
Biochimica et Biophysica Acta, 356 (1974) 207-218 
(~ Elsevier Scientific Publishing Company, Amsterdam - Printed in The Netherlands 

BBA 76676 

THE EXCHANGE AND MAXIMAL NET FLUX OF GLUCOSE ACROSS THE 

H U M A N  ERYTHROCYTE 

II. THE EFFECT OF TWO SULPHYDRYL ENZYME INHIBITORS, 

C H L O R M E R O D R I N  ANDp-CHLOROMERCURIBENZENE SULFONIC ACID 

HERBERT ZIPPER and RICHARD C. MAWE 

Department of Biological Sciences, Hunter College, CUNY, New York City, N.Y. and Special Research 
Laboratory for Oral Tissue Metabolism, Veterans Administration Hospital, Brooklyn, N.Y. (U.S.A.) 

SUMMARY 

The exchange and maximal net fluxes of [14C]glucose across the membrane 
of  the human red cell were measured. The effects ofp-chloromercuribenzene sulfonic 
acid and chlormerodrin on these two parameters of  glucose transport were deter- 
mined. At low concentrations p-chloromercuribenzene sulfonic acid (a non-pen- 
etrating organic mercurial) was found to readily inhibit the exchange flux but not 
the net efflux. At extremely high concentrations ofp-chloromercuribenzene sulfonic 
acid the maximal net efflux showed some degree of inhibition. Chlormerodrin (a 
penetrating organic mercurial) inhibited both the exchange and net fluxes in the same 
manner. The addition of insulin in certain instances reduced the degree of inhibition 
caused by the organic mercurials. Insulin had no effect on the amount of either 
p-chloromercuribenzene sulfonic acid or chlormerodrin which bound to the red 
cell. From the results obtained, it is suggested that there exist glucose-reactive sites 
on both the outer and inner surfaces of  the membrane. The results also suggest a 
carrier system possessing different sites or molecular arrangements for glucose egress 
and for glucose entry. 

INTRODUCTION 

The ability of HgC12 and organic mercurial derivatives [1] to inhibit glucose 
transfer across cell membranes and the reversal [2] of this inhibition after the ad- 
dition of cysteine have focused attention on the role of membrane sulphydryl groups 
in the penetration of  this nonelectrolyte. Two organic mercurials which inhibit 
glucose transport in human erythrocytes are p-chloromercuribenzene sulfonic acid 
(PCMBS), a substance which does not penetrate the red cell membrane, and chlor- 
merodrin, which may penetrate the red cell membrane under certain conditions. The 
interaction of these mercurial compounds with human red cells and red-cell mem- 

Abbreviation: PCMBS, p-chloromercuribenzene sulfonic acid. 
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brane components has been measured and it has been reported that the inhibition of 
glucose transport results from the interactions of these compounds with the sul- 
phydryl groups located on the outer surface of the membrane [3, 4]. However, the 
effect of these compounds on both the exchange and net flux of  glucose in the intact 
cell has not been investigated. We report here on the ability of the penetrating mer- 
curial (chlormerodrin) to inhibit both the net and exchange flux of glucose and 
the ability of the non-penetrating mercurial (PCMBS) to inhibit the exchange flux 
but not the net efflux of glucose. The latter is inhibited to a small degree by PCMBS 
but only at very high concentrations. The reversal of the mercurial inhibitions by 
insulin in certain instances was observed. The results suggest that there are sites con- 
cerned with glucose transport which are present on both the outer and inner membrane 
surfaces. 

MATERIALS AND METHODS 

Chemicals 
Bovine insulin (24 units/mg), and PCMBS were from Sigma Chemical Co., 

St. Louis, Mo.; chlormerodrin was a gift from Dr H. L. Friedman of the Lakeside 
Laboratories, Milwaukee, Wisc.; chlormerodrin labeled with 2°3Hg, PCMBS 
labeled with 2°3Hg and D-[t4C6]glucose were supplied by ICN Corp., City of In- 
dustry, Calif.; porcine insulin (23 units/mg) was from Mann Research Laboratories, 
N.Y.C., N.Y.; porcine 131I-labeled insulin was from Abbott Laboratories, Chicago, 
III. All other materials were of reagent grade. 

