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SUMMARY
Notch proteins constitute the receptors of a highly conserved signaling pathway that influences cell
fate decisions both during development and in adults. A proteolytic cascade induced by ligand
stimulation results in release of the Notch intracellular domain from the cell membrane, allowing it
to enter the nucleus and form a complex with a DNA-bound transcription factor called CSL and a
coactivator of the Mastermind family. Assembly of this Notch nuclear complex is the key step in the
transcriptional response to a Notch signal. In the studies reported here, we have mapped residues
important for the stabilization of this multiprotein-DNA complex using site-directed mutagenesis,
determined the affinity of the three-domain form of CSL for its various partners, and investigated
sources of cooperativity in complex formation by monitoring the influence of various components
of the complex on the interactions of CSL with its other partners. Our findings are consistent with a
model for complex assembly in which the RAM domain of Notch increases the effective
concentration of the ANK domain for its binding site on the Rel-homology region of CSL, enabling
docking of the ANK domain and subsequent recruitment of the MAML co-activator.
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Introduction
Notch proteins constitute the receptors of a highly conserved signaling pathway that influences
cell fate decisions both during development and in adults. Notch signals are used iteratively at
different decision points and have functional outcomes that depend heavily on gene dose and
context, regulating cell growth, differentiation, and death in a variety of tissue types 1; 2; 3.
Both deficiencies and abnormal increases of Notch signaling are associated with human
developmental anomalies and cancer, emphasizing the importance of precisely regulating
Notch signal strength 4; 5; 6; 7; 8; 9; 10.

Notch receptors are single-pass transmembrane proteins that are normally activated by
regulated intramembrane proteolysis (RIP) in response to transmembrane ligands expressed
on adjacent cells (Figure 1A). Ligand binding induces proteolytic sensitivity to metalloprotease
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cleavage (S2) at a site just external to the plasma membrane 11; 12. This proteolytic step creates
the substrate for subsequent cleavage by the multiprotein gamma-secretase complex (S3),
which then releases the intracellular portion of Notch (ICN) from the membrane, allowing it
to translocate to the nucleus where it induces the transcription of target genes.

The central effector of transcriptional activation in response to Notch signaling is the nuclear
complex that controls gene expression. The core elements of this complex are ICN, a highly
conserved transcription factor called CSL (for CBF-1/RBP-Jκ, Suppressor of Hairless and
Lag-1; 13; 14; 15; 16), and a transcriptional co-activator of the mastermind-like (MAML) family
17; 18; 19. Once the core complex is assembled, the C-terminal portion of MAML not only
contributes to transcriptional activation through association with p300, RNA polymerase II,
and other unknown factors 20; 21; 22, but also limits the longevity of the assembled complex
by promoting the phosphorylation of ICN by CDK8, which leads to rapid ICN turnover 23.

Previous genetic, biochemical and structural studies have implicated specific regions of CSL,
ICN, and MAML in the physical and functional interactions of these proteins with one another.
CSL is a highly conserved protein comprised of N-terminal and C-terminal Rel homology
domains (RHR-n and RHR-c, respectively) and a central β-trefoil domain that binds DNA in
a sequence-specific fashion 24; 25. CSL contacts its cognate DNA via its central, beta-trefoil
domain and its RHR-n domain, but the RHR-c domain of CSL makes no contacts at all with
the DNA (unlike other Rel-homology proteins such as NF-κB) and is instead positioned like
an appendage in an unusual orientation next to the RHR-n domain 25; 26; 27. Binding of ICN
to CSL depends in part on a high-affinity interaction between the β-trefoil domain of CSL and
an N-terminal sequence of ICN known as the RAM (for RBP-Jκ-associated molecule) region
13; 28. In addition, the ankyrin domain (ANK) independently exhibits weak affinity for CSL
through interactions with the Rel-homology region (RHR). Significantly, the ANK domain is
capable of assembling complexes with CSL and MAML proteins on DNA because ANK and
CSL cooperate to create a composite binding groove for a short 60–70 residue sequence at the
N-terminal end of MAML 18; 19; 29. This N-terminal “handle” of the MAML coactivator adopts
a kinked alpha-helical conformation in the X-ray structures of both worm and human MAML/
ICN/CSL/DNA complexes 26; 27. Under conditions of enforced expression in cells, forms of
ICN that contain ANK but not RAM also cause CSL-dependent Notch gain-of-function
phenotypes 30; 31; 32, indicating that the essential domain for the effector function of Notch at
target promoters is ANK.

