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3 | Membrane carriers

Low affinity membrane transporters increase the net substrate uptake
rate by reducing substrate efflux
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Chapter 3

Abstract

Cells require membrane-located transporter proteins to import energy and carbon sources from

the environment. Many organisms have several similar transporters for the same nutrient, which

differ in their affinity. Typically, high affinity transporters are expressed when substrate is scarce

and low affinity ones when substrate is more abundant. The benefit of using low affinity trans-

porters when high affinity ones are available remains unclear. We investigate two hypotheses:

(1) It was previously hypothesised that that a trade-off between the affinity and the maximal cat-

alytic rate explains this phenomenon. We find some theoretical and experimental support for

this hypothesis, but no conclusive evidence. (2) We propose a new hypothesis: namely that for

uptake by facilitated diffusion, at saturating extracellular substrate concentrations, a lowering of

the affinity can in itself enhance the net substrate uptake rate. Reducing the transporter affinity

reduces the substrate efflux rate, and, as a consequence, an optimal transporter exists affinity

that is dependent on the external substrate concentration. This tuning of affinity to external con-

centrations might explain the abundance of glucose transporters in yeast. Indeed, an in silico

analysis of glycolysis in Saccharomyces cerevisiae shows that using the low affinity HXT3

transporter in stead of the high affinity HXT6 enhances the steady state flux by 36%. Our re-

sults provide a novel reason for the presence of low affinity transport systems that might have

implications for more general enzyme catalysed conversions.

Introduction

Cells need to acquire all their nutrients and energy sources from the environment. Since hardly

any of these can diffuse freely through the membrane, nutrient uptake requires transporter pro-

teins. Often, a cell has several different transporters for the same nutrient. A recurring principle

is that these transporters have different affinities. For example, the yeast Saccharomyces cere-

visiae has at least 17 different glucose transporters (Boles and Hollenberg, 1997), with affinities

ranging from KM ≈ 1mM for the highest to KM ≈ 100 mM for the lowest affinity transporters.

Other examples of nutrient transport by both high and low affinity transporters are glucose up-

take in human cells by GLUT transporter (Thorens and Mueckler, 2010) and in Lactococcus

lactis (Castro et al , 2009), phosphate and zinc uptake in yeast (Levy et al , 2011), and lactate

transport in mammalian cells by the MCT transporter family (Bonen et al , 2000; Juel and

Halestrap, 1999). The Arabidopsis nitrate transporter CHL1 was shown to able to switch be-

tween a high and low affinity mode of action through phosphorylation of the protein (Liu, 2003).

Typically, the high affinity transporters are expressed under conditions of low substrate availabil-

ity and the low affinity transporters when substrate is plentiful. While the benefit of employing a

high affinity transporter under substrate scarcity is evident, the reason for switching to low

affinity transporters when substrate is more abundant remains unclear.

The cell membrane is a crowded place. This implies that, besides the expenditure of energy

and precursor metabolites, expression of membrane transporter proteins entails an additional

cost. Space taken up by a particular membrane protein cannot be used by another one. For

instance, 4% of Escherichia coli membrane area is estimated to be required for glucose uptake

alone (Phillips and Milo, 2009), when nutrient is scarce and cells grow slower, they increase their

26



Membrane transport

surface-to-volume ratio (Schaechter et al , 1958; Fantes and Nurse, 1977) and over-expression

of membrane proteins is known to be toxic to cells (Wagner et al , 2007). Therefore, it is to be

expected that there is a strong selection pressure on the efficient use of membrane proteins

(e.g. transporters).

Previously, several hypothesis have been suggested to explain the benefit of using low affin-

ity carriers. One hypothesis is that these increase the ability of cells to sense extracellular sub-

strates. Levy et al. convincingly show that low affinity carriers for phosphate and zinc allow the

cell to sense depletion of phosphate and zinc early, and consequently, the cells can adapt their

physiology to a phosphate or zinc-poor environment (Levy et al , 2011). However, for substrates

with a higher import rate, such as glucose, there might be a stronger selection pressure on effi-

ciency of uptake than on accurate sensing. Moreover, or perhaps consequently, separate extra-

cellular substrate sensors have been described (for example in S. cerevisiae (Boles and Hollen-

berg, 1997)), and glucose sensing and uptake in S. cerevisiae are known to be uncoupled (Youk

and Van Oudenaarden, 2009).

