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Activation of Extracellular Signal-Regulated Kinase but Not of p38
Mitogen-Activated Protein Kinase Pathways in Lymphocytes Requires
Allosteric Activation of SOS

Jesse E. Jun,® Ming Yang,” Hang Chen, Arup K. Chakraborty,?<%*f Jeroen P. Roose®

Department of Anatomy, University of California, San Francisco, San Francisco, California, USA%; Departments of Chemical Engineering,” Chemistry,© Physics,“ and
Biological Engineering® and Institute of Medical Engineering & Science,” Massachusetts Institute of Technology, Cambridge, Massachusetts, USA

Thymocytes convert graded T cell receptor (TCR) signals into positive selection or deletion, and activation of extracellular sig-
nal-related kinase (ERK), p38, and Jun N-terminal protein kinase (JNK) mitogen-activated protein kinases (MAPKs) has been
postulated to play a discriminatory role. Two families of Ras guanine nucleotide exchange factors (RasGEFs), SOS and RasGRP,
activate Ras and the downstream RAF-MEK-ERK pathway. The pathways leading to lymphocyte p38 and JNK activation are less
well defined. We previously described how RasGRP alone induces analog Ras-ERK activation while SOS and RasGRP cooperate
to establish bimodal ERK activation. Here we employed computational modeling and biochemical experiments with model cell
lines and thymocytes to show that TCR-induced ERK activation grows exponentially in thymocytes and that a W729E allosteric
pocket mutant, SOS1, can only reconstitute analog ERK signaling. In agreement with RasGRP allosterically priming SOS, expo-
nential ERK activation is severely decreased by pharmacological or genetic perturbation of the phospholipase Cy (PLCy)-diacyl-
glycerol-RasGRP1 pathway. In contrast, p38 activation is not sharply thresholded and requires high-level TCR signal input. Rac
and p38 activation depends on SOS1 expression but not allosteric activation. Based on computational predictions and experi-
ments exploring whether SOS functions as a RacGEF or adaptor in Rac-p38 activation, we established that the presence of SOS1,

but not its enzymatic activity, is critical for p38 activation.

Mitogen—activated protein kinase (MAPK) signaling cascades
are conserved pathways that can be activated by a wide va-
riety of stimuli and play a role in diverse cellular processes (1).
Early on, it was recognized that activation of the extracellular sig-
nal-regulated kinase (ERK) MAPK can be graded or switch-like,
and this impacts biological outcome (2). Specifically, stimulation
of rat adrenal pheochromocytoma (PC-12) cells with neuronal
growth factor (NGF) results in sustained activation of the MAPK
ERK and differentiation, whereas stimulation with epidermal
growth factor (EGF) elicits transient ERK activation and cell pro-
liferation (2). Synthetic engineering to rewire the feedback loops
in the NGF- and EGF-ERK networks alters cell fate, further dem-
onstrating a causative link between the mode of ERK activation
and the cell biological effect (3). Individual Xenopus oocytes dem-
onstrate a very large Hill coefficient for ERK activation, and ERK
functions as an ultrasensitive switch to convert graded progester-
one stimuli into all-or-none biological responses (4). Various
mechanisms have been described to account for the switch-like
ERK activation, including high cooperativity intrinsic to the ERK
module (5, 6), signal amplification toward digital patterns in Ras
nanoclusters (7), a dual negative feedback control by phosphatase
SHP1 (8), and subcellular location of cascade activity (9).

T cells can also convert analog receptor input into digital or
bimodal ERK activation (8, 10-12). Developing thymocytes must
undergo all-or-none selection processes to retain functional T
cells but delete autoreactive T cells (13). The small GTPase Ras in
the Ras-RAF-MEK-ERK pathway (14, 15) plays a critical role dur-
ing thymocyte selection (16). At least two families of Ras guanine
nucleotide exchange factors (RasGEFs) establish T cell receptor
(TCR)-induced GTP loading of Ras in thymocytes, namely,
RasGRP and SOS (17). RasGRP1 plays a nonredundant role in
Ras-ERK pathway activation; positive selection of thymocytes and
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TCR-induced ERK phosphorylation is impaired in Rasgrpl '~
mice (18). Similarly, deletion of RasGRP1 and RasGRP3 in the
chicken DT40 model B cell line greatly impairs B cell receptor
(BCR)-induced ERK activation (19, 20). SOS RasGEFs are re-
cruited to the plasma membrane via the small adapter molecule
Grb2 (21, 22). In addition to other forms of regulation, SOS1’s
catalytic activity critically relies on an allosteric binding pocket for
Ras previously identified in SOS1’s crystal structure (23). Efficient
binding of RasGTP to this pocket induces a conformational switch
to enhance SOS1’s GEF activity (24). We previously demonstrated
that RasGRP1 alone sends analog ERK signals (10, 12, 25). We also
proposed that positive feedback regulation of SOS enables bi-
modal, TCR-/BCR-triggered ERK activation through a mecha-
nism that involves allosteric activation of SOS by RasGTP (10,
12, 25).

Results from several studies, including our own, have culmi-
nated in a model for discriminatory thymocyte selection signals
that is based on modest analog TCR-ERK signals via RasGRP driv-
ing positive selection and strong digital SOS-ERK signals via SOS
establishing negative selection (reviewed in references 13 and 26).
In agreement with this model, RasGRP1 without SOS sends ana-

Received 27 November 2012 Returned for modification 14 January 2013
Accepted 5 April 2013

Published ahead of print 15 April 2013
Address correspondence to Jeroen P. Roose, jeroen.roose@ucsf.edu.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/MCB.01593-12.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.
doi:10.1128/MCB.01593-12

June 2013 Volume 33 Number 12


http://dx.doi.org/10.1128/MCB.01593-12
http://dx.doi.org/10.1128/MCB.01593-12
http://dx.doi.org/10.1128/MCB.01593-12
http://mcb.asm.org

log ERK signals (10, 12, 25), ERK phosphorylation and positive
selection are impaired in Rasgrpl '~ mice (18), ERK1 and ERK2
doubly deficient thymocytes demonstrate impaired positive selec-
tion (27), and Grb2 haploinsufficiency (28) or conditional inacti-
vation of SosI (29) in thymocytes leaves positive selection intact.
However, recent studies have demonstrated that this model is in-
complete; negative selection is intact in ERK1~/~ ERK2~/~ thy-
mocytes (30) as well as in thymocytes with conditional inactiva-
tion of SosI (29), even in the context of SOS2 deletion (31). Thus,
TCR-induced digital ERK activation alone cannot be sufficient for
the negative selection signal.

A modified model explaining the TCR-induced opposing fates
of developing thymocytes, life or death, has been put forth on the
basis of differential activation of the ERK, p38, and Jun N-termi-
nal protein kinase (JNK) MAPK pathways (13, 26). In support of
this model, pharmacological inhibition of p38 MAPK blocks neg-
ative selection of thymocytes in fetal thymic organ cultures (32),
and p38 and JNK activation and negative selection are impaired in
Grb2 heterozygous mice (28). However, the molecular mecha-
nisms of p38 and JNK activation pathways in lymphocytes are
largely unknown (33, 34).

