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1 Yeast Pheromone Signaling Model

The model, rules and parameters used in our simulations were developed based on a number of
sources, most notably the annotated online model found at http://www.yeastpheromonemodel.org
that is written in the BioNetGen rule-based modeling language (BNGL)(1). Numerous additional
rules (including those regarding the nuclear shuttling of Ste5) were derived from equations and
mechanisms present in Shao et al.’s ODE model (2). Our final model, written in the Kappa
language(3; 4; 5; 6; 7), has a total of 232 rules and all but one follow mass-action kinetics. The
rules themselves are provided in an additional supplementary Kappa file.

1.1 Initial conditions

The initial conditions for our model (protein copy numbers) were derived from (8; 9) and the
online model (OM) with the exception of the phosphatases for Stell and Ste7, which are
unknown and estimated. All eight gene agents have a copy number of 1. Also it is important to
note that the number of pheromone (i.e. a-factor) agents varied among simulations. Our
dose-response curves clearly required different levels of pheromone stimulation, however for the
drift calculations we used a concentration of 100 nM (10000 molecules).

Protein Copy number
Pheromone varies
Ste2 10000
Gpal/Sted complex 10000
Gpal monomer 5000
Sst2 2500
Ste20 4200
Sted 1680
Stell 3500
Ste7 960
Fus3 20400
Kssl 20800
Msgb 38
Ptp 1270

Stell-phosphatase (Mekkp) 1750
Ste7-phosphatase (Mekp) 1750

Digl 3409
Dig2 1184
Stel2 1390

1.2 Rate parameters

In the following sections we will discuss the numerous rate parameters in our model of the yeast
pheromone signaling system, and so, for clarity’s sake, we have classified the parameters into
three categories:


http://www.yeastpheromonemodel.org

1. directly observed in yeast (D)

2. indirectly inferred from similar systems (e.g. ERK phosphorylation) or previously used in
other models (I)

3. unknown and estimated (U)

In total, 17 (7%) of the rate parameters in the ensemble model were directly observed, 158 (68%)
were inferred, and 57 (25%) were unknown and estimated.

In the main text, we mention that 111 parameters were identified as potentially influencing
dynamical trends seen in experimental data. We varied these parameters and ultimately
determined that 25 of them had a strong impact on the observed trends; these numbers are shown
in red in the following subsections. Of these 25, 1 was directly observed, 22 were inferred, and 2
were unknown. We identified these parameters through trial and error, hypothesizing which
parameters govern certain experimentally characterized trends (if no such hypothesis currently
exists) and modifying them to better match said trends. For example, the Ste4 synthesis rate
likely controls the long-term increase after the initial peak in the G protein activation time-course
plot, as seen in the main text, Fig. 2B (10). We therefore altered this rate over numerous
iterations until our simulations accurately reproduced the observed experimental trend. The
subsequent table lists those parameters that were modified to fit experimental observation in
addition to the specific trends they affect. It is important to note that, due to a lack of model
identifiability, there may be other parameters that alter the experimental trends in question; we
chose these parameters simply due to their large relative influence on the dynamics of observables.

Trend Cat.

controls slope of decline in G protein I
activation curve following the initial peak

Rate Parameter

Sst2/Ste2 assoc.

Sst2/Ste2 dissoc. same as above I

GTP hydrolysis

controls the time of the initial G protein activation peak 1

controls G protein levels and the D

1d dati . . o
Gpal degradation relative levels of G protein activation

Ste4 degradation same as above I

Gpal/Ste4 dimer deg. same as above I

Ste4/Ste20 dissoc. determines the time course of Ste4-Ste20 binding I

Ste4/Steb dissoc. (2 rates)  controls membrane localization of Steb I

Fus3 phos. (4 rates) controls time and absolute value of Fus3 activation I
controls Stell levels and thus active Fus3 levels

Stell degradation by extension (also involved with negative feedback I
and thus dose-response (DR) alignment)

Fus3/Msgb dissoc. (4 rates) controls peak Fus3 activation and DR trends I

Fus3/Ptp dissoc. (2 rates)  same as above I




Rate Parameter Trend Cat.

Fus3 dephos. by Ptp controls peak Fus3 activation and DR trends I

controls rate of Gpal synthesis (G protein activation) U
Stel2/Gpal _gene assoc. and thus the relative level of active G protein
compared to the initial peak

Gpal synthesis same as above 1
Stel2/Sted _gene assoc.  same as above U
Ste4 synthesis same as above I

In order to maintain a biologically realistic model, our modifications to these rates were confined
to reasonable limits. We allowed variation of approximately one order of magnitude for
parameters inferred from related systems and completely unknown parameters were estimated
according to the following table:

Reaction Type Parameter Range
Kp for cytosolic protein-protein interactions 10?2 nM

Kp for nuclear-localized protein-protein interactions 10" — 103 nM

kcqt for catalysis reactions 107t — 10 st

Kdeq for degradation reactions 1074 —10"2 g7t
Esyntn for synthesis reactions 107t — 10t 71

In subsections 1.3 - 1.8 there are tables of the associated rate parameters used in the model and
their sources (OM for online model). The leftmost column contains the interaction or reaction.
These are condensed descriptions of the actual rules, which are explicitly defined in the Kappa
rule file. As such, there may be numerous rates for a particular interaction or reaction indicating
that the rate differs in specific contexts (e.g. binding partners, phosphorylation states). The
center-left column contains the rate parameter(s) and the center-right column mentions the model
or other source from which it was derived. The parameter’s category (D, I or U) is seen in the
rightmost column. Note that as these are stochastic rates; the parameters for bimolecular
reactions thus depend on the volume used for the yeast cell(9; 11), which may not be identical
between models.

1.3 G-protein cycle

The initial events of the pheromone response network involve the extracellular pheromone binding
to the G-protein coupled receptor, Ste2. Since we are implementing a stochastic model and our
rates require a specific volume, we define our extracellular volume to be V., = 166 fL. and our
intracellular volume to be Vj,; = 19.3 fL. (12). Briefly, the G-protein cycle passes the extracellular
signal (the presence of pheromone) to the MAPK cascade via a nucleotide exchange mechanism.
Our understanding of this process in yeast comes from (2; 10). Upon activation of the G-protein
coupled receptor (Ste2), the o subunit of the heterotrimeric G-protein (Gpal), bound to Ste2,



exchanges its bound GDP for GTP, thereby inducing dissociation from the Sy complex
(Ste4-Stel8, subsequently referred to just as Ste4). This allows Ste4, which is tethered to the
membrane via Stel8 (implicit in our model) to recruit Ste5 and induce the MAPK cascade
(1.4,1.8). The GTPase-Activating Protein (GAP), Sst2, is able to bind Ste2, and the resulting
colocalization of Sst2 and Gpal via Ste2 catalyzes GTP hydrolysis. Sst2 thus acts as a negative
regulator, and enables Gpal to rebind Ste4 (10).

