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Abstract. Channel forming integral protein of 28 kD 
(CHff'28) functions as a water channel in erythro- 
cytes, kidney proximal tubule and thin descending 
limb of Henle. CHIP28 morphology was examined by 
freeze-fracture EM in proteoliposomes reconstituted 
with purified CHIP28, CHO cells stably transfected 
with CHIP28k cDNA, and rat kidney tubules. Lipo- 
somes reconstituted with HPLC-purified CHIP28 from 
human erythrocytes had a high osmotic water perme- 
ability (Pf 0.04 cm/s) that was inhibited by HgCl2. 
Freeze-fracture replicas showed a fairly uniform set of 
intramembrane particles (IMPs); no IMPs were ob- 
served in liposomes without incorporated protein. By 
rotary shadowing, the IMPs had a diameter of 8.5 
+ 1.3 nm (mean + SD); many IMPs consisted of a 
distinct arrangement of four smaller subunits sur- 
rounding a central depression. IMPs of similar size 
and appearance were seen on the P-face of plasma 
membranes from CHIP28k-transfected (but not mock- 
transfected) CHO cells, rat thin descending limb 
(TDL) of Henle, and S3 segment of proximal straight 

tubules. A distinctive network of complementary IMP 
imprints was observed on the E-face of CHIP28-con- 
taming plasma membranes. The densities of IMPs in 
the size range of CHIP28 IMPs, determined by non- 
linear regression, were (in IMPs/~m2): 2,494 in CHO 
cells, 5,785 in TDL, and 1,928 in proximal straight 
tubules; predicted Pf, based on the CHIlW28 single 
channel water permeability of 3.6 x 10 -14 cm3/s 
(10°C), was in good agreement with measured Pf of 
0.027 cm/s, 0.075 cm/s, and 0.031 cm/s, respectively, 
in these cell types. Assuming that each CHIP28 mon- 
omer is a right cylindrical pore of length 5 nm and 
density 1.3 g/cm 3, the monomer diameter would be 
3.2 nm; a symmetrical arrangement of four cylinders 
would have a greatest diameter of 7.2 nm, which after 
correction for the thickness of platinum deposit, is 
similar to the measured IMP diameter of ,,~8.5 nm. 
These results provide a morphological signature for 
CHIP28 water channels and evidence for a tetrameric 
assembly of CHIP28 monomers in reconstituted pro- 
teoliposomes and cell membranes. 

C 
HANNEL fornling illteg~ protein of 28 kD (CHIF28) 1 
is an abundant integral membrane glycoprotein that 
was isolated from human erythrocytes (Denker et al., 

1988; Smith and Agre, 1991) and recently cloned from hu- 
man fetal liver (Preston and Agre, 1991) and rat kidney 
(Deen et al., 1992; Zhang et al., 1993a). There is strong evi- 
dence that CHIP28 is an important transmembrane water 
transporting protein in epithelial cells of some segments of 
the mammalian nephron, as well as in other tissues. Oocytes 
expressing CHIP28 and liposomes reconstituted with pu- 
rified CHIP28 protein have a high water permeability that 
is inhibited by HgC12 (Preston et al., 1992; Van Hock and 
Verkman, 1992; Zeidel et al., 1992). The CHIP28 channel 

1. Abbreviations used in this paper: CHIP28, channel forming integral pro- 
tein of 28 kD; E, exoplasmic; HPLC, high performance liquid chromatog- 
raphy; IMP, intramembrane particles; MIP, major intrinsic protein; P, pro- 
toplasmic; TDL, thin descending limbs. 

is selective for the passage of water; the transport of urea, 
monovalent ions, and protons is not increased by expression 
or reconstitution of CHIP28. In situ hybridization studies in- 
dicate that mRNA encoding CHIP28 (or closely homologous 
proteins) is present in kidney proximal tubule, thin limb of 
Henle, lung alveolus, intestinal crypt, corneal endothelium, 
and other tissues (Hasegawa et al., 1993); antibody staining 
in kidney sections shows that the CHIP28 protein is concen- 
trated in plasma membranes in proximal tubules and thin 
descending limbs of Henle, both of which have a high consti- 
tutive permeability to water (Nielsen et al., 1993; Sabolic et 
al., 1992). 

The structure of CHIP28 in membranes has not been es- 
tablished. Hydropathy analysis suggests multiple hydropho- 
bic membrane-spanning domains: the presence of multiple 
a-helical domains is supported by spectroscopic analysis of 
secondary structure by circular dichroism and Fourier trans- 
form infrared spectroscopy (Van Hock et al., 1993). Several 
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lines of evidence suggest that CHIP28 monomers are tightly 
associated as oligomers, including SDS-PAGE analysis of 
glutaraldehyde cross-linked CHIP28 and sedimentation 
analysis of detergent-solubilized CHIP28 (Smith and Agre, 
1991). In addition, the elution profile for detergent-solubi- 
lized CHIP28 by size exclusion HPLC indicated mostly 
dimers (Van Hock et al., 1993). However, the target size 
of ~o30 kD determined by radiation inactivation sug- 
gests that the functional unit of CHIP28 is the monomer (Van 
Hoek et al., 1991). Further preliminary evidence for func- 
tional CHIP28 monomers comes from coexpression studies 
of mRNA encoding wild-type and certain mutant CHIP28 
proteins in Xenopus oocytes (Preston et al., 1993; Zhang et 
al., 1993b); it was found that expression of mutant CHIP28 
did not affect the water transporting function of wild-type 
CHIP28. Therefore, the state of CHIP28 assembly in mem- 
branes is not known, nor is it clear whether an oligomeric 
assembly of CHIP28 is required for water transport func- 
tion. 

It is well established that certain integral membrane pro- 
teins are visible as intramembrane particles (IMPs) by 
freeze-fracture EM. Visualization of IMPs in vasopressin- 
responsive kidney and amphibian epithelial cells with this 
technique has provided valuable information about the cell 
biology of the vasopressin-sensitive water channel (Brown et 
al., 1983; Chevalier et al., 1974; Harmanci et al., 1978). 
For some membrane proteins, including the proton ATPase 
(Humbert et al., 1975; Wade, 1976) and the major intrinsic 
protein of lens (MIP26) (Dunia et al., 1987; Zampighi et al., 
1989), the IMPs display characteristic features and/or regu- 
lar patterns of organization. The purpose of the present study 
was to examine the morphology of functional CHIP28 water 
channels by freeze-fracture EM. The results show that 
CHIP28 gives rise to IMPs with characteristic morphologi- 
cal features. These IMPs were identified in liposomes recon- 
stituted with purified CHIP28 protein, in CHO cells trans- 
fected with CHIP28 cDNA, and in native kidney tubule 
plasma membranes. The dimensions and shape of the IMPs 
suggest that CHIP28 forms tetramers in artificial and native 
membranes. 

