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ABSTRACT. The AQP1 water channel protein is a homotetramer with 28 kDa subunits containing six
transmembrane domains. The sequence-related loops B (cytoplasmic) and E (extracellular) were predicted
to overlap within the membrane, forming an aqueous pore (“the hourglass”) flanked by the corresponding
B and E residues 73 and 189. Cryoelectron microscopy of AQP1 previously revealed the central hourglass
structure surrounded by six transmembrane helices which provide contact points between subunits. Several
mutants in loop B and E residues were nonfunctional when expresskd laevis oocytes, but their

ability to form tetramers is unknown. To explore the possible functional dependence of hourglass domains
in adjacent subunits, we prepared a series of tandem dimers as single 55 kDa polypeptides containing
different combinations of wild-type (AQP1) or mutant subunits (A73M or C189M). In oocytes, AQP1
AQP1 exhibited high osmotic water permeability, and AQEIL8IM exhibited half activity. Dimer
polypeptides with A73M were nonfunctional or not expressed. In yeast secretory vesicles-AQP1
exhibited high water permeability, AQPT189M exhibited half activity, and both were inhibited by
pCMBS. Although expressed, the dimer polypeptides with A73M were all nonfunctional. Tetramer
formation was investigated by detergent solubilization and velocity sedimentation through sucrose gradients.
Dimer polypeptides containing one A73M subunit or two C189M subunits migrated with slower velocity

(s < 3.5 S). In contrast, dimer polypeptides with one C189M subunit migrated with velocity similar to
native AQP1 tetramers ¢~ 6 S). Thus, although hourglass pore-forming domains are not points of subunit
subunit contact, the structure of loop B is important to normal tetramer assembly.

The existence of water pores was predicted to explain the Hg?*-sensitive site Cys-189 resides in loop E preceding the
rapid movements of water across cell membranes during NPA motif, and this residue is believed to lie near a critical
osmosis {). The high water permeability characteristic of narrowing of the aqueous pathwai/( 19.

red cells, renal proximal tubules, and certain other tissues is A functionally relevant structural model has been proposed
now known to be due to the presence of AQRUater 54 s heing confirmed by physical studies of AQP1 protein.
channel pr_otems n the_ plasma membranes of these_ée{ls_ (" The tandem repeats within AQP1 are oriented to each other
5). AQP1 is a 28 kDa integral membrane protein with high ., gpverse symmetry1Q). The mutant C189S is water
selectivity for vyate_r .and low activation energy-§ kcal{ permeable but is not sensitive to Hginhibition, while
mol) which is inhibited by HgGl and organomercurial 189 js not functional. Ala-73 in loop B corresponds to
pCMBS 6. 7). Since discovery .Of AQP1, numerous mam- residue 189 in loop E, and expression in oocytes of the
malian, plant, yeast, and bacterial water channels have beety, \hje mytant A73C/C189S results in water permeability
cloned and characterize@)( which is inhibited by Hg" (14). Thus, residues 73 and 189
ﬁpnsger_arlgle |ns_|ght Into the stru_cctiure of AQP1 hfai\besf are functionally similar with respect to water permeation.
ac |e\|/ed ' h eh pr:\r;narydaglno qul hseiquen(;e ho Q .~ From this, it was predicted that loop B and loop E overlap
revealed that the N- and C-terminal halves of the prgtem k}etween the leaflets of the bilayer, forming a continuous
represent two tandem sequence repeats, each comprised %queous pathway referred to as the “hourglds§?(Cryo-

three bilayer-spanning domains with two connecting loops . : :
(9). The most highly conserved sequences are presentin Ioopelectron microscopic studies of membrang crystalg showed
' at 6 A resolution that each AQP1 subunit has six tilted,

B (cytoplasmic) and loop E (extracellular) which each bilayer-spanning helices surrounding a central area most
contain the signature motif Asn-Pro-Ala (NPA)Q). The likely formed by loops B and E which carry the highly

: ) _ conserved residues involved in water permeatiti—17).
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intermediate sensitivity to Hg (14, 19. Attempts to
demonstrate hetero-oligomeric composition of AQP1 tet-
ramers by injecting two different cRNAs into oocytes
revealed that coexpression of the inactive mutant C189M
and the inactive truncation mutant D237Z resulted in a
functional complementation, whereas the inactive mutant
A73M failed to complement either mutant. Thus, residues
73 and 189 apparently contribute differently to the overall
AQP1 structure, possibly due to distinct contributions to
subunit-subunit associations.

