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SUMMARY

Notch signaling controls diverse cellular processes critical to development and disease. Cell
surface ligands bind Notch on neighboring cells yet require endocytosis to activate signaling. The
role ligand endocytosis plays in Notch activation has not been established. Here we integrate
optical tweezers with cell biological and biochemical methods to test the prevailing model that
ligand endocytosis facilitates recycling to enhance ligand interactions with Notch necessary to
trigger signaling. Specifically, single-molecule measurements indicate that interference of ligand
endocytosis and/or recycling does not alter the force required to rupture bonds formed between
cells expressing the Notch ligand Delta-likel (DII1) and laser-trapped Notch1-beads. Together,
our analyses eliminate roles for ligand endocytosis and recycling in DII1-Notch1 interactions, and
indicate that recycling indirectly affects signaling by regulating the accumulation of cell-surface
ligand. Importantly, our study demonstrates the utility of optical tweezers to test a role for ligand
endocytosis in generating cell-mediated mechanical force.

INTRODUCTION

Activation of the evolutionarily conserved Notch signaling system requires cell-cell contact
to facilitate interactions between Notch cell surface ligands and receptors. The
transmembrane nature of the Notch ligands is consistent with the requirement for ligand
endocytosis in activation of the Notch receptor (D'Souza et al., 2010; Fortini and Bilder,
2009). In the absence of endocytosis, ligands accumulate on the cell surface but fail to
activate Notch signaling in neighboring cells (Itoh et al., 2003; Nichols et al., 2007a; Parks
et al., 2000; Wang and Struhl, 2004), identifying a new paradigm for endocytosis in
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activation of a signaling pathway. The exact roles that ligand endocytosis serve in Notch
signaling have remained poorly defined and controversial.

Studies in flies and mammalian cells suggest ligands undergo two distinct endocytic events
to activate Notch signaling (D'Souza et al., 2010; Furthauer and Gonzalez-Gaitan, 2009).
The first occurs prior to binding Notch and is proposed to facilitate recycling to generate an
active ligand. Specifically, this recycling model proposes nascent ligand delivered to the cell
surface cannot activate Notch. Instead, endocytosis and recycling back to the surface are
necessary for ligand to effectively bind Notch and activate signaling (Heuss et al., 2008;
Wang and Struhl, 2004). Ligand binding strength is critical for a model in which Notch
ligands are proposed to generate mechanical force to pull on Notch (Nichols et al., 2007a;
Parks et al., 2000). According to this pulling-force model, force produced through ligand
endocytosis deforms bound Notch to permit activating proteolysis in the production of a
cleaved Notch intracellular form that directly functions as the downstream signal transducer
(D'Souza et al., 2010; Gordon et al., 2008; Nichols et al., 2007b). Additionally, studies in
flies and mammalian cells suggest roles for endocytosis and recycling in the trafficking of
ligand to specific cell surface microdomains to potentiate either affinity or availability for
Notch (Benhra et al., 2010; Heuss et al., 2008; Rajan et al., 2009). Whether ligand
endocytosis regulates recycling or mechanical force to activate Notch signaling is currently
unknown. However, not all Notch-dependent developmental events require ligand recycling
raising the possibility that recycling is not a general, core requirement for signaling activity
(Banks et al., 2011; Jafar-Nejad et al., 2005; Windler and Bilder, 2010).

In this study, we directly tested whether ligand endocytosis functions to promote recycling
to strengthen Notch binding. To this end, we developed a cell-bead optical tweezers assay to
obtain rupture force measurements specific for cells expressing the Notch ligand Delta-likel
(DI1) bound to laser-trapped Notchl (N1) beads. Our biophysical experiments indicate that
neither endocytosis nor recycling strengthens ligand binding to N1, eliminating a role for
endocytosis in ligand affinity prior to interactions with N1. In the accompanying paper
(Meloty-Kapella et al., 2012), we extend this biophysical approach to obtain support for a
primary role for ligand endocytosis in generating mechanical pulling force downstream of
Notch binding.

RESULTS AND DISCUSSION
Establishing Optical Tweezers to Measure Specific DII1-N1 Binding Events

To determine if ligand endocytosis or recycling regulate ligand binding to Notch we used a
cell-bead optical tweezers assay. Interactions between Drosophilaand mammalian Notch
ligands and receptors have been demonstrated using cell aggregation (Fehon et al., 1990;
Parks et al., 2006; Rebay et al., 1991) and binding assays (Heuss et al., 2008; Hicks et al.,
2002; Nichols et al., 2007a; Shimizu et al., 1999). Moreover, atomic force microscopy
(AFM) measurement of rupture between Drosophila cells programmed to express Delta and
Notch have reported force in the nanoNewton range (Ahimou et al., 2004). In contrast to
these cell-based studies, the affinities reported for recombinant protein fragments containing
Notch ligand and receptor binding domains are weak or undetectable (Cordle et al., 20083;
Cordle et al., 2008b). None of these studies, however, have directly tested requirements for
ligand endocytosis and recycling in Notch ligand-receptor interactions. Towards this goal,
we replaced the Notch cell with a bead functionalized with recombinant Notchl (N1) protein
containing the ligand-binding domain fused to human Immunoglobulin G (IgG)-Fc (N1Fc).