Materials and Methods 

Purification of CHIP28 and Membrane 
Vesicle Preparation 
Human erythrocyte membranes obtained by hypotonic lysis were stripped 
with KI to remove non-integrai proteins and then with 3% N-lauroylsarco- 
sine to remove the majority of non-CHIP28 proteins (Van Hock and Verk- 
man, 1992). The pellet obtained after N-lauroylsarcosine stripping was 
solubilized in 35 mM octylglucoside, and CHIP28 was delipidated and fur- 
ther purified by anion exchange chromatography on a DEAE-sephacel 
column and by size-exclusion high performance liquid chromatography 
(HPLC) on a column (G3000SW; TSK America, North Bend, WA) (Van 
Hoek et al., 1993). CHIP28 was reconstituted into proteoliposomes con- 
taming PC, PI, and cholesterol (mole ratio 11:1:11) by detergent dilution to 
give proteoliposomes with a lipid-to-protein ratio of 4 (wt/wt). 

Brush border membrane vesicles were isolated from rat renal cortex by 
the Mg/aggregation method (Biber et al., 1981). 

Transfected CHO Cells 
CHO cells were stably transfected with eDNA encoding rat kidney 
CHIP28k as described previously (Ma et al., 1993). CHO cells were trans- 
fected with vector pRc/CMV (Invitrogen, San Diego, CA) alone (mock- 

transfected cells) or vector containing the coding sequence of CHIP28k. 
Transfected cells were selected by addition of Geneticin to the medium for 
14 d and clonal lines with high CHIP28k expression were identified by im- 
munoblotting. Plasma membrane vesicles from CHO cells were isolated by 
cell homogenization, followed by differential and sucrose gradient centrifu- 
gation (Ma et al., 1993). The plasma membrane marker alkaline phos- 
phodiesterase I was enriched 14-fold compared to the cell homogenate. 

SDS-PAGE and Immunoblotting 
Membrane proteins from the preparations used for functional and morpho- 
logical studies were analyzed by SDS-PAGE and Western blot. Vesicles 
were dissolved in 2% SDS, resolved on 12% SDS-PAGE, and electrotrans- 
ferred to nitrocellulose for immunoblotting with a rabbit anti-CHIP28 anti- 
body as described previously (Sabolic et al., 1992). 

Water Permeability Measurements 
Osmotic water permeability in proteoliposomes and plasma membrane 
vesicles from CHO cells and rat kidney proximal tubule was measured by 
a stopped-flow light scattering technique (Van Hock and Verkman, 1992). 
Vesicles were suspended in 50 mM mannitol, 5 mM Na phosphate, pH 7.4, 
and subjected to a 50 mM inwardly directed mannitol gradient at 10°C. In 
some experiments, 0.3 mM HgCI2 was added 5 min before water transport 
measurements. Water permeability (Pf, cm]s) was calculated from the 
course of 90 ° scattered light intensity (520 nm) and vesicle geometry as de- 
scribed previously. 

Kidney Tissue Preparation 
Rats were anesthetized with Nembutal (0.1 ml of a 50 mg/mi solution per 
100 g body weight) and perfused first with HBSS for 2 min and then with 
a fixative containing 2% glutaraldehyde in PBS for 10 min. Kidneys were 
isolated, sliced, and kept overnight in fixative at 4°C. Tissue slices were 
then washed three times in PBS and kept in PBS containing 0.02% NaN3 
at 4°C. 

Freeze-fracture Electron Microscopy 
Freeze-fracture studies were performed on stripped erythrocyte plasma 
membrane, proteoliposomes, transfected CHO cells, and rat kidney tissue. 
Vesicles, cells, or kidney tissue were fixed in 2% glutaraldehyde, washed 
twice in PBS, and cryoprotected in 30% glycerol in PBS for >1 h. The sam- 
pies were mounted on 3-mm copper freeze-fracture supports and frozen by 
immersion in N2-cooled Freon 22 at -150°C. The specimens were frac- 
tured with a knife in a Cressington freeze-fracture apparatus (Cressington 
Scientific Instruments, Watford, U.K.) at -130°C under a vacuum of 10 -7 
Tort and shadowed with an ,x,l.5-nm total coat of platinum at 45 °, followed 
by 6 nm of carbon at 90*. The platinum shadowing was performed with or 
without specimen rotation. The crystal thickness monitor was stationary. 
The replicas were cleaned in bleach for several hours, followed by chloro- 
form-methanol and water washes. The replicas were collected on formvar- 
coated copper grids and observed in an electron microscope (CM10; 
Philips, Mahwah, NJ). 

The protoplasmic (P) face IMP and exoplasmic (E) face complementary 
imprint densities were measured on a plasma membrane surface area >0.02 
~m 2 on each micrograph of 6 to 18 different cells. The IMP greatest di- 
araeters were measured on micrographs of the replicas printed at a final 
magnification of 300,000x. IMP size distribution histograms were obtained 
from 208 to 424 measurements on >15 micrographs in each sample. The 
IMP density versus size distribution was fitted to unimodal or bimodal 
Gaussian distributions by non-linear least square regression; fitted param- 
eters are reported in the legend to Fig. 9 and in Table III. 

Immunocytochemistry 
CHO cells grown on 6-well plates were fixed in 4 % paraformaidehyde, 0.1% 
glutaraldehyde in PBS (PBS pH 7.4) overnight, and stored in PBS contain- 
ing 0.02% NAN3. 

