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Materials and Methods

Chemicals

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-
[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] (nickel salt) (Ni>*-NTA-
DOGS) were purchased from Avanti Polar Lipids. Texas Red 1,2-dihexadecanoylsn-
glycero-3-phosphoethanolamine (TR-DHPE) was purchased from Invitrogen. Alexa
Fluor 647 maleimide dye and Alexa Fluor 561 maleimide dye were purchased from Life
Technology. Bovine Serum Albumin (BSA), (x)-6-Hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid (Trolox), Catalase, 2-Mercaptoethanol (BME),
NiClz, H2SO4 and ATP were purchased from Sigma-Aldrich. Glucose Oxidase was
purchased from Serva. Tris(2-carboxyethyl)phosphine (TCEP) was brought from
Thermo Scientific. Glucose and H20, were from Fisher Scientific. MgCl. was from
EMD Chemicals. Tris buffer saline (TBS) was purchased from Corning.

Protein purification

LAT and Grb2 Human LAT cytosolic domain (residues 30 to 233) and full-length
Grb2 were purified as described previously (48) using an N-terminal 6-His tag. For
Grb2, the N-terminal 6-His tag was removed with Tobacco Etch Virus protease.

Ras H-RasC118S (residue 1-181) was purified as described previously (19) using
an N-terminal 6-His tag. The N-terminal 6-His tag was removed with Tobacco Etch
Virus protease.

SOSFL  Expression and purification of full-length SOS protein (SOS™) from a
bacterial expression system was unsuccessful as severe proteolysis would occur. In order
to prevent proteolysis during the purification step, we used a split intein approach where
we purified the N- and the C-terminal fragments of human SOS1 separately and to high
purity. We then used the intein reaction to ligate the two fragments together (35)
followed by another step of purification of the full-length protein.

The boundary between the N- and C-terminal fragments of SOS was placed in-
between the CDC25 and PR domains (Fig. 1A), in a region that is predicted to be
disordered. The amino-terminal SOS fragment (SOSN; residues 2-1048) was cloned into
a 2S-T vector containing an aminoterminal 6xHisSUMO tag (Addgene #29711). An
amino-terminal consensus fast DnaE intein sequence (CfaN; (35)) followed by a
monomeric Ocr fusion tag (49) was cloned following the carboxy-terminus of SOS-N.
Mocr domain is highly acidic, and the addition of the domain helped the separation of
SOSFL from unreacted SOSN during the final purification on the MonoQ column (see
below). The carboxy-terminal SOS fragment (SOSC; residues 1049-1333) was cloned
into a vector containing a hexahistidine tag followed by a TEV protease cleavage site and
a NpuC intein sequence (50). The NpuC plasmid was a kind gift of Dr. Shah. Two
mutations are added to the SOSC sequence: T1049C introduced a catalytic cysteine
residue for the intein reaction, and M1050F brought the preferable +2 residue for the
efficient intein reaction (35).

Both fragments were overexpressed in Rosetta2(DE3) cells (Novagen). The
transformed cells were grown at 37°C in Terrific Broth media until ODsoo reached 0.4.
The protein expression was induced by addition of 0.5 mM IPTG at 18°C for 14-18 hrs.




SOSN expressing cells were suspended in Ni-N buffer (20 mM Tris pH 8.0, 1 M
NaCl, 1 M Urea, 0.5 mM TCEP). The cells were lysed by sonication, and the insoluble
fraction was separated by ultracentrifugation. The supernatant was applied to a HisTrap
column (GE Healthcare), and SOSN was eluted with 400 mM Imidazole. His6-SUMO
tag was cleaved off by TEV protease while dialyzing against a Ni-N2 buffer (20 mM Tris
pH 8.0, 500 mM NacCl, 500 mM urea, 5 mM [-mercaptoethanol) overnight. The cleaved
SOSN protein was reapplied to a HisTrap column and the flow-through was collected and
concentrated on an Amicon Ultra centrifugal filter unit (Millipore). Finally, the sample
was purified on a S200 16/600 (GE Healthcare) size-exclusion column equilibrated with
a SEC buffer (20 mM Tris pH 8.0, 300 mM NacCl, 0.5 mM TCEP). The pooled fractions
were concentrated with an Amicon Ultra centrifugal filter unit, flash-frozen in liquid
nitrogen and stored at -80°C.

