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Abstract. Measurement of the transport parameters thakey words: Red cell — Fluorescein sulfonate — Re-
govern the passage of urea and amides across the red chidiction coefficient — Aqueous channel — Urea flux —
membrane leads to important questions about transpoAmide flux

of water. It had initially been thought that small protein

channels, permeable to water and small solutes, traversed )

the membraneseeSolomon, 1987). Recently, however, Infroduction

very strong evidence has been presented that the 28 kD
y g P Tahe relationship of the transport of urea, and other small

protein, CHIP28, found in the red cell membrane, is the ”
locus of the water channek¢e Agre et al., 1993). hydrophilic nonelectrollytes, to that of water across the
CHIP28 transports water very rapidly but does not trans/®d cell membrane raises very important questions that
port small nonelectrolytes such as urea. may be broadly applicable to other cell membranes as
The irreversible thermodynamic parameter, the well. Following the determination that water crosses the
reflection coefficient, is a measure of the relationship'®d cell membrane through an aqueous channel (Pagan-
elli & Solomon, 1957; Sidel & Solomon, 1957), Gold-

between the permeability of the solute and that of water™="
If a solute permeates by dissolution in the membrane, stein and Solomon (1960) showed that urea also crossed

— 1.0; if it permeates by passage through an aqueou@e r_ec_JI cell membrane i_n a Wate_r-filled channel by de-
channel,o, < 1.0. For urea, Goldstein and Solomon €rMining that the reflection coefficient,, o, = 0.62 £

(1960) found thatr,,., = 0.62 + 0.03 which meant that 0.03. gy is the irreversible thermodynamic coefficient

urea crosses the red cell membrane in a water-filedhat determines whether a solute crosses a membrane by

channel. This result and many subsequent observatiorfiSsolution in the membrane, in which case= 1.0 or

that showed thatr,,., < 1.0 are at variance with the hrough an aqueous chanhéi which caser; < 1.0.

observation that CHIP28 is impermeable to urea. The identity of the protein responsible for the aque-
ous channel was not established in these early experi-

In view of this problem, we have made a new series ; ; .
of measurements of, for urea and other small solutes by MeNtS, though it had been suggested that it was the anion

a different method, which obviates many of the criti- €Xchange protein, band 3ge Solomon, 1989). More
cisms Macey and Karan (1993) have made of our earliefeCeNtly very strong evidence has been presented indi-
method. The new method (Chen et al., 1988) whichcating that the protein, CHIP28, a small protein of 28

relies upon fluorescence of the intracellular dye, fluoresKP@ found in the red cell membrane, is the locus of the

cein sulfonate, leads to the corrected vakigen cor = water channel (Agre et al., 1993). These_very small
0.64 + 0.03 for ghosts, in good agreement with earlierCH!P28 channels transport water very rapidly but are
data for red cells. Thus, the conclusion on irreversibleMPermeable to small hydrophilic nonelectrolytes, such

thermodynamic and other grounds that urea and wate?S Uréa (Agre et al., 1993). This raises a question as to
share a common channel is in disagreement with thdhe identity of the water channels through which urea

view that CHIP28 provides the sole channel for waterNters the cell. If the data showing that the corrected
entrance into the cell.

1 When water can also cross the membrane by other routgs,is
e used, as discussed in Eq. 3. The condition for passage through an
Correspondence toA.K. Solomon aqueous channel is them,,,, < 1.0.
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Gureais <1.0 are accepted, it is then necessary to identifﬁF.l?MV, Salisbury, England). This instrument has a dead time of the
an aqueous channel permeable both to small polar norfrder of 1.5 msec, and was maintained at constant temperature by use
electrolytes and water of a Constant Temperature Circulator (VWR Model 1145, Preston

. . . Industries, Niles, IL). FS fluorescence was excited at 490 nm (slits 1
In view of this problem, we have decided to make nm) and emission at 90° monitored through a 540 + 10 nm bandpass
another measurement®f,.,by a different method. Our jjer (Corion, Holliston, MA).
published methods of determining,..,have been criti- Outdated blood, after aspiration of plasma and buffy coat, was
cized by Macey and Karan (1993) and the new methodvashed 3 times (1:50 vol) with PBS buffer of the following composi-
we have devised is responsive to these criticisms. Preion, (in mw): NaCl, 150; NaHPQ,, 10; pH 7.4. All procedures were
viously, we measured red cell volume by 920° Iight Scat_perfor_med at 4°C unlgss otherwise noted. Washed .cells were hemo-
tering. To correct for optical effects that are not related¥2ed " 20-40 vols ofice-cold SmNa,HPO,, pH 8, (lysis buffer) and

. . centrifuged at 27,000 g for ten min (two- and three-step ghosts had

FO Sowte movement, We Carr!ed.ou'[ Con_trOI eXper'mentqhe indicated additional washes in lysis buffer). The pellet of pink
in which cells were mixed with isosmotic buffer in the (one-step) ghosts was resuspended with an equal volume ofiZesn
absence of urea, or other small solute, so that cell volume 20 nv Na,HPO,, pH 8.1 and incubated on ice for five min. This
remained constant. We then subtracted these lightwas followed by addition of a sufficient amount oM3NaCl required
Scattering Changes from those in the presence of solute {6 bring th? final goncentration in the ghOSt suspension to 150 m
obtain the et light scattering arising from solute, or ol 2 P FE A 20 C o T e tmes wih PES, pH
vent, mpvement. In the present method, Ce'.l volume i .4, 4°C (1:80 vols, 12,000 g, ten min). Ghosts were finally resus-
determmed by the volume dependence of Intrace”u""ubended 1:70 v/v in PBS, pH 7.4, and kept on ice at all times. Approxi-
fluorescein sulfonate (FS) fluorescence measured at 90ately five min was allowed for the chilled ghosts to equilibrate to the
by the method of Chen et al. (1988). This techniqueexperimental temperature of 24-25°C, after loading the drive syringes.
obviates the need for subtracting results obtained in con-
trol runs, although small effects due to changes in re-

