-BamHI 

fragment) 

pFN-OM-FLAG-F1F2 

pTH5311 pTH5310 Added 3 stops, frame-shifting base, 

BclI site, and 5 AAs succeeding F3 

in wild-type Zif268 (and removed 

BamHI site) via oligo mutagenesis 

Old template vector (pZif 

in lab books) 

pTH5312 pTH5311 Zif268 wild-type F1, F2, F3 WT F3 

pTH5313 pTH5311 Zif268 WT F1, F2 only (F3 delete) DEL F3 

pTH5314 pTH5311 Zif268 WT F1, F2, and mutant F3 

(in all possible AAs) 

MT/RAND (PFAM) F3 

pTH5315 pTH5311 Zif268 WT F1, F2 and mutant F3 (to 

recognize 5'GAT) 

GAT F3 

pTH5695 pTH5310 Added 3 stops, frame-shifting base, 

BclI site, and 5 AAs succeeding F3 

in wild-type Zif268 (and retained 

BamHI site) via oligo mutagenesis 

TP, template vector 
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pTH5691 pTH5325 WT F3 WT-5325 

pTH5692 pTH5325 DEL F3 DEL-5325 

pTH5693 pTH5325 MT/RAND (PFAM) F3 MT-5325 (PFAM-5325) 

pTH5694 pTH5325 GAT F3 GAT-5325 

 

 

Table 12: List of oligonucleotides used in Chapter 3 
Oligo  Source Sequence (5’-3’) Purpose/Description 

RT-

Sidhu-01 

Sigma TTTTCTGCATCTGCTGCTGAGCTCGCGG

CCGCAGGATCCGGTGGCCTCGAGTCTA

GA 

For oligo-directed mutagenesis to 

introduce SacI and BamHI sites into 

pTH4767 

14532 Sigma TGATTATAAAGATGATGATGATAAAGA

GCTCGAATTCGGA 

FLAG linker 1 

14533 Sigma GATCCGAATTCGAGCTCTTTATCATCAT

CATCTTTATAATCAAGCT 

FLAG linker 2 

14445 Sigma CCTGAGCTCCCCCATGAACGCCCATAT

GC 

Forward primer for cloning Zif268 

fingers 1 and 2 

14446 Sigma CCTGGATCCAGGCTTCTCGCCTGTGTG

CC 

Reverse primer for cloning Zif268 

fingers 1 and 2 

14531 Sigma CACACAGGCGAGAAGCCTTAATAATAA

TTGATCATTAAGACAGAAGGACGGTGG

CCTCGAGTCTAGA 

Carries 3 stop codons, frame-shifting 

base, BclI, and 5 AAs succeeding finger 

3 – for oligo mutagenesis 

14449 Sigma CACACAGGCGAGAAGCCTTTTGCCTGT

GACATTTGTGGGAGGAACTTTGCCAGG

AGTGATGAACGCAAGAAGCATACCAA

AATCCATTTAAGACAGAAGGACGGT 

Wild-type Zif268 finger 3 for oligo 

mutagenesis 

14519 Sigma CACACAGGCGAGAAGCCTTTAAGACA

GAAGGACGGTGGCCTCGAGTCTAGA 

5 AAs succeeding finger 3 – for oligo 

mutagenesis 

14520 Sigma CACACAGGCGAGAAGCCTTATAAATGT

AAAGAATGTGATAAAGCCTATTCTCAA

AAATCTAATTTGACTAAACATCAAAGA

ACTCATTTAAGACAGAAGGACGGT 

mutant Zif268 finger 3 for oligo 

mutagenesis 

14534 Sigma CACACAGGCGAGAAGCCTTTTGCCTGT

GACATTTGTGGGAGGAACTTTAGTACT

AGTGGCAATTTGGTGAAGCATACCAAA

ATCCATTTAAGACAGAAGGACGGT 

mutant Zif268 finger 3 that recognizes 

5’GAT – for oligo mutagenesis 

14637 Sigma CACACAGGCGAGAAGCCTTAATAATAA

TTGATCATTAAGACAGAAGGACGGATC

CGGTGGCCTCGAG 

Similar to 14531, but leaves BamHI site 

intact  

14638 Sigma GCTGAGCTCCCCCATGAACG Forward primer to clone Zif268 variants 

into pTH5325 

14639 Sigma CCTGGATCCCGAGGCCACCGTCCTTCT

GTC 

Reverse primer to clone Zif268 variants 

into pTH5325 (BamHI adapter) 

OLS 

library 

Agilent Refer to OLS master file on lab server ~50,000 natural zinc finger sequences 

with adapters for oligo mutagenesis 

Trimer 

library 

TriLink 

Biotech. 

CACACAGGCGAGAAGCCTTWTRMGTG

TGAWRTTTGTGRTARARMGTWTKCT(X

)AGS(X)(X)CKYAVA(X)CATMMGARGA

YTCATTTAAGACAGAAGGACGGA 

~10
10

 tailor-randomized zinc finger 

sequences with adapters for oligo 

mutagenesis (X = all amino acids, 

excluding Pro and Cys) 

14666 Sigma CCACACAGGCGAGAAGCCT Forward primer to amplify OLS library 

14667 Sigma CGGATCCGTCCTTCTGTCTTAA Reverse primer to amplify OLS library 

14669 Sigma CCACATCGACTTGCTAAGG 5’ biotinylated universal primer 

14535 Sigma NNNNNNGCGTGGGCGNNNNNNCCTTA

GCAAGTCGATG 

binding site GCGT 

14547 Sigma NNNNNNGATTGGGCGNNNNNNCCTTA

GCAAGTCGATG 

binding site GATT 
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14548 Sigma NNNNNNNNNNGGGCGNNNNNNCCTTA

GCAAGTCGATG 

binding site for non-specificity (NNNN) 

14549 Sigma NNNNNNCCTTAGCAAGTCGATG binding site for primer control (PC) 

 

14568 Sigma NNNNNNGCGTGGGCGNNNNNNCCTTA

GCAAGTCGATG 

5' Cy5-labelled binding site GCGT 

 

14717 Sigma AATGATACGGCGACCACCGAGATCTAC

ACTCTTTCCCTACACGACGCTCTTCCGA

TCTGGTGTCCACACAGGCGAGAAGCCT 

F primer for Illumina sequencing of TR 

library (paired-end read) 

14718 Sigma AATGATACGGCGACCACCGAGATCTAC

ACTCTTTCCCTACACGACGCTCTTCCGA

TCTCCACACAGGCGAGAAGCCT 

F primer for Illumina sequencing of OLS 

library (paired-end read) 

14719 Sigma CAAGCAGAAGACGGCATACGAGATCG

GTCTCGGCATTCCTGCTGAACCGCTCTT

CCGATCTCGGATCCGTCCTTCTGTCTTA

A 

R primer for Illumina sequencing of TR 

and OLS libraries (paired-end read) 

 

3.5.2 Recipes for media and solutions 

The recipes included here are particular to this section. For basic molecular biology and microbiology 

recipes, see Appendix A. 

Media/Solution Ingredients  

PBS/Zn 1× PBS, 50 μM zinc acetate 

PBS/Zn/BSA/T20/DTT 1× PBS, 50 μM zinc acetate, 0.5% BSA, 0.05% Tween 20, 1 mM DTT 

2YT 10 g yeast extract, 16 tryptone, 5 g NaCl; top to 1 L with water 

2YT/agar as 2YT, with 20 g agar 
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3.5.3 Bacterial transformation (calcium chloride) 

The following protocol is for the transformation of 100 μl of XL1-Blue cells with an approximate 

transformation efficiency of 10
4
 to 10

5
 colonies per ng plasmid DNA. 

1. Thaw cells on ice. 

2. Add 25-50 ng of DNA to 50 or 100 μl of calcium chloride competent cells; incubate on ice for 

10-30 minutes. 

3. Heat shock at 42
o
C for 1 minute; recover on ice for 1 minute. 

4. Add 1 ml LB or SOC media; incubate at 37
o
C with rotation for 45-60 minutes. 

5. Plate 100 μl on LB/antibiotic; save remaining transformation mix at 4
o
C (or pellet and plate). 

6. Incubate plates at 37
o
C overnight. 

3.5.4 PCR and cloning 

Stratagene’s Herculase polymerase was used for PCR, according to the manufacturer’s instructions. 

Cloning was typically carried out with enzymes from New England Biolabs or Fermentas, according to 

the manufacturer’s instructions. In particular, SacI-BamHI double digests were done simultaneously using 

enzymes from New England Biolabs. When required, fragments were extracted using a Qiagen Gel 

Extraction Kit, and eluted using water. Following resuspension, I would add ligation buffer and 0.1 μl of 

Fermentas ligase, and allow the reaction to proceed for 1-3 hours at 37
o
C or overnight at RT.  

3.5.5 Phage titer to estimate phage concentration 

This is a method that is analogous to counting plaques, except it takes advantage of the phagemid’s 

ampicillin resistance marker.  

1. Inoculate a colony of XL1-Blue from an LB/Tc10 plate into 5 ml LB/Tc10; incubate 37
o
C 

overnight. 

2. Use 1 ml to seed 100 ml LB/Tc10; grow at 37
o
C until OD~0.8. 

3. Make dilutions of phage stock in PBS, from 10
-1

 to 10
-12

. 

4. Infect 900 μl of XL1 with 100 μl of diluted phage (or 180 μl with 20 μl for a smaller volume); 

incubate 37
o
C for 30 min. 

