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In Saccharomyces cerevisiae cells exhibiting high-affinity glucose transport, the glucose consumption rate at
extracellular concentrations above 10 mM was only half of the zero frans-influx rate. To determine if this
regulation of glucose transport might be a consequence of intracellular free glucose we developed a new method
to measure intracellular glucose concentrations in cells metabolizing glucose, which compares glucose stereo-
isomers to correct for adhering glucose. The intracellular glucose concentration was 1.5 mM, much higher than
in most earlier reports. We show that for the simplest model of a glucose carrier, this concentration is sufficient
to reduce the glucose influx by 50%. We conclude that intracellular glucose is the most likely candidate for the
observed regulation of glucose import and hence glycolysis. We discuss the possibility that intracellular glucose
functions as a primary signal molecule in these cells.

The first step of glycolysis in the yeast Saccharomyces cerevi-
siae involves the transport of glucose (or some other sugar)
from the external medium across the plasma membrane. It has
been suggested that the transport step exerts a high level of
control on the glycolytic flux in this yeast (6, 18). It has also
been proposed that the transport system, as a component of a
glucose-sensing complex, may be directly involved in the initial
sensing of glucose by the yeast cell (6, 42). Two members of the
hexose transporter family, SNF3 and RGT2, have recently
been implicated in the sensing of glucose for the regulation of
expression of some HXT (named HXT for hexose transporter)
genes (29). It is unclear, however, whether the glucose is
sensed extracellularly or intracellularly. If the glucose is sensed
inside the cell then the transporters may have an indirect role
not only in the generation of the initial glucose signal but also
in the maintenance of such a signal (32, 44).

In S. cerevisiae, glucose transport is extremely complex. At
least 17 putative HXT genes have been identified (24, 33), and
even the basic experimental procedures for measuring and
interpreting glucose transport kinetics are a topic of continu-
ous debate (11, 44). It is generally agreed that glucose trans-
port in S. cerevisiae is a facilitated diffusion process (6, 15, 25,
26). Facilitated diffusion carriers are specific carriers that
transport solutes down a concentration gradient (23, 39). This
means that effective transport is only attained if there is re-
moval of the intracellular product, in this case glucose by the
hexose kinases. Most studies on transport kinetics in yeast have
been concerned with zero trans-influx experiments, where the
initial rate of radiolabeled glucose uptake is measured, assum-
ing no feedback from metabolism given the short time scale
applied (7, 39, 45).

We have observed that under some conditions, the predicted
activity of the transporter based on zero frans-influx kinetics is
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higher than the actual glucose consumption rate (reference 41
and this study). In steady state, however, the in vivo activity of
the transporter necessarily equals the glucose consumption
rate. An explanation for the difference between the zero trans-
influx and steady-state glucose consumption rates should in-
volve the interaction of metabolism with the transporter, which
by definition is omitted when the zero frans-influx rate is mea-
sured. The feedback may be carried out by some metabolites or
some proteins that may interact with the transporter protein.
Glucose-6-phosphate and ATP have been suggested to exert
an effect on the glucose transport activity (1, 16, 35, 37), al-
though their role remains controversial and direct evidence is
absent (30, 46). Also, proteins have been implied to affect the
activity of the transporter directly, such as the hexose kinases
(7) and the GGS1/TPS1 subunit of the trehalose synthase
complex (42).

Considering glucose transport as a facilitated diffusion pro-
cess, however, the most straightforward feedback mechanism
would be a significant concentration of internal free glucose.
Feedback by accumulation of intracellular glucose has already
explained the kinetic phenotype of energetically compromised
cells (46) and that of a triple hexose kinase mutant (38). In
wild-type yeast cells under standard conditions, however, the
capacity for removal of intracellular glucose has been taken to
be in excess over that of transport itself (18). Consequently, the
intracellular glucose concentration in wild-type cells consum-
ing glucose has been taken to be very, if not negligibly, low (6,
10, 18, 28, 35). This idea was supported when attempts to
measure the intracellular glucose found very low concentra-
tions (0 to 0.4 mM) in the cell (3, 10, 28). Some groups have
even hypothesized that in yeast a direct coupling between
transport and phosphorylation of glucose is operative (37, 43;
see also reference 10), as it is in the phosphotransferase system
in many bacteria (31). There are some reports, however, where
significant concentrations of intracellular glucose have been
measured (13, 20, 28).