The above-mentioned studies motivated us to explore how
RasGEFs might coordinate activation of different MAPK path-
ways. We took an approach that combined synergistic computer
simulations and biochemical assays using model cell lines and
primary thymocytes to examine the role of SOS in regulating the
quantity and quality of Ras and MAPK signal output. Here we
demonstrate that highly sensitive digital ERK activation requires
allosteric activation of SOS in lymphocytes and that RasGRP is an
important catalyst for ERK activation. Antigen receptor-stimu-
lated activation of the Rac-p38 pathway depends on SOS1 more
than it does on RasGRP1. In contrast to ERK activation, optimal
p38 activation does not critically depend on positive feedback reg-
ulation via SOS1’s allosteric pocket. In addition, p38 activation
was not affected by enzymatic crippling of SOS1’s RasGEF or Dbl
domain, implying that SOS1 functions as an adapter in the p38
pathway. These results show a stark contrast between the mecha-
nisms of ERK and p38 activation and propose new hypotheses for
the role of SOS in MAPK activation in selecting thymocytes. We
also anticipate that our studies will be applicable to SOS function
in other cell types, downstream of other receptor systems like the
epidermal growth factor receptor (EGFR).

MATERIALS AND METHODS

Cell lines, mice, stimulations, and inhibitor treatment. Cultures of hu-
man Jurkat leukemic T cells, chicken DT40 cell lines, and DT40-derived
lines were maintained as described previously (10, 19, 20). All experimen-
tal mice were used at the age of 6 to 7 weeks. Age- and sex-matched major
histocompatibility complex type I and II (MHCI/IT)-double-deficient
(Abb/B2m) mice were purchased from Taconic (Hudson, NY). For cell
stimulation, harvested cells were rested for 30 min in phosphate-buffered
saline (PBS) or plain RPMI at 37°C. For phospholipase Cy (PLCy) inhi-
bition, cells were preloaded for 20 min with U73122 inhibitor (Calbi-
ochem) or its inactive analog U73343 at 5 uM (Calbiochem). Stimula-
tions of DT40 cells were carried out in PBS or plain RPMI at 37°C with the
indicated doses of M4 anti-BCR antibody hybridoma ascites fluid prepa-
ration.

Hartigan’s analysis. We previously employed Hartigan’s statistical
analyses of phospho-ERK (pERK) histograms to label them as unimodal
or bimodal (10). Here we used the average of cell counts in the neighbor-
ing five gates to smooth the cell count data in each gate in the pERK flow
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TABLE 1 Concentrations used for each species

Concn (no. of molecules/

Species simulation box)
LAT 200
PLCy-RasGRP 100

Grb2-SOS 100

Gads 100

Rac 1,000

p38 1,000

cytometry experiment. We repopulated the pERK levels uniformly within
each gate to generate a continuous distribution of pERK expression pat-
terns and applied Hartigan’s test to the generated distribution.

Computer modeling. For Fig. 2, we used an established computa-
tional model of Ras activation via receptor input, as described in Fig. 1A of
Riese et al. (35), with the extension of the Ras-Raf-MEK-ERK activation
cascade (36), as depicted in Fig. S1 in the supplemental material. In this
model, SOS1 and SOS2 are represented by SOS, i.e., we do not make a
distinction between SOS1 and SOS2 in the model. To further explore the
effects of downstream regulation of Ras activation, we included negative
and positive feedback loops, as depicted in Fig. S2 in the supplemental
material. We used our implementation of the standard Gillespie algo-
rithm (37), the stochastic simulation compiler (SSC), to simulate the de-
scribed signaling network stochastically. In all stochastic simulations, we
used a spatially homogeneous simulation box with size V of area (4 mm?)
times height (0.02 mm). This choice of the system size ensures that the
system is well mixed. The initial concentrations and the rate constants are
those in Tables S1 to S4 of Das et al. (10), Tables 1 and 2 of Riese et al. (35),
and the supplemental material of Locasale et al. (36), except we used 36
molecules/pm? for PIP, to match published results (35). More details of
the choice of parameters can be found in the supplemental materials of
Das et al. (10) and Riese et al. (35).

For the results shown in Fig. 8, we also performed stochastic simula-
tions to investigate Rac activation when SOS functions directly as a
RacGEF and/or functions as an adaptor recruiting and stabilizing RacGEF
at the LAT signalosome. We assumed that a threshold level of active Rac
would be needed for p38 activation. To mimic such a thresholding behav-
ior, we modeled p38 activation kinetics as second order in the amount of
active Rac, which is equivalent to a Hill coefficient of two for p38 activa-
tion. The detailed model specification and parameter choice are indicated
here. We made the following assumptions in the coarse-grained models:
(i) the LAT signalosome, possibly through Gads, activates RacGEF, and
(ii) RasGRP, possibly recruited by PLCry, stabilizes the LAT signalosome
and hence regulates RacGEF. In all Gillespie simulations, we used a spa-
tially homogeneous simulation box with a size V of area (4 mm?) times
height (0.02 mm). All the rate parameters reported below have the unit of
s~ ', which is directly used in the simulations; all the species concentra-
tions reported below have the unit of number of molecules per simulation
box. For SOS-deficient, RasGRP-deficient, and SOS DH-PH mutant
cases, the SOS concentration, RasGRP concentration, and rate of Rac
activation by SOS (if it exists), respectively, are set to zero (Table 1).

Case 1. SOS functions as both a RacGEF and an adaptor. When both
Grb2-SOS and PLCy-RasGRP bind to LAT, the LAT signalosome com-
plex is more stable and more effective in activating Rac. Grb2-SOS, when
bound to LAT, activates Rac directly (Table 2).

Case 2. SOS functions as an adaptor only. Grb2-SOS binding to LAT
stabilizes the LAT signalosome complex and increases its RacGEF activity;
PLCy-RasGRP’s binding further enhances such cooperativity. Grb2-SOS
does not activate Rac directly (Table 3).

Case 3. SOS functions as a RacGEF. Grb2-SOS, when bound to LAT,
activates Rac directly. RasGRP, when bound to the LAT signalosome,
cooperatively enhances SOS’s RacGEF. Rac can also be activated via a
Gads-mediated pathway, but SOS’s binding to LAT does not contribute to
it (Table 4).
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TABLE 2 Case 1: SOS functions as both a RacGEF and an adaptor”

Reaction ko (1/s) koge (1/s) keae (1/)
Gads binding to and unbinding from LAT without cooperativity 0.1 5

Grb2-SOS binding to and unbinding from LAT 0.12 0.8

PLCy-RasGRP binding to and unbinding from LAT 0.16 0.5

Gads unbinding from LAT bound with SOS and RasGRP 0.01

SOS activating Rac 0.008
Gads activating Rac without cooperativity 0.005
Gads activating Rac with cooperativity 0.1
Rac self-decaying to inactive form 80
Rac activating p38 1

p38 self-decaying to inactive form 35

“ When both Grb2-SOS and PLCy-RasGRP bind to LAT, the LAT signalosome complex is more stable and more effective in activating Rac. Grb2-SOS, when bound to LAT,

activates Rac directly.