Stable assembly of the MAML/ICN/CSL/DNA complex appears to depend on the cumulative
contributions of a number of distinct protein-protein and protein-DNA interfaces. CSL contains
distinct binding sites for DNA, RAM, and ANK, with the CSL-ANK interface then used for
MAML binding. In the studies reported here, we have mapped residues important for the
stabilization of this multiprotein-DNA complex using site-directed mutagenesis, determined
the affinity of the three-domain form of CSL for its various partners, and investigated sources
of cooperativity in complex formation by monitoring the influence of various components of
the complex on the interactions of CSL with its other partners. Our findings are consistent with
a model for complex assembly in which the RAM domain increases the effective concentration
of the ANK domain for CSL, enabling docking of the ANK domain onto the RHR domain of
CSL to allow subsequent recruitment of the MAML co-activator.

Results
To identify sites critical for stabilization of human Notch1 transcription complexes, we first
performed an extensive mutational analysis of residues at different protein-protein interaction
surfaces. These mutations were analyzed in a number of different assays using a range of
different Notch1-derived proteins and fragments (Figure 1B). The crystal structure of the
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human MAML1/ANK/CSL/DNA complex 27 was used to guide the selection of substitution
sites, which focused on conserved residues at the ANK-CSL, ANK-MAML1 and MAML1-
CSL interfaces (Figure 2). In total, we examined 20 different mutants of the ANK domain of
Notch1, including alanine, charge-reversal, and multisite substitutions, along with nine
different mutated forms of the MAML1 polypeptide (Table 1).

The effect of each mutation on the assembly of MAML1/ANK/CSL complexes (without added
DNA) was monitored by first mixing CSL, ANK (wild-type or mutant) and MAML1 (wild-
type or mutant) in an approximately equimolar ratio, and then performing size-exclusion
chromatography to resolve the complex. Although most individual point mutations did not
prevent the formation of ternary complexes under standard conditions (Table 1), the D1973R
and E2072R charge-reversal mutations of ANK and three charge-reversal and multisite
mutations of MAML1 (R25E, R22E/R25E, and R22E/R25E/R26E) interfered with the
formation of ternary complexes, as judged by the absence of the peak corresponding to the
ternary complex on the size exclusion column (Figure 3A). In contrast to the D1973R and
E2072R charge-reversal mutations, the D1973A and E2072A alanine substitutions in ANK do
not prevent the formation of stable ternary complexes under standard conditions, suggesting
that complex relies on numerous weak interactions rather than on an energetic “hot spot” 33;
34, and that disruption of the complex by charge reversal mutations is due to the introduction
of unfavorable electrostatic interactions upon substitution.

The mutations that abrogated ternary complex formation in gel-filtration assays without DNA
were also evaluated for their effects on the formation of complexes in the presence of DNA in
an electrophoretic mobility shift assay (EMSA). For these studies, the mutations in the ANK
domain of Notch1 were introduced into proteins that contained both the RAM and ANK regions
of Notch1 (hereafter designated RAMANK), and the mobility shifts resulting from accrual of
the three protein components of the MAML1/RAMANK/CSL/DNA complex were monitored
as previously described 29; 35. The EMSA data show that in the absence of MAML1, RAMANK
proteins containing either the D1973R or E2072R mutations within the ANK domain still retain
the ability to bind CSL via their RAM domains (Figure 3B), as anticipated based on previously
reported studies 13; 28; 29; 36. On the other hand, recruitment of the MAML1 polypeptide into
these complexes was either undetectable (D1973R) or strongly reduced (E2072R). The R25E,
R25E/R26E and R22E/R25E/R26E forms of MAML1 abrogate the MAML1 dependent
supershift in the EMSA assay, consistent with the observation that they prevent formation of
stable ternary protein complexes in the gel filtration studies (Figure 3B).

