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Abstract

Cell fate in multicellular organism is regulated by the diffusible factor from surrounding cells in
concentration-dependent manner. TGF-7 is a large protein family of the diffusible proteins secreted
from a localized source. The signal of TGF-g is transduced by Smad family transcription factor.
Though it is well known that the stoichiometry of Smads in the transcriptional complex regulates
the specificity of target genes of TGF-7 signal, little is known what the stoichiometry of Smads in
the transcriptional complex is determined in TGF-4 signal transduction in concentration dependent
manner. To investigate the dynamics of Smad complex formation, we construct a two-compartment
model for Smad complex formation in TGF-# signal transduction. A simplified one-way oligomer-
ization model, which ignores dissociation and well appropriate the full model under high expression
levels of R- and Co-Smad, is constructed to analytically investigate the effect of the oligomerization
of Smad. Our one-way model reveals that not only shuttling of the Smad from the cytoplasm to
the nucleus but also the preferential accumulation of the heteromeric complex in oligomerization
can contribute to the predominant production of the heteromeric complex of Smad including both
R~ and Co-Smad. It is also shown that oligomerization of Smad can contribute to the specificity
of signal transduction. In endothelial cells, both Smad-1/5/8 and -2/3 pathways are activated by
TGF-3. The difference of the activity between the two pathways is amplified by trimerization but
not by dimerization, suggesting possible importance of trimerization in maintaining the specificity

of signal transduction.

Keywords: Smad,signal transduction,transcriptional complex formation, stoichiometry of oligomers



1 Introduction

In multicellular organisms, the behavior of an individual cell is regulated by various signals from the
neighboring cells. The members of TGF-/3 super family are well known diffusible signal molecules
or morphogens that regulate cell proliferation and differentiation (Podos & Ferguson, 1999; Gurdon
& Bourillot, 2001; Green, 2002). In the developmental process, secreted from a localized source,
diffusible TGF-fs determine the fate of the cell receiving them in a concentration-dependent man-
ner. The signal of TGF-£ is transduced by Smad family member transcription factors (Massague
et al., 2005; Feng & Derynck, 2005; ten Dijke & Hill, 2004; Shi & Massague, 2003; Hill, 2001; ten
Dijke et al., 2000; Miyazono, 2000; Kawabata et al., 1999). The TGF-f signal transduction by
Smads is the key mechanism interpreting the information of TGF-g ligand. Three critical process,
phosphorylation of R-Smad, Smad complex formation, and nuclear import of Smad complex, are

thought to control the TGF-3 signal transduction.

When cells receive the TGF-3 signal, the Smad protein is phosphorylated by the active
receptor complex of TGF-3, which initiates the intracellular signal transduction pathway. Phos-
phorylated Smads form the transcriptional complex with other components and move to the nucleus
(Yeo et al., 1999). The transcriptional complex then positively or negatively regulates the expres-
sion of specific target genes determining cell fates. In the cytoplasm, there are several kinds of
Smad proteins differing in their functions. The transcriptional activity of the target gene is spec-
ified by the combination of Smads and cofactors included in the transcriptional complex. In wvitro
experiments revealed that the stoichiometry of Smad complex, the numbers of R- and Co-Smad
molecules consisting of a complex, differs widely in transcriptional complexes resulting in their dif-
ferential binding to specific cis-acting elements of gene. For example, two Smad2, one Smad4 and
a cofactor FAST-1 consist of a transcriptional complex in activin responsive element of Xenopus
Mix.2 gene promoter. Whereas, one Smad3, one Smad4 and unknown transcription factor consist

of a transcriptional complex in SBR of c-jun promoter (Inman & Hill, 2002). Because the transcrip-



tional complex composed of Smads and cofactors plays a critical role in determining the expression
of the target genes and cell fates, it is important to understand what combination of Smads and
cofactors is formed in the transcriptional complex under given initial concentrations of Smad mem-
ber monomers and the concentration of signal molecules (e.g. ligand concentration). Though the
role of heteromeric complex of Smad (Smad2/2/4 and Smad3/4) in the transcriptional complex is
clarified, that of the homomeric complex (Smad2/2 or Smad2/2/2) is elusive. As many kinds of
Smad oligomers including homo-dimer, homo-trimer, hetero-dimer and hetero-trimer can be pro-
duced in a signal transduction pathway, it is important to understand the conversion efficiency of

the heteromeric Smad complex which have the role in target gene regulation.

The kinetic models of Smad signal transduction has been proposed by Schmierer et al. who
show the importance of the nucleo-cytoplasmic shuttling of Smad for the TGF-/ signal transduc-
tion(Schmierer et al., 2008). We construct a mathematical model following their model, which is
extended to include not only the dimerization but also trimerization of Smad. This model repre-
sent the whole process of Smad complex formation in response to TGF-g signal, such as receptor
activation by TGF-G ligand, degradation of active receptor, phosphorylation and dephosphoryla-
tion of R-Smad, association and dissociation of Smads, and shuttling of Smad from cytoplasm to
nucleus. We investigate the dynamics of TGF-( signal transduction via Smad pathway by using

this two-compartment model.

We next consider a single-compartment model eliminating the cytoplasm-nucleus structure
of cell to clarify the effect of the compartmentalization of cell for Smad complex formation by com-
paring two-compartment model with single-compartment model. Lastly we consider a simplified
one-way oligomerization model that focuses only on oligomerization of Smad (i.e. ignores dissoci-
ation). We verified that one-way model well approximate the full two-compartment model under
high expression level of R- and Co-Smads monomers. We then analytically study the effect of the
oligomerization of Smad for TGF-g3 signal transduction compared the result with the numerical

results of two-compartment model.



2 A model for Smad complex formation

We construct a mathematical model of TGF- signal pathway following Schmierer’s model (Schmierer
et al., 2008). We then extend their model by including the trimerization in addition to the dimeriza-
tion. The chemical reaction equation is summarized in Tablel and a set of the dynamic equations
of the full kinetics model are shown in Appendix A. The process of the intracellular signal trans-
duction is schematically shown in Fig 1 and briefly explained below. Cell is partitioned into two
compartments, the cytoplasm and the nucleus. R-Smad denoted by Ry is expressed as an inactive
monomer in the absence of the signal. Smad monomers are transported between cytoplasm and
nucleus with the import rate constant Kj,, and the export rate constant K,y independently of the
signal. The localization of Smads are indicated by superscript in Appendix A. Signal transduction
starts on the membrane when a TGF-/ ligand bind a specific receptor with the association rate
constant « to form an active receptor complex. Active receptor is degraded with the degradation
rate constant J,. Receptor mediated Smad, R-Smad, is phosphorylated by this activated TGF-3

receptor with the reaction rate constant . Phosphorylated R-Smad then begin to oligomerize.