L . THE GOLDSTEIN AND SOLOMON ZERO-TIME METHOD
fractive index remain. The present results show that the

corrected value af ,.,is 0.64 + 0.03, in good agreement The zero-time null method of Goldstein and Solomon (1960) depends
with our previous data. Since this valueggfmeans that  upon determination of the permeable solute concentration outside the
urea enters the red cell through an aqueous channel, it is &td cell which exactly balances a cytosolic salt-induced osmotic pres-
variance with the conclusion that the onIy water channepure gradient across the membrane. The equation governing the flow

is the CHIP28 aqueous channel which is impermeable t(?f a single permeant solute and water across a red cell membrane is
urea Katchalsky & Curran, 1965):

Toon and Solomon (1990) had also measurgfibr J, = Lp(AP — oAT) (1)
the series of hydrophilic alcohols and found it to be
genera”y <1.0. However, Macey and Karan (1993) havén which J, is volume flow in cm sec (cm3 cm2 sec‘l), AP is the
recen“y measuredi for these solutes by an electron spin difference in the osmotic pressure_MPERMEA_NT solute_s across the
resonance method and have found thails 1.0 for these membrane (mOsm) and is the difference in osmotic pressure of

. . . PERMEANT solutes across the membrane (mOsix).is the hydraulic
solutes. In view of this difference, we have used thepermeab”ity of the membrane (units of Brdyne? sec?). When

fluorescein sulfonate method to make new determinag, = o,

tions of g; for the alcohols. Our present determinations

of these values by the fluorescein method also show that = AP/AT )
0; < 1.0, thougho; is appreciably larger than the results
given by Toon and Solomon (1990).

For o; measurements, red cells that contain no permeable solute are
exposed to such solutes for the first time when they are mixed with
buffer (containing the solute) in the stopped-flow apparatus. Since the
only time that cell permeable solute concentration is known exactly is
at zero time, when the concentration of these solutes is 0, Goldstein and
Solomon determined the time course of the initial rate of red cell
MATERIALS volume change as these solutes permeated the cell, and extrapolated the
rate to find (,);—o- (J);=0 iS then determined at a number of values of
Fluorescein-5-(and-6) sulfonic acid, trisodium salt (FS), was obtainedy - anq displayed graphically so that the valuehef for which @
from Molecular Probes (Eugene, OR). Formamide and propionamide— ( can pe determined graphically anccomputed.
were supplied by Eastman Organic Chemicals (Rochester, NY); acet-  ggjutions whose optical properties are to be analyzed are pro-
amide, methylurea, the dihydric alcohols am-glucose by Aldrich  ejied into the observation chamber of our single beam stopped-flow
Chemical (Milwaukee, WI); urea and all other chemicals (also of re- spectrofluorimeter by air pressure of 80 psi (poundsfnciVhen two
agent grade) by Fisher Scientific (Springfield, NJ). Outdated bankgqytions are mixed in the apparatus, the dead time is about 1.5 msec,
blood was kindly supplied by the Children’s Hospital (Boston, MA). ;¢ when a solution is mixed with a red blood cell suspension, there is
a zero-time artifact of 100 msec that often can extend up to 200 msec.
METHODS We do not know the cause of this artifact. Since our method of analysis
to determine the reflection coefficient depends upon extrapolation of
All fluorescence measurements were performed with a single beanthe fluorescence data, taken from a cell suspension, to zero time, this
stopped-flow spectrofluorimeter (Applied Photophysics model 100-200 msec delay raises serious methodological problems. We car-

Materials and Methods

v)le



M.R. Toon & A.K. Solomon: Red Cell Permeability to Urea and Water 139

FLUORESCENCE SIGNAL FOR UREA FLUX FLUORESCENCE SIGNAL FOR UREA FLUX
7

—3.200+ 4 —3.200+
4 xr : JUUNPUSES Fes S
4 > d
i —3.600+ g —3.600 1
3 A
£ £
& —4.000+ S —4.000-
o o)
™ ™
Y —4.400+ g —4.400-
=
o 3
& —4.80071 B —4.800

—5.200 t + t J i —5.200 + ; + :

0.000 0.200 0.400 0.600 0.800 1.000 0.100 0.120 0.140 0.160 0.180 0.200
TIME (sec) TIME (sec)

Fig. 1. Relative fluorescence signal for urea flux at 500 mrea. The  Fig. 2. Enlargement of Fig. 1. The data are obtained from the slope of
two vertical lines are drawn at 0.13 and 0.18 sec and the data arenhe broken straight line between 0.13 and 0.18 sec.

computed from the data between those points as shown in the enlarge-

ment in Fig. 2.

able in many previous experiments over our limited time scale. As a
control, we determine that; is 1.0 forp-glucose in each experiment.

