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ABSTRACT Recent observations in the field of signal transduction suggest that where a protein is located within a cell can
be as important as its activity measured in solution for activation of its downstream pathway. The physical organization of the
cell can provide an additional layer of control upon the chemical reaction networks that govern ultimately perceived signals.
Using the cytosol and plasma membrane as relevant compartmental distinctions, we analyze the effect of relocation on the
rate of association with a membrane-associated target. We quantify this effect as an enhancement factor E in terms of
measurable parameters such as the number of available targets, molecular diffusivities, and intrinsic reaction rate constants.
We then employ two simple yet relevant example models to illustrate how relocation can affect the dynamics of signal
transduction pathways. The temporal profiles and phase behavior of these models are investigated. We also relate experi-
mentally observable aspects of signal transduction such as peak activation and the relative time scales of stimulus and
response to quantitative aspects of the relocation mechanisms in our models. In our example schemes, nearly complete
relocation of the cytosolic species in the signaling pair is required to generate meaningful activation of the model pathways
when the association rate enhancement factor E is as low as 10; when E is 100 or greater, only a small fraction of the protein
must be relocated.

INTRODUCTION

The behavior of living cells is regulated by chemical and/or
physical cues from the extracellular environment. Cells may
respond by proliferating, differentiating, or migrating in
response to diverse chemical stimuli, and may respond
differently to varying magnitudes or durations of the same
stimulus. Most often, molecular ligands act via an appro-
priate repertoire of complementary cell surface receptors.
What happens next is the initiation of a complicated net-
work of physical and chemical interactions among signaling
molecules contained within the cell, a dynamic, integrated
system that ensures response fidelity.
A major class of cell surface receptors is the receptor

tyrosine kinases (RTKs), which recognize a broad group of
growth factor ligands (van der Geer et al., 1994). Because
these receptors are integral membrane proteins, subsequent
signaling always involves an interaction where at least one
of the coupling sites is associated with a two-dimensional
surface. After the ligand-dependent auto- and/or transphos-
phorylation of specific tyrosines in the cytosolic tails of
RTKs, signaling molecules can be recruited from the cy-
tosol if they possess appropriate structural domains that
directly associate with certain phosphotyrosyl motifs. These
include the Src-homology 2 (SH2) and phosphotyrosine-
binding (PTB) modular domains (Pawson, 1995). The con-
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cept that location matters in cell biology has become prom-
inent (Carraway and Carraway, 1995; Mochly-Rosen,
1995), particularly the notion that location or relocation of
a signaling protein can directly affect its observed activity.
As a specific example, homologs of Son of Sevenless

(Sos), guanine nucleotide exchange factors (GEFs) specific
for the highly conserved Ras GTPase (Boume et al., 1991),
are recruited to the plasma membrane via association with
SH2 domain-containing adaptor proteins. GEFs stimulate
dissociation of guanine nucleotides (GDP and GTP) from
GTPases (Feig, 1994), favoring the active state of a GTPase,
because GTP is in excess in the cytosol. Although it was
discovered that the coprecipitation of Sos with the phos-
phorylated RTK epidermal growth factor (EGF) receptor is
required for Ras activation mediated by EGF, its GEF
activity measured in solution is not affected by the interac-
tion (Buday and Downward, 1993). But when Sos is genet-
ically targeted to the inside face of the plasma membrane,
where Ras resides constitutively, cells become transformed
in a Ras-dependent fashion in the absence of growth factors
(Aronheim et al., 1994; Quilliam et al., 1994). This implies
that membrane association causes an increase in the GEF
activity of Sos, presumably by allowing better access to its
substrate.

In its GTP-bound state, Ras initiates a kinase cascade
implicated in cell growth and differentiation by participat-
ing in the activation of the cytosolic Raf serine-threonine
kinase (Howe et al., 1992; Hallberg et al., 1994). Oncogenic
mutations in either Ras or Raf contribute to uncontrolled
cellular growth, and Ras mutations in particular have been
implicated in a high percentage of human tumors (Bos,
1989). In an unusual twist, when Raf is artificially targeted
to the membrane as mentioned above for Sos, cells become
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transformed, even when a dominant-negative Ras mutant is
coexpressed (Leevers et al., 1994; Stokoe et al., 1994). Raf
kinase activity is normally enriched in plasma membrane
fractions of Ras-transformed cells (Jelinek et al., 1996), yet
interactions with Ras or membrane lipids in solution are not
sufficient to activate the kinase (Kikuchi and Williams,
1994; Force et al., 1994). Thus relocation of pathway com-
ponents could serve as a key mechanism governing signal
transduction upstream and downstream of Ras.
More recent evidence indicates that plasma membrane

targeting of phosphatidylinositol-3'-kinase (PI(3)K), a key
enzyme that phosphorylates phosphoinositide lipids, may
also be a critical switch in regulating intracellular signaling.
PI(3)K exists as a dimer of a catalytic p 110 subunit and a
regulatory p85 subunit with two SH2 domains that mediate
association with activated RTKs (van der Geer et al., 1994).
This interaction allows full activity of the p1O subunit on
PI(3)K lipid substrates. When constitutively active p 10 is
artificially targeted to the membrane in the absence of
growth factor stimulation, maximum activity is proffered
(Klippel et al., 1996), implying that allosteric and locational
effects are synergistic in the potentiation of PI(3)K activity.
An interaction between pI10 and Ras has also been re-
ported, enhancing PI(3)K activity in intact cells, but appar-
ently not in solution (Rodriguez-Viciana et al., 1994).

In this paper we investigate how location can affect the
kinetics of interactions between proteins within the frame-
work of signal transduction mediated by a membrane RTK.
We have divided the treatment into two major sections.
First, we briefly summarize the roles of macro- and micro-
scopic processes of molecular association and how they are
influenced by the location of the interacting species. These
concepts have been developed elsewhere, primarily for ex-
tracellular ligand/receptor interactions (Adam and Del-
briick, 1968; Berg and Purcell, 1977; Shoup and Szabo,
1982), and we apply them here in the context of location
issues relevant to intracellular signal transduction. We then
analyze how relocation of a protein from the cytosol to the
membrane can dramatically alter the observed kinetics of
signaling processes in idealized but illustrative models of
signaling pathways.

BACKGROUND

If proteins are permitted to diffuse freely through space,
intermolecular encounters occur randomly. While close
enough to form favorable electrostatic and van der Waals
interactions, associating macromolecules must align their
reactive patches in the correct orientation before diffusing
away (Northrup and Erickson, 1992). If k+ is the second-
order rate constant describing diffusive collisions, the ob-
served association rate constant kf = yk+, where -y is the
average probability of capture (Shoup and Szabo, 1982). If
the alignment and diffusive separation processes are de-
scribed by second-order rate constants kon and k-, respec-

When the alignment of two species is very efficient,
almost all encounters result in binding (,y - 1 and kf - k+),
and the association is said to be diffusion-limited. When
molecules diffuse away rapidly after a collision, many col-
lisions will occur before binding (-y << 1), and there are no
detectable spatial concentration gradients of the reactants; in
this limit, kf knk,k/k-. In an isotropic environment, k-
and k+ must be equivalent to satisfy the diffusion equation,
so k0n represents the intrinsic chemical rate constant of the
association. Alternatively, close-proximity alignment and
separation can be modeled as first-order, unimolecular pro-
cesses, imposing the existence of a nonspecific encounter
complex. This restricts a target from interacting with more
than one solute in close proximity, which is nonphysical.
Once associated, the bimolecular complex is not com-

pletely stable and can dissociate. If we consider that the
complex has an average lifetime, molecular dissociation on
a microscopic level is described by a first-order rate con-
stant koff. The probability of rebinding after dissociation is
-y, and the observed dissociation rate constant kr is thus (1 -

'y)koff (Shoup and Szabo, 1982). Thus, when diffusion mat-
ters, the observed rate constants kf and kr are modified from
their intrinsic values, and the intracellular locations of in-
teracting species can affect the rate of binding.
The observed affinity K, however, is not altered by a

change in diffusion rates: K = kf/kr = (yk+)/[(l - y)kff] =
[(1 - -Y)kn]/[( 1 - y)koff] = kon/koff (Lauffenburger and
Linderman, 1993). To illustrate this idea, consider a diffu-
sion-limited interaction that has reached equilibrium. At
steady state, there is no net formation of bimolecular com-
plexes, so any concentration gradients disappear; the diffu-
sion- and reaction-limited equilibria are therefore indistin-
guishable. Thus, by analyzing how kf is affected relative to
kon, an analysis of dissociation resistances is not required to
ascertain kr relative to koff. We discuss here these issues as
they apply to interactions of cytosolic or membrane-associ-
ated proteins with a target displayed on the inside face of the
plasma membrane.