Smad proteins have two conserved domains, MH-1 and -2, in their amino acid sequences,
and between them there is a linker region. An inactive Smad has a bending shape at the linker.
Once the C-terminal SxS motif of R-Smad is phosphorylated, R-Smad is stretched and can bind
another member of Smad family called common-mediator Smad (Co-Smad) (Moustakas & Heldin,
2002; Wu et al., 2001; Kawabata et al., 1998; ten Dijke & Hill, 2004). Co-Smad lacks the SxS
motif in its C-terminus and is not subject to phosphorylation. Phosphorylated R-Smad monomer
and Co-Smad monomer are designated by R; and Cq, respectively. Phosphorylated R-Smad can
associate both with itself and common Smad with the association rate constant p;. Because Smad
proteins interact with each other through the well conserved amino acid sequence, we assume
that association constants, p1, p2, ps, pa and ps are the same. Four kinds of Smad complexes,

homomeric and heteromeric dimer or trimer dissociate with the dissociation rate constant \; per



binding site. The reaction equation of the Smad oligomerization is briefly summarized as a chemical

reaction equation as follows:

Ri+ Ry — Ry

Ri + R ﬁ R3

Ri+Cy — C
Ri+C, = (3

Ro+Ci = GCj (1)

The abbreviations are shown in Tablel. The localization of these oligomers is indicated by super-
script in Appendix A. Oligomerization of Smad proceeds both in the cytoplasm and the nucleus.
Produced Smad oligomers irreversibly move into nucleus with the import rate constant K i*n' Phos-
phorylated R-Smad monomer are dephosphorylated in the nucleus by phosphatase with the reaction
rate constant d,. It is assumed that phosphorylated R-Smad is constantly dephosphorylated by
the phosphatase. The parameters and the initial concentrations of TGF-3, TGF-3 receptor, R-
Smad, and Co-Smad used in this model are cited from Schemierer’s results. Those are summarized
in Table 3. The initial concentrations of TGF-(, inactive TGF-{ receptor, and inactive R-Smad
monomer and Co-Smad monomer are positive value. Other components are absent in cell before
stimuli. The total concentration of R- and Co-Smad monomer are conserved during the signal

transduction.

Time course of the Smad phosphorylation and oligomerization both in cytoplasm and nu-
cleus obtained from two-compartment model is shown in Fig 2A to D. The initial concentration
of R-Smad in cytoplasm is higher than that of Co-Smad because the export rate of R-Smad to
nucleus is higher than that of Co-Smad. Inactive R-Smad is accumulated in cytoplasm before stim-
uli. The concentration Ry of inactive R-Smad is decreased by the phosphorylation when the signal
transduction starts at time 0. The concentration C; of Co-Smad monomer is also decreased by its
binding to phosphorylated R-Smad. The concentrations of Smad dimers and trimers in the cyto-

plasm are then increased as the phosphorylation of R-Smad proceeds. The concentrations of Smad



oligomers in cytoplasm are much lower than those in nucleus because of the irreversible import of
Smad oligomers to nucleus. In this case, hetero-dimer is predominantly accumulated in nucleus in
response to the signal. In the following we ask which Smad species is predominantly produced in

response to the TGF-4 signal.

3 Effect of the initial ratio of R-Smad to Co-Smad

We here ask which Smad oligomer is predominantly accumulated in the nucleus in response to the
signal. To change the initial ratio of R-Smad to Co-Smad, we varied the initial concentration of
R-Smad while that of Co-Smad being kept constant. The peak concentration of the Smad oligomers
in the nucleus, the maximum value of R}UC RIUC CIMUC and CHUC during the signal transduction,
are plotted as a function of the ratio of the R-Smad to the Co-Smad in Fig 3. The result indicates
that hetero-dimer is predominantly accumulated in the nucleus in response to the signal for small
to intermediate R-Smad/Co-Smad ratio of the initial monomer concentrations. The result that the
heteromeric complex Smad is predominantly produced agree with Schmierer’s result even though
the trimerization is added in our model. For a large R-Smad/Co-Smad ratio around from 4 to
5, hetero-trimer is predominantly produced. For even larger R-Smad/C-Smad ratio, homomeric
dimer and trimer of Smad are predominantly produced. According to Schmiere’s data, the ratio of

endogenous R-Smad to Co-Smad is smaller than 1. The hetero-dimer is predominantly produced

in this R/C ratio.

4 Effect of the compartmentalization of cell for oligomerization of
Smad

To clarify the effect of the compartmentalization of cell for Smad complex formation in response
to TGF-g signal, a model eliminating the compartment from full kinetics model is constructed.

In this single-compartment model, Smads in the nucleus and the cytoplasm are not distinguished.



The oligomerization process is as same as that in the two-compartment model described in (1).

d[TGFJ]

yr = —a[TGFf][TAR]
AR — oy [GEg|R]
d[TdﬁtR*] = o [TCGFA|[TAR] — 6,[TAR]
% = —yRo[TAR*] + 6,R
O Ro[ToR)
—Ry (2p1 Ry + paRo + 113C1 + 114C%) + 201 Ry + 2 X M\yR3 + A\3Cy + \Cy
—5,R
% = m(R1)® = Ry (u2R1 + p1501) + 2 X A2 Rz + A5 C3
% = peR1Ry —2 X \aR3
% = —C1(u3Ri + psRa) + A3C2 + As5Cs
dﬂ% = p3R1C1 — paR1Co + MC3
d?? = R0y ~+ psRoCr — (Mg + A5)C3 2)

Initial conditions and parameters are the same in two-compartment model (7) except for
the import and export rate of Smads. The peak concentration of Smad oligomers, Ro, R3, Cy and
C3 in the single-compartment model, are plotted in Fig 4 as a function of R/C ratio as well as
in the two-compartment model. The result obtained from the single-compartment model shows
quite similar result (Compare the result in Fig 3 with that in Fig 4). The heteromeric complex
of Smad is predominantly produced for small and intermediate R-Smad/Co-Smad ratio of the
initial monomer even in the absence of the compartmentalization of cell. This result indicate that
not only compartmentalization of cell but also oligomerization itself contributes to predominant
production of the heteromeric complex of Smad. The switching R/C ratio from hetero-trimer to
homo-trimer obtained from single-compartment model slightly shifts to left as compared with the
result obtained from the two-compartment model shown in Fig 3. R/C ratio maximizing the peak

concentration of hetero-trimer is around from 3 to 4 in single compartment model (from 5 to 6 in



two-compartment model). This result indicate that the compartmentalization of cell enhances the

predominant production of heteromeric complex of Smad in response to the signal.

The import and the export between cytoplasm and nucleus of Smad affect the predominant
oligomer species of Smad for a given initial R/C ratio. Asshown in Fig 5-A, the peak concentrations
of all Smad species monotonically deceases depending on the import rate of R-Smad to nucleus.
This is because the concentration of R-Smad is decreased by the accumulation of R-Smad in nucleus
because R-Smad is only phosphorylated in cytoplasm by the activated TGF-G receptor. This result
indicate that the accumulation of R-Smad in nucleus inhibit the Smad complex formation. On
the other hands, the peak concentrations of heteromeric complex of Smad but not homomeric
complex of Smad is increased depending on the import rate of Co-Smad as shown in Fig 5-B. The
accumulation of Co-Smad does not inhibit the complex formation. The accumulation of Co-Smad

specifically enhances the production of the heteromeric complex of Smad.

