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Abstract

This thesis is about transport of solutes across a biological membrane, a
‘lipid bilayer’. The goal is to create a template of differential equations,
which is applicable to many types of molecules and ways of transport.
The approach aims to be abstract but aplicable and built up entirely
from biophysics and clearly stated, reasonable assumptions.

Free diffusion over the membrane will be considered explicitely, from which
Ficks law will be derived. An ion-trap mechanism will also be specifically
considered.
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1 Context and composition

We will consider transport through a biological membrane, a lipid bilayer. Such
a membrane consists of lipid molecules arranged such that they have their hy-
drophobic tails put together on the inside of the membrane and on the border
of the membrane the hydrophillic heads. We consider this membrane to be in
an environment of water, potentially with solutes like ions and glucose. They
create a membrane with a width of two molecules, typically 4-6 nm thick.
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It is important to notice that the lipid bilayer is in a liquid state, so solutes can
dissolve into the membrane if the chemical properties of the solute allow it. On
both sides of this membrane we have compartments: the interior compartment,
which we call ‘inside’, and the exterior compartment, which we call ‘outside’.
Together with the membrane itself, we have the three compartments we will
consider. For instance, the membrane could represent the plasma-membrane,
with the inside being the cytoplasm, or it could be the membrane of the Endo-
plasmatic Reticulum (ER), in which case the cytoplasm would be the outside
and the ER the inside.

The goal is to model and analyse the change in concentration of a certain solute
over time given initial concentrations for all the compartments.

1.1 First assumptions

To gain a simple but reasonable abstract model, we shall make some assump-
tions.

The problem becomes very complex if we were to consider all the particles
seperately. This would lead to the use of spacial coordinates and modelling over
107 particles. This is too complicated for practical use, so we will assume the
different compartments to be ‘well-stirred’. This gives rise to the following:

Assumption Al. Every compartment has a uniform distribution of particles,
so a concentration which is constant over the whole space of that compartment.
These concentrations are denoted Co, Cy; and C)s for the outside, inside and
membrane respectively.

The total number of particles in the system at a certain time can be calcu-
lated from the concentrations. Let Vo, V; and Vj; denote the volumes of the
outside, inside and membrane respectively. At a given time the total number of
particles is Vo - Co + Vi - C; + Vi - Cpy. We shall not consider what happens
to Co, C1 and C); other than transport into and out of the membrane. This
gives rise to the following:



Assumption A2. No particles get into or out of the system of three compart-
ments. Only particles moving from one compartment to another will influence
the concentrations. In other words, we have a closed system.

Assumption A2 gives that the total number of particles in the system V -
Co+ Vi -Cr+ Vy - Cyy is constant over time.
1.2 Model of transport

For the transport, we have four types of movement. These are described by the
following functions of flux of particles:

e The movement from the inside into the membrane, denoted as J; .
e The movement from the outside into the membrane, denoted as J.
e The movement from the membrane to the inside, denoted as JI+.

e The movement from the membrane to the outside, denoted as Jg .

Outside Membrane Inside

o Jr

J5 J

Although these functions are not specified yet, they give rise to a system
of differential equations. The net movement of particles into a compartment
is given by the total movement into it, minus the total movement out of it.
If we divide this by the volume of that compartment, we get the change of
concentration over a unit of time. Let ¢ denote the time. We get a system of
Ordinary Differential Equations (ODEs):

dCO_ 1

Tl %(JS_Ja)

dCh 1 -
TZW(JO —Jo+Jr = J)
dCr 1 _

e VI(‘]IJ'__‘]I)

Notice that (A2) is satisfied:

. dCo dC] dCM
VoCo + ViCr + Vi Cur) = VOW + VIW +Vu dt
=JS—Jo+Jf —Jr +Js =I5+ J =TS

=0

7 ¢

This model is very abstract and can be applied to a large class of transport
systems. The specific form of the equations varies with the specific system we
are considering. We start out by analysing what happens in simple diffusion.



2 Simple Diffusion

The first model we will analyse is simple diffusion over the membrane. This
means that we will consider particles that can dissolve back and forth from the
membrane, into the outside compartment or the inside compartment. No par-
ticular molecules in the membrane regulate this absorbtion into the membrane
and release of particles.

2.1 Biophysics

To further specify and analyse the model, we need to derive functions J. When
we consider our system from a microscopic level, biophysical consideration will
yield a more detailed description.

