1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
J Mol Biol. 2007 January 19; 365(3): 577-589.

Quantitative Dissection of the Notch:CSL Interaction: Insights into
the Notch Transcriptional Switch

Olga. Lubmanl’z, Ma. Xenia G. Ilaganz, Raphael Kopanzy*, and Doug Barrickl:”
1 T.C Jenkins Department of Biophysics, Johns Hopkins University, Baltimore, MD, USA.

2 Department of Molecular Biology and Pharmacol ogy and Department of Medicine, Washington University
School of Medicine, Saint Louis, MO, USA

Abstract

Complex formation between the intracellular domain of the Notch receptor (NICD) and the
transcription factor CSL is indispensable for transcriptional activation. To understand how NICD
displaces CSL-associated co-repressors, we have quantified the binding of different Notchl ICD
regions to a key interaction domain (the beta trefoil domain, or BTD) of human CSL. Electrophoresis,
scattering, and titration calorimetry indicate that NICD and BTD combine to form a 1:1 heterodimer.
Neither the Notch1 ankyrin domain (ANK) nor C-terminal region contributes binding energy towards
BTD. In contrast, binding energy is attributed largely to a short segment including the conserved
WFP sequence motif within the RAM region (the ~140 residue polypeptide segment N-terminal to
the ANK domain); substitution of this motif substantially reduces affinity. Short (< 25 residues)
WFP-containing peptides encoded by the four mammalian Notch genes have similar affinities to
BTD; thus, activity differences between paralogues either result from other regions of NICD and
CSL or from differences in interaction with downstream components. The importance of RAM was
demonstrated by the ability of a short RAM peptides to dissociate NICD:CSL interaction in cellular
lysates. These results support an emerging molecular mechanism for the displacement of co-
repressors from DNA-bound CSL by NICD.

Keywords

CSL; Isothermal Titration Calorimetry; Notch Intracellular Domain; Notch Signaling;
Transcriptional Activation

Introduction

The Notch signaling pathway mediates short-range signals involved in regulating a myriad of
cellular processes.~4 Notch signaling is unique among the major signal transduction pathways
because it does not involve second messengers, and as a result, ligand mediated activation is
not amplified. Activation of the Notch pathway is triggered by binding of a cell surface ligand
from the DSL (Delta, Serrate and Lag2) family to specific EGF-like repeats in the extracellular
domain of Notch receptors (Figure 1A). This binding is likely to induce a conformational
cha1nge3‘6 that exposes the juxtamembrane region to cleavage by ADAM metalloproteases.
78 The exposed amino terminus is recognized by y -secretased, which cleaves Notch within
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its transmembrane domain leading to the dissociation of its intracellular domain (referred to
as NICD) from the membrane. Liberated NICD is able to enter the nucleus, where it initiates
a “transcriptional switch” by binding to a DNA-bound CSL repressor complex (CBF or
RBPjk in vertebrates, Su(H), Drosophila, Lag-1 in C. elegans) and converting it to a
transcriptionally active complex (Figure 1B).10 The molecular mechanisms underlying this
conversion, which involves the displacement of repressor proteins by NICD and recruitment
of transcriptional activators to DNA-bound CSL, are not well understood. The biophysical and
biochemical studies described here are aimed at dissecting a step central to the NICD-mediated
transcriptional switch: the interaction between DNA binding protein CSL and NICD.

CSL proteins reside in the nucleus, where they are constitutively bound to upstream regulatory
regions of Notch-regulated genes.11 In Drosophila, the CSL protein (Suppressor of Hairless)
interacts with Hairless and CtBP repressor proteins.12 In vertebrates, the CSL protein (RBP-
jx ) interacts with the ubiquitous proteins SKIP and SMRT which recruit one of several
abundant transcriptional co-repressor complexes.13*14 Successful signaling via the Notch
receptors depends on the ability of low concentrations of NICD to displace the abundant co-
repressor complexes.15'16 Once formed, the NICD:CSL complex recruits the Mastermind
(MAM) protein10 and the histone acetylase (p300)17 to assemble a transcriptionally active
complex (Figure 1B, reviewed by Lubman et aLI).18

Identification of the NICD binding sites on CSL was greatly aided by initial deletion
mutagenesis studies9:20 and more recently by several crystal structures of DNA-bound CSL
groteins (RBP-jx and Lag-1) alone?L and in quaternary complex with Notch and MAM.22;
3 All structures reveal that CSL is composed of three integrated domains: a N-terminal Rel
homology domain (NTD), a central beta-trefoil domain (BTD) and a C-terminal Rel homology
domain (CTD). The BTD domain makes extensive hydrophobic and k}/drogen-bonding
interactions with the N-terminal RAM (RBPjk Associated Molecule2 ) region of NICD23
while the NTD and CTD make extensive electrostatic and van der Waals interactions with the
more C-terminal ankyrin domain (ANK) of NICD.22:23 Co-immunoprecipitation studies
suggest that although the ANK:CSL interaction involves a larger surface area than the
RAM:CSL interaction, the interaction with ANK is weaker than that with RAM.25

Previous genetic and tissue culture experiments have identified an essential peptide sequence
within the RAM region (WFP in mouse and human Notch 1) as being critical for the interaction
of Notch with CSL. This motif is well-conserved not only in the four mammalian Notch
paralogues, which have all been shown to interact with CSL,26’27 but also among Notch
receptors from different species. In addition to the WFP motif, the 120 residue segment located
between the transmembrane and ANK domains of the Notch protein has conserved regions
that have also been implicated in the interaction with CSL. NICD fragments beginning at the
C-terminal part of RAM can activate transcriptionzs_30 and bind to CSL (RK and Eric
Schroeter, unpublished observation); however, mutants lacking only the WFP motif fail to
interact with CSL.19:31 The crystal structure of the Caehonrhabditis elegans CSL, Notch and
Mastermind proteins on cognate DNA suggests that only 10 most membrane-proximal residues
including WFP interact with the BTD domain of CSL. Both in the crystal structure and in
isolation, RAM is largely unstructured (23’25 and A. Bertagna and D.B, in preparation).

