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SUMMARY

Protein kinases, known for phosphorylating their protein substrates to relay
signaling events in cells, contain 518 members and encompass ~2% of human
genes. One subgroup of the kinase family, Src family kinases (SFKs), including
BIk, Fgr, Fyn, Hck, Lck, Lyn, Src, and Yes, have been studied for their roles in
cell proliferation, migration, differentiation and survival. Because SFKs members
have a similar overall structure with highly conserved sequences, currently
available antibodies fail to distinguish the active form of one kinase from other
SFKs. As SFKs often phosphorylate substrates with similar amino acid sequence,
current biosensors fail to discriminate activation of one kinase from other SFKs.

To generate affinity reagents that can be used to study the activation of
individual member of SFKs, | used phage display technology for directed
evolution of FN3 monobodies. To increase the efficiency of constructing a phage
library of FN3 monobodies with Kunkel mutagenesis, | made three modifications
to the previously published protocol. First, | incubated bacterial cells at 25°C
instead of 37°C to achieve a 2- to 7-fold increase in the yield of the single-
stranded DNA template. Second, with the introduction of restriction
endonuclease sites into the diversified loops of the FN3 coding region, phage
libraries with diversity up to 10*° and 99-100% recombinant were constructed.
Finally, | designed a digestion- and ligation-free method for constructing
secondary libraries, using DNA fragments amplified by error-prone and asymetric

PCR as primer for conducting Kunkel mutagenesis. To demonstrate the

Xiv



SUMMARY (continued)
efficiency of this improved method, | constructed two secondary libraries based
on a FN3 monobody that bound to the active form of Pakl kinase. Screening one
of the mutagenic libraries isolated three variants that bound 2- to 4-fold tighter
than the original clone.

For generating affinity reagents to one member of the SFKs, Fyn tyrosine
kinase, a phage-display library was screened for monobodies binding to the Fyn
SH3 domain. The affinity selection identified three monobodies that bound
selectively to the Fyn SH3 domain. One of the isolates, G9, bound exclusively to
the Fyn SH3 domain out of 150 SH3 domains that | tested and had a dissociation
constant (Kp) of 166 + 6 nM. Interestingly, while the G9 monobody lacks proline
in its randomized loops, it bound at the same site on the SH3 domain as proline-
rich ligands. The G9 monobody could be used to pull-down active recombinant
Fyn kinase in vitro, demonstrating its potential as a highly selective probe for

detecting active cellular Fyn kinase.

To generate affinity reagents for another SFKs member, Lyn tyrosine kinase,
another phage library was screened. Two isolates, TA1 and TAS8, selectively
bound to the Lyn SH3 domain out of 150 SH3 domains. Both TA1 and TAS, in
the absence of a canonical PxxP motif in their binding loops, competed with a
PxxP proline-rich peptide, Tip, for binding to Lyn SH3 domain. Due to the weak
affinity of TA8 for Lyn SH3 (Kp= ~5 uM), | used affinity maturation techniques to

identify variants that bound > 8-fold tighter than the original TA8 clone. As a

XV



SUMMARY (continued)
proof-of-concept experiment, one monobody was fused to GFP and converted
into a sensor that increased fluorescence upon binding to the Lyn SH3 domain in

solution.
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CHAPTER 1

INTRODUCTION



1.1 Src family kinases

Protein kinases are enzymes that catalyze the transfer of the gamma-
phosphoryl group of ATP onto tyrosine, serine and threonine residues of their
protein substrates. The human genome encodes 518 protein kinases (7) that
regulate many signal transduction pathways, and approximately one third of the
human proteins are the substrates of protein kinases (2). While the normal
expression and activity of protein kinases are essential for life, their elevated
expression is associated with various types of diseases in human, making them a

valuable therapeutic target class (3).

Protein kinases carry a kinase domain, which is responsible for catalyzing the
hydrolysis of ATP and transferring its gamma-phosphoryl group to the substrate.
Based on the sequence similarity of the kinase domain, human protein kinases
have been divided into nine groups (7), one of which is the non-receptor tyrosine
kinase group. Non-receptor tyrosine kinases, of which there are 90 members in
humans (1), reside in the cytosol and nucleus. One well-known non-receptor
tyrosine kinase is Src, which is the first proto-oncogene (4) and protein tyrosine
kinase (4) characterized in mammals.

The Src family kinases (SFKs), named after Src tyrosine kinase, consists of
eight members, BIk, Fgr, Fyn, Hck, Lck, Lyn, Src, and Yes (Table 1.1). Each
SFKs member has a unique expression pattern in tissues and cells: Src, Fyn,
and Yes are ubiquitously expressed, whereas BIk, Fgr, Hck, Lyn, Lck are
expressed primarily in hematopoietic cells (5) (Table 1.1). However, in several

human tissues two or more SFKs are expressed simultaneously (6) and deleting



one member leads to little or no phenotype, suggesting that there is functional
redundancy among the SFKs. Only when more than two SFKs are
simultaneously deleted, substantial defects, such embryonic lethality, are
observed (7).

SFKs members respond individually or simultaneously to external cellular
stimuli (6). For example, they are activated in cells by epidermal growth factor (8,
9), platelet-derived growth factor (10, 11), nerve growth factor (12), fibroblast
growth factor (12), insulin-like growth factor (13), and several immune-related
growth factors (14). Consequently, they play important roles in many essential
cell signaling pathways and have been implicated in the pathogenesis of many
diseases, especially cancer (15-17) (Table 1.). As a result, they are currently
under intensive investigation as targets for drug therapy. Recently two drugs,
Dasatinib (18), and Bosutinib (19), have been approved by the Federal Drug
Administration (FDA) for treating chronic myelogenous leukemia. Crystal
structures and docking analysis suggest that both of the drugs bind to the kinase

site and are competitive inhibitors of SFKs (20-22).



Table I. Expression, physiological functions and disease involvement of

SFKs
SFKs Expression | Physiological roles Related Reference
member | tissues diseases
Src Ubiquitously | Cell migration, apoptosis; | Various (6, 23-27)
expressed cell cycle progression, cancers;
cell differentiation, gene hepatitis C
synthesis
Yes Ubiquitously | Gene synthesis, Colon cancer, | (23, 28-30)
expressed cell differentiation pancreatic
cancer
Fyn Ubiquitously; | Gene synthesis, Alzheimer; (16, 31-36)
T-cell T cell differentiation, various
isoform neural function cancers
Far B-cells, Immune response, Airway (37-40)
myeloid cells | cell differentiation, inflammation,
apoptosis leukemia
Lyn Brain, B- Activation of mast cells Various (39, 41-46)
cells, and B-cell, apoptosis, cancers;
myeloid cells | Immune response autoimmunity
Hck myeloid cells | Cell differentiation, HIV, acute (37, 47-51)
cell migration, leukemia,
HIV infection pulmonary
disease
Lck Brain, T- T cell differentiation, Autoimmunity | (52-54)
cells, NK immune response, diseases; HIV
cells HIV infection
Blk B-cells B-cell activation, Chronic (6, 55-57)
apoptosis leukemia;

autoimmunity
diseases




1.2 The structures of Src family kinases

SFK members share a highly conserved architecture (Figure 1.1). From the
N- to C-terminus, SFKs have a unique domain, a Src Homology 3 (SH3) domain,
a Src Homology 2 (SH2) domain, a proline-rich (PxxP) linker and a kinase
domain, followed by a C-terminal regulatory segment, which contains a tyrosine
residue, Y527 (In Src kinase), that can be phosphorylated/dephosphorylated.

Each of these structural elements is described in more detail below.

The unique region, as its name suggests, varies significantly amongst the Src
family kinases, and may contribute to the specific function of each SFK member.
The unique region also includes amino acid sequences for myristoylation and
palmitylation, both of which are involved in directing the proteins to cellular

membranes (58-60).

The SH3 domain is about 60 amino acid residues in length and plays an
important role in mediating protein-protein interactions. In human there are about
300 SH3 domains present in various kinds of proteins(61), representing one of
the largest families of protein-interaction modules in eukaryotic proteins (62).
SH3 domains are highly conserved, with sequence identity ranging from 20% to
95% (63). A typical structure of SH3 domain is a beta-barrel structure, consisting

of 5 to 6 beta-stands (64).

SH3 domains preferentially interact with ligands containing consensus proline-
rich (PxxP) motifs, such as RPLPPLP (65). SH3 domains, mostly via residues in

n-Src and RT loops, form a relatively flat surface for interacting with proline-rich



Unique domain PxxP linker Y416 Y527
l

L
B sH3] sH2 [  Kinase domain

Figure 1.1. Primary structure of SFKs. SFKs members share a conserved
architecture. From the N-terminus to the C-terminus, they all have a unique
domain, which differs significantly among members, followed by a Src Homology
3 (SH3) domain and a Src Homology 2 (SH2) domain. Between the SH2 domain
and the kinase domain, there is a proline-rich linker (PxxP). The kinase domain is
divided into an N-lobe and a C-lobe by a catalytic cleft, where there is a
conserved tyrosine residue, Y416. Upon activation, Y416 is autophosphorlated to
fully activate the kinase. C-terminal to the kinase domain, there is short tail
containing a tyrosine residue, Y527, which, upon phosphorylation, inhibits kinase
activation by interacting with the SH2 domain.



motif (64, 66). The RPLPPLP peptide ligand adopts a left-handed helical
structure, with 3 residues per turn, for binding (67). The two most conserved
proline residues of the ligand (i.e. RPLPPLP) interact with the SH3 surface and
contribute most of the binding energy, whereas the other proline residues
promote the formation of the helical structure (68). Other non-proline residues,
such as arginine and leucine, make additional contact outside the main binding

groove and contribute to binding specificity (68).

There are two classes of proline-rich motifs that SH3 domains interact in two
orientations (67). The class | has a consensus sequence of RPLPPLP (65, 69),
whereas, the class Il bear a motif of PxxPx(R/K), which interacts with the SH3
domain in the opposite direction (67). Besides the PxxP motif, SH3 domains also
bind to several other motifs, such as R/KxxK (70, 71), RKxxYxxY (72),

R(S/T)(SIT)SL (73), PxxDY (74) and Px(V/I)(D/N)RxxKP (75), in cellular proteins.

The SH3 domain plays two major roles in SFKs. First, it binds to the proline-
rich linker between the SH2 domain and the kinase domain, to hold the SFKs in
an inactive conformation (76). Second, it directs binding of SFKs to particular
adaptor proteins, for translocation purposes within the cell (77, 78) or for
orienting the substrate to perform subsequent phosphorylation (79). While SH3
domains contribute to numerous protein-protein interactions in cells (62), they
generally bind to the PxxP ligands with weak specificity, as shown by studies with
phage display (80). Consequently, one may wonder how the 300 SH3 domains in
the human proteome mediate specific interactions in cells. Some studies suggest

that additional contacts made outside the PxxP motif may enhance specificity to



an intact protein (87), and interactions with multiple SH3 domains simultaneously
can lead to better specificity (82, 83). In contrast to the interactions mediated by
proline-rich motifs, other rare motifs, such R/KxxK (70) and RKxxYxxY (72),
interact with SH3 domains with high specificity, which may help explain some of
our work, in which a monobody bearing a RxxK motif appears to achieve

remarkable specificity in binding the Fyn SH3 domain (84).

At the C-terminal of the SH3 domain is the SH2 domain, which with a size of
about 100 amino acid residues, binds to phosphotyrosine-containing motifs. In
human there are 120 SH2 domains (85), representing the largest class of protein
domains that recognize phosphotyrosine motifs (86). For interacting with a
phosphorylated tyrosine, SH2 domains use a conserved arginine in its binding
pocket to create electrostatic interactions (87). SH2 domains interact not only the
phosphotyrosine residue but also several residues C-terminal of the conserved
tyrosine (85); for example, the SH2 domain of the Src tyrosine kinase binds
pPYEEI (88), which was identified by screening peptide arrays.

Between the SH2 domain and the kinase domain, there is a proline-rich linker,
which interacts with the SH3 domain in the inactive conformation of Src (89) and
Hck (90). In the crystal structure of Hck (90), and in the primary structure of BIK,
Lck and Lyn, there is a canonical PxxP consensus for interacting with SH3
domains, whereas in other SFKs members, the second proline of the consensus
sequence is absent (97). Nonetheless, crystal structures reveal that SH3
domains from both subgroups use a similar mode for interacting with the proline-

rich linkers (89, 90).



The kinase domain is composed of two lobes, the N-lobe and the C-lobe, with
a catalytic cleft in between. In the cleft, there is a conserved tyrosine residue,
Y416 (Src kinase), which can be autophosphorylated upon kinase activation; the
autophosphorylation of Y416 is required for maximal kinase activity (76). The
primary structure of the kinase domain is highly conserved across protein
kinases (1), reflecting a shared mechanism for catalyzing phosphorylation. For
example, the structure of the Lck kinase domain is strikingly similar to that of
protein kinase A (92, 93), and both kinase domains share the conserved tyrosine
416 for autophosphorylation (94). The phosphoryl group at Y416 can be removed
by several phosphatases, such as protein tyrosine phosphatase-a (PTPa) (95)
and trans-membrane receptor-like tyrosine phosphatase (CD45) (96), leading to
inactivation of the protein kinase.

C-terminal to the kinase domain, there is a short sequence in SFKs that
contains a conserved tyrosine residue, Y527. When this tyrosine residue is
phosphorylated, the C-terminal tail binds intramolecularly to the SH2 domain.
Removal of the phosphoryl group by a phosphatase disrupts this interaction (2).
While all SFKs members carry this conserved tyrosine residue, there are two
consensus motifs among the two SFKs subfamilies, with QYXxxQP in Lyn, Hck,
Blk and Lck, and QYQPGxxx in Src, Yes, and Fyn and Fgr. Mutation of Y527 to
phenylalanine disrupts the binding between the SH2 domain and the C-terminal

segment, resulting in constitutive activation of SFKs (97, 98).
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1.3 Inhibition and activation of Src family kinases

SFKs members share a common architecture, suggesting a possible shared
mechanism governing inhibition and activation. As mentioned above, constitutive
activation of SFKs leads to various forms of cancers (6, 15, 17). The ability to
quickly shut down the kinase activity is crucial for the normal function of cells. In
the presence of certain protein tyrosine phosphatases, such as protein tyrosine
phosphatase-a (PTPa), SFKs become inactivated due to dephosphorylation of
Y416 (95). Once the SFKs are inactivated, they fold into a ‘closed’ configuration
due to two intramolecular interactions (Figure 1.2) (89): the interaction between
the SH3 domain and the proline-rich linker, and between the SH2 domain and
the C-terminal tail containing Y527. The Y527 residue is phosphorylated by the

C-terminal Src kinase (Csk) or the Csk homolog kinase (Chk) (99, 100).

There are several ways for SFKs to be activated. First, protein tyrosine
phosphatases, such as PTP1B (707), dephosphorylate Y527 and relieve the
inhibitory interaction between the C-terminal tail and the SH2 domain. Second,
mutations in SH2 domain (702) or deletion of the regulatory C-terminus, in the
case of Rous sarcoma virus (4), lead to constitutive activation of Src kinase (4).
Third, cellular proteins, such as focal adhesion kinase (703), bind tightly to the
SH2 domain of SFKs, displacing the bound C-terminus, and activating Src.
Fourth, autophosphorylation of Y416, by other members of SFKs or other
unrelated kinases, activates the kinase, even in the presence of the two inhibitory
interactions (704, 105). Fifth, mutations in the SH3 domain (706) or inter-

molecular interactions with proline-rich ligands (707, 108) can disengage the SH3
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domain from its own proline-rich motif, thereby activating the SFKs (707, 108). In
all of the activation mechanisms mentioned above, the folded SFKs molecules
open up and expose the proline-rich binding interface of their SH3 domains (709).
Thus, affinity reagents that target this surface of SH3 domain will only bind to the

active SFKs.

Inactive Active

PxxP binding
surface

Y416

Kinase domain

C-lobe

Figure 1.2. SFKs change configuration upon activation. When SFKs are
catalytically inactive, they adopt a ‘closed’ conformation due to two intramolecular
interactions: the one between the SH3 domain and the proline-rich linker, and
that between the SH2 domain and the C-terminal tail containing phosphorylated
Y527. When Y527 is dephosphorylated, the SH2 domain dissociates from the C-
terminal tail, which promotes the detachment of the SH3 domain from the proline-
rich linker. The abolishment of the two inhibitory interactions exposes the PxxP-
binding interface of the SH3 domain to the cytoplasm. In the meantime, Y416
undergoes autophosphorylation, which leads to full activation and prepares the
kinase for phosphorylating its substrate.
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1.4 Affinity reagents for monitoring kinase activation

In response to different cellular stimuli, protein kinases switch between
inactive and active states to fulfill their functions in a manner that is
spatiotemporally precise (71710). Consequently, reagents capable of discriminating
between inactive and active kinases are invaluable for studying kinases. To
detect the active form of the kinase molecules, antibodies have been developed
for recognizing the autophosphorylation site in the kinase domain. However, due
to the highly conserved sequences flanking the autophosphorylation site (e.g., >
90% identity in SFKs), these antibodies generally fail to discriminate one kinase

from its closely-related kinases (71717).

The ability to monitor activation of protein kinases in living cells will provide
valuable information for a variety of reasons. First, in response to a changing
environment, protein kinases in living cells constantly switch on and off (770),
and tracking such dynamics permits studies of how kinases instantly respond to
outside stimuli, such as to mechanical force (772) or drugs (7172-114). Second, in
living cells, different signaling pathways interact with one another momentarily to
generate combinatorial responses to stimuli (775), studying of which requires
sensors that can record the responses in real-time. Third, studies suggest that
treating cells with the same reagent for different lengths of time has distinct
effects on cells behavior (716), and a living-cell sensor will allow convenient

monitoring over time.
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Unfortunately it is challenging to express functional antibodies inside cells, as
their disulfide bonds, which are required for proper antibody folding and antigen
recognition, will not form in the reducing environment of the cell cytoplasm. Thus,
most of the available biosensors utilize endogenous proteins, coupled with the
technique of fluorescence resonance energy transfer (FRET), which requires
fusion with GFP variants (Figure 1.3A). An example of FRET biosensors for Src
activation (777) consists of a substrate site for Src kinase, an SH2 domain, and
yellow (YFP) and cyan (CFP) fluorescent proteins at the termini. Upon
phosphorylation of the tyrosine residue in the substrate sequence by Src kinase,
the phosphopeptide binds to the SH2 domain, bringing CFP and YFP close to
each other, leading to energy transfer between them and change of fluorescence
emission (Figure 1.3A). There are several disadvantages with this type of
biosensor. First, there are a huge number of protein kinases, for which there are
currently no known substrates, synthetic or naturally occurring, available in the
literature for engineering into sensors. Second, short substrate motifs are
recognized and phosphorylated by multiple kinases. Third, the biosensor signal is
weak due to the inefficient energy transfer of FRET. Finally, this sensor does not
correct the change of fluorescence intensity caused by the irregular shape of the
cells, in which a FRET signal may be lower in a thick region of the cell compared

to a thin region.