We have developed a new method for measuring the intra-
cellular glucose concentration in cells metabolizing glucose.
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We found that, depending on the conditions, the internal free
glucose concentration could be as high as 2 to 3 mM. We
discuss the implications of our results with respect to the role
of transport in the control of glycolytic flux and in glucose
signalling.

MATERIALS AND METHODS

Materials. Reagents were obtained from the following sources. High specific
activity p-[U-'“CJglucose was from Amersham International, L-[1-°H]glucose
was from New England Nuclear, growth medium constituents were from Difco,
and all other chemicals were from Sigma Chemical Co. and were of reagent
grade or better. The labelled sugars were dried down and resuspended immedi-
ately prior to use.

Strain and growth conditions. In all experiments the S. cerevisiae diploid strain
X2180 was used. Cells were grown on 2% (wt/vol) glucose as previously de-
scribed (45), harvested in early exponential phase (optical density at 600 nm
[ODgo] of 0.2 [repressed cells]) or at glucose exhaustion (ODg, of 4 [dere-
pressed cells]), and resuspended in 0.1 M phosphate buffer at pH 6.5 to a final
cell density of 10% (wet weight/vol).

Measurement of glucose consumption rate and zero frans-influx rate. Cells
were incubated with stirring in a vessel thermostated at 30°C. An equal volume
of prewarmed glucose solution in 0.1 M phosphate buffer (pH 6.5) was added to
the cells to obtain the desired concentration of glucose and a cell density of 5%
(wet weight/vol). To measure glycolytic fluxes, 0.1 ml of cell suspension was
quenched in 0.1 ml of 10% trichloroacetic acid at time intervals of 1 min for at
least 15 min and vortexed at room temperature, after which the samples were
analyzed for glucose by NADH-linked enzymatic analysis according to the
method of Bergmeyer (5).

The zero trans-influx measurements were carried out, as described previously
(45), under exactly the same conditions as the glucose consumption experiments.
The data were fitted to a one-component-uptake system by using computer-
assisted nonlinear regression with explicit weighting (Enzfitter). Due to a nu-
merical error in the protein determination in the previous study, the rates in this
study are approximately two times the erroneous values for this strain reported
in the previous study (45).

Protein concentrations were determined by the method of Lowry, with bovine
serum albumin as a standard (27).

Measurement of internal free glucose concentration. To measure the internal
free glucose concentration, cells (5 ml) were incubated and glucose was added as
described above for the measurement of the glucose consumption rate. Five
minutes after the addition of glucose, 0.1 ml of carrier-free L-[*H]glucose and
p-['*C]glucose was added to final specific radioactivities of 0.5 to 11 Bq - nmol ™"
and 0.2 to 5 Bq - nmol !, respectively. Samples of 2 ml were quenched at regular
time intervals into 4 ml of methanol at —40°C. A sample of 50 to 100 wl was
taken to determine the specific activities of ['*C] and [*H]. The cells were washed
three times in 4 ml of 60% (vol/vol) methanol by centrifugation for 5 min at the
lowest possible temperature (=—10°C) and then extracted at —40°C by the
addition of 0.5 ml of 5% perchloric acid in 60% methanol. The volume of the
extract was determined with an automatic pipette and was always around 650 pl.
The extract was centrifuged, and 100 pl of the supernatant was loaded onto a
high-performance liquid chromatography (HPLC) column (Biorad Aminex 87H,
mobile phase 5 mM sulfuric acid, pump speed 0.5 ml/min, 21°C). Fractions of 30 s
(0.25 ml) were collected and counted by liquid scintillation counting. The tritium
was used as a marker for the fractions containing glucose. The internal free
glucose concentration was determined as the '*C counts in the glucose fractions,
corrected for the (tritium-based) carryover. Intracellular concentrations were
calculated assuming that 1 mg of protein corresponds to 3.75 wl of intracellular
water (13, 21a, 34).

RESULTS AND DISCUSSION

Measuring intracellular glucose concentrations in cells me-
tabolizing glucose. A reliable assay for intracellular glucose
requires at least two features. First, during the manipulations,
the cells should be metabolically inactive but, for obvious rea-
somns, still intact. Second, the assay has to include a correction
for the carryover of extracellular glucose. In the literature,
some attempts to measure internal free glucose concentrations
in a yeast cell suspension consuming glucose have been de-
scribed. It remains unclear whether these methods result in an
effective inactivation of metabolic activity during the filtration
step, especially during the transfer of the filter into the quench-
ing solution.