In addition to the RAM and ANK regions, sequence elements C-terminal to the ANK domain
(referred to as the PPD region) have recently been implicated in binding to csL.3L This region,
which has not been characterized structurally, spans 50 residues downstream of the 7t ankyrin
repeat and contains a ten-residue Drosophila-specific sequence insertion. In vitro co-
immunoprecipitation experiments together with in vivo experiments in Drosophila embryos
suggest that this region constitutes yet another binding site for CSL, and its deletion reduces
Notch activity.31
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Genetic and tissue culture experiments, as well as the crystal structure of the quaternary
complex formed by CSL, NICD, MAM and DNA, have significantly advanced our
understanding of Notch mediated transcriptional activation.23:25,3Z The binding of RAM
induced Ion%-range conformational changes in CSL that may facilitate dissociation of co-
repressors,2 however, several important mechanistic questions remain unanswered: What is
the binding affinity of NICD to CSL? Is the affinity of NICD to the BTD domain of CSL
determined exclusively by RAM or do the other two domains in NICD (ANK, PPD) contribute
to this interaction? Are the three CSL binding sites on NICD acting synergistically or
independently of one another, perhaps facilitating an allosteric change in CSL? To begin
addressing these questions, and to identify CSL:Notch binding interfaces that are suitable for
future inhibitor design, we have undertaken biochemical and biophysical studies of BTD:NICD
interaction. These studies, which utilize thermodynamic, hydrodynamic and biochemical
methods, comprise the first quantitative analysis of this association. We correlate the
thermodynamic results presented here with the complex formation between intact CSL (RBP-
ji) and full length NICD derived from mammalian cells by demonstrating the effectiveness
of minimal BTD-binding peptides in disrupting Notch:CSL interaction. Through defining and
quantifying this critical component of Notch:CSL binding, we provide a framework for amodel
to explain how low concentrations of mammalian Notch can effectively displace abundant co-
repressor complexes.

This study focuses on binding of the BTD domain of CSL to different regions of NICD (Figure
1C). The longest NICD construct examined here, referred to as RAMANKPPD contains three
previously described binding regions: the RAM region,24 the ANK domain, and the PPD
region located C-terminal to the ANK domain. The construct referred to as RAMANK lacks
the PPD site, whereas in the RAMANKPPDWFP construct these three critical residues are
substituted with alanines. This triple-substitution was previously shown to abolish NICD:CSL
interaction in co-immunoprecipitation experiments and transcriptional assays.24 We used two
different CSL constructs (RBP-jk residues 161-392, and residues 161-349) because these
boundaries span the BTD domain,?L and were amenable to expression and purification at
sufficiently high levels for biophysical studies. In addition to the BTD, both constructs contain
a long B -strand that connects the NTD, BTD, and CTD domains; furthermore, the longer of
the two constructs contains two B -strands from the CTD domain of human CSL. A recent
crystal structure of CSL/RAMANK/MAM on DNA shows that these (3 strands are critical for
the interaction between the CTD of CSL and the ANK domain of Notch.23 To ensure that both
constructs are properly folded, we have used far-UV CD spectroscopy to monitor secondary
structure elements. The far-UV spectra of Notch and the CSL polypeptides derived from RBP-
jk are consistent with the presence of a -helical (Notch) and  -strand (CSL) structures, as
expected (data not shown).

The BTD domain of CSL and the Intracellular Domain of Notch form a Heterodimeric Complex

in Solution

We first used native gel electrophoresis to ask if the purified proteins form stable complexes
in solution. Mixing of the BTD domain of CSL with RAMANKPPD gave rise to a third species
of higher mobility in a concentration dependent manner (Figure 2A). The amount of the
complex formed during titration is limited by the amount of the binding partner that is held
constant. The complex also formed between the BTD and RAMANK, indicating that the PPD
site is not necessary for complex formation (Figure 2B). Although the WFP to AAA
substitution still permits the formation of an apparent higher molecular weight complex, the
stability of this complex appears to be substantially reduced, as the unbound static component
(BTD) was not significantly depleted by the excess of RAMANKPPDWFP (Figure 2C).

J Mol Biol. Author manuscript; available in PMC 2007 April 11.
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Consistent with this interpretation, the high mobility species formed by RAMANKPPDWFP
were smeared and diffuse, suggesting dissociation of the complex during electrophoresis.33
In contrast, neither BTD construct forms a complex with the isolated ANK domain (Figure
2D), as expected from the biochemical and crystallographic studies.2223,25 Although the
BTD161-392 construct contains two orphaned p -strands from the CTD domain of CSL that
have been implicated in ANK binding, these structural elements are not likely to fold or support
binding in the absence of the entire CTD domain. Overall, these native electrophoresis
experiments indicate that the RAM region of NICD is critical for complex formation with the
BTD domain of CSL in solution, and that the ANK and PPD regions of NICD are less critical
for formation of this complex with BTD (if they participate at all).

