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SUMMARY 

Since its invention in 1985 by George Smith, phage display has been an 

extremely beneficial tool in proteomics and drug discovery. Screening of phage-

displayed libraries of random peptides can be employed to identify short binding 

motifs recognized by a specific protein domain, allowing one to predict new 

interacting partners for specific protein domains. Isolated ligands also have 

potential as the starting point in the drug discovery process, (i.e., peptidomimetic 

inhibitor).  

To first introduce the methods for mapping protein-protein interactions, I 

presented a complete set of protocols necessary to identify peptides in the library 

that bind selectively to a given target protein and to determine the common 

binding motif shared by the peptides. To illustrate the utility of this approach, I 

affinity selected peptide ligands to one human (Lyn SH3) and one yeast (Cbk1, 

kinase domain) protein target, from a phage-displayed 12-mer combinatorial 

peptide library. Since the Lyn SH3 domain has previously been used in affinity 

selection experiments, it served as a positive control for my studies. Sequence 

alignment of Lyn SH3 binding peptides revealed the well-established PxxP 

binding motif. Sequence alignment of Cbk1 binding peptides revealed a novel 

motif, Y/FxFP, which was separately shown to be docking motif for Cbk1. In 

addition, one of the peptide ligands contained the motif, FKFP, which is present 

in Ssd1, a known interacting partner of Cbk1. 

To expand on the applications of the phage display approach to map protein-

protein interactions, I also affinity selected peptide ligands to another human 
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target, the SH3 domain of mixed-lineage kinase 3 (MLK3). One unique peptide 

ligand was isolated, but it contained only one proline, which is unusual as SH3 

domain ligands are known to be proline-rich. Further analysis of the phage-

displayed peptide determined that a 19-mer sequence (NH2-

AIRINPNGTWSRQAETVES-COOH; displayed 12-mer peptide + 7 linker 

residues), named MLK3 SH3-Interacting Peptide (MIP), as necessary for the 

interaction. Alanine scanning of the phage-displayed MIP(1-19) revealed 10 

residues to be potentially important for its binding; interestingly, the proline 

residue turned out to be nonessential for this interaction. A synthetic form of the 

MIP(1-19) peptide has been confirmed by ELISA to bind to MLK3 SH3.  

To dissect the SH3-MIP interaction further, we solved the crystal structure of 

both the apo MLK3 SH3 domain and the MLK3 SH3/MIP complex at 1.5 Å and 

1.2 Å resolution respectively. Obtained crystal structures revealed a novel 

binding pocket on the surface of MLK3 SH3, defined by an extended n-Src loop, 

which acts as scaffolding for the MIP to bind. In contrast, interactions with Pro-

rich motifs commonly occur at the canonical binding site defined by three loops: 

RT loop, n-Src loop, and 310 helix loop. In the case of MLK3 SH3, these two 

different binding sites are located at the opposite faces of the SH3 molecule. 

 Comparison of the unbound and ligand-bound structures of MLK3 SH3 

domain revealed a closed and open conformation of the n-Src loop, respectively, 

showing that the n-Src loop opens up to accommodate MIP. The structure of the 

SH3/MIP complex also showed residues W10 and R12 in MIP to be crucial for 

binding to MLK3 SH3; this result was confirmed by mutational analysis. When the 



 

 xvi 

fusion protein, MLK3 SH3(41-105)-MIP(1-19), was analyzed by size exclusion 

chromatography, it eluted as a dimer, due to the interaction between MIP and the 

SH3 domain. Fusion to either of the MIP mutants (W10A or R12A), eluted at 

fractions corresponding to the size of a monomer. 

MLK3 is one of the four members of MLK family of proteins (MLK1-4). To 

predict the likelihood of MIP cross-reacting with the rest of the subfamily, we 

generated structural protein homology models for the SH3 domains of MLK1, 

MLK2, and MLK4, based the solved structure of MLK3 SH3 domain bound to 

MIP. As the overall three-dimensional structures of the n-Src loop and SH3 

domains are highly preserved, we hypothesize that MIP can interact with all four 

members of MLK subfamily. 

The discovery of a functional binding surface on the SH3 domain of MLK3 

suggests the existence of a cellular ligand that binds in the same manner as our 

peptide ligand. We predict that the MIP peptide ligand shares a binding motif with 

a cellular ligand(s). 
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CHAPTER 1 

1. INTRODUCTION 

 

(Parts of subheading 1.1.3 were based on Kokoszka, ME, and BK Kay. Methods 

Mol. Biol. 2015;1248:173-88. doi: 10.1007/978-1-4939-2020-4_12; with 

permission shown in Appendix A) 
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1.1. Phage display 

The term “phage display” is defined as the display of foreign peptides or 

proteins on the surface of bacteriophage virions. This is accomplished by 

inserting a DNA fragment, encoding a peptide or protein, into the portion of 

bacteriophage genome that encodes one of the structural proteins that make up 

the capsid (1, 2). In 1985, Professor George Smith reported successful display of 

a foreign protein on the surface of M13 bacteriophage, which he termed a “fusion 

phage” (2). In this work (2), a portion of the coding region of EcoRI endonuclease 

was inserted into gene III, which encodes a minor coat protein on M13 

bacteriophage. The resulting recombinant virions particles not only maintained 

the viral life cycle, but they also displayed EcoRI, as verified with an antibody. 

Since the first publication (2), phage display technology has become an 

extremely powerful and versatile technology for generation of polypeptides that 

bind to selected target of interest (3-6). The most popular phage display systems 

utilize bacteriophage particles that infect Escherichia coli, and this chapter will 

focus exclusively on M13 bacteriophage as the model system. Other 

bacteriophage systems also used in phage display are T7 (7-11), λ (8, 12, 13), or 

T4 (14, 15). Some examples of competing in vitro display technologies are 

ribosome display (16, 17), mRNA display (18-20), yeast display (21, 22), or 

display on the surface of bacterial cells (23, 24).  
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1.1.1. M13 bacteriophage and its lifecycle  

M13 bacteriophage, also referred as “phage”, consists of five different coat 

proteins (i.e., pVIII, pIII, pVI, pVII, pIX) assembled around a molecule of single-

stranded DNA (ssDNA) (Figure 1.1A), resulting in a particle that can infect E. coli 

(1, 5, 6). The phage capsid is primarily composed of a short 50 amino acid (aa) 

protein named pVIII, the product of gene VIII (gVIII), also called the major coat 

protein (Figure 1.1A). The number of the pVIII proteins in the capsid depends on 

the size of the phage genome, and in case of M13’s 6407 nucleotide-long single-

stranded DNA (ssDNA), approximately 2,700 copies are necessary to cover the 

length of the genome. Conversely, both ends of the linear virion are capped by 

five copies of each of four different minor coat proteins (i.e., pIII, pVI, pVII, and 

pIX; (Figure 1.1A). Thus, the length of a virion is primarily determined by the 

length of its genome, whereas the diameter stays constant. For instance, the 

wild-type (WT) M13 virion is approximately 9,300 Å long and 65 Å in diameter (5, 

25). 

The entire genome encodes 11 proteins. Beside the above-mentioned five 

structural proteins, there are also six proteins that are not part of the virion 

(Figure 1.1B), which are involved in DNA replication (pII and pX), binding of 

ssDNA (pV), and assembly of the virion (pI, pIV, and pXI) (5, 25). 
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Figure 1.1. Schematic representation of M13 bacteriophage particle.  
(A) A single-stranded DNA (ssDNA) molecule, 6407 nucleotides long that 

encodes 5 structural and 6 non-structural proteins, is encapsulated by 2,700 
copies of a major coat protein pVIII and capped at both ends by five copies of 
each minor coat protein (i.e. pIII, pVI, pVII, pIX). (B) Six proteins not involved in 
the structure of a capsid, their function, and size (5, 25).  
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The life cycle of M13 bacteriophage consists of four stages: infection of the 

bacterial host, replication of the phage genome, assembly of the virion, and 

secretion of virions from the host cell (25) (Figure 1.2). In order to infect its host, 

M13 utilizes the F-pilus structure on the surface on E. coli. Infection begins when 

the N-terminal part of the minor coat protein pIII attaches to the F pilus on E. coli. 

As the pilus starts depolymerizing, it brings the virion in close proximity to the 

surface of the host cell, allowing pIII to interact also with the membrane-bound 

TolA protein (5, 25). Studies have shown that the amino terminus of pIII is 

composed of two domains called N1 and N2 (26). The more distal N1 domain 

has been implicated in binding the TolA protein (27), while the N2 domain 

interacts with the pilus (28). Once the phage particle is attached to the bacterial 

membrane, the phage ssDNA is transferred into the host, and the phage coat 

disassembled and inserted into the membrane (29). Using the host cell’s 

replication machinery, the viral ssDNA genome is converted into double-stranded 

DNA (dsDNA), also known as the replicative form (RF). The new dsDNA 

molecule is then used as a template for transcription and translation of all 11 

phage proteins.  

As the viral proteins are synthesized, the five structural proteins, along with 

the proteins involved in particle assembly, move to the bacterial envelope and 

wait for assembly (25, 30). Meanwhile, the other synthesized viral proteins 

remain in the cytoplasm to participate in phage DNA amplification (25). Protein 

pII binds and creates a ‘nick’ on the coding strand of RF DNA. Subsequently, 

bacterial enzymes use the resulting 3’ overhang as a starting point for the 
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amplification of additional coding strand. As the new viral ssDNA accumulates, 

pV binds the molecules to sequester their conversion into RF DNA (25). 

During the assembly of the virion, which happens at the bacterial envelope, 

pV molecules are gradually replaced by the phage coat proteins until the ssDNA 

is fully encapsulated. Three phage proteins pI, pIV, and pXI are essential for the 

phage assembly and secretion; they form a pore-like complex that stretches 

across the bacterial envelope, allowing the mature phage particle to be released 

from the host. Since the M13 bacteriophage is non-lytic, infected host maintains 

its growth and division; however, at a rate approximately 50% slower than normal 

(25, 30). 
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Figure 1.2. Schematic representation of the M13 bacteriophage lifecycle.  

The infection of the host is initiated by the phage binding to the F pilus on the 
surface of E. coli. Once the pilus structure starts depolymerizing, the phage is 
pulled closer to the bacterial envelope and can interact with a bacterial 
membrane protein TolA. Phage ssDNA in then transferred into the host and 
converted into dsDNA, also called a replicative form (RF). Using bacterial 
machinery all 11 phage proteins are synthesized. While pII, pX, and pV stay in 
the cytoplasm, the other viral proteins move to the bacterial envelope, where 
they await the final stages of virion assembly and secretion. To promote phage 
ssDNA amplification, pII binds to RF DNA and creates a nick in the coding 
strand, which acts as a primer for its amplification. To prevent conversion back 
into RF DNA, copies of ssDNA are coated by pV. During phage particle 
assembly, pV is gradually replaced with all five coat proteins, and the mature 
particle is secreted through a pore-like complex composed of pI, pIV, and pXI.  
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1.1.2. Types of phage display systems 

Although all five coat proteins have the potential to be utilized for display of 

foreign peptides or proteins (6, 31, 32), the most popular systems display the 

foreign partner as a fusion to either pIII or pVIII. According to Smith (6), there are 

three general systems for display on the phage; two of those are based on a 

phage genome and one on a phagemid. Figure 1.3 depicts all three systems 

using pIII display as an example.  

In ‘type 3 display’, a single copy of gene III (gIII), encoding pIII, is fused to a 

DNA fragment encoding foreign peptide or protein. The resulting phage particle 

displays the foreign entity on all five copies of pIII. Analogously, in ‘type 8 

display’, all 2,700 copies of pVIII display the fusion partner.  

In ‘type 33 display’, two copies of gIII are present within the same phage 

genome; one of them is WT, and the other is used to fuse foreign peptide or 

protein. Since the WT pIII is incorporated into the phage capsid at higher rate 

than the recombinant one, the resulting phage particle displays fever copies of 

the fusion partner, (on average only 1 or 2 pIII proteins are recombinant). 

Similarly, in ‘type 88 display’, resulting phage particle is mosaic, with the majority 

of pVIII molecules being WT.  

In ‘type 3+3 display’, the recombinant gIII is located ina phagemid and the WT 

gIII resides in the phage vector of a helper virus. A phagemid is a type of a 

plasmid that contains both bacterial and phage origin of replication, as well as an 

antibiotic resistance gene. Once the bacterial cell carrying the phagemid is 

infected with a helper virus (i.e., M13KO7), the phage origin of replication is 
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activated and all phage proteins are synthesized. Since the phagemid encodes 

only the recombinant pIII, both WT pIII and all the remaining phage proteins are 

synthesized from the helper phage genome. As a result, two types of phage 

particles are secreted that encapsulate either the phagemid or helper virus 

genome. Both types of progeny are mosaic and can potentially display from 0 to 

5 copies of recombinant pIII; however, on average, the number ranges from 0 to 

1 of recombinant pIII proteins per particle. Similarly, in ‘type 8+8 display’, the 

resulting phage particles will display from zero to several hundreds of 

recombinant pVIII proteins (3, 6, 33).  

Different types of display, characterized by different “densities” of display of 

the foreign peptide or protein, impact on the apparent affinity that the peptide or 

protein exhibits as a potential ligand to the target of interest (33, 34). For 

instance, if the purpose were to isolate high affinity ligands, one would select a 

low-valence display (i.e., type 3+3), as it eliminates the avidity effect and allows 

for true discrimination between high and low affinity ligands. On the other hand, if 

one intends to screen for low affinity “biological” interactions, it makes sense to 

select high-valence display (i.e., type 3), as it boosts the apparent affinity of 

displayed ligands, and thus increases the chances of isolating low affinity 

interactions.  
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Figure 1.3. Types of M13 phage display vectors.  

In type 3 display system a single copy of gene III (gIII, green box) is used to fuse 
the coding region of a foreign peptide or protein (black box). The resulting 
recombinant phage particle displays the foreign peptide or protein (black circle) on 
all five copies of pIII (green stick). In type 33, two copies of gIII are present within 
the phage genome; one is WT and the other recombinant. As the WT pIII is 
incorporated at a higher rate than the recombinant form, resulting phage particle 
displays fewer copies of the foreign fusion partner. In case of type 3+3, a phage 
particle containing a phagemid that encodes the recombinant gIII is supplemented 
with a helper phage bearing WT gIII. Resulting phage particles contain either the 
phagemid or the helper phage genome. Both types of particles can display the 
foreign fusion partner; however, the efficiency of display is very low. 
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1.1.3. Phage-displayed combinatorial peptide libraries  

A phage-displayed combinatorial peptide library contains from millions to 

billions of different peptide sequences. In 1990, two separate Science 

publications (35, 36), described applications of phage-displayed combinatorial 

peptide libraries in isolating ligands to different targets. Two research groups (35, 

36) were able to construct libraries of approximately 107 different peptides, 

displayed on M13 phage particles, and successfully screen them for peptides 

that could bind streptavidin (35) and different antibodies (36). Since that 

beginning, phage-displayed combinatorial peptide libraries have proven to be a 

great source of ligands, which bind with specificity to a wide range of cytosolic 

proteins (37-41), extracellular proteins (42-44), receptors (45-50), cell surfaces 

(51), tissues (52-54), and toxins (55, 56). 

There are several techniques for construction of phage-displayed libraries, as 

outlined by Fellouse and Pal (57). However, the most popular one is a ssDNA-

based method based on Kunkel mutagenesis (58, 59). An overview of a modified 

method for generating peptide libraries (60) is depicted in Figure 1.4. For this 

method, a modified M13 phage vector containing an amber stop codon (TAG), 

placed at the N-terminus of the coding region of gene III, following the signal 

sequence of protein III (pIII), is used as a template (37, 60). This modification 

eliminates the need for generating a uracil-containing single stranded DNA (U-

ssDNA) template, using E. coli strain CJ236 (dut- ung-). A pool of mutagenic 

oligonucleotides, containing both complementary and exogenous, library-

encoding DNA fragments, is then annealed to the ssDNA template, with the 
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exogenous fragments heteroduplexed with the TAG-containing vector region. 

Covalently closed circular double-stranded DNA (ccc-dsDNA) is then synthesized 

from the partial heteroduplexed DNA template by T7 DNA polymerase and T4 

DNA ligase, the resulting DNA is electroporated into a non-suppressor strain of E. 

coli (e.g., SS320). If the TAG-containing vector region is not replaced by the 

exogenous fragment from the oligonucleotide, the phage genome will not be 

propagated, as the minor coat protein, pIII, cannot be translated. The use of 

TAG-containing template facilitates nearly a 100% recombination efficiency (37, 

60) 

In order to achieve randomization of residues at selected positions within the 

displayed peptides in the library, different degenerate codons can be 

incorporated into the oligonucleotides used for library construction. One of the 

most commonly used degenerate codon schemes, which allows for incorporation 

of all 20 amino acids, is NNK, where N represents any of the nucleotides (A, C, G, 

or T) and K represents only G or T. As a result 32 different triplets encode for 20 

of the amino acids, where twelve of amino acids appear only once, five (A, G, P, 

T, V) appear twice, and three (L, R, A) appear three times; also, there is one stop 

codon (TAG) (3). As a consequence, certain amino acids have a higher 

probability of incorporation than others, resulting in an inherent bias of the library. 