N1Fc specifically binds DII1 expressing cells (Nichols et al., 2007a) and optical tweezers
can present beads to live cells for accurate measurement of bond strength (Weisel et al.,
2003). To determine if endocytosis or recycling enhance intrinsic ligand binding strength
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independent of avidity (Weisel et al., 2003), it was imperative to minimize DII1 clustering in
cells following interactions with N1Fc-beads. In fact, the exceptionally strong AFM forces
reported (Ahimou et al., 2004), likely reflect multivalent interactions between cells
engineered to express high levels of Delta and Notch. To avoid N1-induced ligand clustering
and facilitate single DII11-N1 interaction measurements, ProteinA (PrtA) microbeads were
coated with low N1Fc concentrations (Supplemental Experimental Procedures).

With optical tweezers, the position of the bead within the optical trap can be precisely
monitored over time (sec) and used to calculate the force (pN) required to rupture
interactions between N1Fc-beads and DII1 cells (Figure 1A and Supplemental Experimental
Procedures). Media containing 0.5ug N1Fc/ml produced functionalized beads that could be
repeatedly bound and detached from DII1 cells, which allowed serial measurements of
rupture force between a single live cell and a laser-trapped bead. These modifications to a
published method (Litvinov et al., 2002), allowed collection of large data sets for statistical
analyses to accurately determine rupture force as a measure of bond strength.

Determining Rupture Force Measurements Specific for DII1-N1 interactions

When N1Fc-beads interacted with DII1 cells the majority of rupture events occurred
between 0 and 40 pN (Figure S1A). To establish the specificity of these measurements, we
tested conditions in which DII1-N1 binding would not occur: DII1 cells paired with Fc- or
PrtA-beads (with and without BSA) and parental L cells paired with N1Fc-, Fc-, or PrtA/
BSA-beads. All negative control spectra contain one large mode centered at a few pN
(containing the maximum viscous drag force of ~0.6 pN estimated by Stokes flow and
verified in cell-free experiments shown in Figure S1B) and a shorter shoulder bound by 12
pN, representing non-specific binding and rupture events (Figure 1B and insert). In support
of this idea, spectra obtained for DII1 cells bound to N1Fc-beads contained additional force
modes with means of ~ 19 and 36 pN, suggestive of specific DII1-N1 interactions. Further
confirming the specificity of these measurements, L cells transiently expressing DII1C284Y
carrying the missense mutation reported to eliminate Delta binding to Notch in flies (Parks
et al., 2006), did not display the two higher force modes detected for DII1 cells (Figure 1C).
Consistent with the inability to bind N1Fc, DII1C284Y cells displayed reduced soluble N1Fc
binding similar to that detected for L cell controls (Figure S1C, D).

Single-molecule interactions were promoted by limiting the bead-cell contact time to 20
msec. If multiple interactions formed within 20 msec, we would have expected to detect
stepwise rupture as previously reported (Litvinov et al., 2002; Litvinov et al., 1994), rather
than the observed steep rupture events (Figure 1A). Additionally, we predict that our laser
tweezers cannot break more than four parallel bonds; assuming 19 pN to be the single-bond
rupture force and considering that our maximum laser tweezers force is ~ 90 pN. In support
of this, N1Fc-beads can be consistently pulled away from DII1 cells at forces too weak to
pull DII1 out of the membrane (Shao and Hochmuth, 1999).

Poisson distribution statistics were used to determine if the 19 pN force mode corresponds to
rupture of single DII1-N1 interactions. Nonspecific rupture events account for 70% or more
of our data, which corresponds to a rate of specific bond formation of 30% or lower,
proposed to promote single molecule events (Panorchan et al., 2006). In our rupture force
data for DII1 cells bound to N1Fc-beads (Figure 1B), the rate of bond formation was 10.5%
with 62% in the putative single bond mode and 38% in the double bond mode. Poisson
distribution statistics (Tees et al., 2001), however, predict a higher rate of single (95%) and
lower rate of double (5%) bonds than observed. Since Fc sequences dimerize N1Fc to
produce two potential DII1 binding sites, we wondered if dimer formation enhances the
probability of double bond formation (Figure 1D). If this were the case, spectra should
conform to Poisson distribution statistics when cells express low levels of DII1 and can only
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form single DII1-N1 interactions. To directly test this idea, we measured rupture force for
cells in which the level of DII1 expression could be modulated using doxycycline (dox)
induction (Sprinzak et al., 2010).

DII1 cell surface levels are low in the absence of dox, which likely accounts for the majority
of rupture force measurements occurring within the non-specific range (<12pN) (Figure 1E).
In contrast, cells cultured in 1 ng/ml dox showed an 8% rate of specific bond formation, of
which 98% fall within the putative single bond mode (Poisson distribution statistics predicts
96%), while 2% fall within the double bond mode (Poisson distribution statistics predicts
4%). Therefore, at this low DII1 cell surface level rupture force spectra are indeed consistent
with a Poisson distribution model, indicating the 19 pN mode represents single bond
ruptures. At 10 ng/ml dox, induced surface levels are similar to stable expressing DII1 cells
(see Figure 4), and the rate of bond formation was 30%, with 71% single (Poisson
distribution statistics predicts 83%) and 29% double bond formation (Poisson distribution
statistics predicts 15%). Thus, as ligand expression increases, the relative probabilities
deviate from predicted, however, the 19 pN mode persists supporting our claim that it
represents single-molecule DII1-N1 rupture events.

