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Hitherto, the packing arrangement of the aquapo-
in-1 (AQP1) tetramer in 2-dimensional (2-D) crys-
als (two-sided plane group p4212) was observed to
e largely similar (canonical crystal form) despite
he difference in the source of the protein, the
lycosylation state of the protein, the type of lipids,
nd the ratio of lipid to protein in the crystallization
ixture. We report here our observation that the

acking of AQP1 tetramers shows polymorphism in
-D crystals generated in dioleoyl phosphatidylcho-
ine bilayers. Apart from the canonical form, three
dditional allomorphs were identified. One was ob-
erved when small (0.25) lipid to protein ratio was
sed in the crystallization mixture while the other
wo were observed when the divalent cation content
n the canonical crystals was modified. The various
llomorphs were distinguished by different relative
rientations of the AQP1 tetramer viewed in projec-
ion. The same, two-sided plane group p4212 and
imilar unit cell dimensions were maintained in the
ifferent allomorphs as established by analysis of

mages of frozen-hydrated, nominally untilted crys-
als. Our results indicate that the interaction be-
ween the AQP1 monomers at the interface of the
etramers is flexible and is also strongly influenced
y Mg21 ions with the cation effect materializing be-
ause of the intrinsic fluidity of the membrane. r 2000

cademic Press

Key Words: aquaporin; membrane-protein struc-
ure; 2-dimensional crystal; and electron crystallog-
aphy.

INTRODUCTION

Aquaporins are intrinsic membrane proteins found
n both eukaryotes and prokaryotes where they
erve as channels for rapid dissipation of osmotic
radients across the lipid bilayer (Agre et al., 1995;
erkman et al., 1996). The abundantly expressed,
artially glycosylated, AQP1 (earlier called CHIP28)
hannel is the archetype in the aquaporin family

1 To whom correspondence should be addressed. Fax: (858)

t84-9927. E-mail: mitra@scripps.edu.
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hose members belong to the MIP (major intrinsic
rotein) superfamily (Gorin et al., 1984). There is a
eneral consensus that AQP1 selectively transports
ater (Zeidel et al., 1994), although recent reports
ave implicated CO2 permeability (Nakhoul et al.,
998; Prasad et al., 1998)).
2-D (2-dimensional) crystals of AQP1 have been

sed to examine the structure using electron crystal-
ography which has proven to be invaluable for
etermining high-resolution 3-D structures of mem-
rane proteins (Grigorieff et al., 1996; Henderson et
l., 1990; Kimura et al., 1997; Kühlbrandt et al.,
994). Generation of 2-D crystals of AQP1 was
eported by Walz et al. (1994) and later by Mitra et
l. (1994). Projection maps of AQP1 were determined
y electron cryo-crystallography by three groups
Jap and Li, 1995; Mitra et al., 1995; Walz et al.,
995) who used different conditions for 2-D crystalli-
ation and specimen preservation for microscopy.
alz et al. (1995) used glucose-embedded native,

artially glycosylated AQP1 from human erythro-
ytes that were crystallized in lipids extracted from
scherichia coli. Glucose embedding was also em-
loyed by Jap and Li (1995) who used native, bovine
QP1 crystallized in dimyristoyl phosphatidylcho-

ine (DMPC). We (Mitra et al., 1995) crystallized
eglycosylated, human erythrocyte AQP1 in dioleoyl
hosphatidylcholine (DOPC) bilayers and examined
he frozen-hydrated crystals preserved in vitrified
uffer. Notwithstanding the differences stated above,
he three projection maps revealed overall similari-
ies characterized by tetrameric packing of the AQP1
onomers and multiple density peaks in each mono-
er suggestive of a-helices. The orientation and

acking of the 6 a-helices were visualized in detail in
he 3-D density maps calculated by the three groups
Li et al., 1997; Walz et al., 1997; Cheng et al., 1997).

A feature of the three projection maps reported by
he three groups was the similar orientation of the
QP1 tetramers in the unit cell. Based on this
bservation, it has been suggested (Hasler et al.,
998) that a single and dominant set of specific
rotein-protein interactions exists between theAQP1

etramers in the 2-D crystals in lipid bilayers. We
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46 REN ET AL.
eport here our observation that the packing of AQP1
etramers in 2-D crystals generated in DOPC bilay-
rs can show polymorphism. Variations in the pack-
ng arrangement were observed either when small
ipid to protein ratio (LPR) was used or when the
ivalent cation content was modified by posttreat-
ent of the crystals. This variability suggests that,

etween AQP1 tetramers, there is a flexibility in the
irect protein-protein interaction and/or indirect pro-
ein-lipid interactions which leads to alterations in
he packing scheme.