Due to the above limitations with the current FRET-based sensors, scaffold-
based affinity reagents provide an attractive alternative for generating living-cell

biosensors. In a recent study by Hahn and his co-workers (774), a FN3
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monobody is converted into a biosensor that monitors the activation of Src in
cells (Figure 1.3B). The FN3 monobody for building the sensor was previously
isolated by the Kay group for binding to the Src SH3 domain (778). The Hahn
group engineers the monobody into the sensor by conjugating a
solvatochromatic dye, merocyanine, to a free cysteine inserted into the FN3
scaffold. To conduct the ratio-imaging, the Hahn Group fuses the alkylated
monobody to a GFP variant, which is positioned far away from the binding
interface of the monobody. As a result, the fluorescence emission of the GFP is
independent of the binding event of the sensor and its intensity can be used to
divide the emission of merocyanine dye to obtain the ratiometric fluorescence
response (dye emission/GFP emission). This ratiometric imaging corrects the
fluorescence change caused by the uneven shape of the cells.

The biosensor built by the Hahn group offers several advantages over FRET-
based biosensors. First, unlike the FRET-based Src sensor, which tracks the
location of the Src kinase substrates (172, 117), the reporter-dye sensor locates
the Src kinase itself for its activation events (as defined by the exposure of the
SH3 domain). Thus, with this sensor they are able to quantitatively correlate the
protrusion velocity of the leading cell edge with the distribution of endogenous
Src activity (174). Second, the reporter-dye sensor is much more sensitive
(e.g., >2.4-fold brighter) than FRET-based biosensors (7714), due to the
brightness of the merocyanine dye. However, it does have the disadvantage that

the dye-labeled sensor must be microinjected into cells.
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Figure 1.3. Comparison of a FRET sensor with a reporter-dye sensor. A. In a
FRET sensor, cyan (CFP) and yellow (YFP) fluorescent proteins are fused to two
different protein domains. One is a substrate peptide containing a tyrosine that
can be phosphorylated. The other one is a SH2 domain (Grey circle) that
contains a pocket for binding to phosphotyrosine. A polypeptide linker connects
the two domains. Upon phosphorylation of the substrate tyrosine residue by a
cellular kinase, substrate peptide binds to the SH2 domain. Their interaction
brings CFP and YFP close to each other, leading to energy transfer between
them and the change of fluorescence emission (117, 119). B. In a reporter-dye
sensor, the sensor consists of a FN3 monobody, a solvatochromatic dye (Red
‘star’ within the depicted monobody) and a GFP variant, which is used to
normalize the thickness of the cell. When a cellular regulator activates the kinase,
it changes its conformation and exposes its SH3 domain, which is recognized by
the FN3 monobody. The binding of the sensor to the SH3 domain changes the
environment of the reporter dye, leading to an increase in fluorescence intensity
(714). Figures were generated with PyMol (720), using the following PDB files:
1TTG (monobody), 2WSO (GFP), and 1FMK (Src).
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1.5 Isolation of affinity reagents with phage-display

To generate reagents for monitoring the activation of SFKs members, | used
a molecular evolution method involving filamentous phage display. In ‘phage
display’, a foreign polypeptide, whose sequence is encoded by the genome of
the bacteriophage, is displayed on the surface of the bacteriophage as a fusion
protein to the phage capsid protein, thereby establishing a linkage of genotype
and phenotype. A pool of phage particles, displaying polypeptides with different
sequences, yields a mutant library, screening of which leads to discovery of
protein variants with desired characteristics.

Since the invention of phage display by George Smith in 1985 (127),
tremendous progress has been made through many molecular evolution
experiments, ranging from generating tools for basic science research to the
development of therapeutic reagents. Phage display has been used to map
protein-protein interactions (722, 123), improve protein stability (7124, 125) and
solubility (726), identify protease substrates (7127, 128), design enzymatically
active antibodies (729, 130), and develop cell-penetrating reagents (731, 132).
One of the most popular applications of phage display is for isolating affinity
reagents binding to various targets, such as inert materials (733), metabolites
(7134), lipids (135, 136), cell surfaces (737, 138), and cytosolic proteins (139-7141).
For this purpose, polypeptide sequences, such as linear or cyclic peptides (142,
143), stable protein scaffolds (744, 145), and antibody fragments (746, 147),

have been displayed on the virion surface.
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Due to their short sequences and the limited number of side-chain residues
involved in molecular interactions, the majority of the peptide ligands isolated
from phage libraries have relatively weak affinity to protein targets (748).
Conversely, antibody fragments, in the form of single-chain variable fragments
(scFv) (747) or the fragments antigen-binding (Fab) (749, 150), can be routinely
isolated to a wide range forms of targets. While these isolated antibody
fragments exhibit remarkable binding affinity and specificity, their expression
levels in E. coli hosts varies significantly among different isolates (757), making it
very challenging to obtain enough samples of such recombinant antibodies for
various applications. Similar to full-length antibodies, these fragments of
antibodies also require disulfide bond for folding and thus restrict their application
in live-cell studies. To circumvent such limitations, diverse types of protein
scaffolds have been engineered into affinity reagents as antibody alternatives.
These scaffolds include affibodies (752), avimers (153), lipocalin (754), designed
ankyrin repeat proteins (755), SH3 domains (156), SH2 domains (739), and
fibronectin type Il (FN3) monobodies (744). The FN3 monobody is the scaffold

that | have used to generate affinity reagents in this thesis work.

1.6 FN3 monobody

The FN3 monobody is a cognate of the 10th subunit of human fibronectin
type Il repeat (FN3), which contains an Arg-Gly-Asp (RGD) tripeptide motif for
binding to integrins on the cell surface (1567). The FN3 scaffold, 94 amino acids in

size, contains seven beta-strands, which fold into a structure that resembles the
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variable domain of the immunoglobulin heavy chain, leading to the name
‘monobody’ (Figure 1.4)(144). There are six flexible loops linking the beta-strands,
and mutational studies show that two loops (BC and FG) tolerate insertions of

amino acids sequences, without loss of thermostability (758).

Figure 1.4. The crystal structure of FN3 scaffold. The scaffold consists of
seven beta-strands that assemble into a sandwich-like structure. Of the six
flexible loops connecting the beta-stands, the FG and BC loops are frequently
used for engineering monobodies with novel binding properties. The cartoon
representation of FN3 was created with PyMol (720) (PDB code: 1ttg).
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Molecular evolution experiments, including phage display (778, 144), mRNA
display (7169, 160), and yeast display (761, 162), have been used to engineer the
FN3 scaffold for binding to a wide variety of targets, such as ubiquitin (744),
maltose binding protein (763), lysozyme (162), streptavidin (778), hSUMO (164),
Phosphor-1kBa peptide (7160) and GFP (750). For a list of the selected FN3
monodies that have been isolated since the development of FN3 monobodies,
please refer to the Table II.

There are several advantages of FN3 monobodies that make them suitable
for monitoring the activation of proteins kinases in vitro and in vivo. First, the
monobody lacks disulfide bond and thus functional monobodies can be
expressed in mammalian cells. Second, FN3 monobodies with high specificity
(84, 140, 165) and affinity (162, 166) have been engineered. Third, a number of
monobodies have also been engineered into sensors for monitoring a
conformation-specific kinase (760) in cell lysate, and sensors for detecting the
estrogen receptor (767) and Src tyrosine kinase in living cells (774). Fourth,
residues in the FN3 scaffold have been mutated to accept a bright
solvatochromatic dye, merocyanine, which increases fluorescence when the FN3

monobody binds to its target in vitro and in vivo (114).
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Table Il. Characteristics of FN3 monobodies discovered by various display

methods.
Display Library Target Highest Reference
method size affinity

Measured

(nM)
Phage display | 1x10° Ubiquitin Not determined | (144)
(pln)
Phage display | 2x10° Src SH3 250 (118)
(pln)
Phage display | 1x10™ MBP, hSUMO 5 (164)
(ptl) ySUMO
Phage display | 1x10° ARVCF peptide | <4 (168)
(pln)
Phage display | 5x10° Abl SH2 7 (140)
(pln)
Phage display | 2x10™ SUMO, Abl SH2, | 9 (169)
(plll)/Yeast 1.5x10% GFP
Phage display | 1.5x10° Integrin 0.8 (170)
(pVII)
Yeast two- 2x10° Estrogen Not determined | (167)
hybrid receptor
Yeast display 3x10’ Lysozyme 0.35 (161)

—6x10°

Yeast display 6.5x10’ Lysozyme 0.001 (162)
mRNA 1x10% TNF-a 0.02 (159)
display
mRNA 1x10%3 VEGFR2 0.06 (166)
display
mRNA 3x10" Phosphoryated | 18 (160)
display IkBa peptide
mRNA 3x10"™ SAR’s N protein | 1.7 (171)

display
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1.7 Directed evolution of existing FN3 monobodies

For several reasons, directed evolution of existing FN3 monobodies is needed
to achieve the desired characteristics for being useful as affinity reagents (772,
173). First, the intended targets (i.e., protein kinases), share conserved primary
or three-dimensional structures with other similar proteins in the cell, making it
challenging to isolate binders that selectively recognize a particular target.
Consequently, isolated binders often need to be engineered for greater selectivity.
Second, there is an optimal range of binding affinity for the sensors to interact
with their targets. Weak affinity makes sensors insensitive or incapable of
detecting their targets as the concentration of active molecules of a particular
kinase in cells is extremely low. At the same time, extremely high affinity, such as
a Kp with a low nM value, may interfere with the natural dynamics of kinase
molecules (774). Third, some FN3 monobodies have poor solubility, and directed
evolution can be implemented to increase their solubility (726).

There are several approaches to engineer existing FN3 monobodies. One
method is to amplify the DNA sequence of a particular clone through a mutagenic
polymerase chain reaction (PCR) and create a secondary mutant library (172,
173), which will be affinity selected under highly stringent conditions (etc., more
washes, longer wash times, addition of competitor proteins). A second approach
is to randomize certain residues in the diversified loops of an isolated monobody
and create a mutagenic library for further evolution (762, 175). A third approach
is to create a new mutagenic library by shuffling mutagenized loops of an

enriched binder pool (740, 162).
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1.8 Thesis goals and organization

Src family kinases (SFKs) are a group of protein tyrosine kinases that
regulate many cellular pathways and have been implicated in the pathogenesis
of many diseases. In response to the changing environment, SFKs constantly
switch on and off to regulate signaling pathways. Due to the highly conserved
sequences among SFKs, currently available antibodies fail to distinguish the
active form of one kinase from other SFKs. Thus, one of the goals of my Ph.D.
thesis is to generate affinity reagents that can not only recognize the active
kinase molecules but also can distinguish one member from the rest of the SFKs.

To generate such affinity reagents, | constructed several primary and
secondary phage-display libraries. To make Kunkel mutagenesis more efficient, |
discovered that culturing bacterial cells at 25°C versus 37°C yielded two- to
sevenfold more single-stranded DNA template, and that restriction endonuclease
digestion could be used to remove non-recombinants from the library. With both
modifications in hand, | could generate high-quality libraries, with diversity up to
10% and 99-100% recombinant. Finally, | designed a digestion- and ligation-free
method for constructing secondary libraries for affinity-maturing binders. To
demonstrate the efficiency of this improved method, | constructed two secondary
mutagenic libraries based on an FN3 monobody that bound to the active form of
Pak1 kinase. By screening one of the mutagenic libraries, | discovered three
variants that bound 2- to 4-fold tighter than the original clone.

For generating affinity reagents to one member of the SFKs, Fyn tyrosine

kinase, a phage-display library was screened for monobodies binding to Fyn SH3
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domain. The affinity selection identified three monobodies that bound selectively
to the Fyn SH3 domain. One of the isolates, G9, bound exclusively to the Fyn
SH3 domain out of 150 SH3 domains examined in an array and had a
dissociation constant (Kp) of 166 + 6 nM, as measured by isothermal titration
calorimetry. Interestingly, while the G9 monobody lacks proline in its randomized
loops, it bound at the same site on the SH3 domain as proline-rich ligands. The
G9 monobody could be used to pull down active recombinant Fyn kinase in vitro,
demonstrating its potential as a highly selective probe for detecting active cellular
Fyn kinase. The above work of generating affinity reagents to Fyn kinase is
described in Chapter 3. The Appendix describes affinity maturation of a FN3

monobody for improved binding affinity and specificity to the Fyn SH3 domain.

To generate affinity reagents for another SFK member, Lyn tyrosine kinase, |
screened the same phage-displayed library of FN3 monobodies (Chapter 4). Two
isolates, TA1 and TAS8, selectively bound to the Lyn SH3 domain out of 150 SH3
domains. Both TA1 and TAS8, in the absence of a canonical PxxP motif in their
binding loops, competed with a PxxP proline-rich peptide, Tip, for binding to the
Lyn SH3 domain. As the dissociation constant (Kp) of TA8 for Lyn SH3 was ~5
MM, which is relatively weak, | used affinity maturation techniques to identify
variants that bound > 8-fold tighter than the original TA8 clone. As a proof-of-
concept experiment, the monobody was fused to GFP and converted into a
sensor that increased fluorescence upon binding to the Lyn SH3 domain in

solution.
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2.1 Abstract

Site-directed mutagenesis is routinely performed in protein engineering
experiments. One method, termed Kunkel mutagenesis, is frequently used for
constructing libraries of peptide or protein variants in M13 bacteriophage,
followed by affinity selection of phage particles. To make this method more
efficient, the following two modifications were introduced: culture was incubated
at 25 °C for phage replication, which yielded two- to sevenfold more single-
stranded DNA template compared to growth at 37 °C, and restriction
endonuclease recognition sites were used to remove non-recombinants. With
both of the improvements, we could construct primary libraries of high complexity
and that were 99-100% recombinant. Finally, with a third modification to the
standard protocol of Kunkel mutagenesis, two secondary (mutagenic) libraries of
a fibronectin type 11l (FN3) monobody were constructed with DNA segments that
were amplified by error-prone and asymmetric PCR. Two advantages of this
modification are that it bypasses the lengthy steps of restriction enzyme digestion
and ligation, and that the pool of phage clones, recovered after affinity selection,
can be used directly to generate a secondary library. Screening one of the two
mutagenic libraries yielded variants that bound two- to fourfold tighter to human
Pakl kinase than the starting clone. The protocols described in this study should

accelerate the discovery of phage-displayed recombinant affinity reagents.
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2.2 Introduction

Several techniques are readily available for site-directed mutagenesis of
proteins. Cassette mutagenesis (7), which requires restriction enzyme digestion
and ligation to incorporate mutagenic sequences, has been supplanted by the
‘QuikChange’ method (2, 3). In ‘QuikChange’, a pair of complementary
oligonucleotides, containing the desired mutation(s), are used to amplify the
entire plasmid with a high-fidelity polymerase, followed by Dpnl digestion to
remove the parental strand. A third widely used technique is ‘Kunkel
mutagenesis’ (4-8), where one utilizes uracil-inserted, circular, single-stranded
DNA (ssDNA) as a template to synthesize double-stranded DNA (dsDNA) in vitro
with an oligonucleotide primer that introduces a mutation. After dsDNA is
introduced into bacteria, recombinant clones predominate due to cleavage of the
uracilated strand in vivo. Kunkel mutagenesis is particularly powerful in phage-
display experiments that are based on M13 bacteriophage, as the viral particles
contain a circular, single-stranded genome (6, 9, 10).

As the number of the theoretical permutations in a protein engineering
experiment can be astronomical, it is desirable to construct phage-displayed
libraries that comprise a vast number of mutants, as it has been observed that
the size of a phage library is closely correlated with the affinity of the isolated
mutants (77). While the size of the library is a limiting factor in isolating desired
clones, the quality of the phage library (i.e., the percentage of the phage particles
displaying the recombinant polypeptides out of the total phage pool), also

significantly influences the efficiency and the outcome of affinity selections. For
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example, some studies have found that non-recombinant clones, or target-

unrelated clones, can overwhelm the target-binding clones in the library due to
the advantages associated with steps of phage propagation or affinity selection
(72, 13). Thus, it is widely believed that removing the wild-type clones from the
final phage-displayed library should improve the efficiency of affinity selections.

Even with improvements in the size and quality of a phage-displayed library,
affinity maturation experiments are usually necessary to fine-tune binders for
improved specificity (10, 14), affinity (70, 15, 16), or both (70). One simple
method is to generate secondary (i.e., mutant) libraries through an error-prone
polymerase chain reaction (PCR) (77, 18), and repeat the affinity selections
under more stringent conditions (i.e., less target, longer wash times, more
washes). Nevertheless, generating each secondary library can be time-
consuming, and unless large, may be inadequate for isolating mutants with
dramatically improved properties.

In this study, we describe several modifications to the basic Kunkel
mutagenesis protocol for constructing libraries that display the 10th subunit of
human fibronectin type Il repeat (FN3), also termed ‘monobody’ (79, 20). With
adjustments of the growth conditions of bacterial cultures, the yields of phage
particles and single-stranded, circular DNA can be increased two- to sevenfold ,
which provides an ample source of template DNA for constructing libraries.
Furthermore, with insertion of unique restriction endonuclease recognition sites in
the FN3 coding region, non-recombinant clones are removed by restriction

enzyme digestion, generating naive (i.e., primary) libraries that are 99-100%
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recombinant, which should improve the efficiency of affinity selection
experiments and the discovery of high-affinity, selective affinity reagents. Finally,
to improve the affinity of a previously isolated binder, we construct two secondary
libraries using DNA segments generated by error-prone and asymmetric PCR.
Affinity selection of one of these libraries yields three variants that exhibit two- to

fourfold tighter binding to Pak1 kinase than the original clone.

2.3 Materials and methods

2.3.1 Phagemids and Escherichia coli strains

The sequence of the 10" subunit of human fibronectin type 1ll repeat (FN3)
was amplified by PCR from a plasmid (27), and subcloned into the pAP-Ills vector
(22, 23). In this phagemid vector, the Flag (DYKDDDDK) epitope is fused at the
N-terminus of the FN3 coding region, thereby allowing convenient detection of
the displayed FN3 domain with an anti-Flag antibody (Sigma—Aldrich; St. Louis,
MO).

The E. coli strain, CJ236 (New England BioLabs; Ipswich, MA), which lacks
functional dUTPase and uracil-N glycosylase, was used for generating uracilated
single-stranded DNA template. In E. coli, dUTPase and uracil-N glycosylase
serve to play roles in DNA repair and ensure fidelity of DNA replication by
removing any uracils incorporated into the bacterial genome (24). Here in this
study, the E. coli strain, TG1 (Lucigen, Madison, WI), which encodes wild-type
versions of dUTPase and uracil-N glycosylase, was used to favor propagation of

the newly synthesized (i.e., mutated or recombinant) strand. For the sake of
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clarity, in this report we refer to the circular, single-stranded phagemid genome
and the in vitro synthesized circular, double-stranded, heteroduplex product as

SsDNA and dsDNA, respectively.