To further demonstrate the 19 pN mode corresponds to single-bond ruptures, we measured
rupture force spectra for DII1 cells interacting with N1Fc-beads coated with conditioned
media containing decreasing N1Fc and increasing Fc proteins (see Supplemental
Experimental Procedures for details). As N1Fc concentration decreased from 0.5 pg/ml
(Figure 1B, 1C) to 0.25 pg/ml and 0.1 pg/ml (Figure 1F), the probability of rupture events
in the first specific mode increased (62%, 76%, and 84%, respectively), while those in the
second decreased (38%, 24%, 16%, respectively), consistent with the 19 pN mode
corresponding to single ligand-receptor interactions. At 0.005 pg/ml the rate of bond
formation was 0.3% and neither mode was detected, underscoring the DII1-N1 specificity of
these rupture force measurements.

We next addressed the possibility that either of the two specific modes represents rupture of
PrtA-Fc bonds (Figure 1D, x). The rupture force between rabbit IgG and PrtA has been
reported to be ~ 30 pN at our typical loading rate of 250 pN/sec (Salomo et al., 2008). Laser
tweezers analyses of 1gG-PrtA rupture force for rabbit, mouse, bovine and goat 1gG
identified a median rupture force ranging from 25 to 44 pN (Stout, 2001), measured at
loading rates ranging from 400 to 5300 pN/sec. Considering these findings, the second
specific mode in our system could represent rupture of PrtA-Fc interactions. To test this,
N1Fc attached to PrtA-beads was chemically cross-linked (see Supplemental Experimental
Procedures). Rupture force analysis failed to show a change in the 19 pN rupture mode (p >
0.05) and only <1 pN change was detected for the second specific mode (Figure 1G). If the
second specific mode represented PrtA-Fc bond rupture, it should be significantly reduced
or eliminated following covalent cross-linking. Importantly, detection of the second specific
mode further supports specificity of the DII1-N1 interactions. Lastly, this analysis suggests
that the density of N1Fc on the bead must be too low for the cross-linking to cluster N1Fc,
further indicating that the first specific rupture mode represents measurement of single-
molecule binding events.

Interference of DII1 Endocytosis does not Decrease DII1-N1 Interaction Strength

To directly test whether endocytosis influences DII1 bond strength, cells expressing a DII1
lacking intracellular domain sequences (OCDD1) that is consequently defective in
endocytosis was assayed. Important for this analysis, OCDD1 binds N1 but is unable to
activate signaling in co-culture assays (Nichols et al., 2007a). Rupture force spectra obtained
for OCDD1 cells interacting with N1Fc-beads compared to control Fc-beads identified both
specific modes (Figure 2A). Comparison of rupture force spectra for DIl1 and OCDDL1 cells
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did not identify significant reduction in the mean value of the first specific mode (Figure 2B,
p > 0.05) as would be predicted if endocytosis is necessary for ligand binding to Notch. The
taller peaks observed for OCDDL likely reflect cell surface accumulation of this endocytic
defective protein (Figure 4B and (Nichols et al., 2007a), which would increase the
probability of forming interactions as observed with higher DII1 expression (Figure 1E). In
fact, concentration dependent increases in binding probability have been reported for
fibrinogen-integrin binding with activated platelets (Litvinov et al., 2002).

Genetic mosaic analysis of Drosophila shibire indicates a requirement for the key endocytic
factor dynamin by Delta cells in Notch activation (Seugnet et al., 1997). DII1 cells
expressing a dominant-negative dynaminK44A (Damke et al., 2001) are defective in
endocytosis and activation of Notch signaling (Nichols et al., 2007a), and display reduced
internalization of transferrin that requires dynamin (Figure S2B). The mean value of the
single-molecule rupture force mode detected for DII1 cells expressing dynaminK44A-eGFP
or eGFP alone are statistically equivalent (p > 0.05; Figure 2C), indicating endocytosis is not
a determinant of DII1-N1 bond strength. A caveat of this interpretation is the possible
induction of alternative modes of endocytosis by cells exposed to sustained perturbation in
dynamin activity (Damke et al., 1995; Ferguson et al., 2009). Therefore, we induced an
acute endocytic block with dynasore, a cell-permeable inhibitor of dynamin known to
rapidly prevent dynamin-dependent vesicle formation (Macia et al., 2006). The mean
rupture force value of the single molecule mode for DII1 cells treated with dynasore was
only 1 pN different from DMSO treated DII1 cells (Figure 2D), and the leftward shift is
likely due to cellular affects related to DMSO. Together, our findings indicate that neither
short- nor long-term inhibition of dynamin activity decreased DII1-N1 interaction strength,
eliminating a role for dynamin-dependent ligand endocytosis in Notch ligand bond strength.

Defects in Rabll-dependent Recycling do not Alter DII1-N1 Interactions

Our findings for DII1 cells defective in endocytosis indirectly suggest that recycling is not
required to strengthen the bond between DII1 and N1, in contrast to that previous proposed
(Heuss et al., 2008). Since this study did not directly test a role for DII1 recycling in DII1-N1
bond strength, we established methods to monitor and perturb DII1 recycling to determine if
trafficking through the recycling endosome enhanced ligand binding strength. To monitor
DII1 recycling, a cell surface labeling and stripping protocol (Heuss et al., 2008) that allows
90-100% removal of biotin from biotinylated cell surface DII1 was employed (Figure 3A
and 3B). Quantification of DII1 cell biotinylation indicated that ~ 50% of internalized
biotinylated DII1 is recycled back to the cell surface after 30 min (Figure 3C) as previously
reported (Heuss et al., 2008).