Analytical methods 
Samples labeled with ~31I or 2°aHg were counted in a Packard Model 2001 

Spectrometer well counter system. The amounts of [2°aHg]PCMBS and [2°3Hg]- 
chlormerodrin which bound to the human red cell were measured under the ex- 
perimental conditions used to determine flux measurements. All other methods 
concerned with determining fluxes, osmolarities, and hematocrits are as previously 
described [5]. 

Red cells 
Blood from healthy donors obtained by venapuncture was collected into a 

citrated tube (5 mg sodium citrate per ml blood). The blood was passed through three 
layers of gauze and washed 3 times at 4 °C in glucose-saline solution adjusted to 
pH 7.3 with phosphate buffer. The glucose concentration was 0.075 M, and the 
osmolarity was 380-390 mosM. The washed red cells were brought to room tem- 
perature (22-23 ~C) and an aliquot of red cells was equilibrated with [14C6 ]glucose 
as described below. 

Flux Measurements 
Aiiquots of 10-50 #1 of the solution(s) containing the agent(s) to be tested were 

added to 0.5 ml of packed cells (hematocrits between 75 and 80 ~o) previously 
equilibrated with 25 pl [~4C6]glucose (125/tCi/ml) for 30 rain at 22-23 °C. A control 
sample without the agent was run concurrently under identical conditions. The in- 
cubation times of the mercurials and insulin with the glucose-zquilibrated red cells 
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varied from 30 to 60 min and is noted in the appropriate tables. In a typical flux 
experiment, 10/d of a red-cell suspension which has been incubated with tracer and 
experimental agents as described above, is rapidly stirred into a beaker containing 
10 ml of saline-phosphate buffer (pH 7.3) with glucose (380--390 mosM) or without 
glucose (295-310 mosM). Samples (5-6) were removed at 5-7-s intervals (the first 
sample was usually obtained within 1.5-3 s of the addition of the 10-/A aliquot of 
red cells) and treated as described by Mawe and Hempling [6]. 

In the mercurial binding experiments, both 30- and 60-min incubation periods 
were used. This mimicked those flux experiments with mercurial alone where the 
inhibitor is present for 30 min prior to analysis and those where mercurial was used 
in conjunction with insulin (i.e. mercurial present for 60 min prior to analysis). 

Theoretical considerations 
The exchange flux is either the influx or the efflux of glucose when the con- 

centrations of the sugar inside and outside the red cell are equal during the course 
of  an experiment. The conditions under which the exchange flux were measured were 
the same as that of a two-compartment closed system discussed by Solomon [7] 
and Sheppard [8]. The kinetics of the exchange have been described by Mawe and 
Hempling [6] and Zipper and Mawe [5]. 

The net flux is a measurement of the change in glucose content of the red cell 
when there is a difference between the internal and external concentrations of the 
sugar. The maximal net flux (that which was measured in the experiments reported 
here) is the net flux under ideal conditions that is, when the concentrations of the 
sugar on one side of the membrane remains well above the saturation level of the 
reactive site while on the other side the concentration of the sugar remains as close 
to zero as possible for the length of the measurement. The kinetics of the maximal 
net flux have been described by Zipper and Mawe [5]. 