To determine whether mutations that prevent formation of stable MAML1/ICN/CSL/DNA
complexes in biochemical assays also interfere with Notch1-dependent transcriptional
activation in cells, we tested the effects of the these mutations in a cell-based reporter assay
31. This assay monitors the expression of a luciferase reporter gene regulated by four iterated
CSL-binding sites (4x CSL). We tested the D1973R and E2072R mutations of the ANK domain
in two different contexts: (i) intracellular Notch1 (ICN1), which leads to strong ligand-
independent induction of the luciferase reporter, and (ii) a form of the Notch1 receptor lacking
the ligand-binding EGF repeats and the S2-protective LNR modules (ΔEGFΔLNR), which
causes a more modest increase in ligand-independent reporter gene transcription (Figure 4A).
Both the D1973R and E2072R mutations essentially eliminate the induction of reporter gene
transcription in both the ICN1 and ΔEGFΔLNR context (Figure 4A). We also tested the effects
of the R25E and R22E/R25E mutations in full-length MAML1 on the strength of the reporter
gene signal when co-transfected with ΔEGFΔLNR. When co-transfected with wild-type ICN1,
normal MAML1 enhances the transcriptional response at the 4x CSL promoter, whereas
MAML1 with the R22E/R25E mutations does not (Figure 4B), exhibiting a dominant-negative
effect instead. This finding is consistent with the failure of this mutated form of MAML1 to
assemble efficiently into ICN/CSL/DNA complexes in the gel filtration and EMSA assays.
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Although the mutational studies provide a qualitative picture that identifies key residues in the
different protein-protein interfaces of the complex, it does not define the affinities of different
components for one another or give insight into the dynamics of the protein domains engaged
in these different interfaces. To determine the affinity of different intracellular Notch1
fragments for CSL-DNA complexes and to explore whether or not the ANK domain is in
contact with the Rel-homology region of CSL in the absence of MAML1, we developed a
fluorescence resonance energy transfer (FRET) assay for the binding of ICN1 polypeptides to
CSL-DNA complexes. In this assay, a donor fluorophore (Alexa Fluor 555) was covalently
attached to various ICN1 polypeptides and an acceptor fluorophore (Alexa Fluor 594) was
covalently added to the cognate DNA bound to CSL in a 1:1 complex. To examine RAM
binding to CSL-DNA complexes, the native cysteine of RAM (C1872) was substituted with
an alanine and a cysteine was introduced at the N-terminal end of the protein preceding the
CSL binding motif. To introduce the donor fluorophore into ANK and RAMANK
polypeptides, the naturally-occuring cysteine residues were replaced with alanine (C1891A for
ANK, and both C1872A and C1891A for RAMANK), and a unique cysteine residue was
introduced in place of F2085 (F2085C). This position is distant from the MAML1 and CSL
contact interfaces of ANK, yet remains within the Förster distance of the acceptor site located
about 37 Å away based on the structure of the MAML1/ANK/CSL/DNA complex (Figure 5A).
It is important to note that the performance of the mutated, fluorescently labeled RAMANK
protein in the formation of complexes is indistinguishable from the normal protein, as judged
by EMSA (Figure 5B).

After demonstrating that complex formation could be monitored by FRET with this assay
(Figures 5C and Supplementary Figure S1), we then used it to measure the binding affinity of
RAM, RAMANK, and ANK for CSL (Figures 6 and S3). Titration of donor-labeled RAM with
labeled CSL-DNA yielded a Kd of 1.1 ± 0.3 μM (Figure 6A), while the titration for RAMANK
yielded a Kd of 0.51 ± 0.18 μM (Figure 6B). These affinity values are consistent with
dissociation constants measured by isothermal titration calorimetry for binding of the RAM
and RAMANK regions of ICN to the beta trefoil domain of CSL alone under different solution
conditions 36. The data reported here also show that RAM makes the dominant thermodynamic
contribution to the binding of the full three-domain form of CSL, a conclusion consistent with
prior immunoprecipitation studies, electrophoretic mobility shift assays, and other studies
suggesting that the affinity of ANK for CSL is weak when RAM is not present 13; 28; 29; 37.

