AYAAAS

Supplementary Materials for

Notch-Jagged complex structure implicates a catch bond in
tuning ligand sensitivity

Vincent C. Luca, Byoung Choul Kim, Chenghao Ge, Shinako Kakuda, Di Wu, Mehdi
Roein-Peikar, Robert S. Haltiwanger, Cheng Zhu, Taekjip Ha, K. Christopher Garcia

Correspondence to: kcgarcia@stanford.edu

This PDF file includes:

Materials and Methods
Figures S1 to S7
Table S1 to S2
References



MATERIALS AND METHODS:

Protein expression and purification

Fc-tagged rat Jagl (N-EGF3, amino acids 32-334) was cloned into the pAcGp67A vector
with an N-terminal gp67 leader followed by residues Asp-Pro, and contains a C-terminal
3C-protease site followed by IgGl Fc and 6xHis tags. Fc-tagged rat Jaglyyi (N-EGF3,
amino acids 32-334) was cloned into the pAcGp67A vector with an N-terminal gp67
leader sequence followed by residues Asp-Pro-Arg, and contains a C-terminal
3C-protease site followed by IgGl Fc and 6xHis tags. His-tagged Jaglyy; (N-EGF3,
amino acids 32-334) was cloned into the pAcGp67A vector with an N-terminal gp67
leader followed by residues Asp-Pro-Arg, and contains a C-terminal 8xHis tag. His-
tagged rat DLL4 (N-EGF3, amino acids 26-321) was cloned into the pAcGp67A vector
with an N-terminal gp67 leader followed by residues Gly-Ser, and a C-terminal 8xHis
tag. Jagl(N-3), Jagl;vi(N-3) and DLL4(N-3) constructs with C-terminal biotin acceptor
peptide tags (BAP-tag: GLNDIFEAQKIEW) and 6xHis tags, which were used in BFP
experiments, were cloned into pAcGp67A as described above. Rat Notchl (EGF1-14,
amino acids 20-564) was cloned into pAcGp67A with an N-terminal gp67 leader
followed by residues Asp-Pro, and with a C-terminal BAP tag and a 6xHis tag. Rat
Notchl (EGF11-12, amino acids 412-488) and Notchl (EGF8-12, amino acids 295-488)
were cloned into pAcGp67A an N-terminal gp67 leader followed by residues Asp-Pro,
and contains a C-terminal 3C protease site followed by BAP and 6xHis tags.

All proteins were expressed using baculovirus by infecting Hi-Five cells (Invitrogen)
from Trichoplusia ni at a density of 2x10° cells/mL and harvesting cultures after 72
hours. Proteins were purified from supernatants by nickel chromatography. Nickel
nitrilotriacetic acid agarose resin (Nickel-NTA, Qiagen) was washed with HEPES
buffered saline (HBS: 20 mM HEPES pH 7.4, 150 mM sodium chloride) containing 10
mM imidazole, and protein was eluted with HBS containing 250 mM imidazole. Size-
exclusion chromatography was performed in HBS on a Superdex-200 column. BAP-
tagged Notchl proteins and ligands used in binding experiments were site-specifically
biotinylated at the C-terminal BAP tag with BirA ligase prior to buffer exchange on a
size-exclusion column.

Yeast display of Jagl

Wild-type rat Jagl (N-EGF3, amino acids 32-334) was cloned into the pCT302 vector as
an N-terminal fusion to a c-Myc epitope and cell wall protein Aga2. Jagl(N-EGF3) was
displayed on S. cerevisiae EBY 100 yeast as previously reported(37). In brief, competent
yeast were electroporated with plasmids and recovered in SDCAA selection media. Yeast
cultures in logarithmic growth phase were then pelleted and resuspended in SGCAA
induction media. Expression of Jagl was detected by staining yeast with a 488-labeled
anti-c-Myc antibody (Cell Signaling), and fluorescence was monitored by flow
cytometry.

