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Fig 1. Agnment of the three conserved motfs n the novel famly of putatve archaea ATPases. Alignment was constructed usng the MACAW program 
(1 1). Consensus shows amlno acd resdues conserved n all of the 16 aligned sequences; h indcates a bulky hydrophobc resdue ( I ,  L. V.  M ,  F, Y,  W); $ 
indcates serne or threonine. Dstances from the protein N-termn~ and distances between the alignment blocks are indicated by numbers. Fragments of 
the Bacillus siibtilis DnaA prote~n and Escherichia coh Fur proteln are shown for comparson. Two ATPase motifs and the consewed hstdine and cysteine 
resdues In the predcted metal-b~ndng site are shown by reversed type. ATPase motif consensus IS from (4),  <hhh> Indicates that three out of fve 
res~dues precedng the f~rst lnvarant G in the P-loop and the first D in the Mg2+bnding motif are bulky and hydrophobic, In addton to the proteins shown, 
open readng frames MJ0819. MJ0820, and MJ0821 appear to represent remnants of a disrupted gene codng for a putative ATPase of the same famy. 
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Aquaporins and Ion Conductance 

A. J.  Yool et al, studied ~nembrane conduc- 
tance in Xenopus laecis oocytes injected 
with aquaporinl complementary RNA 
(AQPI cRNA) and concl~lded that the 
conductance observed represented an in- 
trinsic property of the protein (1 ) .  K7e have 
reevaluated our om7n studies of the A Q P l  
protein and have conducted new experi- 
ments; our results support our earlier con- 
clusion that A Q P l  transports water, hut 
does not conduct ions (2 ) .  

As lneasured in our laboratory (21, oocytes 
injected with water (as a control) or with 
AQPl cRNA exhihlted similar, loa~ conduc- 
tances, n.hile their perlneabilities to n.ater 
differed greatly [coefficient of oslnotic water 
permeability (P,)-10 pm/s and -200 pm/ 
s, respectively]. Because we had not prevl- 
ously investigated effects of for- 
skolin on membrane-conducta~~ce, we used 

a t~o-electrode voltage clamp. Yool et al. 
( I )  describe a rising scale of currents (mea- 
sured in 100 I ~ M  NaCl, 2 mhl KC1, 4.3 mhl 
XlgCII, and 5 mM Hepes; pH 7.3): water- 
injected oocytes rose 2.9 pA/V; AQPl oo- 
cytes, 8.6 pA/V: and AQPl  oocytes with 
forskolin, 63 pA/V. In contrast, using stan- 
dard conditions (frog Ringers solution: 115 
mhl NaC1, 2 mbl KC1, 1 ~ n h l  CaCl,, 1 mX1 
blgC12, and 5 mhl Hepes; pH 7.41, ive did 
not see any significant difference in mem- 
brane conductance when water-injected 
oocytes (n  = 7) or A Q P l  oocytes (n  = 20) 
Kere compared before or after forskolin 
treatment (< 1 pA/V for all measure- 
ments). We obtained similar results when 
CaCll was olnitted or when 0.5 mX1 4.4'- 
diisothiocyanato-stilhe11e-2,2'-disulfc>11ate 
(DIDS, Sigma, St. Louis, MO) was added to 
the solutions. Because AQPl does not con- 

observed in our laboratories are not a result 
of the AQPl cDNA, hecause the construct 
used hy Yool et al. came fro111 our laboratory. 
Recently, a-e provided oocytes injected 
a-ith AQPl cRNA in our laboratory to Yo01 
et al.; when they analyzed these oocytes in 
their laboratory using their technique, for- 
sko1i11-induced ion currents were ohserved 
(3). The explanation for this discrepancy is 
not kno~vn.  
Peter Agre ,  M. Douglas Lee ,  Sreenivas 
Deuidas, W i l l i a m  B. Guggino,  Johns Hop- 
/<ins L'niversity School of Medicine, Baltimore, 
MD 2 1235-2 185, USA 
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T h e  description by Yool et al. ( 1 )  of the 
stimulation of cation permeability in AQP1 
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by forskolin suggests tliat aq~laporins in gen- 
eral might have a n  ion channel function, an  
activity that is unmasked by some stimula- 
tion, such as pliospliorylation by PKA. 

