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Abstract

Delta ligands are important for regulating Notch signaling through transcellular stimulation of
Notch receptors. The cytoplasmic tails of Delta ligands have multiple potential regulatory sites
including several lysine residues that are putative targets for ubiquitination by the E3 ubiquitin
ligases, Mind Bomb and Neuralized. To identify possible roles for specific lysine residues in the
cytoplasmic tail of the Notch ligand DII1 a mutational and functional analysis was performed.
Examination of a panel of individual or clustered lysine mutants demonstrated that lysine 613
(K613) in the cytoplasmic tail of DII1 is a key residue necessary for transcellular activation of
Notch signaling. Multi-ubiquitination of the DII1 mutant DII1-K613R was altered compared to
wild type DII1, and the K613R mutation blocked the ability of DII1 to interact with Notch1.
Finally, mutation of K613 did not affect the stability of DII1 or its ability to traffic to recycle to the
plasma membrane, but did enhance the fraction associated with lipid rafts. Collectively these
results suggest that the transcellular defect in Notch signaling attributed to residue K613 in
cytoplasmic tail of DII1 may result from altering its multi-ubiquitination and increasing its
retention in lipid rafts.
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1.0 Introduction

The Notch signaling pathway plays important roles in specifying cell fate during embryonic
development and contributes to adult homeostasis[1, 2]. Notch signaling is activated by
transcellular interaction between ligands of the Delta/Serrate/Lag2 (DSL) family in signal-
sending cells with Notch receptors in signal-receiving cells. Five DSL ligands have been
identified in mammals including three Delta-like proteins (DII1, 3, and 4) and two Jagged
(Jaggedl and Jagged?) proteins[3, 4]. Notch receptors appear on the plasma membrane of
cells as non-covalently bound heterodimers that are generated from a 300 kDa precursor
form by proteolytic cleavage (S1) mediated by a furin-convertase in the trans-Golgi. The
cleaved Notch1 heterodimer is composed of a 120 kDa Notch intracellular domain (Notch-
ICD) subunit bound to its 180 kDa Notch extracellular domain subunit (Notch-ECD)[5-7].
In response to transcellular binding between Notch and a member of the DSL ligand family,
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a second protease cleavage (S2) site is exposed and cleaved by a member of the ADAM (a
disintegrin and metalloproteinase) protease family. A third cleavage, (S3/S4) is mediated by
the intramembrane aspartyl protease, y-secretase. The S3/S4 cleavage liberates the Notch-
ICD from the membrane and the ICD is trafficked to the nucleus where it associates with a
family of DNA-binding proteins called CSL (CBF1/RBPJ-k/Su (H) Lag) to form a
transcriptional complex for activation of specific target genes[8]. In addition to transcellular
activation of Notch by Delta ligands, studies have also shown that this ligand can interact
with Notch when co-expressed on the same cell and inhibit Notch activity (cis-inhibition)[9-
14]. Ubiquitination of DSL ligands including Delta is important for endocytic internalization
and recycling to the plasma membrane and may have a role in activation of the ligands prior
to Notch receptor binding [3, 15-22].

Endocytic trafficking of DSL ligands is promoted in response to monoubiquitination of the
cytoplasmic tail of the ligand by the ubiquitin ligases, Mind bomb (Mib) or Neuralized
(Neur) [19, 23-27]. Endocytosis facilitated by Epsin proteins may target the ligand to a
specific endocytic compartment that is necessary for DSL ligands to become signaling
competent as Epsin mutants move efficiently to the plasma membrane, but do not signal.
The exact nature of this activation mechanism is unknown but could involve post-
translational modifications to the extracellular domain of the ligand within the compartment
or possibly clustering of the ligands to enhance signaling [18, 28-30].

Ubiquitination of proteins is associated with many aspects of cell signaling including protein
trafficking, endocytosis, protein interactions, kinase activation and degradation [31-33].
Heuss et al. [18] recently characterized a murine DII1 in which all 17 lysine (K) residues
within the cytoplasmic tail were mutated to arginine (R) (DII1-K17R) thus rendering the
protein resistant to ubiquitinylation. These studies revealed that DII1-K17R is efficiently
endocytosed, but recycling, trans-endocytosis of Notch extracellular domain (Notch-ECD),
as well as activation of Notch transcellular signaling are impaired. In addition, Heuss et al.
[18] demonstrated wild type DII1 was partially localized to lipid rafts while DII1-K17R was
excluded from these microdomains, an observation that could account for its failure to
activate Notch signaling. Although these studies are elegant and informative, the results
from an extensively mutated DII1 ligand do not address the importance of, or allow
identification of specific functions that can be attributed to individual lysine residues. In the
current study a panel of mutant DII1 molecules were examined to investigate the role of
specific conserved lysine (K) residues in the cytoplasmic tail of DII1 and their potential role
in Notch signaling, ubiquitination, endocytic recycling and Notch receptor binding. These
studies identified a single, conserved lysine (K) residue K613 that is important for both cis-
and trans-cellular interactions between DII1 and Notch to facilitate Notch signaling.

