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Abstract. In this paper we compare the water-transport
properties of Aquaporin (AQP1), a known water chan-
nel, and those of the 28 kD Major Intrinsic Protein of
Lens (MIP), a protein with an undefined physiological
role. To make the comparison as direct as possible we
measured functional properties inXenopus laevisoo-
cytes injected with cRNAs coding for the appropriate
protein. We measured the osmotic permeability,Pf, (us-
ing rate of swelling) and the surface density of plasma
membrane proteins (using freeze-fracture electron mi-
croscopy) in the same oocytes. Knowing bothPf and the
number of exogenously expressed proteins in the mem-
brane, we estimated the single-molecule permeability to
be 2.8 × 10−16 cm3/sec for MIP and 1.2 × 10−14 cm3/sec
for AQP1. As a negative control, a mutant MIP, trun-
cated at the carboxyl-terminal, was shown by western
blotting to be expressed, but this protein resulted in no
increase in either water permeability or particle density.
(Interestingly, the truncated protein was glycosylated,
while the complete MIP transcript was not.) Water trans-
port by MIP had a higher activation energy (∼7 Kcal/
mole) than water transport by AQP1 (∼2.5 Kcal/Mole)
but a substantially lower activation energy than water
flux across bare oolemma (∼20 Kcal/mole). Though the
water-transport properties of MIP and AQP1 differ quan-
titatively, they are qualitatively quite similar. We con-
clude that MIP, like AQP1, forms water channels when
expressed in oocytes. Thus water transport in the lens
seems a plausible physiological role for MIP.

Introduction

For over 100 years, the mechanism by which water
moves across biological membranes has been the subject

of intense study (Lucké & McCutcheon, 1932). Water
traverses lipid bilayers quite rapidly, a result that sug-
gested that a fluid bilayer alone provided adequate water
permeability without the necessity for specialized chan-
nels or transporters. This view has gradually eroded.
First it was found that water moves across some biologi-
cal membranes faster than can be explained by its per-
meability through a lipid bilayer alone. Second, the ac-
tivation energy of water permeability in some cells is
much less than that in lipid bilayers. Finally, and per-
haps of greatest biological significance, water permeabil-
ity in many cells is highly regulated, and this regulation
is not accomplished by changes in lipid composition, but
by insertion of specific proteins into the plasma mem-
brane.

It is now accepted that specialized membrane pro-
teins provide the low activation-energy, highly selective
path for the flow of water across the membranes of many
cell types. All such specialized proteins identified to
date are members of one family, representatives of which
are found in bacteria (Smith & Chater, 1988), yeast (Van
Aelst et al., 1991), plants (Fortin, Morrison & Verma,
1987), mammalian kidney (Preston & Agre, 1991), red
blood cells (Preston & Agre, 1991) and the ocular lens
(Maisel, 1985; Gorin et al., 1984).

Although the major intrinsic protein of ocular lens,
MIP, was the first family member to be cloned (Gorin et
al., 1984) and the first to be reconstituted into vesicles
(Gooden et al., 1985; Girsch & Peracchia, 1985) and
planar lipid bilayers (Zampighi, Hall, & Kreman,
1985a), functional water permeability was first demon-
strated for CHIP (Preston et al., 1992), now called Aqua-
porin-1 (Agre et al., 1993). AQP1 is the protein respon-
sible for the high water permeability of red blood cells
(RBC) and those segments of the nephron which have
constitutively high water permeability (Nielsen et al.,
1993).

That MIP increases the water permeability of mem-
branes is presently controversial. Three reports conclude
that MIP forms water channels (Mulders et al., 1995;
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Zampighi et al., 1995; Kushmerick et al., 1995) while
two others disagree (Van Hoek & Verkman, 1992; Shi,
Skach & Verkman, 1994). To resolve these differences,
we have compared the single-molecule water permeabili-
ties of MIP and AQP1. We measured both the induced
water permeability of the oocyte,Pf, and the density of
newly inserted intramembrane particles in the oolemma
estimated from freeze-fracture measurements. From the
ratio ofPf /particles, we estimate the single-molecule wa-
ter permeability (pf) of both proteins. As negative con-
trols we performed the same experiments with oocytes
injected with water or with an engineered version of MIP
truncated at the carboxy terminus.

Because the activation energies of water transport
through lipid bilayers are much higher than those
through water channels (Finkelstein, 1987), we also mea-
sured the activation energy of water permeabilities in-
duced by each protein. The activation energies were
both less than the activation energy of water permeability
of a lipid bilayer or an oocyte not expressing any exog-
enous water channel protein. Though MIP is less effec-
tive by about 42-fold than AQP1, both proteins induce
water transport properties which differ greatly from
those of lipid bilayers.

