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The Notch signal transduction pathway mediates important
cellular functions through direct cell-to-cell contact. Deregula-
tion of Notch activity can lead to an altered cell proliferation and
has been linked to many human cancers. Casein kinase 2 (CK2),
aubiquitous kinase, regulates several cellular processes by phos-
phorylating proteins involved in signal transduction, gene
expression, and protein synthesis. In this report we identify
Notch'“P as a novel target of phosphorylation by CK2. Using
mapping and mutational studies, we identified serine 1901,
located in the ankyrin domain of Notch, as the target amino acid.
Interestingly, phosphorylation of serine 1901 by CK2 appears to
generate a second phosphorylation site at threonine 1898. Fur-
thermore, threonine 1898 phosphorylation only occurs when
Notch forms a complex with Mastermind and CSL. Phosphory-
lation of both threonine 1898 and serine 1901 resulted in
decreased binding of the Notch-Mastermind-CSL ternary com-
plex to DNA and consequently lower transcriptional activity.
These data indicate that the phosphorylation of serine 1901 and
threonine 1898 negatively regulates Notch function by dissoci-
ating the complex from DNA. This study identifies a new com-
ponent involved in regulation of Notch'“P transcriptional activ-
ity, reinforcing the notion that a precise and tight regulation is
required for this essential signaling pathway.

Notch signaling regulates several cellular processes such as
cell proliferation, differentiation and apoptosis, thereby playing
a key role in cellular homeostasis. There are four Notch family
members that show complementary and combinatorial expres-
sion patterns depending on cell type (1, 2). Notch signaling is
initiated by the interaction between the DSL ligand (Delta, Ser-
rate, and Lag-2) and the extracellular domain of Notch, which is
brought about by cell-to-cell contact. This interaction leads to
proteolytic cleavage events that result in the release of Notch
intracellular domain (Notch'“P) from the plasma membrane,
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which then translocates into the nucleus (1, 3, 4). Through a
stepwise assembly, Notch'“P interacts with the DNA-binding
protein CSL (for CBF1, Su(H), and Lag-1) and the co-activator
Mastermind-like 1 (Maml1)* (5-12). This interaction results in
the formation of the transcriptional activation complex on
DNA, which then regulates the expression of downstream tar-
get genes (10, 13, 15-20).

Inappropriate expression and deregulation of mammalian
Notch is involved in the generation of neoplasia (21-29), indi-
cating that precise spatiotemporal regulation of Notch signal-
ing is required for proper cellular homeostasis. Several reports
have shown that Notch is regulated by posttranslational modi-
fications such as phosphorylation and ubiquitination during
multiple steps in the signaling pathway (30 —44). In particular,
proteasome-mediated degradation of Notch after phosphoryla-
tion on the PEST domain is a key mechanism of regulating the
Notch pathway (38, 39). In addition to phosphorylation within
the PEST domain of Notch'“P, recent evidence also suggests
that phosphorylation occurs in other domains, and this has an
effect on the Notch-driven transcriptional activity (45, 46) as
well as its interactions with other proteins, such as Pin-1 (47).
Although a general scheme for Notch signaling and its regula-
tion has been identified, the role of post-translational modifi-
cations in general remains elusive (30). Identification and char-
acterization of the post-translational modifications of Notch
will aid in understanding the delicate balance of Notch activity
regulation and the cross-talk of Notch with other signaling
pathways.

In this study we report that Notc is phosphorylated by
casein kinase 2 (CK2). CK2 phosphorylates Notch' on serine
1901, which is located within the ankyrin repeat domain of
Notch'“P. Furthermore, in the transcriptional activation com-
plex the site of phosphorylation is located in a loop predicted to
be in close proximity with Maml1 and CSL. Interestingly, phos-
phorylation of Ser-1901 by CK2 generates a second phosphor-
ylation site at threonine 1898 (Thr-1898). Our data suggest that
the phosphorylation at Thr-1898 only occurs when Notch
forms a complex with Mamll and CSL. Phosphorylation of
both Thr-1898 and Ser-1901 diminished the formation of a
Notch-Maml1-CSL ternary complex on DNA and had a nega-
tive effect on the transcriptional activity of Notch. Our data

hICD

“The abbreviations used are: Maml1, Mastermind-like 1; CK2, casein kinase 2;
Tricine, N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyllglycine.
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TABLE 1
Sequences of primers used for site-directed mutagenesis
The mutated sequences are underlined.

Mutation

Gly-1901
Ala-1901
Asp-1901
Ala-1898
Ala-1912
Ala-1920
Ala-1925
Ala-1928

Primer sequences

5'-ggcctggagacgggcaacggCgagGaAgaggagGACGCG-3’
5’ -CTGGAGACGGGCAACGCCGAGGAAGAGGAGGAC-3'
5'-ggcctggagacgggcaacgacgaggaagaggaGgacgeg-3’
5'-GGCGGCCTGGAGGCCGGCAACAGCGAG-3'
5'-gcgccggccgtcategeccgacttcatctaccag-3'
5'-ttcatctaccagggcgccgccctgcacaaccagaca-3'
5'-agcctgcacaaccaggcagaccgcacgggegag-3’
5'-aaccagacagaccgcgcgggcgagaccgecttg-3’

indicate that CK2 negatively regulates Notch signaling by phos-
phorylating Ser-1901, which most likely leads to phosphoryla-
tion of Thr-1898 and subsequent destabilization of the
Notch'“P-Maml1-CSL activation complex on DNA.

EXPERIMENTAL PROCEDURES

DNA Constructs and Site-directed Mutagenesis—Wild type
(wt) Notch'“® and Notch'“P4?2°2 were cloned in pCDNA3.1
(Invitrogen) as described in Jeffries and Capobianco (48). Point
mutations were made using the QuikChange site-directed
mutagenesis protocol (Stratagene) with primer pairs matching
the target regions. Table 1 shows the sequences of the primers
used for generating the mutants. For each mutation, two indi-
vidual clones were picked and sequenced to confirm the muta-
tion. Truncated forms of the mutants were generated by PCR
using primers described previously (48) and cloned into
pCDNA3.1 at BamHI and Xhol sites. For bacterial expression,
mutants were subcloned into the pGEX4T-2 vector (Amer-
sham Biosciences) to generate GST fusion proteins. The
mutants were also subcloned into pBabe-puro and MIG
(MCSV-IRES-GFP) retroviral vectors at BamHI and Xhol sites.
Baculovirus expression constructs were generated as previously
described (5).

Cell Culture and Transfection—293-T and H1299 cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 2 mm L-glu-
tamine, 100 units/ml penicillin, and 100 pg/ml streptomycin
(Invitrogen) at 37 °Cin 5.5% CO,. HC-11 cells were maintained
in RPMI supplemented with 10% FBS, 2 mM L-glutamine, 100
units/ml penicillin, 100 pg/ml streptomycin, 5 ug/ml insulin,
and 10 ng/ml EGF. For transfection, 4 X 10° cells were seeded in
10-cm tissue culture plates. Transfection was carried out with 8
png of DNA and 20 ul of Lipofectamine reagent (Invitrogen).
The cells were harvested for assay or labeled with [**P]ortho-
phosphate 48 h post-transfection. Spodoptera frugiperda IPLB-
Sf21 cells were maintained in Grace’s Insect medium (Invitro-
gen) supplemented with 10% FBS, 2 mm L-glutamine, 100
units/ml penicillin, and 100 pg of streptomycin per ml
(Invitrogen).