The Kd value for ANK binding could not be reliably determined (≥ ~20 μM), because FRET
measurements could not be carried out at the high concentrations needed to achieve saturation
binding in the assay (Figure 6C). In contrast, saturating concentrations of MAML1 enhance
the apparent affinity of ANK for CSL by at least 25-fold, with an apparent dissociation constant
of 0.63 ± 0.45 μM (Figure 6C). Together, these findings show that inclusion of MAML1 in the
complex dramatically stabilizes the interaction of ANK with CSL.

Because the binding of RAM is expected to increase the effective concentration of covalently
attached ANK for its binding site on CSL, we next explored whether the ANK domain is
positioned in its CSL-binding site when RAMANK binds to CSL-DNA complexes. To
examine this question, we constructed control ANK and RAMANK proteins with multiple
substitutions of residues in the ANK domain designed to prevent docking of the ANK domain
into its binding site on CSL. Each protein contains four mutations, R1963A, R2005E, R2071E,
and E2072R, along the surface of ANK contacting CSL in the human MAML1/ANK/CSL/
DNA crystal structure, along with mutations to remove the native cysteines (C1872A in
RAMANK, and C1891A in both proteins) and the F2085C substitution to introduce the label
for the FRET binding assay These proteins are referred to as ANK-mut and RAMANK-mut.
The four mutations were combined because of the extensive ANK-CSL interface area, and
because even the E2072R protein exhibits some residual capacity to recruit MAML1 by EMSA
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(Figure 3B), suggesting that any given single-site mutation would be insufficient to entirely
eliminate the ability of ANK to dock onto its CSL-binding site. RAMANK-mut completely
prevented formation of a stable ternary complex as judged by EMSA (Figure 5B). Importantly,
the circular dichroism spectrum of RAMANK-mut is nearly identical to that of wild-type
RAMANK, indicating that the mutant proteins are properly folded under the conditions of the
assay (Supplementary Figure S2).

The binding of the ANK-mut and RAMANK-mut proteins to CSL-DNA complexes was then
evaluated by FRET. In contrast to wild-type ANK, which exhibits a weak intrinsic affinity for
CSL that is enhanced by addition of MAML1, binding of the ANK-mut protein to CSL-DNA
complexes is undetectable regardless of whether or not MAML1 is present (Figure 6C).
Consistent with the observation that the ANK-mut protein fails to bind detectably to CSL,
RAMANK-mut binds to CSL-DNA complexes with a dissociation constant of 1.1 ± 0.4 μM
(Figure 6B), which is within the experimental error for the binding of RAM alone. In addition,
the transfer efficiency from donor to acceptor fluorophore was reduced to 25 % for RAMANK-
mut from a value of 41 % for wild-type RAMANK, indicating that the ANK domain is farther
away from the acceptor fluorophore on DNA. Together, these FRET experiments (Figure 6D)
support the conclusion that the ANK domain of intracellular Notch has sufficient intrinsic
affinity for CSL to favor occupancy of its binding site upon delivery to CSL by RAM, even
prior to MAML1 loading (Figure 7).

Discussion
The studies reported here focus on biochemical and mechanistic questions related to the
assembly and stabilization of Notch transcriptional activation complexes. These complexes
contain a number of different protein-protein interfaces, but we chose to place particular
emphasis on the interactions of the ANK domain of ICN because of its central role in the
transcriptional response to the induction of a Notch signal.

Initially, we embarked on a limited alanine scan of the residues of ANK at the CSL and MAML
interfaces to identify side chains that make important contributions to stabilization of
complexes. Four mutations were at the ANK-CSL interface (R2005A, W2035A, E2072A, and
E2076A), and four were at the ANK-MAML1 interface (D1973A, E2009A, N2040A, and
D2109A). However, each of these eight sites was tolerant to alanine substitution, forming
ternary complexes with MAML1 and CSL stable to isolation by size exclusion
chromatography. Other charged substitutions, such as R2071E and H2093R, as well as several
multisite mutations, were also permissive for complex assembly. The two mutations tested that
disrupted the formation of complexes were charge-reversal mutations: D1973R, which mutates
a buried aspartate residue engaged in salt-bridges with the R22 and R26 side chains of the
MAML1 peptide, and E2072R, which mutates a glutamate residue fully concealed from solvent
in the complex engaged in a charged hydrogen bond with the side chain hydroxyl group of
Y381 from CSL. The sensitivity of the MAML1-ANK-CSL complex to these charge reversal
mutations, which are at sites insensitive to simple alanine substitution, indicates that the
electrostatic complementarity of the different protein-protein interfaces plays an important role
in assembly and stabilization of the MAML1-ANK-CSL complex. This conclusion is further
supported by the deleterious effects of the charge-reversal mutations of the MAML1 peptide,
which also prevented complex formation in the chromatographic assay.

