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Resistance of the Intact and Reconstituted
Adipocyte Hexose Transport System to
Irreversible Inhibition by Sulfhydryl and
Amino Reagents
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Sensitivity of the adipocyte D-glucose transport system in intact plasma mem-
branes or following solubilization and reconstitution into phospholipid vesicles
to several protein-modifying reagents was investigated. When intact plasma
membranes were incubated with N-ethylmaleimide (20 mM) or fluorodinitro-
benzene (4 mM), D-glucose transport activity was virtually abolished. However,
washing the membranes free of unreacted reagents restored transport activity.
indicating that covalent interaction with the membranes did not mediate the
transport inhibition. Reaction of [3H]N-ethylmaleimide with plasma mem-
branes under similar conditions resulted in extensive labeling of all protein
fractions resolved on dodecyl sulfate gels. Similarly, addition of N-ethyl-
maleimide to cholate-solubilized membrane protein had no effect on transport
activity in artifical phospholipid vesicles reconstituted under conditions where
the membrane protein was free of unreacted N-ethylmaleimide. Transport
activity in plasma membranes was also inhibited by both reduced and oxidized
dithiothreitol or glutathione (15 mM) in a readily reversible manner, consistent
with a noncovalent mode of inhibition. Thus, the insulin-responsive adipocyte
D-glucose transport system differs from the red cell hexose transport system in
its remarkable insensitivity to modulation by covalent blockade of sulfhydryal
or amino groups by the reagents studied.
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Although the rapid activation of hexose transport in muscle and fat has long been
known to be a major physiological effect of insulin, the molecular details of this effect
remain unknown. The elusive nature of the mechanism involved is no doubt related to our
complete ignorance of the biochemical structure of the hormone-sensitive D-glucose trans-
port system itself. Aithough it seems generally agreed that binding of the hormone to
specific cell surface receptor proteins initiates transport stimulation, it is not known
whether the signal involves an intramembrane or cytoplasmic event or both. It is also not
unequivocally established whether the increase in the apparent V,,,y of hexose transport
due to insulin [1--5] reflects an increase in the number of transport proteins available in
the membrane [6, 7} or an increase in activity of the same number of carriers [8]. Further-
more, the possibility that certain cell membrane insulin receptors are also functional
transport carriers cannot at present be ruled out.
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We have recently taken the direct approach to these general questions and have
developed a highly reliable method to reconstitute a solubilized, partially purified mem-
brane protein fraction into artifical phospholipid vesicles which then exhibit stereospecific
hexose transport activity [9, 10]. The methodology developed involves selective elution of
extrinsic membrane proteins from the adipocyte plasma membrane [9] followed by selec-
tive solubilization of the extracted membrane with sodium cholate [10]. The long-range
strategy of such studies involves the complete purification and identification of membrane
components that comprise the insulin-sensitive hexose transport system. Significantly,
this feat may allow biochemical analysis of the transport system components derived from
control versus insulin-activated cells in order to determine molecular alterations elicited
by the hormone. In addition, detailed studies on the properties of the transport system
under carefully detined conditions of membrane phospholipid composition should be
feasible.

The present report documents several properties of the adipocyte D-glucose trans-
port system that contrast sharply with those of the extensively studied red cell system,
which is not hormone-sensitive. The data indicate that the adipocyte D-glucose transport
system activity is remarkably resistant to large doses of sulfhydryl and amino blockers,
either in the native plasma membrane or solubilized in sodium cholate prior to reconstitu-
tion. This property is also exhibited by the adipocyte hexose transport system after its
solubilization and reconstitution into phospholipid vesicles.

METHODS

Isolation of Fat Cells

White fat cells were obtained by enzymatic digestion of the parametrial adipose
tissue of 200—700 gm female rats (Charles River CD strain) fed laboratory chow ad
libitum [11]. For each experiment involving isolated cells and plasma membranes, the
parametrial adipose tissue (40—80 gm) from 10 or more rats was pooled and cut into
small pieces with scissors, blotted, and added to small plastic bottles. Each bottle normally
contained from 5 to 7 gm of tissue and 8 ml of Krebs-Ringer phosphate buffer containing
3% bovine serum albumin (Armour Lot N10101) and 1 mg/ml of crude collagenase
(Clostridium hisolyticum, Worthington), and was incubated for 60 min at 37°C. The
Krebs-Ringer phosphate buffer (pH 7.4) contained 128 mM NaCl, 1.4 mM MgSQ,,

1.4 mM CaCl,, 5.2 mM KCl, and 10 mM Na, HPO,. At the end of the digestion period,
cells were filtered through one layer of nylon chiffon, washed twice with albumin buffer,
and once with warm 0.25 M sucrose, | mM EDTA, 5mM Tris at pH 7.5 (buffer A).

