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Abstract

The guanine nucleotide exchange factor (GEF) Son of Sevenless (SOS) is a key Ras activator that
is autoinhibited in the cytosol and activates upon membrane recruitment. Autoinhibition release
involves structural rearrangements of the protein at the membrane and thus introduces a delay
between initial recruitment and activation. In this study, we designed a single-molecule assay to
resolve the time between initial receptor-mediated membrane recruitment and the initiation of
GEF activity of individual SOS molecules on microarrays of Ras-functionalized supported
membranes. The rise-and-fall shape of the measured SOS activation time distribution and the long
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mean time scale to activation (~50 seconds) establish a basis for kinetic proofreading in the
receptor-mediated activation of Ras. We further demonstrate that this kinetic proofreading is
modulated by the LAT (linker for activation of T cells)-Grb2-SOS phosphotyrosine-driven phase
transition at the membrane.

A Kkey step in the mitogen-activated protein kinase (MAPK) pathway is the activation of the
membrane-anchored Ras guanosine triphosphatase (GTPase) by guanine nucleotide
exchange factors (GEFs), including Son of Sevenless (SOS) (1-5). SOS, which is an
important Ras GEF in T cell receptor (TCR) and epidermal growth factor receptor (EGFR)
signaling, is recruited via Grb2 to activated receptors or scaffold proteins on the membraneg,
where it subsequently activates Ras (5). The influence of SOS dynamics in MAPK signaling
is underscored by the relatively low SOS protein copy number in the EGFR-MAPK pathway
(6). In addition to its GEF activity, SOS serves as a cross-linking molecule that, by
interacting with two Grb2 molecules, forms linkages between receptor or scaffold molecules
(7, 8). In the case of the scaffold protein linker for activation of T cells (LAT), multivalency
of the phosphorylated tyrosine (pY) sites on LAT, which serve as Grb2 binding sites, enables
the networked assembly of LAT-Grb2-SOS into a condensed two-dimensional gel or liquid
phase on the membrane surface (9-13). Although similar protein assembly-mediated phase
transitions are emerging as a general theme in several different signaling systems (14,15),
little is known about how they regulate signaling.

We performed a detailed analysis of the molecular mechanism by which SOS autoinhibition
is released after receptor-mediated recruitment to the membrane. We reconstituted purified
full-length SOS (SOSFL) along with Grb2 on supported membranes containing
phosphorylated LAT and Ras to mimic the signaling geometry of the inner leaflet of the T
cell plasma membrane. By developing a single-molecule activation assay in a membrane
microarray format (16,17), we resolved the timing process from the initial membrane
association to the initiation of GEF activity for each individual SOS molecule. The results
reveal a long mean time delay (~50 s) between initial recruitment and the activation of SOS
GEF activity. Additionally, the delay time distribution—exhibiting the distinctive rise and
fall of a gamma distribution—reveals the existence of rate-limiting kinetic intermediates in
the activation of SOS. These features of SOS autoinhibition release, along with the system’s
being intrinsically out of equilibrium, provide the basic requirements for a kinetic
proofreading mechanism (18) in the activation of Ras (10). In such a mechanism,
shortdwelling SOS molecules at the membrane may fail to achieve release of autoinhibition
and thus fail to activate any Ras, whereas long-dwelling SOS molecules would exhibit
disproportionately higher probabilities of activation. Such a screening process may be
especially important for SOS because, once activated, SOS remains trapped at the
membrane, where it can processively activate hundreds of Ras molecules (16,19,20).

