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Water Channels Encoded by Mutant Aquaporin-2 Genes in Nephrogenic 
Diabetes Insipidus Are Impaired in Their Cellular Routing

Peter M, T. Deen,* Huib Croes,* Rémon A. M. H. van Aubel,* Leo A. Ginsel,* and Carel H. van Os*
* Departm ents o f  C ell P hysio logy  an d  1 Histology, University o f  N ijm egen , 6 5 0 0  H B  Nijmegen, The N e th er lan ds

Abstract

Congenital nephrogenic diabetes insipidus is a recessive he ­

reditary disorder characterized by the inability o f  the k id ­

ney to concentrate urine in response to vasopressin. R e ­

cently, we reported m utations in the gene encoding the w ater  

channel of the collecting duct, aquaporin-2 (A Q P-2) causing  

an autosomal recessive form  of nephrogenic diabetes in sip ­

idus (N D I). Expression o f these mutant AQ P-2 proteins  

(G ly64Arg, A rgl87C ys, Ser216P io) in X e n o p u s  oocytes re ­

vealed nonfunctional w ater channels. Here we report fu r ­

ther studies into the inability of these missense A Q P-2 p ro ­

teins to facilitate water transport in X e n o p u s  oocytes. cR N A s 

encoding the m issense AQ Ps were translated with equal ef ­

ficiency as cR NAs encoding wild-type AQP-2 and w ere  

equally stable. A rg l87C ys AQP2 was more stable and G ly6- 

4Arg and Ser216Pro AQ P2 were less stable when com pared  

to wild-type A Q P2 protein. On immunoblots, oocytes ex ­

pressing m issense AQ P-2 showed, besides the w ild-type 29 

kDa band, an endoplasm ic reticulum-retarded form  of  

AQP-2 of ~  32 kD. Im m unoblots and im m unocytochem istry  

demonstrated only intense labeling of the plasm a m em ­

branes of oocytes expressing wild-type AQP-2. T herefore, 

we conclude that in X e n o p u s  oocytes the inability of G ly64- 

Arg, A rgl87C ys or Ser216Pro substituted A Q P-2 proteins  

to facilitate w ater transport is caused by an im paired rou t ­

ing to the plasm a m em brane. (J. C lin . I n v e s t  1995. 9 5 :2 2 9 1 -  

2296.) Key words: collecting duct * oocytes ■ m utation  • 

vasopressin • urine concentration

Introduction

The ability of the kidney to conserve or excrete free w ater 
independent of changes in solute excretion is essential in m am ­
mals. Physiological studies have provided evidence that in  the 
nephron water is constitutively reabsorbed in proximal tubules 
and descending limbs of H enle’s loop, whereas w ater reabsorp-
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tion in collecting ducts is regulated  by the hormone arginine- 
vasopressin (A V P ) 1 (1 ) .  A lthough water can pass membranes 
by diffusion, it has now been show n unambiguously that water 
transport in the nephron is facilitated by water channels (2 ). 
The first-identified w ater-selective channel aquaporin-1 (A Q P- 
1) or CH IP28 (3 } 4 )  is abundantly expressed in proximal tubule 
and descending lim b of H en le’s loop, where the water recovery 
is entirely attributed to this channel. AQP-1 is a member of a 
fam ily o f  transporting proteins with the major intrinsic protein 
(M IP ) o f lens fiber cells as its prototype (1 ). Based on con­
served sequences within this fam ily, cDNAs encoding new puta ­
tive w ater channels were isolated from kidney tissue. One such 
a cD N A  clone encoded a protein with 43% amino acid identity 
to A Q P-1. Since this A Q P-2 or W CH-CD, showed all the bio ­
physical characteristics o f  w ater channels and since it was ex ­
clusively expressed in principal cells and inner medullary col ­
lecting duct cells, this p ro tein  w as suggested to be the A VP- 
regulated water channel (5 ) .