Plasmids and stable and transient transfection. Plasmid expressing
full-length hSOS1 with a DBL domain mutation (pEF6-hSOS1 DBL™")
was constructed by modifying pEF6 hSOS1 wild type (WT) with 7 amino
acid substitutions (LHYFELL to ITIIRDII) (38). Other plasmids and the
small interfering RNA (siRNA) duplex used in this study were described
previously (10, 20, 39). For transient cotransfection of hSOS1 with the
hCD16/7 fusion construct, 300 wl of SOS1™~ SOS2™ DT40 cell suspension
at 66 X 10° cells/ml in plain RPMI was electrotransfected with 10 g of
each plasmid by using a Bio-Rad electroporator (Bio-Rad) set at square
wave, 300 V, with a 10-ms single pulse. Transfected cells were cultured for
16 to 20 h prior to phospho-flow assay or to anti-hCD16-biotin magnet-
ically activated cell sorting (MACS) purifications by following the manu-
facturer’s guidelines (Miltenyi Biotec). For stable reconstitution of hu-
man SOS1, SOS1™ SOS2™ DT40 cells were transfected with 10 ug hSOS1
plasmid by electroporation set at exponential decay, 250 V, 950 wF. Trans-
fected cells were selected by 10 pg/ml final blasticidin S (Fischer Biotech)
from 24 h posttransfection. Single cell-derived clones were isolated from a
set of serially diluted cultures on 96-well plates after 1 to 2 weeks of seed-
ing. Isolated clones were screened for hSOS1 and surface BCR (sBCR)
expression by Western blotting and fluorescence-activated cell sorting
(FACS), respectively.

Western blot analysis of cell lysates. Levels of various proteins were
measured by Western blotting as previously described (10, 20). The fol-
lowing antibodies were purchased from Cell Signaling: phospho-p44/42
MAPK ERK1/2 (pT204/pY204), total ERK1/2, phospho-p38 (pT180/
pY182, clone 3D7), total p38, phospho-PLCy1 (pY783), and phospho-
ZAP70 (pY319). Other antibodies were human SOS1 (BD Transduction
Lab), mRasGRP1 (clone m199), Grb2 (SC-255; Santa Cruz Biotech),
a-tubulin (Sigma), Racl (clone 23A8; Millipore), and pan-Ras (clone

TABLE 3 Case 2: SOS functions as an adaptor only”

Ab-3; Calbiochem) for detection of chicken Ras. Proteins were visualized
using enhanced chemiluminescence (ECL) Western blot substrate
(Pierce) and the LAS-4000 image system (Fujifilm Life Science). Densito-
metric analysis was performed using Multi Gauge V3.0 (Fujifilm Life Sci-
ence). Shown results are representative of two or more independent ex-
periments.

Intracellular FACS staining for pERK, phospho-p38, and hSOSI.
BCR-induced MAPK activation and hSOS1 protein levels were measured
by intracellular FACS staining as previously described (10). In brief, DT40
cells were resuspended/rested in PBS or plain RPMI at 2.0 X 10° cells/75
pl (per well of a 96-well plate). Cells were stimulated for the desired
amount of time by adding 75 pl of 2X stimulation mix and subsequently
fixed for 20 min at room temperature by mixing with 150 pl fixation
buffer (Cytofix/Cytoperm; BD Biosciences). Cells were washed and per-
meabilized for at least 30 min with 90% methanol at —20°C. Fixed/per-
meabilized cells were stained with anti-phospho-p44/42 MAP kinase
(Thr202/Tyr204) antibody (number 9101; Cell Signaling), phospho-p38
(pT180/pY182, clone 3D7), and anti-hSOSI (BD Transduction Lab) at
room temperature (RT) in the presence of 2% (vol/vol) normal goat se-
rum (Jackson ImmunoResearch Laboratories). Subsequently, cells were
washed twice and stained with phycoerythrin (PE)- or allophycocyanin
(APC)-conjugated AffiniPure F(ab’), fragment donkey anti-rabbit IgG
(Jackson ImmunoResearch Laboratories) with Alexa Fluor 488-conju-
gated donkey anti-mouse IgG antibody (Invitrogen). Stained cells were
washed 3 times and directly analyzed by FACS.

Ras and Rac activation assays. BCR-induced Ras and Rac activation
were analyzed by Ras/RacGTP pulldown assays according to the manu-
facturer’s instructions (Upstate).

Reaction koy (1/s) kogr (1/s) ko (1/)
Gads binding to and unbinding from LAT without cooperativity 0.1 5

Grb2-SOS binding to and unbinding from LAT 0.12 0.8

PLCy-RasGRP binding to and unbinding from LAT 0.16 0.5

Gads unbinding from LAT bound with RasGRP only 5

Gads unbinding from LAT bound with SOS only 0.05

Gads unbinding from LAT bound with SOS and RasGRP 0.01

Gads activating Rac without cooperativity 0.005
Gads activating Rac when LAT bound with RasGRP only 0.005
Gads activating Rac when LAT bound with SOS only 0.015
Gads activating Rac when LAT bound with SOS and RasGRP 0.1
Rac self-decaying to inactive form 80
Rac activating p38 1

p38 self-decaying to inactive form 30

% Grb2-SOS binding to LAT stabilizes the LAT signalosome complex and increases its RacGEF activity; PLCy-RasGRP’s binding further enhances such cooperativity. Grb2-SOS

does not activate Rac directly.
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TABLE 4 Case 3: SOS functions as a RacGEF*

ERK but Not p38 Requires Allosteric SOS Activation

Reaction kon (1/s) koge (1/s) keae (1/)
Gads binding to and unbinding from LAT without cooperativity 0.1 5

Grb2-SOS binding to and unbinding from LAT without cooperativity 0.12 0.8

PLCy-RasGRP binding to and unbinding from LAT 0.16 0.5

Grb2-SOS unbinding from LAT bound with RasGRP 0.01

Gads activating Rac 0.007
SOS activating Rac when LAT bound with RasGRP 0.05
SOS activating Rac when LAT unbound with RasGRP 0.0045
Rac self-decaying to inactive form 80
Rac activating p38 1

p38 self-decaying to inactive form 20

@ Grb2-SOS, when bound to LAT, activates Rac directly. RasGRP, when bound to the LAT signalosome, cooperatively enhances SOS RacGEF. Rac can also be activated via a Gads-

mediated pathway, but SOS binding to LAT does not contribute to it.