MATERIALS AND METHODS

2-D crystallization. Highly ordered 2-D crystals of deglyco-
ylated AQP1 were prepared (Mitra et al., 1995) by reconstitution
f protein into DOPC bilayers. Outdated human erythrocytes
San Diego blood bank) were used to generate protein purified
van Hoek et al., 1995) in the detergent n-octyl-b-D-glucopyrano-
ide (OG; Anatrace, Maumee, OH). The concentrations of protein,
ipid, and detergent in the ‘‘canonical’’ crystallization cocktail
ere 1.0 mg/ml, 0.33 mg/ml, and 70–120 mM respectively in
0 mM NaPi, 100 mM NaCl, 0.1 mM EDTA, 0.025% NaN3, pH 7.2
bufferA). Protein reconstitution and crystallization were achieved
fter minimizing the amount of detergent in the protein-lipid-
etergent mixture by dialyzing against 1000-fold excess buffer A
or 8 days with change of buffer every 48 h. Hereafter, the
anonical crystals are referred to as type I. The crystallization
ondition for the growth of type II crystals was the same as for
ype I except that the lipid concentration was 0.25 mg/ml. Further
reatment of type I crystals was carried out as follows. One
reatment consisted of removing EDTA in the suspension contain-
ng crystals by dialysis against 5000-fold excess buffer B (20 mM
aPi, 100 mM NaCl, 0.025% NaN3, pH 7.2) for 6 days. Another

reatment was incorporation of Mg21 ions into the crystalline
uspension by first dialyzing the crystals against 5000-fold excess
uffer B for 6 days followed by dialysis against 5000-fold excess
uffer C (20 mM NaPi, 100 mM NaCl, 2 mM MgCl, 0.025% NaN3,
H 7.2) for 3 days and subsequent removal of unbound Mg21 by
ialysis against 5000-fold buffer B for 3 days. Degradation of
rotein in the crystals was checked by SDS-PAGE with a 12.5%
olyacrylamide resolving gel and 4% stacking gel.

FIG. 1. Projection density map of AQP1 in type I crystal form
esolution reproduced from Jap and Li (1995), (b) map at 3.5 Å
Preparation of frozen-hydrated ice-embedded specimens. Fro-
en-hydrated specimens were prepared in a cold room (4°C,
mbient relative humidity 90%) using a plunge-freeze device
Dubochet et al., 1988). Typically, reconstituted samples were
llowed to settle for ,2 min on a 300-mesh molybdenum grid
verlaid with a flat, continuous carbon film that had been
endered hydrophilic by glow-discharging (60–90 s) in a saturated
tmosphere (0.05 to 0.10 Torr) of amylamine. The grid was blotted
ith a preheated filter paper for 10–30 s and then plunged into

iquid ethane slush to achieve vitrification.
Data collection and processing. Minimal-dose, flood-beam im-

ges were collected using a Philips CM200FEG electron micro-
cope operated at 200 kV at a nominal magnification of 50,000.
mages were recorded on Kodak SO-163 films, which were devel-
ped for 11 min in full-strength Kodak D-19 developer under
itrogen burst. Images were assessed for their quality on an
ptical diffractometer and those displaying sharp spots, minimum
rift, and astigmatism were chosen for processing. Selected areas
f good images were digitized on a Perkin-Elmer PDS densitom-
ter using an aperture and step size of 7 µm. Image processing
as carried out on a DEC/Alpha workstation following the
rotocol and the programs (MRC package) described in Hender-
on et al. (1990). The program ALLSPACE was used to ascertain
he plane group symmetry. Images of a given crystal type were
rought to the same origin based on the phases of all reflections
ith IQ #7 (in the nomenclature of Henderson et al., 1986).
Electron diffraction patterns from nominally untilted crystals of

he canonical crystal form (type I) were digitized on a Perkin-
lmer PDS densitometer using an aperture and step size of 10 µm
nd processed using a peak profile fitting algorithm (PICKPROF)
n the MRC package (Baldwin and Henderson, 1984). A reflection
as excluded if the average of the intensities of the Friedel pairs
as less than their difference and greater than 5 times the

