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SUMMARY

Phosphorylation is a very important post-translational modification that has
various functions in the cell, such as regulating the catalytic activity of proteins,
generating binding sites for phosphopeptide-binding domains as well as
disrupting protein-protein interactions, targeting proteins for phosphorylation-
dependent degradation, and translocating proteins to their proper subcellular
location.

With the development of sophisticated phosphopeptide enrichment and
mass spectrometry techniques, thousands of phosphorylation sites have been
identified in the phosphoproteome. Immunizing animals with synthetic
phosphopeptides has been previously the standard route chosen for generating
antibodies that recognize phosphorylated residues in proteins. While antibodies
are valuable tools for monitoring protein phosphorylation and studying signaling
events in cells, generating them through immunization of animals with
phosphopeptides is expensive and time consuming. An attractive alternative is to
use recombinant methods to generate antibodies or affinity reagents in less time.
To explore such a strategy, we chose to engineer a naturally occurring
phosphothreonine-binding domain, namely the Forkhead-associated domain

(FHA1), from Saccharomyces cerevisiae Rad53 protein, generate variants of

XVi



SUMMARY (continued)
this domain by oligonucleotide-directed mutagenesis, and isolate variants that
bind specifically to phosphopeptides of interest.

To this end, we have displayed functional variants of the FHA1 domain on
the surface of bacteriophage M13, improved its thermal stability, identified
residues in the FHA1 domain that are important for recognizing its cognate pT-
peptide, generated two phage-displayed libraries of FHA1 variants, screened a
total of 11 different pT-containing peptides from which we successfully isolated
anti-phosphospecific reagents to 7 phospho peptides. Our success rate for
isolating phospho specific reagents from these libraries is about 60%.

For the first time it has been shown that the specificity of a phosphopeptide-
binding domain can be engineered to recognize new phosphopeptides for which
binding was not previously detected. The phage-displayed library of FHA1
variants is a useful resource to isolate anti-phosphospecific reagents, in vitro, by
phage-display. These reagents are useful in binding their cognate
phosphopeptides in ELISA. As these reagents have micromolar binding
dissociation constants, we will use in vitro affinity maturation to improve the
affinity of these reagents to broaden their applicability for use as reagents in
Western blotting and pull-down experiments. Our research serves as a platform

for exploiting other phosphopeptide-binding domains as scaffolds for generating
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SUMMARY (continued)
recombinant phosphospecific affinity reagents. These reagents will be an
attractive alternative for antibodies, because they are renewable, have excellent
expression in E. coli (20-25 mg/L), can be generated in a short time (<2 weeks),

and are cost effective compared to immunizing animals.
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CHAPTER 1

INTRODUCTION

Parts of the text have been published
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forkhead-associated domain to generate anti-phosphospecific reagents by
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1. INTRODUCTION

1.1 Protein phosphorylation

In response to a stimulus, various signaling events are orchestrated within
the cell during which the concerted action of protein kinases, protein
phosphatases, and protein interaction domains are responsible for translating
this signal into a specific biological response. The importance of phosphorylation
events in the cell is revealed by the facts that nearly 1/3 of all the proteins in the
cell are phosphorylated at any given time (1, 2) and 2.5% of the human genome
encodes for protein kinases, protein phosphatases, and protein interaction
domains (3). Of the various post-translational modifications that occur in a cell,
such as methylation of arginine (Arg) or lysine (Lys) residues, acetylation,
ubiquitylation or sumoylation of Lys residues, hydroxylation of proline residues
(4) , the most abundant is phosphorylation of hydroxyl groups of serine (Ser),
threonine (Thr) or tyrosine (Tyr) residues (5). About 76% of the phosphosites are
pSer, 20% are pThr and 4% are pTyr (6).

Various protein isoforms, with distinct biological activity, are generated
through phosphorylation of the same protein at different sites (4). Protein
phosphorylation has various functions in the cell (7), such as 1) making proteins
functionally active or inactive, 2) generating binding sites for phosphopeptide-

binding domains, such as Forkhead-associated (FHA) domains that recognize



pT-containing motifs, 14-3-3 proteins, BRCA1 carboxy-terminal (BRCT) domains
and Polo-boxes that bind to pT/S containing-peptides and SH2, or
phosphotyrosine-binding domains that recognize pY-containing motifs (8, 9) (Fig.
1A), 3) regulating the activity of catalytic proteins by either activating them or by
maintaining them in an inactive conformation (e.g., in Src family kinases), the
interaction of the SH2 and SH3 domains with their cognate peptide-binding
motifs (pY-containing motif and PXXP motif) restrain the Src kinase in an inactive
conformation (10) (Fig. 1B), 4) targeting proteins for degradation (e.g.,
phosphorylated cyclin-E creates a binding site for the WD40X8 repeat domain of
an F-box protein which then targets cyclin-E for protein degradation by the E3
ligase complex) (11, 12) (Fig. 1C). Similarly, binding of WD40X8 repeat of an F-
box containing protein (Cdc4) to its multiply phosphorylated substrate (Sic1), a
cyclin dependent kinase inhibitor, targets Sic1 for polyubiquitylation and
degradation (13, 14), and 5) disrupting protein-protein interactions (e.g.,
phosphorylation of a specific Ser residue on histone 3 inhibits the interaction
between the tri-methylated Lys residue of histone 3 and the Chromodomain of a
heterochromatin protein-1, leading to changes in gene expression) (15) (Fig. 1D).
In another example, when a Ser residue in the C-terminal peptide motif of the
NR2B subunit of NMDA receptor is phosphorylated, it blocks the interaction of
two PDZ domain containing proteins (PSD-95 and SAP102) with the receptor,

which is a mechanism to regulate protein trafficking and cell surface expression



of the receptor (16), and 6) translocating proteins to their proper subcellular
location. In addition to phosphorylation of proteins, lipids are often
phosphorylated (e.g., phosphoinositides and diacylglycerol) and recognized by

phospholipid-binding domains.
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Figure 1. Functional consequences of protein phosphorylation. A) Protein-
protein interactions. Phosphorylation on Ser, Thr or Tyr residues in proteins
creates binding sites for various pS/T/Y-binding domains. B) Intramolecular
interactions. In Src tyrosine kinases, phosphorylation promotes intramolecular
interaction between the SH2 domain and a pY-containing motif and
simultaneously the SH3 domain interacts with its proline-rich peptide ligand
(PXXP), and both these intramolecular interactions maintain the protein kinase in
an inactive conformation. C) Protein degradation. The WD40X8 repeat domain of
an F-box protein interacts with phosphorylated cyclin-E and targets it for
polyubiquitylations by the E3 ubiquitin ligase complex and subsequent
degradation by the proteasome complex. D) Inhibits protein-protein interactions.
Phosphorylation of a Ser residue in histone H3 inhibits the interaction between
the chromodomain of heterochromatin protein-1 (a domain that recognized
methylated residues in proteins) and the methylated Lys residue. This interaction
is restored when the phosphate group is removed.



Protein phosphorylation regulates various processes such as gene
expression, cytoskeletal rearrangements, cell cycle progression, DNA repair, and
apoptosis (8). The human genome encodes for about 500 protein kinases and a
third of that number for protein phosphatases (17). Defective expression of
kinases and phosphatases or mutations in phosphopeptide-binding domains is
the cause of a number of human diseases (18). Over the years, there has been
great interest in unraveling the phosphoproteome by constantly improving the
phosphopeptide enrichment and detection technologies (19, 20). According to a

bioinformatics analysis, available at http://www.phosphonet.ca, more than

650,000 potential phosphorylation sites have been predicted in the human
proteome, of which 10,000 sites have already been identified by mass

spectrometry (21).

1.2 Protein interaction domains

Protein interaction domains play an indispensible role in signaling events
with their diverse ligand recognition ranging from recognizing specific peptide
sequences, to lipids to DNA, and some of them are dedicated for the recognition
of post-translational modifications such as acetylation, methylation or
phosphorylation (Table I). Protein interaction domains are mostly non-catalytic
domains that are conserved in structure with varying levels of sequence similarity

(e.g., FHA domains have 20-30% sequence similarity (22), and the SH2 and SH3



domains have 20-90% sequence identity (23)). Protein domains are present in
almost 70% of the proteins in the human proteome (24), and at least 155
domains, which are involved in various cellular signaling pathways, have been

identified in the SMART database (http://smart.embl-heidelberg.de/).




Table I. Protein interaction domains with diverse ligand specificities.

Protein domains Ligands References

SH3 Proline-rich peptides (PXXP, KKPP, PXXDY motifs) (25-27)
RXXK motif, surface of ubiquitin

: Proline-rich sequences (PPXY, PPLP, PPR) (28-32)

Wwd

omains pS-Pro and pT-Pro motifs, and pSPXpSP

PDZ C-termini of proteins, phospholipids (33, 34)

SH2 pY-containing peptides- pY-hydrophobic-X-hydrophobic and (35-37)
pY-hydrophilic-hydrophilic-I/P

PTB pY-containing peptides (N-P-X-pY) and (38-42)
non-phosphorylated peptides (N-X-X-Y/F)

14-3-3 pS/T-containing peptides-R(S/¢)X(pS/pT)XP, (43-47)
RX(¢/S)X(pS/pT)XP and SWpTX, non-phosphorylated peptides
pS/T-containing peptides with a stronger preference for pS-

BRCT containing peptides- pSXX¢$ motif (48, 49)

FHA pT-containing peptides-pTXX(I/L/D), pTXXpTXX (50-53)

WD40 repeats pS/T-containing motifs-(L/1)-(L/I/P)-(pS/pT)-P and DpSGXXpS (13, 14, 54)

Bromo domains | Acetylated lysine residues (55)

Chromo Methylated lysine residues (56)

PH, ENTH, PX Phosphoinositides (57-59)

SH3 = Src homology 3 domain, WW = named after the two conserved Tryptophan residues, PDZ
= PSD-95/DIg/Z0-1, SH2 = Src homology 2 domain, PTB = phospho-tyrosine binding domain,
14-3-3 = pSer/Thr-binding proteins, BRCT = breast cancer susceptibility gene, C-terminal
domain, FHA = Forkhead-associated domain, PH = pleckstrin homology domain, ENTH = epsin
N-terminal homology domain, PX = phagocyte NADPH oxidase (phox) complex, known as Phox-

homology domain




Even though protein interaction domains are components of a larger
protein, they are independently folding protein modules that remain functional
when expressed as discrete proteins. This has allowed defining the binding
specificity and identifying binding partners of various interaction domains such as
PDZ domains, SH2 and phosphotyrosine-binding (PTB) domains, SH3 domains,
FHA domains, etc., by screening combinatorial peptide libraries, protein or
peptide arrays and mass spectrometry (60). A single protein can contain multiple
domains; for example, the Rad53 Ser/Thr protein kinase contains two FHA
domains, two SQ-TQ cluster domains and a kinase domain, the human MDC1
and NBS1 proteins have two BRCT domains and one FHA domain, the 53BP1

had one Tudor domain and two BRCT domains) (http://pfam.sanger.ac.uk) (Fig.

2). Cooperative interactions of multiple domains with their ligands is one of the
mechanisms that generates a specific signaling event in the cell, in addition to
other factors such as subcellular localization of the protein and its ligands,
expression levels under different stimulation or stress conditions and negative
feedback regulation that also contribute to generating a specific output signal in

response to an external or internal stimulus.
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Figure 2. Multiple domains present in a single protein. Shown here are
examples of six proteins involved in DNA damage repair. Each protein comprises
of a unique combination of protein domains which have different ligand
recognition specificities or catalytic activity. The Forkhead-associated (FHA) and
BRCA1 C-terminal (BRCT) domains are pS/T-binding domains. The SQ-TQ
cluster domains (SCD) are protein regions that are concentrated with Ser and
Thr residues and are phosphorylated at multiple sites by upstream kinases such
as Mec1 and Tel1 in yeast and ATM and ATR like kinases in humans. The RING
finger domain is a protein interaction domain which is known to have E3
ubiquitin-protein ligase activity. Tudor domain is present in many RNA and DNA-
binding proteins and may play a role in binding to nucleic acids. The figure is
adapted from (61).
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1.3 Phosphopeptide-binding domains

Phosphopeptide-binding domains (PBDs) are divided into two categories, 1)
pSer/Thr-binding domains (BRCT domains, WW domains, FHA domains, 14-3-3
proteins and Polo-box domains) and 2) pTyr-binding domains (SH2 domains and
phosphotyrosine-binding (PTB) domains). There are various mechanisms by
which PBDs recognize their cognate phosphorylated peptide ligands, such as, 1)
two PBDs present in tandem can bind to two phosphopeptides simultaneously
(e.g., the two SH2 domains in ZAP-70 protein tyrosine kinase binds two pY-
containing peptides) (62), 2) a single PBD can bind to a doubly phosphorylated
peptide due to the presence of two phosphopeptide-binding pockets (e.g., the
FHA domain of Dun1 protein kinase binds a dual phosphorylated pT-containing
peptide) (53), 3) two PBDs present in tandem can be involved in binding to the
same phosphopeptide (e.g., BRCT domains) (49), 4) a PBD can form non-
covalent dimers and interact with two phosphoepitopes simultaneously (e.g., 14-
3-3 proteins form dimers that interact with two pT/S-containing peptides) (63),
and 5) a single PBD can bind to multiple phosphorylation sites on a protein (e.g.,
WDA40 repeat domain of Cdc4 recognizes its target only when it is
phosphorylated on six or more pT/S residues) (64). The most commonly
occurring phosphopeptide-binding domains that are found in a variety of proteins

are discussed below.
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1.3.1 Src homology 2 domains

SH2 domains were first discovered in the 1980s as non-catalytic
domains that mediate protein-protein interactions (65, 66). SH2 domains were
first identified as conserved protein regions present in protein tyrosine kinases
belonging to the Src family (65). SH2 domains constitute the largest class of
pTyr-binding domains, with 120 SH2 domains encoded by the human genome
(67, 68). SH2 domains are structural components of a wide variety of kinases,
phosphatases, adaptors, and transcription factors, and play important roles in cell
signaling (69, 70). SH2 domains are composed of ~100 residues that fold into
anti-parallel B sheets, flanked by two a-helices. Like many other protein
interaction modules, they fold independently into functional modules, with their N-
and C-termini on the opposite side to the pTyr-binding surface. Even though SH2
domains are structurally similar, they bind to different pTyr-containing peptide
motifs. The core-binding motif is typically 3-6 residues, positioned C-terminally to
the pTyr residue. The optimal binding motifs for various SH2 domains have been
identified by screening combinatorial peptide (36) and oriented peptide array
libraries (37). This information is valuable for the identification of putative binding

partners for SH2 domain containing proteins of unknown function.
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1.3.2 14-3-3 proteins

14-3-3 proteins are pS/T-binding proteins (44, 71), which are found
exclusively in eukaryotic proteins (72). While performing DEAE-cellulose
chromatography, 14-3-3 proteins were eluted as fraction no. 14 and in starch-gel
electrophoresis they were located at position 3.3, and therefore they were named
14-3-3 proteins (73). There are 7 isotypes of 14-3-3 proteins in mammals (B, a, e,
n, o, t, and ¢), which form homodimers or heterodimers with other members
within the 14-3-3 family. Each monomer, consisting of nine a-helices, binds to
one phosphopeptide, thus there are binding sites for two phosphopeptides in the
14-3-3 dimer (74) (Fig. 3A). Either addition of a competing pS-containing peptide
or incubation with a phosphatase will dissociate 14-3-3 zeta protein from Raf
protein, indicating a phosphoserine specific interaction (75). Through screening
of combinatorial phosphoserine peptide library, the optimal binding sequences for
14-3-3 proteins have been determined, such as RSX(pS/pT)XP,
RXXX(pS/pT)XP or SW(pT)X, where X is any amino acid (46, 47). The main
function of 14-3-3 proteins is in DNA repair, where they maintain Cyclin-Cdk1 in a
phosphorylated and inactive state, by interacting with phosphorylated Cdc25
family of phosphatases and sequestering them in the cytoplasm (76). More than
100 signaling proteins have been identified as binding ligands for 14-3-3 proteins,
which include kinases, phosphatases, and membrane receptors

(http://pfam.sanger.ac.uk/family/14-3-3). Unlike other phosphopeptide binding
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domains, such as FHA domains, BRCT domains, Polo-box domains, SH2
domains, etc., which are structural components of a larger protein, 14-3-3
proteins are proteins that can form homo- or hetero-dimers with their other

isoforms.

1.3.3 Tryptophan-tryptophan domains

WW domains are small protein modules of about 40 amino acids found in
many signaling proteins, proline isomerases, ubiquitin ligases, and cytoskeletal

proteins (http://smart.embl-heidelberg.de/). WW domains contain two conserved

Tryptophan (W) residues that are usually 20-23 residues apart in the primary
sequence, hence the name WW domains. WW domains are composed of three
anti-parallel B-strands (77) (Fig. 3B), and their ligand specificity ranges from
recognizing proline-rich motifs to phosphopeptides with the general motif
(pSer/Thr)-Pro (29, 30). The WW domain from proline isomerase Pin1 binds to
substrates of Pin1 only after the (pSer/Thr)-Pro bonds have been isomerized by
the proline isomerase from cis to trans configuration (78). Solving the crystal
structure of a dual phosphorylated peptide (Y(pS)PT(pS)PS) from RNA
polymerase |l binding to the WW domain from proline isomerase Pin1 revealed
that only one phosphate group contributes to binding, and that the major binding
determinant in the Pin1 WW domain is an Arg residue in the 31-B2 loop (31).

This Arg residue is not present in most of the WW domains, which explains why
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only a few selected WW domains are involved in phosphospecific interactions.
Therefore, WW domains from different proteins can recognize both
phosphorylated and non-phosphorylated motifs with the requirement of a Pro

residue in the binding motif.

1.3.4 WDA40 repeat domain

WD40 repeats are found in F-box containing proteins that are components
of the E3 ubiquitin ligases. The WD40 repeats bind to their substrates in a
phosphorylation dependent manner (pSer/Thr-containing motifs), initiating
polyubiquitylation and degradation of their targets (79-81). Coupling
phosphorylation with polyubiquitylation for protein degradation is commonly seen
in the degradation of cyclins (11, 12) and cyclin dependent kinase (Cdk)
inhibitors, during cell cyclin progression (13, 14). WD40 repeats form a seven or
eight bladed B-propeller structure with each blade usually consisting of four 8-
strands (13, 82). The crystal structure of a pT-containing peptide from cyclin E
has been solved in complex with the WD40X8 repeat domain of F-box protein
Cdc4 (13), and is shown in Fig. 3C. The pT-peptide occupies the pore formed in
between the eight blades and interacts with the WD40 domain by electrostatic
and hydrophobic interactions. The optimal binding motif for the WD40 repeat
domain of Cdc4, (L/1)-(L/1/P)-pS/pT-P has been determined by screening peptide

arrays (13).
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1.3.5 Carboxy-terminal domains of BRCA1 protein

BRCT (BRCA1 C-terminal) domains are found in many proteins involved in
DNA repair (83). BRCT domains bind both to pS and pT-containing peptides, and
tighter binding is observed for pS-containing peptides (48, 84). The BRCT
domains are often present as tandem repeats, and the BRCT domains interact
with each other to form a phosphopeptide-binding grove/cleft which
accommodates a single pS/T- containing peptide (85). Each BRCT domain
contains a B-sheet composed of four B-strands which are flanked by three a-
helices (86) (Fig. 3D). The optimal binding motif for BRCT domains is pSXX¢
(where ¢ is an aromatic amino acid) (48, 49). BRCT domains bind both to pS and
pT-containing peptides (48). Most of the breast cancer causing mutations in the

BRCA1 protein are found in its BRCT domains (87).

1.3.6 Polo-box domain

Polo-like kinases are composed of catalytic N-terminal Ser/Thr kinase
domain and C-terminal polo box domain that is composed of two polo boxes,
PB1 and PB2 that are structurally similar but have only 20-30% sequence identity
(88). Six B-strands from each polo-box are packed together into a B-sandwich,
which is flanked by three a-helices (89) (Fig. 3E). Human Polo-like kinase 1

(PIk1) regulates the different stages of mitosis and cytokinesis during cell division
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(90), and abnormal function or over expression causes cancer. Currently, a

number of cancer treatments are aimed at inhibiting PIk (91).

1.3.7 Forkhead-associated domain

The FHA domain was first discovered by Hofmann and Bucher in 1995, in
the Forkhead family of transcription factors, and hence the name, Forkhead-
associated domain (92). FHA domains are found in a wide variety of proteins,
such as protein kinases, protein phosphatases, kinesins, transcription factors,
glycoproteins, etc. that are involved in various biological processes such as
signal transduction, protein transport, transcription, DNA repair, protein

degradation, etc. (http://smart.embl-heidelberg.de/) (93, 94). The FHA domains

are phosphothreonine-binding domains that are composed of 100-180 residues,
and are present in prokaryotic as well as eukaryotic proteins. They are composed
of 11 or 12 B-strands, which are connected by loops to form a B-sandwich (Fig.
3F). In the SMART (Simple Modular Architecture Research Tool) database

(http://smart.embl-heidelberg.de/) there are 5457 FHA domains in 5145 proteins,

of which 2476 proteins are from bacteria, 2635 from eukaryotes and the
remaining are found in archaea bacteria. In Saccharomyces cerevisiae, there are
13 FHA domain containing proteins, and in humans 65 proteins contain FHA

domains.



18

pS-peptide pT-P-peptide pT-peptide
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14-3-3 homodimer WW domain WD40X8 domain

pS-peptide pT-peptide

BRCT1 l o2

Tandem BRCT domains Tandem polo-boxes Forkhead-associated
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Figure 3. Structures of phosphoserine/threonine-binding domains.
Structures are generated using PyMol software (www.pymol.org) and their
Protein Data Bank (PDB) coordinates are noted. A) 14-3-3 protein sigma
homodimer binding to two same pS peptides (PDB code: 1YWT) (95). B) WW
domain bound to a pT-P peptide, the Tryptophan (W) residues are shown as
green spheres (PDB code: 118G) (96).C) WD40X8 repeat domain bound to a pT-
containing peptide (PDB code: 1NEX) (13). D) Tandem BRCT domains (BRCT 1
and BRCT2) bound to a single pS-containing peptide (PDB code: 1T15) (86). E)
Tandem polo-boxes (PB1 and PB2) bound to a single pT-containing peptide
(PDB code: TUMW) (88). E) Forkhead-associated domain complexed with a pT-
containing peptide (PDB code: 1G6G) (22).




19

1.4 Forkhead-associated domain 1 of Saccharomyces cerevisiae Rad53

protein

In the budding yeast, S. cerevisiae, damage to DNA leads to a cascade of
phosphorylation events that stop cell cycle progression and allow for repair of
DNA. Rad53 protein kinase plays a large role in the DNA repair process in
budding yeast (97). Rad53 protein contains two FHA domains, an N-terminal
FHA1 domain and a C-terminal FHA2 domain flanking a central S/T kinase
domain (Figure 1.4). Upon DNA damage, Rad53 protein interacts with
phosphorylated Rad9 protein (98), and from mutational analysis it was learned
that the FHA2 domain is responsible for the interaction of Rad53p with
phosphorylated Rad9p (99). Later, it was found out by Durocher et al. (100) that
the Rad53p FHA1 domain reacts with Rad9p as well. The interaction between
the FHA1 domain of Rad53 protein and phosphorylated Rad9 protein could be
disrupted by a pT-containing peptide from p53 protein which competes for
binding to the FHA1 domain in a phosphorylation dependent manner. The non-
phosphorylated peptide did not compete for binding to the FHA1 domain and the
Rad53-Rad9 protein complex remained intact (100). This was the first time that it
was demonstrated that FHA domains directly recognize phosphorylated epitopes,

much like the SH2 domains that recognize phosphotyrosine residues.
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1.5 Structure of Forkhead-associated domains

FHA domains, like other protein interaction domains, are independently
folding modules, which can be overexpressed and purified from Escherichia coli
(22). The three-dimensional structure of the first FHA domain to be solved was
the FHA2 domain of Rad53p (101). Since then, the structure of 23

(http://pfam.sanger.ac.uk/) FHA domains from various species has been solved

by NMR or X-ray crystallography. The crystal structures of FHA1 and FHA2
domains of Rad53 protein complexed to their cognate pT and pY-containing
peptides from Rad9 protein have also been solved (22, 50, 102, 103). While the
FHA domains do not share much sequence similarity (20-30%), they are
structurally similar and are composed of 11 or 12 -strands connected by loops
to form a B-sandwich (Fig. 4A-C). The loops vary in length, sequence and
structure and determine the ligand binding specificity. For instance, the Rad53
FHA1 domain and human Chk2 FHA domain have helical insertions in the 32-$3
and B4-B5 loops respectively (22). Due to this helical insertion, the 34-$5 loop of
Chk2 FHA domain is longer and has a different conformation, which results in a
different binding specificity (51). From the structural information of various FHA
domains complexed with their cognate pT peptides (22, 51, 53, 102)

(http://pfam.sanger.ac.uk/), (www.pymol.org), it is evident that residues from four

loops (3-B4, B4-B5, B6-B7 and B10-B11 interact with the pT peptide. Residues

from the B3-B4 and 36-B7 loops are mainly involved in making contacts with the
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phosphate group, and the y-methyl group of threonine which confers specificity
for binding to pT versus pS peptides. The residues in the 34-5 and 310-11
loop also interact with residues N- and C- terminal of the pT residue and
contribute to the binding specificity. Only six residues are conserved among FHA
domains from various organisms (G69, R70, S85, H88, N107, and N112), some
of which are important for binding to the phosphopeptide (R70, S85, N107) and
the others are required for structural stability (G69 and H88) (Fig. 4D) (22). FHA
domains specifically recognize pT-containing peptides and not those in which the
pT is replaced by either pS or Asp (94); this binding specificity is presumably due
to the additional contacts made by the pT y-methyl group with various residues

(N107, S82, R83, L84) in the FHA1 domain (22, 104).
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A) FHA1 domain B) FHA2 domain C) Chk2 FHA domain

‘.' pT-peptide pT-peptide pT-peptide

Figure 4. Structures of FHA domains. FHA domains are composed of 11 or 12
B-strands which are connected by loops to form a $-sandwich structure. The (3-
strands are numbered from 1 through 12. The N- and C-terminus are present on
one side of the structure opposite to the pT-peptide binding site. The 33-34, p4-
B5, B6-B7 and B10-B11 loops that are involved in binding to the pT-peptide ligand
are shown. The pT-peptide is shown as sticks and the FHA domains are shown
in a cartoon representation using PyMol software (www.pymol.org) and their
Protein Data Bank (PDB) coordinates are noted. A) FHA1 domain of S.
cerevisiae Rad53p (22) (PDB code: 1G6G). B) FHA2 domain of S. cerevisiae
Rad53p (102) (PDB code: 1K2N). C) FHA domain of human Chk2 protein kinase
(51) (PDB code: 1GXC).
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D) FHA1 domain conserved residues

D) Six residues that are conserved among FHA domains from prokaryotes and
eukaryotes are shown as green spheres. These residues either play a role in pT-
peptide recognition or are important for the structural stability of FHA domains.

1.6 Ligand specificity of Forkhead-associated domains

From screening combinatorial phosphopeptide libraries, it was
demonstrated that the pT (+3) position (i.e., the residue at the +3 position C-
terminus of the pT moiety) was a major determinant of binding specificity, and
that all the FHA domains prefer a specific residue at the pT (+3) position; this
was called the pT (+3) rule (Table Il). These screens revealed that the FHA1 and
FHA2 domains preferentially recognized pTXXD and pTXX(l/L) motifs (22) (Fig.
5). Structural studies and site directed mutagenesis have revealed that residue

R83 (located in the B4-B5 loop) from the FHA1 domain makes ionic interactions
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with the pT (+3) Asp (D) and is a major determinant of the binding specificity (22).
It is interesting to note that the Chk2 FHA domain does not have a preference for
phosphopeptides with Asp in the pT+3 position, in spite of the presence of two
Arg residues within the B4-B5 loop. It has been observed that the ChK2 FHA
domain has an additional 8 residues in the 34-B5 loop, which forces this loop
away from the pT+3 residue of the phosphopeptide, and results in preference for
a hydrophobic residue in the pT(+3) position. This +3 residue fits into a
hydrophobic pocket formed from the residues within f4-p5, 36-37 and f10-p11
(51). The residues in the 310-B11 loop of the FHA1 domain have also been
shown to be important determinants of binding specificity. Mutating two residues
in the FHA1 domain (G1331/G135D) changes its specificity from binding its
cognate peptide with Asp in the pT (+3) position to binding to a pT-containing
peptide with a hydrophobic residue in the pT (+3), i.e., the binding specificity of
the FHA1 domain is switched to be more like FHA2 (105). Another interesting
observation was that the human Ki67 FHA domain did not recognize short
phosphopeptides, but could bind to longer versions of the same phosphopeptide
(44 residues), suggesting that some interactions require an extended binding
surface to form stable FHA-phosphopeptide complexes (106). The FHA domain
from yeast Dun1 protein binds to a doubly phosphorylated peptide due to the
presence of two phosphopeptide-binding pocking in the FHA domain structure

(53). These observations suggest that the FHA1 domain can bind to a variety of
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phosphopeptides with different sequences, making it a suitable scaffold for library

construction.

N | FHA1 FHA2 |C
Binding
preference
+1 +2| +3 +1 +2| +3
pT X X| D pT X X|I/L

Figure 5. The architecture of the Rad53 protein. Rad53p has two
phosphopeptide-binding domains, the N-terminal FHA1 domain and C-terminal
FHA2 domain flanking a central Ser/Thr kinase domain. The FHA1 domain has a
preference for peptide sequences with Asp (D) in the pT (+3) position, whereas
the FHA2 domain prefers hydrophobic residues, such as lle (I) or Leu (L) in the
pT (+3) position.



Table II. Ligand specificity of FHA domains.