Retroviral Infections—For generating retrovirus, 293-T cells
were co-transfected with the retroviral vector and the SV40 psi-
packaging vector. Virus was collected 24 and 48 h post-trans-
fection and filtered using syringe filters. HC-11 was plated in
6-well plates (10° cells). The cells were infected the next day
with the virus-containing medium in the presence of 8 ug/ml
hexadimethrine bromide (Sigma). The cells were assessed for
infection efficiency 72—96 h post-infection by GFP expression
and harvested for RNA isolation.
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In Vivo Orthophosphate Labeling and Immunoprecipitation—
HeLa and RKE cells, transiently or stably expressing Notch'“"
and Notch'“P variants, were cultured to 60 — 80% confluence in
10-cm culture plates and phosphate-starved for 2 h in phos-
phate-free medium (phosphate-free DMEM (Invitrogen) plus
10% dialyzed FBS (Invitrogen)) at 37 °C in 5.5% CO.,. Cells were
labeled with 3 mCi of [**P]orthophosphate (8500-9120
Ci/mmol) in 3 ml of phosphate-free medium for 4 h at 37 °C in
5.5% CO.,. After labeling, the cells were washed with ice-cold
PBS and harvested in Nonidet P-40 lysis buffer (150 mm NaCl,
50 mMm HEPES, pH 7.4, 1.5 mM EDTA, 10% glycerol, 1% Nonidet
P-40, supplemented with 1 mm DTT, 50 mm NaF, 0.5 mm
sodium orthovanadate, and protease inhibitors (2 mm Pefabloc,
5 pg/ml leupeptin and 2 ug/ml aprotinin (Roche Applied Sci-
ence)). To reduce nonspecific interactions, 0.2% SDS was added
to the Nonidet P-40 lysis buffer. However, SDS was excluded in
the co-immunoprecipitation studies.

Notch'“P was immunoprecipitated using anti-c-Myc mono-
clonal antibody (9E10, Covance) or anti-Notchl polyclonal
antibody (927) followed by the addition of protein A-Sepharose
beads (Sigma) for 1 h at 4 °C. After extensive washing with the
Nonidet P-40 lysis buffer, the sample was resolved by SDS-
PAGE and exposed to x-ray film. Alternatively, the gel was
transferred to PVDF filter (Immobilon-P; Millipore) for West-
ern blotting or phosphoamino acid analysis. For CNBr peptide
mapping, proteins were transferred to nitrocellulose mem-
brane (Schleicher & Schuell). Western blot analysis was per-
formed using indicated antibodies and ECL protocol following
the manufacturers’ protocol (GE Healthcare).

Fractionation of Cell Lysate by Gel Filtration—3—6 X 107
RKE cells and 4 —8 X 10°293-T cells were washed with PBS and
resuspended in hypotonic lysis buffer (40 mm Tris-HCI, pH 7.4,
10 mMm NaCl, 1 mm EDTA, 0.5 mm DTT, supplemented with
protease inhibitor mixture). Cells were incubated on ice for 10
min and disrupted by Dounce homogenization. Nuclei were
removed by low speed centrifugation (1600 X g) at4 °C. The S-100
lysate was obtained by centrifuging the post nuclear lysate at
100,000 X gfor 1 hat4 °C.200 ul of the S-100 lysate was fraction-
ated by size exclusion chromatography in a FPLC using a Superose
6 10/300 GL (GE Healthcare) column equilibrated with column
buffer (150 mm NaCl, 40 mm Tris-HCI, pH 7.4, 1 mm EDTA, 0.5
mwm DTT, 0.001% Nonidet P-40).

Analysis of nuclear fractions for detecting Notch'“" alone
and in complex with Maml1 and CSL was carried out by trans-
fecting 293-T with the appropriate combination of plasmids
and further isolating the nuclei as described above. Nuclear
fractions were run on a Superose 6 column, and the elution
fractionate was then analyzed by SDS-PAGE and Western blot.

Expression of GST Fusion Proteins and in Vitro Labeling with
[v-32PJATP—GST-Notch'“® and GST-Notch'“" variants were
expressed in bacterial strain BL21 (Stratagene). Cells were
grown at 37 °C in LB medium with 100 ug/ml ampicillin and
induced for 3 h at 30 °C with 1.0 mM isopropyl 1-thio-B-p-
galactopyranoside. Bacteria were collected by centrifugation at
5000 rpm for 10 min at 4 °C. Bacterial pellets were resuspended
in 30 ml of ice-cold PBS (150 mm NaCl, 1.47 mm KH,PO,, 0.8
mM Na,HPO,) containing 2 M urea and disrupted by sonication
in the presence of 1% Triton X-100. The lysate was centrifuged
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at 14,000 X g for 20 min at 4 °C. Glutathione-agarose beads
(Sigma) were added to the lysate and incubated at room tem-
perature for 1 h on a rotator. Beads were washed with PBS and
re-suspended in an equal volume of PBS supplemented with 0.5
mM DTT and protease inhibitors and further stored at —70 °C.

In vitro labeling reactions were performed using purified
GST fusion proteins bound to glutathione-agarose beads as a
substrate and purified recombinant protein kinase CK2 cata-
lytic subunit o (New England Biolabs) or FPLC-separated RKE
cell lysate fractions as the kinase source. Each labeling reaction
consisted of 10 ul of cell lysate fraction, 100 um ATP, 5 uCi of
[y-**P]ATP (6000 mCi/mmol), 1 pg of GST protein bound to
beads, 10 ul of 10X reaction buffer (100 mm Tris-HCI, pH 7.2,
10 mm MgCl, supplemented with phosphatase inhibitors (50
mMm NaF and 0.5 mm vanadate), 1 mm DTT, and protease inhib-
itors). Reactions were incubated at 37 °C for 1 h. Beads were
washed with 1X reaction buffer and analyzed by SDS-PAGE.
Samples were either stained with Coomassie Blue and visual-
ized by autoradiography or transferred to PVDF membrane for
Western blotting and phosphoamino acid analysis. For CNBr
peptide mapping, proteins were transferred to nitrocellulose
membrane.

To confirm that the kinase was CK2, a peptide substrate for
CK2 (New England Biolabs) was also used as the substrate in the
in vitro labeling reaction. The labeled product was then ana-
lyzed on a 24% low-bisacrylamide Tricine gel (49, 50).

Baculovirus Protein Purification—Recombinant CSL, Notch'“P,
and Maml1 were expressed and purified from Sf21 cells as pre-
viously described (5). Briefly, 3 X 107 Sf21 cells in 15-cm plates
were infected at a multiplicity of infection of 2—5 with the bacu-
lovirus encoding the appropriate gene and harvested 48 -72 h
after infection. Cells were subsequently resuspended in high
salt lysis buffer (500 mm NaCl, 40 mm Tris-HCI, pH 7.4, 1 mm
EDTA, 10% glycerol, 0.02% Nonidet P-40, 1 mm DTT, supple-
mented with protease inhibitors) and lysed in a glass Dounce
with 30 strokes of a pestle A over 30 min on ice. The lysates were
centrifuged at 100,000 X g for 30 min at 4 °C. An equal volume
of dilution buffer (40 mm Tris-HCl, pH 7.4, 10% glycerol, 0.02%
Nonidet P-40, 1 mm DTT, and protease inhibitors) was then
added to the supernatant. FLAG-tagged proteins were incu-
bated with 100-200 ul of M2 FLAG-agarose beads (Sigma),
and the His tagged proteins were incubated with 100 —200 ul of
nickel-nitrilotriacetic acid-agarose beads (Qiagen) for 3-5 h at
4 °C while rocking. The beads were washed in lysis buffer (150
mwm NaCl, 40 mm Tris-HCI, pH 7.4, 1 mm EDTA, 10% glycerol,
0.02% Nonidet P-40, 1 mm DTT and protease inhibitors).
FLAG-tagged proteins were eluted with elution buffer (150 mm
NaCl, 40 mm Tris-HCl, pH 7.4, 0.4 mg/ml FLAG peptide
(Sigma), 1 mm EDTA, 10% glycerol, 0.02% Nonidet P-40, 1 mm
DTT and protease inhibitors). His-tagged proteins were eluted
with elution buffer (250 mMm imidazole, 40 mm Tris-HCI, pH 7.4,
150 mm NaCl, 10% glycerol, 0.02% Nonidet P-40, 1 mm DTT,
and protease inhibitors). All proteins were dialyzed in storage
buffer (100 mm KCl, 20 mm HEPES, pH 7.9, 20% glycerol, and 1
mMm DTT), separated into aliquots, and stored at —80 °C.

