Study of Protein Facilitated
Water and Nutrient Transport
in Plant Phloem

Biological systems use transporter proteins to create concentration gradients for a vari-
ety of purposes. In plant, sucrose transporter proteins play a vital role in driving fluid
flow through the phloem by generating chemical potential. In this study, we investigate
these nanoscale phenomena of protein directed active transport in a microscale biologi-
cal system. We presented a mathematical model for protein facilitated sucrose loading
considering six different states of the sucrose transporter protein. In addition, we devel-
oped a quasi-one dimensional transport model to study protein facilitated pumping mech-
anisms in plant phloem. Here we specifically study the influence of transporter protein
reaction rates, apoplast proton concentration, membrane electrical potential, and cell
membrane hydraulic permeability on flow through the phloem. This study reveals that
increasing companion cell side deprotonation rate significantly enhances the sieve tube
sugar concentrations, which results in much higher water transport. Lower apoplast pH
increases the transport rate, but the flow control is less noticeable for a pH less than 5. A
more negative membrane electrical potential difference will significantly accelerate the
transporter proteins’ ability to pump water and nutrients. Higher companion cell and
sieve element membrane hydraulic permeability also promotes flows through the phloem;
however, the flow difference is less noticeable at higher permeabilities when near typical
plant cell membrane ranges. [DOI: 10.1115/1.4026519]
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1 Introduction Plant phloem is a complex system consisting of sieve elements,
companion cells (CCs), phloem fibers, and phloem parenchyma.
Different approaches have been used to model the transport of
nutrients through the phloem. Most models consider sugar
addition as functions that are dependent on sugar concentration
[1,5]; however, these arbitrary functions are not able to describe
the actual mechanism. Active loading was studied using Michae-
lis—Menten kinetics based on sucrose transporter measurements
[6], but this model did not consider the effect from solute concen-
trations inside of the phloem.

In this work, we presented a comprehensive mathematical
model to estimate the sucrose transport from the low concentra-
tion apoplast to the cytoplasm of companion cells and eventually
to the sieve tube to understand the role and mechanism of these
nanoscale transporter proteins. We modeled active loading
through a six-state sucrose transporter protein and studied the
nanoenvironment around the transporter protein. We investigated
the dynamics of transporter proteins by modeling the plant
phloem. To study the effects of transporter proteins in system
level behavior, we presented quasi-1D governing equations by
applying mass and momentum conservation principles in the
phloem. The influences of the sucrose transporter deprotonation
rate, apoplast pH, membrane electrical potential difference, and
phloem cell membrane hydraulic permeability on flow through
the phloem are then investigated using the proposed model.

Plants transport nutrients and water through networks of cells
called the xylem and phloem. Sugars and ions are transported
from sources such as leaves to sinks (e.g., fruits, flowers, and
roots) through the phloem. In order to transport nutrients, certain
plants use active loading which is facilitated by sugar transporter
proteins. The active loading of sugars into the sieve tube results in
higher sugar concentration inside the sieve tube. The high solute
concentration results in high osmotic pressure at the source, while
unloading of solutes will lead to low osmotic pressure at sinks [1].
This induced pressure gradient will then drive fluid flow through
the sieve tube from sources to sinks without requiring an external
pump. The protein facilitated active loading of sugars enables
plants to maintain steady sugar transport rates with low leaf sugar
concentration, which allow for faster plant growth and less
feedback inhibition of photosynthesis [2].

In addition to understanding transport of water and nutrients in
plants, knowledge of protein actuated transport mechanisms can
help in developing biomimetic engineering device. For instance,
transporter proteins can potentially be used in many engineering
systems due to their capability to generate solute concentration
gradients while being on the nanoscale. Sundaresan and Leo used
ATPase for power generation, where ATP is used to generate an
ionic gradient across an artificial membrane which is then con-
verted into electrical energy [3]. They used sucrose transporter
protein to drive an actuator [4], which is proposed as a novel
method to develop deformable smart materials. Compared to bio-
mimetic engineering devices, which are still in development,

