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Abstract. Several studies suggest that aquaporin watefntroduction
channels can be identified in membranes by freeze-
fracture electron microscopy. For this report, ChineseFacilitated water transporting pathways associated with
Hamster ovary cells were stably transfected with cDNAsthe presence of aquaporins have been reported in epithe
encoding aquaporins 1-5. Measurement of the osmotial cells from various regions of the nephron, as well as
water permeability of the cells confirmed that functional in many other tissues and cell types, including erythro-
protein was expressed and delivered to the plasma meneytes, trachea, lung, sweat glands, epidermis, spinal cord,
brane. By freeze-fracture electron microscopy, a 20%brain, stomach, reproductive organs, mammalian and
increase in intramembrane patrticle (IMP) density wasamphibian urinary bladder, and amphibian epidermis
found in plasma membranes of cells expressing AQP2, Van Os, Deen & Dempster, 1994; Agre, Brown &
and 5, and a 100% increase was measured in AQPINielsen, 1995; Knepper et al., 1996; Verkman et al.,
expressing cells, when compared to mock-transfected996). Long before the aquaporin family of water chan-
cells. On membranes of cells expressing AQP4, largeels was identified, characteristic aggregates of intra-
aggregates of IMPs were organized into orthogonal armembrane particles (IMPs), observed by freeze-fracture
rays, which occupied 10-20% of the membrane surfaceEM, were identified in the membranes of vasopressin-
IMP aggregates were never seen in AQP2-transfectedensitive cell types in amphibian urinary bladder and
cells. Hexagonally packed IMP clusters were detected irepidermis, and in collecting duct principal cells after hor-
(6% of the membranes from AQP3-expressing cellsmonal stimulation (Chevalier, Bourguet & Hugon, 1974;
Particle size-distribution analysis of rotary shadowedHumbert et al., 1975; Kachadorian, Wade & DiScala,
IMPs showed a significant shift from 13.5 (control cells) 1975; Harmanci et al., 1978, 1980; Brown & Orci, 1983).
to 8.5 nm or less in AQP-expressing cells; size distribu-It was first proposed by Chevalier et al. (1974) that these
tion analysis of unidirectionally shadowed IMPs also IMP aggregates in the frog urinary bladder might repre-
showed a significant change when compared to controlsent water transporting units and a significant amount of
Some IMPs in AQP expressing cells had features coneorrelative structural/functional data subsequently sup-
sistent with the idea that aquaporins are assembled g®rted this contention. While the phenomenon of IMP
tetramers. The results demonstrate that in transfecteaggregates appearing in plasma membranes in paralle
CHO cells, AQP transfection modifies the general ap-with an increase in water permeability is common to
pearance and number of IMPs on the plasma membran#)ese three hormonally responsive cell types, the mor-
and show that only AQP4 assembles into well-definedphological organization of the aggregates, as visualized
IMP arrays. by freeze-fracture, is different in all three cell types
(Brown, 1991). In amphibian bladder, the aggregates are
Key words: Freeze fracture — Orthogonal, square arraysighy packed on the membrane P-face, but form linear,
— Intramembrane particle — Aquaporin — Chinese o ije| arrays of grooves on the complementary E-face.
Hamster ovary cell — Transfection In collecting duct principal cells, the aggregates
(Harmanci et al., 1978, 1980) are less tightly packed,
S appearing as loose IMP clusters on both P- and E-
Correspondence toA.N. van Hoek faces. Finally, the aggregates in toad epidermis form
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geometrically packed orthogonal arrays (Brown, Grossmf freeze-fractured CHO cell plasma membranes. The

& DeSousa, 1983). Similar orthogonal (or square) ar-major finding is that only AQP4 expression results in the

rays are present in numerous plasma membranes of otheppearance of abundant IMP aggregates that take the

cell types, including intestinal epithelial cells (Staehelin, form of orthogonal arrays, as previously reported, while

1972), gastric parietal cells (Bordi & Perrelet, 1978), some aggregates of 10 x 10 fimere observed in AQP3-

sarcolemmas of fast twitch muscle fibers (Ellisman et al. gxpressing cells.

1976, Schmalbruch, 1979), type | alveolar cells (Bartels,

1979), astrocytic plasma membranes apposed to blood

vessels and to the cerebrospinal fluid at the surface of thiaterials and Methods

brain (Landis & Reese, 1981), the basolateral plasma

membrane of collecting duct principal cells (Orci et al.,

1981), the lateral membrane of inner hair cells (Forge CELL CULTURE AND TRANSFECTION

1987), tracheal epithelium (Widdicombe et al., 1987),

ciliary epithelium (Hirsch, Gache & Noske, 1988), the Chinese Hamster ovary (CHO) cells were transfected with rat AQPs
5 as described previously (Ma et al., 1993; Yang et al., 1996; Farinas

vestibular sensory eplthellum (SaItO, 1988) and, mosét al., 1997). Mock-transfected CHO cells were generated by transfec-

strikingly, in lens fibers (Zampighi et al_., 1982). tion with empty vector. Homogeneous populations of stably trans-

