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Notch signaling plays a fundamental role in the regulation of diverse biological processes. In the absence of Notch
signaling, DNA-bound CSL [CBF1/Su(H)/Lag-1] factor represses gene expression via the direct recruitment of corepressor
proteins, including silencing mediator of retinoid and thyroid receptor (SMRT) and KyoT2. Structural studies have unveiled
the molecular basis of these interactions in which corepressors bind to CSL using a conserved ΦWΦP motif (Φ: any
hydrophobic residues). Here, we comparatively analyzed the CSL-binding motifs of SMRT (1830EHAPIWRP 1837) and KyoT2
(186VKAPVWWP 193) using swap mutants. Various in vivo and in vitro binding assays confirmed that V186 and W192 residues
of KyoT2 are major determinants for high affinity binding to CSL. We designed a peptide with the chimeric sequence
(VHAPIWWP) of CSL-binding motifs of SMRT and KyoT2. Intriguingly, this peptide acts as an in vivo competitor of
endogenous corepressor proteins and an artificial activator for the transcriptional activity of NICD.
INTRODUCTION
Evolutionarily conserved Notch signaling orchestrates many
pivotal cellular and developmental processes in eukaryotes
(Borggrefe and Oswald, 2009). The cell-to-cell signaling via
ligand binding produces the Notch intracellular domain (NICD)
from Notch receptor in a protease-dependent mechanism. In
the nucleus, the translocated NICD directly associates with CSL
(for vertebrate CBF1/RBP-J, Drosophila Suppressor of Hairless,
and C. elegans L ag-1) factor and enhances the expression of
CSL-bound genes (Borggrefe and Oswald, 2009; Kopan and
Ilagan, 2009). The CSL factor is consisted of three functional
parts; N-terminal domain, β-trefoil domain (BTD), and C-terminal
domain (CTD) (Kovall and Hendrickson, 2004). The interaction
of NICD with CSL generates a binding surface for the essential
coactivator protein Mastermind (MAM), and two independent
interactions are responsible for the formation of the NICD/CSL/
MAM ternary complex (Nam et al., 2006; Wilson and Kovall,
2006). First, CSL-BTD associates with the RBP-J-associated
molecule (RAM) domain of NICD with high affinity, in which a
ΦWΦP motif (Φ denotes any hydrophobic residues) of RAM is a
molecular determinant for CSL binding. Notably, a ΦWΦP motif
is highly conserved in the RAM domains of all Notch proteins.
Second, the CTD of CSL binds to the ankyrin repeats of NICD
with low affinity, providing the surface for MAM interaction (Kovall
and Blacklow, 2010). The NICD/CSL/MAM coactivator complex
can stimulate the transcription of target genes by recruiting
secondary coactivators, including histone acetyltransferase p300
(Oswald et al., 2001).
In the absence of NICD binding, diverse corepressor
proteins associate with DNA-bound CSL to repress target
gene transcription. In this regard, the coregulator exchange
mechanism is accountable for the repression vs . activation by
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CSL in which NICD binding to CSL caused the dissociation
of corepressor proteins as well as the formation of MAM
coactivator complex. The corepressor proteins as the direct
CSL-interacting partner include silencing mediator of retinoid
and thyroid receptors/nuclear receptor corepressor (SMRT/
NCoR), SMRT/HDAC1-associated repressor protein, Drosophila
Hairless, CBF1-interacting corepressor, KyoT2/FHL1, and RBPJ-interacting tubulin-associated (RITA) (Kao et al., 1998; Hsieh
et al., 1999; Oswald et al., 2002; Borggrefe and Oswald, 2009;
Wacker et al., 2011; Collins et al., 2014). Among them, SMRT
and NCoR are known as general corepressors and ubiquitously
expressed homolog proteins (Chen and Evans, 1995). In
the N-terminal regions, SMRT/NCoR has three autonomous
repression domains which functions as the recruitment platform
for various repressors or corepressor proteins, including histone
deacetylases (Huang et al., 2000; Mottis et al., 2013). SMRT/
NCoR forms a large steady-state complex containing HDAC3
in vivo and plays important roles in Notch pathway (Pajerowski
et al., 2009; Oberoi et al., 2011). Furthermore, SMRT/NCoR
was identified as the direct CSL-binding partner (Kao et al.,
1998), suggesting that SMRT/NCoR functions as a bona fide
corepressor of CSL. KyoT2/FHL1 was initially identified as a
CSL-interacting partner in yeast two-hybrid screening (Taniguchi
et al., 1998). KyoT2, KyoT1, and KyoT3 are made from splice
variants of the KyoT gene (Taniguchi et al., 1998). KyoT2
protein has multiple N-terminal LIM domains, which play a role
in epigenetic silencing via the recruitment of Polycomb group
proteins (Qin et al., 2005). KyoT2 contains a CSL-interaction
module (CIMK) in the C-terminal region and functions as a potent
repressor of Notch-mediated transcription in mammalian cells
(Taniguchi et al., 1998).
