
curvature d2M/aT2 = a(C/T)/dH = 
(T,SH)-'[C(H + SH) - C(H)] would then 
show an oscillation with both positive and 
negative parts. This was not observed (Fig. 
2B). The present measurements suggest a 
second-order transition, in agreement with 
recent results of torque magnetometry (1 2).  

The amplitude of the step is AC = (6.6 i 
15%) mJ/(K gram atom). Ehrenfest's relation 
determines the corresponding change of 
slope of the equilibrium magnetization by 
A(dM/aT) = - (dHn,/dT)'AC/Tm. With Bm 
= 4.2T, T ,  = 83.5 K, andT, = 92.5 K, we 
obtain ~ T A ( ~ M / ~ T )  =(0.20 i- 15%) G/K, 
to be compared with the experimental value 
(0.2 2 25%) G/K in the same field (6). The 
break in the slone is therefore confirmed to 
be an equilibrium property. 

The amplitude of the step is nearly con- 
stant from 1 to 6 T. The number of vortices 
is proportional to B, and T ,  decreases with 
B; therefore, the C jump per flux line in- 
creases when T ,  approaches T,. This may 
result from critical fluctuations (3), varia- 
tions of the length of the correlated ele- 
ment in the flux line, or both. Below 1 T, 
the jump decreases and becomes sharper; 
above 6 T, it progressively transforms into a 
smooth crossover. Measurements at 14 T do 
not show any sharp structure on the extrap- 
olated melting line. This sets an upper limit 
to the possible existence of a critical point 
terminating the melting line. 

One'o'f the signatures of a first-order 
transition is given by the phenomenon of 
superheating and supercooling. An observa- 
tion of the heating and cooling rates in our 
experiment sets an upper limit of 0.2 K for 
the hysteresis. Preliminary measurements 
with an ac techniaue on an untwinned 
single crystal bring this limit down by an 
order of magnitude (10). No hysteresis was 
found in M measurements (6). These obser- 
vations suggest a second-order transition. 

The quantity C(H,T) - C(0,T) was mea- 
sured for Bi-2212 in fields that lie above the 
critical point [see figure 13a of (13)]. These 
data give an idea of the shape of the back- 
ground near T, in the absence of freezing. 
There is no positive overshoot such as thac 
seen in Fig. 2A for Y-123. 

The nature of the thermodvnamic tran- 
sition between the different vortex phases 
of high-temperature superconductors is still 
under discussion (1 2 ) .  Our measurements 
show a second-order step on the transfor- 
mation line that had been determined in- 
dependently by measurements of R and M. 
This second-order step constitutes the ther- 
mal signature of the melting of a vortex 
solid. This situation is analogous to the 
melting of a usual atomic lattice, with vor- 
tex modes playing the role of phonons ( 14). 
Our results establish that the transition line 
of interest and the break in the slope of M 

are equilibrium properties (15). 
Note added in proof: Using differential 

thermal analysis, Schilling et al. (16) have 
observed a latent heat on the vortex lattice 
melting line of an untwinned Y-123 crystal. 
Using adiabatic calorimetry and a twinned, 
fully oxidized 18-mg single crystal grown in 
BaZrO,, we observed a specific heat peak 
rising up to =1% above the C/T background 
in B = 8, 11, and 14 T on the vortex lattice 
melting line (1 7). The area under the peak. 
corresponds to a melting entropy on the 
order of 0.5 kB per vortex per layer up to the 
highest field. This result might confirm and 
extend Schilling's differential thermal anal- 
ysis experiments. 
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Allelic Diversity and Gene Genealogy at the 
Self-Incompatibility Locus in the Solanaceae 
Adam D. Richman,* Marcy K. Uyenoyama, Joshua R. Kohn 

The self-incompatibility (S) locus of flowering plants offers an example of extreme 
polymorphism maintained by balancing selection. Estimates of recent and long-term 
effective population size (N,) were determ~ned for two solanaceous species by exam- 
ination of S-allele diversity. Estimates of recent N, in two solanaceous species d~ffered 
by an order of magnitude, consistent with differences in the species' ecology. In one 
species, the evidence was consistent with historical population restriction despite a large 
recent N,. In the other, no severe bottleneck was indicated over millions of years. 
Bottlenecks are integral to founder-event speciation, and loci that are subject to bal- 
ancing selection can be used to evaluate the frequency of this'mode of speciation. 