Organism FHA domain pT(+3) specificity | Reference
Saccharomyces cerevisiae | Rad53p FHA1 | Asp (22, 50)
Saccharomyces cerevisiae | Rad53p FHA2 | lle/Leu (22, 52)
Saccharomyces pombe Cds1 FHA Asp (22)
Arabidopsis thaliana KAPP FHA Ser, Ala (22)

Homo sapiens Chk2 FHA lle (51)
Homo sapiens RNF8 FHA Tyr, Phe (107)

1.7 Antibodies against phosphoepitopes

Sophisticated phosphopeptide enrichment and mass spectrometric
techniques have led to the identification of more than 100,000 phosphorylation
sites in the human proteome. To study phosphorylation dependent signaling
events in the cells or for the purpose of phosphoprotein pull-down from cell
lysates for analysis by mass-spectrometry, the most commonly used method to
generate anti-pY and anti-pS/T antibodies has been to immunize animals, such
as mice and rabbits, with synthetic phosphopeptides (108). The resulting
antibodies, once purified from serum, are invaluable for studying the
phosphorylation of proteins in cells, and for unraveling biologically important

signal transduction pathways. However, with the existence of thousands of

26
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phosphorylation sites in the human proteome, immunizing animals with a specific
phosphopeptide sequence is time consuming, expensive and laborious.

An ideal alternative would be to bypass the immunization step and produce
antibodies in less time by using recombinant techniques. My proposal is to utilize
the Forkhead-associated (FHA) domain 1, a naturally occurring pT-peptide
binding domain, from the S. cerevisiae Rad53 protein, as a scaffold for
generating new anti-phosphopeptide binding specificities. My goal is to generate
new affinity reagents to various pT-containing peptides through affinity selection
of a phage library displaying FHA1 domain variants which have been randomized
at selected positions by oligonucleotide-directed mutagenesis (109, 110). The
resulting FHA1 affinity reagents will be evaluated in enzyme linked
immunosorbent assays (ELISA), Western blots, and cell-staining experiments.
The advantages of using the FHA domain as a scaffold is that the affinity
reagents derived from it are monoclonal and can be overexpressed in E. coli. In
the future, other naturally occurring pS/pT and pY- binding domains may be used

as scaffolds from which additional affinity reagents can be generated.

1.8 Phage-display

Antibodies generated by immunizing animals are polyclonal and,
unfortunately, are not a renewable source of an affinity reagent. Consequently,

hybridomas (111-113) were developed, which can be stored frozen and grown up



28

in large quantities for secreting monoclonal antibodies. However, with the
existence of thousands of proteins in the human proteome, these methods for
generating antibodies by animal immunization or hybridoma production are
expensive, time consuming and laborious. An attractive alternative is to generate
‘antibody-like reagents’ or ‘recombinant affinity reagents’ through one of several
display technologies. In 1985, it was discovered for the first time that a protein
can be displayed on the surface of bacteriophage (114). Since then, libraries of
single-chain variable fragments (scFvs) (115, 116), single domain antibodies
(sdAbs) (117), Fragments of antigen binding (Fab) (118-120), bivalent Fab
(F(ab)2) (121, 122), Fibronectin type Ill domain (FN3) (123, 124), combinatorial
peptides (125-127), PDZ domains (128, 129), designed ankyrin repeat proteins
(DARPIns) (130-132), and Affibodies (133, 134) have been displayed on the
surface of bacteriophage M13 (Fig. 6). From large (i.e., 10° to 10'°) libraries of
variants of a particular scaffold, one can affinity select individual clones that bind

selectively and with nanomolar to micromolar affinities for particular targets.
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Figure 6. Structures of recombinant affinity reagents that have been
displayed on bacteriophage. Structures are generated using PyMol software
and their Protein Data Bank (PDB) coordinates are noted. A) IgG contains two
heavy chain and two light chains. The light chain contains one variable region
(VL) and one constant region (V). The heavy chain comprises of one variable
region (C.) and three constant regions (Cy1, C42 and Cy3). The Vyand V,
together constitute the antigen binding site (135) PDB:1IGY. B) The Vyand V, of
an antibody are joined by a flexible linker to form the single-chain fragment of
variable region (scFv) which retains antigen-binding properties (136) PDB:
1MOE. C) Fragments of antigen binding (Fab) contain the antigen binding Vy and
V| and two constant regions (CLand Cx1) (137) PDB: 1N8Z. D) single-domain
antibodies (sdAbs) contain only the Vy which is sufficient for antigen recognition
(138) PDB: 1MEL. E) PDZ domains are 90 residue repeats that consist of six [3-
strands and two a-helices (139) PDB: 2IWO. F) Designed ankyrin repeat proteins
(DARPIns) consist of 4-6 repeats, with each repeat comprising of a B-turn,
followed by two a-helices which are connected by a loop to the next repeat (140)
PDB: 1MJO. G) Affibody is made of 3 helices and it is a variant of domain Z,
which is an Fc recognizing domain in Staphylococcus aureus protein G (141)
PDB: 1LP1. H) Monobody is derived from the 10™ repeat of the fibronectin type
[l domain (142) PDB: 3K2M. Not drawn to scale.
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Display on the surface of bacteriophage M13 viral particles is the most
popular phage-display system. Other bacteriophage systems, such as A (143)
and T7 (144) have also been used for display purposes. The M13 bacteriophage
consists of a single stranded DNA molecule that is packaged by five coat
proteins of the phage (plll, pVI, pVII, pVIII, and plX) (63). After assembly in the
bacterial periplasm, the infectious phage particles are secreted from the bacterial
cells in a non-lytic mode (145). Recombinant proteins are most commonly
displayed on the phage surface as N-terminal fusions to plll or pVIIl, with the
display efficiency largely dependent on the route of transport of the recombinant
fusion proteins to the bacterial periplasm. To improve functional phage-display of
a variety of proteins, three pathways have been used for transporting proteins to
the bacterial periplasm: the general secretory (SEC) pathway (84, 146), which
transports unfolded proteins to the bacterial periplasm, signal recognition particle
(SRP) pathway (74, 147, 148), which allows proteins to be transported as they
are being translated and the twin-arginine translocation (Tat) pathway (149, 150),
which transports only folded proteins. Each of these pathways offers unique
advantages and increases the plethora of proteins amenable for functional
phage-display.

There are 3-5 copies of plll at one end of the phage, and the intact plll is
essential for infectivity of the bacteriophage particles. The entire surface of the

bacteriophage is covered with ~2700 copies of the major coat protein pVIII.
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Keeping in mind the large number of pVIIl molecules, proteins or peptides fused
to them will be displayed in more numbers on the phage, whereas fusion to pll|
leads to a maximum display of 5 copies of a protein per phage particle. However,
the display number depends on the type of display vector used. Two types of
display vectors are commonly used to display proteins on the bacteriophage
surface: 1) phagemid vector (plasmids with phage packaging signal, E. coli and
phage origins of replication, and gene Il or VIl coding sequence), and 2) phage
vector (modified complete phage genome). The protein to be displayed is cloned
in-frame with the coding sequence of the phage coat protein. In a phage vector
system (125, 151), the phage genome encodes for all the proteins essential for
packing the phage particles, therefore, all the copies of the phage coat protein
will display the protein of interest. As this system allows multivalent display (Fig.
7A), it facilitates the isolation of even weak binding reagents. In one study, it was
shown that more binding clones are isolated in fewer rounds of selection with
phage libraries compared to phagemid libraries, due to the avidity effect (i.e.,
multivalent display) (151). However, there is a limitation on the size of the
peptides or proteins that can be displayed in a multivalent fashion by phage
particles. For instance, to be displayed on all the copies of pVIll, the peptides
have to be < 9 residues (152, 153). Larger size proteins (such as scFvs, ~25
kDa) have been displayed in a multivalent fashion as plll fusions, and due to their

multivalent display have a greater apparent affinity resulting in isolation of even
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weak binding clones (154). On the other hand, a phagemid vector (155, 156)
encodes for only one of the coat protein that serves as a fusion partner to the
protein of interest, with all the other phage proteins supplied by a helper phage
(M13KO7 or VCS-M13). Competition between the helper phage wild-type coat
protein and the recombinant coat protein from the phagemid vector for getting
incorporated into the phage particle results in only 1-3% of the phage particles
displaying the recombinant protein and the rest will be the wild-type M13
bacteriophage. Due to monovalent display, high affinity binders can be isolated

(23, 157-159) (Fig. 7B).

A) Multivalent display

Phage-displayed Pprotein IlI Single-stranded
prOtElnN ‘& phage DNA

y

tk_ Protein VIII
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Figure 7. Multivalent vs. monovalent display. A) The protein of interest is
displayed on all the five copies of protein Ill when a phage vector is used. B) One
or zero copies of the fusion protein are displayed on the bacteriophage surface,
when a phagemid vector is used and the system requires a helper phage to allow
phage propagation.
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Phage-displayed libraries have been screened to isolate affinity reagents
against a wide variety of targets, such as peptides (160), protein-protein
interaction domains (23, 161), cell surface antigens (162), membrane receptors
(66), disease biomarkers (163, 164), etc. The process of screening large phage-
displayed libraries containing ~10°-10'° clones to isolate variants that specifically
bind to a target protein is called ‘biopanning’ or ‘affinity selection’ (165, 166),
which is depicted in Fig. 8. In this process, phage particles displaying binding
peptides, proteins, or antibodies for a given target are selectively recovered,
amplified and enriched with each subsequent round of affinity selection. In
general, two to three rounds of affinity selection are performed followed by a
phage enzyme-linked immunosorbent assay (ELISA) to identify phage clones
specifically binding to their target. The phage genome encodes for the protein
displayed on its surface, which makes it straightforward to obtain the DNA
sequence of the binding phage clones with relative ease.

Once affinity reagents are confirmed to bind to their target, the second step
is to transfer inserts from the binding clones into expression vectors. For
instance, these reagents can be overexpressed in Escherichia coli, Pichia
pastoris, or Human embryonic kidney 293 (HEK-293). They can be fused to
various enzymes, such as cutinase for immobilizing the reagents in a specific
orientation (167, 168), or alkaline phosphatase as a direct probe to use in ELISA,

western blotting, and immunohistochemistry (157, 169-171). Moreover, a free



cysteine residue can be engineered in the protein so that it can be chemically
linked to solvatochromatic dyes, to be used as biosensors for monitoring the

activation of proteins in the cells (172).
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Figure 8. Overview of the affinity selection process. A) The phage library is
first incubated with the immobilized target protein. B) The unbound phage are
removed by washing in the presence of detergent C) followed by elution of the
bound phage under low pH conditions. D) Bacterial cells with F-pilus (F") are
infected en masse with the eluted phage, and E) amplified overnight. F) The
secreted phage particles are subsequently used for the second round of
biopanning. G) After two or three rounds of affinity selection, the infected cells
are diluted and plated. H) Phage are amplified from 96 individual colonies and
the phage clones are analyzed by phage ELISA, for binding to the target protein
(target) and the negative control (background). 1) DNA is isolated from the
binding phage and sequenced.
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1.9 Advantages of recombinant affinity reagents

Over the years, phage display technology (63, 173) has become
increasingly popular as an alternative for generating ‘affinity reagents’ to
numerous proteins in vitro. Compared to generating antibodies by animal
immunizations, which takes up to few months, using recombinant techniques,
monoclonal affinity reagents can be generated in 2-3 weeks by screening large
libraries (~10°-10%) of variants against the protein of interest by a process known
as ‘biopanning’ or ‘affinity selection’. These reagents can be overexpressed in E.
coli, P. pastoris, or mammalian cells, and offer a renewable source of the affinity
reagents. The DNA sequence of the binding clone is easily available, and if
needed, can be artificially synthesized with codon optimization for improved
expression in prokaryotic or eukaryotic hosts. One of the major strengths of
recombinant antibody technology is that the affinity and specificity of the binding
clones can be affinity matured in vitro by directed evolution to obtain reagents
with an affinity comparable to or even greater than antibodies derived after
animal immunizations (174, 175). The affinity reagents can also be dimerized or
multimerized to improve their apparent affinity through avidity (176, 177). By
using stringent selection conditions, and appropriate selective pressures,
reagents with improved thermal stability, expression, affinity (178, 179), and
aggregation resistance (180) have been isolated. Recombinant antibody

technology has made it possible to initiate proteome scale projects for isolating
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reagents to hundreds or even thousands of proteins (181-183), which is

practically impossible to do with animal immunizations.

1.10 Conclusion

To this end, we have engineered the FHA1 domain to display functional
variants of this domain on the surface of bacteriophage M13, improved its
thermal stability, identified residues in the FHA1 domain that are important for
recognizing its cognate pT-peptide, generated two phage-displayed libraries of
FHA1 variants, screened a total of 11 different pT-containing peptides, and
successfully isolated anti-phosphospecific reagents to seven phosphopeptides.
Our success rate for isolating phosphospecific reagents from these libraries is
60%. For the first time it has been shown that the specificity of a
phosphopeptide-binding domain can be engineered to recognize new
phosphopeptides for which binding was not previously detected. We have
achieved our first goal of using the FHA1 domain as a scaffold and demonstrated
the applicability of these reagents in ELISA. As these reagents have micromolar
binding dissociation constants, we will use in vitro affinity maturation to improve
the affinity of these reagents to broaden their applicability for use as reagents in
Western blotting and pull-down experiments. This research opens up the

prospect of engineering other pS/T- binding domains to generate a resource of
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useful candidates from which reagents with desired properties can be isolated by

affinity selection from a phage-displayed library of variants.
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2.1 Abstract

Conventionally antibodies to monitor protein phosphorylation were generated by
immunizing animals with synthetic phosphopeptides. With an estimated 100,000
phosphorylation sites in the human proteome, this method is time consuming,
expensive and laborious. An ideal alternative would be to produce affinity reagents
using recombinant proteins displayed on the surface of bacteriophage M13. To explore
such a strategy, we attempted to display on the surface of bacteriophage M13, the N-
terminal Forkhead-associated domain (FHA1) of Saccharomyces cerevisiae Rad53
protein, which is a naturally occurring phosphothreonine (pT)-binding domain, and found
it to be non-functional, presumably due to misfolding in the bacterial periplasm. To
overcome this limitation, a library of FHA1 variants was constructed by mutagenic PCR
and functional variants were isolated after three rounds of affinity selection with its pT
peptide ligand. The FHA1D2 variant, which showed the highest binding signal, had a
single residue substitution (S34F) that rescued binding to the cognate pT peptide.
Further evaluation revealed that to facilitate proper folding of the FHA1 variant in the
bacterial periplasm, where phage particles are assembled in E. coli, position 34 has to
be occupied with a hydrophobic amino acid (with the exceptions of Trp, Cys and Pro).
The FHA1D2 variant bound to the pT peptide with a dissociation constant similar to that
of the wild-type FHA1 domain (~1 uM). By fluorescence-based thermal shift assay, it
was determined that the thermal stability of the FHA1D2 variant was lower than that of
the wild-type FHA1 domain. This functional, phage-displayed FHA1D2 variant can be a

potential scaffold for generating anti-phosphospecific affinity reagents.
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2.2 Introduction

Phage-display is a powerful technology for isolating affinity reagents that bind
selectively to their target proteins with high affinity by performing two or three rounds of
biopanning (1, 2). Phage-displayed libraries have been constructed from different
scaffold proteins, such as single-chain variable fragments (scFv) (3, 4) , Fragments of
antigen binding (Fab) (5), Fibronectin type Ill domain (FN3) or monobodies (6),
combinatorial peptides (7), PDZ domains (8), designed ankyrin repeat proteins
(DARPIns) (9), cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) (10), Affibodies
(11) and anticalins (12). The phage library composed of billions of variants is displayed,
most commonly, as fusions to the coat protein Il or VIl of the bacteriophage particle.
Using phage-display technology, different kinds of affinity reagents have been isolated
against various target proteins, such as, single-chain variable fragments (scFv) to
mammalian proteins (13) and 20 human Src homology 2 (SH2) domains (14),
monobodies to Src homology 3 (SH3) domains (15), Fragments of antigen binding to
HERZ2 (16), designed anykyrin repeat proteins (DARPins) to epidermal growth factor
receptor (17), etc. As the phage particles are assembled in the bacterial periplasm, all
the proteins that have to be displayed on the surface of bacteriophage M13 are
transported to the bacterial periplasm via their N-terminal signal sequence where they
get incorporated into the phage as fusions to the coat protein during the assembly
process.

Generating good quality and specific antibodies to phosphoproteins is still a

challenge. In cell signaling, many proteins get phosphorylated on serine, threonine, and
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tyrosine residues by protein kinases (18). Protein phosphorylation is a very important
post-translational modification, which is responsible for regulating the activity of
proteins, translocating them to their proper subcellular location and facilitating the
formation of multisubunit protein complexes for transducing signals to downstream
effectors.

The most commonly used anti-phosphotyrosine and anti-phosphoserine/threonine
antibodies available in the market as of today (for instance 4G10 from Millipore, PY20
from Oncogene Research Products, and 7F12, IC8, IE11 from Alexis Biochemicals)
have been generated by immunizing animals, such as mice and rabbits, with synthetic
phosphopeptides (19, 20). An attractive alternative for generating affinity reagents that
recognize phosphoepitopes is to use recombinant proteins and isolate new anti-
phosphopeptide binding specificities from a library of variants of a phosphopeptide-
binding domain. To explore such a strategy, we chose to engineer a naturally occurring
phosphothreonine (pT)-binding domain, namely the Forkhead-associated domain
(FHA1), from Saccharomyces cerevisiae Rad53 protein.

Among the pS/T-binding domains, the FHA domains are unique in that they
recognize only pT-containing peptides and do not show binding to either non-
phosphorylated or pS-containing peptides (21, 22). The optimal binding motifs for
various FHA domains, from S. cerevisiae, Schizosaccharomyces pombe, Arabidopsis
thaliana and Mycobacterium tuberculosis were determined by using oriented
phosphopeptide libraries that contain a fixed pT residue, which is flanked by four

degenerate residues on either side of it (22). From these screens, the pT +3 residue
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was found to be one of the major determinants of binding specificity. For example, the
N-terminal FHA1 domain from S. cerevisiae Rad53 protein kinase prefers Asp at the pT
+3 position (23), the C-terminal FHA2 domain from the same protein prefers Leu/lso at
the pT +3 position (24) and Met/Leu/Phe at the pY +3 position (25), and the FHA
domain of the human Chk2 DNA damage check point kinase prefers Leu/lso at the pT
+3 position (26). From alanine-scanning experiments of the pT peptide, it was
determined that only the pT (+3) residue contributed significantly to binding to the FHA1
domain (21). Interestingly, two non-conserved residues in the FHA1 domain (G133 and
G135) also contribute to the pT (+3) residue specificity (27). The specificity of FHA
domains ranges from recognizing singly or doubly phosphorylated sequences (28) to
binding to an extended binding surface (29). The tightest FHA domain:pT peptide
interaction (Kq), reported to date is 100 nM (30).

As the FHA1 domain was found to be non-functional when displayed on the
surface of bacteriophage M13, functional variants were isolated by affinity selecting
against the cognate pT peptide (Rad9-pT from S. cerevisiae Rad9 protein) from a library
of FHA1 variants generated by error-prone PCR. A hydrophobic residue at position 34
in the B1-strand was discovered to be essential for phage-display of a functional FHA1
domain. We characterized the binding affinity, specificity, and thermal stability of the
functional phage-displayed FHA1D2 variant. The advantages of the FHA domain as a
scaffold are that 1) they can be overexpressed in Escherichia coli, 2) no animal
immunizations are required, 3) it is a more economical and faster way of generating

affinity reagents than animal immunization, and 4) the affinity reagents are monoclonal
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and renewable. In the future, these anti-phosphospecific reagents can be evaluated for
various applications, such as detection reagents for ELISA, western blotting and cell

staining, and as biosensors for detecting protein phosphorylation in live cells.

2.3 Materials and methods

2.3.1 Gene synthesis and subcloning into phage and expression vectors

A variant of the FHA1 domain from the S. cerevisiae Rad53 protein, named the
3C-3S variant, which has three cysteine residues mutated to serine (C34S, C38S and
C1548S), was commercially synthesized (Blue Heron Biotechnology, Bothell, WA) with
codons optimized for expression in E. coli and the DNA was provided after subcloning
into the a derivative of the pUC 119 plasmid. The 3C-3S coding sequence was amplified
by polymerase chain reaction (PCR), using primers FHA1-Ncol-Fw and FHA1-Notl-Rv
and the AccuPrimeTM Pfx DNA polymerase (Invitrogen, Carlsbad, CA), for creating
flanking Nco I/Not | sites for subcloning into the phagemid vector (pKP600, Fig. 1) in-
frame with the gene lll coding sequence. The phagemid vector (31) used is a modified
version of the pKP300 vector except that it has a DsbA signal sequence and lacks the
alkaline phosphatase coding sequence. Following the protocol for Kunkel mutagenesis
(32), the WT FHA1 domain (containing four cysteine residues at positions 34, 38, 74
and 154) was generated using the 3C-3S coding sequence as the template and two
oligonucleotides; the first oligonucleotide (KM-S34C+S38C-FHA1) mutated S34 and
S38 to cysteine, and the second oligonucleotide (KM-S154C-FHA1) converted position

S154 serine to cysteine. Another FHA1 variant, 4C-4S (all four cysteines mutated to
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serines) was generated from the 3C-3S variant using one oligonucleotide, KM-C74S-
FHA1, which mutated position 74 cysteine to serine. All the phagemid vectors were
sequenced using the primer DsbA-Fw. For generating glutathione-S-transferase (GST)
fusions of the FHA1 domains for cytoplasmic expression, their coding sequence was
amplified by PCR creating Bam HI/Eco RI flanking sites using the primers-FHA1-
BamH1-Fw and FHA1-EcoRI-Rv and AccuPrimeTM Pfx DNA polymerase. The pGEX-
2T GST fusion vector (GE Healthcare, Piscataway, NJ) was cleaved with the same two
restriction endonucleases and the FHA1 domains were subcloned in-frame with the
GST coding sequence. The final construct was sequenced using the primer Seq-pGEX-
Fw. (All restriction enzymes were purchased from New England BioLabs, Ipswich, MA).
For expression on a large scale, the FHA domains were subcloned into a modified
version of the pET29b expression vector (gift from Dr. Brian Kuhlman, University of
North Carolina) in-frame with a C-terminal six-histidine tag for protein purification, by
immobilized metal affinity chromatography (IMAC). The FHA1 domain coding
sequences were amplified by PCR using the AccuPrimeTM Pfx DNA polymerase and
FHA1-Ndel-Fw and FHA1-Xhol-Rv primers, which created flanking Nde 1/Xho |
recognition sites for subcloning into the pET29b expression vector (for cytoplasmic
expression). All constructs were DNA sequenced. All the primers were ordered from

Integrated DNA Technologies and their sequences are listed in Table I.
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Figure 1. Vector map of pKP600 phagemid vector. FHA1 variants, cloned in-frame
with the gene Il coding sequence, are displayed on the surface of bacteriophage M13
viral particles. The DsbA signal sequence (Dsbss) directs the recombinant protein into
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the periplasm of E. coli. All FHA1 variants display a Flag epitope (DYKDDDDKL) at their

N-termini. Gene lll is truncated (~630 bp) and has opal and ochre stop codons at the
end of the coding sequence, which are represented by two asterisks. They serve to
prevent the expression of the six-histidine tag at the C-terminus in the phage-display
format, which gets fused in-frame with the coding sequence of the FHA1 variant, after
dropping out the Gene Il coding region with restriction digestion with Asc | and vector

re-ligation.
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Table I. List of primers used for construction of phage-display and expression
constructs.

Primer Sequence (5'-3')
FHAl-NcoI-Fw TCCAGCCCATGGCGATGGAAAATATTACACAACCA
FHAl1-NotI-Rv CGAGTCTAGATGCGGCCGCGGTA

KM-S34C+S38C-FHAl | GAATTTGACCAGTTGTGCAGATTACGCGGCATACGATGTTTTCGC

KM-S154C-FHAl GACTTTATTTTGTTCCAGGCATTGTTTGAATTTATCG
KM-C74S-FHAl ACCTAAGTGATAATCAGAGGCTGGGTTACGTCCA
DsbA-Fw CGCTGGCTGGTTTAGTTTTAGCGT

FHAl-BamH1-Fw ATCATCGGATCCATGGAAAATATTACACAACCA
FHAl-EcoRI-Rv GTAGATGAATTCGGTATTTTTAAGATTTGAACGGATACG
Seq-pGEX-Fw CATGGCCTTTGCAGGGCTGGCAAG

FHAl-NdeI-Fw TAGCTACATATGACCATGGCGATGGAAAATAT

2.3.2 Protein and phage enzyme-linked immunosorbent assay (ELISA)

To amplify the phage particles displaying the recombinant FHA1 variants, TG1
bacterial cells (6 mL; Stratagene, La Jolla, CA) harboring the phagemid DNA were
infected at mid-log (ODgoonm= 0.5-0.6) with M13KO07 helper phage (New England
BioLabs) at a multiplicity of infection (MOI) of 20 for 1 h at 37°C at 150 rpm. Infected
cells were centrifuged, and the pellet was resuspended in fresh Luria Bertani medium
(LB: 10 g Tryptone, 5 g Yeast extract, and 10 g NaCl per liter) supplemented with 50
pug/mL Carbenicillin (CB) and 50 pg/mL Kanamycin (Kan), and phage were amplified
overnight at 30°C at 250 rpm.

To set up the ELISA, biotinylated peptides (100 uL, 5 pg/mL) were immobilized on

Nunc MaxiSorp flat-bottom 96 well plates (Thermo Fisher Scientific, Pittsburgh, PA) via



68

NeutrAvidin™ Biotin binding protein (100 uL, 10 ug/mL; Thermo Fisher Scientific) and
blocked with 2% skim milk in Phosphate Buffered Saline (PBS: 0.14 M Sodium
Chloride, 0.003 M Potassium Chloride, 0.002 M Potassium Phosphate, and 0.01 M
Sodium Phosphate). After the wells were washed with PBS, the wells were filled with
phage particles (100 pL of culture supernatant, diluted 1:2 with PBS containing 0.1%
Tween 20; PBST) for 1 h and washed three times with PBST. The binding phage
particles were detected using anti-M13 antibody conjugated to Horseradish Peroxidase
(HRP; GE Healthcare), diluted 1:5000 with PBST. After washing away the unbound
antibody, the chromogenic substrate, 2,2'-Azinobis (3-ethylbenzothiazoline-6-Sulfonic
Acid) diammonium salt (Thermo Fisher Scientific), supplemented with hydrogen
peroxide, was added (100 uL per well), and the absorbance of the green colored
complex was measured at 405 nm on a POLARstar OPTIMA microtiter plate reader
(BMG Labtech, Cary, NC).

For overexpression of the FHA1-GST fusion protein, BL21 DE3 cells (10 mL;
Stratagene) harboring the expression vector was grown overnight at 30°C using the
Overnight Express™ Autoinduction System 1 (Novagen, Madison, WI). The next day,
cells were lysed using BugBuster® 10X Protein Extraction Reagent (Novagen), following
the manufacturer’s instructions. Cell lysate (100 uL diluted 1:5 with PBST) was
incubated with the biotinylated peptides as described above and detected using anti-

GST antibody conjugated to HRP (diluted 1:10,000 with PBST; GE Healthcare).
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2.3.3 Peptides

Peptides were synthesized at the Research Resource Center, University of Illinois
at Chicago and were >90% purity. All the peptides, except for the one used for
isothermal titration calorimetry, were biotinylated at their N-terminus, and amidated at
their C-terminus. The peptide used for ITC is SLEVpTEADATFYAKK (22). It was
purified by high performance liquid chromatography (HPLC) and does not contain a
linker and N- or C- terminal modifications. Many The peptides contain a tripeptide linker,
SGS, between the N-terminal biotin and the amino acid sequence, and some required
the addition of two or three lysine residues at the C-terminus to increase their solubility.

The peptide sequences used in this study are listed in Table II.

Table Il. Peptides used in this study.

Peptide name Sequence Reference
Rad9-pT SGS-SLEVpTEADATFYAKK (22)
Rad9-T SGS-SLEVTEADATFAKK -
Rad9-pS SGS-SLEVpSEADATFAKK -
Rad9-S SGS-SLEVSEADATFAKK -
Rad9-pY SGS-SLEVpYEADATFAKK -
Rad9-Y SGS-SLEVYEADATFAKK -
P1lkl-pT SGS-AGPMQSpTPLNGAKK (33)
BRCT-pS SGS-AYDIpSQVFPFAKKK (34)
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2.3.4 Fluorescence-based thermal shift (FTS) assay

The FTS assay was performed on a MxPro-Mx3005P instrument (Stratagene),
following a published protocol (35). This real-time assay uses the SYBR® Green to
monitor the thermal stability of a protein, as the dye fluorescence is low in the presence
of a folded proteins and increases when it binds to the denatured form of the protein
(Fig. 2). The default FRROX filter set was used with an excitation wavelength of 492 nm
and emission wavelength of 610 nm. The proteins (wild-type FHA1 domain and its
FHA1D2 variant) were mixed with SYPRO® Orange protein gel stain (Invitrogen; 5000X
concentration in DMSO) and added to wells containing either the pT-containing peptide
or PBS. The final reaction volume was 20 uL, in which the proteins were at 1 uM final
concentration, the SYPRO® Orange dye was at 5X final concentration and the pT-
containing peptide was at 50 uM or 250 uM final concentration. The assay was
performed in duplicate wells of 96 well white PCR plate (Bio-Rad Laboratories,
Hercules, CA) which was covered with optically clear Microseal® ‘B’ Film (Bio-Rad) and
heated incrementally from 25°C to 95°C. The melting curve was obtained with
fluorescence (R) values plotted on Y-axis and increasing temperature (°C) on X-axis.

The mid-point of the curve is considered the inflection point of the melting curve.
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Figure 2. Fluorescence-Based Thermal Shift (FTS) Assay. A) When the protein is
folded, the fluorescence of SYPRO orange is quenched in the aqueous environment. B)
When the protein starts to denature, SYPRO orange dye interacts with the hydrophobic
core of the protein and its fluorescence increases. C) Infliction point is referred to the
temperature at which the dye exhibits maximum fluorescence. D) Beyond the infliction
point temperature, there is a drop in fluorescence due to protein aggregation at a higher
temperature. Figure adapted from (35).

