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Abstract

Pentobarbital acts as a mixed inhibitor of net D-glucose exit, as monitored photometrically from human red cells. At 30³C
the Ki of pentobarbital for inhibition of Vmax of zero-trans net glucose exit is 2.16 þ 0.14 mM; the affinity of the external site
of the transporter for D-glucose is also reduced to 50% of control by 1.66 þ 0.06 mM pentobarbital. Pentobarbital reduces the
temperature coefficient of D-glucose binding to the external site. Pentobarbital (4 mM) reduces the enthalpy of D-glucose
interaction from 49.3 þ 9.6 to 16.24 þ 5.50 kJ/mol (P6 0.05). Pentobarbital (8 mM) increases the activation energy of glucose
exit from control 54.7 þ 2.5 kJ/mol to 114 þ 13 kJ/mol (P6 0.01). Pentobarbital reduces the rate of L-sorbose exit from
human red cells, in the temperature range 45³C^30³C (P6 0.001). On cooling from 45³C to 30³C, in the presence of
pentobarbital (4 mM), the Ki �sorbose; glucose� decreases from 30.6 þ 7.8 mM to 14 þ 1.9 mM; whereas in control cells,
Ki �sorbose; glucose� increases from 6.8 þ 1.3 mM at 45³C to 23.4 þ 4.5 mM at 30³C (P6 0.002). Thus, the glucose inhibition of
sorbose exit is changed from an endothermic process (enthalpy change = +60.6 þ 14.7 kJ/mol) to an exothermic process
(enthalpy change =343 þ 6.2 7 kJ/mol) by pentobarbital (4 mM) (P6 0.005). These findings indicate that pentobarbital acts
by preventing glucose-induced conformational changes in glucose transporters by binding to `non-catalytic' sites in the
transporter. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Barbiturates and phenothiazines inhibit glucose
uptake across cell membranes [1,2]. Both types of
drug inhibit red cell net glucose transport more
than exchange transport. This ¢nding, together
with the absence of any observed e¡ect on the sugar
a¤nity for the transporter, led El-Barbary et al. [2]
to suggest that barbiturates are non-competitive in-

hibitors of glucose transport, binding preferentially
to the unoccupied form of the transporter.

Hypnotics and anaesthetics interfere with many
other transport and receptor types, e.g., GABA
[3,4], Na� channels, [5] glutamate, [6] dopamine, se-
rotonin [7], nicotinic receptors [8] and Ca2� ATPase
[9]. They inhibit by interacting with non-polar sites in
the protein interior. A wide range of a¤nities (Kd)
for pentobarbital has been observed; from ca. 10 WM
for GABA [3,4] to 10 mM for Ca2� ATPase [9]. Such
binding is expected to modify conformational sub-
states of the enzyme or transporter and, thereby
give a mixed inhibition, i.e., reduce the maximal
rate of activity, Vm and substrate a¤nity, Km.
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Recent studies on hexose transport in red cells
showed that D-glucose interacts exothermically with
the human erythrocyte glut 1 transporter. This leads
to a conformation change that reduces the activation
energy, Ea of net glucose transport, thereby facilitat-
ing transport. It was also shown that D-glucose in-
hibits L-sorbose transport across the glucose trans-
porter by an endothermic process [10] (see Scheme
1. Sorbose is transported via the glut 1 transporter as
a low a¤nity `poor' substrate. Its transport di¡ers
from D-glucose, as it has very low a¤nity for the
glut 1 transporter (Kt, ca 200 mM); it has a much
lower maximal rate of transport than glucose, ca.
1/20, and it is not subject either to accelerated ex-
change or counter£ow. An anomaly of D-glucose in-
hibition of L-sorbose transport is that it has a 4^10-
fold higher Ki of inhibition of L-sorbose exit than
expected, on the basis of the a¤nity of glucose for
the transporter (2^4 mM). Additionally, it has been
shown that the Ki of glucose-dependent inhibition of
L-sorbose exit rises from 5^12 mM as temperature is
reduced from 50³C to 30³C [10].