To overcome this issue, a set of trinucleotides (trimers) phosphoramidite 

(commercially available from Glen Research, Sterling, VA) can be used in place 

of traditional degenerate codons (61-63). Since each of the amino acids is 

represented only once, this method eliminates any codon bias.  
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Although phage-displayed combinatorial libraries have many advantages, 

such as relatively low cost of generation, ability to be quickly regenerated by 

infecting E. coli, and potential as a source of ligands to a variety of targets that 

can be isolated in as little as two weeks, several drawbacks should also be 

mentioned. For instance, although the theoretical diversity of a library may seem 

to be very impressive, the practical diversity is limited by E. coli transformation 

efficiency to ~ 1011 (64). Thus, in case of a 10-mer peptide library, where the 

number of permutations equals approximately 1013, the actual size is much 

smaller (1011) and only a fraction of all possible peptide permutations are present 

in the 10-mer library. As a consequence of sparse sampling of the library, the 

affinity of any ligand isolated could potentially be improved through mutagenesis. 

Also, it has been observed that the process of amplification of a library in a 

bacterial host alters the original diversity of a library, resulting in enrichment of 

certain sequences and underrepresentation of others (65, 66). In addition, 

sequences containing multiple arginine or lysine residues tend to be 

underrepresented or eliminated (67). In one of our studies, a 27-residue peptide 

sequence containing five arginine residues, fused to the N-terminus of pIII, could 

not be displayed unless at least one of the arginine residues was removed. All of 

the sequences identified by sequencing contained random mutation, (often 

eliminating an arginine residue or introducing a negatively charged one), or 

sequence deletions that eliminated certain arginine residue (Appendix C; 

unpublished data). A censorship of odd numbers of cysteine residues was also 

observed (68).   
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Figure 1.4. Construction of phage-displayed peptide library via Kunkel 
mutagenesis.  

(A) For the purpose of mutagenesis an M13 phage vector containing an 
amber stop codon (TAG) is used as a template. (B) The dsDNA vector is then 
transformed into amber suppressor E. coli strain (e.g., TG1) and (C) the 
secreted phage particles are used to generate ssDNA template (D). (E) A set of 
library-encoding mutagenic oligonucleotide, containing both complementary 
and exogenous DNA fragments, is then annealed to the ssDNA template, with 
the exogenous fragment looping over the TAG-containing vector region. (F) 
Once the new double-stranded DNA (dsDNA) is synthesized from the ssDNA 
template, (G) it is electroporated into non-suppressor E. coli strain (e.g., 
SS320). (H) The cells produce phage particles displaying different variants of 
the new peptide library (37, 60). 

If the WT phage is propagated via the suppressor E. coli strain, the amber 
stop codon is translated into glutamine. If a non-suppressor strain is used for 
propagation, all WT phages are eliminated, as the pIII protein cannot be 
synthesized (37).  
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1.1.4. Isolation of peptide ligands through affinity selection 

The presence of concave surfaces, called pockets, found within the three-

dimensional structure of a protein determines its potential for binding other 

molecules such as peptides or proteins (69-72). Thus in general, any protein of 

interest that is properly folded and stable in solutions can be used as a target for 

generating peptide ligands. For the purpose of isolating peptide ligands, the 

target protein needs to be first immobilized on a surface such as magnetic beads. 

To accomplish that, the target is expressed as a fusion protein to an affinity tag 

(e.g., GST, 6xHis) or an AviTag that can be then biotinylated. Once immobilized, 

the target is incubated with an aliquot of a phage-displayed peptide library. 

Phages that do not bind are washed away and the potential binding phages are 

recovered. Usually two to three rounds of selection are necessary to obtain 

satisfying results. Isolated individual phage particles can be then tested for their 

binding to the target via enzyme linked immunosorbent assay (ELISA) and the 

desired clones identified by DNA sequencing (4, 37, 73). 

A detailed protocol for affinity selection using Glutathione magnetics beads 

and GST-fusion proteins, as well as a diagram outlining the process of selections 

with phage-displayed combinatorial peptide libraries (Figure 2.2), can be found in 

Chapter 2 (Subheading 2.4.1; (37)). 

 

1.2. Applications of phage-displayed peptide libraries in mapping 

intracellular protein-protein interactions 

Virtually all cellular processes are governed by protein-protein interaction.  
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Thus, a great deal of interest is paid to studying protein-protein interactions, in 

order to identify cognate partners of specific proteins and to characterize 

proteins’ functions in the cell. Different techniques such as pull-downs (74, 75), 

yeast-two-hybrid screens (76, 77), or protein-fragment complementation assays 

(78, 79) can be applied to map protein-protein interactions. Phage display has 

also proven successful in mapping intracellular protein networks (80-83). 

Phage display approach to study protein-protein interactions is based on the 

observation that peptides isolated through affinity selection usually bind to 

biologically relevant sites on the protein, and can mimic its natural interacting 

partners or inhibit potential target-substrate interactions. An interacting motif can 

be then deduced by sequence alignment or by mutagenic analysis. Since the 

primary structure of a motif on the peptide ligand is usually shared between 

cellular interacting partners, the candidate interacting proteins of a particular 

target can be potentially predicted by database search.  

 

1.2.1. Domain-mediated interactions mapped by phage display 

Protein-protein interactions are frequently facilitated by independently folding 

protein segments, termed modular domains (84-86). Over the years, phage 

display technology has been successful in determining the binding properties of 

numerous protein domains such as PDZ (41, 87), SH3 (40, 88, 89), SH2 (90, 91), 

WW (92, 93), or EH domain (94, 95). Different domain-biding motifs identified via 

selections with phage-displayed peptide libraries have been outlined in Table I. 
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Table I. Selected domains and their interacting motifs identified by phage 
display. 

Target 
Domain 

Protein  Identified Motif Corresponding 
Interactors  

References 

EH Eps15 NPF Protein numb 
homolog, Rab 

(94) 

SH3 Crk PxLPxK Eps15, Abl (40, 80)  

Eps8 PxxDY Abi-1 (39) 

Grb2 RPLPxxP PI3K p85 (40, 96) 

Src RxLPxxP Synapsin, PI3K p85 (40) 

SH2 Grb2 YxN EGFR (97) 

PI3K p85 (L/A)A(R/K)IR A-Raf (98) 

PDZ Erbin xD(T/S)WV-COO PKP4, CTND2 (87) 

Scribble x(S/T)xΨ-COO MK12(PDZ3), 
CTNB1(PDZ3) 

(87) 

WW YAP PPxY WBP1, WBP2, 
p53BP2 

(93, 99) 

Kinase 
domain  

Cbk1 F+FP Ssd1 (37) 

(x) represents any residue, (+) represents Arg or Lys residue; (Ψ) represents 
hydrophobic residues. 
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1.3. Applications of peptide phage display in biotechnology and medicine 

As shown in Table II, peptide phage display has been implicated in wide 

range of technologies such as drug development and production, vaccine 

development, diagnostics, or therapeutics. Peptide ligands isolated from phage-

displayed peptide libraries have the potential to serve as inhibitors or activators 

of specific cellular interactions in proof-of-principle experiments for drug 

development. Although peptide-based drugs in general have a short half-life, 

different modifications such as conjugation to polyethylene glycol (PEG) or 

generating fusions to the Fc portions of immunoglobulin G (IgG), named 

”peptibodies," significantly improved their pharmacological potential (100). For 

instance, screening of phage-displayed peptide libraries led to isolation of a 

peptide ligand to thrombopoietin receptor that is used for production of a 

peptibody drug (Romiplostium, Amgen) approved for the treatment of immune 

thrombocytopenic purpura (101, 102). 

Phage-display libraries have not only proven useful for the discovery of 

therapeutics, but also for generation of affinity purification reagents. For instance, 

a peptide ligand that binds factor VIII with a dissociation constant of 0.72 µM, 

isolated from cyclic phage-displayed peptide libraries, is used as a reagent for 

affinity purification of recombinant factor VIII (Xyntha®, Pfeizer) (103, 104), 

eliminating the need for using antibodies in the purification process. 

As the phage coat proteins, pIII and pVIII, were observed to be highly 

immunogenic (105), using bacteriophage particles as antigen carriers may 

stimulate and enhance the immune response (106). For instance, phage-
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displayed peptide from Alzheimer’s disease specific β-amyloid fibril was shown to 

stimulate production of anti-aggregating antibodies in animal model (107). 

Peptide-displaying phage particles also found their application in diagnostics 

of diseases. For example, a 7-mer cyclic peptide ligand to hepatitis B virus (HBV) 

surface antigen HBsAg, displayed on the phage particle via pIII protein, can be 

used as a reagent for diagnostic phage enzyme-linked immunosorbent assay 

(ELISA) for HBV-infected patients. The peptide ligand binds HBsAg with a 

dissociation constant of 2.9 nM and can be utilized as either a capture or 

detection reagent in the phage ELISA (108). 

Finally, bacteriophage particles can be used as vehicles for targeted delivery 

of therapeutics. It has been shown that phage particles displaying a bacterial-

specific targeting peptide, which were also conjugated to chloramphenicol via the 

antibiotic’s primary amines coupled with phage surface-exposed carboxyl groups, 

were non-toxic in mice (109). The antibiotic-loaded phages were shown to be 

more efficient inhibitors of Staphylococcus aureus than chloramphenicol drug 

(110).  
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Table II. Applications of peptide phage display in biotechnology and 
medicine 

Technology Application 
Example 

Description Reference 

Drug 
development 

Peptibody* drug 
(Romiplostium, Amgen) 
for treatment of immune 
thrombocytopenic 
purpura 
 

Peptide ligand to 
thrombopoietin receptor 
isolated from phage-displayed 
peptide libraries 
 

(101, 102) 

Drug 
production 

Peptide reagent for 
affinity purification of 
recombinant factor VIII 
(Xyntha®, Pfeizer) 
 

Peptide ligand to factor VIII 
isolated from phage-displayed 
peptide libraries 
 

(103, 104) 

Vaccine 
development 

Phage particle 
(containing highly 
immunogenic pIII and 
pVIII) as antigen carriers 
for production of 
antibodies  
 

Phage-displayed peptide from 
Alzheimer’s disease specific β-
amyloid fibril stimulated 
production of anti-aggregating 
antibodies in animal model 
 

(107) 

Diagnostics Peptide reagent (used in 
phage-displayed format) 
for diagnostic phage 
ELISA for HBV  
 

Peptide ligand to HBsAg 
isolated from phage-displayed 
peptide libraries 
 

(108) 

Therapeutics Phage particles as 
vehicles for targeted 
delivery of therapeutics 
 

Phage particles displaying 
bacterial-specific targeting 
peptide and attached to 
Chloramphenicol were more 
efficient inhibitors of 
Staphylococcus aureus 
 

(109, 110) 

*(Peptibody) represents peptide fused to the Fc region of IgG molecule. 
 

 

1.4. Thesis goals and organization 

The overall goals of this thesis were to first introduce the reader to the 

methods for mapping protein-protein interactions and then show its application in 

characterizing the binding properties of selected protein domain, MLK3 SH3.  

In Chapter 2, I presented a complete set of protocols necessary for 

identification of peptide ligands from phage-displayed combinatorial peptide 
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library that bind selectively to a given target protein and to determine the 

common binding motifs shared by the peptides. The content of this chapter has 

also been published in Methods in Molecular Biology (Kokoszka, ME, and BK 

Kay. Methods Mol. Biol. 2015; 1248:173-88. doi: 10.1007/978-1-4939-2020-

4_12.). 

In Chapter 3, I applied phage display technology to map protein-protein 

interactions by selecting a peptide ligand (named MIP) to human MLK3 SH3 

domain. By combining the methods of phage display and crystallography, in 

collaboration with Dr. Arnon Lavie and Ms. Stefanie Kall, I further dissected the 

SH3-MIP interaction and revealed a novel binding pocked on the surface of 

MLK3 SH3, different from the canonical PxxP motif-accepting site. Our discovery 

of a functional binding surface on the SH3 domain of MLK3 suggests the 

existence of a cellular interacting partner that may bind in a similar way as our 

peptide ligand and that MIP shares motif with a cellular ligand. 

In the final Chapter 4, I summarized the work presented and discussed the 

significance of our discoveries. Also, I proposed some future directions for the 

project and approaches to identify potential interacting partners, along with 

experimental verification of the interactions.  
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2.1. Summary 

One avenue for inferring the function of a protein is to learn what proteins it may 

bind to in the cell. Among the various methodologies, one way for doing so is to 

affinity select peptide ligands from a phage-displayed combinatorial peptide library 

and then to examine if the proteins that carry such peptide sequences interact with 

the target protein in the cell. With the protocols described in this chapter, a 

laboratory with skills in microbiology, molecular biology, and protein biochemistry 

can readily identify peptides in the library that bind selectively, and with micromolar 

affinity, to a given target protein, on the time scale of two months. To illustrate this 

approach, we use a library of bacteriophage M13 particles, which display 12-mer 

combinatorial peptides, to affinity select different peptide ligands for two different 

targets, the SH3 domain of the human Lyn protein tyrosine kinase and a segment of 

the yeast serine-threonine protein kinase, Cbk1. The binding properties of the 

selected peptide ligands are then dissected by sequence alignment, Kunkel 

mutagenesis, and alanine-scanning. Finally, the peptide ligands can be used to 

predict cellular interacting proteins and as the starting point for drug discovery. 

 

2.2. Introduction 

Very often in research projects, there is interest in mapping the protein-protein 

interactions of a protein of interest as a way of understanding its function in the cell 

or virus. While a variety of techniques exist for this purpose, such as yeast two-

hybrid screening, mass spectrometry, and protein complementation assays, another 

approach is the use of phage-displayed combinatorial peptide libraries. In such an 
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approach, one takes a purified, recombinant protein and isolates peptide ligands to it 

through affinity selection. A general workflow diagram for isolating and 

characterizing peptide ligands to a protein target using phage display methods has 

been shown on Figure 2.1. Interestingly, the phage-displayed peptides bind at “hot 

spots” for molecular interaction, and very often share the same primary structure as 

short regions within cellular interacting proteins. Several examples where this 

approach has proven useful include such targets as protein interacting domains (1). 

To demonstrate the utility of this approach, we describe its application to two 

targets, human protein tyrosine kinase, Lyn, and the yeast serine-threonine protein 

kinase, Cbk1. Lyn was first discovered as a viral oncogene (2), and was later 

appreciated to be a proto-oncogene in humans. It is a non-receptor protein tyrosine 

kinase, which is a member of the Src family of proteins. It has a modular 

architecture: a Src Homology 3 (SH3) domain, a Src homology 2 (SH2) domain, 

several linker regions, and a catalytic domain that phosphorylate tyrosines in 

proteins (3). The SH3 domain plays a role in mediating protein-protein interactions, 

and has been described to bind proline-rich motifs in proteins. The Cbk1 belongs to 

a large family of NDR/LATS protein kinases, which is conserved across eukaryotes 

and includes members such as myotonic dystrophy kinase (4). Cbk1 plays a role in 

controlling cell separation after cytokinesis, cell integrity, and polarized growth in 

Saccharomyces cerevisiae (5). To date, only a few substrates of Cbk1 have been 

reported. One of them, Ace2, a transcription factor that is activated by Cbk1 via 

three phosphorylation sites (6), is responsible for transcriptional control of enzymes 

required for septum degradation after cytokinesis (5). The other, Ssd1, is an RNA-
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binding protein that suppresses translation of certain mRNAs, and which loses 

activity when phosphorylated by Cbk1 (7). 

We chose these two proteins as targets in parallel affinity selection experiments 

to illustrate that the same phage-displayed combinatorial peptide library could yield 

very different peptide ligands to different targets. The Lyn SH3 domain has 

previously been used in affinity selection experiments, and so it served as a positive 

control. The Cbk1 protein had not been used previously in affinity selection of 

combinatorial peptide libraries. We also show that Kunkel mutagenesis, in 

combination with alanine-scanning and ELISA, is a very simple and expedient 

method for evaluating the contribution of certain amino acids in the peptide ligands 

for binding to their targets 
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Figure 2.1. A general workflow diagram for isolating and characterizing the 
peptide ligands to protein domains or fragments using phage display 
methods.  