Immunofluorescence Studies. After rinsing in PBS, cells were permea- 
bilized by addition of 0.1% Triton X-100 (in PBS) for 5 rain, washed twice 
for 5 min in PBS, followed by 5 rain in PBS containing 0.2% gelatin. The 
cells were incubated with anti-CHIP28 rabbit serum (diluted 1:400 in 1% 
BSA in PBS) for 1 h at room temperature, followed by two 5-min washes 
in high-salt PBS (containing 2.7% NaCl to decrease nonspecific antibody 
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binding), and two washes in regular PBS. The samples were incubated for 
45 min at room temperature with a fluorescein-conjugated goat anti-rabbit 
antibody (15/~g/mi in PBS; Calbiochem-Behring Corp., San Diego, CA), 
washed twice in high-salt PBS, and twice in PBS. Finally, the plastic wells 
were mounted in 50% glycerol, 0.2% Tris-HC1, pH 8.0, containing 2% 
n-propyl gallate to retard fluorescence quenching. The cells were examined 
on a confocal microscope (600; Bio-Rad Laboratories, Cambridge, MA), 
and images were hardcopied on a video printer. 

lraraunogold Studies. A cell pellet obtained by scraping was infiltrated 
overnight in 2.3 M sucrose. A drop of pellet was frozen in liquid N2 and 
60 nm ultrathin sections were cut on a Reichert FC4D ultracryomicrotome 
at -70°C. The sections collected on carbon/Parlodion-eoated nickel grids 
were washed 3 x 5 rain in PBS and preincubated 2 x 10 min in 1% BSA 
in PBS. The grids were then incubated for 90 min in a 1:400 dilution of 
anti-CHIP28 immune serum in 1% BSA/PBS, washed 2 x 10 min in 1% 
BSA/PBS, incubated in a 1:50 dilution of 15 nm protein A-gold in 1% 
BSA/PBS, washed once in 1% BSA/PBS for 10 min and twice in PBS for 
5 min. Finally, the sections were fixed in 1% glutaraldehyde in PBS for 20 
min, washed twice in water for 5 rain, stained, and embedded in 0.2% ura- 
nyl acetate, 0.5 % methyl cellulose in water for 10 rain, and dried. The trans- 
fected CHO cell sections were examined and photographed in a Philips 
CM10 electron microscope. 

Resul ts  

Biochemical and Functional Characterization of  
Vesicle Samples 

Figs. 1, a and b show SDS-PAGE and immunoblot of samples 
used for subsequent morphological studies. The N-lauroyl- 
sarcosine-stripped erythrocyte membranes (lane A) and 
proteoliposomes reconstituted with CHItr28 (lane C) showed 
the non-glycosylated (at 28 kD) and glycosylated (at 40- 
70 kD) forms of CHIP28. The plasma membrane frac- 
tions isolated from mock-transfected (Fig. 1 b, lane D) and 
CHIP28k-transfected (lane E) CHO cells showed many pro- 
teins on stained gel; however, only the CHIP28-transfected 
cells showed immunoreactive protein. Similar results were 
obtained for brush-border membrane vesicles isolated from 
rat kidney cortex (Fig. 1 b, lane F),  which consist primarily 
of apical plasma membrane from proximal tubules. The 
glycosylation pattern of the erythrocyte and kidney forms of 
CHIP28 were similar. 

Fig. 1 c shows stopped-flow light scattering analysis of os- 
motic water permeability (Pf) of the vesicle fractions exam- 
ined above. The Pf values were used for comparison with 
measured IMP densities (see below). Pf in N-lauroylsarco- 
sine stripped vesicles was high (0.026 cm/s at 10°C) and 
strongly inhibited by HgCI2. Pf in protein-free liposomes 
was low (0.006 cm/s) and HgCI2 insensitive, whereas Pf in 
liposomes reconstituted with purified CHIP28 was high 
(0.041 cm/s) and HgCI2 sensitive. The single channel water 
permeability (pf, in cm3/s) for CHIP28 monomers, calcu- 
lated from Pf, and proteoliposome lipid-to-protein ratio and 
size, was 3.6 × 10 -14 cm3/s at 10°C. In plasma membrane 
vesicles isolated from CHO cells, Pf was low (0.008 cm/s) 
and HgC12 insensitive for mock-transfected cells (not shown), 
and high (0.027 cm/s) and HgC12 sensitive in the CHIP28k- 
transfected cells. In brush-border vesicles from rat proximal 
tubule, the light scattering data showed a high Pf (0.031 
cm/s) that was HgCI2 sensitive. 

Characterization of IMPs in Vesicles and 
Proteoliposomes Containing CHIP28 

Freeze-fracture EM of the pellet obtained after KI stripping 
of erythrocyte membranes showed a heterogeneous popula- 

Figure 1. Biochemical and functional analysis of vesicles. (a) 12 % 
Laemmli SDS-PAGE with Coomassie blue staining of N-lauroyl- 
sarcosine- stripped erythrocyte membranes (lane A), liposomes 
(lane B), and CHIP28 proteoliposomes (lane C). (b) Western blot 
probed with an anti-CHIP28 antibody of N-lauroylsarcosine- 
stripped erythrocyte membranes (lane A), liposomes (lane B), 
CHIP28 proteoliposomes (lane C), plasma membranes from mock- 
(lane D) and CHIP28k-transfected (lane E) CHO cells, and rat kid- 
ney apical membrane vesicles (lane F), showing non-glycosylated 
CHIP28 at 28 kD and glycosylated CHIP28 with an apparent mo- 
lecular size of 40-70 kD. (c) Stopped-flow light scattering measure- 
ment of osmotic water permeability. Vesicles were mixed with a hy- 
perosmotic solution as described in Materials and Methods and the 
time course of vesicle shrinkage was measured. Where indicated, 
0.3 mM HgC12 was added at 5 min before the measurement. 

tion of vesicles (Fig. 2 a), ranging from 100 nm to 1 #m in 
diameter, many of which were multilamellar. These vesicles 
contained a high density of different sorts of IMPs on both 
fracture leaflets. The dense packing of the IMPs precluded 
high-resolution visualization of particle structure. 