2.3.2 Extraction of uracilated single-stranded DNA from bacterial cultures

grown in different conditions

CJ236 cells, carrying the phagemid, were streaked on a petri plate containing
2xYT medium (per liter 16 g tryptone, 10 g yeast extract, 5 g NaCl), 1.5% agar
(mass/volume), carbenicillin (50 pug/mL), and chloramphenicol (15 pg/mL). After
an overnight incubation at 37 °C, three fresh colonies were used to inoculate 10
mL 2xYT medium, containing carbenicillin (50 ug/ml) and chloramphenicol (15
png/mL). The culture was incubated at 37 °C, and shaken at 250 rpm overnight.
The next day, 1.8 mL of overnight culture was diluted into 180 mL of fresh 2xYT
medium with carbenicillin (50 pg/mL). After 3—4 h incubation at 37 °C with 250
rpm shaking, when the culture reached an ODggonm= 0.4—0.6, M13-K07 helper
phage (New England BioLabs) was added at a multiplicity of infection (MOI) of 10.
The cells were infected for 1 h at 150 rpm, pelleted, and resuspended in 180 mL
fresh 2xYT medium, containing carbenicillin (50 pg/mL) and kanamycin (50
pg/mL). The infected cells were aliquoted into six 250 mL flasks, 30 mL each.
The following six different growth conditions in different combinations were tested
for phage replication: incubation at 37 °C or 25 °C, with shaking at 280 rpm or
200 rpm, and in baffled or non-baffled flasks. After 22 h incubation, cells were

centrifuged three times to clarify the supernatant, of which 2.5 mL was used for
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extraction of ssSDNA with the QIAprep Spin M13 kit (Qiagen). The isolated ssDNA
was quantified with a Nanodrop spectrophotometer (Thermo Fisher Scientific Co.;
Waltham, MA), and evaluated by agarose gel electrophoresis. Phage particles
were precipitated from the remaining 25 mL of culture supernatant by adjusting
the solution to 5% (mass/volume) PEG 8000 and 300 mM NacCl. The pellet of
phage particles was resuspended in phosphate buffered saline (PBS; 137 mM
NaCl, 3 mM KCI, 8 mM Na,HPO4, 1.5 mM KH,PO,), and processed with the
QIAprep Spin M13 kit (Qiagen), which has a binding capacity of 10 pg ssDNA per

column.

2.3.3 Construction of phage-display libraries

2.3.3.1 Creation of a phagemid with stop codons and restriction

endonuclease recognition sites inserted into FN3 sequence

Based on a modified protocol of Kunkel mutagenesis (7), two stop codons
(TAA and TGA) and a Sacll (5-CCGC'GG-3"), Smal (5-CCC'GGG-3’), or Stul
(5’-AGG'CCT-3), site was introduced into each of the BC and FG loop regions of
the FN3 coding sequence (Each vector had two copies of the Sacll, Smal, or Stul
sites). First, two oligonucleotides (13.2 pmol each; IDT DNA, Coralville, lowa),
each containing the two stop codons and one of the three different restriction
endonuclease recognition sites, were phosphorylated by T4 polynucleotide
kinase (5 units; New England BioLabs) at 37 °C, for 1 h, in 50 mM Tris—HCI (pH
7.5), 10 mM MgCl;, 1 mM ATP and 5 mM dithiothreitol (DTT). In 50 mM Tris—HCI

and 10 mM MgCls, the phosphorylated oligonucleotides were annealed to
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uracilated ssDNA template, at a molar ratio of 3 (oligonucleotide/ssDNA), by
heating the mixture at 90 °C for 2 minutes (min), followed by a temperature
decrease of 1 °C /min to 25 °C in a thermal cycler. In a solution containing 0.55
mM ATP, 0.8 mM dNTPs, 5 mM DTT, 15 Weiss units of T4 DNA ligase, and 15
units of T7 DNA polymerase (New England BioLabs), the two phosphorylated
and annealed oligonucleotides were used to prime in vitro DNA synthesis at
20 °C for 3 h, yielding dsDNA, which was purified with the QIAquick PCR
purification kit (Qiagen; Valencia, CA). In a pre-chilled 0.2 cm cuvette
(BioExpress; Kaysville, UT), DNA was electroporated into TG1 cells at 2400 V,
with an electroporator (Eppendorf; Hauppauge, NY). The next day, six single
bacterial colonies were inoculated for preparation of phagemid DNA and

sequencing analysis.

2.3.3.2 Comparing different reaction conditions of in vitro dsDNA synthesis

for their influences on mutation rate

To examine if different annealing ratios of oligonucleotide to ssDNA and
different extension times would change the mutation rate, the following nine
different reaction conditions were tested in parallel: three different annealing
molar ratios of oligonucleotide to sSSDNA (3, 20 and 100), were paired individually
with three different extension times (30 min, 3 h and 16 h). Heteroduplex dsDNA,
which was generated in these nine parallel reactions, was purified with the
QIAquick PCR purification kit (Qiagen) before being electroporated into TG1 cells

(Lucigen).
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Forty-six bacterial colonies, obtained from transformations with dsDNA
product from each of the nine different reaction conditions, were inoculated into a
96 deep-well plate (Thermo Fisher Scientific Co.) and grown overnight in the
presence of M13-K07 helper virus particles (New England BioLabs). Anti-M13
bacteriophage antibody (GE Healthcare; Piscataway, NJ) was diluted in PBS to 5
ng/uL for overnight immobilization in the wells of Nunc™ microtiter plates
(Thermo-Fisher Scientific Co.). The next day, non-specific binding sites on the
plates were blocked for 1 h with casein (Thermo Fisher Scientific Co.), followed
by addition of clarified phage supernatant from overnight cultures in the deep-
well plates. After 1 h incubation, microtiter plates were washed five times with
PBS-0.1% Tween (volume/volume), followed by addition of 100 ng/mL anti-Flag
antibody, conjugated to horseradish peroxidase (Sigma—Aldrich). The microtiter
plates were washed after 30 min incubation, and the chromogenic substrate, 2,2'-
Azino-bis (3-Ethylbenzothiazoline-6-Sulfonic Acid) (ABTS), mixed with hydrogen
peroxide, was added and the resulting absorbance was measured at 405 nm with
a microtiter plate spectrophotometer (POLARstar OPTIMA; BMG Labtech, Cary,
NC). A clone displaying a positive ELISA signal was considered as a
recombinant (i.e., both BC and FG loops replaced by mutagenic sequences),
whereas a negative ELISA signal was interpreted as the starting template (i.e.,
carries two stop codons in the coding regions for the two loops). Only phage
clones with positive ELISA signals were selected for DNA sequencing. The nine

different reaction conditions were tested three times.
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2.3.3.3 Construction of phage libraries that were 99-100% recombinant

Following the protocol described above, dsDNA was synthesized in vitro with
oligonucleotides encoding five NNK (where N is an equimolar mixture of A, G, C,
and T, and K is an equimolar mixture of G and T) codons in the BC and FG loop
regions of the FN3 coding sequence. The purified heteroduplex dsDNA was then
electroporated into TG1 cells and spread on agar plates containing 2xYT and
carbenicillin (50 pg/mL). After overnight incubation at 30 °C, colonies were
scraped together and DNA was extracted with the Wizard Plus SV Mini-Prep kit
(Promega; Madison, WI). The DNA was then digested with Sacll, Smal or Stul
for 8 h (New England BioLabs), purified with the QIAquick PCR purification kit
(Qiagen), and used to transform TGL1 cells. After transformation, cells were
recovered at 37 °C with 200 rpm shaking for 30 min, before serial dilutions of the
recovered cells were plated (to determine transformation efficiency) on 2xYT
agar plates with carbenicillin (50 pg/mL), and incubated overnight at 30 °C. The
resulting colonies were inoculated into 96 deep-well plates (Thermo Fisher
Scientific Co.) and grown overnight in 2xYT medium, containing carbenicillin (50
pg/mL), kanamycin (50 ug/mL), and helper virus, M13-K07 (New England
BioLabs). Phage enzyme-linked immunosorbent assays (ELISA) and DNA

sequencing of selected clones were carried out as described above.
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2.3.3.4 Construction of two mutagenic libraries with DNA segments

generated by error-prone and asymmetric PCR

Screening a phage display library of FN3 monobodies with the kinase domain
of Pak1l kinase (25) led to isolation of a monobody, C12, which bound to the
‘open’ form of the protein (26). A secondary mutant library based on the C12
monobody was created and a variant was isolated that bound twice as tight as
the original clone. To further increase the affinity of the C12 variant, a mutagenic
library of this clone was constructed with a modified protocol of Kunkel
mutagenesis. Briefly, 0.3 fmol (1 ng) of phagemid DNA from the C12 variant was
mixed with 2.5 units of Mutazyme Il (Agilent; Santa Clara, CA), and amplified by
PCR over 34 cycles (95 °C for 1 min, 62 °C for 1 min, and 72 °C for 1 min). The
resulting DNA segment was resolved by agarose gel electrophoresis and purified
with the QIAquick gel extraction kit (Qiagen). Following heat denaturation of the
purified DNA segment and annealing to the ssDNA template, the in vitro dsDNA
synthesis was performed under the reaction conditions described in above, and
the resulting dsDNA was electroporated into TG1 cells (Lucigen). Cells were
allowed to recover for 30 min at 37 °C with 200 rpm shaking, followed by serial
dilutions, spreading on petri plates, and overnight incubation at 30°C.

To investigate if the mutation rate and the transformation efficiency of
heteroduplex dsDNA could be increased by using a long single-stranded DNA as
a primer for in vitro DNA synthesis, we employed asymmetric PCR (27) to
amplify the preferred strand. One pmol (200 ng) of the purified DNA segment,

generated under mutagenic conditions, and 400 pmol of the reverse primer were



55

mixed and incubated for 40 cycles (95 °C for 1 min, 58 °C for 1 min, and 72 °C
for 1 min) of asymmetric amplification. The amplified DNA segments were
purified with the QIAquick PCR purification kit (Qiagen). Following the same
procedure mentioned above, purified DNA segments were phosphorylated and
annealed to the ssDNA template. After DNA extension, the resulting
heteroduplex dsDNA was electroporated into TG1 cells (Lucigen). The bacterial
cells were spread on agar plates, and the next day, 46 colonies from the
secondary library were picked and subjected to phage ELISA and DNA
sequencing analysis, as described above.

To increase the mutation rate of error-prone PCR, Mutazyme Il was used to
amplify the FN3 coding region under conditions that increased the mutation rate
of Taqg DNA polymerase (28). Briefly, 0.3 fmol (1 ng) of DNA template was
incubated in a solution containing 7 mM MgCl,, 0.1 mM MnClz, 1 mM dCTP,
dTTP and 200 uM dGTP and dATP, 2.5 units of Mutazyme 1l and 38 pmol of
oligonucleotide primers. Thermal cycling consisted of 36 cycles: 95 °C for 30 s,
62 °C for 30 s, and 72 °C for 30 s. Kunkel mutagenesis and electroporation of the

resulting dsDNA were performed as described above.

2.3.3.5 Affinity selection of tighter binders from a secondary mutagenic

library
Phage patrticles, displaying monobody variants, were amplified and
resuspended in Tris-buffered saline (TBS; 50 mM Tris—HCI, 150 mM NacCl, pH

7.5) containing 0.5% Tween (volume/volume) + 0.5% bovine serum albumin
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(BSA; mass/volume). The suspension of phage particles was then mixed with the
target, biotinylated ‘open’ form of human Pakl kinase (25 nM, final concentration).
After 2 h incubation, streptavidin-coated magnetic beads (Promega) were added
to the phage solution. Beads were collected with a magnet after 15 min tumbling,
followed by six washes with PBS-0.5% Tween, three washes with PBS-0.1%
Tween, and three washes with PBS (All the solutions contained the non-
biotinylated form of the Pak1 kinase protein at 160 nM). Bound phage particles
were eluted with 50 mM glycine (pH 2) for 10 min, which was neutralized with
Tris—HCI (pH 10) and used to infect mid-log phase TG1 cells for 30 min at 37 °C
with 100 rpm shaking. Infected cells were spun down and spread on 2xYT agar
plates with carbenicillin (50 pg/mL), and incubated overnight at 30 °C. The next
day, bacterial colonies were scraped from the plate and inoculated into cultures
for amplifying viral particles, which would be used for the next round of affinity
selection. To increase the stringency, the second and third rounds of selections
were performed with reduced concentration of the target protein (500 pM) and

with additional washes (to remove weak and non-binding clones).

2.3.3.6 Phage ELISA for identifying FN3 variants that bound tighter to Pak1

kinase
The phage ELISA was performed with a similar protocol as described above.
The target protein, the ‘open’ form of human Pak1l kinase, was immobilized
directly on the Nunc™ microtiter plate (Thermo Fisher Scientific Co.). The

blocking reagent, casein, was used as the control of background binding. Among
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the eighty-eight clones tested in the initial phage ELISA, three clones (C2, D3,
and E10) together with the original clone were picked for further testing their
binding to the Pak1 kinase. First a phage ELISA was performed with anti-Flag
antibody (Sigma—Aldrich), so that the amount of phage particles could be
normalized in assays that monitored binding of FN3 monobodies to the Pakl

kinase.

2.4 Results and discussion

2.4.1 Overview of the Kunkel mutagenesis

One method frequently used to construct phage-display libraries is Kunkel
mutagenesis (Figure 2.1). First, a phagemid genome is introduced into E. coli
CJ236 cells, which lack functional dUTPase and uracil-N glycosylase. With the
aid of a helper virus, M13-K07, the transformed CJ236 cells secretes phage
particles, from which single-stranded, circular DNA (ssDNA), containing uracil in
place of thymine (i.e., uracilated), is recovered. A pair of mutagenic
oligonucleotides are phosphorylated and annealed to the ssDNA template for in
vitro synthesis of heteroduplex, double-stranded DNA (dsDNA) with T7 DNA
polymerase and T4 DNA ligase. The resulting product is purified and evaluated
by agarose gel electrophoresis; as seen in Figure 2.2, the ssDNA can be
guantitatively converted to the larger dsDNA species by this technique. The
dsDNA is electroporated into E. coli TG1 cells, where the parental uracilated
strand is cleaved in vivo by uracil-N glycosylase, so that only the recombinant

strand survives.
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Figure 2.1. Overview of the Kunkel mutagenesis. Phagemid DNA is
electroporated into the CJ236 strain of E. coli. These cells are then infected with
M13-KO07 helper virus for amplifying phage patrticles that yielded uracilated (U)
single-stranded DNA (ssDNA). The ssDNA is annealed to two phosphorylated
mutagenic oligonucleotides, which prime the synthesis of heteroduplex, double-
stranded DNA (dsDNA) in the presence of T7 DNA polymerase, T4 DNA ligase,
and deoxynucleotides. The resulting dsDNA is purified and electroporated into
TG1 cells, where the uracilated parental strand is degraded and the mutant
strand is preserved and converted into the replicative form of phagemid DNA.
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Figure 2.2. Synthesis of heteroduplex dsDNA in vitro. Purified uracilated
ssDNA was converted into dsDNA by T7 DNA polymerase and T4 DNA ligase.
The extended heteroduplex dsDNA was purified and resolved by agarose gel
electrophoresis. The relative mobility of sSSDNA and dsDNA are noted with an
arrow and a parenthesis, respectively.
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2.4.2 Phage replication at lower temperature improved yields of ssDNA

Infected CJ236 cells often have low yields of ssSDNA, and of low purity (7). To
find conditions leading to higher yields and better purity, multiple settings (i.e.,
growing temperature, shaking speed, different type of flasks) were evaluated.
Incubation at 25 °C for 22 h consistently yielded two- to sevenfold more ssDNA
than cultures grown at 37 °C (Figure 2.3). A similar increase in sSDNA yields was
also observed for cultures of TG1 cells carrying the M13 bacteriophage genome
(data not shown). However, if cells were resuspended in a much higher volume
(i.e., 30 fold) of fresh medium after infection, the same growing conditions did not

lead to higher yields.

Size ssDNA ssDNA
Marker 37°C 25°C

10 kb
8 kb |

6 kb

46 L
3 kb [ ——]

2'kb e

Figure 2.3. Single-stranded DNA extracted from bacterial cultures grown at
two different temperatures. Bacterial cultures, which were grown at 37 °C and
25 °C, were clarified by centrifugation. Single-stranded DNA (ssDNA) were
extracted from clarified supernatant and resolved in a 1% agarose gel. The
ssDNA depicted here migrates with a size of 5830 nucleotides and its position in
the gel is denoted with an arrow. As shown in the figure, the yields of SSDNA
from a culture grown at 25 °C were sevenfold higher than that grown at 37 °C.
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The effects of shaking speed and flask shape on phage yields were also
examined. High shaking speed (i.e., 280 rpm), with 37 °C incubation, led to lower
yields of ssDNA due to excessive degradation of DNA (data not shown). As both
greater aeration and higher temperatures lead to rapid cell growth and potential
cell lysis (29), these conditions are not recommended for phage replication.

When cultures were grown in baffled and non-baffled flasks, there was no
significant change in the yields or purity of the ssSDNA (data not shown). In
summary, keeping the culture volume the same after infection and incubating it
for 22 h at 25 °C, with a shaking speed of 200 rpm, contributed to the best results,

among all the conditions tested.

2.4.3 Different reaction conditions for in vitro dsDNA synthesis exhibited

minimal influences on mutation rate

As mentioned above, it is beneficial to reduce or eliminate phage particles
displaying the ‘wild-type’ form of a scaffold protein, thereby increasing the
diversity of a library and enhancing its effectiveness in yielding binders. One way
to reduce the number of wild-type clones in a phage library is to identify
conditions that improve the efficiency of in vitro synthesis of dSDNA during
Kunkel mutagenesis. To learn what modifications of the extension step might
lead to enhanced yields, nine different conditions, ranging from different
annealing ratios of oligonucleotide/ssDNA (3, 20, and 100) to different extension
times (30 min, 3 h, and 16 h), were tested. While none of these conditions

appeared to increase significantly the mutation rate, there are two points worth
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noting. First, the average mutation rate (i.e., replacement of both loops with
degenerate sequences) for all nine conditions was 38 + 3%. Second, for
reactions of all three annealing ratios, as the extension time went from 30 min, 3
h to 16 h, there was a 1-8% increase in the mutation rate from 30 min to 3 h, and
then a 3—6% decrease from 3 h to 16 h (data not shown). A 16 h extension not
only led to a lower mutation rate, but also a significantly lower yield of dsSDNA
(data not shown). Based on our results, an annealing ratio of 3:1
(oligonucleotide/ssDNA template), with an extension time of 3 h, is
recommended for the synthesis of heteroduplex dsDNA in vitro.

Curiously, even in the absence of any synthesized oligonucleotide primer,
ssDNA is still able to self-prime and generate dsDNA (6) during the extension
reaction, which can be how the non-recombinant dsDNA is synthesized. To test
the possibility that one could outcompete self-priming with longer oligonucleotide
primers to reduce the synthesis of non-recombinant dsDNA, primers of different
lengths were tested. No significant difference in the mutation rate was observed,
indicating that once a minimum length requirement was met (7,=50-55 °C),
longer primers offered no advantage in boosting the mutation rate compared to
shorter ones. We also hypothesized that degraded small DNA segments, which
might be present in preparations of the ssSDNA template, could be responsible for
the self-priming. To test this notion, sSDNA was resolved by agarose gel
electrophoresis and extracted from any contaminating DNA segments. However,

this extra purification step only slightly raised the mutation rate (i.e., from 40% to
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50%), implying that the persistence of non-recombinants was somehow inherent

to the ssDNA template itself.

2.4.4 Removal of non-recombinant clones by restriction enzyme digestion

To enhance the efficiency of Kunkel mutagenesis, a set of three phagemid
vectors were devised with stop codons and restriction endonuclease recognition
sites inserted in the BC and FG loop coding regions. The stop codons are
intended to prevent the display of wild-type FN3 domain and its N-terminal fused
Flag epitope, whereas inclusion of restriction endonuclease cleavage sites is to
permit differential destruction of non-recombinant DNA by digestion with
restriction endonucleases.