tandard deviation of such averages for all reflections in that
attern. The merging of the data from diffraction patterns in-
olved scaling and application of isotropic temperature factor. The
ntensities of very-low-resolution ($25 Å) spots in the diffraction
attern cannot be correctly estimated because of the extremely
igh background intensity caused by inelastic scattering. For
uch reflections, amplitudes derived from the images of the type I
rystal were used after correcting for the CTF (using CTFAPPLY)
nd scaling by an appropriate scale factor based on strong

has been subjected to 3-D structural analysis. (a) Map at 3.5 Å
tion reproduced from Hasler et al. (1998), and (c) map at 3.7 Å
that
resolu

esolution determined in the present study.
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47POLYMORPHISM OF AQUAPORIN-1 TETRAMERS
eflections in the neighboring higher resolution shell (25–18 Å,
.g., the 5,1 reflection at 19.6 Å resolution).
All analyses of crystals other than the canonical type I crystals
ere based on images recorded from nominally untilted speci-
ens. Except for type I crystals, projection maps were calculated

y using phases and amplitudes from images boosted by a B-factor
2100) to compensate for resolution-dependent fall-off in image
ontrast (Schertler et al., 1993). In the case of type I crystals,
mplitudes were those obtained directly from nominally untilted
lectron diffraction patterns.

RESULTS AND DISCUSSION

Hitherto, in 2-D crystals the packing of AQP1
etramers has been shown to be essentially similar
Fig. 1; Hasler et al., 1998). Such crystals belong to
hat we call a type I form. The optical transforms of

mages recorded from crystals generated with lower
PR or from crystals in which the divalent-cation
ontent was varied indicated different motifs for the
istribution of strong, medium resolution (,16–10 Å)
eflections when compared to that for the canonical
type I) crystal recorded at a similar level of defocus.
n addition, the 4-fold symmetry was maintained as
efore. Based on the characteristic optical trans-
orms, three additional allomorphs (type II, type III,
nd type IV) were identified. The type II form was
een when the lipid to protein ratio (weight/weight)
n the crystallization cocktail was 1/3.5 or lower. This
orm was seen occasionally also at higher lipid to
rotein ratios, but was the abundant form at lower
atios. The other two allomorphs appeared upon
lteration of divalent-cation content in the suspen-

TA
Phase Residual in Different Two-Sided Plane

Two-
sided
plane
group

Type I (Image 1898) Type II (Image 8464)

Phase
residuala

and number
of comparison

Phase
residualb

and number
of comparison

Target
residualc

Phase
residuala

and number
of comparison

Phase
residualb

and number
of comparison re

1 22.4 522 16.3 522 24.6 488 17.9 488
2 33.7‡ 261 16.9 522 32.5 36.1* 244 18.0 488
12_b 82.2 214 53.4 16 22.8 79.9 193 48.2 14
12_a 84.2 216 50.8 20 22.9 84.6 195 49.6 18
121_b 23.0* 214 10.6 16 22.8 27.6‡ 193 18.3 14
121_a 16.1* 216 15.4 20 22.9 18.7* 195 20.1 18
12_b 82.2 214 53.4 16 22.8 79.9 193 48.2 14
12_a 84.2 216 50.8 20 22.9 84.6 195 49.6 18
222 67.3 691 16.9 522 26.2 68.2 632 18.1 488
2221b 61.7 691 41.3 522 26.2 62.7 632 40.9 488
2221a 65.2 691 41.6 522 26.2 67.8 632 42.8 488
22121 24.9* 691 16.9 522 26.2 28.2* 632 18.1 488
222 67.3 691 16.9 522 26.2 68.2 632 18.1 488
4 26.4* 713 16.9 522 26.1 26.6* 648 18.1 488
422 60.3 1576 16.9 522 24.1 60.5 1425 18.2 488
4212 23.5* 1576 16.9 522 24.1 24.9* 1425 18.1 488

a Versus other spots (90° random)—data included to 6.5 Å resolution.
b Versus theoretical (45° random)—data included to 6.5 Å resolution.
c Based on statistics taking Friedel weight into account.
* Acceptable suggestion based on the statistics; † possible suggestion based on the sta
ion containing type I crystals. Type III crystals s
esulted upon removal of EDTA whereas type IV
rystals were generated by exogenous addition of
g21. As in the case of type I crystals, results from
LLSPACE indicated the best agreement when the
hases for each new allomorph were constrained by
he symmetry of two-sided plane group p4212 (Table
). The dissimilarity between each new allomorph
nd the canonical form is clear as seen from the high
erging-phase residual for each against the canoni-

al form (Table II). This is translated as variations in
he tetramer packing as revealed from projection
ensity maps for the type I and the three new
llomorphs (Fig. 2, first panel). SDS-PAGE on type
II and IV crystals, that did not have EDTA in the
nal buffer, did not indicate enhanced proteolysis
hen compared to type I crystals that contained
DTA in the final buffer (data not shown). Therefore,

he assumption of alternate packing is not due to any

I
s for the Four Different Packing Allomorphs

Type III (Image F291) Type IV (Image I257)