Lastly, we experimentally demonstrate that the LAT-Grb2-SOS pY-mediated phase
transition, which has been shown to extend SOS dwell times (10), strongly modulates the
amount of Ras activated by a group of SOS molecules. These observations suggest a
mechanism by which protein assembly phase transitions, such as LAT-Grb2-SOS, modulate
downstream signaling activity via kinetic discrimination or proofreading processes.
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Receptor-mediated activation of SOS is tightly regulated (3, 5, 10, 20-24). The catalytic
core of SOS, consisting of the Ras exchanger motif and a CDC25 domain, is flanked by a C-
terminal proline-rich (PR) domain and N-terminal autoinhibitory domains consisting of the
histone fold, Dbl homology, and Pleckstrin homology domains (Fig. 1A). Mutations in the
N-terminal domains of SOS can lead to the dysregulation of autoinhibition and the
development of Noonan syndrome disorder (25). The PR domain binds the Src homology 3
(SH3) domains of Grb2, whereas the SH2 domain of Grb2 interacts with pY residues on
membrane receptors such as LAT or EGFR, thereby localizing SOS onto membrane surfaces
in response to receptor activation (4,26). Upon membrane recruitment, interactions of the
SOS N-terminal domains with anionic lipids, such as phosphatidylinositol 4,5-bisphosphate
(PIPy), facilitate the release of autoinhibition (21, 27). The catalytic domains of SOS contain
two binding sites for Ras: catalytic and allosteric (28). With Ras engaged in the allosteric
site, SOS remains on membranes for extended periods of time (>1 min) and enters a highly
processive mode in which it catalyzes hundreds of Ras guanosine triphosphate (GTP)-
loading events (16, 19, 20). Although there is growing understanding that a multitude of
molecular interactions are critical for efficient SOS activation on membranes (5), real-time
monitoring of receptor- mediated SOS activation has been inaccessible, in part because of
challenges in SOS purification and the development of a membrane assay capable of
resolving such features.

We developed a single-molecule activation assay on supported membranes to resolve the
timing of SOS activation from membrane recruitment to the initiation of nucleotide turnover
in Ras (Fig. 1B). Supported membranes consisting primarily of DOPC (1,2-dioleoyl-sn-
glycero-3-phosphocholine) lipids doped with 2% PIP,, 2% MCC-DOPE {1,2-dioleoyl-sr+
glycero-3-phosphoethanolamine- A-[4-(p-maleimidomethyl)cyclohexane-carboxamide] },
and 4% Ni2*-NTA-DOGS {1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-
carboxypentyl)iminodiacetic acid)succinyl]} were deposited on a glass substrate by vesicle
fusion. Cytoplasmic domains of the Src kinase Hck and the adaptor protein LAT, both with
six-histidine (Hisg) tags, were tethered to the supported membrane through Hisg interactions
with nickel-chelating lipids (29). Although Hck is not an efficient kinase for the
phosphorylation of LAT (30), it phosphorylates LAT to completion, given sufficient time. H-
Ras molecules were covalently attached to membranes via maleimide chemistry with the
MCC-DOPE lipids (31). All of these proteins reconstituted on supported membranes were
laterally mobile, with typical densities of <100, ~800, and ~500 pm~2 for Hck, LAT, and
Ras, respectively. The LAT densities in the reconstitution are comparable to those measured
in cells (32). Although Ras local densities in cells can vary widely, we used densities similar
to those of Ras clusters (>1000 pm~2) in cells (33, 34). LAT was fully phosphorylated by
Hck before the addition of SOS, as monitored by the recruitment of fluorescent Grb2 (10).
SOSFL was prepared by intein ligation (35) of the N-terminal flanked catalytic domain and
the C-terminal PR domain of human SOS1. By adding ~1 nM SOSFL and 20 nM Grb2 in
solution [the concentrations are comparable to recent quantifications of protein abundance in
the EGFR-MAPK pathway (6); dissociation constant Ky~ 10 uM (36)], single-molecule
membrane recruitment of SOS via Grb2 can be clearly resolved by total internal reflection
fluorescence (TIRF) microscopy. If Grb2 was not included, we observed ~90% lower SOS
recruitment. On membranes, SOS catalyzes the nucleotide exchange of Ras [preloaded with

Science. Author manuscript; available in PMC 2019 June 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Huang et al.