The apical m em brane o f principal cells and inner medullary 
collecting duct cells is considered  to be rate-limiting in AVP- 
regulated ira/w-cellular w ater flow. When AVP binds to V2- 
receptors in the basoiateral m em brane of these cells, the intra ­
cellular cA M P level increases and triggers, by an unknown 
m echanism , fusion of in tracellu lar vesicles containing water 
channels with the apical m em brane. Upon removal o f AVP, 
water channels are w ithdrawn from the apical membrane by 
endocytosis ( 6 ) .  Recent immunocytochemical studies on col­
lecting duct cells revealed that A Q P-2 was indeed present in a 
subcellular compartment, expected to contain the A VP-regu ­
lated w ater channel (7 ) .

Congenital nephrogenic diabetes insipidus (N D I) is an in ­
herited disease in which the kidney fails to concentrate urine 
in response to AVP. In m ost families, NDI is caused by a 
m utation in  the V2- r e c e p to r  gene, located on the X-chromosome 
( 8 - 1 0 ) .  Som e families, how ever, show an autosomal recessive 
m ode o f inheritance (1 1 ) .  A nalysis of genomic DNAs of four 
N D I patients, in  whom m utations in the V2-r e c e p to r  gene was 
excluded o r unlikely, have revealed a one nucleotide deletion 
and three m issense m utations in their A Q P -2  genes (12, 13). 
The m issense mutations result in AQP-2 proteins with a Gly64- 
Arg, A rg l8 7 C y s, or Ser216Pro substitution and appeared to be 
non-functional when expressed in X en o p u s  oocytes. These re ­
sults proved that AQP-2 is essential in A VP-regulated anti diure ­
sis. T he identification o f N D I patients, whose A Q P - 2  genes are 
m utated, offer the opportunity to study the structure-function 
relationship  of naturally occurring non-functional AQP-2 pro ­
teins. In  the present study w e carried out Northern blotting, 
im m unoblotting and im m unocytochem istry in order to address 
the inability  o f  the m utant A Q P-2 proteins to facilitate water 
transport.

Methods

Preparation o f  antibodies. A  peptide was synthesized by standard auto ­

mated solid-phase techniques ( 1 4 )  based on the predicted 15 COOH-
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terminal amino acids o f  rat A Q P-2 ( 5 ) .  Via an N H 2-terminally added 

acetylthioacetyl group, this peptide was conjugated to keyhole  limpet 

huemocyanin or bovine serum albumin according to Schielen  et al. (  15 ), 

Rabbits were immunized with 4 00  p g  o f  this conjugate m ixed with  

Freund’s complete adjuvants. Starting at three weeks after priming, 

rabbits were boosted at three w eeks intervals with conjugate mixed with  

incomplete adjuvant. Test bleedings were screened by ELISA.

In vitro translation. cR N A s encoding wild-type (w t )  or mutant 

A Q P-2 proteins (12 , 13 ) were in vitro translated in wheat germ extracts 

as described ( 1 6 ) .

Water permeability measurements. The isolation o f  Xenopus  o o ­

cytes, injection o f  these ce lls  with water or cR N A s coding for wt or 

inulant A Q P-2 proteins and analysis o f  oocytes for water permeability  

were done as described ( 12 ) .

Northern blot analysis. Three days after injection, R N A  was isolated  

from 6 oocytes according to C liom czynski and Sacchi ( 1 7 ) .  R N A  equiv ­

alents o f  three oocytes w ere loaded onto a 2 .2  M form aldehyde, 1 %  

(w t /v o l )  agarose gel. Electrophoresis, blotting and hybridization condi ­

tions w ere as described ( 18 ). A n  850 bp EcoRI cD N A  fragment encod ­

ing human AQ P-2 ( 1 2 )  w as labeled with [ a - 32P ] dCTP by random  

priming (1 9 )  and was used as a probe. The relative amounts o f  n iR N A  

loaded onto the gel was assessed by hybridization o f  the blot with a 

probe o f  a 600-bp EcoRI c D N A  fragment cod ing  for Xenopus laevis  

28S rRNA (2 0 )  and subsequent scanning o f  the autoradiographic signals 

with an LKB Ultrascan X L  laser densitometer.