Association of a cytosolic protein with a
membrane target

To associate with specific targets available on the inside
face of the plasma membrane, a cytosolic species must
approach the membrane, find a specific site, and bind to this
site before diffusing away. The diffusive aspect of this
behavior is different from the capture of an extracellular
protein by specific cell surface sites (Berg and Purcell,
1977; Erickson et al., 1987; Goldstein, 1989), primarily
because cytosolic species are contained by the reactive
boundary. We can employ a form of Poisson's equation to
solve for the mean time to diffusion-limited capture in
space:

tiLvely, then y = kon/(kon + k-).
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(Berg and Purcell, 1977; Szabo et al., 1980), where W is the
mean time to capture and D, is the molecular diffusivity of
the solute in cytosol.
The mean time for first-order diffusion to the boundary

can be solved easily for spherical coordinates:

- WDC 1
Tjl a2 15 (2)

where W is the capture time averaged over space and a is the
cell radius. Because a cytosolic protein cannot diffuse to
infinity, this result is lower than that of an extracellular
protein diffusing to the outside surface (T = ½/3). When
membrane sites are very sparse, diffusion-limited associa-
tion relies more on finding a site once it is near the surface.
The concentration gradients about each of the N uniformly
distributed sinks become independent, and the cell radius
can be considered semiinfinite. This contribution to the
mean capture time is inversely proportional to the number
of sinks and depends on the sink geometry:

Tr
= 3oN (flat)

2
T2 = 3_N (hemispherical) (3)

s
cr- - <<1

a

(Hill, 1975; Berg and Purcell, 1977), where the dimension s
is the sum of the associating species' radii, the distance r at
which the species are in contact. For reasonably sparse
sinks, this result compares fairly well with an approximate
space-averaged solution of Eq. 1; Poisson's equation was
solved with appropriate boundary conditions applied di-
rectly to the volume apportioned each sink (Appendix A),
approximated as the section of a sphere cut out by the cone
0 = [3=bla, where b is the mean half-distance between
sinks (Fig. 1). To a first approximation, N = 4/X32.
The final resistance is the binding of the molecule, now in

close proximity to the membrane site:

- 4iraDc
3 3konN (4)

In the absence of diffusive resistances in aqueous solution,
kon can be measured in the laboratory. However, this may
not generalize to what is observed, because the membrane
site will be restricted in its ability to orient randomly and/or
sample space; thus the entropic contribution of membrane
confinement to kon may aid or hinder binding. Constructing
a second-order association rate constant kclm for binding of
cytosolic and membrane components (flat sink geometry;
based on whole cell volume),

km N [ + / 1

FIGURE 1 Geometry of the area and volume afforded each membrane
sink. If we consider a spherical cell of radius a with N targets evenly
distributed over the inside surface of the plasma membrane, the area
occupied by a single target can by approximated as a disk of radius b
2aN- /2, the average distance between targets. The targets bind reactant
partners at a separation s with observed second-order rate constant kon; s is
roughly the sum of the species' molecular radii. The corresponding volume
is the section cut out by the cone 0 = bla, with the sink centered at 0 = 0.

We can now make order-of-magnitude estimates to gauge
the relative importances of molecular processes and set a
reasonable upper limit on kc/m. The molecular diffusivity of
a protein in the cytosol is about two orders of magnitude
lower than in aqueous solution, -10-8 cm2/s (Jacobson and
Wojcieszyn, 1984; Gershon et al., 1985). For typical cell
parameters (a 10-3 cm, s 5 X 10-7 cm), 4sDcNAv
107 (MS)- I (NAV is Avogadro's number, M denotes concen-
tration in molarity), and the first resistance dominates the
second only ifN >> 30,000. As a relevant example, we can
use this reasoning to analyze the recruitment of intracellular
signaling proteins to RTKs phosphorylated on tyrosine. As
discussed earlier, proteins generally use discrete domains to
interact with membrane receptors, exhibiting very high on
and off rates and dissociation constants in the 10-100 nM
range (Cussac et al., 1994; Ladbury et al., 1995; Zhou et al.,
1995; Mandiyan et al., 1996). Given the above analysis,
recruitment is likely diffusion limited, with a forward rate
constant of 107 (Ms)-' based on the whole cell volume
and a reverse rate constant in the 0.1-1 s-1 range. To
compare these rates to those governing RTK ligand binding,
the aforementioned EGF-receptor/EGF system exhibits for-
ward and reverse binding constants of _106 (Ms) - and
-0.005 s- , respectively (Lauffenburger and Linderman,
1993). Recruitment of cytosolic proteins would thus respond
rapidly to receptor binding, establishing new equilibria as
receptor occupancy changes with time (pseudoequilibrium).

Interaction between two membrane species

(5) If the number of sinks, N, stays relatively constant on the
time scale of membrane diffusion, we can characterize

.. . .------ - t ---.-.-.
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association with a second membrane species as we did in
the previous section. We approximate the area afforded each
sink as a flat circular disk of radius b, and the species react
at a distance r = s.
One approach is to employ Eq. 1 to find the mean capture

time of the second membrane species. Solving for W and
averaging over space,

WDn, 1 Fl(/~ (3 - )1
T- b2'= 2 [(I 2))- 4 ] s-slb = or/p3

(6a)

(Berg and Purcell, 1977), where Dm is the sum of the
species' membrane diffusivities. With Dm in the 10- -

10-9 cm2/s range, proteins are less mobile in the plasma
membrane than in the cytosol; however, the change in
distance scales from a to b (b << a in general) and a
reduction in dimensionality mean that the transport rate is
not necessarily reduced by membrane association.
A more complicated expression can be used that accounts

for spherical curvature:

I (l-(Ib) 1 - Tb
=2132 l( inb) I

' -)s

[ ( I+Tb)((l±+ )]}; P cos (6b)

However, even for ,B 1, Eq. 6a differs from this result by
<10%.
A more accurate determination of T is made by first

solving the diffusion equation with appropriate boundary
conditions for the dimensionless concentration profile 0(r,t),
again assuming that changes in b are imperceptible on the
b2IDm time scale (<1 s in general):

WDn 1 2 (An)
b (l s ) A J(AJS) J2(An)] 7

(7)
JM(AJs) Yl(An) -J (An)YN(A) = 0,

where Jn and Yn are Bessel functions (Adam and Delbruck,
1968). Computational analysis of Eq. 7 shows excellent
agreement with Eq. 6a for a wide range of target densities,
and the extent that 0(t) exp(-tIW) depends on the dom-
inance of the first term in Eq. 7 (l/T - A2). Furthermore,
modifying the boundary condition at the sink to include a
second-order reactive rate constant k2 confirms the intuition
that the observed second-order rate constant between mem-
brane species can be constructed by analogy to serial resis-
tances in an electrical circuit:

ao kl)- -KO =0; K- D
ar217Dm

2 22

n

+ KJl(An)[()2±KJ(A}I 2

K]o (Ans)]-
[(An9)JI(Ang) + KJO(Ans)] -[Ans + K ]I(Akn)

Xns [J (An) YI (Ans) - J (Ans) YI(An)]

-K[JO(Ans) YI(An) - J (An) YO(An)] = 0

(12
= HKw + -- -.(8)

Note that k2 is analogous to kon, except for the change in
units to reflect concentrations in two dimensions rather than
three. Again, we cannot say in general how membrane
association will affect the efficiency of alignment when the
associating species are in close proximity. However, when
associations are reaction-limited, we stipulate that the pri-
mary effect of membrane confinement is a change in the
effective sampling volume (Vsampling) to a value much
smaller than the whole cell (Vceii). Using order-of-magni-
tude reasoning, we can approximate Vsampling as a layer
adjacent to the membrane of thickness h - 10 nm (Lauffen-
burger and Linderman, 1993; McLaughlin and Aderem,
1995), and we define the reaction-limited enhancement fac-
tor as X:

el3h 102to1I3.
%amplilng

(9)

Furthermore, the dissociation rate koff is unaffected by a
change in volume, so the apparent affinity is enhanced by
the factor X, even when diffusive resistances are important.

Constructing an observed second-order rate constant
based on the whole cell volume for association of mem-
brane species

3 I -
km/mv 42D [ln(l/s~)- 3/4] + -}- ;2 «< 1

(10)

The diffusion-limited value of kmlm is _106_108 (Ms)-I,
depending mainly on Dm and weakly on s = 2orN- 1/2. This
estimate clearly qualifies the statement that the reduction in
mobility does not preclude a reduction in the frequency of
collisions. For typical Xkon values in the range of 107-10' 0

(Ms)- l, we see that km/mn is diffusion-limited for all but the
slowest reactions and/or most mobile reactants (Lauffen-
burger and Linderman, 1993).

