Scaffold proteins may biphasically affect the levels of
mitogen-activated protein kinase signaling and
reduce its threshold properties
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In addition to preventing crosstalk among related signaling path-
ways, scaffold proteins might facilitate signal transduction by
preforming multimolecular complexes that can be rapidly activated
by incoming signal. In many cases, such as mitogen-activated
protein kinase (MAPK) cascades, scaffold proteins are necessary for
full activation of a signaling pathway. To date, however, no
detailed biochemical model of scaffold action has been suggested.
Here we describe a quantitative computer model of MAPK cascade
with a generic scaffold protein. Analysis of this model reveals that
formation of scaffold-kinase complexes can be used effectively to
regulate the specificity, efficiency, and amplitude of signal prop-
agation. In particular, for any generic scaffold there exists a
concentration value optimal for signal amplitude. The location of
the optimum is determined by the concentrations of the kinases
rather than their binding constants and in this way is scaffold
independent. This effect and the alteration of threshold properties
of the signal propagation at high scaffold concentrations might
alter local signaling properties at different subcellular compart-
ments. Different scaffold levels and types might then confer
specialized properties to tune evolutionarily conserved signaling
modules to specific cellular contexts.

he mitogen-activated protein kinase (MAPK) cascades are

an evolutionary conserved feature of a variety of receptor-
mediated signal transduction schemes (1-3). A MAPK cascade
consists of three sequentially acting kinases. The last member of
the cascade, MAPK, is activated by dual phosphorylation at
tyrosine and threonine residues by the second member of the
cascade: MAPKK. MAPKK is activated by phosphorylation at
threonine and serine by the first member of the cascade:
MAPKKK. Activation of MAPKKK apparently proceeds
through different mechanisms in different systems. The cascade
reactions occur in the cytosol with the activated MAPK phos-
phorylating various targets in the cytosol and nucleus.

At least one property of a MAPK cascade that permits its
consideration as a separate module in the signal transduction
pathway is the existence of scaffold proteins (4-6). These
proteins have been proposed to serve as organizing centers for
signal transduction because they can bind several members of a
signaling cascade to form a multimolecular complex. Scaffolds
were first identified in yeast, with a member of the mating
pathway Ste5 serving as the prototype (3, 7-10). Functionally
analogous proteins in mammalian cells include MP1 specifically
binding MAPKK MAPK kinase/ERK kinase (MEK) and
MAPK extracellular signal-regulated kinase (ERK)-1 (11), INK-
interacting protein (JIP)-1 binding MAPKKK MLK, MAPKK
MKK?7, and MAPK c-Jun kinase (JNK) (12), and KSR-1,
interacting with MEK and ERK (13-15). In addition, MEKK1
can serve both as a scaffold and as MAPKKK, interacting
specifically with MAPKK MKK4/7 and MAPK JNK (1, 6, 16).
Scaffolds are also found in signaling pathways other than MAPK
cascade, implying that their function is general (17, 18).
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One function of scaffold proteins might be to reduce the extent
of crosstalk between different pathways sharing molecular com-
ponents (1, 6). For example, Ste5 specifically binds the MAP-
KKK Stell, the MAPKK Ste7, and the MAPK Fus3. Because
Stell participates in at least two other pathways and Ste7 in one
other pathway, formation of a preexisting signaling complex by
SteS5 specifically connects Stell and Ste7 to Fus3 and facilitates
activation of this but not other MAP kinases. Another putative
yeast scaffold protein Pbs2, itself a MAPKK, specifically medi-
ates activation of the MAPK Hogl by Stell in response to
osmotic stress (10). However, the presence of scaffolds, although
potentially necessary, is not a sufficient condition for absence of
Stell-mediated crosstalk in yeast. Indeed, elimination of the
negative feedback from Hogl to the elements upstream in the
pathway resulted in a high-degree mating pathway crossactiva-
tion despite continued presence of the scaffold proteins (19).

Although it is likely that scaffold proteins increase the spec-
ificity of signaling by physically separating various signaling
complexes, their function may not be limited to this. Indeed, it
is invariably observed that the rate of kinase activation within a
scaffold complex is higher than in solution. At the same time,
having a scaffold-type linker molecule in excess may lead to
separation of kinases into nonfunctional complexes and inhibit
signaling. How then can addition of a scaffold molecule be
predicted to modify the rate and amplitude of signal transduction
in a multikinase pathway?