Balancing selection can maintain large 
numbers of alleles within no~ulations (1 . 

1 .  ~, 

2), and this polymorphism persists much 
longer than does selectively neutral genetic 
variation (3, 4). At the S locus, the trans- 
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mission rate of an allele is inversely propor- 
tional to its frequency, and populations 
commonly harbor as many as 30 to 50 al- 
leles (5, 6). Alleles at this locus can be 
extremely old, as reflected by their extreme 
sequence variability (7) and by phyloge- 
netic analvses that have found that an allele 
from one species may be more closely relat- 
ed to an allele from another species or genus 
than to other alleles from the same soecies. 
a pattern called trans-specific evolution (3,  
8). Thus, historical events such as changes 
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in population size leave an impression that 
persists much longer for variation subject to 
balancing selection than for neutral varia- . 
tion (4, 9 ,  10). A t  the major histocompati- 
bility complex loci of vertebrates, extensive 
trans-specific variation is found in both the 
cichlid fishes in Lake Malawi 11 1 )  and in 
humans and other primates (12), which in- 
dicates that severe population constrictions, 
such as those invoked by models of founder- 
event speciation, cannot have been impor- 
tant durine s~eciation of these taxa. 

" L  

Two estimates of N, can be derived from 
S-allele variability (1, 9, 10, 13). The number 
of alleles present in a population reflects a 
short-term estimate because of strong selec- 
tion for novel alleles in populations below 
equilibrium and rapid relaxation to an equi- 
librium of diversity after population restric- 
tion (9). In contrast, the number of trans- 
specific lineages inferred from allele genealogy 
evolves over millions of generations ( lo ) ,  be- 
cause the loss of trans-specific lineages re- 
quires the extinction of all representatives of a 
lineage within a species. Nevertheless, in re- 

Fig. 1. Al~gned amlno ac~d 
translat~ons of part~ai S-al- 
lele cDNA sequences ob- 
ta~ned by RT-PCR for S 
carolinense (Sc) (14) and P 
crassifoha (PC) (6), 23 addl- 
t~onal published S-allele 
cDNA sequences [S 
chacoense (Schaco) (34, 
35), S tuberosum (Stub 
S2) (36), Lycopersicon pe- 
ruvianum (Lperu) (37- 391, 
Nicotiana alata (Nalata) 
(40), Petunia hybrida (Phy- 
br~da) (41, 42), and Petunia 
inflata (P~nflata) (43)], and 
two non-S r~bonuclease 
sequences from Lycoper- 
sicon esculentum (LEI (44) 
and Momordica charantia 
(MC) (45) The lnlt~al al~gn- 
ment of amlno ac~d se- 
quences was obta~ned 
with the default sett~ngs of 

stricted populations the loss of alleles and of will lack the trans-specific evolutionary pat- 
trans-specific lineages will be accelerated (9). tern, and the average sequence divergence 
After a bottleneck, newly generated alleles among alleles within the species will be low 

Fig. 2. Percent nonsyn- 
onymous substitut~ons 
per s~te P, versus percent I P. crassifolia (within lineages) 
synonymous substitu- 
tions per site P, for all pair- 
wise comparisons w~thin 

0.6 
species, obtained with the 
program MEGA (33). 
Dotted line, 1 : 1 ratio of 
ordinate and abscissa; 
+, S. carolinense: H, P. 
crassifolia within clade 
comparisons; 0, P. cras- 
sifolia between clade 
comparisons. 