2.3.5 Construction of phage-displayed FHAD?2 library by random mutagenesis

To generate the FHA1 library, from which functional phage-displayed variants can
be isolated by affinity selection, mutagenic PCR (36) was performed (primers: MP-
FHA1-Fw and MP-FHA1-Rv), to amplify the coding sequence of the 3C-3S variant. The
PCR product (~0.34 ug) was digested with Nco | and Not |, and subcloned into a
phagemid vector (pKP600, ~1 ug), generating in-frame fusions with the gene Il coding
sequence at the C-terminus and a FLAG epitope tag at the N-terminus. The

recombinant DNA was concentrated using a phenol:chloroform:isoamyl alcohol mixture
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(Sigma-Aldrich Corp, St. Louis, MO), and electroporated into TG1 bacterial cells. The
cells were allowed to recover for 40 minutes, with shaking at 250 rpm at 37°C, of which
various dilutions (10 pL and 100 pL of 10”" and 107?) were plated on 10 cm LB/CB agar
plates. The remaining cells were plated on three 15 cm LB/CB (50 ug/mL) agar plates.
The next day, colonies were counted on the titration plates and the library diversity was
determined to be 2x10* clones. The bacterial lawn on 15 cm plates was scraped, 30 mL
of LB/CB media was inoculated with ~1x108 cells and grown to mid-log phase (ODsoonm
= 0.5) followed by infection with M13KO7 helper phage (MOI=20) for 1 h at 37°C at low
speed (150 rpm). Infected cells were collected by centrifugation, resuspended in 30 mL
of fresh LB/CB/Kan (50 ug/mL) media and incubated overnight at 30°C, with shaking at
250 rpm. The following day, phage particles were precipitated using 1/5 volume of 24%
polyethylene glycol (PEG) and 3 M NaCl, and the phage pellet was resuspended in PBS
(1 mL), and stored in aliquots at -80°C with 16% final glycerol concentration. Similarly,
another mutagenic library (FHA1D2 library) was constructed, with a final diversity of
6x10’ variants, using the pKP600 vector with the D2 variant coding sequence as the

starting template.

2.3.6 Affinity selection for isolating functional, phage-displayed FHA1 variants

To isolate functional, phage-displayed FHA1 variants, three rounds of affinity
selection were performed with its cognate pT peptide (SLEVpTEADATFYAKK) and the
FHA1 library. All the selection steps were performed at room temperature. The
biotinylated peptide (200 pL, 10 ug/mL) was immobilized on Nunc polystyrene tube

(Thermo Fisher Scientific) via NeutrAvidin™ Biotin binding protein (200 pL, 20 pg/mL;
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Thermo Fisher Scientific) and blocked with 2% skim milk in PBS. Then, 1x10'° phage
particles from the library (13) were incubated in the tube with the blocked target for 1 h,
followed by six washes with PBST and six washes with PBS. Phage particles bound to
the target were eluted using 100 mM glycine-HCI (100 uL; pH 2.0), neutralized with 2 M
Tris-base (6 pL; pH 10) and used to infect 800 uL of TG1 cells at mid-log phase
(ODe0onm=0.5) for 40 min at 37°C. The cells were plated after infection, scraped the next
day; phage was amplified and precipitated as described above. The second and third
rounds of affinity selection were conducted in the same manner, except that only 1/2 the
volume of the eluted phage were used to infect bacterial cells after round 2 and 1/4 of
the volume was used in round 3. After the third round of affinity selection, 96 individual
clones were propagated as phage, followed by phage-ELISA to identify functional
clones that recognize the pT peptide ligand. Positive binding clones were sequenced,

and further specificity tests were performed.

2.3.7 Mutating phenylalanine at position 34 to 18 other amino acids in the

FHA1D2 coding sequence

This experiment was performed in two steps: first, the phenylalanine (F) at position
34 was mutated to TAA stop codon, and second, the TAA stop codon was mutated one
at a time to the 18 other L-amino acids. Following the Kunkel mutagenesis protocol (32),
the pKP600 phagemid vector containing the FHA1D2 coding sequence was converted
to single-stranded uracilated phagemid DNA. To mutate F34 to TAA, the oligonucleotide
F-TAA (5 phosphorylated; 5- TGTTGAGATTACGCGTTATACGATGTTTTCGC -3’) was

annealed to the single-stranded template at a molar ratio of 20:1 (oligonucleotide:
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template), extended using T7 DNA polymerase and the covalently closed circular DNA
was sealed by T4 DNA ligase (both enzymes were purchased from New England
BioLabs). The covalently closed DNA was transformed into TG1 electrocompetent cells,
the cells were recovered by shaking at 250 rpom at 37°C for 40 min and plated on 10 cm
LB/CB agar plates. The next day, colony PCR was performed on 20 colonies using the
using primers MP-FHA1-Fw (TGCTAGCGCCATGGCGATGGAAAATA) and MP-FHA1-
Rv (5’- TCGACTGCGGCCGCGGTATTTTTA -3’') and GoTaq® Flexi DNA polymerase
(Promega Corporation, Madison, WI). The PCR products were cut with Mlu | restriction
enzyme for 3 h at 37°C and run on a 1% agarose gel. The positive clones (that have the
Mlu | restriction enzyme site) were sequenced at the Research Resource Center at UIC.
To mutate TAA at position 34 to 18 other amino acids, the pKP600-FHA1D2 (F34TAA)
phagemid DNA was used as the starting template. Eighteen oligonucleotides
(sequences shown in Table Ill) were designed to anneal to the same single-stranded
template, extended, ligated and transformed in TG1 electrocompetent cells as
described above. For each mutation, 8 individual colonies were inoculated into 0.1 mL
of LB/CB media in 96 deep well 2 mL polypropylene plates (Thermo Fisher Scientific),
grown to mid-log phase (ODggonm = 0.5), followed by infection with M13KO7 helper
phage (MOI=20) for 1 h at 37°C at low speed (150 rpm). Infected cells were collected by
centrifugation, resuspended in 0.5 mL of fresh LB/CB/Kan media and incubated
overnight at 30°C with shaking at 250 rpm. Next day, the cells were pelleted by
centrifugation and the phage supernatant was used for phage ELISA. The Nunc

MaxiSorp flat-bottom 96 well plates (Thermo Fisher Scientific) were coated with
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monoclonal anti-Flag® M2 antibody (Sigma-Aldrich, 100 pL of 1 ug/mL) for 1 h, blocked
with 2% skim milk in PBS (200 uL/well) and incubated with phage supernatant (100 pL)
diluted 1:2 with PBST. Phage binding was detected by incubating with anti-M13
antibody conjugated to HRP (GE Healthcare, diluted 1:5000 with PBST, 100 uL/well)
and the binding signal was measured at 405 nm on POLARstar OPTIMA microtiter plate
reader (BMG Labtech), after adding ABTS (chromogenic substrate for HRP, 100

pL/well, Thermo Fisher Scientific).



Table Ill. Oligonucleotides used to mutate position 34 of FHAL.

Oligonucleotides

Sequence (5'-3')

F-Leu
F-Ile
F-Met
F-Val
F-Pro
F-Thr
F-Ala
F-Tyr
F-His
F-Asn
F-Lys
F-Asp
F-Glu
F-Cys
F-Trp
F-Arg
F-Gly
F-Glu

TGTTGAGATTACGCGCAGTACGATGTTTTCGC
TGTTGAGATTACGCGAATTACGATGTTTTCGC
TGTTGAGATTACGCGCATTACGATGTTTTCGC
TGTTGAGATTACGCGAACTACGATGTTTTCGC
TGTTGAGATTACGCGCGGTACGATGTTTTCGC
TGTTGAGATTACGCGGGTTACGATGTTTTCGC
TGTTGAGATTACGCGTGCTACGATGTTTTCGC
TGTTGAGATTACGCGATATACGATGTTTTCGC
TGTTGAGATTACGCGGTGTACGATGTTTTCGC
TGTTGAGATTACGCGGTTTACGATGTTTTCGC
TGTTGAGATTACGCGTTTTACGATGTTTTCGC
TGTTGAGATTACGCGATCTACGATGTTTTCGC
TGTTGAGATTACGCGTTCTACGATGTTTTCGC
TGTTGAGATTACGCGACATACGATGTTTTCGC
TGTTGAGATTACGCGCCATACGATGTTTTCGC
TGTTGAGATTACGCGACGTACGATGTTTTCGC
TGTTGAGATTACGCGGCCTACGATGTTTTCGC
TGTTGAGATTACGCGCTGTACGATGTTTTCGC

76
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2.4 Results and discussion

2.4.1 The phage-displayed wild-type FHA1 domain is non-functional

When the wild-type (WT) FHA1 domain was displayed as an N-terminal fusion to
capsid protein Ill of M13 bacteriophage, binding to its cognate pT peptide (Rad9-pT:
SLEVpTEADATFYAKK) was undetectable. We considered the possibility that loss of
binding by the phage-displayed domain was a consequence of disulfide bonds forming
incorrectly, upon folding in the oxidizing environment of the periplasm, during viral
morphogenesis. The FHA1 domain has four cysteine residues (C34, C38, C74 and
C154), but they do not participate in disulfide bond formation, as evident in its three-
dimensional structure (22). To rule out the likelihood that the cysteines were interfering
with phage-display of a functional form of the domain, three or all four cysteines were
mutated to serines, in the 3C-3S and 4C-4S variants, respectively. Nevertheless, both
of these variants still remained non-functional when examined by phage ELISA (Fig.
3A). The D2 variant was functional when displayed on the surface of bacteriophage
M13. Affinity selection for isolating the D2 variant is described below.

As we could detect the presence of the Flag-epitope (with an anti-Flag antibody) at
the N-terminus of the phage-displayed WT FHA1 domain and its 3C-3S and 4C-4S
variants, we hypothesized that while the FHA1 domains were being displayed, they
lacked the proper conformation for ligand recognition. To confirm our hypothesis, we
generated a single-chain antibody fragment (scFv) that recognizes the FHA1 domain
when it is folded, but not denatured (isolation of the conformation specific scFv is

described in the Appendix B). It was observed that the scFv bound only to the D2
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variant, and not to the WT or the other two variants, which confirms that they are
misfolded in the bacterial periplasm, and consequently were non-functional when
displayed on the surface of bacteriophage (Fig. 3B). This was a surprise given that the
WT FHA1 domain, and its 3C-3S and 4C-4S variants, when expressed in the bacterial
cytoplasm as Glutathione S-transferase (GST) fusions could bind their cognate peptide
ligand. The D2 variant is functional, both as a GST fusion and when displayed on the
surface of bacteriophage M13 (Fig. 3C). The three-dimensional structure of the WT
FHA1 domain (22) represented in cartoon fashion with PyMol software
(http://www.pymol.org) is shown in Fig. 3D, along with the hypothetical structures of the

3C-3S, 4C-4S and D2 variants.
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Figure 3. ELISA for detecting interaction between the FHA1 domain and the
immobilized pT peptide ligand. A) Phage ELISA demonstrates that the WT FHA1
domain and two of its variants, 3C-3S and 4C-4S, are non-functional and do not bind to
the cognate pT peptide (Rad9-pT), when displayed on the surface of bacteriophage
M13 as protein Il fusions, whereas the D2 variant is functionally active when phage
displayed. Binding of phage particles was detected using anti-M13 antibody conjugated
to HRP. B) Phage ELISA shows that only the D2 variant, which was selected for
functional display (i.e., binding to the Rad9-pT peptide ligand), is recognized by the anti-
FHA scFv, an antibody that recognizes a conformational epitope in the FHA1 domain.
The ELISA values were normalized to the detection of the Flag epitope by anti-flag
antibody. Binding of phage particles was detected using anti-M13 antibody conjugated
to HRP. C) GST fusions of the WT FHA1 domain and three of its variants, 3C-3S, 4C-
4S, and D2, bind specifically to the cognate pT peptide (Rad9-pT) captured on plastic
microtiter plate wells via Neutravidin. Binding was detected using anti-GST antibody
conjugated to HRP. D) The structures of the WT FHA1 domain (22) (PDB code: 1G6G)
and three variants- 4C-4S, 3C-3S and D2 prepared using PYMOL
(http://www.pymol.org/) are shown as a cartoon representation with the cysteine (C),
serine (S), and phenylalanine (F) residues shown as red, pink and green spheres
respectively. The B-strands are labeled from 1 to 11 in the WT FHA1 domain structure
and the N- and C- termini are noted.
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To investigate whether the WT FHA1 domain could be properly phage-displayed
with overexpression of chaperone proteins, we co-expressed five chaperones (dsbA,
dsbC, fkpA, skp and surA) that have been shown to improve folding and yields of scFv
antibody fragments (37). Co-expression of the chaperone proteins, however, did not
restore the activity of the phage-displayed WT FHA1 domain (Fig. 4A).

Another possibility we investigated is whether a different signal sequence for
protein secretion would overcome the inability to display a functional form of the FHA1
domain. In our original effort, the WT FHA1 was transported to the bacterial periplasm
via the DsbA signal sequence (MKKIWLALAGLVLAFSASAE), which transports proteins
to the bacterial periplasm as they are being translated (38). When we tried a different
signal sequence, TorA (MNNNDLFQASRRRFLAQLGGLTVAGMLGPS LLTPRRATAA
QAA), which transports only fully folded proteins to the periplasm (39-41), the activity of
the phage-displayed WT FHA1 domain was only partially restored showing a weak
signal even after 50-fold concentration of the phage particles, indicating a very low level
of display. The D2 variant that was functional while using either of the signal sequences
was used as a positive control; however, the phage particles needed to be concentrated
~100 times when using the TorA signal sequence to give the same level of ELISA signal
as the DsbA signal sequence (Fig. 4B). Therefore, with the DsbA signal sequence, the
phage-display efficiency is good, however, the protein is not functional and with the
TorA signal sequence, weak activity is observed, but the display efficiency is highly

compromised.
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Figure 4. Effect of chaperones and TorA signal sequence on functional phage-
display. A) Five protein folding chaperones were expressed from the pCH vector (37)
and transported to the bacterial periplasm, along with the phage-displayed FHA1
domains to facilitate their folding. The WT domain remained non-functional and did not
demonstrate any binding to the cognate pT peptide ligand (Rad9-pT), whereas the D2
variant was functional, with or without the co-expression of the five chaperones. B) FHA
domains were transported to the bacterial periplasm with the DsbA and TorA signal
sequences. The WT domain was non-functional when transported via the DsbA signal
sequence, however, when TorA signal sequence was used, binding to the cognate pT
peptide (Rad9-pT) was weakly detected. The D2 variant that was functional while using
either of the signal sequences was used as a positive control.
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2.4.2 Isolating functional phage-displayed FHA1 variants through directed

evolution

A mutagenic library comprising of 2x10* variants was constructed by mutagenic
PCR (36), using the 3C-3S version of the domain as the starting template. (We were
interested in leaving one cysteine in the domain, which was away from the binding
surface, so in future experiments it could be derivatized through maleimide coupling
chemistry for immobilization to resin). Mutagenic PCR was performed to amplify and
generate mutations randomly across the coding region of the 3C-3S variant. This
method (36) generates an error rate of 0.66% per position and the estimated mutants in
the library are ~4% wild-type, 12%, 20%, 22%, 18%, and 12%, with 1 to 5 mutations,
respectively, and 12% with 6 or more mutations. From sequencing 30 clones chosen at
random from the library, it was observed that the numerical distribution of mutations in
the library matched the predictions. Affinity selection of the library of variants with the
cognate pT peptide, captured on plastic wells via a NeutrAvidin™ coating, yielded six
clones that specifically bound to the phosphorylated, but not the non-phosphorylated,
peptide ligand (Fig. 5). Mutations observed in the six binding FHA1 variants are listed in
Table IV. The D2 variant, which is the tightest binder, carried one mutation (S34F),
suggesting that this position, in the 1 strand, facilitates proper folding of the phage-

displayed FHA1 domain.



84

1.2
mRad9-pT mRad9-T mBRCT-pS ONeutravidin @mBlock (2% skim milk)

A405nm
& B 9
= (=2] =]

o
N
I

A7 A10 c12 G9 B6 D2
Phage clones

Figure 5. Phage ELISA of FHA1 domain variants selected to bind to a
phosphopeptide. Three rounds of affinity selection against the pT peptide (Rad9-pT:
SGS-SLEVpTEADATFYAKK), using a phage-displayed library of FHA1 variants, yielded
six functional variants that specifically bound only to the cognate pT peptide (Rad9-pT)
and not to any of the negative controls tested.
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Table IV. Mutations observed in the functional phage-displayed FHA1 variants
isolated after three rounds of affinity selection.

FHA
variante® Mutations Position®
A7 N121Y B8-B9 loop
Q25H N-terminus
Al0 N121Y B8-B9 loop
S142R Bll strand
Cl2 W66R B3 strand
Q13R N-terminus
1104V B6-Bp7 loop
6o N121Y B8-B9 loop
R164S C-terminus
B6 S34A Bl-strand
D2 S34F Bl-strand

@ FHA1 variants that specifically bind to the Rad9-pT peptide when phage-displayed.
b B = beta-strand. Loop is the region between two 3-strands. The N-terminal mutation is present before
the B1-strand and the C-terminal mutation is after the 311-strand.

2.4.3 Hydrophobic residues are preferred at position 34 for functional phage-

display

To survey what amino acids at position 34 permit proper folding for functional
phage-display, this position was mutated one at a time 34 in the D2 coding sequence by
Kunkel mutagenesis to the other 18 L-amino acids (32). Phage ELISA showed that the
FHA1 domain bound to the Rad9-pT peptide only when a hydrophobic amino acid (F, A,
M, I, L, Y, and V) was present at position 34, with a few exceptions (W, C, and P). On

the other hand, hydrophilic residues at this position rendered the FHA1 domain non-
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functional with respect to phage-display (Fig. 6). Of all the 20 amino acids,
phenylalanine (i.e., the D2 variant) at position 34 that gave the highest level of binding

when phage-displayed.

FAMILYVAQNDEIKRPHWSTCSG
Residue 34 mutant phage clones

Figure 6. Hydrophobic residues are preferred at position 34 for activity of phage-
displayed FHAL variants. Through Kunkel mutagenesis, position 34 in the 31 strand of
the D2 FHA1 domain was replaced one at a time with each amino acid and binding to
the immobilized Rad9-pT peptide was monitored by phage ELISA. Phage binding was
detected using anti-M13 antibody conjugated to HRP. The phage-displayed FHA1
variants that contain a hydrophobic residue at position 34 (with exceptions of W, C, and
P) retain binding to the Rad9-pT. Presence of polar or hydrophilic amino acids at this
position fails to rescue binding of the phage to the Rad9-pT peptide. All the variants
display an N-terminal Flag peptide and the amount of phage particles used for each
variant in this experiment has been normalized for this epitope.
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2.4.4 Comparing the thermal stability of the wild-type FHA1 domain with the

FHA1D?2 variant

The WT FHA1 domain and the D2 variant were mixed with SYPRO orange dye
with or without the Rad9-pT-containing peptide and heated from 25°C to 95°C in a real-
time PCR experiment known as the Fluorescence-based thermal shift (FTS) assay (35).
In this assay, initially, the fluorescence of SYPRO orange dye is quenched in the
aqueous environment of a folded protein, but as the protein starts to unfold upon
heating, the dye interacts with the hydrophobic core of the protein and its fluorescence
increases. Therefore, an increase in fluorescence of the dye is directly proportional to
protein unfolding, until a temperature (referred to as the inflection point here) is reached
at which the dye fluorescence decreases due to aggregation and precipitation of the
protein. It was observed that the inflection point of the melting curve (mid-point) of D2
variant was ~ 5°C lower than that of the WT FHA1 domain (Fig. 7). Even though, the
S34F mutation, generated a functional phage-displayed FHA1 variant; the thermal

stability of the original domain was compromised.
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Figure 7. Determining the thermal stability of the WT FHA1 domain and the
FHA1D2 variant by FTS Assay. The protein domains were mixed with SYPRO orange
dye, with or without the Rad9-pT-containing peptide and heated from 25°C to 95°C on
an Mx3000P Real-time thermal cycler instrument. The inflection point of the melting
curve of the (A) WT FHA1 domain and the (B) D2 variant, without the Rad9-pT peptide
(green curves), were determined to be 66.4°C and 61.8°C, respectively. In the presence
of 50 uM and 250 uM of the Rad9-pT peptide, increase in inflection points of (1.7°C and
3.8°C) and (2.6°C and 4.6°C) were observed for the WT FHA1 domain and D2 variant,
respectively.

2.4.5 Determining the dissociation equilibrium constants (K4) by isothermal

calorimetry (ITC)

The affinity of the D2 variant and the WT FHA1 domain to the pT peptide
(SLEVpTEADATFYAKK) was determined by ITC (Fig. 8). The sample cell contained the
purified FHA1 domains (35 uM) and the injection syringe was filled with the pT peptide
(8350 pM). The D2 variant bound with a K4 of ~0.97 uM, which was similar to the Ky (~1

MM) of WT FHA1 domain. The FHA1 domains bound to the pT peptide with a
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stoichiometry of 1:1, and fit a single-site binding model. The previously reported Kq for

WT FHA1 domain by ITC is 0.53 uM (22).
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Figure 8. Determining the Ky in solution by ITC. A fixed amount (10 yL) of the pT
peptide (SLEVpTEADATFYAKK; 350 uM) was injected from the syringe into the sample
cell containing the FHA1 domain (35 uM). The Ky values of the (A) WT FHA1 domain
and the (B) D2 variant were determined to be 1 £ 0.17 yM and 0.97 £ 0.15 pM
respectively. A stoichiometry of 1:1 was observed for both the FHA1 domains with their
pT peptide complexes. Each measurement was repeated three times.
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2.5 Conclusions

The phage-displayed proteins fold in the oxidizing environment of the bacterial
periplasm; therefore, the presence of cysteine residues can cause protein misfolding
resulting in a non-functional displayed protein. Since, this was a bottleneck that we
observed; we mutated all the cysteines to serines (except one for future conjugation)
and then identified mutations in this mono-cysteine scaffold that facilitated functional
phage-display. We used directed evolution to engineer the FHA1 domain of yeast
Rad53 protein and generate variants of this domain that are functional when displayed
on the surface of bacteriophage M13. We further characterized one variant, FHA1D2
that had the highest binding signal to the cognate pT-containing peptide and determined
its thermal stability by using a real time PCR based assay. In this endeavor, we found
out that the FHA1D2 variant was thermally less stable than the wild-type FHA1 domain.
It is always preferred to use a thermal stable protein as a starting scaffold because it
offers various advantages, such as greater stability at room temperature, more
resistance to proteolysis and is soluble at high concentrations. Therefore, our next step
was to generate thermal stable variants of the FHA1D2 domain which is described in

detail in Chapter 3.
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3.1 Abstract

Advancements in protein evolution strategies and computational biology have
made it possible to generate proteins with useful and desired characteristics such as
improved protein stability, higher affinity and specificity for their target, longer half-life,
and greater expression in Escherichia coli. One route to identifying mutations that yield
domains that remain folded, and active, at elevated temperatures is through the use of
directed evolution. In a previous chapter of this thesis, | identified a functional,
phage-displayed variant (FHA1D2) of the eukaryotic Forkhead-associated (FHA1)
domain. However, the D2 variant was unfortunately less thermal stable than the
wild-type FHA1 domain. By applying high temperature as a selective pressure during
biopanning, | isolated thermal stable variants from a phage-displayed library of FHA1D2
variants generated by mutagenic PCR. The FHA1G2 variant showed ~ 13°C increase in
thermal stability, compared to the starting variant, as measured in a fluorescence-based
thermal shift assay. Interestingly, such variants are expressed at high levels in E. coli
(30-60 mg/L shake flask) and remain soluble in solution at higher concentrations for
longer periods of time than the wild-type form of the domain. Subsequent alanine
scanning of a thermal stable variant (FHA1G2) led to the identification of 10 residues
(L78, R83, L84, S105, T106, G133, V134, G135, V136, and D139) that play an important
role in interacting with the pT peptide. We propose that randomization of these residues
within this thermally stable scaffold offers great potential for generating new

anti-phosphopeptide binding specificities.
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3.2 Introduction

In protein design research, it is possible to engineer a variety of 'new traits' into
proteins, such as high affinity and specificity for their target protein, improved protein
stability, longer half-life, and greater expression in E. coli. This can be achieved either by
site-directed mutagenesis of specific residues or by random mutagenesis and then
selecting for variants with desired properties and applying selective pressure. Using
random or site-directed mutagenesis, proteins variants can be selected with higher
thermal stability and expression (1), slower off rates (2, 3), and higher affinity for their
target (4-6).

As phage particles are intrinsically very stable, one can subject them to conditions
that disrupt the three-dimensional structure and binding of a displayed protein, without
affecting the integrity or infectivity of the phage particle. For example, bacteriophage
M13 particles can be heated to high temperatures (60°C), or incubated in 10 M urea, 50
mM dithiothreitol, 7 M guanidine chloride, acidic (i.e., pH 2.0) or basic (i.e., pH 10.0)
solutions (7), certain organic solvents (8), proteases (i.e., trypsin, chymotrypsin,
endoproteinase Glu-C, proteinase K), without loss of infectivity . Thus, if one has a
wild-type form of a protein that loses its three-dimensional structure or binding function
under a particular condition, one can create a mutagenized library and select for folded,
stable proteins by applying that particular condition as a selective pressure during affinity
selection.

Phage-displayed library of variants can be subjected to selective pressures, such

as heat, protease treatment, or protein denaturants, and if the phage displaying protein
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variants remain folded and active, they can be isolated, propagated and enriched with
each subsequent round of selection. Proteins can be inserted between the N2 and CT
domains (Fig. 1) of the minor coat protein (protein Ill) of the phage without disturbing the
infectivity of the recombinant phage particle. For example, one can insert the 110 amino
acid barnase protein (7), a bacterial ribonuclease T1 (9), B-lactamase (9), and cold
shock protein B (9) at this site, expose the recombinant phage particles to trypsin, and
cleavage in the "guest' proteins would render the phage particles non-infective. In a
mock library selection experiment (10), with two barnase mutants of differing stability, the
barnase mutant that was trypsin resistant at a certain temperature could be enriched
10*-fold from the other barnase variant. Phage bearing a more stable form of
ribonuclease T1 could also be enriched via trypsin cleavage from a mixture of phage
particles bearing stable and less stable variants or ribonuclease T1 (9). Furthermore, a
library of ribonuclease T1 proteins, mutated at three non-interacting sites on the surface
of the protein, could be screened for protease resistance (i.e., only resistant phage
particles would be infective and propagated). When the conformational stability of the
selected proteins was examined by thermal denaturation, all the mutants showed
increased stability. In a similar approach, display of hexahistidine-tagged ubiquitin at the
N-terminus of plll, led to capture of particles to surfaces coated with nickel-nitrilotriacetic
acid chelates. When the phage particles were exposed to chymotrypsin, only ubiquitin
variants that carried hydrophobic residues at the core could be recovered (11).
Well-folded proteins remained bound to the support in the presence of chymotrypsin,

whereas misfolded ones were eluted away (12).
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Protein lll

N7

Figure 1. Domains in the minor coat protein (protein Ill) of bacteriophage M13.
Protein Ill is composed of three domains, two N-terminal domains (N1 and N2), and the
C-terminal (CT) domain. During phage infection, the N2 domain first binds the F-pilus of
an F* bacterial cell (13) and then the N2 domain binds to the bacterial membrane
receptor TolA (14). Both the N-terminal domains are essential for phage infection of
bacterial cells (15).

The same approach has been used to select for protein folding as it relates to
binding a peptide ligand. Eight contiguous residues, which comprise one-third of the
entire B-sheet in the WW domain (34 amino acids), were randomized in a phage-display
construct, and were selected for binding to its peptide ligand, GTPPPPYTVG, which was
biotinylated and captured by immobilized streptavidin (12). Affinity selections were
performed in the presence of proteinase K, as a selective pressure in favor of mutated
WW domains that folded properly for binding. Finally, the method of using proteolytic
selection for sorting a phage-display library according to the resistance of the mutants

towards proteolysis has been applied to examine the natural variability between the
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related ribonucleases, barnase and binase, from Bacillus amyloliquefaciens and B.
intermedius, respectively, and to select for stabilized variants of barnase (10).

Heat has also been used as a selective agent for phage-display. Solutions of
bacteriophage M13 can be heated at 65°C for 15 minutes, without loss of infectivity;
however, whether the displayed protein or domain retains its structure and function, will
depend on the intrinsic thermal stability of the protein or domain, independent of protein
Il or the viral particle. In one example, variants of the B. subtilis endoxylanase (XynA)
protein were displayed on phage, and affinity selected against an immobilized
endoxylanase inhibitor, each time preceded by an incubation step at an elevated
temperature (16). Analysis of binders isolated after three rounds of selection led to the
identification of mutations that conferred enhanced thermal stability; each single
mutation increased the half-inactivation temperature by 2-3°C over that of the wild-type
enzyme. Interestingly, none of these mutations was identified in earlier engineering
studies. A few examples of proteins created by this method that are resistant to
aggregation upon heating are single-domain human antibody variable domains that bind
to protein A (17) or chicken egg lysozyme (18).

