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ABSTRACT Aquaporin-1 (AQP1) is the prototype integral membrane protein water channel. Although the three-dimensional
structure and water transport function of the molecule have been described, the physical interactions between AQP1 and
other membrane components have not been characterized. Using fluorescein isothiocyanate-anti-Co3 (FITC-anti-Co3), a
reagent specific for an extracellular epitope on AQP1, the fluorescence photobleaching recovery (FPR) and fluorescence
imaged microdeformation (FIMD) techniques were performed on intact human red cells. By FPR, the fractional mobility of
fluorescently labeled AQP1 (F-«AQP1) in the undeformed red cell membrane is 66 = 10% and the average lateral diffusion
coefficient is (3.1 = 0.5) X 10~"" cm?/s. F-aAQP1 fractional mobility is not significantly affected by antibody-induced
immobilization of the major integral proteins band 3 or glycophorin A, indicating that AQP1 does not exist as a complex with
these proteins. FIMD uses pipette aspiration of individual red cells to create a constant but reversible skeletal density gradient.
F-aAQP1 distribution, like that of lipid-anchored proteins, is not at equilibrium after microdeformation. Over time, ~50% of
the aspirated F-aAQP1 molecules migrate toward the membrane portion that had been maximally dilated, the aspirated cap.
Based on the kinetics of migration, the F-aAQP1 lateral diffusion coefficient in the membrane projection is estimated to be
6 X 107 '° cm?/s. These results suggest that AQP1 lateral mobility is regulated in the unperturbed membrane by passive steric
hindrance imposed by the spectrin-based membrane skeleton and/or by skeleton-linked membrane components, and that
release of these constraints by dilatation of the skeleton allows AQP1 to diffuse much more rapidly in the plane of the

membrane.

INTRODUCTION

The red cell membrane is the structure upon which most
models of the plasma membrane are based. Human red cells
have provided the first examples of the function of impor-
tant membrane skeletal proteins, including spectrin, ankyrin
(ANK1), and protein 4.1, as well as important membrane
transport proteins such as the band 3 anion exchanger
(AE1), the glucose transporter (GLUT1), and the aquaporin
water transport protein (AQP1). Red cell membranes have
also proved to be remarkable subjects for clinical and basic
studies. Pathological defects have been found to result from
mutations in genes encoding several red cell membrane
proteins (Lux and Palek, 1995), and physical analysis of red
cell membranes has revealed detailed information about the
functions of these proteins (Golan, 1989; Corbett et al.,
1994a; Mohandas and Evans, 1994).

Although critical features of the structure and function of
the AQP1 protein have been elucidated, little direct infor-
mation exists regarding possible associations of AQP1 with
other proteins. AQP1 is permeable to water but not to other
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solutes or charged molecules, including protons (Zeidel et
al., 1992). In the membrane AQP1 is a homotetramer, with
each subunit bearing an individual water channel (Jung et
al.,, 1994) and each human red cell containing 40,000—
50,000 tetramers (Smith and Agre, 1991). As first proposed
by Jung et al. (1994), each subunit apparently comprises six
bilayer-spanning a-helices surrounding a central structure
termed the “hourglass,” which is formed from the juxtapo-
sition within the lipid bilayer of loop B (cytoplasmic leaflet)
and loop E (exoplasmic leaflet) (Fig. 1). The extracellular
loop (A) connecting the first and second bilayer-spanning
domains contains the Ala/Val polymorphism at residue 45
that is responsible for the Colton blood group antigens Co*
and CoP (Preston et al., 1994; Smith et al., 1994). The
three-dimensional shape of the protein is becoming defined
to nearly atomic levels of resolution (Cheng et al., 1997; Li
et al., 1997; Walz et al., 1997). The N-terminus (~15 aa)
and C-terminus (~36 aa) reside in the cytoplasm, but it is not
known whether these domains interact with other proteins.
Several indirect observations suggest that aquaporins
may associate with other proteins in differentiated tissues,
either while undergoing membrane sorting during cellular
biogenesis or as a response to specific stimuli. AQP1 was
initially thought to be linked to the red cell membrane
skeleton, because it pellets with the spectrin-actin matrix in
low concentrations of Triton X-100 (Denker et al., 1988),
but the protein was later shown to be solubilized in higher
concentrations of the detergent (Smith and Agre, 1991).
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FIGURE 1 Schematic diagram representing the structure of a mono-
meric subunit of the AQP1 water transport protein.