Particles in a compartment move around rapidly due to diffusion. They some-
times hit the border of this compartment with another compartment. In the
event of a particle hitting the border, the particle either bounces off and stays in
the compartment or it dissolves into the other compartment. A particle could
e.g. be in the outside compartment and hit the membrane. There is a probabil-
ity it gets dissolved in the membrane and a complementary probability that it
bounces off. So the movement of particles per unit of time going into the mem-
brane from the outside is, due to the law of large numbers, the frequency of hits
on the membrane from the outside times the probability of uptake. Hence we
get the following functions:

e We have fonr, fmo, fim and farr, where fi;, ¢,j € {O,M,I} is the
frequency with which particles hit the border of compartment j, from
inside compartment . These frequencies depend on C}, the concentration
in the compartment in which the particles reside.

e We have po, py and pr, with p;, i € {O, M, I} the probability that, in
the event of a particle hitting the border of compartment ¢, the particle
dissolves into compartment i. They depend on Cj;, the concentration in
the compartment the particle dissolves into.

The figure below illustrates a situation where a particle (A) moves in the outside
compartment and hits the border with the membrane.

Outside A

fOM(z'k 1—pm(Cwm)

pr(Cur)

Membrane

We now have:

Jo = fom(Co) - pm(Cur)
J& = fruo(Cum) - po(Co)
Jir = fim(Cr) - pam(Cur)

JF = fur(Cur) - pr(Cr)



2.2 Further assumptions

The frequency with which particles hit the border of a compartment increases
with the concentration in that compartment. It is not unreasonable to say that
this is a linear relation. Also we shall assume that the frequency function of
hits on the border is equal for both borders of the membrane compartment.

Assumption A3. There exist constants ko, kyr, kr > 0 such that each function
fi;(Cy), i,j € {O, M, I} is linear in C; and given by

fi5(Ci) = k:C;

We say the functions po, pys and p; are analytic, for if the concentration
varies only a little, the probability for a solute to dissolve into a compartment
varies very little. We say they are also strictly decreasing, because if the amount
of particles in a compartment increases, it is less likely a solute hitting the border
will dissolve into the membrane. So we assume a certain property of saturation.
As these functions represent a probability we will assume they have a positive
value smaller or equal to 1.

Assumption A4. po, pyr and pr take values in (0,1], are analytic and
strictly decreasing functions of Co, Cyr and C respectively where

Jm po(Co) =0, lim py(Cum) =0, lim p;(Cr) =0
O —00

M —00 Cr—oo

With these new assumptions, we can rewrite the functions which describe
the flux of particles and the system of ODEs.

Jo = koCo - pum(Chr)
J& =kuCm - po(Co)
J; =kiCr-pu(Cur)
Jf =knCu - pr(Cr)

dC 1
Tf = 77 [kaCripo(Co) — koCopu (Ca)]
o
dCy 1
dt ~ Var [koCopn (Car) = knCripo(Co) + krCrpa(Car) — karCarpr(Cr))]
dC 1
=r_ - krmCrpr(Cr) — kiCrpa (Car)]
dt Vi

2.3 Time-scale Analysis

The membrane is very thin compared to the outside and inside, so Vi, is very
small compared to Vo and V. Therefore, Cj; will change rapidly in comparison
to the change of Cp and Cj. This means that Cj; at any time during the
diffusion process will be very close to its equilibrium value induced by Cp and
C7 and the system of ODEs.

This relation induces a reasonable assumption to simplify our system of ODEs,

setting the equation for d%“ equal to zero and letting it follow Cp and Cj.



Assumption A5. We have Cyr = C;, with C}; a quasi steady state, which is

the function of Co and Cy, such that dg—f/f =0.

Further motivation of this approach is given in Section 4.
To further specify the function C}; we will work out this relation:

acs,
dt

1
Vir [—koCopm (Cyr) + knCiypo(Co) — krCrpa (Chy) + karChpr(Cr)] = 0
—pm(Cy)(koCo + kiCr) + kv Chy(po(Co) + pi(Cr)) =0

=0

knuCy _ koCo + kiCr W
pm(Cy)  po(Co) + pr(Cr)
This is an implicit relation, which cannot be further solved for C7,, because
the functions po, pas and p; are not specified in detail. However, we have the
following:

Lemma 1. For any given values of Co,Cr > 0, there is only one value Cy; > 0
for which (1) is satisfied.

Proof. For these values, (1) gives a unique value of pﬁf(gﬁ 7> because the right
part of the equation solely depends on Cp and Cj. This value is positive,
because ko, k; are positive by assumption A3 and therefore koCpo + k;C7 is
non-negative. po and py are positive by assumption A4.