Three restriction endonucleases were chosen because their recognition
sequences were absent from the original phagemid genome and their activities
were robust. Vectors were designed with Sacll (5-CCGC'GG-3’), Smal (5'-
CCC'GGG-3), or Stul (5-AGG'CCT-3’) sites in the BC and FG coding regions.
(Note that each vector carried two recognition sites for the same enzyme). For
Stul recognition site, even though it contains thymine, which can be replaced by
uracil when ssDNA genome is propagated in the CJ236 E. coli strain, and thus
can make non-recombinant dsDNA resistant to Stul cleavage, we rationalized
that the chance that one or both thymines in the Stul site are replaced by uracil is
low (i.e., 3—4%), given that only 20—30 uracils are inserted in each ssDNA

genome when propagated in CJ236 cells (30).
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When the three vectors were used for in vitro synthesis of dsDNA, digestion of
the dsDNA with the cognate restriction enzyme prior to electroporation led to only
a 10% increase in the frequency of recombinants (51% to 61%) obtained. At the
moment, we cannot account for this result, even though it is reproducible.
However, we noted that the phagemid carrying the two Stul sites consistently
yielded larger transformation outputs, compared to the phagemids with Sacll or
Smal sites; consequently, we used the phagemid DNA with the two Stul sites
throughout this study.

Since we could not selectively degrade the in vitro synthesized, non-
recombinant dsDNA molecules by restriction enzyme cleavage, we decided to
first electroporate the dsDNA into TG1 cells, and then digest the purified,
replicated DNA. After re-electroporating the digested DNA into bacteria, the
resulting transformants were observed to be entirely recombinant (Figure 2.4). By
this approach, a phage-display library, with 10'° members and >99%
recombinant, has been recently constructed in the lab by performing 140
electroporations (i.e., 100 electroporations of the in vitro synthesized dsDNA,

followed by 40 electroporations of the digested DNA, into bacteria).
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Figure 2.4. Removal of non-recombinant clones by digestion with Stul. The
phagemid modified with sequences of stop codons and Stul restriction enzyme
sites was electroporated into CJ236 bacterial cells for generating uracilated
ssDNA, which was annealed to mutagenic oligonucleotides (With NNK codons)
and converted to dsDNA in vitro. Heteroduplex dsDNA was electroporated into
TG1 cells, and the next day, transformed cells were scraped off the surface of
agar plates. Plasmid DNA was then extracted from the scraped cells, digested
with Stul, and electroporated back into TG1 cells. Bacterial colonies from
electroporation of the synthesized dsDNA and the digested DNA were picked
and grown up for phage replication. The following day, a phage ELISA was
performed with anti-Flag antibody to identify mutant clones for sequencing
analysis. Due to the presence of two amber stop codons encoded by the NNK
codons, some recombinant clones appeared negative in the ELISA assay. On
the microtiter plate of phage ELISA, the red-circled and green-circled wells
correspond to positive and negative controls, respectively.
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transformed TG1 cells




66

2.4.5 Kunkel mutagenesis with DNA segments generated by error-prone

and asymmetric PCR

To bypass the time-consuming steps of restriction enzyme digestion, gel
purification, and ligation in the conventional approach for generating a secondary
mutagenic library, a protocol was devised that utilizes DNA segments amplified
from PCR in lieu of oligonucleotide primers. First, an error-prone PCR was
carried out with Mutazyme II, a mixture of two mutant DNA polymerases that
introduce point mutations at high frequency in the targeted gene (37). The
amplified DNA segments were resolved by agarose gel electrophoresis, gel
purified, denatured, and annealed to the ssSDNA template. After DNA synthesis in
vitro, the resulting dsDNA was electroporated into TG1 cells. But as revealed by
phage ELISA and DNA sequencing, only 3-8% of the transformants were
recombinants. With this method, a secondary library with a diversity of 1.0 x 10®
was constructed (Figure 2.5). To investigate whether digestion by Stul could
elevate the incorporation of the mutated strand, the dsDNA was subjected to
digestion with Stul before transformation. Although digestion did increase the
mutation rate to 17—28%, the transformation efficiency decreased five- to
sevenfold.

As Kunkel mutagenesis is usually conducted with one to several 30—-60
nucleotide long oligonucleotide primers, we rationalized that a double-stranded
300-bp DNA segment might not anneal efficiently to the ssDNA template for in

vitro DNA synthesis because of the equimolar presence of its complementary
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DNA strand. Therefore, we decided to generate DNA segments that were
predominately single-stranded through asymmetric PCR (27, 32), and use the
resulting mixture to prime DNA synthesis on the template strand (Figure 2.5A).
DNA segments that were predominantly single-stranded were generated through
40 cycles of DNA synthesis with Mutazyme Il. They were subsequently annealed
to the uracilated ssDNA template, converted to dsDNA in vitro, and
electroporated into TG1 cells. A library consisting of 4 x 10® recombinants was
created, with a transformation efficiency of 7.4 x 108 cfu/pug dsDNA (Figure 2.5B),
which is comparable to the transformation efficiency, 5-6 x 108 cfu/ug, obtained
with dsDNA synthesized with oligonucleotide primers ordered from commercial
vendor (data not shown). Upon sequencing 24 recombinants, we observed equal
numbers of transition mutations and transversion mutations, 18/35 compared to
17/35, respectively, and an overall point mutation rate of 5.3 mutations per
kilobase (i.e., 0.5%).

While conducting our experiments, we witnessed that asymmetric PCR
amplification was very sensitive to many factors (i.e., type of DNA polymerase,
buffer, thermal cycling conditions). Even with a third primer to perform a nested
asymmetric PCR (32), amplification results were not consistent (i.e., the yields of
single-stranded product varied). Thus, when asymmetric PCR fails to generate
high-quality single-stranded DNA, the double-stranded segment from the error-
prone PCR can be used instead for constructing a secondary library.

To elevate the mutation rate, error-prone PCR was performed with Mutazyme

Il under conditions reported to increase the mutation rate of Taqg DNA
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polymerase (28). The resulting DNA segment was used directly as the primer for
in vitro dsDNA synthesis, as described above (Figure 2.5A). Electroporation of
the dsDNA yielded 2.8 x 10° transformants, with a transformation efficiency of
5.3 x 10® cfu/pg dsDNA. Among the transformants, 3.5% were recombinant, and
on the average each recombinant clone had 6.5 mutations, which is equal to a
point mutation rate of 2.5% (i.e., 25 mutations/per kb) (Figure 2.5B). While the
fraction of recombinants among the transformants is low, the diversity of the

resulting library is still sufficient (i.e., 1.0 x 10®) for generating enhanced binders.
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Figure 2.5. Construction of two secondary mutagenic libraries with DNA
segments amplified by error-prone and asymmetric PCR. A. Error-prone
PCR was performed to amplify the coding region of an FN3 variant that had been
evolved to bind to Pakl kinase. The DNA segment, which was gel purified, was
either used directly as primer for annealing to the uracilated ssDNA template, or
was used as template to carry out asymmetric PCR, yielding DNA segments that
were mostly single-stranded. This mixture of DNA segments was purified free of
oligonucleotide primers and annealed to uracilated ssDNA. The annealed ssDNA
template, either to the double-stranded or the single-stranded segments, was
converted into dsDNA in vitro by the action of T7 DNA polymerase and T4 DNA
ligase. The extended, circular dsDNA was purified and electroporated into TG1
cells, thereby generating a secondary library. B. Two mutagenic libraries were
constructed with the modified protocol of Kunkel mutagenesis. The number of
transformants is the estimated total number of bacterial colonies produced
through electroporation. The percentage of recombinants is the ratio of
recombinants to the total pool of transformants, as a fraction of 100. The library
diversity is the estimated total number of recombinants in this mutagenic library.
Mutations/kb is the average number of point mutations per kilobase (kb).
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2.4.6 ldentification of stronger binders through affinity selection of a

mutagenic library

The mutagenic library containing 4 x 108 variants was screened through three
rounds of affinity selection under stringent conditions. After the third round of
selection, eighty-eight clones were evaluated by phage ELISA: ~50% of the
clones showed tighter binding to Pakl kinase than the original clone (data not
shown). Three clones with the greatest ELISA signals were chosen for further
testing, and two variants, C2 and D3, were observed to bind fourfold stronger to
Pak1 kinase than the original clone, while a third variant, E10, bound twofold
better (Figure 2.6). Compared to the primary structure of the original binder, each
of the three FN3 variants had three amino acid substitutions (data not shown).
Thus, with this example, we demonstrate the utility of our modifications to the
Kunkel mutagenesis protocol in generating high quality recombinant affinity

reagents.



71

2.5 -
Clones selected from the mutagenic library
oPak1
2 4
5]
g 15 Casein
[Ty}
=
=
o
o 1
0.5 -
u p
Original clone c2 D3 E10

Figure 2.6. Comparing the original clone and its three variants for binding
to Pak1 kinase. The blue bars represent the binding of phage particles to the
Pak1 kinase (target), and the orange bars represent binding to casein (negative
control). All binding values were normalized to the display level of the Flag-
epitope, which is at the N-terminus of the displayed FN3 monobody. The error
bars represent the standard deviation of duplicate measurements.
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2.5 Conclusions

Kunkel mutagenesis is one of the most frequently used methods for
constructing phage-displayed libraries. To make this technique more efficient, we
optimized the yields of sSDNA by growing infected cells for 22 h at 25 °C, with a
shaking speed of 200 rpm. By introducing Stul recognition sites in the FN3
coding sequence, we were able to remove non-recombinant clones by restriction
endonuclease digestion and subsequently created libraries that were >99%
recombinant. Finally, two mutagenic phage libraries were constructed with DNA
segments amplified by error-prone and asymmetric PCR. Screening one of the
secondary libraries identified three variants that bound two- to fourfold tighter to
the Pakl kinase than the original clone. In the future, we envision that a phage
pool, enriched for binders via affinity selection of the primary library, can be used
directly as template for mutagenic PCR, and the resulting mutated DNA segment
can be used to prime dsDNA synthesis in vitro. Thus, in one week’s time a

secondary library can be constructed and screened to yield enhanced binders.
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3.1 Abstract

Fyn is a non-receptor protein tyrosine kinase that belongs to a highly
conserved kinase family, Src family kinases (SFKs). Fyn plays an important role
in inflammatory processes and neuronal functions. To generate a synthetic
affinity reagent that can be used to probe Fyn, a phage-display library of
fibronectin type Ill (FN3) monobodies was affinity selected with the SH3 domain
of Fyn and three binders were isolated. One of the three binders, G9, is specific
in binding to the SH3 domain of Fyn, but not to the other members of the Src
family (i.e., BIk, Fgr, Hck, Lck, Lyn, Src, Yes), even though they share 51-81%
amino acid identity. The other two bind principally to the Fyn SH3 domain, with
some cross-reactivity to the Yes SH3 domain. The G9 binder has a dissociation
constant of 166 + 6 nM, as measured by isothermal titration calorimetry, and
binds only to the Fyn SH3 domain out of 150 human SH3 domains examined in
an array. Interestingly, although the G9 monobody lacks proline in its randomized
BC and FG loops, it binds at the same site on the SH3 domain as proline-rich
ligands, as revealed by competition assays. Active Fyn kinase was successfully
pulled down by the G9 monobody, demonstrating its potential as a highly

selective probe for detecting active cellular Fyn kinase.
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3.2 Introduction

While recombinant antibodies continue to be a fruitful source of affinity
reagents, there has been a great deal of interest in engineering useful affinity
reagents from other scaffolds. Several other scaffold proteins have been
engineered into affinity reagents (7). These include three a-helix bundles of the Z
domain of protein A, called affibodies (2), avimers (3), cystine-knot peptides (4),
green fluorescent protein (GFP) (5), lipocalin (6), camelid Vuy (7), and designed
ankyrin repeat proteins (DARPIns) (8), to name a few. The scaffold | have
exploited is the fibronectin type Il (FN3) domain, which is 94 amino acids in
length, and has a three-dimensional structure similar to that of the
immunoglobulin fold. There are over 8000 examples of this domain in GenBank,
making it one of the most prevalent domains known. It should be pointed out that
the tenth repeat of the domain in fibronectin contains the Arg-Gly-Asp (RGD)
motif in one loop, which interacts with the fibronectin receptor on cell surfaces
(9) . Protein engineering experiments have shown it is possible to substitute
amino acids within five of the six loops without loss of stability (70); in particular,
from libraries of variants with combinatorial peptides within two loops on one side
of the domain, one generates libraries of synthetic affinity reagents, termed
“monobodies” . Through phage display, RNA display, or yeast display, FN3
monobodies have been generated for binding to a variety of targets, such as the
estrogen receptor (117), integrin (72), lysozyme (713), a phosphorylated IkBa
peptide (74), small ubiquitin-like modifier 4 (SUMO4) (15), streptavidin (76),

tumor necrosis factor (17), ubiquitin (78), and vascular endothelial growth factor
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receptor 2 (19). In addition, the FN3 domain can be expressed inside eukaryotic
cells, where it can fold properly and bind to its target (70). It is also possible to
combine a monobody with a protein interaction module to create affinity reagents
that can “clamp” short peptides with picomolar affinity (20, 27). Three advantages
of the FN3 domain are that it lacks disulfide bonds, it can be highly
overexpressed (= 50 mg/L culture) in E. coli, and it is thermally stable (T, =

88°C).

Recently, | have screened a phage-display library of monobodies for variants
that bind to the Src Homology 3 (SH3) domain (76). This 60 amino acid domain
is involved in protein-protein interactions (22), and is present in many different
eukaryotic proteins that are involved in signal transduction (23), cytoskeleton
assembly (24), and endocytosis (25). In mammals, the Src family of protein
tyrosine kinases (Figure 3.1) plays an important role in cell signaling pathways,
by transferring signals from activated receptors to downstream signaling proteins.
This family of kinases shares a common architecture that consists of an N-
terminal myristic acid, a unique region, a Src Homology 3 (SH3) domain, a Src
homology 2 (SH2) domain, a linker, and a C-terminal catalytic kinase domain.
Generally, these proteins have two conformations: a catalytically inactive
conformation, in which the protein is folded into a 'closed’ state, due to
intramolecular interactions, and a catalytically active conformation, in which the
protein is in an extended, 'open’ state (26). The Fyn protein has been proposed
to play a role in T-cell receptor activation (27), lipid utilization (28), exit from

meiotic and mitotic metaphases (29), mast cell signaling (30), and
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carcinogenesis (31, 32).

This work extends prior efforts in which | identified monobodies that bind to the
Src SH3 domain (76), and one of the isolated monobodies was converted into a
biosensor of in situ activation of Src in cultured cells (33). | was interested in
extending this approach to other members of the Src family, which consists of BIKk,
Fgr, Fyn, Hck, Lck, Lyn, Src, and Yes (34). | report the isolation of monobodies
that are specific in binding to the Fyn SH3 domain. One of the isolated
monobodies, G9, is highly selective and can be potentially developed into a

biosensor of Fyn kinase activation.

3.3 Materials & methods

3.3.1 Construction of a phage display library

A library of FN3 monobodies was constructed by oligonucleotide-directed
mutagenesis (35, 36). Briefly, the FN3 coding region was subcloned into a drop-
out phagemid vector (37), which encodes a truncated form of gene Il of the M13
bacteriophage and the DsbA signal sequence (38). The recombinant phagemid
construct was transformed into the bacterial strain CJ236 (New England BioLabs,
Ipswich, MA), an Escherichia coli host used for producing uracil-containing
single-stranded DNA (ssDNA). The ssDNA was annealed to two mutagenic
oligonucleotides (IDT DNA, Coralville, lowa), which encoded five NNK codons in
the BC loop and FG loop (Figure 3.2A). (N is an equimolar distribution of A, G, C,

or T, whereas K is G or T. NNK allows incorporation of all 20 amino acids, plus
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the TAG amber codon.) With T7 DNA polymerase (New England BioLabs) and
T4 DNA ligase (New England BioLabs), the ssSDNA was converted into the
double-stranded DNA (dsDNA) using the two annealed degenerate
oligonucleotides. Synthesized dsDNA was recovered with a PCR clean-up kit
(Qiagen, Valencia, CA), and electroporated into TG1 E. coli cells (Lucigen,
Madison, WI). Transformed cells were immediately transferred to pre-warmed
recovery medium (Lucigen), incubated at 37°C at 200 rpm for 35 min, and then
aliquots were taken out for determining the transformation efficiency. To ensure
optimal recovery, cells were allowed to recover for an additional 25 min, before
being centrifuged and plated for overnight growth at 30°C. The output of 85
electroporations was pooled to generate a library containing 2.8x10°
transformants. The result of DNA sequencing of 60 clones from the library
showed that both BC and FG loops were replaced by mutagenic sequences in 46%
of the transformants. The library was estimated to have a diversity of 1.3x10™

recombinant clones (46% of 2.8x10%).

To amplify the phage particles displaying the recombinant FN3 monobodies,
approximately 1.3 x 10! cells were diluted into Luria Broth (LB; 10 g/L tryptone, 5
g/L yeast extract, 10 g/L NaCl) - 50 pg/mL carbenicillin to a final density of
ODgoonm= 0.05. After 2 h incubation at 37°C at 250rpm, the cells were infected
with M13KO7 helper phage (New England BioLabs) at a multiplicity of infection
(MOI) of 10, and then incubated at 37°C for 2 h at 150 rpm. Infected cells were
recovered by centrifugation, resuspended in fresh LB (supplemented with 50

pg/mL carbenicillin and 100 pg/mL kanamycin), and incubated overnight at 30°C.
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The next day, secreted phage particles were separated from bacterial cells by
centrifugation, followed by precipitation with 5% PEG8000 - 300 mM NacCl (final
concentrations). The phage particle pellet was dissolved in phosphate buffered
saline (PBS; 137 mM NaCl, 3 mM KCI, 8 mM Na,HPO,, 1.5 mM KH,PO,), and

stored in 16% glycerol (with PBS) at -80°C.

3.3.2 Gene synthesis, plasmid preparation, protein overexpression, and

purification
The coding sequences of FN3 monobodies and the Fyn SH3 domain were
amplified by polymerase chain reaction (PCR), and subcloned into a modified
form of the pET-14b expression vector (Gift of Dr. Arnon Lavie, University of
lllinois at Chicago), which carries a Hisg-tag that is fused in frame to the
small ubiquitin-like modifier (SUMO) at the N-terminus. The coding sequences of
the other seven human SH3 domains of the SFKs were synthesized

commercially (GenScript, Piscataway, NJ) and subcloned into the same vector.

All expression constructs were transformed into the BL21-DE3 (Novagen,
Rockland, MA) or C41-DE3 (39) strains of E. coli. Cells were used to inoculate
into 10 mL LB with 50 pg/mL carbenicillin, and incubated at 37°C overnight. After
a 30:1 dilution in auto-induction medium (Novagen), the cells were grown for 20-
24 h at 30°C. The cell pellet was lysed with Bugbuster detergent (Novagen),
which was supplemented with rLysosme (Novagen) and

ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor (Roche). After 10
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min of sonication (Thermo Fisher Scientific), the clarified lysate was incubated
with nickel-nitriloacetic acid (Ni-NTA) resin (Qiagen) for immobilized metal affinity
chromatography of the Hisg-tagged proteins. The SUMO fusion proteins (SH3
domain and monobody) were subsequently chromatographed through a
Superdex 200 column (GE Healthcare, Piscataway, NJ) to attain >95% purity,

with yields of 50-200 mg/L of cell culture.

