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Summary. Previous studies have shown that urea and acetamide traverse the erythro- 
cyte membrane by way of facilitated diffusion. The nature of this selective pathway is 
unknown. The present studies investigate the effects of proteolytic enzymes and crosslink- 
ing agents on amide transport. Cleavage of the erythrocyte membrane surface by pronase 
or trypsin had no effect on urea and acetamide permeability or inhibition by phloretin. 
These findings suggest that the sialoglycopeptide segment of the sialoglycoproteins is 
not critical to urea and acetamide transport. In addition, extensive crosslinking of 
membrane proteins with glutaraldehyde had no effect on amide transport in the absence 
or presence of phloretin. 

The transport of urea across several membranes appears to occur by 

facilitated diffusion. In the human erythrocyte this conclusion is based on 

the fact that urea moves faster than its more lipid-soluble analogue, acet- 

amide, and the permeability of both these amides is decreased by phloretin 

(Macey & Farmer, 1970; Kaplan, Hays & Hays, 1974). A similar conclusion 

is suggested by Wieth and associates (1974) on the basis of flux studies. 

It has been suggested that the mechanism for urea transport involves a 

"selective pathway".  This pathway may include a protein constituent of 

the cell membrane (Hunter, George & Ospina, 1965). 

In the present studies, we have investigated the effects of membrane 

protein modification on amide permeability in the intact erythrocyte. 
Sodium metaperiodate was used to selectively oxidize the surface sialoglyco- 

proteins, trypsin and pronase to hydrolyze the cell surface proteins, and 

tannic acid and glutaraldehyde to crosslink membrane proteins. Our 

* Correspondence and reprint requests: Michael A. Kaplan, M.D., Dept. of Medicine, 
U.S.A.F. Regional Hospital, Maxwell Air Force Base, Montgomery, Alabama 36112. 
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f i nd ings  sugges t  t h a t  u n d e r  the  c o n d i t i o n s  e m p l o y e d ,  the  s i a l o g l y c o p e p t i d e  

s e g m e n t  of  t he  s i a l o g l y c o p r o t e i n s  of the  e r y t h r o c y t e  m e m b r a n e  p l a y  no  

a p p a r e n t  ac t ive  ro l e  in  f ac i l i t a t ed  d i f fu s ion  of  u r e a  a n d  a c e t a m i d e .  I n  a d d i t i o n ,  

ex tens ive  c r o s s l i n k i n g  of  m e m b r a n e  p r o t e i n s  a n d  t h e r e b y ,  p r e s u m a b l y ,  

m a j o r  a l t e r a t i o n s  in  s t r u c t u r e  h a v e  n o  effect  o n  a m i d e  p e r m e a b i l i t y .  

M a t e r i a l s  and  M e t h o d s  

Freshly collected blood was obtained in heparinized syringes from peripheral veins 
of normal laboratory personnel. Erythrocytes were washed and erythrocyte membranes 
prepared in isotonic sodium phosphate buffer at pH 7.4 (Dodge, Mitchell & Hanahan, 
1963) as previously described (Blumenfeld, Gallop & Liao, 1972). 

Urea and acetamide permeability was measured by the method of osmotic hemolysis. 
This method has been used extensively to indirectly measure the permeability of various 
nonelectrolyte solutes (Whittam, 1964). The theory of osmotic hemolysis has recently 
been reviewed (Rabinowitz & Gunther, 1973). At zero time a 0.1 ml aliquot of packed 
erythrocytes was pipetted into test tubes kept in an ice bath and containing 8 ml of a 2 M 
urea or acetamide solution buffered with 3 mM sodium phosphate at pH 7.0. Each tube 
also contained either ethanol, or phloretin (6 x 10 -4 M) dissolved in ethanol. Final 
ethanol concentration was 0.6 %. After addition of the cells, the tube under study was 
inverted and replaced in the ice bath for a specified length of time. It was then centrifuged 
(International Clinical Centrifuge, International Equipment Co., Needham Heights, 
Mass.) for 45 sec and slowly brought to a stop by hand pressure over a period of 15 sec. 
A 2-ml sample of the supernatant was carefully removed with a Pasteur pipette, trans- 
ferred to a 10 x75 mm tube, and the absorbance determined at 510 nm in a Coleman 
Junior Spectrophotometer. The blank (no hemolysis) was the supernatant from an aliquot 
of cells suspended in isosmolar NaCI. Complete hemolysis (100 %) was determined by 
suspending a 0.1 ml aliquot of cells in distilled water. The percent hemolysis of any 
given sample was determined by comparing its absorbance with that of the complete 
hemolysis tube. 