Since the small GTPase Rab11 that functions in the recycling endosome is indirectly
associated with ligand signaling activity (Emery et al., 2005), we determined if Rab11
activity is required for DII1 recycling. Simultaneous depletion of Rab11A and B using small
interfering RNAs (SiRNASs) decreased DII1 recycling to ~ 1/3 detected for cells treated with
scrambled (SCR) siRNAs (Figure 3B and 3C). Moreover, expression of the dominant-
negative Rab11S25N-eGFP (Ullrich et al., 1996) produced a similar DII1 recycling defect
(Figure 3B and 3C). Given the incomplete block in DII1 recycling and possible Rab-11-
independent DII1 recycling pathways, we estimate that this block detected at most 33% of
DII1 normally returned to the cell surface. If recycling strengthens ligand binding to Notch
as proposed, then decreasing DII1 recycling should produce a population displaying reduced
rupture forces compared to cells that effectively recycle DII1. Depending on the mean value
of this putative population, it should either appear as a distinct mode between the
nonspecific and single-bond modes, cause a leftward shift in the 19 pN mode, or fall
completely in the nonspecific mode increasing its probability. Significantly, none of these
predictions were supported by rupture force measurements of DII1 cells blocked in recycling
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through Rab11S25N-eGFP expression (Figure 3D and Figure S2C). Instead, as found for
defects in DII1 endocytosis, the single ligand-receptor rupture force mode was not
statistically different from control eGFP cells (p > 0.05), indicating no change in DII1-N1
interaction strength (Figure 3D).

Finally, that interference of either ligand endocytosis or recycling did not lead to significant
increases in the frequency of single-molecule interactions, argues against a role for recycling
to cluster ligand to produce high affinity Notch binding (Heuss et al., 2008). Rather, our data
indicate that DII1 recycling is not a determinant of DII1-N1 bond strength, and are more
consistent with genetic studies suggesting a context dependent requirement for ligand
recycling in signaling activity (Banks et al., 2011; Windler and Bilder, 2010).

Epsins are not Required for Ligand Recycling or DII1-N1 Interactions

Epsins are absolutely required for Notch ligands to activate signaling (Chen et al., 2009;
Overstreet et al., 2003; Overstreet et al., 2004; Tian et al., 2004; Wang and Struhl, 2005),
and it has been suggested that these endocytic adaptors function in ligand recycling to gain
signaling activity (Wang and Struhl, 2004). However, DII1 cells siRNA-depleted of epsinl
or expressing the dominant-negative epsinlAUIM-Venus (Chen and Zhuang, 2008)
displayed similar levels of DII1 recycling as control cells (Figure 3B and 3C). Moreover, the
mean rupture forces for DII1 cells expressing epsinl AUIM-Venus are similar (difference
was less than 1 pN) to DII1 cells expressing Venus alone (Figure 3E). Together, our
biochemical and biophysical data exclude a role for epsins in DII1 recycling to enhance
DII1-N1 bond strength. Since epsins are required for all Notch-dependent events, our
findings suggest alternative roles for epsins in ligand signaling activity that do not include
recycling.

Losses in Recycling Decrease Cell Surface DII1 and Notch Signaling

Although Rab11-dependent DII1 recycling does not strengthen Notch binding, depletion of
Rab11A and B by more than 80% significantly reduced Notch reporter activity induced by
DII1 cells in coculture assays (Figure 4A). While DII1 accumulates at the cell surface in the
absence of endocytosis (Figure 4B and (Nichols et al., 2007a), Rab11A and B depletion
produced significant reduction in cell surface DII1 (Figure 4B). These data suggest that
recycling regulates ligand cell surface expression, and thus, the amount of ligand available
to activate Notch. Consistent with this idea, the level of cell surface DII1 induced by dox
(Figure 4C) directly correlated with the level of ligand-induced Notch signaling (Figure 4D).
Together our optical tweezers and biochemical analyses suggest DII1 recycling modulates
Notch signaling by regulating the level of ligand at the cell surface, rather than enhancing
DII1-N1 bond strength as previously proposed (Heuss et al., 2008). Our findings also raise
the possibility that the signaling defects previously reported for Delta-OP9 cells expressing
Rab11S25N-eGFP (Emery et al., 2005), or the lysine-less DIl1 mutant defective in recycling
(Heuss et al., 2008; Wang and Struhl, 2004), may actually reflect losses in cell surface
ligand rather than changes in binding strength dependent on recycling.

CONCLUSIONS

Studies in Drosgphilaand mammalian cells have suggested that ligand signaling activity
requires endocytosis and trafficking through the recycling endosome prior to engagement
with Notch (Benhra et al., 2010; Emery et al., 2005; Heuss et al., 2008; Jafar-Nejad et al.,
2005; Rajan et al., 2009; Wang and Struhl, 2004). More recent genetic studies in Drosophila,
however, suggest the ligand recycling requirement is context dependent (Banks et al., 2011;
Windler and Bilder, 2010). In fact, Rab11 and Rab5 (which directs access to the Rab11
recycling endosome) are not required for ligand signaling activity in the germline or
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developing eye (Banks et al., 2011; Windler and Bilder, 2010). Based on these studies,
ligand trafficking through the recycling pathway does not appear to be essential for all
Notch-dependent developmental events. Our biophysical and biochemical studies also
indicate recycling is not a general, core requirement for ligand signaling activity.