Mutations in Notch1 that selectively affect either the ANK-CSL (E2072R) or ANK-MAML1
(D1973R) interface were used to test the effects of disrupting each of these two contact sites
separately in cell-based reporter assays. Importantly, these studies used full-length CSL and
MAML, and either intact ICN1 or a transmembrane receptor lacking the EGF and LNR repeats
(ΔEGFΔLNR). Mutations disrupting the CSL binding site prevented transcription of a CSL
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reporter gene, as did mutations that interfered with MAML1 binding. The availability of Notch
receptors with mutations highly selective for the CSL-binding interface of the ANK domain
may also make it possible to clarify the importance of CSL-independent effects of Notch
signaling in future studies.

The FRET assay we developed allowed us to quantify the affinity of various Notch
polypeptides for CSL-DNA complexes. The Kd of the RAM polypeptide for the three-domain
form of CSL is in close agreement with the reported affinity of different RAM peptides for the
beta-trefoil domain of CSL reported previously by Kopan and Barrick’s groups 36, even though
our measurements were performed at different pH and using an entirely different experimental
approach. Several additional conclusions can be drawn from the FRET experiments carried
out with the ANK and RAMANK proteins. Although the ANK domain exhibits a weak intrinsic
affinity for CSL, when the RAM domain is bound to CSL and connected to ANK in cis by its
native linker, the ANK domain appears to occupy its binding site on CSL preferentially even
at concentrations below its intrinsic Kd. Moreover, the intrinsic affinity of the ANK domain
for CSL is enhanced by at least 25-fold in the presence of MAML1, as predicted based on the
ability of ANK to produce a electrophoretic mobility shift of CSL-DNA complexes in the
presence, but not in the absence, of the MAML1 polypeptide 29.

Overall, the results reported here reinforce the current working model for assembly of Notch
transcriptional activation complexes (Figure 7). The first event in assembly is likely to be the
binding of RAM to its high-affinity site on the beta-trefoil domain of CSL, which facilitates
docking of the ANK domain onto its binding site. Once the ANK-CSL interface is formed,
MAML1 binds to the composite interface that is created to “flip on” the transcriptional switch.
One issue that still remains unresolved is whether the different conformations of CSL seen in
the crystal structures of Notch complexes formed with the human and worm proteins reflect
an allosteric movement of CSL induced by RAM when it binds. If CSL exhibits intrinsic
flexibility, this question may not be resolved only by comparing crystal structures of complexes
containing RAM, RAMANK, and ANK polypeptides, because the conformation in the crystals
may be dictated by lattice contacts or other forces rather than by intrinsic conformational
preferences. We hope to clarify this issue in future studies by extension and refinement of the
FRET assays developed here.

Materials and Methods
Mutagenesis and protein purification

Mutations and insertions were made either by Quikchange Site-directed Mutagenesis
(Stratagene) or back-to-back PCR using Phusion Hot Start DNA Polymerase (New England
Biolabs). The coding sequences of all mutated proteins were confirmed by DNA sequencing.
CSL, RAMANK, ANK, MAML1 and RAM polypeptides were purified as previously
described 27; 29