Preparation of Plasma Membrane Fraction

The experiments described herein were performed with a crude fat cell plasma
membrane preparation as well as a purified plasma membrane preparation [12]. The crude
preparations of plasma membranes were prepared by homogenization of cells in ice-cold
buffer A in a loose-fitting glass homogenizing tube with seven up and down strokes of a
Teflon pestle. The homogenate was centrifuged at 8500g for 10 min, and the sueprna-
tant as well as a small amount of fluffy white material, collected from the surface of the
brown (mitochondrial) pellet were then centrifuged at 40,000g for 30 min; the resulting
pellet was resuspended in ice-cold 1 mM EDTA, 5 mM Tris (pH 7.5).
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Membrane Extractions

Dimethylmaleic anhydride-extracted membranes were prepared [9] by adding 1
volume of plasma membranes (1 to 2 mg/ml) to 15 volumes of water, and 2 mg/ml of
solid 2,3-dimethylmaleic anhydride was added with constant stirring while maintaining
the pH at 8.0 with 2 N NaOH. After acid ceased to evolve, the suspension was centrifuged
at 40,000g for 45 min, and the pellet was resuspended and frozen overnight in 5 mM
Tris buffer, 1 mM EDTA, pH 6.8.

For sodium cholate extractions, frozen dimethylmaleic anhydride-extracted mem-
branes were thawed and sodium cholate was added to a final concentration of 2% or 4%
(w/v) in a total volume of 1 ml containing 1 to 2 mg of protein and incubated 60 min on
ice. The material was then centrifuged as above, and the clear supernatant was carefully
removed and stored on ice for reconstitution with exogenous phospholipids.

Reconstitution of D-Glucose Transport Activity

Solubilization and reconstitution of adipocyte hexose transport activity was achieved
as described in detail previousty [10]. Briefly, phosphatidylcholine (10 mg) in benzene
and phosphatidylethanolamine (10 mg) in chloroform were mixed in a test tube and dried
under N, . One milliliter of Mg?*- free buffer (buffer A) containing 100 mM NaCl, 10 mM
Tris/HC1 (pH 7.5) was added to the dried phospholipids and mixed vigorously under N, .
Sodium cholate was added as a solid to a final concentration of 2% (w/v), and the mixture
was sonicated under N, in a Bransonic 220 ultrasonic bath at 25° for 5 min to disperse the
phospholipids.

One milliliter of cholate-solubilized membrane protein (0.2 to 1.0 mg/ml) was added
to 1 ml of cholate-dispersed phospholipids (20 mg/ml). Liposomes were prepared from this
mixture using the method of Brunner et al [13] by applying the sample to a column
(20 X 1.5 cm) containing Sephadex G-50, equilibrated, and eluted with a buffer containing
100 mM NaCl, 10 mM Tris/HCI (pH 7.5), 2 mM MgSO, (buffer B) at 4° (flow rate 12 ml/h).
These conditions were such that a milky dispersion of phospholipid vesicles appeared at
the void volume. After collecting 3—4 ml, this suspension was rapidly frozen in dry ice/
acetone, thawed under cold tap water, and sonicated in the ultrasonic bath for 20 sec.

Glucose Transport Assay

Assay of glucose uptake was routinely performed by addition of 45 ul of liposomes
or 100 ul plasma membranes to glass test tubes (12 X 100 mm) as described in detail pre-
viously [9, 10]. All inhibitors were added prior to glucose to the appropriate concentrations.
Transport was initiated by the addition of 5 ul of a solution containing 2.5 mM D[*H]
glucose (1 to 2 uCi/ tube). The tubes were vigorously shaken and incubated at room tem-
perature (22°) for the appropriate time. Transport was stopped by the addition of 1 ml of
ice-cold buffer B, and the suspension was then decanted onto Millipore (0.22 um pore size,
25 mm diameter) filters attached to a rotary Doerr pump and quickly washed with 1 ml of
ice-cold buffer, Filters were air-dried and immersed in 4 ml of ACS (Amersham/Searle)
liquid scintillation fluid for counting.