W e  liave observed tliat PKA directly 
pliospliorylates another aquaporin, AQP2,  
and stimulates its a7ater channel function 
by approxiniately 50% (2) .  W e  did not,  
hoa~ever ,  examine the  ionic conductance of 
AQP2 after CAMP treatment ( 2 ) ,  although 
negligible ionic conductance of AQP2 in 
the  basal condition is  ell demonstrated. If 
CAMP evokes ionic (especially cationic) 
conductance of AQP2,  it rvould be impor- 
tant in the light of physiological data that 
vasopressin through tlie cAMP/PKA system 
stimulates both N a  and K- conductance 
across the apical membrane of collecting 
duct cells (3) .  

W e  measured ionic conductance of 
AQP2 expressed in Xenopus oocytes before 
and 15 Inin after forskolin treatment (10 
p M ) .  Our  two-electrode voltage clamp 
studies, performed in isotonic NaCl  saline 
solution rvitliout C a '  ( 1  ), showed currents 
from a ~ h o l e  oocyte of 210 i 15 and 221 i 
20 n A  (at +60 mV, mean i SE, n = 5 )  
before and after forskolin treatment, respec- 
tively. Tliese values were not  significantly 
different from those of a~ater-injected oo- 
cytes. There was n o  shift in  tlie reversal 
potentials after tlie treatment. Thus, in our 
hands, AQP2 is not an  ion channel, even 
after the forskolin treatment. 
Sei Sasaki, Shinichi Uchida, Michio Ku- 
wahara, Kiyohide Fushimi, Fumiaki Ma- 
rumo, Tolcyo Medical and Dental University, 
Tolcyo 113, Japan 
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W e  liave been unable to confirm tlie find- 
ing of Yool et al. ( I )  of CAMP-dependent 
osmotic water permeability in oocytes tliat 
express A Q P l  or in erythrocytes that na- 
tively express AQP1,  nor do we detect 
CAMP-induced cation leak in erytlirocytes. 

Lyle microinjected Xenoptis oocytes accord- 
ing to protocols given by Yool et al., with 
cRNA (0.1 and 5 ng) that encodes the human 
and rat isoforms of AQP1. Standard Bartli's 
buffer rvith O.'i8 mM C a  was used. After oo- 
cytes were incubated for 24 liours at 18"C, P, 
values were (in centimeters per second X 
lo-'): 6 (water-injected oocytes, as a con- 
trol), 22 (0.1 11g of liurnan A Q P l ) ,  118 (5 ng 
of human A Q P l ) ,  18 (0.1 ng of rat A Q P l ) ,  
and 87 (5  ng of rat AQP 1 ). In oocyte sa~elling 
nleasurernents liaving less than 5% standard 
error, incubation of oocytes with forskolin (50 

yM) for 15 to 30 rnin at 23°C did lnot affect 
permeability. KO effect on permeability was 
found a ~ i t h  CAMP-agonists used previously in 
oocytes [(S)p-CAMPS or chlorophenylthio- 
c.4MP/forskolin/isob~1tylmetliylxa1lthine mix- 
ture (2)], with a cell-permeable CAMP-antag- 
onist [(R)p-cA?\/IPS], or witli a protein k i ~ ~ a s e  
C agonist (pliorbol myristate acetate). In 
these experiments rve used three separate 
batches of oocvtes. and measurements Kere , , 

made on six to nine oocytes for each protocol 
in each batch. 