Here we attempt to study numerically the role of a generic
scaffold protein in a MAPK pathway. We show that the presence
of the optimal scaffold concentration can substantially increase
the signaling output. If the scaffold concentration is greater than
optimal, a significant decrease in signaling can occur. The value
of the optimal concentration and the effect of the scaffold on
threshold properties of the signaling are also examined.

The Mathematical and Computational Model

The model is based on the mathematical description of MAPK
cascade as a series of phosphorylation reactions as proposed
previously (20-22). The core of the model consists of a system
of ordinary differential equations (ODESs) describing sequential
phosphorylation of the kinases of the MAPK cascade and their
dephosphorylation by the corresponding phosphatases. Only
dually phosphorylated MAPKK and MAPK are presumed to be
active. The ODE:s are derived from the general description of
enzymatic reactions based on Michaelis-Menten kinetics. Each
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Fig. 1. Various kinase-scaffold combinations (scaffold species) C; postulated
by the model and transitions among them. Transitions by kinase association or
dissociation (magenta arrows; only transitions for C; are shown for clarity) and
intrascaffold reactions (red arrows) are allowed in the model. P designates
phosphorylation of a kinase.

reaction scheme is of the following form:

a T
S+ E=SE—P + E,
d

where S is the substrate, E the enzyme, and P the product of the
reaction proceeding with corresponding association (a), disso-
ciation (d), and reaction (r) constants. The assumptions under-
lying this model can be found in the studies referred to above.
This treatment has been adequate for prediction of many key
properties of MAPK cascade in various experimental systems.

We extended this model to include explicitly various molecular
scaffold species corresponding to all possible scaffold—kinase
complexes, as illustrated for a two-member scaffold in Fig. 1.
Transitions between different scaffold complex species can be
caused by binding of various kinases to the scaffold, their
dissociation from it, and phosphorylation reactions taking place
between kinases bound to a scaffold molecule. Dephosphoryla-
tion of kinases in scaffolded complexes was assumed to be
precluded because of sterical obstruction of the phosphate
groups (relaxation of this assumption does not change the results
appreciably with the parameters chosen).

We made additional assumptions based on experimental
studies of a two-member scaffold MP1 (11) and the putative
scaffold MEF (23). In particular, Schaffer et al. found that “MP1
was without effect on MEK-1 previously activated by phosphor-
ylation in vitro by B-Raf, suggesting that MP1 interacts prefer-
entially with inactive or partially active MEK-1.”” Although this
finding is related specifically to active MAPKK, we assumed that
the same is true for MAPK-scaffold interaction. Hence our first
assumption: (7) there is no binding of partially or fully activated
MAPKK or MAPK to the scaffold. The same study finds that
“MP1 increases the ability of MEK-1 to be activated by B-Raf
and also enhances the ability of mutationally activated MEK-1
to activate ERK in vitro.” In addition, the data on a putative
scaffold MEF revealed that, in the absence of MEF, both
phosphorylations of MAPK necessary for activation are simul-
taneous, whereas in the absence of MEF, the second phosphor-
ylation is delayed by about 20 min (23). We interpreted these
findings as indicating that activation of MAPK within a scaffold
is processive, that is, both phosphorylation reactions occur at the
same time. We therefore assumed that: (if) the activation of
MEK and MAPK when bound to a scaffold is processive rather
than distributive with the reaction rate equal to the rate of a
single phosphorylation reaction. The remaining assumptions
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are: (iii) kinases bind to the scaffold independently of one
another, i.e., there is no cooperativity in the binding; (iv) scaffold
molecules do not possess catalytic properties, so that the reaction
rates within a scaffold complex and in solution are equal. Thus,
according to assumption v, any increase in MAPK activation
because of the scaffold is caused by making the corresponding
reactions less diffusion limited and hence more reaction limited.
We also assumed that the reactions take place in a homogenous
environment with no additional mechanism for compartmental-
ization of molecules; thus we ignored MAPK translocation to the
nucleus. Because assumptions ii and iii may be invalid for some
systems, we examined the sensitivity of our model to these
assumptions with results described below.