Complete quenching of metabolic activity during the manip-
ulations can be achieved by using the —40°C methanol quench
technique developed by De Koning and Van Dam (13). The
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methanol does not permeabilize the cells and prevents freezing
of the cell suspension, which enables the cells to be washed at
a very low temperature. This method has been used by De
Koning and Van Dam (13) and by Thevelein and coworkers
(20) to measure intracellular glucose concentrations, and both
groups found significant glucose levels.

Given the need to correct for the carryover, other methods
have included extensive washing (3) or some estimation of the
carryover (10). However, apart from inclusion of medium in
the pellet or filter, another significant contribution to carryover
of extracellular glucose is expected to be glucose that binds
nonspecifically to the cell wall or periplasmic space and cannot
be easily washed away. In the case of maltose transport an
apparent low-affinity component was an artifact caused by such
nonspecific binding of maltose (4). The measurements of in-
tracellular glucose by De Koning and Van Dam (13) and by
Thevelein and coworkers (20) were not corrected at all for
such carryover of extracellular glucose. In this paper we show
that correction for carryover is very important even after three
washes.

Our method is based on the —40°C methanol quench tech-
nique but does include a correction for the carryover of extra-
cellular glucose caused by inclusion of medium and nonspecific
binding. Rather than using the classical solution of [*H]inuline
to correct for carryover (10, 40), we noted that p-glucose, and
not L-glucose, is taken up by yeast cells (17). We used
L-[*H]glucose to determine the carryover, and p-['*C]glucose
equilibrated with the intracellular metabolite pools was used to
estimate the internal free glucose concentration.

To separate the '*C counts into glucose and nonglucose
counts, the metabolites in the extracts were separated by
HPLC. L-glucose elutes at exactly the same time as D-glucose,
and the tritiated counts could therefore be used as a marker for
the fractions containing glucose (Fig. 1).

Figure 1 shows a series of chromatograms from extracts
obtained from derepressed cells in (pseudo) steady state con-
suming glucose at different times after addition of L-[*H]glu-
cose and D-["*C]glucose. After the addition of label to these
cells, several samples were taken in time to check complete
equilibration of **C label with the intracellular glucose pool.
Glucose leaves the column at a retention time of around 11
min, as evident from the tritium peak. At shorter retention
times, metabolites of glucose such as glucose-6-phosphate and
fructose-1,6-bisphosphate eluted, confirmed by the absence of
tritium label in this peak.

The **C counts in the chromatograms have been normalized
by the "*C/°H ratio added to the cells. The difference between
the '*C and *H labels in the glucose peaks of Fig. 1 should
therefore represent the intracellular glucose. This intracellular
glucose concentration was found to be 1.5 mM, which is sig-
nificantly higher than previously reported for these conditions.

Judging from the overlap with the tritium label, more than
50% of the glucose peak derived from extracellular glucose.
This demonstrates the importance of the correction for adher-
ing glucose, even after our three washes. In time, the peak of
the charged metabolites broadened and penetrated the glucose
peak (Fig. 1, t = 75 s). Pyruvate is known to elute close to
glucose in our HPLC system. To correct for this peak overlap,
we used the *H/"*C ratio in the fraction with the highest tritium
counts (i.e., the fraction where only glucose was expected).
This correction only significantly affected the calculation of the
intracellular glucose concentration at the longer incubation
times, which were merely done to check equilibration of ra-
diolabel. Under all conditions examined so far, radiolabel
equilibration with the intracellular glucose pool was achieved
within 15 s (see Fig. 1 and 2). At such a short time scale, the
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FIG. 1. Time series of HPLC chromatograms of extracts obtained after addition of L-[?H]glucose and p-['*C]glucose to p-glucose-consuming yeast cells exhibiting
high-affinity p-glucose transport. The extracellular glucose concentration at the time of label addition was 13.3 mM. The cells were quenched in —40°C methanol at
the indicated times after addition of label. The extracts and chromatograms were obtained as described in Material and Methods.

contribution of labelled pyruvate to the '*C signal is insignifi-
cant (see also below).

