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H I G H L I G H T S

� Initial rate and time course data for serine uptake in placental membrane vesicles.
� Integrated model analysisof facilitative diffusion vs obligatory exchange.
� Dependency apparent Michaelis–Menten constants on internal concentrations.
� Uptake in placental vesicles was consistent with a facilitative transport component.
� No effects of any internal endogenous substrate in vesicles were apparent.
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a b s t r a c t

Placental amino acid transport is required for fetal development and impaired transport has been
associated with poor fetal growth. It is well known that placental amino acid transport is mediated by a
broad array of specific membrane transporters with overlapping substrate specificity. However, it is not
fully understood how these transporters function, both individually and as an integrated system. We
propose that mathematical modelling could help in further elucidating the underlying mechanisms of
how these transporters mediate placental amino acid transport.

The aim of this work is to model the sodium independent transport of serine, which has been
assumed to follow an obligatory exchange mechanism. However, previous amino acid uptake experi-
ments in human placental microvillous plasma membrane vesicles have persistently produced results
that are seemingly incompatible with such a mechanism; i.e. transport has been observed under zero-
trans conditions, in the absence of internal substrates inside the vesicles to drive exchange. This
observation raises two alternative hypotheses; (i) either exchange is not fully obligatory, or (ii) exchange
is indeed obligatory, but an unforeseen initial concentration of amino acid substrate is present within the
vesicle which could drive exchange.

To investigate these possibilities, a mathematical model for tracer uptake was developed based on carrier
mediated transport, which can represent either facilitated diffusion or obligatory exchange (also referred to
as uniport and antiport mechanisms, respectively). In vitro measurements of serine uptake by placental
microvillous membrane vesicles were carried out and the model applied to interpret the results based on the
measured apparent Michaelis–Menten parameters Km and Vmax. In addition, based on model predictions, a
new time series experiment was implemented to distinguish the hypothesised transporter mechanisms.
Analysis of the results indicated the presence of a facilitated transport component, while based on the model
no evidence for substantial levels of endogenous amino acids within the vesicle was found.

& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).
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1. Introduction

Amino acid transfer across the placenta is an important
determinant of fetal growth (Jansson et al., 2006; Paolini et al.,
2001; Sibley et al., 2010). Impaired fetal growth is associated with
poor neonatal outcomes and in adult life with increased rates of
chronic disease (Lewis et al., 2012). While currently no interven-
tions are available for growth restricted fetuses in utero, it is
known that transfer of amino acids and other nutrients across the
placenta is decreased in affected pregnancies (Paolini et al., 2001)
and that activity of certain amino acid transport mechanisms is
impaired (Glazier et al., 1997; Jansson and Powell, 2006; Sibley
et al., 1997). Hence, an improved mechanistic understanding of
placental transport could potentially lead to the development of
targeted treatments to either prevent or alleviate intrauterine
growth restriction.

Transfer of amino acids from the maternal blood, across the
placenta and into the fetal blood, is a complex process in which
amino acids need to cross both the maternal facing microvillous
plasma membrane (MVM) and the fetal facing basal plasma
membrane (BM) of the placental syncytiotrophoblast (Cleal and
Lewis, 2008; Cleal et al., 2011). Transport of amino acids is medi-
ated by specific membrane transporter proteins. These include:
(i) Accumulative transporters, which can transport amino acids
against their gradient using secondary active transport driven by
the sodium electrochemical gradient, thereby building up high
concentrations in the syncytiotrophoblast (Philipps et al., 1978).
(ii) Exchangers (antiporters), which transfer one amino acid from
outside of the plasma membrane in exchange for an amino acid
from inside the cytosol. Thus, exchangers play an important role in
altering the composition of amino acids, but not the net amount of
amino acid transferred across the placenta. (iii) Facilitated trans-
porters, which enable facilitated diffusion of amino acids down the
prevailing concentration gradient, from the placental syncytiotro-
phoblast into the fetal circulation, resulting in net transport.

Given this complexity, experiments using isolated plasma mem-
brane vesicles prepared from human placental MVM or BM are
commonly used to measure in vitro amino acid uptake, allowing for
transporter activity to be studied under controlled conditions
(Glazier and Sibley, 2006; Lewis et al., 2007). The current study
will focus on the sodium-independent transport of serine, which
can be primarily attributed to the transporter protein LAT2 (SLC7A8)
(Lewis et al., 2007). LAT2 is believed to be an obligatory exchanger
(Broer, 2008; Meier et al., 2002) although one study has reported a
non-obligatory component (Segawa et al., 1999). Furthermore, in
previous placental vesicle studies, sodium-independent serine
uptake has been observed when amino acids were initially nomin-
ally absent inside the vesicle (zero-trans experiment) (Lewis et al.,
2007). However, this is incompatible with the concept of obligatory
exchange, which requires amino acid to be present on both sides of
the membrane in order for exchange to occur. Therefore, this gives
rise to two alternative hypotheses: (i) That sodium independent
transport of serine may not be fully obligatory, or alternatively
(ii), there is an initial level of endogenous amino acids present
inside the vesicle, which could then enable obligatory exchange.

Mathematical modelling could potentially help to test these
hypotheses (Lewis et al., 2013). Previous placental modelling studies
have mainly focussed on blood flow, oxygen transfer, and solute
transport by simple diffusion (Chernyavsky et al., 2010; Gill et al.,
2011). Placental models including relationships for membrane
transport have been applied to model transport of drugs (Staud
et al., 2006) and glucose (Barta and Drugan, 2010), but few
modelling studies have specifically addressed the issue of placental
amino acid transport (Sengers et al., 2010). Kinetic models for
carrier-mediated solute transport by membrane transporters in
general have been studied extensively in the past (Friedman,

2008; Läuger, 1991; Stein and Lieb, 1986). In addition, more recent
advances in computational analysis have allowed simulation of
transporter function based on knowledge of the detailed molecular
structure (Khalili-Araghi et al., 2009). Nonetheless, in biological
experiments, the well-known Michaelis–Menten equation is most
commonly applied to describe saturable transport processes (Jóźwik
et al., 2004; Lewis et al., 2007; Meier et al., 2002). However, this
equation does not fully represent many important transport phe-
nomena, for instance facilitated diffusion and exchange transpor-
ters, which are intrinsically dependent on substrate concentrations
on both sides of the plasma membrane. Thus, while this approach is
useful to describe apparent transport properties under specific
conditions (e.g. initial uptake rates), more complex mechanistic
models are required to capture transporter behaviour under various
physiological conditions.