In choosing reaction parameters, we referred whenever pos-
sible to estimates available in the literature (22, 24, 25). The
nomenclature and values of various coefficients used are given
in Table 1 of the supplementary materials (wWww.pnas.org),
unless stated otherwise. The full system of equations describing
MAPK cascade with a generic two-member scaffold can also be
found in the supplementary materials. Because our major goal
was to elucidate possible differences between scaffolded and
nonscaffolded signal transduction, we considered sensitivity of
the observed results to variations in parameters related to the
scaffold proteins, rather than the parameters of the phosphor-
ylation cascade [these studies have been reported by others (22)].

We next developed a MATHEMATICA 3.0 (Wolfram Research,
Champaign, IL) package (available on request) allowing simu-
lation of solutions to these equations. The accuracy of the
numerical simulations was verified by numerically checking the
law of conservation of mass and by running the model with
simplified assumptions allowing analytical solutions. In all sim-
ulations, we first allowed the system to equilibrate in the absence
of signaling, which resulted in simulation of preformation of
scaffold-kinase complexes. The concentrations of these com-
plexes and molecular species were then used as the initial
conditions for simulations of the response to a constant nonzero
signal. The signal was interpreted as the concentration of a
molecule capable of MAPKKK activation. We assumed that the
level of signaling input is unaffected by the signaling output
within the time frame considered. As signaling read-outs, we
used either the concentration of free dually phosphorylated
MAPK (MAPK-PP), not bound to the scaffold, or its time
integral over the first 100 sec of signaling.

Results

1. Kinetics of MAPK Activation. To model the effect of adding a
scaffold protein on kinetics of MAPK activation, we investigated
the time dependence of MAPK-PP production in the presence
or absence of a two-member scaffold (Fig. 24). For the param-
eter values chosen, addition of the scaffold up to approximately
0.3 uM resulted in an earlier onset and increased rate of
MAPK-PP production. As a result, the plateau levels of
MAPK-PP increased. However, as the scaffold concentration
increased above 0.3 uM, MAPK activation slowed down, with
plateau levels decreasing. Thus addition of a scaffold results in
progressive facilitation of MAPK activation only within a limited
range of scaffold concentration. We will discuss below the
reasons for this nonmonotonic behavior.

2. Threshold Properties of Scaffolded Signaling. Presence of thresh-
olds is a common feature of signal transduction systems. As
discussed by Ferrell et al. (24, 26, 27), one of the ways to produce
a threshold or switch-like response is to have a distributive rather
than processive mechanism of dual phosphorylation of MAPKK
and MAPK. The distributive mechanism presupposes that the
two phosphorylation reactions necessary for MAPKK and
MAPK activation are separated by full dissociation of the
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Fig. 2. The role of scaffold proteins in kinetics and input-output sensitivity
of MAPK activation. (A) Kinetics of MAPK activation as a function of a
two-member scaffold concentration. The scaffold concentrations considered
are indicated in the figure. The dashed line represents the kinetics of unscaf-
folded reaction. (B) Dependence of MAPK activation on the level of signaling.
For each scaffold concentration, the kinetics of MAPK activation was com-
puted as in A, and integral over the first 100 sec was plotted as a function of
the signal. The level of the signal corresponds to the concentration in micro-
molars of a MAPKKK activator. The dashed curve represents unscaffolded
reaction. (C) Input-output relationships for various scenarios of reactions in
the scaffold. The processive (all values are divided by four), intermediate, and
distributive (multiplied by 108) reactions are considered (see details in the
text). MAPK activation with no scaffold is presented by the dashed curve for
comparison.

intermediary kinase—substrate complexes, resulting in a sigmoi-
dal signaling input—output curve. Attachment of the kinase and
substrate to a scaffolding molecule might prevent this dissocia-
tion and thus result in the interaction becoming processive, with
signaling losing its threshold properties. In our model, we
assumed processive kinase activation within a scaffold complex
and explored how the presence of various amounts of the
scaffold affected the overall response to the signaling input. As
is clear from Fig. 2B, an increase in the scaffold concentration
from 0 uM to 2 uM resulted in a gradual disappearance of the
sigmoidal character of the response curves, signifying reduction
of threshold character of activation. This effect represents a
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potential qualitative difference between the properties of re-
sponse between scaffolded and nonscaffolded signaling systems.