Extensive structural studies have been performed to determine
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the molecular basis of CSL-corepressor interactions. X-ray
structures of CSL-corepressor complexes have demonstrated
that these corepressors interact with CSL-BTD in a manner
similar to that of RAM binding to CSL-BTD (Collins et al., 2014;
Tabaja et al., 2017; Yuan et al., 2019). A core ΦWΦP motif in
KyoT2 and RITA directly participates in their interactions with
CSL-BTD as in the case for NICD-CSL binding (Hall and Kovall,
2019). We explored the molecular basis underlying the direct
association of SMRT with CSL with the use of OPTHiS (oneplus two-hybrid system) screening method (Kim et al., 2018).
We identified the CSL-interaction module of SMRT (CIMS;
amino acid 1816-1846) as the molecular determinant essential
for CSL binding. We also found that a canonical ΦWΦP motif
(1832APIWRP 1837) in CIMS is directly involved in CSL interaction,
which is a binding mode similar to that of other CSL-binding
corepressors. These results explain the molecular basis of the
coregulator exchange mechanism in which the corepressor
(SMRT, KyoT2, and RITA) and coactivator (NICD-RAM)
competitively bind to a common target (CSL-BTD).
In our previous study, we systematically analyzed the binding
surface of CSL to SMRT, KyoT2, and RAM to determine the
general and specific requirements of the selective interactions of
CSL with coregulators (Kim and Lee, 2019). We found that the
F235, A258, and P260 residues in a non-polar binding pocket of
CSL are generally required for interactions with ΦWΦP motifs of
coregulators. By contrast, L225F, E231G, and E233G mutants
of CSL-BTD displayed different binding patterns depending on
BTD-binders, suggesting that these residues are specifically
required for their selective interactions. These results suggest
that residues outside the core ΦWΦP motifs of coregulators
significantly affect their selective binding to CSL.
Here, we performed comparative analyses of the CSL-binding
motifs of SMRT (1830EHAPIWRP 1837) and KyoT2 (186VKAPVWWP 193)
by preparing and analyzing swap mutants between two motifs.
The results indicated that Val186 and Trp192 residues of CIMK
are the major determinants required for its higher binding affinity
to CSL than that of CIMS. Therefore, we designed a peptide with
high affinity binding activity to CSL. This peptide could increase
the transcriptional activity of NICD and relieve the KyoT2mediated repression of NICD activity in mammalian cells.

RESULTS AND DISCUSSION
Construction of swap mutants with the chimeric sequence
between CIMS and CIMK motifs
Our results consistently indicated that CIMK has a stronger
binding affinity to CSL than that of CIMS in yeast two-hybrid,
GST pull-down, and bimolecular fluorescence complementation
(BiFC) assays (Figures 1 and 2). To reveal the major determinants
required for high-affinity binding to CSL, we performed a
comparative analysis of CSL-binding motifs of CIMS and CIMK.
Sequence comparisons of CIMK and CIMS suggest the residues
Val186 or Trp192 of CIMK to be responsible for this difference
because they facilitate hydrophobic interactions with F235
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FIGURE 1 I Yeast two-hybrid interactions of CSL with CIMS-CIMK
swap mutants. (A) CIMS-CIMK swap mutants used in this study. The
key residues for swapping between CIMK and CIMS sequences are
indicated by red and blue colors, respectively. Positions and residues for
CIMK mutations (for CIMS mimic) and CIMS mutations (for CIMK mimic)
are indicated. The conserved Ala residue between CIMS and CIMK is
denoted as +1 for convenience. (B, C) Yeast two-hybrid interactions
between CSL and swap mutants of CIMS (B) or CIMK (C). LexA-fused
CSL and indicated B42-fused CIMK or CIMS proteins were expressed
in the yeast strain EGY48 containing a lexA op -LacZ reporter plasmid.