Jagl mutant library generation
A mutant library of Jagl(N-3) was generated by PCR amplification of the Jagl(N-3)
sequence using the error-prone polymerase from the Genemorph II Kit (Agilent). Various



concentrations of the Jagl(N-EGF3) pCT302 plasmid were used as a template for PCR
reactions and sequenced to identify products with an average error rate of ~5
mutations/gene. PCR reactions were then amplified using primers flanking the Jagl gene
that contained homology to the pCT302 vector:

5’ T7 forward primer (5° TAATACGACTCACTATAGGG 3°)
3’ Aga2 reverse primer (5° GGGATTTGCTCGCATATAGTTG 3°).

Gel-purified PCR products were combined with linearized pCT302 vector DNA and the
mixture was electroporated into EBY100 yeast to obtain a library containing 2x10®
transformants. Electroporated yeast were recovered and induced as described above. Prior
to the first round of selection, 1x10’ yeast from the library were pelleted and resuspended
in buffer “HB+CM” (20 mM HEPES pH 7.4, 150 mM NaCl, 1 mM calcium chloride,
10 mM maltose, 0.5% bovine serum albumin (BSA)). Maltose was included in buffers to
prevent calcium-mediated flocculation of yeast.

Affinity maturation of Jagl and fluorescence based binding assays of yeast
displayed Jagl variants

To negatively select against non-specific binders to streptavidin, 1x10° yeast from the
Jagl(N-3) library were mixed with 100 pL. SA-coated magnetic microbeads (Militenyi)
and incubated for 30 minutes, washed with HB+CM and then flowed over a Magnetic-
Activated cell sorting (MACS) LS separation column (Militenyi). Round 1 of selection
was performed on yeast that flowed through the LS column during negative selection. To
perform the round 1 selection, Notchl-coated beads were prepared by diluting
biotinylated Notch1(1-14) to a final concentration of 400 nM in a 250 pL aliquot of
streptavidin microbeads. The beads were then mixed with the negatively selected yeast in
5 mL HB+CM. Yeast were rocked at 4°C for 2 hours, washed with HB+CM and passed
over a MACS column to isolate binders. The enriched yeast were recovered in SDCAA
for 24 hours, induced in SGCAA, and the selection process was repeated with 1x10° yeast
for round 2. Round 3 was performed by staining 5x10’ enriched yeast in 0.5 mL HB+CM
with a 100 nM concentration of soluble Notchl(1-14) tetramers. Tetramers were
generated by mixing biotinylated Notchl(1-14) at a 4.5 to 1 ratio with streptavidin
labeled with Alexafluor-647 dye (SA-647, Life Technologies). Tetramer-stained yeast
were rocked at 4°C for 2 hours, washed with HB+CM and then incubated for 20 minutes
with 50 pL anti-647 microbeads (Militenyi) in 0.5 mL HB+CM. Yeast were washed with
HB+CM and binders were again isolated by MACS. Round 4 was performed as round 3
except yeast were stained with a 25 nM concentration of Notchl(1-14) tetramers. To
isolate high-affinity clones, yeast cultures from Round 4 were plated on SDCAA agarose
plates and the individual colonies were grown in SDCAA media. Each clone was induced
and then screened for binding to Notchl(1-14) tetramers by flow cytometry. Plasmids
from high-affinity binders were isolated using the Zymoprep Yeast Plasmid Miniprep II
Kit (Zymo Research) and sequenced to identify affinity-enhancing mutations.

To monitor the binding of Jagl-displaying yeast to Notchl, yeast expressing either
Jagl(N-3) or Jaglyyi(N-3) were induced as described above and then washed with
HB+CM. The yeast were then resuspended in 50 pL volumes of HB+CM containing



100 nM concentrations of 647-labeled Notch1(8-12) tetramers and a PE-labeled antibody
to the c-Myc epitope (1:100). Samples were incubated at 4°C for 2 hours, washed with
HB+CM and then analyzed by flow cytometry. Cell-based assays comparing the binding
of Jaglyyvi(N-3) and Jagl;y, reversion mutants (L32S, G68R, N72D, R87T and Q182R)
were performed as described above, except that cells were stained with a series of
concentrations of Notch1(8-12) tetramers and performed in triplicate. Mean fluorescence
values were then normalized for expression based on c-Myc epitope staining and curves
were fitted using Prism 7 (Graphpad) to determine EC50 values. All reversion mutants
were generated using PCR and the isothermal assembly cloning method.

