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Summary 

HgC12 was used as an inhibitor and potential label for the glucose carrier oi 
intestinal brush-border membranes. Half-maximal inhibition of Na*~lependent 
D-glucose uptake was reached with micromolar concentrations of HgC12 when 
the protein concentration was 1.2 mg/ml. Similar concentrations were found to 
inhibit the binding of [3H]phlorizin, a reversible competitive inhibitor of sugar 
transport. Inhibition was reversed by dithioerythritol but only marginally by 
EDTA. The data support the involvement of a sulfhydryl group in the inhib- 
itory process. 

Deoxycholate-extracted membranes, which are enriched in specific phlorizin 
binding activity, were used for labeling studies using 2°3HGC12. The polypeptides 
were separated by gel electrophoresis and analyzed by protein staining and 
autoradiography. Non-specific 2°3HgC12 labeling was minimized by pre-treat- 
ment with sulfhydryl reagents which do not inhibit phlorizin binding. Several 
bands, which are lost from the autoradiographic pattern during a negative 
purification of the phlorizin binding sites, could be ruled out as essential com- 
ponents of the sugar carrier. The polypeptide profile was also analyzed follow- 
ing proteolysis, which abolished phlorizin binding. Those radioactive bands 
of which apparent M~ values were altered by the treatment were considered as 
possible candidates. Finally, samples in which inhibition was reversed by thiols 
were also studied. The possible identity of the polypeptide(s) involved in 
glucose translocation is discussed in the light of these observations. 

* To whom correspondence should be addressed. 
Abbreviations: DTNB, 5,5t-dithiobis-(2-nitrobenzoate); Hepes, N-2-hydroxyethylpiperazine-Nr-2-ethane • 
sulfonic acid; SDS, sodium dodecyl  sulfate. 
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Introduction 

D-glucose is transported across the brush-border membrane of epithelial cells 
from the small intestine by an Na÷-dependent system [1] which can be 
inhibited by the glucoside, phlorizin, in a competitive manner [2,3]. Research 
on the molecular mechanism of the transport process has been greatly 
stimulated in recent years by the availability of vesicular preparations of brush- 
border membranes [4,5]. In particular, substantial knowledge has been 
accumulated regarding the kinetic properties of the sugar transport and its 
inhibition by phlorizin [5--7]. However, little is known about the identity of 
the proteins responsible for the transport and the nature of the chemical groups 
involved. At least part of the difficulty lies in the fact that the sugar carriers are 
extremely scarce in this membrane. From [3H]phlorizin binding studies it has 
been calculated that only 10--40 pmol binding sites are present per mg protein 
[6]. Thus, if an Mr of 100 000 is arbitrarily assumed, these phlorizin binding 
sites would constitute a maximum of 0.4% (w/w) of the protein. 

The involvement of sulfhydryl groups in this transport process is reasonably 
well substantiated. Stifling [8], Schaefferetal .  [9] and Lernere ta l .  [10] 
found mercurials to inhibit sugar uptake into intestinal segments, and Klip et 
al. [11] found p-chloromercuribenzoate and p-chloromercuriphenylsulfonate 
to be powerful inhibitors for D-glucose uptake and phlorizin binding in brush- 
border membrane vesicles. These observations prompted several investigators 
to a t tempt  the identification of  the transport protein(s) by labeling with radio- 
active p~hloromercuribenzoate followed by electrophoretic analysis [12,13]. 
However, p-chloro[2°3Hg]mercuriphenylsulfonate is commercially available 
only at rather low specific activities (10--100 mCi/g Hg, Amersham). Con- 
sidering the density of the carriers in the membrane (see above) and assuming 
a 1 : 1  stoichiometry for the reaction of p-chloromercuriphenylsulfonate 
with the carrier, one can calculate how much radioactivity is associated with 
the transport protein. Thus, when a 100 pg protein sample is used for gel 
electrophoresis, a maximum of 6--60 dpm will be associated with the 
inhibitory site. This amount  of radioactivity is difficult to determine accurately 
with the detection methods currently available. 

We report here an at tempt  to label the intestinal sugar carrier based on a 
combination of  selective enrichment and labeling techniques. The present 
approach has the following advantages: (i) The inorganic mercuric ion (referred 
to hereafter as HgC12, even though a variety of stable complexes with CI-, 
OH- and other anions co-exist in aqueous solution) was used instead of organo- 
mercurials. HgC12 was found to be a more powerful inhibitor of glucose uptake 
and phlorizin binding than either p-chloromercuribenzoate or p-chloromercuri- 
phenylsulfonate, and its radioactive isotope is available at much higher specific 
activities. (ii) A membrane preparation enriched in phlorizin binding sites was 
used. Enrichment was achieved by controlled extraction with deoxycholate. 
(iii) The labeling procedure was correlated with phlorizin binding and D-glucose 
transport measurements. Therefore, optimal conditions could be used for the 
gel electrophoretic analysis. 
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Materials 

2°3HGC12 (1.4 Ci/g Hg) and [G-3H]phlorizin (2.06 Ci/mmol) were purchased 
from New England Nuclear and D-[13H]glucose (8.3 Ci/mmol) from 
Amersham. A 10 mM stock solution of  HgC12 (Merck) was kept  at room 
temperature.  Solutions of  N-ethylmaleimide (Fluka), 5,5'-dithiobis-(2-nitro- 
b e n z o i c  acid) (Fluka) and diazinedicarboxylic acid bis<limethylamide (Cal- 
biochem) were prepared fresh every day. A 5% (w/v) potassium deoxycholate  
solution (pH 9.0) was prepared f rom deoxycholic  acid, (Fluka) and kept at 
4°C. The molecular weight standard proteins were from Boehringer, Mannheim. 
Trypsin and N~x-p-tosyl-L-lysine chloromethyl  ketone and dithioerythritol  
were from Sigma. 

