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We have studied the effect of urea on water flux in the human red cell and have found that 500 mosmolal 
urea inhibits osmotic water transport by 39%. The K i for urea inhibition of water flux is 550 + 80 mosmolai, 
higher than, but comparable with, the K m of urea transport into the red cell of 220-330 mM given by 
Mayrand and Levitt (J. Gen. Physiol. 55 (1983) 427) and Brahm (J. Gen. Physiol. 82 (1983) 1). Other 
amides, such as propionamide and valeramide, as well as methyl-substituted ureas, have similar effects, 
although an indifferent molecule, such as 0.5 M creatinine, has no effect. Urea can be washed off the 
inhibition site with buffer, and the effects of urea concentrations as high as 1.2 osmolal are entirely 
reversible. 500 mosmolal urea also significantly increases the reflection coefficient for ethylene glycol, 
( I e thg ly  , from 0.71 + 0.03 in control experiments to 0.86 + 0.04 ( P  < 0.0005, t-test), and propionamide has a 
similar effect on oet h gly. These results show that urea can modulate ethylene glycol transport through the red 
cell membrane, and are consistent with, but not proof of, the presence of a single class of aqueous channels 
through which both ethylene glycol and urea enter the red cell. It  is suggested that the physiological purpose 
of these low-affinity urea sites is to modulate water flow out of the red cell during passage through the 
regions of 0.5-0.6 M urea in the kidney. 

Introduction 

During the course of our experiments [1] to 
determine the reflection coefficients, oi, for the 
interactions of urea and ethylene glycol with the 
red cell membrane,  we found that Ourea = 0.65 + 
0.03 and that Oet h gly = 0.71 _+ 0.03. These results 
show, first, that the fluxes of urea and water 
across the red cell are coupled, and hence, that 
urea and water share a common pathway, and 

Abbreviation: Hepes, 4-(2-hydroxyethyl)-l-piperazineethane- 
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second, by the same argument, that ethylene gly- 
col and water share a common pathway. However, 
these observations are inconclusive as to whether 
it is the same water pathway that both urea and 
ethylene glycol traverse. 

One way to address this question is to look for 
cross-effects, that is, to determine whether urea 
affects Oret h gly" Urea transport  across the red cell 
membrane  is a saturable process with a K m of 
218-334 mM, as determined by Mayrand and 
Levitt [2] and Brahm [3], so we decided to look for 
urea effects o n  O '¢ thg ly  at concentrations about 
twice the Km. In the ordinary course of events, 
such an experiment would be very difficult, be- 
cause the irreversible thermodynamic equations 
we use are tractable when the system comprises a 
solvent and a single permeable solute, but are very 
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difficult to apply when there is more than a single 
permeable solute. However, the zero-time method 
of Chasan and Solomon [4] may also be applied to 
determinations of the hydraulic conductivity, Lp, 
in the presence of a second solute, providing the 
second solute is present at the same concentration 
on both faces of the membrane and is thus at 
equilibrium at zero time, to which all measure- 
ments are referred. We were therefore able to see 
whether the addition of 0.5 M urea on both sides 
of the membrane had any effect on Oet h gly- We 
found that the addition of urea increased oet a gly 
significantly and, more surprisingly, in the con- 
trols which were a necessary part of the experi- 
ment, we found that 0.5 M urea decreased the 
hydraulic conductivity by 39%. We have now car- 
ried out a series of experiments on urea and have 
found that the kinetics for the inhibition of osmotic 
water flux can be fitted to a single-site binding 
curve with a K i of 550 mM, and that the binding 
can be reversed by washing with buffer. The ob- 
servation that binding of urea to a well-defined 
red cell site inhibits urea and water transport and 
affects the reflection coefficient for ethylene glycol 
shows that a common element is involved in all 
three transport processes, consistent with, but not 
proof of, a common aqueous channel for urea and 
ethylene glycol. It is suggested that the physiologi- 
cal purpose of these low-affinity urea sites is to 
control the water flux out of the red cells during 
their passage through the regions of 0.5-0.6 M 
urea in the kidney. 

Materials and Methods 

Materials 
Valeramide, propionamide and 1,3-dimethyl- 

urea were obtained from Eastman Organic Chem- 
icals (Rochester, NY), methylurea from Aldrich 
Chemical Co. (Milwaukee, WI), and Hepes and 
creatinine from Sigma (St. Louis, MO). Urea and 
ethylene glycol were supplied by Fisher Scientific 
(Fairlawn, N J). All chemicals were of reagent 
grade. Outdated bank blood was kindly supplied 
by the Children's Hospital (Boston, MA). 