2 Model Problem

plants are highly effective at using these nanoscale transporter
proteins in microscale systems such as in the phloem.
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To simulate the dynamics of transporter proteins in a biological
system, we modeled the plant phloem as a single sieve tube
including the sieve elements and neighboring companion cells for
sugar transport from source to sink. We considered three zones
representing different segments of the plant as shown in Fig. 1(a).
In the loading zone (leafs), sugars are added by active loading
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Fig. 1 (a) Transport of sugar and water through the four
regions of sieve tube: a source region represented as leaf,
transport region through the petiole, transport region through
the stem, and unloading region in the root. (b) The sieve tube
consists of sieve elements with sieve plates separating individ-
ual elements. We consider each sieve element with a length L
and height h. Sieve plates have a thickness L, and a sieve plate
pore radius r,. Water flows through the membrane from the sur-
rounding apoplast (blank space) into the sieve element and
neighboring companion cell. (¢) Companion cells are consid-
ered as interconnected with neighboring sieve elements by
plasmodesmata approximated as annular pores. The compan-
ion cell and sieve element cell are separated from the apoplast
by the cell membrane, which contains aquaporins. It is
assumed that the sugar transporter proteins are only present at
the membrane of companion cell. The sucrose transporter pro-
tein and its different states are further illustrated in Fig. 2.

with the aid of a proton sucrose symporter. The second and third
segments make up the transport zone represented as the petiole
and stem, respectively. At the end of the modeled sieve channel
we assumed that all sugars are unloaded, hence modeling of the
unloading zone is not needed. Figure 1(b) shows sieve elements,
which are connected with porous plates called sieve plates. Sieve
elements are connected to neighboring companion cells by plas-
modesmata, nanoscale pores, shown in Fig. 1(c). Thus, it was
assumed that at any location the solute concentration and electric
potential are the same for neighboring sieve elements and com-
panion cells. The cytoplasms of the companion cells and sieve ele-
ments are separated from the apoplast by a cell membrane. The
apoplast incorporates space outside of the plasma membrane,
where for most parts solutes and water can diffuse through freely.

Plant cell membranes contain nanoscale water channels called
aquaporins. Aquaporins have angstrom size pores [7] that allow
water molecules to pass through, but restrict charged and larger
molecules. As a result, water can be transferred between the
apoplast and the companion cell or sieve element depending on
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Fig. 2 (a) Proton sucrose transporter protein, where sucrose
molecules are moved from the apoplast into the cytoplasm of
the companion cell (CC). (b) Individual protein states during
active loading of sucrose from the apoplast to the CC. There are
a total of six states with 12 rate constants composed of forward
k, and reverse k_, reactions. Reactant concentrations on both
sides of the membrane are included, where the apoplast side su-
crose concentration is S, and the companion cell side sucrose
concentration is S. Since the companion cell is connected to the
sieve element (Fig. 1(c)), it is assumed that both companion cell
and sieve element have the same reactant concentrations.

pressure differences. Certain plants use active loading through
sugar transporter proteins in their cell membrane to generate os-
motic pressure. For instance, Solanaceae plants (including potato,
tomato, and tobacco) have sugar transporter proteins located at
the membrane separating the apoplast and the companion cells
(Fig. 1(c)). The combined osmotic and thermodynamic pressures
will determine the water potential ¥y, which is the main driving
force in plant transport.

3 Mathematical Model

3.1 Protein Activated Sugar Transport. In the case of plant
phloem, sugars such as sucrose are driven from low concentration
to high concentration through use of an electrochemical gradient
facilitated by nanoscale transporter proteins. Most identified
sucrose transporters to date are proton sucrose symporters [8].
Figure 2(a) shows a proton sucrose symporter, where both the pro-
ton and sucrose molecule move in the same direction. The proton
gradient across the cell membrane is actively maintained by pro-
ton pumps moving protons from the cytoplasm to the apoplast.
Due to the more negative electrical potential in the companion
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cell cytoplasm compared to the surrounding apoplast, the posi-
tively charged protons will experience a force towards companion
cell cytoplasm. This electrochemical potential is used to move the
proton along with a sucrose molecule into the companion cell
cytoplasm.

