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SUPPLEMENTAL MATERIAL: Stochastic model
of LAT-Grb2-SOS1 interactions

In this section, we present a rule-based kinetic Monte Carlo (KMC) algo-
rithm developed to model interactions in the LAT-Grb2-SOS1 system. The
algorithm is described elsewhere (1), and it is based on the well-known di-
rect Gillespie method (2, 3). We assume that all reactants in the system
are well-mixed. Due to the multivalent nature of interacting molecules the
number of types of all possible molecular configurations can be very large.
All of these configurations, however, need to be taken into account, and this
makes the standard Gillespie algorithm inefficient. The main feature of our
approach is that it avoids explicit generation of the set of all possible molec-
ular configurations (commonly referred to as ”chemical species”) by tracking
instead the states of a finite set of molecules to which transformations are
applied. Transformations are selected based on sampling the set of possible
reaction events determined by the reaction rules.

Data structures

We define LAT, Grb2 and SOS1 molecules as objects with multiple binding
units. In general, an ith molecule of type A is represented by a set of
addresses A; = {p5,p5,...}, where pg = {mg,sg}, mg- is an index of a
molecule of type B bound to jth binding unit on A; through a unit on B
with index 35 . If there is no bond with another molecule, pg ={-1,-1},
i.e. empty. We define the following types of binding units: Grb2 binding
sites on LAT and SOS1, and SH2 and SH3 domains on Grb2. For simplicity,
we refer to all binding units as sites; we also use the following notations:
L=LAT, G=Grb2 and S=SOS1. Thus, taking into account the number and

type of sites on molecules, we can define L; = {pg_SHz,pg_SHQ,pg_SH2 ,

= {pJL,pf} and Sj, = {pgl_SH?’,kaQ_SH?’} for every molecule of LAT, Grb2
and SOS1, respectively (i, 7, k are indices of molecules).

To retain the connectivity between particular molecules and their binding
sites, we use arrays of molecules. Note that LAT-Grb2-SOS1 interactions
are structurally constrained: only linear chains and branched structures
are possible. Thus, information about molecular connectivity is required
to prevent formation of ring structures in the model. To determine the
structure of multimolecular complexes, we apply the breadth-first traversal
method (4). If two reactive sites selected for an association reaction belong
to molecules of the same complex, this reaction must be rejected.

We assume that the reaction kinetics depend on the type of reactive



sites, occupancy of other sites at the same Grb2 and SOS1 molecules, and
whether the molecules are in solution or tethered to a membrane. (See the
reaction scheme in Fig. S1). We also assume that the binding kinetics at
free LAT sites does not depend on the occupancy of other sites on the same
LAT molecule. This approach enables the reduction of the reaction network
of all possible configurations (single molecules and multimolecular chains) to
a much smaller network of reactants representing sites on single molecules
(L, G, S), complexes in solution (G-S, G-S-G), short chains attached to
the membrane at one end (-L-G, -L-G-S, -L-G-S-G), and fragments of long
chains (-L-G-S-G-L-) attached to the membrane at both ends. Note that
in this scheme, long chains containing more than two LAT molecules are
included naturally.

Based on the assumptions given above, we partition free reactive sites
and bonds (pairs of bound sites) into lists and interaction classes. Each
interaction class comprises reactive sites that can participate in a reaction of
only one type. In accordance with the reaction scheme presented in Fig. S1,
we define 10 lists of free reactive sites available for association reactions and
10 lists of bonds specified for dissociation reactions. Lists of reactive sites
are specified in Tab. 1. Each class of association reactions contains two lists
of free reactive sites, and each class of dissociation reactions contains one
list of bound sites. The structure of interaction classes is defined in Tab. 2.
The ith list of free reactive sites is defined as Y; = {p{}, p/s, ...,pg‘}, ...}, where
1 =1,...,10, pf} = {mf},s%} is an address of a molecule of type A (A=G,
L or S) with index mf‘ and a site with index sf‘j, j denotes a position
in list Y;. Similarly, each list of bound sites contains pairs of addresses,
Y,={., {pf},pg}, ...}, where i = 11, ..., 20, pf} and pg are site addresses of
two bound molecules A and B, respectively, index j denotes a position in
the list. Note that p;‘]‘. and pg from the lists of bound sites correspond to
the non-empty addresses in the arrays of molecules.

Reaction classes and rules

In the rule-based KMC method, molecules interact according to a set of
reaction rules. Each rule is associated with a particular reaction type and
gives a map of transformations of reactant lists. The rules are defined in such
a way that reactive sites are sampled from classes X7, ..., Xog (see Tab. 2),
and any reaction causes exchange of site addresses between the reactant lists.
Updates associated with each rule are schematically shown in Fig. S2. Note
that every reaction rule updates only those lists, which include molecular
configurations affected by a reaction. To illustrate how the reactant lists are
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Figure S1: Scheme of the reduced reaction network in the LAT/Grb2/SOS1
system.
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updated, we consider binding of free molecules of G and L. This reaction is
associated with a shift of randomly selected plGi_S 2 from list Y7 and p4Lj from
list Yy to list of bonds Y79, see Rule 5 in Fig. S2. This reaction also modifies
the probability of subsequent G 4 S interactions: when G is bound to the
membrane through L, then its free SH3 domain can bind a membrane-bound
S molecule with reaction rate constant k:iuGré (Rule 19), which is different
from the rate constants in solution, k;gs and ckygs (Rules 11, 13 and 15).
Therefore, the surface configuration of G should be distinguished from its
configuration in solution. Thus, an additional update for SH3 domain of the
same G molecule is required: the address of this reactive site, pg’;_SHg’, is
shifted from Y5 to Y7.