An explanation for this e¡ect is that the glut 1
transporter is activated by interaction with D-glucose,
but not by L-sorbose. Return to the transporter
ground state after glucose dissociates is not instanta-
neous. If sorbose binds to the transporter after inter-
action with D-glucose in the interval prior to its re-
turn to ground state, then mobility of L-sorbose
across the transporter is slightly raised. This raised
mobility of sorbose raises the apparent Ki of glucose
inhibition of sorbose exit, Ki �sorbose; glucose�. Since
cooling slows conformational change, it follows
that cooling will increase the probability of L-sorbose
binding to the activated state of the transporter in
the co-presence of D-glucose and thereby, raise the
Ki �sorbose; glucose) for inhibition of sorbose £ux.

D-Mannose has a lower binding enthalpy than D-
glucose for red cell sugar transporter and higher ac-
tivation energy of net transport than glucose. Its ef-
fect on sorbose transport is less marked than that of
glucose. This indicates that the extent of activation
of the transporter relates to the energy of its inter-
action with substrate. It follows that a good sub-
strate, e.g., D-glucose, is one which causes a larger
conformational change than poorer ones, e.g., D-
mannose, or very poor ones, like L-sorbose. Acceler-
ated exchange, or a substantial reduction in activa-

tion energy of net £ux, Ea, occur only when large
conformational changes are induced by interaction
with `good substrates' [10].

Since accelerated exchange transport of sugars
across the red cell sugar transporter has lower acti-
vation energy than net £ux, this indicates that the
transporter adopts a larger conformation shift from
the ground state during the accelerated exchange
mode than in net £ux mode. These di¡erent trans-
porter conformations during net and exchange £ux
modes may explain the di¡erential e¡ects of pento-
barbital on net and exchange transport [1,2].

It seemed likely that pentobarbital might reduce
the glucose-induced conformational changes in the
transporter. It is for this reason that the e¡ects of
sodium pentobarbital on the thermodynamic interac-
tions of D-glucose and L-sorbose with the human
erythrocyte glucose transporter were investigated.

2. Materials and methods

2.1. Solutions

The composition of the bu¡ered saline was as fol-
lows (in mM): NaCl 140; KCl 2.5; MgCl2 2.0;
Hepes (N-2-hydroxyethylpiperazine-NP-(2-ethanesul-
fonic acid)) 5. All chemicals including L-sorbose, D-
glucose and sodium pentobarbital were obtained
from Sigma Chemical Co., Dorset. All solutions
were bu¡ered to pH 7.4 with HCl, using appropriate
temperature corrections and corrections for the bu¡-
ering e¡ect of the drug.

2.2. Cells

Fresh human erythrocytes were obtained by vene-
puncture, washed three times in isotonic saline by
repeated centrifugation and resuspension. The cells
were then suspended in solutions containing sugars
at the preloading concentration-usually 100 mM, ¢-
nal haematocrit 10%. The cells were incubated for at
least 2 h, in the case of D-glucose and pentobarbital,
or in the case of L-sorbose 5 h, to allow the sugars to
equilibrate with the cell water. The cells were then re-
centrifuged to obtain a thick cell suspension ca. 95%
haematocrit. This cell suspension was kept at 4³C
until required. Aliquots of pre-warmed cell suspen-
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sion (7.5 Wl) were added to a 1-cm2 £uorescence cu-
vette containing 3 ml of saline solution which had
been pre-warmed to the required temperature. The
cell suspensions were mixed vigorously and photo-
metric monitoring was started within 5 s of mixing.
The ¢nal glucose concentration in nominally glucose-
free solution with this regime is maximally 0.25 mM,
which is at least 10-fold less than the lowest Km of D-
glucose measured here: so contamination of the ex-
ternal solution with glucose has a negligible e¡ect on
D-glucose exit. Pentobarbital was added to the exter-
nal solutions at the same concentrations as that in
the pre-loaded cells.

2.3. Photometric monitoring

2.3.1. Sorbose exit
The e¡ects of varying equimolar concentrations of

D-glucose, added to both cell water and external
solutions, on the exit rates of L-sorbose from cells
were monitored photometrically, using a Hitachi
2000-F £uorescence spectrometer with a tempera-
ture-controlled and monitored cuvette; Eex = Eem =
650 nm. The output was recorded and stored directly
using a MacLab 2 e (AD Instruments). Data were
collected at a rate of 0.33^5 points s31, depending of
the time course of exit; each run consisted of 200^
2000 data points. The photometric response was
found to be approximately linear for osmotic pertur-
bations þ 50 mM NaCl.