The BTD domain of CSL binds to Notch with 1:1 stoichiometry

To determine the stoichiometry of NICD:BTD interaction, we have used chemical cross-
linking and multi-angle light scattering (MASLS). The advantage of chemical cross-linking
over native gel electrophoresis is that molecular weight can be determined from mobility on
SDS PAGE. Using the BS3 cross-linker, we detected a ~ 72kD band that was only observed
when both CSL and RAMANKPPD or RAMANK were included (Figure 3A). This apparent
size is very close to the sum of the molecular weights of RAMANK and BTD 161-349 (44 and
24KkD, respectively), suggesting a 1:1 stoichiometry in solution.

We also examined the molecular weight of RAMANK, BTD161-349 and a 1:1 mixture of the
two proteins using size exclusion chromatography coupled with MASLS (Figure 3B). This
technique provides the weight-averaged molecular weight at each point of the chromatographic
elution profile 34 At1:1 molar ratio, RAMANK and BTD elute together in a single peak with
the molecular weight of 75 + 1.6kD (Figure 3B). Interestingly, MASLS detected no association
between RAMANKPPDWFP and BTD. This is consistent with a decreased affinity suggested
from native gel electrophoresis; the lack of detection of any dimeric species by MASLS
suggests a more complete dissociation on the gel filtration matrix than in a cross-linked gel
cage. Likewise, a mixture of the ANK domain with BTD elutes as two separate peaks at
monomer molecular weight, with no evidence of complex formation (data not shown). The
failure to form complexes of higher molecular weight when either component is in large
stoichiometric excess indicates that the RAMANK:BTD complex is limited to a 1:1
stoichiometry.

The RAM domain is the sole binding determinant of the BTD:Notch interaction

To quantitatively dissect the contribution of the different regions of NICD towards binding to
the BTD, we examined the binding of RAMANKPPD, RAMANK, RAMANKPPDWFP ‘and
a collection of peptides of varying lengths centered on the WFP motif of the RAM region, to
the BTD domain of CSL using isothermal titration calorimetry (ITC). ITC directly measures
the heat of association of a titrant (NICD fragments) with its binding partner (BTD), providing
a direct determination of the association constant (K3), the stoichiometry (n), and the enthalpy
of binding (AH®y). The free energy and entropy of binding are then calculated from K, and
AHp, using well-known relations:

AGY = —RTINKj AS, =RInK, +aH [T

Figure 4A shows baseline-corrected heat peaks resulting from substoichiometric additions of
RAM to the BTD domain. Figures 4B and 4C display representative integrated ITC heats of
titration of BTD161-349 with RAMANKPPD, RAMANK, RAM and RAM-derived peptides.
RAMANKPPD binds to BTD with a relatively high affinity (Kq=200nM) and binding enthalpy
(—9.3 kcal/mole). RAMANK binds to BTD with an affinity nearly identical to that of
RAMANKPPD, suggesting that the PPD region does not contribute to the stability of
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NICD:BTD interaction (Table 1). The full length RAM polypeptide (120 residues) binds to
the BTD domain of CSL with the same affinity as RAMANK, indicating that the RAM region
is the only element within NICD contributing to the affinity of interaction with the BTD
domain. Moreover, the similar affinities of RAMANK and the RAM polypeptides suggest that
the interaction of the RAM domain on the isolated BTD domain is not affected by covalent
linkage to the ANK domain.

To further dissect the boundaries of the BTD binding motif within the RAM region, we
synthesized a series of shorter peptides centered on the Notchl WFP motif and examined their
ability to bind BTD (Figure 4C and Table 1). The longest peptide (NIRAM22, 22 residues;
Figure 5A) has a modestly decreased affinity towards BTD (A AG°=0.6 kcal/mol, relative to
the 120 residue RAM construct). A peptide with a C-terminal truncation (NIRAM13, 13
residues; Figure 5A) produces only a slight (0.4 kcal/mol) additional decrease in binding free
energy compared to NIRAM22 (Table 1). N-terminal extension by three residues (N1IRAM16,
Figure 5A) has no effect on binding free energy compared to this minimal 13 residue peptide
(Table 1). As expected, an inverted, 22 residue peptide control (InvN1RAM22) does not
associate with BTD in the ITC experiment. ITC also confirmed that the interaction between
BTD and the RAMANKPPDWFP protein is very weak, since the heat peaks observed for that
titration did not deviate significantly from the baseline (data not shown). Combined, these
observations confirm that 13 membrane-proximal residues that span the WFP motif of RAM
are critical for the interaction with BTD domain of CSL.

Although the free energies of binding of the 120 residue RAM polypeptide to BTD are similar
to those of the short peptides, enthalpies of binding differ substantially, with NIRAM13 and
N1RAMZ22 producing a larger heat release upon binding (A AH°=—7 kcal/mol). In contrast,
N1RAML16 has a binding enthalpy similar to the 120 residue RAM polypeptide (Table 1, Figure
6), suggesting that the three N-terminal residues included in NIRAM16 contribute to both
binding entropy and enthalpy, with little net contribution to free energy. Consistent with cross-
linking and MASLS experiments described earlier, all the NICD constructs that interact with
the BTD domain show a 1:1 stoichiometry in the ITC.

Binding energies of RAM peptides from the four Notch paralogues

Unlike CSL, mammals have four different Notch genes, which when tested in parallel within
the same cell-based transcription assays display different activities.39=37 As the RAM region
of NICD has previously been shown to be critical for interaction with CSL,24'25'38 and our
studies demonstrate the interaction of Notch1 with the BTD domain to be restricted to a short
segment surrounding the WFP motif of RAM, divergence within the RAM region seems likely
to account for the differences among the four Notch paralogues (Figure 5B).