MODELS, ANALYSES, AND RESULTS

Two major implications of membrane compartmentaliza-
tion, compared with cytosolic interactions, are 1) that the
apparent binding affinity is enhanced by the factor X (Eq. 9),
by at least two orders of magnitude, and 2) that the associ-
ation rate, gauging the response time to an extracellular
stimulus perceived by a membrane receptor, can be in-
creased considerably. In any given situation, however, it is
not obvious whether enhancement of the association rate is
due to a reactant-concentrating effect (Nesheim et al., 1984)

2017Haugh and Lauffenburger



Volume 72 May 1997

or to the high efficiency of diffusion in two dimensions
(reduction-of-dimensionality), even when the molecular dif-
fusivity is reduced. To address the how and why of "loca-
tion matters," it is instructive to compare the second-order
rate constants for cytosolic and membrane species interact-
ing with a membrane target.
We introduce here an enhancement factor E, which com-

pares km,m and kcim as described in the previous section:

E kmim
kclm

8

(1 1)

E thus quantifies the advantage of relocation from the
cytosol to the plasma membrane conferred in the binding of
a constitutively membrane-associated target. We further
define two other dimensionless variables: a cellular
Damkohler number Da comparing the contributions of re-
action and diffusion to kc/m:

102

10'

100 F...................................

D /D = 10 -

10-,
loO lo lo2 10l

N (cell 1)

Da=- k( on 0) = oD +- (12)
lo3

102

10'
and a physical parameter 8, which compares the diffusion-
limited values of k,m and kc,m:

knojn(kon > 00) Dm- N/5 + iTl/c _

kcim(kon -> oo) Dc [6 ln(l/§) -9/2J| (13)

By our previous order-of-magnitude reasoning, Da = 1
corresponds to k1n - 107 (Ms)-1, or less if N > 105.
Because s = 2oN- 1/2, 8 is a function of the relative mobility
in the membrane versus cytosol (Dm/Dc), target availability
(N), and molecular versus cellular dimensions (o-). The
dependence of 8 on N is illustrated for Dm/Dc = 0.001-0.1
and aJ = 5 x 10-4 in Fig. 2 A. Note that 8 is often much
greater than 1, even when Dm/Dc is well below 1. This again
underscores the efficiency of diffusion in two dimensions.
We can now express E in terms of Da, 8, and the previ-

ously defined X:

[_1+ Da
E X 1 + (X/)Da. (14)

The curve described by Eq. 14 is sigmoidal in shape with
asymptotic values of X and 8 as ko. approaches zero (reac-
tant concentrating effect) and infinity (diffusion effects
only), respectively (Fig. 2 B). From Fig. 2 A, 8 is bounded
between -0.1 and 103. Thus, for reaction-limited associa-
tions, E = X, and E can be -X or <1 for species that bind
rapidly upon encounter, depending on Dm and N.
The interaction of a cytosolic protein with a membrane

target can be considered reaction-limited for Da < 0.1 and
diffusion-limited for Da > 10. For interactions between two
membrane species, (X/8)Da 0 describes reaction-limited
behavior, whereas (X/8)Da > 10 describes diffusion-limited
associations. Thus the representation of E in Eq. 14 allows
the enhancement effect to be visualized easily with a min-
imum of free variables, and it allows us to segment Fig. 2 B
into regimes in which chemical and physical cell parameters

E/X 10°

10'1.

10-
10-4

l-,

E

lo-2 10'- 10° 10' 102 l03

Da

FIGURE 2 Predicted enhancement of kinetic association rate by reloca-
tion to the plasma membrane. (A) The physical parameter &, as described
in the text, compares the diffusion-limited rates of binding for the associ-
ation of a specific membrane target with membrane-associated and cyto-
solic proteins. S is a function of relative mobility (Dn/Dc), target avail-
ability (N), and molecular dimensions (a-), and is plotted versus N for cr =
5 X 10-4 and D../Dc values of 0.1, 0.01, and 0.001. The entire range ofN
is explored, and so 52 is not neglected relative to -1 as in Eq. 13. (B) The
enhancement factor E compares the rates at which a membrane target is
bound by membrane and cytosolic reactant partners (Eq. 14). E is plotted
versus a Damkohler number Da, the ratio of mean reaction and diffusion
rates when the reactant partner is cytosolic. As Da approaches zero, E
simply reflects a reduction in sampling volume, concentrating the reactant

by a factor X. By order-of-magnitude analysis, E 102_103 in this limit
(taken to be 300 here). As Da approaches infinity, E approaches 6, the ratio
of diffusion-limited binding rates for cytosolic and membrane-binding
partners. Whereas Da gauges the importance of diffusion in cytosol-
membrane interactions, (X/5)Da serves the same purpose for membrane-
membrane coupling. For reaction-limited membrane-membrane interac-
tions, (X/6)Da << 1; for diffusion-limited membrane-membrane
interactions, (X/S)Da >> 1.

104 lo5 106
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contribute differently to kj,,rm and kc/m. Once the effect on
the observed forward rate constant is determined, the effect
on a reverse rate constant can be determined easily; the
enhancement factor will be E/X, yielding the aforemen-
tioned factor of X enhancement of the observed affinity
potentiated by membrane confinement. Fig. 2 B shows that
EIX is actually <1 for most cases, meaning that the off rate is
generally lower when both reactants are membrane-associated.

If one of two interacting species is permanently associ-
ated with the plasma membrane, we can see how the loca-
tion of the second molecule can matter in signal transduc-
tion. For more direct clarification, we present two simple
signaling models to illustrate the potential impact of loca-
tional control (Fig. 3). Each model involves responses to
stimulation of a membrane receptor with a constant extra-
cellular concentration of agonist. As a very well character-
ized system, the typical binding and internalization kinetics
of EGF receptor will be used (Appendix B). EGF receptor
occupation at the surface is very dynamic on the time scale
of minutes. For simplicity we neglect receptor synthesis,
recycling, and nonspecific (constitutive) internalization, as
well as feedback attenuation of the receptor kinase. These
are valid assumptions for the first 10-15 min of stimulation,
a time scale over which many signaling molecules show
dramatic activation profiles. We also discount signaling
from receptor-ligand complexes in an endosomal compart-
ment, which brings up distinct signal compartmentalization
issues (Baass et al., 1995); these are addressed in Appendix
C. The point of our receptor activation model is to be simple
and dynamic, not to completely capture all of the nuances of
receptor trafficking and compartmentalization or to suggest
any long time-scale implications.

Model 1: up-regulation of a membrane messenger
by a membrane receptor-recruited activator

Model 1 describes the regulation of a constitutively mem-
brane-associated signaling protein by two distinct cytosolic
activating and deactivating proteins. The fraction of our
signaling protein in the active state is at a low baseline
steady-state value for t < 0. In this scheme, a cell surface
receptor bound to an extracellular agonist can up-regulate
the signal by recruiting only the activator to the plasma
membrane via interactions with its intracellular tail (Fig. 3
A). This model therefore illustrates how specific relocation
can mediate a signal by differentially modulating competing
mechanisms that alter the activation state of a membrane-
associated protein.
The levels of all proteins on our time scale of interest are

conserved. The net rate of change in the activation state of
the signaling protein is expressed in terms of activating and
deactivating fluxes. The switch to the effector state occurs
rapidly after the binding of activating and signaling pro-
teins. In terms of Michaelis-Menten enzyme kinetics param-
eters, this means that product formation is always in the

surface
ligand-receptor complip[exes

;1;signal

protein

A
ligannd-receptor comiplex
with activating niaichiinerv w' 1l)membranel-associated

deactivatime eleTieltit

specific membranc- d

recruiting elertientt

i-estin, act]ve
signal signal

B
FIGURE 3 Two highly simplified signal transduction models. (A) Model
1. The first model involves the signaling through a membrane-associated
molecule regulated by distinct cytosolic activating and deactivating pro-
teins. The baseline activation is small but is up-regulated by the accumu-
lation of surface receptor-ligand complexes able to specifically recruit only
the activating element to the plasma membrane. This recruitment is in
pseudoequilibrium with the level of receptor occupancy, and is character-
ized by dissociation constant KD. Because the specific activity of the
activating protein varies depending on location, we model activation as a
second-order process with constitutive rate constant kact. With the activat-
ing element and molecule of interest both at the membrane, the observed
rate of activation is enhanced by a factor E, as described in the text.
Because the specific activity of the deactivating protein is considered
constant, we model deactivation as a first-order process with observed rate
constant kdeact,. (B) Model 2. The second model is concerned with a
cytosolic signaling protein regulated by distinct, constitutively membrane-
associated elements. The activating element is the enzymatic action of
bound receptors. We again model activation and deactivation of the signal
as second- and pseudo-first-order processes with observed rate constants
kact and kdeact, respectively. Relocation of the cytosolic signal to the plasma
membrane is mediated by specific membrane sites, an interaction in
pseudoequilibrium characterized by dissociation constant KD. By relocat-
ing the signaling protein to the membrane, the activation and deactivation
rates are enhanced by the same factor, but the regulation of the signal
becomes more efficient by responding much faster to changes in the
extracellular input.

linear range, with observed second-order rate constant
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kca!KM = kfkcat(kr + kcat) kf. To generalize for other
modeling considerations, membrane confinement affects
only the Michaelis constant KM when product leaving rates
are unaffected (Gentry et al., 1995); if kf and kr are the
observed association and dissociation rate constants ob-
served for a cytosol-membrane pair, then KM = (Ekr/X +
kcat)/Ekf (based on whole cell volume) after relocation of the
cytosolic protein to the membrane.

Because the specific activity of the activating protein is
not constant, we model the activation flux as a second-order
process. We consider the specific activity of the deactivat-
ing protein to be constant for all time, so the deactivating
flux is pseudo-first-order. Defining a to be the fraction of
our protein of interest in the activated state, the baseline
activation level is

kactAT (15)a0 =kactAT + kdeact'(5

where kact and kdeact are the rate constants of activation and
deactivation observed in the absence of ligand, respectively,
and AT is the total number of activator molecules in the cell.
At t = 0, a constant concentration of agonist is added, and
the activator is recruited with rapid kinetics compared to
agonist binding (pseudoequilibrium). Employing mass-ac-
tion kinetics, the net rate of protein activation is

k= kactAT{'1 + (E - 1)[K C(t) ]}(1 - a) - kdeacta,

(16)

where Cs(t) is the level of receptor-agonist complexes dis-
played at the cell surface (see Appendix B for a description
of the kinetics), and KD is the dissociation constant describ-
ing the equilibrium between surface complexes and the
recruited activator. The initial condition for Eq. 16 is given
by Eq. 15. Because we have assumed that receptor function
is not affected by intracellular feedback loops on the time
scales we are investigating, Cs(t) is an external, independent
function of time separable from downstream signaling. E is
the enhancement factor due to membrane translocation, as
described by Eq. 14. Although E can be a function of Cs(t),
we set it to a constant value for simplicity.