The aim of this study was to use mathematical modelling to
further elucidate the potential mechanisms of sodium-independent
transport of serine in placental MVM vesicles. For this purpose, a
standard vesicle experiment was carried out and interpreted using
the model. Subsequently, model predictions based on this data were
used to inform additional time-course experiments and analyse the
results.

2. Methods

2.1. Transporter model

It was assumed that the kinetics of amino acid transport across
the placental MVM could be described by a carrier-mediated process
(Friedman, 2008; Stein and Lieb, 1986; Turner, 1983). An amino acid
cannot traverse the cell membrane on its own, but needs to bind to a
specific transport protein (Cleal and Lewis, 2008). Once the amino
acid is bound, the transporter (carrier) can undergo a conformational
change, exposing the substrate binding site to the other side of the
plasma membrane to allow for transport across. Depending on the
assumptions made, the carrier model can represent both amino acid
transport mediated by obligatory exchangers, as well as non-
obligatory (facilitative) transporters.

An extensive treatment of carrier models can be found in the
reference work by Stein (Stein and Lieb, 1986). Clarification of the
underlying assumptions that apply to our model is presented in
Appendix A. An overview of the current model is presented in Fig. 1.
Radiolabelled substrate was used experimentally to measure uptake,
while unlabelled substrate can either be present inherently, or
added as part of the experimental design. Therefore, radiolabelled
substrate A and unlabelled substrate B were distinguished explicitly
in the model. The transporter, designated as unbound carrier X, can
adopt two alternative states I and II, with a binding site exposed
either on the outside I or inside II of the membrane. Amino acids A
and B can bind reversibly to the transporter X to form a bound
substrate-carrier complex, AX or BX, which itself can also alternate
between the outside and inside of the plasma membrane (Fig. 1). It
was assumed that each carrier could only bind a single amino acid
molecule at any one time (Fotiadis et al., 2013).

A number of simplifying assumptions were made to reduce the
number of parameters to the lowest possible to represent the main
features of the proposed transport mechanism. The radiolabelled
amino acid A, and unlabelled amino acid B were assumed to have
identical transport characteristics. The translocation rate constants
for the loaded transporter complex were assumed to be equal in
forward and backward directions, both given by the rate constant
k. This then also implied the same binding affinity on the inside
and outside of the membrane, i.e. equal dissociation constants K,
based on thermodynamic arguments (Appendix A). The bound and
unbound carriers do not necessarily transfer at the same rate.
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Therefore, in addition, a parameter h was introduced to represent
the relative mobility of the unbound carrier X with respect to the
bound carrier complex AX or BX.

This parameter h is critical in distinguishing obligatory
exchange from non-obligatory transport. As can be observed from
Fig. 1, for h¼ 0, the unbound carrier does not move on its own and
only the bound carrier complex can translocate. Therefore trans-
port is a perfectly obligatory exchange process in which A needs to
be exchanged for B on a 1:1 basis for any net transport to occur. In
contrast, if h is not zero then the unbound carrier can move on its
own. Therefore the process is non-obligatory, as no substrate is
required on the other (trans) side of the membrane in order for the
carrier to return and continue the transport cycle. Thus for h40
this can give rise to facilitated diffusion. Based on the assumptions
described earlier and in Appendix A, the following equation can be
derived for the uptake of radiolabelled substrate A into the vesicle:

d½A�II
dt

¼
2V A½ �Ið B½ �IIþKhÞ�½A�IIð B½ �IþKhÞ

� �

2 Tot½ �I Tot½ �IIþK hþ1ð Þ Tot½ �Iþ Tot½ �II
� �

þ2hK2
ð1Þ

where

Tot½ �i ¼ A½ �iþ B½ �i ; for i¼ I; II

Here h is dimensionless, K has unit of concentration (mmol l�1)
and the uptake rate V is in mmol l�1 min�1. Note that V is in
concentration per unit time as it incorporates the vesicle volume
(i.e. flux in mol min�1 divided by vesicle volume). Thus from Eq.
(1), obligatory exchange and non-obligatory or facilitative trans-
port are essentially based on the same model, depending on the
value of h.

2.2. Michaelis–Menten interpretation

In most experimental vesicle studies only the initial uptake rate
is measured, with no amino acids added inside the vesicle (zero-
trans conditions). Assuming Michaelis–Menten kinetics, uptake is
then usually quantified in terms of the parameters Vmax and Km,
i.e. the maximum uptake rate and half maximum rate concentra-
tion respectively. If we now consider Eq. (1) with no tracer inside
at the start of the experiment ½A�II0 ¼ 0, then the initial rate of tracer
uptake can be written in the following form:

d A½ �II
dt ðt ¼ 0Þ

¼ Vapp½A�I0
½Tot�I0þKapp

ð2Þ

where

Vapp ¼
2V ½B�II0þKh

� �

2½B�II0þK hþ1ð Þ ð3Þ

Kapp ¼
K hþ1ð Þ½B�II0þ2hK2

2½B�II0þK hþ1ð Þ ð4Þ

Thus, for initial uptake the model reduces indeed to a Michae-
lis–Menten relationship, where Vapp and Kapp are the apparent
Michaelis–Menten parameters. However, critically it can be
observed from Eqs. (3) and (4) that these apparent Michaelis–
Menten parameters depend directly on the value of the parameter
h, as well as the concentration of any unlabelled substrate ½B�II0 that
may be present inside the vesicle. Therefore, Eq. (2) can be applied
to interpret apparent uptake parameters for either obligatory or
non-obligatory exchange.