SOSC expressing cells were suspended in Ni-C buffer (20 mM Tris pH 8.0, 500 mM
NaCl, 500 mM urea, 0.5 % Triton, 0.5 mM TCEP) and purified on HisTrap in the same
way as SOSN. The eluate from the HisTrap column was dialyzed against a Ni-C2 buffer
(20 mM sodium phosphate pH 6.5, 200 mM NaCl, 500 mM urea, 5 mM -
mercaptoethanol) while cleaving the tag with a TEV protease. The SOS® fragment was
then reapplied to the HisTrap column and separated from the uncleaved SOS€ fraction.
The pooled fractions were diluted to half using a 20 mM sodium phosphate pH 6.5 buffer
before applying to a HiTrap SP FF column (GE Healthcare) equilibrated with SP-A
buffer (20 mM sodium phosphate pH 6.5, 100 mM NaCl, 500 mM urea, 1 mM DTT). A
gradient of up to 1 M NaCl was applied and the fractions containing SOS-C were
collected. The pooled fraction was flash-frozen by liquid nitrogen, and stored at -80°C.
The final yields of both SOSN and the SOSC fragments were about 2 mg per 1 L culture.

Purified SOSN and SOS® were mixed together at approximately 2 uM concentrations
in an intein buffer (20 mM Tris pH 8.0, 100 mM NaCl, 5 mM TCEP) and incubated at
4°C overnight. The ligated full-length SOS (SOS™) was diluted by 20 mM Tris pH 8.0
buffer to half the NaCl concentration and applied to a MonoQ column (GE Healthcare).
The protein was purified on the column with MonoQ-A buffer (20 mM Tris pH 8.0, 50
mM NaCl, 0.5 mM TCEP) by applying a gradient of NaCl to 1 M. Typical yield of
SOSFt was about 30 %. The final SOSF! protein contains two mutations: T1049C and
M1050F, as a “scar” of the intein reaction, but otherwise the sequence is intact.

SOSPR Rosetta (DE3) bacteria were transformed with a T7 expression vector
containing the ORF, Hiss-MBP-(Asn)10-TEV-SOSCatPR (533-1,333 aa; C838A, C635A,
C980A) derived from the SOS1 human gene. Transformed bacteria were cultured in 10
L of Terrific broth media (22711-02; Invitrogen) at 37 °C. After OD600 reached .7, the
temperature was lowered to 18°C for one hour and expression was induced with 0.1 M
isopropyl B-D-1-thiogalactopyranoside. Cells were allowed to grow for 10 hours at 25°C
and harvested by centrifugation. Cells were resuspended in 50 mM Na;HPO4 (pH=8),
500 mM NacCl, 0.4 mM BME, 1 mM PMSF, 20 ug/mL DNase, and 10% glycerol and
lysed by microfluidization. The bacterial lysate was recirculated over two 5mL HiTrap
chelating columns (GE Healthcare) charged with CoCl,. The HiTrap columns were
extensively washed with 50 mM Na:HPO4 (pH=8), 500 mM NaCl, 0.4 mM BME before
gradient elution with a buffer containing 50 mM NaxHPO4 (pH=8), 500 mM NacCl,
500mM Imidazole, 0.4 mM BME. Column eluate was dialyzed overnight into a buffer
containing 50 mM Na;HPO4 (pH=8), 400 mM NacCl, and 0.4 mM BME in the presence