Although in most tissues AQP1 is expressed in apical and
basolateral membranes, AQP1 is sorted only to the apical
membrane in choroid plexus (Nielsen et al., 1997). Other
aquaporins also exhibit highly specific membrane target-
ing—AQP3 and AQP4 reside in basolateral membranes
(Frigeri et al., 1995; Ecelbarger et al., 1995; Terris et al.,
1995), and AQPS is present exclusively in apical mem-
branes (Nielsen et al., 1997). In proximal renal tubules,
colchicine disruption of microtubules leads to a block in
endocytosis and to redistribution of AQP1 from the plasma
membrane to intracellular vesicles (Elkjaer et al., 1995). In
contrast, secretin appears to induce the redistribution of
AQPI from intracellular vesicles to the plasma membrane
of cholangiocytes (Marinelli et al., 1997). Within the renal
collecting duct, vasopressin stimulation of principal cells
produces a major redistribution of the AQP2 protein from
intracellular vesicles to the plasma membrane (Nielsen et
al., 1993).

Physical methods can be used to measure the lateral
redistribution of fluorescently labeled red cell membrane
proteins. Laser-induced photobleaching of red cell mem-
branes has permitted determinations of the rates of lateral
diffusion and the magnitudes of the immobile fraction of
glycophorins and band 3 (Golan and Veatch, 1980; Golan,
1989; Corbett and Golan, 1993; Corbett et al., 1994a).
These studies have identified a role for the membrane
skeleton in restricting lateral diffusion of certain integral
membrane proteins. Micropipette aspiration of red cell
membranes produces extended membrane projections in
which the membrane skeletal protein density exhibits a
gradient along the aspirated projection (Discher et al., 1994,
1995; Discher and Mohandas, 1996; Knowles et al., 1997).
By using this technique, the role of the membrane skeleton
in regulating redistribution of specific membrane compo-
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nents can be quantitatively assessed by kinetic measure-
ments of fluorescently imaged red cell membranes.

In this report we have affinity-purified and fluorescently
labeled IgG specific for the Colton Co3 antigen determinant
on the surface of the AQP1 polypeptide and have used this
reagent to determine the lateral mobility of fluorescently
labeled AQP1 (F-aAQP1) in intact red cell membranes by
measuring the diffusion and redistribution of F-aAQP1 in
unperturbed red cells and in aspirated membrane projec-
tions. Our studies identify unique and unexpected charac-
teristics of F-aAQP1 mobility, suggesting that AQP1 is not
linked directly to either the membrane skeleton or to skel-
eton-linked membrane components, but that lateral diffu-
sion of the protein is nonetheless retarded in unperturbed
cells by passive steric hindrance within the membrane im-
posed by skeleton-associated components.

MATERIALS AND METHODS

Purification and fluorescent conjugation of
anti-Co3 antibodies

Extremely rare individuals lack Colton antigens and develop high-titer
antibodies to Co3 that are reactive with red cells carrying Co® or Co®
antigens. Placental extract was prepared from a woman (blood type O, Rh
positive, Co null) who had developed anti-Co3 IgG during pregnancy
(Moulds et al., 1978; Lacey et al., 1987). The extract was initially purified
by sequential ammonium sulfate precipitation. After precipitation of other
proteins in 30% saturated ammonium sulfate, anti-Co3 was precipitated in
50% saturated ammonium sulfate, resolubilized in 7.5 mM Na phosphate,
150 mM NaCl, pH 7.4 (phosphate-buffered saline, PBS), and further
processed at 4°C. After centrifugation at 3000 X g for 20 min, the
supernatant was loaded onto a protein G-sepharose 4 fast flow column
(Pharmacia, Piscataway, NJ) preequilibrated with PBS, washed with PBS,
eluted with 1 M acetic acid, and neutralized with 1 M Tris. Peak protein
fractions were concentrated using polyethylene glycol and dialyzed against
PBS. The concentrate was diluted 12-fold with 150 mM NaCl, 50 mM
Na,CO;, pH 9.0, to a concentration of 6 mg IgG/ml, and 1.8 ml of the
resulting material was labeled with fluorescein isothiocyanate (FITC) by
the method of Stolpen et al. (1988). Unreacted FITC was removed by
passing the material over a Sephadex G-25M PD-10 gel filtration column
(Pharmacia) preequilibrated with PBS at room temperature. Peak protein
fractions and FITC content were determined by measuring the optical
density at 280 and at 495 nm, and NaN; was added to 1 mM final
concentration.

FITC-labeled anti-Co3 IgG was further purified by adsorption and
elution from group O, Co:3 red cells. Antibodies were mixed with 4 ml of
washed red cells and incubated for 1 h at 37°C and overnight at 4°C. The
cells were then washed in PBS, and membranes were prepared as described
(Bennett, 1983), washed in PBS, and resuspended to 6 ml with PBS. Ether
elution was then performed by adding an equal volume of diethyl ether to
the sample, mixing, and incubating at 37°C for 30 min (Rubin, 1963). After
centrifugation at 1500 X g at room temperature for 10 min, the hemoglo-
bin-free eluate (6 ml) was recovered. After an additional 15-min incubation
at 37°C to evaporate residual ether, the eluate was concentrated to 0.4 ml
by ultrafiltration, NaN; was added to 1 mM final concentration, and the
FITC-anti-Co3 IgG was stored in the dark at 4°C.