In principle, coding regions of any protein domain of interest can be converted 
into recombinant DNA and expressed as a fusion protein to a partner such as 
glutathione S-transferase (GST). With a soluble protein in hand, one can perform 
affinity selections with phage-displayed combinatorial peptide libraries to identify its 
peptide ligands. The binding properties of those ligands can be then further 
characterized through affinity and specificity measurements. To assess the 
importance of each residue in the peptide ligand, a mutagenic analysis known as 
alanine-scanning can be performed on the recombinant DNA. With that knowledge, 
potential interacting partners of the protein of interest can be predicted (8). Finally, 
improving affinity and specificity of selected ligands through directed evolution (9), 
may lead to the development of antagonists, which could be used as inhibitors of 
specific cellular interaction for proof-of-principle experiments of drug development. 
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2.3. Materials  

Prepare using deionized water (diH2O). Autoclave or filter sterilize, and store at 

room temperature, unless indicated otherwise. 

 

2.3.1. Reagents  

− Phosphate Buffered Saline (PBS): 137 mM NaCl, 3 mM KCl, 8 mM 

Na2HPO4 1.5 mM KH2PO4 

− Phosphate Buffered Saline containing 0.1 % Tween (PBST) 

− Wash buffer 1: PBS, (store at 4ºC) 

− Wash buffer 2: PBS containing 0.1% Tween, (store at 4ºC) 

− Blocking buffer 1: PBS containing 3% (w/v) bovine serum albumin (BSA), 

(store at 4ºC) 

− Blocking buffer 2: PBS containing 3% (w/v) skim milk (SM), (prepare before 

use) 

− Purified glutathione S-transferase (GST) fusion target 

− Glutathione S-transferase (GST), purified protein, 1 mg/mL in PBS 

− Glutathione Magnetic Beads (Pierce Chemical Co., catalog # 88821) 

− Combinatorial phage-display library (e.g., Ph.D.™ 12-mer Phage Display 

Peptide Library, New England BioLabs)  

− Acid elution buffer: 50 mM glycine-HCl: 0.375 g glycine per 100 mL of 

deionized water (diH2O), pH 2 

− Neutralization buffer: 2M Tris-base: 24.22 g Tris base per 100 mL of diH2O, 

pH 10 adjusted with NaOH 
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− Escherichia coli strain TG1 (genotype: supE thi-1 D(lac-proAB) hsdD5[F' 

traD36 proAB+ lacIq lacZDM15]) (Lucigen; see Note 1) 

− YT medium, 2X: 10 g tryptone, 10 g yeast extract, 5 g NaCl per 1 liter of 

diH2O 

− Agar powder 

− YT, 2x agar plates, (10 cm): 2xYT medium, agar powder 1.5% (w/v)  

− YT, 2x top agar: 2xYT, agar powder 0.8% (w/v) 

− Anti-M13 antibody conjugated to horseradish peroxidase (HRP) (GE 

Healthcare), diluted 1:5000 in PBST 

− 2,2-azinobis(3-ethylbenzthiazoline-6–sulfonic acid) (ABTS), 10 mg tablets 

(Pierce Chemical Co.) 

− Sodium citrate, 50 mM: 10.5 g citrate monohydrate per 1 liter of diH2O, pH 

4 adjusted with citric acid, filter sterilized, (store at 4ºC) 

− Chromogenic substrate solution: 1 tablet of ABTS, 10 mL of 50 mM sodium 

citrate, 100 µL of 3% H2O2, (prepare immediately before use) 

− Isopropyl-β-D-thiogalactopyranoside (IPTG), 100 mM: 0.238 g IPTG per 10 

ml of diH2O, filter sterilized, (store at – 20ºC) 

− 5-bromo-4-chloro-3-indoyl-b-D-galactoside (X-Gal), 2% (w/v): 100 mg X-

Gal per 5 mL dimethyl sulfoxide (DMSO), keep in light impermeable tubes, 

(store at – 20ºC) (MP Biomedicals) 

− A modified M13 bacteriophage vector containing an amber stop codon, as 

described by Scholle et al. (10), in gene III 
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− Phage precipitation solution, 24% polyethylene glycol (PEG) 8000 (w/v), 3 M 

NaCl: 240 g PEG, 175.3 g NaCl per 1 L of diH2O, filter sterilized 

− Escherichia coli strain SS320 (MC1061F ́) (genotype: hsdR mcrB araD139 

(araABC-leu)7679 lacX74 galUgalK rpsL thi F'[proAB+lacIqlacZ M15 Tn10 

(tetr)]) (Lucigen) 

− T4 polynucleotide kinase (New England BioLabs) 

− T4 DNA ligase (New England BioLabs) 

− T7 DNA polymerase (New England BioLabs) 

− TM buffer (10x), 500 mM Tris-HCl, 100 mM MgCl2: 0.606 g Tris base, 0.246 

g MgCl2 per 10 mL of diH2O, pH 7.5 adjusted with HCl, filter sterilized, (store 

at – 20ºC) 

− Dithiothreitol (DTT), 100 mM: 15.45 g of DTT in 100 mL of diH2O, filter 

sterilized, (store at – 20ºC) 

− ATP, 10 mM, (New England BioLabs) 

− dNTP, 10 mM, (New England BioLabs) 

− SOC medium: 20 g tryptone, 5 g yeast extract, 0.5 g NaCl, 2.5 mL of 1 M 

KCl, 10 mL of 1 M MgCl2, 10 mL of 1 M MgSO4, and 20 mL of 1 M glucose 

(added after autoclaving the media) 

2.3.2. Equipment 

− Magnetic separator (accommodating 1.5 and 2 mL Eppendorf tubes) 

− Rotating shaker (accommodating 1.5 and 2 mL Eppendorf tubes) 

− Multichannel pipette 20-200 µL and 200-1000 µL 

− Filtered tips 20, 200, and 1000 µL  
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− Nunc MaxiSorp flat-bottom 96 well plates (Thermo Fisher Scientific). 

− Round bottom 96 deep well 2 mL plate, polypropylene, sterilized (Thermo 

Fisher Scientific) 

− Square top round bottom 24 deep well 10 mL plate, polypropylene, 

sterilized (GE Healthcare) 

− SealPlate® adhesive sealing film for microplates (EXCEL Scientific, Inc.) 

− AeraSealTM breathable sealing film for microplates (EXCEL Scientific, Inc.) 

− Centrifuge with a deep-well plate swing-bucket rotor. 

2.3.3. General methods 

− Concentrations of proteins were determined by measuring the absorbance 

of samples at 280 nanometer (nm) wavelength, with a NanoDrop ND-1000 

UV spectrophotometer (Thermo Fisher Scientific Inc.). 

− Washing steps for microtiter plate in enzyme-linked immunosorbent assay 

(ELISA) were carried on ELx405TM plate washer (BIO-TEK®) using PBST. 

− ELISA read outs were detected by measuring absorbance at 405 nm on 

POLARstar OPTIMA microtiter plate reader (BMG Labtech). 

− Double-stranded DNA samples were isolated with the Wizard® Plus SV 

Minipreps DNA Purification System (Promega Corp.). 

− Single-stranded DNA samples were isolated with the QIAprep spin M13 

purification kit (Qiagen). 

− Covalently-closed, circular double-stranded M13 DNA, synthesized via 

Kunkel mutagenesis (10, 11), was purified with QIAquick PCR purification kit 

(Qiagen). 
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− Concentrations of DNA samples were determined using NanoDrop ND-

1000 UV spectrophotometer (Thermo Fisher Scientific Inc.) and measuring 

the optical absorbance at 260 nm. 

− The following steps: phosphorylation of oligonucleotides, annealing to the 

template, and synthesis of covalently-closed circular double stranded DNA 

(cccDNA) were performed using DNA Engine Dyad® thermal cycler 

(BioRad). 

 

2.4. Methods  

In described methods, affinity selections with phage-displayed combinatorial 

peptide libraries (Figures 2.2 and 2.3) were employed to identify peptide ligands that 

bind to human Lyn SH3 domain and yeast Cbk1 protein kinase. In general, once 

peptide ligands have been identified for a protein target, an interacting motif can be 

deduced via sequence alignment (Logo, Figure 2.4) of the primary structures of the 

displayed binding peptides. However, to assess the functionality of this motif, amino 

acid replacements of the critical residues are generally necessary. While this is 

possible through the chemical synthesis of variant peptides, it is more expedient to 

use mutagenesis techniques, such as alanine-scanning (Figure 2.5, (12)). 

2.4.1. Screens for peptide ligands using Glutathione magnetic beads and 

GST-fusion proteins 

For the purpose of this selection protocol, the target domain was overexpressed 

in Escherichia coli in the form of a glutathione-S-transferase (GST) fusion protein. 

Recombinant protein can be prepared via commercially available pGEX vectors (GE 
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Healthcare). Figure 2.2 presents a schematic diagram of the selection protocol 

utilizing glutathione-conjugated magnetic beads. To maintain optimum sterility and 

eliminate carryover, only filtered tips should be used throughout the selection 

procedure. 

1) Add 20 µL of glutathione magnetic bead slurry (5 µL of settled beads) into 2 

mL Eppendorf tube and wash twice with 600 µL of ice-cold wash buffer #1 

(PBS), on magnetic separator. Remove the supernatant.  

2) Resuspend the beads in 600 µL of wash buffer #1 with 20 µg of the GST 

fusion protein. Incubate at 4ºC for 1 h on the rotating shaker. (See Note 2). 

3) Remove the supernatant. Resuspend in 800 µL of ice-cold blocking buffer #1 

(PBS with 3% BSA) and incubate at 4ºC for at least 3 to 4 h on the rotating 

shaker. (See Note 3). 

4) Remove the supernatant. Resuspend in 200 µL of blocking buffer #1. Add 50 

µg of GST fusion protein, to remove potential GST-binding phage clones, 

and 20 library equivalents (e.g., if the library size is 1010 clones and the titer 

1013 pfu/mL use 20 µL). Bring the volume to 600 µL with ice-cold wash buffer 

#1. Incubate at 4ºC for 1 h on the rotating shaker. 

5) Remove the supernatant. Wash three times with 800 µL of ice-cold wash 

buffer #2 (PBST). Remove supernatant, add 800 µL of ice-cold wash buffer 

#1, and transfer into a new 2 mL Eppendorf tube to eliminate any plastic-

bound phage. 

6) Repeat the washing step two more times with wash buffer #1. Remove the 

supernatant. 
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7) Elute the phage with 200 µL of elution buffer. Incubate for 10 min at room 

temperature and gently mix the content every couple minutes.  

8) Place the tube on magnetic separator and transfer the eluted phage 

supernatant into a new 1.5 mL Eppendorf tube containing 12 µL of 

neutralization buffer, mix well. 

9) To amplify the phage for subsequent round of selection, in a culture tube, mix 

150 µL of eluted phage with 300 µL of fresh mid-log TG1 cells. Incubate for 

10 min at 37ºC without shaking. Add 5 mL of 2xYT medium and incubate 

overnight at 37ºC in a shaking incubator (approximately 240 rpm). Keep 

remaining phage at 4ºC as a stock of selection-isolated phage clones, (see 

Note 4). 

10) To perform two additional rounds of selection, repeat steps 4 through 9. Spin 

down the overnight cultures to pellet the cells. Use 200 µL of fresh overnight-

amplified phage supernatant, (step 4). 

11) (Optional). A quality control (polyclonal) enzyme linked immunosorbent assay 

(ELISA) can be performed to verify if the subsequent steps of selection were 

successful. Use the remaining overnight-amplified phage supernatant from 

round 2 and 3 and follow steps 1 through 10 in Subheading 2.4.2. 

12) Following the final round of selection, perform serial dilutions of the eluted 

phage in the range from 10-2 to 10-6 and mix 10 µL of each dilution, (final 

range: 10-4 to 10-8), with 400 µL of fresh mid-log TG1. Incubate for 10 min at 

37ºC without shaking. (See Note 5) 
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13) If blue-white screening can be performed, add 45 µL of 100 mM IPTG and 80 

µL of 2% X-Gal. This screening allows distinguishing between library phage 

(blue plaques) and WT M13 phage contaminants (white plaques). The 

principle of this screening relies on the fact that if the library vector encodes 

the lacZα gene, the phage plaques turn blue when tittered using alpha-

complementing strain of E.coli in the presence of IPTG and X-gal. 

14) Immediately before plating, add 4 mL of 2xYT top agar (0.8%), gently swirl, 

and pour over pre-warmed 2xYT agar plates. Incubate overnight at 37ºC. 

15) To test individual phage clones, aliquot 50µL of mid-log TG1 cells into each 

well on a sterile deep-well round bottom polypropylene 96-well plate. 

16) From a plate with well separated plaques, using 200 µL pipette tips, transfer 

single phage clones into the wells of the plate. Incubate for 10 min at 37ºC 

without shaking. (See Note 6) 

17) Using a multichannel pipette, add 500 µL of 2xYT medium and incubate 

overnight at 37ºC in a shaking incubator (approximately 240 rpm).  

18) Use phage supernatant to perform phage ELISA (Subheading 2.4.2). Keep at 

least 50 µL of the supernatant at 4ºC as phage stock.  
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Figure 2.2. Schematic representation of affinity selection process with 
phage-displayed combinatorial peptide libraries.  

(A) The target protein is first immobilized on beads via its fusion partner or 
biotin-streptavidin interaction (e.g., GST fusion and glutathione beads or 
biotinylated target and streptavidin-coated magnetic bead). (B) Next, the phage-
displayed library is incubated with the target. (C) The beads are washed to remove 
any unbound phage, and (D) the bound virions are then eluted. (E) A bacterial 
host, which carries an F pilus (F+), is infected with the eluted virions and (F) grown 
overnight to amplify potential “binders”, which are then used in subsequent rounds 
of affinity selections. Two to three additional rounds of selections are usually 
performed to complete the process. (G) In the final step, the cells, which have 
been infected with the eluted phage, are plated, and (H) single clones are tested 
via a phage enzyme-linked immunosorbent assay (ELISA). (I) DNA, isolated from 
binding clones, is then sequenced to identify the predicted primary structures of the 
peptide ligands. 
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2.4.2. Conformation of binding activity of isolated peptides via phage ELISA 

1)  Coat 96-well microtiter plates with the target protein and GST as negative 

control. Use approximately 250 ng of protein per well, (70—100 µL per well), 

diluted in PBS. Incubate for 1 to 2 h at room temperature or overnight at 4ºC. 

2) Wash the plates with 200 µL of PBST using automated plate washer or 

manually with multichannel pipette. 

3) Fill the plates with 250 µL of blocking buffer #2. Incubate for at least 1 h at 

room temperature or overnight at 4ºC. 

4) Wash the plates with 200 µL of PBST one more time. 

5) Add phage supernatant (same per well volume as the target protein) and 

incubate 1 to 2 h at room temperature. 

6) Wash the plates with 200 µL of PBST three more times. 

7) Add anti-M13-HRP conjugated antibody diluted 1:5000 in PBST (same per 

well volume as the target protein) and incubate 30 min to 1 h at room 

temperature. 

8) Wash the plates with 200 µL of PBST three more times. 

9) Add chromogenic substrate solution (Subheading 2.3.1), same per well 

volume as the target protein, and incubate for 10 to 30 min. 

10) Quantify the results by measuring the optical absorbance at 405 nm, using a 

microtiter plate spectrophotometer. 
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Figure 2.3. Analysis of peptides isolated against two targets, GST fusions to 
the SH3 domain of human Lyn tyrosine protein kinase, Lyn SH3 (aa 63-123), 
and to the yeast NDR/LATS family protein kinase, Cbk1 (aa 352-692).  

Purified GST-Cbk1 (aa 352-692) protein was a gift from Dr. Eric Weiss. (A, C) 
All clones were isolated from a 12-mer NNK combinatorial peptide library ANL7 
(10), following three rounds of affinity selection, as described in Subheading 2.4.1. 
(B, D) Binding of each clone was analyzed via phage ELISA (as described in 
Subheading 2.4.2). Wells of microtiter plate were coated with 800 ng of the target. 
Following blocking with 3% skim milk in PBS, peptide-displaying phage 
supernatants were incubated with the target, and binding of the peptides to the 
target detected via an anti-phage antibody that was conjugated to horseradish 
peroxidase (anti-M13-HRP). All peptide ligands were assayed either in duplicate, 
for Lyn SH3, or triplicate, for Cbk1 (aa 352-692). (D) The Ace2 peptide sequence 
was derived from the Ace2 transcription factor, which is a known interacting 
partner of Cbk1 (5). 
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2.4.3. Characterization of isolated peptides  

All binding phage clones isolated via ELISA are amplified and their binding 

regions subsequently identified by DNA sequencing, (see note 7). If the selection 

generates enough unique isolates, the binding motif of the target can be predicted 

by sequence alignment known as LOGO plot (Figure 2.4). With that knowledge, one 

can attempt to better define the known interactions and to predict new substrates of 

the target. To further assess the importance of each residue in the motif, mutagenic 

analysis known as alanine-scanning can be performed (Figure 2.5, (12)). In this 

method, each residue is replaced, one by one, by alanine, (or by glycine if originally 

occupied by alanine). One way to generate all the variants is to incorporate them 

into M13 phage genome via Kunkel mutagenesis, (described in Subheading 2.4.3.1), 

(11, 13, 14). Once the phage-displayed mutant pool is generated, the effect of the 

substitutions on their binding to the target is evaluated by phage ELISA (described in 

Subheading 2.4.2). 