Page 4

guanosine diphosphate (GDP)] with GTP in solution. Ras-GTP levels are read out via the
rapidly reversible binding of a fluorescently labeled Ras-binding domain (RBD) (40 nM in
solution). The RBD used in this study is a mutant [Lys5®—Glu (K65E)] derived from Raf-1;
it has faster binding kinetics than the wild-type RBD (37), providing real-time (~1-s) Ras-
GTP density measurements to precisely identify the moment of SOS activation.

We resolve the activity of single SOSFL- molecule recruitment events by localizing the
reactions into small corrals separating patches of fluid membranes (16) (Fig. 1C). This
strategy allows precise assignment of the amount and timing of Ras activation to individual
SOS recruitment events. In practice, this was achieved by corralling the supported
membranes with 1-um by 1-pm or 2-um by 2-pm grid arrays of chemically inert chromium
barriers, which are prefabricated onto the underlying substrate before membrane deposition
(17). The chromium barriers are typically ~10 nm in height, and although they are effective
barriers to the mixing of membrane-associated components, they pose essentially no barrier
to the flow of molecules in the adjoining solution (fig. S1). Both LAT and Ras showed small
variations (<10%) across different arrays (fig. S1). This membrane microarray strategy also
facilitates simultaneous sampling of large numbers (~1000) of nearly identical membrane
corrals, all in contact with the same solution.

The simultaneous imaging of SOSFL-Alexa Fluor 555 and RBD-K65E-Alexa Fluor 647 at a
frame rate of 0.5 Hz recorded when and where SOS recruitment and activation occurred
(Fig. 1, C to E). Once activated, SOS processively catalyzes nucleotide exchange in Ras at a
relatively rapid rate, providing a distinctly discernable transition between inactive and active
states of SOS (see fluorescence intensity traces in Fig. 1D). Additionally, SOS tends to stay
active for an extended period of time (16,19). Specifically, we parsed out corrals with a
single SOS recruitment event and then measured the time to the onset of RBD recruitment,
indicating the activation of SOS. The SOS recruitment-activation trajectories can be
classified into two types: recruitment of SOS followed by activation (Fig. 1D) and
recruitment and dissociation of SOS without activation (Fig. 1E). The first type of trajectory
reveals the time interval between initial membrane engagement and the release of SOS
autoinhibition, enabling GEF activity, which we define as the activation time. The latter
trajectory indicates the membrane dwell times for SOS molecules that unbind from the
membrane before activating, which we define as the rejection time. The shape of the
activation time distribution is especially informative. The existence of rate-limiting
intermediates, through which SOS must pass en route to activation, will create a distinctive
rise-and-fall shape (gamma distribution), whereas an exponential activation time distribution
will indicate that autoinhibition release follows a first-order process. The implication of this
kinetic detail is that kinetic proofreading mechanisms, under which long-dwelling molecules
are disproportionately more likely to activate, can operate only in the first case, with rate-
limiting kinetic intermediates (10,18).

A single SOS recruitment event results in either activation or rejection. By collecting
ensembles of these single-molecule recruitment- activation trajectories, we compiled
histograms of the activation and rejection time distributions, which also reveal the relative
probabilities of these two outcomes (Fig. 2, A and B). The activation time distribution
exhibits the rise- and-fall shape of a gamma distribution, with a rather long mean delay of 55
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s and a standard deviation of 44 s (Fig. 2A). The time resolution of detectable activation in
the current experiment is <2 s, evident because RBD-K56E binding to Ras-GTP has fast
binding kinetics (dwell time, ~100 ms) and some trajectories show rapid RBD recruitment
(<2 s) after SOS binding to membranes (fig. S3). The rejection time distribution is roughly
exponential in shape, with a mean of 30 s and a standard deviation of 29 s (Fig. 2B). The
shapes of these distributions reveal underlying mechanistic features of SOS regulation.