Fluorescent labeling of AQP1

Blood was washed twice in PBS and once in PBS containing 10% fetal
bovine serum (FBS). About 100 ul of packed red cells was incubated in
10% FBS/PBS for 15 min at room temperature to block nonspecific
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binding. Two microliters of packed red cells were then incubated with 8 ul
of FITC-conjugated anti-Co3 antibodies for 45 min at room temperature,
with gentle shaking. Cells were then washed three times in PBS.

Although the use of bivalent anti-Co3 IgG to label AQP1 could have
theoretically resulted in cross-linking of AQP1 monomers on the mem-
brane, this was very unlikely to affect the results of lateral mobility and
microdeformation experiments on AQP1 in intact red cells. The most
favored cross-linking of AQP1 monomers by IgG would involve two
closely apposed monomers in the AQP1 homotetramer complex, which
would be expected to undergo lateral movement as a single unit in the
plane of the membrane.

Fluorescent labeling of band 3

Blood was washed three times in high-potassium PBS (KPBS) (140 mM
KCl, 15 mM NaPO,, 10 mM glucose, pH 7.4). Band 3 was labeled by
incubating 100 ul of packed red cells with 40 ul of eosin-5-maleimide
(EMA) (0.25 mg/ml in KPBS; Molecular Probes, Eugene, OR) for 12 min
at room temperature. After incubation cells were washed extensively in
KPBS with 1% BSA. Under these conditions >90% of the membrane-
associated fluorescence was covalently bound to band 3 (Corbett and
Golan, 1993; Corbett et al., 1994a; unpublished observations).

Fluorescent labeling of actin

Cytoskeletal actin was labeled using rhodamine phalloidin and a technique
modified from Discher and Mohandas (1996). Briefly, 5 ul of washed,
packed red cells were lysed in 20 ul of 20 mOsm PBS with | mM Mg-ATP
and 4 pl of thodamine phalloidin (Molecular Probes). Cells were incubated
for 15 min at 0°C, resealed by adding 2.5 ul of 3000 mOsm PBS, and
further incubated for 30 min at 37°C. The resealed cells, which had 20% of
the normal hemoglobin content, showed normal morphology and mechan-
ical properties (Discher and Mohandas, 1996).

Antibody incubation

Washed red cells in 10% suspension were incubated with 20 pg/ml (final
concentration) of anti-band 3 monoclonal antibody (mAb) (Brac 18) or 80
ng/ml (final concentration) of anti-glycophorin A mAb (R10) for 45 min
at room temperature. These treatments caused complete lateral immobili-
zation of band 3 or glycophorin A, respectively (Knowles et al., 1994; the
present study).

Lateral mobility measurements

Fluorescence photobleaching recovery (FPR) (Axelrod et al., 1979) was
used to measure F-aAQP1 and band 3 lateral mobility in the membranes of
intact red cells. Briefly, the 488-nm line from an argon ion laser of
Gaussian spatial profile was selected and focused onto a microscope stage.
A short (typically 100 ms) intense (typically 1 mW) laser pulse was used
to photobleach a spot of 0.7 wm radius on the upper membrane of a single
red cell. The fluorescence intensity of the bleached spot was then moni-
tored by using periodic low-intensity (typically 0.1 uW) laser pulses.
Fluorescence recovery resulted from the lateral diffusion of unbleached
fluorophores into the bleached area. A nonlinear least-squares fitting pro-
cedure (Bevington, 1969) was used to determine the lateral diffusion
coefficient (D) and fractional mobility (f) of F-aAQP1 and band 3 from the
fluorescence recovery data. Details of the optics and electronics of our
apparatus have been described (Corbett and Golan, 1993). All lateral
mobility measurements were performed at 37°C. The local temperature rise
caused by laser-induced heating of surface fluorophores during the bleach-
ing pulse was calculated to be < 0.02°C, and that caused by heating of
intracellular hemoglobin to be 0.03°C (Corbett et al., 1994b).
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Microdeformation measurements

Fluorescence imaged microdeformation (FIMD) was used to quantify
redistribution of F-aAQP1 and other membrane components after micropi-
pette aspiration (Discher et al., 1994). Briefly, the membrane protein of
interest was fluorescently labeled, and a single fluorescently labeled red
cell was partially aspirated into a glass micropipette with an internal
diameter between 1 and 1.5 um. Aspiration created an in-plane deforma-
tion of the membrane skeleton, which condensed to enter the micropipette
and subsequently dilated down the micropipette. Aspiration length scaled
by the micropipette radius (L/R,) was predetermined by the surface-to-
volume ratio of the cell (osmotically controlled) and by the large com-
pressibility modulus of the lipid bilayer. The typical aspiration length was
~8 wm. The relative density of a fluorescently labeled component at
different locations along the aspiration length was quantified as the fluo-
rescence intensity at that location normalized by the fluorescence intensity
of the fluorescently labeled molecules in the spherical portion of the
aspirated cell.