Methods 

Brush-border membranes from rabbit  small intestine were prepared accord- 
ing to the method of  Schmitz et al. [4] as modified by Kessler et al. [14].  
The final vesicles were frozen in solid CO2/C2HsOH at a protein concentration 
of  20--25 mg/ml in 300 mM mannitol, 10 mM Hepes-Tris, pH 7.0 (buffer A) 
and 1 mM dithioerythri tol  and stored at --20°C. The membranes were thawed 
at 25°C within one week of  preparation and washed in buffer  A to remove all 
traces of  dithioerythritol.  When indicated, the vesicles were treated with 
deoxycholate  at a ratio of 0.65 mg deoxycholate /mg protein as previously 
described [15].  When required, the deoxycholate-extracted membranes were 
subjected to further purification by alkaline treatment.  The pelleted mem- 
branes were resuspended to a final concentration of  approx. 1 mg/ml in an ice- 
cold solution of  300 mM mannitol containing enough NaOH to bring the pH 
up to 12. After 5 min of  incubation at 0°C, the membranes were sedimented 
and resuspended in buffer A, washed once and finally resuspended in buffer  A 
to approx. 10 mg protein/ml. For proteolysis, deoxycholate-treated mem- 
branes (1.2 mg protein/ml in buffer  A) were exposed to trypsin (1 : 50, w/w, 
enzyme to membrane protein) at room temperature for 10 min. The reaction 
was s topped with 5 vols. buffer A containing 1 mM N~-p-tosyl-L-lysine chloro- 
methyl  ketone followed by sedimentation of  the membranes. Protein was 
determined according to the method of  Bradford [16] using the Bio-Rad 
reagent. 

Treatment with sulfhydryl group reagents. In all the incubations described 
below, the final concentration of  membrane protein was 1.2 mg/ml. Intact 
vesicles or deoxycholate-treated membranes were incubated with the indicated 
concentrations of  HgC12 or 2°3HGC12 in buffer  A on ice for 5 min. The suspen- 
sions were then diluted with 5 vols. ice,cold buffer  A, followed by centrifuga- 
tion at 60 000 × g for 30 min. When indicated, the diluting solution contained, 
in addition, either 1 mM EDTA or 5 mM dithioerythritol.  

Reaction of  deoxycholate-extracted membranes with the appropriate con- 
centrations of  N-ethylmaleimide, DTNB or diazinedicarboxylic acid bis- 
dimethylamide was performed in buffer A at room temperature for 10 min. 
This was followed by a 5-fold dilution with ice~cold buffer A and sedimenta- 
tion of  the membranes. The pelleted membranes were finally resuspended in 
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buffer  A to a final concentrat ion of  10--20 mg protein/ml and used for binding 
or transport measurements and gel electrophoresis. 

Binding and transport measurements. Phlorizin binding was determined as 
described [6,7,17] using membranes equilibrated at room temperature with 
buf fer  A containing 200 mM of either NaC1 or KC1. The incubation was started 
by the addition of 5 pM [3H]phlorizin (final concen t ra t ion)and  terminated 
after 15 s by dilution and filtration. The specific Na÷-dependent phlorizin 
binding was calculated by subtracting the amount  of  phlorizin bound in the 
presence of K ÷ ('non-specific' binding, see Ref. 17) from that bound in the 
presence of Na ÷ (total binding). D-Glucose transport was measured under two 
different conditions: (a) concentrative uptake was performed in buffer A at 
room temperature as described in Ref. 14, using 0.1 mM D-[1-3H]glucose 
and 100 mM NaSCN; (b) tracer~exchange measurements were performed after 
equilibrating the vesicles in buffer A with 0.1 mM D-glucose and 100 mM of  
either NaC1 or KC1 at room temperature for 30 min. Transport was initiated 
by mixing 10-~1 aliquots of  the membrane suspension with 10 ~1 of the same 
buffer  containing 1 pCi D-[3H]glucose. The incubation was stopped at the 
desired times by dilution with 3 ml ice~cold stop solution (250 mM KC1/ 
i mM Tris-HC1, pH 7.0) followed by filtration. 

Determination of sulfhydryl groups. The total amount  of  sulfhydryl groups 
was determined essentially by the method of  Ellman [18]. The membranes 
(0.5 to 1.0 mg protein/ml) were dissolved in a solution containing 100 mM 
Tris-HCl (pH 7.8), 1 mM EDTA, 5 mM DTNB and 1% SDS. After 5 min the 
reaction was completed and the absorbance at 412 nm determined. After  
subtracting the contributing light~cattering, the amount  of  sulfhydryl groups 
was calculated using an extinction coefficient of  13 600 M -1 • cm -1. 

SDS-polyacrylamide gel electrophoresis. This was performed on 1 mm thick, 
8.5% slabs according to Laemmli [19]. The solubilizing mixture contained 2% 
SDS and 5 mM N-ethylmaleimide but  was devoid of / ] -mercaptoethanol  (see 
Results). After boiling for 90 s, 50 pg protein were applied to each slot. The 
gels were calibrated using rabbit phosphorylase a (Mr 92 500}, bovine serum 
albumin (Mr 67 500), ovalbumin (Mr 45000)  and bovine chymotrypsinogen 
(M r 25000)  as standards. For autoradiography, the Coomassie blue-stained 
gels were dried under vacuum and exposed to Kodirex X-ray film at room 
temperature for at least 10 h. 