3.3.3 Affinity selection

Three rounds of affinity selection were used to select monobodies binding to
the Fyn SH3 domain. A Fyn SH3 domain fusion to glutathione-S-transferase
(GST) was purified with GST bind resin (GE Healthcare) and chemically
biotinylated with the EZ-link NHS biotinylation kit (Thermo Fisher Scientific).
NeutrAvidin® (Thermo Fisher Scientific) was diluted in PBS (25 ng/pL) and
incubated in Nunc microtiter plate wells (Thermo Fisher Scientific) overnight at
4°C. The next day, after washing the wells, biotinylated Fyn SH3 domain-GST
fusion protein (25 ng/pL) was added to microtiter plate wells for 20min at room
temperature, followed by blocking of non-specific binding sites with casein
(Thermo Fisher Scientific), which was supplemented with 10 uM biotin. In the
affinity selection experiment, ~5x10* phage particles, which displayed variants of
the FN3 monobody, were incubated in microtiter plate wells for 2 h, followed by
three washes with PBS-0.1% Tween (PBST) and three washes with PBS. Bound

phage particles were eluted with 50 mM glycine (pH 2.0). Eluted phages were
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neutralized with Tris-HCI (pH 10) and used to infect TG1 cells (ODgponm=0.4-0.6)
for 1 h at 37°C at 150 rpm. Infected cells were spread onto Petri plates containing
1.5% agar, LB, and 50 ug/mL carbenicillin, and incubated overnight at 30°C. The
next day, colonies were scraped from plates and ~5 x 10° cells were inoculated
into 50 mL of LB + 50 pg/mL carbenicillin and grown for 2-3 h at 37°C at 250 rpm.
When the culture reached an ODgoonm =0.4-0.6, the cells were infected with
M13KO07 helper phage (MOI = 10) for 1 h, transferred to fresh LB + 50 pg/mL
carbenicillin and 100 pg/mL kanamycin, and incubated overnight at 30°C. The
next day, phage particles were harvested from the culture supernatant,
precipitated with 5% PEG8000 and 300 mM NacCl (final concentrations),
dissolved in PBS, and used for the next round of affinity selection. The second
and third rounds of affinity selection were conducted in the same manner, except
that PBS-suspended phage particles was supplemented with soluble GST for
binding to the Fyn SH3 domain in the microtiter plate wells, as a means of
eliminating recovery of FN3 monobodies that bind to the GST portion of the
fusion protein. After the third round of affinity selection, individual clones were
picked for phage amplification, followed by enzyme-linked immunosorbent assay
(ELISA) to identify binders to the Fyn SH3 domain. Subsequently, positive

binding clones were sequenced.

3.3.4 Phage ELISA and mapping of binding location

Phage ELISA assays were performed as described in previous work (76).
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Briefly, the SH3 domain fusion proteins were directly immobilized on Nunc
microtiter plate (Thermo Fisher Scientific), by aliquoting 5 pg/mL solutions (in
PBS) into triplicate wells, and incubating the plates overnight at 4°C. The
following day, non-specific binding sites in the wells were blocked with excess
casein (in PBS) for 1 h. After washing the wells with PBST, culture supernatants,
which contained phage particles, were added to wells for 1 h incubation, followed
by washes of microtiter plate and incubation with an anti-phage antibody that is
conjugated to horseradish peroxidase (GE Healthcare). After 1 h incubation, the
wells were washed, and the chromogenic substrate, 2,2'-Azino- bis(3-
Ethylbenzothiazoline-6-Sulfonic Acid (ABTS), in the presence of hydrogen
peroxide, was added and the resulting absorbance was determined at 405 nm

with a microtiter plate spectrophotometer (BMG Labtech, Germany).

To determine if the isolated monobodies bind to the Fyn SH3 domain at the
same site used for binding to proline-rich peptides, a competition binding assay
was devised. First, | optimized the phage ELISA assay, with respect to signal
generation for the lowest amount of phage binding particles. Second, a proline-
rich peptide (VSLARRPLPPLPGGK), which is a peptide ligand for the Fyn SH3
domain (40), was added over a range of concentrations, from 0.1 uM to 512 uM,
along with the phage patrticles to the wells. After 1 h of incubation, the wells were
washed with PBST, and phage patrticles that were retained in the wells were
detected by ELISA, as described above. A second peptide
(VSAARAALAPLAGGK), in which several residues were substituted with alanine,

served as a negative control. In a separate experiment (data not shown), |
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confirmed that the VSLARRPLPPLPGGK peptide bound to the Fyn SH3 domain
and the VSAARAALAPLAGGK control peptide did not. In a parallel set of
experiments, the binding of G9 to the Fyn SH3 was competed over a range of

concentrations with the 1F11 monobody, a ligand with proline-rich binding motif.

3.3.5 Probing of an SH3 domain array

Four PVDF membranes, spotted with a total of 150 human SH3 domains,
were purchased from Panomics (Freemont, CA). The membranes were probed
according to the manufacturer’s instructions. Briefly, the four membranes were
soaked in the wash buffer, provided by the manufacturer, for 1 h until the
membrane was completely wet. The soaked membranes were blocked for 2 h,
prior to the addition of the Hiss-tagged SUMO-G9 monobody fusion at a final
concentration of 1 nM. After overnight incubation at 4°C, the membranes were
washed four times with PBST, followed by the addition of an anti-hise-tag
antibody, conjugated to HRP (diluted 1:1200). After 1 h incubation, the
membranes were washed 10 times with PBST and then incubated with a
substrate for enhanced chemiluminescence (ECL-Plus, GE Healthcare). The four
membranes were scanned simultaneously with a blue fluorescence filter on the

Storm 860 Phosphorimager (GE Healthcare).
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3.3.6 Isothermal titration calorimetry

Hise-tagged SUMO-FN3 monobody fusions and Hisg-tagged SUMO-SH3
domain fusions were purified to homogeneity of >95% and dialyzed in the same
beaker against 25 mM Tris-HCI (pH 7.5), 150 mM NaCl, and 100 mM imidazole.
After overnight dialysis, their concentrations were determined with a NanoDrop
ND-1000 spectrophotometer. Degassed samples were added to the loading cell
(1.4 mL) and syringe (300 pL) of a VP-ITC (GE Healthcare). FN3 monobodies
were loaded into the syringe at 200 uM and SH3 domains were loaded into the
cell at 22 uM. The reference well was loaded with water. FN3 monobodies were
injected into the cell with a volume of 10 uL per injection at 25°C, with a
reference power of 10 pcal/s. The heat change of each injection was recorded,

and analyzed with Origin software (GE Healthcare).

3.3.7 Pull-down experiments with the G9 monobody

To test the possibility that the G9 monobody can bind the full-length Fyn, pull-
down experiments were performed with recombinant Fyn kinase (Invitrogen;
Carlsbad, CA). All experiments were performed in duplicate. One pL of Fyn
kinase protein (200 nM) was mixed with 2 yL of biotinylated G9 or wild-type FN3
monobodies (45 uM), and incubated at room temperature for 1 h. Separately,
100 pL of streptavidin-coated magnetic beads (Promega; Madison, WI) were
washed with phosphate buffered saline (PBS; 137 mM NaCl, 3 mM KCI, 8 mM

NaxHPO4, 1.5 mM KH,PO,) three times, followed by a 30 min incubation in Tris-
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buffered saline (TBS; 50 mM Tris—HCI, 150 mM NaCl, pH 7.5) containing 0.5%
Tween (volume/volume) + 0.5% bovine serum albumin (BSA; mass/volume).
Blocked beads were resuspended in 10 uL PBS and were added to the two
mixtures of kinase with monobodies. After 15 min tumbling at room temperature,
the beads were captured with a magnet, washed five times with PBS, and
resuspended in 20 uL SDS sample buffer (Invitrogen). The bead were heated for

10 min incubation at 95°C.

The heat-denatured samples were resolved by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE), with an Any-KD pre-stained gel (Bio-rad; Hercules,
CA) run for 45 min at 150 V. The gel image was captured with a Gel Doc EZ
imager (Bio-Rad). Proteins in the gel were transferred to a nitrocellulose
membrane (Thermo Fisher Scientific) by a 30 min semi-dry transfer on a Trans-
blot Turbo transfer system (Bio-Rad). The nitrocellulose membrane was
incubated in blocking buffer (Li-Cor bioscience; Lincoln, NE) for 1 h, followed by
addition of anti-Fyn antibody (Final concentration, 2 pg/mL; Santa Cruz biotech,
Santa Cruz, CA) for a 1 h incubation. After five washes with PBS+ 0.1% Tween
20 (PBST), the membrane was incubated with an anti-mouse IR-800 conjugated
antibody (Li-Cor Bioscience), diluted with 1:10,000. After 1 h incubation, the
membrane was washed three times with PBST, and scanned with the Odyssey

infrared imaging system (Li-Cor Bioscience).

For pull-down experiments with cell lysates containing overexpressed Fyn
kinase (Genway Bio; San Diego, CA), 35 pL of lysate (1 pg/uL) was mixed with

10 pL of biotinylated G9 and wild-type FN3 monobodies (Both at 45 puM),



respectively, and the mixture was incubated for 1 h at room temperature. The

sample was processed as described above.
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3.4 Results & discussion

One of the criteria of an affinity reagent's usefulness is its specificity. This is
especially difficult to achieve when generating affinity reagents to members of a
closely related protein family. Members of human SFKs are evolved from the
same kinase, Src64, and thus share a highly conserved sequence with one
another (417). Based on the sequence identity of the catalytic domain (42), the
SFKs are divided into two groups (Figure 3.1A): the SrcA group (Fgr, Fyn, Src,
and Yes) and the SrcB group (Blk, Hck, Lck, and Lyn). In general, the Fyn, Src,
and Yes protein kinases are ubiquitously expressed in different types of tissues
while the other members are expressed mostly in myeloid-lineage cells (43). Like
the catalytic domain, the SH3 domain is highly conserved among the SFKs; for
example, the SH3 domain of Fyn shares 51-81% identity with the SH3 domains
of the other SFKs (Figure 3.1B). As recombinant antibodies have the prospect of
being more specific than natural antibodies, due to the ability to control the
selection process in vitro (44), | decided to engineer a synthetic affinity reagent to

the SH3 domain of Fyn.
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-FIALYDYEARTEDDLTFTKGEKFHILNNTEGDWWEARSLSSGKTGCIPSNYVAP
-FVALYDYEARTTEDLSFKKGERFQIINNTEGDWWEARS IATGEKNGYIPSNYVAP
-FVALYDYESRTETDLSFKKGERLQIVNNTEGDWWLAHSLSTGOQTGYIPSNYVAP
IVVALYDYEAIHHEDLSFQRKGDOMVVLEES-GEWWKARSLATRKEGYIPSNYVAR
FUVALYDYTAMNDRDLOMLKGERKLQVLKGT-GDWWLARSLVTGREGYVPSNFVAR
IVVALYPYDGIHPDDLSFKKGEKMKVL-EEHGEWWKAKSLLTKEEGF IPSNYVAK
~VIALHSYEPSHDGDLGFEKGEQLRILEQS-GEWWKAQSLTTGQEGF IPFNFVAK

Figure 3.1. Cladogram of human Src family kinases (SFKs) and sequence
alignment of their SH3 domains. A. A phylogenetic tree of human SFKs, which
is based on the similarity of their catalytic domains, and adapted from another
publication (42). B. The sequences of SH3 domains of SFKs were aligned to
reveal their level of amino acid identity to the Fyn SH3 domain; conserved
residues are highlighted in the gray columns, and gaps (dashes) are introduced
to maximize alignment.

%Match
81
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77
60
58
54
51
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3.4.1 Isolation of FN3 monobodies to Fyn SH3 domain

The coding sequence of FN3 monobody was subcloned into a new phagemid
vector (37), fusing it with the truncated gene Ill of M13 bacteriophage, which
allows monovalent display of the monobody protein on the phage surface.
Diversifying the 5 residues of each of the BC and FG loops of the FN3 scaffold
(Figure 3.2A), by a modified form of Kunkel mutagenesis (36, 44), generated a
library containing 1.3 x 10'° variants. The library was affinity selected for binders
to the Fyn SH3 domain. The first screening yielded one binding FN3 monobody,
D10, and when repeated, yielded two more, G9 and H4. A follow-up ELISA of all
three clones confirmed binding to the Fyn SH3 domain (Figure 3. 2C). The
sequencing revealed that all three clones were different, with four residues
shared between clones G9 and D10 (Figure 3.2B). Interestingly, two of the
clones, G9 and H4, contained no proline residues in either BC or FG loops, while
the third clone, D10, had a single proline residue in the FG loop. The absence of
proline is unexpected, as most cellular ligands for SH3 domains contain a
proline-rich motif (i.e., PxxP, where x is any amino acid) (22, 40, 45, 46).
However, the G9 clone contains an RxxK motif in its FG loop (RY-SK), which is
found in a non-canonical SH3-binding ligand (47). Mutagenesis experiments and
three-dimensional structural determinations will ultimately be necessary to learn

the finer details of binding.
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Figure 3.2. Characterization of three FN3 monobodies that bind to the Fyn

SH3 domain. A. Cartoon of the FN3 scaffold with its randomized BC and FG

loops labeled. The beta-sheet secondary structures of FN3 are shown as arrows
in the figure, which was generated with the PyMol program (48), using published
coordinates (PDB: 1TTG structure) (49). B. Sequences of the BC and FG loops

of the three isolated monobodies and the wild-type domain. The length of the FG
loop of wild-type (WT) FN3 was shortened from eight residues to five residues in
the library design. C. Phage ELISA results of the three binders and the wild-type
monobody (WT FN3) binding to the Fyn SH3 domain. Casein served as the

negative control target.
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3.4.2 Characterization of binding specificity

As the SH3 domains of SFKs are highly conserved in sequence, cross-
reactivity is an important parameter to evaluate. To assess the binding specificity
of the three monobodies, the SH3 domains of all eight SFKs were used in an
ELISA experiment (Figure 3.3). Phage particles that displayed the G9 monobody
bound exclusively to the Fyn SH3 domain with no cross-reactivity to the other
seven SH3 domains, even though they share a common three-dimensional
structure and are 51-81% identical in amino acid sequence to the Fyn SH3
domain. The same binding specificity was observed in the binding assays
performed with purified protein of G9 monobody. The monobodies H4 and D10
bound principally to the Fyn SH3 domain, with some cross-reactivity to the Yes
SH3 domain. The binding of the D10 clone was improved through mutagenesis
and affinity selection, resulting in 25-fold tighter binding (measured by isothermal
titration calorimetry, data not shown) to the Fyn SH3 domain and loss of binding

to the Yes SH3 domain (data not shown).

As there are 297 SH3 domains encoded in the human genome (50), it would
be desirable to profile the cross-reactivity of the isolated monobody to all of them.
Toward that end, a protein array containing 150 human SH3 domains was
probed with the G9 monobody. Among the 150 SH3 domains arrayed on the four
membranes, G9 bound exclusively with the Fyn SH3 domain but not to the other
149 (Figure 3.4). This level of selectivity is remarkable given the relatively small
size (i.e., 60 amino acids) and the highly conserved primary structure of SH3

domains. It should be noted that when G9 was fused to bacterial alkaline
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phosphatase, it bound predominantly to the Fyn SH3 domain, but showed some
binding to three other SH3 domains in the array (i.e. Yes, Src, Grap-2-D2; data
not shown). | interpret the slightly broadened specificity of the fusion protein to be

caused by avidity effect, due to dimerization of bacterial alkaline phosphatase

(57).
3
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25 B Src SH3 B Lyn SH3 M Lck SH3
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Figure 3.3. Phage ELISA of monobodies to the SH3 domains of all eight
human SFKs. Microtiter plate wells were coated with equal amounts of target or
casein (negative control), and probed with equivalent amounts of phage particles
displaying the various binding monobodies. Phage particles displaying wild-type
monobody (WT FN3) served as the non-binding negative control. 1F11is a
monobody that binds to several, but not all, SFKs SH3 domains. An anti-hisg tag
antibody, conjugated to horseradish peroxidase (HRP), was used to normalize
the amount of SH3 domain protein immobilized in the microtiter plate wells. Error
bars correspond to standard deviation of triplicate measurements.
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®e

Figure 3.4. Probing of an SH3 domain array with the G9 monobody. Four
membranes (purchased from Panomics) were incubated with a Hiss-tagged
SUMO fusion of the G9 monobody, washed, incubated with an anti-Hisg-tag
antibody conjugated to HRP, followed by detection with Enhanced
Chemiluminescence-Plus (ECL-Plus). Panels A-D correspond to Panomics
Arrays I-1V, respectively. Of the 150 SH3 domains tested, only the Fyn SH3
domain (duplicate, adjacent spots in panel A) bound to the G9 monobody. A
Hisg-tagged ligand has been spotted in duplicate along the right side and the
bottom of each membrane; these positive control spots are intended for
alignment.
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3.4.3 Measurement of dissociation constant

To determine the binding strength of the monobodies to the Fyn SH3 domain,
isothermal titration calorimetry (ITC) was performed, in which the amount of heat
change upon binding was plotted as a titration curve for calculating the
dissociation constant (Kp). Purified monobodies were injected into the sample
cell loaded with the Fyn SH3 domain, and the Kp of G9 binding to the Fyn SH3
domain was determined to be 166 + 6 nM (Figure 3.5). This binding affinity
approximately 10-fold stronger than those of most peptide ligands (40). The
clone D10 bound to the Fyn SH3 domain with a Kp = 8.2 £ 0.5 pM, making it less
attractive than G9 as an affinity reagent. However, the dissociation constant of an
affinity-matured derivative of D10 could be lowered 25-fold to 325 + 21 nM (data
not shown), demonstrating that enhanced binding can be obtained through
second round of protein engineering. To verify the selectivity exhibited in the
ELISA and the array probing experiment, ITC was carried out for G9 bindin to the
SH3 domains of Fgr and Yes, the two closest relatives of Fyn. However, due to
the small amount of heat released during the titrations, | could not determine

dissociation constants of G9 binding to these two SH3 domains (data not shown).
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Figure 3.5. Isothermal titration calorimetry (ITC) measurements of the G9
monobody binding to the Fyn SH3 domain. The thermogram (top panel) and
the plotted titration curve (bottom panel) were obtained with a Microcal VP-ITC.
The observed N, AH, AS, and dissociation constants for this interaction are 0.89,
-2.22x10* cal/mole, -43.37 Joule/°K, and 160 nM, respectively.
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3.4.4 Mapping the binding location on the SH3 domain

SH3 domains of SFKs contain a shallow groove that, upon kinase activation
(52-55), binds to proline-rich peptides (46, 56-58). Thus, ligands that bind to this
region of the SH3 domain can be potentially used as biosensors for SFKs
activation. As the monobody G9 does not contain such a proline-rich motif, it is of
interest to learn if it binds to the Fyn SH3 domain in the same location or not. To
that aim, a class | proline-rich peptide, VSLARRPLPPLPGGK, which binds to the
Fyn SH3 with a Kp of 0.6 uM (40), and a negative control peptide,
VSAARAALAPLAGGK, were tested for their ability to compete with G9 for
binding to the Fyn SH3 domain. In Figure 3.6A, it is shown that the Fyn SH3-
binding peptide competed with G9 for binding to the SH3 domain in a dose-
dependent manner, with an ICsq value of ~440 nM, while the negative control

peptide did not compete at all.