RESULTS 

PCMBS 
Glucose-loaded red cells were incubated with different quantities of PCMBS 

for 30 rain at 22-24 °C and net and exchange fluxes of [14C]glucose were determined 
as previously described [5, 6]. The results (Table I) show the following: (1) At the 
lowest concentration of PCMBS (0.05/amoles/ml packed cells), the exchange flux 
is inhibited by 51 ~ while the net flux is unaffected. (2) Over the concentration range 
of 0.05-7.8 ~tmoles PCMBS/ml packed cells, the percentage inhibition of the ex- 
change flux ranged from a low of 41 ~ to a high of 73 ~ .  As a result the exchange 
flux at a PCMBS concentration of 1.9 was reduced to the level of the normal net 
flux value. (3) By comparison, the net efflux of glucose was not significantly in- 
hibited until the cells were exposed to a PCMBS concentration of 1.4/~moles/ml 
packed cells. 

In a previous report [5], an acceleration of the net efflux of glucose in the 
human red cell treated with insulin was reported. In addition, note was taken of the 
ability of  insulin to reduce the degree of inhibition of the exchange flux obtained with 
phospholipase C. Consequently, it was decided to conduct experiments in which 
both the mercurial and insulin were present. The results obtained with PCMBS 
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in combination with insulin are shown in Table II. At the concentration of PCMBS 
used, 0.7/~mole/ml packed cells the net flux was inhibited by 22 ~o. However, if 
insulin is added to the cell suspension either before PCMBS addition, or together 
with PCMBS, the PCMBS inhibition of the net flux noted above is prevented. If 
the cells are exposed to insulin after PCMBS treatment, the inhibition of the net 
flux is still noted but is slightly reduced. The exchange flux of red cells from the 
same population exposed only to the same concentration of PCMBS was reduced by 
65 ~ .  However, if insulin was present either before, after or during incubation with 
PCMBS, the degree of inhibition was 34--39 ~ and represented a recovery of 40--45 ~o. 

Unlike PCMB which has also been shown to inhibit glucose transport in red 
cells, PCMBS does not penetrate the red-cell membrane. The lack of penetration by 
PCMBS has been attributed to the substitution of the sulfonic acid group for the 
carbonyl group in PCMB and the resulting increase in the hydrophylic character 
of the molecule [9]. 

Depending on the atom involved in binding and the orientation of the PCMBS 
molecule with the surface, a molecule of PCMBS may occupy an area from 20-65 A 2 
on the surface of the red cell. At a PCMBS concentration of 0.05 #mole/ml packed 
cells, where the exchange flux is inhibited while the net is unaffected (Table I), a 
maximum of 0.4-1.3 ~ of the surface area of the red cell* can be covered by PCMBS. 
Where the exchange flux is lowered to the level of the normal net flux and inhibition 
of the net flux first appears (0.7/,mole PCMBS/ml packed cells), approx. 6-18 
of the cell surface can be covered by PCMBS. At those concentrations where the 
maximum inhibition of both fluxes is obtained, it can be shown that upwards of 97 ~o 
of the cell surface would be covered by PCMBS. It should be noted that even under 
conditions where the entire cell may be covered with PCMBS, the net efflux is never 
fully inhibited. The binding of PCMBS to human red cells has an approximate linear 
relationship to the amount PCMBS added (Table III). As a result, it can be de- 

TABLE Il l  

THE B I N D I N G  OF [2°3Hg] PCMBS TO H U M A N  RED CELLS 

Red cells were incubated with labeled PCMBS for 30 min at 22-24 °C. 

/,moles PCMBS /,moles PCMBS 
Expt added per ml bound per ml Molecules PCMBS 
No. packed cells packed cells x t0 a per cell 

Molecules PCMBS per 
103 Az surface area 

1 0.35 0.25 0.15 1 
0.35 0.25 0.15 

2 t .89 1.05 0.63 4.5 
3* 1.89 1.59 0.96 6.8 

1.89 1.56 0.94 
4 3.77 2.45 1.48 10 

3.77 2.43 1.46 
5* 3.77 2.88 2.07 15 

* In these experiments the cells were incubated with PCMBS for 60 min. The hematocrits in the 
different experiments are as follows: No.  1, 84 ~ ;  2, 78 ~ ;  3, 80 ~o; 4, 84 ~ ;  5, 70 ~o. 