SPR binding studies

Dissociation constants of His-tagged rat Jagl;vi(N-3) and His-tagged rat DLL4(N-EGF3)
for rat Notch1(8-12) and Notch1(11-12) were determined by surface plasmon resonance
using a BIAcore T100 instrument (GE Healthcare). Approximately 400 resonance units
(RU) of either biotinylated, recombinant Notch1(8-12) or ~400 RU of Notchl(11-12)
were immobilized on a streptavidin coated sensor chip (GE Healthcare). Increasing
concentrations of recombinant His-tagged Jagl(N-3), Jaglyyi(N-3) or DLL4(N-3)
proteins were flowed over the chip in HBS supplemented with 0.005% surfactant P20
(HBS+P) containing 1 mM calcium chloride at 20°C. Binding and dissociation phases
were performed at 50 pl/min for 60 seconds and 120 seconds, respectively. The chip was
regenerated after each injection with 60-second washes of 0.5 M MgCl,. Curves were
reference-subtracted from a flow cell containing ~400 RU of a negative control protein
(extracellular domain of human ZNRF3). The maximum RU for each experiment was
normalized to a value of 100 and plotted as a function of concentration using Prism 6
(GraphPad). Steady-state binding curves were fitted using the BIAcore T100 evaluation
software to a 1:1 Langmuir model to determine the Kq4. Although binding was observed at
high concentrations for WT Jag1(N-3), the curves could not be reliably fitted to obtain K4
values.

Proteolytic processing, deglycosylation and methylation of Notch1l and Jagl

The methods for post-purification processing of Notchl and Jagl are adapted from Luca
et al.(20). Notchl(8-12) and His-tagged Jagl;yi(N-3) constructs intended for co-
crystallization were purified individually, as described above, and then enzymatically
treated to remove C-terminal tags and N-linked glycans. Jaglyvi(N-3) proteins were
expressed in cultures supplemented with SuM kifunensine at the time of infection.
Kifunensine-sensitized Jaglyyi(N-EGF3) was purified by nickel and size-exclusion
chromatography and then treated at 4° C overnight with 1:500(w/w) Endoglycosidase F1
to remove N-linked glycans and 1:100(w/w) bovine carboxypeptidase A (Sigma) to
remove the C-terminal 8xHis tag. The BAP-6xHis tag of Notch1(8-12) was cleaved with
1:100 (w/w) 3C protease and carboxypeptidase A at 4° C overnight. The enzymatically
processed Notch1(8-12) and Jaglyvi(N-EGF3) proteins were then mixed at a ratio of 1:1.
The complex was then reductively methylated prior to crystallization by adding 20pL/mL
dimethylamine borane complex (DMAB) (Sigma) and 40 pL/mL 1 M paraformaldehyde
(Sigma) (32). The solution was incubated for 2-hours on ice, and then this step was
repeated a second time prior to a final addition of 10 pL/mL DMAB. The reaction was
allowed to proceed overnight at 4°C and was quenched the next day by adding Tris pH



8.0 to a concentration of 0.1 M. Methylated complexes were then purified by size-
exclusion chromatography in HBS + 1 mM calcium chloride. Because complexes did not
co-elute as a single peak, fractions containing either protein were harvested and pooled.

Crystallization of Notch1(8-12)-Jagl,vi1(IN-3) complex

The proteolytically processed, deglycosylated and methylated Notch1(8-12)-Jaglyvi(N-
EGF3) complexes were concentrated to ~30 mg/mL in HBS + 1 mM CaCl, and
crystallized by vapor diffusion. Drops containing 0.1 pL of protein were combined with
0.1 pL of mother liquor consisting of 22.5% polyethylene glycol (PEG) 1000, 0.1 M
MES pH 6.6 and 3% dextran sulfate M, (5000) using a Mosquito® liquid handling robot
(TTP Labtech). Cryoprotection of the crystals was achieved by transferring them to a
drop containing 22.5% PEG1000, 0.1 M MES pH 6.6, 3% dextran sulfate M;(5000) and
30% ethylene glycol.