In-gel Kinase Assay and CNBr Analysis—For the in-gel
kinase assays, GST or GST-Notch'“P#22°2 was polymerized in
12% SDS-polyacrylamide gels at the concentration of 50 ug/ml.
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Superose 6 fractionated lysates or purified CK2 catalytic sub-
unit o was used as the kinase source. In-gel kinase reactions
were performed as previously described (51).

CNBr analysis was performed by treating the protein on
nitrocellulose membrane with 100 mg/ml CNBr in 70% formic
acid. Samples were washed with distilled H,O, dried, and either
loaded on 24% low bisacrylamide Tricine gels or 16.5% Tricine
gels (Bio-Rad) and exposed to film (52).

Anti-phosphorylated Ser-1901 and Anti-phosphorylated
Thr-1898 Antibody Preparation—Two different antibodies
were generated to recognize Notch'“" phosphorylated on Ser-
1901 and Thr-1898. Peptides CLETGNpSEEEE and GGG-
LEpTGNSEEEEDC were used as antigens for antibody produc-
tion in rabbit directed to recognize Ser-1901 and Thr-1898
phosphorylation, respectively. Both antibodies were affinity-
purified first using non-phosphorylated peptides to remove
antibodies not directed to the phosphorylated forms, and then
the flow-through was affinity-purified using the phosphory-
lated peptides to end with the antibodies recognizing the phos-
phorylated forms. The entire procedure was performed by
Open Biosystems.

Electrophoretic Mobility Shift Assay (EMSA) Experiments—
EMSA was carried out by incubating 0.1 pmol of 5'-end-labeled
double-stranded 1X CBF1 probe (5'-AAACACGCCGTGGG-
AAAAAATTTATG-3'), that has one high affinity binding site
for CSL (underlined), with 50 -200 ng of purified recombinant
baculovirus proteins CSL, Notch'“®, and Mamll in EMSA
buffer (100 mm KCl, 20 mm HEPES, pH 7.9, 0.2 mMm EDTA, 1
mMm DTT, 2 ug poly(dI:dC), 1 ug of BSA, 20% glycerol, and
0.25% Tween 20) in a final volume of 20 ul. After incubating for
40 min at room temperature, the DNA-protein complexes were
separated on 5% non-denaturing polyacrylamide gels in 1X
TGE buffer (0.25 m Tris, pH 8.3, 0.19 M glycine, 1 mM EDTA) at
4 °C) and visualized by autoradiography.

RT-PCR Analysis—The cells were harvested, and RNA was
isolated using the RNAeasy kit (Qiagen) according to the man-
ufacturer’s instructions. cDNA was synthesized using 1 ug of
total RNA using Superscript Reverse Transcriptase (Invitro-
gen). 20 ng of RNA equivalent cDNA was used for PCR reac-
tions. The quantitative PCR reactions were carried out on the
Bio-Rad CFX96 using the SYBR Green PCR mix (Bio-Rad). The
gene expression was normalized to hypoxanthine-guanine
phosphoribosyltransferase (HPRT) expression.

Luciferase Reporter Assay—Luciferase assays were per-
formed as described earlier (5). Basically, 6.0 X 10* H1299 cells
were transfected with a total of 2 ug of DNA. Transfections
included 0.4 ug of 8 X CSL luciferase reporter vector (53), 0.4
pg of SV40 B-galactosidase (internal transfection control plas-
mid; Clontech), and 0.2 ug of the indicated Notch'“? expres-
sion plasmid. The concentration of DNA was brought to 2 ug
with pCDNA. Cells were transfected with FUGENE 6 (Roche
Applied Science) and 48 h post-transfection, lysates were ana-
lyzed for luciferase activities using a Xylux Femtomaster FB 12
luminometer according to the manufacturer’s suggested proto-
col (Promega). Luciferase values were corrected for transfec-
tion efficiency by normalizing to 3-galactosidase activity.

Quantitative DNA Binding Assay—A 47-mer biotinylated
dsDNA containing 2X CSL binding sites was bound to a
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FIG. 1. Identification of a kinase activity in Notch'“°-transformed RKE cells. A, kinase assays were performed using FPLC-separated fractions of Notch'“P-
transformed RKE cell S100 lysate as the kinase source and purified GST-Notch'® or Notch'“P422°2 a5 substrates. GST was used as a negative control. ANK,
ankyrin; NLS, nuclear localization signal. B, CNBr cleavage analysis of fraction 37-labeled GST-Notch'“® and GST- Notch'“P222°2js shown. Below, the amino acid
sequence of peptide 7 shows putative phosphorylation sites. Potential CK2 sites are underlined, and the consensus sequence is shown. C, biochemical
properties of fraction 37 kinase resemble that of CK2. In vitro kinase reaction shows labeling of GST-Notch'“P42202 by fraction 37 kinase. Heparin, a specific
inhibitor of CK2, also inhibits fraction 37 kinase activity in in vitro kinase reactions. Prephosphorylation of GST-Notch'“P42202 by CK2 inhibits the phosphor-
ylation of GST-Notch'“P222°2 by the fraction 37 kinase. The fraction 37 kinase also phosphorylates the CK2 peptide substrate (RRREEETEEE) in in vitro kinase
reactions. D, CNBr cleavage analysis of the fraction 37 kinase and CK2-labeled GST-Notch'“P222°2 shows that peptide 7, residing in the ankyrin domain, is

targeted by both kinases.

96-well streptavidin-coated plate (Greiner). The plate was
washed 3 times before binding with 5X SSC (750 mm NaCl, 75
mM sodium citrate:2H,O, supplemented with 0.05% Tween 20)
and post-binding with DNA binding buffer (100 mm Tris, pH 8,
150 mm NaCl, 1 mm DTT, 5 mm MgCl,, 0.1% Nonidet P-40, 5%
glycerol, and 100 pg/ml bovine serum albumin). The second
wash removes excess of unbound DNA. After washes, Notch
(0.1 pmol) was preincubated on the plate in the presence or
absence of 200 um of ATP and increasing quantities of CK2 for
30 min before the addition of Maml-Luc (0.1 pmol) and CSL (1
pmol). Proteins were then incubated for 10 min at room tem-
perature. Maml-Luc corresponded to a fusion between Maml1
(residues 1-305) and luciferase protein. After incubations, the
plate was washed again three times with binding buffer to
remove proteins that were not form part of a complex. Finally,
luciferase assay reagent (LAR, Promega) was added, and lumi-
nescence was measured in a BMG plate reader.

