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Abstract

The stem cell factor (SCF)/c-Kit receptor tyrosine kinase complex—with its significant roles in hematopoiesis
and angiogenesis—is an attractive target for rational drug design. There is thus a need to map, in detail, the
SCF/c-Kit interaction sites and the mechanisms that modulate this interaction. While most residues in the
direct SCF/c-Kit binding interface can be identified from the existing crystal structure of the complex, other
residues that affect binding through protein unfolding, intermolecular interactions, allosteric or long-distance
electrostatic effects cannot be directly inferred. Here, we describe an efficient method for protein-wide epitope
mapping using yeast surface display. A library of single SCF mutants that span the SCF sequence was
screened for decreased affinity to soluble c-Kit. Sequencing of selected clones allowed the identification of
mutations that reduce SCF binding affinity to c-Kit. Moreover, the screening of these SCF clones for binding to
a structural antibody helped identify mutations that result in small or large conformational changes in SCF.
Computational modeling of the experimentally identified mutations showed that these mutations reduced the
binding affinity through one of the three scenarios: through SCF destabilization, through elimination of
favorable SCF/c-Kit intermolecular interactions, or through allosteric changes. Eight SCF variants were
expressed and purified. Experimentally measured in vitro binding affinities of these mutants to c-Kit confirmed
both the yeast surface display selection results and the computational predictions. This study has thus
identified the residues crucial for c-Kit/SCF binding and has demonstrated the advantages of using a
combination of computational and combinatorial methods for epitope mapping.

© 2016 Elsevier Ltd. All rights reserved.
Introduction

Ligand–receptor interactions play a central role in
many cellular functions. A detailed understanding of
these interactions is thus a major goal of modern
biology [1]. Precise detection—at the single-residue
level—of the specific binding recognition sites on a
protein ligand is a prerequisite for understanding
specificity in ligand–receptor interactions [2]. The
strength of these interactions (i.e., affinity) and their
precision (i.e., specificity) is determined by geomet-
rical complementarity and by the physicochemical
er Ltd. All rights reserved.
features of the interacting residues across the
binding interface. Specifically, van der Waals forces,
hydrophobic interactions, salt bridges, and hydrogen
bonds largely define the affinity and specificity of
protein–protein interactions (PPIs) [3,4]. It is likely
that the free energy of binding would be mostly
affected through mutations located in the direct
binding interface, especially at binding hot spots.
However, mutations at more distant sites can also
influence binding affinity indirectly through allosteric
effects [5], global protein unfolding, or local confor-
mational rearrangements.
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Identification of the amino acid residues that
participate in ligand–receptor interactions is critical
both for the elucidation of mechanisms that underlie
biological function and for rational drug design [6]. The
currently available technique for the experimental
determination of interface residues, namely, epitope
mapping, is expensive, labor intensive, and time
consuming [7,8]. One of the most commonly used
experimental techniques for epitope mapping is
alanine-scanning mutagenesis, in which the contribu-
tion of each binding interface position to binding
is inferred by systematic alanine substitution and
subsequent affinity measurement [1,9,10]. However,
a central drawback of this technique is that alanine
scanning truncates the side chain, removing its
functionality. Thus, detailed information on the partic-
ular role of each residue in complex formation, such
as mediating allosteric conformational changes,
electrostatic/hydrophilic/hydrophobic contributions,
and indirect effects involving multiple residues, is
difficult to obtain with alanine scanning. However,
such interactions can be identified by substituting
different types of residues at a particular position, as
is done in phage [11] and yeast surface display (YSD)
system used in this study [12–14]. YSD technology
has been used to perform epitope mapping for
therapeutic antibodies against epidermal growth
factor receptor [15,16] and gp120 [17] and to map
the neutralizing antibodies of botulinum neurotoxin
[18].
In the YSD system, high-throughput screening of

tens of millions of yeast-displayed mutants allows
the rapid isolation of proteins with altered properties.
In this technique, yeast-displayed protein libraries
are stained with a fluorescently labeled ligand or
receptor [14,19], followed by fluorescence-activated
cell sorting (FACS) to screen the libraries for mutants
with decreased binding affinity to a target protein.
One of the benefits of yeast display over other
protein engineering technologies, such as phage or
mRNA display, is that multicolor FACS can be used
to quantitatively discriminate between clones that
differ in their binding affinities to the desired target by
as little as twofold [20]. This sensitivity is obtained by
normalizing yeast binding levels with expression
levels, so that a clone expressing a large amount of
protein with low ligand binding affinity can be easily
distinguished from a clone expressing a lower
amount of protein but with a higher ligand binding
affinity. Other advantages of the technique are that it
circumvents the need to produce and purify protein
variants [13] and—in contrast to phage display (for
example, in shotgun scanning [21])—it is applicable
for eukaryotic proteins, preserving their folding and
tertiary structure and allowing glycosylation [22,23].
Taken together, these features facilitate both rapid
exploration of all possible mutations and quantitative
mapping of the contribution of each protein residue
to the binding affinity.
While YSD can identify mutations leading to
decreased PPI affinity, it cannot explain how these
mutations affect binding energetics. To better under-
stand the contribution of each residue to the PPI
binding affinity, one can use computational modeling.
In one such approach, developed by Sharabi and
colleagues, all possible mutations are introduced at
all binding interface positions, the surrounding resi-
dues are repacked, and the change in free energy of
binding due to mutations (ΔΔGbind) is calculated
[24,25]. The protocol for this computational saturation
mutagenesis technique is fast and produces results in
good agreement with experimental work [26,27]. A
complementary approach developed by Kosloff et al.
[28] for calculating per-residue energy contributions to
PPIs in protein complexes combines continuum
electrostatic calculations with charge perturbations
and non-polar/hydrophobic energy contributions. The
latter contributions are calculated by measuring the
surface area buried in the complex for each residue in
the protein [29]. This approach provides a quantitative
measure of each residue's contributions to intra/
intermolecular interactions in the PPI complex without
explicit in silico mutagenesis, thereby bypassing
computational errors that stem from the coupling
of energy functions and conformation sampling
[28]. The use of continuum electrostatics provides
an accurate measure of electrostatic interactions
and solvent effects in both wild-type and mutant
proteins. In addition to calculating ΔΔGbind, changes
in thermodynamic stability due to single mutations
can be estimated using various protein design
software packages [30–32]. Estimation of protein
stability allows us to explain mutations that are likely
to result in protein unfolding and consequent loss of
binding.
A combination of the experimental YSD-based

method for epitope mapping with computational
approaches for determining ΔΔGbind and stability
calculations constitutes a powerful strategy for PPI
characterization.Using suchacombinedexperimental/
computational approach, we recently mapped the
binding epitope for macrophage colony-stimulating
factor (M‐CSF) interacting with its receptor c-FMS
[33]. In the current study, we used a more comprehen-
sive multi-method approach, combining complemen-
tary experimental and computational approaches, to
map the epitope and analyze the effects ofmutations in
the complex between the c-Kit receptor tyrosine
kinase, and its cognate stem cell factor (SCF)
hematopoietic growth factor ligand [34–37].
The SCF/c-Kit interaction is important for the

proliferation, adhesion, migration, differentiation,
and survival in a variety of cells, including epithelial,
endothelial, neuronal, and hemopoietic cells [38–
40]. The controlled integration of these biological
processes plays a critical role in organ formation
during embryonic development [41]. Dysregulation
of SCF/c-Kit signaling and gain-of-function c-Kit
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mutations result in a phenotype of invasion, angio-
genesis, and metastasis in many human tumors.
Gain-of-function mutations in c-Kit have been
identified in gastrointestinal stromal tumors (GIST),
sinonasal lymphomas, testicular germ cell tumors,
intracranial germinomas and papillary renal carcino-
mas, mast cell leukemia, and acute myeloid leukemia
[42–44]. While only marginally expressed in healthy
hematopoietic cells, SCF and c-Kit are overexpressed
in certain leukemia cells, contributing significantly to
the malignant phenotype [45,46]. Other tumor types
that have been shown to simultaneously overexpress
SCF and c-Kit (indicative of autocrine loops) include
breast carcinomas, colorectal carcinomas, small cell
lung carcinomas (SCLC), gynecological tumors, and
neuroblastomas [47] (reviewed in Ref. [48]).
In light of the importance of the SCF/c-Kit interac-