Inmumoblotting. After analysis o f  water permeability, oocytes in ­

jected with wt, mutant A Q P -2 cR N A s, or water (4 0  per sam ple) were  

washed two times in hom ogenization buffer A  (2 0  mM  Tris (pH  7 .4 ) ,  

5 mM M gCL, 5 mM N aH P O ,, 1 mM  ED TA , 1 m M  DTT, 100 ¿/M 

Ouabain, 1 mM PM SF, 5 fig/ml  leupeptin and pepstatin, 80  mM  su ­

crose) at 4°C. Subsequently, the oocytes w ere hom ogenized  in 5 p\  

homogenization buffer A  per oocyte  and centrifuged tw ice for 10 min  

al 125 g  to remove yolk proteins. Equivalents o f  one oocyte  were  

digested with endoglycosidase H r(en d o  H; N ew  England B iolabs, B e v ­

erly, M A ) or /V-glycosidase F (Boehringer, M annheim , G erm any) ac ­

cording to the manufacturer, except that the protein sam ples were di ­

gested for 18 h after dénaturation for 30  min at 37°C. For S D S -P A G E ,  

5 p\ o f  oocyte lysates or 2 p\  o f  the in vitro translation mixtures were  

denatured by incubation for 3 0  min at 37°C in 1 X  SD S-sam ple  buffer 

(2%  S D S , 5 0  mM Tris (pH  6 .8 ), 12% glycerol, 0.01%  C oom assie  

Brilliant Blue, 25 mM  D T T ). Proteins o f  the sam ples w ere separated 

on a 12% SD S-polyacrylam ide gel o f 0.1 X  7 X  9 cm  using laem m li 

buffers ( 2 1). Immunoblotting was done essentially  as described ( 2 2 ) 

with enhanced chem ilum inescence to visualize sites o f  anti gen-anti body  

reactions (Am ersham . Buckingham shire, E n g lan d ). E fficiency o f  pro ­

tein transfer was checked by staining the membrane with Ponceau Red. 

With immunoblotting, the primary antibody (A Q P -2  antiserum) w as  

diluted 1:10,000. As a secondary antibody, a 1:5 ,000 dilution o f  affinity- 

purified goat anti-rabbit IgG conjugated to horse radish peroxidase  

(S igm a Immuno Chem icals, St. Louis, M O ) was used. Scanning o f  

immunoblots was done as described above,

Protein stability. To determine the stability o f  mutant and w ild-type  

AQP2 proteins, Xenopus oocytes were injected with equal amounts o f  

the corresponding cR N A s. N ext, at day I, 2, 3, and 4 after injection, 

lysates w ere prepared from 8 oocytes per sample and 0.5 oocy te  equiva ­

lents w ere immunoblotted as described above. D ensitom etric scanning  

o f  29 and 32 kD bands together (w h en  appropriate) o f  the third day  

was done as described above.

Oocyte plasma membrane isolation . From 25 oocytes, injected with  

water or equal amounts o f  cR N A s, plasma membranes w ere isolated  

according to Wall and Patel ( 2 3 ) .  Subsequently, lysates or plasm a m em ­

branes equivalent to 0,1 oocyte  or 8 oocytes, respectively , w ere sub ­

jected to im m unobloiiing as described above. D ensitom etric scanning  

o f  29 and 32 kD bands together (w hen  appropriate) was done as d e ­

scribed above.

/m mu nocy to chemistry. Unfixed oocytes were em bedded in OCT  

compound (T issue Tck Products, A m es D iv is ion , M iles Laboratories, 

Inc., Elkhart, I N ) , rapidly frozen in liquid nitrogen and stored at —80°C. 