Gel Filtration
The formation of complexes was monitored by gel filtration on an AKTA chromatography
workstation. CSL (20 μM), ANK (50 μM), and MAML1 (50 μM) polypeptides were mixed,
and formation of complexes was analyzed by passage through a Superdex 200 column
(Amersham Biosciences) in 20 mM Tris 8.5, 150 mM NaCl, 5 mM DTT. To assess complex
formation, the absorbance at 280 nm was plotted as a function of elution volume; stable
MAML1/ANK/CSL complexes elute from the column at approximately 14 mL, whereas
uncomplexed CSL and ANK elute from the column in a peak centered around 15 mL (Figure
3A).
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Electrophoretic Mobility Shift Assays
Oligonucleotides with 5′-overhangs were labeled with 32P-α-dCTP (Perkin-Elmer) by
incubation with the Klenow fragment of Escherichia coli DNA polymerase I (New England
Biolabs) for 15 min at room temperature. The labeled oligonucleotides were then separated
from residual 32P-α-dCTP by passage through a Microspin G-50 Column (Amersham
Biosciences). To test for complex assembly, 0.2 pmol of the DNA probe was incubated for 30
min at 30°C in binding buffer (20 μL final volume) containing 10% glycerol (w/v), 20 mM
HEPES (pH 7.9), 60 mM KCl, 10 mM DTT, 5 mM MgCl2, dGdC (250 ng), and bovine serum
albumin (0.2 mg/ml) in the presence or absence of CSL (300 ng), different RAMANK
polypeptides (1000 ng) and various MAML1 polypeptides (100 ng). Samples were resolved
by electrophoresis in 10% native gels at 4°C and 180 V. Following electrophoresis, gels were
analyzed by autoradiography.

Reporter Gene Assays
Reporter gene assays were performed as previously described 31; 38. In reporter assays
evaluating mutations of the ANK domain of Notch1, ICN1 and ΔEGFΔLNR constructs (with
the normal Notch1 sequence or with mutations of the ANK domain) encoded in the plasmid
pcDNA3 (10 ng) were transiently co-transfected (Lipofectamine Plus, Invitrogen) in triplicate
into human U2OS cells, together with an internal Renilla luciferase control plasmid (Promega,
Madison, Wis.) and a firefly luciferase reporter containing four tandem CSL binding sites 39.
In studies examining normal and mutated forms of MAML1, the MAML1 protein of interest
encoded in pcDNA3 (100 ng) was also co-transfected with ΔEGFΔLNR (10 ng), the Renilla
luciferase control plasmid, and the luciferase reporter containing four tandem CSL binding
sites. All dual luciferase assays were then performed and analyzed by using cell extracts
prepared 48 hours after transfection, as described 31; 38. The data reported in Figure 4 are
representative of at least three independent experiments (biological replicates). Although the
absolute magnitude of the reporter signal for the active forms of Notch (wild-type ICN and
ΔEGFΔLNR) may vary by several-fold from one experiment to the next, the relative activity
of the mutated receptors compared to the wild-type and to one another is highly reproducible.

Fluorescent labeling
3′-oligonucleotides fluorescently labeled with the Alexa Fluor 594 were purchased from IDT
(Coralville, IA) and used without further purification. Each mutated RAMANK, ANK and
RAM protein was labeled by incubation with a 20-fold molar excess of Alexa Fluor 555 C2-
maleimide (Molecular Probes, Invitrogen) for 2 hours at room temperature in a buffer
containing 20 mM Tris (pH 7.4), 150 mM NaCl, and 5 mM TCEP. Each reaction was terminated
by adding 5 mM β-mercaptoethanol, and the labeled protein was then separated from the free
fluor by passage over a Sephadex G-25 (Amersham Biosciences) column preequilibrated with
20 mM Tris (pH 8.5), 150 mM NaCl, and 5 mM DTT, follwed by dialysis at 4°C against the
same buffer until all excess dye was removed. Purified proteins were then concentrated to
approximately 1 mg/mL, aliquoted, and stored at − 80 °C until use,