Liquid β-galactosidase assays were performed as described. E.V; empty
vector.

and P260 residues of CSL-BTD (Collins et al., 2014). In CIMS,
Glu1830 and Arg1836 residues are located in the corresponding
positions of CIMK and do not show hydrophobic interactions
similar to those of CIMK (Kim and Lee, 2019). These results
suggest the important contribution of Val186 and Trp192
residues in the high affinity binding of CIMK to CSL. In addition,
the Val190 residue of CIMK is changed to Ile1834 in CIMS.
However, this substitution may not be attributed to the lower
binding affinity of CIMS as these residues can interact with A258
of CSL with comparable affinity.
To investigate this, we prepared various swap mutants with
the chimeric sequence between CIMK and CIMS motifs (Figure
1A). For sequence comparison convenience, we denoted the
conserved Ala residue of CIMS (A1832) or CIMK (A188) as +1.
For CIMS mimic mutants for CIMK, three single mutants were
constructed by introducing V-2E, V+3I, and W+5R mutations in
CIMK. For CIMK mimic mutants of CIMS, we generated three
single mutants (E-2V, I+3V, and R+5W) and two double mutants
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FIGURE 2 I Interactions of CSL with CIMS-CIMK swap mutants in
GST pull-down and BiFC assays. (A, B) In vitro GST pull-down assay.
In vitro translated and 35S-labeled CSL were incubated with the indicated
GST-fused proteins (CBBR staining) of CIMS (A) or CIMK (B) mutants
and the bound proteins were analyzed as described. The relative
binding activities (%) of swap mutants are quantified and represented
as the graph (bottom) in which the input signal is set to 5%. M; M.W of
marker protein (kDa). (C, D) Mammalian BiFC assay for interactions of
KGN-fused SD2b (C) or CIMK (D) mutants with KGC-CSL in HEK293
cells. Cells were transiently transfected with the indicated KGN- and
KGC-fused constructs and the fluorescence signals from whole cell
lysates were measured as described. E.V (empty vector) and N.T (no
transfection) were used as negative controls. RFU; relative fluorescence
units.

(I+3V/R+5W and E-2V/R+5W) of CIMS (Figure 1A).
Val186 and Trp192 residues of CIMK are major determinants for
high affinity binding to CSL
First, we evaluated the interaction profile of the swap mutants
with CSL in the yeast two-hybrid assay (Figure 1B, C). For CIMS
mutants (CIMK mimic), the CSL-binding activities of E-2V and
R+5W mutants were substantially increased to the binding
activity level of CIMK, whereas the I+3V mutation (to similar
amino acid) exhibited negligible effects on CIMS binding to CSL
(Figure 1B). Two double mutants also exhibited CSL-binding
activity comparable to that of CIMK, as expected. Additionally,
we tested vice-versa mutants of CIMK (CIMS mimic) harboring
V-2E, V+3I, and W+5R mutations (Figure 1C). Notably, two CIMS
mimic mutants, V-2E and W+5R, showed lower binding activity
than that of CIMS. This was in contrast to the CIMK V+3I mutant
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that retained its wild-type activity. These results indicate that
the hydrophobic interactions of Val186 (V-2) and Trp192 (W+5)
of CIMK with F235 and P260 residues of CSL are the major
determinants necessary for high-affinity binding of CIMK to CSL
and the absence of these interactions decreases the overall
binding strength between CIMK and CSL compared to that of
CIMS-CSL binding.
Next, we verified the importance of Val186 (V-2) and Trp192
(W+5) residues of CIMK for CSL interaction in both in vitro and
mammalian cell systems (Figure 2). In a GST pull-down assay,
three CIMS mutants (CIMK mimic) with E-2V and/or R+5W
mutations displayed enhanced CSL-binding activities whereas
V-2E or W+5R mutation in CIMK (CIMS mimic) decreased the
CSL-binding activity of CIMK (Figure 2A, B). The I+3V and V+3I
mutations did not significantly affect the CSL-binding activities
of CIMS and CIMK, respectively. To examine the protein-protein
interactions of CSL with swap mutants in mammalian cells,
BiFC assays were performed (Figure 2C, D) (Kerppola, 2006).