5. Plate 100 μl of infection mix on LB/Ap100; incubate 37
o
C overnight. 

6. Count plates and approximate concentration of phage in original sample. 

3.5.6 Oligonucleotide-directed mutagenesis 

I used this method for two different purposes:  to generate a library (a pool of desired products) or to 

modify a vector (one desired product). 
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3.5.6.1 Reaction to generate a library (a pool of desired products) 

The following protocol is from Raffi Tonikian’s Nature Protocols paper (70) and Sachdev Sidhu’s book 

chapter on making antibodies (75). Refer to these protocols for more details on protocol and reagents. 

Isolate dU-ssDNA 
 

1. From a fresh LB/Ap plate, pick a single colony of E. coli CJ236 harbouring the appropriate 

phagemid into 1 ml of 2YT media supplemented with M13KO7 helper phage (10:1 ratio of phage 

to cells) and Tc and Ap. 

2. Incubate at 200 r.p.m. at 37
o
C for 2 h. 

3. Add kanamycin to select clones that have been co-infected with M13KO7 

4. Incubate at 200 r.p.m. at 37
o
C for 6 h, and transfer the culture to 30 ml of 2YT/Ap/Km/uridine. 

5. Incubate at 200 r.p.m. at 37
o
C for 20 h. 

6. Centrifuge for 10 min at 15,000 r.p.m. at 4
o
C in a Sorvall SS-34 rotor (27,000g). 

7. Precipitate phage particles by transferring the supernatant to a new tube containing 1/5 volume of 

PEG/NaCl and incubate for 5 min at room temperature. 

8. Centrifuge for 10 min at 10,000 r.p.m. at 4
o
C in an SS-34 rotor (12,000g). Decant the supernatant; 

centrifuge briefly at 4,000 r.p.m. (2,000g) and aspirate the remaining supernatant. 

9. Resuspend the phage pellet in 0.5 ml of PBS and transfer to a 1.5-ml microcentrifuge tube. 

10. Centrifuge for 5 min at 13,000 r.p.m. (16,000g) at 4
o
C in a microcentrifuge to get rid of any 

insoluble matter, and transfer the supernatant to a 1.5-ml microcentrifuge tube. 

11. The following steps are a modification of the QIAprep Spin M13 Kit protocol. 

12. Add 7.0 μl of buffer MP and mix. Incubate at room temperature for at least 2 min. 

13. Apply the sample to a QIAprep Spin M13 column in a 2-ml microcentrifuge tube. Centrifuge for 

30 s at 8,000 r.p.m. (6,000g) in a microcentrifuge. Discard the flow-through. The phage particles 

remain bound to the column matrix. 

14. Add 0.7 ml of buffer MLB to the column. Centrifuge for 30 s at 8,000 r.p.m. (6,000g) and discard 

the flow-through. 

15. Add 0.7 ml of buffer MLB. Incubate at room temperature for at least 1 min. 

16. Centrifuge at 8,000 r.p.m. (6,000g) for 30 s. Discard the flow-through. The DNA is separated 

from the protein coat and remains adsorbed to the matrix. 

17. Add 0.7 ml of buffer PE. Centrifuge at 8,000 r.p.m. (6,000g) for 30 s and discard the flow-

through. 

18. Repeat Steps 15–17. Residual proteins and salt are removed. 

19. Centrifuge at 8,000 r.p.m. (6,000g) for 30 s in a fresh 1.5-ml microcentrifuge tube to remove 

residual PE buffer. 

20. Transfer the column to a fresh 1.5-ml microcentrifuge tube. Add 100 μl of buffer EB to the center 

of the column membrane. Incubate at room temperature for 10 min. 

21. Centrifuge at 8,000 r.p.m. (6,000g) for 30 s. Save the eluant. 

22. Analyze the DNA by electrophoresing 1 μl on a 1% TAE/agarose gel at 100 V for 1 h. The DNA 

should appear as a predominant single band, but faint bands with lower electrophoretic mobility 

are often visible. These are likely caused by secondary structure in the dU-ssDNA. 

23. Determine the DNA concentration by measuring absorbance at 260 nm. Typical DNA 

concentrations range from 200 to 500 ng per μl. 
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Phosphorylate mutagenic oligonucleotide 

 

24. Set up the following phosphorylation reaction in a 1.5-ml microcentrifuge tube. 

 

Component  Amount  Final 

Mutagenic oligonucleotide variable 0.6 μg 

10× TM buffer* 2 μl 1× 

ATP, 10 mM 2 μl 1 mM 

DTT, 100 mM 1 μl 5 mM 

T4 polynucleotide kinase (10 U/μl) 2 μl 20 U 

ddH2O  variable Up to 20 ml 

*10× TM buffer recipe: 0.1 M MgCl2, 0.5 M Tris, pH 7.5 

 

25. Incubate for 1 h at 37
o
C . 

 

Anneal the phosphorylated oligonucleotide generated to the dU-ssDNA template 

 

26. Set up the following annealing reaction in a 1.5-ml microcentrifuge tube: 

 

Component  Amount  Final 

dU-ssDNA template from Step 23 variable 20 μg 

10× TM buffer 25 μl 1× 

Phosphorylated mutagenic oligonucleotide from 

Step 25 

20 μl 0.6 μg 

ddH2O variable Up to 250 μl 

* In cases where more than one region of the DNA is to be mutated, two or more mutagenic 

oligonucleotides can be added simultaneously, as long as no sequences within the oligonucleotides overlap 

with each other. These DNA quantities provide an oligonucleotide:template molar ratio of 3:1, assuming 

that the oligonucleotide:template length ratio is 1:100. 

 

27. Perform a single cycle of denaturation and annealing to anneal the phosphorylated mutagenic 

oligonucleotide to the dU-ssDNA template, according to the following protocol: 90
o
C for 3 min, 

50
o
C for 5 min and 20

o
C for 5 min. Alternatively, heat to 90

o
C in a heat block, remove block 

from source and allow to cool to room temperature gradually.  

 

Synthesize complementary strand to generate dsDNA 

 

28. T7 DNA polymerase uses the annealed mutagenic oligonucleotide as a primer for the template-

directed synthesis of a complementary DNA strand. Subsequently, T4 DNA ligase seals the nick 

to form heteroduplex covalently closed, circular dsDNA. Set up the following reaction: 
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Component  Amount  Final 

Annealed oligonucleotide/template mixture from 

Step 27 

250 μl  

ATP, 10 mM 25 μl 346 μM 

DTT, 100 mM 15 μl 5.19 mM 

dNTP mix, 25 mM of each dNTP 10 μl 865 μM each dNTP 

T4 DNA ligase variable 30 Weiss units 

T7 DNA polymerase (10 U per μl) 3 μl 30 U 

 

29. Incubate overnight at 20
o
C. 

30. Proceed to Section 3.5.17 for generating phage libraries using this reaction mix. 

3.5.6.2 Reaction to modify a vector (one desired product) 

The following protocol is adapted from the prior one; it is scaled down as only one desired product is 

needed. I used this method in the construction of the template vector (see Section 3.3.1). The only 

changes are: (1) the relevant reactions are scaled down ten-fold and (2) the mixture is used to transform 

competent cells, which are subsequently screened for the modified phagemid. 

 Step 26: Scale down ten-fold. 

Component  Amount  Final 

dU-ssDNA template from Step 23 variable 2 μg 

10× TM buffer 2.5 μl 1× 

Phosphorylated mutagenic oligonucleotide from 

Step 25 

2.0 μl 60 ng 

ddH2O variable Up to 25 μl 

 

Step 28: Scale down ten-fold. 

Component  Amount  Final 

Annealed oligonucleotide/template mixture from 

Step 27 

25.0 μl  

ATP, 10 mM 2.5 μl 34.6 μM 

DTT, 100 mM 1.5 μl .519 mM 

dNTP mix, 25 mM of each dNTP 1.0 μl 86.5 μM each dNTP 

T4 DNA ligase variable 3.0 Weiss units 

T7 DNA polymerase (10 U per μl) 0.3 μl 3.0 U 

 

 Step 30: Transform 100 μl of calcium-chloride chemically competent E. coli with 1 μl of reaction 

mix (see Section 3.5.3). Select colonies to inoculate into LB/Ap, streak-purifying if necessary. 

Miniprep plasmid DNA, and screen for mutagenized version. 
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3.5.7 Modification of a phagemid vector for zinc finger display 

Through Sachdev Sidhu, I obtained from Akiko Koide of the University of Chicago a phagemid vector 

named pDsbFNshavedV5p3, which has both ColE1 and M13 origins for replication in E. coli as well as 

M13 bacteriophage. I designated this vector pTH4767; the annotated sequence is provided in Appendix B. 

I modified this vector to be used for displaying zinc fingers. 

3.5.7.1 Introducing SacI and BamHI restriction sites 

Using oligo-directed mutagenesis (see Methods) with the oligo RT-Sidhu-01 (see Table 12), I modified 

pTH4767 to include SacI, NotI and BamHI restriction sites, while simultaneously deleting the FN 

(fibronectin) sequence. I designated this new vector pTH4919; the annotated sequence is provided in 

Appendix B. 

3.5.7.2 Generating an N-terminal FLAG-tag 

An N-terminal FLAG epitope tag is useful for determining how well the phage display a particular 

construct, by doing a simple anti-FLAG ELISA (see Section 3.5.14 for methods). Though Shaheynoor 

Talukder had previously modified pTH4919 to introduce a C-terminal FLAG-tag epitope (pTH5023), 

Sachdev Sidhu recommended an N-terminal FLAG-tag. I generated the linker fragment encoding the 

FLAG-tag by annealing the oligos TH14532 and TH14533. I inserted the annealed product into pTH4919 

using its SacI-BamHI site; the insertion of the fragment terminated the original SacI site while 

reconstituting a new SacI site downstream of the FLAG-tag. On the linker I included an EcoRI site, and I 

used this to screen for successful transformants. I designated this vector pTH5309; the annotated 

sequence is provided in Appendix B. 