The archetypal member of a growing group of ho-fected cells were obtained by selection with G418 and cloning indi-
mologous mammalian aquaporins, lens protein MIP26vidual colonies. Cell clones with the highest water permeabilities were
(AQPO0), which has a low water permeability, has beenused for morphological measurements. Cells were grown to near con-
shown to form orthogonal arrays of particles in |ens_ﬁberﬂuence on 6-well plastic dishes, fixed for 4 hr in 2% glutaraldehyde,

. d stored in PBS containi di ide.

membranes (Ehring et al., 1990). The water channef"® Sored containing sodium azice
aquaporin-1 (AQP1) from erythrocytes and proximal tu-
bule forms tetramers in native membranes and AQPLyyater PERMEABILITY MEASUREMENTS
expressing CHO cells, and does not appear to assemble
into higher-order aggregates .(Verba_vat.z et. al., 1993)' Irbsmotic water permeability was measured in near-confluent CHO cell
contrast, morph_0|09|ca| and tissue distribution studies ofayers cultured on 18 mm diameter round coverglasses. Coverglasses
the AQP4 protein suggested that AQP4 forms orthogonalvere mounted in a perfusion chamber for rapid exchange of bathing
IMP arrays in the basolateral plasma membrane of kidesmolality between 300 mOsm (PBS) and 150 mOsm (PBS diluted
ney collecting duct, astrocytes in brain and spinal cord with water). The time course of cell volume change was measured by
' ’spatial filtering microscopy (Farinas et al., 1997), which utilizes cell

and epithelial cells in stomach, trachea, bronchi, intes- e T )
volume-dependent changes in intracellular refractive index to infer cell

tine, ciliary body a_n_d various exocrine glands (Frigeri et me. Relative water permeabilities were determined by single ex-
al., 1995). The ability of AQP4 to form orthogonal IMP ponential regression of the time course data.

arrays was confirmed by the finding that orthogonal IMP

arrays were present on plasma membranes of AQP4-

expressing CHO cells (Yang, Brown & Verkman, 1995). FIXATION AND FREEZEFRACTURE ANALYSIS

Other evidence that AQP4 is an orthogonal array form-

ing protein came from studies on AQP4-knock-out miceUnidirectional and rotary shadowing of freeze-fractured membranes

showing the absence of OAPs in brain, muscle and kidwere carried out on transfected CHO-cells that were fixed for 4 hr in
ney (Verbavatz et al., 1997). 2% glutaraldehyde, washed twice with PBS and cryoprotected with

. . . 30% glycerol in 0.1 Na-cacodylate (pH 7.5) buffer. The cells that were
Little is known about the tertiary structure of other grown on plastic 6-well plates were scraped off after incubation over-

water channels. In particular, it is not known whether pight with the cryoprotectant. Aliquots of cell suspensions were placed
AQP2, the vasopressin-sensitive water channel, can forren copper specimen holders and frozen by immersion jreddled
IMP aggregates or clusters when expressed in mamma=eon 22, at the transition temperature of liquified-solidified Freon 22.
lian cells. Also, while two members of the MIP family The frozen samples were rapidly transferred into a Cressington freeze-
have been shown to form orthogonal IMP arrays, not a”IF;lcture apparatus (Cressington SC|ent|f|c Instruments, Wrzltford, U.K.).
. 2 . e temperature of the samples was increased to —120°C to remove
kﬁOWﬂ OAPS have_ been identified. In Qddltlon, func- Freon 22 and the membranes were fractured after approximately 20
tional studies of epitope-tagged aquaporins 1-5 revealeglin under a vacuum of 18 Torr. Specimens were shadowed with
different single channel water permeabilities when eX-platinum at a 45° angle. A 1.5 nm film was deposited without speci-
pressed in oocytes (Yang & Verkman, 1997), and somamnen rotation (unidirectional shadowing), wé 2 nm coat wastilized
aquaporins function not only as water channels, but alsdpr rotary shadowing. The platinum shadowing was followed by de-

as solute transporters (e.g., AQP3, AQP8, AQP9) Eacﬁosition d a 5 nmcarbon coat perpendicular to the fracture plane.
aquaporin could thus halve.,a diffe}ent oli ’omeric 'Struc_After the removal of the sample from the Cressington chamber, the
quap 9 specimen was removed from the copper support in sodium hypochlorite

ture. The purpose of this study was to.investigate thQJIeach. Replicas were further cleaned by several rinses in distilled
morphology of aquaporins 1 through 5 in stably trans-water. The replicas were picked up on nickel grids and examined in a
fected CHO cells by unidirectional and rotary shadowingPhilips CM10 electron microscope (Mahwah, NJ).
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Fig. 1. Functional analysis of stably transfected CHO cells. The time course of relative cell volume was measured by spatial filtering microsc
as described previously (Farinas et al., 1997). Cells were originally bathed in PBS (300 mOsm) and then the perfusate was changed to PBS
(2:1, 200 mOsm) and then back to PBS. Solution temperature was maintained at 23°C. The number above the trace corresponds to the aqt
expressed in CHO-cells.