After stripping by N-lauroylsarcosine, the vesicles had a 
more homogeneous size (Fig. 2 b), with an average diameter 
of 280 nm, in agreement with the size measured by quasi- 
elastic light scattering (Van Hoek and Verkman, 1992). As 
shown in Fig. 1 a, CHIP28 was found to comprise >95 % 
of the intramembrane proteins; by freeze-fracture EM, there 
was a more homogeneous population of IMPs in these vesi- 
cles (Fig. 2 b). The average diameter of these particles was 
8.6 + 1.7 nm (mean + SD, 89 IMPs measured). Liposomes 
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Figure 2. Freeze-fracture of KI-stripped erythrocyte membranes (a), N-lauroylsarcosine stripped vesicles (b), and CHIP28-incorporated 
proteoliposomes (c). Arrows show vesicles containing IMPs. (Inset) Gallery of four rotary-shadowed IMPs from CHIP28-incorporated 
liposomes (x500,000). Note the tetragonal shape of the IMPs. Bars, 150 rim. 

reconstituted with purified CHIP28 had an average diameter 
of 140 nm (Fig. 2 c). IMPs observed by freeze-fracture EM 
were not different in appearance from those observed in the 
N-lauroylsarcosine-stripped vesicles. In rotary shadowed 
samples and under favorable shadowing and observation 
conditions, the IMPs of CHIP28 reconstituted proteolipo- 

somes appeared to be square, with a greatest diameter of 8.5 
+ 1.3 nm (n = 285). These square IMPs observed on either 
the external or the internal leaflet of the membrane, often ap- 
peared to be tetragonal with an apparent central depression 
where the platinum shadowing was less dense (Fig. 2 c, in- 
set). At high magnification, in rotary shadowed samples, 
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Figure 3. Rotary shadowing freeze-fracture of N-lauroylsarcosine stripped vesicles (a), CHIP28-incorporated proteoliposome (b), and lipo- 
some reconstituted with CHIP28 viewed at three different angles of observation, left to right by tilting the specimen on the microscope 
stage of -5  °, 00, and 10 °, respectively (c). CHIP28 IMPs are tetramers of ,,o8.5-nm diam. Arrows show IMP subunits. The subunits are 
sometimes connected by a dense bridge (arrowheads). While the tetrameric structure is visible in IMPs 1 and 2 at all angles of observation, 
the relationship between subunits appears variable. Bars, 15 nm. 

IMPs in N-lauroylsarcosine stripped vesicles (Fig. 3 a) and 
proteoliposomes reconstituted with CHIP28 (Fig. 3 b) ap- 
peared to be composed of four subunits (arrows). In many 
cases, at least two of the subunits appeared to be linked by 
a bridge of electron-dense material (Fig. 3, arrowheads). 
Fig. 3 c shows two IMPs on the membrane of a CHIP28 pro- 
teoliposome, photographed at three different angles of obser- 
vation. A dense bridge is visible on one of the IMPs in each 
micrograph (Fig. 3 c, IMP 1, arrowheads), but the appear- 
ance of the other IMP (Fig. 3 c, IMP 2) is dependent on the 
angle of observation. Although the four subunits are clearly 
defined at one angle (Fig. 3 c, IMP 2, center), two of the 
subunits are less visible at the two other angles of observa- 
tion (Fig. 3 c, IMP 2, arrowheads). The IMP subunit compo- 

sition was also examined on stereomicrographs obtained by 
both unidirectional and rotary-shadowing freeze-fracture 
EM. In some IMPs, subunits and the central depression 
could be detected without sample rotation on stereomicro- 
graphs (Fig. 4 a). Fig. 4 b demonstrates the increase in reso- 
lution obtained with rotary-shadowed samples: the IMP 
shape appears to be similar, but the IMP details are sharper 
and the oligomeric assembly is more easily recognized. Due 
to the curvature of the liposome membrane, particles located 
on the edge are seen from their side, so that the tetrameric 
assembly and central depression are not visible. These varia- 
tions in the appearance of CHIP28 IMPs prevent any conclu- 
sion on the origin of the bridge that was often observed be- 
tween adjacent subunits of CHIP28 tetramers. 
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Figure 4. Stereomicrographs 
of CHIP28-incorporated lipo- 
some membranes in freeze- 
fracture EM by unidirectional 
shadowing (a) and rotary 
shadowing (b). Empty arrow 
shows direction of platinum 
shadowing, full arrows show 
IMP imprints. Visualization 
of particle structure is en- 
hanced by rotary shadowing, 
but subunits are only visible 
on flat membrane areas. Bars, 
75 nm. 

CHIP28k-transfected Cells 

Morphological studies were carried out in CHO cells sta- 
bly transfected with vector alone (mock transfected) or 
CHIP28k cDNA (CHIP28k transfected). The presence of 
the CHIP28k water channel in the plasma membrane of these 
cells was confirmed by indirect immunofluorescence. Mock 
and CHIP28k-transfected CHO cells were probed with anti- 
CHIP28 antibodies raised in rabbit (Sabolic et al., 1992). In 
CHIP28k-transfected CHO cells, strong antibody staining 
was observed on the plasma membranes (Fig. 5 b), whereas 
no staining was observed in mock-transfected cells (Fig. 5 
a). In this clonal population of stably transfected cells, 
CHIP28k was present on the plasma membranes of every 
cell, and probably on some intracellular membranes. By im- 
munogold labeling of CHIP28 on ultrathin frozen sections, 
CHIP28k was localized primarily to plasma membranes in 
CHIP28k-transfected CHO cells (Fig. 5 d), as well as some 
intracellular membranes, whereas mock-transfected cells 
were not labeled (Fig. 5 c). 

By freeze-fracture EM, the size and density of IMPs in the 
plasma membrane of CHIP28k-transfected (Fig. 6 b) and 
mock-transfected CHO cells (Fig. 6 c) differed remarkably. 
As is often the case, the density of IMPs was higher on the 
protoplasmic fracture face (P-face). In mock-transfected 
cells, the IMPs on the plasma membrane P-face were hetero- 

geneous and had an average size of 7.3 + 2.0 nm (n = 208). 
In CHIP28k-transfected cells, the IMPs observed on the 
P-face of the plasma membranes were larger (8.8 + 1.9 nm 
[n = 247]) and found at higher density than in mock- 
transfected cells (Table I); they often appeared to form loose 
clusters. Similar large IMPs were also observed on the P-face 
of intracellular membranes (Fig. 6 a, arrows). In rotary 
shadowed CHIP28k-transfected cells (Fig. 6 d), most IMPs 
on the P-face were similar in appearance to those in pro- 
teoliposomes. Under favorable shadowing conditions, a 
tetrameric structure was observed in many IMPs (Fig. 6 d, 
arrows). A quantitative analysis of the IMP size distribution 
is provided at the end of the results section. 