Note that numerous association rates among binary interactions in the G-protein cycle
(Ste2/Gpal binding) are significantly higher than those later in the cascade (e.g. Steb/Ste7
binding). This is due to the membrane association and localization of certain proteins (e.g. Ste4)
and results in a higher apparent association rate (derived in the online model).

Interaction or Reaction Rate parameter(s) Source Cat.
: : 3 x 1075 molec!s! OM,(10) D
Pheromone/Ste2 interaction 0.015 51 OM.(10) D
Ste2/Gpal assoc. 0.001725 molec™ st derived U
. 0.15 s~ oM I
Ste2/Gpa dissoc. 0.03 51 N/A U
0.001725 molec 15! derived I
Gpal/Sted assoc. 8.595x107% molec™'s™! derived I
. 7.5 571 N/A U
Gpal/Ste4 dissoc. L5 o1 N/A U
GDP — GTP 0.15s7! (10) D
. . 8.595x10~* molec™'s™! derived 1
Sst2/Ste2 interaction 0.15 s-1 derived I
0.015 s~ oM I
0.015 s7* OM I
GTP = GDP 1.5 5! OM I
1.5t oM I
Sst2/MAPK assoc. (2 MAPKs) 8.595x107° molec's™! derived 1 (2)
1.5s71 OM I(2)
: 0.75 571 OM I(2)
Sst2/MAPK dissoc. 075 s-1 OM I(2)
0.375 s71 OM I(2)
Sst2 phosphorylation 1.5s7 ! oM I
st2 dephos. . s™ 2
Sst2 deph 0.00087 s~ ! I
. 0.0004 s~1 (10) D
Ste2 endocytosis 0.003 =1 (10) D




Interaction or Reaction Rate parameter(s) Source Cat.

4.95x107° 71 OM D

G-protein degradation 4.95x107° s~ ! oM I
3.3x107° 571 OM I

. 0.0004 s~ 1 oM D

Sst2 degradation 0.0006 51 OM D

1.4 Ensemble MAPK cascade

Upon dissociation from Gpal, Ste4 can engage in a number of different interactions. It can of
course rebind Gpal, but it can also bind the p21-activated kinase (PAK) Ste20 and recruit the
scaffold protein, Steb, to initiate the MAPK cascade (13). Ste5 in turn must bind Stell, a
MAPKKK, simultaneously with a Ste4 bound to a Ste20 and form a 4-member complex in order
for the Ste20 to phosphorylate Stell. Though this complex is required for signal transduction, no
experimental evidence suggests any particular binding order for creation of this tetramer. Upon
Sted dimerization, Stell can then cross-phosphorylate the MAPKK, Ste7, on the opposite
Steb(14). Active Ste7 bound to Steb can then phosphorylate the MAPK, Fus3 (13). As
mentioned in the main text, only those dependencies explicitly demonstrated experimentally are
implemented in our ensemble model (e.g. Steb need not necessarily be bound to Ste4 for Ste7 to
phosphorylate Fus3). Note that interactions/reactions mentioning “MAPK” mean that the
particular event could involve either Fus3 or Kssl (a Fus3 paralog).

Interaction or Reaction Rate parameter(s) Source Cat.
. . 8.595x107° molec™'s™! derived T
Ste4/Ste20 interaction 0.8 51 derived 1
0.001725 molec!s! derived I
Ste4 /Steb assoc. 8.595x107° molec 's~! derived 1
8.595x107° molec™'s™! derived I
. 0.2 571 derived 1
Sted/Ste5 dissoc. 0.02 51 derived 1
8.595x107° molec™'s™! derived I
Steb/Steb dimerization 8.595x107° molec 's™! derived T
0.001725 molec~!s~! derived 1
0.075 s~ ! N/A U
Steb/Ste5 dissoc. 0.0075 s~ ! N/A U
0.0005 s~* N/A U
: . 8.595x107% molec's™!  OM D
Stell/Ste5 interaction 0.1605 51 OM D
0.5s ! (2) I
Stell phosphorylation 0.5s ! (2) I
0.5s ! (2) I




Interaction or Reaction = Rate parameter(s) Source Cat.

8.595x107° molec™'s™t OM,(15) D
Steb/Ste7 interaction 8.595x1077 molec™!'s™t OM,(15) I
0.153 s71 OM,(15) D
Ste7 phosphorylation 0.495 s~ (12 rules) OM I(12)
. . 4.35x107% molec™1s™!  OM D
MAPK/Ste7 interaction 0.0075 s— OM D
Fus3 phosphorylation 7.5 571 (4 rules) OM I(4)
Kss1 phosphorylation 1.5 571 (4 rules) oM I(4)
MAPK autophosphorylation 4x10~% s~! N/A U (2)
: : 8.595x107° molec™'s™!  OM D
Steb/Fus4 interaction 1495 51 OM D

1.5 MAPK cascade regulation

Our model includes two MAPK phosphatase agents, Msgh and Ptp (the latter of which represents
two in vivo phosphatases, Ptp2 and Ptp3) that dephosphorylate Fus3(2). We also included
individual phosphatases for Stell and Ste7, though the proteins which play this role in vivo
remain to be experimentally characterized(2). Also, this model employs a number of feedback
mechanisms(2). Active Fus3 can phosphorylate Stell (on a domain distinct from its activation
domain) and Sst2, tagging them for degradation, which is modeled implicitly through faster
degradation rates. Additionally, Ste7 is proposed to be hyperphosphorylated upon activating
Fus3, tagging it for ubiquitination and subsequent degradation(16). This is implemented with a
degradation rule that is dependent on Ste7’s phosphorylation state.

Interaction or Reaction Rate parameter(s) Source Cat.
Stell autodephos. 0.00087 (4 rules) (2) I(4)
Ste7 autodephos. 0.00087 (2 rules) (2) I(2)
8.595x107° molec~1s™1  OM I(2)
1.5s7t derived 1 (2)
Stell/MAPK interaction 0.75 57! derived 1 (2)
0.75 s71 derived 1 (2)
0.375 s71 derived 1 (2)
Stell phos. (by both MAPKs) 1.5s7! OM I(2)
Stell degradation 0.00075 oM 1
Steb phos. 1.5s7 ¢ oM I
Steb autodephos. 0.0087 (2) I
MAPK autodephos. 0.00087 (4 rules) (2) I(4)




Interaction or Reaction Rate parameter(s) Source Cat.