Six pm  sections were cut in a cryostat at — 20°C and w ere fixed for 3

Figure 1. Membrane topology o f  aquaporin-2 in analogy with aquap- 

orin-l ( 4 ) .  In the model, the locations o f  the amino acids substitutions 

as encoded by the A Q P-2 genes o f  the three N D I patients are shown.

min in cold acetone o f  —20°C. After blocking with 1% normal swine  

serum for 3 0  min, the sections were incubated for 1 hour with anti- 

A Q P-2 antiserum diluted 1:2000 with PB S-T  (0.05%  T w een-20 in PBS; 

pH 7 .3 ) .  After three washings in P B S-T  for 5 min, the sections were 

incubated for an hour with a 1:100  dilution o f  sw ine anti-rabbit antibod­

ies coupled to FITC (D A K O ). The sections w ere again washed 3 times 

for 5 min and mounted in m owiol 4-88, 2.5% NaN3. Photographs were 

taken with a Zeiss A xiosk op  with epifluorescent illumination with an 

automatic camera using Kodak TM Y  films.

Results

In the A Q P - 2  genes of our NDI patients three different missense 
mutations were detected that coded for Gly64Arg, A rgl87C ys, 
or Ser216Pro substituted AQP-2 proteins (Fig. 1) (12, 13). 
Expression studies in X e n o p u s  oocytes revealed that these m u ­
tant AQP-2 proteins did not increase the osmotic water perm e ­
ability ( P f ) above that o f w ater-injected controls, whereas the 
P r of oocytes injected with cRNAs encoding wt AQP-2 was at 
least ten times higher (12, 13). The absence of facilitated water 
transport in mutant AQPs could in principle be due to ( A )  a low 
efficiency of translation of mutant cRNAs, ( B )  a low stability of 
m utant cRNAs in X e n o p u s  oocytes, (C ) a high turnover of 
m utant AQPs in the oocyte, ( D ) a failure in the transport of 
m utant AQPs to the plasm a membrane of the oocyte, and /or 
( £ )  a nonfunctional AQP protein.

T r a n s la t io n a l  effic iency.  To test w hether the cRNAs were 
translated at a different efficiency, equal amounts of cRNAs 
encoding wt or m utant AQPs were in vitro translated and sepa ­
rated by polyacrylamide gel electrophoresis. Autoradiography 
o f  the gel revealed that each cRNA was translated with similar 
efficiency (Fig. 2 ) .

S ta b i l i t y  o f  c R N A s  in o o c y te s .  T o circumvent the possibility 
that m utant cRNAs and /o r peptides would be hardly detectable 
because o f instability, the amounts o f m utant cRNAs injected 
into X e n o p u s  oocytes were three tim es higher than that of wt 
A Q P - 2  cRNA. Three days after injection, the P fs o f oocytes 
injected with m utant cRNAs or water were unchanged, whereas 
wt cRN A-injected oocytes showed a high P r (Fig. 3 ). Northern 
blot analysts of oocytes from  the sam e injection demonstrated 
that an RNA  species o f — 1.2 kb was recognized by the human 
A Q P - 2  cDNA probe in the lanes loaded with RNA isolated from 
cRN A -injected oocytes (Fig. 4 ) . Norm alized for the amount of 
RNA  loaded through hybridization with a X e n o p u s  2 8 S -rR N A

2 2 9 2  Deen et a i
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16Pro substituted AQPs (Fig. 1) in X e n o p u s  oocytes, revealed
w

that none was functional and thus it was concluded that the 
mutations in the AQP-2 genes caused the autosomally inherited 
NDI in the four patients (12, 13).