On the exoplasmic fracture face (E-face) of plasma mem- 
branes, no difference in IMP distribution was apparent be- 
tween CHIP28k- and mock-transfected CHO cells. However, 
a striking modification of the structure of the membrane 
E-face was observed in CHIP28k-transfected cells. Micro- 
graphs of the plasma membrane E-face in CHIP28k- 
transfected cells showed a distinctive pattern of contrasted 
imprints of ~ 2 nm, often found in loose clusters (Fig. 7 b, 
circle) that were not seen on the mock-transfected cells (not 
shown). Probably because of plastic deformation of the 
membrane E-face and partial filling of the imprints during 
the fracturing and shadowing process, no substructure was 
visible in these imprints. These E-face pits usually represent 
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Figure 5. Immunofluorescence anti-CHIP28 staining of mock- (a) and CHIP28k-transfected (b) CHO ceils by confocal microscopy. Im- 
munogold labeling with anti-CHiP28 antibodies on ultrathin frozen sections from mock-transfected CHO cells (c) and CHIP28k-transfected 
cells (d). CHIP28k-transfected cell plasma membranes are heavily labeled. Bars: (a and b) 50 #m; and (c and d) 0.3 #m. 

imprints of complementary IMPs, but not all classes of IMPs 
leave such an imprint (Verkleij and Ververgaert, 1978). In 
the CHIP28k-transfected CHO cells, the density of the 
E-face imprints was similar to the density of P-face IMPs 
(Table I), supporting the idea that each of the large P-face 
IMPs representing CHIP28 leaves a single imprint. Accord- 
ingly, similar imprints were also observed on the membrane 
of proteoliposomes reconstituted with CHIP28 (Fig. 4 a,full 
at'tOWS). 

Water Permeable Kidney Segments 

The rat CHIP28k water channel is 94% identical to human 
erythrocyte CHIP28 (Zhang et al., 1993a) and localized pri- 
marily to the $2 and $3 segments of the proximal tubule and 
thin descending limb long loops of Henle (Hasegawa et al., 
1993; Nielsen et al., 1993; Sabolic et al., 1992). This local- 
ization is in agreement with the high constitutive water per- 
meability of these nephron segments (Chou and Knepper, 
1992; Green and Giebisch, 1989; Schafer et al., 1978). By 
freeze-fracture EM, the apical plasma membrane P-face of 
the water permeable nephron segments was found to contain 
a high density of IMPs (Orci et al., 1981). In contrast, the 
water impermeable ascending limbs and distal tubules con- 

tain a markedly lower density of IMPs in their luminal mem- 
branes. Based on these observations, it was suggested that 
there might be a relationship between water permeability and 
IMP densities in the plasma membrane of these kidney 
epithelial cells (Orci et al., 1981). We have used rotary- 
shadowing freeze-fracture EM to compare the IMPs in kid- 
ney epithelial cells with those observed in CHIP28-incor- 
porated proteoliposomes and CHIP28k-transfected CHO 
cells. 

Fig. 8 a shows a freeze-fracture micrographs of the brush- 
border membrane of a proximal convoluted tubule. Although 
some tetrameric IMPs were observed in this segment, IMPs 
in the proximal convoluted tubule were markedly smaller 
(5.1 ± 1.1 run [n = 424]) than those in proteoliposomes and 
CHIP28k-transfected CHO cells. In the $3 segment of the 
proximal straight tubule, which was more heavily labeled 
with CHIP28 antibodies than the convoluted tubule (Nielsen 
et al., 1993; Sabolic et al., 1992), the IMPs were larger (Fig. 
8 b); their average greatest diameter of 7.3 :t: 1.6 nm (n = 
390) was closer to that of the CHIP28 IMPs. The large IMPs 
in proximal straight tubules also included tetramers (Fig. 8 
b, inset). Further analysis of the population of IMPs in prox- 
imal tubules is provided below. 
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Figure 6. Freeze-fracture of intracellular membranes of CHIP28k-transfected CHO cells (a), CHIP28k-transfected cell plasma membrane 
P-face (b), and mock-transfected CHO cells plasma membrane P-face (c). Intracellular membranes (full arrows) and plasma membranes 
of CHIP28k-transfected ceils contain additional large IMPs (P, P-face). Empty arrows show direction of platinum shadowing. (d) Rotary 
shadowing freeze-fracture of the CHIP28k-transfected CHO cell plasma membrane P-face demonstrates the presence oftetramers (arrows). 
Bars: (a-c) 100 nm; and (d) 20 nm. 
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Figure 7. Rotary shadowing freeze-fracture of plasma membrane E-face (E) of thick ascending limb basolateral membrane (a), CHIP28k- 
transfocted CHO cells (b), and thin descending long loop of Henle (c). A distinctive pattern of imprints, sometimes in loose clusters (circle) 
was observed on the plasma membrane E-face of cells containing CHIP28. Bars, 100 rim. 

Table L Comparison of P-face IMP Densities and E-face Imprints 

Cell Type Density of IMPs Density of E-face imprints 

(IMPs/ttm z) (imprints/tur~ 
Mock CHO cells 1282 + 110 (18) - 
CHIP28k CHO cells 3682 + 436 (14) 3834 + 522 (8) 
Thin descending limbs 7260 + 1227 (6) 10036 + 1363 (8) 

IMP and imprint densities were measured on cell plasma membranes. Values are mean 5: SD, with the number of cells in parenthesis: for each cell, IMPs (or 
imprints) were counted on a membrane surface area >0.02 ~m 2 at x 190,000 magnification. 

In the kidney, the most intense staining with anti-CHIP28 
antibodies and the most intense hybridization with an an- 
tisense CHIP28k cRNA probe was obtained in thin descend- 
ing limbs (TDL) (Nielsen et al., 1993; Sabolic et al., 1992; 
Zhang et al., 1993a). Therefore, we expected to find the 
highest density of CHIP28-associated IMPs in this nephron 
segment. As described previously (Orci et al., 1981), the 
P-face of both apical and basolateral plasma membranes in 
initial segments of TDL long loops had an extremely high 
density of IMPs, which were packed so closely together that 
very little particle-free membrane was visible (Fig. 8 d). As 
shown in Table I, the density of IMPs that we measured in 
rotary shadowed replicas was higher than previously pub- 
lished. This high degree of packing makes it difficult to re- 
solve the structure of individual IMPs in freeze-fracture so 
that the actual density might be even higher. The population 
of IMPs observed in thin descending limbs (diameter 8.3 + 
1.3 nm In = 260], Fig. 8 d) was more homogeneous than 
in other plasma membranes, including those containing a 
high density of IMPs of similar size such as basolateral mem- 

branes of thick ascending limbs (diameter 7.6 + 2.1 nm [n 
= 368], Fig. 8 c). In TDL, many of the particles clearly ap- 
peared to be tetrameric (Fig. 8 d, inset). 