To quantitatively analyze these measured probability distributions, we construct a simple
kinetic model in which the activation of SOS on membranes is described by the competing
kinetics between activation and dissociation from membrane surfaces (Fig. 2C) (for
derivations, see materials and methods) (10, 38, 39). In this model, SOS binds to membranes
initially in an autoinhibition state (SOS,), and the release of autoinhibition is achieved after
overcoming a series of kinetic intermediates. Alternatively, SOS may unbind from the
membrane, going back into solution, where it eventually relaxes back to its native auto-
inhibited state (SOSgp). Given N number of kinetic intermediate(s) in the activation pathway,
the activation time distribution has the form

-k .t
Pt = Py (D) - €

where pa(D) is the activation time distribution for a linear multistep process, arising from the
convolution of (N + 1) single Poisson steps with rate constants & and &_; is the dissociation
rate constant. The overall probability of SOS activation, P, depends on both the transition

rate (4j) and the unbinding rate (k_z) and is given by P, = /°p, (n)dz. A similar expression

defines the overall probability of rejection, Ae;, in terms of the rejection time distribution,
Prej(9), and the integrated sum of these two distributions normalizes to one.

In a case with a single rate-limiting step or multiple steps with similar rates, pp(9
—kyt
approaches a gamma distribution, p, () = k%J“ INe "N'/N1. This approximation provides a

useful intuition about the shape of the activation time distribution: The existence of
intermediate(s) predicts a rise-and-fall shape to the distribution (Fig. 2D). In the alternative
case, without any Kinetic intermediates (V= 0), the activation time distribution is strictly
exponential (Fig. 2D). The observed data (Fig. 2A) are consistent with the first case,
indicating that SOS activation on membranes involves progressing through at least one rate-
limiting kinetic intermediate, with a low transition rate (k) of 0.02 s™1. In practice, the
kinetic observation will be dominated by the slowest kinetic step for a unidirectional
activation mechanism (20). Thus, we used NV =1 to analyze the distributions, i.e.,

“(ky+k )
Pt = kyte v+ 2) . If this model is sufficient to describe SOS activation, the fitted

values from the activation time distribution should, with no additional fit parameters, predict
the rejection time distribution (Fig. 2B), which is given by

-k .t

I'(N, 1)

_ -1
Prej(t) ==\

k_qe
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where T(N, 1) = [2° tt/Ne_t/dt’, the upper incomplete gamma function. In the case of /=1,
N

—\ka Kk )t
Prej) = k_(kyt + 1)e byt o) . The experimentally measured rejection time distribution is

well described by the prediction based on parameters measured from the activation time
distribution (Fig. 2B). The activation time distribution of SOS is indicative of an activation
mechanism dominated by a single rate-limiting kinetic intermediate. This model does not
exhaust all possible routes of activation but delineates the main pathway. In addition, it is
possible that SOS dissociation from membranes is a multistep process, but it is likely much
faster than the activation time scale such that the data are well described by the simple
model.

The activation time of SOS is determined, in part, by the release of autoinhibition of the
catalytic domains by the N-terminal domains. We compared Grb2-mediated SOS
recruitment and activation with three other orthogonal activation profiles (Fig. 3 and fig. S2):
(i) receptor- independent activation without Grb2 (Fig. 3B), (ii) activation without N-
terminal autoinhibition using the construct SOSCa®R (Figs. 1A and 3C), and (iii) hindered
activation without PIP, (Fig. 3D). Although the recruitment rate of SOS is markedly
enhanced by Grb2 (Fig. 3E), these three cases exhibit fundamental differences in the
activation time compared with Grb2-dependent activation (Fig. 3, F to ). Cases (i) and (ii)
result in single-step activation (i.e., the activation time distribution is exponentially shaped)
over the experimental time scale of 1 to 200 s. Without Grb2, spontaneous activation of
SOSFL is (rarely) observed as a result of SOS apparently fluctuating into an active
configuration before interacting with the membrane. In this state, SOSFL binds to Ras
directly and begins to processively activate Ras without the need to pass through the kinetic
intermediate. This detail is revealed by the exponential shape of the activation time
distribution for these spontaneous activation events. Before successful purification of
SOSFL, these are the only activation events that have been observed in prior studies (16, 20).
The SOSPR construct lacks N-terminal autoinhibition and also apparently lacks the kinetic
intermediate, as revealed by its exponentially shaped distribution (Fig. 3, G and H). Case
(iii), lacking PIP5 in the membrane, exemplifies the scenario where the activation pathway
on the membrane is hindered, as revealed by a decreased activation rate, yet the kinetic
bottleneck is retained, as revealed by the rise-and-fall shape of the activation time
distribution (Fig. 3I).