Periodate oxidation and borohydride reduction of sialic acid residues were performed 
as previously described (Blumenfeld et  al., 1972). Sodium metaperiodate was added to 
an aliquot of packed erythrocytes at a final concentration of 2 x 10 -3 M. After 10 min 
at room temperature with frequent agitation the oxidation reaction was terminated by 
1 : 1 dilution with isotonic phosphate buffer and addition of glucose on a 1 : 1 molar basis 
with the added periodate. The cells were then washed 3 times in isotonic phosphate 
buffer, tested for amide permeability, and membranes prepared. 

A tritium label was introduced into the sialoglycoprotein of the erythrocyte membrane 
after periodate oxidation by reduction with tritiated sodium borohydride (New England 
Nuclear Corp., Boston, Mass.). To 10 ml of periodate-treated erythrocytes was added 
0.7 mg of [H] 3 NaBH 4. The reduction was allowed to proceed at pH 7.4 for 20 min, at 
room temperature, with frequent agitation. The reaction was terminated by 1 : 1 dilution 
with isotonic phosphate buffer and washing 3 times. An aliquot of these labeled cells 
was lysed for membrane preparation and the rest used for subsequent experiments. 

Labeled erythrocytes were diluted 1:1 with isotonic phosphate buffer and then 
treated with either pronase, B grade (Calbiochem., Los Angeles, Cal.) or trypsin-TPCK 
(Worthington Biochem Corp., Freehold, N. J.). Incubation with 0.7 mg/ml of pronase 
or 0.4 mg/ml of trypsin was allowed to proceed for 60 min at room temperature at which 
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time the cells were washed 5 times with isotonic phosphate buffer 1, tested for amide 
permeability, and membranes prepared. Radioactivity of an aliquot of membranes was 
determined before and after incubation to evaluate the extent of proteolysis. 

Both the instantaneous and the irreversible protein crosslinking effects of gallnut 
tannic acid (Mallinckrodt Chemical Works, St. Louis, Mo.) were investigated in separate 
experiments. The direct effect was studied by adding normal cells to tubes containing 
tannic acid 10 4 M in addition to the urea or acetamide solution. The irreversible effect 
was examined by incubating labeled cells in tannic acid 10 - 4  M for 60 min at room tem- 
perature. These cells were then washed 3 times in isotonic phosphate buffer, tested for 
amide permeability, and membranes prepared. 

Membrane crosslinking was produced by incubating labeled erythrocytes in 0.15% 
glutaraldehyde (0.015 ~) (Union Carbide Corp., New York, N.Y.) at 4 ~ for 60 min. 
The cells were then washed 3 times in isotonic phosphate buffer, tested for amide perme- 
ability, and membranes prepared. At higher concentrations of glutaraldehyde (0.30%) 
the intact erythrocyte could no longer be hemolyzed after incubation. 

Polyacrylamide gel electrophoresis was carried out on membranes from each ex- 
periment according to Fairbanks, Steck and Wallach (1971). It was performed on parallel 
gels; one was stained with Coomassie stain for proteins, the other with the Schiff stain 
for carbohydrates. Radioactivity in the Coomassie stained gel was determined using the 
procedure of Tishler and Epstein (1968). The gels were sliced promptly since the modified 
sialic acid which contains the radioactive label is labile in acetic acid. 

Results 

Fig. 1 shows the osmot ic  hemolysis  curves ob ta ined  for  urea  and  aceta- 

mide permeabi l i ty  in erythrocytes  t reated with per iodate .  I t  can be seen tha t  

urea  permeabi l i ty  is substant ia l ly  m o r e  rapid  than  ace tamide  permeabi l i ty  

and  that  bo th  are inhibi ted by  phloret in.  These curves are similar to our  

previous  observat ions  (Kap l an  etal . ,  1974). Oxidat ion  of the surface 

s ialoglycoproteins  by  per ioda te  appears  to have no effect on either baseline 

amide  flux or the ability of phlore t in  to inhibit  this flux. Similar curves 

were p lo t ted  for  all subsequent  exper iments  and  in Table  1 selected t ime 

points  are shown for  each set of these studies. 