As shown Fig. 7 c, the E-face of the TDL plasma mem- 
brane was decorated with the same pattern of • 2-nm im- 
prints as seen in CHIP28k-transfected CHO cells (Fig. 7 b). 
This pattern was not observed on the plasma membrane 
E-face of cells that do not contain CHIP28, such as the 
basolateral membrane of thick ascending limb (Fig. 7 a), and 
probably reflects the extremely high density of CHIP28 pro- 
tein in TDL. The density of these imprints on the E-face of 
TDL plasma membranes was measured (Table I) and found 
to be somewhat higher than the density of IMPs on the 
P-face. Because the E-face complementary imprints are 
more distinct than the P-face IMPs, their density is likely to 
represent a more accurate figure for the IMP density in the 
initial part of the TDL. In proximal tubule, where the density 
of CHIP28 is lower and where the IMP population is more 
heterogeneous, a similar network of imprints was not clearly 
visible on the plasma membrane E-face (Fig. 8, a and b). 
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Figure 8. Rotary shadowing freeze-fracture of kidney cell plasma membranes. (a) Proximal convoluted tubule brush-border membrane. 
(b) $3 segment of the proximal straight tubule brush-border membrane. (c) Basolateral membrane of the thick ascending limb. (d) Thin 
descending limb of the loop of Henle (long loop) (insets,)<500,000). Tetramers of the size of CHIP28 were observed on the P-face (P) 
of $3 segment of the proximal tubule and in thin descending limb. Arrows show subunits of tetramer assemblies (E, E-face). Bars, 50 nm. 

Quantitative Analysis of IMP Size Distribution 

To quantify the morphological results presented in Figs. 3, 
6, and 8, we measured the greatest diameter for >200 IMPs 
in the liposomes and cell plasma membranes. Histograms of  
IMP density versus diameter were constructed as shown in 

Fig. 9, and fitted to unimodal or bimodal Gaussian dis- 
tributions. The parameters for the Gaussian regression 
are provided in Table rll. The IMP size distribution in 
the liposomes reconstituted with CHIP28 (Fig. 9 a) was 
unimodal with a mean diameter of  8.5 run. The size distribu- 
tion in cell membranes containing CHIP28 was bimodai. 
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Table IL Comparison of CHIP28 IMP Densities and Water Permeability 

CHIP28 IMP density Pf (cm/s at 10*C) 

(IMPs/t~m 2) predicted measured 

CHIP28k-transfected CHO cells 2,494 0.036 0.027 
Proximal straight tubule 1,928 0.028 0.031 
TDL 5,785 0.083 0.075* 

The density of IMPs corresponding to CHIP28 was determined from the bimodal Gaussian analysis (see Materials and Methods and Fig. 9). Predicted Pf  w a s  

calculated from the equation: Pf = 4.D.pr, where D is the IMP density and pf is the single CHIP28 channel monomer permeability of 3.6 × 10 -~4 cm3/s at 10°C. 
Measured Pf was determined from the data in Fig. 1 c. 
* To estimate plasma membrane P~ for TDL, the transepithelial Pf of ,~,2,000 tLm/s at 37"C (Chou and Knepper, 1992) was corrected for the apical plasma mem- 
brane folding factor (2.6 4- 0.7, mean 4- SD) measured on 10 cells, for the presence of two permeability barriers in series of assumed equal Pf, and for the tem- 
perature dependence, using a 4 Kcal/mol activation energy. 

The CHIP28k-transfected CHO cells had a remarkably 
higher density of IMPs than the mock-transfected cells (Ta- 
ble I); the diameter of the additional population of IMPs, 
representing CHIP28, was 8 to 9 nm (Fig. 9 b). The differ- 
ence between IMP density in CHIP28 and mock-transfected 
CHO cells (Table I) was in good agreement with the CHIP28 
IMP density fitted by non-linear regression (Table ID. The 
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Figure 9. IMP size distribution. (a) CHIP28-incorporated pro- 
teoliposomes. (b) Plasma membranes in CHIP28k- and mock- 
transfected CHO cells. (c) Apical plasma membrane in native kid- 
ney thin descending limb and basolateral plasma membrane from 
kidney thick ascending limbs. (d) Apical plasma membrane from 
kidney proximal convoluted and proximal straight tubules. IMP 
densities were fitted to one or two Gaussian functions of the form: 
y = ~ic~ie -(~a02/°~, where x is IMP diameter and y is density (see 
Table III below). 

thin descending limb plasma membrane showed a very high 
density of IMPs with a distribution similar to that found in 
CHIP28 liposomes, but very different from that observed in 
the water impermeable basolateral membrane of the thick 
ascending limb (Fig. 9 c). In the proximal tubule (Fig. 9 d), 
many IMPs of ,~8-nm diam were observed in the $3 seg- 
ment. In proximal convoluted tubule segments, where 
CHIP28 is less abundant, IMPs of "o8 nm did not represent 
a significant subpopulation. As discussed below in reference 
to Table II, there was good agreement of measured osmotic 
water permeability (Pf) in the CHIP28-containing mem- 
branes with Pf predicted from IMP density and single chan- 
nel CHIP28 water permeability. 

Discussion 

The freeze-fracture technique has been useful for the study 
and characterization of several membrane proteins that pos- 
sess unique morphological patterns, such as the IMP ag- 
gregates representing the vasopressin-sensitive water chan- 
nel in amphibian urinary bladder (Chevalier et at., 1974; 
Kachadorian et al., 1975), the rod-shaped particles repre- 
senting the H + ATPase in a number of cell types (Humbert 
et al., 1975; Orci et al., 1981; Wade, 1976), and gap junc- 
tions (Goodenough and Revel, 1970). In each case, an as- 
sembly of IMPs was observed on the P-face of freeze- 
fractured plasma membranes, and a distinct complementary 
imprint was located on the E-face. The formation of such 
structures is dependent on protein-protein and protein-lipid 
interactions. MIP26 is an interesting example of a protein 
that associates either in aggregated assemblies or in or- 
thogonal arrays, both in native eye lens membranes and in 
proteoliposomes (Dunia et at., 1987; Zampighi et al., 1989). 