Table 1: Lists of reactive sites in the rule-based KMC model.
Notation Description of the site type and its context

Y1 free SH2 domains on single G molecules

Yo free SH3 domains on single G molecules

Ys free sites on single S molecules

Yy free sites on single or bound L molecules

Ys free sites on S in complexes G-S

Ys free SH2 domains on G in complexes G-S
Y7 free SH3 domains on G in complexes -L-G
Ys free SH2 domains on G in complexes G-S-G
Yy free sites on S in complexes -L-G-S

Yio free SH2 domains on G in complexes -L-G-S-G
Y1 G-S bonds in bimolecular complexes G-S
Yio G-L bonds in complexes -L-G

Yis G-S bonds in complexes G-S-G

Yia G-S bonds in complexes -L-G-S

Yis G-L bonds in complexes -L-G-S

Yis LG-SG bonds in complexes -L-G-S-G

Yiv LGS-G bonds in complexes -L-G-S-G

Yis G-L bonds in complexes -L-G-S-G

Yig G-S bonds in complexes -L-G-S-G-L-

Yoo G-L bonds in complexes -L-G-S-G-L-

Algorithm of the rule-based KMC model

1. Compute rates for each reaction class i,

ro=ki [[ 1 Xl and  riow =k » 7,

where n denotes a position of reactant list Y; in class X;, i.e., X;;, =Y},
and k; is the rate constant for class i, see Tab.2.
2. Choose the time step according to

T = —ln(Pl)/Ttom

where p; is a uniform random number on (0,1).



Table 2: Reaction classes in the rule-based KMC model.
Index Molecularity, n; Reaction class Rate constant

1 2 X1 ={Y2, Y3} kigs
2 1 Xo = {11} k_gs
3 2 X5 = {Ya,Y5) ok
4 1 Xy = {Y13} k_gs
5 2 X5 = {Y1,Yy} kiar
6 1 X6 = {Yi2} k_cL
7 2 X7 ={Yy, Y5} kicr
8 1 Xs = {Yi5} k_ar
9 2 X9 = {Yy, Y3} kicr
10 1 X0 = {Y1s} k_cr
11 2 X1 ={Y3,Y7} kias
12 1 X9 = {Y14} k_gs
13 2 X13 = {YQ,YQ} O'k‘_;_GS
14 1 X4 = {Y17} k_gs
15 2 X15 = {Y5,Y7} Uk—l—GS
16 1 X16 = {Y16} k_gs
17 2 Xi7 = {Y4, Y10} kiar
18 1 X1z = {Ya0} k_cr
19 2 X9 = {Y¥7,Yo} kGk
20 1 Xoo = {Y19} k_as

3. Choose a reaction rule by finding the smallest J such that

J
P2Ttot < g i,
i=1

where py is a uniform random number on (0, 1).

4. Choose a site for each reactant type M of the n; types of sites in class
J by picking pM € X ;) at random.

5. Check if the two reactive sites selected for the association reaction are
members of the same complex. If this is the case, reject the reaction.
Otherwise, accept the reaction and update the lists of sites (as shown
in Fig. S2), arrays of molecules and reaction rates.

6. Update time.

Steps 1-6 are repeated till a desired end time, tq,q, is reached.



Modification of the model to account for the inhibitor

The inhibitor (the C-terminal fragment of SOS1) is introduced as a new
monovalent species. Interaction of the inhibitor with Grb2 is characterized
by constants kigs, okigs and k_gg. Taking advantage of the fact that
both the inhibitor and SOS1 have the same kinetic properties, we do not
need to specify additional reactant classes and reactant rules. The new
species is defined as an extent to the array of SOS1 molecules. The total
number of elements in this array is given by St + I7. Thus, to distinguish
between the two types of the reactant while making updates for sites of the
selected SOS1 molecule with index m, the following rule is used: if m < Sp,
the molecule is considered as a bivalent species and updates for its second
site are required, otherwise, no updates should be done for the second site.

The numerical algorithm is implemented in the C language.
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Figure S2: Rules for transformation of reactant classes. Rules for transfor-
mation of reactant classes. Numbers in brackets denote indices of association
and dissociation reactions, respectively, in accordance with notations used
in Tab. 2 and Fig. S1. See also Tab. 1 for definitions of reactant lists. For
each association reaction, addresses of two sites are selected from the corre-
sponding lists of free sites at random and moved to a list of bonds (in the
directions shown by continued arrows). Updates associated with dissociation
reactions are shown by dashed arrows. Frames outline lists of reactants and
products of reactions. Transitions shown next to each frame denote updates
for lists that include adjacent sites, i.e., the sites that do not participate in
the reaction, but belong to the same interacting molecules. Reaction rules
are also expressed in terms of the BioNetGen language (5, 6).
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Figure S2 (continued): Rules for transformation of reactant classes.
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Figure S3 : Effect of changing the equilibrium crosslinking constant Kqz, on
the size of the sol-gel coexistence region. a. Kgz, = 1.7 x 10'6 mole™! cm?
(solid curve) and Kgr = 1.7 x 10* mole™! ¢cm? (dashed curve). The Grb2
concentrations used in calculating the curves, G = 1.3 x 10% molecules/cell,
is the value estimated for Jurkat E6.1 cells. b. Re-plot of a portion of the
solid curve in (a). The horizontal line corresponds to the concentration of
SOS1 in Jurkat E6.1 cells, St = 1.3 x 10° molecules/cell.
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