2.3. Experimental kinetics of 14C-serine uptake into MVM vesicles

Placentas were obtained following written informed consent
with approval of the Central Manchester Research Ethics Committee
(REC 12/NW/0574) from uncomplicated singleton pregnancies at
term (38–40 weeks gestation) delivered by Caesarean section. MVM
vesicles were isolated from each placenta using Mg2þ precipitation
and differential centrifugation (Glazier and Sibley, 2006; Glazier
et al., 1988). The final pellet was resuspended in intravesicular buffer
(IVB; 290 mmol l�1 sucrose, 5 mmol l�1 HEPES, 5 mmol l�1 Tris, pH
7.4). MVM fragments were vesiculated by passing 15 times through
a 25-gauge needle and stored at �80 1C prior to use. 14C-serine
uptake (zero-trans) experiments were performed under sodium free
conditions as previously described (Lewis et al., 2007). MVM vesicles
(diluted to a protein concentration of 10 mg/ml with IVB) were
equilibrated to room temperature (21–25 1C) prior to uptake.
Uptake of 14C-serine into MVM vesicles was initiated by the addition
of 20 ml MVM vesicle suspension to 20 ml extravesicular buffer (EVB;
5 mmol l�1 HEPES, 5 mmol l�1 Tris, 145 mmol l�1 KCl, pH 7.4)
containing 14C-serine. An extravesicular tracer concentration of
7.5 mmol l�1 14C-serine after dilutionwas used throughout the study.
Uptake of 7.5 mmol l�1 14C-serine was confirmed to be linear for up
to 15 s for additional unlabelled serine concentrations of (0, 10, 50,
100, 1000 and 2000 μmol l�1), consistent with previous reports
(Lewis et al., 2007), while uptake for higher concentrations was not
significantly different from zero. To determine the initial uptake rate,
tracer uptake into the vesicles was measured at t¼15 s. The
experiment was stopped by the addition of 2 ml ice-cold Krebs
buffer (130 l�1 NaCl, 10 l�1 Na2HPO4, 4.2 l�1 KCl, 1.2 l�1 MgSO4,

Fig. 1. Overview of the experimental system and transporter model. (a) Transporter activity was evaluated by measuring the uptake of a radiolabelled tracer A into placental
microvillous membrane vesicles. (b) Transporter model, schematic showing the different transporter states. Transporter X can bind to either tracer A or unlabelled substrate
B to form a complex AX or BX, which can then translocate between the outside (I) and inside (II) of the vesicle plasma membrane. Transporter X can also translocate on its
own, depending on the parameter h. The case h¼ 0 corresponds to an obligatory exchanger, while for ha0 the transporter will display facilitative diffusion.
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0.75 l�1 CaCl2, pH 7.4) and filtered through a 0.45 mm nitrocellulose
filter under vacuum. Filters were washed with 10 ml Krebs buffer
and the filter-associated radioactivity was determined by liquid
scintillation counting. To determine the kinetics of 14C-serine uptake
into MVM vesicles, uptake of (extravesicular) 7.5 mmol l�1 14C-serine
was determined in the presence of increasing extravesicular con-
centrations of unlabelled serine (0.2 mmol l�1–20 l�1). For each
placenta (n¼4), individual measurements were performed at 23
different serine concentrations within this range.

In addition, time series experiments were conducted by mea-
suring tracer uptake for placentas (n¼3) at specific time points (0,
5, 10, 15, 20, 60, 120, 300, 600 s), for extravesicular concentrations
of unlabelled serine of 0, 250 and 1000 μmol l�1.

2.4. Numerical implementation

Model equations were implemented in Matlab (R2013a). To
predict the concentration within the vesicle over time, time series
were generated by integrating Eq. (1) using the ode45 function
(Runge–Kutta (4, 5) method). Apparent Michaelis–Menten para-
meters were determined by fitting Eq. (2) to the averaged experi-
mental uptake rate measurements, using a least square criterion
and the fminsearch function (Nelder-Mead simplex method). An
intravesicular volume of 1.6 μl mg protein�1 was used to convert
tracer uptake from units of mol per mg protein to concentration in
mol per unit volume. This volume conversion factor was based on
the previously measured equilibrium Naþ uptake (at 60 min) of
1.6070.20 nmol mg protein�1 (mean7SEM, n¼6), at a Naþ sub-
strate concentration of 1 nmol ml�1, obtained using MVM vesicles
prepared by the same method (Glazier et al., 1988).

The same methodology was used to fit the time course
experiments. A single set of parameters h and V was fitted to
represent all experimental conditions, as specified further in the
results. To account for the difference in absolute values between
experimental conditions, for each data point the difference
between model prediction and experiment was normalised first
by the experimental value, squared and then summed over all
points to yield the overall error criterion to be minimised. A
sensitivity analysis was carried out to determine the impact of
individual parameters on the fit quality by fixing these parameters
at a range of different levels and then repeating the full parameter
estimation procedure for each.

3. Results

3.1. Model behaviour—Initial uptake rate

Generic model behaviour (Eq. (2)) is illustrated in Fig. 2 for
parameters V ¼ 1 and K ¼ 0:5. It can be observed that both non-
obligatory and obligatory exchange can give rise to Michaelis–
Menten type behaviour (i.e. linear uptake for low and constant
uptake for high external concentrations at saturation), depending
on conditions. For the non-obligatory model in Fig. 2a, the initial
uptake rate of tracer A was calculated under zero trans conditions,
i.e. internal concentrations were set to zero ½A�II0 ¼ 0 and ½B�II0 ¼ 0. In
addition, for clarity the external unlabelled concentration was also
set to zero ½B�I0 ¼ 0. Under these conditions, uptake as a function of
external tracer concentration ½A�I0 displayed Michaelis–Menten
behaviour depending on the value of h. The case h¼ 0 corresponds
to obligatory exchange and therefore did not show any uptake in
the absence of internal concentrations, as expected. Similarly, in
Fig. 2b, results are reported for the case of obligatory exchange
(h¼ 0), but now assuming the presence of different concentrations
of unlabelled concentrations ½B�II0 inside the vesicle, as an internal
concentration of amino acids is a perquisite for obligatory
exchange (½A�II0 ¼ 0 and ½B�I0 ¼ 0, as before). It can be seen that the
initial uptake rate as a function of external concentration displayed
a strong dependence on internal concentration, with a significant
uptake rate already reached for relatively low internal concentra-
tions, e.g. ½B�II0 ¼ 0:1. Again, for the case ½B�II0 ¼ 0 no uptake took
place, as would be expected for an obligatory exchanger.