We have studied by freeze-fracture EM the membrane as- 

Table IlL 

Fitted Parameters a~ B~ o~ ct~ /32 02 Total density 

(lMPs/g,m 2) (nm) (nm) (IMPs/#ra z) (nm) (nm) (IMPs/#m z) 
CHIP28 liposomes 30%* 8.5 1.8 
Mock CHO cells 404 6.4 1.7 1,282 
CHIP28 CHO cells 1,163 7.7 1.5 132 9.9 2.1 3,682 
TAL 912 7.4 2.9 4,706 : 
TDL 2,704 8.0 1.2 496 9.4 1.6 7,260 
PCT 1,626 4.8 1.5 4,344 
PST 343 7.8 1.5 921 7.1 2.5 5,048 

TAL, Thick ascending limb basolateral membrane; TDL, thin descending limb; PCT, proximal convoluted tubule; and PST, proximal straight tubule. 
* In liposomes, unit is percentage of total IMPs measured. 
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sociation of the CHIP28 water channel. CHIP28 did not 
form clusters either in cell membranes or in liposomes, 
unlike MIP26, which belongs to the same family of trans- 
membrane channels. The average IMP size measured in 
CHIP28-reconstituted proteoliposomes was 8.5 + 1.3 nm. 
A subpopulation of IMPs of the same size was found on the 
plasma membrane P-face of each of the CHIP28-containing 
cell types that we examined. IMP imprints were found on the 
E-face of the cell membranes that contain a high density of 
CHIP28 water channels, and on proteoliposomes reconsti- 
tuted with purified CHIP28. 

As previously suggested by sedimentation analysis and 
SDS-PAGE analysis of glutaraldehyde cross-linked CHIP28 
(Smith and Agre, 1991), we found by the freeze-fracture tech- 
nique that human erythrocyte CHIP28 was associated as 
oligomers both in N-lauroylsarcosine-stripped membranes 
containing primarily CHIP28 and in proteoliposomes recon- 
stituted with purified CHIP28. The IMPs observed on either 
face of the vesicle membranes were consistently made up of 
four subunits, resulting in a relatively large assembly of 
~8.5-nm diam with an apparent central depression. As 
shown in Fig. 10, a simple geometric model for such a 
tetramer consists of four CHIP28 monomers arranged sym- 
metrically. Assuming that each monomer is a right cylinder 
of 5-nm length and that the protein density is 1.3 g/cm 3, 
then each CHIP28 monomer would have a diameter of 
3 nm. The greater diameter of the smallest square tetrameric 
assembly would be 7.2 nm. When the total thickness of plati- 
num in the replicas ('~1.5 nm) is added, the predicted IMP 
diameter of'~8.7 nm is in good agreement with the observed 
diameter of ~8.5 nm. Interestingly, MIP26 was also 
reported to form tetrameric IMPs of ~8  nm in liposomes 
(Dunia et al., 1987). In native membranes and liposomes, 
MIP26 is associated in orthogonal arrays of IMPs with a 
spacing of ~7  nm (Dunia et al., 1987; Zampighi et al., 
1989). This value, which probably represents the size of 
MIP26 tetramers without the platinum coat, is similar to the 
predicted size of CHIP28 tetramers. Our model for CHIP28 
would predict a central depression of ~1.2 nm; similar cen- 
tral depressions have been reported for other types of IMPs 
in several ceils, and were interpreted to represent hydrophilic 
channels (Orci et al., 1977). In the case of CHIP28, however, 
there is evidence that the functional water channel unit is the 
monomer. Target size determination by radiation inactiva- 
tion gave a functional unit size of ~ 30 kD for both erythro- 
cyte and kidney proximal tubule water channels (Van Hoek 
et al., 1991). In addition, permeability measurements in oo- 
cytes coexpressing wild-type and mutant CHIP28 cRNAs 
suggested a monomeric functional subunit (Preston et al., 
1993; Zhang et al., 1993b). Taken together, these data sug- 
gest that functionally independent CHIP28 monomers are 
assembled in membranes as tetramers of '~7.2-nm diam. 
The tetrameric assembly is probably driven by monomer- 
monomer electrostatic interactions to give an oligomer size 
having minimum free energy. 

A CHO cell line transfected with CHIP28k cDNA was 
used to examine the structure and distribution of CHIP28 in 
mammalian cell membranes. The increase in water perme- 
ability in the CHIP28k-transfected cells and the immuno- 
localization of CHIP28k correlated, by freeze-fracture EM, 
with an increased density of IMPs on the plasma membrane 
P-face. The large additional population of IMPs in CHIP28k- 

3 nm 

Figure 10. Model for CHIP28 assembly in membranes. IMPs 
representing CHIP28 in freeze-fracture EM are consistent with a 
symmetrical assembly of four CHIP28 monomers with a central 
depression. See text for explanation. 

transfected cells, also observed in some intracellular mem- 
branes, was homogeneous and had a larger average diameter 
than the IMPs found in mock-transfected cells. This sub- 
population of IMPs representing the CHIP28 water channel 
had approximately the same size and shape as those in recon- 
stituted proteoliposomes. 

An interesting complement to the P-face IMPs associated 
with CHIP28 was observed on the E-face of the CHIP28k- 
transfected CHO ceils. The complementary pattern of 
CHIP28 IMPs on the E-face, observed only in transfected 
cells, was visualized as highly contrasted imprints. These 
imprints had the same density and distribution on the mem- 
brane E-face as the IMPs on the complementary P-face, and 
are probably each produced by a single CHIP28 IMP. In- 
deed, similar imprints were found on the membrane of lipo- 
somes that contain CHIP28. The reason why CHIP28 leaves 
such a recognizable imprint on the plasma membrane E-face 
is not known, although it has been previously reported that 
other types of IMPs leave characteristic imprints on the cor- 
responding E-face. These include rod-shaped IMPs that are 
associated with the proton pumping ATPase (Humbert et al., 
1975; Wade, 1976), connexons that form gap junction 
subunits (Goodenough and Revel, 1970), square arrays of 
IMPs of unknown function, but that are morphologically 
similar to MIP26, in a variety of cell types (Orci et al., 
1981), and IMP aggregates that are believed to represent 
vasopressin-sensitive water channels in amphibian bladder 
(Kachadorian et al., 1975). MIP26 also leaves imprints in 
lens membranes and in proteoliposomes (Dunia et al., 1987; 
Zampighi et al., 1989). It has been suggested that IMPs that 
do leave such a depression on the E-face may be composed 
of protein complexes that are very rich in lipid (Ververgaert 
and Verkleij, 1978). Like MIP26, CHIP28 is a very hydro- 
phobic protein that is predicted to be tightly associated with 
membrane lipids in situ (Van Hoek et al., 1993). 