RESULTS

Notch'“P Is phosphorylated within the Ankyrin Domain by
Casein Kinase 2—To identify novel kinases that phosphorylate
Notch'“P and regulate its function, we performed kinase assays
with fractionated lysates from RKE cells transformed with
Notch'“P. Superose-6 FPLC-separated fractions were used as a
kinase source, and purified GST-Notch'“® and GST-
Notch'“P22202 were used as substrates for in vitro kinase assays.
GST-Notch'“PA2202 3 C-terminal deletion mutant that har-
bors the minimal region needed for cellular transformation
(48), was used to identify kinases that regulate Notch'“" func-
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tion but do not phosphorylate the PEST domain. A kinase activ-
ity that peaked in fraction 37 phosphorylated both GST-
Notch'“® and GST-Notch'“P*?2°2 (Fig, 14). CNBr cleavage
analysis of the labeled GST-Notch'“? and GST-Notch'“P42202
was carried out to map the phosphorylation sites, and as shown
in Fig. 1B, fraction 37 specifically labeled the ankyrin domain,
and the target amino acid was on peptide 7 (Fig. 1B).

Analysis of the amino acid sequence of peptide 7 revealed
two serine residues, Ser-1901 and Ser-1940, within peptide 7 of
Notch'P that fit the consensus sequence for casein kinase 2
((T/S)XX(E/D)) (Fig. 1B). This prompted us to investigate if the
kinase in fraction 37 is CK2. To confirm the identity of this
kinase, it was first tested whether heparin, a known inhibitor of
CK2 activity, could block fraction 37 kinase activity. An in vitro
kinase reaction demonstrated that the kinase activity that
peaked in fraction 37 was inhibited in the presence of heparin
(Fig. 1C). Next we tested if fraction 37 kinase could also phos-
phorylate a CK2 peptide substrate (RRREEETEEE), showing
that both fraction 37 kinase and CK2 had similar substrate
specificity (Fig. 1C). Finally, to demonstrate that the site(s) of
phosphorylation is the same for fraction 37 kinase and CK2, we
prephosphorylated GST-Notch"“P#?2°2  with recombinant
CK2 using unlabeled ATP as phosphate donor. The prephos-
phorylated GST-Notch'“P222°2 a5 then used as a substrate for
fraction 37 kinase in an in vitro kinase reaction. Prephosphory-
lation of GST-Notch'“P22292 by CK2 prevented incorporation
of **P by fraction 37 kinase (Fig. 1C). This suggests that fraction
37 kinase and CK2 likely target the same Ser residue(s) on pep-
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FIG. 2. Ser-1901 in the ankyrin domain of Notch'“® is the CK2 phosphorylation site. A, in vitro kinase assays were performed with CK2 and fraction 37 as
kinase sources and GST-Notch'“P42202 and several point mutants of Notch as substrate. B, CNBr cleavage analysis of in vivo labeled Notch'“P22292 and
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specific antibody was tested on purified Notch'® either phosphorylated by CK2 or dephosphorylated by alkaline phosphatase (C/P). Non-phospho and
phospho peptides were used to block the antibody. D, 293-T cells were transfected with Notch'“® and treated with either DMSO or with increasing concen-
trations of the CK2 inhibitor TBCA for 24 h. 100 ug of total cell extract was analyzed for Notch'“P expression with anti-FLAG antibody, and phosphorylation of

Ser-1901 was detected using the phospho-specific Ser-1901 antibody. WB, Western blot.

tide 7. CNBr cleavage analysis of GST-Notch'“?*?2°2 phosphor-
ylated by fraction 37 and recombinant CK2 confirmed that the
target Ser was on peptide 7 (Fig. 1D).

Ser-1901 within the Ankyrin Domain of Notch'® Is the Tar-
get for CK2—Peptide 7 contains CK2 consensus sequence
(T/S)XX(E/D) at Ser-1901. To determine if Ser-1901 was a tar-
get of CK2, we changed Ser-1901 to Gly by site-directed
mutagenesis and constructed GST-Notch!©PA220251901G - A g
controls, several other Ser and Thr residues in peptide 7
were also mutated. In vitro kinase assays using GST-
Notch!“PA220281901G 54 qubstrate demonstrated that mutation
of Ser-1901 to Gly prevented phosphorylation by both the CK2
and fraction 37 kinase (Fig. 24, lane 2 and 3). In contrast, muta-
tion of other Ser and Thr residues to Ala did not affect phos-
phorylation by either CK2 or fraction 37 kinase (Fig. 24, lanes
4-8). These results demonstrate that Ser-1901 in Notch'“P is
the target of CK2 and fraction 37 kinase in vitro.

To determine if 1901 is a phosphorylation site for CK2 in
vivo as well, we transiently expressed Notch'“P4?2°2 and
Notch!©PA2202 $1901G i Hel a cells and performed iz vivo label-
ing. Notch'“P42292 and Notch'“PA220251901G yere immuno-
precipitated from cell lysates using anti-Notch'“" and sub-
jected to CNBr cleavage. Both Notch'“P#?2°2  and
Notch!“PA220281901G \yere phosphorylated on peptide 12, but
peptide 7 was only detected in Notch'“®*?2°? and not in
Notch!“PA220281901G (Fjg  9B). Furthermore, the fact that
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mutation of Ser-1901 to Gly completely prevented the phos-
phorylation of peptide 7 in Notch!©P42292 $1901G jpdjcates that
Ser-1901 was the only accessible phosphorylation site in pep-
tide 7. In contrast, Ser-1940 is not phosphorylated by CK2
despite the fact that it fits the CK2 consensus sequence. Taken
together, these data indicate that Ser-1901 is phosphorylated in
cells with a high degree of specificity and that the kinase respon-
sible is most likely CK2.

To further demonstrate that Ser-1901 of Notch'“" is phos-
phorylated in vivo, we generated an antibody against phosphor-
ylated Ser-1901. Fig. 2C demonstrates specificity of the anti-
body in recognizing recombinant Notch'“" phosphorylated at
Ser-1901 by CK2. In particular, antibody binding was out-com-
peted by a specific phosphorylated peptide competitor but not
by a non-phosphorylated peptide competitor (Fig. 2C).

To demonstrate that our antibody specifically detects phos-
phorylation of Ser-1901 by CK2, we treated 293-T cells trans-
fected with Notch'“" with the specific CK2 inhibitor, TBCA
(54). Increasing the concentration of TBCA resulted in
Notch'“P no longer being phosphorylated at Ser-1901 (Fig. 2D,
lanes 2-5). However, cells treated with DMSO expressed
Notch'“P that was phosphorylated at Ser-1901 (Fig. 2D, lane 1).
As a control for Notch'“P expression, cells treated with either
TBCA or DMSO expressed similar levels of Notch'“" (Fig. 2D,
lanes 1-5, upper panel).
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FIG. 3. Ser-1901 is phosphorylated when Notch'“® is alone or associated with Maml1 and CSL. A, 293-T cells were transfected with Notch'“®, and the
nuclear fraction was run on a Superose 6 column. Fractions were analyzed either by phospho-specific Ser-1901 antibody or by anti-FLAG antibody. B, 293-T cells
were transfected with Notch'“®, Maml1, and CSL, and the nuclear fraction was run on a Superose 6 column. Elution fractions were analyzed either by
phospho-specific Ser-1901 antibody or anti-FLAG antibody. WB, Western blot.