Interpretation of mutant forms of AQP1 expressed in
oocytes is often made difficult by failure of the polypeptides
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medium at 22°C (11). Coefficients of osmotic water
permeability Pr, cm/s) were calculated from swelling data
between 15 and 30 s, initial oocyte volumé & 9 x 10
cn), initial oocyte surface areéS(= 0.045 cnd), and the
molar volume of water\{,, = 18 cn¥/mol) (22):

Py = [Vd(VIV)/d/[ S\, (0sm, — osm, )]

Oocyte Membrane Preparation and Immunoblot Analysis
Oocyte plasma membranes were isolated from groups-ef 10
15 oocytes Z3) and solubilized in 1.25% (w/v) SDS,
electrophoresed into a 12% SBgolyacrylamide gelZ4),

to traffic to the plasma membrangl). Although presumed  and transferred to nitrocellulose membrars) (vhich were

to reflect abnormalities in protein folding, mutant forms of incubated with a 1:1000 dilution of affinity-purified anti-
AQP1 have never been reported to result from defective AQP1 @, 3) and visualized by enhanced chemiluminescence.
tetramer assembly. Expression of mammalian aquaporins has Yeast Strains and Growth Conditiongemperature-
been achieved in yeast vesicle20), and this permitted  sensitive SY1 strains 08. cereisiae were used NIATa,
functional analysis of a mutant insect aquaporin which was ura3—52, leu2-3,112, his4-619, sec6-4, GAL)(26). Yeast

not possible in oocyte2(). Here we employed the yeast containing various plasmids were grown and maintained on
vesicle system to evaluate tandem dimers containing differentdefined minimal medum [yeast nitrogen base, 6.7 g/L (Bio
combinations of wild-type (AQP1) or mutant subunits 101; Vista, CA), 20 mg/L histidine, 30 mg/L leucine, 2%
(A73M, C189M) to evaluate whether hourglass pore-forming glucose as the carbon source]. One liter of yeast culture was
domains may perturb interactions between adjacent subunitsgrown at room temperature to mid-log phase ¢@DB- 1),
While residues 73 and 189 are functionally similar during and cells were harvested by centrifugation at 200 10
water permeation and are not points of subusitbunit min at room temperature. Production of AQP1 and ac-
contact, our results demonstrate that these residues contributeumulation of secretory vesicles were induced by transfer
to tetramer assembly, and the loop B residue 73 is moreto 1 L of rich YEP-galactose medium [0.5% yeast extract,
critical than loop E residue 189 to oligomerization. 1% bactopeptone (Difco Labs, Detroit, M), 2% galactose
(w/v)] during overnight incubation at 37C. Sodium azide
(10 mM) was added to the cells 10 min prior to harvesting
. . . . L them by centrifugation.

Matenal;. Polyclonall, aﬁ|n|ty—pquf|ed_rabb|t antibodies Spheroplast Preparation and Secretory Vesicle Isolation
were previously described3). Anti-rabbit IgG was from  yeast cells are suspended at a density of 5@g@mits/mL
Boehringer Mannheim; enhanced chemllumlnescence r€-jn spheroplasting medium (1.4 M sorbitol, 50 mM Tris-HCI,
agents were from Amersham; electrophoresis reagents WeTey 7.5 40 mM f-mercaptoethanol, and 10 mM sodium
from Bio-Rad. pYESZ vector was obtained from Invitrogen; zige) containing lyticase at 0.2 mg/mL, and incubated at
SY1 yeast strain and pPMAl.Z plasmid containing the 70_0 37 °C for 45 min. Spheroplast are collected by low-speed
bp 3 untranslated region of yeast ATPase gene were a gift centrifugation (1009 for 15 min at 4°C) and resuspended
from Dr. Rajini Rao, Johns Hopkins School of Medicine. i, the same volume of spheroplasting media containing 1