3.5.7.3 Cloning fingers 1 and 2 of Zif268 

In the system I am developing, the phage-display protein includes wild-type fingers 1 and 2 from Zif268. 

I cloned fingers 1 and 2 as a SacI-BamHI fragment into pTH5309. To do this, I PCR-amplified fingers 1 

and 2 from pTH2580 (which carries the DNA-binding domain of Zif268, previously cloned by Gwenael 

Badis and Shaheynoor Talukder) using the oligos TH14445 and TH14446. I included the five amino acids 

that precede finger 1 (protein sequence PHERP) and the linker that succeeds finger 2 (protein sequence 

TGEKP). I designated this new vector pTH5310; the annotated sequence is provided in Appendix B. 
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3.5.7.4 Finalizing the template vector 

Using oligonucleotide-directed mutagenesis with the oligo TH14531, I modified the region of pTH5310 

after fingers one and two (but before the BamHI site) to include:  three tandem stop codons (TAA); an 

extra base, to cause frame-shift mutation of the downstream sequence;  a BclI restriction site; and the five 

amino acids (LRQKD) that follow finger 3 in wild-type Zif268. I screened for successful cloning by 

isolating DNA from transformants and digesting with BclI. I designated this vector pTH5695; the 

annotated sequence is provided in Appendix B, and the vector is depicted in Figure 14B. The tandem 

stop codons are important because they help terminate translation of the fusion coat protein if a third 

finger is not cloned in (which would remove the stops). 

The vector was prepared so that it would undergo another round of oligonucleotide-directed mutagenesis 

to simultaneously a) introduce a third finger and b) remove the three stop codons, the extra base causing 

the frame-shift, and the BclI site. These third fingers could be individual oligos or a pool of oligos to 

generate a library. This is shown in Figure 14C. 

As an aside, the first version of the template vector that I made had all of the markers described above but 

lacked a BamHI site; this vector was designated pTH5311 and its sequence is provided in Appendix B. I 

made this vector before deciding that retaining the BamHI site might be useful in the future: should one 

want to clone a particular zinc finger protein to assay on PBM, it would be easy to do so by subcloning 

the construct as a SacI-BamHI fragment, which would carry F1 and F2 from Zif268, and F3 (from the 

library). Therefore, pTH5695 is actually the second (and final) version of the template vector. 

I used pTH5311 to generate four variant zinc finger proteins for preliminary work (see Section 3.3.2) 

while I generated pTH5695; after its completion, I used pTH5695 to construct the zinc finger libraries 

(see Section 3.3.4). 

3.5.8 Notes on the construction of the GAT F3 variant 

I made an error in designing the oligo TH14534, which I used to generate the GAT F3 variant: there is 

point mutation causing an RK change in one of the DNA-contacting residues, shown in Table 7. 

However, I chose not to re-code and re-generate the construct since R and K are both polar, positive 

residues. 
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3.5.9 General phage storage and use 

For storage, add EDTA to 2 mM and glycerol to 50%. Mix gently by inverting the tube and store in 1 ml 

aliquots at –20
o
C. To reuse the frozen phage, dilute with PBS (about ten-fold), add 1/5 volume of 

PEG/NaCl, and incubate on ice for 20 min. Centrifuge at 13,000 rpm for 20 min and decant the 

supernatant. Spin briefly, remove the extra solution. Resuspend the phage with PBS/Zn50. 

3.5.10 Protein binding microarray experiments  

As described in Section 2.5.6. 

3.5.11 Microarray analyses 

Image spot intensities were quantified using ImaGene software (BioDiscovery), and bad spots were 

manually flagged and removed.  To estimate the relative preference for each 8-mer (among 32,896 8-

mers), two different scores were used:  the Z-score was calculated from the average signal intensity across 

the 16 or 32 spots containing each 8-mer; the “E-score” (for enrichment) is a variation on Area under the 

ROC curve (previously described in detail by Berger et al.(27)) and is our preferred metric as it is highly 

reproducible and facilitates comparison between separate experiments.  

Proteins were tested on two different universal microarray formats (designated ME and HK). The 

function f(x) = 10
(x*10 - 3)

 was applied to all 8-mer E-scores from these experiments, and the resulting 

transformed E-scores were used for analysis. 

3.5.12 Preparing a uniform (non-library) phage stock displaying a zinc finger protein 

The following protocol can be scaled up to generate a larger volume of phage stock. 

1. Transform XL1-Blue with desired phagemid(s). 

2. Inoculate one large colony or several small colonies into 1 ml of 2YT/Zn50/Ap100/Tc10; incubate at 

37
o
C until cloudy (OD < 1.0). 

3. Add 10 μl of M13K07 to achieve >/= 10:1 ratio of K07 to cells; incubate for 1 h at 37
o
C. 

4. Seed into 100 ml of 2YT/Zn50/Ap100/Km25; incubate overnight at 37
o
C (or 30

o
C). 

5. Centrifuge culture at 10k rpm for 10 min at 4
o
C; save supernatant. 

6. Add 20 ml (1/5 volume) of PEG/NaCl; incubate at RT for 5 min. 

7. Centrifuge culture at 10k rpm for 10 min at 4
o
C; discard supernatant. 

8. Resuspend in 4 ml of PBS/BSA0.5/Tween 200.05/Zn50.  

9. Centrifuge at 15k rpm for 5 min at 4
o
C; transfer supernatant to fresh tube. 

10. Add 500 μl of 100% glycerol; aliquot and save at -80
o
C. 
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3.5.13 Synthesizing DNA binding sites 

I checked that the following protocol generated binding sites that were indeed double-stranded and could 

bind to SigmaScreen streptavidin high-capacity coated plates. The oligo IDs for the universal primer and 

all specific DNA binding sites are given in Table 12.  

1. Resuspend oligos to 100 pmol/μl.  

2. Set up the anneal mix (100 μl): 

Specific binding site  50    

Universal primer   40 (4000 pmol total)  

NEB buffer 2     10    

3. Place in 95
o
C heat block for five minutes. Centrifuge to collect liquid to the bottom, and cool in 

heat block to RT. 

4. Set up the synthesis mix in a PCR tube (115 μl): 

Anneal mix     100 

10 mM dNTPs     3.8 

NEB Klenow 5U/μl  10 

NEB buffer 2     1.2  

5. Incubate for 15 minutes at 25
o
C. 

6. Add 2.3 μl of 0.5 M EDTA. 

7. Incubate for 20 minutes at 75
o
C. 

8. Add 1882.7 μl of PBS to make 2000 μl of 2 pmol/μl binding site (use 100 μl per well in 

selections). 
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3.5.14 Anti-FLAG phage ELISA (using uniform phage stocks) 

This assay determines whether phage are displaying the fusion protein, which is fused to a detectable 

FLAG epitope tag. 

1. Coat wells with 100 μl of anti-FLAG antibody diluted to 5 μg/ml in PBS; incubate @ 4
o
C 

overnight (include a well for a no phage control, and a set of wells for a no anti-FLAG control). 

2. Block wells with 200 μl of PBS/BSA0.5 for 1 h. 

3. Wash three times with PBS. 

4. Thaw frozen 500 μl phage stock on ice.  

5. Add PBS/Zn50 to 1 ml; add 200 μl of PEG/NaCl to precipitate phage; incubate 20 min on ice. 

6. Spin at 13,000 rpm for 5 min at 4
o
C to pellet phage. 

7. Resuspend samples (to comparable concentrations) in PBS/BSA0.5/T200.05%/Zn50/DTT1. 

8. Add 100 μl to anti-FLAG plate wells; incubate at RT for 1 h (remember to include a no-phage 

control). 

9. Wash ten times with PBS/ Zn50/T200.05%. 

10. Add 100 μl of HRP/anti-M13 antibody diluted 5000-fold in PBS/BSA; incubate at RT for 30 min 

with gentle shaking. 

11. Wash five times with PBS/Zn50/T200.05%. 

12. Add 100 μl of TMB (pre-equilibrated to RT); allow colour to develop for 5-10 min. 

13. Stop the reaction with 100 μl 1.0 M H3PO4. 

14. Read at 450 nm in a microtiter plate reader. 
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3.5.15 DNA binding site phage ELISA (using uniform phage stocks) 

This assay tests the affinity of a particular kind of phage for a particular DNA target. This protocol 

initially started off similar to the anti-FLAG ELISA (above, Section 3.5.14), but was optimized by Sanie 

Mnaimneh and me in Section 3.3.3. 

1. Synthesize the DNA binding site(s) according to the protocol found in Section 3.5.13. 

2. Block wells of Sigma streptavidin coated plates with 200 μl of PBS/BSA; incubate 1 h. 

3. Wash three times with PBS. 

4. Add 100 μl of binding site synthesis mix (2 pmol/μl); incubate 1 h. 

5. Wash three times with PBS. 

6. Thaw phage stock on ice. 

7. Add PBS/Zn50 to 1 ml; add 200 μl of PEG/NaCl to precipitate phage; incubate 20 min on ice. 

8. Spin at 13,000 rpm for 5 min at 4
o
C to pellet phage. 

9. Resuspend samples (to comparable concentrations) in the following: 

 

Water     top up 

10× buffer *    to 1× 

Heparin (20 mg/ml)   to 2.40 mg/ml 

Salmon sperm ssDNA (10 mg/ml) to 1.33 mg/ml 

Salmon sperm dsDNA (11 mg/ml) to 1.33 mg/ml 

 

*10× PBS, 5% BSA, 0.5% Tween 20, 500 μM ZnAc, 10 mM DTT 

10. Mix and incubate 10 min at RT. 

11. Add 100 μl to each well of plate; incubate at RT for 5 min. 

12. Wash ten times with PBS/ Zn50/T200.05%. 

13. Add 100 μl of HRP/anti-M13 antibody diluted 5000-fold in PBS/BSA; incubate at RT for 30 min 

with gentle shaking. 