Methods 
Outdated bank blood, after aspiration of plasma 

and buffy coat, was washed three times with a 
buffer of the following composition, in mM: NaC1, 
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150; Hepes-NaOH, 20 (pH 7.4), 300 + 5 mosM. 
Osmolalities of all solutions were determined with 
a Fiske Model OS osmometer (Uxbridge, MA). 
Creatinine was equilibrated with the ceils by in- 
cubation at 37 °C  for 2 h, followed by cooling to 
23-25°C,  the temperature for all stop-flow ex- 
periments. 

The time-course of red cell volume changes was 
measured using the stop-flow apparatus of Terwil- 
liger and Solomon [5]. The analog data were dig- 
itized and averaged by a Hewlett-Packard Model 
217 computer, which was also used for the data 
analysis. 

Cells at 2% hematocrit  were mixed with an 
equal volume of buffer made hyperosmolar by the 
addition of NaC1. All permeant solutes were ad- 
ded at the same concentration, both to the red cell 
suspensions and to the solution with which the 
cells were to be mixed, so at zero time, the only 
gradient present was that imposed by the NaC1. 
For each mixing solution, 25 consecutive runs 
were averaged. Data were usually collected over 
the range of 4-200 ms. The averaged cell 
volume/ t ime records were corrected for light- 
scattering intensity changes not associated with 
volume changes by subtraction of the same num- 
ber of control runs in which the blood suspensions 
were mixed with isosmolal buffer solutions (with 
or without amides) as described by Levin et al. [6]. 
Since 1200 individual runs are required to measure 
the control flux and the inhibition at seven sep- 
arate urea concentrations, this places an effective 
upper limit on the number of points in the solute 
inhibition curve in a single experiment. 

Each difference curve was then fitted to a sec- 
ond degree polynomial (a 1 + a2t + a3 t2) by non- 
linear least squares from 4 ms to 120 ms. The 
slope of the curve at zero time (4 ms) is given 
directly by the coefficient for the first-order term 
of the polynomial (neglecting a small contribution 
of approx. 1-2% for 2aat at 4 ms). A range of 
four or five initial NaC1 gradients of 150-400 
mosmolal (after mixing) was used to determine the 
hydraulic conductivity from the slope of the initial 
rate of volume change versus the osmotic pressure 
difference, as given by Eqn. 1 in the next section. 
All of our results are reported in practical units, 
which means that the red cell volume is reported 
in light scattering units (lsu), the unit of time is 
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seconds, and concentrations are measured in 
mosmolal units. Two sets of factors are required 
to convert practical units to classical ones: a is the 
coefficient which relates lsu to volume changes in 
cm 3, and fl and the other coefficient are primarily 
dependent upon manipulations of RT. Specifi- 
cally, the rate of volume change is measured in 
lsu. s -1, aJ  v, rather than Jv ( cm3" cm-2" s-l) 
and a is the coefficient (in units of lsu. cm 2. cm-  3) 
which transforms Jv to lsu-s-1 ,  aft (fl  has units 
of d y n - c m  -2) is the coefficient which turns Lp 
into practical units ( l su - s - l ) .  Since we only re- 
port ratios of permeability coefficients (fractional 
inhibition of hydraulic conductivity or 0 i), a does 
not have to be evaluated so long as it remains 
constant, as discussed in the following section. 

Results and Discussion 

Theory of the zero-time method 
The Kedem-Katchalsky equation for volume 

flow, Jv ( cm3" cm-2"  s - l ) ,  in a system comprising 
a solvent and a single permeable solute is: 

J v  = - L p A ~ ' i  - osLpA' / r s  (l) 

in which the subscripts i and s represent imper- 
meable and permeable solutes. Lp is the hydraulic 
conductivity (cm 3. dyn-  1. s - l )  and Art is the 
osmotic pressure difference (dyn.  cm -2) across 
the red cell membrane, using classical units. Our 
stopped-flow experiments are carried out with 1% 
suspensions of red cells, so that the extracellular 
solute concentrations remain essentially constant, 
but as soon as an osmotic pressure gradient is 
produced, water moves out of the cell and solute 
diffuses in, so that Arr~ and A'R" i a r e  time-depen- 
dent. As Goldstein and Solomon [7] pointed out, 
the permeable cell solute concentration is known 
exactly at zero time, so that extrapolation to zero 
time introduces a great simplification in the de- 
termination of o. The version of the zero-time 
method we now use, which was developed by 
Chasan and Solomon [4], uses practical units. Lp 
is determined by the slope of (Jr)l=0 plotted 
against A~r i in experiments in the absence of any 
permeable solute, so that Art s = 0. This zero-time 
method of measuring Lp has the practical ad- 
vantage that it can also be used in the presence of 

a permeable solute, provided this solute is distrib- 
uted at equilibrium across the membrane at 
zero-time, so that (Acts),= 0 = 0. 