The fraction at the left hand side in (1) only depends on C3%;. The numerator
is an increasing linear function. And by assumption A4, we know that the
denominator is decreasing, nonzero and analytic. Therefore the whole fraction
must be strictly increasing and analytic in terms of C'y;. For C}; = 0, the whole

fraction is 0, so the left part of the equation is continuous and strictly increasing

* C]M 3
from 0. Moreover, as Cy; — o0, pa(Cy by assumption A4. The value

we must find is non-negative, so there is exactly one value of C'}; which satisfies
(1). O

Remark. We can thus consider C}, as a function of Co and Cj. Notice that
if Cp or CT increases, the right side of (1) increases. The left side is a strictly
increasing function of C};. Thus, to satisfy equation (1), C};, must increase.
So Cf; is strictly increasing as function of Cp and Cf seperately.

2.4 Steady State

Now we have a model with two variables. It is given by the old system of ODEs
and the implicit relation (1). We denote:

dC 1
Tto = Fo(Co,Cr) = 7 [krmChripo(Co) — koCopun (Ciy)]
o
dCI 1 * *
T F1(Co,Cr) = A karChyp1(Cr) — krCrpu (Ciy)]

kanCry koCo + krCr

pm(Cy)  po(Co) +pr(Ch)




By assumption A2 we know
d
— (VoCo + ViCr + VCyy) =0

dt
dCo ac; acs,
Vomg = (VI R

. dCs;
By assumption A5 we know — = 0, so

dCo dCy
Vo—= =-Vi—
©7dt "t
This means that whenever % = 0, it follows that ddCTo = 0, which gives a

steady state.
We denote Cf, and C7 the steady state values for Co and C7 respectively.
We derive:

1
knC3
e pm(Chy) 2D

Notice that equation (1) gives us an expression for the fraction above.

ko-CH+kr-C* .
0 _© ! I'PI(CI)

0=—k;-Cf+
T po(Ch) + p1(Ch)

kr-Ct - (po(Co) +p1(CT)) = p1(C7) - (ko - Co + k1 - CF)
kr-Ct -po(Co) = pi(C7) - ko - Co

kr-C7  ko-Cp @)
p1(C7)  po(CH)
Remark. This is again an implicit expression, not further specified nor solvable,
because the functions po, par and p; are not further specified. But (2) is
essential for our further analysis to prove the following lemmas and theorem.

Lemma 2. For every value of Cf > 0 there is exactly one value of C} for
which (C},Cy) is the steady state of the system. We call the graph of this
relation between CF and C§ the I-nullcline.

Moreover, in this relation C7 — oo as Cf — 0.

Proof. (C§,C5) is the steady state of the system if and only if (2) is satisfied.
For a given Cf > 0, the right hand side of (2) is fixed. We call this value S. S
is non-negative for the numerator is non-negative because ko > 0 and C§ > 0
and the denominator is positive by assumption A4.

We set f(CF) = plil('gg), the left hand side of (2). We have f(0) = 0. Fur-
thermore, we see that the numerator of f increases linearly as C7 increases,
the denominator decreases strictly, is analytic and nonzero due to assumption
A4. Therefore f is continuous and strictly increasing. Moreover f(C}) — oo as
C} — o0, so there is exactly one solution to the equation f(C7) = S. Thus for
every Cf there is exactly one C} such that (2) is satisfied. O




Remark. We see that on the I-nullcline, if CF, increases, S increases, so to satisfy
(2), C¥ must also increase. Thus the I-nullcline describes a strictly increasing
function C7} in terms of C.

Lemma 3. The assumption that we have a closed system (A2) implies that in
the model C7 follows a strictly decreasing function of Co

Proof. Assumption A2 gives us that for every Co(0),Cr(0), the total amount
of particles N, given by

N =V, - 00(0) + Vi C[(O) + V- C;(/I(Co(()), C](O))
is constant. We derive from this, at any time ¢ a relation for C; in terms of Cp.
N=Vo-Co(t)+Vr-Ci(t) + V- C3(Co(t), Cr(t))
Vi-Ci(t)=N—=Vo-Co(t) — Vi - Cy(Co(t), Cr(t))

1
Ci(t) = 7 (V= Vo - Co(t) = Vi - C3(Co(t), C1 (1)) 3)
We see that the function implied by (3) is strictly decreasing:

At any time (3) is satisfied.

1. If at a certain time Cp increases, N — Vo - Cp decreases. For fixed Cj,
C73; also increases, so (3) is no longer satisfied. So C'y must decrease which
means that C}, increases slightly and (3) is again satisfied.