RESULTS

A large fraction of F-cAQP1 is laterally mobile in
membranes of intact red cells

AQPI1, labeled with FITC-conjugated anti-Co3 antibodies,
was found to be uniformly distributed on the normal red cell
surface (Fig. 2). This surface distribution pattern was sim-
ilar to that of other integral red cell membrane proteins
(Golan, 1989). By fluorescence video microscopy, FITC-
conjugated anti-Co3 antibodies failed to label Colton-null
red cells that were deficient in AQP1 (images not shown),
confirming the specificity of the antibody. FPR was used to
quantify the lateral mobility of specifically labeled
F-«AQP1 in membranes of intact normal red cells. A large
fraction of F-aAQP1 (66 = 10%) was laterally mobile in
these membranes, and the average lateral diffusion coeffi-

FIGURE 2 Cell surface distribution of FITC-conjugated anti-Co3 (anti-
AQP1) antibodies. Red cells were observed with a Zeiss Axioskop micro-
scope and a 100X/1.3 NA objective at room temperature. Fluorescence
images were recorded, background subtracted, and frame averaged with an
image processor (Image-1; Universal Imaging, West Chester, PA).
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cient was (3.1 = 0.5) X 10~ "' cm?/s (Fig. 3 and Table 1).
The similarity between this diffusivity and that of band 3
and glycophorin A, the two major integral membrane pro-
teins of human red cells (Golan and Veatch, 1980; Golan,
1989; Corbett and Golan, 1993; Corbett et al., 1994a),
suggested that AQP1 lateral diffusion could be regulated by
steric interactions similar to those that retard band 3 and
glycophorin A diffusion.

Although AQP1-deficient red cells exhibit a marked re-
duction in water permeability, it is not known whether the
protein contributes to the integrity of the red cell membrane.
The lateral mobility of band 3 was measured in Colton-null
red cells as a probe for membrane bilayer and membrane
skeletal integrity, because band 3 mobility has been shown
to be sensitive to changes in red cell membrane protein and
lipid content and organization (Corbett and Golan, 1993;
Corbett et al., 1994a; Jarolim et al., 1994; Liu et al., 1995;
Golan et al., 1996). As shown in Table 2, the lateral mo-
bility of band 3 in Colton-null red cells did not differ from
that in normal red cells. In addition, Colton-null red cells
exhibited the biconcave disc morphology characteristic of
normal red cells. These data were consistent with the inter-
pretation that AQP1 expression is not required for structural
integrity of the red cell membrane bilayer and the spectrin-
based membrane skeleton.

Multiple studies have indicated that integral membrane
proteins such as band 3, glycophorin A, and glycophorin C
interact with the normal membrane skeleton. Increased in-
teraction is found in some pathologic red cells (Liu et al.,
1990; Corbett and Golan, 1993; Liu et al., 1995), and
increased interaction can be induced in normal red cells by
anti-band 3 and anti-glycophorin A antibodies (Chasis et al.,
1985, 1988; Knowles et al., 1994). To examine the possi-
bility that band 3 or glycophorin A exists in a complex with
AQPI in the normal red cell membrane, the lateral mobility
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FIGURE 3 Representative FPR curve depicting the lateral mobility of
AQP1 in an intact red cell. Each data point represents the average of three
fluorescence measurements before ([J) or after (M) a brief bleaching laser
pulse. The experiment was performed at 37°C. Diffusion coefficient, 2.5 X
107" em?/s; fractional mobility, 64%.
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TABLE 1 AQP1 lateral mobility in Colton-null and normal
red cells

Sample D (X 10! cm?%/s) f (%)
Colton-null * *
Control 1 2.7+ 1.8 52+8
Control 2 25*1.0 84 =7
Control 3 42 *+2.1 616

AQP1 lateral mobility was determined by FPR. Control samples consisted
of normal group O, Co:3 red cells. Values represent mean = SD from 8—14
independent experiments for each sample.