QUANTIFICATION OF IMP DENSITY AND SiZE wherex is IMP diameter and is density.
Fractured membranes were photographed after the specimen tilt in the

microscope was minimized by adjusting the EM-specimen holder (euABBREVlAﬂONS
centric height) to reduce overestimation of the particle density andCHO cell: ~ Chinese Hamster ovary cell

minimize errors in the determination of particle size. The protoplasmicAQP: aquaporin

(P) and exoplasmic (E) face IMP densities were measured on plasmB/P: intramembrane particle
membrane areas of 0.5 x Ouin? at 72,000 magnification of unidi- OAP: orthogonal array particle
rectionally shadowed replicas. Some rotary shadowed samples werd-face: protoplasmic face
utilized for comparison, and the values obtained did not differ signifi- E-face: ectoplasmic face

cantly from the samples that were shadowed unidirectionally. A total
of 10 to 25 cell membranes from each CHO cell type were subjected to
the procedure. Particle density measurements of AQP4-expressin§€eSU|ts
cells may be compromised, because of the tight packing of particles
into orthogonal arrays. The number of OAPs in a typical membraneTq confirm the expression of each aquaporin in the CHO
was 5 per square micron, occupying about 10-20% of the total memeq| plasma membrane. cell osmotic water permeability
brane area. With the center to center spacing of 6.8 nm, representing a -
membrane particl€,200 of these particles will fit in an area of 100 x was measured by an 0ptl(;3.| method. CHO Ce”? grown
100 nm (1% of a square micron). Thus AQP4 alone would account forON Coverglasses were subjected to osmotic gradients anc
[2000 IMPs per square micron (10% area occupation), while randomithe time course of cell volume change was determined
chosen area’s of P-faces revealed a mean siZe1800 particles per  (Fig. 1). The mock-transfected CHO cells swelled and
square micron dee Results). The last number was utilized, also to shrunk slowly in response to osmotic gradients. In con-
C(_)nstruct the size frequency diagrams for AQP4-expressing cel!g. IMFtraSt, the rate of swelling and shrinking was >5-fold in-
iﬁmeFerS were measured on photographs at 630,000x magnificationy o 5<e 4 in CHO cells expressing each of the aquaporins
e width of the electron dense deposit was measured from unidirec: . .
tionally shadowed particles at right angles to the direction of shadow-Be‘_:ause the time C_0urse of the cell YO'Ume <_:hange 1S
ing. The diameter of rotary shadowed particles was also measuredimited by the perfusion rate of the bathing solution when
Half of the thickness of the brightly shadowed rim surrounding the IMP AQPS are expressed, the absolute osmotic water perme
was included in this size measurement. The diameter distribution waability coefficient in each of the cell types could not be
fitted to one of two Gaussian functions of the form: accurately determined under these experimental condi-
tions. Temperature dependence measurements (at 12, 2