Analytical Methods

Membrane protein was estimated by the method of Lowry et al [14] using bovine
serum albumin as a standard. Sodium dodecyl sulfate-gel electrophoresis (5% acrylamide)
was performed on membrane proteins as previously described [15].
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Reagents

Cytochalasin B was obtained from Aldrich Chemical Co. and N-ethylmaleimide,
fluorodinitrobenzene, reduced and oxidized dithiothreitol, and glutathione were obtained
from Sigma. D[*H]glucose was obtained from New England Nuclear. Dimethylmaleic
anhydride, L-alpha-phosphatidylcholine (Type III-E), L-alpha-phosphatidylethanolamine
(Type 1II), sodium cholate, and Sephadex G-50-150 were obtained from Sigma.

RESULTS

Table I illustrates the ability of 20 mM dithiothreitol, 20 mM N-ethylmaleimide,
and 4 mM fluorodinitrobenzene to modulate D-glucose transport activity in a plasma
membrane preparation from isolated adipocytes. Uptake of label was measured after
incubation of membranes with D[®H] glucose for 20 sec, which gives an estimate of the
transport system activity [16, 17]. The former two protein modifiers when incubated with
the membrane vesicles markedly inhibited D[>H] glucose uptake, whereas the latter in-
hibited uptake to the same extent as did 50 uM cytochalasin B. Since previous results
showed that L[*H] glucose uptake was similar to that of cytochalasin B-inhibited D[*H] -
glucose uptake, simple diffusion is assumed to be the mode of uptake under the latter
condition. In the present experiments, little or no difference was observed in the uptake of
D[3H]glucose in the presence of cytochalsin B, due to the three protein reagents employed,
indicating that simple diffusion of glucose was essentially constant under all these conditions.
Net stereospecific D-glucose transport activity, however, was markedly inhibited by
dithiothreitol and N-ethylmaleimide and abolished by fluorodinitrobenzene, consistent
with a previous report that adipocyte plasma membrane hexose transport was markedly
inhibited by N-ethylmaleimide [16]. However, upon washing the membranes free of un-
reacted reagents, D-glucose transport activity approached control levels in all three cases.
However, in the membranes treated with fluorodinitrobenzene, a very small degree of
residual inhibition was observed. Untreated membranes exhibited similar transport rates
before and after the washing procedure (not shown), although the data presented are
normalized in the various experiments by use of percents.

TABLE 1. Reversible Effects of Sulfhydryl and Amino Reagents on Adipocyte Plasma Membrane
D-Glucose Transport Activity

% Control D-glucose uptake

First incubation Second incubation (washed)
Plus cytochalasin B Plus cytochalasin B
Treatment Control (50 uMm) Control (50 uM)
None 100 42+%3 100 55%5
Dithiothreitol (20 mM) 525 33t4 101 £7 50 +8
N-ethylmaleimide (20 mM) 5242 352 999 56 £11
Fluorodinitrobenzene (4 mM) 40t4 38+3 878 578

Plasma membrane vesicles (~ 1 mg protein/ml) were prepared from adipocytes and incubated with
various reagents for 15 min at 22°C; one aliquot of each sample was immediately used for transport
studics while the remainder was diluted with 20 volumes of cold Krebs-Ringer phosphoate buffer,
pH 7.4. These samples were then centrifuged for 40 min at 40,000g; the pellet was again resuspended
with Krebs-Ringer phosphate buffer, sedimented, and resuspended in Krebs-Ringer phosphate buffer
(~ 1 mg protein/mi). D-glucose uptake was then monitored over a 20-sec period in the presence or
absence of 50 uM cytochalasin B. The values arc normalized as percents of the values obtained from
untreated membranes and represent the means * standard error tor six observations.
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Fig 1. Reaction of [>H|N-ethylmaleimide with plasma membrane proteins following incubation with
intact cells and isolated membranes. Fat cells were isolated from 30 gm of white fat, washed twice with
Krebs-Ringer phosphate buffer containing 0.5% albumin, and resuspended in a total volume of 40 mil
0.5% albumin buffer. The cells were divided into two groups of 20 ml each and incubated with or
without 0.42 mM [3H] ethylmaleimide (specific activity 15.4 uCi/umole) for 15 min at 37°C. Incuba-
tion was terminated by the addition of 0.42 mM mercaptoethanol; the cells were washed twice and
homogenized, and plasma membranes were prepared. The membranes from the maleimide-treated cells
were resuspended in 1 mM EDTA (pH 7.5) and stored in ice. The membranes from the untreated cells
were resuspended in 0.5 ml Krebs-Ringer phosphate buffer plus 0.42 mM [3H]N-ethylmaleimide
(specific activity 15.4 uCi/umole) and incubated at 37°C for 15 min. Incubation was terminated by
the addition of 0.42 mM mercaptoethanol, the membranes sedimented, and the pellet resuspended in
! mM EDTA (pH 7.5). Membranes (100 ug protein/gel) were solubilized in 2% SDS-8M urea and
electrophoresed on 10% acrylamide-0.2% SDS gels.