To confirm the above finding, 1F11, a monobody with a sequence of GISQG
(BC loop) and SRPLP (FG loop) (16), was also used in the competition
experiment. The 1F11 monobody binds to several SH3 domains of SFKs,
including Src and Fyn. The chemical shift of residues in Src SH3 upon binding to
1F11 has been mapped by NMR, which exhibited the same profile upon binding
to a proline-rich peptide (76). In the competition assay, 1F11 competed with G9
for binding to the Fyn SH3 domain with an ICs value of ~210 nM (Figure 3.6B).
The wild-type FN3 (WT FN3) didn’t compete with G9 for binding to the SH3

domain and served as the non-competitive control.
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As some cellular proline-rich ligands bind to the SH3 domains to activate or
inhibit the activities of SFKs (589, 60) , the above competition binding experiments
suggest that G9 monobody may be a potential activator or inhibitor of Fyn kinase.
A kinase assay with the presence of G9 monobody can determine if G9 interferes
the kinase activity of Fyn. As G9 bears a sequence that is not present in known
cellular ligands, its sequence information may be used for the search of potential
interacting proteins in the cells. Furthermore, as PxxP-containing ligands inhibits
Fyn kinase (60), G9 may even serve as a blueprint for designing drugs to inhibit

Fyn kinase activities.
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Figure 3.6. Mapping the binding location of the G9 monobody. A.
Competition binding of the G9 monobody to the Fyn SH3 domain in the presence
of a proline-rich peptide (VSLARRPLPPLPGGK) or a control peptide, a less
proline-rich form of the same peptide (VSAARAALAPLAGGK). B. Competition
binding of G9 monobody to the Fyn SH3 domain by the 1F11 monobody, which
contains a proline-rich motif in its FG loop (76). Wild type monobody (WT-FN3)
served as the non-competitive control.
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3.4.5 Pull-down experiments with G9 monobody

To determine if the G9 monobody was able to bind to full-length, active Fyn
kinase, the biotinylated G9 monobody was used in pull-down experiments. The
G9 protein was incubated in solution with active Fyn protein, followed by capture
of the protein complex with streptavidin-coated magnetic beads. Proteins that
were released through heating the magnetic beads were resolved in an SDS-
PAGE gel, and transferred to nitrocellulose membrane for western blotting with
anti-Fyn antibody. Figure 3.7 demonstrates that the G9 monobody was able to
pull down recombinant active Fyn kinase from solution, whereas the wild-type
FN3 did not. Based on the above competition assays and pull-down experiments,
| suggest that G9 can potentially serve as a biosensor for monitoring the

activation of Fyn kinase inside cells.
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Figure 3.7. Pull-down experiment with active recombinant Fyn kinase
purified from insect cells. A. Image of a western blot acquired with Li-Cor
infrared imager. Lanes 1 and 2 are duplicates of pull-down experiments with G9
monobody; lanes 3 and 4 are duplicates of pull-down experiments with wild-type
FN3 monobody (WT-FN3), which was the non-binding negative control. B. Image
of the biotinylated monobodies boiled off the streptavidin beads and resolved on
SDS-PAGE gel, acquired with Gel Doc EZ imager, Bio-Rad).
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Recently with the advancement of phage display technology, highly selective
reagents have been generated that distinguish closely related proteins.
McCafferty and his colleagues (67) have isolated antibodies that can differentiate
SH2 domains of Abl1 and Abl2, which share 89% identity. In addition, Koide and
his coworkers (62) have identified a FN3 monobody that is capable of
discriminating between the SH2 domains of Abl (1 and 2) and the other 82 SH2
domains, demonstrating an impressive level of selectivity. Here, | report the
discovery of a FN3 monobody, which not only discriminated between Fyn SH3
domain and its closest relative, Fgr SH3 domain (81% sequence identity), but
also exhibited exquisite selectivity to the SH3 domain of Fyn out of 150 SH3
domains in the human genome. In an unpublished work, | isolated monobodies
that could differentiate between the SH3 domains of Abll and Abl2, which have
91% sequence identity. All of the above evidence suggests that FN3 monobody,
even with a relatively small binding face due to its small molecular size (10 kDa),

is a valuable scaffold for generating affinity reagents with high selectivity.
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4.1 Abstract

Affinity reagents of high affinity and specificity are of great use in studying
cellular proteins. To generate specific affinity reagents for monitoring the
activation of Lyn tyrosine kinase, a phage library of FN3 monobodies was affinity
selected with the SH3 domain of Lyn and three binders were isolated. Two of the
isolates, TA1 and TAS8, selectively bound to the Lyn SH3 domain out of 150 SH3
domains examined. An isothermal titration calorimetry experiment was performed
to determine the dissociation constants (Kp) of TA1 and TA8 to be 3 uM and 5
UM, respectively. To improve the binding affinity of TA8, a secondary library
containing 1.1 x 10° variants was created and screened, leading to the discovery
of three variants that bound more than 8-fold tighter to the Lyn SH3 domain. One
of the variants bound selectively to the SH3 domain of Lyn out of the nine SH3
domains tested, as revealed by phage ELISA. A competition-binding assay
showed that both TA1 and TA8 competed with a proline-rich peptide, Tip, for
binding to the Lyn SH3 domain. As a proof-of-concept experiment, one
monobody was converted into a biosensor that increased fluorescence upon

binding to the Lyn SH3 domain in solution.
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4.2 Introduction

As the number of protein targets for biological research increases rapidly due
to the decoding of genomes (7), there is a growing demand for antibodies or
affinity reagents for studying such newly discovered genes. In some cases when
many targets share conserved primary and tertiary structures, it is challenging to
isolate affinity reagents that selectively target only one of them. One group of
reagents that permits exquisite discrimination between antigens is recombinant
affinity reagents. For example, antibody fragments have been generated through
phage display that can distinguish lysozymes that differ by four amino acid
residues (2) or 20 closely related human SH2 domains (3).

Unlike hybridoma technology, phage display also permits directed evolution of
existing affinity reagents, increasing their affinity or changing their specificity.
Through phage display, the affinity of existing antibody fragments has been
increased by 420-fold (4) and 1230-fold (5), and the specificity of antibody
fragments has also been correspondingly narrowed (6, 7) or broadened (8, 9).
There are several methods to construct secondary libraries for directed evolution
of existing affinity reagents. One method is to perform a mutagenic polymerase
chain reaction (PCR) to introduce random mutations in the gene of the existing
clone and create a secondary library (70). Another method is to use
oligonucleotide to randomize certain residues at the binding interface of the
existing binder and create a secondary library (71, 12). A third approach is to
create a new mutagenic library by shuffling mutagenized loops between clones

recovered through affinity selection (11, 13).
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Besides antibody fragments, phage display has been also very successful in
adapting alternative scaffolds into affinity reagents with high affinity and
specificity. These scaffolds include affibodies (74), avimers (15), lipocalin (16),
designed ankyrin repeat proteins (77), SH3 domains (718), SH2 domains (79),
and FN3 monobody (20), which is used in this study. The FN3 scaffold, 94 amino
acids in size, contains seven beta-strands, which folds into a structure that
resembles the variable domain of the immunoglobulin heavy chain, leading to the
name ‘monobody’ (20). Other in vitro display methods, such as mRNA display
(21, 22), and yeast display (71, 23), have been used with phage display to
engineer FN3 scaffold for binding to a wide variety of targets, such as ubiquitin
(20), maltose binding protein (24), estrogen receptor (25), lysozyme (11),
streptavidin (26), hSUMO (27), Phosphor-1kBa peptide (22) and Abl SH2 domain
(28).

In our previous studies, we have engineered FN3 monobodies for binding to
SH3 domains of Fyn (7) and Src (26). The SH3 domain, a protein domain of 60
amino acid residues, has 300 relatives in the human proteome (29). They interact
with proline-rich (PxxP; x is any reside) ligands in cells and are involved in a
variety of cellular processes, such as signal transduction (30), cytoskeleton
assembly (37), and endocytosis (32). In SFKs, the SH3 domain engages in an
intramolecular interaction with a proline-rich linker to hold the SFKs in an inactive
configuration (33, 34). Upon activation of SFKs, this intramolecular interaction of
SH3 is disrupted, exposing the binding interface on the SH3 domain to the

cytoplasm (35). One of our FN3 monobodies, which binds to the Src SH3 domain,
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has been converted into a biosensor for Src activation in living cells (36). As the
SFKs members may share a similar mechanism for activation (35, 37), we
wanted to extend our effort to another member of the family, Lyn tyrosine kinase.
Lyn kinase is mainly expressed in hematopoietic cells (38) and plays an
important role in regulating the activation of mast (39) and B cells (40), apoptosis
(47), and wound response (42). Elevated expression and activity of Lyn are also
associated with several types of cancers (43-45) and autoimmune diseases (46).
In this study, | generate affinity reagents to the Lyn SH3 domain, which can
be potentially developed into biosensors of Lyn activation. Affinity selections of a
phage library identified two FN3 monobodies, TA1 and TA8, which bind
selectively to the Lyn SH3 domain out of 150 SH3 domains examined. Their
affinities were measured to be 3 uM and 5 uM, respectively. Affinity selection of a
secondary library of TA8 isolated variants than bound eightfold tighter than the
starting clone, while keeping its specificity to the Lyn SH3 domain. A prototype
sensor was developed and documented to increase in fluorescence upon binding

to the Lyn SH3 domain in solution.
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4.3 Materials & methods

4.3.1 Escherichia coli strains, plasmids and phagemids

E. coli strains BL21-DE3 (Novagen, Rockland, MA) and C41-DE3 (Dr. Arnon
Lavie, Univ. of IL at Chicago) were used to overexpress proteins in bacteria. TG1
(Lucigen; Madison, WI) was used for construction of phage-display libraries.
CJ236 bacterial cells (New England BioLabs; Ipswich, MA), which lack functional
dUTPase and uracil-N glycosylase, were used for generating uracilated single-
stranded DNA template to perform Kunkel mutagenesis (7, 47). Plasmids derived
from pGEX-2T, pKP300 without gene 1l (48), and pET14b were used for
overexpressing proteins fused to the glutathione-S-transferase (GST), alkaline
phosphatase, and small ubiquitin-like modifier (SUMO), respectively. A Flag
epitope (DYKDDDDK) was fused to the N-terminal of FN3 gene in the pKP300
phagemid, thereby permitting convenient detection of the displayed FN3 domain
with an anti-Flag antibody (Sigma-Aldrich; St. Louis, MO). Phagemid pHEN4 (26,
49) was used for construction of a primary phage-display library. Full-length
pKP300 (with gene 1ll) (7, 50) was used for constructing a secondary mutagenic

phage-display library.

4.3.2 Construction of the FN3 coding region and the primary phage library

The construction of the FN3 gene and the primary phage library was detailed
in a previous study (26). Briefly, the open-reading frame of the FN3 gene was
assembled from 6 oligonucleotides using a modified protocol, described by Koide

et al. (20) and subcloned into a phagemid vector pHEN4 (49) to generate the
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recombinant plasmid pHEN4:FN3. To construct the phage library, overlap PCR
was performed with oligonucleotides containing NNK degenerate codons to

diversify five residues each within the BC and the FG loops of the FN3 scaffold
(Figure 4.2A). (N is an equimolar distribution of A, G, C, or T, whereas K is G or
T. NNK allows incorporation of all 20 amino acids, plus the TAG amber codon.)

In this manner, a phage library containing 2x10° variants of FN3 was constructed.

4.3.3 Gene synthesis, plasmid preparation, protein overexpression, and

purification

The pGEX-2T-derived plasmids for overexpressing GST-SH3 domains of Lyn,
Abl, Src and Fyn were constructed by previous co-workers in the Kay Lab (57).
The construction of pET14b-derived plasmids, which expressed SUMO fusion
proteins of FN3 monobodies and 8 SFKs SH3 domains, were described in a
previous study (7). Briefly, the coding sequences of FN3 monobodies and the
Lyn SH3 domain were amplified by PCR, and subcloned into a modified form of
the pET-14b expression vector, which carries a Hisg-tag that is fused in frame to
the N-terminus of SUMO. The coding sequences of the other seven human SH3
domains of the SFKs were synthesized commercially (GenScript, Piscataway, NJ)
and subcloned into the same vector. To generate a construct expressing an
alkaline phosphatase fusion protein of a particular monobody, Kunkel
mutagenesis was performed (52) with oligonucleotides (IDT DNA; Coralville,
lowa) that mutated the BC and FG loops of FN3 gene encoded in the pKP300

plasmid (7, 48). The resultant plasmid was used to transform into BL21-DE3
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E.coli cells for overexpression of the fusion protein.

The procedures for overexpressing SUMO and GST fusion proteins of SH3
domains were described in a previous study (7). For expressing alkaline
phosphatase fusion to FN3 monobodies, BL21-DE3 bacterial cells (Novagen)
containing the expression constructs were used to inoculate 300 mL low
phosphate medium (48) with 50 pg/mL carbenicillin, and incubated at 30 °C at
270 rpm for 24 h. The next day, bacterial cells were pelleted and resuspended in
PBS supplemented with ethylenediaminetetraacetic acid (EDTA)-free protease
inhibitor (Roche). After 10 min of sonication (Thermo Fisher Scientific), the cell
lysate was clarified by centrifugation and incubated with nickel-nitriloacetic acid
(Ni-NTA) resin (Qiagen) for purification by immobilized metal affinity
chromatography (IMAC). SUMO fusions to SH3 domains were purified following
the same protocol. For purification of the GST-SH3 proteins, clarified bacterial
cell lysates were incubated with GST-bind resin (GE Healthcare, Piscataway, NJ),

to capture the fusion protein.

4.3.4 Affinity selection

Three rounds of affinity selection were performed to select monobodies
binding to the Lyn SH3 domain. The target was the GST-Lyn SH3 domain, which
was chemically biotinylated with the EZ-link NHS biotinylation kit (Thermo Fisher
Scientific). (All the affinity selection steps were performed at room temperature.)

First, ~2x10% phage particles, displaying FN3 variants, were depleted by
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incubating with 100 uL of streptavidin-coated magnetic beads (Promega,;
Madison, WI) for 30 min, followed by 1 h blocking with 4% dry milk, dissolved in
phosphate buffered saline (PBS; 137 mM NaCl, 3 mM KCI, 8 mM Na;HPOy4, 1.5
mM KH,;PQOy,). During the incubation step, 40 pg (1.2 nmol) of biotinylated GST-
Lyn SH3 protein was mixed with 100 pL of streptavidin-coated magnetic beads
(Promega) for 45 min, followed by 1 h blocking in 4% dry milk dissolved in PBS.
Next, the magnetic beads with the bound GST-Lyn SH3 protein were mixed with
the depleted phage particles for 90 min, followed by three washes with PBS-0.1%
Tween 20 (PBST) and three washes with PBS. Bound phage particles were
eluted with 100 pL of 50 mM glycine (pH 2.0) for 10 min, followed by
neutralization with 20 pL of 1 M Tris-HCI (pH 8) and infection of TG1 cells
(ODg0onm=0.4-0.6) for 30 min at 37 °C. Infected cells were used to inoculate 2xYT
+ 50 pg/mL carbenicillin and 1% glucose for overnight incubation at 37 °C at 250
rpm. The next day, 50 pL cells from an overnight culture were used to inoculate 5
mL of 2xYT + 50 pg/mL carbenicillin and grown at 37°C at 250 rpm for 2 h. When
the culture reached an ODgoonm =0.4-0.6, the cells were infected with M13-K07
helper phage (MOI = 10) for 40 min, spun down and resuspended in fresh 5 mL
of 2xYT + 50 pg/mL carbenicillin, 100 pg/mL kanamycin and 200 uM IPTG,
overnight incubation at 30°C. The next day, 800 uL of phage particles was
harvested from the culture supernatant and used for the next round of affinity
selection. The second and third rounds of affinity selection were conducted in the
same manner, except that the no depletion step was included and the amount of

target was reduced to 20 pg (0.6 nmol) for second round and 10 pg (0.3 nmol) for
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the third round of selection. After the third round of affinity selection, bacterial
single colonies were picked for phage amplification, followed by phage enzyme-
linked immunosorbent assay (ELISA) to identify binders to the Lyn SH3 domain.

Subsequently, positive binding clones were sequenced.

4.3.5 Phage ELISA and mapping of binding location by ELBA

Phage ELISA assays were performed as described in previous studies (7, 26).
Briefly, NeutrAvidin® (Thermo Fisher Scientific) was immobilized on Nunc
microtiter plate (Thermo Fisher Scientific), by aliquoting 5 pg/mL solutions (in
PBS) into triplicate wells, and incubating the plates overnight at 4°C. The next
day, the microtiter plate wells were washed once with PBS, followed by addition
of biotinylated SH3 domain for 15-min incubation with shaking. Later, non-
specific binding sites in the wells were blocked with excess casein (Thermo
Fisher Scientific) for 1 h. After washing the wells with PBS+0.1%Tween, culture
supernatants, which contained phage particles, were added to wells for 1 h
incubation, followed by washing of the wells and incubation with an anti-phage
antibody that is conjugated to horseradish peroxidase (GE Healthcare). After 1 h
incubation, the wells were washed, and the chromogenic substrate, 2, 2'-Azino-
bis (3-Ethylbenzothiazoline-6-Sulfonic Acid (ABTS), in the presence of hydrogen
peroxide, was added and the resulting absorbance was determined at 405 nm

with a microtiter plate spectrophotometer (BMG Labtech, Cary, NC).

To determine if the isolated monobodies bind to the Lyn SH3 domain at the
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same site used for binding to a proline-rich peptide (53), a competition enzyme-
linked binding assay (ELBA) was devised. First, the GST-Lyn SH3 protein was
immobilized on the surface of Nunc plate wells. Then, a synthesized proline-rich
peptide (GMPTPPLPPRPANLGERQA), part of the tyrosine kinase Interacting
protein (TIP) of herpesvirus saimiri that interacts with the Lyn SH3 domain (53),
was added over a range of concentrations (0.1 uM to 50 yM), along with the
FN3-alkaline phosphatase to the wells. After 1 h of incubation, the wells were
washed with PBST, and FN3-alkaline phosphatase retained in the wells was
detected by adding a chromogenic substrate, para-nitrophenyl phosphate (pNPP;
Sigma-Aldrich, St. Louis, MO). The resulting absorbance was determined at 405
nm with a microtiter plate spectrophotometer (BMG Labtech). In the experiment,
negative controls consisted of a second peptide (GMPTAPLAPRPANLGERQA),
in which two proline residues were substituted with alanine, and a third non-

related peptide (DYKDDDDKLTVYHSKVNLP) of the same length.

4.3.6 Probing an SH3-domain array

Four Polyvinylidene fluoride (PVDF) membranes, spotted with a total of 150
human SH3 domains, were purchased from Panomics (Freemont, CA). The
membranes were probed according to the manufacturer’s instructions. Briefly,
the four membranes were soaked in the wash buffer, provided by the
manufacturer, for 1 h until the membrane was completely wet. The soaked

membranes were blocked for 2 h, prior to the addition of the purified fusion
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protein of FN3-alkaline phosphatase at a final concentration of 1 nM. After
overnight incubation at 4 °C, the membranes were washed 10 times with PBST
and then incubated with a substrate for enhanced chemifluorescence (ECF; GE
Healthcare). The four membranes were scanned simultaneously with a blue
fluorescence filter on the Storm 860 Phosphorimager (GE Healthcare). The

probing experiments were repeated two times for each monobody.