Notch'“P Phosphorylation on Ser-1901 Occurs Independent CK2 Phosphorylation of Notch'® at Ser-1901 Decreases the
of the Association with Mamll and CSL—The ankyrin repeat  Notch Activation Complex Binding to DNA in Vitro—To deter-
domain of Notch'P is located in the central region of the pro-  mine the effect of the phosphorylation at Ser-1901 on the ability
tein C-terminal to the RAM domain. This domain, as seen in  of the active complex to bind DNA, EMSA analyses were per-
the crystal structure of the activation complex, likely servesasa  formed with recombinant baculovirus-expressed proteins
scaffold function for Notch'“" activity by interacting simulta- Notch'“", Maml1, and CSL. Results demonstrated that in the
neously with Mamll and CSL (55, 56). Several reports have presence of Notch'“”, Maml1, and CSL, an activation complex
pointed out the indispensable role of this domain in transacti- formed on DNA (Fig. 44, lane 3). Interestingly, prephosphory-
vation as determined by deletion and mutation analysis (6, 10, lation of Notch'" by CK2 resulted in a decrease in the DNA-
48, 57-61). Phosphorylation of Notch'“” by CK2 within the bound activation complex (Fig. 44, lane 4). However, the CSL-
ankyrin domain raises the possibility that phosphorylation may =~ DNA complex was not affected (Fig. 44, compare lanes 2, 3, and
affect Notch'“P activity by modulating the functional interac-  4), indicating that phosphorylation affected only the Notch'“"-
tions between Notch"“” and other proteins, suchas Mamlland ~Maml1-CSL complex. Furthermore, preincubation of CSL with
CSL. This idea is reinforced by observing the crystal structure of ~ CK2 or preincubation of Notch'“” with ATP in the absence of
the Notch transcriptional activation complex (see Fig. 84), CK2 had no effect on the formation of the activation complex on
which reveals that the loop containing Ser-1901 isin close prox-  DNA (Fig. 44, lanes 5 and 6), which demonstrates specificity.
imity to Maml1 and CSL. To determine if Notch'“" phosphor- To determine if the decrease in activation complex binding
ylated at Ser-1901 is associated with Mamll and CSL, 293-T  to DNA was a result of either Maml1 or CSL being phosphory-
cells were transfected with either Notch'“® alone or with lated by CK2, in vitro kinase assays were performed using puri-
Notch'“®, Maml1, and CSL. 48 h post-transfection, nuclear fied Notch'“®, Maml1, and CSL. Alone or in complex with
lysate was fractionated by size exclusion chromatography ona  Maml1 and CSL, Notch'“P was phosphorylated by CK2 (Fig.
Superose 6 column. Notch'“P, which is not associated with 4B, lanes 3 and 4). In contrast, Maml1 and CSL were not phos-
Maml1 and CSL, appears in fraction 37 and is phosphorylated  phorylated by CK2 either alone or in complex with Notch'“"
on Ser-1901 as detected by the phospho-specific antibody (Fig.  (Fig. 4B, lanes 1, 2, and 4). These data indicate that CK2 specif-
3A4). In the presence of Mamll and CSL, phosphorylated ically phosphorylates Notch'“” and not Maml1 and CSL.
Notch'“P was only detected in fractions 30 and 31, which cor- To determine if the decrement in the activation complex
responds to the complex with Maml1 and CSL (Fig. 3B) (53). binding to DNA was specifically due to phosphorylation at Ser-
Taken together, these results suggest that even though Notch 1901 by CK2, Notch’“ proteins containing S1901G and
phosphorylated on 1901 is preferentially associated with S1901D mutations were expressed in SF21 cells and affinity-
Maml1 and CSL, phosphorylation on Ser-1901 take place inde-  purified. Recombinant proteins, Notch'“®, Notch!<P 191G,
pendent and before complex formation, which is consistent and Notch'“P *°°'P were prephosphorylated with increasing
with CNBr-mapping results of HeLa cells transfected with amounts of CK2, and activation complex binding to DNA was
Notch'“P (Fig. 2B). Therefore, the phosphorylation does not analyzed by EMSA. Results demonstrated that increasing
dissociate the interaction with these proteins in the ternary the amounts of CK2 decreased the amount of the wt Notch'“"
(higher molecular weight) complex. These experiments, how- activation complex binding to DNA in a dose-dependent man-
ever, do not address the role of this phosphorylation on com- ner (Fig. 4C, left panel). In contrast, increasing the amount of
plex formation on DNA and subsequent transcriptional CK2 had no apparent effect on the binding of the
activation. Notch'“P 191G activation complex to DNA (Fig. 4C, middle
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FIG. 4. Phosphorylation of Ser-1901 by CK2 affects the Notch'“>-MamI1-CSL complex on DNA. A, EMSAs were performed on the indicated combinations
of proteins (100 ng each). Proteins were incubated with *?P-labeled 1X CBF1 oligonucleotide containing a CSL consensus binding site, resolved on a 5%
nondenaturing gel, and visualized by autoradiography. PO3 ~-Notch'“P indicates Notch'P prephosphorylated by CK2 (0.25 units/100 ng of protein), PO3~-CSL
indicates CSL treated with CK2 (0.25 units/100 ng protein), and ATP-Notch'“® indicates Notch'“P preincubated with ATP in the absence of CK2. B, in vitro CK2
assays were performed using baculovirus-expressed recombinant proteins as substrate and [y->?P]ATP as phosphate donor. Samples were separated by
SDS-PAGE. Autoradiography was done to detect *?P-labeled proteins (upper panel), and the same gel was silver-stained to show relative amounts of protein
loaded in each lane (lower panel). C, increasing the amount of CK2 (0.25-1.00 units/100 ng of protein) did not affect the Notch'“®>"9°"%-MamI1-CSL complex
from binding to DNA as seen by EMSA. The experiment was performed in similar manner as A but with increasing concentrations of CK2. D, quantitative DNA
binding assay was performed as described under “Experimental Procedures” with 2 CSL oligo in the presence of Notch'“® wt or S1901A and increasing

concentrations of CK2. Incubating with CK2 reduced the luciferase activity of the wt Notch'“® but had no effect on S1901A. Incubating Notch'“® wt with CK2 in
the absence of ATP had no inhibitory effect on complex binding to DNA. U, unit(s).
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Notch!cPA220251901D are phosphorylated within peptide 7.

panel), indicating that phosphorylation of Ser-1901 has a neg-
ative effect on Notch'“® complex binding to DNA. However, in
the case of Notch'“P 51910 the presence of low levels of CK2
showed no noticeable decrease when compared with the mutant
and the wt in the absence of CK2 (Fig. 4C, lanes 1, 9, and 10). Thus,
Notch'<P $1991D does not seem to function as a phosphomimetic.

To have a more quantitative estimation of the effect of Ser-1901
phosphorylation on the ability of the Notch complex to bind DNA,
complex stability on DNA was further tested by a quantitative
DNA binding assay. Briefly, a biotinylated oligo containing two
CSL binding sites was immobilized on a 96-well streptavidin-
coated plate. This was then incubated with a Maml1-luciferase
fusion protein in combination with other proteins as indicated in
Fig. 4D. Interaction of Notch'“”-Maml1-CSL complex on DNA
was measured by luciferase activity. With increasing concentra-
tions of CK2, the ability of Notch'® complex to bind DNA
showed a marked reduction. However, the phosphorylation-defi-
cient (S1901A/G) mutant showed no change in the luciferase
activity in the presence of CK2. Taken together, these results dem-
onstrate that phosphorylation of Notch'“"” by CK2 negatively reg-
ulates the stability of the activation complex on DNA.