the multiple alignment pro. SchacoS2 W P D - - N K K Y L L N N C ~ ~ ~ Y - - - A ~ ~ - ~ Q S K L D D R W D L T S N K ~ Q ~ G T C C E K L ~ Q A - Q ~ - - L T M N L ~ ~ L L R I L R N H G I ~ - G S L A - L L S N S G R P L R ~ C  
SchacoS3 WPD--mSTmCKIV---KYNKIED-EHKIDRLEYGWPNLTTTEAVSKEDQVFWGKQ~KHGSCCTDLYDKD-AYFD--~KDRFDLLKILAMHGITP-WSH-HTSSNIQW~~-~~ 

qram Clustal W (46) and NalataSl WPD--NVSTELNYCDRQK--KFKLFED-DKXQ~LDDRWDLT~RDCC~GQG~~Y~GTCCLP~QE-QYFD--LAMRL~K~LLKS~GIIP-TKS--~~ITK-GFP~ 
NalataS2 W P D - - N H ~ C D ~ K - - P ~ - G ~ W E R v ~ D L T k r p m S L D K Q ~ ~ m C S D m m - Q Y F D - - W L R D K F D L L S S L R N H G I S R - G F S - - W Q ~ I K A I ~ - G F P f f i T C  

was subsequently NalataS3 W P D - - ~ S ~ C S G ~ - - ~ D D - D ~ L D D R ~ D L T I ~ I E H Q ~ ~ G T C C S ~ T - Q Y F D - - ~ K D ~ D L L T ~ L R K H G T T P - ~ ~ - - W Q K I N ~ T I K A I ~ - ~ P ~ S C  
fled by eye The first three NalataS6 WPD--NVS~LNFCGKED--DYNIIMD-GPE~GL~WPDLI~~~IKHGITCSEIYNQV-QYFR--LAMRL~KFDLLTS~GIIR-DIX--WQKINEPTI~KG--YPNLSC 

NalatasZ WPD--~G~FCTSE---WAQDSPIWDW~~FGLENQFLWRGaCIPRWQM-QYFL--W?RLKDKFDLLATLRTHGITP-~K--HT~RDAIWQMPDLKC 
P O S I ~ I O ~ S  lnclude primer Nalatas, W P D - - E ~ H ~ G E - - - - T ~ L E - - P ~ ~ L T I R W P D ~ ~ D A O D ~ ~ ~ ~ ~ C T E L Y D ~ A - A Y F D - - ~ ~ K F D L ~ G I I P  GST--YTVDECEKOSFAW-AYPNLNC . - 

sequence for Sc and PC NalataSF11 WPD--~CKPKP--TY~YFT--GKMLNDW~QLKFEQDYG~TEQPSWQYIKHGSCCQKRW~N-TYFG--~~KFDLLRT~~~~~IIP-GSS--~~~DIFDAIK~SQ-~PDIKC 
Pinflatas1 WPE--ITGFRLEF~T~~DP--KYFPF~-NNIVD~~QMKFD~~QPLWS~~CCSKIYNQK-AYFL--LATRLKW(FDLL~LRTHGITP-~--HTFGDIQKAI~QMPDLKC 

seauences and were in- pinflatas2 WPK--NKHFRLEFCTGD---~SRF~-DNIINVL~OMRFD~PS~OPLL~~GICCKNLYWE-AYFL--LPIIRL~KLDLL~LRTHGITP-GTK--~FGEIOKAI~PDLKC clubed for pur- PinflataS3 WPE--~HFRLEFCK~D---KFVSF~LKDRIVNDL~~NKFDEKFAXIK~PLW~GICSSNL~~~R-AYFL--LAMRVKDKLDLL~LRTHGITP-~--HTFGEI~~I~PD~C 
Phybridasx WPD--NEQR~FCTST---DISLF-D-GDILDDwmQLKFD~QoQPLmQFRXHWCENRYKQM-PYFL--W?RL~LL~LRTHGIIP-~K--HTFDETQKAIK~Q~PDLKC 