4.3.7 Mutagenesis analysis of monobodies by alanine scanning

Kunkel mutagenesis (47, 52) was performed to replace ten residues, one at a
time with alanine (When alanine is present, glycine is used instead), of the BC
and FG loops of monobodies. This mutagenesis is also called alanine scanning
mutagenesis (64) and is often used to determine the contribution of each amino
acid residue in a binding interface. For each monobody, ten alanine mutants
were created based on the pKP300 phagemid that expressed the fusion protein
of FN3+alkaline phosphatase. The original clones, together with the ten mutants,
were overexpressed and purified side by side with one another to minimize
variances associated with preparation of the protein samples. Purified protein
samples were resolved by SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and their concentrations were determined by the Bradford assay (55) (Thermo-
Fisher Scientific Co.). The ELBA experiment was performed as described above.
An anti-Flag antibody (Sigma-Aldrich) was used to normalize the amount of FN3-

alkaline phosphatase fusion protein present in the wells.
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4.3.8 Isothermal titration calorimetry

Hise-tagged SUMO-FN3 monobody fusions and Hise-tagged SUMO-SH3
domain fusions were purified to homogeneity of >95% and dialyzed in a beaker
against 25 mM Tris-HCI (pH 7.5), 150 mM NacCl, and 100 mM imidazole. After
overnight dialysis, their concentrations were measured with a NanoDrop ND-
1000 spectrophotometer. Degassed samples were added to the loading cell (200
pL) and syringe (40 pL) of an ITC200 instrument (GE Healthcare). FN3
monobodies were loaded into the syringe at 500 uM and SH3 domains were
loaded into the cell at 50 uM. The reference well was loaded with water. FN3
monobodies were injected into the cell with a volume of 2 pL per injection at 25°C,
with a reference power of 10 pcal/s. The heat change of each injection was

recorded, and analyzed with Origin software (GE Healthcare).

4.3.9 Affinity maturation of TA8 monobody

Kunkel mutagenesis was performed (as described in Chapter 2) to diversify
three residues in each of the BC and FG loops of the TA8 monobody with all 20
amino acids using NNK codons in the oligonucleotides. A secondary library,
containing 1.1 x 10° recombinants was generated as described in Chapter 2, and

subjected to affinity selection.

Phage particles displaying monobody variants were amplified and

resuspended in Tris-buffered saline (TBS; 50 mM Tris—HCI, 150 mM NacCl, pH
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7.5) containing 0.5% Tween (volume/volume) and 0.5% bovine serum albumin
(BSA; mass/volume). The suspension of phage particles was then mixed with the
target, the biotinylated GST-SH3 domain of Lyn (300 nM, final concentration), the
non-biotinylated GST-SH3 domain of Hck (600 nM, final concentration) and
SUMO-SH3 domain of Bruton's tyrosine kinase (Btk) (600 nM, final
concentration). After 1 h incubation, streptavidin-coated magnetic beads
(Promega) were added to the solution. Beads were collected with a magnet after
15 min tumbling, followed by seven washes with PBS-0.5% Tween, seven
washes with PBS-0.1% Tween (containing 300 nM SUMO-Lyn SH3, 10 uM
SUMO-Btk SH3 and 2.4 uM of GST-Hck SH3), and three washes with PBS.
Bound phage particles were eluted with 50 mM glycine buffer (pH 2) for 10 min.
The elution solution was neutralized with Tris—HCI (pH 10) and used to infect
mid-log phase TGL1 cells for 30 min at 37 °C, with 100 rpm shaking. Infected cells
were spun down and spread on 2xYT agar plates with carbenicillin (50 pg/mL),
and incubated overnight at 30°C. The next day, bacterial colonies were scraped
from the surface of the plate and transferred into flasks for amplifying viral
particles, which were used for the second round of affinity selection. The second
round of selection was carried out in the same manner, except the concentration

of the Lyn SH3 domain was reduced to 3 nM.
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4.4 Results and discussion

4.4.1 Src family kinases and the sequence alignment of their SH3 domains

Src family kinases (SFKs), a group of protein tyrosine kinases, are active
participants of many cellular pathways and are implicated in wide variety of
diseases, especially cancers (66). SFKs are highly similar in overall structure and
contain an N-terminal unique domain, followed by a SH3 domain, SH2 domain,
proline-rich linker, kinase domain and a C-terminal tail containing a conserved
tyrosine residue. Based on the sequence identity of the kinase domain (57),

SFKs can be divided into two groups (Figure 4.1A): the SrcA group (Fgr, Fyn, Src,
and Yes) and the SrcB group (BIk, Hck, Lck, and Lyn). The SH3 domain, like the
kinase domain, is highly conserved among SFKs. Sequence alignment shows
that the Lyn SH3 domain is 50% to 72% identical with the SH3 domains of other

SFKs (Figure 4.1B).
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Figure 4.1. Cladogram of human Src family kinases (SFKs) and sequence
alignment of their SH3 domains. A. A phylogenetic tree of human SFKs, which
was constructed based on the similarity of their catalytic domains, and adapted
from another publication (57). B. The sequences of SH3 domains of SFKs were

aligned to reveal their amino acid identity to the Lyn SH3 domain; conserved

residues are highlighted in green columns. Dashes have been introduced to
maximize alignment of the primary structures.
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4.4.2 Isolation of FN3 monobodies that bind to Lyn SH3 domain

A phage library containing 2 x 10° FN3 variants was previously created (26)
by diversifying five residues in each BC and FG loops of the FN3 scaffold (Figure
4.2A) by overlap PCR. The phage library was selected for three rounds, which
led to the discovery of five monobodies of unique sequence that bound the Lyn
SH3 domain. Two of the monobodies contained PxxP motifs and cross-reacted
with multiple SH3 domains (data not shown). Two other monobodies, TA1 and
TAB8, contained proline residues in their FG loops, but lacked the canonical PxxP
motif that present in ligands for most SH3 domains (Figure 4.2B). Both TA1 and
TAB8 selectively bound to the Lyn SH3 domain among the four SH3 domains
examined (Figure 4.2C). The fifth monobody, TA7, did not contain proline in the
BC or FG loops (Figure 4.2B), and while it exhibited good specificity in the initial
phage ELISA (Figure 4.2C), it was found to cross react with Hck, the closest
relative of Lyn, and, therefore, was not evaluated further. In contrast, neither TA1

nor TA8 bound the Hck SH3 domain.
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Figure 4.2. Characterization of three FN3 monobodies that bound to the Lyn
SH3 domain. A. A cartoon of the FN3 scaffold with its diversified BC and FG
loops labeled. The beta-sheet secondary structures of FN3 are shown as arrows
in the figure, which was generated with the PyMol program (68), using published
coordinates (PDB: 1TTG structure) (59). B. Sequences of the BC and FG loops
of the three isolated monobodies and the wild-type domain. The length of the FG
loop of wild-type (WT) FN3 was shortened from eight residues to five residues in
the library design. C. Phage ELISA of the three binders, TA1, TA7 and TAS8, and
the wild-type monobody (WT FEN3) for testing their binding to four different SH3
domains. Both BSA and NeutrAvidin served as negative controls in the assay.
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4.4.3 Characterization of TA1 and TA8 monobodies

While phage ELISA experiments indicated that both TA1 and TA8 bound
selectively to Lyn SH3 domain among the five SH3 domains examined, there are
more than 300 SH3 domains encoded by the human genome (29). Thus, it is
desirable to test the two monobodies against a much larger number of SH3
domains. To that purpose, alkaline phosphatase fusion proteins of TA1 and TA8
were used to probe a commercially prepared array of 150 human SH3 domains.
Out of the 150 SH3 domains, both TA1 and TA8 bound principally to Lyn SH3
domain, with minimal cross-reactivity to SH3 domains of Hck, Btk and Y124 (TA1l)
(Figure 4.3). It is interesting to note that in phage ELISA, both TA1 and TA8 did
not bind to the Hck SH3 domain, whereas there was some cross-reactivity to the
Hck SH3 domain in the array probing experiment. | suspect that this may be due
to avidity, as bacterial alkaline phosphatase is a homodimer (60). The binding of
TA1 and TAS8 is particularly interesting, as they lack the conventional proline-rich
motif present in most SH3 domain ligands. Understanding the molecular
recognition properties of these two monobodies will likely require solving the
three-dimensional structure of the monobody complexed with the Lyn SH3

domain by X-ray diffraction.
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Figure 4.3. Probing an array of 150 human SH3 domains by TA1 and TA8

monobodies. TAl and TA8 were expressed as fusion proteins to alkaline
phosphatase (AP) and purified with Nickel affinity column. The purified AP-
monobodies were incubated with the protein arrays, followed by washes and

reaction with ECF substrate (GE-healthcare). The membranes were immediately
scanned using Storm™ imager (GE-Life Science). The intensity of the spots was
guantitated with ImageQuant software (GE Life Science).



133

To be useful in biological experiments, TA1 and TA8 must possess good
binding affinity for their target. To measure the affinity of TA1 and TA8, the
proteins were overexpressed in E. coli and purified by immobilized metal affinity
chromatography. For the TA8 monobody, isothermal titration calorimetry (ITC)
(67) was performed to measure the dissociation constant (Kp) of its interaction
with the Lyn SH3 domain. Purified TA8 monobody was injected into the sample
cell, which was loaded with the Lyn SH3 domain, and a Kp of ~ 5 uM was
measured (Figure 4.4). This interaction is considered weak, as this value is
similar to those of peptide ligands for binding to SH3 domains (62). The affinity of
TAL for the Lyn SH3 domain was measured by surface plasmon resonance,
using a BIAcore biosensor (63), and observed also to be weak (~3 uM) (data not

shown).
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Figure 4.4. Isothermal titration calorimetry (ITC) measurements of the
dissociation constant (Kp) of TA8 monobody to the Lyn SH3 domain. The
thermogram (top panel) and the plotted titration curve (bottom panel) were
obtained with an ITC200 (GE healthcare). The observed N, AH, AS, and
dissociation constants for this interaction are 1.23, -7.25x10° cal/mole,
0.147Joule/°K, and 4.5 uM, respectively.
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4.4.4 Alanine-scanning of the diversified loops of monobodies

Unfortunately, the measured affinities of both TA1 and TA8, are too weak to
be useful in biological experiments, as Kp values below 50 nM are necessary to
immunoprecipitate a target from cell lysates (64, 65), and values close to 500 nM
are needed for biosensor experiment (36). Thus, my plan was to find mutations in
TA1 and/or TA8 that improved their affinity for the Lyn SH3 domain by directed
evolution. To do so, | first designed an experiment in which | identified residues in
the BC and FG loops that contributed to monobody binding. Residues of the BC
and FG loops of monobodies were replaced with alanine (54), one at a time, and
variants were compared side by side for their binding to the Lyn SH3 domain.
The enzyme-linked binding assay showed that among the ten residues replaced
by alanine, mutations in nine of them in TA1 and eight in TA8 caused significant
loss of binding to the Lyn SH3 domain (Figure 4.5). Thus, the majority of the

residues in the BC and FG loops contributed to binding to the Lyn SH3 domain.
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Figure 4.5. Alanine-scanning mutagenesis to reveal important residues of
monobodies for binding to Lyn SH3 domain. Mutants of TA1 and TA8
monobodies with alanine substitute (At FG3 of TAL, A - G) were evaluated by
enzyme-linked binding assay for their binding to Lyn SH3 domain. The binding
values of the mutants were converted to the percentage of the value of WT
monobodies. The amount of the fusion proteins of FN3+alkaline phosphatase
used in the assay was normalized to the binding value of anti-flag antibody. BSA
served as the non-binding control.
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4.4.5 Directed evolution of TA8 monobody for tighter binding

To improve the affinity of TA8 monobody, | constructed a library of variants in
which | randomized three residues in the BC loop and three residues in the FG
loop. To avoid dramatically changing the binding specificity of TAS8, | only
randomized the two residues determined by alanine scanning to be non-critical
for binding. To build in additional contact points at the binding interface, two
residues flanking the BC and FG loops were also mutated. A secondary library
was constructed with a diversity of 1.1 x 10°. It should be noted that this library is
close in size to my primary library (2 x 10°%) and is considerably larger than most

of the secondary libraries constructed by other groups (66-69).

After two rounds of affinity selection, 184 clones were selected for phage
ELISA, of which 65% bound at least 3-fold tighter to the Lyn SH3 domain than
the wild-type TA8 (data not shown). Eight clones with the highest binding values
were selected for further evaluation, of which three (i.e., 2H7, 2H10 and 3C12),
bound > 8-fold tighter than the wild-type TA8 while retaining their specificity for
the Lyn SH3 domain (Figure 4.6A). Although all three variants carry unique
sequences in their loops (Figure 4.6B), one position (TRPSISK) in their FG loops
seems to favor arginine and lysine (K/R), whereas another position (TRPSISK)

prefers exclusively glycine.

Clone 2H7 was picked for further evaluation. In a phage ELISA with SH3
domains of all eight SFKs, 2H7 bound only to Lyn SH3 domain (Figure 4.6C). It

will be interesting in the future to use it to probe an array of 150 SH3 domains, as
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well as determine its dissociation constant by ITC. If desired, 2H7 can be used as
a starting point for discovering point mutants that enhance its binding properties

further.
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Figure 4.6. Phage ELISA of FN3 monobodies to the SH3 domains. A. Phage
ELISA comparing wild-type (WT) TA8 with its variants for their binding to the SH3
domains of Lyn, Hck and Btk. The binding values were normalized to the display
level of the Flag-epitope. Casein served as the non-binding negative control. B.
Amino acid sequences of the BC and FG loops of WT-TAS8, its variants and WT-
FN3. C. Phage ELISA of FN3 monobodies to the SH3 domains of SFKs.
Microtiter plate wells were coated with equal amounts of target or casein
(negative control), and probed with equivalent amounts of phage particles
displaying the various binding monobodies. Phage particles displaying wild-type
monobody (WT FN3) served as the non-binding negative control. 1F11 is a
monobody that binds to several, but not all, SFKs SH3 domains. An anti-hisg tag
antibody, conjugated to horseradish peroxidase (HRP), was used to normalize
the amount of SH3 domain protein immobilized in the microtiter plate wells. Error
bars correspond to standard deviation of triplicate measurements.
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4.4.6 Mapping the binding epitope on the SH3 domain

Many SH3 domains, including the Lyn SH3 domain, interact with proline-rich
(PxxP) ligands (863, 70-72). The SH3 domains bind to the PxxP motifs via a
shallow groove that contains two binding pockets, one for each conserved proline
residue in the motif (73, 74). As shown by NMR (53) (Figure 4.7A), the Lyn SH3
domain contains a similar groove that interacts with a class Il proline-rich peptide
(GMPTPPLPPRPANLGERQA), which is part of the tyrosine kinase interacting
protein (Tip) of herpesvirus saimiri (75), To determine if the TA1 and TA8 bind in
the same manner as the Tip peptide, a competition experiment was devised.
Compared to two control peptides (GMPTAPLAPRPANLGERQA and
DYKDDDDKLTVYHSKVNLP), the Tip peptide reduced the binding of TA1 and
TAS8 to the Lyn SH3 domain (Figure 4.7B) in a concentration-dependent manner,
implying that both monobodies bind to the surface on the SH3 domain as the Tip
peptide. Upon activation of SFKs, this groove on SH3 domain becomes available
for binding to proteins or sensor in the cells (36, 76, 77), suggesting that TA1 and
TA8 monobodies can bind to this region and sense the activation of the Lyn

kinase.

To build a biosensor that could be used to sense Lyn activation in cells, the
TA1 monobody was fused to a GFP variant (mCerulean), which permitted
ratiometric imaging (36). Next, alanine 24 in the monobody was mutated to
cysteine, to permit alkylation with the solvatochromatic dye, merocyanine (78), as
described elsewhere (36). To monitor the response of the TAL biosensor in vitro,

it was mixed with three different concentrations of purified Lyn SH3 domain,
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which led to a 70-100% increase in fluorescence intensity (data not shown),

demonstrating the potential of this sensor for live cell imaging of Lyn activation.
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Figure 4.7. Competition binding assays for mapping the binding location of
TA1 and TA8 monobodies. A. The NMR surface structure of the Lyn SH3
domain in complex with the structure of the Tip proline-rich peptide
(GMPTPPLPPRPANL GERQA)(53), generated by PyMol program (58) with PDB
file: IWA7. B. Competition binding assays of TA1 and TA8 monobodies to the
Lyn SH3 domain. Alkaline-phosphatase fusion proteins of TA1 and TA8 were
added along with the Tip proline-rich peptide over a range of concentrations for
binding to the Lyn SH3 domain. Two peptides served as negative controls: one is
the Tip peptide, with two proline residues replaced by alanine
(GMPTAPLAPRPANLGERQA), and the other one is an unrelated peptide
(DYKDDDDKLTVYHSKVNLP) of the same length as Tip peptide.
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4.5 Conclusions

Specificity and affinity are two of the most important criteria to evaluate an
antibody or affinity reagent. While the conventional methods, such as hybridoma
technology, continue to produce many high-quality antibodies for the scientific
community, the in vitro display methods, such as phage display, provide fruitful
alternative sources of affinity reagents with great specificity and affinity. With
phage display, Pershad and her co-workers were able to isolate and affinity
mature antibody fragments that are highly selective to a panel of 20 human SH2
domains (3, 64). Phage display permits recursive rounds of directed evolution of
existing affinity reagents to improve the affinity (67, 68) or change the specificity
(8, 9). With phage display, alternative scaffolds, such as the affibody (74),
nanobody (79), or FN3 monobody (80), can be engineered into affinity reagents
for applications for which antibodies are not suitable, such as living cell
biosensors (36). Here in this study, | present work describing the isolation of two
FN3 monobodies, TA1 and TAS8, both of which bound primarily to the Lyn SH3
domain, out of 150 SH3 domains examined. Because of the weak affinity of TA8
for the Lyn SH3 domain, directed evolution experiments were performed to
improve its binding by > 8-fold, while retaining its specificity. Competition-binding
assays mapped the binding location of TA1 and TAS8 to the same groove region
on the Lyn SH3 domain where it binds PxxP cellular ligands. Thus, these two
monobodies can potentially act as biosensors for Lyn activity, as supported by

preliminary experiments.
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5.1 Introduction

Protein kinases, known for phosphorylating their protein substrates to relay
signaling events, contain 518 members and encompass ~2% of human genes.
One kinase subgroup is the Src family kinases (SFKs), which respond to
environmental stimuli and regulate signaling pathways involved in cell
proliferation, migration, differentiation, and survival. To generate affinity reagents
that can be used to detect SFK activation, | use phage display for directed
evolution of a protein scaffold, the FN3 monobody. In the subsections below, |
review what has been accomplished in my Ph.D. thesis and then provide some

directions for future experiments.

5.2 Efficient generation of affinity reagents with high affinity and specificity

via phage display

In the last two decades, phage display, one of several in vitro display
methods, has been extensively used for biomedical research, such as mapping
protein-protein interactions (7, 2), improving properties of existing proteins (3-5),
identifying protein substrate (6, 7), designing enzyme antibodies (8, 9), and
generating reagents for detecting biological samples (70), developing drug-
delivery reagents (71, 12), building nanodevice (73), and treating human
diseases (714). Compared to other conventional approaches for generating
monoclonal antibodies, such as hybridoma technology (75), the power of phage
display mostly relies on its capacity to isolate binders from a vast pool of variants

(e.g., 1-10 billions). Since phage-display was invented in 1985, the size of
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libraries has increased from 10°-10° (16) to 10 (17) at the current time. The
selection outcome and the affinity of isolated clones are closely correlated with

the size (i.e., diversity) of the library (78).

To build a phage display library consisting of >10*° members, one needs a
large amount of template DNA. In Kunkel mutagenesis (79), mutant or variant
proteins are generated by annealing oligonucleotides to a single-stranded DNA
(ssDNA) template for in vitro synthesis of double-stranded DNA. As
oligonucleotides are readily obtained from commercial vendors, the bottleneck to
building large libraries rests with the amount of sSDNA template. Previously,
CJ236 E. coli cells produced low yields of ssSDNA of poor quality for Kunkel
mutagenesis. By comparing many growth conditions, | identified that by
incubating the culture at 25°C compared to 37°C, | could increase the yield of
ssDNA as high as sevenfold. With this improvement, sSSDNA recovered from a
180 mL culture is sufficient to construct a phage library of > 10 billion clones. This

improvement significantly reduces the time and effort for making phage libraries.