3.2. Model behaviour—Time series

In order to differentiate non-obligatory vs obligatory exchange
behaviour, a potential time series experiment was simulated (Fig. 3),
for a combination of different values of h and internal concentration
levels ½B�II0. It was assumed the extravesicular buffer volume is large
enough so that external concentrations could be assumed constant.
Therefore, a fixed value of external tracer ½A�I ¼ 1 and unlabelled
concentration ½B�I ¼ 0 were used in Eq. (1), with the same parameters
V ¼ 1 and K ¼ 0:5. The initial tracer inside the vesicle ½A�II0 ¼ 0. Fig. 3a
shows that in the absence of initial internal concentrations ½B�II0 ¼ 0

� �
,

uptake followed a facilitated diffusion process, inwhich the predicted
tracer concentration within the vesicle rises up to an equilibrium
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level equal to the external concentration. The rate at which this
equilibrium is reached increases with increasing h, while no uptake is
observed for the obligatory exchanger (h¼ 0), as before.

However, Fig. 3b shows that no difference between the obliga-
tory and non-obligatory models could be observed for the case
(½B�II0 ¼ 1Þ where the initial internal concentration is equal to the
external tracer concentration. Furthermore, predictions were not
sensitive to the value of h, i.e. note that all lines in the figure
overlap.

In contrast, Fig. 3c shows clear differences between the
obligatory and non-obligatory model for the case of high internal
concentrations (½B�II0 ¼ 5). For the obligatory exchanger (h¼ 0) the
tracer concentration increases monotonically until an equilibrium
is reached, which is higher than the external concentration. This is
because at the end of the experiment all internal unlabelled
substrate present initially ½B�II0

� �
has been replaced by tracer ½A�II

(i.e. as a result of continued 1:1 exchange with only tracer present
externally and unlabelled substrate assumed to dilute out, ½B�I ¼ 0
as stated previously).

More complex transient behaviour is observed for the non-
obligatory model ha0ð Þ in Fig. 3c. The large outwardly directed
gradient of unlabelled substrate initially drives tracer uptake via
exchange, resulting in a substantial overshoot, which then goes
back to the diffusive equilibrium as the outwardly directed
gradient dissipates. The rate at which the tracer concentration
returned to the diffusive equilibrium depended directly on the
value of h, i.e. the mobility of the unloaded carrier. Thus for low
values of h the transporter primarily behaved as a 1:1 exchanger
initially, before returning to equilibrium more slowly via facilitated
diffusion.

3.3. Model interpretation of serine uptake experiment

Next, to relate the model to the experimental data, the tracer
uptake measurements were fitted using Eq. (2) as outlined in
Section 2 (Fig. 4), resulting in Kapp ¼ 87 mmol l�1 and
Vapp ¼ 131 mmol l�1 min�1. Subsequently, Eqs. (3) and (4) were
used to determine the actual values of the model parameters K
and V that would correspond to these apparent Michaelis–Menten
parameters for different values of h and ½B�II0, (Table 1). In general K
and V were higher than the apparent parameters Kapp and Vapp, but
values decreased for increasing internal serine concentration pre-
sent. Increasing h also reduced K and V , and in addition decreased
the sensitivity to the internal serine concentration. For h¼ 1 the
model parameters became independent of any internal serine

concentration present, and moreover K and V corresponded directly
to the apparent Michaelis–Menten parameters Kapp and Vapp.

3.4. Model predictions based on experimental parameters

Subsequently, the model was used to predict the uptake beha-
viour that could be expected if the experiment were continued
beyond the initial phase. Fig. 5 shows the time series results
generated using the model parameters derived in Table 1 for the
corresponding initial conditions and values of h. For the obligatory
exchanger h¼ 0ð Þ tracer concentrations continued to rise to very
high values, until equilibrium was reached at the level of the initial
unlabelled concentration present inside ½B�II0 (i.e. all unlabelled
substrate replaced by labelled on a 1:1 basis). For non-zero h in
all cases, internal tracer concentrations eventually reached a diffu-
sive equilibrium equal to the external tracer concentration of
7.5 mmol l�1.

For zero initial internal concentration ½B�II0 ¼ 0
� �

, the tracer
concentrations rose monotonically, while for non-zero initial

0 50 100 150 200
0

0.2

0.4

0.6

0.8

1

1.2

In
te

rn
al

 c
on

ce
nt

ra
tio

n 
[A

]II  (-
)

[B]II0 = 0

0 50 100 150 200
0

0.2

0.4

0.6

0.8

1

1.2

Time (-)

[B]II0 = 1 [B]II0 = 5

0 50 100 150 200
0

1

2

3

4

5

6

h=0
h=0.1
h=0.5
h=1

Fig. 3. Theoretical model behaviour for obligatory exchange ðh¼ 0Þ and facilitated transport (h40). Time series for different values of h (relative mobility of the unloaded
transporter) and initial concentrations ½B�II0 inside the vesicle (arbitrary units). The external concentration of tracer ½A�I ¼ 1 in all cases. (a) Zero initial substrate inside; note
that no uptake takes place for obligatory exchange. (b) Equal internal and external concentrations; note all lines overlap. (c) Higher internal concentration; note the
overshoot dependent on the value of h, with h¼ 0 corresponding to obligatory exchange and h40 to facilitated diffusion.

0

1

2

3

4

5

6

In
te

rn
al

 tr
ac

er
 A

II

(p
m

ol
/m

g 
pr

ot
ei

n 
@

 1
5 

se
c)

101 102 103 104

Total external concentration [A+B] I ( M)µ

Fig. 4. Results vesicle experiments: Initial tracer uptake as a function of the total
external concentration (labelledþunlabelled substrate). 7.5 mmol l�1 tracer (14C-
serine) was used throughout, while the concentration of unlabelled serine was
increased. Data presented as mean and standard deviation (n¼4). Experimental
results were fitted using Eq. (2) (solid black line).

N. Panitchob et al. / Journal of Theoretical Biology 365 (2015) 352–364356



concentrations ½B�II0, first an overshoot was produced due to trans-
stimulation before decreasing again to the diffusive equilibrium
level. In addition, the peak height and rate at which the concen-
tration returned to equilibrium were determined by the value of h,
i.e. the relative mobility of the unloaded transporter.