tions to disease, extensive work has been devoted to
the biochemical and structural characterization of the
SCF/c-Kit complex; for example, its X-ray structure
has been solved (PDB ID: 2E9W) [49]. It is known that
the c-Kit receptor consists of three domains, namely,
an intracellular tyrosine kinase domain, a single
transmembrane domain, and a ligand-binding extra-
cellular domain composed of five immunoglobulin-like
domains, D1–D5 [50]. Of these, only D1, D2, and D3
are involved in SCF/c-Kit interactions. For SCF, it is
known that the soluble glycosylated form (165 aa) is a
noncovalently bonded dimer, with a considerable
secondary structure that includes four α-helices (αA,
αB, αC, and αD) and two β-sheets (β1 and β2). This
soluble SCF contains two intramolecular disulfide
bonds between Cys4–Cys89 and Cys43–Cys138

[41,51]. Binding of SCF to the extracellular domain
of monomeric c-Kit results in the dimerization of the
receptor [52], which, in turn, activates a wide array of
signaling proteins and pathways [53,54]. While these
signal transduction pathways have been studied
intensively using monoclonal antibodies or small-
molecule kinase inhibitors, details regarding the role
of SCF ligand dimerization in c-Kit receptor confor-
mational change and activation are still lacking [51].
Moreover, the relationship between SCF dimerization
and receptor binding is also unclear. The identification
of the SCF residues (both within and outside the SCF/
c-Kit binding interface) that are crucial for binding to
c-Kit is needed for the better understanding of the
molecular mechanism underlying the SCF-induced
cancer cell activation. Moreover, identification of
such residues would facilitate the development of
new therapeutics that specifically disrupt SCF/c-Kit
interactions, thereby providing the basis for patient-
specific cancer treatment and disease management.
To address these needs, we used YSD to map the
SCF positions that reduce SCF binding affinity for
c-Kit. Different approaches for computational model-
ing were used to interrogate the possible mechanistic
effects of each identified mutation on the stability and
residue-level interactions within the protein complex.
Binding affinity measurements with selected purified
SCF mutants confirmed these results.
Results

Screening a YSD SCF library for low-affinity
variants against c-Kit

The SCF wild-type gene (SCFWT) was introduced
into Saccharomyces cerevisiae EBY100 yeast strain
by using the YSD pCTCON20 vector. The SCFWT
protein was thus displayed on the yeast cell surface
conjugated to the c-Myc tag by a linker at the C
terminus and to the HA tag on the N terminus (Fig.
S1). To verify the expression and correct folding of
the YSD SCFWT construct, we incubated yeast cells
expressing SCFWT with the soluble c-Kit-Fc receptor
(50 nM). Fluorescent labeling of anti-c-Myc antibody
and anti-Fc antibody enabled the FACS monitoring
of protein expression and protein binding, respec-
tively. Figure 1a shows that SCFWT was expressed
on the yeast surface and was able to bind to c-Kit.
Next, we constructed a pCTSCF library of SCF
mutants by using error-prone PCR. Sequencing of
the library showed that SCF mutants contained, on
average, one mutation incorporated in the open
reading frame (data not shown). The above SCF
library was then introduced and displayed on the
surface of the EBY100 yeast strain. The size of the
SCF library was estimated to be 1.05 × 105. Out of 14
randomly chosen and sequenced clones from the
yeast-displayed SCF library, 2 contained a single-
nucleotide substitution in the open reading frame,
while the others were either wild-type or multiple
mutants. This frequency of single mutations converts
into 15,000 single-nucleotide substitutions in our
whole library, accounting for more than 10-fold the
maximum theoretical diversity for single-nucleotide
mutations in the SCF gene (the theoretical maximum
is 1305 possible substituting mutations for a gene that
has 435 bp). When expressed on yeast, this SCF
library showed a scattered population, with different
subpopulations having different levels of expression
and affinities to c-Kit, as determined by FACS
(Fig. S1). To remove SCF clones that contain a stop
codon or deletions/insertions, we performed a first
sort in which we isolated SCF clones with a high
expression level (designated SCF lib1). The SCF lib1
library was then screened against c-Kit at a concen-
tration of 50 nM to identify SCF variants with reduced
affinity to c-Kit (Fig. 1b), thereby generating a new
library, designated SCF lib2 (Fig. 1c). SCF lib2 was
then incubated with c-Kit at a concentration of 100 nM,
and three subpopulations fromSCF lib2were collected
(Fig. 1c), namely, SCF lib2.1 (lowest affinity), SCF
lib2.2 (mediumaffinity), andSCF lib2.3 (highest affinity;
Fig. 1d). For comparison, SCFWT was analyzed by



Fig. 1. Analysis of the affinity of YSD SCF variants to c-Kit (labeled with FITC) and YSD SCF expression levels by using
anti c-Myc antibody labeled with PE. (a) SCFWT labeled with 50 nM c-Kit. (b) SCF library labeled with 50 nM c-Kit. The
black pentagon outline shows the sorting gate of SCF lib1. (c) SCFWT (blue) and SCF lib1 enriched from sort 1 (red) labeled
with 100 nM c-Kit. Closed shapes 1, 2, and 3 represent sorting gates for SCF lib2.1, lib 2.2, and lib 2.3, respectively. (d) FACS
analysis of enriched SCF lib2.1 (purple), SCF lib2.2 (orange), and SCF lib2.3 (green), each labeled with 100 nM c-Kit.
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FACS at the same receptor concentration used for
screening in this experiment, that is, 100 nM (Fig. 1c).

Identifying SCF point mutations that reduce SCF
affinity for c-Kit

To identify point mutations in SCF that lead to a
reduction in affinity for c-Kit, we have randomly
selected approximately 100 single clones from each
SCF lib2 library (SCF lib2.1, lib2.2, and lib2.3), and
these were sequenced. Most of the clones from SCF
lib2.1 contained undesired insertions or deletions
that did not change the c-Myc tag but exhibited
reduced affinity to the c-Kit receptor. Thus, we did
not perform any further analysis of this library. From
sequencing 100 clones from each of the other two
libraries, SCF lib2.2 and lib2.3, we identified 26
different clones having a single amino acid mutation
in SCF, while the rest of the sequences had multiple
mutations. These single amino acid mutations
originated from a single-nucleotide point mutation
(Fig. 2 andTableS1).Wedivided theseSCF-identified
mutations into four groups, depending on their
intermolecular and intramolecular environment in the
SCF/c-KIT complex structure [49]: SCF/c-Kit interface,
SCF/SCF dimerization interface, SCF core, and SCF
surface (Fig. 2 and Table S1).