If a determination of o~ is desired, o~Lp is then 
determined by a plot of (Jv),=0 against Art S with 
AqT" i ~--- 0 in a companion set of experiments, and os 
can then be obtained from the ratio of the two 
slopes. 

Eqn. 1 is derived from the Onsager irreversible 
thermodynamic equations [8], and its validity de- 
pends upon the linearity of the dependence of Jv 
upon Arr~ and ~lrr i. Although these equations are 
derived from consideration of systems close to 
equilibrium, they apply under conditions quite far 
from equilibrium, as discussed in Curran and 
Katchalsky (Ref. 8, Ch. 15). Miller [9] gives exam- 
ples of such linear relationships in a wide variety 
of coupled systems away from equilibrium, so that 
Eqn. 1 should be expected to apply to our system. 

We measure cell volume indirectly, by the in- 
tensity of scattered light (in lsu), so it is also 
necessary to determine whether the light scattering 
is a linear function of cell volume (that is, whether 
a is a constant). In general, as Levin et al. [6] and 
Terwilliger and Solomon [5] showed, the calibra- 
tion curves relating light scattering intensity to red 
cell volume are not straight, but a linear relation- 
ship fits the data reasonably well up to a 20% 
shrinkage of red cell volume. In practice, the 
relationship between the initial slope (in lsu- s - l )  
and the initial osmotic pressure difference is lin- 
ear, as shown in Figs. 1 and 2 in the paper by 
Chasan and Solomon [4] and in Figs. 2-5 in the 
paper by Toon and Solomon [1], and the correla- 
tion coefficients regularly are 0.98 or better. Toon 
and Solomon [1] have studied the effect of the 
changes in refractive index caused by addition of 
large concentrations of solutes, such as 0.5 M 
urea, and have concluded that these effects are 
small, and may be disregarded. However, it should 
be pointed out that the y-intercept of the least- 
squares-fitted line, which relates (Jr),=0 to Art, is 
frequently less than zero, as in the ethylene glycol 
curve in Fig. 2A. The difference is never signifi- 
cant in these experiments, but it occurs so fre- 
quently that it must be real and represent some 
effect whose cause we do not know. Since the 
y-axis intercept is not used in the computation, we 
have made no allowance for this effect. 
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Fig. 1. (A) Inhibition of hydraulic conductivity by 0.5 osmolal urea, 
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at equilibrium across the membrane at zero time. The slope of 
the control line without urea is 1.44 4-0.04 lsu. mosmolal-1, s-1 and the intercept is -13  + 12 lsu-s-1. The slope in the presence of 
500 mosmolal urea is 0.92+0.02 lsu.mosmolal-Ls -1 and the intercept is - 4 + 5  lsu-s 1. The ratio of the slopes is 0.64+0.05, 
which shows that 500 mosmolal urea decreases the hydraulic conductivity by 36%. The average inhibition at this concentration, 
shown in Fig. 4, is 39%, which is the figure used in the remainder of the text. (B) Fractional inhibition of hydraulic conductivity as a 
function of urea concentration. The data from three experiments (Expts. 2, 3 and 5) have been pooled and fitted by non-linear least 
squares to a single-site binding curve with g i = 550 q-80 mosmolal urea and maximum fractional inhibition = 0.82 _+ 0.06. Since this 

value has a much smaller error than the average of all five experiments in Table I (560 + 160 mosmolal), we have used it in the text. 