A second hypothesis is that there is a trade-off between the affinity and specific activity of a

transporter (suggested by Gudelj et al (2007) based on data by Elbing et al (2004)). While

there is some theoretical support for a rate-affinity trade-off for particular reaction schemes

(Heinrich et al , 1991b; Klipp and Heinrich, 1994), this depends on untestable assumptions

about the free energy profile and it does not apply to typical reaction schemes of membrane

transport processes, such as facilitated diffusion. We will study the theoretical and experimental

basis of this trade-off for transport by means of facilitated diffusion.

These hypotheses do not convincingly explain the extreme abundance of carriers in, for ex-

ample, S. cerevisiae. In this paper, we present a new hypothesis based on the reversibility of

the transport process. We focus in particular on facilitated diffusion, an often occurring mecha-

nism of which e.g. glucose uptake in yeast and human cells are examples. We suggest that an

increased affinity not only increases the rate of the substrate influx into the cell, but also that of

substrate efflux out of the cell. It has been shown that due to the nature of a substrate carrier,

the impact of the outward transport remains significant even at saturating extracellular concen-

trations (Teusink et al , 1998). Therefore, we cannot neglect the outward transport solely

because extracellular concentrations are much higher than intracellular concentrations. This

reasoning is graphically depicted in figure 3.1. With this hypothesis we challenge the intuitive

assumption that a higher affinity always leads to a higher net uptake rate.

Results

Mathematical model of facilitated diffusion kinetics

Transport of substrate s over a membrane by means of facilitated diffusion can generally be

described by a four-step process (depicted in figure 3.2). These steps are: (i) Extracellular

substrate se to carrier binding, (ii) transport of s over the membrane, (iii) release of s in the

cytosol and (iv) return of the substrate-binding site to the periplasm-facing position. Note that

step (iv) is the only step that distinguishes this scheme from reversible Michaelis-Menten kinetics.

We will later discuss the significance of this distinction.
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Figure 3.1. Lower affinity can enhance uptake by reducing substrate efflux. Both panels depict a situation with
a high extracellular and moderate intracellular substrate concentration. A A high affinity transporter will cause both
the inward facing and the outward facing binding sites to be predominantly occupied, i.e. the transporter is saturated
with substrate on both sides of the membrane (both ese � ee and esi � ei ). As a result, the efflux rate will be nearly
as high as the influx rate, and the net uptake rate is very low. B Reducing the affinity of the transporter reduces the
saturation of the transporter at the intracellular side. Provided ese is high enough, the transporter will still be saturated
at the extracellular side. The efflux will be reduced and hence the net uptake rate increases.

Figure 3.2. Model of nutrient uptake by facilitated diffusion. In this model the transporter e interconverts between
a conformations with an inward-facing (ei ) and outward-facing (ee) substrate binding site. When this conformation
change takes places with an occupied substrate binding site (ese or esi ), this results in translocation of the sub-
strate over the membrane. All steps are reversible and the state transitions rates are given by mass action kinetics.
Throughout the main text, we make the assumption that binding is much faster than transport and that the carrier is
symmetric. The former assumption allows us to use the quasi steady state assumption for substrate to transporter
binding, i.e. ex and esx are in equilibrium, with dissociation constant kD ≡ k1r/k1f = k3f/k3r . The latter assumption
implies k2f = k2r ≡ k2 and k4f = k4r ≡ k4
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Thermodynamics dictates that all individual steps are reversible. Moreover, there is no en-

ergy input in this transport cycle, so the equilibrium constant Keq = 1. For convenience, we will

make two biologically-motivated assumptions that considerably simplify the rate equation in