2. Materials and Methods

2.1 Materials

MG132, anti-Vinculin (1:1000; V4505), anti-Flag M2 (1:1000, A2220), anti-Pan Cadherin
antibodies (1:1000; C1821/CH-19), protein A beads, protein G beads and protease inhibitor
cocktail were purchased from Sigma (St. Louis, MO). Anti-Delta (1:1000; H-265/SC9102),
and anti-Notchl (1:1000; C-20/SC-6014; H-131/s¢9170) were from Santa Cruz (Santa Cruz,
CA) and have been previously validated [34, 35]. Anti-caveolin-1 (1:1000; 610406) was
from BD Biosciences. Anti-B-tubulin (1:500; MAB3408, clone KMX-1) was from
Millipore. Absolute QPCR Mixes were from ABgene (Rockford, IL). Fugene 6 transfection
reagent was purchased from Roche Diagnostics (Indianapolis, IN). DharmaFect-1 siRNA
transfection reagent was from Dharmacon (Lafayette, CO). Notch1l/Fc chimera was from
R&D (5627-TK) and comprises residues 19-526 from Notchl fused to the Fc region of
human IgG1.
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The construction of full-length p3xFlag-MIB1 has been described previously [36, 37].
Mouse pY X-Asc-DII1 was purchased from ATCC (Manassas, VA), and pPCDNA3-DII1 was
generated by PCR cloning of the coding region of DII1 into pcDNA3 (Invitrogen). The PCR
generated cDNA was sequenced to confirm the fidelity of the reaction and no alterations
were identified. The DII1 lysine mutant constructs were made using site-directed
mutagenesis (Stratagene) with mutated oligonucleotide primers corresponding to mutation
sites. All mutants were confirmed by sequencing. Vectors for expression of the
hemaglutinin-tagged (HA) ubiquitin were kindly provided by Dr. Ted Dawson (Johns
Hopkins University). The pGL2-HES1 AB reporter and full length Notchl constructs were
kindly provided by Dr. Nadia Carlesso (Indiana University).

2.3 Cell Culture and Transient Transfection

2.4 Western

Wild type mouse embryo fibroblast (MEF) cells were kindly provided by Dr. Maureen A.
Harrington (Indiana University School of Medicine, Indianapolis, IN). Human embryonic
kidney HEK293 cells (MPBiomedicals) and C3H10T1/2 (10T1/2) cells (ATCC, American
Type Culture Collection) were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum. Transient transfection of HEK293 cells was
carried out using equal amounts of total plasmid DNA (adjusted with the corresponding
empty vectors) and Fugene-6 transfection reagent according to the manufacturer’s
guidelines.

Blotting, Immunoprecipitation and Lipid Raft Fractionation

Western blotting and immunoprecipitation were performed as described previously using
7.5% SDS-PAGE [36]. Immunoreactive proteins on Western blots were visualized using the
Supersignal West Pico or West Femto detection systems (Pierce) according to
manufacturer’s directions. All antibodies were used at a 1:1000 dilution for western blotting
except where noted. Cell extracts were prepared in RIPA lysis buffer containing 0.1%
Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, 0.15 M NaCl, 10 mM sodium
phosphate, pH 7.2, 2 mM EDTA, 50 mM sodium fluoride, protease inhibitor cocktail and
phosphatase inhibitor cocktails. For immunoprecipitation cells were washed with PBS and
lysates were prepared in lysis buffer (50 mM Tris-HCI, pH 7.4, 0.1% Nonidet P-40, 1%
Triton X-100, 1 mM EGTA, 1 mM EDTA, 0.15 M NaCl) containing a protease inhibitor
cocktail. For each immunoprecipitation, clarified cell lysates were incubated with anti-Delta,
anti-Flag, anti-HA or IgG (control) antibodies at 4°C for at least 3h. For
immunoprecipitations, antibodies were diluted 1:100 in cell lysates containing equivalent
amounts of total protein. Protein A or protein G beads were added to the lysates and
incubated for further 1.5 h. Immune pellets were washed four times with lysis buffer
containing protease inhibitor cocktail, and precipitated proteins were resolved by
electrophoresis and then analyzed by Western blotting. Western blotting was quantified
using Fuji Imager software (FUJI Medical Systems, USA). Lipid raft fractionation was
performed as described by Heuss et al. [18]. HEK293 cells were transfected with plasmids
encoding either wild type or K613R mutant DII1. At 48 h post-transfection, the cells were
lysed in 2 mL TN buffer (20 mM Tris, pH7.5; 150 mM NacCl) containing 1% Brij 98 for 30
min on ice. Following passage through a 25-G needle 15 times, the lysates were adjusted to
a final concentration of 40% sucrose/1% Brij 98 in TN buffer. Gradients were assembled by
the addition of 4 mL of 30% and 4 mL of 5% sucrose in TN buffer. Following centrifugation
for 20 h at 230,000 X g, 1 mL fractions were collected from the top to the bottom of the
gradient and 40 pL of each fraction was analyzed by western blotting using anti-Delta, anti-
B—tubulin and anti-caveolin-1 to identify lipid raft and cytoplasmic fractions.