Finally, it should be noted that instead of using random mutagenesis and phage
selection to identify protein variants with thermal stability, it is also possible to use a
computational approach (19, 20) when the three-dimensional structure is known. In such
case, certain amino acid residues, which are predicted to cause instability in protein

folding, due to their large range of movement, are replaced with smaller ones that permit
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Thermal stability has a number of practical advantages for proteins. First, one can
use a protein at elevated temperatures, and it still remains well-folded and active.
Second, more of the protein will be in the folded state at room temperature. Third,
thermally stable proteins have been observed to accumulate to a higher degree in E.
coli. Fourth, often thermally stable proteins remain more soluble at high concentrations,
because they adopt a stable structure that is less prone to aggregation, which enhances
the possibility of studying the kinetics of protein-protein interactions or performing
three-dimensional structural determination by NMR or X-ray crystallography. Stable
proteins serve as excellent scaffolds for generating affinity reagents to target proteins of
interest. Proteins with these superior properties can further be used for a variety of

purposes, such as biosensors, assay reagents, or for fabrication of novel materials.
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3.3 Materials and methods

3.3.1 Constructing and amplification of a phage-displayed library of FHA1D?2

variants

To generate a phage-displayed library of FHA1D2 variants, from which thermal
stable variants can be isolated by affinity selection, mutagenic PCR (21) was performed
using primers: MP-FHA1-Fw (5'- TGCTAGCGCCATGGCGATGGAAAATA -3') and
MP-FHA1-Rv (5'- TCGACTGCGGCCGCGGTATTTTTA -3'), to amplify the coding
sequence of the FHA1D2 variant. The PCR product was digested with Nco I/Not |
restriction enzymes, and subcloned into a phagemid vector (pKP600, ~4 ug) at a molar
ratio of 3:1 (insert: vector), generating in-frame fusions with the gene Ill coding sequence
at the C-terminus and a FLAG epitope tag at the N-terminus. The ligated DNA was
purified using phenol:chloroform:isoamyl alcohol mixture (Sigma-Aldrich Corp, St. Louis,
MO), and concentrated by ethanol precipitation. TG1 cells were transformed with the
recombinant DNA by performing 10 transformations, and the cells were recovered for 40
minutes, with shaking at 250 rpm at 37°C, of which various dilutions (10 yL and 100 yL of
102, 10 and 10™) were plated on 10 cm LB/CB agar plates. The remaining cells were
plated on six 15 cm LB/CB agar plates and all the plates were incubated overnight at
30°C. The next day, colonies were counted on the titration plates and the library diversity
was determined to be 6.5x10” clones. The bacterial lawn on the 15 cm plates was
scraped with a total of 6 mL of freezing media (LB/CB/16% glycerol) and the library cells

were stored at -80°C in single use aliquots. In order to determine the error rate of
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mutagenic PCR, 60 clones were sequenced, of which 8% were wild type, and 16%, 20%,
23%, 15%, 10%, 2%, 5%, 2% clones had one through eight mutations, respectively.
LB/CB media (20 mL)was inoculated with ~10° library cells and grown to mid-log
(ODgoonm = 0.5) followed by infection with M13KO7 helper phage (MOI=20) for 1 h at
37°C at low speed (150 rpm). Infected cells were collected by centrifugation,
resuspended in 100 mL of fresh LB/CB/Kan media and incubated overnight at 30°C with
shaking at 250 rpom. The following day, phage particles were precipitated using 1/5
volume of 24% polyethylene glycol (PEG) and 3 M NaCl, and the phage pellet was
resuspended in PBS (1 mL), and stored in aliquots at -80°C with 16% final glycerol
concentration. The schematic representation of library construction is shown in Fig. 2. All
the restriction enzymes and the M13KO7 helper phage were purchased from New
England BioLabs (Ipswich, MA). The final concentration of carbenicillin (CB) and

kanamycin (kan) antibiotics is 50 ug/mL.
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Figure 2. Constructing a phage-displayed library of the FHA1D2 variants. A) The
coding sequence of the FHA1D2 domain was amplified by mutagenic PCR. B) The insert
DNA pool was subcloned in a phage-display vector in-frame with the gene Il coding
sequence. C) The library DNA was transformed into TG1 strain of E. coli, and
super-infected with the helper phage, M13KO7, for propagation of secreted viral
particles. D) Phage particles were amplified overnight to produce a library of FHA1D2
ariants displayed as N-terminal fusions with the minor capsid protein Il (plIl).
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3.3.2 Effect of high temperature on eliminating thermally less stable clones

In order to confirm that the FHA1D2 library consists of thermal stable variants and
that elevated temperatures are effective in eliminating thermally unstable phage clones,
the phage library was heated at 25°C, 40°C, 50°C or 60°C for 3 h, followed by cooling to
room temperature. The heat-treated and untreated libraries (150 yL) were incubated with
the cognate phosphothreonine (pT)-containing peptide for FHA1D2 (Rad9-pT; biotin
conjugated, 2 ug) immobilized on Nunc™ MaxiSorp polystyrene tube (Thermo Fisher
Scientific, Pittsburgh, PA) via NeutrAvidin (2 ug; Thermo Scientific) and blocked with 2%
skim milk in 1x PBS. After washing away the unbound/non-specific phage particles, the
binding phage were eluted with 150 pL of 100 mM glycine-HCI (pH 2), and neutralized
using 9 pL of 2 M Tris-base (pH 10). TG1 E. coli cells (800 pL) at mid-log (ODgoonm = 0.5)
were infected with the entire volume of the eluted phage for 40 minutes at 37°C. Infected
cells (10 pL) from each treatment were plated on 10 cm LB/CB agar plates and

incubated overnight at 30°C.

3.3.3 Determining the appropriate temperature for affinity selection

TG1 bacterial cells (5 mL) harboring the pKP600-FHA1D2 phagemid vector were
grown to mid-log (ODggonm = 0.5) and infected with M13KO7 helper phage (MOI=20) for 1
h at 37°C at low speed (150 rpm). Infected cells were collected by centrifugation,
resuspended in 30 mL of fresh LB/CB/Kan media and incubated overnight at 30°C with
shaking at 250 rpm. The following day, phage particles displaying the FHA1D2 domain

were precipitated using PEG/NaCl mixture, and the phage pellet was resuspended in
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PBS (1 mL). To determine the phage concentration, mid-log TG1 cells (200 pL) were
infected with 10 pL of various phage dilutions (10, 10° and 107™°) for 40 min at 37°C,
plated on 10 cm LB/CB plates and incubated overnight at 37°C. The next day colonies
were counted and the phage titer was determined to be 3.7X10"? cfu/mL. Phage
particles displaying the FHA1D2 domain were either incubated at room temperature or
heated at various elevated temperatures (30°C, 40°C, 50°C, 60°C, 70°C, and 95°C) for 3
h and allowed to cool. The biotinylated pT-containing peptide (Rad9-pT; 500 ng/well)
was immobilized on Nunc™ microtiter plate (Fischer Scientific) wells via NeutrAvidin
(Thermo Scientific; 1 pyg/well), and blocked with 2% skim milk in 1x PBS. The treated
phage particles were incubated with the target pT-peptide (5x10'° phage/well) and the
binding phage were detected using anti-M13 antibody conjugated to Horseradish

Peroxidase (HRP) (GE Healthcare, Piscataway, NJ; diluted 1:5000 with PBST).

3.3.4 Affinity selection for isolating thermally stable FHA1D2 variants

Three rounds of affinity selection were performed applying high temperature as the
selective pressure to eliminate thermally unstable variants of the protein domain. The
affinity selection process is depicted in Fig. 3. During the first round of selection, the
phage library was pre-heated before the selection process at 40°C for 3 h and cooled to
room temperature to denature and inactivate variants that are unstable at or below this
temperature. The treated phage library (150 pL) was incubated with the Rad9-pT peptide
(2 pg) immobilized on Nunc™ MaxiSorp polystyrene tube (Fisher Scientific) via

NeutrAvidin (2 pg; Thermo Scientific) and blocked with 2% skim milk in 1x PBS. After
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washing away the unbound/non-specific phage particles (Fig. 4C), the binding phage
were eluted with 150 pL of 100 mM glycine-HCI (pH 2), and neutralized using 9 yL of 2 M
Tris-base (pH 10). TG1 E. coli cells (800 pL) at mid-log (ODgoonm = 0.5) were infected
with the entire volume of the eluted phage for 40 minutes at 37°C and the cells were
plated on a 15 cm LB/CB plate and incubated overnight at 30°C. The cells harboring the
genomes of phage particles recovered from round 1, were scrapped off the plate using
freezing media (2 mL), ~10° cells were grown to mid-log (ODgoonm=0.5-0.6) and infected
with M13KO7 helper phage (MOI=20; New England BioLabs) for phage propagation.
Phage particles were amplified overnight at 30°C and the enriched phage library was
concentrated 20 fold by precipitation with PEG/NaCl, and carried forward for the second
round of selection. The next two rounds of affinity selection were more stringent and the
phage library was heated at 50°C for 3 h, cooled, and then incubated with the Rad9-pT
peptide. The experimental procedure for rounds 2 and 3 is the same as round 1, except
that the volume of eluted phage used to infect TG1 cells is decreased with each
subsequent round (i.e., half and one quarter of the total eluted phage was used for
infection in rounds 2 and 3, respectively). After the third round of affinity selection, 10 pL
and 100 pL of 102 and 10™ dilutions were plated on LB/CB agar plates (10 cm). The
following day, 96 individual clones were propagated as phage, followed by phage-ELISA

to identify variants that were more thermal stable compared to the FHA1D2 variant.
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Figure 3. Affinity selection process for isolating thermal stable variants. A) The
phage library was heated at 40°C for 3 h and cooled to room temperature (RT). B) The
heat-treated library was incubated with the Rad9-pT peptide immobilized on the surface
of a polystyrene tube. C) The unbound phage were washed using a detergent solution.
D) The target bound phage were eluted with acid and used to infect TG1 cells, which are
grown to mid-log and then infected with M13KO7 helper phage. E) Infected cells were
grown overnight to allow for phage propagation which will be used for the next round of
selection. During the subsequence rounds of selected the phage library was heated at
50°C for 3 h.
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3.3.5 Testing output clones by phage-ELISA

Phage particles produced from 96 clones isolated after round 3, were heated at
50°C for 3 h and cooled to room temperature. The biotinylated target peptide (Rad9-pT)
and the non-phosphorylated form of the same peptide (Rad9-T) were immobilized on two
Nunc MaxiSorp flat-bottom 96 well plates (Thermo Fisher Scientific; 500 ng/well) via
NeutrAvidin™ Biotin binding protein (Thermo Fisher Scientific; 1 ug/well) and blocked
with 2% skim milk in PBS. The phage supernatants (diluted 1:1 with PBST) were then
incubated with peptides coated on both the plates. Binding phage clones were detected
using anti-M13 antibody conjugated to HRP (GE Healthcare). The green, colored
product of the enzymatic reaction in the microtiter plate wells was measured at 405 nm
using the FLUOstar OPTIMA plate reader (BMG Labtech, Cary, NC). All the ELISA steps
were performed at room temperature with 1 h incubations. The positive clones were
sequenced (Research Resource Center, UIC) and the clones with unique DNA
sequences (A1, A12, G2, G7 and H7) were retested in phage-ELISA to confirm binding

to the target pT-containing peptide after heating at 50°C.

3.3.6 Expression and purification of FHA1D?2 variants by immobilized metal

affinity chromatoqgraphy

The Overnight Express™ Autoinduction System 1 (Novagen, Madison, WI; 200
mL) was inoculated with 6 mL (3% of the final culture volume) of BL21 DE3 cells
(Stratagene, La Jolla, CA) harboring the expression vector (pET29b-FHA1 variant) and

grown for 24 h at 30°C/300 rpm. The cells were lysed on ice using 1x BugBuster
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supplemented with Benzonase® Nuclease (0.125 units/uL; Novagen) and complete
EDTA-free protease inhibitor cocktail (1X concentration; Roche Applied Science,
Indianapolis, IN). BugBuster® 10x Protein Extraction Reagent (Novagen) was diluted to
1x BugBuster used cell lysis buffer (50 mM NaH,PO4, 0.3 M NaCl, 10 mM Imidazole, 20
mM Beta-mercapto ethanol). Cell lysis was carried out for 30 min at room temperature
on a shaking platform, followed by centrifugation at 8,000 rpm for 10 min, at 4°C, to pellet
the cell debris. Ni-NTA agarose (Qiagen, Valencia, CA) was equilibrated with 5 volumes
of lysis buffer, and then incubated with the clarified cell lysate for 1 h at room
temperature on a revolver. The unbound protein was removed by washing with a total of
80 mL of wash buffer 1 (50 mM NaH,PO4, 0.3 M NaCl, 10 mM Imidazole, 0.5% Tween
20) and 50 mL of wash buffer 2 (50 mM NaH2PO4, 0.3 M NaCl, 20 mM Imidazole, 0.5%
Tween 20). The FHA1 variants were eluted with 2 mL of elution buffer (50 mM NaH,PO,,
0.3 M NaCl, 250 mM Imidazole) for 1 h on a shaking platform. The purified proteins were
desalted using Zeba™ Spin Desalting Columns (5 mL; Thermo Scientific), glycerol was

added (16% final) and stored at -80°C.

3.3.7 Fluorescence-based thermal shift (FTS) assay

The FTS assay was performed on a MxPro-Mx3005P instrument (Stratagene),
following a published protocol (22). It is a real-time assay using the SYBR® Green (with
dissociation curve) to measure the increase in fluorescence, as the protein unfolds upon
heating and binds the dye, making it fluorescent. The default FRROX filter set was used

with an excitation wavelength of 492 nm and emission wavelength of 610 nm. FHA1
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variants (2 yM and 8 uM, 2X of final concentration) were mixed with SYPRO® Orange
protein gel stain (Invitrogen; Carlsbad, CA; 5000X concentration in DMSO) to give a final
dye concentration of 10X. In the protein only wells, the dye+protein mixture (10 uL) was
diluted 1:1 with PBS. In the other wells, 10 uL of either the pT peptide or its
non-phosphorylated form (2X the final concentration) was added to 10 pL of dye+protein
mixture. The final reaction volume was 20 L, with final concentrations of 1 yM or 4 uM
FHA1 domains, 50 uM or 250 uM of pT and non-phosphorylated peptides, and 5X final
concentration of the SYPRO Orange dye. The assay was performed in duplicates in 96
well white PCR plates (Bio-Rad) covered with optically clear Microseal® ‘B’ Film (Bio-Rad
Laboratories, Hercules, CA) and heated from 25°C to 95°C. The melting curve was
obtained with fluorescence (R) values plotted on Y-axis and increasing temperature (°C)
on X-axis. The mid-point of the curve is considered the melting temperature inflection

point.

3.3.8 Alanine-scanning of the most thermal stable variant (FHA1G2)

Following the Kunkel mutagenesis protocol (Fig. 4) (23), 24 amino acids from three
loops (11 from B4-B5 loop, 5 from B6-B7 and 8 from 10-B11) in the FHA1G2 variant
were mutated to alanine (gcg codon) one at a time. The 24 oligonucleotides used for
alanine-scanning are listed in Table I. The resulting covalently closed DNA was
transformed into TG1 electrocompetent cells (1 ng of DNA into 40 uL of TG1 cells,
pulsed at 1800 volts in 0.1 cm cuvettes) and recovered by adding 960 pL of SOC media

for 1 h at 37°C/250rpm. The cells (20 pL) were then plated on 10 cm LB/carbenicillin
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agar plates and incubated overnight at 30°C. DNA was purified from a total of 72 clones
(3 from each alanine-scanning) using the Wizard® Plus SV Minipreps DNA Purification
System (Promega Corporation, Madison, WI) and sequenced at the Research Resource

Center at UIC to identify the mutated clones.



114

A) WT Genelll B) u'i:!isllgﬂ;m
id
g ) = —
CJ236 F* bacterial cells Mutagenic
dut ung - - ‘ﬁigonucleotide
Phage with uridine
containing ssDNA
Vol of
S5 Heteroduplex
Vo
F)
Mutated DNA | | <gf « /
/
I\
TG1 F* bacterial cells ; ~y—
dut+ ung+ 2nd strand synthesis

Figure 4. Kunkel mutagenesis. A) The phagemid DNA is transformed into F-pilus
containing (F*) CJ236 bacterial cells that lack the enzymes dUTPase and uracil
deglycosidase (dut” ung’). B) Then the cells are grown to mid-log, infected with the
M13KO7 helper phage, and propagated overnight, in the presence of uridine, to
generate phage particles with UTP (U) incorporated into their single-stranded phagemid
DNA (ssDNA). C) The uracil containing ssDNA is isolated. D) The oligonucleotide
harboring the desired mutations is annealed to the ssDNA template to form a
heteroduplex. E) Second strand synthesis is initiated to form the double-stranded DNA
(dsDNA) by the action of T7 DNA polymerase and T4 DNA ligase. F) The ds DNA is
electroporated into F* TG1 bacterial cells (dut” ung®), which destroy the uridine
containing wild-type DNA.



Table I. List of primers used in alanine-scanning.

Primer Sequence (5'-37)
KM-G2-L78A GCGGCTAATGTTACCCGCGTGATAATCGCAGGC
KM-G2-G79A GCGGCTAATGTTCGCTAAGTGATAATCGC
KM-G2-N80OA AGATAAGCGGCTAATCGCACCTAAGTGATAATC
KM-G2-I81A ATTAGATAAGCGGCTCGCGTTACCTAAGTGATA
KM-G2-S82A GTGTTTATTAGATAAGCGCGCAATGTTACCTAAGTGAT
KM-G2-R83A GAAAGTGTTTATTAGATAACGCGCTAATGTTACCTAAGTGA
KM-G2-L84A GTGTTTATTAGACGCGCGGCTAATGTTACCT
KM-G2-S85A GATTTGAAAGTGTTTATTCGCTAAGCGGCTAATGTTAC
KM-G2-N86A GAGGATTTGAAAGTGTTTCGCAGATAAGCGGCTAATGT
KM-G2-K87A CAGGAGGATTTGAAAGTGCGCATTAGATAAGCGGCTAAT
KM-G2-H88A GCCCAGGAGGATTTGAAACGCTTTATTAGATAAGCGGCT

KM-G2-G133A
KM-G2-V134A
KM-G2-G135A
KM-G2-V136A
KM-G2-E137A
KM-G2-S138A
KM-G2-D139A
KM-G2-I140A
KM-G2-I104A
KM-G2-S105A
KM-G2-T106A
KM-G2-N107A
KM-G2-G108A

ATCGCTTTCTACACCTACCGCTACCGTAATTTCGTCGC
ATATCGCTTTCTACACCCGCGCCTACCGTAATTTCGTC
TATCGCTTTCTACCGCTACGCCTACCGTA
ATATCGCTTTCCGCACCTACGCCTACCG
GCTTAAAATATCGCTCGCTACACCTACGCCTAC
GCTTAAAATATCCGCTTCTACACCTACGCC
GACTAAGCTTAAAATCGCGCTTTCTACACCTAC
ATGACTAAGCTTAACGCATCGCTTTCTACACCTA
GCCATGTACCATTTGTTGACGCGTCGTTGAGTAATAAGT
GAGCCATGTACCATTTGTCGCGATGTCGTTGAGTAATA
TGAGCCATGTACCATTCGCTGAGATGTCGTTGAGTA
CGTTGAGCCATGTACCCGCTGTTGAGATGTCGTTGAG
TGACCGTTGAGCCATGTCGCATTTGTTGAGATGTCGT

115
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3.4 Results and discussion

3.4.1 Thermal stability profile of the FHA1D?2 variant

In order to isolate variants that are more thermal stable than the FHA1D2 variant, it
is important to determine the thermal stability profile of the domain. Phage particles
displaying the FHA1D2 variant were either incubated at room temperature or heated at
various, elevated temperatures prior to incubation with the pT-containing peptide
(Rad9-pT). Phage ELISA showed that the FHA1D2 variant was functional when heated
at 30°C and 37°C, but there was a severe drop in binding (by ~60%) upon heating at
50°C (Fig. 5). Thus, the hypothesis is that performing affinity selection at this
temperature will eliminate variants that are less stable than 50°C. This effort is based on
prior research demonstrating that the thermal stability, expression and affinity of a
single-chain variable Fragment (scFv) could be improved by employing high temperature
and denaturants during affinity selection (1). We have extended this approach to a
phosphopeptide-binding domain using mutagenic PCR to construct the library and high

temperature as selective pressure during biopanning.
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Figure 5. Thermal stability of bacteriophage particles displaying the FHA1D2
variant. Phage particles displaying the FHA1D2 variant were heated at various
temperatures (30°C, 37°C, 50°C, 60°C, 70°C, 80°C and 95°C) for 3 h and allowed to cool
to room temperature. The treated phage particles were then incubated with the cognate
pT peptide (Rad-pT; triangles) and the negative control peptide (Rad9-T; squares)
immobilized on plastic via Neutravidin. Phage binding was detected using an anti-M13
antibody conjugated to HRP.

3.4.2 Using high temperature as a selective pressure during affinity selection

The higher the temperature applied before the selection process, the greater is the
reduction in the number of colonies (Fig. 6A), confirming that high temperature is an
effective negative, selective pressure on the displayed protein domain. Incubation at
room temperature (RT) and at 40°C yielded almost the same number of binding clones
after the first round of selection; therefore, we took forward the selection done at 40°C to
perform the second and third round of selection. It is a good idea not to perform a very

stringent selection in the first round of selection to facilitate the isolation of maximum
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number of binding clones. The stringency can be increased in the subsequent rounds of
selection to isolate binding clones with the desired properties. The second and third
rounds of selection were carried out by heating the library at 50°C prior to the selection
process to eliminate variants less stable than 50°C and to isolate and propagate the
more thermal stable pool of variants. A quantitative assessment of the number of
colonies isolated after each heat treatment can easily be determined by plating (Fig. 6B).
This also shows that the mutagenized FHA1D2 library contains variants that have
accumulated favorable mutations (by mutagenic PCR) which give them more thermal
stability than the original FHA1D2 variant. This preliminary experiment provides the proof
that this library is a good resource of thermal stable variants which can be selectively
isolated from the less stable ones by performing affinity selection using high temperature

as the selective pressure.
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Figure 6. High temperature works as a selective pressure. A) The phage-displayed
library of FHA1D2 variants was untreated (incubated at room temperature (RT)) or
heated at 40°C, 50°C or 60°C prior to affinity selection. The four libraries were incubated
with the Rad9-pT peptide and the phage clones bound to the target peptide after the first
round of selection were plated after infecting bacterial cells. B) A quantitative
assessment of the number of binding clones isolated after the first round of selection with
or without heat treatment of the phage library.

3.4.3 Affinity selection with the mutagenized FHA1D2 library

Since the FHA1D2 variant was ~5°C thermally less stable compared to the
wild-type FHA1 domain, to improve its thermal stability, a library of FHA1D2 variants
generated by error-prone PCR was displayed on the surface of the phage, heated at
40°C/50°C prior to incubation with the pT peptide ligand to favor the isolation of variants

that remained folded and functional above 50°C. After 3 rounds of affinity selection, 96
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individual colonies were propagated as phage, heated at 50°C for 3 h and tested for
binding to the Rad9-pT peptide in a phage-ELISA. Microtiter plate wells that generated
signal on the target plate (coated with Rad9-pT), but not on the background plate (coated
with Rad9-T peptide), suggest that those phage clones represent potential thermal
stable binders for the target (Fig. 7A). The ratio of the specific signal, over background,
ranged between 3 to 20 times for various positive clones. A similar approach was
employed to improve the thermal stability, expression and affinity of a recombinant
antibody fragment (1). Five positive clones (A1, A12, H7, G2, and G7), with unique
sequences, were reconfirmed by phage-ELISA to bind specifically to the Rad9-pT
peptide and not to the non-phosphorylated form of the same peptide, before and after
heat treatment (Fig. 7B).The mutations observed in each one of the thermally stable
mutants are listed in Table Il. Mutations were observed in 4 out of 11 3-strands, and in 4
loops of which two loops (B3-B4 and B4-35) are involved in interaction with the pT
peptide ligand and the other two loops (B1-B2 and 8-B9) do not interact with the pT
peptide ligand. Mutations were also observed at the N-terminus of the FHA domain,
before the B1-strand, indicating that this region may be critical for structural stability and
the mutation may be causing better packaging and folding of the domain, henceforth

resulting in thermal stability.
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Figure 7. Affinity selection for isolating thermal stable variants. A) After three
rounds of affinity selection, 96 phage clones were tested by phage-ELISA, after heating
at 50°C, for binding to the cognate phosphorylated peptide (Rad9-pT) and to the
non-phosphorylated form of the same peptide (Rad9-T). B) Five thermal stable phage
clones with different sequences were reconfirmed by phage-ELISA to bind to the
Rad9-pT peptide and not to the non-phosphorylated peptide. The starting variant,
FHA1D2, was used to compare its binding signal with the thermal stable variants.



Table Il. Mutations observed in the thermal stable FHA1D2 variants.

FHAl No. of . . b
. a A Mutations Location
variants mutations

N121Y B8-B9 loop

al 2 L1411 Bll strand
T15A N-terminus

G2 3 L48F B2 strand
N121Y B8-B9 loop

Q1l6R N-terminus

T39P B1-B2 loop

H7 5 K59E B2-B3 loop
C74s B3-p4 loop

G94D B5-B6 loop

S11T N-terminus

Al4v N-terminus

c7 5 S82R B4-B5 loop
N121Y B8-B9 loop

L1411 Bll strand

C74s B3-p4 loop

G94D B5-B6 loop

Al2 4 E129V B10 strand
N158T C-terminus

# FHA1 variants that are thermally more stable than the starting D2 variant.
b B = beta-strand. Loop is the region between two 3-strands. The N-terminal mutation is present before the
B1-strand and the C-terminal mutation is after the 311-strand.
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3.4.4 SDS-PAGE analysis and vields of purified FHA1 variants

Coomassie staining of the purified FHA1 variants (4 pg) run on a 15% SDS-PAGE
gel revealed protein bands of the correct size (~21 kDa) with high yields per liter listed in
Fig. 8. It was observed that the most thermal stable protein (FHA1G2) had the highest
yield when expressed and purified from E. coli. This protein was also more stable when

stored at 4°C compared to the FHA1D2 variant.

Protein
Ladder
A) (kDa) wr D2 H7 A1 G2 A12 G7 B) FHAl variants | Yield (mg/L)
b
|c£g::= WT 36.8
ale D2 34.8
40 <=
H7 36.8
- Al2 36
Al 55.7
s G2 63.4
10 4

Figure 8. SDS-PAGE analysis of purified FHA1 variants. A) The FHA1 variants were
purified by IMAC via their C-terminal six-histidine tag. Purified FHA variants (4 ug) were
resolved on a 15% SDS-PAGE gel, followed by staining with Coomassie Brilliant Blue.
The molecular weights corresponding to protein standards are shown in kilodaltons
(kDa). The FHA1 domains are ~21 kDa in size. B) The yields per liter of culture are
between 35 and 63 mg/L.
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3.4.5 Fluorescence-based thermal shift assay as a measure of thermal stability

The purified FHA1 variants were mixed with SYPRO orange dye with or without the
peptide and heated from 25°C to 95°C in a real-time PCR experiment known as the
Fluorescence-based thermal shift (FTS) assay (22). In this assay, initially, the
fluorescence of SYPRO orange dye is quenched in the aqueous environment of a folded
protein, but as the protein starts to unfold upon heating, the dye interacts with the
hydrophobic core of the protein and its fluorescence increases. Therefore, an increase in
fluorescence of the dye is directly proportional to protein unfolding, until a temperature
(referred here as infliction point) is reached at which the dye fluorescence decreases due
to aggregation and precipitation of the protein.

The melting curves of the thermal stable FHA1D2 variants, obtained by
fluorescence-based thermal shift assay, at 1 yM concentration are shown, alone (green
curve) and in the presence of 50 um (blue curve) and 250 uym (orange curve) of the pT
peptide (Fig. 9). No shift in the infliction point was observed in the presence of the
non-phosphorylated form of the same peptide (data not shown). The infliction points of
the thermally stable variants (along with wild-type FHA1 domain and FHA1D2 variant) at
1 uM and 4 pyM concentration, along with the shift in infliction point in the presence of two
different concentrations (50 uM and 250 uM) of the pT peptide, are listed in Table Ill.
Using this method, the thermal stability of the wild-type FHA1 domain was increased by
~8°C. Thus, using high temperature as a selective pressure, variants with favorable
mutations that improved the thermal stability were isolated from a phage-displayed

mutagenized library using the thermal less stable variant as a starting scaffold.
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Figure 9. Determining the inflection points of FHA1 variants by FTS Assay. A-B)
Shown here are the melting temperature curves of two FHA1 variants (G2 and A1) that
were determined to be more thermal stable than the wild-type FHA1 domain. The
variants were mixed with SYPRO orange dye, with or without the Rad9-pT peptide
ligand, and heated from 25°C to 95°C on an Mx3000P Real-time thermal cycler
instrument. The melting curve for the variants (without any pT-peptide) is shown as a
green curve with the infliction points noted as the midpoint of the curve. The melting
curves in the presence of 50 uM and 250 uM of the pT-peptide are shown as blue and
orange curves respectively.



Table Ill. The infliction points for various FHA1 variants along with the shift in

infliction point in the presence of the cognate Rad9-pT peptide.

Shift in infliction point
Protein
FHA1 Infliction (°C) in the
concentration
variants (1) point (°C)® presence of pT peptide®
M
50 pM 250 pM

1 66.7 1.7 3.8
WT

4 66.4 1.95 3.55

1 61.6 2.6 4.6
D2

4 61.8 1.85 4.45

1 66 1.25 2.0
Al2

4 64 1.0 2.4

1 65.2 1.25 3.0
H7

4 65.1 1.35 3.65

1 67 4.0 6.5
G7

4 65.7 3.5 6.3

1 68.5 1.2 3.95
Al

4 68.8 1.2 4.5

1 73.75 1.2 2.75
G2

4 74.9 0.5 2.5

 The temperature corresponding to the mid-point of the melting curve/thermal denaturation
curve is the infliction point.
® An increase in the infliction point temperature is observed when the FHA1 variants are incubated with the

pT peptide and heated from 25°C to 95°C. This increase corresponds to the shift in infliction point.
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3.4.6 Alanine-scanning to identify residues in the FHA1G2 variant important for

interaction with the pT peptide ligand

From previous structural studies on the FHA1-pT complex from various species, it

has been shown that residues from four loops (i.e., B3-p4, B4-B5, p6-B7 and 10-B11)

contact the pT peptide (24-26). Interestingly, the B4-85 loop varies in sequence,
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structure and length among FHA domains (27), which may account for different
specificities among FHA domains: for instance, the 34-85 loop in FHA1 domain
comprises of 11 amino acid residues, and on the other hand, the 4-35 loop in ChK2
FHA domain is longer and contains 19 residues with a helical insertion in the loop (28).
The length and structure of this loop determines its positioning either close to or away
from the pT +3 residue, which is an important determinant of binding specificity,
therefore, resulting in specific binding to phosphopeptides with either charged (for FHA1
domain) or hydrophobic residues (for ChK2 FHA domain) in the pT +3 position. Mutating
residues in the 10-B11 loop has been shown to alter the binding specificity of the FHA1
domain to be more like FHA2 (29) and the residues in this loop may play an important
role in the binding of the FHA1 domain to a pT peptide (from Mdt1 protein) containing a
hydrophobic residue at the pT +3 position (27). Residues from $6-37 loop are known to
be responsible for conferring preference for binding to pT- and not pS-containing
peptides (26).