I n c o r p o r a t i o n  of the t r i t ium label by borohydr ide  reduct ion had  no 

adverse  effect on amide  permeabi l i ty  (Table  1). Fig. 2A shows the gel 

pa t t e rn  of these labeled ery throcyte  membranes .  As shown previously  

(Blumenfeld et al., 1972) the gel pa t te rn  appears  no rma l  and  the radioact ivi ty  

cor responds  to the s ialoglycoprotein.  I t  can be concluded tha t  oxidat ion 

1 Complete removal of proteolytic enzymes was of importance to prevent subsequent 
proteolysis of membranes during isolation and preparation for gel electrophoresis. We 
established, in the case of pronase, that at least five washings were essential for removal 
of the enzyme from the erythrocytes. Thus, after extensive washing, gel patterns over a 
time course of 5 to 60 min remained unchanged; incomplete washing resulted in gel 
patterns suggesting extensive proteolysis of membrane components. 
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Fig. 1. Osmotic hemolysis curves of control and periodate oxidized erythrocytes in 2 M urea 
and  2 M acetamide solutions in the absence and presence of 6 x 10 .4 M phloretin (n = 4 )  

and/or reduction of the sialoglycoprotein has no observable effect on urea 
and acetamide permeability. 

Treatment with the proteolytic enzymes pronase and trypsin did not 
affect urea and acetamide permeability (Table 1). In addition, the phloretin 
effect was not altered suggesting that its action is not directly associated 
with surface proteins hydrolyzed by these enzymes. Both trypsin and pronase 
released tritium into the supernatant during proteolysis and determination 
of radioactivity in membranes revealed that trypsin released 50% and 
pronase 75 % of the total radioactivity. In Fig. 2B and C the gel patterns 
after trypsin and pronase treatment show the loss of the glycoprotein bands 
with corresponding loss of radioactivity. In addition, in agreement with 
others (Bender, Garan & Berg, 1971; Triplett & Carraway, 1972; Cabant- 
chik & Rothstein, 1974), trypsin did not cause a major change in protein 
pattern and pronase led to loss of proteins in band III. 

Fig. 3 shows the osmotic hemolysis curves for erythrocytes treated with 
tannic acid. In one set of experiments, erythrocytes were pretreated with 
10-4M tannic acid and then washed free of the excess. In a second set of 
experiments normal cells were placed into amide solutions containing 
10-4 M tannic acid. Normal erythrocytes displayed a decrease in permeability 
when suspended in a tannic acid containing solution. That this effect was not 
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Table 1. Osmotic hemolysis 
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Experiment (n)" Time b To Hemolysis 

Urea Urea + Acet. Acet. + 
phlor, phlor. 

Control (4) 

Sodium periodate (4) 

Sodium periodate + 
sodium borohydride (4) 

Control (3) 

Trypsin (3) 

Control (3) 

Pronase (3) 

Control (3) 

Tannic acid (pretreat) (3) 

Tannic acid (direct) (3) 
Control (3) 

Glutaraldehyde (3) 

1.25 46_+ 5 c 1___ 1 3__ 1 
2.00 95+  5 12-t- 3 33__+ 7 3--+ 1 
4.00 28-+ 2 45-+ 6 

1.25 44-+ 7 3-+ 1 5__ 1 
2.00 84-+ 3 13-+ 3 32-+ 7 4-+ 1 
4.00 30 -+ 3 42-+ 5 
1.25 47-+ 7 1-+ 1 3-+ 1 
2.00 93-+ 7 14-+ 4 33-+ 9 4-+ 1 
4.00 31-+ 2 4 8 +  6 

1.25 50-+ 3 3-+ 1 3-+ 1 
2.00 103-+ 4 8-+ 1 26-+ 2 2-+ 1 
4.00 25 -+ 2 42-+ 3 
1.25 50-+ 3 3-+ 1 3-+ 1 
2.00 97-+ 2 9 +  1 28-+ 3 3-+ 1 
4.00 25-+ 5 41-+ 3 
1.25 43-+ 5 0-+ 0 2-+ 1 
2.00 98-+10 9__+ 3 50__+11 6__ l 
4.00 37-+11 50-+ 2 