14. Wash five times with PBS/Zn50/T200.05%. 

15. Add 100 μl of TMB (pre-equilibrated to RT); allow colour to develop for 5-10 min. 

16. Stop the reaction with 100 μl 1.0 M H3PO4. 

17. Read at 450 nm in a microtiter plate reader. 
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3.5.16 Preparing highly electrocompetent SS320 

The following protocol is from Raffi Tonikian’s Nature Protocols paper (70) and Sachdev Sidhu’s book 

chapter on making antibodies (75); refer to these for more details on protocol and reagents. This protocol 

yields approximately 25 ml of highly concentrated, electrocompetent E. coli SS320 (approximately 

3×10
11

 cfu/ml) infected by M13KO7 helper phage, ensuring that, once transformed with a phagemid, each 

cell will be able to produce phage particles. 

1. Inoculate 25 ml 2YT/ Tc10 medium with a single colony of E. coli SS320 from a fresh LB/Tc10 

plate. 

2. Incubate at 37°C with shaking at 200 rpm to mid-log phase (OD600 = 0.8).  

3. Make 10-fold serial dilutions of M13K07 by diluting 20 µl into 180 µl of PBS (use a new pipette 

tip for each dilution). 

4. Mix 500 μl of E. coli SS320 at exponential phase with 200 μl of each M13KO7 dilution and 4 ml 

of 2YT top agar. 

5. Pour the mixtures onto prewarmed LB/ Tc10 plates and grow overnight at 37°C. 

6. Pick 10-40 well-separated, single plaque and inoculate in 1 ml of 2YT/Km50/ Tc10 medium; 

incubate for 8 h at 37°C. (NB: sometimes it is difficult to find colonies that grow; inoculate 20-40 

to be certain.) 

7. Transfer the culture to 250 ml of 2YT/Km50 medium in a 2-l baffled flask. Grow overnight at 

37°C with shaking at 200 rpm. 

8. Inoculate six 2 L baffled flasks containing 900 ml of superbroth/Km50/ Tc10 medium with 5 ml of 

the overnight culture. Incubate at 37°C with shaking at 200 rpm to mid-log phase (OD550 = 0.8). 

9. Chill three of the flasks on ice for 5 min with occasional swirling. The following steps should be 

done in a cold room, on ice, with prechilled solutions and equipment. 

10. 9. Centrifuge at 5.5k rpm (5,000g) and 4°C for 10 min in a Sorvall. 

11. Decant the supernatant and add culture from the remaining flasks (these should be chilled while 

the first set is centrifuging) to the same tubes. 

12. Repeat the centrifugation and decant the supernatant. 

13. Fill the tubes with 1.0 mM HEPES, pH 7.4, and add sterile magnetic stir bars to facilitate pellet 

resuspension. Swirl to dislodge the pellet from the tube wall and stir at a moderate rate to 

resuspend the pellet completely. Alternatively, pipette gently. 

14. Centrifuge at 5.5k rpm (5,000g) and 4°C for 10 min in a Sorvall centrifuge. Decant the 

supernatant, being careful to retain the stir bar. To avoid disturbing the pellet, maintain the 

position of the centrifuge tube when removing from the rotor. 

15. Repeat steps 12 and 13. 

16. Resuspend each pellet in 150 ml of 10% ultrapure glycerol. Use stir bars and do not combine the 

pellets. 

17. Centrifuge at 5.5k rpm (5,000g) and 4°C for 15 min in a Sorvall GS-3 rotor. Decant the 

supernatant and remove the stir bar. Remove remaining traces of supernatant with a pipette. 

18. Add 3.0 ml of 10% ultrapure glycerol to one tube and resuspend the pellet by pipetting. Transfer 

the suspension to the next tube and repeat until all of the pellets are resuspended. 

19. Transfer 350 μl aliquot into 1.5 ml microcentrifuge tubes. 

20. Flash freeze with liquid nitrogen and store at –70°C. 
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3.5.17 Preparing a phage library displaying zinc finger protein variants 

The following protocol generates primary phage libraries. These can be used for library re-amplifications 

(see the following Section 3.5.18) to generate more concentrated phage libraries for use in selections. 

(NB: This is the protocol that I used, but Sanie Mnaimneh has a more recent version from the Sidhu lab, 

optimized by Helena Persson.) 

1. Chill 20 μg of purified CCC-dsDNA and a cuvette on ice, from oligo-directed mutagenesis 

reaction (see Section 3.5.6.1). 

2. Thaw 350 μl of highly electrocompetent SS320 (see Section 3.5.16).  

3. Add cells to DNA, and transfer to cuvette. 

4. Electroporate using the Bio-Rad Gene Pulser, at 2.5 kV, 200 ohms, 25 μF. 

5. Rescue with 1 ml warm SOC and transfer to a baffled flask; rinse the cuvette multiple times with 

1 ml SOC. Top to 25 ml with SOC. 

6. Incubate at 37°C for 30 min. 

7. Estimate library “diversity” by serially diluting 20 μl in 200 2YT; plating 100 μl on LB/Ap. 

8. Transfer the culture to 500 ml 2YT/Ap/Km/Zn in a 2 L flask.  

9. Incubate at 37°C overnight. 

10. Centrifuge at 10,000 rpm at 4°C for 10 min; transfer supernatant to new tube. 

11. Add 1/5 volume (100 ml) PEG/NaCl; incubate 20 min on ice. 

12. Centrifuge at 10,000 rpm at 4°C for 10 min; decant supernatant; respin briefly and aspirate 

remaining solution. 

13. Resuspend pellet in 20 ml PBT/Zn50 buffer. 

14. Centrifuge at 11,000 rpm at 4°C for 5 min to pellet insoluble matter. 

15. Add EDTA to 2 mM and glycerol to 50%. Mix gently by inverting the tube and store in 1 ml 

aliquots at –20
o
C. 

3.5.18 Library re-amplification 

The following protocol generates more concentrated secondary libraries, and was optimized by Helena 

Persson of the Sidhu lab. 

1. Starting volume of cells: 250 ml SS320 OD 0.8 (approximately 1×10
12

 cells, 5×10
9
 cells/ml)  

2. Titer on YT plates to get number of cells. 

3. Re-precipitate the appropriate volume of frozen primary library (100× the diversity) and 

resuspend in 1 ml 2YT/Zn.  

4. Incubate with shaking at 200 rpm for 30 minutes at 37°C.  

5. Titer at this stage to make sure that most bacteria have the phagemid and that most cells display 

F pili. Use YT, YT/tet and YT/carb plates. (Plating 100 μl of 10
-5

 to 10
-10

 dilutions.) 

6. Add helper phage to a final concentration of 5×10
10

 phage/ml (typically, aim for helper phage: 

bacteria at ratio of 10:1). Use 1 ml of NEB commercial phage. 

7. Incubate with shaking at 200 rpm at 37°C for 1h. 

8. Titer at this stage to make sure that most bacteria get infected with KO7. Use both YT/kan and 

YT/carb plates. 
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9. Transfer the culture to about 20 volumes (4.5 L) of 2YT carb/kan/Zn (use eight 2 litre flasks, 560 

ml in each). Incubate overnight (20 to 24 hours) at 37°C at 200 rpm.  

10. Centrifuge the culture in for 10 min 4°C at 17,600 g (10,000 rpm) in 12 450 ml Sorvall centrifuge 

bottles, with 370 ml culture per tube. Transfer the supernatant to a fresh tube. 

11. Add 1/5 volume of PEG/NaCl (75 ml) to precipitate the phage. Incubate 20 min on ice. 

12. Centrifuge for 20 min at 17,600 g (10,000 rpm). Decant the supernatant. Respin briefly (2 min, 

same speed) and remove the remaining supernatant with a pipette.  

13. Resuspend the phage pellet in 1/20 volume (20 ml) of TE with 0.5 mM PMSF (covalent serine 

protease inhibitor). Transfer to 50 ml Falcon tubes. 

14. Pellet insoluble matter by centrifuging for 10 min 4°C 20,000 g (11,000 rpm). Transfer the 

supernatant to a clean tube.  

15. Add 20 ml cold TE with 0.5 mM PMSF to each tube. Centrifuge for 10 min 4°C 20,000 g (11,000 

rpm). Transfer the supernatant to a clean tube. 

16. Add 1/5 volume (10 ml to each tube) of PEG/NaCl to the supernatant, mix gently, incubate on ice 

for 20 min.  

17. Centrifuge for 20 min at 17,600 g (10,000 rpm). Decant the supernatant. Respin briefly (2 min, 

same speed) and remove the remaining supernatant with a pipette.  

18. Resuspend each phage pellet with 4 ml PBS by gentle pipetting. Centrifuge for 10 min 4°C 

20,000 g (11 000 rpm) to remove any debris. Transfer to a new tube. 