Thr-1898 Becomes a Second Phosphorylation Site in Notch'“®—
The observation that in the presence of high levels of CK2 there
is a slight decrease on the binding of the Notch'“" 1°'P com-
plex to DNA (Fig. 4C, lanes 11 and 12) led us to consider the
possibility that the negative charge of the Ser to Asp substitu-
tion causes another residue to become the target of phosphor-
ylation and presents a similar effect. To address if a second
residue was being phosphorylated, in vitro kinase assays
were performed with Notch'“P, Notch'“P 599G and
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Notch'“P 519910 (Fig 5A4). As was previously observed,
Notch'“P was phosphorylated by CK2 (Fig. 54, lanel), and in
contrast, Notch'“P 519916 was not (Fig. 54, lane 2). Surpris-
ingly, Notch'“P $19°1P was also phosphorylated by CK2 (Fig.
5A, lane 3), indicating that a new residue other than Ser-1901
was phosphorylated. Because Asp is unlikely to be phosphory-
lated, we analyzed the primary amino acid sequence of
Notch'“" and found that the substitution of Ser-1901 to Asp
generates a new CK2 consensus site (TXXD) and, hence, iden-
tifies Thr-1898 as the candidate for the second phosphoryla-
tion. To determine if this new phosphorylated residue was also
located in peptide 7, in vitro kinase assays were performed with
GST—NOtChICDAZZOZ, GST_NOtChICDAZZOZ Sl901G’ and GST_
Notch!CPA2202 $1901D (Eig 5B) followed by CNBr cleavage anal-
ysis (Fig. 5C). Results revealed that both GST-Notch'“P42202
and GST-Notch!'“P4220251901D yere phosphorylated on pep-
tide 7. As expected, GST-Notch!©PA220251901G a5 not phos-
phorylated on peptide 7 (Fig. 5C). These data indicate that a
second residue, likely Thr-1898, becomes accessible for phosphor-
ylation only when there is negative charge on 1901, namely when it
is phosphorylated or when it is mutated to Asp, and further sug-
gests the presence of a hierarchical phosphorylation event, which
is demonstrated in subsequent experiments (see Fig. 7).
Phosphorylation on Ser-1901 and Thr-1898 of Notch'“” Nega-
tively Regulates DNA Binding and Transcriptional Activity—
Because phosphorylating Ser-1901 likely leads to Thr-1898
being phosphorylated, this raises the possibility that phosphor-
ylating Ser-1901 alone or both Ser-1901 and Thr-1898 reduces
the stability of the activation complex on DNA. To test this,
EMSA analysis was performed with purified Notch'“P,
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Notch!“PS1901A  and  Notch!“P 718984 phosphorylated by
CK2 (Fig. 6A). As previously observed, prephosphorylating
Notch'“P affected the binding of the activation complex on
DNA (Fig. 6A, left panel). Interestingly, preventing the phos-
phorylation of either Thr-1898 or Ser-1901 resulted in the acti-
vation complex binding to DNA (Fig. 6A, right panel), suggest-
ing that both phosphorylation events are essential for
decreasing binding of the Notch complex to DNA; the first
phosphorylation event at Ser-1901, as it is needed to open the
second site for phosphorylation, and the second phosphoryla-
tion event at Thr-1898, as it is likely to be the one that has the
ultimate effect on the complex dissociating from DNA. The
presence of DNA binding of Notch'“P 718984 complex when
CK2 is present, even though Ser-1901 is phosphorylated under
these conditions, supports the idea that Thr-1898 phosphoryla-
tion is responsible for dissociating the complex from DNA (Fig.
64).

As described above, phosphorylation of Notch on Ser-1901
and Thr-1898 decreases the binding of the Notch activation
complex to DNA. We decided to address if the decrease in DNA
binding translates to a lower Notch'“" transcriptional activity.
For that purpose luciferase reporter assays were performed
using an 8X CSL reporter in the presence of Notch'“” wt or
phosphorylation mutants. Results showed that both S1901A
and T1898A resulted in higher luciferase activity compared
with wt (Fig. 6B). These data suggest that CK2 negatively regu-
lates Notch transcriptional activity by phosphorylating Ser-
1901 and subsequently Thr-1898.

The results obtained suggested that phosphorylation of
these sites may also have an effect on Notch target gene expres-
sion. To address endogenous gene expression, Notch!“P,
Notch!©P S19014 " and Notch!“P T1898A were introduced into
HC-11 cells, and the expression of the Notch target genes
Hey-1, Hey-2, Cyclin-D1, and Notch-3 were assessed by quan-
titative RT-PCR. Both S1901A as well as T1898A mutants dis-
played increased expression of the target genes compared with
wild type (Fig. 6C). Specifically, in the case of Hey-2,
Notch'“P 519914 and Notch'“P T18984 showed an increase of
target gene expression of 57 and 160% when compared with the
wt, respectively. However, expression levels of Notch wt and
phosphorylation mutants were comparable (Fig. 6D). In con-
trast, deletion of the PEST domain of Notch results in dramatic
increase in protein levels with a concomitant increase in gene
transcription (~280% increase in Hey-2 expression; data not
shown). Collectively, these results demonstrate that phosphor-
ylation of these residues reduce the active complex on DNA and

have a negative effect on Notch mediated gene transcription
and not protein stability.

Phosphorylation of Ser-1901 and Thr-1898 Does Not Dissoci-
ate the Notch'“P-MamlI1-CSL Protein Complex—Decreasing
active complex stability on DNA can result from destabilizing
the interactions between Notch'“®, Maml1, and CSL. To deter-
mine if activation complex formation is inhibited by CK2 phos-
phorylating Ser-1901 and Thr-1898, co-immunoprecipitation
assays were performed with purified Maml1 and CSL incubated
with Notch'“P, Notch!“P T18984 and Notch!“P S1901A that were
either phosphorylated or not phosphorylated by CK2 (Fig. 6E).
When Maml1 was immunoprecipitated, prephosphorylation of
Notch'“P, Notch'“P T894 "and Notch'“P 51994 by CK2 did
not inhibit the formation of activation complexes (Fig. 6E, right
panel, lanes 6—8). To determine if Notch'“" phosphorylated at
Thr-1898 was associated with Mamll and CSL, Western blots
were performed using an antibody raised against phosphoryla-
ted Thr-1898 (Fig. 6E, right panel). When Maml1 was immu-
noprecipitated, Notch'“" phosphorylated at Thr-1898 and CSL
co-immunoprecipitated (Fig. 6E, right panel, lane 6). As a neg-
ative control, CSL and Notch'“" phosphorylated by CK2 in the
absence of Mamll were not immunoprecipitated by Mamll
antibody (Fig. 6L, right panel, lane 5). These results suggest that
the phosphorylation at either or both of these residues does not
have an observable effect on the stability of the Notch'“-Mas-
termind-CSL protein complex interactions.

Phosphorylation of Thr-1898 Follows Phosphorylation of Ser-
1901 and Occurs When Notch'“P Forms a Complex with Maml1
and CSL—To determine when Notch'“P is phosphorylated at
Thr-1898 in cells, 293-T were transfected either with Notch'“P
alone or Notch'“P co-transfected with Maml1 and CSL (Fig. 7).
When Notch'“® was immunoprecipitated in the absence of
exogenous Mamll and CSL, phosphorylated Thr-1898 was not
detected (Fig. 7A, lane 1, second panel). However, when Maml1
was immunoprecipitated to isolate Notch'“" associated with
Mamll and CSL, phosphorylation at Thr-1898 was detected
(Fig. 7A, lane 2, second panel). In both instances phosphoryla-
tion at Ser-1901 was observed (Fig. 7A, lanes 1 and 2, third
panel). Western blot analysis with anti-Notch antibody was
used to demonstrate equal immunoprecipitations of Notch'P
between samples (Fig. 7A, lanes I and 2, fourth panel). Collec-
tively, our data indicate that unlike the phosphorylation event
at Ser-1901, phosphorylation at Thr-1898 only occurs when
Notch'“ associates with Maml1 and CSL.