3.5. Time course experiments

The results of the time course experiments are presented in Fig. 6.
Uptake of tracer alone displayed a rapid rise in internal concentrations
up to constant steady state level. Given the experimental variability,
the existence of a small overshoot could neither be confirmed nor
excluded. The internal tracer concentration at equilibrium (based on
the volume conversion factor of 1.6 μl mg protein�1) was approxi-
mately equal to the external tracer concentration of 7.5 mmol l�1.

To further probe the transport behaviour, additional experi-
ments were performed in which either 250 or 1000 mmol l�1 of
unlabelled substrate was added to the extravesicular buffer. As can
be observed from Fig. 6, addition of external unlabelled substrate
resulted in a marked inhibition of the initial rate of tracer uptake,
dependent on the amount of substrate added. After the initial

phase, intravesicular tracer levels in the presence of either 250 or
1000 mmol l�1 external substrate continued to rise at a decreasing
rate, but did not reach the level observed for tracer alone within
the time frame of the study.

3.6. Model analysis of time course experiments

First it was evaluated how well the model could represent the
experimental data in absence of internal endogenous substrate
½B�II0 ¼ 0
� �

. A single set of parameters h and V were fitted, while K
was derived using Eq. (4) from the value of Kapp ¼ 87 mmol l�1

determined previously in Section 3.3.
The model results in Fig. 6 show a good overall representation of

the initial tracer uptake for the various external concentrations of
unlabelled substrate (½B�I ¼ 0, 250 and 1000 mmol l�1). Furthermore,
the time course for 0 and 1000 mmol l�1 was captured adequately.
The main discrepancy that can be observed is the considerable
overprediction of uptake for 250 mmol l�1 unlabelled substrate
from 60 s onwards.

In addition, the possibility was investigated of obligatory
exchange (h¼ 0) in the presence of a small internal level of

Table 1
Model parameters (Eq. (1)) corresponding to the measured apparent Michaelis–Menten parameters, for different unloaded carrier mobility h and internal concentration ½B�II0 .

½B�II0 ¼ 0 mmol l�1 ½B�II0 ¼ 250 mmol l�1 ½B�II0 ¼ 500 mmol l�1 ½B�II0 ¼ 1000 mmol l�1

h¼ 0 No uptakea K ¼ 266 mmol l�1 K ¼ 210 mmol l�1 K ¼ 190 mmol l�1

V ¼ 201 mmol l�1 min�1 V ¼ 159 mmol l�1 min�1 V ¼ 144 mmol l�1 min�1

h¼ 0:1 K ¼ 478 mmol l�1 K ¼ 198 mmol l�1 K ¼ 177 mmol l�1 K ¼ 167 mmol l�1

V ¼ 722 mmol l�1 min�1 V ¼ 175 mmol l�1 min�1 V ¼ 152 mmol l�1 min�1 V ¼ 141 mmol l�1 min�1

h¼ 0:5 K ¼ 130 mmol l�1 K ¼ 119 mmol l�1 K ¼ 118 mmol l�1 K ¼ 117 mmol l�1

V ¼ 197 mmol l�1 min�1 V ¼ 144 mmol l�1 min�1 V ¼ 138 mmol l�1 min�1 V ¼ 135 mmol l�1 min�1

h¼ 1 K ¼ 87 mmol l�1 K ¼ 87 mmol l�1 K ¼ 87 mmol l�1 K ¼ 87 mmol l�1

V ¼ 131 mmol l�1 min�1 V ¼ 131 mmol l�1 min�1 V ¼ 131 mmol l�1 min�1 V ¼ 131 mmol l�1 min�1

a The case h¼ 0 corresponds to an obligatory exchanger and therefore cannot represent uptake in the absence of ½B�II0 .
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substrate ½B�II0 ¼ 7:5 μmol l�1, equal to the external tracer concen-
tration. Only the parameter V was fitted, while K was kept the same
value as determined before in Fig. 6. The results in Fig. 7 show that
while obligatory exchange could match the equilibrium level for
tracer alone, it could not simultaneously represent the effect of
adding unlabelled external substrate, as this would result in
disproportionally low levels of intravesicular tracer.

To provide a more complete overview, the results of the
sensitivity analysis are presented in Fig. 8. The model fit as in
Fig. 6 was repeated, but now for various levels of initial internal
substrate ½B�II0 (parameters h and V were fitted, with K determined
from Eq. (4) as before). Overall the relative error increased with
increasing internal substrate concentration (Fig. 8a). A very small
dip in the error criterion could be observed for ½B�II0 ¼ 50 mmol l�1,
however investigation of the predicted time course already

displayed an overshoot not present in the experiment (results
not shown). Next the sensitivity of the parameter estimation to the
dissociation constant K was investigated (parameters h and V
were fitted with ½B�II0 ¼ 0 mmol l�1). The results in Fig. 8b demon-
strated that the overall error was not significantly affected by K .
Finally, the effect of the unbound carrier mobility was explored in
Fig. 8c by repeating the fit for various fixed values of h (only the
parameter V was fitted with ½B�II0 ¼ 0 mmol l�1, while K was kept
the same value as determined before in Fig. 6). This demonstrated
that h did not have a significant impact on the overall error, with
the notable exception of a sharp peak at h¼ 0. Looking closer at
the estimated parameters revealed that low values of h resulted in
high values of V and vice versa, but the shape of the curves was
qualitatively similar for any h40 (results not shown). The com-
bined effect of h and ½B�II0 on the fit quality is displayed in Fig. 8d,
and shows that the overall error is more sensitive to ½B�II0 for low
values of h. For high concentrations the error is highly variable as
the fitted time courses cannot represent the experimental data
(results not shown).

4. Discussion

Placental membrane vesicle experiments are used routinely for
the study of exchanger transporters (Ganapathy et al., 1986; Jansson
et al., 1998; Lewis et al., 2007; Tsitsiou et al., 2009). However, these
experiments consistently display substrate uptake under zero-trans
conditions, which is incompatible with the concept of an obligatory
exchanger mechanism and remains currently unexplained. There-
fore, mathematical modelling was applied to clarify how these
experimental observations could relate to the behaviour of the
transporter under investigation. Importantly, for clarity and to
facilitate biological interpretation the number of parameters in
the model was kept to the minimum required to represent the
key transporter mechanisms at play.