Because oocyte expression studies can be 
subject to variability between laboratories, 
measurements Kere also done on hulllan 
erythrocytes and inside-out erythrocyte vesi- 
cles IIOVs). A11 sol~ltions contained 0.8 mM 
Ca. Stopped-f lo~ liglit scattering measure- 
ment of erythrocyte shrinkage in response to a 
50 mM KaC1 gradient gave a Pfralue of 0.018 
cm/s at 23°C. Lylith less than a 5% standard 
error, erythrocyte permeability was not affect- 
ed by incubation (15 to 60 min) with the 
CAMP agonists and antagonists listed above. 
Furtlier, permeability in IOVs was not affect- 
ed by in vitro phosphorylation ~ i t h  MgATP 
(2 mM) and tlie catalytic subunit of protein 
kinase A (100 U, 23"C, 60 min). Finally, 
erythrocyte cation (KC1) leak n.as measured 
fro111 tlie kinetics of shrinkage after replacing 
extracellular KaC1 by isosmolar sucrose. Min- 
imal leak i < l %  ner minute) was found rvith 
or aTithou; forskilin. Althoilgh our data do 
not an  explanation for the findings of 
Yool et al., we are concerned that oocyte 
viability and nlembrane permeabilities might 
be perturbed by liigh expression of foreign 
membrane proteins and modulation of mem- 
brane trafficking by CAMP. 
A. S. Verkman and Baoxue Yang, University 
of California, San Fmncisco, CA g4143-052 1 , 
USA 
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W e  have not been able to detect cation 
conductance in AQPO or A Q P l  a ~ h e n  it is 
expressed in Xenopus oocytes, but neither 
had we tested it in the presence of forskolin 
or CAMP. Therefore, we felt the need to  
repeat the a ~ o r k  of Yool et al. ( I ) .  W e  
isolated Xenopus oocytes and injected each 
rvitli 10 ng c R N A  that encodes human 
AQP1.  After 2 days of incubation a t  18°C 
in  modified Barth's solution [0.33 mM 
Ca(NO,), ,  0.41 mM CaCl:, 88 mM NaC1, 
1 mM KCl, 2.4 mM NaHCO, ,  1 m M  Hepes 
(pH = 7.5)) and 0.82 n1M MgS04],  n.e 
tested six oocytes with a standard swelling 
assay. All  six revealed a high osnlotic water 
permeability, Pi (mean value 274 i 43 

pm/s) as opposed to  that of water-injected 
oocytes serving as controls (10 i 3 pm/s). 
Forskolin (10 p M )  and 3-isobutyl-1-meth- 
ylxantliine (IBMX, Sigma, St .  Louis, M O )  
( 1  mM) did not influence the  permeability. 

T h e  sarne day, 10 AQP1-expressing oo- 
cytes were analyzed with the  two-electrode 
voltage clamp technique, with isosmotic 
NaCl  saline, ~ l n d e r  conditions described by 
Yool et al. (1) .  T h e  mean membrane poten- 
tial was -30.8 i 5.7 mV. T h e  basal un- 
stimm~lated conductance, obtained from ap- 
plication of voltage ramps, ranging from 
1 0 0  m V  to +50 m V  in  2.0 s, was identical 
for oocytes tliat express A Q P l  and for n.a- 
ter-injected oocytes serving as controls 
(1.75 i 0.38 pS and 1.88 i 0.50 pS, 
respectively; n =  10) .  Incubation rvitli for- 
skolin a ~ i d  IBMX did not i n d ~ ~ c e  an  increase 
in  conductance (1.90 i 0.47 p S ) .  Our  
conclusion is that CAMP does not activate 
a cation conductance in AQP1.  
P. M .  T. Deen, S. M .  Mulders, S. M .  
Kansen, C. H .  van O s ,  Universiteit Nijme- 
gen, 6500 HB Nijmegen, Netherlands 
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Y o o l  et al. (1)  describe increases in osmotic 
permeability and colld~~ctance of oocytes that 
express A Q P l  after exposure to forskolin or 
CAMP. We sought to reproduce the increases 
in permeability and injected Xenopus iclevis 
oocytes ~ i t h  1.25 ng of cRKA that encodes 
AQP1. Oocytes were then incubated for 4 
days at 18°C in KD96 ~l lediu~u (1).  

W e  preincubated oocytes for 20 Inin 
with forskolin and tlien measured perme- 
ability in  comparison with untreated (un-  
incubated) oocytes. Permeability n.as de- 
termined (2 )  by challenging tlie cells witli 
ND96  hypotonic saline diluted from 198 
to  100 mOsm. T h e  pernieability increase 
of treated as compared ~ i t h  untreated oo- 
cytes was significant (p = 0.0004): P, 
(mean  + SEM) = 559 i 16 p m  (11 = 7)  
and 420 i 25 p m  (11 = i ) ,  respectively. 

LVe performed the  experiment again 
with a second batch of oocytes. This tinie 
the  permeability differences were not signif- 
icant: P, (mean + SEM) = 330 i 25 p m  (n 
= 8 )  and 309 i 19 p m  (11 = i ) ,  treated to 
untreated oocytes, respectively. 