The time courses of L-sorbose exit were ¢tted
to mono-exponential curves of the form
yt � Af13Bcexp�Cct�g using the curve ¢tting pro-
gram in Kaleidagraph 3.08 (Synergy Software): yt

is the voltage recorded at time, t ; the coe¤cient, A
is a scaling factor which ¢ts the curves to the voltage
signal; B and C are the exponential coe¤cients; and
t is the time in seconds at which the observed data yt

were obtained. These ¢ts gave correlation coe¤-
cients, rs 0.98 and standard errors of the means of
the rate coe¤cients. Since the loading concentration
of L-sorbose was the same for all experiments (100
mM), the rate coe¤cient C can be used to monitor
the e¡ects of temperature and of either D-glucose, or
sodium pentobarbital concentration on L-sorbose
exit permeability. Complete sets of data covering
the entire temperature range were collected over
48-h periods from single venepuncture samples, i.e.,

ca. 120 £ux determinations per session. No obvious
changes in rates were noted during the sessions.

D-Glucose exit rates were similarly estimated;
however, the initial rates of D-glucose exit were cal-
culated from the following equation: sugar exit rate
(mmol l31 cells s31) = DcC, where D = {loading con-
centration3external [sugar])/100}. It should be noted
that representation of D-glucose exit as a monoexpo-
nential gives a very good approximation both to the
initial zeroth order saturation kinetics and to the
later hyperbolic relationship of £ux with cell concen-
tration rV0.98.

Scheme 1. The diagram shows space-¢lling models of glucose
entering and leaving a hypothetical glucose transporter. The
conformational change in the glut results from interaction with
glucose [10]. This conformational change facilitates glucose
transport through the transporter. Pentobarbital is viewed as a
mixed inhibitor, which binds to the transporter at some site ex-
ternal to the sugar-binding domains. Pentobarbital binding pre-
vents the glucose-induced conformational changes that facilitate
glucose transport and alters the kinetics of sorbose transport.
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2.4. Statistics

All the probabilities were estimated from two-
tailed Student's t-values for unpaired means, even
although the data were always matched. The n values
were estimated from the number of degrees of free-
dom all data points were obtained from the means of
3^5 sets of data. Each data set was repeated on sep-
arately drawn blood samples.

3. Results

3.1. E¡ects of varying concentrations of sodium
pentobarbital on the kinetics of D-glucose exit
from human red cells at 30³C

The results shown in Figs. 1 and 2 indicate that

pentobarbital inhibited D-glucose exit from human
red cells at 30³C. The maximal velocity, Vm of in¢n-
ite-cis net glucose exit decreased from a control value
of 9.0 þ 0.8 mmol l31 cell water s31 to 3.1 þ 0.15
mmol l31 cell water s31 as pentobarbital concentra-
tion is raised from 0 to 4 mM. The concentration of
pentobarbital giving a 50% reduction in the rate of
glucose exit was 2.16 þ 0.14 mM, which is the same
value obtained by El-Barbary et al. [2] for inhibition
of glucose in£ux into human red cells at 23³C (Fig.
2). The results also demonstrated an increase in the
apparent Km (in¢nite-cis exit) of glucose as [pento-
barbital] increased. The concentration of pentobarbi-
tal required to increase the control Km from 3.2 þ 0.1
mM to 6.4 mM was 1.66 þ 0.06 mM (Fig. 2). Hence,
pentobarbital behaves as a mixed (un-competitive)
inhibitor of glucose transport at 30³C.

An interpretation of these data is that pentobarbi-

Fig. 1. E¡ects of varying concentrations of pentobarbital on net glucose exit from human erythrocytes at 30³C. The lines through the
points are the best-¢t least-square linear regression lines of the equation KmcVm/(Km+Go). The derived Michaelis^Menten parameters
þ S.E.M. are shown in the table inset. The S.E.M are derived from means of 4^5 data points obtained from traces from 3^4 samples
of blood.
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tal binds both to the glucose binding site (EG) and to
some additional `non-catalytic' site (E) of the trans-
porter, thereby a¡ecting both Km and Vm (see Sec-
tion 4).