Structural and binding affinity analysis of the
identified SCF mutants

To quantify the extent of affinity reduction caused by
each identified mutation, we expressed each clone in
the YSD setup andmeasured its affinity to 10 nM c-Kit
using FACS. The affinity was normalized to that of
SCFWT (Fig. 3). Figure 3 shows that all identified SCF
mutants caused a significant reduction in affinity to
c-Kit. To determine whether a reduction in affinity was
due to the conformational destabilization of SCF,
we determined the affinity of each SCF clone to an
anti-SCF structural antibody that could bind SCF only
when SCF is correctly folded. This antibody recog-
nizes a discontinuous SCF epitope and is termed
“structural antibody” in this paper. We note here that



Fig. 2. The structure of SCF (cyan and purple) bound to c-Kit (brown) showing the positions of the affinity-reducing
mutations identified in the YSD experiment. SCF residues were divided into four categories based on their location:
SCF-Kit interface (T9, N10, N11, K13, S53, D85, and E88—red), SCF/SCF dimer interface (A20, N21, D25, Y26, K62, and
N72—magenta), SCF core (W44, M48, S55, L56, S71, I76, I82, V83, F115, F119, and I123—green), and exposed/surface
(T111 and E114—blue). (b) is identical to (a), but rotated 90° about the y-axis.
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we had to consider the possibility that the structural
antibody binds to the same or overlapping binding site
on YSDSCF protein as the receptor, c-Kit. To exclude
this possibility, we incubated YSD SCFWT with only
one or both proteins, the phycoerythrin (PE)-labeled
anti-SCF structural antibody and the FITC-labeled
soluble c-Kit, and found almost no difference between
the signal for single- and double-protein incubation
(Fig. S2). Thus, we concluded that the structural
antibody and c-Kit do not compete for the same
Fig. 3. c-Kit binding signals of individual SCF variants expre
clone was normalized to its expression (via the cMyc tag) and
according to their structural positions (represented by column p
by square color tags). Each column value is a mean of triplica
binding site on SCFWT. To confirm that the structural
antibody can indeed distinguish between unfolded
and folded SCF proteins, we compared the affinity
of the anti-SCF structural antibody to a folded and
unfolded YSD SCFWT. The unfolded sample was
generated by preheating YSD SCFWT to 95 °C for
5 min, which are the conditions shown to denature
similar proteins in a previous study [55]. The displayed
levels of the two YSD SCFWT samples (folded and
unfolded) were the same (analyzed using PE-
ssed on the yeast surface. The binding level of each SCF
to the binding signal of SCFwt. The variants were grouped
atterns) and structural stabilization properties (represented
tes ± standard error (SE).
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labeled anti c-Myc), indicating no change in protein
display upon structure destabilization. Importantly, we
observed no binding of the structural antibody to the
unfolded YSD SCFWT (data not shown). In order to
further confirm that the structural antibody can indeed
distinguish between unfolded and folded SCF pro-
teins, we performed an ELISA assay with a purified
SCFWTprotein (seeMaterials andMethods section for
SCFWT purification). In this experiment, a significant
reduction in the binding of the structural antibody to
unfolded SCFWT (denatured at 95 °C for 15 min) in
comparison to folded SCFWT was observed (Fig. S3).
Next, we compared the affinity of each YSD SCF

mutant for the anti-SCF structural antibody to that of
YSD SCFWT (Fig. 4). The identified mutants were
then divided into three categories: those that were
indistinguishably folded in comparison to the wild type
Fig. 4. SCF conformational stability. Flow cytometry
data for the binding of monoclonal anti-SCF structural
antibody to SCF wild type and variants displayed on yeast.
Binding values of each YSD SCF variant normalized to its
expression levels. Clones with high affinity to anti-SCF
antibody, with values higher than 0.8, indicate no structural
destabilization of the YSD SCF variants (marked in green).
Clones showing low affinity to anti-SCF antibody, with
values between 0.4 and 0.8, indicate medium structural
destabilization of SCF variant YSD protein (marked in
yellow). Clones showing no affinity to anti-SCF antibody,
with values lower than 0.4, indicate extensive structural
destabilization of YSD SCF protein (marked in red). Each
column value is a mean of triplicates ± standard error (SE).
We observed that in case the protein is completely unfolded,
then it would not bind to the structural antibody (Fig. S3).
However if there are mutations in the epitope (antigen
binding site) of the antibody, theremight also be complete or
partial reduction in antibody affinity. Since we do not know
where the epitope of the antibody is, this scenario cannot be
ignored.
(i.e., showed no reduction in affinity to the structural
antibody), those that were destabilized (showed some
reduction in antibody affinity), and those that were
unfolded (showed very low affinity to the antibody).
Interestingly, all the identified mutations located at
the SCF/c-Kit binding interface produced no structural
destabilization of SCF. In contrast, 7 out of 11
mutations that were located in the SCF core led to
structural destabilization or complete abolishment of
structural antibody binding, suggesting that the
reduction in affinity to c-Kit was probably a result of
SCF unfolding and not of direct interaction with c-Kit.
The two surface SCF mutations, T111I and E114K,
resulted inmedium and high structural destabilization,
respectively. At the SCF/SCF dimerization site,
three out of six mutations in SCF (N21K, Y26H, and
K62I) caused medium structural destabilization. The
other three mutations at the SCF/SCF dimerization
site (A20T, D25E, and N72D) did not affect structural
antibody binding, suggesting a direct correlation
between SCF/SCF dimerization and SCF affinity to
c-Kit when no SCF destabilization was observed
(Figs. 3 and 4).

Predicting changes in affinity to c-Kit due to
identified SCF mutations

To predict the changes in SCF binding affinity to
c-Kit due to mutations, we performed computational
saturation mutagenesis on the SCF/c-Kit interface
[25]. In this protocol, the X-ray structure of the SCF/
c-Kit complex was used as input (PDB ID: 2E9W).
We scanned 10 binding interface positions on SCF
that were also identified by YSD as sites of affinity-
reducing mutations with 17 aa (excluding proline,
cysteine, and glycine) and we calculated the ΔΔGbind
for each of themutations (Fig. 5a). Our results showed
that 9 out of 10 experimentally identified affinity-
reducing SCF mutations were predicted to decrease
the affinity of the SCF/c-Kit interactions either slightly
(yellow) or strongly (red; Fig. 5, circled). The only
exception was position 13, where K13Twas predicted
to be slightly affinity-enhancing in contrast to exper-
imental results. In addition to confirming the experi-
mental YSD results for single mutations, our
calculations show that most positions where YSD
identified affinity-reducing mutations serve as hot
spots for protein binding, containing a large number
of mutations that destabilize SCF/c-Kit interactions.
Furthermore, we predicted the effect of mutations at

the SCF dimerization interface on dimer formation by
running the computational saturation mutagenesis
protocol on the SCF/SCF dimerization interface.
Here, six positions in the dimerization interface
and one core position very close to the dimerization
interface were scanned that were also identified
by YSD as affinity-reducing in the SCF/c-Kit interface,
and ΔΔGbind was calculated (Fig. 5b). All seven
experimentally identified mutants were also predicted



Fig. 5. Computational saturation mutagenesis probing (a) the SCF/c-Kit binding interface and (b) the SCF dimerization
interface. SCF binding interface positions and their wild-type identity are shown on the left, and the mutated amino acids
are shown on the top. The calculated ΔΔGbind values are color coded from stabilizing (blue) through neutral (green) to
destabilizing mutations (yellow and red). Gray dots represent calculations that failed to complete. Mutations identified by
YSD experiments as affinity-decreasing are circled. All calculations were done using the computational saturation
mutagenesis protocol described previously [24].
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to reduce the dimerization ability of SCF. Furthermore,
six out of seven positions were computationally
identified as hot spots formonomer/monomer binding.