of .Img/mL TEV protease to cleave the Hise-MBP-(Asn)1o tag. After TEV site cleavage,
Ser-Asn-Ala amino acids remain in the N-terminus of SOS“®"R_ After dialysis and tag
cleavage, the protein was recirculated over a HiTrap chelating column where all his-
tagged proteins are removed. The column flow-through, containing SOS®#"R, was buffer
exchanged into a buffer containing 20 mM Tris (pH=8), 50 mM NaCl, and 1 mM DTT
and loaded into a MonoS cation exchange column (GE Healthcare) equilibrated with the
same buffer. Bound SOS“*"R (p1=8.57) eluted as a single peak between 120-275mM
NaCl. Column eluate was spin concentrated with a Vivaspin 10 (GE Healthcare) and
loaded into a Superdex200 (GE Healthcare) gel filtration column equilibrated in 20 mM
Tris (pH 8), 200 mM NacCl, 10% glycerol, and 1 mM TCEP. Fractions with high purity
of SOSC@"R were collected and concentrated to 15 uM before freezing in liquid nitrogen
and storing in -80°C freezer.

RBD-K65E BL21 (DE3) bacteria were transformed with a pETM11 expression
vector containing the ORF, hiss-GST-PreScission-SNAPtag-Rafl RBD (56-131 aa;
K65E) derived from the Raf-1 human gene. Transformed bacteria where cultured in 3 L
of Terrific broth media (22711-02; Invitrogen) at 37 °C. After OD600 reached .8, the
temperature was lowered to 18°C for one hour and expression was induced with 0.1 M
isopropyl B-D-1-thiogalactopyranoside. Cells were allowed to grow for 15 hours at 18°C
and harvested by centrifugation. Cells were resuspended in 50 mM Na;HPO4 (pH=8),
300 mM NacCl, 0.4 mM BME, 1 mM PMSF, and 20 pg/mL DNase and lysed by
microfluidization. The bacterial lysate was recirculated over a 5mL HiTrap chelating
columns (GE Healthcare) charged with CoCl,. The HiTrap column was extensively
washed with 50 mM NaxHPO4 (pH=8), 300 mM NacCl, 0.4 mM BME before gradient
elution with a buffer containing 50 mM Na:HPO4 (pH=8), 300 mM NaCl, 500mM
Imidazole, 0.4 mM BME. The column eluate was dialyzed overnight into a buffer
containing 50 mM Na;HPO4 (pH=8), 300 mM NacCl, and 0.4 mM BME in the presence
of .1mg/mL PreScission protease to cleave the Hiss-GST tag. After dialysis and tag
cleavage, the protein was recirculated over a HiTrap chelating column where all his-
tagged proteins are removed. The column flow-through, containing SNAP-RBD, was
spin concentrated with a Vivaspin 10 (GE Healthcare) and loaded into a Superdex75 (GE
Healthcare) gel filtration column equilibrated in 20 mM Tris (pH=8), 200 mM NacCl,
10% glycerol, and .5 mM TCEP. RBD was concentrated to 87 uM before freezing in
liquid nitrogen and storing in -80°C freezer.

Protein labeling using maleimide Proteins were diluted to 100 uM (or less) with 5
mM TCEP. The proteins were then allowed to react with 1 mM Alexa Fluor 488, 555 or
647 maleimide dye for 2 hr in room temperature. The reaction was then quenched with 5
mM BME for 10 min. Excess dye was removed with multiple rounds of size exclusion
chromatography (Sephadex G-25).

Functionalized supported membranes

Chromium patterns (100 nm thick and 5 nm high) were fabricated by the Pulsed
Nanoimprint Lithography method (Pulsed NIL) (51) (ThunderNIL Srl, Italy). Briefly, a
stamp with desired patterns was fabricated by electron beam lithography, and was treated
with hydrophobic trichlorosilanes to make it non-adhesive. Pulsed NIL was performed
on glass substrates, which were previously spin coated with 120 nm thick mr-I 7010
resist, using the stamp. Residual resist film on the glass substrate was etched off using




oxygen plasma before the chromium lift-off process. Nanopatterned substrates were
cleaned with 2% Hallmanex I11 solution (Hellma Analytics) for 30 min followed by 15
min bath sonication in 1:1 IPA/H20 and H20 before piranha etching. Glass substrates
(no. 1.5 thickness) were prepared by 5 min piranha etching (H2SO4:H202 = 3:1 by
volume), followed by excessive rinsing of H20 (Milli-Q). Glass substrates were blow
dried with air before depositing small unilamellar vesicles (SUVs) to form supported
lipid bilayers (SLBs).