Measurements of Energy Transfer
Fluorescence measurements were carried out on a Varian Cary Eclipse at room temperature,
monitoring transfer from the Alexa Fluor 555 donor on the ICN1 polypeptides to the Alexa
Fluor 594 acceptor covalently attached to the DNA in CSL-DNA complexes. The decrease in
emission of donor fluorescence was monitored between 556 and 750 nm (excitation wavelength
at 555 nm), using excitation and emission slitwidths of 5 nm. Titrations were performed by
addition of labeled CSL-DNA complexes to Notch1 polypeptides in 20 mM Tris-HCl, pH 8.5,
150 mM NaCl, 5 mM DTT in the presence or the absence of saturating concentration of
MAML1. The initial protein concentrations of Notch1 and MAML1 polypeptides in the cuvette
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were 1–2 μM and 10 μM, respectively, and the titrating stock solution of the CSL-DNA-Alexa
Fluor 594 complex was 10 μM. Samples were incubated for 2 minutes before each titration
step. To ensure that the CSL protein remained bound to DNA throughout the titrations, a 10-
fold excess of unlabeled DNA was included in all solutions. Errors reported refer to the
goodness-of-fit error for the titration shown; each titration was performed at least twice, and
the estimate of run-to-run error in each affinity measurement is approximately 30 % of the
measured value. Transfer of resonance energy from the donor to the acceptor was also
monitored as a function of increasing concentration of NaCl in control experiments. FRET
efficiency (E) was calculated from the change of the fluorescence intensity of the donor
molecule in the absence of the acceptor according to equation (1):

(1)

where FDA and FD are the fluorescence intensities of the donor molecule in the presence and
the absence of the acceptor, respectively.

FRET Data Analysis
The decrease in the maximum emission (565 nm) of the donor was corrected for dilution,
normalized and plotted against increasing concentration of the ligand (CSL-DNA complex).
The value of the dissociation constant, Kd (for all titrations except binding to ANK alone), was
determined by non linear least squares analysis according to equation (2), which applies to
situations in which [R] ≪ Kd 40.

(2)

