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Diffusive Gradients in the PTS System

J. G. Blom and Mark A. Peletier
cwi
P.O. Box 94079, 1090 GB Amsterdam, The Netherlands

ABSTRACT

It has recently been conjectured that metabolic pathways with membrane-bound enzymes can give rise to con-
centration gradients in the cytosolic pathway components. We investigate this issue using a theoretical model
for the Phosphoenolpyruvate-dependent Phosphotransferase system in E. coli, for which accurate measure-
ments of the kinetic parameters are available. We show that significant spatial gradients indeed exist, and we
discuss the potential implications of this finding.
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1. INTRODUCTION

Bacteria such as F. coli have relatively little interior structure. The cell contains no interior divisions,
and the cytoplasm is free to move throughout the cell. In combination with the relatively small size of
E. coli this has led to an assumption, which is common in the biochemical literature, that the inside
of the cell behaves as a ‘well-stirred reactor’: i.e., the concentrations of those chemical species that
are not membrane-bound can be assumed to be constant throughout the cell, and to remain so during
any reactions that they may undergo.

While there are many situations in which such an assumption may be justified, we will concentrate
here on an exception to this rule. The Phosphoenolpyruvate-dependent Phosphotransferase system
(PTS), described in detail below, is a pathway that is partly cytoplasmic, partly membrane-bound.
The pathway is dependent on diffusion for the transport between the cytoplasm and the membrane;
this implies that a spatial gradient in the concentration of some of the species is needed to achieve the
necessary pathway flux. Our goal in this paper is to model the PTS system in a comprehensive manner,
taking into account the detailed reaction mechanism of [5, 6], the spatial separation that is created
by binding one of the proteins to the cell membrane, and the diffusion process that is responsible for
the transport to and from the membrane. We will show that the resulting concentration gradients are
significant (in line with the suggestions of [2]) and we shall make some suggestions for an experimental
verification of this fact.

In the next two sections we will describe the PTS system and the assumptions we make for the
model we have investigated. In Sections 4 and 5 we briefly describe the numerical methods that
we have used to calculate solutions for this model, and the results that we obtain for various model
experiments. Finally we discuss whether these results are experimentally verifiable.

2. THE PTS SysTEM
The Phosphoenolpyruvate-dependent Phosphotransferase system (PTS) is an essential element in the
glucose metabolism of E. coli. Its two main functions are to transport extracellular glucose (Glc)
through the membrane and to simultaneously attach to it a phosphoryl group (POs).

The phosphoryl group is originally derived from phosphoenolpyruvate (PEP), and is passed to the
glucose molecule via a pathway of protein—protein interactions. A simplified reaction mechanism is
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Figure 1: A schematic representation of the PTS system. The ellipses represent proteins, the other
metabolites are smaller molecules.

shown in Figure 1. Each pair of arrows represents a pair of chemical reactions; for instance, the
leftmost reaction, in which PEP passes a phosphoryl group to Enzyme I (EI), creating EI-P and
pyruvate (Pyr), might be written more explicitly

k k
EI+PEP = ELP.Pyr = ELP+Pyr (2.1)
k_l k—2

Throughout this paper we assume that reaction rates follow the law of mass action, so that (2.1)
also defines the reaction rates as ki [EI][PEP] — k_;[EI-P-Pyr] and ko[EI-P-Pyr] — k_o[EI-P][Pyr].
Similarly, the other reactions, involving HPr, domain A of Enzyme II (ITA), and domains B-C of
Enzyme II (IICB), have the explicit form

EI-P + HPr :23 EI.P-HPr kk_’: EI + HPr-P (2.2)
-3 —4
HPr-P + ITIA ::5 HPr-P-IIA :—ﬁ HPr + IIA -P (2.3)
-5 —6
ITA-P +IICB kk<:’7 ITA-P-IICB kk_’: ITA +IICB-P (2.4)
k7 k8
IICB-P + Glc kkzg IICB-P- Glc kk—ﬁ 1ICB + Glc-P (2.5)
k—o k—10

The geometry of the pathway in the cell is schematically indicated in Figure 1:

1. The proteins IICB (and its alternative forms, IICB-P, ITA-P-IICB, and IICB-P- Glc) are fixed
to the cell membrane;

2. All species to the left of IICB/IICB-P in (1) (i.e., PEP, Pyr, EI, HPr, ITA, and their various
combinations and alternative forms) are confined to the interior of the cell;

3. Glucose is transported from outside to inside, so Glc is supposed only to be present outside of
the cell, while Glc-P is confined to the inside.