Data collection and structure determination

The data were collected at Advanced Photon Source beamline 23-ID-B. Data were
indexed, integrated, scaled and merged with the HKL2000 package(33). Notch1(8-12)
and Jaglyvi(N-EGF3) crystallized in space group 12,2,2; with unit cell dimensions
a=68.5, A b=1280 A, ¢ = 1543 A, and one complex per asymmetric unit. The
structure of the Notchl(8-12)-Jaglyvi(N-3) complex was solved using molecular
replacement (MR). Models for the individual domains of Jagl;vi(N-EGF3) were obtained
from the previously solved structure of Jagl(N-3) (PDB ID 4CC0), models for Notchl
EGF domains 11-12 were obtained from the structure of the Notchl-DLL4 complex
(PDB ID 4XL1), and a threaded model for Notchl EGF domain 8 was generated using
Phyre2(17, 20, 34). The MR was performed in PHENIX using Phaser (35, 36). Following
placement of the Jagl C2, DSL and EGF domains 1 through 3, and the Notchl EGF
domains 8, 11 and 12, there was sufficient phase information to allow for manual
building of Notchl EGF domains 9 and 10. Models were initially subjected to rigid body
refinement, and then were subjected to several rounds of positional, occupancy, TLS and
B-factor refinement using PHENIX Refine, and manual building was performed in Coot
(37-39). The final structure has an Ry of 21.9% and Rge. of 26.3% and contained
Jaglviresidues 32 to 334 and Notchl residues 298 to 488.

Structural analysis of Notch1-Jagl;y, complex

Mean buried surface areas were calculated using the PDBe-PISA web server(40). Contact
residues, hydrogen bonds and salt bridges were identified using PDBe-PISA, Pymol and
by manual inspection. Figures were generated in Pymol(4/). Relative differences in the
angles between unliganded Jagl(N-3) (PDB ID 4CCO0) and Jaglyvi(N-3) domains were
determined by aligning individual domains and analyzing the structures with
Dyndom(42).

Mutagenesis of O-fucosylation sites on EGF8 and EGF12 in Notchl

Site-directed mutagenesis of O-fucosylation sites in EGF repeats of in the pcDNAI-
Notchl-Myc plasmid was performed using the QuikChange II XL site-Directed
Mutagenesis Kit (Agilent Technologies) according to the manufacturer’s protocol.
Mutations were designed to eliminate the modified residue (threonine to valine) within



the O-fucosylation consensus sequence, C&xxx(Sﬂ)@ . The mutants were confirmed via
DNA sequencing.

Primers for mutagenesis are provided below:

EGF repeat

EGF08 T311V F | gccagaatggcggaGTctgccacaacac

EGF08 T311V R | gtgttgtggcagACtccgccattctggce

EGF12 T466V F gtcagaatgatgccGTttgcctggaccagattgg

EGF12 T466V R ccaatctggtccaggcaaACggcatcattctgac

Cell-based Notch1-Jagl binding assay

HEK293T cells (8.5 x 10%) were co-transfected with either EV or pcDNA-Notch1-Myc
(WT or mutant) and 0.4 ug of GFP (pEGFP, Clontech) in a 3.5-cm plate using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. At 28-30 h
posttransfection, the cells were dissociated with cold PBS, pH 7.4, containing 1% bovine
serum albumin (BSA) and resuspended in binding buffer (I mM CaCl,, 1% BSA and
0.05% NaNj; in Hank’s balanced salt solution, pH 7.4, Gibco). Cells (0.5-1.0 x 10°) were
incubated with 100 ul of Jagl-Fc (2.1nM, R&D systems) that had been pre-incubated
with secondary antibodies (PE-anti human IgG, 1:100, Jackson Immuno Research) for 30
min at 4°C to cluster ligands. The clustered ligands were incubated with Notchl-
expressing cells for 1 h at 4°C. Cells were then washed with binding buffer and analyzed
with a FACSCalibur (BD, Bioscience) flow cytometer. Cells were gated to collect the
GFP positive population for each sample and the data were analyzed using FlowJo®.