* Fluorescence video microscopy confirmed the lack of AQP1 expression
on Colton-null red cells.

of F-aAQP1 was quantified after antibody-induced lateral
immobilization of band 3 or glycophorin A. Consistent with
previous reports (Nash and Gratzer, 1993), band 3 was
found to be completely immobilized by incubation of nor-
mal red cells with anti-band 3 mAb (Brac 18) at a final
concentration of 20 wg/ml. Band 3 immobilization was also
induced by incubating red cells with anti-glycophorin A
mAb (R10) at a final concentration of 80 wg/ml, consistent
with previous studies (Knowles et al., 1994). Neither Brac
18 nor R10 treatment of normal red cells induced lateral
immobilization of F-aAQP1, however. Brac 18 caused the
F-aAQP1 lateral diffusion coefficent to decrease from
3.1 X 107" em?/s to 1.8 X 10~ ¢cm?/s, and the fractional
mobility to decrease from 66% to 50%. R10 caused the
F-aAQP1 lateral diffusion coefficient and fractional mobil-
ity to decrease to 1.1 X 10~ """ cm?/s and 56%, respectively
(Table 3). In contrast, cross-linking of FITC-conjugated
anti-Co3 IgG by anti-human IgG caused complete lateral
immobilization of F-aAQP1 on normal red cells (fractional
mobility, 3 = 2%), without morphologic F-a«AQP1 capping
by fluorescence video microscopy (not shown). These data
suggested that AQP1 does not exist in a complex with either
band 3 or glycophorin A in the normal red cell membrane.

Microdeformation induces striking migration of
F-aAQP1 toward the cap of the aspirated
membrane projection

Imaging of protein density gradients after microdeformation
of intact red cells has provided unique information concern-
ing interactions between integral proteins and skeletal pro-

TABLE 2 Band 3 lateral mobility in Colton-null and normal
red cells

Sample D (X 10" cm?%/s) 1 (%)
Colton-null 14+0.5 40+ 6
Control 1 1.1 04 58 £8
Control 2 1.5 0.6 38*5
Control 3 1.5 0.7 41 £ 13

Band 3 lateral mobility was determined by FPR. Control samples consisted
of normal group O, Co:3 red cells. Values represent mean = SD from 814
independent experiments for each sample. Band 3 lateral mobility in
Colton-null red cells was indistinguishable from that in control red cells.
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TABLE 3 Effects of antibody treatments on AQP1 and band
3 lateral mobility in normal red cells

Band 3 Band 3 AQP1 AQP1

Condition D (X 10" ecm?s) f(%) D (X 10" ecm?s)  f(%)
Brac 18 mAb ND 6=*5 1.8 0.7 50 =17
R10 mAb ND 11 x5 1.1 04 56 = 14

Control red cells were incubated with Brac 18 (anti-band 3) or R10
(anti-glycophorin A) mAbs. Lateral mobility was determined by FPR.
Values represent mean = SD from 8§14 independent experiments for each
condition. Both Brac 18 and R10 mAbs induced lateral immobilization of
band 3. These same antibody treatments did not cause AQP1 immobiliza-
tion, however.

ND, Diffusion coefficient cannot be accurately determined for << 20%.

teins in the intact red cell membrane (Discher et al., 1995;
Discher and Mohandas, 1996). Here, novel FIMD tech-
niques were used to examine dynamic changes in the dis-
tribution of F-a«AQP1, membrane skeletal actin, and band 3
induced upon microdeformation. Consistent with previous
reports, deformation induced a density gradient of skeletal
actin labeled by rhodamine phalloidin, such that the relative
actin density was highest at the pipette entrance and lowest
at the aspirated cap (Fig. 4). The redistribution of actin
density reached equilibrium rapidly during the deformation,
which has been shown to be elastic for moderate aspiration
lengths (Discher et al., 1994; Discher and Mohandas, 1996;
Knowles et al., 1997). No further actin redistribution was
observed at later times after cell deformation. EMA-labeled
band 3 showed a density gradient that was similar to that of
actin, except that the slope of the band 3 density gradient
was less steep than that of the actin gradient. F-aAQP1
redistribution in response to microdeformation was dis-
tinctly different from that of actin and band 3 (Fig. 4).
Immediately after deformation, the density gradient of
F-aAQP1 was less steep than that of band 3 but steeper than
that of a fluorescently labeled phospholipid (Knowles et al.,
1997; data not shown). At long times after deformation
(>15 min), a major fraction of F-aAQP1 was found to have