terms of the first order rate constants. However, relaxing these assumptions does not qualita-

tively alter our conclusions (cf. appendix S2). The assumptions are: (a) Binding and unbinding

of the substrate to the transporter is much faster than transport of the substrate over the mem-

brane, i.e. binding is assumed to be in quasi steady state, and (b) the transport process is

symmetrical. These assumptions imply two things: the intra- and extracellular

substrate-transporter-dissociation constants are equal and the forward and reverse rate con-

stant of steps (ii) and (iv) are equal, i.e. k2f = k2r ≡ k2 and k4f = k4r ≡ k4. The latter assumption

is sensible because the “substrate” and the “product” of the transportation step are chemically

identical; there is therefore no a priori reason why e.g. extracellularly the substrate should bind

tighter to the carrier than intracellularly. The consequence of this assumption is that the KM of

substrate influx and substrate efflux are equal. For e.g. hexose transport in S.cerevisiae this is

indeed the case for all 7 Hxt carriers (Maier et al , 2002) (also see (Elbing et al , 2004)). The rate

equation takes the form

v = et ·
kcat
KM

(se − si )

1 + se
KM

+ si
KM

+ α se·si
K 2

M

, (3.1)

with

kcat =
k2k4

k2 + k4
(3.2a)

KM = 2KD
k4

k2 + k4
(3.2b)

α = 4
k2k4

(k2 + k4)2 (3.2c)

Where KD ≡ k1r
k1f

= k3f
k3r

is the dissociation constant of transporter-substrate binding.

Analysis of the theoretical and experimental basis of the trade-off between rate
and affinity

A comparison of equations (3.2a) and (3.2b) immediately shows both the strength and the

weakness of the hypothesis that there is a trade-off between the kcat and the affinity of a trans-

porter. Since both dkcat
dk4

> 0 and dKM
dk4

> 0, any mutation that increases k4 enhances the kcat but

reduces the affinity. In that sense, there might be a rate-affinity trade-off. However, any mutation

that decreases the KD enhance the transporters affinity without affecting the kcat , and since
dkcat
dk2

> 0 but KM
k2
< 0, an increase in k2 enhances both the affinity and the kcat . Only in the case

that k2 and KD are constrained by biophysical limitations, there would actually be a trade-off be-

tween rate and affinity. Whether or not this is the case is generally difficult to establish. An

additional confounding factor is the α-term, which describes the asymmetry between the an oc-

cupied and an unoccupied carrier and which is affected by any mutations in k2 and k4. While α

does not affect the kcat and KM , it does affect the uptake rate. The higher it is (i.e. the larger the

asymmetry), the lower the uptake rate. When the assumptions of fast substrate to transporter
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Figure 3.3. Experimental data suggest rate-affinity trade-off. Both panels show experimentally established affini-
ties and rates of HXT mutants. A HXT1-HXT7 chimeras. Data taken from Elbing et al (2004). B Different HXT2 and
HXT7 mutants and chimeras constructed and characterised in the Kasahara lab. References are in the figure legend.
Within each panel, all transporters are expressed from the same plasmid and under the same conditions. Hence,
differences in Vmax most likely reflect differences in kcat and not in expression. The data sugest the existence of a
kcat − 1/KM Pareto-front. Interestingly, the wild-type transporters are located on this front.

binding and symmetry are dropped, an analytic evaluation of this trade-off becomes infeasible.

The macroscopic kinetic parameters depend in a complicated way on the first order rate con-

stants, and the latter are interdependent. A parameter sampling approach indicates that some

assumptions on the (interdependencies of) rate-constants lead to a kcat -KM trade-off, while

some do nto (figure S1). We refer to appendix S2.1 for a more detailed discussion.

