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Abstract

It has been proposed that the mercurial-sensitive water trans-
porter in mammalian erythrocytes is the anion exchanger band
3 (AE1) and/or the glucose transporter, band 4.5 (GLUT1).
Using a functional assay for water channel expression in Xeno-
pus oocytes (Zhang, R., K. A. Logee, and A. S. Verkman. 1990.
J. Biol. Chem. 265:15375-15378), we compared osmotic water
permeability (P;) of oocytes injected with water, reticulocyte
mRNA, AE1 mRNA, and GLUT1 mRNA. Injection of oocytes
with 5-50 ng of in vitro—transcribed AE1 mRNA had no effect
on P, but increased trans-stimulated *Cl uptake greater than
fourfold in a dinitro-disulfonic stilbene (DNDS)-inhibitable
manner. Injection with 1-50 ng of in vitro-transcribed GLUT1
mRNA increased *H-methylglucose uptake > 15-fold in a cyto-
chalasin B-sensitive manner and increased P; from (3.7+0.4)
X 10~ cm/s (SE, n = 16, 10°C) in water-injected oocytes up to
(13%1) X 1074 cm/s (n = 18). Both the increments in sugar and
water transport were inhibited by cytochalasin B (25 xM) and
phloretin (0.2 mM); neither was inhibited by 0.3 mM HgCl,. In
oocytes injected with 50 ng of rabbit reticulocyte mRNA, the P;
of (18+2) X 10~* cm/s (n = 18) was reduced to (4.0+0.6) X 1074
cm/s (n = 10) by HgCl,, but was not inhibited by DNDS (0.4
mM), cytochalasin B or phloretin. Coinjection of reticulocyte
mRNA with antisense oligodeoxyribonucleotides against AE1
or GLUT]1 did not affect P,, but inhibited completely the incre-
mental uptake of 3°Cl or *H-methylglucose, respectively. Ex-
pression of size-fractionated mRNA from reticulocyte gave a
2-2.5-kb size for water channel mRNA, less than the 4-4.5-kb
size for the Cl transporter. These results provide evidence that
facilitated water transport in erythrocytes is mediated not by
bands 3 or 4.5, but by distinct water transport protein(s). (J.
Clin. Invest. 1991. 88:1553-1558.) Key words: anion transport
e red cell » mRNA expression » mercurial « cytochalasin

Introduction

The plasma membrane of mammalian erythrocytes contains a
specialized channel or pore for rapid transport of water (1, 2).
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This water channel confers an osmotic water permeability (P;
= 0.02-0.05 cm/s)! much greater than that of synthetic lipid
bilayers or biomembranes that lack water channels (< 0.005
cm/s) (3). Additional evidence supporting the existence of an
erythrocyte water channel is a low Arrhenius activation energy
for P; (E, < 5 kcal/mol), a high ratio of osmotic-to-diffusional
water permeability (P/P; > 3) and strong inhibition of P; by
mercurial sulfhydryl reagents (1-3). Mercurial-sensitive water
channels are also present on plasma and intracellular mem-
branes of kidney proximal (4, 5) and collecting tubules (6-38),
and amphibian urinary bladder (6, 9, 10), but not in other cell
types including intestine, trachea, placenta, and platelets (3).

Considerable effort has been focused on the identification
of mercurial-sensitive water transporting protein(s) in the eryth-
rocyte. Biophysical calculations suggesting the presence of > 2
X 10° water channels per erythrocyte have led to assignments
of water channel activity to two sulfhydryl-containing proteins:
the anion exchanger band 3 (AE1) and the glucose transport
protein band 4.5 (GLUT1) (1, 2, 11). Several laboratories have
reported localization of radiolabeled sulfhydryl inhibitors of
water transport to band 3 (12-14). Solomon and colleagues
have reported a series of functional and pharmacological stud-
ies suggesting linkage among erythroid water, urea, and anion
transporters (2, 13, 15). Freeze-etch studies of erythrocyte
membranes showed sublimation of water in particle aggregates
containing band 3 (16), providing indirect evidence that water
might move through band 3. However, because of the high
basal water permeability of reconstituted lipid bilayers and the
low maximal density of band 3 molecules in reconstitution
experiments, it has not been possible to test directly the hy-
pothesis that band 3 is the erythrocyte water channel.