This spatial separation between EI, HPr, and ITA on one hand and IICB on the other hand implies
that an element of spatial transport is necessary to bring reacting species into contact with each other.
In this paper we shall assume that this transport is effectuated by (passive) diffusion.
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REMARK 2.1 In what follows we implicitly adopt the continuum hypothesis, i.e., we assume that the
behaviour of the set of molecules in the cell can be modelled by considering a continuous representation
(a concentration). That this is possible is not completely trivial, and depends simply stated on the
number of molecules that are present in the cell. For a spherical cell of radius 1 pum, each pM of
concentration is equivalent to 2500 molecules inside a single cell. With the concentrations that we use
here (Table 4) the cytosolic species are counted in tens of thousands. The membrane concentration
of TICB of 3.33 uM pum corresponds to 25000 molecules. We conclude that the continuum hypothesis
is a reasonable assumption.

Thus we model the time variation of each of the interior unknown species by equations of the form

0A

o V(Da.VA) =Ry for (z,t) € Q x (0, 00), (2.6)
where A is the volume concentration of any one of the species EI, EI-P-Pyr, EI-P, EI-P-HPr, HPr,
HPr-P, HPr-P-ITA, TIA, and ITA-P. The coefficients D4 are the corresponding diffusion rates, to
which we shall return later, and the reaction rates are given by

Rg: =Js—J Rer.p.upr = Js — J4 Rugpr.pria = J5 — Jg
Rer.p.pyr = J1 — J2 Ryp: =Js—J3 Ria =—Js
Rgr.p =Jo—J3 Ruprp =Js—Js Ria.p =Js (2.7)

Each of the J; refers to the total reaction rate in equation ¢, including both forward and backward
reactions. For reference we list them explicitly:

Ji = ki [EI][PEP] — k_,[EI-P-Py1] Ji = ky[EL-P-HPx] — k_4[EI][HPr-P]
Jy = ko[EL-P-Pyr] — k_,[EI-P][Py1] Js = ks[HPr-P][ITA] — k_5[HPr-P-TIA]
Js = ks[EL-P|[HPr] — k_3[EL-P-HPr]  Jg = k¢[HPr-P-IIA] — k_4[HPr][IIA-P] (2.8)

The species IICB, ITA-P-IICB, IICB-P, and IICB-P- Glc, which are confined to the cell membrane,
are modelled by surface concentrations defined on the boundary of the domain, 9. They are also
assumed to undergo diffusion, as well as reaction:

aa_lf ~V(Dp.VB) = Rp,  for (z,1) € 92 x (0, 0), (29)

where the reaction rate Rp is given by

Rrics = Jio—Jr Rucs.p =Js—Jy
Ria.paics = Jr — Jg Rue.p.cle = Jo — Jio (2.10)

Here the relevant reaction rates are given by

Jr = k7[IIA-P][IICB] — k_7[IIA-P-IICB]  Jy = ko[IICB-P][Glc] — k_o[IICB-P- Glc]
(2.11)

Note that since the concentrations [IICB], [ITA-P-IICB], [IICB-P], and [IICB-P- Glc] are surface
concentrations (L~2) rather than volume concentrations (L~3), the rates J;—Jio are also per unit
surface. In these expressions [IIA], [IIA-P], [Glc], and [Glc-P] are interpreted as the values of the
volume concentrations at the location of the boundary.

For the mass balance of the interior species the reaction at the boundary represents a source/sink
term. The corresponding boundary condition is obtained by equating the source/sink with the local
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flux at the boundary:

DAaQA:o, A = EI, EI.P-Pyr, EI.P, EI.P-HPr, HPr, HPr-P, HPr-P-IIA,
Va 5 (2.12)
Dua-[IA] = Js,  Duapp-[IA-P]=—Jr

Note that the difference in dimensions between J7-J;¢ and the other rates implies that such a boundary
condition is dimensionally correct. If the local (thermal) diffusion of the species is unchanged by the
fixture to the membrane, then the same rate coeflicients k; and k_; apply as in a voluminal context.