To test whether differences in activities among the four Notch genes reflect differences in the
affinities of respective RAM regions with BTD, we compared the binding affinities of peptides
containing the WFP regions of the four mouse Notch receptors. Peptides were synthesized to
be analogous to NIRAM22, which showed the highest affinity of the three Notchl RAM
peptides we examined (Table 1). Because there are insertions of 1-3 residues C-terminal to
the WFP region of Notch2-Notch4, these peptides were slightly longer than NLIRAM22 (Figure
5B). Although the Notch3 peptide interaction with BTD may be slightly weaker than for the
other three peptides (see N3RAM25, Table 1), correlating with its poor activation potential,
binding free energies of the four peptides are remarkably similar to one another.

The finding that these four peptides bind with such similar affinities indicates that any
specificities arising from differences in NICD:CSL interaction likely involves other regions of
Notch. One likely candidate region for such affinity differences is the ANK domain, which
shows substantial surface sequence variation39, and may result in differences in affinity toward
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the NTD and CTD domains of CSL. Consistent with this, Beatus et al. have found that
differences in transcriptional activation between Notch1 and Notch3 are determined by the
ANK domains.#0 Moreover, the similarities of the binding affinities of these four Notch
peptides further define the consensus sequence determinants for BTD binding surrounding the
WEFP motif (Figure 5B). Although structural analysis of the C.elegans lin12 RAM region bound
to the BTD domain of lagl might be expected to further refine this binding sequence, the
sequence similarity of the mammalian paralogues to the lin12 RAM sequence is limited,
making this comparison tenuous. Finally, although the sequence differences among the four
Notch RAM peptides do not affect free energies of binding, the binding enthalpies and entropies
vary significantly (see discussion).

The lack of detectable binding by ITC of RAMANKPPDWFP confirms the importance of the
WFP sequence for the RAM:BTD interaction. As all four of the Notch paralogues contain close
approximations to this motif (WLP in Notch2 and Notch4), it might be expected that this short
tripeptide sequence would sufficient for the ~8 kcal/mol binding free energy of these peptides
and longer constructs. This is not, however, the case, as demonstrated by the lack of interaction
of BTD with a variant of the mouse Notch2 RAM peptide that results from what was likely a
sequencing error (N2 frameshift, Figure 5B).1 Like the inverted Notchl sequence, this
frameshifted sequence shows no heat peaks upon injection into BTD in the ITC, although it
contains a WLP tripeptide sequence. This observation confirms that sequences outside of the
W(F/L)P sequence (for Notch2, four and three residues in the N- and C-terminal direction,
respectively) also contribute significantly to binding.

Notchl RAM peptides inhibit NICD1:CSL interaction in cellular extracts

The experiments above that map the NICD:BTD interactions to a short segment of RAM were
performed with a bacterially produced BTD domain, not the entire CSL protein. To
demonstrate the relevance of this interaction in the context of the full-length CSL protein and
in amore complex cellular environment, we asked if the Notchl RAM peptides could compete
with NICD1 for binding to full length CSL in cellular extracts. To evaluate binding, we used
an immunodepletion strategy. Human HEK293 Cells were transfected either with a 6MT-
NICD1 (overexpressing a Myc-tagged version of the entire mouse Notch-1 intracellular
domain) or a 3xFlag-RBP-jk (expressing the human CSL orthologue) expression vector (see
methods); cell lysates containing each of the two constructs were mixed and were immediately
challenged with increasing concentrations of RAM peptide. We then asked whether the Notchl
RAM peptides could block association between NICD1 and RBP-jk by measuring the amounts
of NICD1 remaining in the supernatant after clearing the mixture by FLAG
immunoprecipitation.

Myc immunoreactivity in the supernatant increased with increasing concentration of Notchl
RAM peptide, but not control peptide (Fig. 7A). Consistent with the ITC-derived binding
affinity, the effectiveness NIRAM22 in disrupting the NICD1:RPBjk interaction was modestly
but reproducibly greater than that of NIRAM13 at low concentration (Fig 7A). When FLAG
antibodies are used on extracts containing NICD1 lacking the RAM domain (6MT-NICD1
RAM), NICD was not depleted (Fig. 7, lane 14). We also examined whether Notchl RAM
peptides were effective in converting pre-assembled NICD:CSL complexes to dissociated
polypeptides by adding RAM peptides to lysates from cells cotransfected with NICD1 and
RBP expression vectors. These RAM peptides are also effective at displacing NICD1 from
preformed complexes with RBP (Figure 7B) as when added during assembly. This finding
suggests that RAM-derived peptide fragments may be able to actively reverse Notch signaling.
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Discussion

The ability of Notch to switch CSL from transcriptional repression to activation is a central
control point in the Notch signaling pathway.19 Molecular, genetic, cell-biological,
biochemical and structural studies observed that this switch involves multiple binding sites
both on NICD and CSL. The thermodynamic and hydrodynamic approaches used here lay out
a quantitative foundation for dissecting this important switch. It is well-established that the
integrity of the NICD:CSL complex relies on the presence of the WFP residues of the RAM
domain.23-25,38 Here we have quantified the binding energy of NICD to a single domain in
CSL (BTD), and dissected NICD to determine the relative contributions of different regions
within NICD to this interaction.