Fischbarg and colleagues have reported several studies sug-
gesting that Na-independent glucose transporters are water
transporters. Osmotic water transport in corneal endothelium
and cultured J774 macrophages was partially inhibited by the
glucose transport inhibitors cytochalasin B and phloretin (17,
18). Furthermore, injection of Xenopus oocytes with in vitro-
transcribed mRNA encoding GLUT!1 produced a small in-
crease in oocyte water permeability (19). These data were con-
sistent with the possibility that GLUT1 may be the primary
route for water transport in erythrocytes.

The purpose of this study was to determine the capacities of
AE1 and/or GLUT]1 to transport water, and to assess their
contributions to erythrocyte water transport. Experiments
were based on the observation that functional mercurial-sensi-
tive water channels are expressed in Xenopus oocytes microin-

1. Abbreviations used in this paper: AE1, anion exchanger band 3;
DNDS, dinitro-disulfonic stilbene; GLUT 1, glucose transport protein
band 4.5; P;, osmotic water permeability.
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jected with mRNA from kidney, toad urinary bladder, or reticu-
locyte (20, 21). We found that the erythroid water transport
activity expressed in oocytes was inhibited by mercurials, but
not by inhibitors of anion or glucose transport. Specific sup-
pression of AE1 or GLUT]1 activities by coinjection of the
corresponding antisense oligonucleotides did not affect reticu-
locyte mRNA-induced water transport. Expression of in vitro-
transcribed AE1 mRNA did not increase water transport. In
contrast, mRNA encoding GLUT1 did produce an increase in
oocyte water permeability which, though sensitive to inhibitors
of glucose transport inhibitors, was insensitive to low concen-
trations of mercurials. Finally, size fractionation studies were
performed to compare the size of reticulocyte mRNA encoding
water, anion, and glucose transport activities.

Methods

Materials. The following materials were obtained from the indicated
sources: guanidinium thiocyanate, Fluka AG, Buchs, Switzerland;
CsCl and sucrose, Bethesda Research Laboratories, Gaithersburg, MD;
mRNA isolation kit, Pharmacia LKB Biotechnology, Inc., Piscataway,
NJ. The antisense oligo-deoxyribonucleotides 5-GTGGTCCCG-
CATGTCCCCCAT-3' (anti-murine AE1 [22]) and 5-CTTGCTGCT-
GGGCTCCATGGC-3 (anti-GLUT1 [23]) were synthesized on a
model 380B DNA synthesizer (Applied Biosystems Inc., Foster City,
CA) and purified on a Nensorb column (DuPont Co., Wilmington,
DE). All other chemicals were purchased from Sigma Chemical Co., St.
Louis, MO. Solutions of the inhibitors HgCl,, phloretin, cytochalasin
B, and DNDS were prepared immediately before use.

mRNA isolation and size fractionation. Reticulocytosis was in-
duced in New Zealand white rabbits (1-1.5 kg) by withdrawal of 30-40
cc blood for 3 consecutive days to give Hct 20-22 vol %. The rabbit was
exsanguinated on day 6 and the blood was washed twice and the buffy
coat was carefully removed. The erythrocyte/reticulocyte layer was sus-
pended in 4 M guanidinium thiocyanate, 25 mM sodium citrate, 0.5%
sarcosyl, 0.1 M mercaptoethanol, pH 7, and homogenized on a Poly-
tron homogenizer. Total RNA was isolated by phenol-chloroform ex-
traction and centrifugation through CsCl as described previously (20).
Poly(A*) RNA (mRNA) was purified twice by affinity chromatography
on oligo(dT)-cellulose. mRNA was dissolved in water and stored at
—70°C.

Size fractionation was performed by sucrose gradient centrifuga-
tion. 100 ug poly(A*) RNA was added to a 5-25% sucrose gradient
containing 10 mM methylmercuric hydroxide. Gradients were centri-
fuged for 15 h at 34,000 g at 4°C in a model SW41 rotor (Beckman
Instruments, Inc., Fullerton, CA). Fractions were collected and diluted
with an equal volume of DEPC-treated water containing 5 mM mer-
captoethanol. mRNA was precipitated in ethanol. Size-fractionated
mRNA transferred to nitrocellulose and blotted with 32P-labeled
oligo(dT ).