AQP1 Dimer ConstructsMutant dimers of AQP1 were  mM MnCl, and 1 mM CaGl and incubated with concanava-
generated in pBlueScript Il KS (pBSIl) as described  |in A (25 mg/1600 ORg units) for 15 min on ice.
previously for the wild-type AQP1 dimer constru#j. For Spheroplasts are pelleted by centrifugation and resuspended
expression in yeast, uniqitindlll and Acd sites were added gt 80 Oy, units/mL in cold lysis buffer (0.6 M sorbitol,
to the 3 and 3 ends of the wild-type and mutant AQP1 50 mM Tris-HCI, pH 7.5) containing carboxyfluorescein (7.5
dimers by PCR with appropriate oligonucleotide primers. A mg/mL) and lysed in the cold with 25 strokes of pestle A of
700 bp fragment containing the @ntranslated region of the g Dounce homogenizer. The lysate is centrifuged at 1000
yeast ATPase gene was cut from PMA1.2 wikhd and for 10 min to remove unbroken cells, nuclei, mitochondria,
BanHI and ligated into pBSIl. The PCR products were and cell debris which come in the pellet fraction. Secretory
digested withHindlll and Acd and ligated into the same  vesicles are collected by centrifugation of supernatant at
sites of the pBSII construct. The resulting plasmid was then 10000 for 1 h (Beckman Type 50 Ti rotor). These vesicles
digested withHindlll and Xba. The fragment containing  are further incubated overnight on ice in lysis buffer
the AQP1 dimer and ATPase sequence was purified andcontaining carboxyfluorescein and washed twice by cen-
ligated into the same sites in pYES2 for expression in yeast. trifugation at 100009 for 1 h at 4 °C prior to water

Preparation of Oocytes and Measurement efapped permeability measurements. Secretory vesicle diameter was
RNA transcripts were synthesized in vitrblj. Stage V and measured by dynamic light scatter using a DynaPro-801
VI oocytes fromX. laevis were injected with either 50 nL  instrument (Protein Solutions Inc., Charlottesville, VA).
of 1—-10 ng of RNA in water or 50 nL of water. Oocytes Vesicles had an average diameter of 22@2 nm. Protein
were maintained at 18C for 2—3 days in modified Barth’'s  expression was confirmed by immunoblotting with anti-
solution prior to osmotic water permeability measurements. AQP1 antibody 38).

Osmotic water permeability was measured by videomicro- Water Permeability Measurements on Secretory Vesicles
scopically monitoring changes in oocyte volume after transfer Water transport was measured by stopped-flow fluorescence
from 200 mosM isotonic medium to 70 mosM hypotonic quenching as previously describe2D). Using a stopped-

MATERIALS AND METHODS
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flow fluorimeter (SF.17MV; Applied Photophysics, Leath-

erhead, U.K.), the vesicles were rapidly shrunk by abruptly
exposing the vesicles to a doubling of extravesicular osmo-
larity causing carboxyfluorescein to self-quench. Extrave-

sicular carboxyfluorescence fluorescence was quenched by

adding anti-fluorescence antibody. Data obtained freri @
determinations was averaged and fit to single-exponential
curves using software provided by Applied Photophysigs (
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Fitting parameters are then used to calculate the osmotic

water permeability Fs):
aV(t)/dt = (P)(SAV)(MVW)[( C V(1) — Coy

whereV(t) is the relative volume as a function of time, SAV
is the surface area-to-volume ratio, MVW is the molar
volume of water (18 ciimol), andCj, andC,, are the initial
concentrations of total solute inside and outside the vesicle
as described/(, 27). Osmolarity was measured by a Wescor
vapor pressure osmometer (Wescor Inc., Logon, UT).