* The value of  145 × 10 a /~2 for the surface area of  the human  red cell was used for these 
calculations [10]. 



213 

monstrated that at the point where the net flux is unaffected, but where the exchange 
flux is brought to the level of the normal net flux, as few as 1-2 molecules of PCMBS 
per 103/~2 of the cell surface need be bound. Assuming that each molecule of  PCMBS 
is bound to a single site, each of which is concerned with glucose flux, a maximum of  
1.5" 1 0 6 - 3 . 0  • 1 0 6  molecules of  PCMBS per cell would be required to lower the 
exchange flux to the level of  the normal net flux. Since it can be demonstrated that 
more PCMBS may be bound to the surface even after the exchange flux has been 
brought to the level of  the normal net flux, the results suggest that the above figure 
probably represents the maximum number of  sites actually involved with glucose 
transport on the cell surface. This figure for an upper limit in the number of  glucose 
transport sites at the outer surface is in general agreement with the value of 1 • 1 0 6 -  

1.4 • 106  suggested by Van Steveninck et al. [3]. Depending on the conformation as- 
sumed by PCMBS with a membrane sulphydryl group, a maximum of from 0.4 to 
1.2 % of the total cell surface area of  the red cell would contain these reactive sites. 
These figures are essentially in agreement with that of  Widdas [11 ] who calculated a 
value of 1%. 

From the results obtained, it is possible to speculate that singly or in com- 
bination PCMBS may, (1) inhibit the release of  glucose from the glucose carrier to the 
outside medium; (2) inhibit the uptake of medium glucose by free carrier, or (3) the 
carrier may interact directly with PCMBS and as a result the movement of  the carrier 
is reduced and/or the concentration of usable carrier is reduced. Since Cases I and 2 
require the inhibition of both fluxes to the same degree, it is suggested that PCMBS 
acts by interfering with the uptake of medium glucose by the carrier for passage through 
the cell membrane to the cell interior. As less medium glucose enters the cell, a 
situation analogous to that of the experimental maximal net efflux condition begins 
to prevail, i.e. carrier-bound [14C]glucose is brought to the cell exterior released, 
and carriers primarily glucose-free return to the cell interior. The results show that 
the flux approaches a rate consistent with that of the normal net flux indicating that 
the system may be behaving as if glucose were absent from the external medium. 
At high PCMBS concentrations practically the entire red-cell surface may be bound. 
Under these conditions non-specific alterations in the membrane could result in 
inhibition of the net flux, an inhib',tion which never exceeds 40 % even under these 
conditions of  PCMBS excess. 

Chlormerodrin 
Glucose-loaded red cells were similarly treated with different concentrations 