1.25 51-I- 8 2-+ 1 5-+ 2 4-+ 2 
2.00 96-+ 4 10-+ 1 51-+ 4 57-+ 3 
4.00 35 • 10 

1.25 56-+10 1-+ 1 3 +  1 
2.00 100-+ 4 7-+ 1 29-+ 5 5-+ 1 
4.00 28 -+ 2 47 _--4_- 8 

1.25 4 9 _  3 2-+ 1 4-+ 1 
2.00 103-+ 5 9-+ 2 28-+ 1 3-+ 1 
4.00 30_  2 47-+ 11 
4.00 0-+ 0 0 0 0-+ 0 0-+ 0 
1.25 46-+ 6 1_+ 1 1-+ 1 
2.00 95-+10 8-+ 3 54-+ 9 5-+ 1 
4.00 39-+11 50__+ 2 
1.25 52__ 5 1__+ 1 4__ 2 
2.00 101-+ 2 11-+ 1 49-+ 6 4-+ 1 
4.00 41 -+ 11 56-+ 2 

a Numbers in parentheses indicate number of experiments. 
b In minutes. 
c Mean _+ SEM. 

due  to  irreversible c ross l ink ing  of  m e m b r a n e  p ro te in  is d e m o n s t r a t e d  by  

the  n o r m a l  pe rmeab i l i t y  seen after  60 m i n  of  p r e t r e a t m e n t  wi th  t ann ic  

ac id  (Fig. 3). The  ph lo re t in  effect  was  also no t  a l tered by  this p re t r ea tmen t .  
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Fig. 2. Distribution of tritium label in the sialoglycoprotein of the erythrocyte membrane. 
The gel electrophoretic patterns in 5.6 % polyacrylamide containing 1% SDS at the top 
are duplicate Coomassie and Schiff stained gels. (A) Membranes labeled with tritiated 
borohydride. (B) Labeled membranes after treatment with 0.4 mg/ml trypsin. (C) Labeled 
membranes after treatment with 0.7 mg/ml pronase. (D) Labeled membranes after 
treatment with 10-4M tannic acid. (E) Labeled membranes after treatment with 0.15 % 

glutaraldehyde 

Fig. 2D is the gel pattern of labeled erythrocytes incubated with tannic acid 
10-4 N for 60 rain. The overall protein pattern appears unchanged al though 

some radioactivity is seen in a very high molecular weight region where 

normally none is present. This sialoglycoprotein which has been crosslinked 

represents only a small amoun t  of the membrane radioactivity and the 

marked decrease in amide permeability brought  about  by tannic acid cannot 
be attributed to irreversible crosslinking of surface glycoproteins. 

Glutaraldehyde is a tissue fixative which leads to extensive crosslinking 

of proteins. Table I shows that  0.15% glutaraldehyde under  the experi- 
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Fig. 3. Osmotic hemolysis curves of erythrocytes in the absence and presence of l0 -4 M 
tannic acid and of erythrocytes pretreated with 10 -4 M tannic acid (n = 3) 

mental conditions used had no effect on urea and acetamide-induced osmotic 
hemolysis either in the absence or presence of phloretin. This lack of effect 
is in contrast to the extensive change in the Coomassie gel pattern of the 
treated erythrocytes (Fig. 2E). The radioactivity profile suggests that 
crosslinking of the glycoprotein had occurred, although, as found by others 
(Steck, 1972; Capaldi, 1973) this was not apparent from the Schiff stain 
pattern. The increased amount of label associated with low molecular weight 
material may represent crosslinking with labeled lipid components which 
become modified such as glycolipids, lipid peroxides, and plasmalogens 
(Blumenfeld et  al., 1972). 

It is of importance to point out that proteolysis and crosslinking occurred 
in the intact erythrocyte and not during subsequent membrane isolation 
and preparation for gel electrophoresis. This is suggested by the release of 
tritium during proteolysis and the resistance of erythrocytes to lysis when 
exposed to glutaraldehyde concentrations higher than used here. 