Velocity Sedimentation Analyseé&ast secretory vesicles
isolated from 200 mL cultures were solubilized in 1 mL of
2% N-lauroylsarcosine containing 50 mM Tris-HCI, pH 7.5,
by incubation at room temperaturerfb h and centrifuged
at 10000@ for 1 h toremove unsolubilized material. A 400
uL aliquot of the supernatant was layered over a 4.2 mL
5—20% (w/v) sucrose gradient in the same buffer containing
1% Triton X-100, and spun in a Beckman SW 50.1 rotor
for 16 h at 34 000 rpm at 4C. Fractions of 20Q:L were
collected and analyzed by immunoblot. Protein standgds (
amylase, 8.9 S; bovine serum albumin, 4.3 S; carbonic
anhydrase, 2.9 S; cytochrone 1.8 S) were processed
similarly (3).

Detergent Solubility StudieSecretory vesicles (5 mg/mL),
in a final volume of 1 mL, were incubated in the presence
of various detergents fol h at room temperature and
centrifuged at 1000@Pfor 1 h at 4°C. The presence of
AQP1 in supernatant or pellet was determined by immuno-
blot.

RESULTS

Expression and Water Transport Agty in OocytesThe
possibility that hourglass pore-forming domains in adjacent
AQP1 subunits may influence tetramer assembly was ap-
proached by constructing a series of tandem dimer cDNAs
for functional expression. Dimer cDNAs were formed by
splicing BarHlI sites at the 3end of the K267-Bam AQP1
cDNA and at the 5end of the K6-Bam AQP1 cDNA. The
resulting cDNA encodes a 530 residue polypeptide (AQP1
AQP1) with an N-terminal subunit (residues-267) con-
tinuous with a C-terminal subunit (residues-269) (14).
Because of observed differences in complementation exhib-
ited by monomeric AQP1 polypeptides with mutations in
corresponding pore-lining residueky, the mutants A73M
(loop B) and C189M (loopE) were studied by preparing
multiple combinations of tandem dimer constructs (Figure
1 and Table 1).

Complementary RNAs were injected into laevis oocytes
for functional analysis &). Consistent with our previous
studies 14), AQP1-AQP1 and AQP+C189S generated
comparable levels of 55 kDa protein expression when
measured by immunoblot (Figure 2, bottom panel). Likewise,
both exhibited high permeabilitie®{(> 250 x 10~* cm/s)

COOH

Ficure 1: Schematic diagram of a AQPAQP1 dimer. Two
AQP1 monomers joined tail-to-head in tandem are expressed as a
single 55 kDa polypeptide. Arrows indicate the positions where
site-specific substitutions were introduced.

Table 1: Expression of AQP1 Dimer Polypeptides in Oocytes and
Yeast

construct

AQP1-AQP1
AQP1-C189S
AQP1-C189M
AQP1-A73M
C189M-C189M
C189M-A73M
A73M—C189M
A73M—A73M
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FicUrRe 2: Osmotic water permeability?f) and protein expression

of AQP1 dimer polypeptides in oocytes. The top panel shows the
Ps values of oocytes injected with 50 nL of water containing 5 ng
of cRNA encoding AQP+AQP1 or dimers with the indicated site-
specific substitutionsP; values represent the mean and standard
deviations from 810 oocytes. The bottom panel shows an anti-
AQP1 immunoblot of total membranes pooled fromI® oocytes
and fractionated by SDSPAGE in a 12% gel.