2. If at a certain time Cp decreases, N — Vp - Cp increases. For fixed Cf,
Cy also decreases, so (3) is no longer satisfied. So Cr must increase which
means that C; decreases slightly and (3) is again satisfied.

O

Under assumptions A1-A5 we can now prove from these lemmas the main
result of this section:

Theorem 4. For every starting values of Co(0),Cr(0) > 0, there is exactly one
solution for the steady state, (Cf,CY).

Proof. Lemma 2 gives us that all possibilities for steady state, regardless of the
starting values is given by the I-nullcline, which is strictly increasing from 0
to co. We know that, at any time, (2) is satisfied, which implies a decreasing
function for Cr in terms of Cp. If we now start at Co = 0 and increase Co,
the curve imlpied by (2) will be downwards and the curve implied by (2) will
go upwards. Therefore there will be exactly one meeting point, because the
I-nullcline tends to infinity. To illustrate:

I-nullcline
Cr
(C5,C1)
Cr = V%(N —VoCo — VuCi))
O Co
O




Remark. The derivation that the model without the quasi steady state assump-
tion A5 has a unique steady state is completely similar, for we would set all
differential equations equal to zero and could start our reasoning from the fact
that 96 — (), which then satisfies (A5). The rest of the derivation and lemmas

dt
is therefore valid to find that also the full model has exactly one steady state.



3 Ficks Law

Ficks law is commonly used (Keener et al) to describe the flux of particles
through a biological membrane. Ficks law is stated as follows for the solute X
(Blom et al).

Law (Fick).
KxDx

Dx(t)=A (Co(t) = Ci(t))

In this expression:

e Ox(t) is the flux of X-type particles over the membrane at time ¢.

° AKXZD X are some constants representing the influence of some biological
properties of the solute and membrane. They are considered here only as
being constant and positive. In section A.1 they are specified.

So in the form of a differential equation we have:

dt !

11 _ 1 4 B5DX (040 - crry)

We notice the following:
1. It is linear in terms of Cp and Cj.
2. There are no constant terms.
3. The steady state is at Cp = Cf

We would like Ficks law to follow from the model we have just derived.

3.1 Taylor expansion

Our model so far is not necessarily linear, so for Ficks law to follow from it, let
us consider the first order Taylor expansion of Fy around (Co,Cr) = (C3, CY).
We see:

F1(Co, Cr) = F1(C$, CY)
8FI 8FI
+ %(C&C?)(CO ~Co) + TC}(C&C?)(CI -C7)
We choose (C2,C?) on the I-nullcline, where F;(C3,CY) = 0.
Lemma 2 tells us that we can consider C as an increasing function of C on
the I-nullcline, denote: C9(Cg)

Lemma 5. For any C >0, CY(CY), we have

OF OF
0., (Co: CR(CE)) - Co + 551(Ch, C(CF))

dC?
dco

(C)-Cy=0  (4)

10



Proof. YC2 > 0, using implicit differentiation,

0= F;(Co,CT(Cp))
d

0= dCO I:FI(CO’ CI (CO))]
OF oF dcy
0= 56, (€6 CHOEN + 55, (5. C(CB)) g (Co)
8F OF dc?
0= 56, (€6 CHE) - 6 + 55, (C6. CF(C8)) g (C) - Co

O

With these initial values on the I-nullcline, we have for our Taylor expansion,
because Fr(C2,CY) = 0:

OF OF

Fi(Co,C1) = 55-(C,CF)(Co = €5) + 5(Co, C1(Cr = C)
8F OF
= 50, (C8,CNCo + 5(CE, CC

OF OF
- (5eetcs.cics + geres.ches)

We noticed before, that in Ficks law, there are no constant terms. So, for it to
follow from our model, the constant terms given above must be zero:

OF OF
96, (Co: CICE + 55-(Co, CPET =0 (5)
We compare (5) to (4).
(233 oF;
8F OF dC’
! (Co’cz) Co+ Ao

0 0 I (A0 O

So the constant terms are zero if we have the following relation for C?(C)

dC?
T (C)-Ch = CR(CY) ©)

We can derive what this means by integration:

dc?

1 eyy-cn = cey)
Tacp 1
cYdcy — CY
log(C?) = log(CY)+c

"

This means that the constant terms are zero if the I-nullcline is linear.
We know that the I-nullcline is described by (2). This equation does not neces-
sarily imply a linear relation. So Ficks law does not follow from our model yet.
It is clear that we have to make more assumptions about the model we observe.