In order to document whether covalent reaction of N-ethylmaleimide and dinitro-
fluorobenzene with membrane proteins actually takes place under conditions similar to
those in these experiments, dodecyl sulfate gels were used to resolve membrane proteins
following reaction with labeled reagents. Figure 1 presents the data from a representative
experiment performed with [>H]N-ethylmaleimide. Extensive labeling of all membrane
protein bands following electrophoresis was observed whether intact fat cells or isolated
plasma membranes were incubated with the labeled N-ethylmaleimide. Similar uniform
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labeling patterns were obtained when [2H] fluorodinitrobenzene was incubated with adi-
pocyte plasma membranes (not shown). Since it is likely that all or most of the membrane
protein bands on such dodecyl! sulfate gels contain several protein species, it is of course
not possible to conclude that hexose transport system components are necessarily labeled
in these experiments.

Since the results in Table I demonstrated reversible inhibition of transport activity
by dithiothreitol, it seemed possible that this agent was acting via reduction of protein
disulfides. Reversibility might therefore simply reflect spontaneous oxidation of the result-
ing protein sulfhydryls back to the native disulfide form. We therefore tested the effects of
the oxidized forms of both dithiothreitol and glutathione on hexose transport activity in
these membranes. As shown in Table IT both reduced and oxidized forms of these reagents
were equally effective in inhibiting D [>H] glucose uptake in the absence of cytochalasin B..
In addition, both reduced and oxidized forms of glutathione inhibited D[*H] glucose
uptake in the presence of cytochalasin B, indicating that a decrease in simple diffusion
also occurred. These effects were maximal at the concentrations presented in Table II, but
smaller inhibitory effects were observed with concentrations of these reagents as low as
1 mM (not shown). Furthermore, the effects of the oxidized forms of these agents were
readily reversible upon washing membranes with buffer prior to assaying transport (not
shown).

TABLE II. Inhibition of D-Glucose Transport in Plasma Membrane Vesicles by Reduced or Oxidized
Thiol Reagents

Percent of control [3H] D-glucose uptake

Additions Control Plus cytochalasin B
None 100 48 £11
Dithiothreitol (15 mM) 532 40 £4
Oxidized dithiothreitol (15 mM) 66 11 49 +¢
Glutathione (30 mM) 577 21 %5
Oxidized gluthathione (30 mM) 42 %16 10%3

Plasma membrane vesicles were suspended in Krebs-Ringer phosphate buffer, and 100 ul aliquots were
incubated with or without the various reagents shown for 15 min at 22°C. Cytochalasin B (100 uM)
was added to one-half the samples 5 min before transport was assayed. Transport was initiated with

5 ul of [3H]D-glucose, and terminated 20 sec later by rapid filtrations. The values are the means +
standard error for 4 experiments, with triplicate determinations in each experiment. The data are
normalized as the percent of values obtained with untreated membranes.

It appeared possible that the adipocyte hexose transport system is sensitive to cova-
lent modification by these protein modifiers, but that the reactive groups are protected
from reaction due to a hydrophobic environment or steric hindrance by neighboring groups.
We therefore incubated N-ethylmaleimide (15 mM) with sodium cholate-solubilized
intrinsic adipocyte plasma membrane proteins before addition of cholate-dispersed phos-
pholipids and preparation of reconstituted vesicles. Since formation of reconstituted
vesicles from cholate-solubilized material is achieved by passage through a Sephadex G-50
column, the vesicles eluted in the void volume are freed of unreacted N-ethylmaleimide
which is retarded on the column due to its low molecular weight. The data in Figure 2
show that reconstituted vesicles exhibit cytochalasin B-sensitive D-glucose-transport
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Fig 2. Normal hexose transport activity in reconstituted vesicles prepared with N-ethylmaleimide-
treated membrane proteins. Reconstituted vesicles were prepared in duplicate with solubilized
dimethylmaleic anhydride-extracted membranes by the standard procedure. In one group, 15 mM
N-ethylmaleimide was incubated with the solubilized membrane protein for 10 min at 22° prior to
mixing with the cholate-dispersed phospholipids, while the other group was incubated for 10 min at
22°without addition. Following the reconstitution procedure D-glucose uptake was monitored in
quadruplicate at the times indicated, and the values presented are those of a representative experiment.
The data are normalized as percent of the equilibration values for each group of vesicles which are
obtained after a 60 min incubation with D [3H] glucose,

activity which is similar whether or not the protein was first reacted with N-ethylmaleimide
before reconstitution. In other experiments not illustrated, assay of hexose transport in
reconstituted vesicles in the continued presence of N-ethylmaleimide at 15 mM showed
marked inhibition, similar to that observed in Table I with intact plasma membranes.