3.2. The e¡ects of temperature and pentobarbital
4 mM on the £ux parameters Km and Vm of
D-glucose exit

The e¡ects of temperature on the £ux parameters
Km and Vm of net D-glucose exit from red cells in the
presence or absence of pentobarbital 4 mM are
shown in Fig. 3. Arrhenius and van't Ho¡ plots de-
rived from the above data are shown in Fig. 4. In
addition to raising the Km of the external site of the
transporter for D-glucose, pentobarbital (4 mM) re-

duced the temperature coe¤cient of the Km of glu-
cose interaction with the transporter (Fig. 3). The
enthalpy of glucose interaction, decreased from
49.3 þ 9.6 to 16.24 þ 5.5 kJ/mol ^ a reduction of
66% (P6 0.05); the corresponding entropy change
on glucose interaction with the transporter was de-
creased by 85% from 14.12. þ 3.82 J/mol K³ to
2.2 þ 2.2 J/mol K³ by pentobarbital (4 mM)
(P6 0.05).

The Arrhenius plots of the maximal rates of glu-
cose exit show that pentobarbital (8 mM) increased
the activation energy of glucose exit from control
54.7 þ 2.5 kJ/mol to 114 þ 12.8 kJ/mol (P6 0.01).

These data indicate that pentobarbital reduced the
energy of glucose interaction with the transporter
and concurrently increased the activation energy re-

Fig. 2. The lines displayed are obtained from the Michaelis^Menten parameters in Fig. 1. The normalised Km is the ratio
Km(apparent) obtained with varying concentrations of pentobarbital, to the Km obtained with zero pentobarbital present. The normal-
ised Vm is the ratio of Vm obtained with zero pentobarbital to the Vms with pentobarbital. The lines joining the points are the least-
square linear regression lines. Hence, the normalised Ki is obtained from the points on the lines where the normalised ratio = 2.
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quired for glucose to traverse the transporter. These
¢ndings strongly suggest the pentobarbital impairs
the capacity of the transporter to undergo glucose-
induced conformational changes.

3.3. E¡ects of pentobarbital (4 mM) on
glucose-dependent inhibition of L-sorbose exit
from human red cells

The e¡ects of pentobarbital (4 mM) on glucose-
dependent inhibition of sorbose exit in the temper-
ature range 45³C to 30³C are shown in Fig. 5A,B.
Pentobarbital reduced the rate of sorbose exit from
human red cells into glucose-free solutions at all tem-
peratures tested (P6 0.001). A plot of the derived
£ux parameters shows that on cooling, the
Ki �glucose� in control cells increased from 6.8 þ 1.3
mM at 45³C to 23.4 þ 4.5 mM at 30³C (P6 0.002)

(Fig. 6). The temperature-dependent changes in sor-
bose exit were similar, but slightly higher than those
reported previously [10]. Pentobarbital increased the
Ki �sorbose; glucose� of sorbose exit at high temperatures
and also reversed the sign of the temperature coe¤-
cient of glucose dependent inhibition. On cooling
from 45³^30³C in the presence of pentobarbital (4
mM) the Ki �sorbose; glucose� decreased from 30.6 þ 7.8
mM to 14 þ 1.9 mM. Thus glucose inhibition of sor-
bose exit changes from an endothermic process (en-
thalpy change = +60.6 þ 14.7 kJ/mol) to an exother-
mic process (enthalpy change =343.3 þ 6.2 kJ/mol)
in the presence of pentobarbital (4 mM) (P6 0.005).

4. Discussion

The results reported here show that pentobarbital

Fig. 3. E¡ect of temperature variation in the range 25^45³C on the apparent Km and Vm obtained as in Fig. 1 at 30³C þ pentobarbital
(4 mM). The lines through the points are the least square exponential regression equations according to the formula Acexp(BcT³C),
where A and B are exponential coe¤cients and T³C is the temperature centigrade.
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is a mixed inhibitor (un-competitive) of glucose
transport, reducing both Vm and apparent a¤nity
of D-glucose for the transporter. This contrasts with
an earlier report [2] that pentobarbital acts as an
non-competitive inhibitor of glucose transport,
merely reducing Vm without a¡ecting Km. The di¡er-
ence between these ¢ndings may be due to di¡ering
methodologies. The optical measurement of rates of
D-glucose exit is a very discriminating means of esti-
mating the a¤nity of sugars for the external site of
the transporter.