11



3.2 Symmetry in simple diffusion

In simple diffusion over the membrane, we now have different functions ko Co,
krCr and different functions po(Co), pr(Cr). However, we can assume that on
both sides of the membrane, the solute acts in a similar way. If the concentration
of particles is equal on both sides, the number of particles that hit the border
of the membrane on both sides must be about equal, for the membrane has
the same surface area, because the membrane is only two molecules thick. We
shall therefore assume ko = k;. Notice though that this implicitly means that
the molecules of the solute are small, for inside the cell, the diffusion rate is
smaller for very large molecules because it is crowded with all kinds of solutes
and organelles.

Based on the same arguments we can assume that the probability functions po
and p; are also equal.

Assumption A6. We have symmetry on both sides of the membrane. ko = kj
and for x >0, po(z) = pr(z).
Notation: k = ko = ki, p(z) = po(x) = pr(x)

3.3 Ficks Law
Now we can derive the following:

Lemma 6. If Co and C; are on the I-nullcline, then Co = Cy

Proof. Co and Cj are on the I-nullcline. If we substitute the functions we have
from (A6) into (2), we get that the following expression is valid.

k-Co  k-Cp
p(Co) p(Cr)
Co Cy
= 8
p(Co) p(Cr) ®)
c c
[ ] IfCO:CI7 Z)(TOO) - 17(76{1).
o If Co > Oy, assumption A4 gives us that p(Co) < p(Cr), so @ > ﬁ.

Therefore % > %, which contradicts (8). Thus Cp # C7.

o If Cp < Cf, assumption A4 gives us that p(Co) > p(Cr), so @ < ﬁ.

Therefore % < p(CiC{I)’ which contradicts (8). Thus Cp < CJ.
We must conclude that Co = C7. O

Remark. Lemma 6 gives us that the I-nullcline is represented by C; = Co,
which satisfies (7) for @ = 1. So the constant terms of the Taylor expansion
equal zero.
This means that the Taylor expansion now equals

8F] 8FI

Thus from Lemma 5 and 6 we can now conclude that:
oF I OF I

R 0 0 e
600 (COﬂ CI) 80[

(Co.CY)

12



Thus by this derivation we have that the Taylor expansion of our model
equals

dC] - 8F[ 8FI

@®r L I8 0 A0 OL'T . ~0 0
ar a9Co (Co,CT)Co + aCI(COch)OI
OF
= 50, (C6:CN(Co — C) (9)

This is Ficks law if ggé (C3,CY) is the right value. We know it has to be positive

Lemma 7. For (C3,CY) on the I-nullcline we have:

OFr . o o
%(COaCI)>O

Proof.
1
Fi(Co,Cr) = VIkMC}\k/[(CO7CI)pI(CI) —k1Crpm(C3(Co,Cr))

We fix C; at C?. Now:

e if Cp is slightly increased from C2, C}, increases, as it is increasing in
Co and therefore pps(C,) decreases. This means F7(Co,C5) >0

e if Cp is slightly decreased from CQ, C}, decreases, as it is increasing in
Co and therefore pps(C5,) increases. This means Fj(Co,CF) <0

We know that F;(Co, Cr) consists only of analytical functions of Co and Cy. It
is positive to the right of the I-nullcline, it is negative to the left of the I-nullcline,
so in passing it, from left to right, it must be increasing. So

OF;
0Co

(C6.C) >0

O

Remark. Thus we now have Ficks law.
Lemma 7 means that the linearisation around the steady state value is stable.

13



4 Numerical Analysis

Assumption A5 was a simplification from the full model we had before, with
three variables. We would like to compare the full model and the simplified
model with only two variables. To do this numerically, we need to have explicit
functions p and pas in order to be able to solve equation (1) for C};. We want
them to be decreasing, positive and analytic. We can for instance use

e
p(C)—1+C C=Cpor C=Cj
eM
= 1
pym(Cmr) e (10)

with e, eps € Ry the initial probabilities at C' = 0, C}; = 0 respectively. If we
plot these functions, we see:

We will use these explicit functions to simulate both the full model and the
simplified model with (A5).