MAPK /Msg5h assoc. 8.595x107° molec™!s™1 derived 1
755! oM I
. 37! oM I
Fus3/Msgb dissoc. 5 g1 OM I
3s7! OM I
12571 OM I
. 0.12 s oM I
Kss1/Msgh dissoc. 0.12 -1 OM I
0.12 51 oM I
0.12s7! OM I(2)
MAPK dephos. (Msgh, both MAPKs) 0.12 -1 OM I(2)
MAPK/Ptp assoc. 8.595x107° molec™'s™! derived T (2)
: 155! oM I
Fus3/Ptp dissoc. 0.3 51 OM 1
. 0.15 87! oM I
Kssl/Ptp dissoc. 0.03 s-1 OM I
Fus3 dephos. by Ptp 1.2s7! (2) I
Kss1 dephos. by Ptp 0.12 7! (2) I
Fus3 degradation 0.0002 s~! N/A U
Msgh degradation 0.0008 s~! N/A U
Ste7 hyperphos. 0.495 s—1 N/A U
Ste7 degradation 0.002 s71 (2) I
: . 7.155x107° molec 's™!  N/A U (2)
Ste(11,7) /Phosphatase interaction 0.6 51 N/A U (2)
Ste(11,7) dephos. 0.25 s~1 (5 rules) N/A U (5)
Steb nuclear import 0.5s7! (2) I

Steb also plays a role in regulating signal throughput, via feedback phosphorylation by Fus3 as
well as by its presence in the cytoplasm. Steb is shuttled out of the nucleus, where it is normally
sequestered, upon pheromone stimulation, though the precise mechanisms are unknown(17).
Therefore, we implement this export rate (Sezp) as an equation where G is the number of Gpal’s

that are not bound to a Ste4: o
Sewpy =03 [ =L .
P <Gf + 2500>

This is the only rule that does not follow the law of mass action and was obtained from Shao et
al.’s export rate equation. The only difference in this case is that our rate does not have a basal
value of 0.0003 when Gy = 0.



1.6 Nuclear interactions and regulation

Once Fus3 is activated, it translocates to the nucleus where it plays an active role in regulating
genes associated with mating. Specifically, it inhibits Digl and Dig2 activity via phosphorylation.
These two proteins, when not phosphorylated, bind to the transcription factor, Stel2, and
prevent it from activating mating-related genes (13).

Interaction or Reaction Rate parameter(s) Source Cat.
8.595x10~% molec™'s! derived 1
30 s71 N/A U
Digl/Stel2 interaction 357! N/A U
3s7! N/A U
0.003 s—1 N/A U
8.595x10~% molec™'s~™! derived 1
Dig2/Stel2 interaction 30 571 OM U
31 OM U
8.595x107° molec 's~! derived I
31 OM U
15571 OM U
15571 OM U
Fus3/Stel2 interaction 75 571 OM U
0.3s7* OM U
1.5s71 OM U
1.5s7! OM U
75571 OM U
8.595x107° molec 's™! derived I
0.75 571 OM U
3.75 571 OM U
3.75 571 OM U
Kss1/Stel2 interaction 18.75 s71 OM U
0.075 s~ OM U
0.375 s~ OM U
0.375 s OM U
1.5s71 OM U
8.595x107° molec 's! derived 1T
45571 OM I
Fus3/Digl interaction 2.25 571 OM I
2.25 571 OM I
1.125 s71 OM I

10



Interaction or Reaction Rate parameter(s) Source Cat.

8.595x107% molec~!s~! derived I
755! OM I
Kss1/Digl interaction 3.75 71 oM I
3.75 s71 oM I
1.875 s~ OM I
8.595x107° molec~!'s™! derived I
1.5s7! oM I
Fus3/Dig2 interaction 0.75 s OM I
0.75 s~ oM I
0.375 s~ ! OM I
8.595x107° molec !'s™! derived I
2.55 s71 OM I
Kss1/Dig2 interaction 1.275 s~ OM I
1.275 s~ OM I
0.645 s~ ! OM I
Dig phos. (2 MAPKSs, 2 Dig proteins) 1.5 s71 OM I(4)
Dig dephos. (2 Dig proteins) 0.00087 s~ 1 (2) I(2)
Dig2 degradation 0.0002 s~1 N/A U

1.7 Gene interactions and protein synthesis

Upon pheromone stimulation, a number of genes in the mating cascade itself are expressed at
higher levels (STE2, SST2, GPA1, STE/, FUSS3, etc.), providing a measure of feedback (18).
Basal transcription of certain proteins is also present in the model.

Interaction or Reaction = Rate parameter(s) Source Cat.
. . 2.145x107° molec™'s™! derived U
Stel2/Ste2 gene interaction 0.03 51 derived U
. 3571 OM I
Ste2 synthesis 12 1 (10) D
. . 2.145%1072 molec's™! derived U
Stel2/Gpal gene interaction 0.03 51 derived U
Gpal synthesis 27 57! oM 1
. . 2.145%107* molec's~!  derived U
Stel2/Sted gene interaction 0.03 51 derived U
G-protein basal synthesis 0.5 s ! oM I
Ste4 synthesis 18 571 oM 1

11



Interaction or Reaction Rate parameter(s) Source Cat.

Stel2/Sst2 gene interaction (2):(1)35;205 molec™ls ™! 322&3 g
Sst2 synthesis (1):;88211 8% i
Stel2/Fus3 gene interaction (2):(1)35;10_5 molec™!s™ 322:22 g
Fus3 synthesis 1158;11 8% %
Stel2/Msgh gene interaction (2):(1)35;205 molec™ls™! gz;zgj g
Msgb synthesis 822 2:1 81&/[/I i
Stel2/Dig2 gene interaction g:(l)§5s><}0_5 molec™ls ™! 322::22 g
Dig2 synthesis 8?;51 zj 8% i
Stel2/Stel2 gene interaction (2):(1)§5S>205 molec” s~ gggzgj g
Stel2 synthesis 0.45 s71 OM LI

1.8 Constructing the machine model

A number of rules were specifically designed to create a model that could assemble signaling
machines. The interactions were arranged in a hierarchy to mimic the assembly of experimentally
characterized machines(19). Specifically, in the machine model Ste5 can only bind a Ste4 that is
bound to a Ste20. In order to proceed to the MAPK cascade, a dimer of the Ste5-Ste4-Ste20
trimers must form. This hexamer can assemble in two ways: a trimer can bind another trimer, or
a trimer can bind a free Steb and subsequently bind a Ste4-Ste20 dimer. Then Stell can bind
Ste5, and in order for Ste7 to bind Steb, both Steb proteins must be bound to a Stell (forming
an octomer). Only after both Ste7 proteins have bound to assemble the full decamer structure
can phosphorylation occur. Once all four kinases are fully phosphorylated, the machine binds and
phosphorylates Fus3 as a multi-subunit kinase.

Dissociation of the machine can proceed in two ways. The first is a disassembly pathway which is
essentially the inverse of the assembly pathway. However, once the decamer is fully assembled,
our rates are implemented in a way that reflects the inherent stability of a machine’s quaternary
structure(19). Thus we adapted the Ste7 hyperphosphorylation mechanism (that is present in the
ensemble model, 1.5) to promote rapid dissociation of the signaling machine into its constituent
monomers, and mimic the ability of Fus3 to induce negative feedback(2).