This new ¢nding is consistent with known e¡ects
of pentobarbital on other biological processes, e.g.,
Ca2� ATPase [9] and activation of the nicotinic re-
ceptor [8]. Barbiturates are amphipathic drugs, which

have a higher e¤cacy in hydrophobic environments,
possibly owing to their tendency to be concentrated
at the water^lipid interface. It has been suggested
that the drug binds to hydrophobic regions in the
interstices of the protein folds and thereby reduces,
or prevents conformational changes induced by sub-
strate binding [8].

The following results ¢t with this view: pentobar-
bital (a) reduces the enthalpy and entropy of glucose
binding; (b) increases the activation energy of glu-
cose exit from the transporter; and (c) converts the
endothermic response of the Ki �sorbose; glucose� on
L-sorbose transport to an exothermic response.

It has been shown [10] that glucose interaction
with its transporter in the red cell is exothermic

Fig. 4. Van't Ho¡ plots (circles) and Arrhenius plots (squares) of the data shown in Fig. 3 where Km is transformed to ln(KmM) and
Vm is transformed to ln(Vm) and T³C to 1/K³. The enthalpies and entropies are obtained from the slopes and intercepts of van't Ho¡
plots of ln(KmM) versus 1/K³ and activation energies of glucose exit from the slopes of ln(Vm) versus 1/K³. The lines joining the
points are the least-square linear regression lines.
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and results in a conformational change which leads
to facilitation of glucose exit. This is manifest as a
reduction in the activation energy Ea of glucose exit.
The activated state of the transporter has slow time
decay after release of glucose (1^2 ms at 30³C). If
L-sorbose, which does not itself activate the trans-
porter, binds to the transporter within the relaxation
time of the glucose-activated transporter it will have
a higher mobility than if it were to bind only to the
ground state of activation, with glucose absent.

At 30³C the Ki �sorbose; glucose� of sorbose £ux in con-
trol cells is 23.4 þ 4.5 mM (Fig. 6) and the Km (in-
¢nite cis) is 3.2 þ 0.1 mM (Fig. 7). Thus the
Ki �sorbose; glucose� for inhibition of sorbose is 7.3 þ 1.4
higher than expected on the basis that glucose blocks
sorbose £ux by reversibly binding to the transporter
(P6 0.005). With 4 mM pentobarbital present, the
Ki �sorbose; glucose� for inhibition of sorbose £ux is
14.3 þ 1.9 mM and the Km (in¢nite cis) = 8.7 þ 1.8;
hence the ratio of Ki �sorbose; glucose�/Km �IC glucose� falls
from 7.3 þ 1.4 in control to 1.3 þ 0.32 with pentobar-
bital present (4 mM) (P6 0.0025). Additionally, in
cells treated with pentobarbital, the ratio
Ki �sorbose; glucose�/Km �IC glucose� increases as temperature
is raised from 30³C to 45³C. This contrasts with the
control condition where the ratio Ki �sorbose; glucose�/
Km �IC glucose� decreases as temperature is raised from
30³C to 45³C (Fig. 8).

This pentobarbital-induced decrease in the ratio of
Ki �sorbose; glucose�/Km �IC glucose� indicates that it prevents
the glucose-induced conformational changes in the
transporter which facilitate sorbose £ux. This is an-
other corroborating example for the view that pen-
tobarbital prevents the glucose-induced activation of
the transporter.