In summary, our biophysical approach determined rupture forces near 19 pN for single-
molecule DII1-N1 interactions, and eliminated requirements for ligand endocytosis and
recycling in strengthening these binding events. The biophysical methodology outlined and
developed here provides an exciting approach to detect and characterize mechanical force
produced by DII1 cells bound to laser trapped N1Fc-beads to test the pulling-force model
(Meloty-Kapella et al., 2012).

EXPERIMENTAL PROCEDURES

Optical tweezers and force spectroscopy analyses

The cell lines used in this study have been previously published (Sprinzak et al., 2010)
growth conditions, drug treatments, siRNA knockdown, plasmid transfection, cell surface
biotinylation, recycling assay, FACS analysis, soluble N1Fc and transferrin uptake and
Notch reporter assays are outlined in Supplemental Information. Analyses were carried out
with custom-built optical tweezers (Kotlarchyk et al., 2011). Briefly, as external forces
displace a bead from the center of the focused laser beam (Figure 1A, red hour glass),
optical forces pull the bead back with equal force magnitude. The bead steers the laser beam
as detected by a quadrature photodiode (QPD; 2903, Newport Corporation). Optical
tweezers forces are computed as the product of optical trap stiffness and bead displacement.
Multiple rupture force measurements were acquired for each cell-bead pairing (Table S1,
Supplemental Information) as adopted from (Litvinov et al., 2002). Rupture Force spectra
are calculated and analyzed in Matlab (Mathworks). Force spectra (eg. Figure 1B) are
generated from force waveforms (e.g. Figure 1A) by tabulating the maximum positive force
for each bead-cell interaction cycle. A two-mode Gaussian mixture model was fit to rupture
force spectra using the expectation-maximization algorithm (McLachlan and Peel, 2000) for
data ranging between 13 pN and 40 pN. P-values were calculated as described in
Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Jim Boulter for construction of the DI11C284Y mutant, Alex Ihler for advise on statistical analysis and
Greg Payne, Eddy DeRobertis, Khalid Salaita, Janice Fischer and David Sprinzak for helpful comments on the
manuscript. We acknowledge the following generous contributions: J. Goldenring for Rab 11A and Rab11B
antibodies, P. De Camilli for epsinl antibodies, O. Ullrich for Rab11S25N cDNA, X. Zhuang for epsin1DUIM-
Venus, D. Sprinzak and M. Elowitz for the DII1-mCherry cell line. This work was supported by the University of
California Cancer Research Coordinating Committee and NIHGM (R01 GM085032) (G. W.), Canadian Institute of
Health Research (A. M.), Jonsson Cancer Center Foundation (L. M-K) and the National Institutes of Health (E. B.
Award Number P41RR001192 and P41EB015890).

References

Ahimou F, Mok LP, Bardot B, Wesley C. The adhesion force of Notch with Delta and the rate of
Notch signaling. J Cell Biol. 2004; 167:1217-1229. [PubMed: 15611340]

Banks SM, Cho B, Eun SH, Lee JH, Windler SL, Xie X, Bilder D, Fischer JA. The functions of auxilin
and Rab11 in Drosophila suggest that the fundamental role of ligand endocytosis in notch signaling
cells is not recycling. PLoS ONE. 2011; 6:18259. [PubMed: 21448287]

Dev Cell. Author manuscript; available in PMC 2013 June 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shergill et al.

Page 8

Benhra N, Vignaux F, Dussert A, Schweisguth F, Le Borgne R. Neuralized promotes basal to apical
transcytosis of delta in epithelial cells. Mol Biol Cell. 2010; 21:2078-2086. [PubMed: 20410139]

Chen C, Zhuang X. Epsin 1 is a cargo-specific adaptor for the clathrin-mediated endocytosis of the
influenza virus. Proc Natl Acad Sci U S A. 2008; 105:11790-11795. [PubMed: 18689690]

Chen H, Ko G, Zatti A, Di Giacomo G, Liu L, Raiteri E, Perucco E, Collesi C, Min W, Zeiss C, et al.
Embryonic arrest at midgestation and disruption of Notch signaling produced by the absence of both
epsin 1 and epsin 2 in mice. Proc Natl Acad Sci U S A. 2009; 106:13838-13843. [PubMed:
19666558]

Cordle J, Johnson S, Tay JZ, Roversi P, Wilkin MB, de Madrid BH, Shimizu H, Jensen S, Whiteman
P, Jin B, et al. A conserved face of the Jagged/Serrate DSL domain is involved in Notch trans-
activation and cis-inhibition. Nat Struct Mol Biol. 2008a; 15:849-857. [PubMed: 18660822]

Cordle J, Redfieldz C, Stacey M, van der Merwe PA, Willis AC, Champion BR, Hambleton S,
Handford PA. Localization of the delta-like-1-binding site in human Notch-1 and its modulation by
calcium affinity. J Biol Chem. 2008b; 283:11785-11793. [PubMed: 18296446]

D'Souza B, Meloty-Kapella L, Weinmaster G. Canonical and non-canonical Notch ligands. Curr Top
Dev Biol. 2010; 92:73-129. [PubMed: 20816393]

Damke H, Baba T, van der Bliek AM, Schmid SL. Clathrin-independent pinocytosis is induced in cells
overexpressing a temperature-sensitive mutant of dynamin. J Cell Biol. 1995; 131:69-80. [PubMed:
7559787]