It may be argued that the threshold reduction observed in Fig.
2B is “built in” to our model by assumption ii (processive rather
than distributive kinase activation within a scaffold). Although,
as described above, there is some experimental support for this
assumption, we considered the effect of its relaxation. First we
note that purely distributive activation would make scaffolds
completely ineffectual. Indeed, in distributive activation of
MAPK by MAPKK, two separate interactions are required for
two phosphorylations. Therefore, that MAPKK needs to disso-
ciate from the scaffold complex after its activation and then
reassociate with the complex twice for MAPK activation, a
situation equivalent to (or, according to our assumption i, less
effective than) activation in solution.

The intrascaffold activation scheme that approaches purely
distributive activation most closely is completely distributive
activation of MAPKK in the scaffold, followed by single phos-
phorylation of MAPK in the scaffold with the second MAPK
phosphorylation to occur in solution, the scenario assumed in
our control studies (Fig. 2C). Another scheme presented in Fig.
2C is an intermediate case of processive MAPKK activation but
with only single MAPK phosphorylation within the scaffold. A
reduction in the sigmoidness of the input—output dependence in
the presence of the scaffold is evident only in the intermediate
distributive activation scenario. The estimated Hill coefficients
at 2 uM of scaffold were 1.3 in the fully processive scheme, 1.45
in the partially distributive, and 1.8 in the maximally distributive
case. Unscaffolded MAPK activation (Hill coefficient 1.85) is
shown in Fig. 2C for comparison. A more detailed dependence
of the Hill coefficient on the scaffold concentration can be found
in supplementary materials (www.pnas.org). As activation is
made more distributive, the absolute value of activity decreases.
In fact, for the parameter values chosen, the maximally distrib-
utive activation within the scaffold leads to a dramatic inhibition
of activation regardless of the scaffold concentration applied.
Thus, although the threshold properties of MAPK activation can
be reconstituted if the reactions occur in a more distributive
manner, the scaffold efficiency in signaling activation decreases.
We predict that various combinations of distributive and pro-
cessive activation suitable for the required signal activation and
threshold reduction properties may occur in particular biochem-
ical scaffolds.

3. Existence of a Scaffold Concentration Optimal for Signaling.
MAPK activation, as plotted in Fig. 2, displays nonmonotonic
dependence of MAPK activation on the variation of scaffold
concentration. To explore this behavior further, we computed
the time integral of the activated MAPK as a function of the
scaffold concentration. This dependence has a clear maximum at
approximately 0.3 uM for the chosen set of parameters (Fig. 34).
Clearly, the presence of a scaffold can have two opposing effects
on the level of response. Because we do not assume that scaffolds
can confer any additional catalytic properties, both these effects
must depend on the efficiency of colocalization of the MAPKK
and MAPK components in the signaling complex.

It has been proposed before that a molecular crosslinker can
promote formation of a macromolecular complex at low con-
centrations and inhibit it at high concentrations. A detailed study
of this “pro-zone” effect has been reported recently (28). The
pro-zone effect (“‘combinatorial inhibition” can be proposed as
a more descriptive term) in terms of the scaffold-mediated
MAPK activation means that at low scaffold concentration,
when both kinases are in excess, formation of a functional
complex containing both kinases is likely, whereas in excess of
the scaffold, nonfunctional complexes containing none or only
one of the kinases become relatively more abundant. This
situation clearly should be true in the absence of signaling, when
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Fig. 3. Existence of an optimal scaffold concentration. (A) Dependence of

MAPK activation (red) and functional scaffold—kinase complexes Cg (blue) and
Cg (dashed magenta) on the two-member scaffold concentration. MAPK
activation at 100-fold lower MAPKK phosphatase concentration is shown in
light blue. Cgis normalized by dividing by 40 and Cg by multiplication by 17 for
better comparison and illustration purposes. The results are compared with
the plot of 0.15/[Scaffold] (green). (B) The optimum of MAPK activation or Cg
formation is not sensitive to the dissociation constant Kp of MAPK-scaffold
interaction. The lighter areas in the contour plots correspond to higher MAPK
or Cg concentrations. (C and D) The optimal scaffold concentration (two-
member scaffold) is a function of MAPKK (C) and MAPK (D). Both three-
dimensional and contour plots of MAPK activation are shown.