The concentrations of PEP, Pyr, Glc, and Glc-P are held constant, and we will treat these as
parameters in the sequel. If we supplement (2.6)-(2.12) with initial conditions for all species, then the
system has a unique solution that remains bounded for all time ¢ > 0. In this paper, however, we are
interested in stationary states. We conjecture that the system (2.6)-(2.12) has a unique stationary
state, which is globally attracting; all our numerical results support this conjecture.

3. QUESTIONS OF SYMMETRY

The cell will be taken to be three-dimensional and spherical. All concentrations of cytoplasmic species
are considered to be functions of the spatial variable, and the membrane-bound species are defined on
the boundary of the sphere.

In the more general of our simulations, no symmetry was pre-imposed on the solutions. However,
provided all parameters respected the radial symmetry, we found no evidence of symmetry-breaking:
all solutions were radially symmetric (note, however, that if a parameter such as Glc is non-symmetric,
then solutions of the equations will also be non-symmetric). In the following sections we will therefore
describe the problem and the results completely in terms of the radial variable.

One might speculate on modifications of the model that would allow for symmetry breaking. The
first was mentioned above: if any of the data of the problem is non-symmetric, then the solution will
not be radially symmetric either. A different example of a similar phenomenon would be if one of the
species (e.g. ITA) would play a role in a different reaction mechanism, and if this other mechanism
itself would be non-symmetrically distributed throughout the cell.

In yeast a phenomenon is observed in which membrane-bound proteins spread over the membrane
while they are active, (i.e., while the flux is non-zero), but coagulate when they become inactive,
even leading to large clumps that are degraded by the cell. A phenomenon of this type might lead to
interesting (time-dependent) behaviour.

4. NUMERICAL METHODS
In spherical symmetry equations (2.6) reduce to the following one-dimensional system of reaction-
diffusion equations in the interior of the cell:

dc 10 oc

R4+~ =),

ot + 72 87“( (9r)
for the species ¢ = EI, EI.P-Pyr, EI.P,EI.P-HPr, HPr, HPr-P, HPr-P-TIA, IIA, IIA-P, where R,
is given by (2.7) and (2.8). The boundary conditions are a symmetry condition in the center,

0
6_70“ =0, for r =0, (4.2)
and equation (2.12) at the membrane.
In the cell membrane the system of diffusion-reaction PDEs (2.9) translates for the radially sym-
metric case to a system of ODEs
b

5% Ry, for ¢ € (0, 00), (4.3)

r?D,(r) for (r,t) € (0,R) x (0, 00), (4.1)
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where b = IICB, ITA-P-IICB, IICB-P, IICB-P- Glc (which is now a scalar function of time only),
and Ry is given by (2.10) and (2.11).

We solve system (4.1)-(4.3) using the Method of Lines: the spatial derivatives are discretized on
a computational grid, and the resulting system of ODEs is integrated in time. The variables of the
ODEs are the protein concentrations. Positivity and mass conservation are characteristic properties
of the continuous variables and should thus be mimicked by the computational solution.

The discretization in space is straightforward: The spatial interval is divided into N equal subin-
tervals of length Ar = %, and in each subinterval the solutions are taken constant. We approximate

the diffusion term in (4.1) by

ir?+1/2FC(7°i+1/2) - r?fl/ch(Tifl/z)
r? Ar :

(4.4)

For computational cell boundaries r; /o in the interior of the cell the diffusive flux over the boundary
is given by

Cit1 — Ci .
Fe(rigiy2) = Dc(ﬁ+1/2)%, fori=1,..,N -1, (4.5)

and at the boundaries of the computational domain the flux is given by (cf. (4.2))
F, (TI/Z) =0
and (cf. (2.12))

Fe(rnyi2) =0, for all species except ITA and ITA-P,
Fiia(rng1/2) = Js = ks[IIA-P-IICB] — k_g[ITA] 5 [IICB], and
Fiia.p(rys1/2) = —Jr = —(kr[TTA-P]§[TICB] — k_[ITA-P-TICB)).