Modulation o f  osmotic water f l ux  and Oct h gly by 
urea 

The ra t iona le  for  our  p re l imina ry  exper imen t s  
was to see whether  u rea  b ind ing  to the u rea  t rans-  
po r t  sites also af fec ted water  t r anspor t  across  the 
red  cell membrane .  In  our  p re l imina ry  experi-  
ments ,  we chose 500 mosmola l  u rea  because  this 
concen t ra t ion  is large c o m p a r e d  to the g m of  
200-300  m M  for urea  t r anspor t  [2,3] and  found  
tha t  this concen t ra t ion  of  u rea  inh ib i ted  wate r  
t r anspor t  b y  36%, as shown in Fig.  1A. W e  then  
car r ied  out  a n u m b e r  of exper iments  to see whe ther  
this  effect could  be  ascr ibed  to urea  b ind ing  to the  
u rea  t r anspor t  site. 

Three  exper iments ,  of  which the results  are  
given in Tab le  I (Expts .  2, 3 and  5) and  Fig.  1B, 
show that  the inh ib i t ion  of water  t r anspor t  b y  
urea  can be  descr ibed  as a sa tu rab le  process  which  
is f i t ted by  a single site b ind ing  curve with  K i = 
550 + 80 mosmola l  urea,  and  m a x i m u m  f rac t iona l  
inh ib i t ion  = 0.82 ___ 0.06. To ob ta in  these data ,  we 
had  to p robe  the m e m b r a n e  wi th  urea  concen t ra -  
t ions as high as 1.2 M. I t  was necessary  to show 
b o t h  that  this  high concen t ra t ion  d id  no t  d a m a g e  
the m e m b r a n e  and  tha t  the u rea  b ind ing  was 
reversible.  In  a con t ro l  exper iment ,  we t rea ted  the 
m e m b r a n e  with  1.2 M urea,  and  found  tha t  the 
water  t r anspor t  was inh ib i ted  b y  68%. Af te r  wash-  
ing these t rea ted  cells ( and  the con t ro l  cells) four  

t imes  with  urea- f ree  buffer ,  we found  that  the 
ini t ia l  s lope of  the shr ink ing  curve for  the washed  
u rea - t r ea ted  cells was 1.27 + 0.09 l su-  m o s m o l a l - 1  
• s - l ,  in very  good  agreement  wi th  the con t ro l  
s lope of 1.23 + 0.11 l su-  mosmola1-1  • s a. This  
expe r imen t  (which is s u p p o r t e d  by  others  at  0.5 
and  0.8 M urea)  shows that  the urea  b ind ing  
respons ib le  for inh ib i t ion  of  water  t r anspor t  is 
revers ible  and  tha t  t r ea tmen t  wi th  1.2 M urea  does  
no t  p e r m a n e n t l y  a l ter  the  water  t r anspor t  p rope r -  
ties of  the m e m b r a n e .  

In  o rde r  to show tha t  the  effect depends  upon  
the chemica l  iden t i ty  of  urea,  we p r o b e d  the mem-  
b r a n e  wi th  an  ind i f fe ren t  molecule.  I t  is not  possi-  
b le  to use e i ther  amides  or  a lcohols  for this pur-  
pose,  since M a y r a n d  and  Levi t t  [2] have shown 
tha t  there  are  specific b ind ing  sites for these classes 
of  solutes.  Crea t in ine ,  which  pe rmea tes  the mem-  
b r a n e  very s lowly at  r o o m  tempera tu re ,  had  been  
used  by  Rich  et al. [10] to increase  in t race l lu lar  
red  cell osmola l i ty ,  and  they  had  found  no de-  
le ter ious  effects af ter  i ncuba t ing  red  cells wi th  0.1 
M creat inine.  In  three  exper iments ,  we found  that  
expos ing  red cells to 0.5 M crea t in ine  (d i s t r ibu ted  
at  equ i l ib r ium across  the m e m b r a n e )  has no  effect 
on  water  t r anspor t ,  because  the ra t io  ( ini t ial  

slope(+ creatinine)//initial s l o p e ( c o n t r o l  ) )  = 1.06 _+ 0.07. 
These  expe r imen t s  show that  inh ib i t ion  of red  cell 
osmot ic  wate r  t r anspo r t  b y  add i t i on  of  0.5 M of  a 
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TABLE I 800 

CONSTANTS FOR INHIBITION OF  W A T E R  TRANS-  

PORT BY U R E A  A N D  AMIDES 600 

The two parameters, K i and the max imum fractional inhibi- 
tion, have been determined by fitting the data to a single-site 
binding curve by non-linear least squares. In some cases, the ~ 400 
fitted value of the max imum fractional inhibition was greater LJ 
than 1.0, and the max imum fractional inhibition was chosen by ~ 200 
eye to give a good fit. Since the least squares program fitted 
only a single parameter in these cases, the error is much  less. 
There are two ways to decrease the error in the two-parameter 

D 0 
fits: to include more points, or to go to very high concentra- _.2 
tions to get a good experimental value of the asymptote. The o> 8 0 0  
first is excluded because of the practical difficulties in making t.~ 

o 
more measurements,  as discussed under Materials and Meth- 
ods. The second is excluded because of our fear that high ~ 600 <z 
solute concentrations would damage the cells. In one experi- a:  
ment,  we went up to 1.2 molal urea, which had no adverse _2 

400 effects, as discussed in the text, but  in general, solute con- v--- 
centrations were limited to around 800 mosmolal.  