 

2.4.3.1. Kunkel mutagenesis 

For the purpose of this protocol, a modified M13 phage vector containing an 

amber stop codon has to be first obtained (10). In the vector constructed by Scholle 

et al, an amber stop codon, TAG, has been placed at the N-terminus of the coding 

region of gene III, following the signal sequence of protein III (pIII). That modification 

eliminates the need for generation of uracil-containing single stranded DNA (U-

ssDNA) template, using E. coli strain CJ236 (dut- ung-). A mutagenic oligonucleotide, 

containing both complementary and exogenous DNA fragments, is then annealed to 

the ssDNA template, with the exogenous fragment looping over the TAG-containing 
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vector region. Once the double-stranded DNA (dsDNA) is synthesized from the 

ssDNA template, it is electroporated into non-suppressor E. coli strain (e.g., SS320). 

If the TAG triplet-containing region has not been replaced by the exogenous 

fragment, the phage will not be propagated, as the minor coat protein, pIII, cannot be 

translated. The wild-type phage can be propagated via the suppressor E. coli strain 

such as TG1. The amber stop codon is then translated into glutamine. The use of 

TAG-containing template facilitates nearly 100% recombination efficiency (10). 

1) To prepare ssDNA template, infect 30 mL of fresh mid-log TG1 cells, grown 

in 2xYT medium, with appropriate phage particles (see Note 8). Incubate for 

1 h at 37ºC without shaking. Mix the culture gently from time to time to 

resuspend settling cells. Incubate overnight at 20 to 25ºC for approximately 

20 h in a shaking incubator with a speed not exceeding 250 rpm, 

recommended 200 rpm (13).  

2) Prepare a cell-free supernatant by centrifugation. 

3) Concentrate the phage by mixing the cell-free phage supernatant with phage 

precipitation solution (Subheading 2.3.1) at 5:1 ration (i.e., 1 mL of solution 

per 5 mL of phage supernatant) and incubate at room temperature for 

approximately 20 min. 

4) Pellet the phage by centrifugation and resuspend in room-temperature PBS 

(see Note 9). 

5) To extract the ssDNA template, process the sample using QIAprep Spin M13 

kit. 



4. 50 

 

6) Phosphorylate oligonucleotides, (26.4 pmol each, 1.32 µL of 20µM 

oligonucleotide), by mixing 5 units of T4 polynucleotide kinase, 1 µL of 10X 

TM buffer, 1 µL of 10 mM ATP, and 0.5 µL of 100 mM DTT in a final volume 

to 10 µL, adjusted with diH2O. Incubate for 1 h at 37 °C using thermal cycler. 

7) To anneal to the template, mix phosphorylated oligonucleotides with ssDNA 

template at the molar ratio of 3:1 (oligonucleotide:template) and add 5 µL of 

10X TM buffer in a 50 µL reaction adjusted with diH2O. Incubate the mixture 

at 90°C for 2 min and then decrease the temperature to 25°C at a rate of 1°C 

per min using thermal cycler.  

8) To synthesize the covalently-closed circular double-stranded DNA product 

add the following to the reaction: 3 µL of 10 mM ATP, 3 µL of 100 mM DTT, 5 

µL of dNTPs, 8 Weiss units of T4 DNA ligase, and 8 units of T7 DNA 

polymerase. Incubate at 20°C for 30 min using thermal cycler. 

9) Analyze the in vitro synthesized dsDNA by resolving on 1 % agarose gel. 

10) Purify the dsDNA with the QIAquick PCR purification kit and elute using 

diH2O. 

11) In a pre-chilled 0.2 cm cuvette, mix SS320 electrocompetent cells and 100 

ng to 1 µg of dsDNA. Electroporate at 2400 V using an electroporator. Allow 

the cells to recover in 1 mL of pre-warmed SOC medium, and incubate at 

37°C in a shaking incubator (150 rpm), for 30 min to 1 h. 

12) To isolate single recombinant clones, mix 1 and10 µL of transformation 

reaction with 400 µL of fresh mid-log SS320. Incubate for 10 min at 37ºC 

without shaking.  
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13) Immediately before plating, add 4 mL of 2xYT top agar (0.8%), gently swirl, 

and pour over pre-warmed 2xYT agar plates. Incubate overnight at 37ºC. 

14) Amplify phage from single plaques and process the DNA from the virions in 

the culture supernatant for sequencing, (see Note 7). 

 

2.4.3.2. Alanine-scanning of the phage-displayed peptide 

1) Generate the phage-displayed wild-type “binder” and all desired alanine 

substitutions following Kunkel mutagenesis protocol, as described in 

Subheading 2.4.3.1. 

2) Identify the desired recombinant clones via sequencing (see Note 7). 

3) Perform phage ELISA, as described in Subheading 2.4.2, to evaluate the 

effect of the alanine substitutions on the binding to the target. 
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Figure 2.4. Sequence Logos generated using an on-line application, 
WebLogo3, available at http://weblogo.berkeley.edu/.  

(A) Alignment of Lyn SH3 binding sequences revealed the well-known PxxP 
motif (15, 16) that can be further classified as x-5 x-4 x-3 x-2 L P x1 x2 P, with 
preference for proline at position -5 and -2, glycine, at position -4, and hydrophobic 
residues at position +2. (B) Alignment of Cbk1 (aa 352-692) binding sequences (1-
3; Figure 2.3C) revealed a known Y/FxFP docking motif to Cbk1 (17). Also, it 
should be noted that sequence 3 (Figure 2.3C) contains the FKFP motif, which is 
present in Ssd1, a known Cbk1 substrate (7, 17). Our findings clearly indicate that 
potential binding partners of certain targets can be deduced via selections with 
phage-displayed peptide libraries. As only three sequences were used for 
alignment, any additional amino acid preference analysis could be biased. (C) 
Further characterization of the isolated Y/FxFP motif, showed preference to 
positively charged residues, R and K, at the “x” position. Other allowed residues at 
that position included V, M, T, Q, when at least one positively charged residue was 
observed outside the motif, or C, when a second cysteine was present following 
the motif. All sequences incorporated in the LOGO, (32 isolates, data not shown), 
were isolated by screening phage-displayed focused library. The library was 
synthesized via Kunkel mutagenesis, (as described in Subheading 2.4.3.1), by 
inserting Ssd1 fragment, TEQS xxx FP xxx, with six randomized positions, (where 
x = NNK; N = A, C, T, or G, K = G or T) into the SAM vector (10) at N-terminus of 
gene III. The oligonucleotide used for library construction was 5’ TCT CGA AGG 
TCT AGA GAC GTC MNN MNN MNN AGG GAA MNN MNN MNN TGA CTG TTC 
GGT AGG CCT ACT CGA GGA GTG 3’ (IDT DNA, Coralville, Iowa), where 
underlined sequence represents nucleotides complementary to the wild-type SAM 
vector (10). Ssd1 sequence used for library construction was obtained from Dr. 
Eric Weiss, NU. 
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Figure 2.5. Alanine-scanning.  

(A) The peptide sequence, NH2-YNPFNYRPVYYS-COOH, isolated against 
GST fusion to Cbk1 (aa 352-692) (Figure 2.3C), has been fused to the N-terminus 
of the minor coat protein, pIII, in the bacteriophage M13 genome, via Kunkel 
mutagenesis, as described in Subheading 2.4.3.1. The fusion was generated using 
the SAM phage vector. The oligonucleotide used for generation of the wild-type 
clone fusion was 5’ TCT CGA AGG TCT AGA GAC GTC AGA GTA GTA AAC 
CGG ACG GTA GTT GAA CGG GTT GTA AGG CCT ACT CGA GGA GTG 3’ (IDT 
DNA, Coralville, Iowa), where underlined sequence represents nucleotides 
complementary to wild-type SAM vector. The fusion facilitates pentavalent display 
of the peptide, however, for the simplicity of the figure only one displayed copy was 
shown. (B) Alanine substitutions were generated via Kunkel mutagenesis, (as 
described in Subheading 2.4.3.1), to determine which residues are involved in the 
interaction with Cbk1 protein. Alanine mutants have been generated using the 
SAM phage vector and analogous oligonucleotides (as described for the WT clone, 
Figure 2.5A). For unknown technical reasons, clone V9A failed to be generated. 
(C) All mutant phage-displayed peptides were analyzed via phage ELISA. The 
results suggested that residues Y1, P3, F4, and Y6 contribute the most to peptide 
binding to Cbk1. 
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2.5. Notes  

1) Prior to selection procedure, multiple single aliquots (100 µL) of TG1 cells in 

16% glycerol can be prepared and stored at – 80ºC. To assure TG1 

infectivity, the cells are first streaked on M9 plates (per 1 liter, 8 g sodium 

phosphate heptahydrate, 3 g potassium phosphate monobasic, 0.5 g sodium 

chloride, 1 g ammonium chloride, 0.24 g magnesium sulfate, 4 g glucose, 

11.1 mg calcium chloride, and 15 g agar). Following 48 h incubation at 37ºC, 

singles colonies are picked and grown till mid-log phase. Aliquots of 100 µL 

mid-log TG1 containing 16% glycerol are flash-frozen in liquid nitrogen and 

stored at – 80ºC. To prepare fresh culture, singe aliquot of TG1 is added to 5 

– 10 mL of 2xYT and grown at 37ºC till mid-log phase. 

2) If low quantities of target are available, a small amount can be used to coat 

the beads (e.g., 10 µg of protein and 10 µL of slurry, respectively). Also, 

decreasing the amount of used target can facilitate isolation of higher affinity 

clones. 

3) For convenience, target-bound beads can be prepared for the entire 

selection procedure, and stored at 4ºC in the blocking buffer #1 (PBS 

containing 3% BSA (w/v)) for up to a week.  

4) As long as no contamination is introduced, phage particles can be stored in a 

culture medium at 4ºC for many years. 

5) Since the phage titer, recovered after final round of selection, depends on 

many controllable and uncontrollable factors such as stringency of the 

selections (i.e., number of washes, amount of target used) or type and 
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structure of the target, from our experience, we recommend to cover a wide 

dilution range from at least 10-4 to 10-8. 

6) If filtered tips are used for phage transfer, it is convenient, to briefly rinse and 

remove the tips with multichannel pipette.  

7) In order to identify DNA sequences of potential “binders”, the phage is first 

amplified by infecting 200 µL of TG1 cells (from a mid-log phase culture) with 

10 µL of phage supernatant (or single plaque) and incubated overnight in a 

shaking incubator (240 rpm), in 5 mL final volume. The pelleted cells are 

then used for isolation of dsDNA that consists of replicative form of phage 

DNA. Subsequently, the samples are analyzed via sequencing. Remaining 

phage supernatant can be stored at 4ºC (see Note 4). 

8) In order to isolate high quantity of ssDNA template, large amount of phage 

particles has to be first collected. Amplification of phage by infecting cells 

with just a single plaque may result in low quantity of template. Thus, we 

suggest a two-step preparation process, where the PEG-precipitated 

concentrated virions are used to infect the fresh mid-log cells.  

9) To remove any polyethylene glycol (PEG) residues from the surface of the 

tube prior to phage reconstitution, it is recommended to first briefly rinse the 

side of the tube with PBS, avoiding the phage pellet. Usually 1-3 mL of room-

temperature PBS are used to resuspend the pelleted virions. 
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2.6. Closing Remarks 

One of the major advantages of affinity selection of phage-displayed 

combinatorial peptide libraries is the potential for rapid discovery of peptide ligands 

to a target protein. It is relatively straightforward to use home-made or commercially 

purchased libraries to isolate peptide ligands to a given target and then deduce a 

binding motif. A peptide with a consensus motif can then be used to study the 

biology of the target (i.e., predict cellular interacting partner, solve the three-

dimensional structure of the peptide and target in a complex, and to inhibit the target 

in cells). However, when only one or a few peptide ligands are isolated to a target, it 

is difficult to know a priori what residues in the phage-displayed peptide ligand 

contribute to binding. While one can explore the binding parameters of the peptide 

sequence through chemical synthesis of peptides with systematic amino acid 

replacements across the primary structure, we present an alternative, faster, and 

easier approach involving Kunkel mutagenesis, alanine-scanning, and ELISA. We 

find that by coupling these three techniques, one can readily determine at first-pass 

many important aspects of the binding interaction. 
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CHAPTER 3 

3. A PHAGE-DISPLAYED PEPTIDE LIGAND FOR THE SH3 DOMAIN OF 

HUMAN MLK3 KINASE: IDENTIFICATION OF A NON-CANONICAL BINDING 

POCKET 
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3.1. Summary 

Using methods of phage display, we isolated a peptide ligand (MIP) to the 

SH3 domain of human MLK3, devoid of the canonical PxxP motif. To dissect the 

SH3-MIP interaction, we solved the crystal structure of both the apo MLK3 SH3 

domain and the MLK3 SH3 domain/MIP complex at 1.5 Å and 1.2 Å, 

respectively. The structures revealed a novel binding site on the surface of MLK3 

SH3, located at the opposite face of the molecule as compared to the surface 

commonly involved in binding of proline-rich motifs, defined by an extended n-Src 

loop that acts as scaffolding for the MIP to bind. Comparison of the unbound and 

ligand-bound structures of MLK3 SH3 domain revealed closed and open 

conformations of the n-Src loop, respectively, that were induced by MIP binding. 

The structure of the complex also showed W10 and R12 residues in MIP to be 

crucial for binding to MLK3 SH3; these findings were confirmed by mutational 

analysis. As the overall three-dimensional structure of the n-Src loop and the rest 

of the molecule for MLK1-4 is highly conserved, we hypothesise that MIP could 

potentially interact with all four members of MLK subfamily. The discovery of a 

functional binding surface on the SH3 domain of MLK3 suggests the existence of 

a cellular ligand that binds in the same manner and shares a similar motif as the 

MIP ligand. 

 

3.2. Introduction 

 There is a great interest in studying protein-protein interactions, in order to 

identify cognate partners of a selected protein and to characterize a protein’s 
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function in the cell. The size of the human interactome has been estimated to be 

~650,000 interactions (1), with many protein-protein interactions facilitated by 

modular domains, which are independently folding protein segments (2-4). 

Among different techniques used to map protein-protein interactions, phage 

display has proven successful in mapping the interactions of numerous protein 

domains (5-10). This approach is based on the observation that peptides isolated 

through affinity selection usually bind to biologically relevant sites on the domain, 

and can mimic its natural interacting partners or inhibit potential target-substrate 

interactions. An interacting motif can be then deduced by sequence alignment or 

by mutagenic analysis. Since the primary structure of a motif on the peptide 

ligand is usually shared between cellular interacting partners, candidate 

interacting partners of a particular target protein can be predicted by a database 

search. In addition, isolated peptides have the potential to serve as inhibitors or 

activators of specific cellular interactions in proof-of-principle experiments for 

drug development. 

 One of the most widely studied protein interaction modules is the Src 

homology 3 (SH3) domain (11-13). There are approximately 300 SH3 domains 

found in human proteome, present in over 200 proteins (6). Typically, SH3 

domains bind canonical proline-rich (PxxP) motifs (9, 14-16). However, several 

SH3 domains that bind non-canonical motifs, such as the RxxK binding Gads 

SH3 domain (17), the PxxDY binding domain Eps8 SH3 (18), or the RKxxYxxY 

interacting with Fyn SH3 domain (19) have been also reported. Interestingly, 

most of the non-canonical ligand sequences are recognized by the same 
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molecular surface on SH3 domains (11, 12) used for binding proline-rich motifs.  

 However, a small number of SH3 domains, such as Pex13p (20), p67phox (21), 

and Vav (22) SH3 domains, bind the non-canonical sequences via a different 

surface on the domain. More specifically, the SH3 domain of Pex13p (20) can 

independently bind two substrates, Pex14p interacting with the canonical site via 

PxxP motif and Pex5p interacting with a second non-canonical ligand-binding site 

in a proline-independent fashion. In the case of the p67phox SH3-p47phox 

interaction, both canonical and non-canonical binding surfaces facilitate 

interactions with respective PxxP and non-proline motifs, present within the same 

p47phox-derived peptide sequence; this bivalent interaction results in a high 

affinity and specific protein-protein interaction (21). Finally, the N-terminal SH3 

domain of Vav cannot bind Pro-rich ligands, since its RT loop contains a 

tetraproline insertion, which blocks accessibility of the canonical PxxP binding 

pocket; instead, it uses a different surface to facilitate binding to the C-terminal 

SH3 domain of Grb2 (22).  