D i s c u s s i o n  

Urea and acetamide are amides which appear to traverse cell membranes 
in several tissue types from different species by way of facilitated diffusion 
(Levine, Franki & Hays, 1973; Kaplan et  al., 1974; Wieth, Funder, Gunn & 
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Brahm, 1974). The involvement of a protein component in the cell membrane 
was suggested in this specialized transport process (Hunter etal.,  1965; 
Shuchter, Franki & Hays, 1973). The possible nature of the protein and 
type of protein involvement remain undefined. 

Several agents including phloretin, tannic acid, and chromate have been 
found to inhibit the movement of amides across the human erythrocyte 
membrane and the toad bladder (Hunter et al., 1965; Levine etal.,  1973; 
Shuchter etal., 1973; Kaplan etal., 1974; Wieth etal.,  1974). The latter 
two agents have been implicated in crosslinking of cell membrane compo- 
nents. 

The erythrocyte membrane contains an assembly of proteins, some 
exposed on the surface and others buried within. If a protein is directly 
involved in amide transport it may be possible to modify it with a proteolytic 
enzyme; similarly, it may be possible to impede its function with a non- 
specific protein crosslinking agent. 

To aid observation of changes in the surface sialoglycoprotein in the 
intact erythrocyte, a selective tritium label was incorporated into this 
protein by periodate oxidation and subsequent reduction with tritiated 
borohydride. These procedures did not alter the pattern of urea and acetamide 
permeability. 

Extensive digestion of the intact erythrocyte surface with pronase and 
trypsin as confirmed by gel electrophoresis did not affect the movement 
of urea and acetamide. This would tend to dismiss the sialoglycopeptide 
segment of the major sialoglycoproteins and surface segments of other 
proteins as being directly related to amide transport. Similar results have 
recently been shown for the proposed facilitated transport pathway for 
anions (Cabantchik &Rothstein, 1974) and glucose (Bender etal., 1971) 
in the human erythrocyte. In addition, these membrane components do not 
appear to be involved with the inhibitory effect of phloretin on amide flux. 

Tannic acid has been shown to impede the transport of urea across the 
erythrocyte membrane (Hunter et al., 1965) and the isolated toad bladder 
(Shuchter et al., 1973). In both cases tannic acid was present at the time of 
the flux measurements. We confirm this inhibitory effect in the human 
erythrocyte, but show that it is reversible. After incubation with tannic acid, 
crosslinking of sialoglycoprotein may have occurred to a small extent, but 
the overall gel pattern appeared normal. This is consistent with the fact that 
tannic acid does not cross the erythrocyte membrane (Herz & Kaplan, 1968) 
and probably does not gain entrance into the membrane. Tannic acid does 
irreversibly inactivate membrane-bound acetylcholinesterase which is 
presumed to be a surface enzyme (Herz, 1968). Thus tannic acid can irre- 
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versibly affect surface proteins, but its inhibition of amide transport is 

reversible. It would appear that no firm conclusion can be drawn as to the 

mode of action of tannic acid on amide movement. 

The effect of glutaraldehyde on the structure of the membrane of the 

intact erythrocyte results in extensive crosslinking of proteins. Similar 

results have been shown recently for beef erythrocyte ghosts (Capaldi, 1973) 

and isolated human erythrocyte membranes (Steck, 1972). Despite this 

dramatic alteration in membrane structure, urea and acetamide permeability 

are unaffected. The retention of the characteristic phloretin inhibition also 

indicates that the facilitated diffusion pathway is undisturbed. 

Studies of the glutaraldehyde-treated toad bladder are of interest in this 

regard (Eggena, 1973). If the vasopressin-stimulated bladder is treated with 

1% glutaraldehyde its high urea permeability remains fixed. This has been 

taken to indicate that the vasopressin-sensitive urea pathway can be frozen 

in the " o p e n "  position by crosslinking of membrane proteins. In the human 

erythrocyte the pathway is " o p e n "  at all times, and glutaraldehyde has no 

effect. 

We would conclude that the sialoglycopeptide segment of the major 

sialoglycoproteins and surface segments of other proteins of the erythrocyte 

play no crucial role in either the transport of amides or their inhibition by 

phloretin. It would also appear that extensive crosslinking of membrane 

proteins and thereby, presumably, major alterations in structure have no 

effect on amide permeability. 
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