SUVs were prepared by mixing DOPC: Ni?*-NTA-DOGS: PE MCC:PIP; lipids =
92:4:2:2 by molar percent in chloroform. If visualization of the bilayers was required, an
additional 0.005% of TR-DHPE were added to the lipid composition. The solution was
then evaporated using a rotary evaporator for 15 min at 40°C. Dried lipid films were
further blow dried with N2 for 15 min. Lipids were resuspended in H2O by vortexing,
resulting in a concentration of 1 mg/mL. Finally, the vesicle solution was sonicated for
90 s in an ice-water bath to make SUVs. The membrane reconstitution system was
prepared on a flow chamber (u-Slide, Ibidi). SLBs were formed on a glass substrate by
incubating the SUVs mixed with 10 mM TBS for at least 30 min. The chambers were
then rinsed with TBS buffer. TBS buffer refers to 20 mM TBS buffer with 5 mM MgCl;
at pH 7.4 unless stated otherwise. Next, 1 mg/mL BSA in TBS buffer was incubated for
10 min to block defects in supported membranes. After rinsing, H-Ras was incubated at
0.4 mg/mL for 2 hr 30 min in TBS buffer. 5 mM BME was then added to stop the
reaction. Next, the solution was buffer exchanged into TBS buffer containing 1 mM
TCEP. Proteins were centrifuged for 20 min at 4°C beforehand to remove aggregates.
Hck and LAT were incubated at 4 and 63 nM, respectively, for 10 min to attach to the
bilayers via his-tag — Ni?*NTA chemistry (29). The system then sat for 20 min to let
unstably bound membrane proteins to dissociate from the surface; during this step, 1 mM
ATP and 100 pM GDP were included to phosphorylate LAT and ensure nucleotide
loading in Ras. Between all incubation steps, the chambers were rinsed with TBS buffer.
The fluidity of the membrane-bound proteins was examined by fluorescent recovery after
photobleaching (FRAP) or single-particle tracking (SPT). Densities of membrane
proteins were estimated by establishing a calibration curve between epifluorescence
average intensity and densities measured by fluorescence correlation spectroscopy (FCS)
(FCS methods were described previously (31)). All preparations were done at room
temperature unless stated otherwise.

Microscopy
TIRF experiments were performed on a motorized inverted microscope (Nikon

Eclipse Ti-E; Technical Instruments, Burlingame, CA) equipped with a motorized
Epi/TIRF illuminator, motorized Intensilight mercury lamp (Nikon C-HGFIE), Perfect
Focus system, and a motorized stage (Applied Scientific Instrumentation MS-2000,
Eugene, OR). A laser launch with 561 and 640 nm (Coherent OBIS, Santa Clara, CA)
diode lasers was controlled by an OBIS Scientific Remote (Coherent Inc., Santa Clara,
CA) and aligned into a fiber launch custom built by Solamere Technology Group, Inc.
(Salt Lake City, UT). The optical path was then aligned to a 100x 1.49 NA oil immersion
TIRF objective (Nikon). A dichroic beamsplitter (ZT405/488/561/640rpc; Chroma
Technology Corp., Bellows Falls, VT) reflected the laser light through the objective lens
and fluorescence images were recorded using an EM-CCD (iXon 897DU; Andor Inc.,



South Windsor, CT) after passing through a laser-blocking filter
(ZET405/488/561/640m-TRF; Chroma Technology Corp., Bellows Falls, VT). Laser
powers measured at the sample were approximately 2.7 mW and 0.7 mW for 561 nm and
647 nm, respectively. Exposure times were set to 40 ms and 20 ms for 561 nm and 647
nm, respectively. All acquisitions were obtained using Micro-Manager (53). ATTL
signal from the appropriate laser triggered the camera exposure.