RESULTS

Robust ERK activation occurs in thymocytes and requires both
RasGRP and SOS. It has been suggested that thymocytes require
low levels of TCR signal input to activate ERK but higher levels of
TCR stimulation to also activate p38 and JNK (13, 34, 40). To test
this, we stimulated total thymocytes from mice with a low or high
dose of anti-CD3e cross-linking antibody. ERK phosphorylation
was robustly induced by low levels of TCR stimulation, whereas
phosphorylation of p38 was more modest and critically depended
on a high dose of stimulating anti-CD3¢ antibody. Phosphoryla-
tion of JNK was efficiently induced by sorbitol but was not trig-
gered by CD3e cross-linking (Fig. 1A). Similarly, wild-type
chicken DT40 B cells activate ERK in a very sensitive manner,

A

following anti-BCR stimulating antibody (M4). The presence of
both RasGRP and SOS RasGEFs is required for triggering high
levels of ERK activation at the population level, measured by
Western blotting (Fig. 1B). These results in DT40 cells are in
agreement with the reported ERK activation impairment in
Rasgrpl /7 (41), Sos1™'~ (29), and Sos1 ™'~ Sos2”'~ (31) thymo-
cytes. We previously reported that bimodal ERK activation disap-
pears in the absence of SOS1/SOS2 (10). We expanded on these
findings by performing extensive time courses and dose responses.
As before (10), mean fluorescence values of ERK phosphorylation
data points were used as input for Hartigan’s analyses. Here we
further increased the stringency of these Hartigan’s analyses so
that ERK phosphorylation was termed bimodal (B) only when a

C

Total thymocytes WT DT40 SOS172° DT40
1x aCD3c  5x aCD3e SB Mock |9/ AN 2
aCD3¢ . ; PR
2 51 2 51 min 57 43 84 16
+OAH | 0.2 810800251080 30| (pE';KW J\w\s “AL
— — 47 5 75 25
158 31111005 1 1 2 M4 ,/%\NM\@ J\¥
e = oBCR | |38 62| |64 36
[E==s========| ERK12  amount WOl R .
29 A 61 39
|“- » —— -| pP38 fﬂm\x f\
57 68 48 33 30 57100 87 42 44 1204 /2_:3//"’ 77 VQ
|—-----—--——| P38 15 85 58 43
T ™ J-/T T
‘ e == PINK1/2 ——> pERK, 3 min after stimulation
B DT40 B cells
Wildtype ~ RasGRP13~  SOS12-
M4 0 1310300 1 310300 1 3 1030 (min)
‘ —— _ R ‘ PERK2

‘

Intermediate aBCR stimulation

— ‘ total ERK

FIG 1 The MAPK ERK activation pattern depends on stimulus dosage and SOS. (A) Activation of MAPK ERK and p38 in total mouse thymocytes induced with
1X (2 pg/ml) and 5X (10 pg/ml) aCD3e (2C11) stimulation. SB, 30-min stimulation with 0.4 M sorbitol as a positive control for phospho-p38 (pP38) and
phospho-JNK1/2 (pJNK1/2; arrowheads). The asterisk indicates a heavy chain of stimulatory antibody. (B) Deficiency in either RasGRP or SOS leads to impaired
ERK activation in DT40 cells. Wild-type, RasGRP1~ RasGRP3™, and SOS1~ SOS2™ DT40 cells were activated with an intermediate dosage of M4 anti-BCR
stimulation for the indicated time. (C) SOS1/2-deficient DT40 cells do not demonstrate a bimodal pERK pattern after 3 min of BCR stimulation, regardless of
the strength of the BCR stimulus (dilution range, 1:32,000 to 1:1,000). Bimodality is statistically tested by Hartigan’s analysis. A case with lower than the threshold
dip value in Hartigan’s unimodality test (P < 0.05) is classified as bimodal (indicated as B), while cases with a P value of >0.05 are considered unimodal. Numbers
represent the percentage ratios of maximum phosphoprotein levels normalized to total levels of that specific protein. All data are representative presentations of
at least three independent experiments.
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FIG 2 Insilico prediction of ERK activation patterns under weak, intermediate, or strong stimulations. ERK activation in cells with wild-type SOS, without SOS,
or with allosteric mutant W729E SOS expression is projected at increasing time points. Each plot is a histogram of 8,000 realizations from stochastic simulations.
(A to C) In the simulations, there is no negative feedback loop from ERK to SOS or positive feedback loop in the RAF-MEK-ERK module. (D to F) The negative
feedback loop from ERK to SOS is added. (G to I) The simulations include both the negative feedback loop from ERK to SOS and the modest positive feedback

loop in the RAF-MEK-ERK module.

default null hypothesis of unimodal phospho-ERK (pERK) pat-
terns is rejected. As such, we established that BCR stimulation-
induced ERK activation is not bimodal for any dose or at any time
point when SOS RasGEFs are missing (Fig. 1C). We hypothesized
that the lack of bimodal ERK activation in SOS-deficient cells is
caused by the absence of the allosteric feedback to SOS.

In silico modeling: allosteric activation of SOS1 is required
for bimodal ERK activation. To test our hypothesis, we extended
our previous computational models for Ras activation to include
ERK activation downstream of Ras and carried out stochastic
computer simulations of the Ras-ERK signaling cascade (10, 35,
36). Thus, we explored the effect of SOS, in particular, the SOS
allosteric pocket, in ERK activation. By altering the computational
parameters depicted in Fig. S1 in the supplemental material, we
modeled ERK activation in cells with wild-type SOS, without SOS,
or with allosteric mutant SOS as a function of time and stimulus
dosage. We predicted ERK activation profiles at different time

2474 mcb.asm.org

points with three different stimulus levels, namely, (i) weak, (ii)
intermediate, and (iii) strong stimulation. These stochastic simu-
lations predict that bimodal ERK activation will occur in cells with
wild-type SOS but that bimodality will disappear when SOS is
absent or when SOS cannot be allosterically activated, regardless
of dosage level or stimulation time (Fig. 2A to C).

The output through the SOS-Ras-RAF-MEK-ERK pathway is
influenced by feedback regulation with both negative and positive
feedback loops connecting to ERK and SOS. The exact nature of
negative feedback loops is not understood, and there appear to be
differences between lymphoid and nonlymphoid (epithelial) cell
lineages (42—45). To explore the negative feedback to SOS, we
modified our model to include these parameters (46), the phos-
phorylation rate of SOS1 by pERK, k, = 0.02s™ ' uM ™!, and the
dephosphorylation rate of pSOSI, ky. The process of dephosphor-
ylation of pSOS1 is extremely slow; we therefore take kg as 0 s~
wM ™" here (see Fig. S2 in the supplemental material). Inclusion of
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these feedback loops does not change the overall qualitative be-
havior of our stochastic models that explore the wild-type, no-
SOS1, and lack-of-allosteric-activation-of-SOS situations. The
main new effect is that the activated ERK levels begin to decline at
longer times (Fig. 2D to F). We next expanded our model to in-
clude a positive feedback loop in the RAF-MEK-ERK module
(47). The exact rate, or strength, of positive feedback regulation is
not known, so we varied these parameters. For weak positive feed-
back regulation, there is no effect, whereas for very strong positive
feedback, all trajectories shifted to maximal ERK phosphorylation
very rapidly (data not shown). For moderate positive feedback
regulation, which seems physiologically realistic, we still find bi-
modal ERK responses only for the wild-type SOS. But the bimo-
dality is less sharply defined, with more simulation trajectories
“caught” between the on and off states at any given time point
(Fig. 2G to I). Notice that these simulation results resemble the
experimental results more closely than if feedback regulation is
not included.