Results 

11 Effect of  HgCl: on D-glucose uptake 
When an inwardly~lirected electrochemical gradient of  Na + is applied across 

the membrane of brush-border vesicles, D-glucose is transiently concentrated 
in the intravesicular space. This phenomenon,  known as 'overshoot' ,  is brought 
about  by the coupling of  glucose flux to the Na ÷ gradient, which provides the 
energy for the uphill accumulation of  the sugar. Eventually, the Na ÷ gradient 
is dissipated and the glucose concentrat ion inside the vesicles approaches that  
of  the surrounding medium [5,14]. Fig. 1 shows the t ime course of glucose 
uptake when a NaSCN gradient was applied across the membrane.  The effect  
of  HgC12 on glucose accumulation was tested by pre-treating the membranes 
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Fig.  I .  (A)  E f f e c t  o f  increasing HgCI 2 c o n c e n t r a t i o n s  on  the  co ncentra t iv e  uptake  o f  D-g lucose  by  brush-  
border  ves ic les .  Ves ic les  (1.2 m g  p r o t e i n / m l )  w e r e  in c u b ated  w i t h o u t  ( e )  or w i t h  10 ~uM (o)  or  50 /~M 
HgCI 2 (X )  for 5 mi n  at 0 °C  and centr i fuged  af ter  d i lut ion .  The  re suspended  pel lets  w e r e  used  for  D- 
glucose uptake  d e t e r m i n a t i o n s  in the  presence  o f  an inwaxdly-d lrec ted  N a S C N  gradient .  The  po ints  are the  
m e a n  o f  dupl icate  d e t e r m i n a t i o n s  f r o m  a representat ive  e x p e r i m e n t .  (B)  C o n c e n t r a t i o n  d e p e n d e n c e  o f  the  
inhibi t ion  o f  concentra t ive  D-g lucose  u p t a k e  by HgCI 2 .  The  m a g n i t u d e  o f  the  o v e r s h o o t  in ves ic les ,  pre- 
t reated  at 1.2 m g  p r o t e i n / m l  w i th  various c o n c e n t r a t i o n s  o f  HgCI2,  was  d e t e r m i n e d  at 20 s in exper i -  
m e n t s  l ike that  s h o w n  in A.  The  points  are the  m e a n  + S.E. o f  three  e x p e r i m e n t s .  When n o t  ind ica ted ,  
the  error bars w e r e  smal ler  than the  s y m b o l s ,  

with various concentrations of  the agent for 5 min at 0°C. This figure shows 
that, even at concentrations of  HgC12 as low as 10 pM, the concentrative phase 
of  the uptake was drastically reduced: the equilibrium value, however, 
remained unaltered. Higher concentrations of  HgC12 inhibited further and 
eventually abolished the overshoot completely, while gradually decreasing the 
amount of  glucose trapped at equilibrium. In the experiment illustrated in 
Fig. 1A, over 50% reduction in the equilibrium value was obtained by pre- 
treatment with 50 #M HgC12. The results indicate that the milder treatment 
with HgC12 affected glucose transport but did not break the vesicles, whereas 
higher concentrations, in addition, made the vesicles leaky to the sugar. Experi- 
ments similar to that described above were performed at several HgC12 concen- 
trations and the amount of  glucose taken up after 20 s was compared to that 
of  untreated vesicles. The results of  three such experiments are shown in 
Fig. lB.  An average half-maximal inhibition of  the overshoot was reached with 
approx. 8 pM HgC12, which correspond to 6.7 nmol/mg protein. 

Inhibition by HgC12 could be due either to a direct effect on the sugar carrier 
or to a reduction of  the driving force provided by the electrochemical gradient 
of  Na*. The latter mechanism, which can be brought about by an increase in 
ionic conductance, has been found to mediate the inhibition of  the overshoot 
produced by low concentrations of  organomercuricals [11,20] and other 
sulfhydryl reagents [21].  To define the mechanism underlying the reduction in 
the overshoot by HgC12, the uptake of  D-glucose was measured in the absence 
of  ionic gradients under tracer-exchange conditions. Smaller amounts of  
glucose are taken up under these conditions than during the overshoot, due to 
the lack of  driving force provided by the gradient. Hence, the contribution of 
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uptake through parallel pathways becomes significant and must be considered. 
Whereas tracer exchange through the carrier requires Na ÷, the entry of glucose 
through alternative pathways occurs even in the absence of this cation. Thus, 
the fraction of the total flux that is carrier-mediated was calculated by sub- 
tracting the amount of glucose transported in the presence of K ÷ from that 
measured in Na ÷ media. Fig. 2A illustr.ates a typical experiment showing the 
time-course of D-[1-3H]glucose tracer-exchange. Sugar taken up through the 
Na÷~lependent system amounted to 80% of the total flux at 4 s, but only to 
approx. 40% at 8 s. Pre-treatment of the vesicles with 25 ~M HgC12 markedly 
reduced the rate of D-glucose uptake. This inhibitory effect was selective in 
that only the Na*-dependent component, but not the Na*-independent one, 
was affected. In fact, the Na*-independent fraction of the uptake was observed 
to increase slightly after treatment with HgCl: (see value at 60 s). This 
increased leakiness was more pronounced when concentrations of HgC12 above 
25 pM were used. Similar observations have been reported recently [20]. An 
increase in the uptake of L-glucose, which is not effectively transported by the 
carrier, has also been observed after pre-treatment with HgC12 (Biber, J., 
unpublished data). 