In  the sarne ta'o batches, water-injected 
oocytes (n  = i ) ,  otherrvise similarly treated, 
serving as a control, did not sho~v  signifi- 
cant increases. Our  data suggest tliat, a~h i l e  
forskolin can increase tlie per~ueability of 
AQP1,  variability alllong oocyte batches 
could make detection of such a n  effect 
problematic. 
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Jorge Fischbarg, Kunyan Kuang, Jun  Li, 
Pavel Iserovich, Qian W e n ,  College of Ph3- 
slclans and Surgeons Columb~n L'n~ters~t3, 
Neu Yolk, NY 10032, USA 
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W e  have carried out experiments similar 
to  those of Yool et nl. ( I )  nit11 AQPl  cloned 
from ocular ciliary epitlielium as part of our 
work o n  aquaporins. W e  microinjected 2 ng 
of bovine AQP1 c R N A  into Xenop~is oo- 
cytes to study the forskolin stilnulation of 
water permeability of AQP1.  Oocytes were 
incubated in  200 lnOsnl modified Barth's 
buffer at 18°C for 72 hours, after ~ l i i c h  
they were transferred to 70 mOsm Barth's 
buffer diluted rvitli distilled water, and the 
time course of osmotic volume increase n.as 
monitored at 20°C. Osmotic n.ater perme- 
ability (Pi) n.as calculated as previously de- 
scribed (2) .  Tlie forskolin effect was exam- 
ined by incubating oocytes in Barth's buffer 
containing 10 p M  concentrations of the  
reagent for 15 min before Pi was measured. 
W e  performed these experilnents using 
three different oocyte batches. T h e  values 
of Pi at  20°C (mean i SE) were 42 i 5 
pm/s (11 = 8 ) ,  38  i 5 pm/s (11 = 'i), and 
39 i 4 pm/s  (11 = 8 )  for u~i t reated A Q P 1  
injected oocytes; 69 2 pm/s (11 = l o ) ,  66 
i 5 pm/s ( n  = 9 ) ,  and 41 2 5 pm/s (11 = 

10)  for forskolin-stimulated oocytes; and 4 
i 1 pm/s ( n  = 'i), 5 i 2 pm/s (n = 8 ) ,  
and 6 i 1 pm/s  ( n  = 8 )  for a7ater injected 
oocytes. Our  data suggest tliat st im~llatiotl  
of AQPl  activity for forskolin (seen i n  
tn.o out of three experiments) may vary 
with the  oocyte batcli. 
Rajkumar V. Patil, Zhiquang Han, Mar- 
t in B. W a x ,  Washington LTniversity School 
of Medicine, St.  Louis. M O  63 1 1 Q .  USA 

receptor and have activated cationic con- 
ductance by stimulation of tlie receptor 
~ i t l i  its endogenous ligand (2) .  As  noted Icy 
Agre et al., n.e liave recorded forskolin- 
activated currents in  eggs that xvere sent to  
us after being injected in his laboratory. 
Tliis does not mean that all AQPl-injected 
oocytes show forskolin-activated currents. 
I11 our liands, approximately 15% of the  
oocytes injected ~ i t h  A Q P l  d o  not  show 
currents. Hoa~ever ,  these sanie oocytes 
usually fail t o  s~vell  and burst after being 
placed in  a7ater, ~ h i c h  suggests problems 
with oocyte viability, or tlie expression of 
AQP1,  or  botli. \We liave not  found tliis 
forskolin-activated cationic conductance 
in  any oocytes tha t  Kere injected with 
water (as controls). 

After discussions with Aore et al.. a " 
simple explanation for our different results 
has no t  emerged; a n  unresolved issue is the  
criteria used to select oocytes for record- 
ings. For example, Agre et al. record from 
oocytes ~ i t h  resting membrane potentials 
that are below (more negative than)  3 5  
mV; we use a cutoff of -20 mV. Our  data 
show that  for AQP1-injected oocytes in 
which forskol in-act ivate  currents Kere 
obtained, only 30% liad resting ~nelnbrane 
potentials below -35 mV ( the  remainder 
being in the  range of 2 0  to  -35 mV).  By 
contrast, for AQP1-injected oocytes in 
wliicli currents were no t  obtained, and for 
water-injected cells (controls),  nearly 
80% had resting nielnbrane potentials be- 
l o a ~  -35 mV. This  suggests that  in  oocytes 
that  express A Q P 1 ,  there is a sliglit depo- 
larization of the  resting membrane notell- " 

tial, a ~ h i c h  is consistent rvitli t he  higlier 
initial conductances in  AQP1-injected 
oocytes as compared witli water-injected 
cells ( 3  to  9 versus 1 to  4 pA/V,  respec- 
tively) and a reversal potential near -20 
m V  (1 ) .  Therefore, the  selection of oo- 
cytes ~ i t h  resting lnenlbrane potentials 
below 3 5  lnV may favor oocytes that  do  
no t  express AQP1.  