—(Xx—Bi 2 aiz ° . . . . .
y= D oge O and 37°C) indicated a low Arrhenius activation energy
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(not show, consistent with water movement via the obtain IMP number could not be utilized for AQP4 with
aquaporins. These results indicate that the AQP<€onfidence, because large areas in both P- and E- face:
transfected cells expressed functional aguaporins at theiwere occupied by OAPs. Additional information on the
cell surface. expression of aquaporins was obtained by determining
sizes and size distributions of IMPs in P-faces, utilizing
images of unidirectionally shadowed membranes at
UNIDIRECTIONAL SHADOWING higher magnification (Fig. 4).
Inspection of the micrographs indicated some addi-
Figure 2 is a composite of micrographs representing theional differences. CHO cells expressing AQP1 (Fig.
appearance of the plasma membrane P-face of contrdB) and AQP2 (Fig. €) gave IMP sizes that were sig-
and aquaporin-expressing CHO cells after unidirectionahificantly greater than those observed in mock trans-
shadowing. In all cells examined, the density of intra-fected cells (Fig. A). AQP3 (Fig. ) expressing cells
membrane particles (IMPs) was higher on protoplasmichad also larger IMPs and a tendency of clustering of
fracture faces (P-faces) than on the complementary exasome of these IMPs. AQP5 (FigF} expressing cells
plasmic fracture faces (E-facept showp, as is com- had IMP populations that were apparently heterogeneous
monly seen for biological membranes. The P-face ofin size. Particles located outside OAPs of AQP4 ex-
control, mock-transfected cells exhibited a population ofpressing cells (Fig.B) appeared to have a similar size to
dispersed IMPs (Fig.&). Cells expressing AQP1Bf,  the smaller particles found in AQP3 and AQP5 express-
AQP2 (C) and AQP5 F) showed a pattern of IMP dis- ing cells. Figure 5 shows a size analysis, and Table 2
tribution in P-face that was also scattered throughout thgrovides the fitted statistical parameters. The Gaussian
plane of the membrane, although the number of IMPdistributions of AQP3 and AQP5 suggest two major
was greater than in mock transfected CHO cells. In conpopulations of smaller and larger particles, different from
trast, the P-face of cells expressing AQP4 displayed nuthe populations found in mock-transfected cells. A ho-
merous large aggregates of IMPs (Fig)2 These IMP  mogeneous distribution of larger particles was measured
arrays were identical to the orthogonal arrays that havén AQP1 and AQP?2 transfected cells. Although apparent
previously been correlated with AQP4 expression in adiversity is seen among AQP-expressing cells, the dif-
variety of cell types (Frigeri et al., 1995). Cells express-ference between mock and AQP expression suggests tha
ing AQP3 (Fig. D) showed mainly dispersed IMPs, but expression of endogenous membrane proteins is modi-
in some cells, packed clusters of IMPs with dimensionsfied by AQP expression.
of 1.0 x 0.1um were also found. These small clusters
were only found inCb% of the cells examined, and they
were only seen in cells transfected with AQP3, but nevefROTARY-SHADOW FREEZEFRACTURE ANALYSIS
in control cells nor in cells expressing the other aqua-
porins. Rotary shadowed freeze fracture analysis has been valu
Higher magnification (Fig. 3) revealed more details able for determining the ‘“subunit” morphology of
of AQP3-clusters and AQP4-OAPs. Figurd 8om an  AQP1 in proteoliposomes, revealing an apparent te-
AQP3-expressing cell displays an aggregate of 30 to 4@rameric assembly of 4 smaller subunits. Similar struc-
subunits in shape forming an irregular cluster of IMPs ontures were observed on the plasma membrane of AQP1
the P-face. On the E-face, complementary imprintsexpressing CHO cells (Verbavatz et al., 1993). Figure 6
probably corresponding to the P-face clusters were founis a composite of micrographs representing the appear-
(Fig. 3B). These imprints indicated a hexagonal packingance of the plasma membrane P-face of control and
of IMPs with a center-to-center spacingld@.5 nm. For aquaporin-expressing CHO cells after rotary shadowing.
AQP4 arrays, a center-to-center spacing of 6.8 nm wa3he contrast between IMPs and the lipid bilayer is
measured for the individual IMP units or impressions insomewhat diminished, but reveals more details of IMP
both P-faces (Fig. @) and E-faces (Fig. B), respec- structure and organization. IMPs protruding from the
tively. The E-face imprints appeared as a series of lineamembrane leaflet appear as islands in the membrane sur
arrays of grooves or checker boards depending on theounded by a brighter shadow boundary of less electron-
direction of platinum shadowing with respect to the ori- dense deposits. The majority of IMPs in untransfected
entation of the array. cells were different from the IMPs found in AQP-
A gquantitative evaluation of IMP number is shown expressing cells. They almost blended with the mem-
in Table 1. Not every aquaporin transfection led to abrane with a small recognizable brighter rim circum-
large increase of IMP density in the plasma membranescribing in many cases apparently hexagonal structures.
as was reported for AQP1 (Verbavatz et al., 1993).IMPs of AQP1 (Fig. 8) expressing cells looked in gen-
AQPL1 transfection resulted in a doubling of IMP density, eral smaller and some had a tetrameric configuration
while AQP2, AQP3, and AQPS5 gave only small in- previously ascribed to AQP1 (Verbavatz et al., 1993).
creases in density (about 20%). The counting method tdlost IMPs of AQP2 expressing cells (FigChappeared
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Fig. 2. Freeze-fracture electron micrographs of CHO cell plasma membranes expressing aquaporins. P-faces obtained after freeze-fractu
replicated by unidirectional shadowing with platinur) (ock-transfected cellsBj AQP1-expressing cellsC) AQP2-, ©) AQP3-, E) AQP4-,
and F) AQP5-expressing cells. Nof@ which contains compact clusters of irregularly arranged IMPs, whilg large OAPs on the P-face are

arranged in an square arréars, 100 nm.
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Fig. 3. High magnification of unidirectionally shadowed freeze-fractured electron micrographs of CHO cells expressing AQP3 andA\pAP4. (
cluster of P-face IMPs AQP3-expressing cells exhibits an assembKMiinits. B) A lattice-like structure in E-face of AQP3-expressing cells with
a hexagonal arrangement of imprint€) (IMP aggregate (OAP) in P-face of AQP4-expressing celld. A complementary imprint of OAPSs in
E-face of AQP4 expressing cellBars, 30 nm.

