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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 III (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., Blk, 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. The G9
monobody, identified in this study, may be used as a highly selective probe for detecting and
purifying cellular Fyn kinase.
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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 [1]. These
include three α-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
VHH [7], and designed ankyrin repeat proteins (DARPins) [8], to name a few. The scaffold
we have exploited is the fibronectin type III (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

© 2011 Elsevier B.V. All rights reserved.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
N Biotechnol. Author manuscript; available in PMC 2013 June 15.

Published in final edited form as:
N Biotechnol. 2012 June 15; 29(5): 526–533. doi:10.1016/j.nbt.2011.11.015.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



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 [10];
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, binding FN3
monobodies have been generated for a variety of targets, such as the estrogen receptor [11],
integrin [12], lysozyme [13], a phosphorylated IκBα peptide [14], small ubiquitin-like
modifier 4 (SUMO4) [15], streptavidin [16], tumor necrosis factor [17], ubiquitin [18], and
vascular endothelial growth factor receptor 2 [19]. In addition, the FN3 domain can be
expressed inside eukaryotic cells, where it can fold properly and bind to its target [11]. 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, 21]. 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 (Tm = 88°C).

Recently, we have screened a phage-display library of monobodies for variants that bind to
the Src Homology 3 (SH3) domain [16]. 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 (Fig. 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 carcinogenesis [31, 32].

This work extends prior efforts in which we identified monobodies to the Src SH3 domain
[16], and one of the isolated monobodies was converted into a biosensor of in situ activation
of Src in cultured cells [33]. We were interested in extending this approach to other
members of the Src family, which consists of Blk, Fgr, Fyn, Hck, Lck, Lyn, Src, and Yes
[34]. We 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 used
as a biosensor of Fyn kinase activation.

Materials & Methods
Construction of 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 III 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, Iowa), which encoded five NNK
codons in the BC loop and FG loop (Fig. 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.) With T7 DNA polymerase (New England BioLabs) and T4 DNA ligase
(New England BioLabs), the ssDNA was converted into the double-stranded DNA (dsDNA)

Huang et al. Page 2

N Biotechnol. Author manuscript; available in PMC 2013 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with 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 spun down and plated
for overnight growth at 30°C. The output of 85 electroporations were pooled to generate a
library containing 2.8×1010 transformants. The library DNA sequencing of 60 clones
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 1.3×1010 recombinant clones
(46% of 2.8×1010).

To amplify the phage particles displaying the recombinant FN3 monobodies, approximately
1.3 × 1011 cells were diluted into Luria Broth (LB; 10 g/L tryptone, 5 g/L yeast extract, 10
g/L NaCl) - 50 μg/mL carbenicillin to a final density of OD600nm= 0.05. After 2 h
incubation at 37°C at 250rpm, 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 μg/mL carbenicillin and 100 μg/mL kanamycin), and incubated
overnight at 30°C. The next day, secreted phage particles were separated from bacterial cells
by centrifugation, followed by precipitation with 5% PEG8000 - 300 mM NaCl (final
concentrations). The phage particle pellet was dissolved in phosphate buffered saline (PBS;
137 mM NaCl, 3 mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4), and stored in 16% glycerol
(with PBS) at −80°C.

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 (A gift from Dr. Arnon Lavie, University of Illinois at Chicago), which
carries a His6-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 (A gift from Dr. Arnon Lavie, University of Illinois at Chicago) strains of E.
coli. Cells were inoculated into 10 mL LB with 50 μg/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 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 His6-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.

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/μL) and incubated in Nunc microtiter plate wells (Thermo Fisher
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Scientific) overnight at 4°C. The next day, after washing the wells, biotinylated Fyn SH3
domain-GST fusion protein (25 ng/μL) 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 μM free biotin. In the affinity selection
experiment, ~5×1012 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 neutralized with Tris-HCl (pH 10) and used to infect TG1 cells
(OD600nm=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 μg/mL carbenicillin, and incubated overnight at 30°C.
The next day, colonies were scraped from plates and ~5 × 108 cells were inoculated into 50
mL of LB + 50 μg/mL carbenicillin and grown for 2-3 h at 37°C at 250 rpm. When the
culture reached an OD600nm =0.4-0.6, the cells were infected with M13K07 helper phage
(MOI = 10) for 1 h, transferred to fresh LB + 50 μg/mL carbenicillin and 100 μg/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 NaCl (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-dissolved 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.

Phage ELISA and mapping of binding location
Phage ELISA assays were performed as described in previous work [16]. Briefly, the SH3
domain fusion proteins were directly immobilized on Nunc microtiter plate (Thermo Fisher
Scientific), by aliquoting 5 μg/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-Ethylbenzthiazoline-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 in the same site used
for binding to proline-rich peptides, a competition binding assay was devised. First, we
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 [39], was added over a range of concentrations, from
0.1 μM to 512 μM, along with the phage particles to the wells. After 1 h of incubation, the
wells were washed with PBST, and phage particles 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), we 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.
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Probing of 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 His6-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 anti-his6-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).