Disruption of SOS1’s allosteric activation negates bimodal
Ras-ERK activation. Based on the structure of SOS1, tryptophan
residue 729 (W729) was identified as a key residue coordinating
Ras binding within the allosteric pocket (23, 48). A single-amino-
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acid alteration of tryptophan into glutamic acid (W729E) cripples
allosteric activation of nucleotide exchange activity of the isolated
catalytic domain of SOS1 in vitro and in transfected cells (10, 48).
To directly test our predictions from the simulations in Fig. 2, we
stably reconstituted SOS1~ SOS2™ DT40 cells with either WT or
W729E (allosteric pocket mutant) human SOS1 (hSOS1). Se-
lected stable clones, WT DT40 and DT40 mutants, expressed
comparable levels of surface BCR (sBCR) (Fig. 3A), and WT and
W729E hSOS1 proteins were expressed at comparable levels as
well (Fig. 3C). We first analyzed Ras and ERK activation at the
population levels and established that WT hSOS1 reconstitution
rescued the BCR-induced Ras and ERK activation defect in SOS1™
SOS2™ DT40 cells. In contrast, W729E hSOSI1-reconstituted cells
demonstrated significantly lower levels of activated Ras and ERK
than the WT hSOSI stable clone (Fig. 3C). WT hSOS1-reconsti-
tuted SOS1~ SOS2™ DT40 cells demonstrated slightly enhanced
responses compared to parental DT40 cells. This may be a reflec-
tion of differences between chicken and human SOSI. Alterna-
tively, hSOS1 may be expressed at higher levels than chicken
SOS1, but lack of a cross-reactive SOS1-specific antibody pre-
vented us from testing this. WT and W729E hSOS1-reconstituted
cells were therefore directly compared in the following experi-
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experiments.

ments. Significantly, BCR stimulation of WT hSOS1-reconsti-
tuted SOS1~ SOS2™ cells resulted in a rescue of the bimodal ERK
activation pattern, revealed by dose responses and time courses of
BCR-induced phospho-ERK flow cytometry and Hartigan’s anal-
yses of the resulting phospho-ERK histograms (Fig. 3D and E). In
contrast, bimodal ERK activation was never observed in W729E
hSOS1-reconstituted SOS1™ SOS2™ DT40 cells regardless of stim-
ulation dose or time (Fig. 3D and E). Expression of W729E hSOS1
did not lead to a general impairment of ERK activation, as strong
stimulation of cells with phorbol myristate acetate (PMA) (a syn-
thetic analog of diacylglycerol [DAG]) resulted in very similar
ERK activation in WT DT40, SOS1~ SOS2~ WT hSOS1, and
SOS1™ SOS2™ W729E hSOS1 cells (Fig. 3B). Likewise, the ob-
served results did not reflect uniquely selected stable clones; addi-
tional WT and W729E hSOS1 stable clones were tested in parallel
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and exhibited similar dynamics and patterns of BCR-induced
PERK (data not shown).

Optimal p38 activation preferentially requires SOS1. Phar-
macological inhibition of p38 MAPK blocks negative selection of
thymocytes in fetal thymic organ cultures (32). In Grb2™*'~ thy-
mocytes, TCR-induced p38 activation is impaired (28), suggestive
of a possible role for SOS RasGEFs that are recruited by Grb2, but
TCR-induced p38 activation has not been examined in Sosl '~
(29) or Sos1 '~ Sos2™/~ thymocytes (31) to date or in Rasgrp1 /-
thymocytes (41). We previously reported how RasGRP1 plays a
more dominant role in ERK activation in TCR-stimulated Jurkat
T cells or human CD4™ T cells than SOS1 (20) (Fig. 4A and B). To
address how these RasGEFs might affect the p38 MAPK pathway
and how this compares to their roles on the ERK pathway, we
determined TCR-induced p38 activation in the exact same sam-
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ples in which RasGRP1 or SOS1 expression was targeted by siRNA
duplexes. We found that the role of RasGRP1 in p38 activation is
more modest than that for ERK activation. However, TCR-in-
duced activation of p38 was consistently more impaired by re-
duced SOS1 expression than by a similar level of reduced
RasGRP1 expression in both Jurkat T cells and human CD4* T
cells (Fig. 4C and D). These siRNA approaches yield only partial
knockdown of RasGRP1 or SOS1. To determine the effects under
complete absence of RasGRP-1 and -3 or of SOS-1 and -2, we
turned to our RasGRP1™~ RasGRP3™ and SOS1~ SOS2™ DT40 cell
lines, which substantiated the siRNA findings; the SOS RasGEFs
made a larger contribution toward BCR-induced p38 activation
than the RasGRP RasGEFs, whereas the opposite holds true for
activation of ERK (Fig. 4E and F). Given the differential contribu-
tion of RasGRP and SOS to ERK versus p38 activation and that
p38 activation is not sharply thresholded as in the digital ERK
activation, we hypothesized that activation of ERK and p38 in
thymocytes occurs in a mechanistically different way downstream
of these RasGEFs.

Modest contribution from the PLCy-RasGRP1 axis to thy-
mocyte p38 activation. We first utilized a pharmacological ap-
proach to inhibit phospholipase C (PLC) with U73122, the en-
zyme that produces the second messengers IP; and DAG. The
latter is essential for RasGRP1 membrane recruitment and activa-

June 2013 Volume 33 Number 12

thymocytes were obtained from MHCI/II double-deficient mice. Data are means = SD from

tion in thymocytes and T cell lines (17). As expected based on the
established role of the DAG-RasGRP1-Ras pathway for ERK acti-
vation, exposure of total mouse thymocytes and Jurkat cells to
U73122 reduced the maximal induction of ERK activation by 65%
and 47%, respectively, following TCR stimulation compared to
that of cells treated with inert analog U73343 as a control (Fig. 5A
and B). In contrast, U73122 treatment in thymocytes had a more
modest effect (reduction by 33%) on the TCR-induced activation
of p38 (Fig. 5A and B). U73122 had a small effect on proximal TCR
signals, evidenced by the small decrease in phosphorylation of
ZAP70 (Fig. 5A). Jurkat cells show delayed kinetics of TCR-in-
duced p38 activation compared to mouse and human primary T
cells (Fig. 4C and D) (data not shown). U73122 treatment of Jur-
kat cells only minutely affected TCR-induced p38 activation, es-
pecially at 5 min, while the impact at the later time point was
greater (reduction by 31% at 15 min) (Fig. 5B). Interestingly,
ZAP70 activation was not reduced in U73122-treated Jurkat cells,
while the upstream MKK3/6 activation was completely abolished
(Fig. 5B). Activation of p38 downstream of the TCR has been
described to occur via LAT-dependent classical and LAT-inde-
pendent alternative pathways (49). It is possible that the difference
between thymocytes and Jurkat cells comes from different contri-
butions of classical and alternative p38 pathways. To examine the
contribution of the LAT-independent pathway in our own hands,
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we compared wild-type Jurkat and LAT-deficient J.Cam2 cells
(Fig. 5C). In contrast to what has been reported (50), we did not
see any significant TCR-induced p38 activation in J.Cam2 cells,
whereas we confirmed the earlier documented (50) elevated base-
line p38 phosphorylation in this cell line. It should be noted that
we examined dual T180/Y182 p38 phosphorylation in our study
presented here. There is some evidence that the alternative p38
pathway preferentially involves monophosphorylation of T180
(51), although T180 p38 monophosphorylation following exten-
sive time courses and dose responses has not been explored to
date.