when measured by the oocyte swelling assay (Figure 2, top
panel), whereas control, water-injected oocytes exhibited low
water permeability €25 x 10~ cm/s). Recombinants with

a wild-type N-terminal subunit joined to a mutant C-terminal
subunit (AQP+A73M and AQP1-C189M) produced com-
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400 exhibited approximately half the osmotic water permeability,
while the mutant AQP2A73M exhibited low water perme-
ability comparable to control vesicles from uninduced yeast.
The double mutants C189MC189M exhibited osmotic
water permeability only slightly higher than control vesicles
from uninduced yeast, while A73MC189M, C189M-
A73M, and A73M-A73M each exhibited water permeability
comparable to control vesicles (Figure 3). Incubation of the
vesicles in the mercurial pCMBS inhibited the water channel
activity of the wild-type AQP1, AQP1AQP1, and AQP*+
C189M by 76-80%.

Detergent Solubilization and Velocity Gradient Centrifu-
gation of Recombinant Protein§he native AQP1 protein
is known to exist as a tetrameB,(18, 29. The partial
decrease in water permeability of vesicles containing tandem
dimers with a wild-type subunit spliced to a mutant subunit
(AQP1-C189M) indicates that the wild-type subunit is still
functional, remains pCMBS-inhibitible, and is not perturbed
by the mutant subunit. The failure to measure increased water
permeability of vesicles containing dimeric proteins contain-
ing a wild-type subunit spliced to the other mutant subunit

300

cm/sec

-4

200

Pfx10

100

0

Dimer

Monomer

a3 222223 3320 (AQP1-A73M) indicates that the mutant subunit must
go gk oKk o K KO . . . . .
To5¥5s0 <§F < <2 somehow interfere with the function of the wild-type subunit.
S5 a5z 3 =D Z To evaluate possible structural defects, the solubilities of
<2 gx< g 5k < 5 yeast vesicle proteins were evaluated with 2% concentrations

] - ) ) of detergents: octyl glucoside, Triton X-100, dodecyl
Ficure 3: Osmotic water permeability?() and protein expression maltoside, CHAPS, deoxycholate, ahdlauroylsarcosine

of AQP1 monomer and dimer polypeptides in yeast secretory
vesicles. The top panel show’ values of secretory vesicles (Table 2). AQP1, AQPTAQPI1, AQPI-C189M, and

expressing the indicated polypeptides without previous incubation C189M—C189M were soluble in each detergent. In contrast,
(gray bars) or after 10 min of incubation in 1 mM pCMBS (black A73M and AQP1-A73M, and C189M-A73M were only
bars).Pr values represent the mean and standard deviations®f 3  gp|uble in 2%4N-lauroylsarcosine, a concentration above that

determinations. The bottom panel shows an anti-AQP1 immunoblot ; P
of 10 ug of expressed proteins from secretory vesicles fractionated used to extract red cell membranes during purification of

by SDS-PAGE in a 12% gel. AQP1 Q). o S
To examine the possibility that these physical differences
parable levels of protein expression, but the AQEI1L89M in protein behavior reflect differences in subunit assembly,