Materials and Methods

OOCYTES

Stage V and VI oocytes were harvested fromXenopus laevis(pur-
chased from NASCO, WI) and treated with 2 mg/ml collagenase
(Sigma) in OR2 (OR2 is the standard abbreviation for the following
solution: in mM: 82.5 NaCl, 2.5 KCl, 1 MgCl2, 5 HEPES, pH 7.6) to
remove the follicular layer. Complementary RNA (cRNA) was in-
jected into oocytes with a positive-displacement micropipette (Nano-
ject, Drummond; Broomall, PA) 24 hr after harvest. Control oocytes
were injected with 50 nl of water. Oocytes were maintained in ND96
(ND96 is the standard abbreviation for the following solution (in mM):
96 NaCl, 2 KCl, 1 MgCl2, 1.8 CaCl2, 5 HEPES pH 7.6) supplemented
with 10 mg/ml aminobenzylpenicillin, 10 mg/ml streptomycin, and 2.5
mM Na-Pyruvate, at 18°C. ND96 was changed daily. Measurements
were performed 48–96 hr post injection.

EXPRESSIONCONSTRUCTS ANDRNA PREPARATION

The expression constructs for MIP and AQP1 were gifts of Dr. Peter
Agre. The MIP clone was used to engineer an MIP mutant truncated at
the carboxy terminus (MIP-stop). A stop codon was inserted at lysine
228, the site at which trypsin cleaves MIP to MIP-22 (Gorin et al.,
1984; Lampe & Johnson, 1990). MIP-stop was created using a 4-
primer, 2-stage PCR strategy modified from Ho et al. 1989). The mu-
tation was confirmed by dideoxy sequencing (Sanger, Nicklen & Coul-
son, 1977).

SWELLING ASSAY

The method for measuring water flux in oocytes has changed little from
that used 65 years ago on sea urchin eggs (Lucké & McCutcheon,

1932). Volume changes due to water flow driven by an osmotic gra-
dient are estimated by measuring diameter or cross-sectional area of the
osmotically challenged oocytes as a function of time. Lucké and Mc-
Cutcheon made visual observations every few minutes. Modern im-
provements include a video camera, a frame grabber and a digital
computer to capture an image, calculate the area and plot the results.
The modern method for volume flux measurements onXenopusoo-
cytes has been described by a number of workers, for example (Zhang
et al., 1991).

Our method differed slightly in details. Water permeability was
calculated from the rate of volume increase which was estimated from
automated measurements of the increase in cross-sectional area of the
oocyte in response to a dilution of ND96. Volume increase was cal-
culated as the 3/2 power of area increase. Swelling rates due to water
flow were estimated from measurements of the cross-sectional area of
the osmotically challenged oocytes as a function of time (Fig. 1a and
b). From these measurements we calculated permeability, an intrinsic
property of the membrane, from the formula

Pf 4 [d(V/Vo)/dt][Vo/So]/[DosmVw (Sa/Se)].

V is the volume as a function of time,Vo is the volume at time4
0, So is the estimated geometric surface area of the oocyte at time4 0,
Dosm is the osmotic gradient,Vw is the partial molar volume of water,
Sa is theactual area of the oolemmaafter correcting for the presence
of folds and microvilli andSe is the estimated area calculated by as-
suming a sphere.Sa is normally about 9 times the value ofSe in control
oocytes (see Capacitance Increases with Expressionin the Results).
Unless otherwise notedSa/Se was taken to be 9 in permeability calcu-
lations. Because oocytes expressing large amounts of MIP had larger
actual surface areas than uninjected oocytes, the value of the surface
area estimated from measured membrane capacitance was used in cal-
culatingPf s for determination of the single-molecule permeability (cf
Fig. 7).

Unless indicated ND96 was diluted 70% (7 ml of distilled water
for 3 ml of ND96). Full-strength ND96 has an osmolality between 185
and 195 mOsm. Seventy percent diluted ND96 has an osmolality of
about 60 mOsm. Precise osmolalities for each experiment were deter-
mined using a Wescor-5500 osmometer (Logan, UT). Water perme-
ability measurements were made at temperatures covering the range
between 4°C and 40°C. Temperature was electrically controlled using
a Model 5000 KT stage controller (20/20 Technology) and the bath
temperature was measured using a microthermistor probe (TH-1
Thermistor Probe, N.B. Daytner, P.O. Box 81062, Wellesley Hills, MA
02181) placed within 2 mm of the oocyte. Temperature was read out
using a YSI Tele-Thermometer (Yellow Springs, OH). For the deter-
mination of mercury sensitivity oocytes were first incubated in ND96
containing HgCl2 for 5 min and then challenged with diluted ND96
also containing HgCl2.