In this study, we modeled the active loading of sugar using six
states as illustrated in Fig. 2(b). There are 12 rate constants to
account for the forward and backward reactions. For the forward
reaction starting at protein state 1, where the transporter protein is
open to the apoplast, a proton from the apoplast first binds to the
transporter protein. The protonation of the transporter protein will
cause structural changes, which opens the binding site for sucrose
molecules as shown in state 2. Sucrose molecules in the apoplast
will then be attracted to the binding site and bind to the transporter
protein (state 3). This leads to structural changes and opens the
transporter protein towards the companion cell cytoplasm (state
4). The sucrose molecule then detaches from the transporter pro-
tein and enters the cytoplasm, which results in state 5. Once the
sucrose molecule has left, the proton enters the cytoplasm and
results in state 6. Finally, the cycle is completed by the transporter
protein opening to the apoplast and exposing proton binding site
(state 1).

Using the law of mass action, the accumulation rates of protein
at different states can be expressed as

% =keCe — k_6C1 +k_1Cy — ki C H

% =kCiH, —k1C+koCs — kaCoSe

% =k C2Se — k2C3 + k3Cs — k3C3

dd% = k3Cs — k_3Ca + k_4CsS — kaCy

dd% = kyCy — k_4CsS + k_sCeH™ — ksCs

% = ksCs — k_sCeH™ + k_6C) — keCs M

where k’s are rate constants, C,, is the surface density of sucrose
transporter proteins on the cell membrane at the mth state, S, is
the sucrose concentration on the apoplast side, S is the sucrose
concentration on the companion cell side, and H" is the proton
concentration on the companion cell side. We consider the reac-
tion is at steady state and the total surface density of sucrose trans-
porters C,, as constant. Hence, the density of proteins at each state
can be solved in terms of rate constants and reactant (proton and
sucrose) concentrations. The rate of sugar molecules moved into
the sieve by the sucrose transporter can be expressed as

Joue = kaCyq — k_4C5S )

By solving Eq. (1) for protein densities and substituting the solu-
tion into Eq. (2), we get

H} S kikokskakske — HSk_1k_sk_sk_sk_sk_g

Jsue = Co
(I)(kmak*mijaH+7S(’7S)

3)

where @ is a function of rate constants and reactant concentrations
[11]. In this model, active loading is assumed to occur only on
companion cells. Hence, the sucrose flux is calculated for
companion cells and then converted for sieve wall as

Jswi, = Jsuc“mvz(L - Lp + /’lach) /L (4)

where Jg,, is the sieve wall sucrose flux, o.. ; is the companion
cell to sieve element height ratio in the loading zone, and «,,, is a
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factor accounting for wall ingrowths which increase cell surface
area.

3.2 Quasi One-Dimensional Equations for Plant Phloem.
The characteristic dimension of a sieve element ranges from nm
(sieve pore radius, 100-1000nm) to mm (sieve element,
100-1000 gm). Thus it is not possible to resolve all scales in a rea-
sonable computation time. To investigate the effect of important
parameters such as sucrose concentration, proton concentration,
and electrical potential in the transporter protein nanoenviron-
ment, we developed a quasi-one dimensional model considering
each sieve element as one control volume. To derive our phloem
transport model, we made the following assumptions:

(1) The fluid flow takes place in the sieve elements, and the
sieve channel height (%) is constant.

(2) Flow is laminar; thus, fluid flow will quickly approach par-
abolic and can be approximated as a parabolic profile for
regions apart from the sieve plate.

(3) Sieve plate pores are considered as cylindrical pores with
equal size.

(4) Sucrose is the primary solute in the phloem sap, and the
fluid properties only depend on sucrose concentration.

(5) The cross-stream pressure and sucrose concentration varia-
tions are sufficiently small such that streamwise (s) differ-
ences dominate.

(6) The sieve element and companion cells have the same sol-
ute concentration and electric potential since they are thor-
oughly connected by plasmodesmata.

3.2.1 Quasi One-Dimensional Continuity Equation. The con-
servation of mass (continuity) for a control volume is given as

a(gll)cv _ ;m ~S )

out

where (m)., is the mass within the control volume and 71 is the
mass flow rate. As shown in Fig. 3(a), we consider a two-
dimensional control volume with a differential length As. By
using integral form in the channel height direction (y), the
continuity equation can be expressed as

) )
= As = At — = (pu)A
8rL pdyAs L pudy + Aty L [pqu 75 () S} dy (6)

where £ is the sieve element channel height.