To determine if Ser-1901 must be phosphorylated before
phosphorylation of Thr-1898, 293-T were transfected either

FIG. 6. Phosphorylation of Ser-1901 and Thr-1898 by CK2 is required to inhibit Notch'“P activity. A, electrophoretic mobility shift assays were performed
on Notch'“P, Notch'“P 579%™ and Notch'“P T'8984 (100 ng each) with equal molar quantities of Maml1 and CSL. Proteins were incubated with >P-labeled 1X
CBF1 oligonucleotide, resolved on a 5% nondenaturing gel, and visualized by autoradiography. Increasing the amount of CK2 (0.25-1.00 unit/100 ng of
protein) did not affect the Notch'“P 5'9°A-MamI1-CSL and Notch'“P T'898A_Mam|1-CSL complexes from binding DNA. B, H1299 cells were transfected with 0.05
g each of Notch'“® wt and mutant constructs and 0.1 ug of Maml1. 48 h post-transfection, cells were lysed, luciferase assays were performed in triplicate, and
the results are shown in relative luciferase units (RLU). Error bars represent S.D. C, HC-11 cells were infected with retrovirus expressing each of the mutants
indicated. 72-96 h post-infection, cells were harvested for RNA, and RT-PCR analysis was carried out for Hey-1, Hey-2, Cyclin-D1, and Notch 3 expression. The
expression was normalized to hypoxanthine-guanine phosphoribosyltransferase expression. The experiment shown is representative of three independent
experiments. Columns represent the mean, and bars denote S.D. within replicates of a single experiment. MIG, MCSV-IRES-GFP. NICD, Notch intracellular
domain. D, top panel, retroviral vectors directed expression of Notch ICD wt and mutant proteins to similar levels in 293-T cells. Shown are Notch and linked GFP
expression for normalization. Bottom panel, retroviral-infected HC11 cells show comparable expression levels of Notch wt and mutant proteins. WB, Western blot.
E, immunoprecipitation (IP) assays were performed using different combinations of Baculovirus expressed Maml1, CSL and Notch'®, Notch'“PT'8%8A and
Notch'“PS1901A either phosphorylated or not phosphorylated by CK2. Immunoprecipitations were performed using anti-Maml1 antibody, and Notch'P,
Notch'“PT189%A Notch!“PS 19014 and CSL were detected using anti-FLAG antibody. Phosphorylation of Thr-1898 was detected using anti-phospho-Thr-1898 antibodly.
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FIG.7.Phosphorylation of Thr-1898 is only detected when Notch forms a
complex with Maml1 and CSL and requires phospho-priming of Ser-
1901. A, 293-T cells were transfected either with Notch'“P alone or Notch'P
co-transfected with Maml1 and CSL ¢cDNA constructs. 48 h post-transfection
cells were harvested, and whole cell lysates were made. Anti-FLAG antibody
was used either to immunoprecipitate (IP) Notch'“® alone or Notch'“P associ-
ated with Maml1 and CSL. Western blots (WB) were performed using anti-
phospho Thr-1898 antibody to detect phosphorylated Thr-1898, anti-phos-
pho Ser-1901 antibody to detect phosphorylated Ser-1901, anti-Notch
antibody (BTAN20) to detect Notch'“P, anti-Myc (9E10) antibody to detect
Maml1, and anti-HA antibody to detect CSL. B, 293-T cells were transfected
either with Notch'“P alone or Notch'“® and Notch'“P>°°' in combination
with Maml1 and CSL cDNA constructs. 48 h post-transfection cells were har-
vested, and whole cell lysates were made. Anti-FLAG antibody was used to
immunoprecipitate Notch'P alone and Notch'“® and Notch'“P5'9°"A associ-
ated with Maml1 and CSL. Western blots were performed using anti-phos-
pho-Thr-1898 antibody to detect phosphorylated Thr-1898, anti-phospho
Ser-1901 antibody to detect phosphorylated Ser-1901, and anti-Notch anti-
body (BTAN20) to detect Notch'“P. HA-CSL, hemagglutinin tagged CSL.

with Notch'“® or Notch'“P 51914 and co-transfected with
Mamll and CSL (Fig. 7B). When Maml1 was immunoprecipi-
tated to isolate Notch'“" associated with Mamll and CSL,
phosphorylation at Thr-1898 was not detected with the
Notch'<P S99 mutant (Fig. 7B, lane 3). These data indicate
that Thr-1898 phosphorylation occurs in cells and is dependent
on phospho-priming at Ser-1901.

DISCUSSION

To date several laboratories including ours have demon-
strated that Notch'P is subjected to multiple phosphorylations
that modulate its transcriptional activity by regulating its sta-
bility or localization (31-46). Studies demonstrated that phos-
phorylation of the PEST domain by CDKS targets Notch'“" for
ubiquitination and subsequent degradation (38, 39). GSK-3f3
has also been shown to phosphorylate Notch'“" and protect it
from proteasome-mediated degradation (35). More recently, it
has been demonstrated that Notch is phosphorylated by Akt,
which interferes with nuclear localization of Notch'“" and,
therefore, results in reduced transcriptional activity (44). Also,
evidence over the last couple of years has shown that phosphor-
ylation of Notch'“P can directly affect its transcriptional activ-
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ity (45, 46). One way that active complex formation on DNA
could be affected is by phosphorylating and subsequently mod-
ifying the protein interactions of the ankyrin repeats of
Notch'“P with other components, such as CSL and Maml1. In
particular, Down syndrome-associated kinase DYRKIA has
been shown to phosphorylate Notch'“" on the ankyrin repeats
and results in attenuation of transcriptional activity (45). Simi-
larly, Nemo-like kinase also phosphorylates Notch'“" in the
region C-terminal to the ankyrin repeat domain and reduces its
transcriptional activity (46). In an effort to understand the role
of phosphorylation in Notch'“” function and identify kinase(s)
responsible for regulating this activity, we carried out experi-
ments that identified Notch as a substrate for CK2 and identi-
fied novel phosphorylation sites within the ankyrin repeats of
Notch'“P, We also demonstrate a hierarchical phosphorylation
of Notch'“P, where Ser-1901 is phosphorylated by CK2 fol-
lowed by a second phosphorylation at Thr-1898. We further
demonstrate that the phosphorylation of Thr-1898 only occurs
when Notch forms a complex with Mamll and CSL. Further-
more, phosphorylation of both Thr-1898 and Ser-1901
decreases the stability of the Notch'“P-Maml1-CSL complex
on DNA. Our data indicate that phosphorylation of Ser-1901 by
CK2 leads to phosphorylation of Thr-1898 and further destabi-
lization of the Notch'“®-Maml1-CSL complex on DNA, with a
concomitant decrease in transcriptional activity.