Biochim Biophys Acta. Author manuscript; available in PMC 2012 December 1.
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2.5 Immunoprecipitation of DII1 from intact cells with N1-Fc

HEK?293 cells transiently transfected with vectors for expression of DII1 were scraped and
collected. The cells were washed three times in PBS containing 0.1 mM CaCl,. The washed
cells were then incubated in PBS/0.1 mM CaCl, with 1 ug/mL recombinant Notch1-Fc
fusion protein for 18 h at 4°C and then washed three times in PBS/CaCl, to remove unbound
Notchl-Fc before addition of lysis buffer. Equal amounts of lysate were incubated overnight
with 50 puL. 10% Protein G beads to fractionate the Notch1-Fc/DII1 complexes.

2.6 In vivo ubiquitination

HEK293 cells were transiently transfected with DII1 or HA-Ubiquitin constructs as
indicated. After 24h, the transfected cells were treated with MG132 for a further 16h. Cell
lysates were prepared in RIPA lysis buffer with protease inhibitor cocktail and MG132 (10
uM). Ubiquitinated proteins were immunoprecipitated from the cell extract using anti-HA
antibodies and western blotting was performed to detect the presence of DII1.

2.7 Quantative RT-PCR (QRT-PCR) Analysis of mRNA

RNA was extracted with TRIzol reagent (Invitrogen). 1.2 ug of RNA was used as template
for reverse transcription (RT) using Superscript first strand cDNA synthesis kit (Invitrogen)
and the resulting cDNAs were dissolved in 20 uL H,0. The cDNA levels of specific genes
were measured by quantitative real time PCR using Absolute QPCR Mixes (ABgene) and an
ABI 7500 Real Time PCR system (Applied Biosystems). The gene- and mouse-specific
primers used for QPCR are mHPRT1 5-GTT ATT GGT GGA GAT GAT CTC TCA
ACT-3'and 5'-TGC AAC CTT AAC CAT TTT GGG GCT G-3', mHES1 5-GCT AGA
GAA GGC AGA CAT TCT GGA AAT GA-3'and 5'-CGC GGT ATT TCC CCA ACA
CGC T-3', mHEY15-TCC CTG CTT CTC AAA GGC ACT-3'and 5-GGA AAA GAC
GGA GAG GCA TCA-3', mHEY2 5-AAG CGC CCT TGT GAG GAA A-3"and 5-TGT
CGG TGA ATT GGA CCT CAT-3". All samples were amplified in duplicate and every
experiment was repeated at least 2 times using biologically independent samples. Relative
gene expression was converted using the 2~ AACt method against the internal control HPRT1
housekeeping gene.

2.8 Reporter Gene Assays

Reporter plasmid transfection was carried out using FUGENESG transfection reagent (Roche)
according to the manufacturer’s guidelines. The level of promoter activity was evaluated by
measurement of the firefly luciferase activity relative to the internal control TK-Renilla
luciferase activity using the Dual Luciferase Assay System essentially as described by the
manufacturer (Promega). A minimum of six independent transfections was performed and
all assays were performed in duplicate. Results are reported as the mean + S.E.

2.9 Endocytosis Assay

Endocytosed and exocytosed recycled proteins were identified using a reversible
biotinylation assay as previously described[38] with minor modifications (see Supplemental
Figure S2 for details).