 Mixed-lineage protein kinase 3 (MLK3), also known as MAP3K11, is a serine-

threonine protein kinase involved in regulating the JNK, p38, and ERK pathways 

(23-28). It is composed of several modules: an SH3 domain, a kinase domain, a 

leucine zipper, a Cdc42/Rac interactive binding (CRIB) motif, several linker 

regions, and a proline-rich C-terminal tail (25, 29) (Figure 3.1). According to Bio 

GRID interaction database (30), MLK3 is involved in 36 unique interactions, 

among which at least several are mediated through the SH3 domain of MLK3. 

The SH3 domain has been implicated in the autoinhibition of the catalytic domain 



 

 

63 

through an intramolecular interaction, via a non-consensus single proline motif 

located between leucine zipper and CRIB motif (Figure 3.1; amino acids 463-492 

(blue)), in the full-length MLK3 protein. Disruption of that intramolecular 

interaction results in increased activity of MLK3 (29). The SH3 domain of MLK3 

also plays role in several other protein-protein interactions. The hepatitis C virus 

non-structural 5A (NS5A) protein was found to interact with SH3 domain of 

MLK3, via a canonical PxxPxR motif. Replacement of the two key prolines to 

alanine significantly decreases the interaction and NS5A’s ability to block MLK3-

induced apoptosis (31). The SH3 domain of MLK3 was also shown to interact 

with proline-rich regions in a hematopoietic progenitor kinase 1 (32, 33) and a 

germline center kinase (28). Both kinases regulate JNK pathway in an MLK3-

dependent manner (28, 32). 

Here, we report a novel, non-canonical, binding site on the SH3 domain of 

MLK3 that is topographically different from previous publications on non-

canonical recognition by SH3 domains (20-22). The identified binding surface is 

primarily composed of an extended n-Src loop on the MLK3 SH3, which opens 

up to facilitate binding a peptide ligand that we isolated through affinity selection 

of a phage-displayed combinatorial peptide library. Interestingly, the peptide 

ligand lacks the canonical PxxP motif. Furthermore, the discovery of a functional 

binding surface on the SH3 domain of MLK3 suggests the existence of a cellular 

ligand that binds in the same manner as our peptide ligand. 
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Figure 3.1. Schematic representation of the MLK3 protein.  
MLK3 is composed of several modules: an SH3 domain (green), a kinase 

domain (yellow), a leucine zipper region, a Cdc42/Rac interactive binding 
(CRIB) motif, several linker regions (grey), and a proline-rich C-terminal tail. A 
region indicated in an intramolecular interaction with the SH3 domain of MLK3, 
resulting in the autoinhibition of the catalytic domain is shown in blue (29). 
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3.3. Experimental Procedures 

 

3.3.1. Protein Expression and Purification for Affinity Selection and ELISA 

Tests 

 Two plasmids, pGex-MLK3 SH3-WT and pGex-MLK3 SH3-Y52A (gifts of Dr. 

Gerardo Morfini, University of Illinois at Chicago), encoding a glutathione-S-

transferase (GST) protein fused to either the wild-type (WT) or mutant Y52A 

variant of the SH3 domain of MLK3 (amino acids 43-104), respectively, were 

transformed into the Escherichia coli strain, Rosetta(DE3)pLysS (Novagen). The 

cells were initially grown at 37 ºC in 2xYT medium (16 g Tryptone, 10 g Yeast 

Extract, 5 g NaCl per liter), which was supplemented with 50 µg/mL Carbenicillin 

(CB) and 12.5 µg/mL Chloramphenicol (CM), and then diluted (1:100) into fresh 

2xYT medium, supplemented only with 50 µg/mL CB. Protein expression was 

induced with 0.5 mM Isopropyl-β-D-thiogalactopyranoside (IPTG) when the 

culture reached an optical density (OD600nm) of 0.6, and incubated overnight at 27 

ºC at 250 rpm. Cells were harvested by centrifugation and the pellets 

resuspended in 1x bind/wash buffer (Novagen), which was supplemented with 

cOmpleteTM EDTA-free Protease Inhibitor Cocktail (Roche), and then lysed by 

sonication. Subsequent purification steps were carried out using GST•Bind™ 

Resin (Novagen), following the manufacturer’s protocol. Following the elution 

step, the proteins were exchanged into 20 mM Tris, 150 mM NaCl, pH 8.0 using 

Zeba™ Spin Desalting Columns (Thermo Fisher Scientific, Inc.), and then 

concentrated with Amicon® Ultra Centrifugal filters (EMD Millipore) and stored at 

-80 ºC. To confirm the purity, the samples were resolved by sodium dodecyl 
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sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and detected with 

Coomassie Brilliant Blue staining. 

 

3.3.2. Isolation of Peptide Ligand to SH3 Domain of MLK3 

 Screens for peptide ligands were performed following previously published 

protocol (34). The target proteins, GST-MLK3 SH3-WT and GST-MLK3 SH3-

Y52A, were pre-bound to Glutathione Magnetic Beads (Pierce Chemical Co., 

catalog #88821) and non-specific binding sites blocked with phosphate buffered 

saline (PBS; 137 mM NaCl, 3 mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4) 

containing 3% (w/v) bovine serum albumin (BSA). To isolate potential peptide 

ligands, the targets were incubated with a 12-mer combinatorial phage-displayed 

peptide library, ANL7 (35). Following washing steps, the phage particles were 

eluted and amplified for subsequent rounds of selection. After three rounds of 

affinity selection, individual phage clones were isolated and their binding 

evaluated via phage ELISA (refer to (34) for a detailed protocol). Positive clones 

were then sequenced. 

 

3.3.3. Sequence Analysis of MIP 

 To evaluate the phage-displayed MLK3 SH3 Interacting Peptide (MIP; NH2-

AIRINPNGTWSRQAETVES-COOH, insert (underlined) + linker region), isolated 

from ANL7 library (35), both WT and modified sequences (see Figure 3.4) were 

cloned into a phage display vector SAM (35), as N-terminal fusion to the pIII 

capsid protein of M13 bacteriophage. All constructs were generated via Kunkel 
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mutagenesis and facilitated type 3 (pentavalent) display. Phage-displayed 

recombinants were evaluated for their binding to GST-MLK3 SH3 via phage 

ELISA. 

 

3.3.4. Alanine Scanning of Phage-Displayed MLK3 SH3-Interacting Peptide 

(MIP) 

 Both MIP, NH2-AIRINPNGTWSRQAETVES-COOH, and the variants 

containing alanine replacements (as shown on Figure 3.5) were generated via 

Kunkel mutagenesis (34, 36, 37). Ala1 and Ala14 were replaced with Val. The 

single-stranded DNA (ssDNA) template was generated using a modified M13 

vector containing an amber stop codon (TAG) placed within a linker region at the 

N-terminus of pIII (35). That modification eliminates the need of uracil-containing 

ssDNA (U-ssDNA). Detailed procedure for purification of ssDNA was previously 

described by the authors (34). The oligonucleotide used for generation of the WT 

clone was 5′ GTT GTT TCT TTC TAT TCT CAC TCC GCC ATT CGT ATT AAT 

CCT AAT GGT ACT TGG TCG AGG CAG GCC GAA ACT GTT GAA AGT TGT 

TTA GCA AAA TCC C 3′ (Integrated DNA Technologies, Inc.), where underlined 

sequence represents nucleotides complementary to the vector template. All 

remaining oligonucleotides were designed accordingly. These constructs 

facilitated type 3 phage display. All phage-displayed variants were evaluated for 

their binding to the target, GST-MLK3 SH3, via phage ELISA (34). A truncated 

version of MIP (ΔA1) was used as a negative control (see Figure 3.4). 
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3.3.5. Peptide Synthesis  

 All peptides were synthesized at the Research Resource Center (RRC), 

University of Illinois at Chicago and were of > 90% pure as verified by mass 

spectroscopy at RRC. Two versions of MIP, unlabeled 

(AIRINPNGTWSRQAETVES) and biotinylated at C-terminus 

(AIRINPNGTWSRQAETVES-K-bio), were used to determine the peptide’s half 

maximal inhibitory concentration (IC50) and half maximal effective concentration 

(EC50) values.  

 

3.3.6. IC50 Determination for MIP 

 To determine the IC50 value by competition, biotinylated MIP 

(AIRINPNGTWSRQAETVES-K-bio; 100 µL, ≈ 2 µM) was captured in wells of a 

Nunc MaxiSorp™ flat-bottom 96 well plate (Thermo Fisher Scientific), which had 

been coated with NeutrAvidin™ (100 µL, 7.5 µg/mL; Thermo Fisher Scientific), 

and blocked with 3% skim milk in PBS. Separately, the GST-MLK3 SH3(43-104) 

domain fusion protein (5 µg/mL) was pre-incubated (1 – 1.5 h) with increasing 

concentration (0.02 to 20 µM) of unlabeled MIP (AIRINPNGTWSRQAETVES) as 

competitor, and then allowed to interact for 45 min with biotinylated MIP pre-

bound on ELISA plate. After washing with PBS containing 0.1 % Tween (PBST), 

retention of the SH3 domain fusion protein in wells was detected with an anti-

GST antibody conjugated to Horseradish peroxidase (HRP) (GE Healthcare; 

45min, 1:5000 in PBST). Following washes with PBST, the chromogenic 

substrate solution 2,2-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS; 
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Pierce Chemical Co.), 10 mL of 50 mM sodium citrate pH 4.0, 100 µL of 3 % 

H2O2, was added to the plate (100 µL per well). The absorbance was measured 

at 405 nm using a POLARstar OPTIMA microtiter plate reader (BMG Labtech). 

 

3.3.7. Gene Synthesis, Cloning, Protein Expression, and Purification for 

Structural Analysis 

 DNA fragments encoding the SH3 domain of MLK3 (UniProt entry Q16584), 

MLK3 SH3(41-105), MLK3 SH3(44-103), and four fragments encoding SH3 

domain-MIP fusions, MLK3 SH3(41-105)-MIP(1-19), MLK3 SH3(41-105)-MIP(1-

13), MLK3 SH3(41-105)-MIP(1-13)W10A, MLK3 SH3(41-105)-MIP(1-13)R12A, 

were commercially prepared as gBlocks® Gene Fragments (Integrated DNA 

Technologies, Inc.). All coding regions were codon-optimized for E. coli 

expression. DNA fragments were cleaved with NdeI and BamHI-HF (New 

England BioLabs) and subsequently ligated into a modified version of the 

pET14b expression vector, where the N-terminal His6 tag is followed by SUMO 

and the thrombin cleavage site has been removed. The resulting DNA constructs 

(verified by sequencing) were transformed into E. coli strain BL21 C41(DE3). 

Cells were grown at 37 ºC in 2xYT medium, which was supplemented with either 

50 µg/mL Carbenicillin (CB) or 100 µg/mL Ampicillin (Amp) and protein 

expression induced with 0.1 – 0.3 mM IPTG at OD600nm of 0.6 – 0.7 and cultured 

overnight at 22 ºC. Cells were harvested by centrifugation, washed with 200 mM 

KCl, 50 mM Tris, pH 7.4, and lysed by sonication in 25 mM Tris, pH 7.4, 200 mM 

KCl, 10 mM MgCl2, 10% glycerol, 1% Triton X-100, 1 mM PMSF. Clarified 
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supernatant was loaded onto 5 mL HisTrapTM HP Ni Sepharose column (GE 

Healthcare), and the column washed with 25 mM Tris, pH 7.4, 500 mM NaCl, 

supplemented with 10 mM and 25 mM imidazole. Protein was eluted in the same 

buffer, which was supplemented with 250 mM and 500 mM imidazole, and the 

fractions pooled together. The His6-SUMO tag was cleaved with SUMO protease, 

while dialyzing against 25 mM Tris, pH 7.4, 500 mM NaCl, 10 mM imidazole, and 

the tag was removed by loading the sample back onto a nickel column. Collected 

fractions containing purified protein were concentrated and injected onto S-200 

gel filtration column (GE Healthcare) equilibrated with 25 mM Tris-HCl, pH 7.4, 

500 mM NaCl. To confirm the purity, collected samples were analyzed by SDS-

PAGE and detected with Coomassie Brilliant Blue staining. All purified protein 

were concentrated and stored at -80 ºC. 

 

3.3.8. Crystallization 

 All crystals were grown at 20 ºC using the hanging drop vapor diffusion 

method. Crystals of MLK3 SH3(41-105)-MIP(1-19) were grown using a reservoir 

condition containing 0.1 M sodium phosphate, 0.1 M potassium phosphate, 0.1M 

MES pH 6.5, and 1.5 M sodium chloride. Drops of 4 µL were set up at a 1:1 ratio 

of protein (9 mg/ml) to reservoir. These crystals grew as long pyramids, 

approximately 250 µm in length and 50 µm at the base (Figure 3.2A). Prior to 

data collection, crystals of MLK3 SH3(41-105)-MIP(1-19) were soaked in the 

reservoir solution containing 30% ethylene glycol for cryoprotection. To grow 

crystals of MLK3 SH3(44-103), drops of 3 µL and 4 µL were set up respectively 
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at 2:1 and 1:1 ratio of protein (15.7 mg/mL) to reservoir (1.4 M sodium malonate, 

pH 6.5). Cube-shaped crystals appeared within 2-3 days (Figure 3.2B). Prior to 

data collection, crystals of MLK3 SH3(44-103) were soaked in mother liquor with 

30% ethylene glycol as cryoprotectant. 

 
Figure 3.2. Crystals of the MIP-bound and unbound SH3 domain of 
MLK3.  

(A) Pyramid-like crystals of MLK3 SH3(41-105)-MIP(1-19). (B) Cube-shaped 
crystals of MLK3 SH3(44-103). 

 
 

3.3.9. Data Collection and Structure Determination of apo and MIP-Bound 

MLK3 SH3 

Diffraction data for MLK3 SH3-MIP and apo MLK3 SH3 were obtained at the 

Life Sciences Collaborative Access Team ID beamline at the Advanced Photon 
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Source, Argonne National Laboratory (wavelength, 0.979 Å; temperature, 100 K) 

(refer to Table 1 for data collection and refinement statistics). Data processing 

was executed using XDS (38). The structure of MLK3 SH3-MIP was solved using 

MOLREP (39) molecular replacement software and using the available structure 

of MAP3K10 SH3 domain [2RF0] as a model. Likewise, the MLK3 SH3 

apoprotein structure was solved using MOLREP and the MIP-bound structure as 

a model. Further refinement of the model was done using REFMAC5 software 

(40). All figures of the structures were generated using MacPyMOL (PyMOL™ 

Molecular Graphics System, version 1.7.2.3; Schrodinger, LLC). 

 

3.3.10. Analytical Size Exclusion Chromatography 

 Three samples of MLK3 SH3 domain-MIP fusions proteins: MLK3 SH3(41-

105)-MIP(1-13), MLK3 SH3(41-105)-MIP(1-13)W10A, and MLK3 SH3(41-105)-

MIP(1-13)R12A, purified as described in Experimental Procedures, were injected 

into Superdex 200 10/300 GL size exclusion chromatography column (GE 

Healthcare), 200 µL (≈750 µg) per injection. A sample of MLK3 SH3(41-105), 

also purified as described in Experimental Procedures, was injected into the 

same column, 200 µL (≈2 mg). Prior to the injections, the column was 

equilibrated with 25 mM Tris-HCl, pH 7.4, 500 mM NaCl. 
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Table III. Statistics for SH3/MIP complex and apoSH3. 
Structure MLK3 SH3/MIP apo MLK3 SH3 

PDB ID 5K26 5K28 
Data Collection   

 Space Group P31 P32 2 1  
 Cell dimensions   
   a, b, c (Å) 64.01 64.01 35.20 57.89 57.89 76.122 
   α, β, γ (o) 90 90 120 90 90 120 
 Resolution (Å) 54.43-1.20 (1.27-1.20) 50.14-1.49 (1.58-1.49) 
 Rmerge (%) 3.9 (41.8) 7.6 (37.5) 
 I/σI 19.53 (2.78)  11.2 (2.87) 
 Completeness (%) 97.2% (83.1%)  97.9 (95.6) 
 Redundancy 18.8% 18.2% 
Refinement    

 Resolution (Å) 1.20 1.50 
 No. of Reflections 49088 23286 
 Rw/Rf (%) 13.6/15.8 18.6/21.7 
 No. Atoms   
   Protein Chain A: 583 Chain A: 508 
   Phosphate 5  
   Water 112 145 
 R.M.S.D   
   Bond Length (Å) 0.016 0.022 
   Bond Angles (o) 1.683 2.042 
 Ramachandran Plot 
(%) 

  

   Most Favored* 95.7 94.9 
   Additionally Allowed 4.3 5.1 
   Generously Allowed 0 0 
   Disallowed 0 0 
*   From program PROCHECK statistics (41) 
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3.4. Results  

 

3.4.1. MLK3 SH3-Interacting Peptide (MIP) Isolated from a Phage-Displayed 

Combinatorial Peptide Library  

We utilized a Glutathione-S-transferase (GST) fusion to the SH3 domain 

(amino acids 43-104) of Mixed-lineage kinase 3 (MLK3) for affinity selection of 

phage-displayed combinatorial peptide library, ANL7 (35)). Following three 

rounds of affinity selection, with both WT and Y52A mutant version of the MLK3 

SH3 domain, we isolated a unique 19-mer peptide ligand, NH2-

AIRINPNGTWSRQAETVES-COOH, which we named “MIP" (MLK3 SH3 

Interacting Peptide). (The underlined residues in the peptide sequence 

correspond to a randomized library insert and the remaining residues belong to 

the linker region). As confirmed by phage ELISA, MIP bound to WT, but not 

Y52A mutant, form of the GST-MLK3 SH3 fusion protein (Figure 3.3). Dissection 

of MIP revealed that the entire length of the peptide is necessary for binding to 

GST-MLK3 SH3 (Figure 3.4). For instance, the deletion of Ala1 (Figure 3.4A) or 

consecutive deletion of residues from the C-terminus of MIP (Figure 3.4B) 

resulted in lack of binding to the target. However, substitution of Ala1 to Val only 

slightly reduced binding (Figure 3.4B). Curiously, the insertion of Ser-Ser 

dipeptide at the N-terminus of MIP also prevented binding to the target (Figure 

3.4A). 
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Figure 3.3. Isolation of MLK3 SH3-Interacting Peptide (MIP) from phage-
displayed combinatorial peptide library.  