DISCUSSION

Several reports have appeared which demonstrate potent irreversible inhibitory
effects of N-ethylmaleimide [18—20] and fluorodinitrobenzene [21-23] on D-glucose
transport in red blood cell membranes. In addition, the presence of D-glucose consistently
modulates the extent or rate of inhibition of transport activity by these agents. This
specific effect of substrate for the transport system has been employed in attempts to
label differentially membrane protein components of the transport system using '*C- and
3H-labeled inhibitory reagents [20, 23]. We initiated the present studies in an attempt to
document the feasibility of performing similar experiments in adipocytes. The present data
clearly illustrate the surprising reversibility of D-glucose transport inhibition by N-ethyl-
maleimide and fluorodinitrobenzene in adipocyte plasma membranes. This lack of covalent
modulation of transport activity in intact adipocyte plasma membranes or solubilized,
reconstituted membrane protein is consistent with our previous observations that low con-
centrations of N-ethylmaleimide had no effect on hexose transport in intact adipocytes
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[24]. It should be noted that the data presented here do not allow us to distinguish
whether the transport system is indeed reacting with the agents used and that its activity
is unaffected by such reaction, or whether no such reaction takes piace under the conditions
employed.

In light of the absence of marked irreversible effects on transport of the sulfhydryl
and amino agents used in these studies, it is striking that such severe reversible inhibitory
effects are found with these covalent protein modifiers. It seems possible that the agents
may act as weak anesthetics and are solubilized to some degree in the membrane matrix.
This may lead to a substantial degree of membrane expansion with potential restraint of
molecular mobility within the membrane. Since this same reversible inhibitory property is
observed with agents as diverse as oxidized glutathione and fluorodinitrobenzene, it
would seem that simple binding to a common, specific site on the transport system is un-
likely. It should also be noted that, although it could be argued that the dithiothreitol-
mediated inhibition of transport indeed does involve reduction of sulfhydryls, we have
found that addition of this agent followed by high doses of N-ethylmaleimide does not
render the inhibitory effect irreversible.

The data presented here contrast sharply with studies by many laboratories on
erythrocyte D-glucose transport and suggest a dramatic difference in the molecular nature
of the adipocyte versus erythrocyte hexose transport systems. Table III illustrates these
and other reported characteristics of erythrocyte hexose transport which appear to differ
from those observed with adipocyte plasma membrane D-glucose transport activity.
Kasabara and Hinkle [25, 26] developed a procedure to reconstitute D-glucose transport
activity from erythrocyte membranes solubilized with Triton X-100. In contrast, we have
been unable to use this methodology successfully to reconstitute the adipocyte transport
system and have found that exposure of cholate-solubilized adipocyte membrane proteins
to 0.5% Triton X-100 blocks transport activity in subsequently reconstituted vesicles
(unpublished data, 2/78). Similarly, D-glucose transport activity appears to respond very dif-

TABLE III. Contrasting Properties of the Erythrocyte vs Adipocyte Hexose Transport System

Erythrocyte Adipocyte
Property transport system transport system
Insulin responsive No Yes
Irreversible inhibition by N-ethylmaleimide Yes? Nob
Irreversible inhibition by fluorodinitrobenzene YesC Nob
Stable in Triton X-100 Yesd No®
Inhibited by trypsinization of membranes Nof Yesg

aReferences 18—-20.

bThe present study.

CReferences 21-23.

dReferences 25, 26.

€Shanahan, M.F., and Czech, M.P., unpublished data.
fReference 27.

8Czech, M.P., unpublished experiments.
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ferently to trypsinization of adipocyte membranes versus red cell membranes. Carter et

al [27] demonstrated the complete resistance of hexose transport activity in red cell ghosts
to extensive proteolytic attack by 100 ug/ml trypsin, whereas we have observed marked
inhibition of adipocyte plasma membrane hexose transport activity by trypsin under similar
conditions (unpublished data, 1/78). It will therefore be of great interest to compare the
molecular weights and other molecular properties of the two transport systems once further
characterization of the adipocyte system has been performed. It is tempting to speculate

that the different properties of the two systems may be related in an important way to the
fact that the adipocyte transport system but not the red cell system is rapidly activated by
low doses of insulin.
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