The left hand side term of Eq. (6) represents the mass accumu-
lation rate in the control volume. While the first, second, and third
term of the right hand side represent mass influx through left
boundary, mass flux through the wall (Ariy,y), and the mass out-
flux through right boundary, respectively. Mass flux across the
wall can be divided into two terms: mass added due to sugar influx
(wJs,,As) and due to cell membrane water flow (p,,vyfAs), where
vy 1s the wall flow velocity, Jg, is the sucrose influx, fis a geo-
metrical factor accounting for the sieve plate, and @ is the molec-
ular mass of sucrose. Assuming constant sap (fluid) properties
across the channel, the continuity equation becomes

0 o,
7Pt 3, (pi)h — pyvuf — @5, =0 @)

where i(s) is the average velocity at a location s. If we assume a
parabolic velocity profile in the sieve element, the relationship
between average velocity and 2D flow velocity becomes

s =ats) (v ®)
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Fig. 3 Schematic of control volumes used in this model for (a)
continuity, (b) momentum, and (c) chemical species mass con-
servation equations. For continuity we consider mass added
due to streamwise flow, sugar loaded, and water loaded by os-
motic pressures. The momentum equation includes forces due
to thermodynamic pressure, wall shear stress, sieve plate drag,
and additional body forces. In the case of the mass conserva-
tion equation for chemical species, we consider streamwise
species flux and flux due to species loading.

3.2.2  Quasi One-Dimensional Momentum Equation. Starting
from the Newton’s second law, the momentum equation for a con-
trol volume in the s direction is given as

ZF:g(mu)cv—Zn'm—i—Zn'm )

out

For the momentum equation, we consider again a control volume
of size As and integral form in the y direction as shown in
Fig. 3(b). Since the channel height is constant, the momentum
flux from the wall mass flux will not contribute. Thus, the rate in
change of momentum within the control volume will be

a [ 7]
-~ As — 2 2 -~ 2 A 1
% Jh pudyAs L pu-dy + L [pu + % (pu”) s} dy  (10)

The various forces involved in the transport of sap includes the
force from the thermodynamic pressure, cell wall shear stress,
body force (such as gravity but can be expanded for other terms),
and drag force from the sieve plate. The resultant forces can be
expressed as

031005-4 / Vol. 4, AUGUST 2013

o .
——J pdyAs+Fw+J pgdyAssin 0 4 Fpy
h h

Os (b

By inserting Egs. (10) and (11) into Eq. (9) the momentum
equation becomes

0 .
~ 5 L pdyAs + F, + L pgdyAssin 0 4 Fpy

0 o, ,
= EL pudyAs + J}1 p (pu”)dyAs (12)

Next we determine the drag forces from wall shear stress and
sieve plates. The force from wall shear stress can be found as

u Ou
Fo=p—| As—pu=—| A 1
Hay} y=h * Ha}’} y=0 i (13

Using Darcy’s Law, the drag force from the sieve plate resisting
fluid flow is

Fy= —J K 4y As (14)
h

K

where K is a permeability factor. Wang provided a solution for
stokes flow through a porous plate [9]

Lrpf

K=——"—"—+"— 15
Si(B,Lp,rp)m (1

16 /L
& (B, Ly, :3+—(—p)—é B 16
1(f p’p) 7 \2r, 2(B) (16)

where L is the length of the sieve element, L, is the sieve plate
thickness, ry, is the sieve plate pore radius, and f8 is the sieve plate
porosity. The first term in the right hand side of Eq. (16) accounts
for resistance relating to a pore in a thin plate, the second term
accounts for the effect of pore thickness, and the third term &, is
accounting for the effect of neighboring pores. At a porosity of 0,
the sieve plate will be completely blocked. By fitting a fourth
order polynomial, the &, term from Ref. [9] can be approximated
as

&(B) =2.6924 4% — 4.3341 % +3.60756% —0.26702 +0.070413
(17)

The force terms in Egs. (13) and (14) are substituted into Eq. (12)
to obtain a quasi-1D momentum equation, given as

. it 0,
0———-12—
+ pgsind —HE— 12 (i)

o 7_@_12“_'2

E(Pﬁ) = o i (18)