To establish which residues in the G2 variant are important for interaction with the
pT peptide (SLEVpTEADATFYAKK), alanine-scanning of each of the residues from the
three loops (11 from 34-B5 loop, 5 from B6-B7 and 8 from 310-311) was performed and
binding of the mutants to the cognate pT-peptide was tested by phage-ELISA. Five
mutants (L78A, R83A, L84A, S85A and H88A) from the 4-B5 loop, four mutants
(S105A, T106A, N107A and G108A) from the 6-B7 loop and five mutants (G133A,
V134A, G135A, V136A and D139A) from the 310-811 loop had reduced (marked with

arrows), or no binding to the pT peptide when mutated to alanine indicating that the
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interaction of these residues with the pT-peptide is important for binding (Fig. 10).
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Figure 10. Alanine-scanning of residues from three loops in the FHA1G2 variant.
Residues 78-88 in the B4-B5 loop, 104-108 in the f6-B7 loop, and 133-139 in the
B10-B11 loop were mutated to alanine one at a time and the mutants were tested for
binding to the Rad9-pT peptide by phage-ELISA. Binding was detected using an
anti-M13 antibody conjugated to HRP. Phage-ELISA for A) B4-85 loop alanine-scan
mutants, B) 310-B11 loop alanine-scan mutants, and C) 36-37 loop alanine-scan
mutants. Fourteen residues that show reduced or no binding to the Rad9-pT when
mutated to alanine are indicated by arrows. The G2 variant was the original variant from
which the alanine-scan variants were generated.



130

Four out of these 14 mutations (S85A, H88A, N107A and G108A) destroyed folding
or denatured the FHA1 domain, as determined with a recombinant antibody fragment
that recognized folded, but not denatured, FHA1 domain. Therefore, 10 residues from
the three loops, 3 from 4-B5 (green spheres), 5 from 10-B11 loop (red spheres) and 2
from B6-B7 (orange spheres) were identified to be critical for pT peptide recognition (Fig.
11), and not for folding of the FHA1 domain. These residues are good candidates for
oligonucleotide-directed mutagenesis and generation of a phage-displayed library of
FHA1 variants that can be screened against various pT peptides. According to our
alanine-scanning experiments, the G133A and G135A mutants showed reduced binding
to the pT peptide (SLEVpTEADATFAKK), indicating that these two positions in the FHA1
domain may play an important role in interaction with the pT peptide, as previously

described (29).



131

Figure 11. Detecting folded alanine-scan mutants. The phage-displayed alanine-scan
point mutants were tested for binding to an antibody fragment that recognizes only folded
FHA1 variants. A) Out of the 11 alanine-scan mutants from the 4-85 loop, the
conformation of two of them (S85A and H88A) was disrupted. B) All the 8 alanine-scan
mutants from the 10-B11 loop remained folded. C) Of the five alanine-scan mutants
from the B6-B7 loop, the folding of two of them (N107A and G108A) was disrupted.
Binding of all the variants was normalized for the display of the Flag epitope. The binding
signal of the G2 mutant for the Rad9-pT peptide was taken as 100% and the percentage
binding of all the twenty-four alanine-scan mutants was calculated accordingly. D)
Residues from the $4-35 loop (green spheres), 36-B7 loop (orange spheres), and
B10-B11 loop (red spheres) which are important for interaction with the Rad9-pT peptide,
but not for folding of the FHA1 domain, are shown.
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A library of FHA1 variants, generated by mutating residues important for interaction
with the pT peptide, will be a useful resource for isolating affinity reagents with new
anti-phosphopeptide binding specificities different from that of the original FHA1 domain
scaffold. Previously, it has been shown that variants of the Erbin Post synaptic density
protein - Disc large tumor suppressor - Zonula occludens-1 protein (PDZ) domain,
generated by mutating ten residues known to be important for interaction with peptide
ligands from structural studies, had different binding specificities compared to the
wild-type PDZ domain (30). Ernst et al. have demonstrated that it is possible to change
the specificity of a protein interaction domain so that it binds a ligand for which an

interaction has not been previously detected.

3.5 Conclusions

We identified mutations in the FHA1 variants that improved their thermal stability upto
8°C, compared to the wild-type FHA1 domain. With the goal of using the most thermal
stable variant, FHA1G2, as a scaffold protein for generating new anti-phosphopeptide
binding specificities, we identified 8 residues in the FHA1 domain, by alanine-scanning,
that were important for interaction with its pT-containing peptide ligand. Next, to test our
hypothesis to use a phosphopeptide-binding domain as a scaffold for generating affinity
reagents to phosphorylated epitopes, we constructed two different phage-displayed
libraries of FHA1 variants and screened them against various pT-containing peptides.

This work is described in Chapter 4.
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CHAPTER 4

DIRECTED EVOLUTION OF THE FORKHEAD-ASSOCIATED DOMAIN

TO GENERATE ANTI-PHOSPHOSPECIFIC REAGENTS BY PHAGE-DISPLAY

Part of this research has been published

Pershad, K., Wypisniak, K., and Kay, B. K. (2012) Directed evolution of the
forkhead-associated domain to generate anti-phosphospecific reagents by
phage-display, J Mol Biol, DOI: 10.1016/j.jmb.2012.1009.1006.
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4.1 Abstract

Previously, we engineered the Forkhead-associated (FHA) domain 1 from
the S. cerevisiae Rad53 protein to generate functional and thermal stable
variants and identified residues in the FHA1 domain that are important for
interaction with the pT peptide ligand. Using a thermal stable variant (FHA1G2)
as a scaffold, we constructed two phage-displayed libraries of FHA1 variants,
randomizing 8 or 10 residues by Kunkel mutagenesis, and affinity selected for
variants that bound selectively to seven different pT-containing peptides. These
reagents are renewable and have high protein yields (~20-25 mg/L), when
expressed in Escherichia coli. Thus, we have changed the specificity of the FHA1
domain and demonstrated that engineering this phosphopeptide-binding domain
is an attractive avenue for generating new anti-phosphopeptide binding
specificities in vitro by phage-display. For use in applications such as western
blotting, the affinity of the reagents needs to be improved by directed evolution.
Cell staining of paraformaldehyde-fixed NIH/3T3 cells with an anti-ERK1/2 affinity
reagent, A5, yielded punctate staining in the nucleus. Curiously, staining
occurred in cells with or without stimulation by epidermal growth factor (EGF),
and persisted even after treatment of the cells with MEK1/2 inhibitor. Thus, the
identity of the protein the A5 reagent is binding to in cells is unknown and further

experiments will be necessary to identify its cellular target.



139

4.2 Introduction

A cascade of signaling events, involving many protein-protein interactions,
are initiated within the cell in response to external or internal stimuli. The signal is
translocated to downstream effectors by the reversible action of protein kinases,
phosphatases and phosphopeptide-binding domains. The human genome
encodes for ~500 protein kinases and a third of that number for protein
phosphatases (1), and defective expression of either group of proteins can cause
human disease (2). Radioisotopic labeling studies have shown that a third of the
total proteins in the cell are phosphorylated at any given time (3).
Phosphorylation of serine/threonine residues on proteins can lead not only to
conformational changes in proteins but also create binding sites for
phosphopeptide-binding domains, which play a critical role in the formation of
multiprotein signaling complexes for relaying the signal to downstream signaling
proteins (4). Similar to the recognition of phosphotyrosine (pY) residues by Src
Homology 2 (SH2) domains and phosphotyrosine binding (PTB) domains (5, 6),
phosphorylation of serine/threonine residues creates binding sites for various
proteins, such as the 14-3-3 proteins (7, 8), the tryptophan-tryptophan (WW)
domain of Pin1 (9), the FHA domain found in prokaryotic and eukaryotic signaling
proteins (10-12) , and WD40 repeats of F-box proteins (13). These
phosphoprotein-binding domains play a critical role in the formation of signaling

complexes, translocating proteins to their proper subcellular location and
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modifying the activity of catalytic proteins. Protein interaction domains regulate
various activities in the cell, such as gene expression, cytoskeletal
rearrangements, cell cycle progression, DNA repair and apoptosis (14, 15).

With the development of sophisticated phosphopeptide enrichment and mass
spectrometry techniques (16, 17), thousands of phosphorylation sites have been
identified in the phosphoproteome (18, 19). However, producing good quality
antibodies to each phosphorylated peptide is a challenge because of the
flexibility of the peptide ligands, and small number of contacts between the
peptide ligand and the antibody. Immunizing animals with synthetic
phosphopeptides has been previously the standard route chosen for generating
antibodies that recognize phosphorylated residues in proteins (20, 21). Such
antibodies are valuable tools for studying the phosphorylation of proteins upon
cellular stimulation, for instance by epidermal growth factor (EGF) or insulin, and
for unraveling biologically important signal transduction pathways. With the
existence of thousands of phosphorylation sites in the human proteome, the
typical method for generating anti-phosphopeptide antibodies requires
immunization with a specific phosphopeptide, making this process time
consuming, expensive, and laborious.

An ideal alternative would be to bypass the immunization step and use
recombinant methods to generate recombinant antibodies or affinity reagents in

less time. For example, antibody fragments and various engineered proteins (22)
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have been exploited as scaffolds for generating useful affinity reagents. In order
to generate affinity reagents against phosphopeptides, an ancillary route would
be to use a naturally occurring phosphopeptide-binding domain as a scaffold,
generate variants of this domain by Kunkel mutagenesis (23) and isolate variants
that bind specifically to phosphopeptides of interest.

For this study we have chosen to use the naturally occurring pT peptide-
binding domain, the FHA1 domain from the S. cerevisiae Rad53 protein. From
our previous work (24, 25), we isolated functional and thermal stable phage-
displayed variants of the FHA1 domain. Through alanine-scanning, we identified
residues critical in the FHA1 domain for binding to the pT peptide ligand, and
constructed two phage-displayed libraries of FHA1 variants, with library
diversities of 3X10° and 1X10'° members. After two rounds of biopanning, we
isolated variants that specifically recognize seven different pT peptide sequences
from jun-B, jun-D, c-Myc and Activating transcription factor 2 (ATF2) transcription
factors, Mitogen-activated protein kinase 1 (MAPK1)/ERKZ2, and Mitogen-
activated protein kinase 3 (MAPK3)/ERK1. By this approach, we optimized this
domain for use as a scaffold from which novel anti-phosphospecific affinity
reagents can be generated and evaluated in ELISA, Western blots, and cell

staining.
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4.3 Materials and methods

4.3.1 Construction of phage-displayed libraries of FHA1 variants by

oligonucleotide-directed mutagenesis

43.1.1 FHA1G2 library

The pKP700 vector, with the FHA1G2 coding region subcloned into it, was
used as the starting template for constructing site-directed libraries of FHA1
variants. Eight residues (L78, R83, L84 from the 4-B5 loop and G133, V134,
G135, V136, D139 from the 310-B11), in the FHA1G2 coding sequence were
randomized, based on my alanine-scanning results. Following the Kunkel
mutagenesis protocol (23), two oligonucleotides- B4-B5 Lib (5'-CCCAGGAGGA
TTTGAAAGTGTTTATTAGAMNNMNNMNNAATGTTACCTAAGTGATAATCGC
AGGC -3', 5’ phosphorylated) and 310-$11 Lib (5'-GTTTGAATTTATCGTTAAT
AAAAATGACTAAGCTTAAAATMNNMNNMNNMNNMNNMNNMNNTACCGT
AATT TCGTCGC CTTGA-3'; 5’ phosphorylated) with NNK codons (N = A, G, C,
or T; K=T or G and M is the complement of K; M = A or C) at these 8 positions
were annealed to the single-stranded uracilated phagemid DNA (pKP700) at a
molar ratio of 1:5 (single-stranded DNA:oligonucleotides), extended using T7
DNA polymerase and the covalently closed circular DNA was sealed by T4 DNA
ligase (both from New England BioLabs, Ipswich, MA). A total of 15

transformations were performed with electrocompetent TG1 bacterial cells
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(Lucigen Corporation, Middleton, WI). After recovery, the cells were pooled,
plated on three 15 cm 2xYT/CB agar plates, and incubated overnight at 30°C.
The lawn of colonies were scraped with a total of 6 mL of freezing media

(2xYT/CB/16% glycerol) media and the library cells were stored at -80°C.

431.2 G2-Xmal library

A second library (G2-Xmal) was constructed, using two oligonucleotides: Phos
B4-B5 Lib (/5Phos/CCCAGGAGGATTTGAAAGTGTTTATTAGAMNNMNNMNNA
ATGTTACCTAAGTGATAATCGCAGGC -3') and Phos $10-811 Lib (5Phos-
GTTTGAATTTATCGTTAATAAAAATGACTAAGCTTAAAATMNNMNNMNNMNN
MNNMNNMNNTACCGTAATTTCGTCGCCTTGA-3'). The two oligonucleotides
randomized the FHA1D2 variant at a total of 10 positions (S82, R83, L84 from
the 34-B5 loop, and G133, V134, G135, V136, E137, S138, D139 from the 310-
B11) with NNK codons. S82 was randomized in this library, because it was
shown to contact the pT peptide (26), whereas L78 was excluded because
preliminary results revealed that many binding clones retained Leu at this
position. E137 and S138 were randomized to facilitate efficient annealing of the
oligonucleotide to the template DNA, however, according to alanine-scanning
results, these residues were not important for binding to the pT peptide. The
pKP700 phagemid DNA used for constructing this library has two Xma |

restriction sites, one in the B4-B5 loop and the second one in the 310-311 loop.
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They were introduced into the FHA1 coding region by Kunkel mutagenesis, with
the primers pKP700-G2-Xmal#1 (5'-CCAGGAGGATTTGAAAGTGTTTATTAGA
CCCGGGGCTAATGTTACCTAAGTGATAATCG CAG -3') and pKP700-G2-
Xmal#2 (5'-CGTTAATAAAAATGACTAAGCTTAAAATATCGCTTTCCCCGGG
TACGCCTACCGTAATTTCGTCG-3'"). The G2-Xmal library consisted of four
sublibraries, each with a diversity of ~5-7x10° members. Each sublibrary was
constructed by performing 25 transformations of the double-stranded DNA into
electrocompetent TG1 cells (total of ~2.5 x10° transformants). The recovered
cells were pooled from the electroporations, grown to an ODggonm=1.0 (10°
cells/mL), and phagemid DNA was purified from 3x10"" cells using the
PureLink™ HiPure Plasmid Filter Maxiprep Kit (Invitrogen, Carlsbad, CA). The
covalently, closed circular DNA (10 ug) was cleaved with Xma | (5 units/ ug of
DNA) for 16 h at 37°C. DNA from the Xma | digest was purified using one
QIAquick® PCR Purification Kit (QIAGEN Sciences, Valencia, CA), and 10
transformations were performed to return the DNA into electrocompetent TG1
cells (total of ~5-7x10° transformants). The transformed cells were plated onto
ten 15 cm 2xYT/CB agar plates, and the next day, colonies were scraped with a

total of 40 mL of freezing media and the library stored at -80°C.
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4.3.2 Amplification of the FHA1G2 and G2-Xmal libraries

For amplifying the library phage, 2xYT/CB media was inoculated with
sufficient number of scraped cells (corresponding to 10-fold coverage of the
library diversity), grown to mid-log phase (4x102 cells/mL), and infected with the
trypsin-cleavable helper phage (TM13KO7, 10'° pfu/mL) for 1 h at 37°C at 150
rom. Infected cells, recovered after centrifugation, were resuspended in fresh
2xYT/CB/Kan medium (10 times the initial volume) and phage were amplified for
18-19 h at 30°C, with 250 rpm shaking. Phage were concentrated 100-fold by
PEG/NaClI precipitation, passed through 0.45 um filters, glycerol added to a final
concentration of 16%, and the phage library was stored at -80°C. For the four
sublibraries, phage was amplified from each library separately and pooled before

performing affinity selections with various pT-containing peptides.

4.3.3 Affinity selection against various phosphothreonine peptides

Dynabeads® MyOne™ Streptavidin T1 magnetic beads (Invitrogen Dynal
AS, 100 uL) were incubated with the biotinylated pT peptide (1.2 pg; 1.5 uM
concentration) for 30 min. All the selection steps were performed at room
temperature. The unbound target was removed and the beads were blocked for 1
h with blocking buffer (2% skim milk in PBS with 1 uM free biotin; 1 mL). The
phage library (3x10'? phage) was incubated for 15 min with equal volume of 4%

skim milk in PBS, and then added to the blocked beads. Washing the beads
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three times with PBST and twice with PBS minimized non-specific binding of
phage particles to the beads. Phage bound to the target were eluted using TPCK
treated trypsin (Sigma-Aldrich Corp, St. Louis, MO; 400 uL at 100 pg/mL
concentration) and used to infect 800 pL of TG1 cells at mid-log growth phase
(ODgoonm=0.5) for 40 min at 37°C. The cells were then plated on one 15 cm
2xYT/CB agar plate and the colonies were scraped the next day with 8 mL of
freezing media. For amplifying the phage for the second round of selection, ~10°2-
10° cells were inoculated into 40 mL of 2xYT/CB media, grown to mid-log, and 5
mL was infected with trypsin cleavable helper phage (TM13KO7; 10'° pfu/mL).
The infected cells, after centrifugation, were resuspended in 30 mL of
2xYT/CB/Kan media, phage were amplified overnight at 30°C at 250 rpm, and
precipitated with PEG/NaCl mixture. The second round of affinity selection was
conducted in the same manner, except that beads were washed more (five times
with PBST and three times with PBS) before eluting the bound phage. TG1 cells
at mid-log were infected with eluted phage, and 10 yL and 100 pL of 102 and 10°
* dilutions were plated on 2xYT/CB agar plates (10 cm). After the second round
of affinity selection, 96 individual clones were propagated as phage particles,
followed by a phage ELISA to identify clones that recognize the pT peptide
ligand. The DNA of positive binding clones was sequenced at the Research

Resource Center (RRC) of University of lllinois at Chicago (UIC).
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4.3.4 Peptides

Peptides were synthesized at the UIC Research Resource Center, and
were >90% pure. All the peptides are biotinylated at their N-terminus, and
amidated at their C-terminus. Some of the peptides required the addition of a
tyrosine (Y) residue at their C-terminus, which permits determining the peptide’s
concentration by measuring the solution’s optical absorbance with 280 nm
wavelength light. Two or three lysine (K) residues were included at the C-
terminus of some of the peptides to increase their solubility. All the peptide
sequences (except Rad9-pT: SGS-SLEVpTEADATFYAKK (26) are obtained

from http://www.phosida.com/ (posttranslational modification database) website,

and their sequences are listed in Table .



Table I. Peptide sequences used in this study obtained from

http://www.phosida.com/ website.

Accession# Protein Phosphosite Sequence
MAPK1-pT (185) HDHTGFLpTEYVATKK
Mitogen-activated
IPI00003479 protein kinase 1 MAPK1/3-pTpY or
ERK1/2-pTpY (185,187) HTGFLpTEpPYVATRW
IPT00018195 | Mitogen-activated MAPK3-pT (197) ADPEHDHpTGFLTEYKKK
protein kinase 3 MAPK3-pY (203) HTGFLTEpYVATRWYR
. . JunB-pT (255) EARSRDApTPPVSPYKK
IPI00013439 Transcription
factor jun-B JunB-3P (251,255, 259) | EARpSRDApTPPVpSPYKK
ATF2-pTpT (69,71) IVADQPTPpTPTRFLKY
Activating
IPI00234446 transcription ATF2-pT (69) IVADQPTPTPTRFLKY
factor 2 ATF2-pT (71) IVADQTPpTPTRFLKY
IPI00289547 Transcription JunD-pT (245) ALKDEPQpTVPDVPYKKK
factor jun-D
IPT00796046 Transcription Myc-pT (58) KKFELLPpTPPLSPSY
factor Myc Myc-pTpS (58, 62) KKFELLPpTPPLpSPSY
Src homology 2
IPI00165135 | domain containing Shel-pT (35) GSFVNKPpTRGWLHKK
transforming
protein 1
Isoform 1 of EGFR-pT (993) RMHLPSPpTDSNFYRA
IPI00018274 | epidermal growth EGFR-pY1 (998) SPTDSNFpYRALMDKK
factor receptor
precursor EGFR-pY2(1092) TFLPVPEpYINQSVKK
IPI00017305 | Ribosomal protein RSKA1-pT (359) DTEFTSRpTPKDSPYKK
S6 kinase alpha-1
Dual specificity
IPI00003783 | pjtogen-activated MAP2K2-pT (394) LRLNQPGpTPTRTAYKK

protein kinase 2

148
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4.3.5 Subcloning FHA affinity reagents into an expression vector

AviTag is a 15 amino acid peptide sequence (GLNDIFEAQKIEWHE) to
which a single biotin molecule is conjugated at the lysine (K) residue by the biotin
ligase (BirA) enzyme of E. coli (27-29). Two oligonucleotides, pET29b-Avitag-Fw
(5- TCGAGTTCGTGCCATTCAATTTTCTGAGCTTCAAAAATATCATTCAGGCC
TGC-3’) and pET29b-Avitag-Rv (5-GGCCGCAGGCCTGAATGATATTTTTGAA
GCTCAGAAAATTGAAT GGCACGAAC-3’), were annealed to create a double-
stranded DNA insert with Not I/Xho | sticky ends. The pET29b vector, cut with the
corresponding Not I/Xho | restriction enzymes was ligated with the insert
overnight at 16°C using T4 DNA Ligase (New England BioLabs). In the final
construct, the FHA coding region is in frame with the AviTag and a C-terminal

six-histidine tag.

4.3.6 Expression, purification and SDS-PAGE of purified FHA affinity

reagents
BL21 DE3 cells (200 mL; Stratagene, La Jolla, CA) harboring the

expression vector were grown for 24 h at 30°C/300 rpm in the Overnight
Express™ Autoinduction System 1 (Novagen, Madison, WI1). The next day, cells
were lysed on ice using 1X BugBuster supplemented with Benzonase® Nuclease
(0.125 units/pL; Novagen) and complete EDTA-free protease inhibitor cocktail

(1X concentration; Roche Applied Science, Indianapolis, IN). BugBuster® 10X
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Protein Extraction Reagent (Novagen) was diluted to 1X BugBuster in cell lysis
buffer (50 mM NaH,;POg4, 0.3 M NaCl, 10 mM Imidazole, 20 mM beta-
mercaptoethanol). Cell lysis was carried out for 30 min at room temperature on a
shaking platform, followed by centrifugation at 8,000 rpm for 10 min (at 4°C), to
pellet the cellular debris. Ni-NTA agarose (Qiagen) was equilibrated with 5
volumes of lysis buffer, and then incubated with the clarified cell lysate for 1 h at
room temperature on a rotating platform. The unbound protein was removed by
washing with a total of 80 mL of wash buffer 1 (50 mM NaH;PO4, 0.3 M NaCl, 10
mM Imidazole, 0.5% Tween 20) and 50 mL of wash buffer 2 (50 mM NaH2POu,
0.3 M NaCl, 20 mM Imidazole, 0.5% Tween 20). The FHA-AviTag fusions were
eluted off the resin with 2 mL of elution buffer (50 mM NaH,POQO4, 0.3 M NaCl, 250
mM Imidazole) for 1 h on a shaking platform. The purified proteins were
biotinylated using BirA enzyme (Avidity, LLC, Aurora, CO), following the

manufacturer’s instructions.

4.3.7 Cell culture

The mouse embryonic fibroblast cell line (NIH/3T3) was a gift of Dr. Hua Jin
(University of lllinois at Chicago). The cells were cultured in Dulbecco’s minimal
essential medium (DMEM), which was supplemented with 2 mM L-Glutamine
(200 Mm; 100X, Gibco Life Technologies, Grand Island, NY) and 10% heat-

inactivated Newborn Calf serum (Gibco Life Technologies). In some cases, cells
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were serum starved for 24 h in DMEM media with 20 mM HEPES buffer solution
(1M; Gibco Life Technologies). Penicillin (50 units/mL) and Streptomycin (50

pg/mL) antibiotics (100X; Gibco Life Technologies) were added to all media

4.3.8 Cell staining

NIH/3T3 (8x10*) were cultured in complete media on 35 mm tissue culture
dish (Becton Dickinson Labware, Franklin Lakes, NJ) containing 3 or 4 poly-L-
Lysine coated coverslips (12mm round, No. 1 German glass, BD BioCoat™
Cellware, Batavia, IL) for 18-20 h. The cells were serum starved for 24 h at 37°C,
stimulated with human Epidermal Growth Factor (EGF; 25 ng/mL; 2 mL/plate;
Sigma-Aldrich) for 10 min at 37°C. In some cases, the cells were treated with 10
MM MEK1/2 inhibitor (U0126, Cell Signaling Technology, Danvers, MA) and
incubated for 2 h at 37°C. Later the inhibitor was aspirated out and the cells were
stimulated with EGF (25 ng/mL; 2 mL/plate) added to the serum starvation media
along with MEK1/2 inhibitor (10 uM) and incubated for 10 at 37°C. After washing
once time with PBS without calcium and magnesium, the cells were fixed for 10
min at room temperature with 4% formaldehyde solution (Thermo Scientific,
Pittsburgh, PA; 16% Formaldehyde (w/v) ampules, Methanol-free). After washing
the fixed cells three times with PBS, non-specific binding sites on the coverslips
were blocked for 40 min at room temperature with 3% Bovine serum albumin

(Sigma-Aldrich) and 0.1% Triton® X-100 (Bio-Rad Laboratories, Hercules, CA) in
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PBS supplemented with 10% normal goat serum (Cell Signaling Technology).
The blocking solution was aspirated off the coverslips using a Pasteur pipette
connected to vacuum, and the cells were incubated with the primary antibody or
FHA affinity reagent for 1 h at room temperature or overnight at 4°C. The cells
were washed 5 times (5 min each wash) with PBST (PBS - 0.1% Tween 20),
followed by incubation with a secondary antibody for 30 min at room
temperature. The cells were washed 5 times (5 min each wash) with PBST, and
mounted on Gold Seal Microscope slides (Thermo Scientific) using
VECTASHIELD® Hard Set™ Mounting Medium with DAPI (Vector Laboratories,
Inc.). The cells were visualized using an epifluorescence microscope at

University of lllinois at Chicago.

4.3.9 Western blotting of mammalian cell lysates

NIH/3T3 cells were cultured in complete media in 100 mm cell culture
dishes (Corning Incorporated, Corning, NY) until 70-80% confluent. The cells
were serum starved for 24 h at 37°C, and stimulated with human Epidermal
Growth Factor (EGF; 25 ng/mL; 10 mL/plate, Sigma-Aldrich) for 10 min at 37°C.
In instances where the cells were treated with MEK1/2 inhibitor (U0126, Cell
Signaling Technology), the inhibitor was added to the cells (10 uM, 10 mL/plate)
and incubated for 2 h at 37°C, before stimulation with EGF. The inhibitor was

aspirated out and the cells were stimulated with EGF (25 ng/mL), along with
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MEK1/2 inhibitor (10 uM), and incubated for 10 min at 37°C. Immediately
following treatment, the cells were washed once with ice cold PBS, lysis buffer
(0.5 mL/plate), was added and the plates were incubated on ice for 10 min (lysis
buffer recipe was from (30)). Using an ice-cold cell scrapper, the cells were
scrapped off the plates and incubated on ice for an additional 10 min. The cells
were centrifuged at 14,000 rpm 4°C to remove the cellular debris. The protein
concentration in the clarified cell lysate was determined by measuring the
absorbance at 280 nm. The cell lysate was stored in single-use aliquots at -80C.
The cell lysate (50 pg) was electrophoretically resolved in a 10% Mini-Protean®
TGX™ Precast Gel (Bio-Rad Laboratories) and transferred to an Immobilon®FL
membrane (Millipore Corporation, Billerica, MA). Non-specific binding sites on
the membrane were blocked by incubation for 2 h with Odyssey blocking buffer
(LI-COR® Biosciences, Lincoln, NE), incubated with the primary antibody for 2.5
h, washed 3 times with PBST (2 min each wash), and then incubated with the
secondary antibody for 30 min. After washing 3 times with PBST (2 min each
wash), the membrane was rinsed once with PBS and bands were visualized on
the Odyssey® Fc imaging system. For detecting phospho-ERK1/2, the positive
control used was Anti-phospho-ERK1 [pThr?%/pTyr?®] & ERK2 [pThr'®/pTyr'®"]
(MAPK), affinity-purified rabbit antibody (Sigma-Aldrich), 0.5 pg/mL final
concentration). The secondary antibody used was Goat anti-Rabbit IRDye® 680

(LI-COR® Biosciences; 0.1 pyg/mL). For detecting phospho-ERK1/2 proteins, the
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membrane was probed with 1 yM of the biotinylated FHA affinity reagent, A5.
The secondary reagent was Streptavidin IRDye® 700DX conjugated

(ROCKLAND, Gilbertsville, PA; 1:10,000 dilution).

4.4 Results and discussion

4.4.1 Characterization of the two libraries of FHA1G?2 variants

A library of FHA1G2 variants, generated by mutating residues important for
interaction with the pT-peptide, is anticipated to be a useful source of affinity
reagents with new anti-phosphopeptide binding specificities. Previously, it has
been shown that variants of Erbin PDZ domain, generated by mutating ten
residues known to be important for interaction with peptide ligands from structural
studies, had different binding specificities compared to the wild-type PDZ domain
(31). Ernst et al. have demonstrated that it is possible to change the specificity of
a protein interaction domain such that it binds to ligands for which interaction was
not previously detected.

To test the feasibility of generating novel phosphopeptide-binding
specificities, we constructed two different phage-displayed libraries of FHA1G2
variants. The first library (FHA1G2 library) had 8 residues randomized (from the
B4-B5 and 310-B11 loops combined), which were found to be important to bind to
the pT peptide ligand from our alanine-scanning results. Sequencing the DNA of

30 individual clones, randomly chosen from the FHA1G2 library, revealed that
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61% clones had both loops mutated, 17% had mutations in one loop, 11% were
wild-type sequences, and 11% contained stop codons. Clones with stop codons
will not get displayed on the surface of phage, so the phage-displayed library
used for selection will not have any representation of such phage. The library’s
size was determined to be 5x10°, of which 3x10° clones have mutations in both
loops.