The sensitivity of the tracer exchange to HgCI: was determined by exposing 
the vesicles to increasing concentrations of the inhibitor. Fig. 2B shows the 
pooled data of three such experiments performed in duplicate. Only the Na ÷- 
dependent flux is illustrated, and the values are given as percent of the flux 
in untreated vesicles. The uptake was determined at 4 and 8 s, and essentially 
identical results were obtained. Half-maximal inhibition was achieved with 
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Fig.  2.  A.  I n h i b i t i o n  b y  HgCI 2 o f  D-g lucose  u p t a k e  u n d e r  e q u i l i b r i u m  c o n d i t i o n s .  Vesic les  (1 .2  m g  
p r o t e i n / m l )  w e r e  t r e a t e d  w i t h  (re,o) o r  w i t h o u t  (o ,o )  25 /~M HgC12 fo r  5 m i n  a t  0 ° C  f o l l o w e d  b y  d i l u t i o n  
a n d  c e n t r i f u g a t i o n .  D - [ 1 - 3 H ] g l u c o s e  t r a c e r - e x c h a n g e  was  m e a s u r e d  a f t e r  e q u i l i b r a t i n g  t h e  vesicles  w i t h  
0 .1  m M  D-g lucose  a n d  1 0 0  m M  of  e i t h e r  NaCI ( e , i )  or  KCI ( o o )  in  b u f f e r  A.  The  i n t e r n a l  v o l u m e  of  the  
vesicles  was;  c a l c u l a t e d  us ing  the  e q u i l i b r i u m  values  a t  3 0  r a in  a n d  the  spec i f i c  a c t i v i t y  o f  t he  i n c u b a t i o n  
s o l u t i o n .  T h e  p o i n t s  are  t he  m e a n  o f  d u p l i c a t e  d e t e r m i n a t i o n s  f r o m  a t y p i c a l  e x p e r i m e n t .  B.  C o n c e n t r a -  
t i o n  d e p e n d e n c e  o f  t he  i n h i b i t i o n  b y  HgC12 o f  Na+-zequi r ing  D-g lucose  u p t a k e  u n d e r  e q u i l i b r i u m  cond i -  
t i ons .  Vesic les  (1 .2  m g  p r o t e i n / m l )  we re  t r e a t e d  w i t h  the  c o n c e n t r a t i o n s  o f  HgC12 s h o w n  o n  t h e  absc i s sa  
as d e s c r i b e d  a n d  t h e n  u s e d  f o r  t r a c e r - e x c h a n g e  e x p e r i m e n t s  l ike  t h a t  i l l u s t r a t e d  in  A.  The  N a + < l e p e n d e n t  
p a r t  o f  t h e  i n f l u x  a t  4 s w a s  c a l c u l a t e d  b y  s u b t r a c t i n g  the  N a + - i n d e p e n d e n t  f r a c t i o n  f r o m  the  t o t a l  f lux ,  
The  p o i n t s  axe t h e  m e a n  ± S.E.  o f  t h r e e  e x p e r i m e n t s  p e r f o r m e d  in  d u p l i c a t e .  E r r o r  ba r s  sma l l e r  t h a n  the  
s y m b o l s  a re  n o t  i l l u s t r a t ed .  
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approx. 14 pM HgC12. A comparison of Figs. 1B and 2B indicates that the 
overshoot was more sensitive to inhibition by HgC12 than the tracer exchange: 
the former was more than 50% inhibited by 10 pM of the inhibitor, whereas 
the latter was barely affected at this concentration. 

2. Effect of HgCl~ on phlorizin binding 
A deoxycholate-extracted preparation of brush-border vesicles recently 

developed in our laboratory [15] appears suitable for labeling studies of the 
glucose carrier. Unfortunately, extraction with deoxycholate renders the 
membranes leaky so that no transport measurement is feasible. Therefore, if 
the inhibitory effect of HgC12 is to be studied in this preparation, other param- 
eters such as the binding of [aH]phlorizin must be determined. The results of 
this analysis are depicted in Fig. 3. Only the Na÷~iependent component of the 
binding is illustrated (see Methods). HgC12 was found to he a potent inhibitor 
of phlorizin binding to deoxycholate-treated membranes. Half-maximal inhibi- 
tion was brought about by 20 #M HgC12. In order to test whether the inhibi- 
tion was the result of the reaction of HgC12 with SH groups and whether gross, 
irreversible changes of the binding site occurred, HgCl:-treated membranes were 
washed in buffer A containing 5 mM dithioerythritol, and then used for 
phlorizin binding determinations. These results are also shown in Fig. 3. Sub- 
stantial recovery of the binding was observed, particularly at the lower 
inhibitor concentrations. In contrast, no significant recovery of the binding was 
obtained after washing with 1 mM EDTA membranes pre-treated with 50 #M 
HgC12, and only 24% recovered after 25 pM HgC12. 

For comparison, a parallel series of experiments was performed using intact 
vesicles. Pre-treatment with increasing concentrations of HgCl: also effectively 
reduced phlorizin binding to these membranes. In three experiments performed 
in duplicate, binding was found to be 79.5 -+ 13.4% of the control value after 
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Fig. 3.  Inhib i t ion  o f  phlorlz in  b inding  by  HgCI 2 and reversal  by  d i th ioery thr i to l .  O e o x y c h o l a t e - e x t r a c t e d  
m e m b r a n e s  ( 1 . 2  m g  p r o t e i n / m l )  w e r e  treated  ~or 5 min  at  0°C w i t h  the  c o n c e n t r a t i o n s  o f  HgCI 2 s h o w n  
o n  the  abscissa,  f o l l o w e d  b y  d i lut ion  w i t h  e i ther  buf fer  A (e)  or buf fe r  A con t a in ing  5 mM di th ioery-  
thri to l  (o) and f inal ly centr i fuged .  The  phlor iz in  b inding  was  measured  as descr ibed  in Methods .  The  
Na+-dependent  fract ion  was  ca lculated  b y  subtract ing  the  H a + i n d e p e n d e n t  fract ion  f rom t o t a l  binding  
and is expres sed  as p e r c e n t  o f  the  c o n t r o l .  The  po ints  are the m e a n  + S,E. of th ree  e x p e r i m e n t s  p e r f o r m e d  
in dup l i ca te .  Er ror  bars smaller  t h a n  the  s y m b o l s  are n o t  i l lus t ra ted .  
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10 pM HgC12, and complete inhibition was caused by 50 pM HgC12. Also, 
considerable reversal of the inhibition was achieved with 5 mM dithioerythritol. 

3. Can inhibition by HgCl2 be protected by substrates? 
HgC12 is expected to react indiscriminately with sulfhydryl groups of a 

variety of membrane proteins. In order to identify the glucose carrier, a means 
must be devised to differentiate between the label bound to this and to other 
proteins. This could, in principle, be done by protecting the critical groups 
from being labeled, by addition of substrates or competitive inhibitors during 
the incubation with HgCI:, provided the latter inhibits at the substrate binding 
site. Unfortunately, our efforts to protect phlorizin binding from inhibition 
were unsuccessful. Deoxycholate-treated membranes exposed to 50 pM HgC12 
in the presence of 100 mM NaC1, 100 mM NaC1 plus 5 mM D-glucose or 100 
mM NaC1 plus 100 pM phlorizin, retained less than 10% of the binding of 
untreated membranes, in spite of the fact that the concentrations of glucose 
and phlorizin used were more than 5-fold above those needed for half-satura- 
tion of the transport sites [5,6]. 