Both non-obligatory and obligatory exchanger models could
explain the observed initial rate of serine tracer uptake under sodium
free conditions, depending on the initial substrate concentration
inside the vesicle. Previous evidence for an obligatory exchanger, as
opposed to facilitated diffusion, is provided by the 1:1 ratio between
amino acid influx and efflux, combined with the observation that no
significant amino acid depletion was detected in oocytes maintained
in amino acid free buffer (Meier et al., 2002). However, for an
obligatory exchanger to function this would necessarily imply the
presence of initial substrate within the vesicle. In this respect, the
dependency of apparent Michaelis–Menten parameters on internal
substrate concentration derived in the current study (Eqs. (3) and (4)),
could potentially help explain variation in reported Km values for Naþ

independent serine uptake in the literature (116–675 mmol l�1)
(Lewis et al., 2007; Segawa et al., 1999). However, the internal
concentrations cannot affect the apparent Km if the unloaded and
loaded transporters have equal mobility (h¼ 1Þ in the carrier model
(Eq. (4), Table 1; i.e. since binding of internal substrate would not
affect the return rate of the carrier in the transport cycle).

Since a standard uptake experiment did not allow non-
obligatory and obligatory exchange to be distinguished based on
initial rate alone (Fig. 2a and b), the possibility of continuing the
experiment as a time series was explored first theoretically and
then tested experimentally. Based on the model predictions in
Fig. 5, the lack of a pronounced overshoot observed in the experi-
mental time course (Fig. 6) indicated the absence, or only low levels,
of internal substrate within the vesicles. In addition, equal internal
and external tracer concentrations at steady state were observed in
the experiment (Fig. 6), which provided a strong indication for non-
obligatory transport leading to diffusive equilibrium. Furthermore,
tracer uptake could be completely inhibited (Fig. 4), demonstrating
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that uptake was transporter mediated as opposed to simple diffu-
sion, within experimental accuracy. However, similar concentra-
tions on both sides of the membrane are not conclusive proof of
facilitated diffusion, as an obligatory exchanger would give the
same result in the case where internal and external concentrations
were equal (Fig. 3b). In addition, the vesicle volume conversion
factor used here to determine internal concentration levels may not
be known precisely in many cases. Therefore, the time course
experiment was repeated in the presence of additional external
unlabelled serine. This showed that the experimental data could be
captured reasonably well by the model based on facilitated diffu-
sion (Fig. 6), while obligatory exchange would predict a dispropor-
tionate reduction in steady state concentrations (Fig. 7). This is
because at equilibrium, obligatory exchange would result in equal
ratios of tracer to unlabelled substrate inside and outside the
vesicle, and 7.5 mmol l�1 tracer represents only a very small fraction
compared to either 250 or 1000 mmol l�1 unlabelled substrate.

Overall, the results of this study supported the existence of a
facilitative transport component in placental MVM vesicles. How-
ever, while h was clearly non-zero in the model, the results of the
sensitivity analysis demonstrated that it was not possible to
ascertain the precise value of h with confidence. This is because
for a facilitative transporter, in absence of significant internal

concentrations, the tracer uptake depends on the combined
velocity of the unloaded and loaded transporter in the transport
cycle, thus h and V could not be determined independently. Based
on previous exchange and efflux experiments in oocytes one
would expect h to be low (Meier et al., 2002). A relatively slow
unloaded transporter (small h) would increase the potential for
trans-stimulation of the initial uptake rate by internal substrate
(Harrison and Christensen, 1975) and display a larger overshoot
(Fig. 5). Thus further opportunities to determine h could be
provided by developing experimental protocols in which addi-
tional high concentrations of substrate are added within the
vesicle. In addition, the presence of an overshoot in such an
experiment would directly demonstrate a non-obligatory trans-
port mechanism (Figs. 3 and 5). This is because a high outwardly
directed substrate gradient would promote an overshoot response
for non-obligatory transport (Fig. 5b–d), while an obligatory
exchanger would be expected to equilibrate at different levels
directly dependent on the concentration added inside the vesicle
(Fig. 5a). Time course data for the sodium independent uptake of
system L substrates in non-preloaded MVM vesicles displayed a
small overshoot for tryptophan, as indicated by the drop in tracer
level at 45 min (Ganapathy et al., 1986), while in contrast, no
overshoot was observed for leucine (Jansson et al., 1998).
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A number of simplifying assumptions were made in the applica-
tion of the model. In particular the transport parameters in the
model were assumed to be symmetric. However, in Xenopus oocyte
studies asymmetric apparent affinities have been found (Meier
et al., 2002). This could be explained by different translocation
rates and dissociation constants according to Eqs. (A9) and (A17).
Nonetheless, importantly, relaxing these model assumptions would
not affect the equilibrium substrate concentrations for a passive
transport process. Membrane potential was not included as LAT2 is
a sodium independent transporter of neutral amino acids and not
known to be electrogenic (Broer, 2008; Ganapathy et al., 1988;
Kanai et al., 1998; Pineda et al., 1999). The effect of asymmetry on
the model predictions was explored further in Appendix B. This
confirmed that the presence of an overshoot would indicate a non-
obligatory as opposed to an obligatory exchange mechanism,
however the reverse is not true as such an overshoot depends both
on model parameters and internal concentrations (Fig. B3).
An average vesicle volume conversion factor was used to determine
intravesicular tracer concentrations, while vesicles in suspension
appear heterogeneous in size (Glazier et al., 1988) and thus would
display a range of area to volume ratios, potentially smoothing
out the response. In addition, the vesicle volume was assumed
to be constant over time, while any changes in volume might for
example contribute to explaining the overprediction observed for
250 mmol l�1 external unlabelled serine in Fig. 6. Based on current
understanding, a single transporter (LAT2) was proposed to repre-
sent the sodium independent transport of serine, and all known
Naþ independent serine transport systems are exchangers. How-
ever, if multiple transport mechanisms were to be present (e.g. a
previously unidentified facilitative serine transporter) this would
give rise to a mixed response which would be more difficult to
interpret, e.g. an obligatory exchanger in combination with an
unknown diffusive transport route in parallel could give rise to a
qualitatively similar response as a non-obligatory transporter.