Because Cs(t) does not depend on a, Eq. 16 is linear;
nevertheless, we rapidly solved it numerically to within
0.001% using the LSODE subroutine (Hindmarsh, 1980) on
a Sun workstation. The activation profiles a versus t and
phase diagrams a(t) versus Cs(t) are displayed in Fig. 4 for
reasonable parameter values and various values of A, the
dimensionless extracellular ligand concentration. The acti-
vation profiles of a (Fig. 4 A) are similar to that of Cs, which
is to be expected if the pattern of ligand stimulation is to
have a controllable effect on the resulting signal. The peak
value of a saturates with A much as C, does.
More telling information, however, lies in the phase

diagram of a versus Cs (Fig. 4 B). We can visualize the
interplay between receptor and messenger and the disparity
between time scales without seeing time pass explicitly. On

extremely short time scales (seconds or less), Aa -AC -

0, and the differential equations can be approximated by
difference equations:

Aa )( C~s;
-': kactAT(E -1)( - ao)( + C;c Ro

c
- Ak
t

KD
K=7-)

(17)

where Ro is the surface receptor level per cell at t = 0, and
kr is the rate constant of ligand dissociation from receptors.
Note that C. and KD have been nondimensionalized in terms
of Ro. As A is increased, the value of C. reached by the cell
before a responds increases exponentially. The ratio (E -

1)kactAT/KkrA can be thought of as a response coefficient,
and when it is very low, signaling cannot keep up with what
is perceived by the signaling machinery as a step change in
the occupied receptor level.

Although the above analysis is instructive, it does not
capture the shape of the phase diagrams for even the short-
est time scales of interest, particularly if A is large. A more
robust equation is found by linearizing Eq. 16 in terms of a
and C. and exploiting the fact that CQ(t) can be expressed as
a single exponential for short time scales (Appendix B):

a

E- \kac-AT 1- ao_a -atoV K }\kr) V-g(k)}

-(A- g(A) )gA ]} (18)

kactAT + kdeact g(A) (1 +A+ E)2-4Ae

where E is the ratio of the endocytic rate constant ke to kr, as
defined in Appendix B. Agreement of Eq. 18 with the phase
diagrams at the beginning of their trajectories is illustrated
in Fig. 4 B. On much longer time scales, the signal tends
toward pseudoequilibrium with C.:

kactAT(K + EC)
aeq =kactAT(K + EC) + kdeact(K + C)' (19)

a(leq ) - ( a V1+ EC/IK
1eq -\1 - 1 + C/KIJ

Thus all trajectories in our model system eventually col-
lapse onto one curve in phase space, as seen in Fig. 4 B.

Model 2: responsive activation of a cytosolic
messenger by a membrane receptor

The second model describes a cytosolic signaling protein
that is regulated by distinct membrane-associated activating
and deactivating elements. Thus, compared to Model 1, the
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solic signal to the plasma membrane can streamline its
responsiveness to the regulatory elements governing its
activation, particularly because the activating element CQ(t)
is changing dynamically with time (Fig. 3 B).
The cytosolic signal in the unactivated state and surface

receptor-ligand complexes interact with second-order rate
constant kact9 and activation is rapid after association. The
specific activity of the membrane-associated deactivating
protein is again constant, yielding a pseudo-first-order flux
with rate constant kdeact. At t = 0, the concentration of
extracellular agonist is stepped up from zero to a constant
value. First let us consider the dynamics of signal generation
in the absence of relocation mechanisms. Employing mass-
action kinetics,

cO = kaCtc,(t)(l - a) - kdeacta a(O) = 0, (20)

where a is again the fraction of our signaling protein in the
active state, and Cs(t) is as described in Appendix B.
We will now allow recruitment of the cytosolic protein to

the membrane via association with S specific sites, an in-
teraction in pseudoequilibrium with respect to extracellular
ligand binding and characterized by dissociation constant
KD. If the activation and deactivation fluxes exhibit the
same enhancement factor E due to relocation of the cyto-
solic substrate of interest, then

[1±(F- 1)(KD + S(S = O), (21)

where &(S = 0) is given in Eq. 20. While the recruitment of
the signaling protein can certainly be regulated by the cell,
we consider S to be constant for simplicity, allowing us to
lump the variables in brackets into a dimensionless sensi-
tivity parameter r1:

(22)7= 1+(E 1)(KD+S)l0 0.2 0.4 0.6L- 0.8

o 0.2 0.4 0.6 0.8

FIGURE 4 Effect of relocation on the up-regulation of a membrane
signaling messenger. (A) Activation profiles. Equation 16 was solved
numerically for the following constant parameter values defined in the text:
kactAT = 0-001 s '; kdcact = 0.1 s '; E = 300; KIJRO = 5. The function
C5(t) used is as described in Appendix B, with kr = 0.005 s ', E = 1, and
A values of 1, 3, 10, 30, and 100. (B) Phase diagrams. The profiles of a(t)
and Cs(t) from A are combined to make time an implicit variable. If we
consider how the curves develop from the beginning to the end of the
simulation, each path is a trajectory, with its direction marked by arrows.
The dotted lines represent the analytical solution valid for short times (Eq.
17) for the various values of A. The dashed line denotes the path of
pseudoequilibrium (Eq. 18).

locations of the signal and regulatory proteins in the cell's
resting state are reversed. The activating element is the
enzymatic machinery of occupied surface receptors. This
model is meant to illustrate how the relocation of the cyto-

Thus the relative magnitudes of the activation and deacti-
vation fluxes move in concert. At equilibrium of Cs and a,
membrane recruitment does not affect the steady-state value
of a, but rather potentiates a rapid response to the transient
peak in Cs.
The dynamics of a were again determined numerically;

activation profiles and phase diagrams for this case are
displayed as Fig. 5 for values of kact and kdeact expressly
chosen to be relatively unresponsive compared to the bind-
ing kinetics of EGF. This time we vary the sensitivity
parameter 71 while keeping CQjt) constant (A = 1). For very
short time scales we again convert the differential equations
into approximate algebraic expressions to gauge the impor-
tance of our variables to the phase behavior at the beginning
of the trajectories in Fig. 5 B. The gain is, of course,pro-
portional to -q:

a 7actkr (C)2 (23)

cX
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The signal fails to reach a good peak value, although the
response observed is more sustained on the time scale of
receptor down-regulation (Fig. 5 A). For TlkactRO/Akr >> 1,
the signaling machinery responds immediately to what it
perceives as a slow change in Cs, constantly establishing
new pseudoequilibria:

kactCs
eq kactCs + kdeact' (24)

As 7r approaches infinity, the signal peaks and down-regu-
lates alongside the level of bound receptors at the surface,
and we see the phase trajectories in Fig. 5 B get tighter and
tighter about Eq. 24. The signal becomes a better translation
of the receptors' enzymatic activity, a more efficient trans-
ducer of an extracellular instruction. Translocation in this

800 lo0 case favors neither the activation nor the deactivation flux,

but the behavior can be altered dramatically if the rate
constants governing the signal in the absence of relocating
mechanisms are on the same order of magnitude or less than
those regulating receptor dynamics.

0.05 0.10 0.15 0.20 0.25 0.30 0.35

CS/Ro

FIGURE 5 Effect of relocation on the responsiveness of signal transduc-
tion. (A) Activation profiles. Equation 21 was solved numerically for the
following constant parameter values defined in the text: kactRO = 0.001
s- 1; kdeact = 0.001 s- 1. The function Cs(t) used is as described in Appendix
B, with kr = 0.005 s- , A = 1, and e = 1. The parameter 71, which
quantifies the sensitivity of a(t) to changes in Cs(t), was varied using the
following values: r1 = 1, 3, 10, 30, 100, and 300. (B) Phase diagrams. The
profiles of a(t) and CQ(t) from A are combined to make time an implicit
variable. If we consider how the curves develop from the beginning to the
end of the simulation, each path is a trajectory, with its direction marked by
arrows. The dashed line denotes the path of pseudoequilibrium (Eq. 24).

In this case our response coefficient is -qkactRO/Akr (a more
robust short-time estimate can be solved using the same
technique as with Eq. 18 for Model 1; this is not shown here
because we have already demonstrated its applicability).
For q - 1, it is clear that in the characteristic time it takes
to accumulate a, Cs has already gone through its dynamic.

Experimental relevance

We have explained how relocation from the cytosol to the
plasma membrane can be used as a cellular switch to affect
changes in the magnitude or responsiveness of signal acti-
vation, and we have theoretically quantified these effects for
typical cellular parameters. However, in an experimental
situation in which signal activation is measured, the rele-
vance of this kind of analysis may not be apparent. There is
often only a qualitative model of signal regulation, and the
generation of multiple time courses for various conditions is
often neither practical nor necessary. A singular measure of
signal activation is usually sufficient to make quantitative
comparisons among different variations of an experiment.
Thus we aim to extend our analysis by relating practically
accessible observables to various magnitudes of the reloca-
tion effect when signal activation is at least qualitatively
similar to model 1 or 2. To do this, we generalize for
different values of the relocation enhancement factor E; we
have shown that E can vary by orders of magnitude, but that
a fair estimate of E can be ascertained when Dm and kl. can
be approximated for a given signaling context.