12



The following table of rates are those involved with rules that mechanistically differ from the
ensemble model. Since these interactions were invented in the absence of any experimental
evidence, the rates, in addition to the mechanisms, are hypothetical and were implemented in
order to replicate experimental time-course and dose-response trends. The association rates were
designed to be as similar as possible to those present in the ensemble model, however a few
required manipulation to match experimental data. Varying the equation governing Steb nuclear
export (S;’;‘;Ch) was the primary means of replicating the dose-response curve. In particular it was
altered to be more sensitive to the amount of free Gpal in the form of a Hill function:

G 4
smach =03 (L)
eap (Gf4 T 120004>

Novel machine model events

Interaction or Reaction Rate parameter(s) Source Cat.
: : 8.595x 1075 molec 1571 N/A U
Steb/Ste4-20 interaction 0.2 51 N/A U
: . 8.595x10° molec™ts~! N/A U
Steb-4-20/Steb interaction 0.2 51 N/A U
: . 0.001725 molec™!s™! N/A U
Steb-4-20-5/Ste4-20 interaction 0.0005 -1 N/A U
: . 8.625x10~% molec™ts~! N/A U
Steb-4-20/Ste5-4-20 interaction 0.0005 -1 N/A U
: . 8.595x10~* molec™ts~! N/A U
hexamer/Stell interaction 0.01605 s N/A U
8.595x10~% molec™ts~! N/A U
. . 8.595%x107% molec~!s™! N/A U
octomer/Ste7 interaction 0.0153 s~ N/A U
1.53x1076 51 N/A U
decamer activation (phos.) 0.1 s71 (5 rules) N/A U
. . 8.595x107° molec™ts~! N/A U
MAPK/decamer interaction 0.075 51 N/A U
MAPK dissoc. 10 s~ (2 MAPKSs) N/A U (2)
MAPK phos. 0.1 571 (2 rules, 2 MAPKs) OM 1(2,2)
8.595x10~% molec™ts~! N/A U
0.1s7! N/A U
Ste7 hyperphos. 0.1 ¢! N/A U
1s7! N/A U
te7 dephos. (alternate site .
Ste7 deph 1 i 0.0087 2 1

13



The subsequent table are those reaction events that have identical mechanisms but different rate
constants between the two models.

Identical reactions with different rates

Interaction or Reaction Ensemble model rate Machine model rate
Sst2/Ste2 dissociation 0.15 571 0.015 s~ !

-5 —1g-1 —4 —1-1
Ste4/Ste20 interaction 3:2955310 molec™"s 3325;}0 molec™"s
Ste5/Fus3 dissoc. 1.425 s~ 1 1s7!
Stell/7 autodephos. 0.00087 s~1 (6 rules) 0.0087 s~! (6 rules)

1 -1

Msg5/Kssl dissoc. (1]:?285_1 (3 rules) 8:(1)3288_1 (3 rules)
Fus3/Digl assoc. 8.595x107° molec™!'s™!  8.595x107* molec™!s™!
Kss1/Digl assoc. 8.595x107% molec™!s™  8.595x107° molec™ts™!
Dig phos. (2 MAPK, 2 Dig proteins) 1.5 s~ (4 rules) 15 s71 (4 rules)
Dig dephos. (2 Dig proteins) 0.00087 s=1 (2 rules) 0.001 s~ (2 rules)
Steb phos. 1.5 871 1s !
Ste(11,7) dephos. 0.25 s71 (5 rules) 1571 (5 rules)

2 Model Simulation

Our model was simulated using rule-based techniques, in particular the Kappa rule-based
modeling language(3; 4; 5; 6; 7) and its associated simulator, KaSim(20). As mentioned in the
main text, these methods allow us to incorporate and investigate the influence of combinatorial
complexity in our modeling without needing to explicitly enumerate all the possible species that
our model can generate(11; 20). This section describes how we implemented and simulated our
model as well as our method for randomizing our parameters in order to characterize the
robustness of drift (3.3) in our simulations.

2.1 Kappa and KaSim

Kappa and related languages employ rules to define reaction network dynamics. Stochastic
simulation of these rules using KaSim involves an adapted version of the Gillespie algorithm(21).
Briefly, a rule has a left hand side (LHS), a right hand side (RHS) and an associated stochastic
rate constant. Both the LHS and RHS are site graphs represented by Kappa strings. These are
particular patterns (before and after the reaction event) that could be present in a simulation’s
mixture of explicitly represented protein agents (which form the set of complexes at any given
time)(3; 7). At each event, a particular rule is selected with a probability proportional to the
number of LHS pattern matches in a mixture and the rule’s rate constant. During simulation,

14



KaSim can output specified observables (typically the number of matches of a Kappa string) at
uniform increments of time. In addition to this time-course data we also employed the snapshot
mechanism. This outputs the entire mixture (all present species) at a specified point in time.
Both snapshots and observables were used in our analyses of the models.

For more information on the Kappa language itself, see (3; 7); descriptions of the simulation
algorithm implemented in KaSim are present in (11; 20). Finally, KaSim itself is open-source
software and can be downloaded at http://github.com/jkrivine /KaSim.

2.2 BioNetGen and NFsim

In order to confirm that our results were consistent with other rule-based modeling methods, we
implemented the machine and ensemble model in the BioNetGen language (22). We see identical
mean trajectories for NFsim and KaSim in Figs. S1 and S2 (additional comparisons can be seen
in Section 3.1 and Figs. S4 and S5). We also employed the network generation tool present in
BioNetGen to enumerate all the possible species that the machine model can create; this process
failed for the ensemble model due to memory restrictions (see Section 3.5).

2
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©
©
o
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-% | o experimental
£ 0.5 — simulation (KaSim)
S — simulation (NFsim)
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L 1 L 1 L 1 L J
08 1000 2000 3000 4000
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Figure S1: Comparison of G protein activation dynamics using NFsim and KaSim

2.3 Simulation methods

We employ a specific method for the simulation of our model in order to produce the most
realistic results possible. Our method is outlined in Fig. S3. Since actual cells do not contain sets
of monomers, we perform simulations in the absence of pheromone to generate an unstimulated
steady-state. Specifically, we simulate our model for 1000 seconds starting from initial conditions
which involve all agents in their monomeric state, aside from Gpal and Ste4, which are found in
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Figure S2: Comparison of dose-response trends using NFsim and KaSim

Gpal/Sted heterodimers. Upon completion of N simulations, we output the mixtures as
snapshots and use these sets of complexes as new sets of initial conditions. This simulated set of
steady-states can be considered as representative of a population of IV untreated yeast cells. For
each steady-state, we add pheromone to induce the mating response (100 nM in all cases except
the dose-response simulations) and then generate N’ hour-long (in simulated time) trajectories,
resulting in N x N’ total signaling simulations.

For the drift calculations (3.3) we output snapshots on a logarithmic time-scale, and execute our
pairwise comparisons between all simulations that originated from the same steady-state
simulation (e.g. Fig. 3a in the main text has N =1 and N’ = 10 resulting in (]\2[,) = 45 unique
pairwise comparisons for each time point). This allows us to observe the heterogeneity among
complexes generated solely from signaling (addition of pheromone), rather than from differences
present before pheromone stimulation.