CAPACITANCE MEASUREMENTS

Capacitance was measured using the two-electrode voltage-clamp tech-
nique (Soreq & Seidman, 1992). Data were collected using a Warner
Instruments (Hamden, CT) oocyte clamp driven by P-clamp (version
5.5.1, Axon Instruments, Burlingame, CA) and analyzed with Axo-
Graph software (version 2.0, Axon Instruments). Whole oocytes were
held at −50 mV and pulsed from −100 to 0 mV in 20 mV increments.
The area under the elicited current spike was integrated to give the
charge moved by a given voltage step. Charge was plotted against
voltage, and the slope of the fitted line used as a measure of membrane
capacitance.
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ELECTRON MICROSCOPY

Fixation

After measurement of water permeability and capacitance, oocytes
were fixed while sandwiched between two glass slides separated by
200 mm thick spacers. This procedure changed the oocyte’s shape
from a sphere into an oblate, a geometry that simplified the collection
of extensive areas of fracture-faces needed for particle density quanti-
fication. Fixation was performed in 3–3.5% glutaraldehyde in 0.2M Na
cacodylate pH 7.4. After 15 min, the oocytes were removed from the
slides and immersed in the same fixative solution for 1 hr at room
temperature (Zampighi et al., 1995).

Freeze-fracture

The fixed oocytes were infiltrated with 25% glycerol in 0.2M Na
cacodylate pH 7.4. The cells were cut into smaller pieces (4–6), placed
on Balzers specimen holders and frozen by immersion in liquid pro-
pane cooled in a liquid nitrogen bath. Oocytes were oriented on the
holders with their external surfaces upward to improve the chances of
exposing P rather than E fracture faces. The frozen oocytes were trans-
ferred into a Balzers 400K freeze-fracture-etch apparatus, fractured at
either −150°C or −120°C and at 1 × 10−7 mbar of partial pressure.
The fractured surfaces were immediately coated with platinum at 80°
and carbon at 90°. Shadowing at 80° showed particles with shorter
shadows and greatly improved the accuracy of the quantification of the
particle density. Cleaning of the replicas was facilitated by coating the
replicated specimen with 0.5% colloidion in amyl acetate followed by
mechanical agitation in freshly prepared bleach solution (Zampighi et
al., 1988).

Sampling and Quantification

For each oocyte we obtained from 3 to 6 replicas to assure that the
density of intramembrane particles from different regions of the oocyte
were included in the quantification. The oolemma was identified by
the presence of microvilli. The E face was characterized by the pres-
ence of large intramembrane particles (∼14 nm in diameter) at a density
of ∼800 particles/mm2 and the P face by the presence of 7 to 8 nm
diameter particles at a density of about 200 particles/mm.2

Heterologous proteins appear as particles on the P face. We imaged all
P faces in each replica at 25,000× (100 to 150 negatives per replica).

From this pool of negatives we selected images to be quantified
using NIH image 1.57 running on a Power Macintosh 8100/100. Each
selected image contained 1 to 2mm2 of uninterrupted P fracture face.
The density of intramembrane particles in the microvilli was quantified
separately to assure that it was similar to that measured in the plasma
membrane. The selected negatives were enlarged to 75000× and
scanned at 200 dpi on a Hewlett Packard ScanJet IIcx flatbed scanner
(Hewlett Packard, Cupertino, CA). From the digitized images we mea-
sured the total number of particles on the P face and the area in which
the particles were contained. For each oocyte we found empirically
that after counting 10mm2 of area, the particle density did not change.
In high-expressing oocytes (4000–5000 particles/mm2) it was only nec-
essary to measure 2mm2.

BIOCHEMISTRY

Crude Membrane Isolation

Thirty oocytes were placed in a cold buffered hypotonic solution (7.5
mM Na2HPO4, pH 7.4) containing protease inhibitors (10 mg/ml

PMSF, 1 mg/ml Aprotinin, 1 mg/ml Leupeptin, 1 mg/ml Pepstatin A
and 3 mM EDTA, (Preston et al., 1993; Jung et al., 1994; Preston et al.,
1994)). Yolk protein was removed by spinning at 500×g for 5 min at
4°C. The supernatant was centrifuged at 16,000×g for 30 min at 4°C.
The pellet containing the membrane fraction was washed with hypo-
tonic buffer. Lens membranes were purified as previously described
(Zampighi et al., 1988). SDS-PAGE analysis was done according to
the method of Laemmli (Laemmli, 1970).

Glycosidase Treatment of MIP-stop and MIP

Membranes were solubilized and sonicated in phosphate buffer (35 mM

sodium phosphate pH 7.0, 5 mM EDTA, 0.5% w/v SDS, 50 mM b-
mercaptoethanol, and protease inhibitors (see above)). Reactions were
performed after adding an equal volume of phosphate buffer B (5%
NP-40, 35 mM sodium phosphate, 5 mM EDTA and protease inhibitors.
Each sample was split in two: one set served as controls and the other
received 1 unit of N-glycosidase F (Boehringer Mannheim). All
samples were incubated at 32 to 35°C for∼20 hr.

Western Blots

Two initial probes were used; a monoclonal IgM, BBC3 (a gift from
Drs. D.L. Paul and D.A. Goodenough) that recognizes MIP’s c-
terminus and a polyclonal antibody, E80 generated against amino acids
180 to 195 of MIP (a gift from Drs. Horowitz and Revel). BBC3
culture supernatant was diluted 1:10, and E80 serum was diluted 1:500.
BBC3 and E80 antibody staining were visualized with a peroxidase-
linked goat anti-mouse antibody and a peroxidase-linked goat anti-
rabbit antibody (both purchased from Sigma). Chemiluminescence
(ECL, Amersham, England) was used to visualize the antibodies.