Prediction of the effect of mutations on
SCF stability

The structural antibody for SCF was used to
experimentally determine how each mutation affects
protein stability. However, mutations in the interface
between this antibody and SCF may lead to reduced
binding even though protein stability is not affected.
To explore this scenario, we calculated the change
in ΔGstability, namely, the change in global SCF
stability due to all identified mutations. For this
purpose, we used the RosettaBackrub algorithm
[31], in which the mutation was introduced into the
SCF, and the backbone and the surrounding side
chains were allowed to adjust for the perturbation.
ΔGstability was calculated by subtracting the energy
of the SCFWT from that of the mutant (Fig. 6). The
mutations were grouped in four groups: c-Kit binding
interface positions, SCF dimerization interface posi-
tions, SCF core positions, and surface positions.
Figure 6 shows that all the mutations that fall in the
direct c-Kit binding interfacewere predicted to have no
effect on protein stability and were not destabilizing
according to experimental results. Five out of six
mutations belonging to the SCF/SCF dimerization
interface were predicted to be slightly or moderately
destabilizing, and three of them were found experi-
mentally to be moderately destabilizing. Most muta-
tions lying in the SCF core were predicted to
significantly destabilize SCF and did indeed exhibit
high destabilization experimentally. In one case—that
of the core mutation I82F, there was a lack of agree-
ment between computational and experimental
results: the mutation was predicted to be highly
destabilizing but did not influence stability experimen-
tally. The high predicted destabilization for this



Fig. 6. Computationally predicted change in stability
(ΔGstability) due to SCF single mutations for the experi-
mentally identified mutations located (a) in the SCF/c-Kit
binding interface, (b) in the SCF dimerization interface, (c) in
the protein core, and (d) on the exposed surface. Each
column is colored to show the experimental binding level of
the structural antibody to the SCFmutant: green, no change
in antibody binding with respect to WT SCF; yellow, some
decrease in antibody binding; and red, large decrease in
antibody binding. The dashed line at ΔGstability = 1 repre-
sents the stability limit above which improper folding of
mutants might occur. All stability calculations were done
using the RosettaBackrub suite [31].

Table 1. SCF interface residueswith significant electrostatic
contributions

SCF interface residue Electrostatic contributions

K24 SCF–SCF dimer interface
D25 SCF–SCF dimer interface
Y26 SCF-SCF dimer interface
S53 SCF–c-KIT interface
D54 SCF–c-KIT interface
K62 SCF–SCF dimer interface
S64 SCF–SCF dimer interface
D77 SCF–c-KIT interface
D84 SCF–c-KIT interface

SCF/c-Kit interface residues and SCF/SCF dimer interface
residues were identified in details in the Materials and Methods
section. Electrostatic contributions calculated by the FDPBmethod,
with ΔΔG ≤ −1 kcal/mol considered as significant (see Materials
and Methods).
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mutation is likely due to the inability of the computa-
tional algorithm to model medium- and large-range
backbone rearrangements required for accommodat-
ing a large residue in the site of the mutation. Some
disagreement was also observed for the two surface
mutations, T111I and E114K, which showed medium
destabilization experimentally but were predicted to be
either stabilizing or neutral. These two “near-neighbor”
mutations might lie in the antigen binding site of the
anti-SCF structural antibody, thus causing reduced
antibody affinity but no actual protein unfolding.
Electrostatic contributions of interface residues
and indirect allosteric effects of core residues

To better quantify the electrostatic contributions of
interface residues, we applied an approach based
on the finite-difference Poisson–Boltzmann (FDPB)
method [56] to calculate the net electrostatic and
polar contributions (ΔΔGelec) of eachSCF residue that
belongs to the interface with c-Kit or with the other
SCF monomer. This approach identified nine interfa-
cial SCF residues that made significant electrostatic
contributions to intermolecular interactions (Table 1).
Seven of these residues were directly identified in the
YSD screen. Our FDPB calculations showed that
residues S53, D54, D77, and D84 participate directly
in interactions with c-KIT, and residues D25, Y26, and
K62 form an electrostatic/hydrogen-bond network
across the SCF–SCF dimer interface (Fig. 7). Some
of the mutations identified in the YSD screen affect
these electrostatic interactions directly. For example,
the D25E, Y26H, and K62I mutants obviously perturb
the electrostatic/hydrogen-bond network that is
central to the SCF–SCF dimer interface (Fig. 7a).
Similarly, S53L perturbs a hydrogen-bond network
with K203 and Y125 in c-Kit (Fig. 7b). However, our
analysis also suggests a mechanistic basis for the
reduction in binding affinity by additional mutations
identified by YSD. Residues S55, L56, I76, I82,
and V83 are all SCF core residues (Fig. 2) that are
located beneath the SCF residues involved directly
in intermolecular electrostatic interactions. The muta-
tions that were identified in these positions (S55I,
L56S, I76S, I82F, and V83D) drastically change the
volume, geometry, and/or polarity of buried core
residues and therefore most likely affect the local
structure and hence the intermolecular interactions
of the adjacent contributing residues—S53, S54,
D77, and D84 (Fig. 7b and c). Since most of these
mutations do not affect the binding of the structural
antibody, we conclude that their effect is local and



Fig. 7. SCF residues that significantly contribute electro-
statically to intermolecular interactions. (a) SCF residues
that form an electrostatic/hydrogen-bond network across
the SCF–SCF dimer interface. (b and c) SCF residues
that contribute electrostatically to c-Kit interactions (shown
as sticks). These SCF residues are adjacent to SCF core
residues (shown as dark red spheres) that are positioned to
perturb the electrostatic contributions of the former upon the
mutation of the latter core residues.
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does not result in a major conformational change
throughout the protein.

Expression and in vitro characterization
of selected SCF mutants

To validate our results, we chose 12 affinity-
reducing SCFmutants for expression and biophysical
characterization. The mutants were chosen to repre-
sentmutations in different structural elements: SCFT9M,
SCFN10Y, SCFK13T, SCFS53L, SCFD85N, and SCFE88K
located at the SCF/c-Kit binding interface; SCFA20T
located at the SCF/SCF dimerization interface;
SCFT111I located at the SCF surface; and SCFW44R,
SCFM48K, SCFV83D, and SCFF115L located in the SCF
core. SCFWT was also expressed for purposes of
comparison. We chose to express the SCF mutants in
Pichia pastoris, since such expression usually pro-
duces folded proteins supplied with post-translational
modifications secreted into the growth medium.
Western blot assay of the SCF mutants showed the
clear expression of SCFWT and 9 out of the 12 chosen
mutants SCFT9M, SCFN10Y, SCFK13T, SCFA20T,
SCFS53L, SCFD85N, SCFE88K, SCFT111I, and SCFF115L
but showed no expression of SCFW44R, SCFM48K, and
SCFV83D (datanot shown). Further attempts tooptimize
the expression conditions for the SCFW44R, SCFM48K,
and SCFV83D mutants were unsuccessful. The lack of
expression of the two core mutants SCFW44R and
SCFM48K could be explained by their unfolded nature,
whichwasmanifested by a lack of affinity to a structural
antibody and was confirmed by our calculations.
SCFT111I and SCFF115L showed low expression levels,
were identified only in the insoluble fraction, could not
be purified as soluble proteins, and thus could not be
further analyzed. A reduction in extracellular expres-
sion levels of unfolded proteins was previously shown
in other studies and could be a result of proteolysis,
which can occur either intra- or extracellular [57]. Other
studies showed that even partially folded proteins and
molten globules could be expressed and displayed
on the yeast surface despite the yeast secretion
quality control system [58,59]. Western blot results
also showed that SCFWT, SCFT9M, SCFN10Y, SCFK13T,
SCFA20T, SCFS53L, SCFD85N, and SCFE88K were
expressed in two forms—withandwithout glycosylation
(data not shown). All variants treated with Endo Hf
enzyme to remove anyN-linked glycosylations showed
only one band (at 15 kDa) (Fig. S5).
SCFWT, SCFT9M, SCFN10Y, SCFK13T, SCFA20T,

SCFS53L, SCFD85N, and SCFE88K proteins (Fig. 8a)
were purified on a Ni-NTA column, followed by gel
filtration, and their mass was verified by MS/MS
(Fig. S5). CD analysis showed that the glycosylated
and the non-glycosylated SCFWT isoforms exhibited
the same secondary structure, and surface plasmon
resonance (SPR) experiments showed that the two
SCF isoforms bind to c-Kit with comparable binding
affinity (KD = 3.7 ± 0.7 nM for glycosylated and
3.1 ± 0.7 nM for non-glycosylated SCFWT), indicating
that there were no differences in the structure or the
affinity for c-Kit between the glycosylated and non-
glycosylated SCF (data not shown). We therefore
report all further data only for glycosylated SCF
protein variants. The CD spectra of the sevenmutants
SCFT9M, SCFN10Y, SCFK13T, SCFA20T, SCFS53L,
SCFD85N, and SCFE88K were very similar to the