Phase
residuala

and number
of comparison

Phase
residualb

and number
of comparison

Target
residualc

Phase
residuala

and number
of comparison

Phase
residualb

and number
of comparison

Target
residualc

24.4 410 17.8 410 21.0 568 15.2 568
42.6† 205 21.3 410 35.5 20.3* 284 10.2 568 30.4
77.3 154 24.0 12 24.8 84.0 245 44.9 14 21.3
82.9 159 46.6 22 25.1 81.3 245 48.5 14 21.3
27.3‡ 154 22.0 12 24.8 18.9* 245 6.8 14 21.3
19.6* 159 21.1 22 25.1 17.6* 245 16.2 14 21.3
77.3 154 24.0 12 24.8 84.0 245 44.9 14 21.3
82.9 159 46.6 22 25.1 81.3 245 48.5 14 21.3
67.2 518 21.3 410 28.8 61.8 774 10.2 568 24.4
60.8 518 40.1 410 28.8 63.0 774 42.1 568 24.4
66.2 518 41.0 410 28.8 62.1 774 41.4 568 24.4
31.0‡ 518 21.3 410 28.8 19.0* 774 10.2 568 24.4
67.2 518 21.3 410 28.8 61.8 774 10.2 568 24.4
31.9‡ 521 21.3 410 28.7 18.2* 764 10.2 568 24.5
60.3 1116 21.3 410 26.4 57.3 1726 10.2 568 22.5
27.2* 1116 21.3 410 26.4 18.2* 1726 10.2 568 22.5

two-sided plane group, which also should be considered, based on the statistics.

TABLE II
Merging Statistics for the Three New Allomorphs against

the Canonical (Type I) Form

Phase
residuala

Number of
comparisons

ype II 79.5° 226
ype III 59.5° 192
ype IV 77.9° 260

a Best phase residual for a whole unit cell search. Data included
o 6.5 Å resolution. The phase residual between images for the
BLE
Group

Target
sidualc

35.8
25.0
25.1
25.0
25.1
25.0
25.1
28.9
28.9
28.9
28.9
28.9
28.8
26.5
26.5

tistics; ‡
ame type ranged from 19.9 to 38.1°.
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FIG. 2. First panel: Projection density maps showing polymorphism in the packing arrangement of AQP1 tetramers. (a) Map at 3.7 Å
esolution of type I form determined in the present study. (b) Map at 6.5 Å resolution determined from type II crystals. (c) Map at 6.5 Å
esolution determined from type III crystals. (d) Map at 4 Å resolution determined from type IV crystals. Second panel: The variation in the
acking arrangement. The angles between square-shaped schematic representations of a pair of adjacent tetramers in the various
llomorphs quantify the packing alteration. The squares define areas that just enclose the strongest peaks of the corresponding projected
48
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49POLYMORPHISM OF AQUAPORIN-1 TETRAMERS
roteolytic cleavage such as that of the protease-
ensitive long C-terminal tail (Walz et al., 1996).
Based on the analyses of images recorded under

he same conditions (high tension and magnifica-
ion), the overall average deviation in the individual
nit cell dimensions for the three forms (average,
alculated variation 5 61.0%) when compared to
he data for type I (calculated variation 5 61.4%)
as 2.1 (62.0)% with the largest deviation being
.6% (type II). Thus, the calculated unit cell dimen-
ions for the three new allomorphs were similar to
hat for the type I. Examination of the projection
aps for the four different allomorphs (Fig. 2) shows

hat the interaction between the AQP1 monomers at
he interface of the adjacent tetramers in the various
llomorphs is quite flexible. This flexibility, which
ppears as variations in the location and the dis-
ance between the region of closest contact between
he tetramers, allows for the accommodation of
ifferent packing arrangements without large alter-
tion in the cell dimensions. The small differences in
he unit cell dimensions for the three allomorphs in
omparison to type I may be caused by the LPR in
he crystals but not sufficient to account for the
ifference in the LPR used in reconstitution, for
nstance, in the case of type II crystals.