In this case, the SD2b region was used for CSL binding instead
of CIMS because CIMS-CSL binding is too weak to analyze it
quantitatively. Briefly, swap mutants (in SD2b and CIMK) and
CSL were fused with the N- and C-terminal portions of Kusabira
Green protein, respectively, and coexpressed in HEK293 cells via
transient transfection. In the BiFC assay, we obtained a binding
pattern of swap mutants similar to those from yeast two-hybrid
and GST pull-down assays (Figures 1 and 2). Notably, the I+3V
mutant of SD2b showed significantly decreased activity in CSL
binding, suggesting that Ile1834 of CIMS plays a crucial role in
CSL binding in mammalian cells or in the context of SD2b. Taken
together, these results support that Val186 and Trp192 residues
of CIMK are major determinants for high affinity binding to CSL.
In vitro competitive binding of CIMS, KyoT2, and CIMSGOF
mutant to CSL
Because CIMK mimic mutants of CIMS (E-2V/R+5W) exhibited
enhanced CSL binding activity, we named this mutant CIMSGOF,
the gain-of-function mutant of CIMS. Next, we performed a
competitive binding assay to directly compare the CSL-binding
affinities of the CIMS, KyoT2, and CIMSGOF mutant in vitro
(Figure 3). The in vitro binding assay between MBP-fused CIMK
and 35S-labeled CSL was performed in the presence of GSTfused CIMS, CIMSGOF, SD2b, or KyoT2 protein as competitors.
To analyze competitive binding quantitatively, CIMK-CSL
interaction was challenged with increasing amounts of each
competitor protein (excess molar ratio from 1-8X compared to
MBP-CIMK protein). As shown in Figure 3A, the addition of GSTCIMS protein reduced the binding of CSL to MBP-CIMK in a
dose-dependent manner to 25% of the binding level measured
without competitors (from 40% to 10% in absolute binding level).
However, the inclusion of GST-SD2b, -KyoT2, or -CIMSGOF
proteins diminished this binding to a greater degree than the use
of CIMS to 10-15% of the level measured without competitors
(Figure 3C). These results demonstrate that the E-2V/R+5W
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FIGURE 3 I Competitive in vitro binding of CIMS, KyoT2, and CIMSGOF
mutant to CSL. (A) MBP-CIMK protein was incubated with 35S-labeled
CSL with increasing amounts of competitor proteins (GST-fused CIMS,
CIMSGOF, SD2b, or KyoT2) at the indicated molar ratio (1× to 8×) and
the bound CSL proteins were analyzed. The input represents 20% of
the 35S-labeled CSL protein used in the assay. (B) Purified GST-fused
competitor proteins were resolved by 10% SDS-PAGE and visualized
by Coomassie blue (CBBR) staining. M; M.W of marker protein (kDa).
(C) The amounts of bound CSL were quantified from the competitive
binding data (A) and represented in the graph.

mutations of CIMS increased its CSL-binding activity to the
levels of KyoT2, confirming the importance of these residues
of CIMK for high-affinity binding to CSL in accordance with our
previous results (Figures 1 and 2).
CIMSGOF peptide relieves the KyoT2-mediated repression of
NICD transactivity in mammalian cells
The in vitro competitive binding assay results indicated that the
peptide form of CIMSGOF can be used as an in vivo competitor
of CSL interactions with corepressors, such as SMRT and
KyoT2. The designed CIMSGOF peptide (21mer) comprised the
N-terminal protein transduction domain (PTD, YARVRRRGPRR)
of Hph-1 protein (Choi et al., 2006) and C-terminal CIMSGOF
sequence (VHAPIWWPGT). First, we explored the effects of the
CIMSGOF peptide in CSL binding to SD2b or KyoT2 in the BiFC
assay system as shown in Figure 2. As a negative control, PTDfused mock peptide with an unrelated sequence was also tested.
As shown in Figure 4A, BiFC interaction of CSL with SMRT-SD2b
or KyoT2 was not affected by the presence of the mock peptide,
whereas the CIMSGOF peptide decreased these interactions
in a dose-dependent manner. The inhibitory effect on CSLSD2b binding was greater than that on CSL-KyoT2 interaction.