RhPR-ACTIN

EMA-BAND 3

Fl-AQP1

FIGURE 4 Fluorescence images of intensity gradients for actin, band 3,
and AQP1 distributions after aspiration of the red cell membrane. The
corresponding fluorescence intensity profiles are shown next to the fluo-
rescence images. The fluorescence intensity was greatest at the entrance of
the aspirated membrane and decreased monotonically along the projection
for actin and band 3, whereas the highest intensity for AQP1 was found at
the cap.
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migrated along the membrane projection toward the aspira-
tion cap (Fig. 4). The kinetics of F-aAQP1 migration were
estimated by quantifying the alteration in the F-aAQP1
density map with time (Fig. 5 4). Fluorescence images
recorded immediately (~1 s) after cell deformation showed
that the deformation process itself did not cause F-aAQP1
accumulation at the cap. With time after deformation, how-
ever, F-aAQP1 progressively migrated toward the cap until
a steady state was reached. At steady state, it was estimated
that 45-60% of the F-aAQP1 molecules in the aspirated
membrane projection had migrated toward the cap.

These observations suggested that AQP1 in the aspirated
projection was capable of rapid lateral diffusion toward
membrane areas of increasing skeletal dilatation. To calcu-
late a mean diffusivity for this process, a characteristic
migration half-time of 100-200 s was estimated from a plot
of cap mass fraction versus time (Fig. 5 B). By modeling the
characteristic area for diffusion as the surface of an aspi-
rated membrane cylinder, the diffusivity of F-AQP1 in the

3 Sec
CMF=0.0

20 sec
CMF=0.055

600 sec
CMF=0.34

Cap
Mass 05 41 m@
Fraction

0.0 T T T T
0 1000 2000
Time (sec)

FIGURE 5 (4) Changes in the AQP1 fluorescence intensity distribution
in the aspirated red cell membrane at three different times after microde-
formation. The corresponding AQP1 fluorescence intensity profiles are
shown next to the fluorescence images. The shaded areas indicate the
calculated AQP1 cap mass fraction (CMF) that had migrated toward the
cap. (B) Kinetics of AQP1 migration toward the cap after microdeforma-
tion. The fraction of AQP1 that had migrated toward the cap after micro-
deformation was calculated and plotted as a function of time. Data were
fitted by eye.
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membrane projection was estimated to be 4—8 X 10~ '°
cm?/s. This value is ~20-fold greater than the average
F-«AQP1 lateral diffusion coefficient measured with the
FPR technique, suggesting that there was a fraction of
AQP1 molecules capable of diffusing much more rapidly
than the average in the native (unperturbed) red cell mem-
brane, and/or that such a population of molecules was
created upon microdeformation of the membrane. Addi-
tional FPR experiments were performed to estimate the
relative importance of these two possibilites. In these ex-
periments, fluorescence recovery was followed at 0.5-s in-
tervals for the first 10 s after photobleaching a spot on an
anti-Co3 labeled undeformed red cell. As shown in Fig. 6,
12 = 3% of F-cAQP1 molecules were capable of rapid
lateral diffusion (diffusion coefficient ~10~'" to 1077
cm?/s) during the first 10 s of measurement (» = 10 inde-
pendent experiments). In contrast, similar FPR experiments
showed that band 3 and glycophorins did not exhibit rapid
lateral diffusion during the 10-s measurement period. Only
4 = 2% of the band 3 label and 4 = 3% of the glycophorin
label recovered during the 10 s period, consistent with the
recovery expected assuming that all molecules diffused at
the average rate of ~10~'" cm?/s. Taken together, these
data suggested that only a small fraction (5-10%) of AQP1
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FIGURE 6 Representative FPR curve depicting the rapid mobility frac-
tion of the laterally mobile AQP1 in an intact red cell. Each data point
represents the average of three fluorescence measurements before ((J) or
after (M) a brief bleaching laser pulse. After the bleaching pulse, fluores-
cence counts were measured at 0.5-s intervals. The experiment was per-
formed at 37°C. Recovery of fluorescence during the first 10 s indicated
that a small but significant subpopulation of AQP1 molecules is capable of
rapid lateral diffusion. Because the fitting routine used to analyze typical
FPR curves could not be reliably used for analysis of the rapid mobility
experiments, the fractional mobility was determined by calculating the
ratio (F() — F(0))/(F(—) — F(0)), where F(—) is the fluorescence counts
before bleaching, F(0) is the fluorescence counts immediately after bleach-
ing, and F(e) is the fluorescence counts at the end of the 10-s experiment.
An approximate lateral diffusion coefficient of 107! to 107° cm*/s was
estimated by assuming that the characteristic half-time for the rapidly
mobile AQP1 molecules is ~1-5 s. Fractional mobility, 10%.
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molecules were capable of rapid lateral diffusion in the
native red cell membrane, and that dilatation of the mem-
brane skeleton induced a significant increase in this fraction.