To monitor surface expression of Notchl and Notchl mutants, co-transfected HEK293T
cells were dissociated and resuspended in the binding buffer as described above, followed
by incubation with 100 ul of a sheep antibody to mouse Notch-1 (10 ug/ml, R&D
Systems AF5267) for 1 h at 4°C. Cells were then washed with binding buffer and
incubated with PE-anti-sheep IgG (1:100, Santa Cruz SC-3757) for 30 min at 4°C. Cells
were next washed with binding buffer and analyzed as described above.

Cell-based co-culture Notchl activation assay

HEK293T cells (0.3 x 10°) were seeded in a 48-well tissue culture plate and co-
transfected 0.05 ug of empty vector, wild type or mutant pcDNAI1-mNotchl-Myc
plasmid, along with 0.05 ug of TP1-1 luciferase reporter construct and 0.025 ug of gWIZ
[-galactosidase construct for transfection efficiency normalization, using 1 ul of PEI
(polyethylenimine) well as transfection reagent. After 4 h, either L cells or L cells stably
expressing of J1 were overlaid on the transfected 293T cells at a density of 2 x 10’
cell/well. After 24h of co-culture, cells were lysed and luciferase assays were performed
based on the manufacturer’s instructions (Luciferase Assay system, Promega) as
described previously (21, 43). Relative Luciferase Units (RLU) were determined by
dividing normalized luciferase values from Jagl-expressing cells by that from L cells.
Statistical significance of WT Notchl versus each mutant was determined using one-way
ANOVA. Bar graphs in Fig. 2B show mean +/- SD; two independent experiments n = 6
were analyzed.



Biomembrane force probe (BFP) measurement of Notch-ligand bond lifetimes

BFP preparation

In our BFP setup, a biotinylated RBC was first aspirated by a micropipette. A glass bead,
coated with streptavidin that had been mutated to contain only one biotin binding site,
was incubated with biotinylated Jagl(N-3), Jagl;vi(N-3) or DLL4(N-3). The bead was
then attached to the apex of the RBC to form an ultra-sensitive force probe. On the
opposite side, a similar streptavidin bead, coated with biotinylated Notch1(8-12), was
aspirated by a target micropipette. Beads coated with Notch1(8-12) were treated with
soluble biotin at 10 pg/ml to block the remaining streptavidin on the beads, and to
prevent non-specific interaction. A piezoelectric translator (Physical Instrument, MA)
drove the target pipette with sub-nanometer precision via a capacitive sensor feedback
control. The beads were assembled in a cell chamber filled with L15 media supplemented
with 5 mM HEPES and 1% BSA and observed under an inverted microscope (Nikon TiE,
Nikon) through two cameras. One camera (GC1290, Prosilica, MA) captured real-time
images at 30 frames per second (fps), while the other (GE680, Prosilica, MA), which
recorded at 1,600 fps, was confined to the contact interface between the RBC and the
bead as the region of interest. A customized LabView (National Instrument, TX) program
analyzed the image and tracked the position of the bead in real-time with a 3 nm
displacement precision (44). The BFP spring constant was set to ~0.3 pN/nm, which was
determined from the suction pressure inside the probe pipette that held the RBC, the inner
radius of the probe pipette, the diameter of the spherical portion of the RBC outside of
the pipette, and the contact area between the RBC and the probe bead (44, 45).

Lifetime measurement using force-clamp

In one measurement cycle, a Notch1(8-12)-coated bead on a target pipette was brought
into contact with the probe bead coated with Jagl(N-3), Jagl;yi(N-3) or DLL4(N-3) with
a 20 pN impingement force for 1 s to allow bond formation. The target pipette was then
retracted at 1000 pN/s and held at the desired force level to wait for bond dissociation.
Lifetime was measured as the amount of time the bond was sustained at that particular
force level. Following bond dissociation, the target bead was returned to the original
position to start the next cycle. To ensure that most adhesion events were contributed by
single bonds, adhesion frequency (number of adhesions divided by total number of
contacts) was controlled to be <20% by adjusting the coating density of proteins on the
beads(46).