ried out a large number of experiments with this procedure, including Urea and other amides have a significant effect on the refractive
a great many controls, but finally concluded that the zero time delayindex of red cells, as Levitt and Mlekoday (1983) pointed out. Since
was not acceptable. We then replaced the pressure-driven drive by the cells comprise less than 1% of the suspension after mixing is
manual push. With this procedure, the zero time artifact has died dowrtomplete, the suspending medium may be considered an infinite res-
to 22 + 9 msec and this procedure is the one used fostegperiments  ervoir. However, the refractive index of the cytosol does change as
reported in this paper. Figure 1 shows an example of the data obtainedrea (or another amide), whose concentration in the suspending solu-
with a urea concentration gradient of 50QvmThe initial upward tion is 0.1-0.6m, permeates the cell. The resultant change in light-
displacement is the result of the manual push. The initial 20 msec ofcattering intensity depends upon the geometry of the stopped-flow
subsequent signal contains initial artifacts that are discarded, includinghamber, and was particularly evident in Levitt and Mlekoday’s appa-
any effects due to unstirred layers. The data for analysis are takematus. Levitt and Mlekoday observed that their final light-scattering
between the two vertical lines which are separated by 50 msec. Irsignal was markedly smaller than the original value and they ascribed
practice, we start our fits when the initial artifact has died down andthis difference to the refractive index effect. Thus a simple test of the
extend them only long enough to accrue sufficient representative dateefractive index effect on cell volume detection methods is afforded by
for our analysis. In the typical fit to the curve in Fig. 1, illustrated in a comparison of apparent initial and final cell volumes. In our previous
Fig. 2, fit and experiment virtually cannot be distinguished over the experiments using the Chasan and Solomon (1985) method, the final
fitting range. cell volume is close to the initial one. For the present experiments, it

The time course of red cell ghost volume change has been meas necessary to show that Chen et al.’s demonstration that the FS
sured by the fluorescein sulfonate (FS) method of Chen et al. (1988)method is independent of cell refractive index also applies to resealed
Chen et al. carried out a number of control experiments to validate thehosts. In three-step ghost permeability experiments to determine the
FS method. They showed that leakage of FS from rabbit renal brusttoefficient,», we have found final cell volume to be within 3-7% of
border vesicles was relatively slow, with a half-time of 45 min at 23°C initial cell volume, showing that the refractive index change has es-
and >8 hr at 4°C. FS fluorescence is essentially independent of ptentially no effect. However, in one-step ghosts, initial and final cell
above 7.0 and of the presence of neutral solutes such as urea, glucogelume determinations differ by 3—24%, decreasing as the urea con-
or sucrose. Chen et al. also showed that the presence of21l0Sid centration increases. To determine whether this change has any effect
not affect the determination of the osmotic water permeabifity by on the FS determination of relative cell volume, which depends upon
the light-scattering method and further, thjtdetermined by the FS  the slope of relative fluorescence as a functionmofwe measured
method is the same as that obtained by light-scattering. Chen et al. alstuorescence intensity as a function of cell volume in the presence of
concluded that vesicle volume determination by FS is independent ofL.00 and 200 ma urea. When red cells or resealed ghosts are suspended
the refractive index of the cytosol because final vesicle volume inin a buffer containing only impermeable solutes, volume is a linear
permeability experiments closely approximated initial vesicle volume.function of ¢/ (s, is the osmolality of an isosmolal solution).
Results of experiments on the refractive index effect on red cell ghosts-igure 3 shows that relative fluorescence intensity is linearly dependent
will be discussed below. upon i in the presence of equilibrium concentrations of 100 m

In native red cells, hemoglobin absorption makes it impracticableand 200 nw urea. In the original data, the 200mrurea line is dis-
to measure cell volume by the FS method. We therefore carried out ouplaced vertically from the 100 mline. When the average displace-
preliminary experiments with resealed red cell ghosts prepared fronment of the 200 m urea line is subtracted from the 20@rpoints, all
bank blood using a modified Steck and Kant (1974) method. Since wehe points are superimposed, as shown in Fig. 3, that is, slope is inde-
can obtain satisfactory data even with some hemoglobin remaining irpendent of urea concentration. Thus, the dependence of relative fluo-
the ghosts, we used ghosts, prepared after a single wash, called pink cgscence intensity on cell volume is independent of equilibrium urea
one-step ghosts. FS was sealed into the ghosts by the method used bgncentration over the 100-200mnrange. Furthermore, as will be
Ye and Verkman (1989) for sealing a different fluorophore into red cell discussed in the next section, the null method of determiajngini-
ghosts. To make sure that the seal is tight in each preparation, we usedizes the refractive index effect.
p-glucose, to which we have found the human red cell to be imperme- In the present experiments, the reflection coefficientas been
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Fig. 3. Effect of urea on relative fluorescence intensity. 100 mrea,  Fig. 4. Method for determination of,,in a typical experiment. In
O; 200 mv urea,®, points shifted as described in text. this experimentg g cose = 1.0 = 0.03 andoea corr = 0.76 + 0.08.
Points are measured in triplicate or more.