Together, these data provide a molecular description of the autoinhibition release process of
SOSFL: The first recruited state (SOS,) corresponds to Grb2-mediated recruitment while
under the protection of autoinhibition. The slowest intermediate (SOS) involves PIP,-
mediated release of autoinhibition (Figs. 2C and 3, A to D). Finally, fully activated SOS
presumably involves locking Ras into the allosteric pocket (16, 23), enabling the processive
catalysis.

A multistep activation process, such as we have observed for SOSFL, can, in principle, lead

to longer-dwelling molecules having disproportion- ally higher activation rates (10)—this is
classically known as kinetic proofreading (18). To test for this behavior experimentally, we

examined the ratio prej(#)/pact(9) as a function of SOS dwell time from the corral

Science. Author manuscript; available in PMC 2019 June 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Huang et al.

Page 7

experiments. This analysis compares the rate (probability per unit of time) of SOS activation
for different dwell times (Fig. 3, J to M). The kinetic intermediate defined by autoinhibition
release greatly enhances the proofreading capability, as evident from the decaying functional
form of the prej()/pact(9) curve for SOSFL (Fig. 3, J and M). By contrast, a weakly
discriminating process will have a near-constant curve, as observed for SOSCaPR molecules
lacking kinetic intermediates (Fig. 3, K and L). These data provide evidence that SOSF-
activity is capable of being modulated by a kinetic proofreading mechanism.

With a proofreading mechanism at play, the rate of Ras activation depends
disproportionately on the membrane dwell times of SOS. Given that the individual pY-Grb2
interactions exhibit fast kinetics [mean dwell time, ~0.1 s (10)] compared with the mean
activation time of SOS measured in this study (~55 s), we speculate that monovalent
recruitment of SOS to the membrane by Grb2 is unlikely to lead to Ras activation. However,
SOS dwell time on the membrane can be greatly elongated when SOS interacts with more
than one Grb2 molecule. Single-molecule tracking of SOS shows that the initial stable
recruitment of SOS (dwell time > 1 s) is mediated primarily by Grb2 instead of PIP, or Ras
(figs. S4 and S5). Furthermore, mobility analysis indicates that stably recruited SOS is
interacting with at least two LAT molecules via multiple Grb2 molecules (fig. S6).

Recent studies have vividly demonstrated that LAT-Grb2-SOS can undergo a phase
transition to form a condensed two-dimensional liquid or gel state consisting of a networked
molecular assembly on the membrane surface (9-13). A distinctive feature of these
condensed phases is that multivalent interaction of SOS within the network can markedly
elongate SOS dwell time on the membrane (10). To explore the effect of this protein
assembly network on Ras activation, we added the PR domain of SOS, which has no
intrinsic catalytic activity but allows formation of the assembly, into the corral experiments
(Fig. 4, A and B). If the PR domain acted solely as a competitor, titrating it would decrease
Ras activation by outcompeting the fixed concentration of SOSFL. Instead, we observed that
the rate of Ras activation increased substantially when the PR domain was added (50 nM)
(Fig. 4, C to E), suggesting that LAT assemblies promote Ras activation. Notably, this
enhanced activation by the PR domain was absent at low LAT densities, where assemblies
cannot form; titrating the PR domains to a higher concentration (=100 nM in our
experiments) also abolished this enhancement by outcompeting SOSFL (fig. S7).
Furthermore, the twofold increase in SOSFL recruitment with the PR domain is insufficient
to explain the eightfold increase in Ras activation (Fig. 4, C to E).