We next took a genetic approach by comparing thymocytes
from Rasgrpl '~ mice with those from B2m/MHC class IT doubly
deficient mice. In both cases, thymocyte development is arrested,
and thymi consist of a rather uniform cell population of CD4™
CD8" thymocytes (52). In Rasgrpl '~ mice, the defect is intrinsic
to the thymocytes, whereas in the 32m/MHC class II doubly de-
ficient mice, the defect lies in the epithelial cells and not in the
thymocytes. ERK activation was severely impaired in TCR-stim-
ulated CD4* CD8" thymocytes that are deficient for RasGRP1
(Fig. 5D and E). In contrast, the consistently modest TCR-in-
duced p38 activation was not significantly affected by the genetic
deletion of RasGRP1 (Fig. 5D and E) (P = 0.07). In summary, the
mechanism of p38 activation appears to be very different from
that of ERK activation, is not sharply thresholded, and is mostly
independent of RasGRP1.
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Allosteric activation of SOS1 is dispensable for BCR-stimu-
lated p38 activation. Results from Fig. 4 and 5 demonstrated de-
fective p38 activation in SOS1~ SOS2™ DT40 cells but only a min-
imal role for RasGRPI in activation of the p38 MAPK. We
therefore focused on the feedback loop to the allosteric pocket in
SOS1 next and examined how uncoupling this loop via the W729E
point mutation affects the activation of p38. Under strong BCR
stimulation, the p38 activation defect in SOS1~ SOS2™ DT40 cells
was restored by reconstitution with WT hSOS1 (Fig. 6A). A very
similar level of restoration was obtained in SOS1~ SOS2™ W729E
hSOSI cells (Fig. 6A). Extensive time courses and dose responses
revealed levels of p38 activation in W729E hSOS1-reconstituted
cells that were consistently similar to those in WT hSOS1-recon-
stituted cells, demonstrating that the allosteric pocket in SOSI is
dispensable for optimal BCR-triggered p38 activation (Fig. 6B, C,
and D). These results were further validated with transient recon-
stitution of SOS1™ SOS2™ cells with empty vector, WT hSOS1, or
W729E hSOS1. W729E hSOSI rescued the p38 activation defect
with the same efficiency as WT hSOS1 (Fig. 6E). As a control for
the impairment of allosteric activation of SOS, ERK activation was
verified in all these assays. W729E hSOSI cells always demon-
strated ERK activation defects compared to WT hSOS1-express-
ing cells, and these defects were most pronounced under low-level
stimulation conditions, reiterating the importance of allosteric
activation of SOS1 for optimal ERK activation (Fig. 6A to E).

SOS1, Rac, and p38 activation. SOS has potential dual GEF
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activity for both Ras and Rac, in which SOS’s atypical Dbl homol-
ogy/Pleckstrin homology (DH-PH) domain may perform the ex-
change reaction of GDP for GTP on Rac (53-56). Rac is typically
positioned upstream of the MKK3/6-p38 MAPK pathway, al-
though most research has been done in nonlymphoid cell types
(33, 40). As an initial start to map a pathway from SOS1 toward
p38inlymphoid cells, we examined activation of the small GTPase
Rac. GTP loading of Rac induced by BCR stimulation was drasti-
cally reduced in SOS1™ SOS2™ DT40 cells. RasGRPs are not pre-
dicted to have Rac GEF activity (17). Surprisingly, Rac activation
was also impaired in RasGRP1~ RasGRP3™ cells, albeit more
modestly (Fig. 7A). The differences in RasGRP and SOS require-
ments for Rac activation somewhat paralleled their degree of re-
quirement for MKK3/6 and p38 activation but completely con-
trasted the need for RasGRP or SOS in terms of ERK activation
(Fig. 7A); i.e., compared to SOS, RasGRP deficiency results in
more-modest Rac and p38 defects but more-severe ERK activa-
tion impairment. Supporting a potential SOS-Rac-MKK3/6-p38
pathway, stable reconstitution of SOS1~ SOS2™ cells with W729E
hSOS1 resulted in an effective rescue of BCR-induced Rac activa-
tion, mirroring the MKK3/6 and p38 activation rescue, approxi-
mating the levels obtained in WT hSOSI-reconstituted cells
(Fig. 7B).

Computational explorations of SOS’s role in Rac-p38 activa-
tion. We built a coarse-grained computational model to formu-
late new hypotheses that might be explored to provide mechanis-
tic underpinnings to our discovery of SOS’s role in Rac-p38
activation and that (unlike ERK activation) the allosteric pocket of
SOS is not critical for p38. First, we focused on the differences in
activation profiles of Rac and p38 (Fig. 7A): RasGRP1™~ Ras-
GRP3™ cells displayed a significant defect in Rac activation but
fairly robust p38 activation; in contrast, SOS1~ SOS2™ cells had
even lower Rac activation and failed to activate p38 effectively. We
considered two possible mechanisms to explain this: (i) Rac acti-
vated by RasGRP-mediated pathways may be localized in a differ-
ent compartment than that activated by SOS-mediated pathways,
and SOS-activated Rac is more efficient in activating p38 (this is
not our focus here but may be tested in future imaging studies),
and (ii) a threshold amount of active Rac might be needed to
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effectively activate p38, and RasGRP1~ RasGRP3™ cells can gen-
erate enough active Rac to cross that threshold but SOS1™ SOS2™
cells cannot. To test the second hypothesis, we introduced a
thresholding effect for Rac-p38 activation. In biochemical sys-
tems, this is most conveniently modeled by using a Hill coefficient
greater than 1, as this result is in a nonlinear dependence. We
determined that a Hill coefficient of 2 for p38 activation would be
sufficient to produce the thresholding effect observed in Fig. 7A.