Imaging of SOS and RBD

All imaging experiments were performed in imaging buffer consisted of 2 MM UV-
treated trolox, 10 mM BME, 20 mM glucose, 320 pg/mL glucose oxidase, 50 pg/mL
catalase (52) and 0.01 mg/mL Casein in TBS buffer. To trigger SOS recruitment, ~1 nM
SOSFL-Alexa Fluor 555, 20 nM Grb2, 10 nM RBD-K65E-Alexa Fluor 647, and 120 uM
GTP were added into solution with the imaging buffer. This set of conditions will result
mostly in either one or zero SOS recruited per corral during a 10-min imaging session.
We performed the corral assay at a very dilute SOS- concentration (~ 1 nM), such that at
any given time, only about ~ 3% of the corrals were occupied with a SOS molecule
(accounting for its labeling efficiency). Therefore, the probability of two SOS molecules
localized to the same corral at a given time is < 0.1% (estimated with Poisson statistics).

In our experiments, spectral bleed-through is minimal since both 561 and 647 dyes
are on proteins with very low densities (unlike conventional bulk colocalization
experiments). SOS channel is strictly at the single-molecule level (averaged density <
0.05 um2); initial accumulation of RBD (at the timescale that activation time of SOS is
measured) has very little detectable signals in the 561 channel (Fig. 1D, S3).

Time-lapse acquisition was taken at a framerate of 0.5 Hz with a very low power
(~2.7 mW for 561 before the objection). This acquisition strategy allows long
visualization (> 100 s) of SOS localization by lowering the photobleaching rates
(bleaching time was ~130 sec with imaging buffers); bleaching rate was estimated from
immobilized SOS on glass substrates.

The analysis was performed on the central square of 300x300 pixel to decrease
uneven illumination. Further processing corrected the remaining uneven illumination in
the region of interest: the time-lapse images were background-subtracted and field
illumination corrected in Fiji; Stage drift was corrected using the ‘Image Stabilizer’ FIJI
plugin (54). Intensity profiles for individual corrals were extracted and further analyzed
with a custom script in Matlab 2016.

Statistics A typical set of experiments (on a single day) involves 6-12 independent
supported membrane microarray chips, each of which have > 2,000 experimentally
resolvable membrane corrals (partially shown in Fig. 1). From the ~2,000 corrals imaged
in each experiment, ~ 200 single-molecule observations/trajectories were collected (Fig.
1D, E) with the remaining ~1800 corrlas providing robust background measurement as
well as providing controls for spatial variation in the sample or other sources of error
(Fig. S3D). This collected data was used to construct the histograms (Fig. 2, 3). Then,
the full set of experiments were repeated independently on a different day for a minimum
of 3 additional iterations; experiments with the PR domains (Fig. 4) were repeated 3
times. To benchmark the assay between different days, we repeated the condition of
Grb2-mediated full-length SOS activation as a standard (> 10 fully independent
iterations).




Activation time analysis

Trajectory analyses were performed with Matlab 2016, after preprocessing from Fiji.
The intensities of SOS and RBD channels were plotted after smoothing with average
filtering of 5 and 7 data points, respectively. The change points of each channel were
analyzed with the “findchangepts” function in Matlab. For SOS channel, a change point
was detected when the mean changed; for RBD channel, a change point was detected
when the slope (i.e. rate of RasGTP production) changed. The threshold used depends on
the mean and noise of the intensities. The performance of the thresholds used was
benchmarked with corrals without SOS recruitment (Fig. S3D) and corrals with SOS
activation (Fig. 1D). In our application, we found a threshold of 12,000 and 20,000
worked well for strict change-point detection of SOS and RBD, respectively. The
activation time ¢, for each trajectory was then evaluated as such:

Lact = TraseTp — Tsos

if the RBD channel has a change point while SOS is recruited Eq. [S1]

where 7; denotes the time of the first change point. For the rejection time t,.;, it is
calculated as:

trej = T'sos — Tsos
if the RBD channel has no change point before SOS dissociates Eq. [S2]

where 7’ denotes the second change point, or dissociation from membranes. The
rejection time is the dwell times of SOS given that no activation occurs. Corrals without
recruited SOS were discarded from the analysis. In some rare trajectories, a corral can
have two SOS on membranes (roughly doubling the intensities) at the same time; these
trajectories were also filtered from the analysis. A representative analysis of interpretable
SOS and RBD trajectories are shown in Fig. 1D, E and S3.

Spontaneous activation of SOS SOS is primarily shuttled onto membranes by
Grb2. In the absence of Grb2, SOS can, in rare cases, temporarily escape from
autoinhibition and recruit to membranes through binding Ras at its allosteric pocket. This
receptor-independent activation is characterized to have an exponential activation time
distribution (Fig. 3). This activation pathway contributes, though minorly (~10%), to
SOS activation even under the presence of Grb2. To quantify the activation time
distribution for Grb2-mediated pathway, we subtracted the estimated receptor-
independent contribution from the activation time histogram of SOS™ activation with
Grb2. Receptor-independent activation contributes less in the case of SOS®*R activation
since the lack of N-terminal autoinhibition causes Grb2-mediated recruitment of SOS®*R
to increase by 3-fold compared to SOSFY; therefore, we did not subtract the receptor-
independent count in this case.

Goodness-of-fit analysis for Fig. 3 The following table shows the reduced chi-
squared analysis of Fig. 3F-1 between N = 1 intermediate and exponential kinetics (N =
0). The model (Fig. 3A-D) is supported with lower reduced chi-squared statistics,



although only marginally in the case without PIP,. Therefore, we further analyze the
goodness-of-fit for the proofreading ratio, p,;/pqc:, for the case without PIP-.
Comparing the prediction of model with the data, the residual sum of squares for N =0
and N =1 are 1.03 x10° and 5.83 x10?, respectively. Therefore, N = 1 describes the case
without PIP2 better over N = 0.

Model SOSF- w/o Grb2 SOSeatPR w/o PIP,
N=0 8.6 x107/ 9.1 x10”/ 2.1 x1077 1.304 x1077
N=1 2.5x107 10.2 x10”7 5.2 x107 1.298 x1077

Dwell time analysis

Single molecules were tracked with a customized program written in Igor (10). The
analysis was performed on the central 350x350 pixel region of the images to minimize
uneven illumination. The dwell times from each binding event were sorted into a
histogram with the frame interval as the bin. The histogram was normalized and fitted to
a probability distribution of multi-exponential kinetics:

p(t) =XV ajke kit Eq. [S3]

where N is the number of population, «; is the fraction of the population i and k; is the
rate constant for the population i. A typical histogram consisted of 2,000-5,000 data
points. Fitting procedure initiated with a single exponential. In cases of poor fitting, a
maximum of two populations was used.

Step-size distribution analysis

Single-molecule were tracked with a customized program written in Igor (10). The
analysis was performed on the central 350x350 pixel region of the images to minimize
uneven illumination. The step size between each frame was sorted into a histogram with
a bin of 0.02 um. The histogram was normalized and fitted to a probability distribution
of a single or double freely diffusive population:

2

e Dilt Eq. [S4]

r
L2D;At

p(r) = éila

where N is the number of population, «; is the fraction of the population i and D; is the
diffusion coefficient for the population i. Immobilized particles were filtered from the
analysis.