To quantitatively account for the effect of Grb2-mediated SOS dwell time at the membrane
on the probability of SOS activation, we first evaluated the activation probability of SOS per

recruitment event, P = /8° Dot . Py is intrinsically a function of the Grb2-mediated

SOS dwell time, as longer-dwelling SOS molecules have a higher likelihood of activation
before unbinding. The functional dependence of P, on the mean dwell time is plotted in
Fig. 4F, on the basis of the measured activation time distribution of SOS (Fig. 2) (V=1
intermediate). This calculation reveals that P, is highly sensitive to the SOS dwell time
when the mean activation time is substantially longer than the mean dwell time, which is the
case in our reconstitution and likely in live cells as well (14). Next, we evaluated the fold
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increase in SOS activity per molecule, xsos (the definition is provided in materials and
methods), as a function of change in the mean dwell time. Figure 4F enables a direct
comparison of SOS activation probabilities in the unassembled and assembled LAT
configurations in Fig. 4, D and E. Single-molecule analysis reveals that the fraction of long-
dwelling species of SOS increases with the addition of the PR domain (and consequent LAT
assembly) in this experiment (fig. S8), although the degree of molecular assembly is not as
large as that observed in a fully condensed phase (10). The roughly fourfold net increase in
Ras activation per SOS molecule (after accounting for recruitment) is comparable to the
estimation on the basis of mean dwell time changes (from ~4 to 6 s). Thus, relatively small
changes in the SOS dwell time lead to large changes in the probability of activation because
the system is operating under conditions in which the overall probability of activation is low
(e.g., the mean dwell time is substantially shorter than the mean activation time).
Monovalent recruitment interactions between SOS and phosphorylated LAT via Grb2 are
brief (<1 s) (10) and will thus have an exceptionally low probability of successful SOS
activation. In the fully condensed state, the LAT-Grb2-SOS assembly can elongate SOS
dwell times by more than an order of magnitude (10), which is even more than that achieved
in the PR domain experiments presented here. Collectively, these data suggest that LAT-
Grb2-SOS assembly can exert a powerful influence over SOS activation by modulating the
SOS dwell time at the membrane.

In resting T cells, LAT typically exhibits some basal level of phosphorylation (40). A
proofreading mechanism in SOS activation can prevent the spontaneous membrane
localization of SOS from activating Ras and thus prevent upstream basal pY activity from
activating certain downstream pathways (fig. S9). This kinetic proofreading at the level of
SOS is different from kinetic proofreading at the TCR, which has been proposed to
contribute to antigen discrimination on the basis of peptide major histocompatibility
complex-TCR binding kinetics (41).