For the choice of a time integrator it is important to realize that the system of ODEs obtained after
semi-discretization is moderately stiff. Eigenvalues of the reaction system range between —107 and 0
for the wild-type in vivo concentration values and the kinetic rate constants given in [6]. If one would
integrate such a stiff system in time with an explicit scheme this would lead to time steps in the order
of 1077, even when the solution is close to steady-state. Therefore it is necessary to use an implicit
time-integrator, in our case the off-the-shelf solver DASSL[1, 3]. DASSL is a variable-step variable-
order BDF method. When the order is restricted to one it results in the familiar Backward-Euler
method, which is the only known implicit method which combines positivity and mass conservation.
In our experiments we also allowed higher order BDF schemes; negative concentrations did not occur.

5. EXPERIMENTS

In [5, 6] PTS model experiments are described in a ‘stirred-tank’ setting, i.e. diffusion is neglected,
there is no spatial separation, and all reactants are assumed to be spread homogeneously in space.
In this paper we are interested in the more general setup described above, with an emphasis on
the influence of diffusive transport on the steady-state pathway flux. In this section we describe a
number of numerical experiments in which we vary the diffusion coefficients. We not only consider
the spatial gradients in the species concentration and the distribution over the various protein forms
(unphosphorylated, phosphorylated, complex), but also the influence on the uptake of glucose, viz.
the flux through the membrane given by (2.11), and the flux-response coefficients. The latter describe
the dependence of the flux on the various protein concentrations and diffusion coefficients and are
defined by

Oln|J|
J _
R, = Olnp’

(5.1)
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where J is the membrane flux in steady-state and p the dependence parameter.

For the geometry of the cell we assume a sphere with a radius of 1 um. The total protein concen-
trations and the kinetic parameters are those of [6, for the concentrations the in vivo values]. For the
membrane-bound protein IICB a translation has to be made, since in [6] this protein was represented
by a bulk concentration (10 uM). We calculate the boundary (surface) concentration by multiplying
the bulk concentration by the volume-surface ratio (4/3)7r®/4mr?. As mentioned above, the kinetic
constants related to boundary metabolites, which where determined for bulk concentrations in [6],
apply unchanged when one of the metabolites in the reaction is fixed to the membrane. For the sake
of completeness the parameter values are listed in Table 4 in the Appendix. In all our experiments
we used a uniform grid of 1000 cells. Fifty cells would in fact be sufficient for a good indication of
the spatial distribution of the concentrations; however, the values of the flux and the flux-response
coefficients are very sensitive to the gradient of the solution near the boundary, and an accurate
computation of these quantities therefore requires a dense spatial discretization near the boundary.

As is to be expected, in the limit D, — oo the protein concentrations show no spatial gradients,
and the simulated concentration values as well as the flux and flux-response coefficients equal those
of [6].

In the first model experiment, marked A in the sequel, the diffusion parameter D. is constant in
space and equal for all protein species to 60 ym? min~" (cf. [4]). As can be seen in Figure 2 the protein
concentrations show gradients, but the total protein concentration for each of the three cytosolic types
EI, HPr, and ITA (e.g., in the first diagram the combination EI + EI-P + EI-P-Pyr + EI-P-HPr), is
constant in space. This can be explained by the fact that the PDE for the sum, which is obtained by
adding the 4 PDEs for the various subspecies, has the form

% —V(D..Ve) =0,

since D. = D is independent of the subspecies, and since the reaction terms R, cancel each other
(conservation of the protein). With the accompanying boundary conditions the only steady states for
this equation are constants.

In experiment B the effect is shown of a space dependency of D.. The cell is divided (conceptually)
into two parts, an inner region (0 < r < 0.5um) and an outer region (0.5um < r < 1um). The
diffusion coefficient in the outer region is equal to the value above, and in the inner region we adopted
a value that is lower by a factor of 50. This assumption is inspired by the higher concentration of DNA
in the inner region, which creates an environment in which globular particles diffuse more slowly. The
results can be found in Figure 3.