Transcription of cDNA encoding band 3 and the erythroid glucose
transporter. For preparation of AE1 mRNA, the plasmid pBL (derived
from pB3SP4 [22] and from pL2A [24]) encoding murine erythroid
AE1 was linearized with Hind III in the 3’ noncoding region and tran-
scribed by T7 RNA polymerase as described previously (24, 25). For
preparation of GLUT1 mRNA, the Bam HI fragment of clone pSGT
(26) containing the entire coding region was subcloned into pPGEM3
(Promega Biotec, Madison, WI). This new plasmid was linearized with
Kpnl and transcribed with SP6 polymerase.

Oocyte injection. Stage V and VI oocytes (1.2-1.3 mm diameter)
from Xenopus laevis were isolated as described (27, 28) and stored in
Barth’s buffer (in mM: NaCl, 88; KCl, 1; MgSO,, 0.82, Ca(NO,),,
0.33; CaCl,, 0.41; NaHCO,, 2.4; Hepes, 10; pH 7.4, 200 mOsm) con-
taining benzyl penicillin (10 ug/ml) and streptomycin (10 ug/ml). The
follicular cell layer was digested by 2 h incubation with collagenase
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(type 1A, 2 mg/ml) at 25°C. Oocytes were washed eight times with
Barth’s buffer and microinjected with 50-nl samples under high pres-
sure using an automatic injection system (Eppendorf) and sterile fem-
totips. Oocytes were incubated at (18+0.2)°C for 68-72 h before assay
with buffer changes at 24 and 48 h. :

Water transport assay. Osmotic water permeability of individual
oocytes was assayed at 10°C from the time course of oocyte swelling in
response to a 20-fold dilution of Barth’s buffer with distilled water (21).
Relative oocyte volume was averaged in 1-s time intervals by a real-
time imaging method as described previously. Osmotic water perme-
ability (P, cm/s) was calculated from the initial rates of swelling, d(V/
V,)/dt, oocyte surface-to-volume ratio (S/V, = 50 cm™) and partial
molar volume of water (V,, = 18 cm?/mol) from the relation, P;= [d(V/
V,)/dt/((S/ Vo)V, - (0smg,, — 0smy, )] (21), where osm,,, — osm;, = 190
mOsm. d(V/V,)/dt was determined from the initial slope of a quadratic
polynomial fitted to the first 5 min of the swelling time course.

Anion and glucose transport assay. Uptake of *Cl or H-3-0-
methyl-glucose (New England Nuclear, Boston, MA) was measured in
groups of six to seven oocytes at 23°C. Oocytes were incubated in 1 ml
of Barth’s buffer containing 2 xCi *H-methylglucose (79 Ci/mmol) for
glucose uptake or in 1 ml of modified Barth’s buffer (chloride replaced
by isethionate) containing 1 xCi *Cl (750 uCi/mmol) (for trans-stimu-
lated anion uptake). Uptake was terminated at set times by aspirating
the medium and washing three times with 15 ml of ice cold Barth’s
buffer containing 0.4 mM DNDS or 0.2 mM phloretin. Washed oo-
cytes were transferred individually to scintillation vials containing 0.5
ml of 1% SDS to dissolve the oocyte (1-2 h). 5 ml of scintillation fluid
was added for measurement of radioactivity. Uptake was expressed as
the percentage of equilibrium uptake calculated assuming oocyte
aqueous volumes of 0.9 and 0.6 ul for *H-methylglucose and *Cl, re-
spectively.

Results

Fig. 1 A shows the time course of oocyte swelling in response to
an osmotic gradient; averaged osmotic water permeability coef-
ficients (P;) for measurements performed on a series of oocytes
are summarized in Fig. 2. Because the activation energy for P;
is greater for native oocytes (~ 10 kcal/mol) than for the ex-
pressed water channel (<5 kcal/mol) (20), measurements were
performed at 10°C to maximize the fraction of total P; due to
the expressed water channel. P; in oocytes microinjected with
50 ng of unfractionated mRNA isolated from rabbit reticulo-
cytes was (18+2) X 10~ cm/s (SE, n = 18), fourfold greater
than P; in water-injected oocytes, (3.7+0.4) X 10~ cm/s (n
= 16). It was shown previously that P;in oocytes microinjected
with 50 ng of mRNA from brain, muscle, and a series of cul-
tured cell lines was not different from P;in the water-injected
oocytes (20). The increase in P;due to injection of reticulocyte
mRNA was inhibited strongly by inclusion of 0.3 mM HgCl, in
the assay buffer (Fig. 2).