Phosphorylation within the Ankyrin Domain Destabilizes the
Notch Activation Complex on DNA—In this study we demon-
strate that Notch undergoes two specific phosphorylation
events that negatively regulate DNA binding and transcrip-
tional activity. The first phosphorylation event is likely to occur
before Notch'“ interacting with Maml1 and CSL, and the sec-
ond event occurs when Notch'“" is associated with Maml1 and
CSL (Fig. 7; see Fig. 9). Interestingly, phosphorylation at the
first site, Ser-1901, by CK2 generates a phosphorylation site at
Thr-1898. This phosphorylation site does not contain a canon-
ical consensus sequence for CK2 but can be phosphorylated by
CK2 invitrowhen Ser-1901 is mutated to Asp, as a new CK2 site
is created (Fig. 5). Interestingly, this event led us to discover this
second phosphorylation site in Notch'". However, in vivo it is
likely that a second kinase other than CK2 phosphorylates Thr-
1898, as phosphorylated Ser-1901 does not conform to a canon-
ical CK2 consensus sequence (Fig. 8B). In addition, we observe
that Thr-1898 phosphorylation only happens when Notch'“"
forms a complex with Maml1 and CSL and after another phos-
pho-specific event has occurred, i.e. phosphorylation of Ser-
1901 by CK2. These observations suggest that these two phos-
phorylation events differ spatially and temporally. Previously, a
component of the transcription machinery, CDKS, was shown
to phosphorylate Notch within the PEST domain and nega-
tively regulate Notch'P transcriptional activity (38, 39). Phos-
phorylation of Thr-1898 in cells is likely to be a nuclear-local-
ized event as it only occurs when Notch'“” forms a
transcriptional activation complex. Therefore, one can hypoth-
esize that the kinase responsible for this phosphorylation is a
component of the transcription machinery, such as CDK8.
Alternatively, this second kinase could be specifically recruited
to Notch'“P during assembly of the transcriptional machinery
(Fig. 9).
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FIG.8.Location of the phosphoregulatory loop in the Notch'“®>-Maml1-CSL complex on DNA. A, a ribbon representation of the activation complex on DNA
shows the phospho-loop. Representation was prepared in PyMOL (14) using the coordinates from the crystal structure of the quaternary ANK/RAM, Master-
mind, CSL, and DNA complex (PDB 2FO1). RAM and ankyrin repeat domains of Notch are shown in green, CSL in orange, and Mastermind is in light blue. The
phosphoregulatory loop in Notch is denoted by an arrow and shown in red. Top left, the structure of the activation complex on DNA is shown. Top right, zoom
shows the phospho-loop in proximity with Mastermind and CSL. Bottom, the position of the phospho-loop relative to the ankyrin domain of Notch is shown.
CK2 consensus sequence is highlighted in a box next to the red circle denoting the phospho-loop. B, amino acid alignment of four human Notch (hNotch1-4)
proteins and the Drosophila Notch Protein (dNotch) reveals a conserved CK2 consensus sequence for human Notch1-3 and Drosophila Notch (underlined). Blue
and red highlights denote residues that might be equivalent to human Notch1 Ser-1901 and Thr-1898, respectively. Below is a schematic showing hierarchical
phosphorylation event in which Ser-1901 is first phosphorylated by CK2 followed by phosphorylation of Thr-1898. C, schematics show the phosphorylated
residues in hNotch1 and their predicted equivalents in other Notch paralogs.

The context of the Thr-1898 phosphorylation after the Ser-
1901 phosphorylation suggests that it could be a substrate for
another member of the CK family that requires phospho-prim-
ing, such as CK1. However, we tested CK1 and do not observe
phosphorylation of Thr-1898 in vitro (data not shown). It is,
therefore, likely that although Ser-1901 phosphorylation cre-
ates a phosphorylation site at Thr-1898, this site is exposed only
when the activation complex forms and binds to DNA and
might be dependent on transcription. This phosphorylation
then destabilizes the active complex on DNA, resulting in the
dissociation of the complex from DNA. Thus, we propose that
phosphorylation of Ser-1901 followed by Thr-1898 on DNA
will give a timing mechanism for transcription activation and
attenuation. In this report we show that the phosphorylation
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events that occur at Ser-1901 and Thr-1898 are important reg-
ulators of Notch'“® transcriptional activity. We have demon-
strated that phosphorylation of both Ser-1901 and Thr-1898
negatively regulates Notch'“" transcriptional activity by dis-
rupting the Notch'“P activation complex on DNA. How do
these phosphorylation events affect the interaction between
Notch'"“P-Maml1-CSL on DNA? One possibility is that the
phosphorylation events lead to a distortion of the ankyrin
domain. These phosphorylation events occur within the first
ankyrin repeat of Notch and are located in a region that does
not conform to a canonical ankyrin repeat. This region contains
alarge number of charged amino acids and is predicted to form
a large flexible loop that we define now as the phosphoregula-
tory loop (55, 56, 62). In the crystal structure of the Notch acti-
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FIG. 9. Model for hierarchical phosphorylation of Notch'“P. /, Notch'“P is phosphorylated by CK2 at Ser-1901 before forming an activation complex or
alternatively during complex formation. /I, Notch'P forms an active transcription complex with Maml1 and CSL on DNA. /ll, phosphorylation of Ser-1901 and
interaction with Maml1 and CSL opens a second site to be phosphorylated, Thr-1898. 1V, both phosphorylations will cause then the termination of transcription,

which results in the displacement of Notch'“P

vation complex associated with DNA, it is possible to observe
that this phospho-regulatory loop is in close proximity to
Mamll and CSL, although there are no formal contacts pre-
dicted between this loop region, Maml1, and CSL (56) (Fig. 8).
However, there are formal contacts between other regions of
the ankyrin domain of Notch with Maml1 and CSL (55, 56). It is
possible that the addition of phosphate groups in this region
result in the loop undergoing a conformational change that
distorts the structure of the ankyrin domain. Because both
Mamll and CSL interact with the ankyrin domain of Notch,
this distortion could destabilize these interactions and affect
the stability of the Notch activation complex bound to DNA.
However, these phosphorylation events do not destabilize the
Notch'“P-Maml1-CSL complex in solution (Fig. 6E). It is pos-
sible that the Notch activation complex formed in solution is
more flexible than an activation complex formed on DNA. This
flexibility might allow the activation complex formed in solu-
tion to undergo more stable conformational changes, which
leads to the formation of Notch activation complexes in solu-
tion containing the phosphorylated residues. Further biophys-
ical studies need to be performed to determine how these phos-
phorylation events affect the structure of the Notch ankyrin
domain.

Conservation of CK2 Sites in Notch Family Members—CK2
has recently been found to be involved in cell survival having an
anti-apoptotic effect. Furthermore there is increasing evidence
that CK2 can be responsible of tumor progression and drug
resistance (63— 67). In this study we showed that Notch'" is a
target of CK2 and, furthermore, that this phosphorylation reg-
ulates Notch activity. This relationship raises the question if
other members of the Notch family may have a similar regula-
tion of activity by CK2. In mammals, four Notch receptors have
been identified (Notch1-4) (68 -71). An amino acid sequence
alignment of the Notch receptors revealed that mammalian
Notchl and -2 have a conserved serine residue that conforms to
a CK2 consensus sequence (Fig. 8B). Both Notch3 and Drosoph-
ila Notch do not have a serine around this position. However,
they have a threonine that fits the CK2 consensus sequence,
whereas Notch4 does not have either a serine or threonine in
the vicinity of Ser-1901 that could be a potential CK2 site. Inter-
estingly, Notch2 has a serine within the vicinity of Thr-1898 of

28856 JOURNAL OF BIOLOGICAL CHEMISTRY

and Maml1 from DNA. CoR, corepressor.

Notchl, indicating that Notch2 might be regulated in a similar
way as Notchl. Neither Notch3 nor Drosophila Notch has
either a serine or threonine at a position similar to 1898 (Fig.
8C). Because we have described that phosphorylation of Thr-
1898 occurs only in the context of complex formation on DNA,
it can be predicted that Notch1 and -2 are regulated in a differ-
ent manner than Notch3, Notch4, and Drosophila Notch.
Moreover, Notch4, which does not have a residue equivalent to
Ser-1901 or Thr-1898, may be regulated differently than any
other of the Notch paralogs. The hierarchical phosphorylation
that we have described in Notchl could be a possible mecha-
nism of differential regulation of transcription with respect to
other Notch family members and opens a new field for explo-
ration that may account for the diversity and pleiotropic effects
observed in Notch signaling. Further analyses need to be per-
formed to determine how phosphorylation of these residues
contributes to the diverse biological effects observed between
Notch family members.
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