Finally, we examined the membrane assembly of CHIP28 
in rat kidney proximal tubule and thin descending limb of 
Henle. As described previously, the plasma membranes of 
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these nephron segments contain a high density of IMPs. In 
proximal tubule, CHIP28 was previously localized to $2 and 
$3 segments (Nielsen et al., 1993; Sabolic et al., 1992). De- 
spite the heterogeneity of membrane proteins and associated 
IMPs in proximal tubule, we found differences in the density 
and size distribution of IMPs between proximal convoluted 
tubules and the $3 segment of proximal straight tubules. In 
particular, IMPs of size compatible with CHIP28 (8 to 9 nm) 
were numerous in proximal straight tubules, but did not rep- 
resent a distinct subpopulation in the convoluted tubules that 
we examined. This observation is consistent with the weak 
labeling of the S1 segment of proximal tubules by immunocy- 
tochemistry. 

Unlike the findings in CHIP28k-transfected CHO cells, we 
did not detect any remarkable pattern of imprints on the 
E-face of proximal tubule plasma membranes. In this seg- 
ment, the IMPs are heterogeneous and the amount of 
membrane-associated CHIP28 is probably considerably less 
than in transfected cells. 

Of all CHIP28-containing cells, the highest level of anti- 
body labeling and antisense cRNA probe hybridization was 
found in thin descending limbs of Henle (Hasegawa et al., 
1993; Nielsen et al., 1993; Sabolic et al., 1992). Functional 
studies have demonstrated that the upper part of TDL long 
loops is highly water permeable (Chou and Knepper, 1992). 
By freeze-fracture EM, this segment of the TDL was found 
to contain the highest density of IMPs of all kidney epithelial 
cells on both apical and basolateral plasma membranes (Orci 
et al., 1981). In contrast, water impermeable segments of the 
TDL contain low densities of IMPs in their plasma mem- 
branes. We found that the IMP size distribution and subunit 
assembly in the upper part of TDL long loops was similar 
to that of the purified CHIP28 in reconstituted proteolipo- 
somes. In addition, the characteristic E-face network of im- 
prints found in CHIP28k-transfected cells was also observed 
in the TDL. Unlike in CHO cells where both the IMPs and 
imprints were sometimes found in loose clusters, the im- 
prints were evenly distributed on the TDL plasma membrane 
E-face. The average spacing of these imprints (~10 nm), 
complementary to P-face IMPs of ~8.3-nm diam, reflects 
the high density of IMPs on TDL plasma membranes. 

The quantitative analysis of IMP density versus greatest 
diameter provided strong support for the conclusion that the 
characteristic size of IMPs representing CHIP28 was '~8.5 
nm. IMPs of this size were observed in reconstituted pro- 
teoliposomes, CHIP28-transfected CHO cells, and those na- 
tive kidney cell plasma membranes that are known to have 
high water permeability. It is important to note that quantita- 
tive studies of IMP size in freeze-fracture EM are limited for 
several reasons. In addition to measurement errors, there are 
variations in the thickness of platinum coat, in the accuracy 
of electron microscope magnification (Elbers and Pieters, 
1964), and in the orientation of membranes and IMPs during 
shadowing and observation. As demonstrated on stereomi- 
crographs, because of the curvature of the membrane, the 
orientation of IMPs in liposomes is particularly heteroge- 
neous. This probably accounts for the wider IMP size distri- 
bution found in reconstituted proteoliposomes than in TDL. 
Despite these caveats, the analysis of IMP size distribution 
by non-linear regression on a large number of samples 
provided a useful quantitative approach to analyze and com- 
pare IMP geometry in a variety of cell types, and to estimate 
CHIP28 density. 

It is interesting to compare Pf measured in CHO cells 
and native kidney membranes with that predicted by the 
analysis of IMP size and number. The predicted Pf (in 
cm/s) is given by the product of single channel pf (3.6 x 
10 -14 cm3/s per CHIP28 monomer at 10°C), and CHIP28 
density (monomers//zm2). Table II shows the comparison. 
In CHO ceils and in TDL, a large proportion of IMPs repre- 
sent CHIP28. Therefore, the comparison of measured and 
predicted Pf's is independent of the bimodal Gaussian 
model used to fit the IMP distribution in these cell types. In 
the stably transfected CHO cells, Pf measured in isolated 
plasma membrane vesicles (devoid of unstirred layer effects 
because of their small size) was 0.027 cm/s, in good agree- 
ment with Pf of 0.036 cm/s predicted from the CHIP28 
IMP density. In native kidney membranes, predicted and 
m e a s u r e d  Pf values also agreed quite well. The predicted Pf 
(0.028 cm/s) calculated from the density of IMPs representing 
CHIP28 in the proximal straight tubule was similar to the 
value of 0.031 measured in rat renal brush-border vesicles. 
As described in Table II, the plasma membrane Pf for the thin 
descending limb was estimated from the transepithelial Pf 

of '~0.2 cm/s at 37°C (Chou and Knepper, 1992) to be 0.075 
cm/s at 10°C. This value agreed well with the predicted Pf 
of 0.083 cm/s. The density of 5785 CHIP28 tetramers//~m 2 
found in the water permeable initial segment of the rat TDL 
is remarkably high. Using the calculated weight of each 
CHIP28 tetramer (1.9 × 10 -19 g), and the plasma mem- 
brane density of ~5  x 10 -15 g/#m 2, CHIP28 probably ac- 
counts for ,x,22 % of the total membrane weight. This result 
suggests that the initial part of rat TDL is highly specialized 
in water transport. 

In conclusion, our results provide evidence that CHIP28 
is represented in freeze-fracture EM by tetrameric IMPs of 
~8.5 nm greatest diameter in artificial membranes, trans- 
fected cells, and native cell plasma membranes. This 
freeze-fracture appearance of CHIP28 is distinct from that 
of closely related protein MIP26, which forms tetrameric or- 
thogonal arrays of IMPs in membranes. 
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