The effects of varying the diffusion coefficients among the different subspecies is clearly seen in
Figure 4, where we assume that complexes diffuse at a lower rate than uncomplexed proteins. The
diffusion coefficient for uncomplexed proteins is the same as in experiment A while the coefficient for
complexes is taken a factor 1000 lower. Now the summed concentrations of the various subspecies
(e.g., EI + EI-P + EI-P-Pyr + EI-P-HPr) also show clear spatial gradients.

The factor of 1000 has the merit of clearly demonstrating the effect of variation among subspecies,
but it does not provide a meaningful comparison to the actual system. For an estimate of realistic
values of the various diffusion coefficients we make the following assumptions:

e proteins (and complexes) are spheres,

e D varies linearly with the inverse of the radius of that sphere (as in the Stokes-Einstein rela-
tionship),

e the volume of the sphere varies linearly with the mass of the protein species, and

e the mass of the phosphoryl group and of pyruvate is negligible (M (EI) = 63.5kDa, M (HPr) =
9.1kDa, M(ITA) = 18.2kDa).
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This leads to the following values of D.:

D1 =1/1.91-Dup,  Dupr =60pum® min~"  Dya =1/1.26 - Dyp,
Dg1.p.pyr = Dr1 Dgy.p.ppr = 1/2.00 - Dygp; Dupr.p.11a = 1/1.44 - Dyp,
Dgr.p = Dg1 Dypr.p = Dup: Dria.p = Dr1a (5.2)

The result of this choice for the diffusion coefficients is shown in Figure 5.

One can also mimic the situation where a large label is attached to one of the smaller proteins
such as HPr or ITA. In our experiments we enlarged the mass of the specific protein by a factor of 10
and changed the diffusion coefficients accordingly. The result can be seen in Figures 6 and 7 for the
proteins HPr and ITA.

For all these model experiments we give the distribution of the membrane protein species in Table 1
and the steady-state properties (the flux and the flux-response coefficients) of the model in Table 2.
For comparison with the ‘stirred-tank’ in vivo experiment of [6] we list for D. = 10° um?® min™" the
intracellular species distribution in Table 3, the membrane species values in Table 1 and the flux and
flux-response coefficients in Table 2.

Although the distribution over the protein species, when averaged over space, is roughly the same as
in the experiments of Rohwer et al., we see from Table 2 that the flux in a situation without gradients,
the stirred-tank approximation or ‘infinite’ diffusion, is significantly higher than in any of the other
experiments, all giving rise to more or less large gradients of the protein species. And where the
stirred-tank approximation leads to the conclusion that the flux is merely dependent on [IICB]¢otar
a model with diffusion makes the uptake of glucose also dependent on [El]tptq; and even more on
[ITA]totar. The actual values of the various diffusion coefficients seem to be of less importance. Only
in a few cases this is also of influence on the uptake values (flux and flux-response coefficients). E.g.,
if we look at the flux values in Table 2 a spatial dependence of D (exp. B) is of no influence, but
the assumption that complexes are ‘immobile’ compared to uncomplexed proteins (exp. C) leads to a
much larger flux. This choice gives rise to the largest gradients, also in the total concentrations, and
to the largest flux. Interesting from an experimental point of view are E and F. In E we have the
situation that attaching a large label to HPr gives rise to a noticeable gradient in [IIA];ytq without
changing the up-take values too much. In F, where a large label is attached to ITA, we predict a much
smaller flux.

6. DISCUSSION

In this paper we discuss the effects of extending the kinetic PTS model of [5, 6] with spatial transport
modelled by diffusion. Experiments with this model show that, in line with the assertions of [2],
diffusion gives rise to large gradients in the concentrations of the various protein species and to a
different prediction for the uptake of glucose compared with the results in [6].

In [2] the authors state that ‘Large cellular gradients of the phosphorylated and unphosphorylated
form of proteins would have very important implications for cell signalling’. While we intend to
leave this point to a later and more comprehensive discussion, a first remark can already be made
on the basis of Table 2. In the well-stirred case the flux control is overwhelmingly localized in the
concentration of IICB; the addition of diffusion transfers part of this control to EI and ITA, thus more
than doubling the flux-response coefficient for both proteins.