2.4 Parameter randomization

To examine the robustness of drift with respect to the chosen parameters, we generated 1000
different parameter sets for the ensemble and machine models in a manner similar to prior studies
(23). For all non-varied and inferred or estimated rate parameters, the particular value was
multiplied by a uniformly sampled number, z: 10! < 2 < 10'. For those parameters varied (seen
above in red, 1.2) as well as those directly observed, the rate was also multiplied by a uniformly
sampled number, but on a smaller range: 27! < 2 < 2. This was done to maintain a level of
realism in these randomizations, as the varied parameters typically have more influence over the
experimentally determined time-course trends. Despite this, there was still noticeable deviation
from wild-type behavior in these simulations (both time-course and dose-response) due to the
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Figure S3: General method for calculating drift. A rule set is initialized with a specific set of proteins (red)
and simulated for 1000 seconds to N independent steady-states (green). The steady-states are then used to
generate N’ signaling simulations each (blue, 1 hour of simulated time each), resulting in a total of N x N’
simulations from the steady-state conditions for a particular rule or parameter set. Pairwise drift calculations

are only performed between simulations with identical initial conditions, thus for each steady-state we have
(1\; ) drift values resulting in a total of N x (1\; ) drift points for any specific rule set. Note that we also

performed the “signaling” simulations without pheromone to observe the baseline levels of drift in our model
(seen in the main text, Fig. 3a).

wide range of parameter variation.

Upon generation of these parameter sets, each was simulated to N = 3 unique steady-states (Fig.
S3). Subsequently, pheromone was added and N’ = 3 trajectories were simulated, resulting in
nine simulations of the signaling network for each unique parameter set. Thus for each set, we
have three sets of three drift values, resulting in 9000 total drift points for the ensemble model,
and slightly fewer (7789) for the machine model as simulation pairs where d(i,j) = 0 were
ignored; these cases represented parameter sets that had essentially no signaling activity. Figs. 3b
and 5b in the main text show this density distribution alongside distributions of drift values from
the validated ensemble and machine parameter sets. In order to generate these distributions we
used 50 copies of the final (ensemble or machine) model instead of 1000 unique parameter sets,
resulting in 450 drift points (again, N = 3 and N’ = 3). These densities were generated using
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kernel density estimation (KDE) in the R statistical suite (24). We determined significant
differences between the means of such distributions via a non-parametric two-tailed permutation
test with 105 replications (also in R (24)).

3 Additional results
3.1 Model validation

Since each simulation requires approximately 3-4 hours of CPU time, standard methods of fitting
our model to data (e.g. regression techniques) could not be implemented(25; 26). We thus
manually varied parameters in the model in order to match experimental data. To do this, we
identified a subset of parameters that govern experimentally observed trends(10; 27; 28; 29). We
modified these parameters iteratively, within a biologically realistic range (1.2), to achieve
reasonable overlap with experimental observation. It is important to note that the model
reproduces these observations employing mass-action kinetics and does not utilize simplified
Michaelis-Menten functions(2). Though the model reproduces the time- and
pheromone-dependent trends of the yeast pheromone response cascade, it is clearly not the only
possible solution, since we were able to construct a machine-like model which also replicates
certain experimental trends (3.2).
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Figure S4: Activation of the pheromone cascade in the ensemble model results in rapid localization of the
scaffold, Steb, to the membrane as indicated by FRET measurements(27). Values are seen for the first 1000
seconds and the error bars represent 95% confidence intervals for both experimental and simulated data
(n = 3 and n = 10, respectively).

The two graphs seen here (Fig. S4 and Fig. S5), in addition to those in the main text (Fig. 2),

are the experimental trends(27; 28) that were used to validate our model. Our data is broadly
consistent with experimental data (e.g. the initial spike in Ste5 membrane-recruitment in Fig. S4),

18



o experimental
— simulation (KaSim)
15k — simulation (NFsim)

Normalized Ste4-Ste20 complexes

L 1 L 1 L 1 L J
% 1000 2000 3000 4000
Time [s]

Figure S5: Fold increase over the basal number of Ste4-Ste20 dimers in the ensemble model (28). The
error bars represent 95% confidence intervals for both experimental and simulated data (n = 3 and n = 10,
respectively).

especially when considering the noise present in the experimental measurements and the potential
impacts of photobleaching (27). Note that of the four sets of experimental data (including those
described in the main text), two are directly affected by the concentration of unbound Ste4 (i.e.
not bound to Gpal): Ste4-Ste20 binding and active G-protein. Thus among the most influential
unknown and varied parameters were the Stel2-induced synthesis rates of Ste4 and Gpal.

3.2 Machine model validation

Validation of the machine model was accomplished in essentially the same way as validation of
the ensemble model. Only very minor adjustments to the rates were needed to reproduce the
G-protein temporal dynamics (Fig. S6), and the dose-response curve was readily matched upon
altering the cooperativity of the Steb nuclear export rate (1.8, Fig. S7). Though not as accurate
as the ensemble model, a similar trend for Ste4-Ste20 binding was seen in the machine model
(Fig. S8). However, it was unable to exactly reproduce the behavior seen in Fig. S4. This was
most likely due to the altered rules, which require Steb and its binding partners to remain
membrane-bound in order to phosphorylate Fus3.

3.3 Compositional drift

Compositional drift was first introduced as a measure of intracellular heterogeneity in (11). Drift
(d) is a pairwise comparison between the set of complexes, C, of two independent simulations, i
and j, which originated from the same initial conditions. It is defined as the symmetric difference
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Figure S6: G-protein activation dynamics in the machine model (10). Error bars are 95% confidence intervals,
experimental data is seen in black (n = 3), and simulations are seen in blue (n = 10).
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Figure S7: Dose-response dynamics in the machine model (phosphorylated Fus3 with respect to
pheromone)(27; 29). Error bars are 95% confidence intervals. Data from (27) (n = 3) and (29) (n =
unknown) are in black and blue, respectively. Simulated data is in green (n = 10).

of the two sets divided by the union of the two sets:

sig) - 1CAC
1Ci UG

where |X| is the number of elements in some set X. This results in a normalized value between 0

and 1 where d = 0 indicates identical sets of complexes and d = 1 indicates disjoint sets. Given

two simulated cells and their constituent complexes, drift is thus the probability that a given

complex is present in one cell but not the other.
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Figure S8: Fold increase over the basal number of Ste4-Ste20 dimers in the machine model. (28) The error
bars represent 95% confidence intervals for both experimental and simulated data (n = 3 and n = 10,
respectively).

As mentioned in the main text, this calculation takes into account any difference between two
complexes, however minor. To confirm that this is a reasonable method of determining the level
of heterogeneity among signaling species, we examined a number of different criteria. First, we
took snapshots from ten simulations and calculated drift while ignoring any difference due to
post-translational modifications (e.g. phosphorylation). We can see that although drift is reduced
slightly in this case, substantial heterogeneity still exists when solely considering the binding
patterns of the present complexes (Fig. S9).