Our findings have implications for several aspects of the transcriptional switch mechanism.
First, the submicromolar binding affinity between BTD and the RAM region of the receptor
may help to make NICD a potent antagonist of the transcriptional co-repressors, facilitating
the transcriptional switch. Although the free energy of interaction is moderate compared to
other protein-protein interactions that have been determined among transcription factors (Table
S1), itis in a similar range to that of the NF-x B p50/p50 homodimer, another eukaryotic
transcription factor Although the identical affinity of RAM binding to BTD compared with
longer constructs that include the ANK domain demonstrates that the ANK domain does not
contribute to the binding affinity toward BTD, it is likely that affinity of NICD with full length
CSL is increased by interaction between the ANK domain and the NTD and CTD domains of
CSL; this interaction was recently demonstrated crystalIographically.zzl23 Second, these
studies indicate that the PPD site does not contribute to the binding affinity to BTD; like ANK,
PPD may interact with a region of CSL located outside of the BTD. Third, the similar affinities
of all four mammalian Notch WFP peptides indicates that differences in transcriptional
activation among the Notch paralogues resides outside this region. Again, it is possible that
these differences result from differences in the ANK domains, either in their interactions with
CSL or with a nearby factor in the activation complex. Alternatively, differences in activation
may result from differences in intramolecular interactions involving the WFP motifs and a
distal region of NICD. Fourth, this affinity range predicts that at the endogenous (low) nuclear
NICD concentrations associated with Notch signaling, NICD will partition among all putative
partners according to their relative affinity, rather than saturating all available partners. For
NICD to have a significant impact on p50 localization for example41, it will have to have a
higher affinity to p50 than 0.2u M.

Energetics of the NICD:BTD interaction

The quantitative ITC results presented here demonstrate that the determinants of NICD:BTD
binding energy reside entirely within the RAM region. Moreover, we find that short WFP-
containing RAM peptides which overlap the 20 residue region of RAM defined
crystallographically inan NICD:CSL complex,23 bind BTD with similar (albeit slightly lower)
affinity to the full-length RAM polypeptide.

In addition to providing free energies of binding, the ITC measurements allow dissection of
binding energy into enthalpic and entropic components (Figure 6). While both RAMANKPPD
and RAMANK bind BTD with relatively modest enthalpy changes, the three RAM-derived
peptides vary greatly in their enthalpies and entropies of binding. Both the 13 and 22 residue
peptides, which share a common N-terminus (see Figure 5A) bind BTD with large favorable
enthalpies and compensating unfavorable entropies (Figure 6). In contrast, 16 residue peptide,
which shares a common C-terminus with NIRAM13 but contains three additional N-terminal
residues, binds BTD with an enthalpy and entropy much closer to that seen for RAM and the
longer NICD constructs (Figure 6).
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Although a number of molecular interactions can contribute to these enthalpy and entropy
differences, it is clear that the N-terminal extension in NIRAM16 (and in RAM), which
consists of three positively charged residues, play a direct role in this enthalpy/entropy
difference. One of these residues, Arg1750 has been shown to interact with negatively charged
patch of the BTD domain in the crystal structure of Notch/CSL/MAM.23 It is possible that
partial desolvation of these basic residues accompanies binding, and that this desolvation is
electrostatically unfavorable but is compensated by increased entropy in the released waters.
As is often observed with molecular interactions, these entropy and enthalpy changes are equal
and offsetting, leaving the free energy of binding unchanged. Likewise, the substantial
differences in enthalpies and entropies of binding of NIRAM22 to BTD compared with the
three analogous peptides from Notch2-Notch4 are offsetting, resulting in similar free energies
of binding of all these peptides. These results suggest that that the affinity of RAM to BTD is
determined by a core binding sequence including the WFP motif (Figure 5B), and that distal
sequence elements contribute in modest, subtle ways.

Mechanistic implications

The ability of the isolated RAM region to enhance the transcriptional activity of the otherwise
inactive RBP-jk (the human CSL orthologue) constructs highlighted the importance of this
region in canonical Notch 5|gnaI|ng Recentlgl two landmark papers describe the Notch/
CSL/MAM/DNA complex at the atomic level. Comparlng the crystals suggests that the
RAM:BTD interaction may trigger long-range allosteric changes in CSL.22:23,32

Our biophysical studies support this model by demonstrating that the RAM domain contributes
substantially to the binding energy of the Notch:CSL interaction. Our biochemical experiments
demonstrate that the RAM domain alone convert a pre-formed cellular Notch:CSL complex
to dissociated subunits, either through a concerted mechanism or by shifting a dynamic
equilibrium. It is possible that RAM binding to the BTD domain is an early step in the
transcriptional switch from repression to activation; this is especially likely if the RAM-binding
region of CSL is not directly involved in co-repressor association.14 Early RAM:BTD
interaction may then facilitate allosteric changes that lower the binding affinity of bound co-
repressor proteins to CSL, facilitating their dissociation, permitting ANK domain association
with CSL and subsequent recruitment of MAM.2°

Implications for targeted therapeutics against aberrant Notch signaling

Perturbations in Notch signaling are often associated with disease. 2 Notch was first implicated
in human disease by its involvement in T-cell acute lymphoblastic leukemia (T-ALL). 43
Recently it was demonstrated that 50% of T-ALL patients acquire sporadic mutations in the
Notch1 locus.® Several other tumors are thought to involve Notch signaling. 44 Targeting
aberrant Notch signaling is currently approached through inhibition of Notch proteolysis;
however, targeting of Notch interactions with effector proteins is also being considered: a
peptide encompassing amino acids 13-74 of the transcrlptlonal activator MAM was sufficient
to inhibit the growth of Notch-induced leukemia cell lines.4 Perhaps an approach more
amenable to small molecule design would be to directly target the critical RAM:BTD binding
interface. Our results indicate that 13 residues surrounding the WFP motif retain most of the
binding free energy for RAMANKPPD:BTD interaction and successfully converts a preformed
Notch:CSL complex isolated from human cells to dissociated polypeptides, making this
peptide a promising starting point for small-molecule inhibitors that directly interfere with
protein-protein interactions.
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Materials and Methods