To evaluate the role of AE1 as a water channel, the expres-
sion of AE1 from total reticulocyte mRNA was blocked by
coinjection of an antisense AE1 oligodeoxyribonucleotide with
the reticulocyte mRNA. Figs. 1 4 and 2 show that the antisense
AEI1 oligonucleotide had no effect on the increase in oocyte P;.
Addition of the stilbene inhibitor of anion transport, DNDS, to
the assay buffer also did not affect P;. In contrast, the twofold
increase in trans-stimulated °Cl uptake due to AE1 expression
from reticulocyte mRNA was blocked by extracellular DNDS
or by coinjection of antisense AE1 oligonucleotide (Fig. 1 B).

Microinjection of oocytes with mRNA in vitro-transcribed
from AE1 cDNA produced a large, dose-dependent increase in
36C1 uptake (Fig. 1 B) as described previously (24, 25). The
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Figure 1. Measurement of water and chloride transport in oocytes
microinjected with mRNA isolated from rabbit reticulocyte or from
in vitro-transcribed from AE1 cDNA. (4) Time course of oocyte
swelling in response to an osmotic gradient measured by image anal-
ysis (see Methods). Water permeability was assayed at 10°C, 68-72

h after microinjection. Oocytes were injected with 50 nl of water, 50
ng of in vitro-transcribed AE1 mRNA, or 50 ng of unfractionated
reticulocyte mRNA with or without 5 fmol antisense AE1 oligonu-
cleotide (100-fold molar excess, assuming that AE1 represents 0.1%
of reticulocyte mRNA). Water transport in oocytes microinjected
with reticulocyte mRNA was measured in the presence and absence
of 0.4 mM DNDS in the assay buffer. Data from a series of similar
measurements are summarized in Fig. 2. (B) 60 min uptake of *Cl
measured in the presence of an outwardly directed Cl gradient (trans-
stimulation) as described in Methods. Each point is the mean+SE (n
= 10-15 oocytes) from three separate sets of experiments; externally
bound *Cl (< 10%), determined from a 0-time uptake measurement,
was subtracted. Oocytes were injected with 50 nl of water, 50 ng of
reticulocyte mRNA, or 5-50 ng of band 3 mRNA. For inhibition
studies, 10 ng of band 3 mRNA was used. Concentrations were 0.4
mM DNDS and 0.3 mM HgCl,. Amounts of injected antisense oli-
gonucleotide were 1 pmol AE1 (~ 100-fold molar excess) and 2 pmol
GLUTI.

increase was blocked equally well by DNDS or by coinjection
of antisense AE1 oligonucleotide, but not by coinjection with
an antisense GLUT]1 oligonucleotide. P;in oocytes coinjected
with total reticulocyte mRNA and with in vitro-transcribed
AEl mRNA was not greater than P; in oocytes injected with
reticulocyte mRNA alone (Fig. 2).

A similar set of studies was carried out to evaluate the role
of the sodium-independent glucose transporter, GLUTI, in
water transport. Fig. 3 B shows that injection of reticulocyte
mRNA caused a significant increase in *H-methylglucose up-
take that was blocked equally well by extracellular cytochalasin

B or by coinjection of antisense GLUT1 oligonucleotide.
Figs. 2 and 3 A additionally reveal that the antisense GLUT1
oligonoucleotide did not affect P;in oocytes injected with retic-
ulocyte mRNA. Furthermore, extracellular addition of the glu-
cose transport inhibitors cytochalasin B and phloretin did not
affect P;.