POSeS only. Abbreviations PhybridaSlB WPD--SISVIMNNCDPT---kTFATITEIKQITELEKRWPEL~AQFRLTSQS~YQYEKHGITCFPWSQS-AYFD--FAIKL~kTDLLSILffi~P-GST--YTGERINSSI~-WPNLKC 
PhybridaS3 W P E - - K K R F R L E F ~ D - - - ~ L E E D N I I N V L E R H W I Q ~ ~ ~ Q P L ~ G I C C ~ L - - W ? R L ~ K L D L L ~ L R T H G I T P - G T K - - H T F G E I Q K A I ~ S N N D P D L K C  for the amino acid residues WPD--NNSIILHDCP~YXDR~ITD-HKKLIALDKRWpQLKWYFSGI~DLBiRHEFQKHGSCGI~YKQ--AYFD--W?KLKDKFDLLKILPNNGINP-GST--~IESAI~SG-KIPSLKC 

are as follows: A, ~ 1 ~ ;  C, & ;  WPD--NKSIILHDCPIDKKODIIT~IRD-HRILTE~KRW~QLPHO~INAQP~~~FEKHGTCGINR--~KDKFDLLTVZENHGIKP-GST--YL~IESAI~~I-KKPSLKC 
WPD--NNSIILHDCLIDKKK;YSTITD-HKILIEWKRWpQLRFD~INAQPW~YEFTKHGIT~YKQP-AYFD--LAMKLKDKFDLL~GIKP-GST--YL~IESAI~SI-KKPSLKC 

Cys; D, Asp; E, Glu; F, Phe; SCS~I W P D - - W S T I L H D C ~ F T I X N - H K I L I E L E ~ W P Q L R Y D ~ F T G I W Q P ~ F L  
WPD--NKSQMLNDCSS-KX-RYHNILE-PDKRKQLEDEWPDLTAMAG~EKnQ~FNKHGTCSIDLYNQE-AYFD--LAIKLXNQFDILKTLRNHGIIP-Gh?lS-T~DAIWLVSh-HVPNWC G, G~Y; H, His: 1 ,  lie; K, LYS; : ,D_.,m s..,,, I,.pIKIm~DLT-mKHQAF*IAmm 

L, Leu; M ,  Met; N ,  Asn; P, scsz WPD--EQHAMLNDC-G-KX--FNDIMD-PRESKEWKRWPD~SIA~S~JR~GTCCSERYNQK-~--LAMNLKD~LMILKSC~GITP-GDSY--PWKIEQAI~~-~PNWC 

Pro; Q, Gin; R,  Arg; S, Ser; :::; W P D - - I K ~ ~ S Q A - - R f l P W - - ~ F D ~ D L F R T E R D ~ ~ ~ F u l M G I C C S D L F N E E - K Y R ) - - L A V G L K D R F D L L K I ~ G I I P - G S N - - ~ I E ~ I R ~ - W A N L S C  
WPD--KLRRHLQFCTSD---~IKFDP-GSLMOALD~Q~EIG~QPL~~GICCLPRYN@-QYFL--LAMRL~KFDLL?TLTTHGITP-~--IPT~I~AI~-NNPDLKC 

T, Thr; V, Val; W, Trp; and :::; WPD--~I(RRLQFCTTTA---FKLFN--~IRD~~QLKWQKPG~PL~QYKKHGTCCEPRWQM-QYFL--~SLW~LLATLRNHGITP-~--HPFDKIHDAIKTATHGINPDLKC 
. .  - WPD--IITSFImDCNKTI--KFKXIED-~~RWWLTSTESDASNWPFWkYOFECSDWSOS-E--Ih~KDSIDLLKILLT~IIR-GFR--YTGCOISG4IK~-~PNPKC 
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relative to taxa that have not experienced a 
bottleneck event. 

We used the reverse transcription poly- 
merase chain reaction (RT-PCR) (14) to as- 
sav allele number and seuuence variation at 
thk S locus in two North i m e r ~ c a n  species of 
Solanaceae: the horsenettle Solanum carolin- 
ense, a herbaceous perennial weed of the 
southeastern United States and northern 
Mexico, and the ground cherry Physalis cras- 
sifolia, a perennial subshrub of southwestern 
deserts. All individuals were heterozygous, as 
expected at the S locus, and results of single- 
donor crosses demonstrated that the genetic 

transmission of the tested alleles was consis- 
tent with gametophytic self-incompatibility 
for both species (6, 14). The sequences ob- 
tained (Fig. 1) span the hypervariable regions 
that are thought to play a role in self-nonself 
recognition (7). 