It is revealed both from the two-compartment and single-compartment model that which
Smad oligomer is predominantly produced is primarily determined by the ratio of the initial con-
centration of R-Smad monomer to that of Co-Smad monomer. Unless the R/C ratio becomes
sufficiently large, heteromeric complex of Smad is predominantly produced. This predominancy of
heteromeric complex of Smad is caused not only by the compartmentalization of cell but also by

preferential accumulation of a specific Smad polymer in oligomerization process.

We also numerically examined the relative peak concentration in two-compartment model
over a wide range of parameters, and found that the relative peak concentrations of Smad oligomers
are hardly affected by changing the degradation rate of TGF-3 receptor, d,., or the dephosphoryla-
tion rate of R-Smad, d, (data not shown). The degradation of active receptor and dephosphorylation
of R-Smad contribute to the restoration of Smad to normal condition in a longer time span than
oligomerization process (Fig 2, but does not contribute preferential accumulation of heteromeric or

homomeric complex of Smad. To summarize the results mentioned above, compartmentalization



of cell, degradation of active receptor and dephosphorylation of R-Smad does not critically affect

which Smad species is predominantly produced for given initial R/C ratio.

5 Omne-way Oligomerization Model

5.1 Effect of the expression level of Smad complex

Un like degradation of TGF-g3 receptor, dephosphorylation of R-Smad, and compartmentalization
of cell, we found, by numerically examining the two-compartment model, that the dissociation
of Smad complex and the expression level of Smads do affect the peak concentrations and peak
positions of Smad oligomers among the processes of the TGF-3 signal transduction. We examine
the relative peak concentrations of Smad oligomers in two-compartment model when the expression
of Smads is increased. As shown in Fig 6-A, the relative peak concentrations of both homo- and
hetero-trimer increase, but the peak concentrations of both homo- and hetero-dimer decrease when
the expression of R- and Co-Smad are large as compared with Fig 3. This result indicates that
the conversion efficiency of Smad complex formation from monomer to trimer is improved by a
larger expression level of R- and Co-Smad. The effect of the dissociation of Smad complex becomes
relatively weak as compared with the association of R- and Co-Smad as the expression of Smad
increases. This is because the association process has the speed proportional to the product of
the concentrations of R- and Co-Smad, while the dissociation has the speed proportional to the
concentration of single Smad species. Thus increasing the concentration of Smad promotes the
association and demotes the dissociation. We confirm that the improvement of the conversion
efficiency of Smad complex formation is achieved in a quite similar way when the dissociation
Smad complex is eliminated from the single-compartment model. As shown in Fig 6-B, the peak
concentrations of both homo- and hetero-trimer increase when the dissociation rate constant A
is 0 in single-compartment model as well as shown in Fig 6-A. Homomeric complex of Smad is
predominantly produced after R/C ratio becomes sufficiently large if dissociation is neglected or

the expression level is high. The thresholds R/C ratio at which the predominant Smad species

10



switches from homo-dimer and hetero-trimer and from hetero-trimer to homo-trimer are similar,
but the transitions are much clearer when A = 0 or when expression level is large. According to
these results, we construct a simplified one-way oligomerization model to investigate the switching
mechanism of the preferential production of Smad complex species as a function of R/C ratio. This
model well approximate the process of Smad complex formation when the expression level of R-

and Co-Smad is sufficiently large.

5.2 One-way oligomerization model

Phosphorylated R-Smad monomer denoted by Ry can bind either R-Smad monomer (R;) or Co-
Smad monomer (C;) to form homo-dimer (Rg) or hetero-dimer (C3). R-Smad homo-dimer can
bind either R- or Co-Smad monomer, while RC hetero-dimer can bind only R-Smad monomer.
Produced trimers (R3 and Cs). The concentrations of phosphorylated R-Smad monomer, homo-
dimer, homo-trimer, hetero-dimer and hetero-trimer are designated by z1, z3, =3, y1, y2 and ys,

respectively. The time change for the concentrations of Smads are

dx

aTtl = —px1(2z1 + 22+ y1 + Y2)
dx

dii = WU% — pxo(z1 + Y1) — pae
dxg

— = uUrT

dt Hr1x2

d

% = —uyi(z1+ z2)

dy2 = UT1Y1 — HY2T

dt HT1Y1 — HY221

d

% = px1y2 + proy: (3)

Here we analyze a generalized model of homo-oligomer and hetero-oligomer in which the final
product is composed of n molecules. The homo-oligomer of ¢ R-Smad monomers can bind both
homo- and hetero-oligomer composed of j monomers, only when ¢ + j is less than n. Whereas, the

hetero-oligomer composed of a single Co-Smad monomer and j — 1 R-Smad monomers can bind a
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homo-oligomer with ¢ R-Smad monomers (again i + j < n). The reaction equation is

R; +R; LaN Riyj

R; +C; LaN Ciyj

We denote by x; the concentration of homo-oligomer composed of ¢ molecules of R-Smad, and
by y; the concentration of hetero-oligomer composed of one Co-Smad molecule and i — 1 R-Smad
molecules. The final product of Smad complex is trimer (n = 3). The concentrations of the
homo-oligomer composed of ¢ R-Smads and the hetero-oligomer composed of a Co-Smad and ¢ — 1
R-Smads is designated by x; and y;, respectively. The time change of the concentrations of Smad

oligomers are

de n—1
ditl = —pa1 ) ((1+6i5)ai + i)
=2
. i/2 nei
k=1 j=1
[n/2]
dx
CT; = MK ; TiTn—i
-1
dy1 j
WS
dt —
dy- i—1 n—i
ditz = /’szkyz—k_,uylzx]a (i:2731"'>n_1)7
k=1 Jj=1
dy n—1
ditn = le‘iynﬂ' (4)
i=1

Here, [n/2] denotes the largest integer which is less than or equal to n/2, and 6;; = 1 if i = j
and d;; = 0 if ¢« # j. The initial concentration of R- and Co-Smad monomer is designated by
x1(0) = xo, y1(0) = yo. Whereas, z;(0) = y;(0) = 0 for i = 2,3,--- ,n. To simplify the analysis,
we non-dimensionalize the above equations by rescaling the concentration x;(t) and y;(t) relative

to the initial concentration of the total Smad monomers xg + yo as X;(t) = x;(t)/(xo + yo) and

12



Yi(t) = yi(t)/(zo + yo) and by rescaling time as 7 = p(zg + yo)t. This yields

Xm n—1
— = X3 Z((l +6:5) X + Y3)
i=1
IX: [i/2] n—i
= D XX - Xy (L+05)X;+Y)), (=23, ,n-1),
T k=1 j=1
[n/2)
Xn
dd = XiXn—
T =1
n—1
dy;
& - XX
i=1
i—1 n—i
dY; :
= D X -Yi) X, (=23, m-1),
T =1 j=1
Y. n—1
i=1

The initial conditions are given by X1(0) = xo/(x0 + yo), Y1(0) = yo/(z0 + yo) = 1 — X1(0) and
X;(0) = Y;(0) = 0 for i = 2,3,--- ,n. This rescaled system (5) has only one parameter, the
initial ratio (0)/y(0) of R-Smad to Co-Smad (R/C ratio), which determines the concentrations of
Smad homo-dimers, homo-trimers, hetero-dimer, hetero-trimers and so forth, produced in the cell

receiving TGF-( signal.