Results

Experimental design allowed us to make three kinds of
measurements on a single oocyte: water permeability,
particle density on the P face, and oocyte capacitance.
This capability was used on selected oocytes to deter-
mine the single-molecule permeability of both AQP1 and
MIP. Activation energy and membrane permeability
were measured on oocytes on which only swelling assays
were performed.

OOCYTES EXPRESSINGMIP AND AQP1 SWELL FASTER

THAN CONTROLS

Oocytes injected with AQP1 and MIP cRNAs swelled
faster than control oocytes (oocytes injected with water
or expressing MIP-stop) exposed to the same osmotic
challenge. Figure 1c summarizesPf values from two
batches of oocytes injected and measured on separate
occasions. AQP1-expressing oocytes have the highest
permeabilities (Pf 4 20 ± 3.6 × 10−4 cm/sec,n 4 8), but
MIP-expressing oocytes consistently have higher perme-
abilities (Pf 4 7.9 ± 2.1 6 × 10−4 cm/sec,n 4 15) than
control oocytes (Pf 4 0.5 ± 0.11 6 × 10−4 cm/sec,n 4
7) and MIP-stop injected oocytes (Fig. 3).
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MIP WATER PERMEABILITY IS NOT LOWERED BY HgCl2

In contrast to the water permeability induced by AQP1
(Preston et al., 1992), MIP-induced water permeability
was not inhibited by HgCl2. Figure 1d shows the effect
of 0.3 mM mercuric chloride on the permeability of wa-
ter-injected oocytes, AQP1 cRNA-injected oocytes and
MIP cRNA-injected oocytes. Note that only the AQP1
permeability is significantly reduced by mercury. The
data in Fig. 1c andd taken together also emphasize that
the variability in the permeability of single oocytes in-
jected with varying amounts of cRNA is quite large.
Thus while experiments of the type shown in these two
figures can tell us that MIP induced water permeability is
less than AQP1 induced water permeability and that only
AQP1 permeability is reduced by mercury, this sort of
experiment alone is inadequate to compare the relative
effectiveness of the two proteins on a molar basis.

AQP1 EXPRESSINGOOCYTES ARE NOT

PERFECTOSMOMETERS

Van t’Hoff’s equation predicts that water flux should be
proportional to osmotic gradient. We tested this predic-

tion by measuring the rates of volume increase as a func-
tion of osmotic gradient on control oocytes and oocytes
expressing MIP and AQP1 (Fig. 2). Control oocytes and
oocytes expressing MIP followed the Van t’Hoff predic-
tion, but oocytes expressing AQP1 did not. As osmotic
gradient was increased, AQP1-expressing oocytes
swelled more rapidly than predicted by Van t’Hoff’s law.
Changing the nature of the osmotic gradient by substi-
tuting sucrose for salt did not alter the result, ruling out
reduction in ionic strength as the cause of the increased
swelling rate. Preincubating the oocytes in diluted ND96
(85%) did not increase the swelling rate at the same
osmotic gradient, ruling out simple osmotic dilution as
the cause of the increased swelling rate. Even at the
highest osmotic gradient the water permeability of oo-
cytes expressing AQP1 was completely inhibited by 3
mM HgCl2.

PERMEABILITY IS PROPORTIONAL TO AMOUNT OF

CRNA INJECTED

We measured the water permeabilities of oocytes in-
jected with different amounts of cRNA. Permeability

Fig. 1. Swelling Assay. Oocytes were injected with Water, MIP or AQP1 cRNA. (A) Black circles are images taken of the oocytes swelling over
time. (B) The same oocytes in panelA are represented by the relative volume changes over time. (C) Summary ofPf from representative experiments
on oocytes expressing MIP, MIP-Stop and AQP1. Data are mean ±SD. (D) The effect of 0.3 mM HgCl2 on the water permeability of control (water
injected) oocytes and oocytes expressing AQP1 and MIP. Data are presented as mean ±SD (Note that different amounts of RNA were injected during
different experiments, but in any given experiment the same amounts of RNAs of different types were injected.)
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was nearly proportional to the amount of cRNA injected
for both AQP1 (data not shown), (Zhang et al., 1993) and
MIP (Fig. 3). Coinjection of cRNA encoding the non-
functional MIP-stop along with wild-type MIP-cRNA
did not change water permeability from that induced by
wild-type alone.

Western blotting shows that oocytes injected with
either MIP or MIP-stop RNA actually make the corre-
sponding protein. The monoclonal antibody BBC3
(which recognizes the carboxy terminal) detected a pro-
tein with an apparent molecular weight near 26 kD in the
MIP-cRNA-injected oocytes and in lens membrane
preparations (Fig. 4b). BBC3 detected no protein in wa-
ter-injected or MIP-stop-cRNA-injected oocyte. How-
ever, the polyclonal anti-MIP (E80, which recognizes
one of the cytoplasmic loops) detected a 26 kD protein in
MIP-cRNA-injected oocytes and two proteins, a 22 kD
and a 25 kD protein in MIP-stop-cRNA-injected oocytes
(Fig. 4a). E80 only detected the 22 kD protein band in
N-glycosidase-treated membranes from oocytes express-
ing MIP-stop (Fig. 4c) but continued to detect the 26 kD
band from MIP-expressing oocytes (Fig. 4a andc). Thus
both MIP and MIP-stop are synthesized and, unlike wild-
type MIP, a fraction of MIP-stop is glycosylated.