For signaling similar to model 1, a convenient measure of
activation is the maximum value of a attained after stimu-
lation. The peak value amax will experience the best signal-
to-noise ratio and is most dramatic compared to the baseline
level of signaling a0. Signaling can be quantified as "fold-
activation" relative to a control with no stimulus, measured
at a common time after agonist addition, which is charac-
teristic of the peak level reached before down-regulation/
desensitization. The dependence of this level of activation
on ligand concentration is then considered the dose response
of the signal. Although the exact time of the peak will likely
differ for different ligand concentrations, this type of data
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representation is conceptually easy to understand and ex-
perimentally feasible.

For model 1, the fold-activation amax/ao obeys Eq. 19
and is therefore a function of kdeac!kactAT, E, and the frac-
tional recruitment experienced at the time of peak activa-
tion. We define the latter parameter as 4; in model 1, we
gave +(t) a saturable dependence on Cs(t):

c

K+C (25)

Note that because the peaks of C. and a do not necessarily
coincide, the value of 4) seen at amax iS usually not the
maximum recruitment cmax/(K + Cmax). amax/ao for model 1
is plotted versus E for various values of 4 and kdeac/kactAT =
100, as in Fig. 6. Also noted on the graph are dose-response
values attained for E = 300 and the kinetic parameters used
in Fig. 4. Although it is intuitive that as E increases, the
requirement for recruitment 4 decreases, Fig. 6 shows the
sensitivity of this requirement for an observed amax/ao. For
E 10, note that activation of several-fold requires signif-
icant recruitment of the activating protein. For E > 100,

100 .,s'1 |X ,''

amax 10
a0

300

1
1I lo loo 1000

E

FIGURE 6 Observable sensitivity of Model 1 signal magnitude to
changes in relocation mechanism. The maximum level of activation in
Model 1 for a constant extracellular agonist concentration is defined as
amax, and amaX/ao represents the "fold-activation" of the signal, a common
representation of experimental data in signal transduction. The fraction 4
of the cytosolic activator recruited to the membrane at the time of peak
activation is directly dependent on the dose of ligand in this model, and the
enhancement in specific activity at the membrane E depends on the
signaling context. amaX/ao is plotted versus E for various values of 4)
experienced at peak activation (kdeac,!kacAT = 100), gauging the sensitivity
of the signal to aspects of relocation. Circular symbols mark the dose-
response behavior of the model for the following parameters as used in Fig.
4: kactAT = 0-001 s -; kdeact = 0.1 s 1; E = 300; KDIRO = 5; Cs(t) with
kr = 0.005 s- land e = 1. Dose magnitudes are A = 0.1, 0.3, 1, 3, 10, and
infinity. Because 4 is saturable, Omax < 1 for this case.

however, only a small percentage of the activating protein
must be recruited to get significant activation over baseline
(for fivefold enhancement, E = 10 requires -50% recruit-
ment, E = 100 only -4%). This can be important, depend-
ing on the nature of the recruitment. Often only a small
percentage of SH2 or PTB domain-containing proteins co-
precipitate with RTKs or the particulate fraction in general.

For signaling through a cytosolic protein as in model 2,
we used a sensitivity parameter 'q to quantify the respon-
siveness of signal activation to receptor occupancy:

S
-r=[1+(E-1)O]; KD +S. (26)

Note that the fractional recruitment 4 in this model is
independent of Cs(t), because we gave S no dependence on
receptor occupancy. Two experimentally accessible param-
eters characterize the responsiveness of signal activation:
maximum activation and the peak time.
As stated earlier, the best responsiveness of signaling

occurs when a(t) is in pseudoequilibrium with Cs(t). In this
optimal scenario, maximum activation amax, eq =

kactROCmax/(kactROCmax + kdeact), and the signal peak time t,,
coincides with tc, the peak time of receptor occupancy. For
various ligand doses, the responsiveness can be assessed
through the relative peak activation amax/amax, eq, and the
relative lag time ATpeak = (tt- t,)/tc. Moreover, from Fig.
5 A it is apparent that for a given ligand concentration these
observables are not independent; as responsiveness de-
creases, the lag time increases and the peak magnitude
decreases.

Because we can now sufficiently characterize the activa-
tion profile with two codependent pieces of data, we can
now explore the dose-response behavior of model 2 for the
kinetic parameters used in Fig. 5 and various values of q. In
Fig. 7 A, we plot lines of constant A and 71 in amax/amax, eq
versus /Tpeak space, as determined from numerical solutions
of Eq. 21. For q = constant, two effects are apparent as we
approach saturating ligand concentrations: receptor occu-
pancy peaks increasingly earlier (see Appendix B), making
the relative lag time extremely sensitive to the dose, and the
relative magnitude of the peak becomes insensitive to dose.
Both effects are caused by the fact that ligand association
with receptors becomes less of a rate-limiting step as A is
increased.

For a given dose, however, as seen in Fig. 5, both the
magnitude and lag time of the signal peak are fairly sensi-
tive to changes in the nature of recruitment, as manifested in
the dependence of -q on E and 4. Fig. 7 A effectively defines
the requirement for recruitment to achieve certain respon-
siveness criteria. For example, for a cell responding to
growth factor stimulation of A = 1-10 through model 2, a
responsiveness criterion may be Arpeak < 1, in which case
'T must be >30. Another criterion may be amax/amax, eq >
0.8, in which case 'q only need be >10.
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FIGURE 7 Observable sensitivity of Model 2 s
changes in relocation mechanism. The responsive]
tion in Model 2 to surface receptor stimulation can

maximum level of activation amax and the time o

relative to that of receptor occupancy t,. In terms

be used for various ligand doses, we are interested
anmax, eq is the peak activation in the optimal case v
with Cs(t), and the relative lag time ATka = (ta -

of responsiveness criteria on dose and the sensitivit
constant A and r, are plotted in a(max/amax eq vers

following parameters as used in Fig. 5: kactRo = 0
sC-;Q(t) with kr = 0.005 s ' and E = 1. (B) St
changes in relocation mechanism. ATppeak iS plott(
fractional recruitment values 4) S/(KD + S) for tl
and A = 1.

To separate the effects of E and 4 for
in Fig. 6 for model 1, we plot ATpeak vern
kinetic parameters used in Fig. 5, and vai

S/(KD + S) in Fig. 7 B. Again we can

change in the need for recruitment corne
of E separated by an order of magnitud
ATpeak< 1, nearly complete recruitment
10, whereas the requirement for E 1(

A
DISCUSSION

1 A central goal of this paper is to analyze how and why
location matters in intracellular signal transduction, using
plasma membrane and cytosolic compartments as relevant
location categories. We have explored the physical basis for
possible enhancements in association rates and equilibrium
binding due to relocation of signaling components. By re-

stricting molecules to a thin boundary layer adjacent to a

surface, reactants can be greatly concentrated. They may
---- also diffuse more efficiently and over shorter average dis-

tances (although less rapidly) in two dimensions to find
potential targets. We examined diffusion and reaction
mechanisms in the binding of cytosolic and membrane-

20 25 30 associated species to a membrane target, and we employed
order-of-magnitude reasoning to estimate binding parame-
ters as they might be observed in the cell.

In the diffusion-limited regime, cytosolic proteins likely
exhibit an observed forward rate constant of -107 (Ms) -

in associating with a membrane target. As a relevant exam-
ple, specific recruitment of signaling proteins to phospho-
tyrosyl motifs of occupied RTKs may reach this limit,

D101 because the modular domains responsible for such recruit-
\ ment events generally exhibit high on and off rates with

targets in solution. Most but not all membrane-membrane
interactions are expected to be diffusion-limited. Although
intuition might suggest that this is due to a reduced molec-
ular mobility in the membrane, a reduction in distance to

target and reduction-of-dimensionality often more than
compensate for this effect. Rather, the diffusion limitation is
caused by a significant reduction in the sampling volume,
which increases by 102_ to 103-fold the effective rate con-

100 1000 stant in the absence of chemical gradients. By comparing
the rates of cytosol-membrane and membrane-membrane

ignal responsiveness to binding rates, we conclude that relocation from the cytosol
ness of signal transduc- to the plasma membrane almost always confers significant
ibe characterized by the enhancement in the protein association rate, by a factor E of
f the activation peak t, -10-1000. The only exception is for diffusion-limited in-
of scaled parameters to teractions among relatively immobile membrane partners
in amax/anmax, eq9 where ( 10-3) for which E may be as low as -0.1.
vhen a is in equilibrium (DmiDc
- tc)/tc. (A) Dependence More importantly, we also wanted to investigate the
ty coefficient r1. Lines of potential impact of such enhancements on the dynamics of
SUS ATpeak space for the signal activation. To accomplish this, we considered the
.00I s- '; kde.c, = 0001 enhancement in association rate for a change in location E

ensitdvety of lag time to to be constant, although for membrane relocation E is gen-
he parameters used in A, erally a weak function of target availability. We introduced

simple models to illustrate two potential implications of rate

enhancement, using the reversible binding of a receptor as

the extracellular stimulus.
model 2 as we did In model 1, relocation effectively boosts the activation

sus E for A = 1, the flux of a membrane target molecule, previously at a low
rious values of 4 = steady-state level. Because recruitment is directly tied to

see the substantial receptor occupancy, our signal responds in a dose-depen-
-sponding to values dent manner and is attenuated by receptor down-regulation.
le. For the criterion This is similar to what is thought to occur in the EGF-
is required for E mediated activation of Ras (Osterop et al., 1993). Model 1

00 is 4 5%. may also at least qualitatively describe aspects of lipid
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second messenger generation through recruitment of cyto-
solic enzymes such as PI(3)K and phospholipase C--y
(PLC-,y) to occupied RTKs. In the case of PI(3)K, it is likely
that both membrane confinement and allosteric changes
contribute synergistically to the enhancement of the pro-
tein's activity (Klippel et al., 1996); this may be the case for
Sos as well (Wang et al., 1995). Using our framework in the
estimation of the observed enhancement in association rate
E, allosteric changes in binding properties can be incorpo-
rated by altering the reaction-limited contribution X.