determined in one-step ghosts by this original zero-time method. For a tfor th i f the buff ith which the ghost
typical o experiment, resealed ghosts are exposed in the stopped-ﬂov‘\?xcep or the composition of the buflers with which the ghost suspen-

apparatus to a graded series of 8 buffers containing (after mixing) 15¢'°n 1S mixed in the stopped-flow apparatus. Forltheletermination,

mOsm impermeant solutes (PBS) and urea (or other solute) concentrglbef ?uﬁer éI_DBtS) t(i which thfeS%hc;sg(s) ar(e) expofsted hz?\s_ an 'g] ptermeant
tions which cover the whole range from swelling to shrinking osmo- solute gradientrglucose) o ~ mbsm after mixing. Data are

lalities. In preliminary experiments, the averaged data (ten runs) nea¥hen tgvera_ged gorTlo runz gnld fit bylr;c;ql|ne§tL Ieazt‘f_sql:_ares tfotr:he
zero time were fitted empirically with a second order polynomial, from equation given by Toon and Solomon ( ), with modifications of the

which the initial slope was computed directly (normal operation). In cell parameters requisite for ghosts discussed below. The time scale is

the data used for the tables, single runs were fitted with a linear fitIong 'e:nm:r?h that th? norrtnalthmegh?fd caPanSe use:i.. 0.3-0
(25-50 msec, manual operation) and the slope was obtained from the or thew experiments, the buffer ( ) contains 0.3-0.Ber-

S . ) L . ) . meant solute after mixing. The numerical valuewois determined by
graph as in Fig. 2. This typical fitting procedure yields a linear relation o L
between 4,),_, and external osmolality, which makes it very easy to the method of Sha’afi et al. (1970) which is based on the value of two

determinec by least squares, as shown in Fig. 4. The null method parameters determined at the minimum cell volumg, and €°V/dt)

minimizes errors in the fitting procedure, since it only requires us to determined aVpiy. .

discriminate between concentrations that lead to swelling and those tha The computed numerical values af and L, (but not of o;)

lead to shrinking. The advantage of this consideration applies particuSPEnd upon the volume of the resealed ghél,s, Measurements of
larly to the refractive index which affects the amplitude of the signal the volume of resealed ghosts prepared according to our protocol have
rather than its direction. been made with the Coulter counter giving values ®72 and 88 +

12 _ _ i
When solutes can also cross the membrane by alternate route%? 10_ f_ms forTohne StTp and ftklree step ?.h?StS :espectt;]velyh(th:ee
such as dissolution in the membrane, the correetgg,, is used eterminations). The volume of "nonosmotic” water in the ghosts

(Dainty, 1963) to describe the interaction of solute and water in the(Ve) was determined by measuring the dependence of ghost volume on
aqueous channel. osmotic pressure gradient, as was done by Levin, Levin & Solomon

(1980). In the one-step ghosts that Levin et al. characterized, the non-
©) osmotic water was essentially zero, and our measurements in one-step
and three-step ghosts also show tfats essentially zero(, = 0.023
+ 0.08 x 102 cn?®, three determinations).

In a recent article on the permeability properties of short-chain
diols, Macey and Karan (1993) criticized our analytical method of
small, having a value of 0.099 for urea (Toon & Solomon, 1991). determining the initial slope. They tried a number of alternative fitting
However, in resealed ghosts, as used in our experimemtz-,ll(.p) is fugctions such as an exponential and a third order polynomial a_nd
determined for each preparation as discussed in the following sectiorR0inted out that the results of the analysis depend upon the analytical
since small alterations in the resealing procedure may lead to signififunction. It is not surprising that different results are obtained for
cant variations in¢;V;/L,). This correction factor is particularly im- exponential and third order polynomial fitting functions because the

portant because the exact corrected condition required for transpofurve describing the time course of volume change is neither an expo-
through an aqueous channeldis, , < 1.0. nential nor a third order polynomial. Macey and Karan also report that

the fit depends upon the length of the interval chosen for the fit, with
which we agree. Our routine procedure is to minimize the length of the
MEASUREMENT OFRED CELL GHOST ; AND Lp fitting interval, subject to obtaining enough data to characterize the

curve accurately. The advantage of the null method is that the effect of
To compute the correction factor, which is done by the normal methodthese differences in fitting interval an,.,is relatively slight, even for
both the permeability coefficientp, for each solute and the water experiments using a pressure drive and a polynomial fit. In such an
permeability coefficientL,, for each preparation must be measured. experimento,,.., for a 50-msec fitting interval in a trial experiment
The experimental procedures for measuring each coefficient have begmormal drive) is 0.49 + 0.03, as compared to 0.44 + 0.03 for a 100-
given before ¢eeToon & Solomon, 1990) and are generally similar, msec fitting interval.

Gi,corr = 0Oj + (wivureJLp)

in which o is the solute permeability coefficient (units of mol dyhe
sec?) and V, is the partial molar volume of the solute (Emol™).
In the native red cell (bank blood), the factaes;{;/L,) is relatively



M.R. Toon & A.K. Solomon: Red Cell Permeability to Urea and Water 141

Table 1. Reflection coefficient for urea in one-step ghosts

EXp O—glut:ose Ourea "’V/Lp Ourea,corr l-p"Jl X 1011 ‘”ure: x 1015

5-29 0.98 +0.03 0.46 +0.06 0.25+0.02 0.71+0.10 1.72 96+ 6

6-1 1.00£0.03 0.41 £0.02 0.35+£0.03 0.76 £ 0.08 1.41 110+ 10

6-3 1.00 £0.04 0.48 +0.03 0.13+0.01 0.61+0.05 2.66 74+ 3

6-7 1.02+0.04 0.43+£0.03 0.18 £0.01 0.61 £0.04 1.32 53+ 3
average (error-weighted) 0.64 £0.03

aunits: cnt dynet sect
b units: mol dyne* sec™. The error-weighted average for the data in this column is (69 + 2)*5fol dyne* sec™. To convert to units of cm
sec? this figure must be multiplied bRT (2.44 x 13° dyne cm mot* at 21°C) which gives (1.68 + 0.05) x TOcm sec™.