Fig. 8. Soluble proteins of SCF variants. (a) Residues chosen for further experimental study, in the same orientation and
coloring as in Fig. 2b. (b) CD spectra of SCFWT (black), SCFT9M (purple), SCFN10Y (turquoise), SCFT13K (green), SCFA20T
(red), SCFS53L (blue), SCFD85N (orange), and SCFE88K (brown) purified proteins. All measurements were performed with
20 μM protein in PBS at pH 7.4 and 25 °C. (c) SPR binding experiments. The association and dissociation curves of the
purified SCF protein variants (SCFWT, SCFT9M, SCFN10Y, SCFT13K, SCFA20T, SCFS53L, SCFD85N, and SCFE88K) with c-Kit
are shown. Dissociation constant (KD) for each complex was 3.74 nM for SCFWT/c-Kit binding, 26.3 nM for SCFA20T/c-Kit,
and 120 nM for SCFD85N/c-Kit; no binding was detected for other SCF/c-Kit complexes. Analyte concentrations were as
follows: 2.97, 5.94, 11.88, 23.75, and 47.5 nM for SCFWT; 3.22, 6.44, 12.88, 25.75, and 51.5 nM for SCFA20T; 62.5, 125,
250, 500, and 1000 nM for SCFT9M, SCFN10Y, SCFT13K, SCFS53L, and SCFE88K, using a flow rate of 100 μl/min for 216 s
for the association phase and 200 s for the dissociation phase.
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spectrum of SCFWT (Fig. 8b) and also to the spectrum
of SCFWT observed in previous work [60], confirming
that themutants possess the same fold. These results
are consistentwith the lackof structural destabilization
shown by the structural antibody assay and the
computational results (Figs. 4 and 6, respectively).
SPR spectra showed that SCFA20T and SCFD85N
bound to c-Kit with reduced affinity (KD = 26.3 ±
4.8 nM and 120 ± 32.6 nM, respectively) compared
toSCFWT (KD = 3.7 ± 0.7 nM;Fig. 8c). Nobindingwas
detected for SCFT9M, SCFN10Y, SCFK13T, SCFS53L,
and SCFE88K, indicating that their affinity to the
receptor was reduced at least 1000-fold (Fig. 8c).
These findings are in agreement with affinity levels of
YSD SCFWT, SCFA20T, SCFD85N, and the other SCF
variants for soluble c-Kit, as detected by FACS
(Fig. 3). In addition, the low affinity for six of the
sevenmutants (excludingSCFK13T) was in agreement
with our computational prediction of destabilization
in ΔΔGbind (Fig. 5a). In conclusion, the analysis of
SCF variants in terms of soluble protein expression
combined with CD and SPR spectra provides the
confirmation of our experimental YSD and the compu-
tational results showing high structural destabilization
for the SCFW44R and SCFM48Kmutants, high reduction
in the affinity for SCFT9M, SCFN10Y, SCFK13T, SCFS53L,
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SCFD85N, and SCFE88K, and intermediate reduction in
the affinity for SCFA20Tmutant, respectively, compared
with SCFWT.
Discussion

To identify the specific mutations that reduce the
binding affinity of SCF to its c-Kit target receptor, the
epitope mapping method used in this study combines
experimental YSD with in silico saturation mutagene-
sis, structural stability calculations, and electrostatic
calculations. This integrated approach facilitated the
mapping of the amino acids that contribute to the
binding energetics in the SCF/c-Kit interface, the SCF/
SCF dimerization interface, and the SCF core. By
distinguishing the contributions of these different SCF
residue groups, we revealed not only the mutations in
the SCF/c-Kit binding interface but also those that
reduce target binding through other mechanisms,
namely, SCF protein unfolding, the elimination of
favorable SCF/SCF intermolecular interactions, or
intramolecular (within SCF) or intermolecular (in
SCF/c-Kit or SCF/SCF) allosteric and specific electro-
static effects. Thus, our integrated analysis method-
ology not only identified the residues that play a role in
the binding process but also suggested a mechanistic
basis for each loss-of-function mutation.
For mutations located in the SCF/c-Kit binding

interface, we obtained very good agreement between
the YSD results and computational predictions in that
nine out of ten mutations identified experimentally
as affinity-reducing (T9M, N10Y, N11K, S53L, I76S,
I82F, V83D, D85N, and E88K) were also predicted to
reduce affinity. Our modeling shows that the reduction
in affinity for these mutations was achieved in a
number of possible ways: by disrupting the side-chain
packing by replacing small residues with larger ones
(T9M, N10Y, S53L, and I82F), by introducing or
removing a charge (N11K and D85N), by disrupting
hydrophobic packing (I76S and V83D), by breaking
hydrogen bonds (S53L and N11K), or by replacing a
negatively charged residue with a positively charged
residue (E88K).
We could not predict correctly the destabilization

effect for one mutation K13T. A closer look shows
that the error in prediction arises from the simplicity
of the computational algorithm that does not repack
side chains when calculating energies of the single
chains (see Materials and Methods). While the K13T
mutation is predicted to destabilize the total energy
of the SCF/c-Kit complex (as observed), it is also
predicted to considerably destabilize each single
protein including the non-mutated c-Kit, resulting in a
slightly negative (stabilizing) ΔΔGbind values.
All the mutations located in the SCF dimerization

interface and experimentally identified as affinity-
reducingwere computationally predicted to destabilize
the SCF dimer, thereby suggesting that SCF dimer-
ization is crucial to c-Kit binding. This is again in
agreement with our experimental results that identified
mutations in the dimeric interface lead to lower degree
of dimer formation, which is important for the receptor
binding.
In addition to mutations in the SCF/c-Kit binding

interface and SCF/SCF dimerization interface, we
identified a number of core and surface mutations
that were predicted to lead to different degrees of
SCF destabilization. Such mutations resulted in SCF
mutants that could not be expressed by an estab-
lished protocol, indicating that these mutants are
significantly destabilized in solution. We thus iden-
tified a number of mutations that reduce SCF/c-Kit
binding through the SCF unfolding mechanism.
In summary, our approach provides a comprehen-

sive and unbiased way to identify mutations that
significantly destabilize a particular PPI and to obtain a
mechanistic explanation for the effect of each
mutation. In particular for the SCF/c-kit interaction,
we were able to assign the affinity-reducingmutations
to three groups including those that remove favorable
intermolecular interactions, which affect the ability of
SCF to form a dimer, and those that significantly
destabilize SCFprotein. In the future, this typeof study
could be performed for other disease-associated PPIs
as a means of elucidating the nature of disease-
associated mutations, thereby paving the way for the
engineering of PPI inhibitors directed toward binding
hot spots.
Materials and Methods