(A) Following three rounds of affinity selection with a phage-displayed 
combinatorial peptide library, ANL7 (35), a single peptide ligand, MIP (NH2-
AIRINPNGTWSRQAETVES-COOH, insert (underlined) and linker region), was 
identified to bind a glutathione-S-transferase (GST)-MLK3 SH3 domain fusion 
protein. Phage ELISA shows MIP to specifically bind to the WT protein (SH3 
WT), but not the mutant form (SH3 Y52A), GST fusion partner, or 3% skim milk 
blocking agent (SM block). Virions, which were retained in the microtiter plate 
wells, were detected with anti-M13 monoclonal antibody conjugated to 
Horseradish peroxidase (HRP). (B) SDS-PAGE analysis of WT and mutant 
Y52A forms of the MLK3 SH3 domain, both fused to GST. 
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Figure 3.4. Sequence analysis of MIP.  

WT-ANL7 represents original phage-displayed MLK3 SH3 ligand isolated 
from ANL7 library (35). For the purpose of generating modified and truncated 
peptide sequences, desired variants were fused to the N-terminus of the pIII 
capsid protein of bacteriophage M13 using a phage display vector SAM (35), to 
facilitate type 3 pentavalent display. WT-SAM represents MIP ligand displayed 
using SAM. All phage-displayed variants were evaluated for their binding to 
MLK3 SH3 via phage ELISA, in two independent experiments corresponding to 
panel A and B. 
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3.4.2. Alanine Scanning of Phage-Displayed MIP Identifies Residues 

Critical for Binding and Structure of the Peptide 

To determine which residues in MIP (1-19) are critical for binding, we 

performed systematic alanine replacement of the sequence and evaluated the 

variants in phage ELISA (Figure 3.5). Both Ala1 and Ala14 were mutated to 

valine. Alanine replacements at Ile2, Arg3, Ile4, Asn5, Asn7, Gly8, Thr9, Trp10, 

and Arg12, were detrimental for the intermolecular interaction with GST-MLK3 

SH3(43-104) (Figure 3.5). Surprisingly the mutation at Pro6 to Ala had no effect 

on SH3 binding (Figure 3.5), indicating a non-canonical SH3-peptide interaction 

devoid of any PxxP motif. Alanine replacements of Gln12 through Ser19, also 

had no effect on SH3 binding (Figure 3.5); however, deletion of any of the C-

terminal residues destroys binding to the MLK3 SH3 domain (Figure 3.4B). We 

interpret the C-terminal peptide region (amino acid 12-19) of MIP serves as a 

linker necessary to facilitate binding in the phage-displayed format. 
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Figure 3.5. Identification of residues critical for binding to MLK3 SH3 via 
alanine scanning of phage-displayed MIP.  

The MIP sequence, NH2-AIRINPNGTWSRQAETVES-COOH, was fused to 
the N-terminus of the pIII capsid protein of bacteriophage M13 (35)), to facilitate 
type 3 pentavalent display. Systematic alanine replacements in the peptide 
were generated by Kunkel mutagenesis (34). A truncated version of MIP (ΔA1) 
served as a negative control, as deletion of A1 results in loss of binding to 
MLK3 SH3 (see Figure 3.4). All phage-displayed variants were evaluated for 
their binding to GST-MLK3 SH3 via phage ELISA, and nine residues (blue), 
were shown detrimental for the intermolecular interaction. 
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3.4.3. Properties of Synthetic MIP 

Using competition ELISA, we determined the half maximal inhibitory 

concentration (IC50) value of the synthetic MIP(1-19) to be 17.5 ± 4.7 µM (Figure 

3.6). In this assay, the GST-MLK3 SH3(43-104) protein was first incubated with 

increasing concentrations of unlabeled MIP (AIRINPNGTWSRQAETVES) as 

competitor, and then introduced to a 96-well ELISA plate coated with biotinylated 

MIP (AIRINPNGTWSRQAETVES-K-bio), captured via NeutrAvidin. The GST-

MLK3 SH3(43-104) protein showed no cross-reactivity with NeutrAvidin or 

blocking agent. Also, the GST tag showed no interactions with the synthetic 

MIP(1-19). 

 

 
Figure 3.6. Binding properties of the synthetic MIP.  

To determine the IC50 value of MIP, a GST-MLK3 SH3(43-104) domain fusion 
protein was pre-incubated with increasing concentration of unlabeled MIP 
(AIRINPNGTWSRQAETVES) as competitor and then allowed to interact with 
biotinylated MIP (AIRINPNGTWSRQAETVES-K-bio) immobilized on 
NeutrAvidin coated 96-well ELISA plate. Binding of SH3 domain was detected 
with anti-GST antibody conjugated to Horseradish peroxidase (HRP), and the 
levels presented as percent binding in the absence of competitor (i.e., 
normalized). 
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3.4.4. Architecture of the SH3 Domain of MLK3 

The sequence alignment of the SH3 domain of MLK3 and six other human 

SH3 domains (Src, Lyn, Hck, Grb2, Fyn, and Eps8) revealed an extended n-Src 

loop sequence (Figure 3.7A) of MLK3 SH3. We solved the X-ray structure of the 

apo MLK3 SH3(44-103) domain at 1.5 Å resolution and refined it to an Rwork/Rfree 

of 18.6%/21.7% (Table 1). The final model has all residues in the allowed region 

of the Ramachandran plot. The overall structure revels a five-stranded 

antiparallel β-barrel, a characteristic of all known SH3 domains, and three loops 

(RT, n-Src, and 310 helix), commonly involved in the recognitions of both proline-

rich and non-proline ligands (11-13) (Figure 3.7B). The structural of the n-Src 

loop contains an additional 310 helix (Figure 3.7B). 

 

3.4.5. The Structure of MLK3 SH3/MIP Complex Reveals a Novel Specificity 

of the SH3 Domain 

 To determine the structure of the MLK3 SH3/MIP complex, we used a fusion 

protein MLK3 SH3(41-105)-MIP(1-19), expressed and purified as described 

under Experimental Procedures. Since the fusion protein elutes as a dimer from 

a gel filtration column (Figure 3.8), we expected the interaction to occur between 

two separate molecules of SH3-petide fusion rather than an intramolecular 

interaction. The structure of MLK3 SH3(41-105)-MIP(1-19) was solved to 1.2 Å 

resolution and refined to an Rwork/Rfree of 13.6%/15.8% (Table 1). The final model 

has all residues in the allowed region of the Ramachandran plot. As shown in 

Figure 3.7C, the unit cell (grey box) contains a crystallographic dimer formed by 

Chain A (cyan-domain, blue-peptide) and Chain B (pink-domain, red-peptide). 
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The interaction of the SH3 domain of MLK3 with MIP occurs between two Chains 

A from adjacent molecules found in two neighboring unit cells. The first residue in 

the SH3 sequence (Y41) and the C-terminus of MIP (13’-19’) remained invisible. 

 The SH3 domain forms a pocket within its n-Src loop that provides scaffolding 

for the MIP to bind (Figure 3.7D). As shown in Figure 3.7E, multiple residues are 

involved in the binding of MIP to the SH3 domain of MLK3. Most notably, several 

hydrogen bonds are dependent on Trp10’ in the MIP sequence. The backbone 

amine group of Trp10’ interacts with Asp74 and the carboxylic group interacts 

with the backbone amine of Ala76, both found within the n-Src loop of the SH3 

domain. The amine group of the side chain of Trp10’ hydrogen pairs with the 

carboxyl group of Trp83 located on the edge of β3 strand. Gly8’ and Arg12’ also 

contribute to hydrogen bonding; the carboxyl group of Gly8’ interacts with the 

hydroxyl group of Ser72 in the SH3 domain, while the guanidine moiety of Arg12’ 

hydrogen bonds with the side chain carboxyl group of Asp80.  
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Figure 3.7. The crystal structure of MLK3 SH3 illustrates the mode of 
binding of the page display-generated MIP.  

(A) Sequence alignment of the MLK3 SH3 domain and six selected human 
SH3 domain of Src, Lyn, Hck, Grb2, Fyn, and Eps8 generated using Clustal 
Omega (42). Note the extended n-Src loop of MLK3 SH3 (underlined). (B) 
Pictured are two views of the ribbon-form structure of apo MLK3 SH3(44-103). 
The structure reveals a five-stranded antiparallel β-barrel flanked by the RT 
loop, the n-Src loop, the 310 helix loop and the distal loop. A second 310 helical 
structure is found in the extended n-Src loop. (C) Schematic of the crystal 
packing of MLK3-SH3 bound to MIP. Though MLK3 SH3(41-105)-MIP(1-19) 
was expressed as a fusion protein, there was no intramolecular binding of the 
MIP by SH3. Instead, the protein crystallised as a non-functional dimer, with 
two chains in each unit cell (outlined by grey box). Chain A (cyan) bound the 
MIP (blue; see the zoom) attached to SH3 of an adjacent Chain A molecule 
while Chain B (pink) bound MIP (red) on an adjacent Chain B molecule. (D) 
The MIP fits in a pocket formed by the n-Src loop of MLK3-SH3. Shown is the 
transparent surface rendering of MLK3-SH3 with a bound MIP. (E) Several 
residues are involved in the binding of MIP (blue) to the MLK3 SH3 domain 
(cyan). Hydrogen bonds formed by the interaction of MIP with MLK3 SH3 are 
denoted by dashed lines with distances in Angstroms (Å). In particular Trp10’ 
and Arg12’ are integral in forming several key hydrogen bonds. 
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3.4.6. W10 and R12 in MIP Are Critical for Intermolecular Interaction with 

MLK3 SH3 in Vitro 

 To evaluate the importance of Trp10’ and Arg12’ in MIP sequence for binding 

to the MLK3 SH3 domain we generated three fusion proteins composed of the 

SH3 domain linked via its C-terminus to the mutant version, either MIP(1-

13)W10A or MIP(1-13)R12A, or the truncated version of the wild-type ligand, 

MIP(1-13), and analyzed on gel filtration column. While the wild-type construct 

MLK3 SH3(41-105)-MIP(1-13) eluted as a dimer, both mutant constructs elute at 

fraction corresponding to the size of a monomeric fusion protein (Figure 3.8). 

Mutation of either Trp10’ or Arg12’ to Ala resulted in a loss of binding to MLK3 

SH3 (Figure 3.8), consistent with the alanine scanning results of phage-displayed 

MIP (Figure 3.5). 
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Figure 3.8. W10 and R12 in MIP are critical for intermolecular interaction 
with MLK3 SH3 in vitro.  

Three fusion proteins composed of MLK3 SH3(41-105) domain linked via its 
C-terminus to one of the MIP variant: MIP(1-13) (A), MIP(1-13)W10A (B), or 
MIP(1-13)R12A (C), have been analyzed using gel filtration chromatography. 
Corresponding sequences of MIP variants are: AIRINPNGTWSRQ (A), 
AIRINPNGTASRQ (B), and AIRINPNGTWSAQ (C). Elution profile for A 
corresponds to approximately twice the molecular weight of the monomeric 
fusion protein, suggesting formation of a dimer. However, both B and C 
mutants elute at fraction corresponding to the size of a monomeric fusion 
protein, as judged by the peptide-free MLK3 SH3 (D). The chromatogram 
corresponding to MLK3 SH3 (D) was scaled down by approximately 33%. SDS-
PAGE shows three constructs (A-C) prior to injections corresponding to the 
correct size of a monomer (~8.7 kDa). The additional peak, at elution volume 
around 16 mL, corresponds to a contaminant of ~ 50 kDa visible on SDS-
PAGE. 
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3.4.7. Comparison of the apo and MIP-bound MLK3 SH3 structures reveals 

closed and open conformations of the n-Src loop modulated by the 

ligand 

 Although the extended sequence of the n-Src loop allows for more flexibility, 

we were able to obtain electron density map sufficient to characterize its 

structure. Comparison of the unbound and ligand-bound structures of MLK3 SH3 

domain revealed a closed and open conformation of the n-Src loop, respectively 

(Figure 3.9A). As modeled on Figure 3.9B, the closed conformation of the loop 

precludes the peptide from fitting in the groove. In order to accommodate MIP, 

the n-Src loop needs to opens up. In particular, residues Ile77 and Ser78, 

participating in 310 helical structure, and consecutive Gly79 undergo the dramatic 

spatial movement required to facilitate binding of MIP to the SH3 domain of 

MLK3, as visible by the change of positions of the alpha-carbons in these 

residues (Figure 3.9C). The rest of the SH3 structure does not undergo any 

significant conformational changes upon binding (Figure 3.9A).  
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Figure 3.9. Conformational changes in the n-Src loop induced by MIP 
binding.  

(A) Crystal structure of apo MLK3 SH3(44-103) (tan) overlaid with MIP-bound 
MLK3 SH3(41-105) domain (cyan) shows a dramatic shift in the n-Src loop 
region, while the structure of the rest of the domain is relatively unchanged. (B) 
The n-Src loop of the unbound form of MLK3-SH3 must open up to allow the 
MIP to bind the SH3 domain. Without this conformational change, the MIP 
(blue) would not fit into the domain, as evidenced by the clash indicated by the 
red arrow. (C) A close-up of residues Ile77, Ser78, and Gly79 in the bound 
(cyan) vs. unbound (tan) structures. Measurements of the change of positions 
of the alpha-carbons in these residues demonstrate the spatial movement 
required to facilitate the interaction.  
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3.4.8. MIP binds to a non-canonical binding site on the SH3 domain of 

MLK3 in proline-independent manner 

 Based on our structure, MIP fits into a novel binding site mainly facilitated by 

a single n-Src loop (Figure 3.7D). In contrast, interactions with the canonical 

binding site commonly require involvement of three loops: RT loop, n-Src loop, 

and 310 helix loop (14, 17, 20). The SH3 domain of MLK3 was previously 

reported to interact with the non-structural hepatitis C virus (HCV) NS5A protein 

(31). The authors mapped the interaction to a PxxPxR motif (KAPTPPPRRRR) 

found at the C-terminus of NS5A protein. We wanted to know whether those two 

distinct binding sites could be potentially independent. As there is no available 

structure of the SH3 domain of MLK3 or any other member of the MLK subfamily 

in complex with proline-rich ligands, we searched for a homologous structure as 

a model. In Figure 3.10A, we overlaid the SH3 domain from MLK3 SH3/MIP 

complex with the SH3 domain from c-Src in complex with proline-rich ligand 

(APPIPPPRRKR) from NS5A (rcsb 4qt7, (14)). Since the interacting NS5A 

protein in the case of MLK3 and c-Src originates form a different genotype of 

HCV, the binding sequences are not identical. However, they carry the same 

PxxPxR motif, conserved across all HCV genotypes (43, 44). Alignment of both 

complexes (Figure 3.10A) shows the two different binding sites at the opposite 

faces of the molecule. The SH3 domain of MLK3 has an extended n-Src loop 

region compared to its c-Src homolog (Figure 3.10A and Figure 3.10D), but 

shows strong structural similarities elsewhere (Figure 3.10A). The NS5A peptide 

interacts with the canonical poly-proline binding site by forming contacts with the 
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residues of RT loop, 310 helix loop, n-Src loop, and β3 strand from c-Src SH3 

((14), Figure 3.10B). On the other hand, MIP fits into a novel binding site defined 

by just the n-Src loop and the edge of the β3 strand (Figure 3.10C and Figure 

3.7E).  
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Figure 3.10. Novel non-canonical binding pocket on the SH3 domain of 
MLK3.  