Next, we investigated whether SOS may function as a RacGEF,
an adaptor, or both. Published work indicated that SOS may pos-
sess RacGEF activity through its DH-PH domain (53) and/or
functions as an adaptor affecting LAT oligomerization which may
help recruit and stabilize RacGEFs at the LAT signalosome (57). In
our coarse-grained computational model, we assumed that
RasGRP also facilitates the stable formation of the LAT signalo-
some by a cooperative mechanism (12) and hence may regulate
RacGEFs as well. We then predicted the Rac-p38 activation pro-
files for wild-type, RasGRP-deficient, and SOS-deficient cells and
SOS cells with disrupted RacGEF activity (DH-PH™") under
three scenarios (Fig. 8): SOS is both a RacGEF and an adaptor,
SOS is only an adaptor, and SOS is only a RacGEF. For panels A
and D, DH-PH™"" leaves SOS’s adaptor functionality intact, and
hence, the Rac activation profile for DH-PH™"" falls between that
for the wild type and that for SOS deficiency, crossing the thresh-
old to fully activate P38. For panels B and E, DH-PH™"" does not
alter SOS’s adapter function and has the same Rac-p38 activation
profile as the wild type; for panels C and F, DH-PH™" completely
impairs SOS’s RasGEF functions and the DH-PH mutant is as
deleterious as SOS deficiency. These simulations suggest that the
observed Rac and p38 activation patterns may be a result of either
SOS’s RacGEF or adaptor function or a combination of the two,
which we experimentally tested next.

BCR-induced p38 activation does not require enzymatic ac-
tivities of SOS1. To test computer-based predictions, we sought
to cripple SOSI’s enzymatic functions in a manner that would
keep a potential adapter function intact. We have previously dem-
onstrated that an F929A substitution in SOS1 abrogates RasGEF
activity (Fig. 526 in reference 10). SOS contains a DH-PH domain
that potentially may function as a Rac GEF in addition to a Ras
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FIG 8 Computational predictions for SOS activating the Rac-p38 pathway. When SOS functions as both a RacGEF and an adaptor (A and D), an adaptor only
(B and E), and a RacGEF only (C and F), the activation profile of Rac-p38 for cells with the DH-PH domain mutant SOS is between that for wild-type SOS and
that for SOS1™ SOS2™ (A and D), the same as that for wild-type SOS (B and E), and the same as that for SOS1~ SOS2™ (C and F).

GEF (53). No evidence for direct GTP loading of Rac by SOS is
available. Instead, a distinct SOS1 complex in association with
EPS8 and E3b1/Abi-1 cofactors was shown to have in vitro
RacGEF activity (55). SOS1’s DH domain is atypical (58), making
it challenging to design function-impairing point mutations.
However, composite deletions in the Dbl oncogene resulted in
reduced in vitro activation of the small GTPase Cdc42 (59) and
inspired studies with a similarly mutated DH domain of SOS1 in
fibroblast focal transformation assays (38). A similar 7-amino-
acid mutation in the Rac exchange factor Vav (LLLQELV to II1Q
DAA) results in severely impaired TCR-induced Rac activation in
Jurkat T cells (60).

We first generated SOS1-DBL™", an expression construct of
human SOS1 with the LHYFELL-to-IIIRDII substitution (38).
Repeated attempts to stably reconstitute SOS1~ SOS2™ DT40 cells
with SOS1 F929A and SOS1 DBL™" were unsuccessful (data not
shown). We therefore resorted to a transient-transfection ap-
proach. To this end, we first developed an intracellular FACS ap-
proach for p38 phosphorylation (Fig. 9A) so that p38 activation
could be assessed without purifying and manipulating transfected
cells prior to stimulation and analysis. Next, we transfected SOS1 ™
SOS2™ DT40 cells with WT, F929A, or DBL™*  hSOS1 cells, stim-
ulated these with anti-BCR antibodies, and performed simultane-
ous intracellular FACS stainings for phospho-p38 and hSOSI.
Comparisons of cells expressing equal amounts of SOSI via the
electronic gating strategy depicted in Fig. 9B demonstrated that
SOS1 F929A and SOS1 DBL™"" restored BCR-induced p38 activa-
tion in SOS1~ SOS2™~ DT40 cells with a similar efficiency as WT
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SOS1 (Fig. 9E and F). Even a lower level of BCR stimulation did
not reveal significant defects in p38 activation in cells reconsti-
tuted with SOS1-DBL™"" (data not shown). In contrast, the same
perturbations in the RasGEF and DH domains of SOS1 did impact
the magnitude of BCR-induced ERK activation (Fig. 9C and D).
Thus, SOSI1 appears to play an adapter role in the pathway that
leads to p38 activation, whereas allosteric regulation of its catalytic
function is critical for ERK activation (Fig. 10).

DISCUSSION

In the present study, we combined computer simulations and bi-
ological experiments in cell lines and primary cells to interrogate
the requirements for antigen receptor-induced activation of the
ERK and p38 MAPK pathways. We find that sensitive and bimodal
ERK activation occurs in thymocytes and cell lines (Fig. 1). Bi-
modal ERK activation critically relies on allosteric activation of
SOS1, and an allosteric pocket W729E mutant SOSI signals to
ERK in an analog manner (Fig. 3). In agreement with initial facil-
itation of allosteric activation of SOS by RasGRP1-derived
RasGTP, pharmacological or genetic perturbations of the PLCvy-
RasGRP1-Ras pathway in thymocytes and cell lines drastically im-
pair the ERK output (Fig. 5). In contrast to ERK, antigen receptor-
induced phosphorylation of p38 is modest and depends on SOS
more than on RasGRP but is not affected by mutation of its allo-
steric pocket in cell lines (Fig. 5 and 6). Moreover, p38 activation
does not appear to be affected by crippling mutations in either
SOS1’s RasGEF domain or its DH domain, which argues that
SOS1 functions as an adapter in the p38 pathway (Fig. 8 and 9).
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FIG 9 Enzymatic activity of SOS1 is dispensable for BCR-induced p38 activation. (A) Flow cytometric assay of phospho-p38 induced by BCR cross-linking in
wild-type DT40 cells. (B) hSOS1 expression profile of transiently transfected SOS1/2 DT40 cells. Two gates show hSOS1-positive (hSOS+) and -negative
(hSOS—) populations. (C and E) BCR-induced ERK and p38 activation in transiently transfected SOS1/2 DT40 cells. The hSOS1— subset (open histogram) of
each transfection is compared with the hSOS1+ subset (gray histogram) as gated in panel B. (C) Two arbitrarily chosen reference lines in the histogram plot
represent basal (left) and maximal (right) pERK intensities of wild-type hSOS1 transfection. (E) Reference line represents basal pP38 intensity. (D and F)
Graphical representation of pERK and phospho-p38 mean fluorescence intensities (MFI) shown in panels C and E. “SOS1 negative” represents the average
phospho-p38 MFI value of the hSOS— subset in three samples. Data are representative of two experiments.

These findings provide mechanistic insights into the differential
activation of ERK and p38 MAPK, which are proposed to play
opposing roles during thymocyte selection (13, 26). SOS also plays
a critical role downstream of the EGF receptor and other receptor
tyrosine kinases (21, 22), and allosteric activation of SOS plays a
critical role in EGF-stimulated Ras activation (39). Therefore, our
results and hypotheses not only provide new insights into thymo-
cyte MAPK selection signals but also provide a framework for
future studies on the impact of distinct MAPK pathway activation
in other cellular systems.