Construction of the YSD SCFwt clone and the
SCF library

The gene encoding SCFWT (SCF soluble domain,
positions 26–166) [49] was cloned into the pCT
(generously provided by Dane Wittrup laboratory,
MIT, USA) YSDbackbone plasmid (linearizedbyNheI
and BamHI restriction enzymes). This was performed
by homologous recombination via electroporation
into S. cerevisiae EBY100 yeast strain [generously
provided by A. Aharoni laboratory, Ben-Gurion
University of the Negev (BGU), Israel] using the
Gene Pulser Transfection Apparatus (Bio-Rad, CA,
USA). Prior to ligation, the SCFWT gene was
elongated using primers 1 and 2 (Supplementary
Data) having pCT plasmid homology sequence,
NheI and BamHI restriction sites, and a linker
(TTGCCAGATAAACCATTGG CTTTCCAAGATC
CATCT) located between the 3′ end of SCFWT gene
and the 5′ end of c-Myc tag. The latter originated from
the pCT plasmid YSD expression system (Fig. S1).
The SCF gene library was constructed by PCR
reaction with the GeneMorph® II random mutagene-
sis kit (Stratagene,CA,USA), according to the product
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protocol for a low mutation rate, using 500 ng of
SCFWT gene as the template and primers 1 and 2
(Supplementary data). SCFWT and the generated
SCF gene library were amplified by PCR reaction with
primers 1 and 2 using Phusion HF DNA polymerase
(New England Biolabs, MA, USA) to reach 5 μg of
DNA. Amplified SCFWT and the SCF library were
cloned into the pCT plasmid by homologous recom-
bination via electroporation into EBY100 yeast
strain as described for SCFWT gene and were grown
on SD-CAA plates [0.54% disodium phosphate
(wt/vol), 0.856% monosodium phosphate monohy-
drate (wt/vol), 18.2%sorbitol, 1.5%agar, 2%dextrose,
0.67% yeast nitrogen base (wt/vol), and 0.5% bacto
casamino acids (wt/vol)] with serial dilution plating
for library size determination, resulting in 1.05 × 105

individual clones. To verify library diversity, we
sequenced 14 random colonies as follows: EBY100
colonies were scraped from the SD-CAA plate into
SD-CAA medium [2% dextrose (wt/vol), 0.67% yeast
nitrogen base (wt/vol), 0.5% bacto casamino acids
(wt/vol), 1.47% sodium citrate (wt/vol), and 0.429%
citric acid monohydrate (wt/vol; pH 4.5)], and they
were incubated at 30 °C with shaking at 300 rpm
overnight. pCTCONplasmid containing the SCF clone
was isolated from the EBY100 yeast strain using the
Zymoprep™ Yeast Plasmid Miniprep kit (Zymo
Research, CA, USA), according to the kit protocol.
The DNA product (about 100 ng) from each colony
was separately electroporated into electro-competent
Escherichia coli bacteria using the Gene Pulser
Transfection Apparatus, plated on Luria Broth-
Ampicillin (LB-Amp) plates (1 mg ampicillin/L), and
incubated at 37 °C for 24 h. One colony from each
plate (carrying a single SCF clone) was scraped
into 5 ml of LB-Amp medium and incubated at 37 °C,
with shaking at 250 rpm for 24 h. Each SCF clone
was isolated using HiYield plasmid mini kit (RBC
Bioscience, Taiwan) and then sequenced [DNA
microarrays and DNA sequencing unit of the National
Institute for Biotechnology in the Negev (NIBN), BGU]
using primers 3 and 4 (Supplementary Data, note 1).
The transformed SCFWT and the SCF library were
incubated in SD-CAA medium at 30 °C, with shaking
at 300 rpmovernight until anOD600 of 10 (10

8 cells/ml)
was reached, and then stored at 4 °C until the next
step.

Affinity screening and analysis of SCF variants
using flow cytometry

A YSD SCF library was generated (as described in
the previous section) to identify single-point muta-
tions in SCF that reduce the binding affinity of SCF to
the extracellular domain of the c-Kit receptor. To this
end, the YSD library was subjected to a selection
process using FACS by labeling the YSD SCF library
with a soluble fluorescently labeled c-Kit (positions
1–520). For expressing the YSD SCF library, cells
from the SD-CAA medium were first induced in
galactose-containingSG-CAAmedium [2%galactose
(wt/vol), 0.67% yeast nitrogen base (wt/vol), 0.5%
bacto casamino acids (wt/vol), 1.47% sodium citrate
(wt/vol), and 0.429% citric acid monohydrate (wt/vol)]
at 30 °C, with shaking at 300 rpm until an OD600 of 5
was reached. For screening, the expressed YSDSCF
library was fluorescently labeled as follows: about
1 × 106 cells (or at least 10-fold more yeast cells than
the library size after each sorting step) from the
SG-CAA medium were washed with PBSA buffer
[1% bovine serum albumin (BSA) in phosphate
buffered saline] and then incubated with recombinant
human c-Kit-Fc chimera (Abcam, MA, USA) and
an anti-c-Myc antibody (9E10, Abcam, MA, USA) in
PBSA for 1 h at room temperature. The cells were
then washed with ice-cold PBSA and incubated with
anti-mouse IgG-PE antibody (Sigma, MO, USA) and
anti-human IgG (Fc specific) FITC antibody (Sigma,
MO, USA) in PBSA at 4 °C for 20 min in the dark.
Cells were washed again with ice-cold PBSA and
resuspended in 400 μl of PBSA for flow cytometry
analysis. To identify by FACS the SCF variants with
a low affinity to c-Kit, c-Kit concentrations were
increased from 10 nM in first screening cycle to
100 nM in the second cycle. The YSD expression
level for each clone in the library was determined by
c-Myc labeling and detection. The detection of both
c-Myc and c-Kit provided an XY diagram, where the
x-axis represented expression levels and the y-axis
represented affinity levels to c-Kit. Sorting of clones
having low binding affinity to c-Kit was performed by
using diagonal sorting gates (as shown in Fig. 1b
and c) to overcome avidity effects (i.e., by normalizing
affinity levels to expression) and allow the enrichment
of clones that showed low affinity levels to c-Kit
(relative to main population) while having high
expression levels. For cell sorting, we used the
FACS Aria III (BD Biosciences, CA, USA) at the
Scientific Equipment Center (Bar-Ilan University,
Israel) and the SY3200™ (Sony Biotechnology Inc.,
CA, USA) at the Cytometry, Proteomic and Micros-
copy Unit (NIBN, BGU). We analyzed each sorting
step by labeling YSD SCF variants using the same
process as for the screening. Analysis was performed
using an Accuri C6 flow cytometer (BD Biosciences,
CA, USA), and data analysis using a FlowJo software
(Treestar, Inc., CA, USA). In the last sorting step, we
differentiated between three different gates having
similar expression levels but different, but continuous,
affinity levels. The three gates included populations
having different degrees of affinity levels to c-Kit (all
of them lower than SCFWT). Using this method, we
were able to screen and separate low, medium, and
high affinity c-Kit-binding SCF populations. To reveal
single-point mutations that led to SCF affinity
reduction to c-Kit, 100 clones from each library were
sequenced (as described in the previous section).
Each YSD SCF variant with a single-point mutation
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that was identified, except for mutations from or to
proline, cysteine, and glycine, was analyzed for
binding affinity to c-Kit and was compared to YSD
SCFWT. The assay was performed as follows: cells
were induced and labeled as described earlier
using 10 nM soluble c-Kit and an anti c-Myc Ab and
using fluorescently labeled secondary antibodies
and were analyzed in three independent repetitions
using an Accuri C6 flow cytometer, with data analysis
performed using FlowJo software. The geometric
mean of the affinity level to c-Kit of each clone was
normalized to its own geometric mean of expression,
and the results were normalized to SCFWT.

Structural stability analysis of YSD SCF protein
variants

YSD SCF clones were labeled separately for
expression and for binding to the monoclonal anti
human-SCF structural antibody (clone 2H8, Sigma,
MA, USA). This structural antibody detects only SCF
proteins having a similar tertiary structure to the wild-
type variant, that is, it does not recognize unfolded or
misfolded variants. The labeling was carried out in
the same manner as described in the previous
section. Cells were incubated with a 1:50 dilution of
anti c-Myc antibody to test their expression levels or
with SCF antibody (1 μM in PBSA) to test their
folding. After washing, both samples were fluores-
cently labeled with 1:50 diluted anti-mouse IgG-PE
antibody (Sigma, MO, USA) in PBSA. An Accuri C6
flow cytometer was used for cell screening, and data
analysis was performed using FlowJo software.
Each clone was labeled and analyzed in three
independent replications.