This result indicated that the CIMSGOF peptide can block CSLcorepressor binding in mammalian cells. Next, we examined
the effects of the CIMSGOF peptide in the transcriptional
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FIGURE 4 I CIMSGOF pept id e r elieves t he KyoT2-med iated
repression of NICD activity in mammalian cells. (A) The CIMSGOF
peptide decreases the interaction of CSL with SD2b or KyoT2 in the
BiFC assay. HEK293T cells were cotransfected with 500 ng of KGC-CSL
protein expression plasmid and 500 ng of KGN-SD2b or -KyoT2. After 4 h
of transfection, cells were grown in the presence of DMSO or increased
concentrations (25, 50, and 100 μM) of PTD-Mock or -CIMSGOF (E-2V/
R+5W) peptides for 2 days. The fluorescence signals from whole cell
lysates were measured as described. RFU; relative fluorescent unit. (B)
The CIMSGOF peptide increases the transcriptional activity of NICD
in mammalian cells. (C) The CIMSGOF peptide relieves the KyoT2mediated repression of NICD activity. HEK293T cells were cotransfected
with 150 ng of LacZ reporter, 200 ng of 4×CBS-Luc reporter, along with
or without 200 ng of NICD or 100 ng of KyoT2. After 4 h of transfection,
cells were grown in the presence of DMSO or increased concentrations
(25, 50, and 100 μM) of PTD-CIMS or -CIMSGOF peptides for 2 days.
The cell extracts were prepared and assayed for luciferase activity. RFU;
relative fluorescent unit.

activity of NICD compared with that of the PTD-CIMS peptide
(EHAPIWRPGT). The expression of NICD increased the luciferase
activity of the reporter gene by ~3.5-fold and the CIMS peptide
had no significant effects on NICD activity (Figure 4B). Notably,
the CIMSGOF peptide increased NICD activity in a dosedependent manner (Figure 4B). This dominant-negative effect
suggests that the CIMSGOF peptide does not inhibit CSL-NICD
interaction and functions as a corepressor-specific blocker in
vivo. As mentioned in the introduction, the mode of CSL-NICD
interaction is more complicated than that of corepressor binding
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to CSL-BTD, which might explain the basis for this preference
(Hall and Kovall, 2019). We also investigated the effects of
CIMSGOF on NICD activity in the presence of corepressor
KyoT2. As shown in Figure 4C, transcriptional activity of NICD
was completely repressed by KyoT2 expression. The presence
of the CIMS peptide had a negligible effect on this repression,
whereas the CIMSGOF peptide could relieve the KyoT2mediated NICD repression in a dose-dependent manner (Figure
4C). These results strongly suggest that the CIMSGOF peptide
can act as an in vivo competitor of endogenous corepressor
proteins, such as SMRT and KyoT2, and an artificial activator
for the transcriptional activity of NICD. Taken together, we
believe that this molecule can be used as a tool to understand
the regulatory network of the CSL transcription factor and as a
lead to develop the activator compounds for the Notch signaling
pathway.

METHODS
Construction of plasmids
Details of KGC-CSL, KGN-SD2b (amino acids 1750-1952 of
hSMRT), pGEX4T-1-SD2b, pGEX4T-1-CIMS (amino acids 18161846 of hSMRT), pGEX4T-1-CIMK (amino acids 172-202 of
hKyoT2), KGN-CIMK, pCMV-flag-CSL, pCMX-myc-NICD, and
4×CBS luciferase reporter plasmids were described in previous
studies (Ann et al., 2012; Kim et al., 2018; Kim and Lee, 2019). To
construct pB42-CIMS and -CIMK, the corresponding DNAs were
obtained from each of the pGEX4T-1 constructs and inserted
into the EcoRI/XhoI sites of the pB42AD vector. The human
KyoT2 gene was generated by PCR and transferred into KpnI/
XhoI sites of pcDNA3-HA, KGN-MC (Amalgaam), and pGEX4T-1,
resulting in the construction of pcDNA3-KyoT2, KGN-KyoT2, and
pGEX4T-1-KyoT2, respectively. To construct pEG202-CSL, the
CSL fragment was prepared by PCR and inserted into the EcoRI/
XhoI sites of pEG202. Site-directed mutagenesis was performed
using a Quickchange II site-directed mutagenesis kit (Agilent
technologies) to generate missense mutations for various CIMSCIMK swap mutants (in pB42AD, pGEX4T-1, and KGN-MC
vectors).
For the competitive binding assay, EcoRI/XhoI fragments of
pcDNA3-HA-CIMK and pB42-CIMS_R+5W were ligated into the
EcoRI/XhoI sites of pET28a-MBP-HTa (Addgene) and pGEX4T-1
vectors, respectively. All constructs were confirmed by DNA
sequencing.