For the results shown in Fig. 2, the experiment of Fig. 1 was
repeated but with glucose-repressed cells that have a low-
affinity glucose transport system. All the *C counts at the
glucose (tritium) peak could be attributed to extracellular glu-
cose rather than to intracellular glucose. Under these condi-
tions, the intracellular glucose contribution was insignificant
compared to the extracellular glucose carried over. As the
incubation progressed some peaks appeared mixed with the
14C glucose peak. These peaks may reflect metabolic products
that became labelled over time, one of which could be pyru-
vate. The chromatograms after 15 and 30 s, however, show that
equilibration of the (very small) intracellular glucose pool was
achieved before the other peaks appeared.

Steady-state glucose consumption rate versus net glucose
transport rate. When the extracellular glucose concentration
was at or below the affinity of the transport system, the intra-
cellular glucose concentration was below the detection limit of
the assay (less than 0.1 mM) (Table 1). The intracellular glu-
cose concentration was significant when the extracellular glucose
concentration was above the affinity of the transport system,
i.e., as the carrier approached saturation. We have measured
the glucose consumption rate under the same conditions as
were used to measure the internal glucose concentrations.

In the derepressed cells the glucose consumption rate was
significantly lower than the zero trans-influx rate (Table 1).
This fits qualitatively with a model of a facilitated diffusion
carrier that is inhibited by its product, in this case intracellular
glucose. This analysis can be extended to ascertain if the con-
centration of intracellular glucose is of sufficient magnitude,
quantitatively, to account for the reduction in the rate of trans-
port. If one assumes that the facilitated diffusion carrier is
symmetrical (23, 39) and that substrate dissociation does not

control the flux through the carrier, one may calculate the
steady-state glucose consumption rate from the extracellular
glucose concentration, the intracellular glucose concentration,
and the zero frans-influx kinetics (see equation Al of Appendix
for explanation).

In the case of the derepressed cells described above, the
calculated glucose consumption rate was very similar to the
measured rate. Clearly, in derepressed cells consuming glu-
cose, the intracellular glucose concentration is of sufficient
magnitude to reduce the flux through the carrier by 50% (see
Table 1). Further, the high-affinity transport system present in
these cells is close to saturation at 13.3 and 34 mM extracel-
lular glucose so it is not surprising that both the glucose con-
sumption rates and the intracellular glucose concentrations
were similar at these extracellular glucose concentrations (Ta-
ble 1). Carryover of extracellular glucose, however, should
differ greatly between these two cases, strongly suggesting that
our correction for carryover was effective.

A similar quantitative analysis with repressed cells exhibiting
low-affinity transport was more problematic. With these cells
the errors in the prediction of the glucose consumption rate
are large because of the low affinity of the transporter for
glucose (in this study the K,,, was approximately 55 mM). Small
errors in the determination of the transport kinetics have a
disproportional effect on the predicted glucose consumption
rate. At the highest glucose concentration (255 mM) the mea-
sured intracellular glucose concentration of 2.7 = 0.5 mM
(mean = standard deviation) should have little effect on the
consumption rate because the affinity of this transporter is so
low. As shown in Table 1, at this glucose concentration the
calculated zero trans-influx rate, the measured glucose con-
sumption rate, and the predicted glucose consumption rate
were all similar. Furthermore, the low affinity of this carrier
system and the relatively high cell density meant it was impos-
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FIG. 2. Time series of HPLC chromatograms of extracts obtained after addition of L-[*H]glucose and p-['*C]glucose to D-glucose-consuming yeast cells exhibiting
low-affinity D-glucose transport. The extracellular glucose concentration at the time of label addition was 9.4 mM. See legend to Fig. 1 and Materials and Methods for

details.

sible to achieve even a pseudo steady state in the glucose
consumption experiments, as performed, at concentrations be-
low the K,,, of the carrier. Interestingly, in repressed cells with
low-affinity uptake, the glucose consumption rate appeared to
accelerate in the first few minutes of the experiment (data not
shown). This may indicate that the low-affinity transporter is
sensitive to (positive) effectors other than glucose or that glu-
cose has a cooperative effect, which may lead to an underesti-
mation of the low-affinity uptake capacity in a zero trans-influx
experiment. Indeed, the glucose consumption rate, in these
cells, is higher than the zero frans-influx rate at the lower

glucose concentrations (Table 1). Certainly if the kinetics of
low-affinity uptake in a wild-type strain are compared to those
in a strain expressing only the low-affinity transporter (HXT1),
the apparent K,,, in the wild-type cells is between 30 to 50 mM
while in a strain expressing only HXT1 the K,,, is over 100 mM
(32). A similar comparison between the kinetics of high-affinity
uptake in a wild-type strain and those in a strain only express-
ing the high-affinity carrier (HXT7) showed no significant dif-
ference (reference 32 and unpublished observations). This sug-
gests that there is additional regulation of the low-affinity
carrier that is not required for high-affinity uptake.