19. Titer to get phage concentration. 

3.5.19 PCR of phage library and Illumina sequencing preparation 

1. Make a ten-fold dilution of phage library in PBS. 

2. Set up 50 μl PCR reactions: 

Phusion buffer (5×)  10 μl 

dNTPs (10 mM)  1 μl 

F primer (10 pmol/μl)  2.5 μl 

R primer (10 pmol/μl)  2.5 μl  

Phusion Pol (5 U/μl)  1 μl 

Template   1 μl 

H2O    top to 50 μl 

 

3. Set up thermocycler reaction: 

 
  98 30 s 

repeat 10 cycles 98 10 s 

55 15 s 

72 15 s 

repeat 10 cycles 98 10 s 

83 15 s 

72 15 s 

  72 5 m 

  4 hold 

 

4. Run 1.5 μl of reaction on Bioanalyzer to check for presence of desired band.  
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5. Pool PCR products to 180 μl (top with water) 

6. Add 20 μl of 3 M sodium acetate, pH 5.2; vortex. 

7. Add 1 μl of glycogen water; vortex. 

8. Add 500 μl of cold 100% ethanol; vortex. 

9. Incubate at -80
o
C for 2 h (or -20

o
C overnight). 

10. Centrifuge at 13k rpm at 4
o
C for 45 m; remove supernatant. 

11. Add 1 ml of cold 70% ethanol to wash pellet. 

12. Centrifuge at 13k rpm at 4
o
C for 10 m; remove supernatant and air dry pellet. 

13. Resuspend in 10 μl of water; add 2 μl of 6× loading dye and run on 1.5% TBE to gel extract. 

3.5.20 Additional notes 

General noteworthy points are mentioned below.  

 Infectivity of E. coli: sometimes, probably due to unintentional infection by M13KO7 helper 

phage, E. coli cultures become uninfectable. This is why it is crucial to save half of the eluant 

from selection experiments (that is, only use half of the eluant to propagate the binding phage), 

which can be kept at 4
o
C for extended periods of time. If this becomes a frequent problem, use 

freshly streaked XL1 plates for inoculation (no more than one week old). 

 Library re-amplifications: the first time a library is made, this is called “library amplification” 

and the resulting library is called the “primary library” (Section 3.5.17). Subsequently, the 

primary library is used in “library re-amplifications” to make a “secondary library” (Section 

3.5.18). Secondary libraries are preferred stocks for selection experiments for a few reasons, 

including: (1) the primary library does not get used up in experiments, particularly important 

when it is expensive (case in point: the Agilent OLS pool); (2) the secondary library is usually 

more concentrated than the primary, according to members of the Sidhu lab; (3) the primary 

library may have phage that are displaying more than one unique fusion protein, which may 

happen if the E. coli take up more than one plasmid during electroporation.  

 Temperature of infection and growth: Infection can only occur at 37
o
C. That being said, it may 

be useful to use 30
o
C for overnight production for some proteins.   
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4.1 SUMMARY 

In Chapter 2, I provided evidence for the modular quality of individual zinc fingers. In Chapter 3, I 

showed that Zif268 F3 variants displayed on phage could discriminate between different DNA-binding 

sites. These results support the phage display system being developed to assay individual C2H2 zinc 

finger specificities. I then generated two libraries of natural and artificial zinc fingers displayed on phage, 

in the F3 position in a Zif268 scaffold. Given my results from Chapters 2 and 3, it should be possible to 

perform affinity-selection using the libraries to identify fingers that bind to specific DNA target sites – 

permuting the 4 bases normally contacted by F3 in systematic selection experiments.  

After interrogating the specificities of individual zinc fingers, the resulting information can be used to 

infer specificities for natural zinc finger proteins with currently unknown specificities. With binding site 

information, it may be possible to hypothesize their function after identifying potential binding sites in the 

genome. Specificity information would also aid efforts to engineer zinc finger proteins with novel DNA-

binding specificities for use as tools in scientific research.  

4.2 COMMENTS ON EXPERIMENTAL METHODS 

4.2.1 Phage selection format 

Currently, phage displaying zinc fingers are allowed to incubate in a well of a microtiter plate which has 

one DNA binding site attached via a streptavidin-biotin interaction. The binding site is attached to a short 

linker of 25 bp so that the binding site is some distance away from the surface of the well; on the other 

end of the linker is the biotin which interacts with the streptavidin that coats the well. It may facilitate 

zinc finger binding if (1) the linker size was increased or, (2) if the binding reaction was performed with 

the binding site and phage in a tube, followed by collection of phage by washing over streptavidin-coated 

wells or beads; this strategy has been used in other zinc finger phage selection studies (56, 59). 

4.2.2 Alternative systems 

M13 phage display has the disadvantage that phage coat proteins are secreted into the oxidative 

environment of the periplasm, which could result in undesired formation of disulfide bonds between 

cysteine residues (69). As zinc finger sequences contain cysteines, it might be desirable to switch to a 

system in which phage particles are assembled intracellularly and released by cell lysis (76), such as a T7 

phage display system. Even T7 phage, however, are released into extracellular medium that is abundant in 
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dissolved oxygen, which again can lead to disulfide bond formation; thus, a completely intracellular 

system, such a yeast two-hybrid, might be optimal. 

4.2.3 Multiplexing 

We are currently uncertain of the extent of multiplexing that can be done for Illumina sequencing – that 

is, how many barcoded pools of phage should be mixed and sampled in one lane of the flow cell. This 

will be determined by how many zinc fingers come out of round of selection: the fewer zinc fingers that 

bind to the DNA target, the more multiplexing can be done. It is difficult to gauge the extent until some 

preliminary data are obtained from pilot experiments.  

It is possible that some DNA targets will yield more phage than others. For example, natural zinc fingers 

are known to bind G-rich sequences, so one might anticipate that selecting against G-rich targets will 

yield more phage than non-G-rich targets; but again, pilot experiments will have to be done before an 

informed decision can be made about how much to multiplex. 

4.3 FUTURE DIRECTIONS 

4.3.1 Phage selections and expected datasets 

The next immediate step is to carry out a handful of the 256 selections for each of the two libraries, before 

ramping up to the whole set. Doing this initial handful should provide useful information, possibly 

requiring us to make changes to our general approach, including: (1) how many rounds of selection need 

to be done before pools of phage reached the desired diversity for sequencing; (2) if vastly different 

numbers of phage come out of selections using A-, C-, G-, or T-rich DNA targets – which will influence 

multiplexing plans; and, most importantly, (3) if the selections do in fact work at all – that is, whether 

selections with different DNA targets yield different pools of phage. 

With respect to point (1), it will be interesting to see if it is possible to select zinc fingers from the natural 

OLS library using just a single round of selection. Since these are natural zinc fingers and the pool is 

much less diverse than the artificial library, it may require fewer rounds of selection to obtain sequence-

specific binders. If it is in fact possible to use a single round of selection, then that would greatly reduce 

the amount of required work, as only 256 rounds of selection need to be done instead of 1024 or 1536 

(see Section 3.2.2.3 for details). 
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4.3.2 Expected datasets and preliminary questions 

After doing the full 256 selections, we will obtain a large amount of data on zinc finger sequence 

specificities: for every possible tetramer (NNNN), we will have the identities of all zinc fingers that prefer 

it, which may number in the thousands or tens of thousands. And if multiple rounds of selection are done 

– with sequencing between each round – we will also obtain information on approximate affinities. It will 

then be possible to ask some very general questions about these data.  

4.3.2.1 Recapitulation  

One easy way to gauge how successful this strategy is in general is to ask whether it can recapitulate 

known specificities. Specificities for some natural C2H2 proteins can be found in TRANSFAC (37) or 

JASPAR (26); specificities for both natural and artificial individual fingers can be found at the Zinc 

Finger Consortium’s database, ZifDB (77); and ZifBASE (78) is a database that includes specificities for 

both engineered and natural zinc finger proteins. 

4.3.2.2 Degree of degeneracy in DNA-binding 

It will also be easy to look at whether some (and if so, which) zinc fingers exhibit low sequence-

specificity. By identifying those zinc fingers that occur frequently among the selections, one can gauge 

the degree of degenerate binding generally exhibited by this domain. This would be particularly 

interesting for the library of natural zinc fingers. 

4.3.2.3 Evidence of a “recognition code” 

Another relatively simple thing to check for is any evidence of a one-to-one “recognition code”. As 

discussed previously (see Section 1.2.1), there has been debate over the past couple of decades as to 

whether C2H2 ZF-DNA binding can be represented by a simplified amino-acid-to-base code for the four 

base-contacting residues of the alpha helix. Earlier studies suggested the possibility of such a code (13, 

14, 15) with later studies arguing against it using counter-examples in which DNA-binding was found to 

be more complex (17, 18). Though studies have acknowledged that positions -1, +2, +3, and +6 do not 

play fully independent roles in DNA recognition, a recognition code can in certain cases provide 

predictive power (for example, Arg in position -1 usually specifies a G) and is a useful guide in the 

absence of specificity information for a zinc finger (5). 
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With the large dataset that would be obtained from carrying out the 256 selections experiments for both 

the natural and artificial library, it might be possible to provide a general answer this question. To do this, 

one would calculate the correlation between all amino acids (4 positions and 20 identities) and all DNA 

bases (4 positions and 4 identities).  