CAPACITANCE INCREASE WITH EXPRESSIONLEVEL

The area of the oolema including microvilli and foldings
is about 9 times more than the geometric surface area

estimated assuming the oocyte is spherical (Dick & Dick,
1970; Zampighi et al., 1995). Using the geometric sur-
face area would result in a ninefold overestimate of the
membrane permeability. In addition the relationship be-
tween oolema area and the geometric surface area (which
we estimate as four times the measured cross-sectional
area) may not be invariant from oocyte to oocyte. Oo-
lemma area can be estimated either morphologically
(Zampighi et al., 1995) or by measurement of the mem-
brane capacitance. These two methods give approxi-
mately the same values in control oocytes if the specific
capacitance of the oolemma is assumed to be 0.8mF/
cm2.

As protein expression level increases, especially for
MIP, the area of the oolemma as estimated from mea-
surements of membrane capacitance increases by nearly
a factor of two. Figure 5 shows the ratio ofSa (the area
of the oolema calculated from the measured capacitance)
to Se (the geometric area measured from the digitized
image of the oocyte) plotted againstPf. IncreasedPf was
associated with increased numbers of molecules in the
oolemma, so this plot is, in effect, a plot of surface area
as a function of the surface density of MIP molecules in
the oolemma.

MIP-injected oocytes with the highest permeabilities
showed an increase in the ratio ofSa to Se of nearly a
factor of 2. But AQP1 induced no significant increase in
surface area. This difference between the two proteins
suggests that the water permeability per molecule of MIP
is less than that of AQP1. It further suggests that expres-
sion of MIP increases the area of the oolemma by alter-
ing the balance between endocytosis and exocytosis.
This has been observed previously with oocytes over-
expressing the beta 2 subunit of the calcium channel and
the sodium glucose cotransporter (Isom et al., 1995;
Hirsch, Loo & Wright, 1996).

Fig. 2. Rate of swelling in volume percent per second is plotted against
osmotic gradient. Control oocytes (h) and MIP-expressing oocytes (d)
obeyed Van t’Hoff’s law to within experimental error. AQP1-
expressing oocytes (m) swelled significantly more rapidly at higher
osmotic gradients than predicted by Van t’Hoff’s law. Substitution of
sucrose for NaCl had no effect on swelling rate (n point on the AQP1
curve). Pre-equilibration of the oocyte in dilute ND96 (85%) did not
alter the swelling rate in the same osmotic gradient (L point on the
AQP1 curve). Treating AQP1 expressing oocytes with 3 mM HgCl2
inhibited water flux to control levels (l point on the graph). The dark
solid line connecting the AQP1 points is a fit of the form 1/V(dV/dt) 4

a exp(bDosm), wherea is 1.6 × 10−4/sec andb is 0.0181/mosm. The
two fainter lines indicate the 95% confidence limits of the exponential
fit. Data are mean ±SD of from 3 to 6 oocytes per point. Rates were
measured at 22°C.

Fig. 3. MIP and MIP-stop coinjection. Oocyte permeabilities,Pf , are
plotted against ng of wild-type MIP cRNA injected. Open squares are
oocytes injected with MIP alone. Open circles are oocytes injected with
MIP and 25 ng of MIP-stop-cRNA. Note that injection of MIP-stop
cRNA has no effect on the water permeability induced by injection of
a given amount of MIP cRNA.
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ESTIMATE OF SINGLE-MOLECULE WATER PERMEABILITY

By combining measurements of area and swelling rate,
it is possible to obtain an accurate estimate of the sin-
gle-molecule water permeability for MIP and AQP1.
On the basis of measurements made on oocytes express-
ing high levels of MIP and AQP1, we estimated a pre-
liminary single-molecule water permeability (pf) of 2.1 ×
10−16 cm3/sec and 1.5 × 10−14 cm3/sec respectively
(Zampighi et al., 1995). Here we report a more precise
value based on an extension of the previously described
method.

We measured swelling rate, capacitance and particle
densities on individual oocytes expressing MIP, AQP1,
and controls. The capacitance measurements provided
an estimate of the ratio of the actual surface area to the
geometric surface area at a given level of protein expres-
sion. This ratio and the measured geometric area for

each oocyte were used to calculate the effective surface
area available for water permeation. Using this surface
area and the measured swelling rate, we calculated the
values ofPf.