where [R] and [L] are the total concentration of receptor (i.e. Notch protein) and ligand (CSL-
DNA). Ffree and Fbound are the value of fluorescence associated with free and bound receptor
(i.e. Notch polypeptides), respectively. All data analysis was performed with the program
GraphPad Prism (GraphPad Software, San Diego, CA).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Overview of Notch signaling (A) and constructs used in this study (B). A. The mature Notch
heterodimer is generated by cleavage at S1 by a furin-like protease. Activation of Notch by a
ligand of the Delta/Serrate/Lag-2 family induces a proteolytic cascade (S2, S3) that releases
the intracellular part of Notch (ICN) from the membrane, allowing it to enter the nucleus. ICN
then forms a complex with a DNA-bound transcription factor called CSL and a co-activator
of the Mastermind family to induce transcription of Notch target genes. B. Schematic
illustrating Notch constructs used in this study. Abbreviations: LNR: LIN12-Notch repeat; HD:
heterodimerization domain; ICN: intracellular Notch; RAM: RBP-Jκ-associated molecule;
ANK: ankyrin-repeat domain.
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Figure 2.
Sites of mutations mapped onto the X-ray structure of the human MAML-1/ANK/CSL/DNA
complex. A, B. Overview of the structure (PDB ID code 2F8X; reference 27). Two views
(rotated by approximately 20 degrees around the Y-axis and 5 degrees around the X-axis) are
shown. CSL is rendered as a green molecular surface, while the DNA (orange), ANK domain
(blue) and the MAML1 polypeptide (red) are illustrated as cartoons. Residues on ANK and
MAML1 mutated in this study are shown in ball and stick form using CPK colors. C, D.
Expanded regions showing sites where charge reversal mutations interfere with stable
formation of complexes.
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Figure 3.
Analysis of the effects of ANK and MAML1 mutations on complex formation. A. Size
exclusion chromatography. Various CSL (20 μM), ANK (50 μM), and MAML1 (50 μM)
polypeptides were mixed as indicated, and formation of complexes was analyzed by passage
through a Superdex 200 column, monitoring absorbance at 280 nm as a function of elution
volume. Black trace: wild-type ANK, CSL, and MAML; blue trace: D1973R ANK with wild-
type CSL and MAML; green trace: E2072R ANK with wild-type CSL and MAML; red trace:
R22E/R25E/R26E MAML with wild-type ANK and CSL. B. Electrophoretic mobility shift
assay. The indicated mixtures of normal or mutated CSL, Notch, and MAML proteins were
tested for binding to a 32P-labeled oligonucleotide containing a consensus CSL binding site,
as described in Methods. DNA/protein complexes were detected by autoradiography.
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Figure 4.
Effects of Notch1 (A) and MAML1 mutations (B) on transcription of a luciferase reporter gene.
Luciferase assays were performed on U2OS cell lysates prepared from cells transfected in
triplicate with empty pcDNA3 plasmid or plasmids encoding the indicated forms of Notch1
and/or MAML1, along with a luciferase reporter plasmid containing four iterated CSL-binding
sites and an internal control plasmid expressing Renilla luciferase from a thymidine kinase
promoter as described in Methods. Firefly luciferase activity, normalized for variation in
Renilla luciferase activity, is expressed relative to the activity in extracts prepared from cells
transfected with empty pcDNA3 vector, which is arbitrarily set to a value of 1.
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Figure 5.
FRET assay design and implementation. A. Design of the FRET assay used to measure the
affinity of various Notch polypeptides for CSL-DNA complexes. The fluorescent donor (Alexa
Fluor 555) was installed onto one of three Notch polypeptides (ANK, RAMANK, or RAM),
and the acceptor (Alexa Fluor 594) was installed onto one of the CSL-bound DNA strands.
The diagram illustrates the assay for labeling of ANK or RAMANK at position 2085. B. EMSA
showing CSL binding to DNA and RAMANK polypeptides used in the FRET assay. The
RAMANK polypeptides used in the FRET assay were incubated with CSL and MAML proteins
as indicated and tested for binding to a 32P-labeled oligonucleotide containing a consensus
CSL binding site, as described in Methods. DNA/protein complexes were detected by
autoradiography. RAMANK F2085C-Alexa Fluor 555 contains the mutation F2085C along
with C1872A and C1891A. RAMANK-mut contains the mutations C1872A, C1891A,
R1963A, R2005E, R2071E, E2072R and F2085C. C. Fluorescence emission spectra
(excitation wavelength 555 nm) of donor alone (RAMANK F2085C~Alexa Fluor 555; dashed
pink), acceptor alone (CSL-DNA~Alexa Fluor 594; solid purple), and of complexes exhibiting
fluorescence resonance energy transfer from donor to acceptor (dashed green).
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Figure 6.
Affinity measurements for binding of various forms of intracellular Notch to CSL-DNA
complexes. A. Isotherm for binding of RAM to CSL-DNA complexes. The data fit a single
site model for binding with a value for Kd = 1.1 ± 0.3 μM. B. Isotherms for binding of
RAMANK and RAMANK-mut to CSL-DNA complexes. The data for RAMANK give a value
for Kd = 0.51 ± 0.18 μM, and the data for RAMANK-mut yield a value of Kd = 1.1 ± 0.4 μM.
C. Isotherms for binding of ANK and ANK-mut to CSL-DNA complexes in the presence and
absence of the MAML1 polypeptide. In the absence of MAML1, the affinity of ANK is too
weak to determine a reliable value of Kd. When MAML1 is present, the apparent Kd of ANK
for CSL-DNA is 0.63 ± 0.45 μM. When the control ANK-mut protein is used, binding to CSL-
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DNA complexes is undetectable regardless of whether or not MAML1 is present. D. Summary
of binding data with cartoons illustrating interactions in the complexes tested. Notch
polypeptides are blue, CSL is green, MAML is red, and bound DNA is represented by a pair
of orange parallel lines.
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Figure 7.
Model for complex assembly. High-affinity (~1 μM) binding of RAM to CSL-DNA complexes
promotes docking of the ANK domain to the Rel-homology region of CSL. The MAML
polypeptide then binds to the ANK-CSL interface to complete assembly of the core Notch
transcription complex.
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MUTATED NOTCH CONSTRUCT TERNARY COMPLEX FORMATION MUTATED MAML CONSTRUCT TERNARY COMPLEX FORMATION
ANK MAML

D1973A + R22E +
D1973R − R25E −
R2005A + R26E +
R2005E + R22E R25E −
E2009A + R22E R25E R26E −
E2009R + R31E +
N2040A + E38R +
N2040E + R53E +
R2071E + T56E +
E2072A +
E2072R −
E2076A +
H2093R +
D2109A +

D1973A E2009A +
N2040A E2072A +

W2035A N2040AE2072A +
RAMANK

R1963A R2005E
E2072R R2071E

−
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