of  chlormerodrin. The cells were incubated with this inhibitor both at 22-24 and 4 °C. 
The incubation time was 30 min. Chlormerodrin is capable of  slowly penetrating the 
red-cell membrane. Approx. 40-50 % of the added chlormerodrin will penetrate the 
red-cell membrane at 22-24 °C over a period of 30-60 min while at 4 °C the rate of  
chlormerodrin penetration is reduced by about  80 % [3]. The glucose-loaded cells 
incubated with chlormerodrin at 4 °C were brought to 22-24 °C prior to the de- 
termination of the flux. The flux data obtained from cells treated with chlormerodrin 
are shown in Table IV. The results show that at 22-24 °C, chlormerodrin inhibits both 
the net and exchange flux equally well and that the degree of  inhibition in both 
cases increases with increased chlormerodrin levels. At the highest chlormerodrin 
concentration, both the net and the exchange flux were inhibited by 75-80 %. The 
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exchange/net flux ratios for the chlormerodrin-treated cells reflect the almost identical 
degree of inhibition of both fluxes, that is the ratio remains relatively constant and 
closer to an average value of 2.3. This data is in marked contrast to the exchange/ 
net flux values obtained from PCMBS-treated cells (Table I) and suggest that the 
inhibitory action of chlormerodrin may be of a different nature than PCMBS. 
The values under final chlormerodrin concn in Table IV have been corrected for the 
passage of chlormerodrin at 24 °C through the cell. They represent the final chlor- 
merodrin concentration which is in an equilibrium distribution in the cell water 
and the medium after 30 min incubation at 24 °C. At 4 °C the initial concentration of 
chlormerodrin remains the experimental one through the course of  the experiment. 
When the results are compared, keeping in mind the corrected values, it appears that 
at the high concentration of chlormerodrin the exchange and net fluxes are inhibited 
to a greater extent at 24 than at 4 °C. These data indicate that sites may exist on the 
inner surface. In further support of  this point it should be noted that at 22-24 °C, 
at a chlormerodrin concentration of 0.55/~mole/ml packed cells (Tables IV and 
VII) (30.106 molecules chlormerodrin per cell) the exchange flux is inhibited by 57 ~o 
and the net flux by 60 ~ .  I f  all the chlormerodrin were bound to the surface, between 
5 and 10 ~ of the red-cell surface would be involved. Unlike the results obtained with 
PCMBS, the net flux is considerably inhibited. With PCMBS, 30.106 molecules 
bound per cell are required for a 27 ~ inhibition of the net glucose flux while with 
chlormerodrin, an equivalent inhibition is observed with 6 • 106 molecules bound per 
cell. 

The possibility arises that glucose could potentiate the inhibitions obtained 
with PCMBS and chlormerodrin in a manner similar to that reported for dinitro- 
fluorobenzene [12]. Such a possibility does not appear to be present in the experi- 
ments reported here. I t  should be noted that the mercurials are added to glucose- 
equilibrated cells and as such, interactions between membrane and mercurial occur 
solely in the presence of glucose. What is actually being measured is a movement 
of  glucose under two precise experimental conditions and it is under those conditions 
that differences in the manner of  the inhibition are obtained. 

As was done previously, a group of experiments were run to test the effect of  
insulin on chlormerodrin inhibition of glucose flux. The glucose-loaded red cells were 
incubated with the mercurial (30 min) and insulin (30 min) at 4 ° and at 22-24 °C. 
The flux measurements were carried out at 22-24 °C. 

4 °C. In Table V, it can be seen that the net flux is inhibited by slightly less 
than 50 ~ ,  and whether insulin is added before or after the addition of chlormerodrin, 
the level of  inhibition remains essentially the same as with chlormerodrin alone. 
On the other hand the exchange flux shows considerable recovery in the presence of 
insulin. When chlormerodrin-treated cells are exposed to insulin there is a recovery 
of 50 ~ and when cells are first treated with insulin and then exposed to chlormerodrin, 
the recovery is over 60 ~ .  

24 °C. Table V1 shows that while the exchange flux is inhibited by chlormero- 
drin to almost the same degree (56 ~ )  as in the experiments at 4 °C, there is no 
recovery from the inhibition in the presence of insulin. The net flux inhibited by 48 ~o 
by chlormerodrin and this is not significantly altered by prior addition of insulin. 
However, the degree of  inhibition is decreased by 50 ~o when insulin is added to red 
cells alter exposure to chlormerodrin. 
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Expt  Temp.  /~moles chlormero-  / tmoles chlormero-  Molecules 
No.  (°C) drin added per ml drin b o u n d  per ml chlormerodr in  