TABLE 1. Comparison of the steady-state glucose consumption rate with the zero frans-influx kinetics of glucose transport and the
intracellular glucose concentration in derepressed and repressed cells”

Extracellular Vinax (nmol - Calculated zero trans- ~ Measured intracellular Measured glucose Calculated glucose
glucose concn min~ ' - mg of K, (mM) influx rate (nmol - glucose concn consumption rate (nmol - consumption rate (nmol *
(mM) protein~ 1) min~! - mg of protein~) (mM) min~! - mg of protein~!) min~! - mg of protein~?!)
Derepressed cells
13.3 536 = 12 1.7+ 0.1 475 £ 10 1.5+0.1 220 £ 16 233
34 536 = 12 1.7x0.1 511 =11 1.6 0.1 245 = 18 261
Repressed cells
9.4 614 = 38 55=*5 90 =8 <0.1 145 = 16 88
36 614 = 38 55=*5 243 = 15 <0.1 420 = 38 240
255 614 = 38 555 503 = 31 2.7+0.5 568 £ 55 481
“ Values are means * standard deviations. Values for V,,,, and K,,, were measured as described in Walsh et al. (45). Estimation of the glucose consumption rate was

max m

based on the assumption that the facilitated diffusion carrier is symmetrical, and estimates were obtained by using the rate equation detailed in Appendix.
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FIG. 3. Comparison of the sensitivities to product concentration between an
enzyme exhibiting reversible Michaelis-Menten kinetics and a symmetrical facil-
itated diffusion carrier. P is the product concentration, which is normalized to its
affinity constant for the protein, K,,. The rates of the enzymes are normalized to
the forward V,,,,,. The equilibrium constant is set to 1 for both enzymes. For the
transporter, K; was set to 0.91 (see Appendix). Solid lines indicate the Michaelis
Menten enzyme; dotted lines indicate the transporter. The substrate concentra-
tion S was either set at the affinity constant K, for the enzyme towards the
substrate (A and B) or at 100 times the affinity constant (C and D), i.e., S/K, =
1 or 100, respectively.

Possible consequences of a significant intracellular glucose
concentration for control of glycolysis and glucose sensing. If
glucose transport was only slowed down by its product, intra-
cellular glucose, and the intracellular glucose concentration
was negligible, then the transport step should be blind to met-
abolic signals from metabolism and, hence, should completely
control flux (21). This may be the case for low-affinity transport
where the intracellular glucose concentration was far below the
supposed K,,, of the transporter for intracellular glucose. Cells
exhibiting high-affinity transport, however, contained signifi-
cant concentrations of intracellular glucose when the extracel-
lular glucose concentration was high relative to the K,,, of the
transporter. Under these conditions, the activity of the trans-
port system appears to be in excess and might not have a high
level of control on the glycolytic flux (see also reference 41).

The driving force for a facilitated diffusion process is a con-
centration gradient, and a 10-fold smaller concentration of
internal glucose compared to the external glucose concentra-
tion may seem insignificant. A specific feature of a facilitated
diffusion carrier, however, as opposed to an ordinary reversible
Michaelis-Menten type of enzyme, is the fact that substrate
and product may not directly compete for the same binding site
(39). The consequences of that can be seen in Fig. 3, where the
rate of an ordinary reversible Michaelis-Menten type of en-
zyme, with one substrate and one product, is compared to the
rate of a symmetrical facilitated diffusion carrier as a function
of the product concentration. At a half-saturating substrate
concentration, the Michaelis-Menten enzyme (Fig. 3, line A)
and the transporter (Fig. 3, line B) were similarly sensitive to
the product concentration. At nearly saturating substrate con-
centrations, the relatively small amount of product could not
compete with the large amount of substrate in the case of the
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Michaelis-Menten enzyme (Fig. 3, line C), where the binding
site is simultaneously accessible to substrate and product. Un-
der the same condition, however, this type of transporter was
sensitive to the product concentration. Net glucose uniport
requires the carrier to be loaded with glucose when it moves
inward and to be mainly empty when it moves back out. When
the intracellular glucose concentration exceeds the binding
constant for glucose, most outward-bound carriers also carry
glucose. An important consequence is that the observation that
there was less than 0.4 mM glucose inside the cells when there
was 100 mM glucose outside (3) cannot be taken as evidence
that the transport step was insensitive to the intracellular glu-
cose concentration and that the transporter completely con-
trolled glycolytic flux (18). Moreover, it is not the concentra-
tion of internal glucose that determines the control of the
transporter but rather the relative sensitivities of the trans-
porter and the rest of metabolism to the internal glucose con-
centration (see reference 2 for more detail).