Turning towards a comparison with experimental data, a first interesting question arises in conjunc-
tion with the in vivo experimental data of [6]. The observed values of the pathway flux were higher
than those calculated in the model experiments in [6], which in turn are higher than those that are
predicted by the current model. The fact that addition of diffusion to the model takes us further from
experimental data is intriguing, and this issue remains to be resolved.

An independent question is whether it is possible to find experimental proof that such concentration
gradients as discussed above exist in vivo. The simplest experiment to measure gradients would
consist of labeling a protein such as ITA; with such an experiment one would measure the sum of the



6. Discussion 8

four subspecies, i.e., ITA + ITA-P + HPr-P-ITA + ITA-P-IICB. The thick line in Figure 5 shows the
concentration of this combination. While there is a slight variation in space, it does not seem strong
enough to be detected among a significant amount of noise.

By labeling two proteins by different fluorescent labels, and detecting energy transfer from one to
the other, one can (theoretically) detect complexes of these two proteins. If this technique could be
applied to, for instance, HPr-P-ITA, then the resulting response would be strong enough to persist
through perturbations (see Figure 5). This is an avenue that is currently being explored.

A third possibility would be not to measure the gradients directly but at least prove their existence
in an indirect manner. The existence of a concentration gradient is mathematically equivalent to
a non-zero flux-response coefficient with respect to the diffusion coefficient for that species. The
approach would be to greatly increase the size of one of the proteins, in order to obtain a significant
decrease in the diffusion coefficient for that protein. The resulting change in the total pathway
flux is an indication of the flux-response coefficient for that diffusion coefficient, and therefore of
the concentration gradient. A major difficulty in this approach is, however, that the reaction rate
constants are expected to change, and would have to be determined anew.
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MODEL EXPERIMENTS
A D, =60pum? min~" for all intracellular protein species and uniform in space.

B More crowding in cell-center.
D.(r) = 60/50 um?® min~"! for 0 <=r <= 0.5 and D.(r) = 60 um?® min~" for 0.5 <=7 <=1 for
all protein species.

C Diffusion of complexes much slower.
D, = 60 pm? min ! for all uncomplexed proteins, and D, = 0.06 um? min ! for all complexes.

D Diffusion volume/mass dependent.
D, = & M(HPr)/M(c)-60 pm? min~", where M(c) is the mass of the protein species (cf. (5.2)).

E ‘Large’ label attached to HPr.

M (HPr) - 10.
F ‘Large’ label attached to ITA.
M (ITA) - 10.
A B C D E F D, =10°
1ICB 0.74 0.75 0.53 0.79 0.75 1.04 0.47
IIA-P-IICB 166 165 180 163 1.65 1.47 1.82
IICB-P 0.04 0.04 0.04 0.03 0.04 0.03 0.04

IICB-P-Gle 0.90 090 096 0.88 0.89 0.79 1.00

Table 1: Distribution of membrane protein species’.

A B C D E F | D.=10°
J 54173 54091 58173 53236 53740 47924 60206
RY, 011 011 007 012 012 015 0.05
Riip, -0.03 -0.03 000 -0.03 -0.02 -0.04 -0.02
Riis 033 033 019 035 032 048 0.17
Riion 072 072 086 069 071 053 0.91
R ) 0.00 000 000 000 000 0.0 0.00
Rl gpy 002 002 000 -003 -0.02 -0.06 0.00
Rlga, 009 008 002 010 008 017 0.00

Table 2: Steady-state properties of the model.
Flux J'and the flux-response coefficients of the four glucose PTS proteins and of the diffusion
coefficients.

IMembrane species values are surface concentrations (uM pm). J denotes the (surface) flux per cell
(uM pm?® min~! = 1072'mol min~!). In [6] both the membrane species and the flux are expressed in M, i.e. in
volume concentrations. To compare our values with the ones in [6] the surface concentrations should be multiplied by
3/r and the flux divided by 4/37r3, r = 1 um.
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EI 0.27 EI-P-HPr 049 HPr-P-ITA  18.45
EI.P-Pyr 3.05 HPr 1.28 ITA 0.64
EI.P 1.19 HPr-P 29.78 ITA-P 15.43

Table 3: Distribution of intracellular protein species for D, = 10° ym? min~".
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Figure 2: Experiment A: D, = 60 pm? min ! for all protein species and uniform in space.