Results primarily reflects the effect of contributions from urea
reactions with the membrane. This twofold difference in
The most important question is whether urea and thesarea permeability suggests that changes induced in the
other solutes enter through an aqueous channel; the toakembrane, or material lost from it, during formation of
by which this determination is made is the value of theone-step ghosts, had affected the passage of urea. As
reflection coefficientp,., Since solutes may be able to will be shown in subsequent Tables 2 and 3, the correc-
cross the membrane by other additional means, such d®n term for urea is larger than that of the other amides
dissolution in the membrane fabric, the corrected,,  and very much larger than that for the diols, which re-
(=0, + o,VIL p) is used to refer to passage through bothflects the relatively high solubility of urea in the mem-
the aqueous channel and the membrane fabric. If thérane fabric.
irreversible thermodynamic criterionr; .., < 1.0, it The results of our experiments an,.., (Mmanual
shows that the solute crosses the membrane, at least method), given in Table 1, show that the error-weighted
part, through an agqueous channek€ discussion by average of the corrected figuredg, e, corr= 0.64 £0.03,
Dainty, 1963). for one-step ghosts, in reasonable agreement with the
The first step is to determine the correction term, prior corrected value we had obtained for red cells, 0.73
which is computed separately for each experiment. The: 0.04 (Toon & Solomon, 1991). This agreement is con-
water permeability of the membrands,, is dominated sistent with the view that there is little difference in
by passage through the aqueous channel and is closety,., .o/0€tween the native red cell and one-step ghosts
similar in one-step ghosts and native red cells. The avand that there are no large errors in the prior method of
erageL, for the ghosts shown in Table 1, is 1.8 + 0.6 x o,.,determination that are corrected by the present pro-
107 11cm dyne* sec?, which includes one anomalously cedure. As a control we have measureg cose 10
high value ofL,,. In our expenenceL for fresh cellsis  which the human red cell is impermeable over our time
1.8+0.3 x 10ll cm® dyne * sec? shghtly higher than course (Widdas, 1988). Our finding (column 2) that
our usual value for outdated bIood WhICh is in the rangeo g coselS €ssentially 1.0 confirms the impermeability of
of 1.2-1.5 x 10* cm® dyne* sec'. Thus the water the resealed ghosts. The Toon and Solomon (1991)
permeability properties of the agueous channel, meavalue for uncorrected ., is in good agreement with a
sured in one-step ghosts by cytosol fluorescence, argreat many other values previously obtained in this labo-
closely similar to those obtained previously both in theratory seeSolomon, 1993). A somewhat largey,.,0f
native cell and outdated blood. 0.79 = 0.02 had been given by Owen and Eyring (1975).
The solute permeability of the membrane, however,The only higher value in the literature is that of 0.95
is greater in one-step ghosts than in normal cells. Th@iven by Levitt and Mlekoday (1983), who consider that
figure for w5 Which we measured for use in the com- a value of 0.75 is also acceptable. Thus the weight of the
putations for Table 1 is the average of three determinaevidence supports the conclusion thgt,,is appreciably
tions at 0.4, 0.5 and 0.6 urea, so that the averagg,., less than 1.0.
for Table 1, ® + 2 x 10 mol dyne* sec?, can be We have also determines ., for the short chain
taken as representative of the value at Q.5This is  hydrophilic amides and methylurea, obtaining the values
larger than the value in red cells 003 8 x 10 mol  given in Table 2. These, ., values are all less than 1.0
dyne ! sec? for a urea concentration of 015, as given by two standard deviations or more. The statistics of the
by Toon and Solomon (1991)» ., includes contribu-  difference can be evaluated by computiddor the dif-
tions from passage both through the channels and thierence of the function (1 o) from 0. SinceP <
membrane fabric. Sinag,.,andL, are little changed in  0.02 ¢ test) except for propionamide, the most lipophilic
one-step ghosts, we assume that the increase jy, of these amides for whicR < 0.2, there is a significant
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Table 2. Reflection coefficient for amides in one-step ghosts may well be in agreement with the Macey and Karan
data.

Solute Oglucose o oVIL, Ticort”

Methylurea 1.05+0.02 0.73+0.02 0.05+0.01 0.79+0.05
Formamide 1.06+0.03 0.35+0.02 0.25+0.01 0.67+0.06
Acetamide 1.03+0.05 0.67+0.04 0.10+0.01 0.77+0.05
Propionamide 1.03+0.05 0.80+0.04 0.10+0.01 0.90+0.05 TRANSPORT OFWATER