there are only four possible kinase—scaffold combinations (C,
C,, Cy4, and Cg in Fig. 1). In the presence of a signal, however,
more combinations are possible, and the functional read-out is

Levchenko et al.

proportional to the concentration of free MAPK-PP, rather than
Ces. We studied this issue by plotting the time integral of
MAPK-PP and C¢ concentrations (Fig. 34). Remarkably, it can
be seen that the maxima of the time integrals of C, and
MAPK-PP coincide at [Scaffold] = 0.3 uM, although the overall
shapes of the curves differ. In fact, there is a much better
correlation between the combination of the MAPK-PP contain-
ing scaffold complexes (of which the most abundant is Cg) and
the free MAPK-PP than between Cs and MAPK-PP. All of the
curves in Fig. 34 display excellent correlation in the tail portion
and vary as 1/[Scaffold]. It is shown in the supplementary
materials (www.pnas.org) that, in general, at high scaffold con-
centrations (the tails of the curves), the concentration of Cg
varies as: 1/[Scaffold]” !, where m is the number of molecular
species a scaffold needs to bind to assemble a functional
complex.

Another important feature of MAPK-PP dependence on the
scaffold concentration illustrated in Fig. 34 is the relative change
in MAPK-PP compared with unscaffolded reaction. Indeed, we
found that, depending on the concentration or Ky of MAPKK
phosphatase, there may be a substantial relative increase or
decrease in MAPK activation. The absolute activation levels as
well as the position of the optimum of the scaffold dependency
do not change appreciably. This observation can be explained if
one recalls that the efficiency of MAPK activation in solution is
in direct relationship with the availability of activated MAPKK.
Thus at low MAPKK phosphatase activity, MAPK activation in
solution becomes comparable to that in the scaffold. Therefore,
MAPKK phosphatase activity might determine whether a par-
ticular scaffold is efficient in enhancing or inhibiting MAPK
activation.

The coincidence of the maxima of the activation curves in Fig.
3A4 can be explained only if the factors determining the positions
of the maxima are identified. Because the positions of maxima
for complexes such as Cq have not been studied before (it can be
shown that analytically, this problem is intractable), we thus
investigated the factors determining the optimal scaffold con-
centration for Cs concentration and MAPK activation (Fig. 3B).
We found that variation of MAPKK and MAPK concentrations,
but not binding parameters of the kinases to the scaffold,
affected the position of the peaks. Therefore, substantial vari-
ations of kinase-binding affinities between the complexes Cg
through Cy affect neither the positions of the optima for
formation of these complexes nor, by extension, the optimum for
MAPK activation. We illustrate below that this argument is
consistent with the shift in the optima positions when cooper-
ation in kinase binding is assumed. A more detailed analysis (Fig.
3 Cand D) revealed that as the concentrations of both kinase and
scaffold were varied, the MAPK reached a plateau along the
“line” corresponding to a certain ratio of scaffold-to-kinase
concentrations (approximately 2:1 for MAPK and 3:1 for
MAPKK for the parameters chosen).

4. Two-Member vs. Three-Member Scaffolds. The combinatorial
nature of kinase—scaffold complex formation leads to the pre-
diction that MAPK activation is sensitive to the number of
kinases a particular scaffold can bind (“scaffold membership”).
In particular, we hypothesized that a higher membership scaffold
can form more nonfunctional complexes, so that the inhibition
of signaling at high scaffold concentrations is more pronounced.
To confirm this, we simulated a three-member scaffold capable
of binding all members of MAPK module, with the same binding
parameters as the two-member scaffold. This model is based on
the same principles as those illustrated in Fig. 1 for the two-
member scaffold. As shown in Fig. 44, we indeed observed
higher sensitivity of MAPK activation to variation of the scaffold
concentration. In particular, although the peak level of MAPK
activation is somewhat greater for the three-member scaffold-
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Fig. 4. The scaffold membership and cooperativity of MAPKK and MAPK
binding to scaffold affect MAPK activation. (A) Comparison of the effects of
two- (red) and three- (blue) member scaffolds on the signaling properties.
Assumptions of the three-member scaffold model are the same as the two-
member model considered above with the additional assumption of MAPKKK
binding to the scaffold. The dashed line illustrates that it takes considerably
more two-member than three-member scaffolds to inhibit activity to the same
level at high scaffold concentrations. (B) Cooperativity does not affect the
property of existence of an optimal scaffold concentration but resultsin a shift
of the optimum. No cooperativity (red), partial positive (green), and partial
negative (blue) cooperativity are shown. In partial cooperativity, only inactive
kinases interact. The dashed lines of the corresponding color represent Cg
normalized as in Fig. 3. (C) Full (red) and partial (green) positive cooperation
is compared with noncooperative binding (blue). Inset illustrates the concom-
itant dependence of C3 (see Fig. 1). In all figures, cooperativity is defined as an
increase or decrease in the second kinase association constant by the factor of
10 when the first kinase is bound. See more information in the text.