In model 2, both fluxes are enhanced by translocation,
streamlining the response for maximum efficiency and fi-
delity with regard to the extracellular input. For high rate
enhancements, the signal can constantly adjust to new
pseudoequilibria as the level of occupied receptors at the
surface rises and falls temporally. For example, the local-
ization of a protein regulated by RTKs and membrane
phosphatases (Kulas et al., 1996a,b) may modulate the
responsiveness of its signaling profile with time. Although
we have examined the modulation of temporal sensitivity in
this model, with pseudoequilibrium being the ideal re-
sponse, still another issue is the sensitivity of the signal
output to changes in the input (the balance between mem-
brane-associated activating and deactivating elements). By
imposing activation mechanisms that are rapid upon protein
association, neglecting possible saturation of the enzymes
regulating the signal, the sensitivity of a to Cs at pseudo-
equilibrium is Michaelian (hyperbolic dependence; Eq. 24).
When either or both of the regulatory elements are signifi-
cantly saturated, a greater sensitivity is achieved where
smaller changes in Cs above a threshold level can have a
large impact on a (Goldbeter and Koshland, 1981). Because
this "zero-order sensitivity" is determined by the substrate
concentration relative to the Michaelis constants KM of the
regulatory enzymes, and because substrates can be concen-
trated by more than an order of magnitude at membrane
surfaces, cells may be able to titrate the equilibrium sensi-
tivity of a response by varying membrane recruitment (Ap-
pendix D).

Because the way in which a signaling system behaves in
response to a stimulus may be crucial to the cell, it must be
quantified in such a manner that allows for direct compar-
isons among different experimental conditions. We have
demonstrated that this kind of data can be sensitive to
membrane relocation mechanisms for the range of E values
typically expected. In particular, for models 1 and 2 there
was a distinct shift in the qualitative nature of recruitment
required for desirable activation criteria as E moves from
-10 to >100.

In model 1, significant recruitment of the cytosolic acti-
vating protein is required for severalfold activation of the
signal when E 10. In contrast, only a small fraction need
be relocated for E 100 or greater. Relocation in this
model is saturable, so the potential for recruitment depends
on the dimensionless dissociation constant K describing the
interaction between the cytosolic activator and the specific

Thus, even at high doses of ligand, only a certain range of
fractional recruitment values 4 may be possible. The actual
value of E in a given context thus becomes important in
determining signal magnitude. On the other hand, manipu-
lations such as adding lipid modification sequences can
yield otherwise unattainable values of 0 to give responses
not seen under normal conditions for a given value of E
(e.g., cell transformation).

In model 2, the responsiveness of signal activation to
CQ(t) was assessed in terms of the observable magnitude and
lag time of the peak activation, and both of these measures
were sensitive to aspects of relocation. Of these criteria, a
sufficiently small lag time is generally more relevant and
was harder to satisfy for a given point in (E, 4) space. For
the kinetic parameters selected and dimensionless ligand
concentration A = 1, undesirable responsiveness behavior
was seen for rj = 1 + (E - 1)4 < 10; this result can also
be gauged qualitatively from phase information in Fig. 5 B.
The fractional relocation required to give a certain q is 4 =
(q- )/(E - 1), and so for E 10, (omplete recruitment
is required. For E > 100, 4 < 9% for satisfactory behavior.

It is clear from the molecular understanding of signaling
that location is important, particularly at the level of mem-
brane interactions. Many key signaling molecules are con-
stitutively targeted to the plasma membrane by posttransla-
tional lipid modifications: the Src tyrosine kinase,
heterotrimeric G proteins, and other GTPases such as Ras,
Rho, and Rac. Many of these proteins are relatively inactive
in solution and cannot function if membrane targeting is
prevented. Still others are recruited to the membrane di-
rectly or indirectly through interactions between SH2/PTB
domains and phosphotyrosine-containing motifs: Sos, phos-
pholipase C-,y (PLC--y), phosphatidylinositol-3 '-kinase
(PI(3)K), the Syp tyrosine phosphatase (van der Geer et al.,
1994). Interactions with membrane lipids themselves are
also important. For example, PLC--y hydrolyzes phosphati-
dylinositol-(4',5')-diphosphate (PIP2) to inositol triphos-
phate and diacylglycerol (DAG). DAG then recruits and
activates isoforms of protein kinase C (PKC), a serine-
threonine kinase. Other proteins can interact with acidic
phospholipids and/or /3y G-protein subunits, courtesy of
pleckstrin homology (PH), or zinc finger protein motifs
(Ghosh et al., 1994; Lemmon et al., 1996), which may
initiate or stabilize membrane relocation. Further compart-
mentalization within the plasma membrane has recently
been suggested by the selective enrichment of signaling
components in membrane pits containing the protein caveo-
lin (Song et al., 1996; Liu et al., 1996; Mineo et al., 1996),
which may further concentrate signaling molecules together
and/or hinder association with proteins not found in these
subdomains.

However, we need not limit our attention to interactions
at the plasma membrane or the underlying cytoskeleton.
Internalization in endosomes may be effective in concen-
trating nondissociative ligands and ligand-receptor com-
plexes or sequestering receptors and recruited cytosolic

membrane recruiting element (occupied RTKs in this case).

Haugh and Lauffenburger 2025
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dix C). Nuclear translocation is critical for signal transduc-
tion at the level of gene regulation; this seems to be impor-
tant for signaling through MAP kinase, an effector activated
by the Ras/Raf pathway (Chen et al., 1992). Two associat-
ing proteins can also be anchored to any physical boundary
or brought together by some scaffolding mechanism on the
molecular level (Faux and Scott, 1996). Indeed, the plasma
membrane generally only accounts for a small percentage of
the total area associated with cellular membranes and cy-
toskeletal network surfaces (Gershon et al., 1985; Alberts et
al., 1994). As a relevant example, it has been shown re-
cently that MAP kinase associated with microtubules is
active (Morishima-Kawashima and Kosik, 1996). For any
mechanism, molecular specificity coupled with physical
considerations will determine the cellular ramifications of
the relocating event. Thus an understanding of the biophys-
ical theory seems appropriate in the interpretation of many
experiments in signal transduction.

APPENDIX A: MEAN DIFFUSION TIME WITHIN A
BOUNDED CONE TO A SINK AT THE CENTER OF
ITS TOP SURFACE
For moderate surface coverages of uniformly distributed, perfectly absorb-
ing sinks on the inside surface of a sphere, the volume afforded each sink
can reasonably be defined by a range of angle 0 values. For a sink centered
on 0 = 0, the volume is defined by 101 ' bla, where b and a are the
half-distance of separation between sink centers and the sphere radius,
respectively. Following Eq. 1 for the dimensionless mean time to capture
'r(r,0) of randomly distributed molecules contained in the volume,

aT/(r\ 1 a( a
f -1+ -I SinO0- 1= -F2(F \(F/ sin 0 aO\ QI

- =0(3o = o (Oo=p

space is

+ (( -i b))(f nsPMnn)d71
15 13mnf ' P q()dq/ (1I- qs)J

1 r0, (2 + I/mM) d2pPmn I

15 n=l -3(1 + qb)Pmn(qb) d7dmMn ]b

F (1 +rs) 'dP -12

Mn(Mn + 1) _d_ _s
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n =cos ; % =cosf; ns =cosSo

dPmn

where Pm1 are Legendre polynomials and m, are positive but need not be
integral.