40
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Figure S9: Drift density in the ensemble model at ¢t = 360 seconds without consideration of post-translational
modification (n = 45). The density was estimated using standard KDE methods in R (24)

However, phosphorylation is certainly important in a signaling cascade; Fus3 cannot induce
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transcription of mating-related genes without being phosphorylated on two of its residues. Thus
we investigated a comparison that can incorporate these distinctions while ignoring differences
among complexes which have no behavioral consequence for the system. We used our ten
snapshots to construct classes of complexes that are functionally equivalent. For two complexes to
be functionally equivalent, the system (or rule set in our case) must not be able to distinguish
between the complexes. In essence, one could exchange these two complexes without having any
effect on the behavior at that point in time. We defined these equivalence classes using our rule
set. In order to determine which reaction should take place next, each rule is assigned a
stochastic rate of being chosen, called the activity(20). The activity is the product of the rate
constant and the number of complexes in the mixture that match the LHS of the rule. The
number of matches is important for a specific reason: if we have a rule where A converts to B at a
rate k and there is no A in the mixture, the system cannot execute this rule regardless of its rate,
thus the rule’s activity is 0. By calculating the activity of every rule with respect to a particular
complex, we obtain a signature for this complex within a particular rule set. If two (or more)
complexes exhibit the same signature (i.e. every rule has the same activity) then they belong to
the same equivalence class, because they exert the same influence on the system. We found that
no two complexes were functionally equivalent over a set of 10 simulations, indicating that the
structural distinctions included in our original definition of drift are functionally relevant (11).

In addition to examining the level of drift during peak signaling (Figs. 3b and 5b in the main
text) we also examined drift over the union of logarithmically distributed time points. To do this,
we compiled a list of the observed unique species from all time points for a particular simulation
and performed the pairwise drift calculation with a similarly compiled list of unique species from
another simulation. We found very similar results when calculating the density for N = 50
simulations (450 total drift values; Fig. S10), as compared to the drift densities at the single peak
signaling time point (¢t = 360). This confirms that the large differences in generated species
between simulations is not an artifact of choosing a single time point for the calculation.

We also investigated the rate at which a particular simulation diverged from its initial conditions
based on drift. This was termed “autodrift,” and is defined as the drift between a simulated cell
i’s sets of complexes at two different points in time: d;(t,t + At). We fit the data to an
exponential function using standard nonlinear least-squares regression in R (24). Analysis of the
residuals indicated that a single exponential fit did not capture the trend in the data. We
therefore attempted fits using both double and triple exponential functions. The functional form
of the full model is:

di(t,t+ At) = 1 — By - e B8 — By e FA — g5 e TR

We found that fitting the entire model yielded an estimate for the third exponential term (i.e.ﬁ})
that was not statistically significant when correcting for multiple hypothesis testing. All the other
estimates in all of the variants of the model were significant (see table below). Among this set of
nested models we thus selected the double exponential fit as the one that most significantly
describes the data. Close inspection of the residuals indicates that there may indeed be a
significant further increase in drift on longer time scales (Fig.3c, main text); the difficulty in this
case is that the time window is not long enough to capture this trend in a significant way. Longer
simulations could thus yield a model where 7 is more significant. It is likely that these longer
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Figure S10: Drift density for scaffold-based signaling species over multiple, logarithmically distributed time
points. Similar to Figs. 3B and 5B in the main text, we see a stark difference between the machine and
ensemble models’ average drift. Clearly the drift between simulations is not a result of the time point for
which the drift calculation is made.

timescale changes in the value of drift represent more than just the turnover of transient
complexes, but rather susbstantive changes in the system that arise due to the progress of the
signal down the cascade.

Parameters Model Estimates (p-value)

single double triple
B 0.7633 (< 2 x 10716)  0.7759 (< 2 x 10716)  0.7850 (< 2 x 10~16)
8o 0.6821 (<2 x 10716) 0.2378 (< 2 x 10716)  0.2693 (< 2 x 10716)
B3 5.452 (< 2x 10716) 2,090 (<2 x1071%) 2,609 (< 2 x 10~16)
By N/A 0.5252 (< 2 x 10716)  0.4849 (< 2 x 10716)
Bs N/A 10.82 (< 2 x 10716)  11.65 (< 2 x 10716)
Be N/A N/A 0.02013 (4.98 x 10~16)
B N/A N/A 0.01795 (0.005)

3.4 Species classification and clustering

Since most of the combinatorial complexity in this cascade is centered around Steb and all its
potential interaction partners, we classified the complexes present in our snapshots into 6
categories or bins. In order to do this we constructed the largest possible complexes starting from
monomers based on the rule set. The resulting 6 complexes (with Fus3 and Kss1 considered
interchangeable) are the basis for classification; any species generated during simulation will
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match a pattern present in one of these complexes and thus belong to its bin.

Three of the six bins are directly related to specific aspects of the response network: one bin
contains all G-protein related complexes (and the pheromone peptide), another contains all
species localized in the nucleus, and a third contains all scaffold-based species (note that some
monomeric species could be placed in multiple bins: we placed these in the scaffold-based bin by
convention). The remaining three bins are primarily composed of a kinase (Stell, Ste7 and Fus3
and Kssl) and its specific phosphatase. Here we focus almost exclusively on the scaffold bin. A
representation of the complex defining this bin is seen in Fig. S11.

P(47,48) @ « P(20.21)

P(22,23)

P(53,54) P(26,27)

Figure S11: This diagram shows a labeling system for creating the integer sequences for the clustering of
complexes (take note that this complex can never actually exist in our simulations since Fus3 and Kss1 cannot
simultaneously bind their shared substrates; it is merely a visual representation of how we create unique
identifiers for each complex). Each position in the sequence is associated either with a protein agent or an
agent’s phosphorylation site. Note that some agents have multiple phosphorylation sites (e.g. in our model,
Fus3 can be phosphorylated on two independent residues). Each number in the sequence can have a range of
integer values. For protein agents this is either 0 or 1, indicating their presence in the complex. The range
of potential integers for phosphorylation sites vary between sites, however 0 indicates no phosphorylation
for all sites. Sites representing a specific residue are either 1 or 0 (indicating the presence/absence of
phosphorylation), however sites representing multiple residues can have values larger than this (e.g. Stell
has a site representing 3 distinct residues requiring phosphorylation for its activation, therefore this site can
contain values up to 3).