200 
Expt. K i Maximum Ki, urea a 

(mosmolal) fractional (mosmolal) 
inhibition 

Urea 
1 330+ 60 0.75 (set) 
2 480+170  0.8 +0.1 
3 620+220  0.85+0.15 
4 740+ 60 0.75 (set) 
5 630+180  0.85+0.1 

Mean + S.D. 560 + 160 175 

Propionamide 
6 310+ 50 0.7 (set) 
7 220 + 60 0.65 + 0.05 

M e a n +  S.D. 270+ 70 30 

Methylurea 
8 200+120  0.65+0.1 
9 400+ 40 0.75 (set) 

M e a n +  S.D. 3004-140 100 

1,3-Dimethylurea 
10 204- 30 0.1 4-0.05 0.8 

Valeramide 
11 160+ 30 0.95 (set) 20 

a Ki for urea transport inhibition, as given by Mayrand and 
Levitt [2]. 

nonelectrolyte depends upon the chemical identity 
of the nonelectrolyte. 

The half-saturation constant for urea transport, 
K m is given as 218 ± 29 mM urea at 22-26 ° C by 

i I b I i I i I i I 
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Fig. 2. (A) Determination of %th #y by the zero-time method in 
the absence of urea. The NaCI line has a slope of 1.52+0.07 
l s u . m o s m o l a l - l . s  -1 and an intercept of  - 1 3 + 1 7  l su . s  -1. 
The ethylene glycol line has a slope of 1.07-J-0.08 lsu. 
mosmola l -  1. s - 1 and an intercept of  - 26 + 32 lsu- s -  1, giving 
%thfy = 0.70+0.09. (B) Determination of aethsly in a paired 
experiment (with (A)) in the presence of 500 mosmolal urea at 
equilibrium across the red cell membrane  for both the NaC1 
and the ethylene glycol measurements.  The slope of the NaC1 
control is 0.994-0.07 l s u . m o s m o l a l - l . s  -1 and the intercept is 
11+18  lsu .s  -1. The slope of the ethylene glycol line is 0.88+ 
0.09 lsu- mosmolal - 1. s -  1 and the intercept is 23 + 30 lsu. s - 1, 

giving %they = 0.88+0.09. 

Mayrand and Levitt [2] and as 334 mM at 25 °C 
by Brahm [3]. Our value for the K i for urea 
inhibition of water t ransport  is 550 ___ 80 
mosmol /kg  H20  at 23-25 o C, larger than the K m 
values. Our experiments were carried out on out- 
dated bank blood, whereas Brahm, and probably 
Mayrand and Levitt, used fresh cells. 

We also found that 0.5 M urea had a profound 
effect on the reflection coefficient for ethylene 
glycol, as shown in Figs. 2A and B. In four 
experiments with 0.5 osmolal urea, O e t h g l y  . . . . .  = 

0.86 + 0.04. This figure may be compared to %th ~y 
= 0.71 + 0.03, in the absence of urea, as previ- 
ously reported by Toon and Solomon [1] in a 



271 

]OC 
A 

~ ~ I 8 C 

~2 60 

~ 2o 

PROPIONAMIDE (mosmoIQI) 

60C 

40C 

(,.9 
2o0 

3 o 
6oo 

(D 

F- 

B CONTROL ~/ 

NoCI ~/ 
]~ /  / ~  Efhylene Glycol 

100 200 300 400 500 600 700 
+500 mOsmoi01 P,op,onormde C 

. / ~ . . i  ~'~ Ethylene Glycol 

i , i , i A i i i i i , i 

300 200 300 4.00 500 600 700 
INITIAL A~r [mosmolol) 