The quality of the phage library (i.e., the percentage of the phage particles
displaying the recombinant polypeptides out of the total phage pool) also
significantly influences the outcome of affinity selection experiments (20, 217).
This is because non-binding phage particles, including those displaying only the
wild-type coat protein-IIl or the wild-type scaffold (Figure 5.1), likely reduce the
possibility of a potential binder making contact with its target in an ocean of non-

binding phage particles.
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fused to WT FN3 fused to recombinant FN3

Figure 5.1. Three types of phage particles in a phage-display library of FN3
monobodies. The low mutation rate with the original Kunkel mutagenesis
protocol and the prevalence of wild-type (WT) capsid protein-Ill from the helper
virus generate a large fraction of non-binding phage particles in the phage library,
which are in the way of potential binders to find their protein targets.
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Kunkel mutagenesis usually generates libraries that are approximately 50%
recombinant (79, 22). To increase the fraction of recombinants, endonuclease
restriction sites were introduced into the FN3 coding region, so that the enzyme
can preferentially cleave wild-type clones, thereby generating libraries that are
99-100% recombinant. However, the restriction digestion procedure only worked
efficiently on DNA extracted from E.coli, not dsDNA synthesized in vitro. Thus, in
vitro synthesized dsDNA was electroporated into E.coli cells, extracted from the
transformed cells, cleaved with the restriction endonuclease, and then
electroporated back into E. coli again. This method yielded libraries that were 99-

100% recombinant.

While our method represents a major improvement over previous techniques,
it requires two steps of electroporation, which brings up the cost of constructing a
high-quality library, as the electrocompetent cells are costly. Recently, an
alternative method to make a library of 99-100% recombinant was published (23).
In the new method, in vitro synthesized dsDNA is digested with uracil-DNA
glycosylase to cleave the non-recombinant strand due to its inserted uracil. The
remaining recombinant strand is then used as template for performing ‘rolling
circle’ amplification in vitro with phi29 DNA polymerase. The resulting DNA
concatemer is then digested and re-ligated (by self-ligation) to make double-
stranded plasmid DNA for electroporation of E. coli cells. The main advantage of
this method is that it eliminates the step of second electroporation, thereby

lowering the cost of library construction.



157

Even with a large phage library containing a high proportion of phage particles
displaying the recombinant polypeptides, affinity maturation experiments are
usually necessary to fine-tune binders for improved specificity (24, 25), affinity
(24, 26, 27), or both (24). In some case, even with a small primary library,
recursive rounds of affinity maturation have yielded binder with affinity as high as
1 pM (28). To save time and effort for performing affinity maturation experiments,
| modified the Kunkel mutagenesis protocol for conveniently building secondary
libraries out of existing binders. By error-prone and/or asymmetric PCR, double-
stranded or single-stranded DNA fragments carrying random mutations can be
generated and used as ‘megaprimers’ for priming DNA synthesis in vitro. This
modified method eliminates the time-consuming steps of digestion and ligation,
necessary steps in the conventional approach for constructing mutagenic
libraries. With my modified protocol, | can construct a secondary library and
screen it to yield enhanced binders in less than one week. To demonstrate the
application of this method, | constructed two mutagenic phage libraries and
screened to identify three variants that bound two- to four-fold tighter to the Pak1

kinase than the original clone.

| plan to use the modified method to create secondary libraries by shuffling
the mutagenized loops of a phage pool enriched by affinity selection of the
primary library. First, in such experiments, a pool of clones after affinity
selections will be used directly as a template for mutagenic PCR. Second,
instead of amplifying the complete FN3 coding region, | will amplify the BC loop

and the FG loop separately by error-prone PCR, and then anneal these two
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segments of DNA to the ssDNA template to create a secondary library. This
method should not only add mutations to the DNA, via error-prone PCR, but also
create FN3 variants that contain the best BC and FG loop sequences present in

the enriched binder pool.

5.3 Evaluation of the FN3 monobodies in biological contexts

SFKs are a group of protein tyrosine kinases with highly conserved domains
and sequences. SFKs, which contain a unique domain, a Src-homology 3 (SH3)
domain, a Src-homology 2 (SH2) domain, a proline-rich (PxxP) linker and a
kinase domain, followed by a C-terminal regulatory tail. As this unique domain
differs significantly among SFKs, it has been used as the main antigen to
develop antibodies that can distinguish one member from the other SFKs. But
antibodies that have been developed against the kinase domain for recognizing
the active form of the SFKs cross-react with multiple members of the SFKs,
making the research results inconclusive (29). Currently available sensors for
SFKs have the same specificity issue as their substrate motifs can be recognized
and phosphorylated by multiple kinases (30-32). In my thesis study, | was able to
isolate, characterize and affinity-mature multiple FN3 monobodies that could

selectively recognize the Fyn and Lyn tyrosine kinases.

For Fyn tyrosine kinase, one isolated monobody bound to the Fyn SH3
domain, with a Kp of 166 + 6 nM, and not any of the other 149 human SH3

domains examined. Interestingly, this monobody competed with proline-rich
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ligands for binding at a site on the Fyn SH3 domain. | was able to use G9-
monobody to immunoprecipitate active recombinant Fyn kinase, demonstrating

its potential for developing into a sensor of detecting active cellular Fyn kinase.

For Lyn kinase, two monobodies, TA1 and TA8, were isolated that selectively
bound to the Lyn SH3 domain out of 150 SH3 domains examined. While the
affinity of TA8 was weak (~5 pM), affinity maturation identified TA8 variants that
bound more than 8-fold tighter to Lyn SH3 domain. The successful experiment of
evaluating the TA1 biosensor in solution implicates its potential as a living-cell

biosensor of Lyn activation.

However, before evaluating these monobodies as biosensors in living cells, |
still need to conduct additional biological experiments to verify their functionality
further. One experiment will be to confirm that they truly bind to the active kinase
molecule. To do so, NIH3T3 cells can be cultured until 50-70% confluency,
serum starved, and stimulated with PBS-resuspended platelet derived growth
factor or epidermal growth factor (33). As a control, half of the cells can be
treated with PBS only. The treated cells can be lysed with detergent, spun-down
and mixed with biotinylated monobodies for pull-down experiments. A kinase
assay can be performed to confirm the activities of kinase molecules pulled down
from the stimulated cell lysate but not from the mock-treated one. Alternatively,
monoclonal antibodies, which bind to the phosphotyrosine (Y416) in the kinase
domain, can be used to determine the identity of immunoprecipitated kinase
molecules. As a backup plan, serum starved cells can be harvested, lysed

without stimulation, and treated with protein tyrosine phosphatase alpha (34) for
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in vitro activation, followed by immunoprecipitation experiments or a kinase
assay as described above. For Lyn kinase, due to its restricted expression in
hematopoietic cells, different cells lines, such as mast cells or monocytes, can be

used for the same set of experiments.

If the above experiments confirm the ability of the isolated monobodies for
selectively recognizing the active kinase form of Fyn and/or Lyn, then in theory,
they all can be converted into sensors for living-cell studies. The reason is that
the tested TA1 sensor was constructed by inserting the reporter dye in the same
amino acid residue as the one for Src sensor (32). Thus, this same residue may
be used repeatedly in the future for conjugating the dye molecule to other

monobodies.

5.4 Verifying the specificity of FN3 monobodies

While the isolated monobodies exhibited remarkable specificity among the
150 SH3 domains examined, there are still several types of experiments that can
be done to further verify their specificity. First, there are more than 300 SH3
domains encoded by the human genome (35), and | only tested half of them with
the array. Thus, there is the possibility that the SH3 domain-binding monobodies
will bind to another human SH3 domain (s) that | have yet to test. With a nucleic
acid programmable protein array (NAPPA) (36, 37), one can simultaneously
express tens of hundreds of proteins on slides and probe them with a monobody.

| may be able to do the same with all 300 human SH3 domains.
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A second approach to verify the specificity of the monobodies will be to
perform a pull-down assay with lysates prepared from a Fyn knockout cell line
(38) or blood sample from the Lyn knockout mouse (39), and compare it with
similar samples of normal cell line or animal. Two caveats with this approach are
that the SFK molecules need to be activated for this experiment to work and the
small sample size may not contain enough kinase to be detected. An alternative
experiment will be to perform western blotting with the samples from knockout
cell lines or mouse, as SH3 domains of SFKs are thermally stable (40) and may

re-fold on the blot and permit binding of a monobody probe.

A third approach is to use RNAI technology (417) to establish stable knock-
down of the expression level of the targeted kinases. In this case, cell lines with
its MRNA of Fyn or Lyn knocked down will be used to compare with the cells that
are treated with control DNA in the pull-down or western blot experiments as
described above. If monobodies are specific to their intended targets,
significantly lower amount of kinase will be detected in the resting cells compared

with the cells treated with control DNA.

A last approach is to use the monobodies to perform pull-down experiments
with lysate of stimulated cells, elute proteins that are pulled out by monobodies
and send the eluted sample out for liquid chromatography—mass spectrometry
(LS-MS) (42) analysis to determine the identity of the pulled out protein(s). If
besides Fyn or Lyn, there are no other SH3-containing proteins identified by LS-
MS or there are such proteins but found at much lower frequency, it indicates

that the monobodies are specific. For this experiment to work, a large amount of
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cell lysate is needed to be able to generate enough samples to obtain good

signal in LS-MS analysis. A caveat with the LS-MS analysis is that upon
activation, both Fyn and Lyn interact with their protein substrate for
phosphorylation and some of their substrate proteins contain SH3 domains (43),
which makes it more complicated to interpret the results. But if such proteins are
observed, some additional binding experiments can help confirm the LS-MS data.
To be able to pull down enough proteins for LS-MS analysis, the monobodies
need to possess a Kp of 50 nM (44) or even lower, making an affinity maturation

experiment a necessity.

5.5 Strategies for improving and expanding the current work

In this thesis research, | generated several highly specific FN3 monobodies
for building biosensors to monitor the activation of Fyn and Lyn kinases. This
method can be applied to other kinases or other targets as well. Out of the 11
targets (SH3 domains of Abl, Fyn, Lyn, Lck, human lactoferrin, kinase domain
and P21-binding domain of human Pakl and four transcription factors) that have
been selected for, we have isolated binders to ten of them. Besides biosensors,
these monobodies can also be used as activators or inhibitors inside cells,

depending on their targeted motifs and their binding affinity.

While our monobody library works for many targets so far, the affinity of the
isolated FN3 monobodies is not as high as desired. Studies with antibodies
suggest that varying the length of complementarity determining region may

increase the affinity and specificity of antibodies (45, 46). In some recent studies,
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FN3 monobodies with varied loop length are selected and affinity matured to
achieve Kp of 1 pM (47) and 7 nM (48) with high specificity. So based on the
above evidence, | plan to construct a new phage library of FN3 monobodies by
varying the length of BC and FG loops. Then after two rounds of affinity
selections, to expedite the affinity maturation process, the resulting phage pool
will be used directly as the template for error-prone PCR and loop shuffling to
create a secondary library that will be screened for tighter binders. This affinity
maturation procedure will be repeated until binders with Kp < 50 nM are isolated.
Phage ELISA will be the first assay to roughly estimate the Kp (49) and the
specificity of the isolates, followed by more complex assays like isothermal
titration calorimetry for the measurement of Kp or NAPPA array for further
evaluating specificity. After all these evaluations and measurements, the
monobodies will be finally applied to a real-life setting, to do experiments with
biological samples and to study living cells as biosensors/activators/inhibitors .
The plans for improving and expanding the current work are depicted in the

figure 5.2.
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Figure 5.2. Strategies for improving and expanding the current work. To
shorten the time of performing affinity maturation on single clone, a pool of phage
clones enriched by affinity selection will be used directly for creating a secondary
library. To simultaneously create mutations and recombination among existing
clones, error-prone PCR will be performed to amplify the two mutagenized loops
of monobodies separately for allowing loop shuffling in the following Kunkel
mutagenesis. To save effort, phage ELISA will be used extensively to roughly
characterize the isolated binders before using more complex assays for further
characterization.
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Introduction

In molecular evolution experiments, in order to improve the properties of an
existing clone, further rounds of directed evolution are performed by creating a
secondary library based on the existing clone. This procedure is also termed
affinity maturation, a term borrowed from the similar process of the immune
system, in which existing antibodies undergo somatic mutations and achieve

tighter binding after selection (7).

Affinity selection of a primary phage library identified a FN3 monobody
(Chapter 3), D10, that bound to the Fyn SH3 domain. Phage ELISA showed that
D10 bound weakly to the Fyn SH3 domain (data not shown) while cross-reacted
with SH3 domain of Yes (Figure 1), a close relative of Fyn kinase. To improve the
binding affinity and specifity of D10, | decided to generate a secondary library for

affinity maturation.

Materials and methods

Constructing of a secondary library of D10

D10 DNA was used as the template to perform error-prone PCR (2). An
amplified DNA fragment was purified with QIAquick PCR purification kit (Qiagen)
and digested for ligating into a phagemid vector (3). The ligation mix was purified
with QIAquick PCR purification kit (Qiagen) and transformed into TG1 cells
(Lucigen). After transformation, cells were recovered at 37 °C with 200 rpm
shaking for 30 min, before serial dilutions of the recovered cells were plated (to

determine transformation efficiency) on 2xYT agar plates with carbenicillin (50
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png/mL), and incubated overnight at 30 °C. The next day cells were scraped from
the agar plate. To amplify phage particles for affinity selections, cells were used
to inoculate 2xYT medium, containing carbenicillin (50 ug/mL), kanamycin (50
pg/mL), and helper virus, M13-K07 (New England BioLabs) for overnight

incubation at 25 °C.

Phage patrticles, displaying monobody variants, were amplified, and
resuspended in Tris-buffered saline (TBS; 50 mM Tris—HCI, 150 mM NacCl, pH
7.5) containing 0.5% Tween (volume/volume) + 0.5% bovine serum albumin
(BSA; mass/volume). The suspension of phage particles was then mixed with the
target, biotinylated Fyn SH3 domain (100 nM, final concentration) and non-
biotinylated SH3 domain of Fgr and Yes (1 uM). After 2 h incubation,
streptavidin-coated magnetic beads (Promega) were added to the phage solution.
Beads were collected with a magnet after 15 min tumbling, followed by six
washes with PBS-0.5% Tween, three washes with PBS-0.1% Tween, and three
washes with PBS (All the solutions contained the non-biotinylated SH3 domain of
Src, Fgr and Yes). Bound phage particles were eluted with 50 mM glycine (pH 2)
for 10 min, which was neutralized with Tris—HCI (pH 10) and used to infect mid-
log phase TG1 cells for 30 min at 37 °C with 100 rpm shaking. Infected cells
were pelleted and spread on 2xYT agar plates with carbenicillin (50 pg/mL), and
incubated overnight at 30 °C. The next day, bacterial colonies were scraped from
the plate and used to inoculate cultures for amplifying viral particles, which would

be used for the next round of affinity selection. To increase the stringency, the
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second round of selection was performed with a reduced concentration of the
target protein (10 nM) and with additional washes.

Phage ELISA and mapping of binding location

Phage ELISA assays were performed as described in a previous study(4).
Briefly, the SH3 domain fusion proteins were directly immobilized on a Nunc
microtiter plate (Thermo Fisher Scientific), by aliquoting 5 pg/mL solutions (in
PBS) into triplicate wells, and incubating the plates overnight at 4°C. The
following day, non-specific binding sites in the wells were blocked with excess
casein (in PBS) for 1 h. After washing the wells with PBST, culture supernatants,
which contained the phage particles, were added to wells for 1 h incubation,
followed by washes of the microtiter plate and incubation with an anti-phage
antibody that is conjugated to horseradish peroxidase (GE Healthcare). After 1 h
incubation, the wells were washed, and the chromogenic substrate, 2,2'-Azino-
bis(3-Ethylbenzothiazoline-6-Sulfonic Acid (ABTS), in the presence of hydrogen
peroxide, was added and the resulting absorbance was determined at 405 nm

with a microtiter plate spectrophotometer (BMG Labtech, Germany).

Isothermal titration calorimetry

Hise-tagged SUMO-FN3 monobody fusions and Hisg-tagged SUMO-SH3
domain fusions were purified to homogeneity of >95% and dialyzed in the same
beaker against 25 mM Tris-HCI (pH 7.5), 150 mM NacCl, and 100 mM imidazole.
After overnight dialysis, their concentrations were determined with a NanoDrop

ND-1000 spectrophotometer. Degassed samples were added to the loading cell
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(1.4 mL) and syringe (300 pL) of a VP-ITC (GE Healthcare). FN3 monobodies
were loaded into the syringe at 200 uM and SH3 domains were loaded into the
cell at 22 pM. The reference well was loaded with water. FN3 monobodies were
injected into the cell with a volume of 10 pL per injection at 25°C, with a
reference power of 10 pcal/s. The heat change of each injection was recorded,

and analyzed with Origin software (GE Healthcare).

Results and discussion

A secondary library with a diversity of 6 x 10° was created. After two rounds of
affinity selections, 92 clones were picked for phage ELISA, which identified 15
clones with 3- to 5-fold tighter binding than the wild-type D10. One clone (D10,
with the highest ratio of binding affinity to Fyn SH3 divided by binding affinity to
Yes SH3 domain (Fyn/Yes), was selected for further testing. In the phage ELISA
with the SH3 domains of all SFKs, compared to D10, D10’ not only bound tighter
to the Fyn SH3 domain than the D10 but also lost its binding to the Yes SH3

domain.

To measure the binding affinity of the D10’ to the Fyn SH3 domain, Isothermal
titration calorimetry was performed, which measured the Kp of D10’ to be 310 nM

(Figure 2), a 25-fold increase from the wild type (7.6 uM) (Figure 2).

Figure 3 is the sequence alignment of D10 and D10’ and the locations of the
mutations in the FN3 scaffold. As the DV - VD mutation occurred in the

unstructured N-terminal tail, it is likely that the single point mutation of Lysine to
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Arginine contributes to the 25-fold increase in binding and the change of the
specificity. Changing the three mutated residues of D10’, one at a time, back to
the wild type can provide some clue about how each individual mutation

contributes to the change of binding properties.

Phage ELISA

2.5

N Fyn B Yes W Fgr M Src B Lyn

W Lck Hck Blk Casein

15 4

Abs 405nm

0.5 -

D10 G9 D10 FN3 WT 1F11 AntiHis

Figure 1. Phage ELISA of monobodies to the SH3 domains of all eight
human SFKs. Microtiter plate wells were coated with equal amounts of target or
casein (negative control), and probed with equivalent amounts of phage particles
displaying the various binding monobodies. Phage particles displaying wild-type
monobody (WT FN3) served as the non-binding negative control. 1F11is a
monobody that binds to several, but not all, SFKs SH3 domains. An anti-hisg tag
antibody, conjugated to horseradish peroxidase (HRP), was used to normalize
the amount of SH3 domain protein immobilized in the microtiter plate wells. Error
bars correspond to standard deviation of triplicate measurements.
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Figure 2. Isothermal titration calorimetry (ITC) measurements of the Kp of
D10 and D10’. The thermogram (top panel) and the plotted titration curve
(bottom panel) were obtained with a Microcal VP-ITC.
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Figure 3. Sequence alignment of D10 and D10’ and the locations of the
mutated residues on the D10’ FN3 scaffold.
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