Subcloning

A fragment of mouse Notch-1 protein encoding RAM domain, seven ankyrin repeats and 80
residues C-terminal to ankyrin repeats (RAMANKPPD; residues 1749 through 2194) was
amplified using polymerase chain reaction (PCR). The PCR product was ligated into the T7
expression vector pProEX HTc (Invitrogen; Carlsbad, CA) in-frame with an N-terminal His-
tag and a TEV protease cleavage site. The same approach was used to clone ANK domain of
Notch, encompassing residues 1872 through 2105. The N-terminal boundary of the ANK
construct does not include the capping helix recently described in the crystal structure of Notch/
CSL/MAM complex on DNA.23The remaining Notch polypeptides used in this study were
made by introducing a stop codon at various places in the RAMANKPPD construct through
QuickChange Mutagenesis Kit (Invitrogen). The RAMANK polypeptide spans residues 1749
through 2114 of Notch-1, whereas the RAM polypeptide spans residues 1749 through 1868.
To generate the 6BMT-NICD1 expression construct, full length mouse Notch 1 cDNA was
amplified by PCR and subcloned into the pCS2+6MT vector.

A fragment of isoform 1 of human isoform1 RBP-jk, the human CSL orthologue, encoding
BTD domain and part of CTD domain (residues 161-392; BTD161-392) was amplified using
PCR from a plasmid containing cloned full length human RBP-jk cDNA (a gift from Alan
Israel). The resulting PCR product was cloned into pPro EX HTc as described for Notch
constructs. Midway through this study, we made a BTD construct lacking additional g -strands
from the CTD domain (BTD61-349) by introducing stop codon at residue 350. The full length
RBPjx was subcloned into the p3XFLAG-CMV?7 vector (Sigma) to generate the 3XFLAG-
RBP-jk expression construct.

Expression and Purification of Notch and RBPjk polypeptides

E. coli strain BL21*(DE3) was transformed with either Notch or RBP-jk constructs and was
grown at 37°C in the presence of 0.1mg/ml of ampicillin to an OD of 0.7-0.8. Protein
expression was induced by adding IPTG to 1 mM, and cells were grown for 4 hours at 37°C.
Cells were collected by centrifugation and were frozen at —80 ° C for at least an hour. Cell
pellets were re-suspended in 50ml of lysis buffer containing 50mM Tris pH 8.0, 300mM NaCl,
10% Glycerol, 2mM B -mercaptoethanol (BME), and an EDTA-free protease inhibitor tablet
(Roche Biosciences). Cells were lysed using a French press. Lysates were cleared by
centrifugation at 15,000 rpm in a JA-20 rotor. The soluble portion of the cleared lysate was
loaded onto -NTA column (Qiagen; Valencia, CA) equilibrated with lysis buffer and eluted
with 300mM of imidazole. Fractions were pooled and dialyzed against buffer containing 25mM
Tris pH 8.0, 100mM NaCl and 2mM BME. After dialysis, material was then loaded onto a Hi-
Trap Q column (Amersham Biosciences AB) and eluted with a linear gradient of 200mM-1M
NaCl. These purification steps yielded purities >95%, as determined using SDS-PAGE.
Occasionally, gel filtration chromatography was performed as a final purification step. Yields
for the purified polypeptides, per liter of bacterial culture, were as follows:
RAMANKPPD=~6mg/L; RAMANK=~10mg/L; RAMANKPPDWFP=~5mg/L; RAM=~2mg/
L; RBPji 161-392=~1 5mg/L; RBPji 161-349=~2 5mg/L. Proteins were concentrated and flash
frozen for future experiments.

Isothermal Titration Calorimetry

Titrations were carried out using a VP-ITC micro-calorimeter from Microcal (Northhampton,
MA). Notch polypeptides, synthetic peptides, and BTD polypeptides were dialyzed against

20mM HEPES pH 7.5, 100mM NaCl, 1mM EDTA and 2mM BME for at least 48 hours prior
to experiments. For all titrations, BTD polypeptides were loaded in the calorimetry cell (10—
25 u M) and were titrated with Notch polypeptides (0.1-0.2 mM syringe concentration) at 30°
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C. The concentration of the Notch and BTD polypeptides was determined spectroscopically
using their calculated extinction coefficients which are: € ,50(RAMANKPPD)=34,280 M1
cm 1, & 280(RAMANK)=33,120M1cm ™1 & 559 (RAMANKPPDWFP)

=28,590M 1em 1 ,e 5g9(ANK)=15,930 M1 cm™, £ 559(RAM)=22,190 M~ cm™1,

& 280(RBPji 161-392)=31 150 M1 cm ™1 g59(RBPjik 161-349)=25 460 M~ cm™1. Concentration
of the all of the peptides used in this study was determined using extinction coefficient of Trp
€ 2g0(Trp)=5600 M1 cm™1. Data were analyzed using ORIGIN software 46_ Alltitrations could
be fitted to a 1:1 binding model with a stoichiometry of binding (n) being between 0.8 to 1.
Calorimetric parameters are reported as a mean value of at least three independent experiments
with reported uncertainty being the standard deviation of multiple experiments. The c-value,
defined to be the product of protein concentration and association constant, was between 5 and
200 for all experiments.

Cross-linking Experiments

MASLS

Cross-linking of RAMANK to the BTD domain of RBPjk was performed in using the bi-
functional cross-linker bis(sulphosuccinimidyl)suberate (BS3; Pierce Biotechnology,
Rockford IL). Reactions included 20mM HEPES pH 7.5, 150mM NaCl and 2mM BME. Initial
experiments were conducted with range of protein (from 5 to 25y M) and cross-linker
concentrations (from 0.5 to 5mM). These experiments provided an optimal range of
concentrations for both BTD and RAMANK and minimized non-specific cross-linking. The
final concentration of both proteins in Figure 3 is 10u M, final cross-linker concentration was
1.0mM. Reactions were incubated at 25°C for 30 min, and were terminated by the addition of
SDS sample buffer. The cross-linked proteins were analyzed by 12 % SDS-PAGE under
reducing conditions and visualized using by Coomassie staining.