4.1 The full model

We can program from this, in XPPaut code, the full three-dimensional model.
We choose e = 0.6, epy = 0.5, Kk = 1 and kj; = 0.8. We set similar to our
reasoning Vj; << Vi, but still computable. The results are graphs given in
Section 4.3

c0’=(km*cm* (e/ (1+c0) ) -k*CO* (em/ (1+cm))) /vO

cm’=(k*cO* (em/ (1+cm) ) +kxci* (em/ (1+cm)) -km*cm* ((e/ (1+c0))+(e/(1+ci)))) /vm
ci’=(km*cm*(e/ (1+ci))-k*ci*(em/(1+cm))) /vi

par k=1,km=0.8,v0=5,vm=0.1,vi=1

param e=0.6,em=0.5

init c0=1,cm=0,ci=0

@ dt=0.05,total=150,ylo=0,yhi=1,x10=0,xhi=30,xp=t,yp=ci

done

14



4.2 The simplified model

We substitute these functions into (1).

kmCir k(Co + Cr)
pu(Cy)  p(Co) +p(Cr)
(krChr)(1+Cy) _ k(Co +Cr)

2% oo T ver
0= 052+ Cly — emk(Co + Cr)
ko (m + m)
14 144 emk(Co + Cr)
: b (1575 + wer)
Cu = 5
oty = 1 1y 1y denk(Co + Cr)

2 € €
2 (m )

We can program from (11), in XPPaut code, the simplified two-dimensional model.
We choose the same constants as for the full model: e = 0.6, epxsy = 0.5, £k = 1 and
kar = 0.8. Viy << Vi, but still computable. The results are graphs given in subsection

4.3

c0’=(km*cm(c0,ci)*(e/(1+c0) ) -k*cO*(em/ (1+cm(c0,ci))))/v0
ci’=(km*cm(c0,ci)*(e/(1+ci))-k*ci*(em/(1+cm(c0,ci))))/vi

aux cm(x,y)=(1/2)*(-1+sqrt (1+((4*emxk+* (x+y)) / (km* (e/ (1+x)+(e/ (1+y)))))))

par k=1,km=0.8,v0=5,vm=0.1,vi=1

param e=0.6,em=0.5

@ dt=0.05,total=150,ylo=0,yhi=1,x10=0,xhi=30,xp=t,yp=ci
done

15



4.3 The simplified model vs the full model
The full model (solid lines) and the simplified model (dotted lines)

Co vs time

06 | B

04 8

Cwm (Cjy for simplified model) vs time

08 B

06 B

04 ff 1

02 B
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C'r vs time

0.8 - B

0.6 - i

04 B

We see that the models are almost completely the same. The equilibrium seems
to be somewhat higher in the simplified model.
This is because they have a different total amount of particles, because the initial
conditions are different. For the full model, Cs is initially not at the equilibrium
value for (Co,Cr) = (1,0), but at 0. For the simplified model, C}; is, by assumption
A5, at the equilibrium value for (Co,Cr) = (1,0), which is at C}3;(1,0) = 0.4718.

So for the total amount of particles we have:

Full model vs Simplified model
Vo-1+Vy-0+V;-0 Vo -1+ Vy-04718+ V-0
1-Vo < 1:-Vo+04718-Vy

But because V) is very small, this error is negligible for realistic biological conditions.
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5 Transport with buffering in the interior com-
partment

The buffer mechanism we will consider is based on the model described in Blom et al,
Chapter 4:

Models for uptake and accumulation by diffusion of solutes, such as alkal-
oids, that associate with protons to charged forms.

In Blom et al, the uptake of alkaloids by plant cells is described. The plant cells placed
in an environment with alkaloids at a low concentration. The alkaloids accumulate in
the cell. They find that in the cell, the alkaloids rapidly react with free protons and
that alkaloids with bound protons can no longer freely diffuse through the membrane,
because the cross-membrane potential prevents them from crossing the cellular mem-
brane (Fall et al). This results in a higher concentration of alkaloids in the interior
compartment than the outside compartment.

5.1 Buffer Mechanism

We will discus the buffering reaction described in Blom et al. in a more general way
using the model we have created.

We have some type of particle X, which can move freely over the membrane. In the
interior compartment, we will have some compound B, ‘buffer’, which cannot diffuse
through the membrane. It can bind X in the reaction (%), yielding the compound X B,
which cannot cross the membrane either. We have:

ky
X+B —_—__ XB (*)
J¥ =k_-[XB]

Jx =ky - [X]-[B]
JE =k_ - [XB] = J%
Jp =kt [X]-[B] = Jx

where

. J;‘(' and J}} are the total amount of particles X and B respectively formed out
of X B per unit of time.

e Jy and Jg, are the total amount of particles X and B respectively formed into
X B per unit of time.

e [X], the concentration in the inside of the membrane of the unbuffered molecule
X

e [X B], the concentration in the inside of the membrane of the buffered molecule
XB

e [B], the concentration in the inside of the membrane of the Buffer molecule B
e ki and k_ reaction rates of the buffering process.