3.2.3  Quasi One-Dimensional Mass Conservation Equation

for Chemical Species. The mass balance for a chemical species i

is given as

8(2;% _ %:ml _ me (19)

out

where (m;,)., is the mass of the ith species within the volume and
m; is the mass flow rate. For the control volume shown in
Fig. 3(c), the mass conservation of chemical species can be
written as

J;
QJ S,-dyAs:J Jidy +J,-WAS—J J,-—O—B—As dy (20)
o), h h 0Os
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Table 1 Boundary conditions for full sieve tube simulation

Boundary condition Governing equation

DOS/0s —uS=0 for s=0 Equation (22)
0S/0s =0 for s=Ls Equation (22)
u=0 for s=0 Equations (7) and (18)
P=P, for s=1Ls Equations (7) and (18)
Oiu/ds =0 for s=Ls Equations (7) and (18)

where §; is the concentration of species i, J; is the flux of species
in the s direction, and J; ,, is the flux of species through the top
wall. Species flux is composed of three terms including advection,
diffusion, and electromigration

ey

oS; I . d¢
ff—”Sf*D<as*ﬁ eT)

By substituting Eq. (21) into Eq. (20) for species flux along the
tube and then integrating in y direction, the quasi-1D mass conser-
vation equation for chemical species becomes

2 s 2 fos - (2 28

£ Sih + — RT,as)}h—Jiw:o (22)

ot Js

In this paper sucrose is assumed as the primary solute; hence, we
only solve for sucrose concentration (S) in the channel. Although
sucrose molecules are electroneutral, we keep our governing
equation general to allow for future analysis into transport of
charged ions (such as potassium).

3.24 Auxiliary Conditions. The boundary conditions are sum-
marized in Table 1. For the sucrose mass conservation equation,
there will be no sucrose flux at the starting end and no sugar gradi-
ent at the sink end. For continuity and momentum equations, at
the starting end we consider no fluid flow; at the sink end, we
fixed thermodynamic pressure with fully developed flow.

Wall flow through the cell membrane into the sieve and com-
panion cells is driven by pressure gradients and is governed by the
Kedem and Katchalsky equation [10]

Vi = Mp[pe — p — a(IL(S,) — TI(S))] (23)
where M,, is the membrane hydraulic permeability accounting for
all membrane properties, ¢ is the membrane reflection coefficient
which is assumed as 1 in our simulations, v,, is the flow through
the membrane towards the internal side, TI(S) is the internal side
osmotic pressure, and I1(S,) is the apoplast side osmotic pressure.
Sieve wall flow velocity is calculated from two terms: direct flow
(Vext—sieve) from the apoplast into the sieve element and indirect
flow (Vext.cc_sieve) from the apoplast into the companion cell
then into the sieve element

Vi = 2Vext—sieve T Vext—CCsieve (24)
Direct inflow is calculated from Eq. (23) using the sieve pressures
as the internal side. Indirect flow can be calculated from Eq. (23)
using companion cell pressures as inside and then converting to
sieve wall flow. Companion cell pressures are estimated by
approximating connecting plasmodesmata as annular pores
described in the 2D model [11].

3.3 Fluid Properties. We treat the fluid (sap) as a sucrose
water solution. All fluid properties are calculated based on sucrose
concentration (§) in units of molal. Fluid density and viscosity are
calculated from Ref. [12]

P = Pyaer(1 +0.8678)"1 (25)
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Table 2 Rate constants based on Ref. [18] with modifications
to include companion cell side reactant concentrations. Rates
for k, can be calculated from membrane electrical potential as
described in Ref. [18]. Rate ks is varied in certain simulations.

Forward reaction Units Reverse reaction Units
ki =7.0 x 107 M5! K, =23x 10 s
ky=1.7 x 10° M 's7! k2=5.0 s !
k3:50 371 k73:50 S—l
ky=1.0 x 10° s7! ku=3.79 x 10 M st
ks=4.3 57! ks=141x10° M st
ki = 6.0 s k=50 s
= Pyager (14 0.8678) 1
Sl 1
x [1+4+0.735ex 26
{ P\ 83457/273.1 — 7.042 (26)

We assume the temperature as 25°C, SO pyaer =997.2kg m >

and  Uyaer = 8.905 X 107*Pa s. The diffusion coefficient of
sucrose molecules in the sap is estimated as [13,14]