5.3 Equilibrium concentration of Smad complexes

When enough time has passed since the receipt of TGF-3 signal in the cell, all reactions described
in (5) stop because all the phosphorylated R-Smad monomers are consumed to form either homo-
or hetero-oligomers of Smads. As shown in Fig 7, the equilibrium concentration is determined by
the initial ratio of phosphorylated R-Smad to that of Co-Smad. When the initial concentration of
phosphorylated R-Smad is smaller than that of Co-Smad, surplus Co-Smads remain as monomers
and the hetero-dimer is produced predominantly. This result is independent of number of molecules
included in the final product. Heteromeric dimer, trimer, and larger heteromeric complexes are
sequentially become predominant as the ratio of the initial concentration of phosphorylated R-

Smad to that of Co-Smad increases. When the ratio of initial concentration of R-Smad to that of

13



Co-Smad, xy/yo, is around 2, the production of the hetero-trimer, RRC, is maximized. If the ratio
is further increased, homo-oligomer composed of n molecules of R-Smad becomes predominant in

the final product.

5.4 phosphorylation speed of R-Smad

We relax the condition that all R-Smad is phosphorylated when the signal transduction has started.

The phosphorylation of R-Smad is described
R-Smad 3, phosphorylated R-Smad,

In active R-Smad is constantly phosphorylated. The concentration of active receptor complex is
constant. The concentration of inactive R-Smad is designated by xy. The time change of inactive

and phosphorylated R-Smad is then

dxg .

- — —A

dt Yxo

dzx .

—dtl Jxo — px1(2z1 + 2 + Y1 + y2). (6)

The concentration x; of phosphorylated R-Smads increases by 4xg in a unit time interval (see
(3) derived later). By this modification, we can see how the process is changed when R-Smad
phosphorylation proceeds more slowly. The equilibrium concentration with gradual R-Smad phos-
phorylation is shown in Fig 7. The result obtained from one-way oligomerization model in Fig 7
is well correspond to that both from two-compartment model with large Smad expression and
from single-compartment model without dissociation in Fig 6-A and -B. The switching between the
production of hetero-dimer, hetero-trimer and homo-trimer as xy/yo varies becomes much clearer
than in Fig 6-A and -B. The concentration of homo-dimer is almost 0 around the all region. The
switching mechanism of predominant products is show by (A6) to (A7¢c) when r < 2 and (A10b) to
(A12b) when r > 2 in Appendix. In addition, the equilibrium concentration of homo-dimer remain
small for all values of xy/yo. Slow phosphorylation of R-Smad makes the phosphorylated R-Smad

monomers supplied gradually, which converts homo-dimer to homo-trimer efficiently.

14



6 Clear switching by using trimers rather than dimers

The result obtained from the basic oligomerization model analytically reveal that the oligomer-
ization itself plays important role in predominantly producing the heteromeric complex of Smad
that regulates the target gene expression in response to TGF-7 signal. Next, we investigate what
difference between dimerization and trimerization. Especially, the function of oligomerization for
specificity of the signal transduction is focused. We apply our simplified model to explain the
switching mechanism for the expression of Smadl and Smad2 in response to the relative concen-
trations of ALK-1 and ALK-5 signals reached to the endothelium cell. This result indicate that

trimerization affect distinguishing the signal under the mixed ligand.

ALK-1 and ALK-5 are known to be simultaneously expressed in endothelial cells as TGF-3
receptor(Goumans et al., 2003; Goumans et al., 2002). ALK-1 and -5 have conflicting effect for
each other. ALK-1 can phosphorylate Smad-1/5 as R-Smad and activate Smad-1/5 pathway that
introduce cell proliferation and migration. On the other hand, ALK-5 can phosphorylate Smad-
2/3 as R-Smad and activate Smad-2/3 pathway that repress cell proliferation and migration. The
balance between the activity of Smad-1/5 pathway and that of Smad-2/3 pathway determine the
cell fate of endothelium. It is reported that the amount of ALK-5 mRNA is higher than that of
ALK-1 in bovine aortic endothelium. Inversely ALK-1 is higher in bovine corneal endothelium.
The response of endothelium for TGF-3 signal is different depending on the ratio of expression

level of ALK-5 to that of ALK-1.

We consider the effect of Smad complex formation on the degrees of activation of two alter-
native signal transduction pathways in endothelium. Our basic oligomerization model is extended
to include two R-Smads. Smad-1/5 (i.e., Smad-1 or Samd-5) and Smad-2/3 are designated by
R; and Reg, respectively. The rule of oligomerization is the same as the previous model. That is,

R-Smad can interact with both R-Smad and Co-Smad. Co-Smad can interact only with R-Smads.
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The reaction equation of dimerization is

Ri+R; — RiRy, (4, =1,2),

R,+C — RC, (i=1,2).

Three dimer composed of only R-Smads (R1R1, RiRg, RoR2) can interact with two R-Smads and
Co-Smads further to form trimer. While two hetero dimers (R;C, RoC) can interact with two
R-Smads. As a result, 7 kinds of trimers (R;R;R;, RiR1R2, R1R2R2, RaRoRe2, R1R1C, R1R2C,
R2R2C) are produced by this complex formation. the chemical reaction equations for trimerization

are

RZ‘RJ' + Rj - RiRija (Zvjak =1, 2)7
RiR; +C — R;R;C, (i,j =1,2),

R,C+R; — R;R;C, (1,7 =1,2).

The trimer composed of two Ris and one C is final product of the signal transduction
introduced by ALK-1. While RoRsC is the final product of the signal transduction introduced by
ALK-5. To compare the equilibrium concentration of these two trimers, activity ratio of ALK-1 to

ALK-5 signal transduction are investigated.

The time change of each concentration are given by the law of mass action. The equilibrium
concentration is obtained as the concentrations after sufficiently long time has passed. It is assumed
that the initial concentration of R; and Re are proportional to the expression level of ALK-1 and

-5, respectively.