The G2-Xmal libraries were constructed using the pKP700 phagemid vector
(a modified version of the pKP600 phagemid vector, in which the truncated gene
[l was replaced with the full-length gene 1ll) containing two Xma | recognition
sites (one in B4-B5 loop and the other in 310-B11 loop) in the FHA1G2 coding
sequence. Colony PCR, followed by Xma | digestion of 93 colonies, randomly
chosen from the four G2-Xmal | subibraries, revealed that 99% of the clones had
both the loops mutated (Fig. 1). Thus, the efficiency for library construction
increased from ~60% to 99%. In this method, we have combined two strategies
for efficiently cleaving the wild-type phagemid vector; one is to use the intrinsic
ability of TG1 cells to cleave the uracil-containing wild-type DNA (50-60%
efficient, based on our experience) and the second is eliminating the remaining
wild-type DNA by cleavage with Xma |.

Another well-established strategy to prevent phage-display of the wild-type

protein is to incorporate stop codons in the coding sequence of the original

template or the gene lll coding sequence. The recombinant protein is displayed
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only when the stop codon is replaced by sequence of the annealed
oligonucleotide. This method has been used successfully for the construction of
phage-displayed combinatorial peptide libraries which resulted in 100%

recombinant phage (32).

Mw
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s - G2-Xma | #2

:“'-------------.------- G2-Xma | #3

E o e e e e e e e D S e e e e e e e g g G2-Xma | #4

Figure 1. Determining the percentage of recombinants in the G2-Xma |
libraries. Colony PCR was performed on a total of 93 colonies, from the four
libraries combined, followed by digestion with Xma | restriction enzyme. The cut
PCR products were run on a 1% agarose gel. The expected PCR product size of
the recombinants with mutations in both the loops is 1273 bp. The molecular
weight (MW) marker was electrophoresed in the far left-hand lane; the molecular
weights are noted in base pairs.
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4.4.2 |solating FHA1 variants with novel binding specificities

4.4.2.1 Affinity reagents isolated from the FHA1G2 library against MAPK1-

pT (185), MAPK3-pT (197) and JunB-pT (255) peptides

Using the FHA1G2 library, with 8 residues randomized, two rounds of
affinity selection were performed against the MAPK1-pT (185) peptide, MAPK3-
pT (197) and JunB-pT (255) peptide. Ninety-five individual colonies were
propagated as phage particles and tested by phage ELISA for binding to the
cognate pT peptide (target) and non-phosphorylated form of the same peptide
(background) (Fig. 2A). From examining the DNA sequences of 12 binding
clones from each selection experiment, 2, 6 and 5 clones with unique sequences
were identified for the affinity selection experiments with the MAPK1-pT (185),
JunB-pT (255) and MAPKS3-pT (197) peptides, respectively. The specificity of the
two MAPK1-pT (185) clones (H1 and B4), six JunB-pT (255) clones (A8, A11,
A12, C4, G2 and H11), and five MAPK3-pT (197) clones (B1, B2, E9, G1, G2)
was further tested by phage ELISA. All of the JunB clones were observed to be
cross-reactive with the MAPK1-pT (185) peptide and vice versa (Fig. 2B-C), and
a possible explanation for this is that both these pT peptides have the same pT
(+3) residue (in this case Val), which has been shown from previous studies (12,
26) to be a major determinant of binding. The specificity phage-ELISA of five

MAPKS clones revealed that two clones (B1 and G1) bound specifically only to
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the cognate MAPK3-pT (197) peptide and not to other unrelated

phosphopeptides (Fig. 2D). Three other clones (B2, E9 and G2) showed weak

cross-reactivity with JunB-pT peptide; cross-reactivity may be a consequence

that both peptides contain a hydrophobic amino acid in the pT (+3) position (Leu

and Val for MAPK3-pT and JunB-pT peptides, respectively).
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Figure 2. Phage ELISA. A) The target plate was coated with the cognate pT
peptide and the background plate was coated with the non-phosphorylated form
of the same peptide. The last microtiter plate well (H12) was coated with a
control pT peptide and incubated with its specific binding phage (positive control).
Binding was detected using anti-M13/HRP conjugated antibody. Positive signal
only on the target plate represents potential binding clones. The binding of FHA1
affinity reagents isolated against B) JunB-pT peptide, C) MAPK1-pT peptide, and
D) MAPK3-pT peptide were tested for binding to the non-phosphorylated form of
the same peptide, the Rad9-pT peptide (cognate peptide for wild-type FHA1
domain) and few other pT peptide sequences.
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We purified the MAPKS3-B1 clone and further tested its binding specificity on
a large number of phosphopeptides. This protein ELISA revealed that the B1
clone bound its cognate pT peptide ligand with, little or no cross-reaction with 10
other phosphopeptide sequences and the non-phosphorylated form of peptide
ligand (Fig. 3). The only observable cross-reactivity was with the Myc-pT peptide,
which was again not surprising because both phosphopeptides contain leucine in
the pT (+3) position. The FHA1 domain has been previously observed (33) to
cross-react with various pT peptides that contain the same pT (+3) residue, with
dissociation constants ranging from 0.36 to 71 uM, suggesting that residues on
either side of the pT moiety contribute to and fine-tune the binding specificity of

the FHA1 domain.
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Figure 3. Characterizing the specificity of an anti-MAPKS3 affinity reagent.
The binding specificity of an anti-MAPKS affinity reagent (B1) was monitored with

11 different phosphopeptide sequences, along with its cognate pT peptide
(MAPK3-pT) and the non-phosphorylated form of the same peptide (MAPK3-T).

In conclusion, the specificity of the FHA1 domain can be engineered to bind
to new pT-containing peptides for which binding was not previously detected.
Binding of the FHA variants to peptides is phosphorylation dependent, as no
binding was observed for the non-phosphorylated form of peptides. While
specific binding clones were isolated, cross-reactivity was observed whenever
the peptides shared the same pT (+3) residue. A strategy that is commonly used
to eliminate cross reactive clones from the library is a deselection approach,

which is depicted in Figure 4.
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Figure 4. Deselection strategy for eliminating cross-reactive clones. The
phage library displaying FHA1 variants is incubated with the target pT peptide
(biotinylated and captured on streptavidin magnetic beads) along with the pT
peptide (non-biotinylated) for which cross-reactivity was observed. Depending
on their affinity, the library phage will bind to one or the other pT peptide.
Washing will eliminate the phage bound to the non-biotinylated cross-reactive pT
peptide. Target pT peptide bound phage are captured on streptavidin magnetic
beads which are then eluted by acid or trypsin and propagated to amplify the
binding clones which will be used for subsequent rounds of affinity selection.
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4.4.2.2 Affinity reagents isolated from the FHA1G?2 library against a dual

phosphorylated peptide from MAPK1/3 or ERK1/2 Ser/Thr protein

kinase

During the ERK-MAPK pathway, in response to an external stimulus,
Ser/Thr protein kinases, MEK1 and MEK2 activate MAPK3/ERK1 (p44) and
MAPK1/ERK2 (p42) protein kinases by phosphorylating both Thr (185) and Tyr
(187) residues present adjacent to each other in the activation loop of the kinase
(34). The activated ERK1 and ERK2 proteins in turn activate numerous
cytoplasmic and nuclear substrates involved in various signaling events (35). A
dual phosphorylated peptide (ERK1/2-pTpY (185,187)) containing these two
phosphosites was used as a target for performing affinity selection. After two
rounds of affinity selection, binding clones were isolated and upon sequencing 12
clones, 3 clones with unique sequences (A5, A9 and C5) were identified. All the
three clones showed specific binding for their cognate pT peptide (shown as light
blue histograms), with minimal or no cross-reactivity against seven other
phosphopeptides from the ERK-MAPK pathway (Fig. 5A). Thr (185) and Tyr
(187) in the activation loop are represented as red and blue spheres respectively
in the crystal structure of ERK2 (36) (Fig. 5B). Binding was observed primarily to
the dual phosphorylated peptide with minimal or no binding detected for the two

mono-phosphorylated peptides (Fig. 5C).
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The FHA domain of Dun1 protein from S. cerevisiae binds well to doubly
phosphorylated peptides. This tight binding observed for Dun1 FHA domain with
the dual phosphorylated peptides is attributed to the presence of two
phosphopeptide binding sites in its three dimensional structure (37). It has never
been shown before that an FHA1 variant can recognize a doubly phosphorylated
peptide. This screening result demonstrates that the phage-displayed library of
FHA1 variants contains members that can specifically recognize doubly
phosphorylated epitopes in addition to those that bind to singly phosphorylated

epitopes.
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Figure 5. Specificity test for the anti-MAPK affinity reagents. A) The binding
specificity of three FHA affinity reagents isolated against a dual phosphorylated
peptide from MAPK was tested for binding to the non-phosphorylated form of the
same peptide, the Rad9-pT peptide (cognate peptide for wild-type FHA1 domain)
and seven other phosphopeptides from the ERK-MAPK pathway. B) The crystal
structure of ERK2 protein (Protein data base code-2FYS (36), showing Thr (185)
and Tyr (187) in the activation loop, which get phosphorylated by MEK1/2 kinase
upon stimulation (34). FHA1 affinity reagents were isolated against a dual
phosphorylated peptide, harboring these two phosphosites. C) The three anti-
MAPK FHA1 affinity reagents were tested for binding to the dual phosphorylated
peptide, as well as to the two singly-phosphorylated peptides. Phage binding was
detected using anti-M13/HRP conjugated antibody.
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The nucleotide and amino acid sequences of the 8 positions, which were
randomized during library construction, are shown in Table Il. Mutations at two
positions, R83 and L84, in the FHA1G2 domain changed its specificity from
recognizing its cognate Rad9-pT peptide (with Asp in the pT (+3) position) to a
new pT peptide with Val in the pT (+3) position. Structural studies and site
directed mutagenesis experiments have revealed that residue R83 (located in the
B4-B5 loop) from the FHA1 domain makes ionic interactions with the pT (+3) Asp
and is a major determinant of the binding specificity (26). Interestingly, the FHA2
domain, with Arg at residue 617, does not bind to the FHA1 pT-peptide ligand,
but instead binds to a peptide that has a hydrophobic residue in the pT (+3)
position. From structural studies, it is clear that the Arg617 in the FHA2 domain is
involved in an intramolecular interaction with Asp683, making it unavailable to
bind to the Asp in the pT-peptide (38, 39). Therefore, in our affinity selection
experiments, mutation of the R83 residue resulted in loss of recognition of the
original peptide sequence. Among the selected clones, 75% of them retained the
original L78 residue, which means that it might not contribute to the binding
specificity, therefore, while constructing the second library (G2-Xmal), this
residue was not selected, instead S82 residue was included as it was shown
from structural studies to interact with the pT-peptide (26). The residues selected
for randomization in the 10-11 loop were mutated in about 60% of the clones,

indicating that this loop contributes to the binding specificity.
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Table Il. The sequences of the FHAL affinity reagents isolated from the

FHA1G2 library.

Clone ID Nucleotide sequence Amino acid Nucleotide sequence Amino acid

(B4-B5 loop) sequence (p10-p11 loop) sequence
(78-84) (B4-B5 loop) (133-139) (B10-pll loop)

(78-84) (133-139)
FHA1G2 TTAGGTAACATTAGCCGCTTA LGNISRL GGCGTAGGTGTAGAAAGCGAT GVGVESD
MAPK1-B4 TTAGGTAACATTAGCCATTAT LGNISHY GGCGTAGGTGTAGAAAGCGAT GVGVESD
MAPK1-H1 TTAGGTAACATTAGCACGCAT LGNISTH GGCGTAGGTGTAGAAAGCGAT GVGVESD
MAPK3-B1l TTGGGTAACATTAGCTATATT LGNISYTI CGTCTGGATGCGGAAAGCCAT RLDAESH
MAPK3-B2 TTGGGTAACATTAGCTATATT LGNISYTI AGGTTGGGGGAGGAAAGCTCT RLGEESS
MAPK3-G2 TTGGGTAACATTAGCTATTTG LGNISYTL CTTCCTTCTCTTGAAAGCGAT LPSLESD
MAPK3-E9 TTTGGTAACATTAGCGAGTAT FGNISEY CCGGGTCGGAGGGAAAGCGAT PGRRESD
MAPK3-G1 TTAGGTAACATTAGCACGATT LGNISTTI CATACTTCTGATGAAAGCAAT HTSDESN
JunB-A8 TTAGGTAACATTAGCTATTAT LGNISYY GGCGTAGGTGTAGAAAGCGAT GVGVESD
JunB-All TTAGGTAACATTAGCCATTAT LGNISHY GGCGTAGGTGTAGAAAGCGAT GVGVESD
JunB-C4 TTGGGTAACATTAGCTATTTG LGNISYTL CTTCCTTCTCTTGAAAGCGAT LPSLESD
JunB-Al12 TTAGGTAACATTAGCCATTTT LGNISHTF GGCGTAGGTGTAGAAAGCGAT GVGVESD
JunB-G2 TTAGGTAACATTAGCTATTTT LGNISYF GGCGTAGGTGTAGAAAGCGAT GVGVESD
JunB-H11 TTAGGTAACATTAGCTTTTAT LGNISFY GGCGTAGGTGTAGAAAGCGAT GVGVESD
ERK1/2-A5 ATGGGTAACATTAGCAGTATT MGNISSTI TTGACTGGGCGTGAAAGCACT LTGREST
ERK1/2-C5 CACGGTAACATTAGCATGATT HGNISMI CGTGCTAGGACGGAAAGCCGT RARTESR
ERK1/2-A9 ATGGGTAACATTAGCATGATT MGNISMI CGGCAGGGGCGGGAAAGCCGG RQGRESR

The sequences of all the FHA affinity reagents are compared to the sequence of the FHA1G2
variant, which is the starting scaffold used for library construction. The 8 residues randomized
during library construction are show in blue in the FHA1G2 sequence. If these residues differ from
G2, they are shown in red in the binding clones, whereas residues that were selected for
randomization during library construction are shown in black.
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4.4.2.3 Affinity reagents isolated from the G2-Xmal library against JunD-pT

(245), Myc (Myc-pT (58) and ATF2-pTpT (69, 71) peptides.

Using the G2-Xmal library, in which 10 residues were randomized in the
FHA1 domain, | performed rounds of affinity selection against a doubly
phosphorylated peptide (ATF2-pTpT) (69, 71), from the Activating transcription
factor 2, and singly phosphorylated peptides from transcription factors jun-D
(JunD-pT (245)) and Myc (Myc-pT (58)). Ninety-five individual clones were
evaluated by phage ELISA for binding to the cognate pT peptide and the non-
phosphorylated form of the same peptide. The potential binders were sequenced
and the clones with unique sequences were further characterized for specificity.

ATF2 transcription factor is phosphorylated by Jun and p38 mitogen-
activated protein kinases and high levels of phosphorylated ATF2 transcription
factor are observed in tumor cells (40, 41). For the ATF2 transcription factor, two
unique binding clones, A3 and B12, were isolated. When they were tested
against an array of other phosphopeptides (Fig. 6A), they showed the strongest
binding to their cognate pT peptide ligand. No binding was detected for the non-
phosphorylated form of the same peptide, or the Rad9-pT peptide (cognate pT
peptide for the wild-type FHA1 domain). In the phage ELISA, the signal above
background was only 2-fold in phage, which suggests that its affinity (Kq) for the
target phosphopeptide is low. Presumably, its affinity can be improved by affinity

maturation, in which error-prone-PCR of the coding sequence of the binding
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clone generates a secondary library from which variants with higher affinity can
be selected. Clone B12 binds equally well to the doubly phosphorylated peptide
(shown as blue histograms), as well as to the peptide phosphorylated at T69
(shown as orange histograms), while A3 shows better binding to the ATF2-
pT(69) mono phosphorylated peptide (Fig. 6B). Interestingly, even though a dual
phosphorylated peptide was used for affinity selection, the pT(69) residue in the
peptide contributes the bulk of the peptide’s recognition by the selected FHA

domain.
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Figure 6. Specificity test for the anti-ATF2 affinity reagent. A) The binding
specificity of two anti-ATF2 reagents was tested for binding to the non-
phosphorylated form of the same peptide, the Rad9-pT peptide (cognate peptide
for wild-type FHA1 domain) and eight other phosphopeptides from the ERK-
MAPK pathway. B) The anti-ATF2 reagents were tested for binding to the dual
phosphorylated peptide, as well as to the two singly phosphorylated peptides.
Phage binding was detected using anti-M13/HRP conjugated antibody.
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To isolate an affinity reagent for phosphorylated Myc, | performed affinity
selection against a peptide phosphorylated at T58 (Myc-pT (58)). One unique
binding clone, A4, was isolated, which in phage ELISA exhibited very specific
binding to the cognate peptide (shown as blue histogram; Fig. 7A). Similarly, one
affinity reagent was isolated for JunD-pT peptide (Fig. 7B); however, it showed
cross-reactivity with the original Rad9-pT peptide, which can again be
rationalized from the fact that both these peptides have Asp in the pT (+3)
position, and this residue is known to determine the binding specificity for various
different FHA domains. As anticipated, the FHA1G2 variant, which is the starting
scaffold for library construction, also cross-reacted with the JunD-pT peptide. It is
possible that the observed cross-reactivity is due to the formation of ionic
interactions between the positively charged Arg residues located in the loop
regions of the FHA domain and the negatively charged Asp in the pT (+3)
position of the peptide. It has previously been shown, from screening
combinatorial peptide libraries, that the FHA1 domain from Rad53 protein can
bind to different pT peptide sequences from the Rad9 protein, all of which have
Asp in the pT(+3) position (33). However, the binding affinity varies for different
peptides because residues on either site of the pT peptide also contribute to
binding to the FHA1 domain. The nucleotide and amino acid sequences of all the

affinity reagents, at the 10 randomized positions, are shown in Table IlI.
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Figure 7. Specificity of the anti-Myc and anti-JunD affinity reagents. A) The
binding specificity of anti-Myc reagent was tested for binding to the non-
phosphorylated form of the same peptide, the Rad9-pT peptide (cognate peptide
for wild-type FHA1 domain) and eight other phosphopeptides from the ERK-
MAPK pathway. B) The binding specificity of one FHA reagent isolated against a
phosphorylated peptide from JunD transcription factor was tested for binding to
the non-phosphorylated form of the same peptide, the Rad9-pT peptide (cognate
peptide for wild-type FHA1 domain) and eight other phosphopeptides from the
ERK-MAPK pathway. Phage binding was detected using anti-M13/HRP
conjugated antibody.
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Table Ill. The sequences of the FHAL1 affinity reagents isolated from the G2-

Xmal library.

Nucleotide Amino acid Nucleotide sequence Amino acid
Clone sequence sequence (B10-p1l1 loop) sequence
Name (B4-B5 loop) (B4-B5 loop) (133-139) (B10-B1l1 loop)
(82-84) (82-84) (133-139)
FHA1G2 AGCCGCTTA SRL GGCGTAGGTGTAGAAAGCGAT | G VGV E S D
Myc-A4 CTTCCTGTG LPV CGGACTGATCCTACGGGTACG RTDPTGT
ATF2-A3 AGCTGGGTT SWYV CAGCCTGCTAGGGAAAGCAAT QPARESN
ATF2-Bl2 CCGTGGGTG PWYV GAGCCGGGGACGCGTAGGCGG | E PG T R R R
JunD-B12 CCTACGGTG PTV GGGCGGCGTTCTGGTGCTCCT | G R R S G A P

The sequences of all the FHA affinity reagents are compared to the sequence of the FHA1G2
variant, which is the starting scaffold used for library construction. The 10 residues randomized
during library construction are show in blue in the FHA1G2 sequence. If these residues differ from
G2, they are shown in red in the binding clones.

4.4.3 Determining peptide residues important for FHA recognition

To map the residues in the FHA1 domain that are most important in
recognizing the pT-peptide, | performed alanine scanning of the MAPK3-pT
peptide ligand (ADPEHDHpTGFLTEYKKK). My results revealed that the pT (-1,
+2 and +3) residues are critical for binding to the FHA1 domain, as replacing
these residues led to >90% loss of binding (Fig. 8). Intriguingly, there was 60-
70% loss of binding when pT (+1, +4, -2 or -3) residues were replaced with
alanine, indicating that these residues also contribute to binding. Mutating the pT

(-4) residue had no effect on binding, suggesting that this residue is not
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important. Additionally, no binding was detected for either the non-
phosphorylated form of the same peptide or for a pT-containing peptide in which
the residues (-4 to +4) were replaced with alanine.

From previous studies (42) it has been shown that the pT (+3) residue is a
key determinant for binding specificity for FHA domains. Therefore, a pT peptide
was synthesized in which the +3 residue was fixed and residues from -4 to +4
were replaced with alanine. To our surprise there was only 15% residual binding,
which suggests that the other residues surrounding the pT also contribute to the
binding specificity in addition to the pT (+3) residue. Together, these results
indicate that the pT (-3 to +4) residues form the binding epitope for the FHA1
domain. My findings corroborate a published study (26), in which it was
demonstrated that the pT-peptide residues (-3 to +2) are important for binding in
addition to the pT-moiety and the pT (+3) residue. When the (-3 to +2) residues
in the pT-containing peptide were mutated, there was a > 160-fold decrease in
the binding affinity of the FHA1 domain for its cognate-pT peptide. Similarly
mutating these peptide residues in the cognate peptide for FHA2 domain
completely abolished its binding to its cognate pT-peptide. This supports my
observation that, in addition to the pT and the +3 residue, residues N- and C-

terminal to the pT moiety also contribute to binding.
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Figure 8. Characterizing the specificity of an anti-MAPK3 affinity reagent,
and determining the peptide residues important for interaction. Binding of
the anti-MAPK3 affinity reagent (B1) to its cognate MAPK3-pT peptide is set to
100% and the binding to various alanine-scanned peptide variants is compared
to it.

4.4.4 SDS-PAGE analysis of purified FHA affinity reagents

The purified FHA-AviTag fusions were resolved in a 10% SDS-PAGE gel,
followed by visualization with Coomassie Brilliant Blue (Fig. 9). The FHA-AviTag
fusions were the correct size (~22 kDa). The yield of the FHA-AviTag fusion

proteins is ~20-25 mg/L (culture flask).
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Figure 9. SDS-PAGE analysis of AviTag fusions of FHA variants. 1 ug of the
AviTag fusions of FHA1 variants (~22 kDa) were run on a 10% SDS-PAGE gel
and visualized after staining with Coomassie Blue stain. Protein loading order-
Molecular weight marker (kDa), Lane 1: GST (1 ug, 26 kDa), Lane 2: anti-
phospho-Myc FHA reagent (A4), Lane 3: anti-phospho-ERK1/2 FHA reagent
(A5), Lane 4: the original scaffold protein (FHA1G2), Lane 5: point mutant of the
FHA1G2 domain (D139A), Lane 6: GST (3 pg, 60 kDa).

4.45 Using FHA affinity reagents as probes in Western blotting

An ideal format to test the specificity of the affinity reagent is Western
blotting of a total cell lysate. Cell lysates were prepared both before and after
stimulating NIH/3T3 cells with EGF or after incubation with MEK1/2 inhibitor
(U0126), followed by EGF stimulation. U1026 is a non-competitive inhibitor of

MEK1 and MEK2 protein kinases (43), which are responsible for activating ERK1
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and ERK2 protein kinases by phosphorylating both the Thr202/Tyr204 and
Thr185/Tyr187 residues in the activation loop of the kinase domains of ERK1 and
ERK2 kinases, respectively (44). Cell lysates (50 ug), from all the treatments
were resolved in an SDS-PAGE gel and the proteins were transferred to a
nitrocellulose membrane. An anti-phospho-ERK1/2 1gG (positive control)
revealed specific staining of ERK1 (44 kDa) and ERK2 (42 kDa) proteins, only
when the cells were stimulated with EGF (Fig. 10, panel b). Unfortunately, | did
not observe any binding with the anti-phospho-ERK1/2 FHA reagent A5 with any
cellular protein, regardless of the cellular treatment (Fig. 10, panel a).

| suspect that the negative result is due to the fact that A5 reagent has a
modest affinity to its peptide ligand. From preliminary experiments with the BIND
reader, | determined its K4 to be ~2 yM. With a micromolar K4 value, the reagent-
target complex will have a short half-life (i.e., seconds) and the affinity reagent
will be quickly lost during the various washing steps of Western blotting. In
contrast, affinity reagents with low nM K4 work well in pull-down experiments and
western blotting (45).

Instead of improving the intrinsic affinity of the A5 reagent through affinity
maturation, | decided to generate bivalent forms of the AS affinity reagent by
fusing it to the Fc portion of an IgG to improve its apparent affinity through
avidity. Bivalent and multivalent reagents have been shown to improve the

apparent K4 and demonstrate wide applicability in recognizing the cognate target
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in various biochemical and cell-based applications (46-48). The FHA-Fc proteins
were overexpressed in HEK293F cells and purified by immobilized metal affinity
chromatography. Regrettably, the protein yields were very low (10-15 times lower
than the monovalent FHA reagents expressed in E. coli) and the ELISA signal for
binding to the pT peptide was even weaker than before (data not shown). Since
the original FHA scaffold was codon optimized for expression in E. coli, it is
possible that the protein is poorly expressed in HEK-293 cells, folding improperly,
or is glycosylated. For this reason, | plan to fuse the FHA reagents either to a
leucine zipper dimerization domain (48, 49) or a cartilage oligomeric matrix
protein (COMP) pentamerization domain (46, 50), overexpress the constructs in

bacteria, and repeat the Western blotting experiments.



179

IRDye MW - + + - + + EGF
marker (kDa) - - + - - + uUo126

& ERK1 (44 kDa)
€~ ERK2 (42 kDa)

Figure 10. Western blotting of NIH/3T3 cell lysates. NIH/3T3 cell lysates (50
Mg) from three treatments (before and after EGF stimulation and EGF stimulation
after treatment with U0126), were loaded on an SDS-PAGE gel, transferred to a
nitrocellulose membrane, and probed with anti-phospho ERK1/2 FHA reagent A5
(biotin conjugated) and detected using Streptavidin IRDye® 700DX conjugated
(panel a) or with an IgG that recognizes the same dual phosphorylated ERK1/2
phosphoepitope and detected using Goat anti-Rabbit IRDye® 680 (panel b).

4.4.6 Cell staining of endogenous phospho-ERK1 and ERK?2 proteins

NIH/3T3 cells were cultured on poly-L-Lysine coated coverslips for 20 h in
complete medium and then serum starved for 24 h. The cells were fixed with 4%
formaldehyde, either before or after stimulation with EGF or after treatment with
MEK1/2 inhibitor (U0126) followed by EGF stimulation. The dual phosphorylated

ERK1/2 proteins were detected using a commercially available 1gG developed in
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rabbit (as a positive control) and a FHA affinity reagent, A5, generated against

the dual phosphorylated ERK1/2 peptide.

Cell-staining with anti-phospho ERK1/2 IgG

Staining with the 1gG (Fig. 11A) showed an increased level of phospho-
ERK1/2 proteins upon stimulation with EGF (panel b) compared to unstimulated
cells (panel a). The level of phosphorylation was similar to unstimulated cells
when the cells were treated with MEK1/2 inhibitor (U0126) for 2 h prior to
stimulation with EGF (panel c). U0126 is a non-competitive inhibitor of MEK1/2
Ser/Thr protein kinase (43), which is the upstream kinase responsible for
phosphorylating ERK1/2 proteins (44). Therefore, when MEK1/2 kinases are
inactivated, they do not phosphorylate ERK1/2 protein kinases and the cell
staining signal should be reduced to background. In panel d, cells were staining
only with the Alexa Fluor 488 labeled secondary antibody (negative control). Prior
research has shown that phospho-ERK1/2 proteins are almost exclusively
localized to the nucleus after stimulation of Swiss 3T3 cells with EGF (51). Dual
phosphorylation is essential for activation of ERK1 and ERK2 and for its

translocation into the nucleus (52).
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Cell-staining with anti-phospho FHA affinity reagent [A5]

Staining endogenous phospho-ERK1/2 proteins with an FHA affinity reagent
A5 (Fig. 11B) showed nuclear staining without or with EGF stimulation (panels a
and b), and this staining pattern did not change when the cells were treated with
the U0126 inhibitor (panel c). Non-specific staining was not observed, when the
cells were stained with the original FHA1G2 domain, which was used as a
scaffold for library construction (panel d) or with a point mutant (D139A) of the
FHA1G2 domain (panels e), indicating that the FHA reagent A5 is recognizing a
protein that cannot be detected with the original starting scaffold. We have shown

that we have changed the binding specificity of the original FHA1 variant.
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Figure 11. Staining dual phosphorylated ERK1/2 proteins. A) Cell-staining
with anti-phospho ERK1/2 IgG. NIH/3T3 cells were stained with anti-phospho
ERK1/2 1gG a) before EGF stimulation (0’), b) after stimulating with EGF for 10
min (10’), and c) after pre-treating the cells with MEK1/2 inhibitor (U0126)
following stimulation with EGF for 10 min. d) Cells were not stained with the
primary 1gG. The secondary antibody used for detection is Alexa Fluor® 488 goat
anti-rabbit IgG. B) Cell-staining with anti-phospho FHA affinity reagent [A5].
NIH/3T3 cells were stained with FHA reagent [A5] a) before EGF stimulation (0’),
b) after stimulating with EGF for 10 min (10’), and c) after pre-treating the cells
with MEK1/2 inhibitor (U0126) following stimulation with EGF for 10 min. Cells
were stimulated with EGF for 10 min and stained with d) FHA1G2 variant, which
was the original scaffold used for library construction and €) a point mutant
(D139A) of the FHA1G2 variant that was unable to recognize its cognate pT-
peptide. f) Cells were not stained with any FHA reagent. All the FHA reagents are
biotinylated and the secondary antibody used for detection is Streptavidin, Alexa
Fluor™ 488 conjugate. C) Comparing the punctate nuclear staining patterns
obtained using the anti-phospho ERK1/2 IgG and the FHA affinity reagent A5.
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Punctate staining was observed in the nucleus while staining with both the
anti-phospho ERK1/2 1gG and the FHA affinity reagent A5 (Fig. 11C), but no
staining was observed in the cytoplasm. To confirm my cell staining result, two
different cell lines were used, NIH/3T3 and mIMCD3, two different growth
hormones were used as stimulants (EGF and PDGF), different fixation methods,
such as using 100% methanol, 4% formaldehyde and a combination of both,
were used, and different formats of the FHA affinity reagents (such as GFP
fusions and biotinylated versions) were tested. All methods gave the same
staining pattern, indicating that it is a reproducible staining result. Since staining
was not observed in the cytoplasm, and the two FHA proteins used as negative
controls (FHAGZ2 and its D139A point mutant) did not stain the cells, either in the
cytoplasm or in the nucleus, we believe that it is specific nuclear staining.
However, the identity of the protein(s) responsible for binding the FHA domain in
the cell is unknown.