D =5.23 x 107 exp(—0.72485) 27
In addition, osmotic pressure can be estimated as [15]
IT = RTpy e (0.998S + 0.08952) (28)

4 Results and Discussion

The operation of the sucrose transporter protein is dependent on
the properties on both sides of the membrane. We base simulations
on typical apoplast pH ranges, from 4.5 to 6.5. We used an apoplast
sucrose concentration of 2.1 mM [16] and a companion cell cyto-
plasm side pH of 7.5 [17]. The sucrose transporter is also influenced
by the membrane electrical potential difference, and typical values
for these potential differences range from —50 to —170 mV. Rate
constants used in this model are listed in Table 2 with membrane
electrical potential dependent steps following procedures from
Ref. [18]. Sucrose transporter surface density is estimated as 0.12
proteins nm 2 based on companion cell sucrose flux ranges.

The simulation domain for our sieve tube includes the loading
(with transporter proteins) and transport zones. The loading zone
is modeled as active transport with sucrose transporter proteins
and we assume no sugar influx in the transport zone

s <L
Li<s

Jsw = JsuL

Jsw =0 (29)
We also considered the orientation of different zones. The leaf
and the petiole are assumed to be horizontal, while the stem is
considered as vertical and the gravity will affect the flow through
the stem. In addition, the companion cell sizes are different in the
two zones. Companion cell sizes are based on measured ratios
between sieve and companion cell height in different plant regions
[19]. We considered the companion cell as 70% of the sieve
height in the transport zone () and 140% of the sieve height in
the loading zone (¢ ;). The sieve element is assumed to have
same length as the companion cell. Companion cells in minor
veins of certain active loaders have wall ingrowths that increase
surface area [19]. These ingrowths increase surface area by 1.2 to
20 times. Hence, we increased source zone companion cell surface
area o,,, by 4 times.

It has been observed that the flow velocities in the phloem of
castor bean (Ricinus communis) and tobacco (Nicotiana tabacum)
remain unchanged throughout the day [20]. Therefore we assume
steady flow in our simulations, although our model can be easily
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Fig. 4 Distribution along sieve tube for (a) wall flow velocity, (b) average velocity, (c) pressure and water potential difference,
and (d) sucrose concentration. The modeled sieve tube is decomposed into three sections: leaf, petiole (between leaf and stem

region), and stem. Simulation results are based on a ks of 4.3s™
ence of —140mV, and a cell membrane permeability of 6 x 10" mPa~'s

extended to study unsteady problems. Transport mechanics in the
phloem is studied with an in-house numerical model solving for
governing equations of the microscale system. Differential equa-
tions are solved with the semi-implicit method for pressure-linked
equations using collocated storage [21-23]. For all simulations,
the computational grids are set as 120 um. In this section we
investigate the influence of various parameters in transporter pro-
tein nanoenvironment on fluid transport through the phloem. The
length of the loading zone (L) is set as 0.5 m based on sieve tube
length used by other transport models [24]. The petiole is set as
5cm long based on typical lengths [25]. In addition, the stem is
set as 1 m tall based on tobacco plant heights [26].

Sieve element dimensions are based on tobacco with a length
of 120 um and height of 11 um; the sieve plate is modeled with a
thickness of 1.2 um, a sieve plate pore radius of 0.35 um and a
sieve plate porosity (f) of 43.7% [27]. Plant cell membrane
hydraulic permeability is based on tylpical plant cells which range
from 1 to 400 x 107"* m Pa™' s™'. Apoplast water potentials
(Wywe = pe — II(S,)) are set as —0.7 MPa for leaf, —0.3 MPa for
the stem at L, (1 m above ground), and —0.2 MPa for the stem at
L; (at soil surface) based on N. tabacum [26]. Apoplast water
potential in the transport zone is varied as shown in Fig. 1(a). The
thermodynamic pressure at the sink end of the sieve tube is set as
1 MPa based on typical sieve pressure ranges (of 0.8 to 1.4 MPa).