Following our analysis of subgraph conservation among scaffold-based signaling species, we
performed clustering analysis on this subset of complexes during peak signaling (¢t = 360 seconds).
This enabled us to formalize our search for the existence of a core complex. In order to cluster the
complexes generated by our simulations we converted each complex in a particular snapshot to a
unique sequence of integers (vector) in order to calculate the graph edit distance (Geq;r) between
any two species in the same bin. In graph theory, G.g;; is the minimum number of edits or
changes necessary to convert one graph to another. In the case of our depictions of
macromolecular complexes, bonds are equivalent to edges (simple contact, with Ste20/Stell
contact an exception) and protein or gene agents represent nodes. When considering these
complexes in our vector notation, Geg;; is the sum of the absolute value of differences at each
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position in two sequences, r and s, of length, I:

l
Gedit = Z ‘rn - Sn‘-
n=0

This is also known as the “Manhattan distance”, or L'-norm. We included differences in
phosphorylation states in G4, as these differences clearly have an effect on the signaling network
(3.3). In Fig. S11, we outline our method for creating these sequences. Note the symmetry in this
scaffold-based bin, resulting in two possible integer sequences per complex and thus two unique
ways to calculate Gegir between two particular species (as mentioned above, Geg;: is always the
minimum value in this situation). A sample calculation is seen in Fig. S12.

Figure S12: Calculating G.4;+ between two complexes. Each sequence is one of two potential vector repre-
sentations for its complex. In terms of graph edits, we can see that there are five (seen in red): removal of
Ste20, addition of unphosphorylated Ste7, and addition of three phosphates on Stell.

Upon generation of these sequences, we proceeded to hierarchically cluster the complexes
according to the G.g4;; matrix. We focused on clustroid-based single-linkage clustering for our data
though both standard single- and complete-linkage criteria gave similar results. We also
attempted to find the optimal number of clusters, N, via a specific stopping criterion, E(i) (30).
Unfortunately this criterion did not return consistent results between multiple snapshots, thus we
chose N = 10 as our ultimate number of clusters for analysis. Varying this cutoff did not
influence the results discussed below (seen below and in Fig. 4b in the main text).

If the complexes expressed some sort of conserved binding pattern, we would expect that the
clusters generated from one snapshot would be near identical or similar to the clusters generated
from another. However this was not the case, as the intercellular minimum between-cluster
distance (MBCD) is nearly as large as the intracellular MBCD (when hierarchically clustering the
complexes, the intercellular MBCD is the criteria for selecting which two clusters will join next,
Fig. S13).

We also found that clusters containing more than 10 complexes exhibited very little conservation
in terms of structural similarity between their constituent species. Note that in many of these
clusters not even Steb dimers were conserved. In fact, the mean of the average Geq;¢+ between the
clustroid and its cluster constituents (where the number of constituents > 10) is greater than 6 as
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Figure S13: MBCD distributions for clusters in the ensemble model both between and within snapshots
(Nintra = 90 and njpeer = 45). Though the mean intercellular MBCD is lower than the mean intracellular
MBCD (p < 1075) we would expect that the intercellular MBCD would be near 0 if there was conservation
within the scaffold species. Both densities were estimated using KDE methods in R (24)

seen in Fig. S14. A different way of framing this result is to consider the largest conserved
component within a particular cluster (while still retaining the condition on the number of
constituents). We calculate this conserved component using exclusively those entries in the vector
representation that refer to protein presence/absence; we do not consider phosphorylation state.
With our standard clustering cutoff of N = 10 (Fig. S15, black) we see a distribution where a
conserved component consisting of only 2 proteins is in the 89" percentile. As we increase N, the
mean of this distribution changes slightly, but maintains consistently low values (near or around
2). We also see a shift in the peak of the distribution (from 0 to 2) between N = 10 and N = 20,
however it remains at 2 through N = 100 indicating consistently low conservation within clusters
of reasonable size. Thus we reach the same conclusion with our clustering that we did with our
simpler analysis of structural conservation seen in Fig. 4A in the main text.

3.5 Enumerating all possible species

In order to determine the total number of scaffold-based (i.e. Ste5-bound) protein complexes that
can possibly form, we proceeded to use BioNetGen to construct the reaction network for the two
models. The output listed all species that could be formed from that particular ruleset, and from
this list we found a total of 1106 Ste5-bound species for the machine model. BioNetGen was
incapable of enumerating the species present in the ensemble model due to memory restrictions,
so we analytically calculated the total number of scaffold-based species. We implemented a
counting procedure made relatively simple by the mutual independence of many of the binding
interactions in the ensemble model (i.e. Ste5 can bind Stell independent of all of Ste5’s other
binding sites and independent of Stell’s phosphorylation state). Consider the structure seen in
Fig. S11. Since all of Ste5’s binding interactions are mutually independent we can focus on each
of Steb’s sites individually and then take the product across all sites to estimate the total number
of possible states. Initially we will focus on molecules that have only one Ste5.
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Figure S14: Distribution of average G.4;¢ scores between a clustroid and its constituent complexes in the
ensemble model (N = 26). Note this is only calculated when the number of elements in a cluster is > 10.
Upon consideration of 10 independent simulations (and their snapshots) only 26 of the total 100 clusters
contained over 10 complexes. Density estimated using KDE methods in R (24)
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Figure S15: Frequency of the size of the largest conserved component in clusters with 10 or more complexes.
Different colors represent different distributions based on varying values of the clustering cutoff, N. Total
number of clusters for each distribution: red = 110, blue = 78, green = 38, black = 47.

We see that Steb’s top site binds Ste4 and Ste4 can bind Ste20. This results in 3 total species,
assuming Steb is always present: Steb, Sted-Sted, and Steb5-Sted-Ste20, since Ste20 can only be
present in the presence of Ste4. The second site on Steb binds Stell (again, independently of all
other sites), and Stell can be in 4 phosphorylation states according to the agent declaration
present in the Kappa model file:

Y%agent: Stell(mapk, steb, degradation~u~p, S302_S306_S307~u~p~pp~ppp)
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Since we are primarily concerned with those structures directly related to signal transduction, we
will ignore the ’degradation’ site for this calculation. Thus we have 5 different states (Steb
unbound + 4 Ste5-Stell states). Fig. S11 also shows the possibility of Fus3 or Kssl binding to
Stell, and this interaction is independent both from Stell’s phosphorylation state and
Fus3/Kssl’s phosphorylation state. Since both Fus3 and Kssl can be in 4 phosphorylation states,
we have a total of 9 possible ways that Stell can bind a MAPK while bound to Steb (Ste5-Stell
unbound + 4 Ste5-Stell-Fus3 states + 4 Steb-Stell-Kssl states). Finally, we multiply the 4
Steb-Stell states times the 9 Ste5-Stel1-MAPK states and add the remaining unbound Steb,
resulting in 37 total states for Steb’s Stell binding site.

Further counting is as follows:

Steb site States Description

Sted 3 Steb + Steb-Sted + Stedb-Sted-Ste20

Stell 37 4 Stell states - 9 MAPK states + 1 unbound Steb
Ste7 28 3 Ste7 states - 9 MAPK states + 1 unbound Steb
MAPK 9 8 MAPK states + 1 unbound Steb
phosphorylation 2 2 phosphorylation states

Total 55944

From here we can then enumerate all species that include a Ste5 molecule. Since both Steb
molecules can operate independently we have 559442 species with Ste5 dimers + 55944 species
with a Steb monomer, resulting in nearly 3.13 billion Ste5-based species, nearly a 3 million-fold
increase compared to the machine model.