Fig. 3. (A) Fractional inhibition of hydraulic conductivity by propionamide in Expts. 6 and 7. The single parameter binding curve has 
been drawn with the maximum fractional inhibition set at 0.65, the fitted value for Expt. 7. This leads to K i = 240 + 20 mosmolal, 
which we will use in the text, and which does not differ from the value in Table I (270 + 70 mosmolal). (B) The experiments shown in 
(B) and (C) show an increase of oet h ely by 500 mosmolal propionamide in paired experiments similar to those with urea in Figs. 2A 
and B. Symbols: NaC1 control, ©; ethylene glycol, 13. In the absence of propionamide, the slope for the NaCI control is 1.15 +0.08 
lsu. mosmolal- 1. s- 1 and the intercept is - 21 5:21 lsu- s- 1. In the ethylene glycol experiment, the slope is 0.90 + 0.05 lsu. 
mosmolal-1, s-1 and the intercept is -215:17 lsu. s-1, leading to %th ely = 0.78 + 0.09. (C) Results in the presence of 500 mosmolal 
propionamide at equilibrium across the membrane in both the NaC1 control and the ethylene glycol experiment. The slope for the 
NaC1 control is 0.69 5:0.04 lsu. mosmolal- 1. s- l and the intercept is - 10 5:11 lsu- s- 1. The slope for the ethylene glycol experiment 
is 0.59 5:0.01 lsu. mosmolai- 1. s- 1 and the intercept is - 5 + 6 lsu. s 1, leading to Oet h ely = 0.85 + 0,06. In the duplicate experiment in 

this series, the control value of oet ~ ely was 0.75 5:0.09 and the addition of 500 mosmolal propionamide raised oet h ely to 0.91 _+ 0.2. 

series of n ine  experiments  which inc luded the four 
controls for the present  de terminat ions  in the 
presence of 0.5 osmolal urea. The difference is 
highly significant ( P  < 0.005, t-test). 

Propionamide  also inhibi ts  water t ranspor t  and  
its b ind ing  to the inh ib i t ion  site can also be de- 
scribed by a single-site b ind ing  curve, as shown in 
Fig. 3A. Fur thermore ,  p rop ionamide  b ind ing  also 

causes an increase in Oethgly comparable  to that 
produced by  urea. In  the p rop ionamide  experi- 

men t  (one of two) shown in  Figs. 3B and  C, %th gly 

increases from 0.75 in the control  to 0.91 in  the 
presence of 500 m M  propionamide .  Thus,  the 

effects on water t ranspor t  and  Oethgly a r e  not  
l imited to urea alone, bu t  are to be  a t t r ibuted  to a 
general class of amide sites. 

The exper iments  with urea show that b ind ing  
to a single well-characterized m e m b r a n e  site in- 
hibits  water fluxes by  up to 80%. The only  mecha-  
n i sm that  can  accomplish this is occlusion of the 
aqueous channel ,  either by nar rowing  it by an 
allosteric react ion or by  blocking it sterically as 

urea is b o u n d  to its site. W h e n  urea occludes the 
channel ,  %th ~y increases significantly. This means  
that  there has been a change in at least one of the 
following three factors: the concent ra t ion  of ethyl- 
ene glycol in  the aqueous channel ;  the frictional 
coefficient for the in terac t ion  between ethylene 
glycol and  water; or the frict ional coefficient for 
the in terac t ion  be tween ethylene glycol and  the 
membrane .  It  follows that  there is a l inkage be- 
tween urea b ind ing  and  ethylene glycol transport ,  
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jus t  as there  is be tween  urea  b ind ing  and  wate r  
t ranspor t .  Thus,  these exper iments  show tha t  there  
mus t  be a c o m m o n  regula tory  c o m p o n e n t  which 
l inks the passage  of  e thylene glycol,  urea  and  
water  across the red  cell membrane .  