4.1 Distribution Through a Sieve Tube. The full sieve tube
is simulated using boundary conditions described in Sec. 3.2.4
with the simulation domain shown in Fig. 1. Wall flow is shown
in Fig. 4(a). In the loading zone (leaf), the direct addition of sugar
due to active loading will result in a more negative water potential
in the sieve element, which will cause wall flow from apoplast to
sieve element. On the other hand, in the transport sections (petiole
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, an apoplast pH of 6.1, a membrane electrical potential differ-

and stem), there is no sugar addition, and the water flow through
wall membrane is due to changes in water potential difference
between apoplast and sieve element. The wall flow increases
sharply in the petiole section due to the sharp rise in apoplast
water potential in that section (See Fig. 1(@)). In the stem region,
wall flow occurs due to the gradual increase in apoplast water
potential.

The average flow velocity in the sieve element will be the com-
bination of wall flow and inflow, which is shown in Fig. 4(). In
the loading zone (leaf), the sugar influx and cell membrane water
flow will increase mass transport through the sieve. This active
transport of sugar molecules is the driving mechanism for flow
through the phloem; as a result, flow velocity will increase the most
in the loading zone. The high wall flow velocity in the petiole sieve
will also lead to a noticeable increase in fluid flow. In the stem sec-
tion, there will be a minor increase in velocity from the small
amount of water flowing through the membrane into the sieve.

The thermodynamic pressure and water potential difference
(AY,, =AY, . — AW, are shown in Fig. 4(c). Here the thermo-
dynamic pressure is related to the flow velocity to conserve mo-
mentum in the sieve element. On the other hand, water potential
difference is proportional to wall flow. There is a slight difference
in proportion between wall flow and water potential in the loading
zone. This difference is due to the companion cells having more
surface area in the loading zone than the transport zone. Hence, a
similar water potential difference will result in larger wall flow
into the sieve for the loading zone when compared with the trans-
port zone. Figure 4(d) shows the sucrose concentration distribu-
tion. In the loading zone, sugar is actively loaded which maintains
a nearly constant sugar concentration. In the transport zone no
sugars are loaded, hence wall flow will decrease sugar concentra-
tion. The higher wall flow in the petiole section will result in a
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Fig. 6 The influence of apoplast proton concentration on fluid
velocity at the sink end (s = L3). All other conditions are the
same as Fig. 4.

faster decrease in sieve sugar concentration, while the lower wall
flow in the stem will result in a slower decrease in sugar
concentration.

4.2 Companion Cell Side Deprotonation. We investigated
the influence of sucrose transporter reaction steps on the efficacy
of sucrose transporter proteins in pumping water and nutrient
through the phloem. The rate limiting constant, in this case su-
crose transporter deprotonation rate on the companion cell side
(ks), is varied. All other inputs are the same as the conditions used
in Sec. 4.1. Figure 5(a) shows the loading zone sucrose

Journal of Nanotechnology in Engineering and Medicine

concentration at different k5. The sucrose transporter uses the pro-
ton gradient to move proton and sucrose molecules from low (apo-
plast) to high (companion cell) sugar concentration. At a higher
value of ks, the sucrose transporter protein will be capable of
maintaining a larger sugar concentration gradient. This increase in
osmotic pressure gradient across the membrane will drive larger
flows. For this reason as ks increases, flow through the sieve tube
will also increase as shown in Fig. 5(b). On the other hand, if the
barrier to protons entering the cell is sufficiently large (low ks) the
sucrose concentration gradient will tend to drive protons and su-
crose molecules in the reverse direction (from the cell to apo-
plast). Hence at a low ks the sucrose transporter will stop working,
resulting in negligible flow. This study reveals that the water
transport through the phloem can be regulated actively by modu-
lating the deprotonation rate constants.

4.3 Apoplast pH. To illustrate the influence of reactant con-
centrations in pumping sugars from low concentration (apoplast)
to high concentration (companion cell), we vary apoplast proton
concentration from a pH of 4 to 7 with other inputs the same as
Sec. 4.1. Figure 6 shows the relation between apoplast pH and
flow velocity at the sink side of a sieve tube. As protons become
readily available in the apoplast, the probability is higher for a
proton to travel close enough with sufficient energy to attach to
the binding site (Fig. 2(b), states 1 to 2). Hence protons will be
able to pass to the companion cell side faster, which will help the
transporter protein generate a larger sugar concentration gradient.
As a result when there are more protons in the apoplast, the faster
functioning of the sucrose transporter will increase fluid flow.
Above a pH of 5, changes in apoplast pH result in noticeable dif-
ferences in flow velocity. Plant apoplast pH can be actively
changed depending on stimulus. It is possible that plants keep
apoplast pH sufficiently high (above pH 5) to enable proton con-
trolled sucrose fluxes. For engineering devices, the choice of pH
range may be chosen depending on whether flow control is
desired.