The type of kinetic proofreading identified here in the activation of Ras by SOS reveals a
potentially broad mechanism by which membrane recruitment kinetics can be used to
modulate downstream signaling activity. Many membrane-associated signaling molecules
activate in a multistep fashion—for example, Vav (GEF for Rho family GTPase) (42), Raf
(43), class | protein kinase C-a (44), phosphoinositide 3-kinases (45), and inducible T cell
kinase (46). The initiation of actin nucleation by the Arp2/3 complex is also a slow multistep
process. Notably, the actin regulator neuron Wiskott-Aldrich syndrome protein (N-WASP)
and the Arp2/3 complex have recently been shown to exhibit dwell time-dependent activity
modulation by nephrin-Nck-N-WASP condensation phase transition, in a mechanism highly
parallel to that described here for Ras and SOS (15,47). Hence, we speculate that the timing
and proofreading mechanism observed in this study is not exclusive to SOS but is a common
theme in signal regulation at the membrane.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Single-molecule activation assay of sosFL on supported membranes.
(A) Domain architecture (left) and a cartoon model (right) of SOSFL The crystal structure
was rendered with Protein Data Bank entry 3KSY. HF, histone fold; DH, Dbl homology
domain; PH, Pleckstrin homology domain; REM, Ras exchanger motif. Numbers indicate
amino acid positions. (B) Schematic of the reconstitution of Grb2-mediated SOS activation.
LAT phosphorylated by membrane-bound kinase Hck (pLAT) and Ras preloaded with GDP
were decorated on the supported membranes corralled by 1-pm by 1-um or 2-um by 2-pm
chromium grids. The injection of Grb2, SOSFL-Alexa Flour 555, RBD-K65E-Alexa Fluor
647, and GTP into the solution triggered SOS recruitment, subsequent release of
autoinhibition, and activation. Receptor triggering and downstream activation (in gray) are
shown to illustrate the signaling pathway, and not included in the experiments. phos.,
phosphorylation. (C) Snapshot images of SOS (green) and RBD (red) recruitment in
microarray supported membranes. Scale bar, 10 pm. £ time. (D) Definition of activation
time. (E) Definition of rejection time. [(D) and (E)] Scale bars, 2 um. a.u., arbitrary units.
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Fig. 2. Activation time distribution of SOS.
(A and B) Histograms of the activation time and rejection time of Grb2-mediated SOSF-

recruitment from the single-molecule activation assay. The solid line is fitting to the model
in (C); the fitted values are Ay = 0.02 s~ and k_; = 0.016 s™1. The dashed line represents the

prediction by the model using fitted values from the activation time distribution. (C) A
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simple model of SOSFL activation. &y denotes the transition rate constants for the kinetic
intermediates, and k_; represents the dissociation rate constants from membranes. SOSgq),
SOS in solution. (D) Without a Kinetic intermediate (V= 0), the activation time distribution
is an exponential distribution peaked at #= 0. In contrast, the existence of at least one
intermediate produces the characteristic rise-and-decay shape for the activation time

distribution.
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Fig. 3. Theregulation of autoinhibition definesthe activation timing of SOS and itskinetic
proofreading capability.
The top schematics show the experimental design (details are in fig. S2). (A to D) The
kinetic models for Grb2-mediated SOSFL activation, SOSFL activation without Grb2,
SOSCatPR aetivation, and SOSFL activation without PIP,. Act., activation. (E) The relative
recruitment rate, activation probability, and activation rate for each condition. Activation rate
= recruitment rate x activation probability. The Grb2-mediated recruitment rate of SOSF-
was 3 x 1073 s71 um=2. The dashed line is at 1. (F to |) The activation time distribution for
each condition. Black lines are fitting to the models in (A) to (D). (F) is the same data from
Fig. 2A. (J to M) The ratio between rejection and activation counts as a function of SOS
dwell time. The inset in (J) shows the model’s extrapolation for very short dwelling SOS.
Dashed lines are predictions by the models in (A) to (D).
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Fig. 4. Molecular assembly enhances Ras activation by SOS.
(A and B) LAT assemblies are tuned by the addition of Grb2 and the PR domain of SOS,

which enables multivalent cross-linking but has no intrinsic catalytic activity. Images
represent LAT-Alexa Flour 555 after the addition of Grb2 and the PR domain. (C to E)
Snapshot images of RBD after 15 min of reaction time. The histograms show the RBD
intensities per corral of the images. The dashed lines are guidelines for the maximum extent
of intrinsic nucleotide turnover. The percentages show the number of corrals with turnover
above the level of the dashed line. Scale bar, 10 pm. pdf, probability density function. (F)
Calculation of the probability of SOS activation as a function of Grb2-mediated mean dwell
time (left) and the increase in SOS activity as a function of the change in mean dwell time

(right). The change in mean dwell time is defined as A<r> = (0, ctivated = (basal
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