Characterization of the water transport inhibition 
site 

Inh ib i t ion  of  osmot ic  water  f lux in an a q u e o u s  
channe l  is n o r m a l l y  a c c o m p a n i e d  by  an  inh ib i t ion  
of  d i f fus ional  flux. The  best  example  of  this cou- 
p l ing  is in the case of  p C M B S ,  which, as M a c e y  et 
al. [11] have shown, inhibi ts  bo th  osmot ic  and  
di f fus ional  pe rmeab i l i t y  in the red  cell, cons is ten t  
wi th  a site of  ac t ion  wi thin  the aqueous  channel .  I f  
urea  inhibi ts  water  f low by  steric h ind rance  wi th in  
an aqueous  channel ,  we can  compu te  the predic-  
ted  inh ib i t ion  to the d i f fus ional  f lux on the bas is  
of  classical  f low th rough  r ight  c i rcular  pores ,  which 
is governed by  F ick ' s  and  Poiseui l le ' s  laws. 500 
mosmola l  urea,  which inhib i t s  osmot ic  f lux by  
39%, should  inhib i t  d i f fus ional  f low (ca lcula ted  on  
the a s sumpt ion  tha t  d i f fus ional  f low is p r o p o r -  
t ional  to the  square  of  the po re  rad ius  (F ick ' s  law) 
and  osmot ic  f low is p ropo r t i ona l  to the four th  
power  of  the  rad ius  (Poiseui l le 's  law) (0.61 = 
0.782)) by  22%. N o  such inh ib i t ion  has  been  re- 
po r t ed  by  the several  inves t igators  who have 
s tud ied  the effect of  u rea  on the d i f fus ional  f low 
of  water  in fresh b lood.  Brahm [12], who  used the 
t racer  method ,  gives a range  of  d i f fus ional  per-  
meab i l i ty  coefficients  of  (1 .8 -2 .6 ) .  10 -3  c m - s  -1 
for  b lood  t rea ted  with  0.5 M urea,  as c o m p a r e d  to 
(2 .2 -2 .6 ) .  10 -3 c m .  s -1 in no rma l  controls .  Both 
Chien  and  Macey  [13] and  F a b r y  and  Eisens tad t  
[14] used the nuc lear  magne t ic  resonance  method ,  
and  nei ther  r epor t ed  any  effect of  urea,  though 
Chien  and  M a c e y  went  up to 0.9 osmola l  urea.  
The  expected inh ib i t ion  of  d i f fus ional  water  f low 
is large enough,  pa r t i cu la r ly  at  the  highest  urea  
concen t ra t ion  used b y  Chien  and  Macey  [13], to 
have  been read i ly  detectable .  These  a rguments  are  
i n d e p e n d e n t  of  the  mechan i sm of  water  t ranspor t ,  
s ince they are  also app l i cab le  to a single-fi le wate r  
channel ,  the mechan i sm suggested by  M o u r a  et al. 
[15] for red cell water  t ranspor t .  I t  fol lows ei ther  
that  the urea  inh ib i t ion  site is not  wi th in  the 
aqueous  channel ,  or  that  there  is a d i f ference 
be tween  the pe rmeab i l i t y  p roper t i e s  of  b a n k  b lood ,  

which we rou t ine ly  use, a n d  fresh b lood,  which the 
o ther  inves t iga tors  use * 

Fig. 4 shows tha t  all  the  subs t i tu ted  urea  mole-  
cules and  the amides  that  we have s tudied  inhib i t  
water  t ranspor t ,  whereas  the one  indi f ferent  mole-  
cule, creat inine,  does  not.  Al l  of  the amides  that  
we have s tud ied  also inh ib i t  urea  t ranspor t ,  as 
shown by  M a y r a n d  and  Levi t t  [2] and  So lomon  
and  Chasan  [21]. The  Ki, u r e a  values, de te rmined  
by  M a y r a n d  and  Levi t t  for  inh ib i t ion  of  urea  
t ranspor t ,  are  given in  co lumn 4 in Table  I. Fig. 5 
shows that  there  is a re la t ionsh ip  be tween  o u r  K i 

values and  the K i . . . .  a values of  M a y r a n d  and 
Levit t .  The  cor re la t ion  coeff ic ient  for  the least-  
squares  fit to  the s t ra ight  l ine is 0.87, very close to 
the coeff ic ient  of  0.88 for  P = 0.05, The  general  
t rend  demons t r a t e s  that  there  is some c o m m o n  
e lement  re la t ing  the  b ind ing  that  causes water  f lux 