4.4 Membrane Electrical Potential Difference. Membrane
electrical potential difference (AV,,) may also be a significant fac-
tor in the function of transporter proteins. We studied the influ-
ence of membrane electrical potential difference between the
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different cell membrane hydraulic permeabilities. All other con-
ditions are the same as Fig. 4. Membrane hydraulic permeability
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apoplast and companion cell cytoplasm within plant ranges while
keeping other parameters the same as Sec. 4.1. The effect of mem-
brane electrical potential on the function of the proton sucrose
transporter protein is shown in Fig. 7. The membrane electrical
potential difference is the electrical potential inside the cell
subtracted by the electrical potential outside the cell
(AV,,=V;, — Vou). Hence, a more negative electrical potential
difference will drive positively charged protons inwards at a faster
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rate. With a larger proton flux, sugar influx will be faster which
will lead to a higher sugar concentration gradient. Again, the
higher sugar concentration gradient will result in faster transport
through the sieve tube. Hence as membrane electrical potential
becomes more negative fluid flow will increase. This study shows
that within typical biological ranges (—50 to —170mV), flow
through the phloem is a strong function of electrical potential
difference.

4.5 Cell Membrane Hydraulic Permeability (Mp). We also
studied the effects of cell membrane hydraulic permeability. Com-
panion cell and sieve element membrane hydraulic permeability
are varied while keeping the other conditions same as Sec. 4.1.
Figure 8 shows the influence of cell membrane hydraulic perme-
ability on average velocity at the sink end. As the membrane
becomes more permeable, a similar pressure force will result in
larger wall flow. However, an increase in wall flow will reduce
sieve side sucrose concentration and reduce driving osmotic pres-
sures. In typical plant ranges, hydraulic permeability is suffi-
ciently high and wall flow will be limited by pressure differences.
It has been shown that under sufficiently watered conditions,
water flow rates are similar between plants with and without
reduced number of aquaporins [28]. As these nanoscale pores
(aquaporins Fig. 1(c)) become more abundant, the hydraulic per-
meability will increase. Changes in hydraulic permeability will
result in noticeable differences at lower permeabilities (when
under 0.1 x 10~ m Pa~' s™"). As a result, membrane hydraulic
permeability may still be of interest for applications using artifi-
cially modified membranes.

5 Conclusions

In this paper we studied the effect of nanoscale sucrose trans-
porter proteins and its nanoenvironment in a microscale system
using a quasi-1D phloem model. We developed a mathematical
model for protein facilitated active loading in sieve tube consider-
ing six different states of the transporter protein. We also devel-
oped a numerical model to simulate fluid flow through plant
phloem based on quasi-1D governing equations. The numerical
model is used to simulate the full sieve tube of a plant. Simulation
results show that fluid flow increases most significantly at the
location of active transport where sugar is added by sucrose trans-
porter proteins. The influence of sucrose transporter reactions is
studied by varying the rate limiting constant ks. Our numerical
model indicates that accelerating companion cell side deprotona-
tion reaction rate will result in larger sucrose influx from apoplast
to the companion cell and eventually to the sieve element. This
increase in sucrose inside the sieve tube drives much larger water
flows. We also studied the effect of apoplast proton concentration
on the pumping ability of transporter proteins. At a higher apo-
plast proton concentration (lower apoplast pH), sucrose influx will
also increase. Below a pH of 5, a change in apoplast pH will not
modify the sucrose influx significantly. We also investigated the
influence of membrane electrical potential on the transporter
protein’s ability to load sugar into the sieve tube. In typical plant
ranges, varying membrane electrical potential difference will
significantly alter the sugar transport rate. The impact of the cell
membrane is also studied by changing companion cell and sieve
element membrane hydraulic permeability. Although increasing
membrane hydraulic permeability increases flow, the change is
only noticeable at low hydraulic permeabilities. This study of the
nanoscale transporter proteins and its nanoenvironment in a
microscale biological system allows us to better understand
the performance of these transporter proteins in engineering
devices.
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