Microinjection of oocytes with in vitro-transcribed
GLUT! mRNA caused a large, dose-dependent increase in *H-
methylglucose uptake, as described previously (29, 30). This
increase was blocked by cytochalasin B and by coinjection with
the antisense GLUT1 oligonucleotide (Fig. 3 B). *H-Methyl-
glucose uptake was not affected by coinjection of antisense
AE]1 oligonucleotide. Figs. 2 and 3 4 show that expression of
GLUT]1 was associated with a significant increase in oocyte P;
that was blocked by cytochalasin B and phloretin. Further-
more, the increment in P; due to injection of increasing
amounts of GLUT1 mRNA was approximately parallel to the
increment in *H-methylglucose uptake (Figs. 2 and 3 B). These
results support the hypothesis of Fischbarg et al. (19) that the
glucose transporter GLUT1 can mediate water conductance.
Similar results were found for the liver type glucose transporter
(GLUT?2). P;in oocytes injected with 50 ng of mRNA encoding
GLUT?2 was 12+2 X 10~ cm/s (SE, n = 12).

A HgCl, dose-response study was carried out to determine
the mercurial sensitivity of GLUT1 for transport of glucose
and water. Table I shows a roughly parallel dose-dependent
inhibition of glucose and water transport with a K; of ~ 0.75
mM HgCl,. At 0.3 mM HgCl,, the GLUT1 mRNA-dependent
increment in oocyte P;was inhibited by < 15%, much less than
the > 90% inhibition of P;in oocytes injected with reticulocyte
mRNA. The K; for inhibition of P; in oocytes injected with
reticulocyte mRNA was 0.05-0.06 mM (not shown). Taken
together, these results indicate that the increase in oocyte P
induced by reticulocyte mRNA has pharmacological proper-
ties distinct from that induced by GLUT1 mRNA.
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Figure 2. Mean+SE osmotic water permeabilities (P;) in oocytes in-
jected with 50 nl water, 50 ng reticulocyte mRNA, 1-50 ng GLUT1
mRNA, or 50 ng AE]1 mRNA. The number of oocytes in each group
is given in parentheses. For GLUT1 mRNA inhibition studies, 10 ng
was used. Concentrations were 0.3 mM HgCl,, 0.4 mM DNDS, 25
u#M cytochalasin B, 0.2 mM phloretin, 5 fmol antisense AEI, and 3
fmol antisense GLUT 1. For the study in which reticulocyte mRNA
and AE1 mRNA were coinjected, 50 and 25 ng were used, respectively.
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Figure 3. Water and glucose transport in oocytes microinjected with
reticulocyte mRNA or in vitro-transcribed mRNA encoding
GLUT!1. (4) Time course of oocyte swelling was measured as in Fig.

1 A. Oocytes were microinjected with 50 nl water, 50 ng reticulocyte
mRNA with or without 3 fmol antisense GLUT1 (~ 100-fold molar
excess, assuming that GLUT1 represents 0.03% of reticulocyte
mRNA), or 50 ng of GLUT1 mRNA. HgCl, (0.3 mM) or cytochalasin
B (25 uM) were present in the assay buffer where indicated. Data
from a series of measurements are summarized in Fig. 2. (B) 10 min
uptake of *H-methylglucose (mean+SE, n = 10-15 oocytes) in three
separate sets of experiments was measured as described in Methods.
Oocytes were injected with 50 nl water, 50 ng of reticulocyte mRNA,
or 1-50 ng GLUT1 mRNA. For inhibition studies, 10 ng of GLUT1
mRNA was used. Concentrations were 25 uM cytochalasin B and 0.3
mM HgCl, (see Table I for HgCl, dose-response relation). Amounts
of injected antisense oligonucleotide were 2 pmol (GLUT1) (~ 100-
fold molar excess) and 1 pmol (AE1).

Fractionation studies were performed to compare the sizes
of mRNA encoding water, glucose, and anion transporters.
Fig. 4 shows the relative increase in water, *H-methylglucose,
and *Cl transport resulting from expression of mRNA size
fractions from a sucrose gradient. The size of gradient fractions
was determined by Northern Blot analysis. In one set of experi-
ments typical of three, anion and glucose transport expression
were maximal in fractions corresponding to 4-4.5 kb and
2-2.5 kb, respectively, consistent with previously reported
transcript sizes (23, 24). Water transport was expressed in the
range 1-3 kb and maximally by the 2-2.5-kb fraction.