Conversely, the simplest model based on our data is that the
activity of high-affinity transport is regulated by the intracellu-
lar glucose concentration. The proposed effects of ATP and
glucose-6-phosphate on the glucose uptake activity may then
be explained by an indirect effect via the phosphorylation ca-
pacity of the hexokinases and glucokinase on the intracellular
glucose concentration, which will subsequently affect the net
transport rate. Other effectors of the hexose-phosphorylating
enzymes, like trehalose-6-phosphate, may also play such an
indirect role in regulation of the transport activity (8, 19).

Free glucose is a candidate signal molecule. Intracellular
glucose, in contrast to glucose-6-phosphate, has not often been
considered as a signalling molecule for glucose repression and
other glucose-triggered regulatory events, probably because of
its supposed low concentration. Our finding that its concentra-
tion can be quite significant suggests that its possible signalling
function should be reassessed. In glucose-induced regulatory
responses such as glucose repression, the hexose kinases are
involved to various degrees (14, 36). On the other hand, the
HXT-encoded transporters have been shown to affect glucose
signalling (32, 44).

The reciprocal roles of the hexose transporters on the one
hand and the sugar kinases on the other in generation and
maintenance of several glucose signals implicate intracellular
glucose as a possible signalling molecule, being the only me-
tabolite that should be directly and inversely affected by both
processes. For galactose induction, it has been shown that
intracellular galactose concentration was the signal (47).

Two glucose transport homologs, RGT2 and SNF3, have
been proposed to act as sensors of high and low extracellular
glucose concentrations, respectively (29). It is not clear, how-
ever, whether SNF3 and RGT2 sense extracellular glucose and
transduce the signal via the C-terminal domain typical for
these two proteins (9, 12, 29) or whether they respond to an
internal signal, possibly via an interaction with this C-terminal
domain. It is also conceivable that SNF3 and RGT2 bind glu-
cose extracellularly and are at the same time receptive to an
internal signal, possibly intracellular glucose. Such a mecha-
nism would integrate signals from outside and inside the yeast
cell. It would explain the need for glucose transport in glucose
signalling and the inability of maltose-derived metabolites
(among which is internal glucose) to trigger the same re-
sponses as glucose does. The availability of a reliable assay for
intracellular glucose should enable evaluation of the role of
intracellular glucose in glucose signalling.
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APPENDIX

The rate equation of a facilitated diffusion carrier can be described
by a Haldane type of equation (23, 39). When a symmetrical carrier is
assumed, e.g., when the rate constants for association and dissociation
of glucose are independent of whether the binding site is facing inside
or outside and the rate constants for transmembrane movement of the
empty or loaded carrier are independent of the direction of movement,
the rate equation reads:

-y S/Km _p/Km
" 1+s/K, +p/K,, + Ks p/lK,>

Vi (A1)
where s and p are the extracellular and the intracellular glucose con-
centrations, respectively. V' is the maximal transport activity, K,,, the
Michaelis-Menten constant for glucose, and K; is the so called “inter-
active constant” (22).

The magnitude of the interactive constant K; depends on the relative
mobility of the bound and unbound carrier, assuming that transmem-
brane movement is much slower than substrate association and disso-
ciation (22). Rewriting Kotyk’s original rate equation in the form of
equation Al, it can be derived that:

_ 4DcDes
"7 (D¢ + Des) (A2)

where D¢ and D are the mobilities of the carrier with and without
glucose, respectively (in s~'). Since it was measured that Dg = 1.87D
(22), it follows that K; = 0.91.
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