DISCUSSION

We have used FPR and FIMD to characterize the constraints
on AQP1 lateral mobility in unperturbed and aspirated
membranes of intact human red cells. Fluorescence images
show that AQP1 is uniformly distributed on the red cell
surface. FPR indicates that, although AQP1 lateral mobility
in the unperturbed membrane is similar to that of other
integral proteins such as band 3 and glycophorin A, AQP1
does not exist as a complex with either of these integral
proteins. FIMD demonstrates that the pattern of AQPI
redistribution in response to microdeformation does not
resemble that of either actin or band 3. Rather, AQP1
behavior under microdeformation is similar to that of mol-
ecules such as CDS59 that are not directly linked to the
membrane skeleton. At least 50% of AQP1 molecules in the
aspirated membrane projection are capable of diffusing to-
ward the cap with a rate ~20-fold greater than that in the
unperturbed membrane.

In intact red cell membranes, lipids and lipid-linked
membrane proteins manifest lateral diffusion coefficients of
~107% cm?s and fractional mobilities of 90—100%,
whereas integral membrane proteins such as band 3 and
glycophorin A have diffusion coefficients of ~10~'" cm?/s
and fractional mobilities of 40—70% (Golan, 1989; Corbett
and Golan, 1993; Corbett et al., 1994a). The AQP1 lateral
diffusion rate is only twofold greater than that of band 3
(Table 1) and is comparable to that of glycophorin A (Go-
lan, 1989). Similarly, the AQP1 fractional mobility of 66%
is comparable to that of other integral proteins. These ob-
servations suggest that the lateral diffusion of AQPI is
constrained in unperturbed red cell membranes.

At least three mechanisms can be hypothesized to explain
these constraints on AQP1 mobility. First, based on the
findings that AQP1 lateral mobility is similar to that of band
3 and glycophorin A in the unperturbed red cell membrane,
and that 34% of AQP1 molecules are laterally immobile on
the FPR time scale (6 min), AQPI, like band 3 and glyco-
phorin A, could interact directly with the red cell membrane
skeleton. Although it has been suggested that AQP1 colo-
calizes with the caveolar scaffolding protein caveolin in
endothelial cells (Schnitzer and Oh, 1996), no binding in-
teractions between AQP1 and other proteins associated with
the red cell membrane have been demonstrated. Moreover,
the observation that AQP1 behaves like lipid-linked pro-
teins in response to microdeformation provides strong evi-
dence that AQP1 is not directly linked to the membrane
skeleton.

Second, AQP1 lateral diffusion could be restricted by
steric interactions between AQP1 and other integral proteins
such as band 3. A theoretical model describing this mode of
interaction has been developed by Minton (1989). One
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important parameter in the model is the fraction of the red
cell membrane surface (~150 wm?) that is occupied by
proteins. Based on the measured physical properties of
AQP1 and band 3 (the major integral protein), AQP1 and
band 3 are predicted to occupy ~3% (Agre et al., 1993) and
~17% (Golan et al., 1984) of the cell surface, respectively.
The intramembranous portions of glycophorins and other
integral proteins together are likely to occupy at most an
additional 17% of the cell surface. Based on these approx-
imations, the model predicts a reduction in the rate of AQP1
lateral diffusion, compared to that of AQP1 diffusing “freely”
in a pure lipid bilayer, of ~50%. Thus, although steric inter-
actions between AQPI1 and other integral proteins could be
partially responsible for the slowing of AQP1 diffusion in
unperturbed red cells, these interactions are unlikely to explain
completely the ~100-fold difference between the lateral dif-
fusion rates of AQP1 and membrane lipids in the unperturbed
membrane. Furthermore, the observation that band 3 or gly-
cophorin A immobilization only slightly reduces the AQP1
lateral diffusion rate suggests that these immobilized com-
plexes represent physical barriers that could only partially
hinder the random diffusion of AQPI.

Third, AQP1 lateral mobility in the unperturbed mem-
brane could be retarded by steric hindrance imposed by the
spectrin-based membrane skeleton. Such interactions have
been demonstrated to regulate the lateral mobility of other
integral proteins, in that the rate of band 3 diffusion is
inversely related to the spectrin content of intact human red
cells. Studies on cells from patients with hereditary sphero-
cytosis predict that band 3 and glycophorin A would diffuse
laterally at a rate of 9 X 107'° cm?/s in the complete
absence of a spectrin-based skeleton (Cho et al., 1999;
Corbett et al., 1994a; unpublished observations). In the
present work, the rate of AQP1 diffusion is increased by
~20-fold (to ~6 X 10~ '° cm?/s) as the membrane skeletal
density is decreased in the aspirated membrane projection.
This magnitude of increase is similar to that demonstrated
for band 3 diffusion in aspirated membrane projections
(Berk and Hochmuth, 1992), suggesting that steric hin-
drance imposed by the membrane skeleton could provide a
plausible mechanism for AQP1 mobility restriction in the
unperturbed membrane. Furthermore, this analysis suggests
that AQP1 lateral mobility in the aspirated membrane ap-
proaches diffusion in the “idealized” spectrin-free environ-
ment, where diffusing molecules are restricted only by the
viscosity of the lipid bilayer, and that microdeformation
allows significantly faster AQP1 diffusion because this per-
turbation decreases passive mobility constraints imposed by
the membrane skeleton.