Pharmacological inhibition of p38 blocks in vitro negative se-
lection of thymocytes (32), but a clear understanding of TCR-
induced p38 activation is lacking to date (49). Here we focused on
a potential role for the small GTPase Rac, since studies in nonlym-
phoid cells have positioned Rac upstream of the MKK3/6-p38
MAPK pathway (33, 40) and also postulated that SOS may contain
RacGEF activity (54-56). We find that BCR-induced Rac activa-
tion is severely impaired in SOS1~ SOS2™ DT40 cells but is effi-
ciently rescued by reconstitution with both WT and allosteric
pocket mutant SOS1, paralleling the requirements of SOS for p38
activation (Fig. 3). In support of this pathway, inhibition of
RacGTP accumulation correlates with impaired BCR-induced
p38 activity in DT40 cells (61). RasGRP also contributes to
RacGTP generation, albeit more modestly than SOS, but does not
appear to contribute much to p38 activation (Fig. 5 and 7).

In T cells but not in B cells, it has been reported that antigen
receptor stimulation can directly link to p38 activation via Ick-
ZAP70 activation, via an alternative pathway that bypasses con-
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ventional MAPK cascade components, such as LAT and MKK3/6
(49). We explored the LAT-independent pathway but were not
able to reproduce the normal p38 activation that had been re-
ported in the LAT-deficient J.CaM2 cell line (50). Instead, we find
a defect in p38 activation in J.CaM2 cells (Fig. 5C). It is, however,
difficult to rule out the existence of an alternative p38 pathway in
J.CaM2 cells because these cells express reduced levels of surface
TCR (62), which leads to downstream impairments, such as the
suppressed TCR-induced ZAP70 activation in J.Cam?2 cells (Fig.
5C), and the alternative pathway is known to be dependent on
ZAP70. It is worth noting that blocking DAG production com-
pletely abolished TCR-induced MKK3/6 activation, while down-
stream p38 activation is only partially impaired in U73122-treated
Jurkat cells (Fig. 5B). The phospho-p38 reduction is especially
more pronounced at the later time point. The residual p38 activa-
tion in the near absence of phospho-MKK3/6 might come from an
alternative p38 activation pathway (Fig. 5A and B). We postulate
that TCR-induced p38 activation may be the sum of two tempo-
rally separated pathways: an alternative pathway mediating the
early time point, while the later p38 activation is through a con-
ventional MKK3/6-dependent p38 activation pathway. In addi-
tion, it is very possible that there are temporal or qualitative dif-
ferences in mono- and dual phosphorylation. These hypotheses,
as well as the differences between p38 activation in T cells and B
cells that appear to lack the alternative pathway, are important
areas for future research, requiring careful analyses of pT180-p38
and pT180/Y182-p38 following different stimuli, ideally also in-
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cluding the mouse models, such as the recently generated p38
knock-in mice (63).

Since the allosteric pocket of SOS is not involved in Rac acti-
vation, the defect in Rac activation in RasGRP-deficient cells can-
not be explained by impaired allosteric activation of SOS acting as
a RacGEF. Instead, we postulate that RasGRP-dependent Rac ac-
tivation involves a different RacGEF and may couple to down-
stream pathways other than p38 activation. How RasGRP contrib-
utes to Rac activation, what RacGEF is involved, and at what
cellular localization Rac activation occurs are important problems
for future research. Potential candidates include Tiam1 and Vav
(64, 65). Whereas Tiam1 has not been connected to antigen recep-
tor stimulation (66), its RacGEF activity is stimulated by binding
to RasGTP (67) and may therefore be RasGRP dependent. Vav
family proteins are the best-studied RacGEFs downstream of lym-
phocyte antigen receptor (68). Vav is not directly responsive to
RasGTP, but Vav’s GEF activity is regulated indirectly by RasGTP,
coupling to its effector phosphatidylinositol 3-kinase (65, 69). Ad-
ditionally, several studies indicate cross talk between Vav and Ras-
GRP1 (70-72).

Exactly through what mechanism SOS1 functions as an
adapter in a Rac-p38 pathway in lymphocytes remains to be re-
solved through future studies. Complexes of Grb2 and SOSI at a
2:1 ratio were shown to mediate clustering of multiple LATs and
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associated proteins in T cells (57, 73), and it is feasible that the
function of RacGEFs like Vav is impacted by LAT clustering. Con-
versely, Vav has recently been reported to stabilize T cell micro-
clusters that contain the adaptors LAT and SLP76 (74); thus, lym-
phocyte Rac-p38 activation is likely impacted by many factors.
We anticipate that our studies here will stimulate future inves-
tigations of SOS and its role in lymphocyte MAPK activation and
thymocyte selection. We hypothesize that strong TCR signal in-
put, as would occur in thymocytes that carry potentially self-reac-
tive TCR and need to be deleted, results in digital ERK activation
that depends on allosteric activation of SOS. However, given the
data with ERK1 and ERK2 doubly deficient (30) and SOS1 and
SOS2 doubly deficient (31) thymocytes, we postulate that the dig-
ital ERK activation may be merely a passenger effect of the strong
TCR signal and not a driver of negative selection. As such, SOS-
dependent strong digital ERK activation, while important for ma-
ture T cell activation, may be irrelevant for negative selection. It
may also be a mechanism to rapidly downregulate ERK activation
by strongly engaging negative feedback loops, and not having sus-
tained ERK activation may be required for negative selection. It
has to be noted that some residual bimodal ERK activation was
detected in SOS1 and SOS2 doubly deficient thymocytes whereas
deficiency for only SOSI does appear to result in a loss of distinct
bimodal ERK activation patterns (31). One possible explanation
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for this phenomenon is that complete deficiency for both SOS1
and SOS?2 likely results in increased access to Grb2 for other pro-
teins, such as Themisl. Themisl is a relatively recently identified
protein that is expressed predominantly in thymocytes and not in
B cells, interacts with Grb2, and positively regulates ERK activa-
tion (75-77). We have also described digital ERK activation pat-
terns for TCR-stimulated peripheral T cells in the past (10). Re-
cently, SOS1 has been suggested to be of more limited importance
in TCR-induced ERK activation in peripheral T cells (78), al-
though FACS patterns of ERK activation were not examined in
this study. Future studies should address the question of whether
differences in SOS-mediated ERK activation with the various ex-
perimental models are a reflection of compensatory mechanisms
or due to the developmental stage of the cell population in the
analysis.

We hypothesize that strong TCR input leading to relatively
modest p38 activation helps drive negative selection and propose
that SOS plays an important role here whereas RasGRP’s contri-
bution is more minor. However, Rasgrp1’s contribution toward
p38 may become more critical when SOS function is limiting,
which is supported by a recent study demonstrating compensa-
tory mechanisms between RasGRP1 and SOS1 during negative
selection of thymocytes (31). Given the many functions that SOS
may fulfill and our results that point to an adaptor function for
SOS1 in Rac and p38 activation and a feedback-regulated catalytic
function for ERK activation, we anticipate that future studies of
specific point mutant versions of SOS will be most informative
and will reveal unanticipated compensation mechanisms.
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