*Values in this column are computed as the average of separate ex- . .
periments and may differ slightly from figures computed from the AS We have discussed, a protein of 28 kDa, CHIP28,

averages given in Table 2. which Preston et al. (1992) have recently cloned, is
tightly bound inside the red cell membrane, where it is
believed to serve as the water transport channel (Agre et
al.,, 1993; Zeidel et al., 1994; Shi, Skach & Verkman,
) R 5994), rather than band 3, which had previously been
amides and water, which implies that these solutes alsguggested (Solomon et al., 1983). The ability to trans-
Cross the membrane through a water-filled channel. Ou[)ort water has caused the class of proteins of structure
finding that this is the case is supported by the ObserVaéimilar to CHIP28, such as the bovine lens channel pro-

tion that the values of; o, depend upon the size of the oy \1ip26, to be known as aquaporins. CHIP28 is pre-
solute, increasing uniformly as the solute becomesen i the red cell as a tetramer; a single monomer can
larger. F'gufe 2 ShOW.S that cor of_the amides and ransport water and such a functional unit has a mass of
ureas are a linear function of the partial molar volumeso30 kDa in the rabbit red cell (van Hoek et al., 1992).
these solutes. The linear correlation is significant with Specialized lipids are not required for CHIP28 ,to func-

= 0.95,P < 0.02,t test. This dependence is similar to P
o ’ tion as a water channel. A rare group of individuals has
the finding of Toon and Solomon (1991) that (bieor)  peen found who lack normal CHIP28 in their red cell

is linearly dependen'g upon solute radius. The prese embrane proteins (Colton(a-b-) cells; Preston et al.,
values ofo; for the amides in Table 2 for one-step ghosts 1 gg)  Req cell water flux in these individuals was de-

have a slightly higher average than those for red Ce"?)ressed to 20% of normal controls, similar to the 19.1%

given by Toon and Solomon (1991) with an average,,ater flux through the lipids in normals, as estimated by

increase ofy; by 0.13 + 0.03. Our data also support the 5,00 (1993). Urea flux was unaffected. A similar

observation by Solomon (1993) that 16 short-chain hy-,pqanation on water was made by Mathai et al. (1995)

drophilic solutes (84 measurements) are characterized tWho have measured the diffusional and osmotic water
Ui,cov\f 1h-0- o d . for the dihvdric al permeability of red cells that lack CHIP28 because they
e have also determineg for the dihydric alco- .6 from a donor family that has a knockout mutation

hols by the new method and obtained the average valugg e cHiP28 gene. The diffusion permeability of these
given in Table 3. These values are also higher than thos

€ells to water is about 35% of that in comparable normal
previously obtained by Toon and Solomon (1990) with o P

) . cells. The permeability of these mutated cells to urea has
an average increase of by 0.17 + 0.03, slightly larger P y

: ) not been determined. The observation that a significant
than the average difference observed for the amides. W. 9

h I he valueRfor th ity th fraction of water transport is not carried by CHIP28
ave aiso Qom_putedt e valuerdfor t e_probabl ity t at_ means that there must be an additional mechanism re-
(1 - 0y cor) is different from 0 and obtained the results in

he | I f Table 3. T £ th | . sponsible for carrying water across the red cell mem-
the last column of Table 3. Two of the values are Sig-y).5ne  The number of copies of CHIP28 is estimated to
nificant with P-values of 0.02 or less and two are not.

- : ) . > pe in the range of2 x 10 copies/red cell (Agre et al.,
These findings are consistent with the view that the dlolslggg) to 3.2 x 16copiesired cell (Mannuzzu, Moronne
cross the membrane, in part at least, through a wat , ;

€l M 1993). Most importantly the CHIP28 channel
filed channel. More experiments, in addition to th acey, ) Stimpor y enanne

€ doesnot transport urea (Zeidel et al., 1991, in proteoli-

twelve_ which CO”T'F’Yise Ta.b'.e 3, wo_uld be necessary toposomes; van Hoek and Verkman, 1992, in stripped red
establish the statistical validity of this conclusion. cell membranes).

Macey and Karan (1993) have determinrgdor the
solutes in Table 3 using a graphical method to evaluate
the parameters. The time course of cell volume over & RANSPORT OFUREA
12- to 20-sec period is compared to the predictions of
theory for assumed; values of 0.6, 0.8 and 1.0. Visu- In a simple agueous channel of appropriate dimensions,
ally the fit appears best fos; = 1.0, except for 2,3 it is not possible to turn off water flux without affecting
butanediol for which there is no apparent difference be-urea flux. Although pCMBS (p-chloromercuribenzene
tween 0.8 and 1.0. Our values, determined experimensulfonate) inhibits both water and urea fluxes (Macey &
tally for these four diols all lie between 0.8 and 1.0 andFarmer, 1970), it subsequently became clear (Macey,

Discussion
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Table 3. Reflection coefficient for diols in one-step ghosts

Solute G glucose o oV/L, Ti.corr PP

1,2 propanediol 1.00 £0.04 0.92+£0.04 0.02+£0.01 0.92 +£0.06 <0.3
1,3 propanediol 1.00 £ 0.05 0.89+0.04 0.01+0.01 0.89+0.07 <0.01
1,4 butanediol 1.00+0.03 0.82+£0.04 0.02+0.01 0.86 +0.05 <0.1
2,3 butanediol 1.00£0.03 0.68 +0.03 0.12+0.01 0.81+0.07 <0.02

2Values in this column are computed as the average of separate experiments and may differ slightly from figures computed from the averages gi
in Table 3.
b P values for the probability that the individual values of the function (&; z,) are greater than 0.

o DEPENDENCE ON PARTIAL MOLAR VOLUME (1983) finding of separate K for thiourea inhibition at
1.000 1 the inside and outside face. Mannuzzu et al. (1993) have
shown that inhibition of urea flux by mercurials such as

0.900 + pCMBS depends strongly on the lipid solubility of the
e inhibitor. They assume that the inhibition site is buried
& o0.800} in the bilayer or other lipid structure and that inhibition
= - .
§ of urea flux depends upon two steps, partition into the
E 0700 lipid and reaction with the inhibition site. They consider
© the water flux inhibition site to be separate from the urea

0.600 site.