Activation Kinetics of SOS

In the following, we derive the activation time and rejection time distribution for a
simple model of SOS activation (10). For a cytosolic enzyme to activate on membrane
surfaces at time t, it must satisfy two conditions: i) the enzyme reaches the activation
state at time t, and ii) the enzyme remains bound to the membrane. This molecular
description leads to a probabilistic statement of the activation time distribution p,..(t):

Pact () = py (OP(t < Tp) = py(t) - e *1f [S5]



where t is the time, T}, is the random variable for the time to dissociate from membranes,
py (t) is the distribution of the activation kinetics, and P denotes the cumulative
probability. The dissociation of a molecule from membranes is assumed to be a Poisson
process with a rate constant k_,. Considering the simplifying case where the individual
Kinetic intermediates have equal rate constants, py (t) = kn "1tNe *~t /N1 where N is the
number of Kinetic intermediates each with a transition rate constant k,. This
simplification is particularly a good approximation where the intermediate(s) are well-
resolved in the experimental timescale. For the rejection time distribution, p,...(t) can be
expressed in a similar argument:

Prej(t) = P(t < T\)pp () = [ py(t)dt - k_je 1t =T0D o7kt [sg]

where Ty is the random variable for the time to activate on membranes, pp (t) is the
distribution of dissociation, and I'(N, t) = f;:{t t'Ne~t"dt’, which is the upper incomplete
gamma function. Note that in our definition, the probability of activation, P,_;, can be
easily obtained by P,.; = fom P, (£)dt; asimilar expression also defines the probability of

rejection, Pyo; = fom Prej (t)dt, such that Pocy + Prej = 1.

Fig. 4 parameter definition The fold-increase of SOS activity is defined as

P i —P .- . . . .
Xgps = —cbactivated _acthasal '\ hare the probability of activation is calculated following

Pact.basal
the previous equations. The basal state refers to the unassembled, monovalent SOS
interaction with LAT via Grb2.

Supplementary Text

Turnover of pY on LAT

An interesting feature of the LAT assembly indeed is the individual molecular
binding events can turn over much more rapidly than the assembly itself evolves (10, 12).
Although it is assumed that competing kinase and phosphatase reactions may lead to
constant turnover of pY on LAT, little is actually known about this at present. However,
it is clear that, during T-cell receptor signaling, LAT forms stable macroscopic
assemblies with Grb2 and SOS (7). In addition, the study by Su et al. (11) shows that
phosphatases can be excluded in these LAT assemblies, suggesting that the turnover of
pY is slower within LAT assembly. In any case, the prominent driving force for LAT
assembly is the substantially enhanced local kinase activity around LAT assembly during
T-cell receptor triggering — this results in stable long-lived LAT assemblies, which may
or may not experience pY turnover internally. Ultimately it is the LAT organization, not
the turnover of pY, that defines its properties and our reconstitutions measure SOS
activity vs. LAT organization.
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Fig. S1.

Characterization of the supported membrane microarray. (A) Fluorescence recovery after
photobleaching (FRAP) of membrane-bound LAT proteins in the supported membrane
corrals. Membrane-associated proteins were restricted within each corral. (B) Intensities
of LAT-Alexa Fluor 488 and RasGTP (measured by RBD-Alexa Fluor 647 after full
activation by SOS) across different corrals. The dashed lines are fitting to a Gaussian
distribution. S.d., standard deviation. Both LAT and Ras had small density variations
across the membrane microarray in our experiments.
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Fig. S2
Experimental design for the data in Fig. 3.

12



Fig. S3

Characterization of the single-molecule SOS activation assay. (A) Intensities of SOS™--
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Alexa Fluor 555 and RBD-K65E-Alexa Fluor 647 on unrestricted supported membranes

with Ras, LAT and Src kinase Hck. The addition of SOS™* catalyzed Ras loading with
GTP, thus triggered RBD recruitment onto the membrane. This bulk experiment

demonstrates that the RBD used in our reconstitution binds specifically to RasGTP. (B)
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Single-molecule intensity distribution of SOSF--Alexa Fluor 555. The histogram is fitted
to a log-normal distribution, which corresponds to the intensity distribution of a single
fluorophore. (C) An example of SOS activation without Grb2. In this trajectory, the time
from SOS recruitment onto the membrane to activation was near instantaneous; the
activation time was around the resolution limit of the assay. (D) An example of corral
without SOS recruitment. These trajectories were also used to benchmark the
performance of the analysis.
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Fig. S4