Damke H, Binns DD, Ueda H, Schmid SL, Baba T. Dynamin GTPase domain mutants block endocytic
vesicle formation at morphologically distinct stages. Mol Biol Cell. 2001; 12:2578-2589.
[PubMed: 11553700]

Emery G, Hutterer A, Berdnik D, Mayer B, Wirtz-Peitz F, Gaitan MG, Knoblich JA. Asymmetric Rab
11 endosomes regulate delta recycling and specify cell fate in the Drosophila nervous system. Cell.
2005; 122:763-773. [PubMed: 16137758]

Fehon RG, Kooh PJ, Rebay I, Regan CL, Xu T, Muskavitch MA, Artavanis-Tsakonas S. Molecular
interactions between the protein products of the neurogenic loci Notch and Delta, two EGF-
homologous genes in Drosophila. Cell. 1990; 61:523-534. [PubMed: 2185893]

Ferguson SM, Raimondi A, Paradise S, Shen H, Mesaki K, Ferguson A, Destaing O, Ko G, Takasaki J,
Cremona O, et al. Coordinated actions of actin and BAR proteins upstream of dynamin at
endocytic clathrin-coated pits. Dev Cell. 2009; 17:811-822. [PubMed: 20059951]

Fortini ME, Bilder D. Endocytic regulation of Notch signaling. Curr Opin Genet Dev. 2009; 19:323-
328. [PubMed: 19447603]

Furthauer M, Gonzalez-Gaitan M. Endocytic regulation of notch signalling during development.
Traffic. 2009; 10:792-802. [PubMed: 19416471]

Gordon WR, Arnett KL, Blacklow SC. The molecular logic of Notch signaling--a structural and
biochemical perspective. J Cell Sci. 2008; 121:3109-3119. [PubMed: 18799787]

Heuss SF, Ndiaye-Lobry D, Six EM, Israel A, Logeat F. The intracellular region of Notch ligands DII1
and DII3 regulates their trafficking and signaling activity. Proc Natl Acad Sci U S A. 2008;
105:11212-11217. [PubMed: 18676613]

Hicks C, Ladi E, Lindsell C, Hsieh J, Hayward S, Collazo A, Weinmaster G. A secreted Deltal-Fc
fusion protein functions both as an activator and inhibitor of Notch1 signaling. Journal of
Neuroscience Research. 2002; 69:60-71.

Itoh M, Kim CH, Palardy G, Oda T, Jiang YJ, Maust D, Yeo SY, Lorick K, Wright GJ, Ariza-
McNaughton L, et al. Mind bomb is a ubiquitin ligase that is essential for efficient activation of
Notch signaling by Delta. Dev Cell. 2003; 4:67-82. [PubMed: 12530964]

Jafar-Nejad H, Andrews HK, Acar M, Bayat V, Wirtz-Peitz F, Mehta SQ, Knoblich JA, Bellen HJ.
Sec15, a component of the exocyst, promotes notch signaling during the asymmetric division of
Drosophila sensory organ precursors. Dev Cell. 2005; 9:351-363. [PubMed: 16137928]

Kotlarchyk MA, Shreim SG, Alvarez-Elizondo MB, Estrada LC, Singh R, Valdevit L, Kniazeva E,
Gratton E, Putnam AJ, Botvinick EL. Concentration independent modulation of local
micromechanics in a fibrin gel. PLoS ONE. 2011; 6:€20201. [PubMed: 21629793]

Dev Cell. Author manuscript; available in PMC 2013 June 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shergill et al.

Page 9

Litvinov RI, Shuman H, Bennett JS, Weisel JW. Binding strength and activation state of single
fibrinogen-integrin pairs on living cells. Proc Natl Acad Sci U S A. 2002; 99:7426-7431.
[PubMed: 12032299]

Litvinov SV, Velders MP, Bakker HA, Fleuren GJ, Warnaar SO. Ep-CAM: a human epithelial antigen
is a homophilic cell-cell adhesion molecule. J Cell Biol. 1994; 125:437-446. [PubMed: 8163559]

Macia E, Ehrlich M, Massol R, Boucrot E, Brunner C, Kirchhausen T. Dynasore, a cell-permeable
inhibitor of dynamin. Dev Cell. 2006; 10:839-850. [PubMed: 16740485]

McLachlan, G.; Peel, D. Finite mixture models. New York: J Wiley; 2000.

Meloty-Kapella L, Shergill B, Kuon J, Botvinick E, Weinmaster G. Notch Ligand Endocytosis
Generates Mechanical Pulling Force Dependent on Dynamin, Epsins and Actin. Developmental
Cell. 2012

Nichols JT, Miyamoto A, Olsen SL, D'Souza B, Yao C, Weinmaster G. DSL ligand endocytosis
physically dissociates Notch1 heterodimers before activating proteolysis can occur. J Cell Biol.
2007a; 176:445-458. [PubMed: 17296795]

Nichols JT, Miyamoto A, Weinmaster G. Notch signaling--constantly on the move. Traffic. 2007b;
8:959-969. [PubMed: 17547700]

Overstreet E, Chen X, Wendland B, Fischer JA. Either part of a Drosophila epsin protein, divided after
the ENTH domain, functions in endocytosis of delta in the developing eye. Curr Biol. 2003;
13:854-860. [PubMed: 12747835]