to be even smaller, some showing subunit features conFable 1. Particle density of aquaporins in plasma membranes of stably
sistent with a tetrameric configuration. Some IMPs in transfected CHO cells

AQP3 expressing cells (Fig.D§ appeared as structures
raised from the fracture plane. In some of the IMPs from
OAP forming aggregates, an oligomeric configuration of

Transfected Density of E-face IMPs Density of P-face IMPs
CHO cells

4 subunits could be distinguished (FigE)6 IMPs of (IMPsfum?)  (sp) (n)  (IMPs/um?)  (sp)  (n)

AQP5 (Fig. &) expressing cells had a globular appear-

ance. Mock 408 +264 (10) 1258 +313  (24)
IMP densities measured from rotary-shadowed repﬁgﬁg gﬁ ﬂig 83 fgéi ﬁgg 8‘3

licas were not significantly diffferent from un|d|rect|0_n— 3 b +106 (13) 1580 211 (19)

ally shadowed membranes. However, the IMP sizeqp, 186 +104 (12) 1791 258 (23)

measured after rotary shadowing showed unexpected difxops 475 +202 (14) 1575 +146 (17)

ferences from unidirectional shadowing. A clear differ-
ence between control and aquaporin-expressing cells wass the number of membranes used to determine density.
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Fig. 4 Size and shape of unidirectionally shadowed freeze-fracture intramembrane particles of aquaporin-expressifgrelt&-ttansfected
cells with small and larger IMPsBj AQP1-expressing cells with high density of IMPE) AQP2-expressing cellsD) AQP3-expressing cells often
were characterized by IMPs forming a loose cluster (right of centB))INIPs outside the OAP-aggregate of AQP4 expressing cells resemble

particles inside the OAPF|j AQP-5 expressing cell8ars, 30 nm.
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Table 2. Gaussian distribution analysis of IMP-diameters from unidi- unidirectionally shadowed OAPs. The center to center
rectional and rotary shadowed freeze-fracture replicas spacing of the grooves in the E-facef showi and the
apparent unit cell dimension in the P-face was 6.8 nm.
The size distribution of IMPs in AQP2-transfected cells
(IMPs/um® nm nm (MPsiwn? nm  nm resemblgd more closely thgt of AQP4 than the other
aquaporin transfectants (FigCh The abundance of

Fitted parameters ay By o1 ay B, o,

Unidirectionally relatively larger IMPs in mock transfected cells after
shadowed: rotary shadowing compared to smaller ones after unidi-
Mock 423 55 2.8 rectionally shadowing cannot be ascribed to an artefac-
ﬁggi 228 g:g g:g tual result of rotary shadowirjg. The difference may bg
AQP3 800 43 09 339 75 o0 [relatedto aspecific 3 dimensional appearance of IMPs in
AQP4 770 39 13 391 76 1.6 Mmock transfected cells with a large base and an S or
AQP5 836 41 07 484 7.3 1.7 Gaussian-shaped rise from the projection plane, leading
Rotary shadowed: to an apparent large difference in rotary and unidirec-
Mock 215 96 17 629 131 1.5 tjonally shadowed projections.
AQP1 1342 89 17
AQP2 896 75 1.6
AQP3 888 89 18 . _
AQP4 1618 7.0 09 Discussion
AQP5 767 88 21

The values shown here are normalized to the values displayed in Ta-EXpreSSion of AQP]- through 5 resulted in a modification
ble 1. of number and size of IMPs on the plasma membrane of