Discussion

The goal of this study was to determine the role of anion and
glucose transporters in facilitated erythrocyte water transport.
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Although several lines of evidence have been presented to sup-
port roles for band 3 and band 4.5 in erythrocyte water trans-
port, direct evaluation has not been possible. This is due in part
to the lack of selective inhibitors of water transport and, in part,
to the unreliability of reconstitution studies given the relatively
high water permeability of lipid bilayers. In addition, an inte-
gral role of membrane lipid components in water permeability
has been proposed (31, 32), making uncertain the application
of classical protein chemical and molecular biological ap-
proaches to the elucidation of water channel structure.

The Xenopus oocyte can effectively express erythroid water
transporters by microinjection of unfractionated mRNA iso-
lated from reticulocytes. Reticulocyte mRNA rather than
mRNA from spleen or cultured cell lines was used to ensure the
presence of mRNA encoding the erythroid water transporter.
The water transporter expressed in oocytes had pharmacologi-
cal and biophysical properties similar to those of the native
erythrocyte (1, 2), suggesting that the increased P; is attribut-
able to the erythrocyte water transporter. Alternative explana-
tions for the increased P;, including activation of an endoge-
nous Xenopus water transport gene, or reorganization of endog-
enous oocyte membrane proteins to form a water pore, remain
formal, though unlikely possibilities. Therefore the erythrocyte
water channel is probably a protein. Based on the size fraction-
ation data, the protein is composed of one or more subunits
encoded by mRNA of size ~ 2-2.5 kb.

Oocytes microinjected with reticulocyte mRNA expressed
AE] as assayed by stilbene-sensitive 3Cl uptake. AE1 expres-
sion was effectively blocked by coinjection with an antisense
21-mer oligodeoxyribonucleotide complementary to the mu-
rine erythroid AE1 translational initiation site and extending
18 bases in the 3'-direction. Based on studies of globin mRNA
expression (33, 34), a 100-fold excess of antisense AE1 oligonu-
cleotide over AE1 mRNA was chosen. There was no effect on
water transport when AE1 expression was blocked in oocytes
injected with reticulocyte mRNA. In addition, expression of
AE]1 using in vitro-transcribed AE1 mRNA caused a large in-
crease in stilbene-sensitive *Cl uptake but no increase in 0o-
cyte water permeability. There was no effect of the potent stil-
bene DNDS on water transport in oocytes microinjected with
mRNA from reticulocyte or transcribed in vitro from AE1
cDNA. Moreover, water transport in oocytes coinjected with
reticulocyte and band 3 mRNA was not different from that in
oocytes injected with reticulocyte mRNA alone.

Table I. Inhibition by HgCl, of GLUTI-mediated
Water and Hexose Transport

[HgCl,] ) 3H-Methylglucose uptake

mM cm/s X 1074 %

0.0 10.0+1.3 35.0+4.0
0.3 8.7£1.0 29.0+3.0
0.6 7.1£1.2 22.0+£3.0
0.9 5.3+0.8 12.0+£2.0
1.2 4.5+0.5 7.0+£0.7
1.5 3.9+0.5 4.4+0.5

Each data point is the mean+SE for measurements performed on six
to eight oocytes injected with 10 ng of GLUT1 mRNA. Oocyte P,
and *H-methylglucose uptake (percent equilibrium value) were mea-
sured as described in Methods. HgCl, was present in the assay buffer.



Figure 4. Water, glucose,
and chloride transport in
oocytes injected with size-
fractionated mRNA from
rabbit reticulocyte. Relative
transport rates of *Cl, *H-
methylglucose, and water in
oocytes injected with
mRNA size fractions from
a 5-25% sucrose gradient.
Background transport rates
determined in water-in-
jected oocytes were sub-
tracted. The positions of the 2- and 4-kb markers were determined
from Northern blot analysis. Data shown are mean=SE for six to
eight oocytes (for each measurement) in one set of size fractionation
studies typical of three.

RELATIVE TRANSPORT

GRADIENT FRACTION

Solomon and co-workers have proposed that an erythroid
water channel may form at the junction of a band 3 multimer
(2). However, the apparent surface density of heterologous
band 3 expressed in a 1-mm oocyte is 100-1,000-fold lower
(25) than that of band 3 in the erythrocyte (35). Thus, it is
possible that heterologous band 3 in the oocyte surface mem-
brane never forms oligomeric assemblies of high enough order
to create such “interstitial”” water channels. Although this possi-
bility might explain the lack of increase in water permeability
by AE1 mRNA, it is not consistent with the antisense experi-
ments in which reticulocyte mRNA-induced water permeabil-
ity was not affected by blocking AE1 mRNA expression. In
addition, fractionation of reticulocyte mRNA indicated that
the mRNA encoding HgCl,-sensitive water transport activity is
approximately half the size of the single size class of erythroid
AE1 mRNA. These results provide strong evidence that band 3
is not the erythroid water transporter.