4.3.3 Computational prediction of zinc finger sequence specificity 

The long-term goal of this project is to be able to predict DNA-binding specificities for zinc finger 

proteins with currently unknown specificity, based solely on amino acid sequence. This will be done by 

using the ZF-DNA interaction data derived from the selection experiments to train a model. Once 

completed, the model can provide quantitative predictions of binding affinity to all possible 256 tetramers 

given any zinc finger amino acid sequence. Training could begin with the four “recognition positions” as 

past models have done (33, 34, 35, 36), and, depending on the results, could expand to include all 

positions in the finger, beyond just the four main DNA-contacting residues. To predict the specificity of a 

multi-zinc finger protein, individual predictions would be concatenated (hence the importance of the 

results of zinc finger domain modularity in Chapter 2, as discussed previously).  

The hope is that with this phage display system, one can recapitulate the specificities of C2H2 zinc 

fingers with currently known specificity, as this would validate the strategy and indicate that the data 

obtained are of good quality. Then, using these interaction data, efforts to build a computational model for 

predicting C2H2 zinc finger specificity can begin.  

4.4 FINAL REMARKS 

The importance of collecting information on the sequence specificities of C2H2 zinc fingers is reflected 

by two facts: (1) C2H2 zinc finger proteins constitute about one-half of known and predicted human 

transcription factors, and (2) most transcription factors in the human genome remain uncharacterized. The 

Gene Ontology (GO) database currently predicts 1052 transcription factor genes, but only 62 have 

verified DNA-binding and regulatory functions (79). If we are able to accurately infer sequence 

specificities for the C2H2 zinc finger class across many species, we can start to predict, investigate and 

validate the regulatory functions of this large protein family and, in doing so, vastly improve our current 

knowledge of the regulatory mechanisms that underlie both human and eukaryotic biological processes. 
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APPENDIX A: BASIC RECIPES 
 

Antibiotics  

Antibiotic Final Concentration Solvent for 1000× stock 

ampicillin 100 μg/ml water 

kanamycin 25 μg/ml water 

tetracycline 10 μg/ml 70% ethanol 

chloramphenicol 15 μg/ml 100% ethanol 

Media 

Media Ingredients  

LB 10 g tryptone, 5 g NaCl, 10 g yeast extract; top to 1 L with water 

LB/agar as LB, with 20 g agar 

Buffers  

Media Ingredients 

10× TBE 108 g Tris base, 55 g boric acid, 40 ml 0.5 M EDTA (pH 8); top to 

1 L with water 

50× TAE 242 g Tris base, 57 ml glacial acetic acid, 100 ml of 0.5 M EDTA 

(pH 8); top to 1 L with water 

  



82 

 

APPENDIX B: SEQUENCES 
 

Sequence of pTH4767 

GGAAATTGTAAACGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCC

GAAATCGGCAAAATCCCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTC

CACTATTAAAGAACGTGGACTCCAACGTCAAAGGGCGAAAAACCGTCTATCAGGGCGATGGCCCACTACGTGAACCATC

ACCCTAATCAAGTTTTTTGGGGTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCT

TGACGGGGAAAGCCGGCGAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTG

TAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTCCCATTCGCCATTCAG

GCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCACTGGCACGACAGGTTTCCCGACTGG

AAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTC

CGGCTCGTATTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGCCAAGCTC

GaAATTAACCCTCACTAAAGGGAACAAAAGCTGGCCACCGCGGTGGCGGCCGCTCTAGAAATAATTTTGTTTAACTTTA

AGAAGGAGATATACATATGAAAAAGATCTGGCTGGCTCTGGCAGGTCTGGTGCTGGCTTTTTCTGCATCTGCTGCTTCC

GTTTCTTCTGTTCCGACCAAACTGGAAGTTGTTGCTGCGACCCCGACTAGCCTGCTGATCAGCTGGGATGCTTCTAGCT

CTTCCGTGTCTTATTACCGTATCACGTACGGTGAAACCGGTGGTAACTCCCCGGTTCAGGAATTCACTGTACCTGGTTC

CAAGTCTACTGCTACCATCAGCGGCCTGAAACCGGGTGTCGACTATACCATCACTGTATACGCTTCCTCTAGCTCTAGC

TCTTCTAGCTCCTCTTCTAAGCCAATCTCGATTAACTACCGTACCGGTGGCCTCGAGTCTAGAGGGCCCTTCGAAGGTA

AGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGCGTCCATTCGTTTGTGAATATCAAGGCCAATCGTCTGACCT

GCCTCAACCTCCTGTCAATGCTGGCGGCGGCTCTGGTGGTGGTTCTGGTGGCGGCTCTGAGGGTGGTGGCTCTGAGGGT

GGCGGTTCTGAGGGTGGCGGCTCTGAGGGAGGCGGCTCCGGTGGTGGCTCTGGTTCCGGTGATTTTGATTATGAAAAGA

TGGCAAACGCTAATAAGGGGGCTATGACCGAAAATGCCGATGAAAACGCGCTACAGTCTGACGCTAAAGGCAAACTTGA

TTCTGTCGCTACTGATTACGGTGCTGCTATCGATGGTTTCATTGGTGACGTTTCCGGCCTTGCTAATGGTAATGGTGCT

ACTGGTGATTTTGCTGGCTCTAATTCCCAAATGGCTCAAGTCGGTGACGGTGATAATTCACCTTTAATGAATAATTTCC

GTCAATATTTACCTTCCCTCCCTCAATCGGTTGAATGTCGCCCTTTTGTCTTTAGCGCTGGTAAACCATATGAATTTTC

TATTGATTGTGACAAAATAAACTTATTCCGTGGTGTCTTTGCGTTTCTTTTATATGTTGCCACCTTTATGTATGTATTT

TCTACGTTTGCTAACATACTGCGTAATAAGGAGTCTTAAAGCTCCAATTCGCCCTATAGTGAGTCGTATTACAATTCAC

TGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTT

CGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCA

CTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGA

ATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTG

GCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAG

GACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATA

CCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTC

GTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTG

AGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGG

CGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTG

AAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTG

TTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCA

GTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAA

AAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCAC

CTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGG

CTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAG

CCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAG

CTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTC

GTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCG

GTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGC

ATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATA

GTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTG

CTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCA

CTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGC

CGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTAT

CAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTC

CCCGAAAAGTGCCACCTG  
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Sequence of pTH4919 

Key: signal sequence; SacI; NotI; BamHI; pIII 

 

GGAAATTGTAAACGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCC

GAAATCGGCAAAATCCCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTC

CACTATTAAAGAACGTGGACTCCAACGTCAAAGGGCGAAAAACCGTCTATCAGGGCGATGGCCCACTACGTGAACCATC

ACCCTAATCAAGTTTTTTGGGGTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCT

TGACGGGGAAAGCCGGCGAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTG

TAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTCCCATTCGCCATTCAG

GCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCACTGGCACGACAGGTTTCCCGACTGG

AAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTC

CGGCTCGTATTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGCCAAGCTC

GaAATTAACCCTCACTAAAGGGAACAAAAGCTGGCCACCGCGGTGGCGGCCGCTCTAGAAATAATTTTGTTTAACTTTA

AGAAGGAGATATACATATGAAAAAGATCTGGCTGGCTCTGGCAGGTCTGGTGCTGGCTTTTTCTGCATCTGCTGCTGAG

CTCGCGGCCGCAGGATCCGGTGGCCTCGAGTCTAGAGGGCCCTTCGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTC

TCGATTCTACGCGTCCATTCGTTTGTGAATATCAAGGCCAATCGTCTGACCTGCCTCAACCTCCTGTCAATGCTGGCGG

CGGCTCTGGTGGTGGTTCTGGTGGCGGCTCTGAGGGTGGTGGCTCTGAGGGTGGCGGTTCTGAGGGTGGCGGCTCTGAG

GGAGGCGGCTCCGGTGGTGGCTCTGGTTCCGGTGATTTTGATTATGAAAAGATGGCAAACGCTAATAAGGGGGCTATGA

CCGAAAATGCCGATGAAAACGCGCTACAGTCTGACGCTAAAGGCAAACTTGATTCTGTCGCTACTGATTACGGTGCTGC

TATCGATGGTTTCATTGGTGACGTTTCCGGCCTTGCTAATGGTAATGGTGCTACTGGTGATTTTGCTGGCTCTAATTCC

CAAATGGCTCAAGTCGGTGACGGTGATAATTCACCTTTAATGAATAATTTCCGTCAATATTTACCTTCCCTCCCTCAAT

CGGTTGAATGTCGCCCTTTTGTCTTTAGCGCTGGTAAACCATATGAATTTTCTATTGATTGTGACAAAATAAACTTATT

CCGTGGTGTCTTTGCGTTTCTTTTATATGTTGCCACCTTTATGTATGTATTTTCTACGTTTGCTAACATACTGCGTAAT

AAGGAGTCTTAAAGCTCCAATTCGCCCTATAGTGAGTCGTATTACAATTCACTGGCCGTCGTTTTACAACGTCGTGACT

GGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGCATTAATGAATCGGCCAA

CGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGC

TGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACAT

GTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCT

GACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCC

CTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAG

CGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCAC

GAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTAT

CGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTG

GCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTT

GGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAA

AAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGAT

TTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGT

ATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTT

CATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAAT

GATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGT

GGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATA

GTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGG

TTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTT

GTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG

TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTG

CCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGG

CGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCAT

CTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACG

GAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATAC

ATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTG  
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Relevant sequence from pTH5309 

Key: signal sequence; FLAG epitope tag; SacI; EcoRI; BamHI; pIII 

 