It also provides corroboration for the view that
pentobarbital inhibition of D-glucose £ux across the
human red cell glucose transporter has no speci¢c
requirement for pentobarbital to bind to the `unoc-
cupied carrier site' [2]. Pentobarbital does not act by
impeding the return of the empty carrier, as sug-
gested by El-Barbary et al. [2]. This is evident from
the ¢nding that it reduces the a¤nity of glucose for
the transporter. The mixed inhibition pattern merely
requires that pentobarbital binds to non-catalytic
sites on the protein surface and somehow prevents
the conformational changes, which occur subsequent
to substrate (glucose) binding. However, it remains a

Fig. 5. E¡ects of temperature and varying internal and external
[glucose] on rate of L-sorbose exit from an initial loading con-
centration of 100 mM. The lines through the data are the least
square non-linear ¢ts of the equation KicVm/(Ki+G), where Ki is
the inhibition constant giving half-maximal inhibition and Vm

is the maximal velocity of sorbose exit. (A) E¡ects of tempera-
ture on sorbose exit ; (B) same e¡ects with 4 mM pentobarbital
present in the bathing solution. Each point is obtained from at
least three separate traces. The data were obtained from several
repeat runs all showing similar responses.
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possibility that the transporter conformation in the
accelerated exchange mode of transport has a lower
a¤nity for pentobarbital, since access to the drug
binding sites may be blocked by the large glucose-
induced conformational changes. This pattern of in-
hibition has been previously noted also with pheno-
thiazines as well as barbiturates [1,2] and suggests
that access to the hydrophobic transporter sites
may be blocked by double occupancy of the ex-
change mode of the ¢xed site transporter.

The results reported here and those published pre-
viously [10^13] are consistent with the view that the
glucose transporter in human red cells (glut 1) is a
¢xed site transporter. Brie£y, the conventional view
that the glucose transporter is a single mobile site
carrier in which the site alternates between inside
and outside surfaces of membrane has several attrac-
tive features. It explains why accelerated exchange is

faster than net £ux. It rationalises the apparent
asymmetry of the transporter in which the transport-
er a¤nity for glucose inside is lower than outside and
it is supported strongly by the ¢nding that inhibitors
binding to the inside site, like cytochalasin B, reduce
the binding of inhibitors, like D-maltose to the out-
side sites.

However, the circulating carrier model implies that
return of the empty carrier should be a slower proc-
ess than movement of the sugar-carrier complex and
hence should be the rate limiting step determining
the maximal rate of zero-trans net sugar transport.
The model implies that maximal rates of transport of
all sugars sharing the glucose transporter and that
the activation energies of net £ux of these sugars
should be similar, as all these should be determined
by the rates of return of the empty carrier.

At 24³C, however, the maximal rate of uptake of

Fig. 6. E¡ects of temperature and pentobarbital (4 mM) on Ki �sorbose; glucose� and Vm of sorbose exit. The primary data are from Fig.
5A,B. An important point of note is that Ki �sorbose; glucose� decreases as temperature is raised in controls, whereas it rises as temperature
is raised with pentobarbital (4 mM) present.
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D-mannose into rat erythrocytes is only 26% of the
maximal rate of uptake of 3-O-methyl-glucoside;
whereas the self-exchange rates of these sugars are
closely similar to each other [11]. Additionally, the
activation energy of zero-trans D-mannose exit from
human red cells is twice as large as that of D-glucose
[10]. Hence, the maximal rates of net sugar transport
cannot be described adequately by a single rate proc-
ess.

The problems relating to £ux asymmetry and the
apparent occlusion of D-mannose binding to external
sites by cytochalasin B have been resolved by Car-
ruthers and co-workers [12,13]. They con¢rmed that
there is a barrier to sugar di¡usion at the cytosolic
surface of the membrane, which reduces the apparent
a¤nity of the transporter to glucose exit. They also
showed that there is an allosteric interaction between
the internal and external sites of the transporter, so

that cytochalasin B binding to the inside reduces
maltose a¤nity to the external surface and vice-ver-
sa.

Thus, the simplest hypothesis to explain glucose
movement is a two-¢xed-site model [10^13] which
alters conformation according to the strength of li-
gand interactions. The transported sugar moves from
one site to the other; consequently there is no neces-
sity to postulate rate limitation by empty site move-
ment.
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Fig. 8. E¡ects of temperature and pentobarbital (4 mM) on the ratio Ki �sorbose;glucose� to Km �glucose�. The lines joining the points are the
least-square exponential regression lines to ¢t the equation y = Acexp(BcT³C), where A and B are the exponential coe¤cients and T³C

is the temperature in ³C.
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