(A) An overlay of the SH3 domain from MLK3 (cyan) bound to MIP (blue) and 
the SH3 domain from c-Src (light green) bound to a canonical proline-rich 
peptide (green), based on the structure 4qt7. The SH3 domain of MLK3 has an 
extended n-Src loop region as compared to its c-Src homologue, but shows 
strong structural similarities elsewhere. (B) Shown is the transparent surface 
model of c-Src bound to NS5A (APPIPPPR). The NS5A peptide makes 
contacts with the canonical binding pocket composed of the n-Src loop, the RT 
loop, and 310 helix loop. (C) Shown is the transparent surface model of MLK3 
bound to MIP. MIP interacts with a non-canonical pocket formed by the 
extended n-Src loop, located on the opposite face of the SH3 molecule as 
compared to the canonical pocket. (D) Sequence alignment of the SH3 domain 
of MLK3 (41-105) and c-Src (81-142). 
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3.4.9. Binding of MIP is likely conserved across the SH3 domains of MLKs 

 MLK3 is one of the four members of the MLK subfamily (MLK1-4) that is 

uniquely characterised by the presence of the SH3 domain (25, 45). To predict 

the likelihood of MIP cross-reacting with the rest of the subfamily, we generated 

structural protein homology models for SH3 domains of MLK1, MLK2, and MLK4 

using the solved structure of MLK3 SH3 domain bound to MIP as a template 

(Figure 3.11A). Although, the sequence of SH3 domains of MLK1-4 is 

approximately 60% identical (MLK1: 60.0%, MLK2: 66.15%, MLK4: 60.0%) 

(Figure 3.11B), structurally the domains are predicted to be very similar (Figure 

3.11A). Since all four key residues involved in binding of MIP (Ser72, Asp74, 

Asp80, Trp83) are conserved (Figure 3.11B) and the overall 3D structure of the 

n-Src loop and the rest of the molecule is highly preserved (Figure 3.11A), we 

hypothesise that MIP likely interacts with all four members of the MLK subfamily. 
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Figure 3.11. Structural alignment suggests MIP binding to be likely 
conserved across the MLKs.  

(A) Structural protein homology models for SH3 domains of MLK1 (UniProt 
entry P80192, sand), MLK2 (UniProt entry Q02779, firebrick), and MLK4 
(UniProt entry Q5TCX8, magenta) were generated by SWISS-MODEL (46-49), 
using solved structure of MLK3 SH3 (cyan) in complex with MIP (blue) as a 
template. The MIP-binding n-Src loop is shown in sticks. (B) Sequence 
alignment of SH3 domains of MLK1 – MLK4 generated using ClustalW2 (50). 
Underlined is the loop sequence critical for binding the MIP. Based on the 
sequence similarity and obtained 3D models, it is predicted that binding of MIP 
could be conserved across all the remaining members of the MLK subfamily. 
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3.5. Discussion 

 To our knowledge, this is the first report presenting insights into a mechanism 

of ligand binding by the SH3 domain of MLK3. Previously, a crystal structure of 

another member of MLK subfamily, the SH3 domain of MLK2 (rcsb 2RF0) has 

been deposited into the RCSB PDB. However, no structure of the SH3-ligand 

complex has been available until now. Our studies revealed an additional non-

canonical binding site on the surface of MLK3 SH3 that is localized at the 

opposite face of the molecule, as compared to the site commonly accepting 

proline-rich motifs (Figure 3.10). We found this novel binding site to be primarily 

defined by an extended n-Src loop that undergoes conformational changes upon 

binding of the MIP ligand (Figure 3.9). In addition, as the key residues involved in 

the interaction of the SH3 domain with the MIP ligand are conserved across 

MLK1-4 (Figure 3.11B), we suspect this non-canonical mode of SH3-peptide 

interaction to be potentially the same across all the members of the MLK 

subfamily. 

 In this study, we attempted to map the location of the canonical binding site 

on MLK3 SH3 using a homologous structure of the SH3 domain from c-Src in 

complex with proline-rich ligand (APPIPPPRRKR) from NS5A (rcsb 4qt7, (14)) as 

a model. Our alignment (Figure 3.10) showed the canonical and MIP-binding site 

located at the opposite faces of the molecule. However, based on the same 

overlay in Figure 3.10, we hypothesize that certain residues on the SH3 domain 

of MLK3 could be shared between those two different binding sites. MIP 

interaction with MLK3 SH3 requires involvement of S72, D74, D80, and W83. On 
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the other hand, interaction of NS5A peptide with c-Src SH3 seems to be 

dependent on T98, D99, D117, W188, N135, and Y136 (14), where D117 and 

W118 on c-Src SH3 correspond to D80 and W83 on MLK3 SH3, respectively. 

Thus, MIP-like ligands could potentially compete for binding to MLK3 SH3 with 

proline-rich ligands. 

 How do these findings compare to what is known in the literature? Two 

proteins, HPK1 and GCK, have been identified to interact with the SH3 domain of 

MLK3. However, as they were assumed to interact via their PxxP motifs, only 

proline-rich stretches were subjected to further analysis ((28, 32). In the 

literature, only one known protein-protein interaction has been reported to 

interact with the SH3 domain of MLK3 through a non-canonical a non-PxxP motif. 

The SH3 domain of MLK3 can bind a region located between leucine zipper and 

CRIB motif in an intramolecular fashion, resulting in autoinhibition of the kinase 

domain (29). However, the exact site of this interaction on the SH3 domain still 

remains to be determined.  

As mentioned above, the region of MLK3 that is involved in the autoinhibitory 

interaction with the SH3 domain was mapped to residues (463-485) (Figure 3.1) 

and it does not contain the WxR motif. However, we could not exclude the 

possibility of additional SH3-mediated intramolecular interaction within MLK3 

protein. With this in mind, we search the entire sequence of MLK3 protein and 

not only discovered the WxR motif but also observed high similarity to the rest of 

MIP sequence (Figure 3.12). In addition, we found the WxR motif to be 
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conserved across all MLK1-4. We will attempt to verify this potential biological 

interaction in future experiments.  

 

 
Figure 3.12. Sequence alignment of MIP peptide (red) and C-terminal 
fragments of MLK1-4.  

 

 Our discovery of a non-canonical binding site on the surface of MLK3 SH3, 

which can accept motifs devoid of any proline residues, could shed new light on 

the mechanistic of ligand binding to the SH3 domain of MLK3. Finally, the 

presence of a unique binding site can make MLK3 SH3 even more attractive as 

potential drug target, offering a new site for design or discovery of a specific 

inhibitor. 
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4. CONCLUSIONS 
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4.1. The potential of phage display 

Phage display is a powerful technology that greatly contributed to our 

knowledge of intracellular protein networks, allowing for successful mapping of 

many protein-protein interactions (1-4). Researchers were able to utilize its 

potential to determine the binding properties of variety of protein domains such 

as SH3 (5-7), SH2 (8, 9), PDZ (10, 11), WW (12, 13), or EH domains (14, 15). In 

addition, the ability of phage display to isolate peptide ligands to virtually any 

protein of interest, which is properly folded and stable in solution, has been 

widely utilized in biotechnology, medicine, and in the development (16, 17) and 

production (18, 19) of therapeutics. Also, as the bacteriophage particles can 

tolerate both display of peptides or protein fragments and conjugation to other 

molecules, they have been utilized themselves as diagnostic reagents (20), 

vehicles for delivery of drugs (21, 22) and vaccines (23).  

 

4.2. Summary of the work and significance of our discoveries 

In Chapter 2, we present a complete set of protocols that allows for both 

isolation of peptide ligands from phage-displayed combinatorial peptide libraries 

and for determination of residues critical for ligands interaction or the common 

binding motifs shared by the peptides. As the proof of principle, we screened one 

human (Lyn SH3) and one yeast (Cbk1, kinase domain) protein target with a 

phage-displayed 12-mer combinatorial peptide library. The results for Lyn SH3 

revealed the well-established PxxP binding motif. In the case of the kinase 

domain of Cbk1, we isolated peptide ligands with the motif, Y/FxFP, which is 
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shared by some known interacting partners of Cbk1 (e.g., FKFP motif found in 

Ssd1) (24). We found that by combining methods of affinity selections, Kunkel 

mutagenesis, alanine-scanning, and phage ELISA, it is possible to evaluate 

many critical aspects of protein-protein interactions on a time scale of several 

months. 

In Chapter 3, to demonstrate applications of the phage display technology for 

characterizing protein-protein interactions further, we affinity-selected a peptide 

ligand, named MIP, to the SH3 domain of human mixed-lineage protein kinase 3 

(MLK3). MLK3 is a pro-apoptotic kinase implicated in regulating the JNK and p38 

pathways (25-27). According to Bio GRID interaction database (28), MLK3 is 

involved in 36 unique interactions, among which at least several are mediated 

through the SH3 domain of MLK3 (27, 29-32). Unfortunately, little is known so far 

regarding the motifs and critical residues that drive those interactions, nor any 

structural data. Since SH3 domains are known to commonly interact with PxxP 

motifs (7, 33-35), it was reasonable to assume that the MLK SH3 domain would 

bind via proline-rich sequences. However, as we showed for the SH3 domain of 

MLK3, this general assumption is not always the case. 

By combining the methods of phage display and crystallography, we 

dissected the SH3-MIP interaction and showed that MIP (NH2-

AIRINPNGTWSRQ-COOH) interacts with MLK3 SH3 in a proline-independent 

manner. Our study revealed a novel binding pocked on the surface of MLK3 

SH3, different from the canonical PxxP motif-accepting site (33, 36, 37). This 

novel binding pocket on the surface of MLK3 SH3 is defined by an extended n-



 

 

105 

Src loop, which acts as scaffolding for the MIP to bind. In contrast, interactions 

with Pro-rich motifs commonly occur at the canonical binding site defined by 

three loops: RT loop, n-Src loop, and 310 helix loop (33, 36, 37). In the case of 

the MLK3 SH3 domain, those two different binding sites are located at the 

opposite faces of the SH3 molecule. 

In addition, as MLK3 is one of the four members of MLK subfamily (MLK1-4), 

uniquely characterised by the presence of SH3 domain (25, 38), we generated a 

structural homology model for the four MLK species and found that the overall 3D 

structure of the n-Src loop, the four key residues involved in binding of MIP 

(Ser72, Asp74, Asp80, Trp83), and the rest of the molecule are highly conserved 

across all four members of the MLK subfamily. This finding led us to hypothesize 

that MIP is likely to interact with all four members of MLK subfamily. Also, we 

observed that the sequence of the SH3 domain and the n-Src loop for MLK3 is 

conserved across other animal species; the mouse (Q80XI6), rat (Q66HA1), and 

human (Q16584) domain are 100% identical (UniProtKB database).  

Our discovery of a functional binding surface on the SH3 domain of MLK3 

suggests the existence of a cellular interacting partner that binds in a similar way 

as our peptide ligand. However, the identity of this ligand(s) remains to be 

determined. 

 Due to its abundance and recognized role in cell signaling, SH3 domains are 

frequent targets for pharmaceutical intervention. Therefore, the presence of 

unique binding sites can make certain SH3 domain, such as that of MLK3, even 

more attractive as potential drug target, offering unique specificity. As MLK3 has 
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been implicated as pro-apoptotic kinase, it is of interest as a potential drug target 

for neurodegenerative diseases (25, 39). The SH3 domain of MLK3 has been 

indicated in multiple protein-protein interactions, which include intramolecular 

interaction with the full length MLK3, resulting in the autoinhibition of kinase 

activity (32), or with NS5A which blocks MLK3-induced apoptosis (29). Thus, 

inhibition of such interactions should result in increased activity of MLK3. On the 

other hand the SH3 domain of MLK3 was also shown to interact with two 

kinases, HPK1 and GCK, both of which regulate the JNK pathway in an MLK3-

dependent manner (27, 30) (Figure 4.1). As a consequence, inhibition of those 

SH3-mediated interactions could negatively affect the activity of MLK3, as an 

HPK1 and GCK effector. Taken together, any MLK3 inhibitors that block its SH3-

mediated interactions could potentially increase or decrease the ability of MLK3 

to activate its targets. 



 

 

107 

 
Figure 4.1. Schematic model for JNK signaling activated by HPK1 and 
GCK.  

Hematopoietic progenitor kinase 1 (HPK1) and germline center kinase (GCK) 
can bind and activate MLK3, which results in activation of JNK pathway (27, 
30). 

 

4.3. Future Directions 

A general workflow diagram for isolation and characterization of peptide 

ligands to the SH3 domain of MLK3 is depicted on Figure 4.2. The grey color 

indicates the steps that have been already completed and the purple indicates 

potential future directions for the project, described in more details in the 

following subsections.   
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Figure 4.2. A workflow diagram for isolating and characterizing peptide 
ligand to the SH3 domain of MLK3.  

The fields indicated by grey color refer to the steps already completed and the 
purple fields indicate potential future directions for the project. 

 Peptide ligand (MIP) to the SH3 domain of MLK3 was isolated via selection 
with phage-displayed combinatorial peptide library. By using competition 
ELISA, we determined the IC50 value of the synthetic MIP as 17.5 ± 4.7 µM. In 
order to determine the residues in MIP that are critical for binding to the SH3 
domain, we performed systematic alanine replacement of the sequence and 
evaluated the variants in phage ELISA (shown on Figure 3.5). Also, we were 
able to solve the structure of MLK3 SH3 in complex with MIP, as determine the 
residues crucial for the interaction. Altogether, the results showed that W10 and 
R12 in MIP are the key interacting residues, and potential WxR motif was 
proposed. 

 To continue the project, with the knowledge of key-interacting residues and 
the binding motif, potential cellular interacting proteins can be predicted via 
sequence alignment and database searches (1, 40) and later experimentally 
validated (e.g., pull-downs). Also, potential biological effects of the MIP on the 
activity of MLK3 should be evaluated as well. The affinity and specificity of the 
peptide ligand can be improved through directed evolution, with the goal of 
engineering inhibitors or activators of biological pathways or drug development.  
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4.3.1. Potential biological effects of MIP on the activity of MLK3 kinase 

It would be of a great value to determine if the interaction of MIP with the SH3 

domain has any impact on the overall activity of MLK3. The evidence would not 

only reinforce our belief that MIP may mimic some cellular interacting partners 

and that this novel biding site on the surface on SH3 is of biological relevance, 

but also that the SH3 domain of MLK3 could be a candidate drug target for the 

development of modulators of kinase activity.  

So far, MIP peptide has only been confirmed to interact with MLK3 SH3 in 

vitro. Thus, it is necessary to also test the peptide for the ability to pull down the 

full-length MLK3 from cell lysate. In collaboration with Dr. Gerardo Morfini, in 

preliminary experiments, biotinylated MIP peptide and the negative control (non-

related) peptide was immobilized on streptavidin beads, used to capture MLK3 

from transfected cell lysate, and the presence of MLK3 was further detected by 

western blot with MLK3-specific antibodies. Although, we were able to detect the 

MLK3 protein, non-specific binding of MLK3 to streptavidin beads, potentially due 

to insufficient blocking of the beads, was also observed. Thus, we will need to 

further optimize the experiment in order to obtain conclusive results. 

As MLK3 kinase can phosphorylate MKK4 and MKK7 (Figure 4.1), a kinase 

assay could be performed to test if pre-incubation of MLK3 with MIP has any 

effect on the activity levels of MLK3 and its efficiency in activating their 

substrates. 

Finally, since the intramolecular interaction between the SH3 domain and the 

full length MLK3 (residues 463-485) has autoinhibitory effect on the kinase 



 

 

110 

activity (32), it would be interesting to see if MIP could release that intramolecular 

interaction. To test that, a competition ELISA with recombinant MLK3 SH3 and 

two ligands, MIP and the peptide derived from MLK3 (463-485) could be 

performed. 

 

4.3.2. Identification of potential interacting partners of MLK3 that share the 

WxR motif and experimental validation 

In order to identify potential cellular partners of MLK3 SH3 that will interact in 

a similar way as MIP, we can search the sequences of all reported interacting 

protiens reported in BioGRID database (28) for the presence of WxR motif (or 

even a closer sequence match). In addition we could perform a general search 

for any proteins that carry WxR motif and share specific expression pattern, or 

are involved in the same pathway. However, since MLK3 is expressed in variety 

of tissues such as brain, heart, lung, liver, kidney, pancreas, placenta, and 

skeletal muscle (41), the number of potential candidates could be overwhelming. 

Thus, probable it would be impossible to validate all those interaction, due to time 

and financial limitations. To better approach this search, we could first further 

evaluate the binding motif and determine any preference toward certain residues 

at specific positions of MIP (AIRINPNGTWSRQ) (described in subheading 4.3.3). 

Having a better-defined motif should decrease the chances for random sequence 

matches.  

Also, as mentioned before in chapter 3 (subheading 3.5), we searched the 

entire sequence of the MLK3 protein for the presence of WxR motifs, that could 

potentially mediate additional intramolecular or intermolecular interactions. We 
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not only discovered the WxR motif but also observed high similarity to the rest of 

MIP sequence (Figure 3.12). In addition, we found the WxR motif to be 

conserved across all MLK1-4. To verify this potential interaction, we will construct 

a fusion protein to the selected fragment of MLK3, which contains residues 532-

547, and analyze via size exclusion chromatography (to observe a dimer 

formation) and in ELISA. 