One approach to prove the identity of the protein is to perform cell staining
in an ERK1/2 gene knock out cell line or use siRNA to down-regulate the
expression of either MEK1/2 or ERK1/2 proteins (53, 54). An alternate method is
to perform a co-staining experiment using an IgG that binds to ERK1/2 protein
and the A5 affinity reagent, each labeled with a fluorescent probe having a
different emission wavelength. These approaches will answer whether the

reagent is staining ERK1/2 or not. If it is ERK1/2, the second question is to figure
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out if the reagent is phosphospecific. For this purpose, we propose to generate a
mutant of the A5 affinity reagent in which Arg70, which is important for pT
recognition (26) is mutated to Ala. If this R70A mutant does not stain the nucleus,
then we can say with confidence that the reagent is phosphospecific. On the
other hand, if both the A5 reagent and its R70A mutant show similar staining
patterns, then we know that the persistent staining may be due to binding with
the non-phosphorylated form of ERK1/2.

However, if the reagent shows nuclear staining in an ERK1/2 knockout cell
line, then it is cross-reacting with some other protein. How do we identify this
protein? We recommend two strategies: 1) Using peptide or protein arrays and 2)
Pull-down experiment and mass spectrometry. To identify if the A5 reagent is
cross-reacting with any of the closely related members in the ERK-MAPK family,
an array can be probed to identify the cross-reacting proteins (Human phospho-
MAPK array kit, R & D systems, Inc., McKinley Place NE, MN), similar to the
work done previously to confirm the specificity of a monobody to Fyn SH3
domain by probing an array spotted with 150 human SH3 domains (55) and to
characterize the specificity of scFvs specific for four SH2 domains by probing an
array spotted with 432 proteins (56). On the other hand, phosphopeptide arrays
with hundreds of phosphopeptides of known sequences can be custom
synthesized on a cellulose membrane and probed with the AS affinity reagent, as

has been previously done to define the binding specificity and motifs of SH2
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domains (57), BRCT domains (58) and Polo-box domain (59). Using a second
strategy, the proteins can be pulled down from the nuclear extracts of
mammalian cell lysates using the A5 reagent conjugated to magnetic beads and
the proteins can be identified by mass spectrometry. It should be noted that pull-
down experiments also depend upon the accessibility of the epitope, the
concentration of the endogenous phosphorylated proteins, and on the affinity of
the recombinant reagent. Recombinant affinity reagents usually do not bind as
tightly compared to antibodies obtained from animal immunizations, which have
undergone in vivo affinity maturating resulting in picomolar binding. Recombinant
affinity reagents are amenable to in vitro directed evolution and various reagents
have been affinity matured in vitro to obtain Ky values similar to or even better
than antibodies isolated by animal immunizations (60, 61) which is described in
more detail in the Conclusions chapter.

Since the FHA domain is a novel scaffold, we are in the process of
improving the affinity reagents derived from this protein domain to make them
widely applicable for use in various formats. We have proved the most important
proposal of this project that it is possible to generate new anti-phosphopeptide
binding specificities using the FHA1 domain as a scaffold. To this end, we have
been able to show specific binding of these affinity reagents to their cognate
phosphopeptides in phage ELISA. However, we were not able to show specific

staining of the reagents in cell staining and Western blotting. For such
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applications, directed evolution of these reagents is essential to increase their

affinity and specificity for their cognate targets.

4.5 Conclusion

In conclusion, we have engineered the specificity of the FHA1 domain to
recognize various phosphothreonine peptides, for which binding was not
previously detected. The phage-displayed library of FHA1 variants is a useful
resource to isolate renewable anti-phosphospecific reagents, in vitro, by phage-
display. All the FHA1 variants bind to their cognate pT peptide, with little or no
binding to the original Rad9-pT peptide. All the interactions are pT dependent
and no binding was detected for the non-phosphorylated forms of any of the
peptides in phage ELISA. Our success rate with isolating affinity reagents for
various pT containing peptides from these phage-displayed libraries of FHA1
variants is ~60%. For the first time, a pT-binding domain has been engineered for
displaying its functional variant on the surface of bacteriophage M13 and using it
as a potential scaffold for generating affinity reagents to various pT peptides.
This strategy serves as a platform for exploiting other phosphopeptide-binding
domains as scaffolds for generating recombinant phosphospecific affinity
reagents. These reagents will be an attractive alternative for antibodies, because

they are renewable, have excellent expression in E. coli (20-25 mg/L), can be



188

generated in a short time (<2 weeks), and are cost effective compared to
immunizing animals. In the next chapter, we discuss strategies for the directed
evolution of affinity reagents and some other phosphopeptide-binding domains

that can be used as potential scaffolds in the future.
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5. CONCLUSIONS

5.1 Evaluating the specificity of affinity reagents

Recombinant techniques have made it possible to generate affinity
reagents to hundreds or thousands of proteins in the human proteome (1-4).
However, an equally important challenge is to validate these reagents for binding
specificity and provide a pipeline of well characterized affinity reagents that are
useful to the scientific community for using as reagents in various biochemical
and cell-based applications. The Human Protein Atlas (HPA) project currently
collects immunohistochemistry, immunofluorescence, Western blot, and protein
array data about a large variety of monoclonal, polyclonal, and recombinant
antibodies that recognize human proteins (www.proteinatlas.org) (5-8).

One very useful method for evaluating the specificity of an affinity reagent is
to probe large numbers of proteins that have been spotted into arrays. While a
reagent might seem specific when screened against a few proteins on the
laboratory bench, it needs to be tested against a much large set of potential
targets. For example, when a number of monoclonal and polyclonal antibodies,
which had been generated to specific yeast proteins, were used to probe an
array of ~5000 yeast proteins, cross-reactivity was observed (9). The array
results were confirmed in Western blots: many of the cross-reactive proteins in

the arrays were confirmed on the blots, but some of them were not, either due to
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the low protein concentration in the cell lysate or due to the loss of
conformational epitopes during Western blotting.

The recent availability of protein and antibody arrays has made it possible
to validate the affinity reagents for cross-reactivity in a more realistic scenario.
Using chips spotted with all the proteins encoded in an organism’s genome is a
very useful resource for mapping protein-protein interactions (10). The specificity
of a monobody binding to the Src homology 3 (SH3) domain of Fyn tyrosine
kinase was validated by probing an array onto which 150 human SH3 domains
were spotted, which comprises of half the total number of SH3 domains in the
human proteome (11). In an international effort, 398 affinity reagents (polyclonal
or monoclonal antibodies or recombinant single-chain variable fragments), which
had been generated against various human Src homology 2 (SH2) domains,
were validated for specificity by probing 432 proteins with each one (12). Of
these, 90 scFvs were provided by Dr. John McCafferty at University of
Cambridge, with whom we collaborated to generate a panel of scFvs to 20
human SH2 domains (13). Of the 398 affinity reagents tested for specificity,
about 50% showed specific binding for their cognate target and 10% were highly
cross-reactive. In parallel, Dr. John McCafferty’s group tested the specificity of
scFvs isolated against four SH2 domains from NCK1, SYKN, RASA1_C and
NCK1 proteins, by using the same method (13) and observed that all the scFvs

recognized primarily their cognate antigens with little/no cross-reactivity to
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unrelated proteins. Similar to monoclonal and polyclonal antibodies generated by
animal immunizations, recombinant antibody fragments generated by phage
display technology show specific recognition of their cognate targets and offer an
attractive alternative to generating affinity reagents in vitro by recombinant
techniques.

Another useful technique to confirm the specificity of affinity reagents is the
use of cell lines in which the gene of interest is knocked out by genetic
engineering (14, 15) or the expression of the protein is down-regulated with small
interfering RNAs (siRNAs) (16, 17). To confirm that an antibody is binding to its
cognate target, such engineered cells should yield no signal in immuno-
fluorescence experiments or Western blotting experiments, if the affinity reagent
is specific. A high-throughput immunofluorescence assay, in which images are
captured with a confocal microscope, was used to validate the specificity of 75
polyclonal antibodies, which had been generated against 65 proteins that were
silenced using 130 siRNAs (18). Using this approach, it was observed that 80%
of the antibodies stained the correct part of the cell and showed a decrease in
fluorescence intensity when cells were transfected with siRNA. The cross-
reactive antibodies staining other parts of the cell in addition to their cognate
target showed a persistent staining even in siRNA transfected cells. Similar
approaches have also been used to validate the specificity of antibodies for

specific targets (19, 20).
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5.2 In vitro affinity maturation

While it is generally desired that an affinity reagent binds selectively to its
cognate target, on occasion, the desired affinity of a binder is inadequate for a
particular biochemical application. This is generally a consequence due to the
short half-life of the antigen bound to its affinity reagent. For example, assuming
a kon rate of 10° M's™", complexes with dissociation rate constants of 1 uM, 100
nM, and 1 nM will have half-lives of 1 sec, 10 sec, and 16.7 min, respectively
(21). Thus, for pull-down experiments (followed by Western blotting or mass
spectrometry), in which there can be several lengthy wash steps to reduce non-
specific binding of thousands of abundant cellular proteins, it is essential that the
affinity reagents have the tightest binding possible.

Antibody fragments and other affinity reagents isolated from naive (non-
immunized) or synthetic libraries without the involvement of any affinity
maturation usually have dissociation constants (Kg4s) in the high nanomolar to
micromolar range (22). Over the years, it has been a common practice to
generate secondary libraries by random mutagenesis of the original binding
clone, followed by selecting for variants with desired properties, as depicted in
Fig. 1. Different types of affinity reagents isolated from either phage, ribosome or
yeast displayed libraries have been further affinity matured in vitro by using
random mutagenesis or site-directed mutagenesis to isolate high affinity binders

with affinities comparable to antibodies isolated after animal immunizations (23,



200

24). In many respects, directed evolution mimics the in vivo immune response of
B-cells for generating affinity-matured antibodies. The opportunity to affinity
mature recombinant affinity reagents in vitro renders these display technologies

as powerful alternatives to generating antibodies by animal immunization.

Naive library
(~10°-10"° members)

Affinity selection
(No affinity maturation)

Affinity matured

binding clones DIRECTED Binding clones

(low nM to pM K) EVOLUTION (high nM or pM K)

Off-rate Directed e_volt_ltion
selection (random or site-directed

mutagenesis or both)

Secondary library
(affinity-matured
library)

Figure 1. Directed evolution of affinity reagents in vitro by random
mutagenesis. Affinity reagents specific for a target protein are isolated after 2-3
rounds of affinity selection from a library containing billions of variants. To
improve the affinity of the best binding clones, they are subjected to random or
site-directed mutagenesis, and variants are selected from the secondary libraries
that bind tighter by performing an off-rate selection.



201

Two methods of random mutagenesis are most commonly employed to
improve the affinity of binding clones: 1) chain shuffling and 2) error-prone PCR.
While performing chain shuffling (25, 26), the variable region of heavy chain (Vy)
of a single binding clone is allowed to recombine with a library of light chain
variable fragments (V.), or vice versa, and new Vy-V| pairs are tested for variants
with improved properties. This tactic works well, as | used it to improve the
affinity of scFvs binding to 8 different Src Homology 2 (SH2) domains (27). In this
study, we observed that for each target, a greater number of binding clones were
isolated from the chain shuffled libraries that gave a high signal in phage ELISA.
The anti-SHC1 scFvs with low nM Kgys values were able to immunoprecipitate
SHC1 from lysates of breast cancer epithelial cells, and these reagents worked
equally well in Western blotting. It was a very important observation that scFvs
having low nM kgs values of <60 nM worked successfully in immunoprecipitation
experiments. This, however, is also dependent on the accessibility of the epitope
and the endogenous protein concentration. Using this approach, the affinity of
scFvs binding to human epidermal growth factor receptor 2, a hapten (2-
phenyloxazol-5-one), and Hepatitis B virus coat protein were improved 5-fold, 6-
fold and 300-fold, respectively by shuffling their Vy with a repertoire of V_ and
vice versa, and screening for improved affinity (28-30). In addition to using chain
shuffling to improve the affinity of scFvs, it has been possible to improve the

levels of expression and thermal stability of scFvs (31). The expression and
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thermal stability of three human G-protein coupled receptors have also improved
by directed evolution (32).

When working with protein scaffolds, one can use error-prone PCR to
generate a secondary library from which variants with desired properties are
affinity selected under stringent conditions. In error-prone PCR (33, 34),
mutations are randomly generated across the entire coding sequence; this
method was used to improve the affinity of various affinity reagents, such as, an
FN3 monobody binding to Fyn tyrosine kinase (11), designed ankyrin repeat
proteins specific for cell-surface antigens and receptors (35, 36), and single-
chain variable fragments isolated against tumor antigens, neurotoxins and
peptides (37-39). Randomly mutating the complementarity determining regions of
antibody fragments binding to cancer-associated antigen and a growth factor led
to an affinity improvement of 20 to 100-fold (40, 41). By combining error-prone
PCR and chain shuffling or by directed mutagenesis along with random
mutagenesis, tight binding clones have been isolated (37, 38, 42).

Ribosome display technology includes an affinity maturation step during the
affinity selection procedure, which involves an error-prone PCR on the entire pool
of the selected population after each round of affinity selection. This favors the
isolation of high affinity binders with picomolar or low nanomolar dissociation

constants after 3-5 rounds of affinity selection (43-45). Affinity matured antibodies
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have been shown to be more sensitive in recognizing their cognate targets, in
various formats.

In addition to improving the affinity, error-prone PCR was used to improve
the phage-display efficiency of Fragment of antigen binding (Fab) (46), E. coli
adenylate cyclase and Bordetella pertussis (47), and to enhance the thermal
stability of the Forkhead-associated domain (48). We have shown that by error-
prone PCR in the Forkhead-associated domain coding sequence, we were able
to isolate variants that were functional when displayed on the surface of
bacteriophage M13 and variants that were more thermal stable compared to the
wild-type domain (48).

In conclusion, random mutagenesis has been used to improve the affinity,
specificity, thermal stability, expression, functional phage-display and phage-
display efficiencies of different types of affinity reagents. In the future, to generate
high affinity reagents to various phosphopeptides, we plan to make the overall
selection process more stringent by introducing random mutations in the pool of
clones after the second round of selection, by error-prone PCR, followed by a
stringent third round of selection with off-rate selection to isolate high affinity
binding clones. The final affinity reagents can be fused to a multimerization
domain, to generate multivalent reagents with even higher apparent affinity. We
predict that by using these strategies, we will be able to isolate affinity reagents

with low nanomolar binding dissociation constants and these reagents can be
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used for various applications because of their slower off-rate. All the reagents will
first be tested in Western blotting and the ones that look specific can be further

tested for other applications.

5.3 Improving affinity by generating multimeric affinity reagents

If a target is present at a local high concentration, or exists as a multimer in
solution, then it is possible to produce a more effective affinity reagent by
generating multivalent forms of the affinity reagents. Such an improvement is
based on the phenomenon of chelation or avidity. There are many examples in
nature of avidity playing an important role in biological processes, such as the
pentavalent immunoglobulin IgM that binds to the repetitive cell surface antigens
of bacteria and viruses (49). Similarly, due to avidity, the affinity of complement
factor C1q is increased 100-fold when it binds to a number of IgG molecules
present in an immune complex (50).

Various strategies have been adopted to generate bivalent, trivalent or
multivalent affinity reagents. One common approach is to fuse them to domains
that self dimerize or form multimers. For instance, bivalent affinity reagents are
generated by fusion via a flexible linker to the Fragment Crystallization (Fc)
portion of an IgG (Fig. 2A) (51, 52) or to the leucine zipper dimerization domain
of Fos or Jun proteins or yeast GCN4 transcription factor (Fig. 2B) (53, 54).

Pentameric fibronectin type Il domain (FN3) based monobody was generated by
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fusing it via a 45 amino acid linker to the pentamerization domain of cartilage
oligomeric matrix protein (COMP) (Fig. 2C). The pentameric monobody had an
increased binding affinity of ~460-fold, compared to the monomeric monobody,
and detected its cognate target at much lower concentrations in ELISAs and dot
blots. The pentameric reagent showed brighter cell staining of the cognate cell
surface antigen at concentrations 200-fold lower than the monomer (55).
Similarly, a peptide-COMP fusion had a K4 value of 1 nM, compared to the
original peptide with a very weak Ky value of 200 pM, to its cell surface target.
Moreover, the pentameric peptide was more effective in activating cells than that
used for a monoclonal antibody to the same cell surface, indicating that the
functional affinity of the pentameric peptide was greater than the affinity of the
monoclonal IgG (56). Pentamers of single-domain antibodies have also been

generated by fusing them to the verotoxin B-subunit of E. coli (57).
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Figure 2. Dimerization and multimerization domains. A) The monomeric
affinity reagent is fused to the Fc portion of an IgG molecule and the two
polypeptides are connected by disulfide bonds to generate a bivalent affinity
reagent. B) Leucine zippers are structural motifs found in transcription factors
such as Fos, Jun and GCN4. They are rich in Leu residues (every 7" position is
a Leu) and the two halves of a Leucine zipper zip together with strong
hydrophobic interactions between the leucines in each half, dimerizing affinity
reagents linked to them. C) COMP protein has a domain that forms
homopentamers. Affinity reagents fused to this pentamerization domain via a
long flexible linker produces pentavalent affinity reagents.
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Table | summarizes a more detailed list of the various dimerization and
oligomerization domains that have been commonly used to increase the valency
of affinity reagents. From various studies, it has been shown that an increase in
valency of the affinity reagents is associated with an increase in affinity by avidity
effect and the multivalent reagents specifically detect their cognate targets in
various applications such as western blotting (51), fluorescence activated cell
sorting (FACS) assay (52), enzyme-linked immunosorbent assay (ELISA), flow
cytometry, cell staining and immunohistochemistry (53, 58), and usually do did
not require further chemical modification or fixation of the cells, which are
necessary while using monovalent affinity reagents owing to their short half-life.

In conclusion, multivalent affinity reagents will work well when the target is
present at a high density, such as in ELISA, western blotting and recognizing cell
surface antigens that are present in a repetitive fashion. However, if this is not
the case, then affinity maturation of the binding clone has to be performed
followed by affinity selection under stringent conditions to isolate high affinity
reagents that can then be used for various applications in which the target

concentration is low.



Table I. List of affinity reagents and their fusion partners that promote
dimerization or multimerization.

Affinity reagent Fusion partner Valency of the affinity Reference
reagent

scFv, affibody Fc portion of an I1gG Bivalent (51, 52, 59, 60)
Different linker lengths
between the Vy and V| (61-65)

scFv 3-4 amino acids Bivalent (Diabodies)
1-2 amino acids Trimeric (Triabodies)
0 amino acids Tetramers (Tetrabodies)

Di-diabody Cp3 of an IgG Bivalent diabodies (66)

scFv, F(ab),, sdAb, . . . (35, 53, 54, 67-

DARPiNs Leucine zippers Bivalent 71)

FN3, peptide COM'.D pentamerization Pentamer (55, 56)
domain
two sdAbs linked via a :

SdAD 29 amino acid peptide Bivalent (72)

sdAb E. col|.verotoxm B- Pentamer (57,73, 74)
subunit

Fab, scPv, FN3, | )\ \kaline phosphatase | Bivalent (68, 75, 76)

peptides
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scFv, single-chain variable fragment; FN3, Fibronectin type Ill domain; Fab, fragment of antigen
binding; DARPIns, designed ankyrin repeat proteins; sdAb, single domain antibody.
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5.4 Potential scaffolds for generating anti-phosphospecific reagents

In my thesis, | engineered new binding specificities from a naturally
occurring pT-peptide binding domain, the N-terminal Forkhead-associated
domain (FHA1) from S. cerevisiae Rad53 protein. My goal was to generate
antibody-like ‘affinity reagents’ to various phosphoepitopes phage-display
technology in place of immunizing animals. As a proof-of-principle, we selected
the FHA1 domain, for four reasons: 1) the FHA1 domain specifically binds pT-
containing peptides, 2) its binding is phosphorylation dependent interaction (77-
79), 3) FHA1 domains can be overexpressed in E. coli (77), and 4) three-
dimensional structures of the FHA1 domain have been solved with a pT-
containing peptide bound to it (77, 80). These structural data provide valuable
information regarding the residues in the FHA1 domain that are important for
interaction with the phosphate group, the phosphopeptide backbone, and the
side chain residues.

Based on published structural studies, supplemented with my alanine
scanning data of 24 amino acid residues in the FHA1 domain, | constructed two
phage-displayed libraries with diversities of 3x10° and 10'° members. If the
library design is optimal, | postulated that | should be able to isolate unique
binding sequences from these libraries. In fact, | observed a 50% success rate of
generating FHA1 domain variants that recognized different pT-peptides, which is

very gratifying.
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For downstream applications, the success of an affinity reagent is
dependent on specificity and affinity for its target. At the moment, it is very
challenging to generate highly specific affinity reagents to various
phosphoepitopes because of the flexibility of the pT-peptide and the limited
number of contacts between the pT-peptide and the affinity reagent. In practice, it
is possible that an affinity reagent that works well in ELISA, may not work for
western blotting, cell staining, immunoprecipitation, or FACS, because of
difference in accessibility of a phosphoepitope in a native or denatured forms of
the phosphorylated protein, and it is present in at a low concentration in a cell.
Therefore, we think that certain FHA variants may need to be optimized, several
FHA1 domain variants should be used for each target, or that other FHA
scaffolds should be a source of affinity reagents.

It would be interesting to test two other FHA domains, the human Chk2
FHA domain and S. cerevisiae Dun1 FHA domain, as scaffolds for generating
affinity reagents to phosphoepitopes. The human Chk2 FHA domain has a
different ligand preference compared to the Rad53 FHA1 domain; it shows a
strong preference for a hydrophobic amino acids at the pT (+3) position, in
contrast to the Rad53 FHA1 domain that strongly prefers a negatively charged
amino acid at the pT (+3) position. Chk2 FHA domain also contains a longer 34-

5 loop with an eight amino acid helical insertion (81). By constructing phage-
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displayed libraries of Chk2 FHA variants containing B4-B5 loops with varying
lengths, the range of ligands recognized can be potentially increased.

Another characteristic of the FHA domain of Dun1 protein from S.
cerevisiae, which can be exploited with its use as a scaffold, is that it binds well
to doubly phosphorylated peptides. The dissociation equilibrium constant (Kq) of
Dun1 FHA domain for a diphosphorylated peptide (NIpTQPpTQQST),
corresponding to the Rad53 protein, is ~0.3 yM. This tight binding observed for
Dun1 FHA domain with the dual phosphorylated peptides is attributed to the
presence of two phosphopeptide binding sites in its three dimensional structure
(82). This structural information will be valuable for constructing a library of Dun1
variants that potentially can bind dual phosphorylated epitopes. Such dual-
phosphorylated epitopes are present in many naturally occurring proteins, such
as mitogen-activated protein kinase, transcription factors such as Myc and ATF2
(83).

While | have demonstrated the ability of generating affinity reagents that
recognize phosphothreonine-containing peptides, it would be of great interest
and value to the scientific community to generate recombinant affinity reagents to
phosphoserine- and phosphotyrosine-containing sequences as well. To explore
the ability to generate affinity reagents to pS-containing peptides, the BRCA1
carboxyl-terminal (BRCT) domains and Polo-box domain can be used as

potential scaffolds. The structures of BRCT domains from different proteins have
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been solved (34, 84-86). The BRCT domains of Breast Cancer Gene 1 (BRCA1)
are present as tandem repeats and both the BRCT domains have been shown to
interact with the pS-containing peptide from BACH protein (87), very much like
the Vi and V| domains of antibodies form the antigen binding pocket. The
interaction of BRCT domains with BACH1 is phosphorylation dependent, as
demonstrated by various methods, such as mutating the pS to alanine, treating
the cell lysate (of cells transfected with a BACH1 expressing construct) with
lambda protein phosphatase prior to pull-down, or including a competing pS-
peptide sequence from BACH1, all of which disrupted the interaction between
recombinant BRCT domains and BACH1 protein (87). Similar to FHA domains,
BRCT domains also have diverse binding specificities, with a strong preference
for a specific amino acid at the pS (+3) position (88); for instance, the BRCT
domains of BRCA1, MDC1, and Rad9 prefer Phe, Tyr, and lle, respectively.
Interaction was not detected between BRCT domains and their target proteins or
phosphopeptides in which the pS (+3) residue was mutated to alanine (87, 88). A
good starting point would be the BRCT domains of BRCA1, as its ligand
specificity and its crystal structure in complex with a pS peptide from BACH
protein has been solved at a very high resolution (89). This structural information,
combined with alanine-scanning of residues in the binding surface of the BRCT
domains, will provide useful insights for designing a library of variants of the

BRCT domain, from which reagents to pS-containing peptides can be isolated.
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As two BRCT domains form the binding surface, we predict that the binding
affinity will be higher than the binding of a single phosphopeptide-binding domain
to its phosphorylated peptide. In an attempt to identify the interacting partners for
the BRCT domains of BRCA1, it was shown by Western blotting and
immunoprecipitation of nuclear cell lysates of HeLa cells that the BRCT domains
bind a 130 kDa protein (90). Thus, the BRCT domains already have a tight
binding for their target proteins and will serve as a good scaffold for isolating
affinity reagents that will be useful in applications such as Western blotting and
pull down experiments.

Another phosphopeptide-binding domain that can be a potential scaffold is
the Polo-box domain (PBD). The name, PBD, is given to the C-terminal region of
a class of Ser/Thr kinases known as Polo-like kinases (Plks), which play an
important role in various stages of cell cycle progression. Similar to the BRCT
domains, the PBD contains two tandem polo boxes, which together bind to pS/T
sequences in various interacting proteins. The interaction of PBD with its
substrates is phosphorylation dependent. Interaction is not observed with non-
phosphorylated peptides and a PDB mutant (H538A, K540A) in which residues
important for phosphate recognition are mutated to alanine (85). The optimal
binding motifs of PBDs were determined for five proteins by screening
combinatorial phosphopeptide libraries and the K4 of PIk1 PBD with its optimal

motif was determined to be 280 nM by isothermal titration calorimetry (91).
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Crystal structures of the Plk1 PBD, in complex with various phosphopeptides,
have been solved (85, 92). The PBDs have a strong preference for Ser in the pT
(-1) position and replacing it with any of the 19 amino acids disrupted binding of
the Plk1 PBD (91). Within the domain, the Trp414 residue interacts with the -1
residue of the peptide and it will be essential to select this residue for
randomization during library construction such that the library members are not
biased towards binding to phosphopeptide with Ser in the -1 position. As both the
Polo boxes interact with the phosphopeptide, we anticipate that affinity reagents
isolated from a library of variants derived from this domain will bind strongly to
their cognate phosphopeptides. The availability of the structural information
should be very beneficial in library design.

Both the PBD and BRCT domains have six cysteine residues that are not
involved in disulfide bond formation. While it may be advantageous to replace the
cysteine residues with other amino acids, there is a possibility that the domain
will no longer be functionally active when displayed on the surface of
bacteriophage M13 particles as | discovered with the FHA1 domain. If this is the
case, | suggest that error-prone PCR be used to isolate variants that permit
functional display and to include thermal selection in the same process to select
functional as well as thermal stable variants which will be suitable as scaffolds for

library construction.
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We propose a strategy for the selection process (Fig. 3), which will
incorporate in vitro affinity maturation during the selection process, such that the
variants isolated after 3 rounds of selection will have a tight binding for their
cognate target peptides. This process of combining ‘affinity selection’ and
‘directed evolution’ will yield high affinity binding clones that will be ready for use
as reagents in cell staining and Western blotting. This will be a time saving
process, as we will not have to affinity mature each and every binding clone

separately.
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PRIMARY

SELECTION

Phage library
Two rounds of affinity selection

Binding clones
Error-prone PCR and transformation

Secondary library
Third round with off rate selection

AFFINITY
MATURATION

Affinity matured clones
Subcloning into an expression vector

Generate bivalent and multivalent forms

Specific? NO peselection with addition of competitor

YES

Measure K,

Low nanomolar K42 _NO Screen a different scaffold
<50 nM based library

YES

Evaluate reagents in Western blotting, immunoprecipitation
and cell staining using siRNA transfected cells as negative control

Figure 3. Strategy for isolating high affinity binding clones by combining
affinity selection with affinity maturation. After performing two rounds of
affinity selection against phosphopeptides of interest, mutagenic PCR will be
performed on the coding sequence of all the binding clones to generate an
affinity matured library. This library will be used in the third round of selection by
incorporating off rate selection to isolate high affinity binding clones. After the
third round, the pool of binding clones will be subcloned into an expression vector
in-frame with the coding sequence of a dimerization or pentamerization domain.
The multimerized proteins will be tested for binding to an array of other
phosphopeptides and their affinity will be determined. If the reagents are not
specific, then the phage library will be incubated with the competitor/cross-
reactive peptide to eliminate them from the library and this process is termed as
deselection. If the FHA scaffold is not optimal for isolating reagents to certain
phosphopeptides, other scaffolds are attractive alternatives that can be tested.
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Using a phosphopeptide-binding domain as a scaffold protein for generating
anti-phosphopeptide reagents is an innovative idea and we have succeeded in
our first goal in being able to change the specificity of FHA1 domain to bind to
different pT-containing peptides. We have shown the applicability of these
reagents in recognizing their target phosphopeptides in ELISA. Even though we
have not been able to successfully use these reagents as probes in Western
blotting and cell staining, we believe that by using the strategy described above,
we will be able to isolate superior quality binding clones. Our reagents, like
antibodies, will not be useful in all applications. We predict that some will be
useful in detecting the phosphoprotein in assays where the protein is denatured
and some will be able to recognize the protein in its native conformation. It will be
very interesting to construct and screen phage-displayed libraries of other
naturally occurring phosphopeptide-binding domains to develop affinity reagents
that have different properties than the FHA domain. The power of in vitro directed
evolution has made it possible to generate affinity reagents, which bind with high
affinity and specificity to various target proteins.