In the present study we addressed the failure of the missense 
AQPs to function as a water channel in X e n o p u s  oocytes. Inde ­
pendent in vitro translations of equal amounts of cRNAs encod ­
ing wt or missense AQP-2 revealed that the cRNAs were trans ­
lated with equal efficiency into a protein of ~  29 kD (Fig. 2 ) .  
This size is similar to that deduced from the cDNA sequence 
(28839 D) and the endogenous, nonglycosylated form of human 
AQP-2 (26). Since in vitro translation is regarded as a reliable 
test for translation in X e n o p u s  oocytes, we assume that all 
cRNAs will be translated with similar efficiency in these cells.

The vast majority o f Tay-Sachs cases in the past were caused 
by mutations in the gene encoding lysosomal enzyme /3-hexos­
aminidase resulting in defects in maturation and stability o f its 
mRNA (27). To test whether cRNAs o f mutant AQP-2 proteins 
were less stable than w t cRNAs in X e n o p u s  oocytes, the 
amounts of mutant and w t cRNAs present in oocytes after an 
incubation period of three days were compared by Northern 
blot analysis (Fig. 4 ) .  A lbeit the relative abundance of mutant 
and wt cRNAs was similar after three days, only oocytes in ­
jected with wt cRNA showed increased P f values (Fig. 3 ), 
Therefore, the absence o f  increased osmotic water permeability 
in oocytes expressing m utant AQPs is not due to a decrease 
in cRNA stability. Immunoblotting and immunocytochemistry 
were performed to investigate whether the stability and /or the 
intracellular routing o f mutant AQPs was affected in oocytes. 
On immunoblots, oocytes expressing mutant AQPs showed, 
besides the wt AQP-2 band of 29 kD, additional bands of — 32, 
43, and 67 kD (Fig. 5 A ) .  The appearance of these additional 
bands is inherent to the mutant AQP2 proteins and is not a 
result of overexpression per se, since after injection of increas ­
ing amounts o f wt AQP-2 cRNA the 29-kD band is still the 
only detectable form (result not show n). In addition, injection 
of equal amounts of cRNAs revealed the 32-, 43-, and 67-kD 
bands in lanes of oocytes expressing mutant AQP2 proteins 
only (for 32-kD band see Fig. 6 ). In general, plasma membrane 
integral proteins are synthesized and glycosylated to high-man- 
nose glycoproteins in the ER, rapidly processed in the Golgi 
apparatus, where they are deglycosylated and sometimes regly ­
cosylated to complex glycoproteins, and transported to the cell 
surface. Glycoproteins containing ER-specific glycosylation 
chains are endo H sensitive, but will become endo H resistant 
during processing in the Golgi complex (28, 29 and references 
therein). The 32-kD band was shown to be sensitive to endo 
H (Fig. 5 5 ) ,  and therefore represents a high-mannose, ER- 
retarded form of AQP-2. The higher bands did not disappear 
upon endo H or endo F  digestion and are presumably aggregates 
of the mutant AQP-2 proteins. Resident components of the ER 
govern numerous post-translational modifications of proteins 
including folding, glycosylation and oligomerization. These 
processes determine in part the fate of newly synthesized pro ­
teins, as proteins that fold incorrectly or that are not assembled 
properly will in most cases be retarded in the ER and are typi­
cally degraded in a pre-Golgi compartment (28, 29 and refer ­
ences therein). The extent to which degradation occurs m ight 
be determined by structural motifs in the protein (2 8 ). The 
presence of ER-retarded mutant AQP2 proteins (Fig. 5) and 
the lower stability o f the Gly64Arg and Ser216Pro AQPs, as 
compared with wt AQP2 (Fig. 6 ), clearly indicate an impaired 
intracellular transport o f mutant AQP2 proteins. This was fur ­