CHO cells as observed by freeze-fracture EM. With the

exception of AQP4 transfection, which has been previ-
found, with the largest particles being present in theously shown to result in orthogonal IMP arrays in CHO
plasma membranes of the former. Figure 7 and Table 2ells (Yang et al., 1996), none of the other transfected
indicate that mock transfected cells had many particles o€ells examined consistently showed IMP aggregates on
(1.3 nm, but also particles of 9.5 nm. The major categorytheir plasma membranes. Some small clusters were in-
of IMPs in AQP1 (Fig. €), AQP3 (Fig. ®), and AQP5 frequently seen in AQP3-transfected cells. The AQP3
(Fig. 6F)-transfected cells had a similar diameter of 8.9clusters had a hexagonal E-face packing, resembling gar
nm, which is larger than measured in unidirectionally junction connexon packing, but gap junctions have not
shadowed replicas because the thickness of the brightlgreviously been observed in the non-epithelial CHO cells
shadowed rim surrounding the IMP was included. OAPsin culture. Of particular interest is the observation that
in AQP4 expressing cells (Fig.B appeared similar to AQP2 did not form membrane clusters. While it is pos-
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Fig. 6. Rotary shadowed freeze fracture electron micrographs of aquaporin expressing CHO cells. P-faces obtained after freeze-fracture
replicated by rotating the stage during shadowing with platinuihnfock-transfected cells showing large hexagonally shaped IMPs with a faint
small shadow rim of less electron dense materB);AQP1-expressing cells, with donut-shaped IMPs. Particles having a tetrameric appearanc
similarly to previously reported (Verbavatz et al., 1993) are indicated by 4 arr@y#@P2-expressing cells with small IMPs. The shadow rims
surround tetra- and pentagonal shaped patrticles. Features like a tetrameric assembly may be recognizedFam@)):éxpressing cellsEj
AQP4-expressing cells, with OAPs consisting of small tetragonal-shaped structiréd€P5-expressing cell8ars, 30 nm.
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0 expressing cells; open circles, AQP5 expressing
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sible that the appearance of these clusters is cell-typsize/function does, however, reflect the increased num-
dependent, our data show that unlike AQP4, AQP2 exber of IMPs that are due to aquaporin expression. In the
pression in the plasma membrane does not result in thEenopusoocyte expression system, though, water-
appearance of clusters. Therefore, if the IMP clustersnjected oocytes exhibited an extremely low density of
seen after vasopressin stimulation of principal cells in-endogenous IMPs with a 2 to 20 times increase of IMPs
deed contain AQP2, this may reflect a speciality of thesaupon exogenous expression of channels and transporter
vasopressin-sensitive cells. Also, it has been proposeZampighi et al., 1995).
that the IMP clusters are located in clathrin-coated pits =~ We have previously shown that AQP1 forms tetram-
on the apical membrane of principal cells (Brown & ersin lipid bilayers. A similar arrangement was found in
Orci, 1983), and this may indicate that they appear onlyproteoliposomes after AQP1 was enzymatically deglyco-
in cells in which the protein is being actively recycled. sylated (van Hoek et al., 1995). Two-dimensional crys-
Thus the absence of clusters in AQP2-expressing CHQ@allography confirmed that detergent solubilized degly-
cells may reflect that fact that membrane expression otosylated AQP1 monomers pack as tetramers in the bi-
aquaporins appears to follow a constitutive, and not dayer plane in a tetragonal crystalline lattice (Cheng et
regulated pathway of insertion in these cells. al., 1997). Such an arrangement could not be establishec
A point of concern was the finding that the increasesfor all aquaporin expressing membranes in this study.
of mean particle density varied from 20 to 100%. A 20% It was not possible to identify IMPs as defined proteins
increase, compared to a 100% increase of IMP densityhecause the membranes of CHO cells contain proteins
may indicate poor expression of an aquaporin. Nonetheether than the aquaporins. This identification process is
less, functional measurements suggested appreciabfeade more difficult by the fact that the appearance of a
amounts of aquaporins appearing on plasma membranetgtrameric arrangement also depends on several technice
given the knowledge of single channel water permeabiliparameters such as the angle of specimen tilt in the mi-
ties (Yang & Verkman, 1997) in combination with the croscope. Thus, even in liposomes that contain only a
more than 5-fold increases of perfusion-limited aquapo-single protein, AQP1, all of the IMPs in a single image
rin-mediated osmotic water permeabilities reported indo not appear as tetramers. Upon modifying the tilt
Fig. 1. Size frequency analyses revealed significant difangle, the tetrameric assembly becomes apparent in
ferences with respect to mock-transfected cells, suggesthany cases (Verbavatz et al., 1993). Such an analysis
ing that changes in density are not as important as sizesould be virtually impossible to achieve in a membrane
and shape in determining the effect of protein transfeccontaining a heterogeneous population of IMPs, such as
tion on plasma membrane composition. Thus, transfecthe transfected CHO cells.
tion may lead to a decreased delivery of other proteinsto  Aquaporin expression in CHO cells resulted in gen-
the membrane, so that upon aquaporin expression theral changes of IMP appearances with a shift towards a
actual number of IMPs does not change markedly. Theitarger apparent particle size in the plasma membrane



A.N. van Hoek et al.: Freeze-Fracture EM of Aquaporins 253

after unidirectional shadowing and a smaller particle sizeReferences

after rotary shadowing. In addition, different-sized par- _ _

ticles were also found in some aquaporin expressing cell§9'¢: P Brown, D., Nielsen, S. 1995. Aquaporin water channels:
. unanswered questions and unresolved controver§ias. Opin.

and may indicate that the cohort of IMPs expresseo_l ON o)l Biol. 7:472-483

the plasma membranes of transfected cells is modifie@artels, H. 1979. The air-blood barrier in the human lung. A freeze-

beyond the simple addition of a new protein. The mea- fracture studyCell Tissue Resl98:2269—285

surements of IMP diameters reported here and in preViBordi, C., Perrelet, A. 1978. Orthogonal arrays of particles in plasma

ous studies depend on the techniques used to prepare the membranes of the gastric parietal célhat. Rec19_2:297—303

replicas. The diameter of any IMP measured by unidi_Bro;/Ivn, D., Grosso, A, DeSousa, R.C. 1983. Correlation between water