Experimental evidence for a trade-off comes from the measurements of both properties in-

volved in the trade-off: the affinity, quantified by the inverse of the Michaelis Menten constant

(1/KM ), and the turnover rate (kcat ) of carriers. The KM of carriers have often been measured,

but because quantitative measurements of carrier levels are technically quite demanding, mea-

suring the kcat is an experimental challenge and this data is not yet available. Therefore, data of

the KM and kcat of carriers remain elusive. However, strains have been created with similar

transporters that exhibit a different affinity and are expressed under constitutive promotors in

the same genetic background. The kinetic properties (KM and Vmax ) of these strains have been

measured under the same extracellular conditions. Since only small regions are different be-

tween these strains, in some cases only a single base pair, we can expect their expression

levels to be similar. When expression levels are similar, the Vmax will be a good reflection of the

kcat , since Vmax = kcat · etot . Figure 3.3 shows such KM and Vmax measurements that we col-
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lected. Panel A shows data of S. cerevisiae HXT1-HXT7 chimera (Elbing et al , 2004). HXT1 is

a low and HXT7 a high affinity glucose carrier. Chimera of these transporters show increasing

Vmax with decreasing affinity. Panel B show data compiled from studies on glucose transporters

from the Kasahara Lab. They studied the S. cerevisiae high affinity HXT7 (Kasahara and Kasa-

hara, 2010; Kasahara et al , 2011) and the low affinity HXT2 (Kasahara and Kasahara, 2003;

Kasahara et al , 2004, 2006, 2007) glucose carrier. In all these studies, the affinity of the trans-

porters was modulated by either mutating specific residues or by constructing chimeras were

specific trans-membrane segments from other carriers are used. These data suggest the exis-

tence of a trade-off between kcat and 1/KM , since there are no constructs with both a high

affinity and a high Vmax . In other words, there appears to be a rate-affinity Pareto-front. More-

over, the wild-type transporters appear to sit on this Pareto front. While the evidence is not

conclusive, the theoretical arguments combined with the experimental data do suggest that a

trade-off between rate and affinity exists.

A lowered affinity can enhance the net uptake rate by reducing substrate efflux

When discussing the transporter’s kcat and affinity in terms of a trade-off, ones makes the implicit

assumption that for flux maximisation a high affinity is, all else being equal, always better than

a low affinity. While this might sound like an obvious statement, it is, in fact, not true. Perhaps

counter-intuitively, decreasing the affinity of the transporter without affecting the kcat can actually

enhance the net uptake rate.

Consider a high affinity transporter fully saturated with extracellular substrate. Now, suppose

that the intracellular substrate concentration is much lower than the extracellular, but still well

above the KM of the transporter, i.e. se � si � KM . In this situation, each time the transporter

moves its binding site over the membrane a substrate molecule will be transported, regardless

of whether it moves from the outside to the inside, or the other way around. Hence, despite

a considerable concentration gradient, the influx and efflux rates will be nearly equal, and the

net uptake rate will be close to zero. In other words, the transporter is severely inhibited by its

product. In contrast, consider the same situation, but now with a low-affinity transporter, which

has a KM above the intracellular glucose concentration, but still well below that of extracellular

glucose, se � KM > si . In this case, the transporter will operate close to it’s Vmax , because

it’s forward rate is saturated, but the efflux rate is low. This reasoning is graphically depicted in

figure 3.1.

The argument above implies that there is a condition-dependent optimal affinity, K opt
M for the

transporter, which maximises the net uptake rate as a function of intracellular and extracellular

substrate concentration. This is given by (cf. appendix S1.2):

K opt
M =

√
α · se · si (3.3)

Moreover, these kinetics lead to very low net uptake rates at very high affinities, as is clear

from figure 3.4. This is in stark contrast to e.g. reversible Michaelis-Menten kinetics, where an

increased affinity always increases the uptake rate (provided it does not affect the kcat ). As

noted previously, the fundamental difference between these two models is the step between
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Figure 3.4. High affinities can reduce the net uptake rate in facilitated diffusion models but not with reversible
Michaelis-Menten kinetics. Steady state uptake rate J as a function of KM of a facilitated diffusion model (solid lines)
and with reversible Michaelis Menten kinetics (dashed, lighter line), for different external substrate concentrations se

and a constant si = 1. The KM was varied by varying the substrate-transporter dissociation-constants KD , which for
both rate equation affects the KM but not the kcat .