4. Reaction with sulfhydryl residues 
An alternative approach to enhance the specificity of the labeling consists 

of minimizing the number of sulfhydryl residues available during the labeling 
steps. This can be achieved by prior treatment of the membranes with sulf- 
hydryl agents that do not react with the essential residues of the glucose 
carrier. We tested a variety of reagents for their ability to reduce the number of 
sulfhydryl residues, and simultaneously determined their potency as inhibitors 
of phlorizin binding. The results of this survey are presented in Table I. The 
first column shows that up to 40% of the total membrane sulfhydryl groups 
could react with some of the agents, e.g., 5 mM diazinedicarboxylic acid bis- 
dimethylamide or 2.5 mM DTNB. However, phlorizin binding to these mem- 
branes remained virtually intact (second column). To determine if the essen- 
tial sulfhydryl groups were still susceptible to inhibition by HgC12, the mem- 
branes pre-treated with the different agents were exposed to a subsequent 
treatment with 50 pM HgC12. The last column of the table shows that binding 
of phlorizin was completely abolished by the second treatment. 

5. Effect of HgCl2 on polypeptide electrophoretic pattern 
A necessary condition for the identification of the glucose carrier is that the 

label should remain attached to the proteins during analytical procedures. For 
this reason, reducing agents were omitted from the solubilizing solution used 
for gel electrophoresis, the method chosen for polypeptide fractionation (see 
below). Since this could seriously alter the migratory behavior of the bands, 
preliminary experiments were performed to test the effect of HgC12 and of the 
lack of/3-mercaptoethanol on the gel pattern. Deoxycholate~extracted mem- 
branes were treated with varying HgCI2 concentrations under the same condi- 
tions used for inhibition studies, boiled in 2% SDS, and subjected to SDS- 
polyacrylamide gel electrophoresis (this treatment both solubilized and 
dissociated oligomeric proteins, such as the sucrase-isomaltase complex). The 
results of a typical experiment are shown in Fig. 4. Even though the individual 
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P R O P E R T I E S  O F  D E O X Y C H O L A T E - E X T R A C T E D  B R U S H - B O R D E R  M E M B R A N E S  

Deoxycho la te - ex trac ted  membranes  (1.2 mg protein/m-l) were  treated wi th  the concentrat ions  o f  the 
agents l isted, for 10  rain at r o o m  temperature.  After  centri fugat ion,  some  membranes  were  used for the 
determinat ion o f  su l fhydryl  group content ,  whi le  the rest were  incubated a further 5 rain at 0°C in buffer  
A with  or  w i t h o u t  5 0 / ~ M  H g C I  2. After  di lution and centri fugat ion,  the  pellets  were  resuspended and u s e d  
for phloriz in  binding determinat ions .  Only the N a + d e p e n d e n t  fraction o f  the  binding is given. The data 
are given as percent  o f  the contro l  (un~eacted) values. The values are the mean  ± S . E .  of  three e x p e r i -  

m e n t s  performed in dupl icate  (n.d. ,  n o t  determined) .  The number  o f  SH groups which  reacted wi th  
Ellman's  reagent in contro l  membranes  was taken  as 1 0 0 % .  D i a m i d e ,  diazinedicarboxyHe acid bis-di- 
methy lamide;  D T N B ,  5 ,5t-dithiobis- (2-nitrobenzoate) .  

Agent  Concentrat ion  SH groups Phlorizin Phlorizin binding 
mM reacted binding after HgC12 

% % % 

Diamide 0 . 5  1 4 . 9  ± 1 . 3  1 0 7 . 0  ± 6 . 5  1 .6  _+ 1 . 6  

2 . 5  3 1 . 9  ± 3 . 9  8 8 . 2  ± 1 1 . 5  2 . 8  _+ 2 . 8  
5 . 0  3 9 . 4  ± 4 . 0  9 3 . 6  ± 1 2 . 9  n . d .  

Iodoace tamide  0 . 5  1 1 . 0  ± 0 . 4  1 0 2 . 9  ± 7 . 3  4 . 6  ± 2 . 4  

2 . 5  1 9 . 9  ± 1 .1  8 6 . 7  ± 5 .8  3 . 2  ± 3 . 2  

D T N B  0 . 5  1 9 . 8  ± 2 . 3  9 9 . 7  ± 2 . 6  8 .7  ± 7 . 4  

2 . 5  4 1 . 1  ± 2 .9  8 3 . 0  ± 7 . 2  6 . 3  ± 6 . 0  

N-Ethy lmale imide  0 . 5  3 1 . 9  -+ 1 .3  1 0 6 . 2  • 8 . 2  3 .9  -+ 2 .9  
2 . 5  3 8 . 8  + 4 . 4  8 2 . 2  ± 9 . 2  7 .1  -+ 2 .7  

bands are not as sharp, the overall pattern of  control membranes is essentially 
the same as that observed in the presence of  ~-mercaptoethanol (see Refs. 15 
and 17). The migration of  certain bands was altered by treatment with HgC12, 
most changes occurring at concentrations higher than 25 pM. Among the major 
changes are: (a) the bands labeled I and S gradually fade whilst new bands with 
lower mobility increase in intensity; (b) the actin-like band, A, disappears as 
a series of new bands form in the Mr 35000  to 40000  region. At high HgC12 
concentrations the fastest of  these bands attains a staining intensity com- 
parable to that of the original actin band. These new bands formed by HgC12 
are not the result of  peptide bond cleavages, since the normal pattern .was 
recovered when the membranes were washed with dithioerythritol prior to 
electrophoresis. It is pertinent to point out that other organomercurial reagents 
such as p-chloromercuriphenylsulfonate can also enhance actin mobility, :and 
that this behavior is reversed by dithioerythritol [13]. Faster migration of  a 
band could result from an increase in the amount of  SDS bound, whereas 
slower mobility could reflect aggregate formation. Interestingly, the alterations 
in electrophoretic mobility produced by HgC12 (50 #M) were only marginally 
reversed by washing with 1 mM EDTA. 