The density of MIP and AQP1 in the oolemma was
estimated from freeze-fracture replicas of the P face of
the oolemma (Zampighi et al., 1995). Endogenous
plasma membrane proteins in water-injected control oo-
cytes fracture leaving∼200 particles/mm2 on the P (pro-
toplasmic) and∼800 particles/mm2 on the E (external)
fracture face (Zampighi et al., 1995). Heterologously ex-
pressed plasma membrane proteins such as MIP and
AQP1 increased the density of particles on the P face
only. This fracture face exhibited the lowest density of
endogenous proteins, and thus it allows accurate esti-
mates of the density of newly expressed exogenous pro-
teins.

Intramembrane particle density increases with
increased expression levels. Figure 6 shows a com-
parison of freeze-fracture electron micrographs of a
control oocyte and an oocyte expressing a high level
of MIP. Note the much greater particle density in
the MIP-expressing oocyte. We plotted the intra-
membrane particle density obtained from micrographs
like those in Fig. 6 as a function ofPf, measured in
the same oocytes from which the micrographs were
made (Fig. 7). The slope of the lines gives the sin-
gle-particle permeability, for AQP1 (1.2 × 10−14

cm3/sec) and MIP (2.8 × 10−16 cm3/sec) assuming
each particle is a tetramer (Zampighi et al., 1989;
Aerts et al., 1990; Ehring et al., 1990; Smith &
Agre, 1991; Verbavatz et al., 1993; Mitra et al., 1994;
Walz et al., 1994a,b; Zeidel et al., 1994; Jap & Li,
1995). For an osmotic gradient of 100 mosm/L, the

Fig. 5. Capacitance measurements. The ratio of electrically measured
surface area to geometrically estimated surface area (Sa/Se) plottedvs.
Pf . Note that over expression of MIP substantially increased the surface
area of the oocyte. The effect is not seen with AQP1 primarily because
the amount of AQP1 is much less than the amount of MIP needed to
achieve a given permeability.

Fig. 4. Western Blots of Oocyte Membrane Isolations. Each lane with
material from oocytes contains about 5 oocyte equivalents of sample.
For other preparations lanes were loaded with 10 to 20 ng of lens
preparationPanel A.Primary Antibody was E80 (Recognizes MIP and
MIP-stop) Lane 1 is water injected control, Lane 2 in MIP-stop cRNA
injected oocytes, Lane 3 is MIP cRNA injected oocytes, Lane 4 is lens
prep. Panel B.Effect of N-glycosidase treatment. Primary Antibody
was BBC3 (recognizes MIP c terminus, does not recognize MIP-stop).
Lane 1 is lens prep, Lane 2 is water-injected, Lane 3 and 4 are MIP-
injected oocytes without and with N-glycosidase F. Lanes 5 and 6 are
MIP-stop injected oocytes without and with N-glycosidase F.Panel C.
Primary antibody was E80 (Recognizes both MIP and MIP-stop). Lane
1 is lens prep., Lanes 2 and 3 are MIP-stop injected oocytes with and
without N-glycosidase F. Note that two forms of MIP-stop are seen in
the absence of N-glycosidase F. Lanes 4 and 5 are MIP-injected oo-
cytes with and without N-glycosidase F and lane 5 is water injected
control. Note that glycosidase treatment eliminates the split MIP-stop
band in lane 3 of panel C, but does not affect the MIP bands in either
panelB or panelC.
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flux through a single AQP1 molecule would be 7.2 ×
105 water molecules per second and through a sin-
gle MIP molecule 1.7 × 104 water molecules per sec-
ond.

MIP-stop, which did not increase membranePf or
the intra membrane particle density, provides an excel-
lent negative control for the method. Though Western
blot analysis showed that MIP-stop was synthesized by
the oocytes at levels comparable to MIP (Fig. 4) there
was no increase in permeability induced by MIP-stop,
nor was there any increase in intra membrane particle
density. In addition coinjection of MIP-stop and MIP
cRNAs had no detectable effect on the MIP-induced in-
crease in water permeability or intra membrane particle
density. Thus MIP-stop is not transported on its own to
the oolemma, nor does its presence alter the transport of
wild-type MIP.

ACTIVATION ENERGY OF MIP- AND AQP1-INDUCED

PERMEABILITY IS LESS THAN THAT OF A LIPID BILAYER

A principal characteristic for classical water channels is
lowering the activation energy for water flux across the
lipid bilayer. To test if this is true of MIP-induced water
flux, we measured the water permeability induced by
both MIP and AQP1 as a function of temperature. To
calculate accurate activation energies, control oocyte
permeability was subtracted from the total permeability
of oocytes expressing heterologous protein at each tem-
perature leaving only the permeability induced by the
protein. This correction had little effect on the value of
the activation energy of water flux induced by AQP1, but
did lower the activation energy estimated for the water
flux induced by MIP. Representative Arrhenius plots are
shown in Fig. 8. Four experiments like the exemplum in

Fig. 6. Freeze fracture electron micrographs ofXenopus laevisoo-
cytes. Panel A. Water-injected control oocyte.Panel B. Oocyte
expressing a low amount of MIP and having a low water perme-
ability. Panel C.Oocyte expressing a high level of MIP and having
a high water permeability. (Panels A, B, CMagnification
100,000×).Panel D.High magnification (200,000×) of a region of
panel C.Note the increase in particle density with increasing ex-
pression levels of MIP.Seetext for methods of quantification of
particle density.
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Fig. 8 give an activation energy of MIP-mediated water
flux of 6.9 ± 2.5 Kcal/mole (mean ±SD) and of AQP1-
mediated water flux of 2.4 ± 1.1 Kcal/mole. These are
much lower than the activation energy for water flux
through a bare lipid bilayer (20.6 ± 4.9 Kcal/mole).