In conclusion, the interpretation of vesicle experiments such as
those with placental MVM in reality may be complicated by non-
zero internal substrate concentrations. In addition, actual trans-
porter behaviour may deviate from idealised behaviour such as
perfectly obligatory exchange. Modelling could allow quantifica-
tion of these effects in order to reveal their impact. However, to
achieve this, an iterative approach is needed in which the model is
used to predict various potential transport scenarios, which can
then be tested experimentally, leading to model refinement and
new experiments. In this way, modelling could help to interpret
and design uptake experiments and contribute to a more complete
understanding of the behaviour of specific transport systems.
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Appendix A

A brief overview of the assumptions underlying the carrier model
as applied in this study is provided (Friedman, 2008; Stein and Lieb,
1986). A schematic of the general carrier model is shown in Fig. A1.

The net flux JAX of the substrate-transporter complex AX from
side I to side II, can be represented as the net effect of the forward
and backward directed fluxes (Eq. (A1)), in which each flux is the
product of the appropriate linear rate constant and concentration
(Friedman, 2008). The same applies for the net flux JX of unbound

transporter X from side I to II (Eq. (A2)).

JAX ¼ k1½AX�I�k�1½AX�II ðA1Þ

JX ¼ k2½X�I�k�2½X�II ðA2Þ

Rapid equilibrium is assumed, i.e. it is assumed that amino acid
binding is fast compared to translocation across the membrane,
which implies that bound and unbound concentrations are in
equilibrium at each side of the membrane. Therefore, the rate
constants for binding can be replaced by the following dissociation
constants K I and K II:

K I ¼
½A�I½X�I
½AX�I ¼ k�3

k3
ðA3Þ

K II ¼
½A�II½X�II
½AX�II ¼ k�4

k4
ðA4Þ

Quasi-steady state transport is assumed, i.e. if the compart-
ments on either side of the membrane are large enough, any
changes in their concentrations will be relatively slow compared
to the transporter dynamics. Thus quasi-steady transport implies
that the sum of the fluxes of bound and unbound carrier must be
zero, i.e. they must be equal and opposite for the transport cycle to
continue:

JXþ JAX ¼ 0 ðA5Þ

In addition, conservation of the total number of transporters xT
is given by:

X½ �Iþ X½ �IIþ AX½ �Iþ AX½ �II ¼ xT ðA6Þ

Substrate A can only cross the membrane bound to the trans-
porter, therefore JA ¼ JAX . Then by rearranging Eqs. (A1)–(A6), the
general equation for the net flux of substrate A into the vesicle is
given by:

JA ¼
k�2k1K II½A�I�k2k�1K I½A�II
� �

xT
k1þk�1ð Þ A½ �I A½ �IIþ k�2þk1ð ÞK II A½ �Iþ k2þk�1ð ÞK I A½ �IIþðk2þk�2ÞK II K I

ðA7Þ

Michaelis–Menten interpretation: In experimental vesicle stu-
dies, uptake is usually reported in terms of apparent Michaelis–
Menten parameters. Considering only the initial flux JA0

, then all
initial concentrations are known and for the case of zero-trans

Fig. A1. General carrier model for a single substrate. Schematic including the
different transporter states and the various binding and translocation rate con-
stants. Transporter X can bind to substrate A to form a complex AX. Depending on
parameters, X can translocate between the outside (I) and inside (II) of the vesicle
in either loaded or unloaded form.
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uptake, Eq. (A7) reduces to:

JA0
¼ k�2k1½A�I0xT

k�2þk1ð Þ½A�I0þðk2þk�2Þ K I
ðA8Þ

Therefore, the apparent Michaelis–Menten parameters can be
expressed as follows (Devés and Krupka, 1979a, 1979b):

Kapp ¼
k2þk�2ð Þ
k�2þk1ð Þ K I ðA9Þ

Vapp ¼
k�2k1xT
k�2þk1ð Þ ðA10Þ

Thus Kapp is a function of the external substrate dissociation
constant K I, as well as the transporter translocation rates, while
Vapp is a function of the translocation rates of the bound and
unbound carrier.

Equal translocation rates: In order to reduce the number of
parameters, it was assumed that the forward kið Þ and backward
k� ið Þ translocation rate constants as defined in Fig. A1 were equal
(Eqs. (A11) and (A12)). However, note that different rates could apply
for the carrier substrate complex AX and the unbound transporter X:

k1 ¼ k�1 ¼ k ðA11Þ

k2 ¼ k�2 ¼ hk ðA12Þ
Here k represents the translocation rate constant for the bound

carrier-substrate complex AX in either direction. Thus, h denotes
the translocation rate of the unbound carrier X as a fraction of that
of the carrier-substrate complex (i.e. the relative unbound-to-
bound translocation rate). Therefore, the fluxes of the bound and
unbound carrier become:

JAX ¼ k ½AX�I�½AX�II� � ðA13Þ

JX ¼ hk ½X�I�½X�II� � ðA14Þ
Microscopic reversibility: The transport mechanisms considered

here are passive in nature, driven by concentration gradients only,
without any energy input in the form of e.g. ATP. Therefore, the
principle of microscopic reversibility implies that, for a cyclic
transport process, the product of the clockwise rate constants is
equal to the product of the anti-clockwise rate constants, Eq. (A16)
(Blumenthal and Kedem, 1969; Parent et al., 1992) (i.e. based on
the equilibrium of each step in the transport cycle at steady state
and the known internal and external concentrations at equili-
brium):

k1 k�4 k�2 k3 ¼ k�1 k�3 k2 k4 ðA16Þ
Under the assumption of rapid equilibrium Eq. (A16) reduces

to:

k1
k�1

¼ k2
k�2

K I

K II
ðA17Þ

Thus if the translocation rate constants in both directions are
assumed to be equal (Eqs. (A11) and (A12)), then the substrate
dissociation constants on both sides of the membrane also
necessarily have to be equal K I ¼ K II ¼ Kð Þ. Conversely, Eq. (A17)
also implies that if the dissociation constants were assumed to be
different on both sides, then all translocation rates cannot be
equal. Consequently, based on these assumptions, the model as
given by Eq. (A7) reduces to:

JA ¼
2VJAhK ½A�I�½A�II� �

2 A½ �I A½ �IIþK hþ1ð Þ A½ �Iþ A½ �IIþK
� � ðA18Þ

where

VJA ¼
kxT
2

Here h is dimensionless, K has unit of concentration (mmol l�1)
and VJA is in mmol m�2 min�1. The rate of change of the concen-
tration within the vesicle d½A�II=dt can be obtained by multiplying
the flux JA by the area to volume ratio of the vesicle. In this form,
Eq. (A18) represents transport of only a single substrate. A similar
procedure as described above can be adopted for the transport of
multiple substrates. The resulting expression for two substrates is
given in Eq. (1).