Thermal fluctuation assay

Thermal fluctuation assays measure protein-protein interaction in the absence of force.
Similar to the force-clamp assay, the bead coated with Notch1(8-12) was brought into
contact with the bead coated with Jagl1(N-3), Jagl;yi(N-3) or DLL4(N-3), but retraction
after contact stopped at the point where impingement force was no longer present. The
association and dissociation of protein-protein interactions can be identified from the
reduction and resumption of thermal fluctuation derived from the standard deviation of
the signal. Combined with the force-clamp assay, bond lifetimes were measured at a
force range between 0 pN and 25 pN, and all the measured lifetimes were binned into



different force groups and represented as average lifetime in each force bin associated
with the standard error of the mean of the lifetimes in that bin.

Tension gauge tether assay for Notch activation

Ligand-ProG-TGT synthesis

To determine the molecular tension requirements for Notch activation by Fc-tagged
Jagl(N-3), Jaglyvi(N-3) and DLL4(N-3) ligands, we generated tension gauge tether
(TGT) surfaces adapted for Protein G (ProG)-mediated capture of ligands via their Fc tag.
ProG-TGT was fabricated as described in detail in Wang et al.(47). Protein G was
conjugated to the 3’ end of 18 nucleotide ssDNA (5-/5Cy3/GGC CCG CAG CGA CCA
CCC/3ThioMC3-D/3) via a hetero-bifunctional cross-linker (Sulfo-SMCC, Thermo
Fisher Scientific Inc.). Sulfo-SMCC has maleimide and NHS ester groups on two ends
which react with the —SH group on the —SH modified ssDNA, and with amines on ProG.
Complementary ssDNA with a biotin determining the rupture force tolerance (either 12
or 54 pN) were then hybridized to form ProG-TGT. Next, Jagl(N-3), Jagl;vi(N-3) or
DLL4(N-3) were bound to the ProG-conjugated TGT, resulting in ligand-ProG-TGT (12
or 54pN). The 4 pN tether was constructed slightly differently, as described in
Chowdhury et al.(5). Briefly, the 4 pN tether was generated by first hybridizing the 18 nt
ssDNA-ProG and a long complementary strand, with extra dTs instead of biotin, (5-
/AGG TCG CCG CCC GGG TGG TCG CTG CGG GCC TTT TTT TTT TTT TTT TTT
I'TT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TT/3) in
PBS buffer overnight at 4° C. Jagl(N-3), Jaglyvi(N-3) or DLL4(N-3) were bound to the
ProG-conjugated long-TGT. These intermediate complexes were then incubated with
biotinylated ssDNA binding protein (SSB, from E. coli) at a 1:1 molar ratio, making the
final complex of btSSB:ssDNA TGT. The 4 pN tether was characterized using optical
tweezers as described in Chowdhury et al.(5).

Cell culture and treatment.

In order to monitor Notch activation through the different tension tolerance TGTs, CHO-
K1 cells containing a transgenic Notch reporter were utilized as shown previously in
Wang et al. and Chowdhury et al.(3, 5). The cells were incubated on the ligand-ProG-
TGT immobilized surface for 48 hours. H2B-YFP expression level resulting from Notch
activation was monitored by a fluorescence microscope (Olympus, IX81, Olympus Inc.).
The intensity of H2B-YFP in each cell was analyzed using ImageJ and the histogram was
plotted based on the mean value of the H2B-YFP intensity per cell.
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Figure S1. Affinity-enhancing mutations are located in the Jagl C2 domain. The