The projection density maps in Fig. 2 serve to
llustrate and quantify the observed polymorphism.
n order to assess the degree of alteration in the
acking arrangement of the tetramers, the identifica-

FIG. 3. Stereo pair of 3-D density map of ice-embedded A
erpendicular to the bilayer, showing one monomer and portions o
aths of the centers of the six tilted a-helices (A to F) that form a ba
he density attributed to the two NPA box regions. Reprinted by
agazines, Ltd.

ensities (first panel) at the lipid-facing periphery of the tetramers
ositive packing angle (19°). Third panel: The projected density for
n order to help elucidate important, common features of the m
ppropriate rotation around the 4-fold axis (8.5° for type I, 215°
ndicated by a single asterisk and that circumscribed by dotted li

etramer) in the projected density map shown in the first panel (see text
ion of a homologous monomer (tetramer) in the various
llomorphs was carried as follows. Since, the same lipid
DOPC)wasusedthroughoutandbuffer contentchanged

arginally between different crystallization conditions,
e expect that the overall 3-D structure of the monomer,

ts disposition in the bilayer, and the strong intermono-
er interaction within a tetramer (Li et al., 1997; Walz

t al., 1997; Cheng et al., 1997) are similar in the four
llomorphs. This means that the location of the peaks in
he projected density of a monomer produced by the
ilted helices (Fig. 3) should remain unchanged, or at
east similar. In the third panel of Fig. 2, the density

ap of a monomer excised from tetramer 1 (Fig. 2,
econd panel) for each of the four allomorphs is provided
n order to draw attention to the homologous locations of
ommon features in the monomer densities. For this
urpose, the excised densities were approximately
ligned by appropriate rotation around the 4-fold axis.
ven though, moderate mirror symmetry in the mono-
er density is apparent around an in-plane axis passing

hrough the center of the tetramer (consistent with
revious observation from the 3-D map determined by
thers and us (Cheng et al., 1997; Li et al., 1997)),
eatures that mark the asymmetry in the density are
learly apparent. In the orientation presented, there is a
ense, approximately circular peak on the lower left
marked by an asterisk) which is well separated from
ther major peaks at a medium resolution (8–6 Å). This
eak is known to be generated by the overlap of helix B
nd C as delineated in the 3-D density map (Fig. 3;

at 7 Å resolution (Cheng et al., 1997), viewed approximately
ent monomers within a tetramer. The rods trace the approximate
rrounding a vestibular region (dashed circle). The arrow indicates
sion from Nature (Cheng et al., 197), copyright 1997, Macmillan

rientation of the tetramers in the type I was chosen to designate a
omer in the various allomorphs excised from the tetramer density.
r density, the excised densities were approximately aligned by
pe II, 4° for type III, and 216.5° for type IV). The density peak
tify features that help designate the homologous monomer (and
QP1
f adjac
rrel su
permis
. The o
a mon
onome
for ty

ne iden

for detail).
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50 REN ET AL.
heng et al., 1997). The density peak at the lower right
orner of the monomer (circumscribed by dotted line) is
longated and curved and is due to the overlap of
ensities for helices C and D, and D and E (Fig. 3). The
resence of these distinct, asymmetric features conveys
hand to the projected monomer density and helps

istinguish between the density for adjacent tetramers
ositioned across the diagonal 2-fold axis. Based on the
riteria mentioned above and upon close examination of
he two possibilities, tetramers identified in Fig. 2
second panel) were chosen as homologs in the four
llomorphs. The relative variation of tetramer disposi-
ion in the various allomorphs is given as the change in
he angle between adjacent tetramers which varies from
19° for type I to ,233° for type IV.
Polymorphism in the packing of a given membrane

rotein in different types of 2-D crystals has been
bserved in many cases. Examples are bacteriorho-
opsin, rhodopsin, OmpF porin, and microsomal
lutathione transferase. Bacteriorhodopsin natu-
ally forms trigonal p3 lattices (Henderson and
nwin, 1975) but orthorhombic crystals can be ob-

ained by reconstitution of purified protein (Michel et
l., 1980; Miercke et al., 1991). Depending on the
ource of protein, purification scheme and the lipid
econstitution protocol, rhodopsin displays different
rthorhombic crystal forms (Krebs et al., 1998).
mpF porin shows a variety of crystal forms pro-
uced by varying the LPR, by the nature of the lipid,
nd by phospholipase treatment (Sass et al., 1989;
alian and Jap, 1990; Hoenger et al., 1990; Engel et

l., 1992). Minimal changes in the LPR in the case of
lutathione transferase engendered marked alter-
tions in the two-sided plane group from p6 to p21212
ith attendant alteration in the crystal packing