These observations prompted us to select 25 /~M 2°3HgC12 to label de0xy- 
cholate-treated membranes. At this concentration only minor alterations in the 
electrophoretic profile were observed so that most bands were still easily 
identifiable. Moreover, this concentration was sufficient to produce nearly 
complete inhibition of  phlorizin binding. 
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Fi~. 4.  E f f e c t  o f  HgCI 2 o n  t h e  e l e c t r o p h o r e t i c  b e h a v i o r  o f  b r u s h - b o r d e r  m e m b r a n e  p o l y p e p t i d e s .  D e o x y -  
c h o l a t e - e x t r a c t e d  vesicles  (1 .2  m g  p r o t e i n / m l )  we re  i n c u b a t e d  fo r  5 m i n  a t  0 ° C  w i t h  the  c o n c e n t r a t i o n  
(#M) o f  HgCI 2 i n d i c a t e d  a t  t h e  b o t t o m  of  t he  gel.  A f t e r  d i l u t i o n  w i t h  b u f f e r  A ,  the  m e m b r a n e s  w e r e  
c e n t r i f u g e d  a n d  t h e  pe l le t s  u s e d  fo r  e l e c t r o p h o r e s i s  in  8 .5% a c r y l a m i d e  gels.  W h e n  i n d i c a t e d ,  t h e  buf fer  
u s e d  fo r  d i l u t i o n  c o n t a i n e d ,  in  a d d i t i o n ,  I m M  E D T A  or  5 m M  d i t h i o e r y t h r i t o l  (DTE) .  The  gels we re  
s t a i ned  w i t h  C o o m a s s i e  b lue .  I,  i s o m a l t a s e - c o n t a i n i n g  b a n d ;  S, s u c r a s e - c o n t a i n i n g  b a n d ;  A,  ac t in - l ike  
prote in;  TD,  t r a c k i n g  d y e  ( b r o m o p h e n o l  b lue ) .  The  m o l e c u l a r  w e i g h t  scale  is s h o w n  to  the  r i gh t .  

6. Labeling with 2°3HgCl2 
Deoxycholate-treated membranes were labeled with 25 ~M 2°3HGC12 and 

analyzed by SDS-polyacrylamide gel electrophoresis as described under 
Methods. Redistribution of the label from the original binding site to 
sulfhydryl groups which become exposed upon protein denaturation was 
prevented by blocking the latter with N-ethylmaleimide. The label, however, 
was not displaced by the alkylating agent, since no radioactivity could be 
detected in the running buffer, the staining or de~taining solutions. Fig. 5 
shows the labeling pattern of control deoxycholate~xtracted membranes. Most 
of the bands contain radioactivity but the labeling is selective inasmuch as the 
amount of 2°3HgC12 bound is not proportional to the abundance of the P01y- 
pcptides. Most of the label is found in the S-I bands, in the region correspond- 
ing to Mr 60 000 to 70 000, and near the running front of the gel. A small 
amount of aggregated material was regularly observed on top of the gel. 

Pre-treatment of membrane sulfhydryl groups with 5 mM diazinedi- 
carboxylic acid bis<iimethylamide did not change the polypeptide composition 
of the membranes but reduced the amount of label bound to some bands, such 
as actin and the bands of Mr approx. 100 000 migrating ahead of sucrase. In 
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Fig.  5. L a b e l i n g  o f  d e o x y c h o l a t e - e x t r a c t e d  m e m b r a n e s  w i th  2°3HGC12.  C o o m a s s i e  b lue  s t a i n i n g  ( lef t )  
a n d  a u t o r a d i o g r a p h i c  ( r igh t )  p a t t e r n s  a re  s h o w n  fo r  m e m b r a n e s  t r e a t e d  w i th  203HgC12 u n d e r  va r ious  
c o n d i t i o n s :  c o n t r o l ,  m e m b r a n e s  (1 .2  m g  p r o t e i n / m l )  we re  i n c u b a t e d  w i th  2 5  ~M 203HGC12 f o r  5 m i n  
a t  0 ° C  a n d  w a s h e d  in b u f f e r  A;  d i a z i n e d i c a r b o x y l i c  ac id  b i s - d i m e t h y l a m i d e  (d i amide ) ,  p r i o r  to  203HgC12-  
t r e a t m e n t  t he  m e m b r a n e s  were  i n c u b a t e d  w i th  5 m M  d i a m i d e  f o r  10  ra in  a t  r o o m  t e m p e r a t u r e  
a n d  t h e n  w a s h e d  in b u f f e r  A;  p H  12,  p r i o r  t o  2 0 3 H g C l 2 - t r e a t m e n t  t he  m e m b r a n e s  were  e x t r a c t e d  
a t  p H  1 2  in 3 0 0  m M  m a n n i t o l  fo r  5 vain a t  O°C, t h e n  c e n t r i f u g e d  a n d  w a s h e d  o n c e  in b u f f e r  A;  t r y p s i n ,  
p r i o r  t o  2 0 3 H g C l 2 - t r e a t m e n t  t he  m e m b r a n e s  (1 .2  m g  p r o t e i n / m l )  were  i n c u b a t e d  f o r  10  ra in  a t  r o o m  
t e m p e r a t u r e  w i th  t r y p s i n  (1 : 50 ,  w / w )  a n d  the  r e a c t i o n  s t o p p e d  w i th  1 m M  N-c~-p-tosyl-L-lysine c h l o r o -  
m e t h y l  k e t o n e ;  d i t h i o e r y t h r i t o l  (DTE) ,  m e m b r a n e s  l abe led  as d e s c r i b e d  f o r  t he  c o n t r o l  we re  w a s h e d  
o n c e  w i t h  b u f f e r  A c o n t a i n i n g  5 m M  d i t h i o e r y t h r i t o l .  The  r e g i o n  o f  M r 7 0 0 0 0  is i n d i c a t e d .  All o t h e r  
de ta i l s  as in Fig .  4 .  

contrast, 2°3Hg binding to other bands was essentially unaffected. Similar 
results were obtained by pre-treatment with DNTB or N~ethylmaleimide. 