Different numbers of alleles were recov- 
ered from the two species. Thirteen alleles 
were recovered from 26 heterozygous diploid 
genotypes sampled from two S, carolinense 
populations separated by -250 km (14 geno- 
types from one population, 12 from the oth- 
er). The 99% (asymmetric) confidence inter- 
val on the number of alleles in S. carolinense 

55 56 k P c S 8  PcS14 LPcs2 
q p c s 2 7  

PcS5 

g 
97 ,J& 

100 r P c S 4  
PcS28 

-ScS6 + 
-NalataS3 

- g q  ScS8 + 
Lperul 2a 

Fig. 3. Neighbor-jo~ning tree based on amino acid distances between (partial) S-allele sequences from 
the Solanaceae. Distances were generated by means of the PAM Dayhoff similarity matrix implemented in the 
program.Protd~st In the phylogenetics analysls package Phylip 3.5 (47). Topology was determined with 
the use of the Phyl~p program Neighbor, and branch lengths were calculated by the least squares method 
implemented in F~tch (47). Numbers are bootstrap values exceed~ng 50%. Brackets Indicate alleles from P. 
crass~fol~a (PC) (6); arrows indicate alleles from S. carolinense (Sc) (14). Species names In bold denote 
Nicotiana and Petunia alleles. References for cDNAs included in the phylogenetlc analysls are given in Flg. 1. 

ranged from 13 to 15 (15). In contrast, 28 
alleles were recovered from a samole of 22 P. 
crassifolia genotypes from a single population 
located within the University of California 
Deeo Canvon Reserve (Palm Desert. Califor- 
nia): a populat'ion estimate' of 43 to 
44 alleles. Using the approach of Wright (1 6), 
we estimated the population sizes required to 
maintain these extents of S diversity to be 500 
to 1000 for S. carolinense (14) and 6000 to 
10,000 for P ,  crassifolia (6). Differences in S 
diversity among species likely reflect differ- 
ences in ecological characteristics that affect 
N,. Solanum carolinense is a clonal rhizoma- 
tous weed that occurs in small and orobablv 
short-l~ved patches, which suggests a small Ne, 
whereas P. crassifolla is a nonrhizomatous spe- 
cies that occurs over large areas of und~sturbed 
desert habitat. 

These soecies also differ in the extent of 
divergence among alleles. Physalis crassifolia 
alleles are more closely related on average 
than are alleles found in S.  carolinense. 
which indicates more recent divergence in 
P .  crassifolia. The difference in average di- 
vergence was assessed by comparing the 
mean length of terminal branches on with- 
in-species phylogenies of S alleles. The 
mean length of terminal branches in P. 
crassifolia (0.048, SE 0.014) is significantly 
shorter (P < 0.05) than in S. carolinense 
(0.13, SE 0.03) (17). 

The two soecies also differ with resoect to 
the numbers of nonsynonymous (P,,) and syn- 
onymous (P,) substitutions per site (Fig. 2). 
Although most comparisons among alleles 
from P. crassifolia show an excess of nonsyn- 
onvmous substitutions (consistent with oosi- 
tive selection for different specificities), most 
comparisons among S. carollnense alleles fail 
to show such an excess. This difference is 
related to the extent of divergence among 
alleles; failure to detect evidence for positive 
selection in more distant comparisons proba- 
bly results from the accumulation of many 
synonymous substitutions over time (1 8, 19). 
A similar pattern has been reported for S 
alleles in the sporophytic self-incompatibility 
system of Brassicaceae (20). 

The greater average age of alleles in S. 

Table 1. Long-term N, for S. carolinense and P. 
crassifolia, assuming or~gination rates (v) that vary 
from 1 0-7 to 1 0-9 gene-' generation-' and differ- 
ent numbers of trans-specific lineages (k). 