ATGAAAAAGATCTGGCTGGCTCTGGCAGGTCTGGTGCTGGCTTTTTCTGCATCTGCTGCTGAGCTTGATTATAAAGATG

ATGATGATAAAGAGCTCGAATTCGGATCCGGTGGCCTCGAGTCTAGAGGGCCCTTCGAAGGTAAGCCTATCCCTAACCC

TCTCCTCGGTCTCGATTCTACGCGTCCATTCGTTTGTGAATATCAAGGCCAATCGTCTGACCTGCCTCAACCTCCTGTC

AATGCTGGCGGCGGCTCTGGTGGTGGTTCTGGTGGCGGCTCTGAGGGTGGTGGCTCTGAGGGTGGCGGTTCTGAGGGTG

GCGGCTCTGAGGGAGGCGGCTCCGGTGGTGGCTCTGGTTCCGGTGATTTTGATTATGAAAAGATGGCAAACGCTAATAA

GGGGGCTATGACCGAAAATGCCGATGAAAACGCGCTACAGTCTGACGCTAAAGGCAAACTTGATTCTGTCGCTACTGAT

TACGGTGCTGCTATCGATGGTTTCATTGGTGACGTTTCCGGCCTTGCTAATGGTAATGGTGCTACTGGTGATTTTGCTG

GCTCTAATTCCCAAATGGCTCAAGTCGGTGACGGTGATAATTCACCTTTAATGAATAATTTCCGTCAATATTTACCTTC

CCTCCCTCAATCGGTTGAATGTCGCCCTTTTGTCTTTAGCGCTGGTAAACCATATGAATTTTCTATTGATTGTGACAAA

ATAAACTTATTCCGTGGTGTCTTTGCGTTTCTTTTATATGTTGCCACCTTTATGTATGTATTTTCTACGTTTGCTAACA

TACTGCGTAATAAGGAGTCTTA 

 

Relevant sequence from pTH5310 

Key: signal sequence; FLAG epitope tag; SacI; PHERP, F1, F2; EcoRI; BamHI; pIII 

 

ATGAAAAAGATCTGGCTGGCTCTGGCAGGTCTGGTGCTGGCTTTTTCTGCATCTGCTGCTGAGCTTGATTATAAAGATG

ATGATGATAAAGAGCTCCCCCATGAACGCCCATATGCTTGCCCTGTCGAGTCCTGCGATCGCCGCTTTTCTCGCTCGGA

TGAGCTTACCCGCCATATCCGCATCCACACAGGCCAGAAGCCCTTCCAGTGTCGAATCTGCATGCGTAACTTCAGTCGT

AGTGACCACCTTACCACCCACATCCGCACCCACACAGGCGAGAAGCCTGGATCCGGTGGCCTCGAGTCTAGAGGGCCCT

TCGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGCGTCCATTCGTTTGTGAATATCAAGGCCAATC

GTCTGACCTGCCTCAACCTCCTGTCAATGCTGGCGGCGGCTCTGGTGGTGGTTCTGGTGGCGGCTCTGAGGGTGGTGGC

TCTGAGGGTGGCGGTTCTGAGGGTGGCGGCTCTGAGGGAGGCGGCTCCGGTGGTGGCTCTGGTTCCGGTGATTTTGATT

ATGAAAAGATGGCAAACGCTAATAAGGGGGCTATGACCGAAAATGCCGATGAAAACGCGCTACAGTCTGACGCTAAAGG

CAAACTTGATTCTGTCGCTACTGATTACGGTGCTGCTATCGATGGTTTCATTGGTGACGTTTCCGGCCTTGCTAATGGT

AATGGTGCTACTGGTGATTTTGCTGGCTCTAATTCCCAAATGGCTCAAGTCGGTGACGGTGATAATTCACCTTTAATGA

ATAATTTCCGTCAATATTTACCTTCCCTCCCTCAATCGGTTGAATGTCGCCCTTTTGTCTTTAGCGCTGGTAAACCATA

TGAATTTTCTATTGATTGTGACAAAATAAACTTATTCCGTGGTGTCTTTGCGTTTCTTTTATATGTTGCCACCTTTATG

TATGTATTTTCTACGTTTGCTAACATACTGCGTAATAAGGAGTCTTA 

 

Relevant sequence from pTH5311 

Key: signal sequence; FLAG epitope tag; SacI; PHERP, F1, F2; 3 translational 

stops, frame-shifting base; BclI; LRQKD; pIII 

 

ATGAAAAAGATCTGGCTGGCTCTGGCAGGTCTGGTGCTGGCTTTTTCTGCATCTGCTGCTGAGCTTGATTATAAAGATG

ATGATGATAAAGAGCTCCCCCATGAACGCCCATATGCTTGCCCTGTCGAGTCCTGCGATCGCCGCTTTTCTCGCTCGGA

TGAGCTTACCCGCCATATCCGCATCCACACAGGCCAGAAGCCCTTCCAGTGTCGAATCTGCATGCGTAACTTCAGTCGT

AGTGACCACCTTACCACCCACATCCGCACCCACACAGGCGAGAAGCCTTAATAATAATTGATCATTAAGACAGAAGGAC

GGTGGCCTCGAGTCTAGAGGGCCCTTCGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGCGTCCAT

TCGTTTGTGAATATCAAGGCCAATCGTCTGACCTGCCTCAACCTCCTGTCAATGCTGGCGGCGGCTCTGGTGGTGGTTC

TGGTGGCGGCTCTGAGGGTGGTGGCTCTGAGGGTGGCGGTTCTGAGGGTGGCGGCTCTGAGGGAGGCGGCTCCGGTGGT

GGCTCTGGTTCCGGTGATTTTGATTATGAAAAGATGGCAAACGCTAATAAGGGGGCTATGACCGAAAATGCCGATGAAA

ACGCGCTACAGTCTGACGCTAAAGGCAAACTTGATTCTGTCGCTACTGATTACGGTGCTGCTATCGATGGTTTCATTGG

TGACGTTTCCGGCCTTGCTAATGGTAATGGTGCTACTGGTGATTTTGCTGGCTCTAATTCCCAAATGGCTCAAGTCGGT

GACGGTGATAATTCACCTTTAATGAATAATTTCCGTCAATATTTACCTTCCCTCCCTCAATCGGTTGAATGTCGCCCTT

TTGTCTTTAGCGCTGGTAAACCATATGAATTTTCTATTGATTGTGACAAAATAAACTTATTCCGTGGTGTCTTTGCGTT

TCTTTTATATGTTGCCACCTTTATGTATGTATTTTCTACGTTTGCTAACATACTGCGTAATAAGGAGTCTTA  
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Relevant sequence from pTH5312 

Key: signal sequence; FLAG epitope tag; SacI; PHERP, F1, F2; WT F3; LRQKD; pIII 

 

ATGAAAAAGATCTGGCTGGCTCTGGCAGGTCTGGTGCTGGCTTTTTCTGCATCTGCTGCTGAGCTTGATTATAAAGATG

ATGATGATAAAGAGCTCCCCCATGAACGCCCATATGCTTGCCCTGTCGAGTCCTGCGATCGCCGCTTTTCTCGCTCGGA

TGAGCTTACCCGCCATATCCGCATCCACACAGGCCAGAAGCCCTTCCAGTGTCGAATCTGCATGCGTAACTTCAGTCGT

AGTGACCACCTTACCACCCACATCCGCACCCACACAGGCGAGAAGCCTTTTGCCTGTGACATTTGTGGGAGGAACTTTG

CCAGGAGTGATGAACGCAAGAAGCATACCAAAATCCATTTAAGACAGAAGGACGGTGGCCTCGAGTCTAGAGGGCCCTT

CGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGCGTCCATTCGTTTGTGAATATCAAGGCCAATCG

TCTGACCTGCCTCAACCTCCTGTCAATGCTGGCGGCGGCTCTGGTGGTGGTTCTGGTGGCGGCTCTGAGGGTGGTGGCT

CTGAGGGTGGCGGTTCTGAGGGTGGCGGCTCTGAGGGAGGCGGCTCCGGTGGTGGCTCTGGTTCCGGTGATTTTGATTA

TGAAAAGATGGCAAACGCTAATAAGGGGGCTATGACCGAAAATGCCGATGAAAACGCGCTACAGTCTGACGCTAAAGGC

AAACTTGATTCTGTCGCTACTGATTACGGTGCTGCTATCGATGGTTTCATTGGTGACGTTTCCGGCCTTGCTAATGGTA

ATGGTGCTACTGGTGATTTTGCTGGCTCTAATTCCCAAATGGCTCAAGTCGGTGACGGTGATAATTCACCTTTAATGAA

TAATTTCCGTCAATATTTACCTTCCCTCCCTCAATCGGTTGAATGTCGCCCTTTTGTCTTTAGCGCTGGTAAACCATAT

GAATTTTCTATTGATTGTGACAAAATAAACTTATTCCGTGGTGTCTTTGCGTTTCTTTTATATGTTGCCACCTTTATGT

ATGTATTTTCTACGTTTGCTAACATACTGCGTAATAAGGAGTCTTA 

 

Relevant sequence from pTH5313 

Key: signal sequence; FLAG epitope tag; SacI; PHERP, F1, F2; LRQKD; pIII 

 