The ratio of the equilibrium concentration of RiR;C (the signal transducer of ALK-1) to
that of RoRoC (the signal transducer of ALK-5) is plotted against the ratio of the initial concen-
tration of R; to that of Ry in Fig 8, in logarithmic scales in both axes. Dashed line show the same
results when the final products are hetero-dimers rather than hetero-trimers. Comparison of these

two curves shows that the switching between a hetero-trimer and another hetro-trimer by changing

16



the initial R-Smads concentration is much sharper than than the switching between hetero-dimers.

7 Discussion

We construct a mathematical model of the TGF-g signal transduction following the Schmierer’s
model and extended it by including the trimerization of Smad. Even when trimerization is taken
into consideration, the Schmiere’s compartmentalized model explain the predominant production of
the heteromeric complex of Smad. We however found the qualitatively quite similar results by using
the single-compartment model for what Smad species is predominantly produced as a function of
the ratio of the initial concentration of R-Smad to that of Co-Smad. To understand what determines
the predominant Smad species, we compare the results of compartmentalized model with that of
single-compartment model (2) and the further simplified one-way oligomerization model (5). Tough
the conversion efficiency from Smad monomer to trimer increases in the one-way oligomerization
model (5), the relationship between predominant Smad species produced in response to the signal
and R/C ratio is qualitatively conserved. We investigate the equilibrium concentration of Smad
oligomers in one-way oligomerization model. The equilibrium concentrations of Smad oligomers are
determined by the ratio of R/C ratio. When R/C ratio is low, the hetero-dimer is predominantly
produced. The predominant produced heteromeric complex shifts from the hetro-dimer to hetero-
trimer as R/C ratio increases. It is reported that Smad homo-oligomer cannot be detected when
Smad4, which is Co-Smad, is expressed excessively (Kawabata et al., 1999), as is compatible with
our result. It is reported that the hetero-oligomer of Smad can contribute to regulate the target
gene expression in response to the TGF-3 signal. On the other hand, the function of homomeric
complex of Smad is not clear yet. The predominant production of the heteromeric complex of Smad
that regulate the target gene expression is reasonable for the TGF-3 signal transduction. Our
model reveals that not only the compartmentalization of cell but also preferential accumulation of
Smad in oligomerization process promotes the predominant production of the heteromeric complex

of Smad, especially when R/C ratio is small. Our one-way oligomerization model is very useful
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to analytically understand which oligomer is predominantly produced depending on R/C ratio.
Especially, the result obtained from two-compartment model well correspond to that from one-way

oligomerization model as the expression level of R- and Co-Smad increases.

Next we consider the phosphorylation speed of R-Smad. The speed of phosphorylation is
determined by the concentration of active TGF-f receptor complex, R, and association constant
between R-Smad and TGF-f3 receptor, 5. The slow phosphorylation decrease the intermediate
homo- and hetero-dimer when the initial concentration of R-Smad is larger than that of Co-Smad.
Slow phosphorylation ensures a larger parsistence of active R-Smad monomer which can bind both
monomer and dimer. Though the hetero- and homo-trimer are increased by the slow phosphoryla-
tion, it takes more time to accumulate the final product. Within a finite time scale, an intermediate
phosphorylation speed of R-Smad is can maximize the concentration of homo- and hetero-trimer.
The conversion efficiency of the protein complex formation is discussed in (Nakabayashi & Sasaki,

2006) in the same context.

We investigate the effect of import rate of R- and Co-Smad, Krj,, and Kc¢;), for the Smad

in>
oligomerization in response to the signal. Our two-compartment model reveals that the effect of
the import rate of R-Smad to nucleus is different from that of Co-Smad. The initial R/C ratio
maximizing the hetero-trimer in the nucleus increases as Kr;,, increases as shown in Fig 5-A. Con-
versely, the R/C ratio maximizing the hetero-trimer in the nucleus decreases as Kcj,, increases
as shown in Fig 5-B. When R-Smad monomer is accumulated in the nucleus with a high import
rate of R-Smad, the accumulation of Smad oligomers including the R-Smad is enhanced, but the
total amount of phosphorylated R-Smad produced during the signal transduction decreases because
R-Smad is phosphorylated in the cytoplasm but not the nucleus. As a result, the production of
the Smad oligomers is suppressed as the import rate of R-Smad to nucleus increases. On the other
hand, the Co-Smad in the nucleus can associate with R-Smad as well as in the cytoplasm. The

accumulation of Co-Smad in the nucleus with high import rate does not influences the oligomer-

ization of Smad. The relatively higher import rate of Co-Smad than R-Smad is advantageous for
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the predominant production of heteromeric complex of Smad. Under this condition, it is necessary

to express more R-Smad to produce the homomeric complex of Smad.

Next, we also examine the advantage of trimerization over dimerization in switching gene
expression with two TGF-( receptor. We apply the one-way oligomerization model for the mixed
receptor complex in endothelial cells. ALK-1 and ALK-5 are simultaneously expressed in endothelial
cells as type I receptor (Goumans et al., 2002; Goumans et al., 2003). ALK-1 and -5 activate
Smad-1/5/8 and Smad-2/3, respectively. We expand the model to include two R-Smads. The
relative activity is evaluated by the ratio of equilibrium concentration of the trimer composed of
two Smad-1/5/8 molecules and one Smad-4 (R;R;C) to that of the trimer composed of two Smad-
2/3 molecules and one Smad-4 (RoRoC). When the final product is trimer, the ratio of the initial
concentration of Smad-1 to that of Smad-2 is significantly amplified in the final products. When
the final product is dimer the amplification of the ratio of initial concentration of Smad-1 to that of
Smad-2 becomes smaller than 1, indicating that the ratio in the final products is decelerated from

that of the initial monomer concentrations.

The specific interactions between TGF-3 ligand and type II receptor, type Il and type
I receptor, type I receptor and R-Smad are designed for the specificity of signal transduction.
ALK-1—Smad-1/5 signal transduction pathway has the conflicting effect against ALK-5 — Smad-
2/3 signal transduction pathway (Byfield & Roberts, 2004). Cells receive mixed signal, but must
determine their fate uniquely. Though either ALK-1 or ALK-5 is expressed in many cells, the
stoichiometry of ALKs in the ligand receptor complex determine the final activity of TGF-3 signal
in endothelial cells. Our model reveals that the small difference between ALK-1 and -5 in the
active receptor complex is amplified by trimerization but not by dimerization of Smads. The
trimeric complex of Smad is useful for the clear switching of the mixed signal. This clear switching
is caused by the competition between Smad-1/3/8 and Smad-2/3 over the Co-Smad, but not explicit

inhibition each other.
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Appendix A

two-compartment model of TGF-g signal transduction is described as follows:

7.1 TGF-j3 receptor activation and degradation

d[TGFf]

= ~a[TGFP)[TAR]
d[Tde] —a[TGFA|[TBR]
d[ij*J — o[TGFB|[TBR] - 5,[TBR]