dimer conferred approximately half the water permeability the solubilized proteins were evaluated by estimation of
of AQP1-AQP1, while AQP+A73M conferred low water ~ sedimentation coefficients by ultracentrifugation in sucrose
permeability comparable to control, water-injected oocytes gradients (5-20%), conditions which previously demon-
(Figure 2). When double mutants containing a substitution strated the appareat= 5.7 S for human red cell AQP B
in each subunit were evaluated, only the C189\¥3M was The recombinant aquaporin proteins expressed in yeast were
expressed in levels comparable to AGRIQP1: however, solubilized and analyzed by this approach (Figure 4). AQP1
the oocytes exhibited low water permeability compared to and the wild-type tandem dimer AQPRAQP1 were found
control oocytes. Injection of oocytes with cRNAs corre- to have major peaks in fractions-21, corresponding to an
sponding to the double mutants C189/@189M, A73M— apparens ~ 6 S (tetramers). In contrast, the nonfunctional
A73M, and A73M-C189M all failed to produce detectable mutant A73M migrated in earlier fractions-Z, correspond-
levels of protein expression and exhibited low water per- ing to an apparerst < 3.5 S (dimers and monomers). AQP1
meabilities (Figure 2). C189M which was found to retain partial function in both
Expression and Water Transport Agty in Yeast.Since the oocyte system (Figure 2) and yeast vesicle assay (Figure
defective membrane trafficking makes tkelaevis oocyte 3) was found to migrate as two peaks minor peak in
expression system uninterpretable for evaluation of somelighter fractions and a major peak coinciding with the heavier
AQP1 mutants, expression B. cereisiae was employed.  fractions. The tandem dimer proteins AGRPA73M, C189M—
Expression of the tandem dimer proteins was evaluated byA73M, and C189M-C189M which failed to exhibit in-
immunoblot, and water permeability was measured by a creased water permeability in yeast vesicles all exhibited
stopped-flow spectrophotometer. All of the 55 kDa tandem mobilities similar to the A73M protein during velocity
dimer proteins were found to be abundantly expressed insedimentation. The tendency of the proteins to form SDS
the yeast system, and the wild-type AQP1 migrated with its aggregates or their inability to penetrate an SIPAGE gel
expected size of 28 kDa (Figure 3, bottom panel). Secretory was not observed in these mutants, suggesting that these may
vesicles containing the AQPJAQP1 tandem dimer exhib-  not be grossly misfolded.
ited osmotic water permeability similar to vesicles containing
wild-type AQP1 which is 16-20-fold higher than control DISCUSSION
vesicles from uninduced yeast (Figure 3, top panel). As in  Although numerous studies have been published describing
the oocyte studies (described previously), AQGRIL89M mutations in aquaporin genes, the oocyte expression system
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Table 2: Solubility of AQP1 Polypeptides from Yeast Secretory Vesicles in 2% Concentrations of Détergent

octyl Triton dodecyl deoxy- N-lauroyl-

construct glucoside X-100 maltoside cholate CHAPS sarcosine
AQP1 + + + + + +
A73M - - - - - +
AQP1-AQP1 + + + + + +
AQP1-C189M + + + + + +
AQP1-A73M - - - - - +
C189M-A73M - nd nd nd nd +
C189M—-C189M + + + + + +

a Soluble (), insoluble ), not determined (nd).

$1.8 29 43 8.9 to the plasma membrane where they confer osmotic water
ﬁ ﬁ permeability similar to wild-type AQP1. Rare AQP1 mutants
traffic to the membrane but fail to function. Some AQP1
mutants fail to traffic to the cell surface, so the water
permeability cannot be assessed, while others are expressed
at low levels. The largest reported series of AQP1 recom-
binants expressed in oocytes showed that most mutations in
residues near the NPA motifs in loop B and loop E have
A73M low water permeability, presumably because the mutant
polypeptides failed to traffic to the oocyte plasma membrane
(14).

Nevertheless, expressionXn laevis oocytes has provided
the initial insight into the structure of AQP1 and led to the
proposed hourglass modéHj. Identification of residue Cys-
189 in loop E as the Hg-sensitive site was made by testing
the mutant C189S which had high water permeability but
lacked Hg" inhibition (11). Replacement of Cys-189 with
larger residues (Tyr, Try, or Met) caused low water perme-
ability. Ala-73 is the loop B residue which corresponds to
Cys-189 in loop E, and expression of A73M in oocytes
resulted in low water permeability. Expression in tempera-
ture-sensitive strains @&. cereisiaethat accumulate secre-
tory vesicles 26) has previously been used for expression
of aquaporins Z0, 21). Here we employed this system to
characterize recombinant aquaporins which could not be

AQP1

Arbitrary units

AQP1-A73M functionally analyzed in oocytes, and we confirmed that low
water permeability of A73M is an inherent defect in the
...... 0 protein, not simply a problem with membrane trafficking in
oocytes.
A series of complementation studies was previously
C189M-A73M undertaken in oocytes which suggested that loop B and loop