mediated signaling, the inhibition of activity to the level of 0.1
uM:sec requires approximately twice as much two-member
scaffold as three-member scaffold.

5. Sensitivity of the Model to Cooperativity of MAPKK and MAPK
Binding. We have already discussed the sensitivity of the model
to the assumption of the processive character of intrascaffold
reactions. To determine the sensitivity to the assumption of
independent MAPKK and MAPK binding to a scaffold mole-
cule (assumption iii), we modified the equations to introduce
partial positive and negative cooperativity by allowing the on-
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rates for the scaffold binding of MAPKK and MAPK for
transitions C4 — C¢ and C,— Cg (see Fig. 1) to be respectively
either increased or decreased by a factor of 10. Thus the fact of
an inactive kinase presence in the scaffold complex increases or
decreases the chance of the second kinase binding. We also
examined the case of full cooperation between both active and
inactive kinases, with the additional changes in the rates of
transition: C3 — C; and Cs — Cy. We found that the overall
dependence of MAPK activation on the scaffold concentration
remains the same even if positive or negative cooperation exists
in binding of the kinases (Fig. 4B). Significantly, however, there
is a shift in the optimal position to the left in partial positive and
to the right in partial negative cooperation. No such shift is
observed for Cg or for the case of full kinase-binding cooperation
(data not shown). This can be explained by the following
reasoning. As mentioned before, the concentration of
MAPK-PP is directly related to the concentration of Cs. The
main route of Cg formation is through C7, which, in turn, can be
formed either through C4 — C¢— C7 (a) or C; — Cs— C; (b)
or C; — C3— C5 (). Routes a and b are affected by cooperation
assumption, whereas route ¢ may or may not be affected. It can
be shown that route c overwhelmingly prevails at high but not low
scaffold concentrations. As illustrated in Fig. 4C, this means that
the MAPK activation curve for partial cooperation is close to the
curve for full cooperation at low scaffold concentrations, while
approaching the curve for no cooperation as the scaffold con-
centration increases and then following intermediate values
according to the behavior of Cs. It can be shown graphically that,
although the limiting curves have the same maxima, the maxi-
mum of the partial cooperation curve is necessarily shifted.

Discussion

Numerical studies of MAPK cascade activation presented here
revealed that molecular scaffolds may both facilitate and inhibit
signal propagation depending on their concentration. Indeed,
the rate of MAPK activation, the steady-state value of
the activated MAPK during signaling, and the time integral of
the concentration of the activated MAPK during onset of the
signaling all displayed nonmonotonic dependence on the scaf-
fold concentration. At a particular scaffold concentration, all
these read-outs were found to have a maximal value, which
decreased as the scaffold concentration was either increased or
reduced.

The mechanism responsible for this behavior was addressed by
considering the concentration of functional scaffold-kinase
complexes before and during signaling. Because of the pro-zone
(combinatorial inhibition) effect, the concentration of functional
complexes before signaling can be shown to have a maximum
(28). However, the existence of a maximum for MAPK activa-
tion and its position cannot be inferred directly from this effect,
because phosphorylation reactions increase the number of pos-
sible complexes, and free rather than bound MAPK-PP repre-
sents the signaling output. Our results suggest that not only is
there an optimal scaffold concentration for MAPK activation,
but the position of the optimum does not depend on the binding
constants of the kinase—scaffold interactions. The only deter-
minants of the optimal scaffold concentration are the concen-
trations of the kinases and the character of their mutual inter-
actions. For example, positive cooperation in binding of inactive
kinases shifts the position of the optimum to scaffold lower
concentrations.