7.2 Cytoplasmic compartment

d ngt B 1 pCY cyt nuc
o = IBRIRG — Krig Ry”” + Kroue Ry

C”jgfw = ’V[TﬁR*}ngt - K "”ianyt + Kroue R
— Rt (2u1Rfyt + 2R 4 s O 1 1S yt)
+220 B+ 20, R + 25050+ acsY

cfgw :-JGER?V+m(R??2_MR9t
B (B ) 20 R 4 a0

d]fzgtyt = K BV RYERSYY o), RSV

d(fil(:fw - *Kcinclcyt + Kcout CT°
ot (ustyt + %ngt) + 23057+ As05Y

. et et

—ua RV O oY

dCy yt N ek cyt eyt ~cyt YVt _ oVt

e cnCs” + a7 O = MG+ ps Ry O = AsCy
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7.3 Nuclear compartment

dRIC
dt

dRMC
dt

dRYC
dt

dRpuC

dt
donue

dt

Cgluc
dt

dopuc
dt

K TinRSyt - K routR(gl He 4 5pR]1auC

K TinR(ljyt - K routR{luc - 5pR{luC

~RIMC (20 RIMC 4 iy REUC 4 i ORC 11, CF)
F20 Ry 4 220 RYYC + A3 05MC + M CMC
Koy RYY 4y (RIUC)? -\ RRUC

=Ry (2 RN + psCTYC) 4+ 200 RFMC + A5O3
Kri REC + iy RPMCREMC — 2)9 RYMC

K Cinclc ye_ Keout Ot

—OMC (3 RV 4 1 RIIC) 4 )y OIUC 4 A5 R
Ki*ncgyt + p3RPMCOTNC — A3C3MH¢
_#4R{IUCC§IUC 4 )\4C§1uc

* t
Kt O3 4 pg RIMCCHNC — 2\ CRUC 4 s REVCOTUC — \;03C )

Abbreviations, parameters and chemical reaction equations are summarized in Tablel,2 and 3.
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Appendix B

Here we derive the analytical formula for the final concentration of homo-dimer, hetero-dimer,
homo-trimer and hetero-trimer as a function of the ratio of initial concentration of R-Smad to
Co-Smad monomers. Assuming p = 0 in Eq(6) and Eq(3) in the text, rescaling time, and letting

A = R/« yields

dxg

— pu— - 1
dt Ao e
dr

L= o - w2+t ) (A1b)
dr

CT; = 23— ma(v1 + 1) (Ale)
dr

W - one o
d

c?thl = —yi(z1 + 12) (Ale)
d

% = T1Y1 — Y221 (ALf)
d

% = T1Y2 + T2y1 (Alg)

with the initial conditions: z(0) = /(1 +r), y1(0) = 1/(1 +r), ;(0) =0 (: = 1,2,3), 4:(0) = 0

(i=2,3).

Slow phosphorylation and r < 2

Assume that A is small (slow phosphorylation), and that the initial Co-Smad monomers are more
abundant than R-Smad (inactive) monomers. The active R-Smad monomers are only gradually
supplied, which are then rapidly consumed by its binding to abundant Co-Smad monomers. We

therefore expect that R-Smad monomers and home-dimers remain small. Let us rescale the time
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in unit of the mean phosphorylation time as T" = At, and let x1 = AX1, z9 = A X5 to have

dZC()

ar = o (A2a)
B = S Xiln + )~ Xa(2X1 + X) (A2b)
% = Xl(Xl_X2)_§X2y1 (A2c)
% — AXIXs (A2d)
% = —y (X1 + X)) (A2e)
W2~ Xaln - w) (A2
% = (X1y2 + Xoy1) (A2g)

For A — 0 we see that xog — X1(y1 +y2) = 0 and X ~ 0, 23 ~ 0 to have the approximate system

d.it‘()

a7 = Xty (A3a)
% = —ynXy (A3b)
B~ X w) (A3
% = X1y2 (A3d)

Introducing
T
T= / X1(s)ds,
0
we have a linear system

dzo

d = —(y1 +y2) (Ada)
-
d
—dyl = - (A4b)
-
dys

— _ A4
dr Y1 — Y2 ( C)
dys

— A4dd
dr Y2 ( )

with zo(0) =r/(1+7) and y1(0) =1/(1 + 7).
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Solving this linear equations

1

wr) = e 2eT - @2 n) (A5a)
n(r) = 1ire_7 (A5b)
() = 1iTTe_T (A5c)
ys(r) = 1ir{l—(1+7)6_7} (A5d)

At the equilibrium zg must vanish and hence

(2—71)=(Too +2)e "=. (A6)

With 7., defined above (which is well defined if r < 2), the equilibrium concentrations are expressed

as
2—r 1
o ‘ A
4 147 2475 (A7a)
j 2T _Teo (r<?2) (A7h)
g . r
2 T+r 2+ 7 ’
. 1 r+ (r —1)7eo

1+ 2+ 7o (A7c)

In this approximation, all R-Smads are converted either to RC or RRC. Indeed, using (A6) and
(A7) we can show that

) T
y2+2y3—71+r 70(0). (A8)

Slow phosphorylation and r > 2

Now we assume that initially R-Smads are more than twice as abundant as Co-Smads, keeping the

assumption of small A.

Co-Smad monomers are gradually but consistently consumed because active R-Smad monomers

are consistently produced until all the Co-Smad monomers are used up. With the same reason all
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the heterodimers (RC) are converted to heterotrimers. Thus the conservation of Co-Smads

1
— A9
Y1+ Y2 + ys 1+r ( )

applied at equilibrium then yields

91 =792 =0, (A10a)
1
U= 1, (r>2) (A10Db)

Slow supply of active R-Smad monomers also guarantees that nearly all the monomers are

converted to trimers (Nakabayashi and Sasaki 2006). Hence at equilibrium #¢ = 21 = 0 and 22 = 0.

The conservation of R-Smads

r
xo+ 1+ 222 + 323 + Yo + 2y3 = m (All)
applied at equilibrium then yields
To =21 =22 =0, (Al2a)
(A12b)

. r—2
xgzm. (r>2)

To summarize, the approximate equilibrium concentration of Smad complexes in the limit
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of slow phosphorylation (A — 0) are given as a function of r = xy/yp as g = 1 = 0 and

#y=[RR] = O, (A13)
(O, (r<2),
iy=[RRR] = { (A14)
3(1+T)7 (T > 2)’
2 — 1
. , (r<2),
p=[c] = ¢IFr 247 (A15)
LO, (r>2),
2_ [e'e)
(20 T (<),
gp=[RC] = {1F7T 247 (A16)
0, (r>2),
1 r+(r—17re (r <2)
T (r>2).

Here 7 is defined as the unique positive root of (A6) which exists for r < 2.

26



References

Byfield, S. D. & Roberts, A. B. (2004). Lateral signaling enhances TGF-3 response complexity.

Trends Cell Biol, 14 (3), 107-111.

Feng, X. H. & Derynck, R. (2005). Specificity and versatility in TGF-# signaling through Smads.

Annu Rev Cell Dev Biol, 21, 659-693.