3.6 Socio-affinity scoring

We used the socio-affinity (SA) index described in (31) to determine whether standard methods
of deriving complex information from high-throughput data, such as tandem affinity purification
(TAP), can distinguish between machine-like complexes and ensembles of signaling species. Note
that the following definitions and equations merely summarize descriptions given in (31). The SA
score between protein ¢ and j, A(4,7), is based on binary (bait and prey) interaction data, and is
a linear combination of a number of terms:

A(i,7) = Sijli=bait T Sij|j=bait + Mij
where

n prey
i,7|i=bait 7]
S' 5 i+ — 10 7/7]‘7/ \/i s = 10 =
i,j|i=bait g bait prey prey ; 2,7 g ( 1 .
bait L. fPTEY o pPrey. prey ., pprey . s Nprey—1)
fz Mpait f] —bait fz ’ fj * 2uall—baits prey T 2

For the terms in S; jj;—pq;; We have the following: n; jji—pqei¢ is the number of j’s that ¢ pulls down
when i is bait, fibait is the frequency that ¢ was bait, np.¢ is the number of unique bait proteins,

prey . . . . . .. prey
f; 7 is the fraction of times that j was pulled down by any bait that was not j itself, and n;_y.;,
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is the total number of proteins i pulled down not counting itself. Since we are performing TAP in
silico, we are guaranteed to retrieve all prey proteins for a particular bait and do not need
multiple replications with the same bait (as all preys are explicitly accounted for in the snapshot).
This means that fibait = ﬁ and the S term simplifies to:

. 1, jli=bait
Sz‘,j|z‘:baz‘t = log <m> .
This term is thus the logarithm of the number of times ¢ pulls down j, divided by the expected
value of this number (which is the total number of times j is pulled down times the total number

of proteins 7 pulls down as bait).

The terms in M; ; are as follows: n! Z-ey is the number of “purifications” in which ¢ and j are

observed together when neither i nor j are bait, f{"® and f7" are the fraction of unique
monomers pulled down by 4 or j, respectively, and 7, is the number of unique monomers pulled
down with bait 7. Note that this last term is summed over all bait proteins, and thus does not
require an index. M; ; is thus the logarithm of the observed “co-purifications” of ¢ and j over its
expected value, which is the frequency of observing i and j together over all baits when neither 4
nor j are baits.

We created an N x N matrix of SA scores over all protein types (N = 18 unique proteins) for
snapshots generated during peak signaling (¢ = 360 s) in both the machine and ensemble models.
As this is a symmetric matrix, there are 153 unique pairings of proteins (and thus 153 SA scores).
The majority of these pairings result in a score of 0 since there is no possibility of their presence
in the same complex (e.g. Pheromone and Digl). It is plain to see, however, that the SA scores
which do exist are between proteins that are in the same bins as discussed above in Section 3.4.
The ensemble model’s SA matrix is divided over two tables (Table 1 and Table 2); some
interactions’ SA scores are shown twice (e.g. Stell and Ste7) and the scores not shown are equal
to 0. Fig. 6a in the main text shows the correlation between the values in the machine and
ensemble SA matrices.

We can then create clusters or ”functional modules” as referred to in (32) using the Markov
clustering (MCL) algorithm outlined in (33). The MCL algorithm partitions the set of proteins
into disjoint clusters based on their SA scores, yet we know that certain proteins may associate
with multiple types of complexes (e.g. Ste4 associates with G-protein related proteins and scaffold
related proteins). To allow these proteins to be “shared” between modules we adapted Pu et al.’s
method (32) and checked for proteins that had interactions with proteins in a distinct cluster. If a
protein has positive SA scores with 75% of those in the “acceptor” cluster, we consider it a
member of the acceptor cluster in addition to its original cluster. Representative clusters can be
seen in Fig. 6a in the main text.
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Ste7 Stell Mekp Mekkp Ptp Msgs Fus3 Kssl

Ste7 0 5.1393 9.711 0 0 0 4.4198 5.2097
Stell 5.1393 0 0 9.7515 0 0 4.0232  3.6254
Mekp 9.711 0 0 0 0 0 3.5648 4.8434
Mekkp 0 9.7515 0 0 0 0 0.5554 0.1187
Ptp 0 0 0 0 0 0 2.5208 6.4925
Msgb 0 0 0 0 0 0 3.0833 6.4005
Fus3 4.4198 4.0232 3.5648 0.5554 2.5208 3.0833 0 1.5936

Kssl 5.2097 3.6254 4.8434 0.1187 6.4925 6.4005 1.5936 O

Table 2: SA score table for proteins associated with kinase regulation.

3.7 Robustness of combinatorial inhibition

In order to confirm that our results on combinatorial inhibition were not artifacts of the parameter
sets of the machine and ensemble models, we created 100 models with randomized parameters for
both the machine and ensemble model. The procedure for generation and simulation of these
models follows that described in 2.4. We simulated these models at wild-type, 12x, and 60x
concentrations of Ste5. We found that for all ensemble-based models, 12x concentrations of Steb
increased Fus3 activation and 60x concentrations of Steb decreased Fus3 activation relative to the
12x activation level, confirming the robust presence of combinatorial inhibition (Fig. S16). The
machine-based models display resistance to combinatorial inhibition (Fig. S17), with most models
producing similar levels of Fus3 activation at 12x and 60x concentrations of Steb.
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Figure S16: Ensemble parameter randomizations (100 parameter sets). The z-axis is the difference in
Fus3 activation (in number of molecules) between WT and 12x concentrations of scaffold and y-axis is the
difference in Fus3 activation between 12x and 60x concentrations. Dashed lines are z = 0 and y = 0 for
reference, and the dotted line is y = —x to accentuate the strong correlation between these values.
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Calculation of relative AFus3pp values in Fig. 6¢ of the main text was performed by subtracting
the number of active Fus3 molecules at peak signaling (Fus3pp) for some scaffold concentration
from Fus3pp for some higher scaffold concentration. In the case of Fig. 6¢ in the main text, these
values are 60x WT and 12x WT. This value was then divided by Fus3pp for the lesser of the two
scaffold values. The resulting value is then a measure of the relative increase (> 1) or decrease
(< 1) of the change in Fus3 activation during peak signaling.
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Figure S17: Machine prozone parameter randomizations (100 parameter sets). Axes and dashed lines are as
Fig. S16
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Figure S18: Relative AFus3pp values for randomized machine and ensemble models have similar means
when considering the difference in scaffold concentration between 12x and wild-type values, but the machine
model’s distribution has a much higher variance. The majority of values in both models, however, were
positive, indicating a general increase in signaling activity.
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