We are in the process of optimizing a protocol for isolating affinity reagents
that bind with high affinity and specificity to various phosphoepitopes. We will
evaluate our reagents for various applications, such as western blotting, cell
staining, immunoprecipitation, and immunohistochemistry. Since our reagents

can be produced in large amounts by overexpression in E. coli, and their DNA
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sequence is known, they can be readily made available to the scientific
community who wish to use them to monitor phosphorylation of particular
proteins in cells. We plan to collaborate with other labs in the future, and obtain
three-dimensional structures of the domain bound to their peptide ligands
through X-ray diffraction, as well as convert the reagents into biosensors that can
monitor protein phosphorylation inside living cells. Our long-term goal is to
develop a technology for generating reagents to large numbers of

phosphorylated epitopes in a cost-effective and efficient manner.
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APPENDIX A

Plasmid vectors

pKP300, a Double-dropout Phagemid Vector

The scFv coding sequence is cloned in frame with the gene Il coding
region of the pKP300 vector, allowing display of the scFv on the surface of M13
bacteriophage particles. The OmpA signal sequence (MKKTAIAIAVALAGFAT
VA) directs the recombinant protein into the periplasm of E. coli. All proteins
display a Flag peptide epitope (DYKDDDDAKL) at their N-termini. Gene Il is
truncated (~630 bp), and carries opal and ochre stop codons, which are
represented by two asterisks, at the C-terminus of the coding regions of
truncated gene lll.

After the affinity selection process, the gene lll coding sequence is dropped
out by digestion with the restriction endonuclease, Mfe I, followed by re-ligation of
the vector. This results in an in frame fusion of the alkaline phosphatase (AP)
coding region to the C-terminus of the scFv. Subsequent digestion of the
recombinant plasmid with Asc | leads to loss of the AP coding region, with re-
ligation fusing the coding region of the scFv in frame with a C-terminal 6xHis tag.
The proteins can be purified by immobilized metal affinity chromatography
(IMAC) via the C-terminal six-histidine tag. There is a TAA stop codon after the

six-histidine tag. Protein expression is under the control of PhoA (endogenous
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alkaline phosphatase) promoter. The sizes of the three vector DNAs including the

scFv coding sequences are represented in kilobases (kb).

Flag (MfeD) vfel)

Gene lll 1 Alkaline Phosphatase

6xHis tag

pKP300-scFv
~6.3 Kb

ColE1 ori
Gene lll dropout l\ g
Flag ASC

scFv|Alkaline Phosphatase
OmpAss 6xHis tag

pKP300Alll-scFv
~5.7 Kb

M13 orif—{ Amp" }—{ColE1 ori

t— [Alkaline Phosphatase| L

AP dropout

OmpAss 6xHis tag

pPKP300AIIIAAP

-scFv
~4.3Kb

1o 13100
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Multiple cloning site (MCS)

_+ _____ _+ _____
HindIII Ncol NotI
—t——— —_tm——— == tmm————
aagcttgeta gegecatggg ctetggtggg teceggegegg cecgecagtega c
x 1 a S a m g 8 g g s g a a a v d

pKP400 phagemid vector

The pKP400 vector is similar to the pKP300 vector, except that it has full-
length version of gene Il (1272 bps), instead of a truncated one. The multiple
cloning site (MCS) is similar to the pKP300 vector. The pKP400 vector is 6.3
kilobases in size.

When a library of inserts is fused in frame to the gene Ill coding sequence
in a phagemid vector, it leads to display of zero or one copy (i.e., monovalent
display) of the recombinant protein on the surface of bacteriophage M13, with
four or five copies of protein Il provided by the helper phage (i.e., M13K07).
Typically, the displayed protein is present on only 1-3% of phage particles (1) .

During affinity selection, phage particles that only display wild-type protein

[Il can contribute to the background of non-binding phage. To eliminate such
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phage, the helper phage has been engineered to contain a trypsin cleavable site
(PAGLSEGSTIEGRGAHE) between the N2 and CT domains (2, 3) of protein Ill.
If such a helper phage is used to package recombinant phage particles, during
affinity selection, trypsin can be used to convert particles that display only wild-
type protein Il phages non-infective. This is a very effective approach of
eliminating wild-type phage during each round of selection. However, for this
system to work, the library of inserts has to be fused in frame to a full-length form
of gene lll, so that the recombinant phages can be specifically eluted with trypsin,
and remain infective. We have used this system to isolate scFvs to human SH2

domains (4) and to isolate FHA variants to phosphopeptides (5) .

Flag
MCSl FL Gene lll ¥| Alkaline Phosphatase
OmpAss 6xHis tag
pKP400
~6.3 Kb

M13 ori Amp’ ColE1 ori l-/




pKP500 phagemid vector

Flag

MCS

Gene lll %| Alkaline Phosphatase

DsbAss

6xHis tag

pKP500
~5.6 Kb

e }——{ oo

Differences compared to pKP300 phagemid vector:
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1. Signal sequence: DsbA (MKKIWLALAGLVLAFSASA). The DsbA signal

sequence is flanked on either side with a Sac | restriction enzyme site,

which can be used for convenient switching to any other signal sequence.

2. The alkaline phosphatase coding sequence is flanked by Sfi | sites, which

allows directional cloning of other genes, in this case the AviTag and

Halotag.

3. Vector sizes:

pKP500, with AP coding sequence, 5.6 kb

pKP500-Avitag, 4.3 kb

pKP500-Halotag, 5.2 kb
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4. AviTagis a 15 amino acid peptide sequence (GLNDIFEAQKIEWHE) to
which a single biotin molecule is conjugated at the lysine (K) residue by
the biotin ligase (BirA) enzyme of E. coli (6-8).

5. DNA containing the Halotag coding sequence was purchased from
Promega. A range of Halotag ligands that make a covalent bond with the
halotag protein are available as fusions to affinity tags or fluorescent
probes that are then useful in the purification or detection of Halotag
fusions (9, 10).

6. The B-lactamase gene has BstAP | sites on either side to facilitate
directional cloning of different antibiotic resistance genes.

7. This phagemid vector offers easy subcloning of a different signal
sequence or a fusion partner or the antibiotic resistance gene, due to the

presence of unique restriction sites flanking these regions.
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APPENDIX B

Generating conformation specific antibody fragments

When a residue is mutated in a protein (or domain), sometimes there is a
loss of binding activity. There are two possible explanations for the loss of
binding: a) the residue is important for the function of the protein or b) the residue
is critical for the structural stability of the protein and mutating it disrupts the three
dimensional structure of the protein. An antibody that recognizes a protein
conformation will be a useful resource to address this question.

To map which residues in the FHA1 domain contribute to peptide ligand
binding, | generated 24 alanine-scan mutants, and tested binding to the cognate
pT peptide by phage ELISA. Several point mutants lost binding, but it was
unclear if the loss of binding/reduced binding indicated that the mutated residue
was important for binding to the cognate pT peptide or that it was important for
the structural stability of the FHA1G2 variant. To discriminate between these two
possible explanations, | decided to generate an affinity reagent that specifically
recognizes the folded FHA1G2 protein and does not bind to the denatured form

of the domain.



238

Materials and methods

Affinity selection for isolating an antibody fragment that recognizes

conformational epitopes on the FHAG2 variant

Two rounds of affinity selection were performed against the FHA1G2 variant
to identify antibody fragments from a phage-displayed scFv library (11) that
recognized specifically the folded form of the FHA1G2 variant. All the selection
steps were performed at room temperature, with 1 h incubation between each
step (Fig. 1). The FHA1G2 protein (200 pL of 20 ug/mL; total 4 ug) was
immobilized on Nunc polystyrene tube (Thermo Fisher Scientific), and then
blocked with 2% skim milk in PBS (5 mL). The FHA1G2 protein (20 yL of 100
Mg/mL; total 2 ug) was denatured by heating for 1 h at 95°C. The phage-
displayed scFv library (11) (200 uL, diluted 1:1 with PBS) was mixed with
denatured FHA1G2 protein (20 pL of 100 pg/mL; total 2 pg) and incubated for 30
min. Then 1/10 volume of 20% skim milk (22 uL; final is 2% skim milk) was
added and incubation was carried out for 10 additional min. This pre-treated
library (~240 pL) was added to the blocked FHA1G2 protein and after 1 h
incubation, the non-bound phage particles were eliminated by six washes with
PBST (PBS with 0.1% Tween 20) and six washes with PBS. A double elution
was done to elute all the phage bound to the target. First, the bound phage were

eluted for 15 min with TPCK treated trypsin (Sigma-Aldrich; 200 yL at 100 pg/mL
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concentration), and used to infect 800 pL of TG1 cells, grown at mid-log phase
(ODgoonm=0.5), for 40 min at 37°C. Next, the tube was rinsed once with PBS and
200 pL of TG1 cells at mid-log phase (ODgponm=0.5) were directly added to the
tube to capture phage not eluted efficiently by trypsin treatment. Infection was
carried out for 40 min at 37°C. All the infected TG1 cells were pooled, plated onto
one 15 cm LB/carbenicillin agar plate; colonies were scraped the next day with 2
mL of LB/CB/16% glycerol media. Scraped cells (10 pL; ~108 cells) were
inoculated into 5 mL of LB/CB media, grown to mid-log phase, infected with
M13KO7 helper phage (MOI=20) and amplified overnight at 30°C/250 rpm in 10
mL of LB/CB/Kan medium. The next day, phage particles were precipitated with
PEG/NaCl, and the pellet resuspended in PBS. The second round of affinity
selection was conducted in the same manner, except that only 1/2 the volume of
the eluted phage was used to infect bacterial cells. Titration plates were prepared
by plating 10 pL and 100 pL of 10 and 10~ dilutions on 10 cm LB/CB agar
plates and incubated overnight at 30°C.

Seventy-two individual colonies were propagated in 96 well deep well
plates, and the phage supernatant was used for phage ELISA. Nunc MaxiSorp
flat-bottom 96 well plates (Thermo Fisher Scientific) were coated with FHA1G2
protein (100 uL of 5 pg/mL, total of 0.5 ug) for 1 h, blocked with 2% skim milk in
PBS (200 uL/well) and incubated with phage supernatant (100 uL) diluted 1:1

with PBST. Phage binding was detected by incubating with anti-M13 antibody
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conjugated to HRP (GE Healthcare, diluted 1:5000 with PBST, 100 pL/well) and
the binding signal was measured at 405 nm on POLARstar OPTIMA microtiter
plate reader (BMG Labtech), after adding (2’,2’-Azino-Bis 3-Ethylbenzothiazoline-

6-Sulfonic Acid; Thermo Fisher Scientific, 100 pyL/well).
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Figure 1. Affinity selection for isolating scFvs that bind native, but not the
denatured form, of the FHA1G2 domain. A) The phage library was first
incubated with the denatured FHA1G2 protein such that the scFvs that have a
greater affinity for the denatured protein will bind to it and remain bound during
the subsequent steps of the selection process. B) Then the library was incubated
with the FHA1G2 protein in its native conformation that has been immobilized on
the surface of a polystyrene tube by passive adsorption. C) The unbound phage,
including the ones bound to the denatured protein were washed using a
detergent solution. D) The target bound phage were eluted with trypsin and used
to infect TG1 cells, which were then grown to mid-log phase and infected with
M13KO7 helper phage. E) Infected cells were grown overnight to allow for phage
propagation, which is used for the second round of selection.
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Phage-ELISA to confirm specific binding of scFvs to folded FHA1G2

protein

FHA1G2 protein was chemically biotinylated using a biotinylation kit (Pierce).
The biotinylated protein (100 pL of 60 ug/mL; total 6 pg) was heated at 95°C for 1
h, cooled, centrifuged to remove the precipitated protein pellet and the clarified
protein was used for the phage-ELISA. The biotinylated FHA1G2 protein (100 uL
of 5 ug/mL; total 0.5 pg) and the denatured FHA1G2 protein (100 uL of 60
pug/mL; total 6 pg) were immobilized on Nunc MaxiSorp flat-bottom 96 well plates
(Thermo Fisher Scientific), in duplicates, via NeutrAvidin™ (100 pL of 5 pug/mL for
folded FHA1G2 and 100 uL of 40 ug/mL for denatured FHA1G2). The proteins
were blocked with 2% skim milk in PBS (200 uL per well), and incubated with the
phage supernatant (100 pL of phage diluted 1:1 with PBST). The binding phage
were detected using anti-M13 antibody conjugated to HRP (GE Healthcare)
diluted 1:5000 with PBST. After washing away the unbound antibody, the
chromogenic substrate for HRP; ABTS (Thermo Fisher Scientific), supplemented
with hydrogen peroxide was added (100 uL per well), and the absorbance of the
green colored complex was measured at 405 nm on POLARstar OPTIMA
microtiter plate reader (BMG Labtech). Similarly, the folded and denatured
proteins were detected with anti-His antibody (Sigma-Aldrich; diluted 1:3000 with
PBST) after blocking to confirm that similar amounts of both the proteins were

immobilized on the microtiter plate wells.
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Results

Evaluating conformation specific anti-FHA1G2 scFvs by ELISA

After two rounds of affinity selection against the FHA1G2 protein, two
scFvs with different sequences (D12 and A5) were isolated that showed specific
binding to the folded FHA1G2 protein and not to the denatured from of the
protein (Fig. 2A). Equal amounts of the folded and denatured proteins were
immobilized on the microtiter plate wells for the phage-ELISA (Fig. 2B). This
experiment demonstrates that the deselection strategy used during affinity
selection is effective in eliminating clones that recognize linear epitopes. While
we have not mapped the binding epitope of these scFvs, our experiment
confirms that the scFvs do not bind linear epitopes in the denatured protein and

recognize a conformational epitope that is lost after heating the protein.
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Figure 2. Isolating conformation specific scFvs for the FHA1G2 variant. A)
Three phage-displayed scFvs with different sequences were tested for binding to
FHA1G2 protein in its folded state and when it is denatured by heating. Binding

was also tested for two other negative controls. The folded and denatured
FHA1G2 proteins are biotinylated and captured on microtiter plate wells pre-

coated with NeutrAvidin. Phage binding was detected using anti-M13 antibody

conjugated to HRP. B) NeutrAvidin captured folded and denatured FHA1G2
proteins were detected using an anti-His antibody, which confirms that equal

amount of both the proteins are captured on the microtiter plate wells.
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The scFv A5 was subcloned into the pKP300 expression vector, between
the Nco | and Not | restriction sites, and purified by immobilized metal affinity
chromatography via the C-terminal 6XHis tag, following the protocol described in
(12). All the 24 alanine-scan mutants were tested for binding to the scFv-AS to
determine which one of them remained folded after the specific mutation (5). This
is described in Chapter 3 (Page 130).

Previously, conformation specific Fab antibody fragments were isolated for
two different conformations of a protease, Caspase, by deselecting for one
conformation or the other during the affinity selection process (13). ScFvs were
isolated from yeast displayed libraries that can distinguish between Calmodulin

protein in its free state and when bound to calcium (14).

Nucleotide and amino acid sequences of the three conformation specific

sckvs

The Flag epitope (DYKDDDDKL) at the N-terminus of the scFv primary
structure is highlighted yellow. The scFv contains the variable region of heavy
chain (V) in between Nco | and Xho | recognition sites and the variable region of
light chain (V) in between Nhe | and Not | recognition sites, joined by a 15 amino
acid flexible linker (GlysSerGlysSerGlysAlaSer; highlighted blue), sites. There is a

6XHis tag at the C-terminus (highlighted grey).



A5 scFv

GACTACAAGGACGACGATGACAAGCTTGCTAGCGCCATGGCCCAGGTGCAGCTGGTGGAG
DY K DDDDIKILASAMAOQVQL VE
TCCGGAGCAGAGGTGAAAAAGCCCGGGGCAGTCTCTGAGGATCTCCTGTAAGGGTTCTGGA
S G A EV KKWPGESLIRTI S CKG S G
TACAGCTTTACCAGCTACTGGATCGGCTGGGTGCGCCAGATGCCCGGGAAAGGCCTGGAG
Y S F T SYWI1I GWV R QMP G K G L E
TGGATGGGGATCATCTATCCTGGTGACTCTGATACCAGATACAGCCCGTCCTTCCAAGGC
w ™M 61 1 YypGG©DSDTIRY S P S F QG
CAGGTCACCATCTCAGCCGACAAGTCCATCAGCACCGCCTACCTGCAGTGGAGCAGCCTG
Qv T 1 S ADIKSI1T STAY L QWS S L
AAGGCCTCGGACACCGCCATGTATTACTGTGCGAGGATCGCATCTGGGATGGAACTTTAT
K A°SDTAMYY CARI A S GMEL Y
TCTTTTGATATCTGGGGCCAAGGGACAATGGTCACCGTCTCTTCACTCGAGGGTGGAGGC
S FDI WGQ G TMV TV S S L E G G G
GGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGCTAGCGACATCCAGATGACCCAGTCTCCA
G S G666 66 S 6 G6GG6GASDI QMTQS P
TCCTCCCTGTCTGCATCTGTAGGAGACAGAGTCACCATCACTTGCCGGGCAAGTCAGGGC
Ss S L SASV GDIRV TI1IT TCRASDOQG
ATTAGCAATTATTTAGCCTGGTATCAGCAGAAACCAGGGAAAGCCCCTAAGCGCCTGATC
I S NY L AWYQQ K P G K AP K R L I
TATGCTGCATCCAGTTTGCAAAGTGGGGTCCCATCAAGGTTCAGCGGCAGTGGATCTGGG
Y AAS S L QS GV P SRFS G S G S G
ACAGAATTCACTCTCACCATCAGCAGCCTGCAGCCTGAAGATTTTGCAACTTACTACTGT
T E F T L TI1 S S L QP EDFATYYC
CAACAGAGTTACAGTACCCCGCTCACTTTCGGCGGAGGGACCAAGCTGGAGATCAAACGT
Q @ SYysT®PLTZFGSGS GTKTULE 1 KR
GCGGCCGCAGTCGACGGGCGCGCCGCTTCCCATCACCATCACCATCAC
AAA AV DGRAASHUHUHWHMHMH
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D12 scFv

GACTACAAGGACGACGATGACAAGCTTGCTAGCGCCATGGCCGAGGTGCAGCTGGTGCAG
DY KDDUDTUDTKTLASAMATEVTU QTLVQ
TCTGGAGCAGAGGTGAAAAAGCCGGGGGAGTCTCTGAAGATCTCCTGTAAGGGTTCTGGA
S GAEVKZKZPGTET STLTEKTIST CIKTGSG
TACAGCTTTACCAGCTACTGGATCGGCTGGGTGCGCCAGATGCCCGGGAAAGGCCTGGAG
Y S FTSYWTIOGMWVYVRIOQMZPGIKTGTLE
TGGATGGGGATCATCTATCCTGGTGACTCTGATACCAGATACAGCCCGTCCTTCCAAGGC
W MG 1 1 YPGDSDTRYSPSTFOQSG
CAGGTCACCATCTCAGCCGACAAGTCCATCAGCACCGCCTACCTGCAGTGGAGCAGCCTG
Q VTISADTZKT STISTAYTLO QWS S L
AAGGCCTCGGACACCGCCATGTATTACTGTGCGAGATCCAAGGGGCTCGGTAGATTCGAT
K ASDTAMYJYT CARSTE KTGTLTGT RFD
CTCTGGGGCCGTGGCACCCTGGTCACCGTCTCCTCACTCGAGGGTGGAGGCEETTCAGGE
L WGRGTLVTVSSLTETGGTGTGS G
GGAGGTGGCTCTGGCGETGGCGCTAGCGATATTGTGATGACGCAGTCTCCATCCTCCCTG
G G GS GGGASUDTIVMTG QSZPS S L
TCTGCATCTGTAGGAGACAGAGTCACCATCACTTGCCGGGCAAGTCAGAGCATTAGCACC
S ASVGDRVYVTITCRASQ QS STIST
TATTTAAATTGGTATCAGCAGAAACCAGGGAAAGCCCCTAAGCTCCTGATCTATGCTGCA
Y L NWY QQ KU PGIKAPTKTLTLTIYAA
TCCAGTTTGCAAAGTGGGGTCCCATCAAGGTTCAGTGGCAGTGGATCTGGGACAGATTTC
S SLQSGVUPSRTFSGSGSGTTDF
ACTCTCACCATCAGCAGTCTGCAACCTGAAGATTTTGCAACTTACTACTGTCAACAGAGT
T LT 1S SLQPETDTFATYVYTCOQOQS
TACAGTACCCCCCTCACTTTCGGCGGAGGGACCAAAGTGGATATCAAACGTGCGGCCGCA
Y S TP LTTFGGG GT KVDTI KT RAAA
GTCGACGGGCGCGCCGCTTCCCATCACCATCACCATCAC
VD GRAASTUHTUHTUHHHH
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APPENDIX C

Nucleotide and amino acid sequences of wild-type FHA1 domain and its

variants

Wild-type FHA1 domain

ATGGAAAATATTACACAACCAACCCAACAATCCACCCAAGCAACTCAACGTTTTTTAATC
M ENTITTOQPTOQQSTO QAT QR RTFTL I
GAAAAATTTTCTCAAGAACAAATCGGCGAAAACATCGTATEECGCGTAATCTGEACAACT
EKFSQEGOQTIGENTIVERVICTT
GGTCAAATTCCGATCCGCGATCTCAGTGCAGATATCTCTCAGGTCTTAAAAGAAAAACGT
G Q1 P1RDULSADTISO QVLZKTEKTR R
AGCATTAAAAAAGTATGGACCTTTGGACGTAACCCAGCCTGEGATTATCACTTAGGTAAC
S 1 KKV WTTFGRNTPAGETDYHTLGN
ATTAGCCGCTTATCTAATAAACACTTTCAAATCCTCCTGGGCGAAGACGGTAACTTATTA
1 S RLSNJIKUHTFOQTILLGTETDTGNTLL
CTCAACGACATCTCAACAAATGGTACATGGCTCAACGGTCAAAAAGTAGAAAAAAATAGC
L NDI1STNGTMWTLNGT QT KV E KNS
AATCAATTACTCTCTCAAGGCGACGAAATTACGGTAGGCGTAGGTGTAGAAAGCGATATT
NQLLSOQGDTETLTVGVGVESTD.I
TTAAGTTTAGTCATTTTTATTAACGATAAATTCAAACAATGECTGGAACAAAATAAAGTC
L SLVI1IFTINTDTKTFTZ KT QTS ELTETZQNKV
GATCGTATCCGTTCAAATCTTAAAAATACC
DRI RSNTULTEKNT

The four cysteines, C34, C38, C74 and C154 are highlighted green
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4C-4S variant

ATGGAAAATATTACACAACCAACCCAACAATCCACCCAAGCAACTCAACGTTTTTTAATC
M ENTITTOQPTOQQSTOQATUG QR RTFTLI
GAAAAATTTTCTCAAGAACAAATCGGCGAAAACATCGTATCTCGCGTAATCTCAACAACT
EKFSQEUO QTI1GENTIVSRVISTT
GGTCAAATTCCGATCCGCGATCTCAGTGCAGATATCTCTCAGGTCTTAAAAGAAAAACGT
G Q1 P1RDTULSADTI SO QVLEKTETKTR R
AGCATTAAAAAAGTATGGACCTTTGGACGTAACCCAGCCTCTGATTATCACTTAGGTAAC
S 1 KKV WTTFGRNTPASTDTYHTLGN
ATTAGCCGCTTATCTAATAAACACTTTCAAATCCTCCTGGGCGAAGACGGTAACTTATTA
1 S RLSNJKUHTFOQTILTLGETDTGNTLL
CTCAACGACATCTCAACAAATGGTACATGGCTCAACGGTCAAAAAGTAGAAAAAAATAGC
L NDI1STNGTMWTLNGT QT KV EKN S
AATCAATTACTCTCTCAAGGCGACGAAATTACGGTAGGCGTAGGTGTAGAAAGCGATATT
N QLLSQGDTETILTVGVGVESTD.I
TTAAGTTTAGTCATTTTTATTAACGATAAATTCAAACAATCTCTGGAACAAAATAAAGTC
L SLVI1IFINTDTKTFZ KT OQSTLTETGQNKV
GATCGTATCCGTTCAAATCTTAAAAATACC
DRI RSNTULTEKNT

The four serines, S34, S38, S74 and S154 are highlighted blue

3C-3S variant

ATGGAAAATATTACACAACCAACCCAACAATCCACCCAAGCAACTCAACGTTTTTTAATC
M ENTITTOQPTOQQSTOQATG QR RTF FTLI
GAAAAATTTTCTCAAGAACAAATCGGCGAAAACATCGTATCTCGCGTAATCTCAACAACT
EKFSQEGO QTIGENTIVSRVISTT
GGTCAAATTCCGATCCGCGATCTCAGTGCAGATATCTCTCAGGTCTTAAAAGAAAAACGT
G Q1 P1RDULSADTI SO QVTLZKTEKTR R
AGCATTAAAAAAGTATGGACCTTTGGACGTAACCCAGCCTGEGATTATCACTTAGGTAAC
S 1 KKV WTTFGRNTPAZETDTYHTLGN
ATTAGCCGCTTATCTAATAAACACTTTCAAATCCTCCTGGGCGAAGACGGTAACTTATTA
1 S RLSNJZKUHTFOQTILLGETDTGNTLL
CTCAACGACATCTCAACAAATGGTACATGGCTCAACGGTCAAAAAGTAGAAAAAAATAGC
L NDI1STNGTMWTLNTGT QT KV EKNS
AATCAATTACTCTCTCAAGGCGACGAAATTACGGTAGGCGTAGGTGTAGAAAGCGATATT
N QLLSOQGDTETLTVGV GV ESTD.I
TTAAGTTTAGTCATTTTTATTAACGATAAATTCAAACAATCTCTGGAACAAAATAAAGTC
L SLVI1IFTINTDTKTFTZ KT QT STLTETGQNKV
GATCGTATCCGTTCAAATCTTAAAAATACC
DRI RSNTLTIKNT
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Compared to the wild-type FHA1 domain, the 3C-3S variant has three cysteine

residues mutated to serines. C74 was not mutated to serine.



FHA1D2 variant

ATGGAAAATATTACACAACCAACCCAACAATCCACCCAAGCAACTCAACGTTTTTTAATC
M ENTITTOQPTOQQSTO QAT QR RTFTL I
GAAAAATTTTCTCAAGAACAAATCGGCGAAAACATCGTATTTCGCGTAATCTCAACAACT
EKFSQEGO QTIGENTIVFRVISTT
GGTCAAATTCCGATCCGCGATCTCAGTGCAGATATCTCTCAGGTCTTAAAAGAAAAACGT
G Q1 PI1RDULSADTI SO QVLZKTEKTR R
AGCATTAAAAAAGTATGGACCTTTGGACGTAACCCAGCCTGEGATTATCACTTAGGTAAC
S 1 KKV WTTFGRNPAZETDTYHTLGN
ATTAGCCGCTTATCTAATAAACACTTTCAAATCCTCCTGGGCGAAGACGGTAACTTATTA
1 S RLSNJZKUHTFOQTILLGTETDTGNTLL
CTCAACGACATCTCAACAAATGGTACATGGCTCAACGGTCAAAAAGTAGAAAAAAATAGC
L NDI1STNGTMWTLNTGT QT KV EKNS
AACCAATTACTCTCTCAAGGCGACGAAATTACGGTAGGCGTAGGTGTAGAAAGCGATATT
N QLLSOQGDTETLTVGV GV ESTD.I
TTAAGTTTAGTCATTTTTATTAACGATAAATTCAAACAATCTCTGGAACAAAATAAAGTC
L SLVI1IFTINTDTKTFTZ KT GQTSTLTETGQNKV
GATCGTATCCGTTCAAATCTTAAAAATACC
DRI RSNTLTIKNT

FHA1D2 was isolated from a phage-displayed library of FHA1 variants

250

constructed by error-prone PCR using the 3C-3S variant as a starting scaffold.

The 3C-3S variant with one amino acid substitution (S34F, highlighted in yellow),

isolated after three rounds of affinity selection was named as FHA1D2.



FHA1G?2 variant

ATGGAAAATATTACACAACCAACCCAACAATCCACCCAAGCAGCTCAACGTTTCTTAATC
M ENTITTOQPTOQQSTOQAAG QR RTEFTLI
GAAAAATTTTCTCAAGAACAAATCGGCGAAAACATCGTATTTCGCGTAATCTCAACAACT
EKFSQEGOQTI1GENTIVFRVISTT
GGTCAAATTCCGATCCGCGATTTCAGTGCAGATATCTCTCAGGTCTTAAAAGAAAAACGT
G Q1 P1RDTFSADTISOQVLZKTETKTR R
AGCATTAAAAAAGTATGGACCTTTGGACGCAACCCAGCCTGCGATTATCACTTAGGTAAC
S 1 KKV WTTFGRNPACTDTYHTLGN
ATTAGCCGCTTATCTAATAAACACTTTCAAATCCTCCTGGGCGAAGACGGTAACTTATTA
1 S RLSNJZKUHTFOQTILLGTETDTGNTLL
CTCAACGACATCTCAACAAATGGTACATGGCTCAACGGTCAAAAAGTAGAAAAAAATAGC
L NDI1STNGTMWTLNGT QT KV EKNS
TACCAATTACTCTCTCAAGGCGACGAAATTACGGTAGGCGTAGGTGTAGAAAGCGATATT
Y QLLSQGDTETITVGVGVETSTD.I
TTAAGCTTAGTCATTTTTATTAACGATAAATTCAAACAATCTCTGGAACAAAATAAAGTC
L SLVI1IFTINTDTKTFZ KT OQSTLTET QNKV
GATCGTATCCGTTCAAATCTTAAAAATACC
DRI RSNTULTEKNT

FHA1G2 variant is the most thermal stable variant isolated from a phage-

displayed library of FHA1D2 variants using high temperature as a selective
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pressure during affinity selection. Compared to FHA1D2, it has three additional

mutations-T15A, L48F and N121Y (highlighted grey).
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