X diffuses freely over the membrane, therefore we can apply the model for simple
diffusion described before using assumptions Al, A2, A3, A4 and A6. If we take the
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buffering process into account, we have the following model.

ddc;o V*i ( kCOp]W (CM) + k}VICAIp(CO))
dg;\/l = Vi (k[ X]pm (Cunr) — ke Cup([X]) + kECopn (Car) — ke Coarp(Co))
d[d)t(] Vi (—k[X]par (Car) + ke Carp([X])) + i(J; iy
dXB] B i
dt V] (JX J;) dt ‘/I (JX JX)

As this is a different model, we cannot use the derivation steps made before in simple
diffusion.

5.2 Time scale Analysis

We will assume that the buffering reaction is fast compared to the diffusion over the
membrane. This means that we can assume a quasi steady state for this reaction.

Assumption A7. The buffer reaction is in equilibrium and every change in [X] will
be instantaneously corrected to the equilibrium

This means that J — Jx = 0= J4 — J5 = d[dt =0= . This defines the
quasi steady state values [X B]* and [B]* for [X B] and [B] respectlvely as functions
of [X].

We define: C1 = [X] + [X B]", the total concentration of the compound X.
Now, we have

acy  d[x] | diXBJ*

dt dt dt
_ d[X] +
=—a T V(Jx JX)
d[X]
Todt

As the diffusion reaction over the membrane of X is the only thing changing Cr, we
can now consider C; as the variable, defining [X] = [X]*(Cr) a quasi steady state.
Now [B]* and [X B]* are also functions of C;. Assuming (A5), we can now rewrite the
system of ODEs.

ddC;o VL (=kCopr(Chr) + knCiarp(Co))
0= o (WX pas (Ci) = karCisp(X]") + kCopar (Cir) — har Cirp(Co))
ddC;I ‘1 (=Kk[ X" pm (Crp) + kmCarp(IX]7))

5.3 Fixed unbound buffer concentration

In some mechanisms (like the alkaloids binding with protons, Blom et al), we know
that the concentration of free buffer molecules is kept constant by another process in
the cell, i.e. [B]* is constant. We denote ky = k4 - [B]*, which is constant. We can
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now derive the following:

e [B)* - [X]" + ke [XB)* =0 Cr = [X]" + [XB]*
EIXB =k X Co= XTI
xB) = E Cr = (1 + ’,j*) X"
. ke
[ } = b +IA€+CI (12)

(12) is an explicit relation. Let K = note that K < 1. We substitute this into

k_ +k ’
our membrane diffusion model.

dC! 1 * *
TO = — (=kCopm (Cii) + knCirp(Co))
t Vo
0= VM (kK Crpm(Car) — knCyp(KCr) + kCopa (Chr) — kv Crp(Co))
dC 1
(TI = — (—kKCrpm(Cir) + kmCirrp(KCr))
t Vi

We substitute into this model the shifted variables (Co,Cr) = (Co, K - Cr). Which
gives

dC 1 * *
TO [ — (—kCQpM(CM) + ]fJVIC]Mp(CO))
t Vo
1 A * A * *
0=V (kCIpM(CM) — knCrp(Cr) + kCopm (Chr) — kMCMp(CO))
dC K A * * A
ditl = V[ (—kCIpM(CM) + kJVICMp(CI))

Now we have exactly the same model as in subsection 2.4. The system is shifted, so
when we have a certain value Cy, C7 is larger (%C 1), but because the shift is linear,
it retains all properties we used. So the same results are valid.

The results are as follows: This system has a unique steady state where Co = Cr
and the first order Taylor expansion is:

OF’ A
Fi & 555(C6,C)(Co = Cr)

This means that we have an equilibrium at C; = %Co and as 0 < K < 1 this means
accumulation. The value % is called the accumulation ratio. And for the Taylor
expansion we have the following.

dCr _ OFr

G 50 (C.CN(Co — K -Cn) (13)
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A Suggestions for further research

A.1 Physical constants in Ficks law
Ficks law gave the differential equation:

dC; 1  KxDx
e VIA 7 (Co(t) — Ci(1))

In this differential equation the constant terms are given by biological properties.
e V7 is the volume of the inside.
e A is the area of the membrane.
e Kx is the partition coefficient of solute X in the membrane.
e Dx is the diffusion coefficient of solute X in the membrane.

e [ is the thickness of the membrane.

Ficks law was derived in Section 3 for g% (cg,Cc?) = ViAleﬂ, It can be researched
(@] I

if the properties that influence F7 and thereby %(Cg, C?) also influence V%A%

and in what manner. This gives more insight into the way these constants vary for

different types of sulutes and cells.