ATGAAAAAGATCTGGCTGGCTCTGGCAGGTCTGGTGCTGGCTTTTTCTGCATCTGCTGCTGAGCTTGATTATAAAGATG

ATGATGATAAAGAGCTCCCCCATGAACGCCCATATGCTTGCCCTGTCGAGTCCTGCGATCGCCGCTTTTCTCGCTCGGA

TGAGCTTACCCGCCATATCCGCATCCACACAGGCCAGAAGCCCTTCCAGTGTCGAATCTGCATGCGTAACTTCAGTCGT

AGTGACCACCTTACCACCCACATCCGCACCCACACAGGCGAGAAGCCTTTAAGACAGAAGGACGGTGGCCTCGAGTCTA

GAGGGCCCTTCGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGCGTCCATTCGTTTGTGAATATCA

AGGCCAATCGTCTGACCTGCCTCAACCTCCTGTCAATGCTGGCGGCGGCTCTGGTGGTGGTTCTGGTGGCGGCTCTGAG

GGTGGTGGCTCTGAGGGTGGCGGTTCTGAGGGTGGCGGCTCTGAGGGAGGCGGCTCCGGTGGTGGCTCTGGTTCCGGTG

ATTTTGATTATGAAAAGATGGCAAACGCTAATAAGGGGGCTATGACCGAAAATGCCGATGAAAACGCGCTACAGTCTGA

CGCTAAAGGCAAACTTGATTCTGTCGCTACTGATTACGGTGCTGCTATCGATGGTTTCATTGGTGACGTTTCCGGCCTT

GCTAATGGTAATGGTGCTACTGGTGATTTTGCTGGCTCTAATTCCCAAATGGCTCAAGTCGGTGACGGTGATAATTCAC

CTTTAATGAATAATTTCCGTCAATATTTACCTTCCCTCCCTCAATCGGTTGAATGTCGCCCTTTTGTCTTTAGCGCTGG

TAAACCATATGAATTTTCTATTGATTGTGACAAAATAAACTTATTCCGTGGTGTCTTTGCGTTTCTTTTATATGTTGCC

ACCTTTATGTATGTATTTTCTACGTTTGCTAACATACTGCGTAATAAGGAGTCTTA 

 

Relevant sequence from pTH5314 

Key: signal sequence; FLAG epitope tag; SacI; PHERP, F1, F2; PFAM F3; LRQKD; 

pIII 

 

ATGAAAAAGATCTGGCTGGCTCTGGCAGGTCTGGTGCTGGCTTTTTCTGCATCTGCTGCTGAGCTTGATTATAAAGATG

ATGATGATAAAGAGCTCCCCCATGAACGCCCATATGCTTGCCCTGTCGAGTCCTGCGATCGCCGCTTTTCTCGCTCGGA

TGAGCTTACCCGCCATATCCGCATCCACACAGGCCAGAAGCCCTTCCAGTGTCGAATCTGCATGCGTAACTTCAGTCGT

AGTGACCACCTTACCACCCACATCCGCACCCACACAGGCGAGAAGCCTTATAAATGTAAAGAATGTGATAAAGCCTATT

CTCAAAAATCTAATTTGACTAAACATCAAAGAACTCATTTAAGACAGAAGGACGGTGGCCTCGAGTCTAGAGGGCCCTT

CGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGCGTCCATTCGTTTGTGAATATCAAGGCCAATCG

TCTGACCTGCCTCAACCTCCTGTCAATGCTGGCGGCGGCTCTGGTGGTGGTTCTGGTGGCGGCTCTGAGGGTGGTGGCT

CTGAGGGTGGCGGTTCTGAGGGTGGCGGCTCTGAGGGAGGCGGCTCCGGTGGTGGCTCTGGTTCCGGTGATTTTGATTA

TGAAAAGATGGCAAACGCTAATAAGGGGGCTATGACCGAAAATGCCGATGAAAACGCGCTACAGTCTGACGCTAAAGGC

AAACTTGATTCTGTCGCTACTGATTACGGTGCTGCTATCGATGGTTTCATTGGTGACGTTTCCGGCCTTGCTAATGGTA

ATGGTGCTACTGGTGATTTTGCTGGCTCTAATTCCCAAATGGCTCAAGTCGGTGACGGTGATAATTCACCTTTAATGAA

TAATTTCCGTCAATATTTACCTTCCCTCCCTCAATCGGTTGAATGTCGCCCTTTTGTCTTTAGCGCTGGTAAACCATAT

GAATTTTCTATTGATTGTGACAAAATAAACTTATTCCGTGGTGTCTTTGCGTTTCTTTTATATGTTGCCACCTTTATGT

ATGTATTTTCTACGTTTGCTAACATACTGCGTAATAAGGAGTCTTA  
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Relevant sequence from pTH5315 

Key: signal sequence; FLAG epitope tag; SacI; PHERP, F1, F2; GAT F3; LRQKD; 

pIII 

 

ATGAAAAAGATCTGGCTGGCTCTGGCAGGTCTGGTGCTGGCTTTTTCTGCATCTGCTGCTGAGCTTGATTATAAAGATG

ATGATGATAAAGAGCTCCCCCATGAACGCCCATATGCTTGCCCTGTCGAGTCCTGCGATCGCCGCTTTTCTCGCTCGGA

TGAGCTTACCCGCCATATCCGCATCCACACAGGCCAGAAGCCCTTCCAGTGTCGAATCTGCATGCGTAACTTCAGTCGT

AGTGACCACCTTACCACCCACATCCGCACCCACACAGGCGAGAAGCCTTTTGCCTGTGACATTTGTGGGAGGAACTTTA

GTACTAGTGGCAATTTGGTGAAGCATACCAAAATCCATTTAAGACAGAAGGACGGTGGCCTCGAGTCTAGAGGGCCCTT

CGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGCGTCCATTCGTTTGTGAATATCAAGGCCAATCG

TCTGACCTGCCTCAACCTCCTGTCAATGCTGGCGGCGGCTCTGGTGGTGGTTCTGGTGGCGGCTCTGAGGGTGGTGGCT

CTGAGGGTGGCGGTTCTGAGGGTGGCGGCTCTGAGGGAGGCGGCTCCGGTGGTGGCTCTGGTTCCGGTGATTTTGATTA

TGAAAAGATGGCAAACGCTAATAAGGGGGCTATGACCGAAAATGCCGATGAAAACGCGCTACAGTCTGACGCTAAAGGC

AAACTTGATTCTGTCGCTACTGATTACGGTGCTGCTATCGATGGTTTCATTGGTGACGTTTCCGGCCTTGCTAATGGTA

ATGGTGCTACTGGTGATTTTGCTGGCTCTAATTCCCAAATGGCTCAAGTCGGTGACGGTGATAATTCACCTTTAATGAA

TAATTTCCGTCAATATTTACCTTCCCTCCCTCAATCGGTTGAATGTCGCCCTTTTGTCTTTAGCGCTGGTAAACCATAT

GAATTTTCTATTGATTGTGACAAAATAAACTTATTCCGTGGTGTCTTTGCGTTTCTTTTATATGTTGCCACCTTTATGT

ATGTATTTTCTACGTTTGCTAACATACTGCGTAATAAGGAGTCTTA 

 

Relevant sequence from pTH5695 

Key: signal sequence; FLAG epitope tag; SacI; PHERP, F1, F2; 3 translational 

stops, frame-shifting base; BclI; LRQKD; BamHI; pIII; vector homology regions 

for oligo-directed mutagenesis 

 

ATGAAAAAGATCTGGCTGGCTCTGGCAGGTCTGGTGCTGGCTTTTTCTGCATCTGCTGCTGAGCTTGATTATAAAGATG

ATGATGATAAAGAGCTCCCCCATGAACGCCCATATGCTTGCCCTGTCGAGTCCTGCGATCGCCGCTTTTCTCGCTCGGA

TGAGCTTACCCGCCATATCCGCATCCACACAGGCCAGAAGCCCTTCCAGTGTCGAATCTGCATGCGTAACTTCAGTCGT

AGTGACCACCTTACCACCCACATCCGCACCCACACAGGCGAGAAGCCTTAATAATAATTGATCATTAAGACAGAAGGAC

GGATCCGGTGGCCTCGAGTCTAGAGGGCCCTTCGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGC

GTCCATTCGTTTGTGAATATCAAGGCCAATCGTCTGACCTGCCTCAACCTCCTGTCAATGCTGGCGGCGGCTCTGGTGG

TGGTTCTGGTGGCGGCTCTGAGGGTGGTGGCTCTGAGGGTGGCGGTTCTGAGGGTGGCGGCTCTGAGGGAGGCGGCTCC

GGTGGTGGCTCTGGTTCCGGTGATTTTGATTATGAAAAGATGGCAAACGCTAATAAGGGGGCTATGACCGAAAATGCCG

ATGAAAACGCGCTACAGTCTGACGCTAAAGGCAAACTTGATTCTGTCGCTACTGATTACGGTGCTGCTATCGATGGTTT

CATTGGTGACGTTTCCGGCCTTGCTAATGGTAATGGTGCTACTGGTGATTTTGCTGGCTCTAATTCCCAAATGGCTCAA

GTCGGTGACGGTGATAATTCACCTTTAATGAATAATTTCCGTCAATATTTACCTTCCCTCCCTCAATCGGTTGAATGTC

GCCCTTTTGTCTTTAGCGCTGGTAAACCATATGAATTTTCTATTGATTGTGACAAAATAAACTTATTCCGTGGTGTCTT

TGCGTTTCTTTTATATGTTGCCACCTTTATGTATGTATTTTCTACGTTTGCTAACATACTGCGTAATAAGGAGTCTTA 
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APPENDIX C: PROTEIN BINDING MICROARRAY EXPERIMENT IDS 
 

From Section 3.3.2.2: 

Table 13: List of PBM IDs for F3 variants 

Zif268 variant Abbreviated name 
PBM experiment ID 

ME format HK format 

Egr1 (Zif268)  1486 1502 

Wild-type F3 WT 1494 1510 

Delete of F3 DEL 1495 1511 

PFAM-based F3 PFAM 1496 1512 

GAT F3 GAT 1497 1513 
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