Goumans, M. J., Valdimarsdottir, G., Itoh, S., Lebrin, F., Larsson, J., Mummery, C., Karlsson,
S. & ten Dijke, P. (2003). Activin receptor-like kinase (ALK)1 is an antagonistic mediator of

lateral TGFP/ALKS5 signaling. Mol Cell, 12 (4), 817-828.

Goumans, M. J., Valdimarsdottir, G., Itoh, S., Rosendahl, A., Sideras, P. & ten Dijke, P. (2002).
Balancing the activation state of the endothelium via two distinct TGF-(3 type I receptors.

EMBO J, 21 (7), 1743-1753.

Green, J. (2002). Morphogen gradients, positional information, and Xenopus: Interplay of theory

and experiment. Dev Dyn, 225 (4), 392-408.

Gurdon, J. B. & Bourillot, P. Y. (2001). Morphogen gradient interpretation. Nature, 413 (6858),

797-803.

Hill, C. S. (2001). TGF-g signalling pathways in early Xenopus development. Curr Opin Genet

Dev, 11 (5), 533-540.

Inman, G. J. & Hill, C. S. (2002). Stoichiometry of active Smad-transcription factor complexes on

DNA. J Biol Chem, 277 (52), 51008-51016.

Kawabata, M., Imamura, T., Inoue, H., Hanai, J. I., Nishihara, A., Hanyu, A., Takase, M., Ishidou,
Y., Udagawa, Y., Oeda, E., Goto, D., Yagi, K., Kato, M. & Miyazono, K. (1999). Intracellular
signaling of the tgf-8 superfamily by smad proteins. In Anticancer Molecules: Structure,

Function, and Design vol. 836, of Ann N Y Acad Sci pp. 73-82.

27



Kawabata, M., Inoue, H., Hanyu, A., Imamura, T. & Miyazono, K. (1998). Smad proteins ex-
ist as monomers in vivo and undergo homo- and hetero-oligomerization upon activation by

serine/threonine kinase receptors. EMBO J, 17 (14), 4056-4065.

Massague, J., Seoane, J. & Wotton, D. (2005). Smad transcription factors. Genes Dev, 19 (23),

2783-2810.

Miyazono, K. (2000). Positive and negative regulation of TGF-f signaling. J Cell Sci, 113 (7),

1101-1109.

Moustakas, A. & Heldin, C. H. (2002). From mono- to oligo-Smads: The heart of the matter in

TGF- signal transduction. Genes Dev, 16 (15), 1867-1871.

Nakabayashi, J. & Sasaki, A. (2006). A mathematical model for apoptosome assembly: The optimal

cytochrome c/Apaf-1 ratio. J. Theol. Biol. 242 (3), 280-287.

Podos, S. D. & Ferguson, E. L. (1999). Morphogen gradients - New insights from DPP. Trends

Genet, 15 (10), 396-402.

Schmierer, B., Tournier, A. L., Bates, P. A. & Hill, C. S. (2008). Mathematical modeling identifies
smad nucleocytoplasmic shuttling as a dynamic signal-interpreting system. Proc Natl Acad Sci

US A, 105 (18), 6608-13.

Shi, Y. G. & Massague, J. (2003). Mechanisms of TGF-f signaling from cell membrane to the

nucleus. Cell, 113 (6), 685-700.

ten Dijke, P. & Hill, C. S. (2004). New insights into TGF-3-Smad signalling. Trends Biochem Sci,

29 (5), 265-273.

ten Dijke, P., Miyazono, K. & Heldin, C. H. (2000). Signaling inputs converge on nuclear effecters

in TGF-( signaling. Trends Biochem Sci, 25 (2), 64-70.

Wu, J. W., Fairman, R., Penry, J. & Shi, Y. G. (2001). Formation of a stable heterodimer between

Smad2 and Smad4. J Biol Chem, 276 (23), 20688-20694.

28



Yeo, C. Y., Chen, X. & Whitman, M. (1999). The role of FAST-1 and Smads in transcriptional
regulation by activin during early Xenopus embryogenesis. J Biol Chem, 274 (37), 26584~

26590.

29



actual name name in the model abbreviation | stoichiometry | one-way model
Smad-1-2 -3 -5 -8 inactive R-Smad Ro o
phosphorylated R-Smad Ry R 1
homo-dimer Ro RR T
homo-trimer Rs RRR T3
Smad-4 Co-Smad Cy C Y1
hetero-dimer Co RC Y
hetero-trimer Cs RRC Y3

Table 1: The stoichiometry of various Smad complexes
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1 TGF3+ R % R receptor activation
2 R* + ngt LRy phosphorylation
3 Rcyt L R{H1C shuttling
Tout
Rcyt<:RnuC shuttling
Krout
Kr
cy vt cpuc shuttling
Krout,

Rcyt + Rcyt _,Rcyt complex formation in cytoplasm

Rcyt + Rcyt—’RCyt complex formation in cytoplasm

M3
Rcyt nytTéCQC vt complex formation in cytoplasm
3

Ha
Rfyt + C’QC yt;)\_chc’: yt complex formation in cytoplasm
4

10

M5
ngt i Ccyt_, Ccyt

complex formation in cytoplasm

11

RbuC 4 R?UCL RuuC
A1

complex formation in nucleus

12

2
R{IUC + Rgluc—>R£1uc

complex formation in nucleus

13

RuC 4 onuc i‘icgluc
A3

complex formation in nucleus

14

RuC 4 cmuc &C?l’quc
A4

complex formation in nucleus

I
15 | REMC + C’fluca_‘s:C’?uc complex formation in nucleus
5
cvt Krr
16 | Ry L, ghuc shuttling
Kr¥
17 | RY® I, pouc shuttling
Ker
18| ¢t 0, cnue shuttling
Kcr
19| oWt i, cnuc shuttling
é
20 RPUC 2, ROUC dephosphorylation

Table 2: chemical reaction equation
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abbreviations value units reactions
Kri, 0.0026 st import rate of R-Smad monomer
Krou 0.0056 s—1 export rate of R-Smad monomer
Kcn 0.0026 st import rate of Co-Smad monomer
Keout 0.0026 g1 export rate of Co-Smad monomer
Kr;, 5.7 X Kriy s71 import rate of homomeric complex of Smad
Kc;, 5.7 x Keip st import rate of heteromeric complex of Smad
«a 0.074 nM~ts~! TGF3-receptor association
¥ 0.0004 nM~—! 571 phosphorylation
Or 0.00005 g1 active receptor degradation
Op 0.00657 s71 dephosphorylation
W1 2 [3 g s 0.0018 nM~1s! complex formation
Al A2 A3 g A5 0.016 51 complex dissociation
[TGF-£5](0) 1.0 nM initial concentration of TGF-3
[TAR](0) 1.0 nM initial concentration of TGF-f receptor
ngt (0) + RFM™C(0) 89.1 nM total concentration of R-Smad
nyt (0) + CTUC(0) 101.6 nM total concentration of Co-Smad