Recombinant expression and purification of
selected SCF variants

SCFWT and selected variants (SCFT9M, SCFN10Y,
SCFK13T, SCFA20T, SCFS53L, SCFD85N, and SCFE88K)
werepurified according to previous protocols [61]. The
following purification procedure was used: pCTCON
plasmids containing SCF clones were isolated
from EBY100 yeast strain using Zymoprep™ Yeast
Plasmid Miniprep kit (Zymo Research, CA, USA),
according to the kit protocol. SCF clones were
amplified from the pCTCON plasmid using primers 5
and 6 (Supplementary Data) and were digested using
EcoRI and AvrII restriction enzymes, according to
the product protocol (New England Biolabs, MA,
USA). The digested clones were ligated into the linear
expression pPIC9K plasmid (digested with EcoRI and
AvrII;Invitrogen, CA, USA) using Quick ligase (New
England Biolabs, USA) according to the kit protocol.
With this method, a FLAG-tag was added to the N
terminus of the purified protein, and a His tag to the C
terminus. The ligated product was electroporated into
E. coli, incubated at 37 °C with shaking at 300 rpm for
1 h in LB medium [1% yeast extract (wt/vol), 2%
peptone (wt/vol), and 2% dextrose (wt/vol)], plated
onto LB-Amp plates (1 mg ampicillin/L), and incubat-
ed at 37 °C for 24 h. Several colonies were scraped
from the plate, transferred into LB-Amp medium, and
incubated at 37 °C with shaking at 300 rpm for 24 h.
pPIC9K plasmids containing the SCF clones were
isolated from each E. coli colony using HiYield
plasmid mini-kit (RBC Bioscience, Taiwan) and were
sequenced using primers 7 and 8 (Supplementary
Data). pPIC9K plasmids containing SCF clones
with the correct sequence were linearized using
SacI, and about 30 μg of DNA was electroporated
intoP. pastoris strainGS115 (Invitrogen, CA, USA) for
chromosomal incorporation by homologous recombi-
nation. Transformed cells were plated onto RDB
plates [18.6% sorbitol (wt/vol), 2% agar (wt/vol), 2%
dextrose (wt/vol), 1.34% yeast nitrogen base (wt/vol),
4 × 10−5%biotin (wt/vol), and 5 × 10−3%of L-glutamic
acid, L-methionine, L-leucine, L-lysine, and L-isoleucine
(wt/vol)] and incubated for 3 days at 30 °C. Cells were
scraped from the plates using E-buffer [0.12% Tris
base (wt/vol), 9.24% sucrose (wt/vol), and 0.02%
MgCl2 (wt/vol; pH 7.5)] and plated onto YPD-G418
plates (4 mg/ml G418) for an additional 3 days.
Colonies from each clone were harvested (about 10),
seeded into 5 mL of BMGY medium [2% peptone
(wt/vol), 1% yeast extract (wt/vol), 0.23% K2H(PO4)
(wt/vol), 1.1812% KH2(PO4) (wt/vol), 1.34% yeast
nitrogen base (wt/vol), 4 × 10−5% biotin (wt/vol), and
1% glycerol (vol/vol)], and incubated at 30 °C with
shaking at 300 rpm for 24 h. Each SCF clone was
analyzed for expression. For expression, cells from
the BMGY medium were resuspended in 5 mL of
BMMY medium [2% peptone (wt/vol), 1% yeast
extract (wt/vol), 0.23% K2H(PO4) (wt/vol), 1.1812%
KH2(PO4) (wt/vol), 1.34%yeast nitrogenbase (wt/vol),
4 × 10−5% biotin (wt/vol), and 0.5% MeOH (vol/vol)]
to reach an OD600 of 1 and incubated at 30 °C
with shaking at 300 rpm for 72 h, with 0.5% MeOH
being added every 24 h. Protein expression and
secretion to the media were analyzed by Western
blot, using mouse anti-FLAG primary antibody (Sigma
Aldrich, MO, USA) and alkaline phosphatase-conju-
gated anti-mouse secondary antibody (Jackson Immu-
noResearch, PA, USA). BCIP reagent (Sigma Aldrich,
MO, USA) was used for protein expression signal
analysis according to the product protocol. Individual
clones with the strongest expression levels were
selected and subjected to large-scale expression.
Briefly, clones in 5 ml of BMGY medium at an OD600
of 8–10 were added to 500 ml of BMGY medium at
30 °C with shaking at 300 rpm for 24 h. Cells were
precipitated from the medium and induced for protein
secretion in 500 ml of BMMY at 30 °C with shaking at
300 rpm for 72 h.MeOH (0.5%)wasaddedevery 24 h.
After induction, the supernatant was filtered through a
0.22-μm vacuum filter. The filtrate was then subjected
to the following workup: NaCl was added to reach a
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final concentration of 300 mM, imidazole (Sigma, MO,
USA) was added to give a final concentration of
10 mM, and the solution pH was adjusted to 8.0. After
1 h at 4 °C, the medium was filtered again, and the
protein of interest was purified using 2 ml of Ni-NTA
Sepharose beads column (Invitrogen, CA, USA).
Protein was eluted from the Ni-NTA beads with 15 ml
of buffer at pH 8.0 containing 50 mM sodium phos-
phate, 300 mM NaCl, and 250 mM imidazole. The
eluted protein was concentrated to 0.5 ml using
Vivaspin with a 3-kDa cutoff (Vivaproducts, MA, USA)
and was then subjected to gel-filtration chromatogra-
phy on a Superdex™ 75 10/300 GL column using
an AKTA™ Pure (GE Biosciences, PA, USA) chroma-
tography system. The gel-filtration column was pre-
equilibrated with PBS, and the protein was eluted
with PBS buffer. Protein concentration was calculated
from protein absorbance at 280 nm (extinction coef-
ficient of 13,200 M−1 cm−1 and calculated mass
of 19.3 kDa) obtained using a NanoDrop spectro-
photometer (Thermo Scientific, MA, USA). Protein
samples were also subjected to mass spectrometry
analysis (Ilse Katz Institute for Nanoscale Science
Technology, BGU). The purified protein was stored at
−80 °C.

Structural detection analysis for anti-SCF
structural Ab by Elisa

In order to validate that the anti-SCF structural
antibody recognizes only the folded conformation of
SCFWT protein, an ELISA assay was carried out as
follows. A polystyrene, high binding 96 well plate
(Microlon) was incubated with either 1:600 anti-SCF
structural Ab (clone 2H8, Sigma, MA, USA) or
1:2000 anti-Flag tag Antibody for 1 h, washed
three times with PBST buffer (0.05% tween in
phosphate-buffered saline), incubated for blocking
with 5% milk in PBS for 1 h, washed again, and
incubated with 1 μM folded or unfolded (preheated at
95 °C for 15 min) purified soluble SCFWT protein
(tagged with Flag and 6×His) in PBSA for 1 h. The
plate was washed again and incubated with 1:5000
HRP anti-6×His-conjugated antibody (Sigma, MA,
USA) for 1 h. After additional washing step, the
plate was incubated with 100 μl of TMB substrate
(Thermofisher, USA). H2SO4 (100 μl, 1 M) was
added in order to terminate the reaction, and the
absorption was detected at a wavelength of 450 nM.
The assay was performed in three independent
repetition, and the data were analyzed as a mean
absorption value.

Structural analysis of purified SCF variants by
CD spectroscopy

To evaluate the secondary structure of each of
the purified SCF proteins, we used a J-815 CD
spectrometer (JASCO, Tokyo, Japan) with a 1-mm
path length quartz cuvette. Spectra of 20 μM of
purified protein in 400 μl of PBS were obtained
at 25 °C, and the signal of the blank solvent
(PBS) was subtracted. Ellipticity (degree × cm2/dmol)
was obtained from the normalized average of
three spectra in the range of 195–260 nm. Data
points with a diode voltage of N1100 V were
excluded.