packed red cells packed red cells × 10 a per cell 

Chlormerodr in  
molecules per 103 A 2 
surface area 

1 22-24 0.136 0.094 0.056 0.4 
0.136 0.093 0.056 

2 22-24 0.54 0.50 0.3 2 

3 22-24 1.09 0.96 0.58 4 
1.09 0.97 0.58 

4 22-24 1.09 0.97 0.69 5 

A 4 0.55 0.27 0.19 1.4 
0.55 0.27 0.19 

B* 4 0.55 0.45 0.31 2.2 
0.55 0.43 0.31 

* In this  exper iment  the cells were incubated  with chlormerodr in  for 60 rain. In all the o ther  
exper iments  the incubat ion t ime with ch lormerodr in  was 30 min.  The  hematocr i ts  in the different 
exper iments  are as follows: No.  1, 80 ~ ;  2, 78 ~ ;  3, 80 ~o; 4, 70 ~ ;  A, 74 ~ ;  B, 74 ~ .  

In summary, the results obtained from cells treated with the chlormerodrin- 
insulin combinations at 4 °C and at 24 °C indicate the following: (1) At 4 °C, re- 
gardless of the order of incubation with insulin, the inhibition of the net efflux of 
glucose is unaltered. The inhibition of the exchange flux is considerably decreased. 
(2) At 22-24 °C, regardless of the order of incubation with insulin, the degree of in- 
hibition of the exchange flux by chlormerodrin is unaltered. The degree of inhibition 
of the net flux is unaltered in the case where insulin is added first, while in the case 
where the insulin is added last, the degree of inhibition of the net flux is considerably 
lessened. 

A diagramatic representation of glucose transport is shown in Fig. 1. The 
presence of a carrier (designated X) either mobile or of the sort proposed by Lieb and 
Stein [ 13 ], i.e. an aligomeric protein composed of high- and low-affinity sites is assumed. 
Diagram A represents glucose transport under the experimental conditions for 

i ns ide 

® 

G*__J 
G 

membrane outside inside 

',x x; G 
,/ 

X-G 

membrane 
X 'G*  

/" 'x 

(x x j 
, / 

X 

outside 

(1) 

A B 

Fig. l. D i ag ram A represents  exper imental  condi t ions to obta in  exchange  flux measuremen t s  and  
D iag ram B represents  exper imental  condi t ions  to obta in  max imal  net  efftux measurements .  N o n -  
radioactive glucose is represented by G,  [~4C]glucose by G*.  The  carrier enti ty is designated X and 
the number s  1 4  represent  the  possible sites o f  P C M B S  and chlormerodr in  inhibit ion.  



218 

exchange flux, and Diagram B represents glucose transport under the experimental 
conditions for maximal net efflux. Four possible sites (1-4) of  inhibition action are 
considered and it is suggested that: 

(1) PCMBS inhibition of the exchange flux occurs at Site 4 (Diagram A); 
(2) PCMBS inhibition of the net efflux (occurring at very high PCMBS concentrations) 
reflects disruption of complexed carrier and also non-complexed carrier sites 3 and 4 
(Diagram B); (3) chlormerodrin inhibition of the exchange flux at both 4 and 24 °C 
consists primarily of  disruption of complexed carrier, i.e. Sites 2 and 3 (Diagram A), 
and in addition at 4 °C chlormerodrin may act at Site 4 (Diagram A) in a manner  
akin to PCMBS (note relief of this inhibition by insulin); and (4) chlormerodrin 
inhibition of the net efflux at both 4 and 24 °C reflects disruption of complexed 
carrier i.e. Sites 2 and 3, and non-complexed carrier, i.e. Sites 1 and 4 (Diagram B). 
The results as depicted suggest a carrier system possessing different sites for glucose 
eggress and for glucose entry. It  is of  course, impossible to know if such sites re- 
present different carrier entities or merely reflect differences in molecular organization 
of carrier protein. We would suggest here, however, that the behaviour of  the glucose 
flux in the presence of insulin and the differential effects obtained with PCMBS and 
chlormerodrin suggest that the carrier cannot be considered as a single uniform en- 
tity but rather as a multifaceted protein containing numerous sites of  variable affinity 
as perhaps best demonstrated by the model proposed by Lieb and Stein [13]. 
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