S, carolinense P. crassifolia 
v (n = 13) (n = 28) 
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carolinense is also reflected in the genealogy of 
S-allele sequences (Fig. 3). In S. carolinense 
there is extensive trans-generic evolution. 

u 

with 9 of 13 lineages separated from the next 
closest conspecific lineage by an allele from 
Petunia or Nicotiana. By contrast, the S alleles 
in P. crassifolia fall into only two clades, such 
that onlv two lineages out of a oossible 28 - 
show a trans-specific pattern. The extensive 
trans-generic evolution observed in S. caroli- 
nense (14) and other species of Solanaceae (8) 
indicates that these lineages have been inher- 
ited through multiple speciation events. 
Against this background, the limited number 
of old lineages in P. crassifolia appears excep- 
tional. One possible explanation for the pau- 
city of trans-specific lineages in P. crassifolia is 
that the genus Phvsalis branched off earlv rel- 
ative to i t he r  soianaceous taxa included in 
the phylogenetic analysis. However, molecu- 
lar systematics of these genera unambiguously 
group Solanum and Physalis as sister derived 
taxa relative to Nicotiana and Petunia (21 ). 

Long-term N+, was estimated from the ex- 
tent of trans-generic polymorphism within 
species (1 1 ,  22, 23). We identified the num- 
ber of lineages within each species that pre- 
date the time since divergence of Nicotiana 
from the clade containing Solanum and Phys- 
alis, which has been estimated at 30 million 
years ago (8). In S.  carolinense, 9 of 13 lineages 
exceeded this age (24). This result is robust 
to uncertainty in the phylogeny; bootstrap 
resampling identified eight or more trans- 
generic lineages in 93 of 100 replicates. In P. 
crassifolia, all 100 bootstrap replicates con- 
tained three or fewer trans-generic lineages. 
The assumption that all lineages not showing 
the trans-generic pattern are younger than the 
time since divergence of the clade containing 
Physalis and Solanum from Nicotiana is most 
critical in application to P. crassifolia. This 
assumption appears reasonable in view of the 
relatively limited divergence of alleles within 
each of the major allelic clades (Fig. 2). We 
assume a generation time of 2 vears for these 
short-live: perennials. This assumption is 
critical only if there has been a significant 
difference in generation time between these 
taxa over long evolutionary periods. Such a 
difference seems unl~kelv given that neither , u 
genus is remarkable in terms of life form vari- 
ation, with most members consisting of short- 
lived perennials, similar to the taxa consid- 
ered here. Another necessary assumption is an 
origination rate of new S alleles. which has 
be& estimated within broad bounds. Studies 
of the frequency of mutations affecting self- 
incompatibility in pollen indicate that this 
parameter is < lop7 generation-' 
(25). An origination rate of lop9 
generation-' is at odds with the extensive S 
diversity observed in small, isolated popula- 
tions ( 1 .  10. 13. 26). . ,  , , , 

Estimates of long-term N e  for various orig- 

ination rates (v) and numbers of ancient lin- 
eages (k )  for S. carolinense and P. crassifolia 
(23) are shown in Table 1. For all parameter 
combinations, estimates of long-term N e  for 
P. crassifolia are smaller than the correspond- 
ing estimates for S. carolinense, usually by an 
order of magnitude or more, whereas estimates 
of recent N .  from the number of extant alleles 
yielded the opposite pattern. Although this 
result appears to leave unresolved the ques- 
tion of whether P. crassifolia has undergone an 
increase in population size or whether S. caro- 
linense has undergone a reduction (or both), 
we suggest that the origination rate of 
gene-' generation-', which we treat as an 
upper bound, is probably too high. This rate 
gives a very large estimate of long-term N e  
(3.9 x lo5 to 6.5 x lo5) in S. carolinense; the 
number of alleles predicted to occur in a 
population of this size is 338 to 444, much 
larger than available soecies-wide estimates in u 