Brief exposure of deoxycholateoextracted membranes to solutions of pH 12 
releases several polypeptides whilst the phlorizin binding sites are preserved 
[15]. Binding of the glycoside to these alkali-extracted membranes was also 
found to be inhibited by HgC12 (data not shown). The Coomassie blue and 
labeling patterns of alkali-extracted membranes are shown in Fig. 5. Several 
,of the labeled bands have been removed so that most of the 2°3Hg is found in 
the isomaltase-containing band (I), the Mr 60 000 to 70 000 region and co- 
migrating with the tracking dye. Minor labeled components are observed 
elsewhere in the gel. 

Trypsin abolishes phlorizin binding to deoxycholate-treated vesicles [17]. 
This effect, which is also produced by other proteolytic enzymes, is pre- 
sumably associated with the fragmentation of the binding protein. The auto- 
radiographic pattern of 2°3Hg-labeled trypsin-treated membranes is shown in 
Fig. 5. Treatment with the enzyme brought about two main alterations in the 
radiographic profile: the labeling intensity in the Mr 60000--70000 area 
decreases with the concomitant appearance of 2°3Hg binding material in the 
Mr 50000--55 000 region. The latter may have derived from the former. 
Increased labeling near the gel front and minor changes in other bands were 
also noted. 

Fig. 5 also shows the results of washing 2°3HgC12-treated membranes with 
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dithioerythritol.  As noted before, dithioerythritol  reversed the effect  of  the 
inhibitor on the electrophoretic profile of  the membranes (Fig. 4). It also 
removed over 95% of the bound isotope, and simultaneously restored most  of  
the phlorizin binding activity {Fig. 3). Accordingly, an amount  of protein 
similar to that  applied to the control gel produced only a barely<letectable 
radiographic image. In contrast, EDTA did not  reverse the changes in electro- 
phoretic behavior induced by HgC12, nor was it able to restore glycoside bind- 
ing. Only 20--25% of the bound 2°3HgC12 was removed by EDTA and the 
labeling pattern was only slightly affected (not shown). 

Discussion 

1. The nature o f  the sites involved in the inhibition o f  sugar uptake and 
phlorizin binding 

HgC12 proved to be a very effective irreversible inhibitor of  glucose transport 
in brush-border vesicles. It reacts rapidly under mild conditions, and is remark- 
ably more potent  than other mercurial [11] or non-mercurial (Table I) sulf- 
hydryl  reagents. The potency of mercury as an inhibitor was found to differ 
when sugar uptake was measured whilst imposing an inward Na ÷ gradient and 
under equilibrium conditions (Figs. 1 and 2). In the former case, the D-glucose 
flux is known to be strongly dependent  on the magnitude and polarity of  the 
electrochemical Na ÷ gradient. Thus, shunting of  the membrane conductance 
could explain the reduction in the overshoot observed at very low HgC12 con- 
centrations. In fact, several sulfhydryl reagents have been shown to increase 
Na ÷-permeability in brush-border vesicles [ 20,21 ]. This difficulty is eliminated 
by measuring the uptake under equilibrium (tracer-exchange) conditions, and 
the data thus obtained should better reflect the interaction of  the sugar carrier 
with mercury.  In keeping with this prediction, mercury displayed a similar 
potency to inhibit sugar tracer~exchange and phlorizin binding to the carrier 
when both were measured in the absence of either electrical or ionic gradients 
(Figs. 2 and 3). 

When equal amounts of protein were used, similar concentrations of  HgC12 
were required to inhibit phlorizin binding to intact and deoxycholate-extracted 
brush-border membranes. In both cases, the inhibition was largely reversed by 
dithioerythri tol  but  only slightly by EDTA. Thus, the same site(s) appears to 
have reacted in both preparations. The chemical nature of the group which 
reacted in the inhibitory process cannot  be unequivocally established but it is 
reasonable to assume that  a sulfhydryl side chain is involved. In fact, although 
HgC12 can, in principle, react with a variety of chemical groups, including 
phosphoryl and carboxyl moieties, its affinity for sulfhydryl side chains is 
much higher [22]. The stability constant for the dissociation of  HgC12 and a 
simple thiol has been reported to be as high as 1 • 10 -40 to 1 • 10 -44 [22], so 
that  when the thiol is present in an excess over HgCI: (as was the case in most  
of  our experiments) no other  group is expected to react. The observed reversal 
by a competing thiol (Fig. 3) is also consistent with this notion. A similar con- 
clusion was reached by Stifling [8] and by Lerner et al. [10] using intestinal 
segments. 

The affected sulfhydryl group does not  appear to be located at either the 
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sugar or Na ÷ binding sites, or at the hydrophobic region which is believed to 
interact with the aglycone moiety of phlorizin [3]. This conclusion is based 
on the finding that neither glucose nor phlorizin was capable of protecting the 
inhibition of glycoside binding by HgC12. Previous work from this and other 
laboratories [10,11] had suggested that the reactive sulfhydryl group is not 
easily accessible from the outer milieu. Since the transport and inhibitor 
binding sites must be externally exposed, formation of the critical mercaptide 
probably occurs at a site more deeply located in the membrane. 