Overstreet E, Fitch E, Fischer JA. Fat facets and Liquid facets promote Delta endocytosis and Delta
signaling in the signaling cells. Development. 2004; 131:5355-5366. [PubMed: 15469967]

Panorchan P, Thompson MS, Davis KJ, Tseng Y, Konstantopoulos K, Wirtz D. Single-molecule
analysis of cadherin-mediated cell-cell adhesion. J Cell Sci. 2006; 119:66—74. [PubMed:
16371651]

Parks AL, Klueg KM, Stout JR, Muskavitch MA. Ligand endocytosis drives receptor dissociation and
activation in the Notch pathway. Development. 2000; 127:1373-1385. [PubMed: 10704384]

Parks AL, Stout JR, Shepard SB, Klueg KM, Dos Santos AA, Parody TR, Vaskova M, Muskavitch
MA. Structure-function analysis of delta trafficking, receptor binding and signaling in Drosophila.
Genetics. 2006; 174:1947-1961. [PubMed: 17028337]

Rajan A, Tien AC, Haueter CM, Schulze KL, Bellen HJ. The Arp2/3 complex and WASp are required
for apical trafficking of Delta into microvilli during cell fate specification of sensory organ
precursors. Nat Cell Biol. 2009; 11:815-824. [PubMed: 19543274]

Rebay I, Fleming RJ, Fehon RG, Cherbas L, Cherbas P, Artavanis-Tsakonas S. Specific EGF repeats
of Notch mediate interactions with Delta and Serrate: implications for Notch as a multifunctional
receptor. Cell. 1991; 67:687—699. [PubMed: 1657403]

Salomo M, Keyser U, Struhalla M, Kremer F. Optical tweezers to study single Protein A/
Immunoglobulin G interactions at varying conditions. European Biophysics Journal. 2008;
37:927-934. [PubMed: 18379774]

Seugnet L, Simpson P, Haenlin M. Requirement for dynamin during Notch signaling in Drosophila
neurogenesis. Dev Biol. 1997; 192:585-598. [PubMed: 9441691]

Shao JY, Hochmuth RM. Mechanical anchoring strength of L-selectin, beta2 integrins, and CD45 to
neutrophil cytoskeleton and membrane. Biophys J. 1999; 77:587-596. [PubMed: 10388783]

Shimizu K, Chiba S, Kumano K, Hosoya N, Takahashi T, Kanda Y, Hamada Y, Yazaki Y, Hirai H.
Mouse Jaggedl Physically Interacts with Notch2 and Other Notch Receptors. Assessment by
quantitative methods. J Biol Chem. 1999; 274:32961-32969. [PubMed: 10551863]

Sprinzak D, Lakhanpal A, LeBon L, Santat LA, Fontes ME, Anderson GA, Garcia-Ojalvo J, Elowitz
ME. Cis Interactions beween Notch and Delta generate mutally exclusive signaling states. Nature.
2010; 465:86-91. [PubMed: 20418862]

Stout AL. Detection and Characterization of Individual Intermolecular Bonds Using Optical Tweezers.
2001; 80:2976-2986.

Tees DF, Waugh RE, Hammer DA. A microcantilever device to assess the effect of force on the
lifetime of selectin-carbohydrate bonds. Biophys J. 2001; 80:668-682. [PubMed: 11159435]

Tian X, Hansen D, Schedl T, Skeath JB. Epsin potentiates Notch pathway activity in Drosophila and
C. elegans. Development. 2004; 131:5807-5815. [PubMed: 15539484]

Dev Cell. Author manuscript; available in PMC 2013 June 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shergill et al.

Page 10

Ullrich O, Reinsch S, Urbe S, Zerial M, Parton RG. Rab11 regulates recycling through the
pericentriolar recycling endosome. J Cell Biol. 1996; 135:913-924. [PubMed: 8922376]

Wang W, Struhl G. Drosophila Epsin mediates a select endocytic pathway that DSL ligands must enter
to activate Notch. Development. 2004; 131:5367-5380. [PubMed: 15469974]

Wang W, Struhl G. Distinct roles for Mind bomb, Neuralized and Epsin in mediating DSL endocytosis
and signaling in Drosophila. Development. 2005; 132:2883-2894. [PubMed: 15930117]

Weisel JW, Shuman H, Litvinov RI. Protein-protein unbinding induced by force: single-molecule
studies. Current Opinion in Structural Biology. 2003; 13:227-235. [PubMed: 12727517]

Windler SL, Bilder D. Endocytic Internalization Routes Required for Delta/Notch Signaling. Curr
Biol. 2010; 20:538-543. [PubMed: 20226669]

Dev Cell. Author manuscript; available in PMC 2013 June 12.



Shergill et al. Page 11

Dev Cell. Author manuscript; available in PMC 2013 June 12.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Shergill et al.