Discussion

PROPERTIES OFMIP WATER TRANSPORT IN OOCYTES

RESEMBLE THOSE OFAQP1

The results detailed above show that the properties of
water transport induced by MIP and AQP1 differ from
the properties of water transport through the oolemma of
control oocytes. (The properties of water transport
through the oolemma closely resemble the properties of
water transport in lipid bilayers, and we thus assume that
water transport in the bare oolemma is through the lipid
bilayer pathway (Zhang & Verkman, 1991). Both MIP
and AQP1 increase the water permeability of the oo-
lemma in proportion to the surface density of molecules
expressed in the oolemma. Both reduce the activation
energy from about 20 kcal/mole to 3–7 kcal per mole
(the activation energy for the self diffusion of water in
water is about 4 kcal per mole). Our value for activation
energy of MIP water transport differs slightly from that
of Mulders et al. (1995), and we provide a measure of the
number of molecules responsible for a given water flux.

The essential difference between MIP and AQP1 is thus
quantitative, not qualitative.

SINGLE-MOLECULE PERMEABILITY OF MIP IS LOW, BUT

IS SUFFICIENT TO PRODUCE A SIGNIFICANT WATER

PERMEABILITY IN FIBER CELLS

We find that a single molecule of MIP is approximately
42 times less effective in promoting water flux at 10°C
than a single molecule of AQP1. The water transport
induced by both MIP and AQP1 is proportional to the
number of particles induced in the oolemma. Thus the
permeabilities induced by MIP and AQP1 are due to the
presence of the respective molecules and not to an arti-
fact of oocyte manipulation. A possible reason that pre-
vious investigators failed to see a robust increase in wa-
ter permeability induced by MIP may have been a failure
to achieve sufficient levels of expression in the oocyte
system. Because of the low single-molecule water per-
meability, we had to inject much larger amounts of MIP
cRNA than AQP1 cRNA to attain comparable levels of
water permeability. Though MIP-stop does not reach the
plasma membrane, other proteins which reach the plasma
membrane induce lower water permeability than MIP in
the same numbers. For example, SGLT1, the sodium-
glucose transporter, expressed at relatively high levels,
increases the water permeability of oocytes to about 3.4
± 0.4 × 10−4 cm/sec as opposed to4 7.9 ± 2.1 6 × 10−4

cm/sec for oocytes injected with MIP cRNA. This in-
crease can be inhibited by phlorizin, a specific inhibitor
of sodium glucose transport by SGLT1 (Loo et al.,
1997). It thus seems incontrovertible that MIP increases

Fig. 7. Single-protein-molecule water conductance of MIP and AQP1.
Density of protein in the oolema expressed as particles per cm2 is
plottedvs. the water permeability of the oocyte in which the particle
density was measured. Corrections for membrane area were made using
the measured capacitance of the oocytes. The slope of the fitted lines
predict thepf for MIP is 2.8 × 10−16 cm3/sec andpf for AQP1 is 1.2 ×
10−14 cm3/sec. Particle size is consistent with each particle being a
tetramer. Thepf s quoted above are for molecules assuming four mol-
ecules per particle. For these values ofpf , an osmotic gradient of 100
mosm/L would drive a flux of 7.2 × 105 water molecules per second
through a single AQP1 molecule and 1.7 × 104 water molecules per
second through a single MIP molecule.

Fig. 8. Representative Arrhenius plot of permeabilities measured at 30,
23, 16 and 10°C,N 4 4, mean ±SD at each temperature point. The
slope of each line gives the activation energy for water flux mediated
by the particular transport system indicated. Inset shows the activation
energies determined from the mean of four similar experiments (addi-
tional three Arrhenius plots not shown). Permeabilities of control oo-
cytes were subtracted to determine the activation energies of MIP- and
AQP1-facilitated water transport.
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water permeability of oocyte membranes and that it very
likely does so by the same mechanism as does AQP1.

Our data do not allow us to do more than speculate
on the reasons for the large difference in the water per-
meability between MIP and AQP1. We cannot say
whether a small fraction of the MIP molecules in the
oolemma form fully active functional water channels or
whether the MIP channels simply have a smaller intrinsic
water permeability than do AQP1 channels. There is no
evidence that either MIP or AQP1 water channels exist
in ‘‘open’’ or ‘‘closed’’ states analogous to electrically
open and closed states of ion channels. But there are
data suggesting that MIP and its close relatives, AQP1
and NOD26, may function as ion channels under certain
circumstances (Weaver et al., 1994; Yool, Stamer & Re-
gan, 1996).