Results of experiments with red cells from individu-
0.500 : y y : ' als who lack the Kidd antigen (Jk(a-b-) cells) have led to

30 40 S0 60 70 80

SOLUTE PARTIAL MOLAR VOLUME (e mol=1) another suggestion about the mechanism of urea trans-

port, since urea transport in these individuals is almost
Fig. 5. Dependence of; ., On solute partial molar volume for urea entirely Squresstd with no effect on water Or.amon
and the solutes in Table 2 (in order of increasing molar volume: form-fluxes. Masouredis et al. (1980), who have estimated
amide, urea, acetamide, methylurea and propionamide; average of thréhat there are about 14,000 copies of the Kidd antigen on
experiments or more). The correlation is significant witk= 0.95; P red cell ghosts, point out that findings with ghost mem-
<0.02. branes probably do not provide a faithful representation
of the situation on the cell membrane. However, Man-

1984: Toon & Solomon, 1986) that two separate bindingM4ZZY et al. (1993), who have independently determined

sites are involved, since pCMBS bound much more rap_the number of sites involved in red cell urea transport to

idly to the urea flux inhibition site than to the water flux P& =32,000/red cell, have supported the suggestion of
inhibition site. Further evidence that urea flux did not “Fréhlich et al. (1991) that the Kidd antigen is also the
proceed by simple diffusion had been provided by Wiethuréa transporter (the “Kidd mechanism”). Neau et al.
et al. (1974), who showed that thiourea flux was inhib-(1993) have used experiments with photoaffinity label-
ited by urea and conversely that urea flux was inhibitedind to provide further support for a role of the Kidd
by thiourea. Furthermore, both fluxes were shown to beantigen in red cell urea transport.
saturable. This evidence is at variance with the concept Urea transport proteins have been cloned for the
of a sieve-specific channel that discriminates among hyvasopressin-regulated urea transporter in the kidney col-
drophilic nonelectrolytes according to their size and islecting duct (You et al., 1993). The kidney transporter
not saturable. encodes a 397-amino acid polypeptide, UT2, which is
We have therefore suggested that separate sites av@sopressin sensitive and increases the permeability of
incorporated into a tripartite channel (Toon & Solomon, oocytes to urea 23-fold. UT2 is not present in red cells,
1990) with one site governing the passage of hydrophilidut a related protein, HUT11, has been encoded from a
nonelectrolytes and the other that of water across the reduman bone marrow library (Olives et al., 1994) and
cell membrane (the “tripartite mechanism™). The non- may play a role in human red cell urea transport. Itis a
electrolyte constraint consists of two H-bond exchangepolypeptide of 391 amino acids that exhibits a 63% se-
regions, one at each face of the pore, where the nonelecquence homology with UT2 and weighs 43,000 Da. The
trolytes, such as urea and its congeners, bind to exchandwdrophobicity profiles of both UT2 and HUT11 are
their water of hydration for H-bonds when they enter andvery similar and both suggest 10 membrane-traversing
leave the membrane channel. Supporting evidence fesegments. In oocyte plasma membranes, HUT11 in-
two such regions is afforded by Mayrand and Levitt's creased the urea permeability by a factor of 20. Urea



144 M.R. Toon & A.K. Solomon: Red Cell Permeability to Urea and Water

permeability of these oocytes was inhibited by pCMBSwhich have been found to stimulate water flux by up to
and urea analogues, similar to results in human red cell$£8% and inhibit urea flux by up to 92%. These interac-
HUT11 had no stimulative effect on osmotic water per-tions are related to binding of the benzene sulfonates to
meability in oocytes. Since the initial step in both the the anion exchange protein since they are inhibited by
proposed urea transport systems (“tripartite and Kiddbinding of the anion exchange inhibitor, DIDS (4,4
mechanisms”) is a reaction of urea with a carrier mol- diisothiocyanate-2,2stilbene disulfonate). The frac-
ecule, the existence of these carrier proteins does ndional stimulation of water flux is correlated linearly with
argue in favor of either transport mechanism. the inhibition of urea flux = 0.94, P < 0.001, for

In many respects, the mechanism of red cell ureat-chlorobenzene sulfonate; similar effects are observed
transport proposed by Hnbich et al. (1991) and Man- for other benzene sulfonates). These experiments pro-
nuzzu et al., (1993) and their colleagues (“Kidd mecha-vide convincing evidence of a linkage between the urea
nism”) is similar to ours (“tripartite mechanism™), but and water pathways and also indicate that a common
there is one essential difference. Both mechanisms inelement is shared with the anion transport protein.
clude a partitioning (hydration) step in which reactants A good deal of evidence supports the view that an
enter the membrane phase to bind with the carrier, and assential step in hydrophilic nonelectrolyte transport
reaction step in which there is a carrier/urea reactioracross many cellular membranes is via a mechanism that
which propels the solute on its way across the membraneliscriminates among solutes according to size. One ex-
The fundamental difference concerns the specificity ofample has been given in Fig. 5 which shows that,,,
the second step which, in our view, is a channel whichfor urea and small hydrophilic amides is linearly depen-
carries other solutes, particularly water, and in the Kidddent upon solute molar volume = 0.95; P < 0.02).
antigen view, is a protein which reacts with only a single Previously, in the native red cell, Toon and Solomon
class of solute, such as urea and its congeners, but n¢1991) had found that the logarithms of the permeability
water and other solutes. The urea transport proteingoefficients of ten ureas and amides were significantly
UT2 and HUT11 are an example of proteins which reactcorrelated with solute molar volum® & 0.01,t test), in
specifically with a specific class of solute in the binding agreement with many previous studies (Solomon, 1993).
step, urea and its congeners. Other solutes will requirdhese dependencies do not identify the rate determining
other proteins. step for solute transport, but they do provide the strong-