2.10 Statistical Analysis

Results are expressed as mean = S.D. The Student’s t test was used to compare quantitative
data where indicated. A value of p<0.05 was considered statistically significant.
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3. Results

3.1 K613 in the cytoplasmic tail of DII1 is required for Notch signaling

To identify potential conserved ubiquitination sites within the cytoplasmic tail of DII1, the
sequences of the intracellular domains of DLL from mouse, human and rat were aligned and
examined (Supplemental Figure S1). This analysis identified fifteen highly conserved K
sites in the cytoplasmic domain of DII1. A previous study [18] generated a single mutant
DII1 having 17 K residues within the cytoplasmic tail altered to R. Although the complete
sequence of the cDNA used in this previous study was not included, the sequence
encompassing the specific lysine residues that were mutated was noted. A comparison of the
K residues in the previous report and those in our clone and clones from the GenBank
database revealed that residue 628 which is K in the Heuss et al [18] DII1 clone is a highly
conserved acidic residue in the mouse clone used for our study as well as rat and human
DII1 clones. In addition, residue 572 is a K residue in both mouse and rat DII1 clones, but is
R in human clones and this residue as well as residue E628 were not targeted for mutation in
the mouse DII1 used in the current study.

To determine which of these fifteen K residues in the cytoplasmic tail of mouse DII1 has a
role in regulating Notch signaling, a series of DII1 mutants was generated in which each of
these K residues were replaced by arginine (R) either singularly (K575R, K600R, K613R,
K617R, K618R, K648R, K675R, K689R, K699R, K702R, K713R) or in combination when
conserved K residues were clustered together (K613-618R, K660-664R, K629-633R). The
effects of the mutant K to R mouse DII1 proteins on Notch transcellular signaling were
determined using a transcellular co-culture assay. Plasmids encoding murine DII1 were
transfected into human HEK293 cells and after 24h the transfected HEK293 cells were co-
cultured with multi-potent mouse 10T1/2 cells or primary mouse embryo fibroblasts, which
both express Notch1 receptors on their plasma membranes[39—-41]. Using mouse specific
primers, qRT-PCR was used to monitor the expression of Notch target genes: HES1, HEY1
and HEY2. Of eleven DII1 mutants initially tested, only the triple mutant K613R-K618R
resulted in a highly significant decrease (p<0.001) in expression of the Notch target genes
compared to the wild type DII1 in 10T1/2 cells (Figure 1A). Expression of three other
mutants (DII1-K689R, -K699R and -K713R) also resulted in attenuated expression of the
Notch target genes, although the magnitude of this reduction was smaller and had lower
significance (p<0.05). To determine if all three K residues in the triple mutant DII1-
K613-618R were important for expression of Notch target genes, three single mutants were
generated using site-directed mutagenesis (DII1-K613R, -K617R and -K618R). Analysis of
these three single mutants using the same HEK293 co-culture approach with 10T1/2 cells
(Figure 1B) or with mouse embryo fibroblasts (MEFs) (Figure 1C) revealed only the triple
mutant, DII1-K613-168R and the single mutant, DII1-K613R were significantly (p<0.001)
defective in their ability to activate HES1, HEY1, and HEY2. Finally, activation of a HES1
luciferase reporter plasmid in 10T1/2 cells was significantly attenuated (p<0.001) when co-
cultured with HEK293 cells expressing DII1K613-618R or -K613R as compared to HEK
cells expressing wild type DII1 (Figure 1D). We also observed a small although significant
(p<0.05) attenuation in HES1 reporter activity with many of the other K mutant DLL1
molecules (Figure 1D). These data clearly suggest that residue K613 in the cytoplasmic tail
of DII1 is the most important lysine for the transcriptional activation of Notch target genes in
a transcellular co-culture assay.

3.2 Ubiquitination of DII1-K613R is altered

As the results in Figure 1 suggested that DII1-K613 was important for transcriptional
activation of several Notch1 genes, the ubiquitination profile of the DII1-K613-617R and
DII1-K613R mutants was compared to wild type DII1 as well as the remaining panel of
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mutant DII1 molecules (Figure 2). Lysates from HEK293 cells transfected with vectors for
expression of either with wild type or mutant DII1, HA-ubiquitin, and Mib1 were examined
by western blotting to detect DII1 in total ubiquitinated protein fractions. This analysis
revealed that the ubiquitination profile of DII1-K613-617R and DII1-K613R was altered
compared to the wild type DII1 and the remaining DII1 mutants. Specifically it was noted
that only a single mono-ubiquitinated species was detected and the typical ubiquitin ladder
that is found in the remaining DII1 mutants was strongly attenuated.

3.3 DII1-K613R interacts with Mib1

To determine whether or not the attenuated ubiquitination of DII1-K613-618R or K613R
resulted from altered binding between the ubiquitin ligase Mib1 and the mutant DII1
proteins, HEK293 cells were transfected with plasmids for expression of flag tagged Mib1l
and DII1 wild type or mutants as indicated (Figure 3). After 24h, the cells were lysed and
Mib1 was immunoprecipitated using anti-Flag antibody. The immune complexes were then
analyzed by western blotting to determine if DII1 was present (Figure 3). The results of this
co-immunoprecipitation experiment demonstrated that both DI11-K613-618R and DII1-
K613R mutants interact with Mib1 similar to wild type DII1.