structure of Jagl;vi(N-3) is depicted in cartoon representation. Affinity-enhancing
mutations are indicated as colored spheres, and are highlighted on the corresponding
sequence alignment of the WT Jagl and Jaglyy; C2 domain regions.
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Figure S2. Binding of Notchl to Jaglyy; constructs with affinity-enhancing
mutations reverted to the wild type sequence. Yeast expressing Jaglyy(N-3), or
expressing Jaglyi(N-3) with affinity-enhancing mutations reverted to the WT sequence,
were stained with increasing concentrations of fluorescently labeled Notchl(8-12)
tetramers. Curves were fitted to determine EC50 values. Surface expression of Jaglyy(N-
3) and Jagl;vi(N-3) mutants was monitored by staining with an antibody to the c-Myc
epitope encoded by the displayed proteins.
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Figure S3. Structural comparison of Notchl-Jagl;y; and Notchl1-DLL4g;p» binding
interfaces. Individual structures of Notch1(8-12) and Jaglyi(N-3) from the Notchl1(8-
12)-Jaglvi(N-3) complex, and the structure of DLL4gip(N-1) from the Notch1(11-13)-
DLL4s p(N-1) complex (PDB ID: 4XL1), are depicted in surface representation(20).
Grey residues of Jaglyyi, DLL4g p and Notchl indicate that the analogous amino acid
contributes to the binding interface in both structures. Green residues interact only in the
Notch1(8-12)-Jaglyi(N-3) structure, and blue residues interact only in the Notchl(11-
13)-DLL4grp(N-1) structure(20). The corresponding interface residues are color-coded
accordingly on the sequence alignment. Glycans visible in the electron density maps,
affinity-enhancing mutations, and residues discussed in the text and are also indicated on
the alignment.
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Figure S4. Surface expression of Notchl and Notchl mutants lacking O-fucose
modifications. HEK293T cells expressing Notchl, and HEK293 cells expressing Notchl
proteins lacking interface O-fucose modifications in EGF8 (8V: Notchl T311V), EGF12
(Notchl T466V) or EGF8/EGF12 (8V12V: Notchl T311V/T466V) were stained with an
antibody to the ECD of Notchl. Surface expression was analyzed by flow cytometry. All
mutations of O-fucose-modified threonines were to valines.
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Figure S5. Notch activation is concentration dependent in TGT assays. Notch
activation was monitored by H2B-YFP expression in transgenic CHO-K1 cells.
Jaglyvi(N-3) was incubated on the TGT surface at three different concentrations (10 nM,
1 nM, and 100 pM). Note that the 10 nM incubation concentration was used for the data
presented in Figure 3. Each panel shows an example composite image of micrographs of
adhered cells and YTF fluorescence, a YFP intensity histogram, and a cumulative
fraction curve showing the fraction of cells with YFP intensity up to a certain level. (A)
Negative control indicating that most cells were not activated without ligand TGT. (B)
Notch activation on 4 pN Jaglyy;-TGT surfaces using three different incubation
concentrations. Jaglyy; strongly activated Notch with 10 nM and 1 nM incubation
concentrations, but only weakly with a 100 pM incubation concentration. (C) Notch
activation on 12 pN Jaglyy;-TGT surfaces. Cells showed Notch activation in all tested
conditions. We can conclude that lowering the frequency of attempts to activate Notch
mechanically by lowering the ligand density reduces Notch signaling activation, and that
we can compensate for this effect by increasing the mechanical strength of the tethers.
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Figure S6. Binding of WT Jagl1(N-3) to Notch1(8-12) and Notch1(11-12) observed by
SPR. Various concentrations of Jagl(N-3) were injected over a sensor chip containing
immobilized Notch1(8-12) or Notchl(11-12) (starting concentration 30 uM, decreasing
by 2-fold dilutions). The highest and lowest concentrations are indicated on the
sensograms. Binding levels of WT Jagl(N-3) to Notch1(8-12) and Notch1(11-12) were
insufficient to allow for reliable determination of K4 values.
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Figure S7. Jagl inter-domain hinge motions. The structure of Jagl;y;(N-3) from the

aligned |

Notch1(8-12)
Jag1.vi(N-3)
Jag1(N-3

Jag1(DSL-3)

Notch1(8-12)-Jagl;vi(N-3) complex (green), and the previously reported structure of