SOS dwell time is primarily mediated by Grb2. Single-molecule dwell time analysis of
SOSFt-Alexa Fluor 555 with or without Grb2, Ras, or PIP2. All single-molecule tracking
experiments (Fig. S4-6) were performed with GDP in the solution, mimicking the onset
of SOS recruitment in response to receptor activation. The long dwelling species of SOS
(>1 s) is mostly modulated by Grb2 (without Grb2, SOS dwells shorter on the
membrane). The single-molecule tracking experiments were obtained by continuous
stream acquisition (with a framerate of 21 Hz). Therefore, photobleaching was higher
such that the apparent SOS dwell times were shorter than those measured from the SOS
activation assay.
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Fig. S5

Initial membrane engagement of SOS is modulated by Grb2. (A to D) Step-size
distributions of SOS™--Alexa Fluor 555 from single-molecule tracking (SMT) analysis.
The time intervals between acquisitions were 0.078 s. Any immobile SOS (typically with
a fraction < 20%) were filtered during the analysis. Since the mobility of membrane-
associating protein (SOS in this case) is typically determined by its interactions with
membrane components (LAT, Ras or PIP2), the diffusion analysis indicates that the
initial membrane engagement state of SOS is primarily mediated by Grb2 (without Grb2,
SOS diffuses faster).
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Fig. S6

Multivalent interactions of LAT:Grb2:SOS. Step-size distributions of SOST--Alexa
Fluor 555 and LAT-Alexa Fluor 555 from single-molecule tracking (SMT) analysis.
LAT and SOS were measured in different but duplicated samples, and acquired under
identical imaging condition in the same day. The time intervals between acquisitions
were 0.078 s.  On the membrane, the mobility of membrane-associating proteins is
mostly determined by its interactions with membrane components due to viscosity (LAT
were chelated to Ni>*-NTA-DOGS). Therefore, the mobility of SOS indicates the
number of interacting LAT molecules (although the relationship is not necessarily linear).
The slower mobility of SOS compared to freely diffusing LAT suggests that membrane-
recruited SOS interacts with at least two LAT molecules on the membrane. PIP2-bound
SOS is rare on this timescale (~sec) since PIP2-mediated autoinhibition release takes 10-
100 sec.
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RBD-Alexa Fluor 647

Fig. S7

The competing effect of the PR domains on SOS activation. These experiments were
similar to ones in Fig. 4. Images were taken at 15 min after the addition of SOS™-. The
PR domains compete with SOSF to recruit onto the membrane. However, at
intermediate PR concentrations (50 nM) (the middle image), Ras activation was
promoted by the PR domains, suggesting a non-trivial enhancement of SOS activation
from LAT assemblies. At higher PR concentrations (> 100 nM), this enhancement was
abolished, primarily due to SOS™- outcompleted by the PR domains. Scale bar, 5 um.
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Fig. S8

Single-molecule dwell time analysis of SOS™--Alexa Flour 555 with or without the PR
domains.
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Fig. S9

The signaling benefit of kinetic proofreading in SOS activation. With Kinetic
proofreading, the signaling system can differentiate receptor-mediated SOS recruitments
from spontaneous SOS localizations by membrane dwell times. In this scenario, the
activation of the MAPK pathway depends on the dynamical identity of SOS, in additional
to the number of membrane recruitments.
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Movie S1

Single-molecule SOS activation assay. An example of simultaneous imaging of SOS-
Alexa Fluor 555 (green channel) and RBD-K65E-Alexa Fluor 647 (red channel) in the
supported membranes microarray. SOSF-, Grb2 and GTP were injected at time 0. Scale

bar, 10 um.
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