intracellular substrate release and relocation of the binding site to the extracellular side of the

membrane. As a result, in the carrier model, intra- and extracellular substrate are not directly

competing for the same binding sites, and the substrate efflux rate is in effect insensitive to the

extracellular substrate concentration. This explains the qualitatively different behaviour of the

two kinetic schemes. The result that there is an optimal affinity of the transporter also holds for

the non-symmetric carrier models (cf. appendix S2.2 and figure S2).

The positive effects of reducing transporter affinity are only significant under certain condi-

tions. For instance, if the intracellular substrate concentration is very low, substrate efflux is

hardly a problem. Metabolic networks are highly connected, and therefore it is unrealistic to as-

sume a constant intracellular substrate concentration. In order to test if under realistic,

physiological conditions significant increases in net uptake rate with reduced affinity can be ex-

pected, we used a detailed kinetic model of S. cerevisiae glycolysis ((Van Heerden et al , 2014)

adapted from (Teusink et al , 2000)). We calculated the steady state glycolytic flux as a function

of KM of the glucose transporter, KM,GLT (figure 3.5). Indeed, at a fairly high extracellular

glucose concentration ([Glucose] = 110 mM) the low affinity HXT3 carrier (KM,GLT ≈ 34 mM) at-

tains a 36% higher glycolytic flux than the high affinity HXT6 carrier (KM,GLT ≈ 1.5 mM). On the

other hand, at low [Glucose] of 5 mM, the HXT3 transporter is expected to be (nearly) optimal.

Note that we did not change the transporters Vmax , such that these differences arise purely

from the difference in affinity.

Conclusion and discussion

In this study we examined an existing hypothesis regarding the benefit of using low-affinity

transporter and proposed a new one. It has been postulated that a trade-off between rate and

affinity exists, but so far theoretical as well experimental evidence for this idea were lacking. We

showed that for a facilitated diffusion uptake model there are theoretical arguments and experi-

mental results in favor of this notion. However, there is no conclusive prove for this trade-off. We

have also provided a novel explanation for the existence of low-affinity carriers, namely that they
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Figure 3.5. Low affinity transporters enhance the in silico glycolytic flux in S. cerevisiae by 36%. A kinetic
model of S. cerevisiae glycolysis was used to calculate the steady state flux, Jglycolysis, as a function of the affinity of
the glucose transporter, KM,GLT . At an extracellular glucose concentration of 110 mM (solid, black line) the low affinity
HXT3 transporter (KM = 34 mM) is roughly optimal, with Jglycolysis = 121 mM/min/L cytosol, whereas the high affinity
HXT6 transporter (KM = 1.4 mM) attains Jglycolysis = 88.8 mM/min/L cytosol. At low glucose concentrations (dashed,
gray line) the high affinity transporter performs better. The transporters’ Vmax s were kept constant, such that these
differences arise purely from difference in KM,GLT .

can reduce substrate efflux and thus enhance the net uptake rate.

It is worth pointing out that the two hypotheses discussed here are not mutually exclusive.

A decreased affinity might well be beneficial because it both raises the catalytic efficiency and

reduces the substrate efflux. In fact, for the case of glucose uptake in yeast, a combination

of a trade-off and the reduction of substrate efflux is probably the more complete explanation.

The reduced efflux in that case might be the dominant effect for the high to intermediate affinity

modulation. However, since at KMs above roughly 30 mM substrate efflux is likely negligible in

any case, affinities below this might be explained by the trade-off.