3.4 Residue K613 in DII1 is important for interaction with Notch1 Extracellular Domain

A key step in the activation of Notch target genes and inhibition of Notch signaling is
physical interaction between DII1 ligands and Notch receptors both in trans and cis [9-12,
14, 19, 42]. To determine if the binding between Notchl and DII1 or DII1-K613R was
altered, the association of these molecules was examined using purified, recombinant
Notchl/Fc to immunoprecipitate DII1 both in cis (from lysed cells) and trans (from intact
cells) configurations. Notch1/Fc is a chimeric fusion protein comprised of Notch1-ECD
(residues 19-526) fused to Fc region of human IgG and can be used as a source of Notchl-
ECD. To determine if cis binding between Notch and DII1 is altered, HEK293 cells
transiently expressing either wild type or mutant DII1 were lysed and the cell lysate was then
incubated with purified, recombinant Notch1/Fc (Figure 4A). Analysis of Notch1/Fc
immune complexes by western blotting revealed that only wild type DII1 or the mutants
K617R and K618R DII1 bound Notchl/Fc while K613-618R or K613R did not (Figure 4A).
These data suggest that cis interactions between Notch and the mutant DI11-K613-618R or
DII1-K613R are significantly impaired compared to wild type DII1. To determine if trans
binding between Notch and DII1 is also altered, Notch1/Fc was incubated with intact cells
and then the remaining unbound Notch1/Fc was washed before cell lysis and addition of
protein G (Figure 4B). DII1-K613R was not present in Notch1/Fc immune complexes from
intact cells (Figure 4B) suggesting that trans interactions between Notch and the DII1-
K613R mutant are attenuated. Western blotting of input cell extracts confirmed the presence
of DII1 and Notch1/Fc in cell lysates. These results demonstrate the importance of K613 in
DII1 for binding to the Notch1-ECD fusion protein both in whole cell lysates (cis) and to
DII1 on the surface of intact cells (trans).

3.5 Mutation of DII1 K613 does not alter its membrane endocytosis or recycling, but does
alter lipid raft localization

Previously, a DII1 mutant that was unable to be ubiquitinylated was shown to be trafficked
to the plasma membrane efficiently, but to be defective in membrane recycling and excluded
from lipid raft microdomains[18]. Based on this, we sought to determine if DII11-K613R
alters trafficking to and from the plasma membrane using an assay to measure the apparent
rate of trafficking of the wild type (WT) and mutant DII1-K613R to the plasma membrane
[38]. In this assay the relative changes in the internalized, biotin-labeled pool of DII1
following incubation periods at either 4°C (no recycling) or 37°C (recycling) were
determined (see Materials and Methods and Supplemental Figure S2A for details).

Biochim Biophys Acta. Author manuscript; available in PMC 2012 December 1.
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Preliminary experiments using intact HEK293 cells established that within 30 min at 37°C,
biotinylation of DII1 is maximal and that MesNa treatment was able to effectively strip
biotin from labeled surface proteins (Supplemental Figure S2B, C). To determine the
changes in the relative level of the internal, biotinylated pools of DII1 as an indicator of the
rate of endocytosis, wild type DII1-WT or mutant DI11-K613R were expressed in HEK293
cells and the surface membrane proteins of intact cells were biotinylated for 30 min at 37°C
to allow for cycling and maximal labeling of the various pools of membrane proteins.
Biotinylated proteins were purified using streptavidin conjugated beads and analyzed by
western blotting. For all the blots in Figure 5A, the intensity of the DII1 bands in lanes 2—6
was first normalized to the total DII1 shown in the CE blot and then compared to the
biotinylated DII1 present in the streptavidin fraction following the labeling period (Figure
5A, lane 1). To determine the fraction of the total biotinylated pool that was located in an
internal compartment, the labeled cells were incubated at 4°C to block further endocytic
recycling and MesNa was used to strip the biotin from the exposed plasma membrane
proteins (MesNal) before cell lysis. This leaves only the internalized DII1 labeled with
biotin (Figure 5A, lane 2). Cells were then returned to 37°C for either 15 or 30 min to allow
the internalized biotinylated DII1 to recycle back to the plasma membrane or to be degraded
(Figure 5A, lanes 3,5). In parallel, cells were subjected to a second round of stripping
(MesNaz2) following this 37°C incubation to remove the labeled DII1 that had recycled to the
plasma membrane (Figure 5A, lanes 4,6). The decreased DII1 signal seen between lanes 3
and 4 and between lanes 5 and 6 thus represents that amount of biotinylated DII1 that had
recycled back to the plasma membrane during the 15 or 30 minute incubation at 37°C,
respectively. The signals on the western blots (obtained from 3 separate experiments) were
quantitated by densitometry and compared to the total biotinylated DII1 (lane 1) and the
percent DII1 remaining in the biotinylated fraction is shown in the table (Figure 5B).