Static light scattering measurements were performed at 25°C using a three-angle light
scattering detector (Wyatt MiniDAWN; Wyatt Technologies, Santa Barbara, CA) and a
differential refractive index detector (Wyatt Optilab DSP; Wyatt Technologies) running in-
line with an HPLC system. Samples were dialyzed overnight at 4°C against running buffer
(150 mM NacCl, 2mM BME, either 20 mM Tris at pH 8.0 or 20 mM HEPES at pH 7.5 and
0.01% NaNs3). 50 I samples were injected onto a G3000PWXL (TosoHaas, Montgomeryville,
PA) size exclusion column equilibrated with running buffer at loading concentrations between
1.0 and 3.5 mg/ml (approximately 80 to 200u M protein). Data acquisition and analysis were
performed using ASTRA 4.0 software (Wyatt Technologies).

Native Gel Electrophoresis

BTD polypeptides were incubated with NICD polypeptides at 4°C for at least 1 h. Complexes
were resolved on 10-20% native polyacrylamide gels (Invitrogen) and were visualized by
staining with Simply Blue (Invitrogen).

Peptide Synthesis and Purification

RAM-derived peptides were synthesized using a Protein Technologies Symphony Quartet
Peptide Synthesizer. Peptide identities were verified by mass using a Finnigan LCQ Deca ion-
trap mass spectrometer equipped with an electrospray ionization source (Thermo Finnigan,
San Jose, CA). Peptides were purified using an HPLC system equipped with a C18 semi-
preparative column (Grace-Vydac; Hesperia, CA) and purified with linear acetonitrile gradient
(0-50%). Fractions containing pure peptide were lyophilized and stored at —20 ° C.
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Immunodepletion assays

HEK293 cells were grown at 37°C and 5% CO, in DMEM containing 10% FBS. Cells were
transfected either with pCS2+6MT-NICD1 or pCMV-3XFlag-RBPjk or co-transfected with
both expression vectors using FUGENE reagent (Roche; Nutley, NJ). 40-44 hours after
transfection, cells were lysed in cold ColP buffer (25 mM HEPES, pH 7.4, 1% Nonidet P-40,
200 mM KCI, 20 mM NaF, 0.2 mM EGTA 27) supplemented with complete protease inhibitor
cocktail (Roche). In one experiment, lysates from cells expressing 6MT-NICD1 alone and
3XFlag-RBPjk alone were pooled and immediately aliquotted among microfuge tubes
containing increasing concentrations of the different RAM peptides. In a separate experiment,
lysates from cells co-expressing 6MT-NICD1 and 3XFlag-RBPjk were pooled and similarly
challenged with the different RAM peptides. To assess the effects of the RAM peptides on
NICD1-RBPjk association, we immunoprecipitated the lysates with anti-FLAG M2 antibodies
(Sigma) and then measured the amounts of NICD1 remaining in the supernatant by monitoring
Myc immunoreactivity by SDS-PAGE/Western blotting. Western analyses with polyclonal
anti-FLAG antibodies (Sigma) indicated that immunoprecipitation of 3XFlag-RBPjk was
complete under these conditions (data not shown).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Notch receptor intracellular domain
ANK
Ankyrin domain of the Notch receptor
RAM
segment of the Notch receptor N-terminal to the ANK domain (RBP-associated
molecule)
CSL
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BTD
beta trefoil domain of CSL
ITC

isothermal titration calorimetry
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Figure 1.

Interaction between CSL and NICD is crucial for both activation and repression of Notch target
genes. (A) Activation of the Notch receptor is trigged by binding of a DSL ligand to the EGF
repeats of Notch, followed by two consecutive proteolytic events (S2 and S3 arrows) that
liberate NICD. (B) Cartoon representation of the Notch-mediated transcriptional switch. In the
absence of NICD, CSL is found in complex with transcriptional repressor proteins. Binding
of NICD to CSL allows for the displacement the repressors and recruitment of transcriptional
activators. (C) Left: crystal structure of CSL homolog (Lag-1; PDB id 1TTU),21 showing the
BTD domain of CSL used in this study (red). Right: schematic representation illustrating the
Notchl deletion series used in this study.
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Monitoring complex formation using native gel electrophoresis. Increasing concentrations of
different length Notchl polypeptides (0, 2 u M, 3u M, 5p M, 7u M, 9u M, 10u M, 12 M, 15
1 M and 20p M) were titrated into 10p M BTD161-392_(A) Upper panel: 10p M of
RAMANKPPD was titrated with increasing concentrations of BTD61-392; |ower panel; 10p
M of BTD161-392 wyas titrated with increasing concentrations of RAMANKPPD. (B) 10 M
of BTD161-392 yyas titrated with increasing concentrations of RAMANK. (C) 10u M of
BTD161-392 \yas titrated with increasing concentrations of RAMANKPPDWFP_ (D) 10u M of
BTD161-392 \yas titrated with increasing concentrations of ANK.
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Figure 3.