. . . ow and intramembrane particle aggregates in toad epideAmnis.
rectional :_;had_owmg_doe_s not depend upon the height of 5 Physiol 245:C334—C342
the IMP (i.e., its projection out of the plane of the rep- grown, D., Orci, L. 1983. Vasopressin stimulates formation of coated
lica). This is because the diameter is measured at right pits in rat kidney collecting ductdNature 302:253—-255
angles to the direction of shadowing. However, in rotaryBrown, D. 1991. Structural-functional features of antidiuretic hormone-
shadowed specimens, the taller the IMP, the greater will il"figgds"c‘)"'fter transport in the collecting dugemin. Nephrol.
be its apparent d'lameter because !t casts a Ionger sha.d%/eng’ A.. Van Hoek, AN., Yeager, M., Verkman, A.S., Mitra, AK.
around its total circumference. This may explain the dif- 1997. Three-dimensional organization of a human water channel.
ference in IMP diameters measured in aquaporin ex- Nature387627-630
pressing cells using the two techniques. An unprec-<Chevalier, J., Bourguet, J., Hugon, J.S. 1974. Membrane associated
edented f|nd|ng was that a popu|ati0n of apparent|y very particles: di§tribution in frog urinary bladder epithelium at rest and
large IMPs after rotary shadowing in the mock trans-__2fter oxytocin treatmenCell Tissue Res152:129-140
fected cells looked very different from those after unidi- Ehring, G.R., Zampigh, G., Horwitz, J., Bok, D., Hall, J.E. 1990.

. . y T . Properties of channels reconstituted from the major intrinsic protein
rectional shadowing beyond the intrinsic difference gen- ens fiber membranes. Gen. Physiol96:631-664
erated by the various techniques to prepare replicagkllisman, M.H., Rash, J.E., Staehelin, L.A., Porter, K.R. 1976. Studies
This suggests distinctive 3-dimensional shapes of these of excitable membranes. Il. A comparison of specializations at
particles that are revealed differently by unidirectional neuromuscular junctions and nonjunctional sarcolemmas of mam-
and rotary shadowing and indicate that both technique malian fast and slow twitch muscle fibets.Cell Biol.68:752-774

. . ]S—arinas, J., Kneen, M., Moore, M., Verkman, A.S. 1997. Plasma mem-
may cqmplement each other in assessing the 3- brane water permeability of cultured cells and epithelia measured
dimensional shape of an IMP. Whatever the exact shape py light microscopy with spatial filteringJ. Gen. Physiol.
of the majority of IMPs of mock-transfected cells, they — 110283-296
appear quite different in conventional and rotary shad+orge, A. 1987. Specializations of the lateral membrane of inner hair
owed replicas, contrary to IMPs of aquaporin-expressing _cells. Hear. Res31:99-109 _
cells, which appear more similar in size using the two' 9" A. Gropper, M., Umenishi, ., Kawashima, M., Brown, D.,
different shadowing techniques. This finding provides verkman, A.S. 1995). Cell Sci.1082993-3002 :

" ; . armanci, M.C., Stern, P., Kachadorian, W.A., Valtin, H., DiScala,
additional support for the proposed transfection-induce V.A. 1978. Antidiuretic hormone-induced intramembranous alter-
alteration in IMP profile of the plasma membrane. ation in mammalian collecting ductém. J. Physiol 235:F440—

In conclusion, aquaporin (1-5) expression led to F443
morphological modifications of the cell plasma mem- Harmanci, M.C., Stern, P., Kachadorian, W.A., Valtin, H., DiScala,
brane with respect to number and size of intramembrane VA 1980. Vasopressin and collecting d‘uct intramembrano_us par-
particles. Only AQP4 aggregates into orthogonal arrays. tz'g';FggJ;tl‘i?aa dose-response relationshm. J. Physiol.
SIZ_e determination of IMPs _SUQQEStS that the other aqu'ghirsch, M., Gache, E., Noske, W. 1988. Orthogonal arrays of particles
porins may form tetramers in the plasma membrane, but i, non-pigmented cells of rat ciliary epithelium: relation to distri-
the question whether all aquaporins form tetramers in the  pution of filipin- and digitonin-induced alterations of the basolat-
plasma membrane must await purification and reconsti- eral membraneCell Tissue Re252:165-173
tution into Iiposomes, as has been achieved for AQPHumbert, F., Pricam, C., Perrelet, A., Orci, L. 1975. Specific plasma
and AQP4 (Yang, van Hoek & Verkman, 1997). Com- membrane differentiations in the cells of kidney collecting tubule.
parative studies utilizing CHO cell-expressing aquapor- 3 Ulrastr. Res5213-20 -