Approximately 57.8+5.3 and 58.5+4.1% of the pool of biotinylated wild type or mutant DII1
respectively was sequestered in an internal compartment following labeling (0 min at 37°C).
The amount of the internalized biotinylated DII1 that recycled back to the plasma membrane
after 15 or 30 minute incubation at 37°C was similar for both wild type and K613R mutant
DII1. At 15 minutes 27.5+3.5% of the wild type and 27.2+2.7% of the mutant remained in
the internal compartment (Figure 5A) and after 30 minutes 14.2+3.1% of the wild type and
11.4+2.6% of the mutant remained in the internal compartment. During this recycling period
it was also noted that there was a significant decrease in the total biotinylated wild type
(57.8 vs. 36.5%) and mutant DII1 (58.5 vs. 33.5%) following 30 minutes of incubation at
37°C (Figure 5A,B lane 2 and lane 5). This decrease likely represents degradation of DII1
during the experiment. The decrease determined for both wild type and K613R is not
statistically significant (36.5+2.4 vs. 33+3.9%; Figure 5A,B, lane 5), suggesting that K613R
is not degraded more rapidly than wild type DII1. In control experiments, the levels of the
internal pool of biotinylated cadherins detected by a pan-cadherin antibody also remained
relatively stable during this period (32.8+3.2 vs. 30.8+2.5%; Figure 5A,B, lanes 2 and 5).
Together, these results suggest that mutation of K613 in DII1 does not significantly alter the
rate of its cycling between the plasma membrane and internal compartments or its stability
compared to wild type DII1.

To determine if mutation of residue K613 alters lipid raft microdomain localization, the
fraction of DII1 WT or K613R localized to caveolin-1 containing membrane fractions was
determined (Figure 5C). Membranes were isolated from HEK cells transfected with wild
type or K613R mutant DII1 and fractionated on sucrose density gradients [18]. Membrane
fractions were analyzed by western blotting to determine how much DII1 was present in the
caveolin-1 rich lipid raft fractions. As expected, caveolin (24 kDa) was restricted to fractions
located at the top of the gradient. There was some small experimental variation in the
number of fractions in which caveolin was readily detectable ranging from fractions 1-3 to
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fractions 1-5, likely reflecting small differences in the preparation and collection of the
gradient and the total amount of protein loaded. Densitometric analysis comparing the
amounts of DII1 WT or K613R in caveolin-1 containing fractions revealed that there was a
significant difference in their distribution. This analysis showed that 25.9 + 3.0% of DII1
WT compared to 37.5 + 2.6% of K613R is in caveolin-1 containing fractions. These results
suggest that DII1-K613R is more efficiently recruited to lipid rafts or alternatively, is less
effectively endocytosed from lipid rafts.

4.0 Discussion

These studies demonstrate that residue K613 in the cytoplasmic tail of DII1 is critically
important for activation of Notch signaling. Mutation of DII1-K613 to R attenuated
transcellular Notchl signaling and activation of target genes in co-cultured cells. The
ubiquitin profile of this mutant is altered such that multi-ubiquitination is greatly attenuated,
despite the fact that DII1-K613R interacts with at least one E3 ubiquitin ligase, Mibl. DII1-
K613R is also unable to physically interact with Notch1 receptors either in cis or trans
configurations, although it is expressed at the cell surface, endocytosed and degraded at a
similar rate to wild type DII1. Interestingly, there is a higher level of DII1-K613R present in
lipid raft microdomains, suggesting that this mutation may alter endocytosis from rafts or
alternatively enhance association with these microdomains.

Several possible mechanisms could explain how mutation of K613 within the cytoplasmic
tail of DII1 profoundly reduces the activation of Notch dependent genes. These include
alteration to ubiquitination, trafficking to and from the membrane, inability to interact with
Notch receptors or ubiquitin ligases, and stability or degradation. Examination of each of
these possibilities led to the discovery that DII1-K613R has an altered pattern of
ubiquitination and an impaired ability to interact with Notch receptors (Figures 2 and 4). In
contrast, DII1-K613R interacted with at least one ubiquitin ligase Mibl, (Figure 3), and was
localized to the plasma membrane and underwent membrane recycling (Figure 5) similar to
wild type DII1.