Passive steric interactions, unlike direct binding interac-
tions with membrane skeletal components, should not cause
lateral immobilization of AQP1. By FPR, ~35% of AQP1
molecules appear to be immobile, however. This laterally
immobile fraction could be accounted for by tight binding
of a population of AQP1 molecules to the membrane skel-
eton, although biochemical studies have failed to elucidate
such a binding partner for AQP1 in the red cell. We favor
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instead a model in which AQP1 is considered to undergo
anomalous subdiffusion rather than either free diffusion or
tight binding interactions (Feder et al., 1996). In the anom-
alous subdiffusion model, integral protein lateral mobility is
assumed to be complete (i.e., there is no immobile fraction)
but restricted by a dense polymer-like meshwork consisting
of skeletally defined “corrals” or other obstacles to lateral
diffusion. The integral protein therefore diffuses on a time
scale that is much longer than that of the typical FPR
experiment, resulting in an apparently immobile fraction on
the FPR time scale. The anomalous subdiffusion model can
only be considered if experimental FPR data are fitted
equally well by the random diffusion and the anomalous
subdiffusion models (Feder et al., 1996).

To test the hypothesis that the lateral mobility of AQP1 is
governed by anomalous subdiffusion, we have reanalyzed
our experimental AQP1 and band 3 fluorescence recovery
data by using the anomalous subdiffusion model. As indi-
cated by the quality of the fit (Fig. 7), AQP1 lateral mobility
is described equally well by the anomalous subdiffusion and
the random diffusion models (compare Figs. 3 and 7). The
recovery half-time calculated assuming anomalous subdif-
fusion is 486 = 222 s, and that calculated assuming random
diffusion with an immobile fraction is 73 £ 33 s. This
comparison suggests that complete AQP1 diffusion could
be achieved on a time scale that is about an order of
magnitude longer than the typical FPR experiment. Similar
analyses of experimental band 3 fluorescence recovery data
are not well described by the anomalous subdiffusion model
(curve fits not shown). The latter finding is consistent with
the interpretation that, because a fraction of band 3 binds
tightly to ankyrin, band 3 does not diffuse completely, even
on a much longer time scale. In contrast, our analysis
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FIGURE 7 AQPI1 FPR data fit to the anomalous subdiffusion model.
Data from a representative AQP1 FPR experiment were reanalyzed using
the anomalous subdiffusion model. This fit assumed 100% fractional
mobility. The quality of the fit was comparable to that obtained using the
standard random diffusion model (see Fig. 3).
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indicates that all AQP1 molecules could be capable of
lateral diffusion, but that the diffusion of these molecules is
restricted by passive steric hindrance imposed by the dense
membrane skeletal meshwork and/or by skeleton-linked
membrane components.

As shown in Fig. 4, AQPI redistribution after microde-
formation does not resemble that of other integral proteins,
including band 3 and glycophorin A. The AQP1 density
gradient induced by microdeformation shows two distinc-
tive features compared to the band 3 or glycophorin A
gradients. First, the density gradient of AQP1 is less steep
than those of band 3 and glycophorin A. Second, a substan-
tial fraction (~50%) of AQP1 migrates toward the cap of
the aspirated membrane projection. This behavior is similar
to that of some membrane components that are not directly
linked to the membrane skeleton, such as the lipid-linked
membrane protein CD59 (Knowles et al., 1997). Together
with the anomalous subdiffusion analysis (see above), these
observations strongly suggest that AQP1 does not partici-
pate in direct binding interactions with the spectrin-based
membrane skeleton, such as the band 3-ankyrin and glyco-
phorin C-protein 4.1 interactions that serve to immobilize
fractions of those integral proteins.

In conclusion, we note that the use of FPR and FIMD
together to identify the physical constraints on AQP1 mo-
bility has yielded a pattern of lateral mobility in the native
membrane and redistribution in response to microdeforma-
tion that is thus far unique among integral membrane pro-
teins. Future studies of this type may serve to extend these
observations to other classes of membrane proteins that, like
AQPI1, are passively constrained by components associated
with the dense (native) membrane skeleton, yet are able to
diffuse rapidly in the plane of the membrane under condi-
tions of skeletal “loosening” or removal.
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