. ill be useful to support further structureffunction Kachadorian, W.A., Wade, JB DiScala, V.A. _1975. Vasopr_essm: in-
Ins W' . . . PP . duced structural change in toad bladder luminal membi&cience
studies in various tissues, and AQP-knockout mice that 19067_69

are currently available or are being developed. Knepper, M.A., Wade, J.B., Terris, J., Ecelbarger, C.A., Marples, D.,
Mandon, B., Chou, C.L., Kishore, B.K., Nielsen, S. 1996. Renal
aquaporinsKidney Int.49:1712-1717

This work was supported by National Institutes of Health ResearchLandis D.M., Reese, T.S. 1981. Membrane structure in mammalian

Grant RO1 DK 55864 and Program Grant, Project 1, DK38452. B.Y.  astrocytes: a review of freeze-fracture studies on adult, developing,

and S.K. were supported by NIH-DK35124 to Dr. A.S. Verkman. We reactive and cultured astrocytek.Exp. Biol.95:35-48

thank Dr. A.S. Verkman for critical reading of the manuscript. Ma, T., Frigeri, A., Tsai, S.T., Verbavatz, J.M., Verkman, A.S. 1993.



254 A.N. van Hoek et al.: Freeze-Fracture EM of Aquaporins

Localization and functional analysis of CHIP28k water channelsin ~ knockout mice lacking water channel aquaporind4.Cell Sci.

stably transfected Chinese hamster ovary cellsBiol. Chem. 110:2855-2860

268:22756-22764 Verkman, A.S., Van Hoek, A.N., Ma, T., Frigeri, A., Skach, W.R.,
Orci, L., Humbert, F., Brown, D., Perrelet, A. 1981. Membrane ultra- Mitra, A., Tamarappoo, B.K., Farinas, J. 1996. Mechanisms of

structure in urinary tubulednt. Rev. Cytol.73:183-242 water transport across mammalian cell membraAges.J. Physiol.

Saito, K. 1988. Orthogonal arrays of intramembrane particles in the 270:C12-C30
supporting cells of the guinea-pig vestibular sensory epithelium.Widdicombe, J.H., Coleman, D.L., Finkbeiner, W.E., Friend, D.S.

Am. J. Anat183:338-343 1987. Primary cultures of the dog’s tracheal epithelium: fine struc-
Schmalbruch J. 1979. ‘Square arrays’ in the sarcolemma of human ture, fluid, and elctrolyte transpor€ell Tissue Res247:95-103
skeletal muscle fibreNature 281:145-146 Yang, B., Brown, D., Verkman, A.S. 1996. The mercurial insensitive
Staehelin, L.A. 1972. Three types of gap junctions interconnecting water channel (AQP-4) forms orthogonal arrays in stably trans-
intestinal epithelial cells visualized by freeze-etchiRgoc. Natl. fected chinese hamster ovary cells Biol. Chem271:4577-4580
Acad. Sci. USA9:1318-1321 Yang, B., Verkman, A.S. 1997. Water and glycerol permeabilities of
Van Hoek, A.N., Wiener, M.C., Verbavatz, J.M., Brown, D., Lipni- aquaporins 1-5 and MIP determined quantitatively by expression of
unas, P.H., Townsend, R.R., Verkman, A.S. 1995. Purification and  epitope-tagged constructs Xenopusoocytes.J. Biol. Chem.
structure-function analysis of native, PNGase F- and e#do- 272:16140-16146
galactosidase-treated CHIP28 water chann@mchemistry  Yang, B., Van Hoek, A.N., Verkman, A.S. 1997. Very high single
34:2212-2219 channel water permeability of aquaporin-4 in baculovirus-infected

Van Os, C.H., Deen, P.M.T., Dempster, J.A. 1994. Aquaporins: water insect cells and liposomes reconstituted with purified aquaporin-4.
selective channels in biological membranes. Molecular structure  Biochemistry36:7625-7632
and tissue distributiorBiochim. Biophys. Actd197291-309 Zampighi G., Simon, S.A., Robertson, J.D., Mcintosh, T.J., Costello,
Verbavatz, J.M., Brown, D., Sabolic, I., Valenti, G., Van Hoek, A.N., M.J. 1982. On the structural organization of isolated bovine lens
Ma, T., Verkman, A.S. 1993. Tetrameric assembly of CHIP28 wa- fiber junctions.J. Cell Biol. 93:175-189
ter channels in liposomes and cell membranes. A freeze-fracturZampighi, G.A., Kreman, M., Boorer, K.J., Loo, D.D.F., Bezanilla, F.,
study.J. Cell Biol. 123:605-618 Hall, J.E., Wright, E.M. 1995. A method for determining the Uni-
Verbavatz, J.M., Ma, T., Gobin, R., Verkman, A.S. 1997. Absence of  tary Functional Capacity of cloned channels and transporters ex-
orthogonal arrays in kidney, brain and muscle from transgenic  pressed inXenopus laevisocytes.J. Membrane Biol148:65—-78