Our model also predicts that sensitivity of pathway activation
to scaffold concentration increases with membership of the
scaffold. In particular, at high scaffold concentrations, signaling
is inhibited as 1/[Scaffold]”~!. This prediction can be tested by
experiments in which the binding sites of kinases in a scaffold are
mutated to change or abolish affinity of the kinases to the
scaffold.

Levchenko et al.



Combinatorial inhibition offers a resolution to the apparent
conflict existing in the literature regarding whether scaffolds
facilitate or suppress signaling. For example, JIP-1 has been
shown to inhibit JNK-mediated signaling by retaining JNK in the
cytoplasm. Based on our model, we suggest that the concentra-
tion at which this molecule is present in the cells studied is in the
range of combinatorial inhibition, and reducing this concentra-
tion to an optimal level would lead to a response higher than that
of JNK in the absence of JIP-1. Thus JIP-1 might serve as both
an inhibitor and a facilitator of signaling. This suggestion is
corroborated by data indicating that JNK activation within the
JIP-1-mediated complex is increased (6). The discrepancies
observed in the effect of KSR-1 on MAPK-mediated signaling
can be explained similarly. Indeed, although identified as a
positive regulator, KSR-1 can suppress signaling when overex-
pressed, as reported by several groups. One study reports both
positive and negative regulation by KSR-1, depending on the
level of the protein expression (29), in direct agreement with the
model proposed here. Qualitative reasoning similar to our model
has been offered for KSR-1 action (14, 15).

Our results indicate that scaffold proteins can also affect such
qualitative characteristics as the presence of thresholds. Indeed,
increasing scaffold concentrations gradually diminished the sig-
moid character of MAPK activation as a function of signal
strength. This threshold attenuation resulted from the assump-
tion that activation of MAPK by MAPKK is processive rather
than distributive when both molecules are bound to a scaffold.
This assumption has some experimental support and is corrob-
orated by our control simulations, indicating that purely distrib-
utive activation would severely limit the effectiveness of
MAPKK-MAPK colocalization.

Reduction of the cascade activation threshold coupled with
augmented signal response could increase sensitivity of the
signal-transduction pathway to low levels of signaling. This might
be undesirable physiologically because the ability of the signaling
system to filter out low nonspecific signals in a generally very
noisy environment might decrease. Thus, the way scaffold con-
centration is regulated in the absence of and during signaling is
extremely important.

Scaffold concentration potentially could be modulated glo-
bally, through variation of gene expression and stability of the
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scaffold protein, and locally, by concentrating scaffolds in spe-
cific subcellular cellular compartments at the expense of the
other parts of the cell. Apparently, both mechanisms are used in
scaffold regulation in vivo. Indeed, the yeast scaffold Ste5 is
substantially more stable when bound to MAPKKK Stell (30).
Ste5 concentration is also regulated locally. Receptor activation
results in translocation of SteS from the cytosol and nucleus to
the portions of the cell membrane, where the concentration of
the activated receptor is the highest. Therefore, in a relatively
small volume, concentration of the scaffold may transiently
achieve levels significantly higher than the average concentration
in the cytosol. Concentration of Ste5 in other subcellular com-
partments is concomitantly reduced.

The differential spatial distribution of scaffold proteins hints
at their potential role in gradient sensing. Indeed, as reviewed by
Parent and Devreotes (31), in eukaryotic cells heterotrimeric G
protein-linked signaling pathways mediate directional sensing.
At least two scaffold proteins, Ste5 and KSR-1(13), have been
shown to translocate to the cell membrane in response to
G-protein activation. If before signaling Ste5 concentration is
suboptimal, specific scaffold translocation to the area of the cell
membrane facing the highest concentration of chemoattractant
can increase the signaling in a small portion of the cell membrane
dramatically because of the loss of threshold properties and
increased rate of MAPK activation as described above. Signaling
in the rest of membrane would be decreased. Thus scaffolding
signaling reactions can amplify the spatial signaling inhomoge-
neity thought to be essential for gradient sensing.

Finally, our data suggest that scaffolds can lead to channeling
cascade reactions not by sequestering various molecular com-
ponents from the cytosol, but by specific enhancement or
inhibition of the reaction that would otherwise occur differently
in solution.
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