plants expressing gametophytic self- 
incompatibility (14, 27). For origination rates 
of gene-' generation-', long-term N e  
estimates for P. crassifolia are more than an 
order of magnitude smaller than the recent N - 
estimated from the number of alleles in the 
Deep Canyon population. For origination 
rates of gene-' generation-', long-term 
N ,  estimates are very small for both taxa 
because little lineage extinction is exoected 

u 

with a low input rate of new alleles. However, 
this origination rate is unable to support the 
extensive S-allele diversity observed in small, 
isolated populations (1,  10, 13, 26). In view 
of the data on allele number, which indicate a 
large recent N e  for P. crassifolia, we conclude 
that patterns of lineage persistence within 
species are most likely explained by a historic 
population restriction that resulted in the loss 
of most S-allele diversitv in P. crassifolia, fol- 
lowed by rediversification after the bottleneck 
event. 
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Forskolin Stimulation of Water and Cation 
Permeability in Aquaporinl Water Channels 

Andrea J. Yool, W. Daniel Stamer, John W. Regan 

Aquaporinl, a six-transmembrane domain protein, is a water channel present in many 
fluid-secreting and -absorbing cells. In Xenopus oocytes injected with aquaporinl com- 
plementary RNA, the application of forskolin or cyclic 8-bromo- adenosine 3',5'-mono- 
phosphate increased membrane permeability to water and triggered a cationic con- 
ductance. The cationic conductance was also induced by direct injection of protein 
kinase A (PKA) catalytic subunit, reduced by the kinase inhibitor H7, and blocked by 
HgCI,, an inhibitor of aquaporinl. The cationic permeability of the aquaporinl channel 
is activated by a cyclic adenosine monophosphate-dependent mechanism that may 
involve direct or indirect phosphorylation by PKA. 

Lipid bilayers have an inherently low water 
permeability, an attribute that benefits life in 
aqueous and terrestrial environments. In spe- 
cialized cells, water permeability is enhanced 
by the expression of aquaporins, integral 
membrane proteins that regulate osmotically 
driven transmembrane water fluxes ( I  ). The 
primary sequences of aquaporins predict six 
transmembrane domains and internal NH2- 
and COOH-terminal domains (2). This struc- 
tural motif is similar to that of other channels 
and transporters (3). 

In Xenopus oocytes, expression of comple- 
mentary RNA (cRNA) encoding human 
aquaporinl (CHIP28) confers an increased 
osmotic water permeability (4). Aquaporins 2 
and 5 have consensus sites for the adenosine 
3',5'-monophosphate (CAMP)-dependent 
PKA (5). Aquaporin2, the vasopressin-regu- 
lated water channel, shows a CAMP-depen- 
dent increase in water permeability when ex- 
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pressed in Xenopus oocytes (6). In contrast, 
aquaporins 1 and 3 lack typical consensus 
sequences for phosphorylation by PKA and 
are thought to be constitutivelv active. 

~oltaie-clamp studies of xinopus oocytes 
with aquaporinl cRNA provide no evidence 
for ionic permeability (4, 7). We also have 
found that the unstimulated aquaporinl 
channel shows no evidence of net ionic flux. 
However, after treatment with forskolin, 
which increases production of CAMP by ad- 
enylyl cyclase, the rate of osmotically driven 
water uptake in aquaporinl-injected oocytes 
(8) was increased (Fig. 1). Swelling was quan- 
titated by videomicroscopy after exposure of 
an .oocyte to hypotonic saline (100-mOsm 
gradient). Oocytes incubated for 15 min in 
isotonic saline containing 10 pM forskolin 
showed the greatest subsequent rate of swell- 
ing in hypotonic saline. Ethanol (0.1%), used 
for dissolving forskolin, had no effect alone on 
swelling. Unstimulated oocytes expressing 
aquaporinl showed an intermediate rate of 
swelling; their initial swelling rate was de- 
creased 66% by HgC12 (100 pM), a blocker of 
water channels (9, 10). Water-injected con- 
trol oocvtes showed a low swelling rate that 
was unaffected by forskolin. ~alcuiated coef- 
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