MIP appears to increase membrane permeability to
molecules up to 1.5 kD, when reconstituted into proteo-
liposomes (Girsch & Peracchia, 1985; Gooden, Take-
moto & Rintoul, 1985; Scaglione & Rintoul, 1989; Shen
et al., 1991). In planar lipid bilayers MIP forms a large-
conductance, voltage-dependent channel modulated by
phosphorylation (Zampighi, Hall & Kreman, 1985b;
Ehring et al., 1990, 1991). These properties are clearly
reproducible in the artificial bilayer system but have not
been observed in in vivo expression systems such as the
Xenopusoocyte or in lens fiber cells themselves. AQP1
may also be electrically active under certain circum-
stances. Yool, Stamer and Regan, 1996, have reported
that forskolin stimulates both water permeability and cat-
ion permeability of AQP1 channels. The increase in wa-
ter permeability seen by Yool et al. could have been
caused by an increase in the number of molecules of
AQP1 in the oolemma or of the water permeability per
channel. But the electrical conductance increase is quali-
tative and cannot be attributed solely to an increase in the
number of molecules of AQP1. There is, however, no
established connection between the ion channel forming
properties of AQP1 and MIP and their water permeabil-
ity increasing functions.

A possible clue to the large difference in the single
molecule water permeability of MIP and AQP1 may
be associated with the different way in which they
respond to increasing osmotic gradients. The response
of MIP is clearly linear for osmotic gradients between
about 25 mosm and 120 mosm while that of AQP1
is clearly exponential in osmotic gradient. At low os-
motic gradients, the permeabilities of the two are much
closer than at higher gradients. Our single molecule
permeabilities are quoted for osmotic gradients of
130 mOsm.

POSSIBLE ROLE OF MIP IN THE LENS

As the most abundant lens membrane protein (Bloemen-
dal et al., 1972; Alcala, Lieska & Maisel, 1975; Lampe &

Johnson, 1990), MIP surely plays a role in lens physiol-
ogy and thus its pathology. There is also a correlation
between increased levels of MIP-22, a degradation prod-
uct of MIP, and cataract (Tanaka et al., 1980; Roy, Spec-
tor & Farnsworth, 1979; Alcala, Cenedella & Katar,
1985; Lo & Kuck, 1990; Alcala et al., 1986; Alcala et al.,
1990; David et al., 1988; Shiels & Bassnett, 1996).
Moreover, a mutant MIP that is not targeted to the cell
membrane causes cataracts in a mouse model (Shiels &
Bassnett, 1996). The central question is what role or
roles does MIP play in lens physiology? Our results only
partially answer this question, but they do clearly dem-
onstrate and quantify the per-molecule water permeabil-
ity of MIP.

Knowing the single-molecule permeability of MIP
allows us to calculate the permeability of any membrane
with a known density of MIP monomers. The center-to-
center spacing of the unit cell in MIP tetragonal arrays is
6.6 nm (Zampighi et al., 1982). From this number the
density of MIP monomers in plaques would be 9.2 × 1012

monomers/cm2. Thus if MIP plaques occupy about 50%
of fiber cell surface area, the permeability of a lens fiber
cell would be 9.2 × 1012 × 0.5 × 2 × 10−16 4 9 × 10−4

cm/sec. Lipid bilayers composed of phosphatidyl cho-
line have a permeability of about 20–50 × 10−4 cm/sec,
but lipid bilayers containing mostly sphingomyelin and
cholesterol, the principal lipids in the lens, have perme-
abilities which are about an order of magnitude lower
(2.3 × 10−4 cm/sec) at 25°C (Fettiplace & Haydon,
1980). Thus by this estimate, MIP could appreciably in-
crease the water permeability of lens fiber cells.

Our results are consistent with most of the results
previously published on MIP-induced water permeabil-
ity, even results of investigators who have argued that
MIP is not a water channel. Van Hoeck et al. reconsti-
tuted MIP into vesicles and found that the difference in
water permeability between lipid vesicles and MIP-
containing vesicles was about 10 × 10−4 cm/sec. They
estimated the lipid to protein ratio in these vesicles was
15.3, weight to weight. Assuming 100 square angstroms
as the area of a lipid molecule, this would give a density
of MIP molecules of 4 × 1012/cm2. Using our value of
the single-molecule water permeability of MIP gives a
permeability of 8 × 10−4 cm/sec, in very good agreement
with their permeability estimate for MIP-containing
vesicles. Subsequent data on the qualitative similarity of
the permeabilities induced by MIP and AQP1 would
seem to argue that these earlier results support rather
than mitigate against the notion that MIP induces an
increased water permeability.

Our results suggest that increasing water permeabil-
ity is a plausible function for MIP in the ocular lens,
although this may not be its only function.
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MIP-stop expression clone, and Dr. George Ehring for his help with
biochemical aspects of this paper. This work was supported by Na-
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