Yeast-displayed SCF dimerization analysis

Dimerization levels of selected YSD SCF mutants,
having mutations at the SCF dimerization site, were
tested as follows. Each YSD SCF mutant clone was
labeled for expression by incubation with diluted
1:50 mouse anti c-Myc antibody in 1% PBSA (1%
BSA in PBS) for 1 h at room temperature, washed
with ice-cold 1% PBSA, and then incubated with
diluted 1:50 PE fluorescently labeled anti-mouse
antibody in 1% PBSA for 20 min at 4 °C in the dark.
In the same reaction mixtures, the same YSD SCF
mutant clones were also labeled for dimerization by
incubation with 1 μM of purified SCFWT in 1% PBSA
at 37 °C for 1 h, washed with ice-cold 1% PBSA, and
incubated with fluorescent APC-conjugated anti
FLAG-tag antibody (Biolegend, CA, USA) at 4 °C for
20 min in the dark. For yeast cell fluorescence
screening, an Accuri C6 flow cytometer was used,
and data analysis was performed using FlowJo
software. Each clone was labeled and analyzed in
three independent replications. The binding level
(geometric mean) with soluble SCFWT of each YSD
SCF clone normalized to the latter level of expression
(geometric mean) was normalized to the results
obtained for YSD SCFWT. The YSD clones that were
tested in this assay were SCF A20T and SCF N72D,
and the controls were SCFWT, SCF T9M, and SCFmut
(SCF mutant with two mutations, L63V and L49V,
having reduced dimerization affinity as shown in
Ref. [51]).

SPR spectroscopy

The binding constants for binding between the
purified SCF variants and the c-Kit receptor were
determined by SPR spectroscopy on a ProteOn
XPR36 (Bio-Rad) instrument. Recombinant human
c-Kit (R&D systems, USA) was immobilized on the
surface of the chip by using the amine coupling
reagents 0.1 M N-hydroxysuccinimide (S-NHS) and
0.4 M 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC; Bio-Rad). c-Kit (3 or 5 μg) was covalently
immobilized on the chip in 10 mM sodium acetate
buffer (pH 4.5) to give 4638.81 response units (RU).
BSA (2 μg; 4323.64 RU) was immobilized on the chip
as a negative control. Unbound esters were deacti-
vated with 1 M ethanolamine HCl at pH 8.5. Before
each binding assay, the temperature was set at 25 °C.
Soluble purified SCF variants were then allowed to
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flow over the surface-bound c-Kit at concentrations of
47.5, 23.75, 11.88, 5.94, 2.97, and 0 nM for SCFWT,
concentrations of 51.5, 25.75, 12.88, 6.44, 3.22,
and 0 nM for SCFA20T, and concentrations of 1000,
500, 250, 125, 62.5 and 0 nM for SCFT9M, SCFN10Y,
SCFK13T, SCFS53L, SCFD85N, and SCFE88K at a flow
rate of 100 μl/min for 216 s. While the SCF variants
were flowing over the surface-bound c-Kit, the interac-
tions between them were determined. The next step
was to examine the dissociation of the proteins while
allowing PBST (phosphate-buffered saline + 0.005%
Tween) to flow over the surface for 10 min. After
each run, a regeneration step was performed with
50 mM NaOH at a flow rate of 100 μl/min for 18 s. For
each protein complex, a sensorgram was generated
from the RUs measured during the course of the PPI
minus the values of the BSA channel. The KD was
determined from the sensorgram of the equilibrium
binding phase.

Identifying the interface/core/surface SCF
residues and calculating the residue-level
energy contributions

The atomic model of the SCF/Kit complex was
taken from PDB entry 2E9W. SCF interface/core/
surface residues were identified by measuring the
solvent-accessible [3,62] surface area using the surfv
program [63] as follows: SCF/c-Kit interface residues
are those with ≥5 Å2 buried in the interface with c-Kit;
SCF/SCF dimer interface residues are those with
≥5 Å2 buried in the homodimer interface; SCF core
residues are those that expose ≤5 Å2 to the solvent in
the SCFmonomer, and surface SCF residues include
all other residues.
Quantitative electrostatic calculations to determine

per-residue contributions were performed in details
in Ref. [56]. Prior to the calculations, hydrogen atoms
were added using CHARMM, and the structures
were subjected to conjugate gradient minimization
with a harmonic restraint force of 50 kcal mol−1 Å−2

applied to the heavy atoms. We calculated the net
electrostatic/polar energetic contributions (ΔΔGelec) of
each residue to the interaction with the cognate
protein partner using an unorthodox variant of in silico
mutagenesis, perturbing the charges of each residue.
We neutralized either a residue's backbone and
side chain or a residue's side chain alone, thereby
differentiating between side-chain versus main-chain
energetic contributions. We calculated the energetic
contributions (ΔΔGelec) of all SCF residues within
15 Å of the SCF/c-Kit or the SCF/SCF interfaces to
interactions with their relevant protein partner (c-Kit
or the second SCF monomer) by using the FDPB
method as implemented in DelPhi software [64]. Since
the PDB entry contains two copies of SCF and two
copies of c-Kit, we repeated the calculations for every
chain and compared the results so as to minimize false
negatives.
In silico saturation mutagenesis of the SCF/c-Kit
interface and SCF/SCF interface

The positions of c-Kit bearing experimentally found
mutations that were within 5 Å of SCF in the SCF/
c-Kit complex structure [49] were used to computa-
tionally model the effect of single mutations on the
affinity of the complex (positions 9, 10, 11, 13, 53, 82,
85, and 88). Chains B and D in the PDB entry 2E9W
were used as input, and hydrogen atoms were
added by MolProbity [65]. For each of the SCF
binding interface positions, we defined a set of shell
positions including the residues on SCF that were
within 4 Å of the considered SCF position and the
residues on c-Kit thatwerewithin 3 Åof the considered
position. For each binding interface position, we then
performed 18 calculations, when the considered
position on SCF was either kept as wild type or
replaced with another amino acid (except for proline,
cysteine, or glycine). The in silico saturation muta-
genesis protocol is described in detail in our previous
work [24,25]. Briefly, during the calculation, the shell
and the interface residues were repacked, and the
energy of the SCF/c-Kit complex was calculated
for the wild-type and mutated complex. We then
separated the two chains and calculated the energy
of each unbound chain without the further repacking
of the side chains. The intermolecular energy was
calculated by subtracting the energies of the single
chains (SCF and c-Kit) from the total energy of the
complex [see Eqs. (1) and (2)].

ΔG ¼ E complex−E single chains ð1Þ
ΔΔGbind was calculated by subtracting the inter-

molecular energy of the wild-type complex from that
of the mutant complex.

ΔΔGbind ¼ ΔGmutant−ΔGwild−type ð2Þ
Finally, the obtained ΔΔGbind was normalized
according to a linear equation obtained in our previous
work [30]. Rotamer libraries were based on the
backbone-dependent library of Dunbrack and Karplus
[66] with additional rotamers expanded by one
standard deviation around their mean χ1 and χ2
values.
For the SCF dimer, the same protocol was used.

All the positions in the SCF dimerization interface
bearing experimentally found mutations were used
for computational modeling (positions 20, 21, 25, 26,
62, 71, and 72). Chains C and D in the PDB entry
2E9W were used as input.

Computing protein stability

The web server of RosettaBackrub was used to
model the stability of the c-Kit mutants. Theweb server
uses the backrub method [31] to simulate backbone
adjustments due to mutations. Chain D of PDB entry
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2E9W [49] and a shell distance of 6 Å were used,
and 20 models were generated for each mutation.
Additionally, the wild-type amino acid for each position
bearing a mutation was modeled. For calculating the
protein stability, the model with the lowest Rosetta
score was used. The Rosetta score of the wild type
was subtracted from the score of the mutant. The
stability of all the experimentally found mutations was
modeled with this method.
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