 

4.3.3. Further characterization of the binding motif on MIP 

In order to further evaluate the binding motif and to determine any preference 

toward certain residues at specific positions of MIP peptide, generation of a 

secondary focused library is usually necessary; (procedure described in Chapter 

2). Such library will be based on the sequence of the MIP peptide 

(AIRINPNGTWSRQ), where several positions around WxR motif can be 

randomized (with NNK codon). Subsequent affinity selection with the new 

focused library should lead to isolation of different variants, whose sequence can 

be then aligned on a LOGO plot for analysis. Also, variants of MIP containing 

W10Y or W10F and R12K should be evaluated.  

4.3.4. Improving affinity of the MIP ligand through directed evolution 

Finally, to improve the Kd value of the MIP peptide, the secondary library 

(described in subheading 4.3.3) can be screened for ligands with improved 

affinity. Usually to accomplish that, more stringent selection conditions such as 

decreased amount of target protein or increased number of washing steps needs 

to be incorporated into the protocol.  
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APPENDIX B 
 
EXPRESSION AND PURIFICATION OF BIOTIN PROTEIN LIGASE BIRA FOR 

IN VITRO BIOTINYLATION OF PROTEINS 

 

Introduction 

Biotin, also known as vitamin H or B7, is a small water-soluble molecule that 

plays an important role in multiple metabolic processes such as production of 

fatty acids or metabolism of amino acids and fats catalyzed by several biotin-

dependent carboxylases. Biotin acts as a cofactor when covalently attached to 

specific lysine residues in those carboxylases (1, 2). In E. coli, biotin is known to 

be covalently attached to a specific lysine residue of the biotin carboxyl carrier 

protein (BCCP) subunit on acetyl-CoA carboxylase, in reaction catalyzed by a 

biotin protein ligase BirA (Figure 1, (2, 3)).  

In addition, biotin has the unique ability to bind two tetrameric proteins: a 

chicken egg avidin and its bacterial homolog streptavidin, with an impressive 

dissociation constant of 10-15 M. As it is the strongest known non-covalent 

protein-ligand interaction, it found wide range of application in many fields of 

bioscience and technology (4, 5). 

Attachment of a biotin molecule to a lysine residue on a protein of interest can 

be accomplished via a process called chemical biotinylation. One example is a 

primary amine biotinylation, where a biotinylation reagent, N-

Hydroxysulfosuccinimide (NHS) esters of biotin forms an amide bond with a 

primary amine group on a lysine side chain or N-terminus of peptide chain (6). 

However, since chemical biotinylation lacks specificity, meaning that any of the 
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available lysine residues can be randomly biotinylated, it can often result in a 

chemical modification of an enzymatically active site or a relevant binding pocket 

on the protein of interest.  

An alternative approach that allows for a site-specific attachment of biotin is 

called enzymatic biotinylation (7-10). In this method a biotin-protein ligase BirA is 

utilized to catalyze an attachment of a biotin molecule to a specific lysine residue 

on a biotin acceptor sequence such as an AviTagTM peptide 

(GLNDIFEAQKIEWHE). The sequence of an AviTagTM was discovered by 

screening peptide libraries for activity in BirA-induced biotinylation; interestingly, 

it does not resemble the sequence of BCCP (3, 10, 11). 

For the purpose of in vitro enzymatic biotinylation a commercial BirA biotin-

protein ligase kit (Avidity) can be obtained. Alternatively, a BirA enzyme can be 

expressed and purified using bacterial expression systems (9, 12). The BirA 

protein (35.3 kDa) is encoded by birA gene from E. coli and composed of N-

terminal DNA-binding domain (60 aa), central domain (198 aa) with biotin binding 

site, and C-terminal domain (47 aa) (Figure 1). Both central and C-terminal 

domains play role in activating and transferring biotin to biotin-accepting proteins 

(e.g. Avi-tag peptide, BCCP) (2).  

In this report, we present a protocol for expression and purification of 

recombinant BirA enzyme that we used for biotinylation of an Avi-tagged protein 

(i.e., Flag-scFv-AviTag-6xHis), with efficiency comparable to commercially 

available BirA enzyme (Avidity). For the purpose of BirA production, we used a 
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SUMO fusion system, which has been shown to promote expression of high 

levels of soluble and stable fusion partner (13-15). 

 

 

Figure 1. A Structure of biotin-protein ligase BirA from E. coli.  
A crystal structure of E. coli BirA molecule with bound biotin (magenta) 

(RCSB 1HXD). The N-terminal segment (blue) consists of a 60-residue helix-
turn-helix DNA binding domain. The central 198-residue domain (green) 
consists of several antiparallel β-sheets flanked by α-helices and functions as 
catalytic site of biotinylation (biotin binding site). The C-terminal 47-residue 
domain (orange) resembles SH3-like fold and is required for the catalytic 
activity of biotin-protein ligase. Also, it interacts with BCCP and ATP (2). 

 
 

Experimental Procedures 

 
Cloning, protein expression, and purification 

A DNA fragment encoding a full length E. coli BirA protein (UniProt entry 

P06709) was cleaved with NdeI and BamHI-HF (New England BioLabs) 
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restriction endonucleases, and subsequently ligated into a modified version of 

the pET14b expression vector, where the N-terminal His6 tag is followed by the 

SUMO tag and the thrombin cleavage site (Figure 2). The resulting DNA 

construct (verified by sequencing) was transformed into E. coli strain BL21(DE3). 

The cells were initially grown overnight at 37 ºC in Luria-Bertani (LB; 10 g 

Tryptone, 5 g Yeast Extract, 10 g NaCl per liter) medium supplemented with 50 

µg/mL Carbenicillin (CB) and then diluted (1:20) into fresh LB medium 

supplemented with 50 µg/mL CB and reagents supplied by Overnight ExpressTM 

Autoinduction System1 (Novagen) and grown at 30 ºC for approximately 20h. 

Cells were harvested by centrifugation and resuspended into a lysis buffer (50 

mM NaH2PO4, 300 mM NaCl, 10 mM Imidazole) supplemented with 1x 

BugBuster® (Novagen), 1x cOmpleteTM, EDTA-free Protease Inhibitor Cocktail 

(Roche), and Benzonase® Nuclease (0.125 units/µl; Novagen). Lysis was carried 

out for 30 min at room temperature and followed by centrifugation. Clarified 

supernatant was mixed with Ni-NTA Superflow beads (Qiagen) and incubated for 

1 h at 4 ºC. Protein coated resin was washed with wash buffer 1 (50 mM 

NaH2PO4, 300 mM NaCl, 10 mM imidazole), wash buffer 2 (50 mM NaH2PO4, 

300 mM NaCl, 20 mM imidazole), and wash buffer 3 (50 mM NaH2PO4, 300 mM 

NaCl, 40 mM imidazole). Following the elution step in 50 mM NaH2PO4, 300 mM 

NaCl, 250 mM imidazole, the proteins were exchanged into phosphate buffered 

saline (PBS, 137 mM NaCl, 3 mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4) using 

Zeba™ Spin Desalting Columns (Thermo Fisher Scientific, Inc.), glycerol was 

added (16% final) and the samples stored at -80 ºC. To confirm the purity, the 
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samples were resolved by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) and detected with Coomassie Brilliant Blue 

staining. 

 
In vitro enzymatic biotinylation with lab-purified and commercial BirA 

To compare the efficiency of the lab-purified SUMO-BirA and the commercial 

BirA enzyme (Avidity), an Avi-tagged protein (Flag-scFv-AviTag-6xHis) was 

captured (1 h) in wells of a Nunc MaxiSorp™ flat-bottom 96 well plate (Thermo 

Fisher Scientific), which had been coated with anti-Flag M2 antibody (50 µL per 

well, 5 µg/mL, 1 h; Sigma), and blocked with 3% skim milk in PBS (2 h). After 

washes with PBS containing 0.1 % Tween (PBST), BirA enzyme (lab-purified or 

commercial), resuspended in bicine buffer (50 mM, pH 8.3), ATP (10 mM), 

MgOAc (10 mM), and D-biotin (50 µM) was added to the wells (50 µl per well). 

To compare different time point, the biotinylation reaction was carried out at room 

temperature for 30 min, 60 min, or 120 min. Required amounts of BirA enzymes 

were calculated according to the commercial biotinylation protocol (Avidity). 

(Since the SUMO tag decreases the effective amount of BirA enzyme per µg of 

fusion protein, the amount of lab-purified SUMO-BirA used per reaction has been 

adjusted accordingly.) Following washes with PBST, the efficiency of biotinylation 

reaction of the Flag-scFv-AviTag-6xHis protein was detected via Streptavidin 

conjugated to Horseradish peroxidase (S-HRP) (30min, 1:5000 in PBST, Thermo 

Fisher Scientific). Following washes with PBST, the chromogenic substrate 

solution 2,2-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS; Pierce 

Chemical Co.), 10 mL of 50 mM sodium citrate pH 4.0, 100 µL of 3 % H2O2, was 
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added to the plate (50 µL per well). The absorbance was measured at 405 nm 

using a POLARstar OPTIMA microtiter plate reader (BMG Labtech). 

 

 
Figure 2. Plasmid map of a modified pET14b-SUMO vector.  

The coding sequence of BirA has been inserted between NdeI and BamHI 
sites located downstream of an N-terminal 6xHis tag, SUMO tag, and a 
thrombin cleavage site. 

 

Results and Discussion 

In order to evaluate the quality of lab-purified BirA enzyme (Figure 3), we 

compared its efficiency in in vitro biotinylation reaction side by side with a 

commercial BirA (Avidity). The reaction was carried out on the 96-well plate, with 

the Avi-tagged protein previously immobilized on that plate. The results indicated 

that the lab-purified BirA was able to biotinylate the Avi-tagged protein with 
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efficiency comparable to commercially obtained BirA enzyme (Figure 4). 

Approximately 30 min was sufficient to complete the reaction at room 

temperature. Also the SUMO tag did not interfere with enzymatic activity of the 

enzyme. 

Optionally, in order to in vitro biotinylate an Avi-tagged protein of interest, the 

reaction could be also carried out in the solution with a purified protein or in a 

clarified cell lysate prior to purification.  

 
 

 
 

Figure 3. SDS-PAGE analysis of purified SUMO-BirA.  
Line 1: molecular weight of purified protein corresponding to the correct size 

of 52 kDa. Line PS (Protein Standards): molecular weight markers in kDa.  
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Figure 4. Enzymatic activity of SUMO-BirA vs. commercial enzyme.  
Two samples of lab-purified enzyme: SUMO-BirA1 (blue) and SUMO-BirA2 

(green) along with a commercially obtained BirA (yellow; Avidity) were tested 
for activity in in vitro biotinylation of an Avi-tagged protein immobilized in wells 
of 96-well plate. The levels of biotinylation at different time points (30 min, 60 
min, and 120 min) were detected with S-HRP. NC (red) represents an Avi-
tagged protein incubated without BirA enzyme. 
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APPENDIX C 
 

CENSORSHIP OF PHAGE-DISPLAYED SEQUENCES CONTAINING 

MULTIPLE ARGININE RESIDUES IN THE M13 BACTERIOPHAGE DISPLAY 

SYSTEM 

Introduction 

Despite many advantages of phage-displayed combinatorial peptide libraries, 

there are also several disadvantages (1-3). For instance, it has been observed 

that sequences containing multiple arginine or lysine residues tend to be 

underrepresented or eliminated from the pool of phage-displayed peptides, as 

runs of positively charged residues are thought to interfere with the insertion of 

pIII protein into the bacterial membrane during phage amplification (4). The 

resulting M13 bacteriophage library may be missing peptides that contain 

multiple positively charged residues, and thus, is inherently biased. 

 

Results and Discussion 

In one of our experiments, we intended to display a 27-residue peptide 

sequence (SSRPIRINPNGTWSRQDVSRPSRTVES CLAK…) containing five 

arginine residues (highlighted), at the N-terminus of pIII protein (which starts with 

CLAK…), using a modified Kunkel mutagenesis protocol (5, 6) (Table 1). 

However, the intended 27-residue WT peptide failed to be displayed (clone wt-1 

through wt-10, Table 1). Also, using the same Kunkel mutagenesis method, we 

introduced alanine substitutions of 12 residues (IRINPNGTWSRQ) within the 

peptide sequence (Table 2).  
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All of the sequences in Table1 (wt-1 through wt-10) and most of the 

sequences in Table 2, identified by sequencing, contained random mutations. 

Most frequently an arginine residue was mutated to a different one (i.e., S, H, L, 

G, P, W, or V; in red)) or a random residue was changed to a negatively charged 

one (i.e., D or E; in red). In addition, frequent sequence deletions that eliminated 

certain arginine residues were observed.  

As shown in Table 2, only 5 out of 12 intended alanine substitutions were 

successful and the correct sequence was identified via sequencing. As arginine 

to alanine replacements reduces the number of positively charged residues, both 

R2A and R11A resulted in a corrected sequence being displays. Also, three other 

clones: R6A-2, G7A, and Q12A-2, displayed the correct peptide sequence. 

 
Table 1. Display of an R-rich sequence at the N-terminus of pIII in M13 
bacteriophage.  
 

Clone Sequence                      pIII Mutations 

original WT 
sequence 

SSRP IRINPNGTWSRQ DVSRPSRTVES CLAK… -- 

wt-1 SSRP  SINPNGTWSRQ DVSRPSRTVES CLAK… Del(IR)S 

wt-2 SS   GLF          DVSRPSRTVES Del/Frame shift 

wt-3 SSRP IRIDPNGTWSRQ DVSRPSRTVES N4D 

wt-4 SSRP IRIDPNGTWSRQ DVSRPSRTVES N4D 

wt-5 SSRP I WYLVE    Q DVSRPSRTVES Del/Frame shift 

wt-6 SSRP M          Q DVSRPSRTVES Del 

wt-7 SSRP IHINPNGTWSRQ DVSRPSRTVES R2H 

wt-8 SSRP   INPNGTWSRQ DVSRPSRTVES Del(IR) 

wt-9 SSRP IRINPNGTWS Q DVSRPSRTVES Del(R11) 

wt-10 SSRP   INPNGTWSRQ DVSRPSRTVES Del(IR) 
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Table 2. Alanine substitutions of 12 residues (IRINPNGTWSRQ) within the 
arginine-rich 27-mer phage-displayed peptide.  

 

Clone Sequence                      pIII Mutations 

I1A-1 SSRP AHINPNGTWSRQ DVSRPSRTVES R2H 

I1A-2 SSRP ERINPNGTWSRQ DVSRPSRTVES I1E 

I1A-3 SSRP ASINPNGTWSRQ DVSRPSRTVES R2S 

I1A-4 SSRP ARINPNG    Q DVSRPSRTVES Del(TWSR) 

R2A SSRP IAINPNGTWSRQ DVSRPSRTVE -- 

I3A-1 SSRP IRD   GTWSRQ DVSRPSRTVE Del(NPN), I3D 

I3A-2 SSWP IRANPNGTWSRQ DVSRPSRTVE RW 

I3A-3 SSRP IQ         Q DVSRPSRTVE Del 

I3A-4 SSRP IPANPNGTWSRQ DVSRPSRTVE R2P 

I3A-5 SSRP IVANPNGTWSRQ DVSRPSRTVE R2V 

N4A-1 SSGP IRIAPNGTWSRQ DVSRPSRTVE R(-2)G 

N4A-2 SSRP ILL PNGTWSRQ DVSRPSRTVE Del(A4) 
R2I3LL 

P5A-1 SSRP I INANGTWSRQ DVSRPSRTVE Del(R2) 

P5A-2 SSRP IRINANDTWSRQ DVSRPSRTVE G7D 

N6A-1 SSGP IRINPAGTWSRQ DVSRPSRTVE R(-2)G 

N6A-2 SSRP IRINPAGTWSRQ DVSRPSRTVE -- 

G7A SSRP IRINPNATWSRQ DVSRPSRTVE -- 

T8A-1 SSRP ILINPNGAWSRQ DVSRPSRTVE R2L 

T8A-2 SSRP I          Q DVSRPSRTVE Del(RINPNGTWSR) 

W9A-1 SSRP I          Q DVSRPSRTVE Del(RINPNGTWSR) 

W9A-2 SSRP I   PNGTASRQ DVSRPSRTVE Del(R2I3N4) 

S10A-1 SSRP IHINPNGTWARQ DVSRPSRTVE RH 

S10A-2 SSRP I INPNGTWARQ DVSRPSRTVE Del(R2) 

R11A SSRP IRINPNGTWSAQ DVSRPSRTVE -- 

Q12A-1 SSRP ILINPNGTWSRA DVSRPSRTVE R2L 

Q12A-2 SSRP IRINPNGTWSRA DVSRPSRTVE -- 
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