It would be possible for the site for urea inhibition of water 
transport to be at the boundary layer, just at the entrance to 
the aqueous channel. The considerations which govern 
hindered diffusion and filtration through pores have been 
set out in a classical series of papers by Pappenheimer and 
his students [16-18]. Renkin [18] combined the equations of 
Ferry [19] with those of Faxen [20] to obtain the theoretical 
equations which describe the frictional resistance a small 
pore offers to the diffusion and filtration of small solutes. 
The frictional effect is given by the product of two terms: 
the friction within the membrane pore, which is the same for 
diffusion and filtration, and the steric hindrance to entrance 
to the pore, which is different. In the case of filtration, Ferry 
has calculated the steric hindrance at the entry to the pore 
by integrating the flow, of which the velocity varies accord- 
ing to the square of the distance from the axis, as in 
PoiseuiUe's law, over the area of the pore, to obtain the 
steric hindrance factor (2(1-(a/r))2-(1-(a/r))4), in 
which a is the radius of the solute molecule and r that of 
the pore. Renkin [18] tested the restricted filtration equation, 
containing this factor, on filtration through Visking tubing 
of 15 ,~ pore radius, and found good agreement with the 
data. In the case of diffusion, there is no fourth power 
dependence, and the steric hindrance factor is (1 - (a / r ) )2 ;  
Renkin [18] also reported that the data for diffusion through 
the same tubing agreed with theory. These equations show 
that hindrance at the entrance to or exit from an aqueous 
channel can have different effects on osmotic flow than on 
diffusional flow. These considerations lead us to suggest 
that, if there is no difference between the effect of urea on 
bank blood and fresh cells, the water inhibition site could be 
located at, or near, the boundary layer between the aqueous 
channel and the adjacent solution at one face of the mem- 
brane. 
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Fig. 4. Fractional inhibition of water flux by 500 mosmolal 
concentration of straight-chain amides, methyl-substituted 
ureas and creatinine. The data are the average of experimental 
points determined at 500 mosmolal concentration or, when 
experiments were not done at that concentration, the 500 
mosmolal values are those computed from the fits given in 
Table I. The errors are estimated from the dispersion of the 

data. 

inhibition to that responsible for urea flux inhibi- 
tion, though the linearity of the relationship is of 
borderline significance. The slope of the line 
( K i / K i ,  urea ) is 3.5 + 1.1, which indicates that the 
binding affinity for inhibition of urea transport is 
tighter than for water transport inhibition. It is 
suggestive that the binding affinities for thiourea 
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Fig. 5. Relation between K i for the effect of the solute on 
water flux inhibition and g i ,  urea for the effect on urea trans- 
port. The data are obtained from Table I and the line has been 
fitted by least squares with a slope of 3.5 + 1.1 and an intercept 
of 59 + 35 mosmolal. The correlation coefficient, r = 0.87. No 

errors were estimated by Mayrand and Levitt [2] for Ki, urea- 
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inhibition of urea transport are different on the 
two faces of the membrane (Mayrand and Levitt, 
Ref. 2), 35 mM on the inside face, as compared to 
12 mM on the outside face. 

Both polar and steric factors can be important 
in interactions between inhibitors and their recep- 
tors, and we have studied several amides in the 
hope of determining which factors play a role. For 
practical reasons, we have modified our inhibitors 
by addition of methylene groups, which makes it 
difficult to separate the two factors cleanly. 
Valeramide differs from propionamide by the ad- 
dition of two methylene groups, which increase 
kether, the ether : water partition coefficient, by one 
order of magnitude [22] from 0.013 to 0.17 (the 
value for isovaleramide). The large increase in 
fractional inhibition shown in Fig. 4 suggests that 
decreases in polarity are correlated with increased 
affinity. Steric factors act in the opposite direc- 
tion, since adding a single methyl group to form 
1,3-dimethylurea from methylurea decreases the 
fractional inhibition by a factor of 3, even though 
it increases k e t h e  r by a factor of 3, from 0.0012 to 
0.0031. 

The picture that emerges is of a water transport 
inhibition site that is specialized for urea and 
amide binding and uses steric and polar con- 
straints to discriminate among its ligands. The 
relative affinities for urea and amide binding to 
the water transport inhibition site are related to 
those for binding to the urea transport inhibition 
site, as shown in Fig. 5. The observation that there 
is a common regulatory element that controls the 
transport of urea, ethylene glycol and water, is 
consistent with, but not proof of, passage of the 
solutes through a common aqueous channel. 

There is a sound physiological reason for the 
existence of such a site. As the human red cell 
traverses the kidney, it passes through regions 
containing 500-600 mM urea which create very 
large osmotic gradients to draw water rapidly out 
of the cells. As Fig. 4 shows, 500 mM urea reduces 
the osmotic permeability by 39%, thus conserving 
red cell water and limiting cell shrinkage in the 
short time that the red cells spend passing through 
these high urea regions. Since the K i of the site is 
set at 550 mosmolal, its regulatory ability is at a 
maximum at the concentrations the red cell en- 
counters in its passage through the kidney. 
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