Unfortunately, this series does not have desirable convergence proper-
ties, and the roots of the transcendental equation become increasingly
difficult to determine as we collect terms. A simplifying assumption is to
solve Al with the modification in A2 and sin 0 - 0 ((3 _ 0(3)). The
resulting PDE is then scalable (q-0/a), a major computational advantage:

- - + -- - = - F2
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This result is identical to a PDE formulated in conical coordinates, and

TIr=o finite
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s
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where D is the molecular diffusivity of molecules in the volume and s is the
sum of the reacting species radii. We can modify the mixed boundary
condition at f = 1 by assuming an average flux at the sink, its value set to
counter the source term (conservation):

(3 F0;
(3 f=1

cr< o<(
(1 -cos 3) 0 <O< a. (A2)

3(1 -cos c)'

We can solve the PDE now to within an additive constant, set by stipulating
that the mean capture time averaged over the sink area is zero (Linderman
and Lauffenburger, 1986). The resulting mean capture time averaged over

1 00 /J4I(As)) 2
tT 15

n=
3(Akn)2fn(An) \ Jo(An)J

J (An) = 0

( -1 + |1 + 4(AnX1/)2 An
=2 (3'

where Jn are Bessel functions. If we note that

1 2(1 - cos3) (32 (3
o-N 4oa 4a 4s'

(A5)

(A6)

we can construct a mean time that is the sum of a constant and a term
inversely proportional to N, as predicted by Eq. 3:

1 1 0 16 FJi(Akn)12
15 3aN s (An)3L Jo(Xn) J (A7)

This comparison is demonstrated in graphical form as Fig. 8. The apparent
advantage of this method is that it allows for interference of the concen-
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16 [J(X,s) 1

-I )L J0(X,) j

10-4 10-0to-2 10- 100
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FIGURE 8 Computational analysis of Eq. A7. To determine the approx-
imate mean time to capture of molecules in a conical volume to a sink in
the center of the top surface (Eq. A7), the infinite series

16 [JI (Akn) 1 2

EiAn)XL Jo(Ikn)n=

was estimated, where An are the positive roots of J1 (An) = 0 and s =sib as
defined in the text. Truncation of the series occurred when the magnitude
of a term dropped below 10- 15. For sparse sinks (9 << 1), the concentra-
tion gradients around adjacent sinks are independent, and this series con-
verges to a constant. Assuming that the volume is of semiinfinite size
yields oblate spheroidal coordinate surfaces and predicts this constant to be
sr by Eq. 3.

tration profiles by adjacent sinks of finite separation, and thus may be more
accurate than Eq. 3 for intermediate sink densities. However, an obvious
disadvantage is that Eq. A7 fails to predict exactly the sparse sink limit;
because the depletion zone is close to the sink, the approximations made
for the concentration profile at the sink introduce noticeable errors. Al-
though the mean capture time averaged over the sink is zero, it is slightly
less at q = 0 and slightly greater at q = s. Because capture favors
molecules near reflective boundaries, this results in an overestimate (-8%)
of r(s -* 0). Using the approximate boundary conditions of Eq. A4, the
second term of Eq. A7 in the sparse sink limit approaches (3213i-r)13o-N
(Shoup et al., 1981), rather than n/3o-N, as in Eq. 3.

ternalization, and intracellular receptor sorting; these are fair simplifica-
tions for short periods of stimulation. Also neglected is the saturation of the
induced endocytic pathway (Lund et al., 1990). The solution is

cs(t)-
Ro

RT(t) -

Ro

fi =

f2=

(fA
sinh(fikrt)e f2k,t

[($-)sinh(tikrt) + cosh(fikrt)e- f2k0t

V(1 + A + E)2 - 4AE
2

(B2)

2

kf[L] ke
r r

The activation of the receptor and subsequent auto/transphosphorylation is
assumed to be relatively instantaneous upon binding of ligand, and deac-
tivation is considered instantaneous upon ligand dissociation.

The dynamics of Cs(t) follows a biphasic activation profile with time; C,
rises as ligand becomes associated with free receptors, then falls as specific
internalization of receptors depletes the total number of surface receptors.
The peak value of Cs occurs at a characteristic time tpeak:

Cs, peak = Cs(tpeak)

tpeak
(B3)tanh- (fl/f2)

fikr
Typical parameters for the well-characterized epidermal growth factor
(EGF)/EGF receptor are kr, ke 0.3 min-' (E = 1) (Lauffenburger and
Linderman, 1993). The kinetics of C5(t) for various values of dimensionless
ligand concentration A are displayed in Fig. 9.

For short time scales (kr t significantly less than f2 -f), note that the
level of receptor-ligand complexes can be approximated as a single expo-
nential:

e 2fIk,t)e(f2-fl)k,t (A-)(1 - e-2fkt) (B4)

which can simplify the mathematics when the time scale of interest
warrants it.

APPENDIX C: SIGNALING THROUGH RECEPTORSAPPENDIX B: RECEPTOR-LIGAND BINDING AND IN AN ENDOSOMAL COMPARTMENT
INTERNALIZATION KINETICS

An extremely simplified model describing the dynamics of surface recep-
tor-ligand complexes Cs and total surface receptors RT is

CS = kf[L]RT -(kf[L] + kr + ke)Cs

RT= -keCS (B1)
CSO) = 0

RT(O) Ro,
where kf, k, ke are rate constants describing ligand association, ligand
dissociation, and specific complex internalization, respectively, and [L] is
the extracellular ligand concentration, assumed to be constant. Such a
model neglects de novo receptor synthesis, nonspecific (constitutive) in-

This exercise represents a worst-case scenario for the assumption that
signaling through uniformly distributed membrane-associated proteins
only occurs at the plasma membrane surface. It is also a strenuous test of
whether surface down-regulation can be a primary mechanism for signal
attenuation of EGF receptor for relatively short times of stimulation (Os-
terop et al., 1993).

The total membrane area of sorting endosomes can be conservatively
estimated from typical cell dimensions (Lauffenburger and Linderman,
1993) as 1-10% of the plasma membrane area. We can assume that
constitutive synthesis, pinocytosis, and recycling have distributed mem-
brane proteins evenly by area for t < 0. At t = 0, an EGF family ligand is
added to the medium, and we are concerned with the activation of receptors
and a membrane-associated signaling molecule, both at the surface and in
the endosomal compartment, for the first 15 min of stimulation. We
consider the kinase domains of internalized receptor/ligand complexes to
be unhindered and fully active, and as a worst-case model we neglect
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kj describe induced internalization of surface receptor/ligand complexes,
constitutive membrane turnover, receptor-ligand association in endosomes,
and receptor/ligand dissociation in endosomes, respectively. AgAin is the
ratio of endosomal membrane area (Ae) to plasma membrane area (Am),
taken as 0.1 here to maximize a potential endosomal signaling contribution.
NAV is Avogadro's number, and Vend is the total volume of endosomes/cell.
The parameters E, KD, kactI AT, and kdeact are as described previously.

The nonlinear ODEs were solved numerically to within 0.001% using
the LSODE subroutine on a Sun workstation. Results for typical parameter
values and various values of A = kJL]/kr are displayed as Fig. 10;
endosomal rate constants k.i and kr for association/dissociation at pH 6.0

I, } were used to simulate binding of mouse EGF (mEGF) or transforming
growth factor-a (TGF-a) (French et al., 1995), and profiles for the less

I/I \ - dissociative (mEGF) are displayed in Fig. 10 (there was only slightly less
signaling by TGF-a in the model endosomes). Our results suggest that
receptor down-regulation of EGF receptor can still be a potent mechanism
for the attenuation of signaling at membrane surfaces within the first 10

,, \~ - min of stimulation, whereas endosomes can provide a lower, more sus-
tained level of signaling at later times, as suggested by Baass et al. (1995)

....... . (however, effects such as receptor sorting and feedback desensitization of
- - - *EGF receptor become significant at later times as well). The primary

- ,reason for these effects is that the signaling protein of interest is distributed
evenly by area in our model through constitutive membrane turnover, with

0 200 400 600 800 10% or less present at endosomal surfaces.

time (s) However, for cytosolic proteins regulated by the receptor tyrosine
kinase (e.g., PLC--y, PI(3) kinase), this simplistic model would predict a
much higher contribution from endosomal versus surface ligand/receptor

te .profio C2 thpleve fo sfe receptr-ligan complexes, and this may offer spatiotemporal specificity for the activation
1-E f p of various signals by the same receptor. Furthermore, membrane proteinsssociation rate constant k- = I)(H)S - * endocvtic ratevaiuv,a. jurajau uiaav%,LatLvul iaLV wLVI1Oa1L ftrr - V.VVJ) a , -IItIVL61WL% aLv,

constant ke = 0-005 s- ; dimensionless ligand concentrations A, scaled to
the receptor-ligand affinity, of 0.3, 1, 3, 10, 30, and 100. Ro is the number
of free receptors per cell at t = 0.

intracellular processing of ligand and receptor. The signaling molecule of
interest is regulated by a mechanism as described in Fig. 3 A, and the
activation rate is enhanced at endosomal surfaces by the same factor E as
at the plasma membrane. Employing mass-action kinetics, our transient
model is

dt = keCs - (kn + kfi[Li])C; + kfi[Li](AeRo/Am - RT)

dt N VE [(kri + kfi[Li])Ci- kfi[Li](AeRo/Am - RT)]
dt =NaCAv [- +Ve+(E1nK+dda, [ C, C ]
dt kactAT K+C + (E -)KD+C(

(1 - as) - kdeactas - ker(as - ai)
dai =kactATI{1 C +( 1)K i 1(1 - a,)
dt [ KD+CS

-kdeactai + ker(as - ai)

Ci(O) = [Li](O) = 0; as(O) = ai(O) kactAT
kactAT + kdeact'

(C1)

where Cs(t) and RT(t) are given in Appendix B, and C,, [Li], as, and a, are
internalized receptor/ligand complexes, endosomal ligand concentration,
percentage activated signal at the surface, and percentage activated signal
associated with endosomes, respectively. The rate constants ke, ker, kf, and
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0 200 400
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600 800

FIGURE 10 Membrane signaling: potential endosomal contribution.
The membrane activation model described in Fig. 3 A was modified to

account for a possible role of internalized EGF/EGF receptor complexes in
additional signaling. Our membrane signaling protein of interest is parti-
tioned by area, and the ratio of endosome to surface protein is -10%. The
surface dynamics are described in Appendix B, and the nonlinear ODEs of
Eq. Cl were solved numerically for the following parameter values defined
in the text: kactAT = 0.001 s-1; kdeact = 0.1 s l; KDRO = 5; E = 300;
kfi = 4.5 x 105 (Ms)-'; kj = 0.0125 s-1; Vend= 10-14 L; Ro = 105/cell;
ke = 5 X 10-3 S- ; ker = 5 X 10-4 S-'. 0, LI, A, Dimensionless ligand
concentration A = 1;*,, A], A = 100. OE,*, 0.Iai, endosomal signaling
contribution; A, A, 0.9a, + O.lai, total signal produced; 0, *, from Fig.
4 A, considering plasma membrane dynamics only.
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that colocalize with internalizing receptors (e.g., Src) may exhibit an
endocytic rate higher than constitutive membrane turnover, leading to
enrichment in endosomes alongside the RTK.