E may possibly influence tetramer assembl)( The
truncation mutant D237 lacks the C-terminal cytoplasmic
domain (site of a presumed targetting signal) but retains the
six transmembrane domains and the aqueous pore formed
by the overlap of loop B and loop EL4). Expression of
C189M-C189M D237Z in oocytes did not result in high water permeability,
due to presumed failure to traffic to the plasma membrane.
o 0 Expression of the loop B mutants A73M or N76Q failed to
5 10 18 20 increase oocyte water permeability, and when coexpressed
Fraction No. with D237Z, both failed to complement. In contrast, coex-
FIGURE 4: Velocity sedimentation profiles of wild-type and site- Pression of the loop E mutants C189M or C189W with
specific substituted AQP1 monomer and dimer polypeptides from D237Z led to functional complementation, and formation of

yeast secretory vesicles. Vesicles containing the indicated polypep-mixed oligomers was confirmed by immunoprecipitation
tides were solubilized in 29%-lauroylsarcosine and centrifuged  (14),

through 5-20% sucrose gradients (see Materials and Methods). .
Collected fractions were analyzed by densitometric scanning of anti- | ne failure of loop B mutants (A73M and N76Q) and the

AQP1 immunoblots. loop E mutant (N192Q) to complement D237Z was previ-
ously left unexplained. Chances of a mutant AQP1 associat-

permits only limited insight into the behavior of mutant ing with a wild-type AQP1 subunit will be greatly increased

AQP1 polypeptides. Many mutant AQP1 polypeptides traffic by expression within tandem dimers. Nevertheless, the
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studies reported here demonstrate the failure of tandemREFERENCES

dimers including AQP+A73M to assemble into tetramers.
Thus, A73M may interfere with the formation of the
hourglass within the individual subunit, but it apparently also
leads to misalignment of surrounding contact points between
subunits. Despite the functional similarities of residue 73 in
loop B and the corresponding residue 189 in loop E, subtle
physical differences have been observed. Expression in
oocytes of the double mutant A73C/C189S resulted in high
water permeability which was Hgrinhibitible, but the
mutant was less sensitive than wild-type AQP1 to inhibition
by H?™ (14). This suggests that both of these residues are
located near a critical narrowing of the aqueous pore, but
residue 73 is less accessible to?gResidue 189 may also
partially restrict tetramer assembly, since here we found that
the mutant dimer C189MC189M exhibits low water
permeability in yeast vesicles and fails to form tetramers.
The challenge is to merge these observations with the
structure of AQP1 as established & A resolution by
cryoelectron microscopylf). When the projection is viewed
in crosssection, the sixx-helical transmembrane (TM)
domains are tilted at20° and form a right-handed bundle.
Moreover, when the projection is viewed from the extracel-
lular surface, the TMs are arranged counterclockwise around
a central density believed to represent overlapping loop B
and loop E. Although structural assignments are not definite,
loops B and E do not appear to represent contact sites
between subunits, and loop B appears as a narrow, kinked
structure, whereas loop E resembles a broader funnel. TM1
and TM3 in adjacent subunits appear to make contact, as do
TM4 and TM6. The studies reported here indicate that a
single amino acid substitution in loop B may lead to
misalignment of the flankinga-helical transmembrane
domains (TM2 and TMS3). Thus, A73M may perturb the
orientation of TM3 which no longer fits well with TM1 in
the adjacent subunit, even if joined as a dimer in a single 55
kDa polypeptide (AQP£A73M). The corresponding sub-
stitution in loop E was less critical to tetramer formation,
since AQP1-C189M resulted in tetramers with partial water
permeability. Nevertheless, when this substitution occurs as
the dimer C189M-C189M, tetramer assembly is not achieved.
Although the detailed structural explanations for these

observations are still speculative, together the studies reported 5

here indicate that the domains responsible for AQP1 water
permeation are also critical to subunit assembly.
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