A B = DIl Cell- N1Fc
@QPD @ @ @ - 002 DIIL Cell - Fc
Lens 2 | —a—pucel-pra
< |l L, —e—Dl1cCell-PrtA+BSA
.! oy .'.r_\ '.2 ,'-_ o= 2 0020111 [T | Cell-N1Fc
‘ " ‘ "‘ 5 | LCell-Fc
< : “ 3 vorst [l 4L Cell-PrtA+BS A
30 > It
z l‘\s z ol 8
s 2
@ 20 ’ nonspecific g 4 .
5 bm ing g s Lk
w0 ‘ o 1A L ooos{| e I
2 / £ \ 2 g e
2 £ faiio | | g;t¢ .
2 A\\ m ‘ ‘ \'LMJ“ N" M\ M = 1F/] | 0.000 4
2 0 H "’L\ uJ a2 ey 0 10 20 30 40
Al “sk,
10+ 0.0 12 %apai Rz,
0 2 10 12 0 10 20 30 40

Estimated probability
density (1/pN)

o 10

Estimated probability
density (1/pN)

Time (sec)

a
‘ Single DIl1-N1 interaction

Rupture force (pN)

Da ible DII1-N1 interaction

— 1
-

— 1

Estimated probability
density (1/pN)

Rupture force (pl

10
Ruptul

20 30 10 20 30
re force (pN) Rupture force (pN)

=0 ng/mi Dox
m— 1 ng/mlDox

0 ng/mi Dox

N)

Figure 1. Optical tweezersto specifically measurethe strength of DII1-N1 interactions
(A) Schematic representation of a trapped bead presented to a live cell and a protoypical
acquired force waveform. The optical tweezers beam is recollected by a lens and directed
towards a quadrature photodiode (QPD) to monitor bead displacement. The experiment
cycles through four stages: (1) cell moves towards the bead (small viscous forces push the
bead slightly to the left); (2) cell is pushed against the bead to promote molecular
interactions; (3) cell moves away from the bead until interactions rupture and (4) bead is
pulled back into the trap and the cell continues to move rightward (viscous forces push the
bead slightly to the right). Force is the product of trap stiffness and bead displacement. See

Supplemental Informatio

n for details.
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(B) Rupture force spectra obtained for N1Fc or control beads interacting with L and DII1

cells. The tall peaks common to all spectra represent non-specific interactions. Insert

represents enlargement o

f rupture force data.

(C) Rupture force spectra for cells expressing the DII1 binding mutant DII1C284Y compared
to those obtained for DII1 or eGFP controls .

(D) The N1Fc dimer presents two possible DII1 binding sites for detection of single or

double DII1-N1 interactions. The two possible rupture sites for PrtA-Fc (X) or DII1-N1 (Y)
interactions are indicated.

(E) Rupture force spectra for N1Fc beads and cells treated with Dox to induce DII1.

(F) Rupture force spectra for DII1 cells interacting with beads functionalized with
decreasing N1Fc and increasing Fc concentrations.
(G) Rupture force spectra for DII1 cells with N1Fc beads following chemical crosslinking.

See also Figure S1. Sample sizes for rupture force spectra can be found in Table S1.
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Figure 2. DII1 endocytic defects do not alter DII1-N1 interaction strength

(A) Rupture force spectra for DII1 endocytic mutant (OCDD1) cells interacting with N1Fc
or control Fc beads. The wide columns (0-12 pN) report the rate of non-specific binding
events.

(B) Rupture force spectra for DII1 cells compared to OCDD1 cells following interactions
with N1Fc-beads are statistically equivalent (p > 0.05).

(C) Rupture force spectra for DII1 cells compared to DII1 cells blocked for dynamin activity.
See also Figure S2B.

(D) Rupture force spectra for DII1 cells treated with DMSO or dynasore to induced acute
block of dynamin-dependent endocytosis. Red/blue numbers are the mean + 95% confidence
interval for two-mode Gaussian mixture models fit to the data (See Supplemental
Experimental Procedures).

Sample sizes for rupture force spectra can be found in Table S1.
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Figure 3. Perturbation of DII1 recycling does not affect DII1-N1 bond strength

(A) Schematic illustration of recycling assay. Sample humbers (1-5) are indicated as lanes
in (B).

(B) Recycling of biotinylated DII1 detected with NeutrAvidin pull-down (PD). The
following lanes indicate surface biotinylation (1), efficiency of biotin stripping (2), DlI1
internalization (3), and DII1 recycling (4 vs. 5). Immunoblots of total cell lysate (TCL) for
DIl1, Rab11A, Rab11B, Rab11S25N-eGFP, Epsinl, and Epin1AUIM-Venus are shown.
(C) Quantification of recycled DII1 (% difference between sample 4 and sample 5 in B).
Error bars indicate standard deviation of the mean.

(D) Rupture force spectra for DII1 cells compared to DII1 cells blocked for Rab11-
dependent recycling. See also Figure S2C.

(E) Rupture force spectra for DII1 cells compared to DII1 cells defective in epsin activity.
Red/blue numbers and curve fits are calculated as in Figure 2. Sample sizes for rupture force
spectra can be found in Table S1.
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Figure 4. Recycling determines ligand cell surface level and signaling intensity

(A) Ligand signaling quantified by reporter activity obtained for OCDD1, and siRNA
treated DII1 or DII1 cells co-cultured with N1 cells expressing a Notch reporter (*p= 0.02).
(B) Cell surface levels of ligand quantified by FACS following staining of L cells, OCDD1,
and siRNA treated DII1 or untreated DII1 cells with extracellular DII1 antibodies (**p=
0.007).

(C) DII1 cell surface expression induced following dox treatment quantified as in (B).

(D) Notch reporter activity for DII1 cells induced with dox before co-culturing with N1 cells
as in (A). Values represent fold-induction over co-cultures with uninduced DII1 cells. Error
bars in (A-D) indicate the standard deviation of the mean, * is p < 0.05 and ** is p < 0.01.
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