Table 3: parameter

32




L

o o,
q_P — @ = - degradation

Y
r . Krin Kr Kc Kc K"~

out in out in

Org ORE
® e = vo”
® @R (¢ -

O® (¢
bt %

Figure 1: Schematic illustration of TGF-3 signal transduction pathway. Type II TGF-3 receptor
binds TGF-3 ligand forming heteromeric complex with type I receptor. Type I receptor recruit
and phosphorylates receptor mediated Smad (R-Smad). Phosphorylated R-Smad can bind each
other or common mediator Smad (Co-Smad). Smad monomers are reversibly imported and ex-
ported from cytoplasm and nucleus. On the other hands, Smad complexes irreversibly move into
nucleus and regulate the transcriptional activity of the target genes. Phosphorylated R-Smad is
dephosphorylated only in nucleus.
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Figure 2: Time course of the Smad signal transduction obtained from two-compartment model(7).
A: The concentrations of Smad monomers in cytoplasm are plotted. Smad is phosphorylated
when the signal transduction started at time 0. After sufficiently long time for the degradation

of the active receptor complex has passed, ngt and CIC yt are restored to the normal condition.
B: The concentration of Smad oligomers in cytoplasm are plotted. The concentrations of Smad
oligomers in cytoplasm are small because Smad oligomers is irreversibly transported to nucleus.
C: The concentrations of Smad monomers in nucleus are plotted. Contrary to cytoplasm, the
initial concentration of Co-Smad in nucleus is higher than that of R-Smad monomer in nucleus
because export rate of Co-Smad is smaller than that of R-Smad. R} is rapidly consumed by the
oligomerization and is dephosphorylated in nucleus. D: The concentrations of Smad oligomers in
nucleus are plotted. Hetero-dimer (RC™C) is predominantly accumulated in nucleus in response
to the signal in this condition. The concentration of hetero-trimer (RRC™€ becomes higher than
that of homo-dimer (RR™€) in nucleus. Homo-trimer is hardly accumulated in nucleus as well
as in the cytoplasm. Parameters: a = 0.074[nM~'s!], v = 0.0004[]nM~!s~!], 6, = 0.00005[s7!],
6p = 0.00657[s71], p1 = po = pg = pa = ps = 0.0018MM s, Ay = Xo = A3 = My = X5 =
0.016[s7], K7y = 0.0026[s7Y], Krouwr = 0.0056[s71], Kcin = 0.0026[s7Y], Kcowr = 0.0026[s71].
Initial conditions: [TGF-3] =1.0[nM], [TAR]=1.0[nM], total Ry = 89.1[nM], total C; = 101.6[nM].
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Figure 3: The relative peak concentrations of Smad oligomers to the initial Smad concentrations are
plotted as a function of the initial R/C ratio. The initial concentration of Co-Smad is fixed as 101.6
[nM] and the concentration of R-Smad is varied from 10.16 [nM] to 5000.16 [nM]. Smad hetero-
dimer (RC) are dominantly produced when R/C ratio is small or intermediate. As the R/C ratio
increases, both hetero-trimer and homo-trimer are accumulated and homo-dimer are accumulated
when R/C ratio is sufficiently large. The hetero-dimer is maximized around when R/C ratio is 2.
On the other hand, hetero-trimer is maximized around R/C ratio is 5.
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Figure 4: The relative peak concentrations obtained from single-compartment model (2). As well
as shown in Fig 3, the relative peak concentration is plotted as a function of R/C ratio. The graph
is slightly shifted to left as compare with Fig 4. The concentration of hetero-dimer is maximized
when R/C ratio is 1 and hetero-trimer is maximized when R/C ratio is from 3 to 4.
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Figure 5: A: The effect of the import rate of R-Smad. The peak concentrations of all Smad
oligomers monotonically decrease depending on the ratio of the import to the export rate constant
of R-Smad. The accumulation of R-Smad in nucleus inhibits the phosphorylation of R-Smad. B:
The effect of the import rate of Co-Smad. The peak concentration of heteromeric complex of Smad
is specifically increased by increasing the import rate of Co-Smad. The predominant production

of heteromeric complex of Smad is enhanced by the accumulation of Co-Smad to nucleus but not
R-Smad.
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Figure 6: A: The relative peak concentration of Smad oligomers in two-compartment model when
the expression level of R- and Co-Smad is large (100 times Co-Smad expression in Fig 4). The
peak concentration of hetero-trimer increases as compared with Fig 3. Though the conversion
efficiency is changed depending on the expression level of Smads, the relationship between R/C
ratio and the predominant Smad species is qualitatively conserved. Hetero-dimer is predominantly
produced when R/C ratio is small and intermediate. And then, hetero-trimer is maximized when
R/C ratio becomes 2. The threshold R/C ratio switching both from homo-dimer to hetero-trimer
and from hetero-trimer to homo-trimer becomes clear. The result obtained from two-compartment
model becomes close to Fig 7 as Smad expression increases. B: The relative peak concentration of
Smad oligomers in single-compartment model when A = 0. As well as Fig 6-A, the relative peak
concentration of hetero-trimer increases. The conversion efficiency of Smad complex formation from
monomer to oligomers is improved by omitting the dissociation of Smad complex.
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Figure 7: Analytical result which Smad species is predominantly produced. This graph show the
case when R-Smad is slowly phosphorylated with small SR (SR = 0.001). Green solid, blue dashed
and red small dashed line show the concentration of hetero-dimer, hetero-trimer and homo-trimer,
respectively. Lines and dots indicate the analytical results obtained in Appendix and the numerical
results, respectively. The concentration of Homo-dimer are almost 0 around the all region. This
result well coincides with the results obtained from both two-compartment model with the large
Smads expression in Fig 6-A and from single-compartment model without dissociation in Fig 6-B.
The conversion efficiency from dimer to trimer is improved by the slow phosphorylation of R-Smad
in the following sense (Nakabayashi & Sasaki, 2006). The slow phosphorylation decreases the
final concentrations of homo- and hetero-dimer when the initial concentration of R-Smad is large,
because it prolongs the period during which phosphorylated R-Smad monomer can contribute to
form the homo- and the hetero-trimer.
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Figure 8: The ratio of the final product induced by the ALK-1 signal (R1R1C) to that induced
by the ALK-2 signal (RaR2C) as a function of the initial ratio of the two signals (solid line). For
comparison the corresponding quantity when the final product was dimer (R;C to RgC) rather
than trimer is plotted as dashed line. The slope becomes larger than 1 (small dotted line) when the
final product is trimer. In the right end of this graph, the initial 10 times ratio Smad-1/Smad-2
is enhanced about 50 times if the final product is trimer, but will be reduced to 5 times if it were
dimer. This result indicates that more accurate switching in response to ligands is realized in
ALK-1/ALK-2 signal transduction by the use of trimer rather than monomer or dimer.
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