The fat line shows the total concentration for the specific protein, i.e., the sum of all other lines in
the plot. Along the horizontal axis the distance from the center is given (um), along the vertical axis
the concentration values in pM.
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Figure 3: Experiment B: More crowding in cell-center.
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The fat line shows the total concentration for the specific protein, i.e., the sum of all other lines in
the plot. Along the horizontal axis the distance from the center is given (um), along the vertical axis
the concentration values in pM.
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Figure 4: Experiment C: Diffusion of complexes much slower.

The fat line shows the total concentration for the specific protein, i.e., the sum of all other lines in
the plot. Along the horizontal axis the distance from the center is given (um), along the vertical axis
the concentration values in pM.



6. Discussion

5
a4t
S __ _ _|ELP.PYI
2 L
o . _ __ _|Ewp
1 i
EL.P.HPr
El
O L .
0 0.2 04 06 08 1
40
B,
30}
L I HPr.P.IIA
T T T~ 7
- _ .
20} “
/'/ N
_ N
- AN
10 P o R — J
Ynap
0 S 17
0 0.2 04 06 08 1

60

501
40}
307
20

10}

2.5

0.5¢

13

___/
T T T - = HPr.P
HPr.P.l1IA
HPr
=————— E|.P.HPr
0 0.2 0.4 0.6 0.8 1
_ HPr
_/ i
/ A
‘/
‘/
/
- - J#;;';/,EI.P.HPr
El
0 0.2 0.4 0.6 0.8 1

Figure 5: Experiment D: Diffusion volume/mass dependent.

The fat line shows the total concentration for the specific protein, i.e., the sum of all other lines in
the plot. Along the horizontal axis the distance from the center is given (um), along the vertical axis

the concentration values in pM.
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Figure 6: Experiment E: ‘Large’ label attached to HPr.

The fat line shows the total concentration for the specific protein, i.e., the sum of all other lines in
the plot. Along the horizontal axis the distance from the center is given (um), along the vertical axis
the concentration values in pM.
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Figure 7: Experiment F: ‘Large’ label attached to ITA.

The fat line shows the total concentration for the specific protein, i.e., the sum of all other lines in
the plot. Along the horizontal axis the distance from the center is given (um), along the vertical axis
the concentration values in pM.
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APPENDIX

Parameter Unit Value Parameter Unit Value
PTS protein concentrations Boundary metabolite concentrations

[Ellotal uM 5 PEP puM 2800
[HP1]; o] uM 50 Pyr uM 900
[IICBJ; ot a1” puM pm 3.33 Gle-P uM 50

Rate constants (PTS step in parentheses)

k, (PEP to EI) pM~tmin~! 1960 k_, (PEP to EI) min ™ 480000
ks (PEP to EI) min~™' 108000 k_» (PEP to EI) pM !t min™! 294
ks (EI to HPr) pM~ min™! 14000 k_3 (EI to HPr) min ! 14000
k4 (EI to HPr) min~! 84000 k_4 (EI to HPr) pM ™ min ! 3360
ks (HPr to ITA) M 'min™" 21960 k_5 (HPr to ITA) min ™ 21960
ke (HPr to ITA) min ™" 4392 kg (HPr to ITA)  pM 'min™! 3384
k; (ITA to IICB)  pM ™' min~! 880 k_7 (IIA to TICB) min ! 880
kg (ITIA to IICB) min ! 2640 k_g (ITA to IICB)  pM~'min~! 960
ko (IICB to Glc)  pM ™ 'min* 260 k_g (IICB to Glc) min 389
k1o (IICB to Glc) min ™" 4800 k_1p (IICB to Glc) uM 'min™" 5.4-1073

Table 4: Parameters of the kinetic model

2Membrane species values are surface concentrations (M pm). In [6] [IICB]; ) is expressed in pM, i.e., in volume
concentration. To compare our values with the ones in [6] the surface concentration should be multiplied by 3/r,

r=1pm.
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