ther corroborated by immunocytochemistry on oocytes and im- 
munoblot analysis of their p lasm a membranes. Oocytes injected 
with cRNAs encoding wt or m utant AQPs exhibited an intense 
intracellular staining. It is know n that in X e n o p u s  oocytes that 
overexpress membrane proteins, only a small percentage of the 
expressed proteins is found in the plasma membrane (3 0 ). How ­
ever, the plasma membrane o f  oocytes expressing wt AQP2 
was distinctly stained, while labeling of oolemmas o f  other 
injected oocytes was either w eak (R187C, G64R, S 2I4P ) or 
absent (w ater). In fact, the order of staining intensity of oolem ­
mas from oocytes expressing mutant AQP2 proteins seems to 
reflect their relative stability. Immunoblot analysis of plasma 
membranes of oocytes injected with the different cRNAs only 
revealed a strong increase in  the AQP2 signal in membranes 
isolated from oocytes expressing wt AQP2 (Fig. 8 ). The weak 
29 and 32 kDa signals visible in membrane fractions of oocytes 
expressing A rgl87C ys or Gly64Arg AQP2 proteins are most 
likely due to a minor contamination with intracellular organ­
elles. Furthermore, it seems that the weak oolemma staining 
detected with immunocytochemistry is not retrieved or detected 
after biochemical fractionation o f the oocyte. On the other hand, 
the injection of 25 ng cRN A  encoding mutant AQPs into each 
oocyte used for immunocytochemistry and 10 ng cRNA into 
each oocyte used for plasm a membrane isolation can explain 
the difference in detection o f AQP2 in their plasma membranes.

In conclusion, our results clearly demonstrate that, except
i

for the C ysl87A rg AQP2 which is more stable, all mutant 
AQP2 proteins are less stable than wt AQP2 and that all three 
missense AQPs are im paired in their trafficking to the plasma 
membrane, Since defective folding is likely to cause the defec­
tive maturation o f the A Q P -2 mutants and, consequently, their 
membrane distribution, it can a t present not be resolved whether 
these mutants are functionally inactive water channels. In fact, 
our observations are com parable with oocyte expression studies 
in which AQP-1 was used (3 1 ) . These authors showed that 
oocytes expressing non-functional mutant AQP-1 proteins, syn­
thesized the native 28-kD AQP-1 protein and a slightly larger 
protein than the 28-kD subunit. This latter band was also as­
cribed to incomplete carbohydrate processing as a consequence 
of disturbed intracellular routing. Based on functional tests of 
many AQP-1 mutants, Jung et al. (32) proposed a three-dimen- 
sional hour-glass model for A Q P -l, which might also be valid 
for AQP-2. Since in this m odel the integrity of loops B and E 
are thought to be essential, the disturbed intracellular transport 
of AQP-2 proteins with G 64R  or R187C substitutions, that 
reside in loops B and E  (Fig. 1 ), respectively, substantiate this 
model.

X e n o p u s  oocytes have been  shown to be ideal for functional 
expression of many plasma membrane proteins (3 3 ), including 
water channels. However, differences in protein routing and 
glycosylation have been described between oocytes and mam ­
malian cells. Although in X e n o p u s  oocytes wt AQP-1 is detected 
in its native and complex glycosylated form (3 4 ), we could 
only detect the native form  o f  wt AQP-2 in these cells (Fig. 
5 ). In human and rat kidney, AQP-2 is present as a sharp 29- 
kD and a diffuse 4 0 -5 0 -k D  band, resembling the native and 
complexly glycosylated form  of AQP-2 (26). W hether AQP-2 
in oocytes is not complex glycosylated or whether this form of 
AQP-2 is not detected by our anti serum is presently unclear. 
Functional differences betw een oocytes and mammalian cells 
were reported in CFTR expression studies. While expression of 
mutant CFTRs in m am m alian cells did not reveal an activated 
C l“ conductance (35 ), expression of the same mutants in oo ­
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cytes resulted in functional CFTRs, although with a reduced 
sensitivity to cA M P (3 6 ) . Therefore, further studies on water 
transport and on subcellular localization o f  wt and mutant AQP- 
2  proteins expressed in mammalian cells are warranted in order 
to elucidate the m olecular and cellular defects in NDI caused 
by mutations in the A Q P - 2  gene.
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