Yeast two-hybrid and in vitro GST pull-down assay
The yeast strain EGY48 containing the pSH18-34 (8XlexA opLacZ ) reporter plasmid was co-transformed with the expression
plasmids for LexA-CSL and B42AD-fused prey by the lithium
acetate method. Liquid assays for β-galactosidase activity were
carried out for three transformants, as described previously (Kim
et al., 2007). For the GST pull-down assay, wild-type CSL protein
was labeled with 35S-methionine using a TNT in vitro translation
kit (Promega). The radiolabeled CSL was mixed with equivalent
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amounts of GST or GST-fused CIMS/CIMK derivatives bound to
glutathione-agarose beads (Sigma-Aldrich) pre-equilibrated with
buffer A [25 mM Hepes-KOH (pH 7.5), 10% glycerol, 200 mM
KCl, 1 mM EDTA, 0.01% Nonidet P-40, 1 mM DTT, 1X protease
inhibitor cocktail] in a final volume of 300 μL. The beads were
washed three times with the same buffer, and the bound proteins
were analyzed by 8% SDS-PAGE followed by autoradiography.
Details of the expression and purification of GST proteins have
been described previously (Kim et al., 2012). The amounts of
bound CSL proteins were quantified using an FLA-7000 image
analyzer (Fujifilm Corporation).
Cell culture and transient transfection assay
HEK293 cells were maintained in DMEM (Welgene) supplemented
with 10% fetal bovine serum (Welgene) and antibiotics-antimy
ces (Gibco). Cells were seeded in 24-well plates with 5-8 × 104
cells/well on the day prior to transfection. Transient transfections
were performed using the TurboFect (Fermentas) systems
according to the manufacturer’s instructions. After 48 h of
transfection, whole-cell lysates were prepared in RIPA buffer [50
mM Tris-HCl (pH 8.0), 5 mM EDTA, 150 mM NaCl, 1% NP-40, 1
mM PMSF] and used for luciferase and β-galactosidase assays.
Luciferase activity was normalized to β-galactosidase activity for
each sample.
Mammalian BiFC assay
BiFC assays were performed using a Fluo-Chase kit (Amalgaam)
according to the manufacturer’s instructions (Kerppola, 2006).
Briefly, swap mutants (in SD2b and CIMK) and CSL were fused
with the N- and C-terminal portions of the Kusabira Green
protein, respectively, resulting in the construction of KGNSD2b/-CIMK and KGC-CSL expression plasmids, respectively.
KGN-fusion proteins (-SD2b or -CIMK) were coexpressed along
with KGC-CSL in HEK293 cells via transient transfection. After
48 h of transfection, whole-cell lysates were prepared and the
fluorescent signals (excitation wavelength: 494 nm, emission
wavelength: 538 nm) from the samples were measured using
a fluorescence spectrometer (Molecular Devices, Spectra max
GEMINIXPS) as previously described (Kim et al., 2015).
In vitro competitive binding assay and peptide preparation
The MBP-fused CIMK was expressed in an Escherichia coli
BL21 Star (DE3) strain (Novagen). Cells were cultured for
1 h at 37°C then treated with 0.1 mM of isopropyl β-D-1thiogalactopyranoside for an additional 24 h at 18°C. The
harvested cells were disrupted by sonication and the MBPfused CIMK was purified with amylose beads according to the
manufacturer’s instruction (New England BioLabs). For the
purification of GST-fused competitor proteins, the indicated
GST-fused proteins (CIMS, CIMSGOF, SD2b, and KyoT2)
were expressed in the E. coli DH5α strain. The GST-fused
proteins were then purified as described and eluted with buffer
A containing 20 mM of reduced glutathione for 30 min at 4ºC.
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For the in vitro competitive binding assay, in vitro translated
35
S-labelled CSL was incubated with MBP-CIMK bound to
amylose beads in combination with the increased amounts of
GST-fused competitor proteins (molar excess from 1× to 8×).
The bound 35S-CSL was quantitated as described in GST pulldown assays. The peptides were chemically synthesized (Anygen)
and dissolved in DMSO to a concentration of 20 mM.
Statistical analysis
All quantitation experiments were repeated two or three times
on triplicated samples. Student’s t -test was used to measure
statistically significant differences between control (wild-type)
and sample (swap mutant) groups in the corresponding graphs
and their p-values were less than 0.05 in all cases.
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