Appendix B

In this section the effect of asymmetry in transport parameters
is explored further. The schematic of the extended model with
explicit translocation rate and dissociation constants is shown in
Fig. B1. The corresponding model equation, derived based on the
same assumptions as in Eqs. (A1)–(A6), is given in Eq. (B1)

JA ¼
k1k�1ð½A�I½B�II� A½ �II B½ �IÞþk�2k1K II½A�I�k2k�1K I½A�II

� �
xT

k1þk�1ð Þ Tot½ �I Tot½ �IIþ k�2þk1ð ÞK II Tot½ �Iþ k2þk�1ð ÞK I Tot½ �IIþðk2þk�2ÞK II K I

ðB1Þ
where

Tot½ �i ¼ A½ �iþ B½ �i

Asymmetric bound translocation rate and dissociation constants: If
asymmetry in the translocation rate of the bound transporters
k1ak�1ð Þ is assumed, then the other model parameters must be
adjusted in accordance with the thermodynamic constraint for a
passive process as given in Eq. (A17). If symmetry in the unbound
translocation rate constants k2 ¼ k�2 ¼ hkð Þ is assumed, then
Eq. (A17) becomes:

K II

K I
¼ k�1

k1
ðB2Þ

Let c¼ K II=K I be the ratio between internal and external
dissociation constants, with K II ¼ cK and K I ¼ K , then:

k�1 ¼ ck

k1 ¼ k ðB3Þ
c is then, by definition, the factor that governs the asymmetry in
the translocation rates constants. Note that c is unity when
symmetry is assumed.

The resulting theoretical predictions for the obligatory exchange
model ðh¼ 0Þ and non-obligatory (facilitated) transporter model (for

Fig. B1. Extended carrier model for two substrates (A is radiolabelled, and B is
unlabelled). Schematic including the different transporter states and the various
dissociation and translocation rate constants. Transporter X can either bind to
substrate A or B to form a complex AX or BX. X can translocate between the outside
(I) and inside (II) of the vesicle in either loaded or unloaded form with different
translocation rate constants in each direction.
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the case h¼ 1) are shown in Fig. B2, using the parameter values of
k¼ 1, xT ¼ 1 and K ¼ 0:5 (arbitrary units).

From the results in Fig. B2 it can be observed that a higher
reverse translocation rate constant for the bound transporter ðk�1Þ
has minimal effect on the model predictions for tracer uptake
ðc¼ 10Þ, while a lower uptake rate constant ðc¼ 0:1Þ leads to

slower uptake for the cases considered. Notably, the value of c
shifts the position of the overshoot in time and affects the peak
width, but does not affect the peak height (Fig. B2f).

Asymmetric unbound translocation rate and dissociation con-
stants: In addition, asymmetry in the translocation rate constants
of the unbound transporter k2ak�2ð Þ was explored, with
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symmetric bound translocation rate constants k1 ¼ k�1 ¼ kð Þ. Eq.
(A17) then becomes:

KII

KI
¼ k2
k�2

ðB4Þ

Let c¼ KII=KI again be the ratio between internal and external
dissociation constants, with KII ¼ cK and KI ¼ K , then define:

k2 ¼ chk

k�2 ¼ hk ðB5Þ

The resulting theoretical predictions for the obligatory and non-
obligatory models are shown in Fig. B3, using the same parameters
as before.

For the non-obligatory (facilitative) model, Fig. B3d shows that
in absence of internal substrate, a higher forward translocation
rate constant for the unbound transporter ðk2Þ has minimal effect
on the model predictions for tracer uptake ðc¼ 10Þ, while a lower
uptake rate constant ðc¼ 0:1Þ leads to slower uptake. Fig. B3e
shows that this effect of c is reversed in the presence of an initial
internal substrate concentration equal to the external tracer
concentration. In addition, for this situation there is no difference
between the obligatory and non-obligatory model (Fig. B3b and e).
In contrast, marked differences arise for high initial internal
substrate concentrations. The obligatory exchange model in Fig.
B3c displays only minor effects, which are due to the difference in
dissociation constants depending on c, as unbound translocation
rates are zero because h¼ 0. However, for the non-obligatory
(facilitative) model in Fig. B3e, a low value of c leads to a higher
peak, which decreases more slowly. On the other hand, a high
value of c almost completely eliminates the overshoot, since the
fast unbound forward translocation rate bypasses tracer uptake in
the transport cycle during efflux of initial internal substrate.

Asymmetric bound and unbound translocation rate, with equal
dissociation constants: Furthermore, the case of asymmetry in the
translocation rate constants (k1ak�1 and k2ak�2) was explored,
with symmetric dissociation constants K I ¼ K II ¼ Kð Þ, Eq. (A17)

then becomes:

k1
k�1

¼ k2
k�2

ðB6Þ

Let c¼ k1=k�1 be the ratio between forward and backward
translocation rate constants of the bound transporters with k1 ¼ ck
and k�1 ¼ k, then define:

k2 ¼ chk

k�2 ¼ hk ðB7Þ
The resulting theoretical predictions for the obligatory

exchange and non-obligatory (facilitated) transport models are
shown in Fig. B4, using the same parameters as before.

It can be observed that the results in Fig. B4 are very similar to
those in Fig. B2, but note that c has the opposite effect in Eqs. (B3)
and (B6), acting either on the forward or reverse bound transloca-
tion rate constants k1 and k�1. However, this has the same effect
on the overall transport cycle where A is exchanged for B (Fig. B1).
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