Our reduced efflux hypothesis can be tested by performing uptake experiments with cells that

differ only in their affinity. We suggest that the Kasahara strains cited in this study are a suitable

model for these experiments. Despite a current lack of direct experimental evidence there are

a number of observations that strongly support our hypothesis. An in silico analysis of yeast

glycolysis indicated that under physiological conditions the glycolytic flux can be significantly

increased by decreasing transporter affinity. Indeed, it has been shown that for high affinity

transporters the steady state glucose uptake rate at saturating concentrations of extracellular

glucose is up to 50% below the Vmax , and the measured intracellular glucose concentration was

nearly equal to the high affinity transporter’s KM (Teusink et al , 1998). This was not the case

for the low affinity transporters, indicating that intracellular glucose strongly inhibits uptake of the

high but not of low affinity transporter. Furthermore, significant HXT-mediated glucose efflux has

been observed in S. cerevisiae grown on maltose (maltose is intracellularly metabolised into two

glucose molecules) (Jansen et al , 2002). Also consistent with our hypothesis is that fact that

affinity, but not the maximal uptake capacity, of glucose transport is modulated during growth on

glucose (Walsh et al , 1994).

We mainly discussed optimising uptake rates. However, some systems act as both im-

porters and exporters, depending on the conditions. An interesting example is lactate transport

by the high affinity MCT1 (KM ≈ 5 mM) and low affinity MCT4 (KM > 20 mM) transporter in dif-
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ferent types of human tissue (Juel and Halestrap, 1999). Cells that import lactate as a substrate

for oxidative phosphorylation, such as heart cells and red skeletal muscle, mainly express

MCT1. On the other hand, MCT4 is predominantly expressed in cells that require export of

exces lactate as a waste product of glycolysis, such as white skeletal muscle during heavy exer-

cise (Bonen et al , 2000). Since the extracellular lactate concentration is quite low, whereas the

intracellular lactate concentration during heavy exercise is high, this fits in well with our hypoth-

esis. Possibly, due to their low affinity, MCT4 transporters are not inhibited by extracellular

lactate when exporting during heavy exercise. However, since MCT transporters operate as

proton symporters potential differences in proton-motive-force also affect the transport rate.

Our reasoning might be generalisable to isozymes, i.e. homologous enzymes within an or-

ganism that catalyse the same reaction. For isozymes, optimal affinities also depend on the

biochemical conditions. A textbook example is lactate dehydrogenase (LDH), which catalyses

the conversion from pyruvate into lactate with regeneration an NAD+, or the reverse, depending

on biochemical conditions. There are five LDH isozymes, LDH1 - LDH5. LDH1 has the highest

affinity for both lactate and pyruvate, LDH5 the lowest, the other forms have intermediate prop-

erties. LDH1 mainly oxidises lactate to pyruvate in liver and heart cells, whereas LDH5 mainly

catalyses the reduction from pyruvate to lactate in muscle cells, where much higher metabolite

levels can be expected. The textbook interpretation is the different isozymes are optimised to

catalyse the reaction in different directions (Berg et al , 2006; Voet et al , 1999). However, this

notions has been challenged on the basis that despite different kinetics, isozymes cannot alter

the reactions Keq , and therefore cannot be optimised for any particular direction (Quistorff and

Grunnet, 2011). As argued in this study, when substrate and product do not directly compete for

the same binding site, reverse rates can become nearly as high as forward rates despite

considerable chemical driving forces. Interestingly, it has been suggested that there is a com-

pulsory sequence in substrate binding to LDH, with NADH (or NAD+) binding preceding

pyruvate (or lactate) binding (Zewe and Fromm, 1962). This would imply that indeed lactate and

pyruvate do not directly compete for the same binding site. Hence, this mechanism might

explain the physiological function of isozymes. However, since the catalytic cycle for such a pro-

cess is much more complicated than that of facilitated diffusion, further analysis is needed to

asses to what extend this indeed is the case.

Supporting information
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• Doc. S1. Symmetric transport model

• Doc. S2. The non-symmetric carrier model

• Doc. S3. Parameter sampling procedure

• Fig. S1. Parameter sampling gives inconclusive picture of potential rate-affinity tradeoff

• Fig. S2. Parameter sampling confirms enhanced uptake by non-symmetric low affinity

carriers
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