“apo” Jagl(N-3) (yellow, PDB ID: 4CC0), are depicted in cartoon representation(/7).
Domains from each structure were aligned individually and the rotation angles between
each pair are indicated (left panel). The DSL domains of Jagl;vi(N-3) in complex with
Notch1(8-12) (shown as grey surface), apo Jagl(N-3), and Jagl(DSL-3) (magenta, PDB
ID: 2VJ2) were aligned to highlight variability in the relative orientations of EGF
domains 1 through 3 (right panel)(/0). Note that EGF domains 1 through 3 of both
Jagl(DSL-3) and Jag1(N-3) are predicted to clash with Notch1(8-12) from the complex

structure.
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Table 1. Data collection and refinement statistics for Notch1(8-12)-Jagl;y1(N-3)
complex

Data Collection

Space group 12,2,2,
Cell dimensions
a, b, c (A) 68.5, 128.0, 154.3
a, B,y (°) 90.0, 90.0, 90.0
Resolution (A) (high-resolution shell) 44.7-2.5 (2.66-2.50)
Ruerge (%0) 9.1 (>100)
Rpim (%) 4.1 (60.8)
Redundancy 7.4 (7.4)
I/o 18.3 (1.3)
Completeness (%) 99.2 (93.3)
CC1/2 0.734
Unique reflections 23569 (2192)
Refinement
Resolution (A) (high-resolution shell) 44.7-2.50 (2.62-2.50)
Ryork reflections 23543 (2177)
Ryree reflections 1178 (108)
Ryork 21.9 (33.2)
Riree 26.3 (39.1)
Number of atoms 4033
Protein 3780
Ligand/ion 115
Water 138
Wilson B-factor (A?) 62
Average B-factor (A?) 94
Protein 95
Ligands 104
Solvent 78
R.m.s. deviations
Bond lengths (A) 0.007
Bond angles (°) 0.860
Ramachandran (%) (favored/allowed/outliers) 96.6/3.4/0.0
Molprobity clash score 8.2
TLS groups 13
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Table 2. Comparison of polar contacts in Notch-ligand complex structures.

Notchl (8-12)-Jagl,,, (N-3) complex

Notchl(11-13)-DLL4g ,(N-1) complex

Notchl aa[atom] | Distance Jagl aa[atom] Notchl aa[atom] | Distance DLL4 aa[atom]
Hydrogen bonds Hydrogen bonds

FUC 311[ 03 ] 3.33 ASN 298[ ND2] ASN 421[ O ] 3.65 ARG 191[ NH1]
CYS 323[ O ] 3.03 ASN 314[ ND2] HIS 425[ NE2] 3.28 TYR 179[ OH ]
ASN 325[ N ] 2.66 LEU 297[ O ] BGC 435[ 06 ] 2.64 ASP 218[ 0OD2]
ASN 325[ ND2] 3.03 ASN 314[ O ] ARG 448[ N ] 3.65 TYR 216[ OH ]
ASN 325[ ND2] 2.94 THR 315[ O ] ARG 448[ NH1] 3.04 PHE 195[ O ]
ALA 355[ O ] 2.88 GLY 290[ N ] GLU 450[ O ] 2.86 LEU 187[ N ]
SER 356[ OG ] 3.55 GLN 291[ N ] GLU 450[ OE2] 2.65 TYR 216[ OH ]
SER 356[ OG ] 2.78 GLY 290[ N ] ASP 452[ N ] 2.89 SER 185[ O ]
THR 389[ O ] 3.88 TRP 280[ NE1] FUC 466[ 04 1 2.70 TYR 65[ O ]
ASN 421[ O ] 2.94 ARG 203[ NH2] ASP 469[ O ] 3.00 THR 110[ N ]
PRO 422[ O ] 3.47 ARG 203[ NH1] ASP 469[ O ] 3.76 THR 110[ OGl]
GLU 424[ OE2] 3.85 TYR 210[ OH ] ASP 469[ OD2] 2.94 THR 110[ OGl]
HIS 425[ NE2] 3.22 TYR 191[ OH ] ASP 452[ N ] 2.89 SER 185[ O ]
FUC 466[ 04 ] 2.70 TYR 65[ O ] Salt bridges

ASP 469[ O ] 2.92 ALA 127[ N ] ARG 448[ NH2] 3.45 ASP 218[ OD2]
Salt bridges

GLU 424[ OE2] 3.64 ARG 203[ NH1]
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