Tha t  aquaporin2 (AQP2) ,  the  vasopres- 
sin-sensitive water cliannel, does not  slioa~ REFERENCES AND NOTES 
a forskolin-activated cationic conductance 
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Response: As  detailed in our report ( I ) ,  
increases in  cationic conductance in Xeno- 
pus oocytes injected ~ i t h  AQPl  cRNA 
were obtained not  only n.itli forskolin but 
with cyclic 8-bromo-adenosine 3 ' ,5 '-mono- 
phosphate and by direct injection of the  
catalytic subunit of protein kinase A 
(PKA).  More recently, we have coexpressed 
AQP1 with an  adenylyl cyclase-stimulatorv 

(see the comment of Sasaki et al.) bears 
further evidence that tlie individual mem- 
bers of tliis falnilv of oroteins can differ. For , L 

example, among tlie aquaporins, which all 
sho~v  relatively high permeability to water, 
only aquaporin3 is permeable to glycerol 
(3) .  Tlie major intrinsic protein of l e~ i s  
(MIP) ,  a founding member of this family 
(4), has extensive holnology a i t l i  tlie aqua- 
porins but is significantly less permeable to  
water (5) .  Furthermore, in  reconstituted 
lipid bilayers, MIP shows a voltage-depen- 
dent anion conductance (6) ;  a property 
shared with nodulin-26, another member of 
the MIP family fo~ lnd  in the nitrogen-fixing 

root nodules of plants (7) .  Noiiuli~i-26, 
lioa~ever, is not permeable to water nor is tlie 
glycerol facilitator (glpF), a MIP hmily 
member found in Esclzerichia coli (8). Amino 
acid similarities have been identified be- 
ta7een members of the MIP family of proteins 
and tlie transnielnbrane dolnains of voltage- 
dependent K channels (9), ~ h i c h  raises the 
possibility that these tn7o families of proteins 
are related and may underlie a struct~lral 
basis for tlie fornlation of a channel. 

Intra- anii interlaboratory variability 
exists ~ i t h  respect to  tlie effects of forsko- 
lin o n  the  osmotic a7ater of 
AQP1.  Conflicting results have also been 
described for A Q P 2 ,  which nlay reflect the  
state of the  art. Thus,  it \\.as initially f o ~ ~ n d  
( I  Q)  that forskolin could directly increase 
tlie permeability of A Q P 2  in  Xenopus oo- 
cytes tliat express tliese channels,  but 
studies a ~ i t h  rat papillary eniiosomes at-  
tribute this increase solely to tlie translo- 
cation of A Q P 2  to the  plaslna mernbrane 
and not  to  a direct effect 011 the  channel  
(1 1 ) .  O n  tlie o ther  hand,  the  results ob- 
tained for a - T I P  ( 1  2 ) ,  a n  ailuaporin f o ~ l n d  
in  seeds, have not  been disputed. In  tliese 
studies tlie P, values of oocytes expressing 
a - T I P  increaseJ 80  to 100% after stimu- 
lation of CAMP formation by forskolin. It 
n.as also found tliat t h e  increase in a7ater 
permeability involveii t he  phosphoryla- 
t ion of a - T I P  by PKA at  three 
sites, tn.o of a~h ic l i  are similar to  a site 
present in  tlie carhoxyl terminus of AQP1.  
Some might regard the  aquaporins as pure- 
ly constitutive channels,  but OLIS data for 
A Q P l  and those for A Q P 2  and  a - T I P  say 
otherwise. More work will be needed to 
settle this issue, to  deterniine rvhetlier 
these effects occur in  vivo, and to  see 
xvliether they contribute to the  physiology 
of water and ion transport. 
John W. Regan, W. Daniel Stamer, An-  
drea J .  Yool, University of Ariyonn, Tuc- 
son, A %  85721 , USA 
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