The finding that global recycling and stability of DII1-K613R is not significantly different to
wild type led to the examination of the fraction of this mutant present in lipid raft
microdomains. Interestingly, the fraction of DII1-K613R present in these microdomains is
greater than wild type DII1. This result can be interpreted in at least two ways, which are not
mutually exclusive. First, it is possible that recruitment of DI11-K613R to lipid microdomain
is enhanced because of structural differences related to either the residue change or altered
ubiquitination. If indeed structural alterations are responsible, they are likely subtle as the
degradation of this mutant is similar to wild type DII1. Alternatively, it is possible that
endocytosis from lipid rafts is attenuated, even though global endocytosis of DII1-K613R is
not significantly different from wild type DII1. This may suggest that recycling from lipid
microdomains is a key event in “activation” of DII1 ligand to a state competent to interact
with Notch receptor. Although the steps leading to “activation” of DSL ligands are poorly
understood, endocytosis is thought to be a important for generation of an “active” ligand that
is competent for a productive interaction with Notch receptors to initiate signaling [18, 43,
44]. The current studies further refine this paradigm, suggesting the possibility that
endocytic recycling from lipid microdomains is a key event to ligand activation.

Comparison of the ubiquitination pattern of wild type DII1 to the panel of DII1 mutants
revealed that they all appear to be mono-ubiquitinated, as evidenced by the prominent
ubiquitin band detected by anti-DII1 antibody in the ubiquitinated fraction of cellular
proteins. At least 2—-3 additional ubiquitinated forms are also consistently evident in this
panel of mutants resembling a ladder of multi-ubiquitinated DII1 species. The only
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exception to this ubiquitination pattern in this panel of conserved K mutants is DI11-K613,
which lacks this laddering pattern, although it does appear to be mono-ubiquitinated. This
finding raises the possibility that loss of one ubiquitination site promotes ubiquitination of
one of the other K residue(s) in the cytoplasmic tail of DII1 and could account for the failure
to identify a dominant ubiquitination site. It is also possible that K572 in mouse and rat DII1,
which is not conserved in human sequences and therefore was not analyzed in our study,
could be an important murine specific ubiquitination site. However, as there are no other
non-conserved K residues in the human DII1 cytoplasmic tail that could correspond to
mouse K572, it is difficult to see how the additional K at position 572 in mice and rats can
be of major physiological importance.

The findings of the current study, complement and extend those of Heuss et al [18]. In this
previous study, all of the K residues in the intracellular domain of a mouse DII1 were
mutated to R to generate a “ubiquitin-less” mutant (K17R). The K17R mutant exhibited a
complete lack of ubiquitination, did not activate Notch signaling, and although this mutant
was endocytosed, its endocytic recycling back to the plasma membrane was severely
attenuated. In contrast to the current results, the ubiquitinless K17R mutant was completely
excluded from lipid raft microdomains. These previous results suggested the possibility that
ligand recycling and lipid raft localization of DII1 are both required for activation of Notch
signaling[19]. The current studies demonstrate that some of the defects observed in the
K17R mutant DII1 are separable and can be attributed to functions of different lysine
residues within the DII1 cytoplasmic tail. For example, K613 is critical for Notch signaling,
and its mutation results in a loss of the observed multi-ubiquitination of DII1, but does not
alter the endocytic recycling of DII1-K613R to the plasma membrane or its stability and
increases its association with lipid raft microdomains. In addition, it appears that endocytic
recycling and notch binding can be separated based on the finding that DII11-K613R is
recycled as efficiently as wild type DII1 but is unable to interact with and signal to Notch
receptors.

5.0 Conclusion

Collectively, the results of the current studies demonstrate that residue K613 on the
cytoplasmic tail of DII1 is required for both cis and transcellular interactions between DII1
and Notch1 receptors, as well as for activation of Notch signaling. Although the endocytic
recycling and stability of DII1-K613R is not altered, its localization to lipid raft
microdomains is enhanced. DII1-K613R binds Mib1 and although it is still mono-
ubiquitinated, the typical multi-ubiquitination pattern is reduced. These studies identify
K613 of DII1 as a key focal point for regulating Notch signaling and endocytic activation of
Notch ligands.
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Refer to Web version on PubMed Central for supplementary material.
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DSL Delta/Serrate/Lag?2

Notch-1CD Notch Intracellular domain

Notch-ECD Notch extracellular domain

HES1 Hairy/enhancer of Split 1

HEY1 Hairy/enhancer of split related with YRPW motif protein 1

CSL Suppressor of Hairless/Lagl

SiRNA silencing RNA

IP immunoprecipitation

WB western blot

HA hemaglutinin

MesNa 2-mercaptoethanesulfonic acid sodium salt
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Figure 2. Ubiquitination of DII1 K613 is altered