A.2 Fixed total buffer concentration

Section 5.2 ends with an buffered system, where the concentrations [B]*, [X]* and
[X B]* are not yet specified, but only set at their quasi steady state values depending
on Cr. We then discussed the specific form where [B]* was constant.

In this Section we consider a system in which there is a fixed total amount of buffer
molecules in the interior. One may think of B as a buffer protein. The total amount
is kept fixed by constitutive expression of the corresponding gene, counteracting con-
tinuous degeneration of this protein in the cytoplasm.

So we have some constant M for which at any time M = [B]* + [X B]*. Then the
complete system would be different, for we would have:

M =[B* +[XB]* — [B]"=M—[XB]"
Cr=[X]" +[XB]" — ’[XB}*:C&*[X}*

[B] =M —Ci + [x]"
(A7) : JE —Jx =0 — k_[XB]" -k [X]*[B]*=0
k- (Cr = [X]") = by [X]"(M = Cr + [X]") =0

(X7)% + (k—’ + M- CI) x]" - ey =

Ky Ky

k_
We set Keg = — —
k.
« 1
X" = 5 (Ve + M = Cr? + 4K Cr = (Keq + M = C))
* _ 1 _ _ 4Keq01
[X] (CI)—2(K6q+M CI)( 1+\/1+(K5q+MCI)2>
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So the quasi steady state [X]* is not a simple linear function of C;. One could simplify
4KeqCr

further for the right conditions. For m << 1:
1 1 4K Cr
X1"(Cr) = = (K. M-C s Ant
XP (00  (Kea 4 M = 0 (§ e )
_ KeqCI
N Keq + M — CI

So even when the expression is simplified in such a way, we still have an expression
for [X]*, which is not linear. This gives an entirely different model. This means we
cannot use the derivations in section 2.4.

It could be researched what the behaviour of this model is.
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B Index of notation

B Buffer compound.
C1 The concentration in the inside.
C?  The specific C; from which we derive a Taylor expansion.
C7 (7 in steady state.
CYCY) A function C? of C% which represents the I-nullcline.
Cwym The concentration in the membrane.
Chr  The concentration in the membrane in quasi steady state
as a function of Co and Cj.
Co The concentration in the outside.
C%  The specific Co from which we derive a Taylor expansion.
CH  Co in steady state.
Cr =K-C;p
e Starting value of p.
eym  Starting value of pas.
ER  Endoplasmatic Reticulum.
frimr The amount of particles hitting the border of the membrane
from the inside per unit of time.
fvmr The amount of particles hitting the border of the inside
from the membrane per unit of time.
fom  The amount of particles hitting the border of the membrane
from the outside per unit of time.
fmo  The amount of particles hitting the border of the outside
from the membrane per unit of time.
Fr  The function of Co and Cr that gives %.
Fo  The function of Co and C that gives d%o_
I-nullcline  Given by Fr = 0.
J; The movement from the inside into the membrane.
Ji  The movement from the membrane into the inside.
Jo  The movement from the outside into the membrane.
Jg The movement from the membrane into the outside.
J§ The amount of X forming out of X B per unit of time.
Jx  The amount of X forming into X B per unit of time.
Jg The amount of B forming out of X B per unit of time.
Jz  The amount of B forming onto X B per unit of time.
ko  The slope of fonr after assuming A3.
kv The slope of faro and farr after assuming A3.
kr  The slope of frar after assuming A3.
k  Notation for k = k; = ko after assuming (A6).
k+ Reaction rate for binding of B.
k—  Reaction rate for unbinding of X B.
k+ = k4 - [B] for constant [B].
K The part of X that is free when the buffering reaction is in equilibrium.
M =[B]+[XB].
N The total amount of particles in the system.
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pr

s

pbo

The probability that a particle dissolves into the inside

given that this particle just hit the border of the inside, as a function of C7.
The probability that a particle dissolves into the membrane

given that this particle just hit the border of the membrane, as a function of Chy.
The probability that a particle dissolves into the outside

given that this particle just hit the border of the outside, as a function of Co.
Notation for p = p; = po after assuming (AG).

time.

The volume of the outside.

The volume of the membrane.

The volume of the inside.

The compound we consider.

The compound X with bound buffer compound.

Concentration of B in the inside.

[B] in quasi steady state as a function of C;.

Concentration of X in the inside.

[X] in quasi steady state as a function of C7.

Concentration of X B in the inside.

[X B] in quasi steady state as a function of C7.
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