2. Labeling of the sugar carrier with 2°3HgCl2 
The enormous stability of the mercaptide bond allowed us to attempt the 

identification of polypeptides involved in sugar translocation. Thus, rather 
lengthy separation techniques such as gel electrophoresis could be employed 
while the mercury remained attached to the proteins. In the light of the 
criticisms raised in the Introduction concerning previous reports of labeling 
with organomercurials, the feasibility of our approach must be stressed. Firstly, 
deoxycholate-treated vesicles provide an experimental system in which the 
glucose carrier is enriched several-fold compared to the systems used in the 
past. Secondly, a detailed preliminary analysis of the inhibitory properties of 
HgC12 permitted us to select the optimal conditions for the labeling process, 
therefore reducing non-specific binding of HgC12. Thirdly, prior to the labeling 
step, we were able to block with various reagents sizeable amounts of 
sulfhydryl groups not involved in D-glucose transport or phlorizin binding. 
Finally, the availability of radioactive ~°3HgC12 of specific activities far greater 
than those of organomercurials allowed the application of substantial amounts 
of radioactivity to the gels. Assuming that only one cysteinyl residue per 
protein need react to bring about inhibition, and considering the density of 
transport sites in deoxycholate-treated membranes [15], it is possible to cal- 
culate the maximum amount of radioactivity in the gel which is related to 
transport inhibition. Using 2°3HGC12 with a specific activity of 1.4 Ci/g Hg, and 
applying 50 #g of protein to one slot of the gel (see Methods), up to 1.4 nCi 
will be associated with the inhibitory site. A band containing this amount of 
radioactivity can be clearly discerned by autoradiography after a relatively 
short exposure time [23]. 

In order to identify the glucose carrier protein, several known features of 
the system must be taken into account. We had earlier shown that phlorizin 
binding to deoxycholate-treated membranes is enriched after removal of 
extrinsic proteins with alkali and abolished by proteolysis with trypsin [15,17]. 
In the present work we found that treatment with several reagents can reduce 
the number of sulfhydryl groups by up to 40% without appreciably inhibiting 
phlorizin binding (Table I) and that subsequent addition of HgC12 abolished 
the binding. Moreover, dithioerythritol, but not EDTA, was found to reverse 
the inhibition. Considering these properties, the band(s) corresponding to the 
glucose transport proteins must fulfill the following criteria: (a) it must be 
labeled; (b) in membranes treated with either DTNB, diazinedicarboxylic acid 
bis<limethylamide or N-ethylmaleimide prior to the addition of 2°3HgC12, the 
band should not only remain labeled, but also represent a larger fraction of the 
total counts; (c) the band must be substantially enriched after treatment at 
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pH 12; (d) most of  the label must remain bound after washing with EDTA but  
should be removed by dithioerythritol;  (e) the electrophoretic mobility of the 
band must increase after proteolysis with trypsin (an exception to this pre- 
diction could occur if the proteolytic cleavage took place at a site contained in 
a loop bounded by a disulfide bond: because the samples were applied to the 
gel without  prior reduction, the proteolytic fragment could be held together 
by the disulfide bridge). 

Analysis of  Fig. 5 shows that  most of  the bands stained by Coomassie blue 
are also labeled by 2°3HGC12, but  that the relative specific activities of  the 
various bands vary greatly. In addition, some of  the bands meet  some of  the 
criteria listed above but only a diffuse band of Mr 60 000 to 70 000 fulfills 
them all. Knowing that  approx. 90% of the added radioactivity was incor- 
porated by the membranes it is possible to estimate the minimum fraction of 
the counts which is related to transport and glycoside binding inhibition. Under 
optimal conditions, i.e., when the carrier has been enriched 6 - to  7-fold by 
combined deoxycholate  and alkaline treatment,  and assuming that  only one 
sulfhydryl group is labeled, approx. 2% of  the isotope is bound to the transport 
protein. This figure must be multiplied by the number  of sulfhydryl residues in 
the protein, if more than one are present and labeled, which is not  unexpected 
for a polypeptide of  high molecular weight. Even though the limitations 
inherent  in the autoradiography of 2°3Hg make a precise quantitation difficult, 
the amount  of radioactivity found in the Mr 60 000 to 70 000 region is con- 
sistent with the above predictions. 

Naturally, the data discussed above do not  provide final evidence to 
implicate a particular polypeptide in the process of sugar translocation. They 
are, nevertheless, useful to rule out  some components  as possible candidates 
(e.g., S-band, actin or the bands of Mr 20000 to 30000) .  Klip e ta l .  [15] 
recently described efforts to partially purify and identify the sugar transport 
component  with a band in the electrophoretic pattern of brush-border mem- 
branes. Interestingly, after ruling out  a number of bands present in the original 
preparation, they  suggested that  a band of  Mr approx. 70 000 could be involved 
in sugar transport. This polypeptide, named 7f in Ref. 15, displayed the same 
diffuse broad profile and is presumably analogous to the Mr 60 000 to 70 000 
band observed in this work * 

These results are in obvious disagreement with previous reports [12,13] in 
which the glucose transport activity was linked to proteins of lower Mr which, 
at least in one case, were identified as actin (actin is almost completely 
removed from brush-border membrane vesicles by t rea tment  with deoxy- 
cholate without  sizeable loss of phlorizin binding capacity [15]). Although 
more than one type  of  polypeptide chain could be involved in sugar transloca- 
tion, so that  the data are not  necessarily contradictory,  more evidence is 
needed for the final elucidation of the number  and the nature of the con- 
stituents of  the transport system. 

* U n f o r t u n a t e l y ,  the  e l e c t r o p h o r e t i c  s y s t e m  used in the  present  paper  did by  neces s i ty  d i f fer  in s o m e  
detai ls  f r o m  that  used  earl ier  (i.e., no  ~-rnercaptoethanol  was  added to  SDS) ,  so that  the  patterns  are 
n o t  quite  ident ica l .  Never the le s s ,  their  str iking s imi lar i ty  ( see ,  for e x a m p l e ,  Fig. 4 o f  this  paper  and 
Fig. 3 of  Ref .  15)  a l lows their  c o m p a r i s o n .  
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