Because the single channel water permeability of biological
water channels is not known, and because classical hydrody-
namic theory probably does not apply to narrow water chan-
nels, there may be considerably fewer than 10° water channels
per erythrocyte. The data showing preferential localization of
sulfhydryl water channel inhibitors to band 3 (13-15) confirms
that band 3 has reactive -SH groups, but does not prove that
band 3 is a water channel. Similarly, studies of overlapping
specificities of low-affinity inhibitors are difficult to interpret in
terms of protein function (13, 15).

Microinjection of GLUT1 mRNA into oocytes caused a
large increase in cytochalasin B-inhibitable uptake of *H-
methylglucose, corresponding to a glucose permeability of 2
X 1073 cm/s. This was accompanied by a significant increase in
water transport by up to a permeability coefficient of 9 X 10™*
cm/s. The increase in oocyte water permeability was blocked
by the glucose transport inhibitors phloretin and cytochalasin.
However, the apparent K; for inhibition of GLUT 1-related
water permeability by HgCl, was > 10-fold greater than that for
reticulocyte mRNA-induced water permeability. Therefore
GLUTI mediates a significant water conductance that differs
pharmacologically from that of the erythrocyte water channel.

The physiological role of the GLUT 1-mediated water con-
ductance was examined by coinjection of oocytes with reticulo-
cyte mRNA and a 21-mer antisense GLUT1 oligodeoxyribo-
nucleotide directed against the mRNA sequence extending
from three bases 5’ to the translational initiation site to 15 bases
beyond the initiation site in the 3’ direction. Antisense GLUT1

effectively blocked expression of functional glucose transport-
ers but did not affect the water permeability of oocytes injected
with reticulocyte mRNA. Glucose transport inhibitors did not
affect water transport in the reticulocyte mRNA-injected oo-
cytes at concentrations that blocked both water and glucose
transport in oocytes injected with GLUT1 mRNA. These data
suggest that water conductance mediated by GLUT1 may con-
tribute only a small fraction of the water permeability in eryth-
rocytes. This conclusion is supported by an estimate of the
erythrocyte water permeability attributable to glucose trans-
porters. From the ratio of incremental water and glucose perme-
ability coefficients in oocytes microinjected with GLUT1
mRNA, and from an erythrocyte glucose permeability of 5
X 1078 cm/s (36, 37), the water permeability contributed to the
erythrocyte by GLUT1 would be 2 X 1076 cm/s, ~ 0.01% of
erythrocyte water permeability (0.02 cm/s). Similar calcula-
tions in nonerythroid cells suggest that the water conductance
of GLUT1 or GLUT?2 is probably too small to provide a major
route for plasma membrane water transport. However it must
be emphasized that these calculations are based on the assump-
tion that expressed GLUT1 or GLUT2 in oocytes functions in
a similar manner to GLUT1 or GLUT?2 in native cells.

Our antisense experiments were performed with reticulo-
cyte mRNA and thus do not directly address the role of anion
and glucose transporters in water transport in kidney. Mercu-
rial-sensitive water channels are present on the apical mem-
brane of the vasopressin-stimulated kidney collecting tubule
and on the apical membrane of proximal tubule (3). However,
sodium-independent glucose transporters are basolateral
membrane proteins in kidney collecting tubule and proximal
tubule, and are not present on apical membranes (38). AE1 has
been detected only in the basolateral membrane of a subset of
intercalated cells (39). Band 3-like anion exchange activity is
not present on the apical membrane of collecting tubule princi-
pal cells (40) and is weakly present on the apical membrane of
proximal tubule; in addition, AE gene family polypeptides
have not yet been detected in these membranes. Therefore, it is
unlikely that apical membrane anion and glucose transporters
provide an important route for water movement in kidney
proximal or collecting tubules.
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