Notchl RAMANK and BTD161-349 form 1:1 heterodimer. (A) Migration profiles on 12% SDS
PAGE of BTD161-3499 RAMANK and 1:1 complex (10p M protein) in the presence of 1 mM
chemical cross-linker BS3. (B) Association in solution of BTD61-349 and RAMANK detected
by multi-angle static light scattering was resolved either separately (green and red) or together
(blue) on a size exclusion column, and the total protein concentration in the elution was
monitored by differential refractometry (right axis). This signal was combined with signals
from multiple scattering detectors to determine weight-averaged molecular weights (filled
triangles, left axis).
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Isothermal calorimetric titrations for binding of the BTD61-349 domain to Notch1l
polypeptides. (A) Raw heat signal of an isothermal titration of BTD161-349 \with the RAM
domain of Notch. The power output is shown as a function of time (seconds). 10p | increments
of 0.12mM RAM were injected into a 1.35 ml cell containing 10u M BTD161-349_(B)
Integrated data for titrations of RAMANKPPD (red filled squares), RAMANK (brown filled
circles) and RAM (yellow filled triangles) with the BTD61-349, (C) Integrated data for
titrations of RAM (yellow filled triangles), NIRAM13 peptide (purple filled diamonds),
N1RAM16 (blue filled circles) and NIRAM22 (green filled squires) with BTD161-349, Solid
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lines represent nonlinear least-squares fits to the data. All titrations shown here were performed
at 30 ° C in 20mM HEPES pH7.5, 100mM NaCl, ImM EDTA and 2mM BME.
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B AG®

(kcal/mol)

N1RAM22 KVS...EASKKK -8.6
N2RAM23 LRR..DSSNHK -8.7
N3RAM25 SLHKDVASGHKG -8.0
N4RAM25 IRRPQAQOAPHR -8.5
Core sequence xxxRRxHEXLWEP%GFxxxxxxxxxxxx

N2 Frameshift MAKRKQAJLELAAGRFTL n.d.
InvN1RAM22 KKKSAESVKFGEPFWLQGHQRR n.d.
C.elegans Linl2 RMINASV{MZPMENE

Figure 5.

Sequences of RAM regions from Notch genes. (A) Alignment of the four mouse Notch
paralogues from the juxtamembrane region to the segment flanking the first ankyrin repeat.
Identities are outlined in red boxes; similarities are outlined in white boxes. N- and C-terminal
boundaries of the 13,16 and 22 residue Notchl peptides used in this study are colored green,
blue and magenta, respectively. (B) Peptides used to compare affinities of the four mammalian
Notch WFP segments with BTD. Binding free energies (from ITC) are given to the right. The
consensus sequence is defined by sequence similarity among the four Notch peptides, which
all bind with similar affinity; as such, not all residues in this consensus necessarily contribute
to binding free energy. Positions marked with x’s show no conservation; although these
sequences do not contribute to binding free energy, variation at these positions appears to
contribute to variations in enthalpy and entropy. Neither the frameshifted Notch2 sequence nor
the inverse NIRAM22 show any detectable binding in the ITC.
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Figure 6.

Binding energetics of Notchl polypeptide variants. Shown are the differences in the AG °
(open), AH ° (cross-hatched) and TAS ° (solid) between RAMANKPPD and the shorter Notch
polypeptides. Values for A AG °, A AH ° and TA AS ° are given at 30 ° C.
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Figure 7.
Notchl RAM peptides inhibit NICD:CSL association in cellular extracts. The effects of

different RAM peptides on 6MT-NICD1:3XFLAG-RBPj« (the mammalian CSL orthologues)
interactions were assessed by immunodepletion. Shown are the amounts of 6MT-NICD1
remaining in the supernatants (analyzed by 9E10/MYC Western blots) after FLAG
immunoprecipitation. (A) Lysates from cells expressing 6MT-NICD1 were combined with
lysates from cells expressing 3XFlag-RBPjk , and were immediately exposed to increasing
concentrations (0.2, 1, 5 u M) of different Notchl RAM peptides (Lanes 1-12). (B) Lysates
from cells co-expressing 6MT-NICD1 and 3XFlag-RBPjk were pooled and similarly treated
with different RAM peptides. As controls, immunodepletion assays were also performed
without peptide (Lane 13-14) and with 6MT-NICD RAM expression vector (Lane 14).
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Table 1
Calorimetric data for binding of Notch polypeptides to the BTD domain of CSL

BTD domain Of Ligand KM Ky AG® (kcal/ AH? (kcal/ TAS® (kcal/
(uM) mol) mol) mol)

BTD 16134 RAMANKPPD 4.3(£25) 0.23 92404 -9.0+0.6 1.2+05
BTD61-34 RAMANK lea:( +0.5) X 0.20 -9.2+0.2 -94+04 -0.2+0.6
BTD!61-349 RAM égtse( +2.3) 0.15 -9.4+0.25 -10.9+0.8 -15+06
BTD-34 N1RAM13 2.180(51 1.4) 1.0 -8.2+0.1 -16 £0.5 -7.8+0.6
BTD61-34 N1RAM16 )5.190(51 0.45) 11 -82+0.2 -84+1.0 02407
BTD!61-349 N1RAM22 )1(.150(6¢ 0.3) 0.8 -8.6+0.1 -14.6+0.8 -6+0.8
BTD-34 N2RAM23 )z(lcg( +0.4) x 0.5 -8.7+0.1 —9.4+0.7 -0.7+0.6
BTD61-34 N3RAM25 t13.03(51 0.1) 16 -8.0+0.1 -12.4+1.0 -4.4+0.7
BTD!61-349 N4RAM25 ;1((.14112(61 0.7) 0.7 -85+05 -11.2+1.0 -2.7+08

Reported values are the mean of at least three independent titrations. Uncertainties in K, AG® and AH° represent the standard deviations of multiple
experiments. Uncertainty in TAS® was calculated by standard error propagation.
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