HEK?293 cells were transfected with HA-ubiquitin, Mib1, and wild type or mutant DII1 as
indicated. At 24 h the cells were treated with 10 uM MG132 for an additional 16 h to allow
accumulation of ubiquitinated proteins before lysis. HA-tagged ubiquitinated proteins were
immunoprecipitated using anti-HA antibody and D11 was detected by western blotting
using anti-Delta antibody (sc-9102). To confirm the presence of the relevant proteins, an
aliquot representing 1/20t of the total cell extract (CE) was reserved prior to
immunoprecipitation and analyzed in parallel for expression of DII1 (lower panel). A
representative blot is shown, n=3. IP, immunoprecipitation; WB, western blotting; Ub,
ubiquitin; WT, wild type.
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Figure 3. DII1-K613R interacts with Mib1
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HEK293 cells were co-transfected with Mib1 and either DLL1-WT, DLL1-K613-618R, or
DLL1-K613R plasmids as indicated. After 36 h, Mib1 was immunoprecipitated using anti-
Flag antibody. Western blots were probed with anti-Flag or anti-Delta (sc-9102) antibodies
to detect Mib1 or DLL1. Shown is a representative blot, n=3. IP, immunoprecipitation; WB,
western blotting; CE, cell extract; WT, wild type.
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Figure 4. Residue K613 in DII1 is important for both cis and trans interactions with Notchl

A, HEK?293 cells were transfected with wild type or mutant DII1 as indicated. After 36 hrs.
cell lysates were prepared and then incubated with 1 pg/mL recombinant Notchl-Fc fusion
protein pre-complexed to protein G agarose. Western blotting was carried out to detect DII1
and Notch1-Fc using anti-Delta (sc-9102) or anti-Notch1l (sc-9170) antibodies. To confirm
the expression of proteins western blotting of 25 pg total cell extract was used. B, HEK293
cells were transfected with wild type or mutant DII1 as indicated. After 36 h, the intact cells
were incubated with 1 pg/mL recombinant Notchl1-Fc fusion protein for 18h at 4°C, the
intact cells were washed to remove unbound Notchl-Fc, lysed and then equal amounts of
total protein were incubated with protein G agarose. To confirm the presence of the relevant
proteins, an aliquot representing 25 ug of the total cell extract (CE) was reserved prior to
immunoprecipitation and analyzed in parallel. Western blotting was carried out as in ‘A’ and
vinculin was used to confirm that equivalent amounts of CE were used for analysis.
Representative blots are shown for each panel; n=3. IP, immunoprecipitation, CE, cell
extract, N1-Fc, Notch1l extracellular domain-Fc fusion protein.
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Figure 5. Mutation of DII1 K613 does not alter membrane endocytosis or recycling, but does
alter lipid raft localization

A, HEK?293 cells were transfected with plasmids for expression of wild type (WT) or mutant
DII1-K613R as indicated, and the trafficking of DII1 between internal compartments and the
plasma membrane was determined as described in “Materials and Methods” and
supplementary figure S2. The biotinylated DII1 in streptavidin fractions was detected using
anti-Delta antibodies (sc-9102). Cadherins are known to undergo endocytosis and recycling
and serve as a control. Cadherins were detected using an anti-Pan-cadherin antibody
(CH-19). Shown are representative blots, n=3. CE, cell extract, represents 1/20t of the total
cell extract prior to streptavidin fractionation; WB, western blot. B, Data shown in ‘A’ were
quantitated from 3 separate experiments, and the percent + SD (%) of biotinylated DII1
present in each group shown. These values were determined by first normalizing the
biotinylated DII1 in the streptavidin fraction to the amount of DII1 in the corresponding CE
lane and then comparing this value to total biotinylated DII1 (lane 1). C, Western blotting of
HEK?293 cells transfected with either wild type (WT) or K613R mutant DII1. At 40 post-
transfection, cells were mechanically lysed in buffer containing 1% Brij98 and then
fractionated by ultracentrifugation through a sucrose step-gradient as described in “Materials
and Methods”. Fractions were collected from top (fraction 1) to the bottom (fraction 12) of
the gradient. Antibodies to B-tubulin (55 kDa), or caveolin-1 (24 kDa) were used to define
cytoplasmic (detergent soluble) or lipid raft (detergent insoluble) fractions respectively, in
the gradient. Bands were quantitated by densitometry and the percentage of DII1 present in
the caveolin positive fractions determined. Mean data + SD obtained from 3—4 independent
experiments are shown in the graph. **indicates statistical significance; p<0.05, Students t
test.
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