In our endocytic compartmentalization model, we assumed that recruit-
ment of activator proteins to membranes via interactions with phosphoty-
rosine motifs of bound receptors was the same at plasma membrane and
endosomal surfaces (as measured by the parameter KD). This is a function
not only of how these proteins recognize such motifs, but also of the
phosphotyrosine content at compartmental surfaces as it depends on Cs and
C,. Although this a simplifying assumption, is it valid on experimental and
theoretical grounds? There is excellent evidence that this assumption is not
exactly accurate.

In one important study (Di Guglielmo et al., 1994), rat livers were
bathed in a saturating amount of EGF, and the hepatic plasma membranes
and endosomes were fractionated by centrifugation techniques after vari-
ous times of stimulation. Quantitative biochemical analyses were then
performed to ascertain the relative protein amounts and phosphotyrosine
content of EGFR and one of its substrates (Shc) associated with the two
compartments. After 0.5 min of EGF stimulation, most of the receptors are
bound and at the cell surface, whereas at 15 min most of the receptors have
down-regulated and are associated with the endosomal fraction. At 0.5 min
the specific level of phosphotyrosine (pY/molecule) for Shc is about the
same in the two fractions. As the endosomal fraction becomes enriched
with receptors, however, the phosphorylation stoichiometry stays about the
same at the plasma membrane, but goes up significantly in endosomes.
Thus, when almost all receptors are in one fraction or the other, the
phosphotyrosine content is different.

Is it possible to explain these observations theoretically? Let us consider
pY content to be in rapid equilibrium between RTK and phosphatase
activities on the time scale of internalization. For simplicity we will
consider the phosphatase activity to operate by a pseudo-first-order mech-
anism with rate constant kp, a parameter that does not vary between the two
compartments; this would be the case if the phosphatase activity were
associated with the cytosol and/or associated with membranes but distrib-
uted evenly by constitutive turnover. Next, we will impose saturating
conditions under which all receptors inside the cell and at the surface are
bound, and allow receptors and receptor substrates to be phosphorylated by
both intramolecular (autophosphorylation) and intermolecular (transphos-
phorylation) events. We can now define Pm and Pe, the specific phospho-
tyrosine content in the plasma membrane and endosomal compartments,
respectively, as a function of the fraction x of receptors that have internal-
ized at any given time. Employing Eq. 10 in the diffusion-limited regime,

Pm(X)

K + {(21TDmRo/Amkp)(1 -x)/ln[Em(1 -X)-1/2] - 3/4}
1 + K + {(27rDmRo/Amkp)(1 -x)/ln[Em(1 -X)- 1/2] - 3/4}

Pe(X)

(E/IEm)2K + {(27rDmRO/Amkp)xAln[EeX 1/2] - 3/4}
(Ee/Em)2(1 + K) + {(2wTDmRodAmkp)XIfl[EeAC 1/2] - 3/4}

ki (Am/!TRo)l2 (AeI'7TRO)12
K-kps; Em S ; e (C2)

where ki is the first-order rate constant of the intramolecular kinase mech-
anism, and Am, A, D,,,, RT, and s are as defined previously. We have
assumed that intermolecular transphosphorylation is diffusion-limited be-
cause this is what is predicted for most membrane-membrane interactions
as described in the text; imposing a second-order reaction-limited rate law
does not significantly affect the predicted qualitative behavior. Note that
this intermolecular mechanism is conceptually indistinguishable from a
dimerization model in which the dimer species has a very short lifetime
(Schlessinger, 1979).

In short, this sort of model could explain the results of the fractionation
experiment; at relatively sparse receptor densities, such as at the plasma

membrane or in endosomes when few of the receptors have internalized,
pY stoichiometry can be constant, with intramolecular phosphorylation
dominating: Pm =eP,I=K(I + K). At higher receptor densities, such as in
the smaller endosomal compartment after significant receptor down-regu-
lation, intermolecular phosphorylation events might become more impor-
tant, with Pe being a positive function of x. The concentrating effect of the
endosome that potentiates this sensitivity is gauged by the ratio of com-
partment surface areas (Ee/Em)2 (_0.01_0.1 for most cell types). The initial
density RT/Am is also important in determining whether the cell surface pY
stoichiometry is insensitive to down-regulation, and this parameter can
vary drastically among different cell/receptor types.

With the distinction between EGFR and EGFR-pY delineated when Pm
and Pe are not equivalent, it is more correct to replace Cs and C, in the
model equations governing as and a, (Eq. Cl], c and d) with PmCs and
PeCi, respectively, and adjust the common dissociation constant KD to

reflect levels of EGFR-pY. For our simulations, however, this was not
incorporated because this model of RTK-phosphatase interplay is highly
speculative and would compromise the simplicity of the transient model.

APPENDIX D: MEMBRANE RECRUITMENT AND
ZERO-ORDER SENSITIVITY

Our model 2 of membrane signaling involved membrane-associated regu-
latory elements that activate and deactivate a signaling protein of interest.
By imposing a model in which the modification of the protein is concom-
itant with association of the regulatory elements, the equilibrium response
is hyperbolic (Eq. 24). However, in systems in which the signaling protein
is covalently modified by positive and negative regulatory enzymes, such
as model 2, the state of the signal can achieve a more sensitive, switchlike
response to changes in the relative activities of the regulatory elements
when either or both enzymes are significantly saturated (Goldbeter and
Koshland, 1981). We briefly explore here how membrane recruitment may
be able to reversibly modulate a response between hyperbolic and ultra-
sensitive behaviors.

Consider a signaling protein expressed intracellularly at _104 mole-
cules/cell. At this level, the cytosolic concentration in a typical mammalian
cell is -10 nM. Thus, for significant saturation, one or both of the
Michaelis constants KM must be in the 1 nM range or lower. However, this
is hard to achieve for most signaling molecules. If we employ the nomen-
clature of Goldbeter and Koshland, K, and K, are the Michaelis constants
of the activating and deactivating enzymes, respectively, and E, and E2 are
the total enzyme concentrations of the activating and deactivating enzymes,
respectively, all scaled to the total substrate concentration WT. The balance
of maximum positive and negative regulatory activities V,/V2 is a (not to
be confused with the definition of a used in the main text). The mole
fraction of unbound, unactivated protein W is then governed by

W(1- a) + W2{K, + K-,a)

+ (1 - a)[K, + El + E2a - 1]}

+ K1W{(K1 + aK2) + (a - 2) + (El + E2aL)}-K = 0

(D1)

with the mole fractions of other species in terms of W; this equation, which
accounts for depletion of free substrate due to binding of the enzymes, is
taken directly from figure 3 of Goldbeter and Koshland. If we now allow
equilibrium partitioning of the substrate between the cytosol and mem-
brane, part of the substrate population will experience a significant reduc-
tion in K, and K2 if the regulatory enzymes are both membrane-associated.
For example, an observed Michaelis constant (based on whole cell volume)
is reduced by the factor E (see main text) when the substrate is modified
much more rapidly than it dissociates from the enzyme, whereas it is
reduced by the factor X when the reverse is true. If we assume the former,
and that the partition coefficient ,udescribes the membrane/cytosol ratio of
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unbound substrate regardless of activation state, Eq. D1 becomes

W3[(1 + L)(1+ iE)2](1-a) + W2{[(1 + i)(1 + FE)]

* (K1 + K2a) + (1 - a)[(l + p)(1 + p.E)K1
+ (1 + p1E)2(E1 + E2a - 1)]} + KlWc{(1 + 4)(Ki + aK2)

+ (1 + jiE)[(a - 2) + (E1 + E2a)]}- K1 = 0
(D2)

where Wc is the mole fraction of cytosolic, unbound, unactivated substrate.
The fraction of the substrate in the active state is W* = W* + W* +
E2W* + E2W*, the sum of cytosolic and unbound, membrane-associated
and unbound, cytosolic and bound, and membrane-associated and bound
substrates in the active state. This output of interest can be calculated in
terms of Wc:

W*T =

K2(1+ F) 2(1 + IE) 1
c K, + Wc(1 - a)(1 + pE) K1 + Wc(1 + tE)J

(D3)

If we consider a case in which K1 = K2 = 3 (near hyperbolic behavior),
and E = 300, for example, the cell can achieve observed values of K1IE =
K21E = 0.01 when all of the substrate is recruited to the membrane (,u >>
1). If El, e2 > 1, Goldbeter and Koshland showed that an ultrasensitive
response is seen under these conditions, as a is modulated from less than
to greater than 1. The interesting contribution of membrane recruitment,
however, is not simply that zero-order ultrasensitivity can be achieved, but
that hyperbolic sensitivity, switchlike sensitivity, and any responses in
between can be accessed by modulating the membrane partition coefficient ,.
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