Isothermal titration calorimetry
His6-tagged SUMO-FN3 monobody fusions and His6-tagged SUMO-SH3 domain fusions
were purified to homogeneity of >95% and dialyzed together against 25 mM Tris-HCl (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 μL) of a VP-ITC (GE Healthcare). FN3
monobodies were loaded into the syringe at 200 μM and SH3 domains were loaded into the
cell at 22 μM. The reference well was loaded with water. FN3 monobodies were injected
into the cell with a volume of 10 μL per injection at 25°C, with a reference power of 10
μcal/s. The heat change of each injection was recorded, and analyzed with Origin software
(GE Healthcare).

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 [40]. Based on the sequence identity of the
catalytic domain [41], the SFKs are divided into two groups (Fig. 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 [42]. 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 (Fig. 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 [43], we decided to engineer a
synthetic affinity reagent to the SH3 domain of Fyn.

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 III of M13 bacteriophage, which allows monovalent display
of the monobody protein on the phage surface. Diversifying the 5 residues of both the BC
and FG loops of FN3 scaffold (Fig. 2A), by a modified form of Kunkel mutagenesis [36,
44], generated a library containing 1.3 × 1010 variants. The library was affinity selected for
binders to the Fyn SH3 domain. The first experiment 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 (Fig. 2C). The sequencing revealed that all
three clones were different, with four residues shared between clones G9 and D10 (Fig. 2B).
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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 (i.e., PxxP) motif [22, 39, 45, 46]. However, the G9 clone contains an RxxK
motif in its FG loop (RY-SK), which has been shown to be a non-canonical class of SH3-
binding ligand [47]. Mutagenesis experiments and three-dimensional structural
determinations will ultimately be necessary to learn the finer details of binding.

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 (Fig. 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 other two 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 [48], 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 (Fig. 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
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). We
interpret the slightly broadened specificity of the fusion protein to be caused by avidity
effect, due to dimerization of bacterial alkaline phosphatase [49].

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 (KD). Purified
monobodies were injected into the sample cell loaded with Fyn SH3 domain, and the KD of
G9 to Fyn SH3 domain was determined to be 166 ± 6 nM (Fig. 5). This value is
approximately 10-fold lower than the KDs of most peptide ligands [39]. The clone D10
bound to the Fyn SH3 domain with a KD = 8.2 ± 0.5 μM, 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
with 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, we could not determine dissociation
constants of G9 binding to these two SH3 domains (data not shown).

Huang et al. Page 6

N Biotechnol. Author manuscript; available in PMC 2013 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Mapping the binding location on the SH3 domain
SH3 domains of SFKs contain a shallow groove that, upon kinase activation [50-53], binds
to proline-rich peptides [46, 54-56]. Thus, ligands to this region of 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 I proline-rich peptide, VSLARRPLPPLPGGK,
which binds to the Fyn SH3 with a KD of 0.6 μM [39], and a negative control peptide,
VSAARAALAPLAGGK, were tested for their ability to compete with G9 for binding to the
Fyn SH3 domain. In Figure 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 IC50 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 was mapped by NMR, which exhibited the same
profile upon binding to a proline-rich peptide [16]. In the competition assay, 1F11 competed
with G9 for binding to the Fyn SH3 domain with an IC50 value of ~210 nM (Fig. 6B). The
wild-type FN3 (WT FN3) didn’t compete with the G9 for binding to the SH3 domain and
served as the non-competitive control.

To determine if the G9 monobody can bind to full-length, active Fyn kinase, the biotinylated
G9 monobody has been used in pull-down experiments. G9 monobody was capable of
pulling down recombinant active Fyn kinase (data not shown). Thus, based on the above
competition assays and pull-down experiment, we suggest that G9 can serve as a biosensor
for monitoring the activation of Fyn kinase inside cells.

Recently with the advancement of phage display technology, highly selective reagents have
been generated that distinguish closely related proteins. McCafferty and his colleagues [57]
have isolated antibodies that can differentiate SH2 domains of Abl1 and Abl2, which share
89% identity. In addition, Koide and his coworkers [58] 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, we 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, we isolated monobodies that could differentiate between the SH3
domains of Abl1 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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FIGURE 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 [41]. B. The sequences of SH3
domains of SFKs were aligned to reveal their amino acid identity to the Fyn SH3 domain;
conserved residues are highlighted in gray columns, and dashes are introduced to maximize
alignment.
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FIGURE 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 [59], using published coordinates (PDB: 1TTG structure) [60]. B. Sequences of the
BC and FG loops of the three isolated monobodies and the wild-type domain. The length of
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 and the wild-type monobody (WT
FN3). Casein served as the negative control target.
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FIGURE 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. 1F11 is a monobody that binds to several, but not all, SFKs SH3 domains. An anti-
his6 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 4.
Probing of SH3 domain array with the G9 monobody. Four membranes (purchased from
Panomics) were incubated with His6-tagged SUMO fusion of the G9 monobody, washed,
incubated with anti-His6-tag antibody conjugated to HRP, followed by detection with
Enhanced Chemiluminescence-Plus (ECL-Plus). Panels A-D correspond to Panomics Arrays
I-IV, respectively. Of the 150 SH3 domains tested, only the Fyn SH3 domain (duplicate,
adjacent spots in panel A) bound to the G9 monobody. A His6-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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FIGURE 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, ΔH, ΔS, and dissociation constant
for this interaction are 0.89, −2.22×104 cal/mole, −43.37 Joule/°K, and 160 nM,
respectively.
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FIGURE 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 [16].
Wild type monobody (WT-FN3) served as the non-competitive control.
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