est evidence that there is a rate determining step which

discriminates among solutes according to their size.
CoupLING BETWEEN UREA (OR OTHER SOLUTE) AND

WATER FLUX
ProBLEMS ABOUT UREA FLUX MECHANISM

The view that water transport is mediated by a transport
protein that does not transport other solutes such as urdaseems likely that the urea binding protein in the red cell
is at variance with evidence of coupled solute/solventmembrane, HUT11, is responsible for the first phase of
transport. The most direct evidence of coupling betweerthe transport process, which leaves open the nature of the
urea flux and water flux can be found by an examinationmechanism by which the solute takes its next step in
of data in normal human red cells, as was done by Solerossing the lipid bilayer. If HUT11 is located within the
omon (1993). Water flux is idiosyncratic to individuals, lipid phase of the membrane, as is probable, it can fulfill
L, varying between about 1.1 to 1.6 xthem® dynt  Mannuzzu et al.’s (1993) findings about the location and
sec! in a set of experiments in twelve individuals in number of urea binding sites. It is only necessary that
whom normal urea flux was also determined. These wathe number of sites and their individual capacity be suf-
ter flux variations presumably arise from differences inficient to hydrate enough urea molecules to maintain the
water channel dimensions or numbers. If urea flux istransport steady state.
mediated by another protein, independent of the CHIP28  The conflict arises because the CHIP28 water chan-
responsible for water flux, the variations in urea flux nel is impermeant to urea, as previously pointed out.
should be independent of those of water flux. But this isThe experiments discussed in the preceding section all
not the case, since Solomon (1993) observed that ureare consistent with the view that urea crosses the red cell
and water fluxes are closely correlated in these data, witlmembrane in an aqueous channel, as is our present de-
a correlation coefficient of 0.9, leading < 0.01,ttest.  termination thair ., .o, = 0.64 + 0.03. The evidence
This correlation provides very strong evidence that huthat CHIP28 provides the water channel is very strong
man red cell urea and water flux share a common rate¢Agre et al., 1993) but the observations in red cells that
determining element. lack CHIP28 indicate that there is an additional mecha-
Another example of an interaction between urea andhism for water transport.
water fluxes is provided by anion transport inhibitors of The ratio of osmotic to diffusional permeability
the benzene sulfonate class (Toon & Solomon, 1994fP/P,) of the red cells which lack CHIP28 (Mathai,
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1995) is 3.3, which indicates that water flows through a  number of urea transport sites in erythrocyte ghosts using a hydro-
channel. This figure is a substantial fraction of théPp phobic mercurialJ. Membrane Biol133:85-97 _
ratio of 5.1 at 20°C for the normal red cell (Solomon, Masouredis, S.P., Sudora, E., Mahan, L., Victoria, E.J. 1980. Quanti-

. . . tative immunoferritin microscopy of FyFy?, Ji&, U, and DP an-
1986), which has been interpreted as an equivalent pore tigen site numbers on human red ceBood 56:969-977

radius of 6.5 + 0.6 A. Mathai, J.C., Mori, S., Smith, B.L., Preston, G.M., van Zijl, P.C.M.,
The observation that 20-35% of the red cell water  collins, M.L., Zeidel, M.L., Agre, P. 1995. Red cell membrane

flux of these cells remains after CHIP28 has been water transport in the aguaporin-1 (AQP1) deletion phenotype.

knocked out is compatible with the existence of a second FASEB J.9:3263

mechanism for transporting water. If there were an adMayrand, R.R., Levitt, D.G. 1983. Urea and ethylene glycol-facilitated

ditional mechanism which was a protein that also trans- §or-Po7 Systemsn the human red cell membran@en. Physiol.

ported urea, it could provide a water channel that coulq\,eau, P. Degeilh, F., Lamotte, H., Rousseau, B., Ripoche, P. 1993.

account fororea cor< 1.0. In fact there is_ one protein Photoaffinity labeling of the human red blood cell urea transporter

(AQP3), a member of the aquaporin family reported by  polypeptide component&ur. J. Biochem218:447-455

Ishibashi et al. (1994) that is permeable to urea and glycolives, B., Neau, P., Bailly, P., Hediger, M.A., Rousselet, G., Cartron,

erol. Of course it is not necessary that the 35% of the J-P., Ripoche, P. 1994. Cloning and functional expression of a urea
water flux be carried by an aquaporin, but it is reassuring  transporter from human bone marrow cells. Biol. Chem.

. . . . 269:31649-31652
to find a suggestive protein in the same fam”y' Owen, J.D., Eyring, E.M. 1975. Reflection coefficients of permeant
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