Schmidt-Krey et al., 1999). In all the examples
entioned above, the different packing schemes for a

articular membrane protein occur in crystals with
ifferent plane group symmetries and consistent
ith the different symmetry elements in each crystal

orm. However, as far as we know, our results
emonstrate the first example where crystal forms
ith the same two-sided plane group have been

hown to harbor distinct packing arrangements.
The new allomorphs that were generated by (a)

he given value of LPR in the crystallization cocktail
nd (b) the ambient amount of divalent (Mg21) cation
epresent different minimum energy states of pack-
ng of the tetramer in the lipid milieu. As mentioned
bove, the role of LPR in controlling the observed
rystal packing in other 2-D crystals has been demon-
trated. Since types III and IV crystals were gener-
ted from type I, the LPR (1:3) is unchanged in these
orms. On the other hand, type II crystals are an
xample of the effect of varying the LPR, which was

:4. However, as noted above, the lipid content in d
ype II crystals is similar to that in the other three
orms. It appears, therefore, that the relatively re-
uced amount of lipid present during crystallogen-
sis of type II leads to alternate favored interactions
etween the tetramers without producing more dense
acking.
Since three of the four allomorphs (type I, III, IV)

re distinguished by the level of divalent actions
e.g., Mg21) in the suspension containing crystals,
he strong influence of the cations in modulating
rystal packing is apparent. The observation of these
ultiple forms through treatment of the 2-D crystals

lso attests to the flexibility of the bilayer mem-
rane. The appearance of the type III form (EDTA
ree) first indicated to us this possible effect of the
ivalent cation, which led to experiments that re-
ulted in the generation of type IV crystals. Presum-
bly, the type III form which is generated in the
resence of a background level of divalent cation
contaminants in the buffer and leached from the
lass dialysis chamber) in EDTA-free buffer repre-
ents an intermediate state between type I (with
DTA) and type IV (without EDTA, Mg21 added)

orms. In parallel with the altered packing, the
mages recorded from the type IV crystals consis-
ently showed, among the four allomorphs, the stron-
est signal at the highest resolution due to the
resence of the large coherent areas (Fig. 4). Typical
reas of coherent domains in such crystals were
0.43 µm2 (Fig. 4a) compared to ,0.20 µm2 for the

ther forms. A high-resolution computed Fourier
ransform for a typical image of a type IV crystal is
rovided in Fig. 4b. In this context, our observations
hould be contrasted with the results of Walz et al.
1994) who observed that addition of divalent cations
uch as Mg21 or Ca21 (10 to 100 mM) to the reconsti-
ution buffer prevented the formation of vesicles but
romoted the growth of mosaic, stacked sheet-like
tructures whose borders were decorated with aggre-
ated protein. Such sheets apparently were less well
rdered compared to the crystals on vesicles. The
nfluence of divalent cation on the surface lattice has
een noted before (Wakatsuki et al., 1994) in purple
. salinarum membranes containing crystalline
atches of bacteriorhodopsin. In this case, upon
ation depletion (blue membrane), a distinct lattice
tructure slightly different from the native form
ppeared that showed order-disorder transition dur-
ng dehydration.

The effect of the divalent cation that we observed
ould be mediated through interaction with phospho-
ipid headgroups, protein side chains, or both. Deute-
ium NMR studies (Zidovetzki et al., 1989; Roux and
loom, 1990) have shown that divalent cations such
s Mg21 interact more strongly with the phosphati-

ylcholine headgroup in synthetic lipid bilayers than
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51POLYMORPHISM OF AQUAPORIN-1 TETRAMERS
onovalent cations and can induce conformational
hange of the headgroup (Roux and Bloom, 1990). In
he case of bacteriorhodopsin, the functional role
layed by divalent cations in the conversion of the
lue (inactive) to the purple (active) form of the
embrane has been actively studied and has been

ecently explained (Varo et al., 1999) based on eleva-
ion of surface pH produced by nonspecific binding to
he surface of the membrane (possibly to the anionic
ipid headgroups). For AQP1, there is no published
vidence of specific binding of divalent cations except
or the special case of inhibitory binding of Hg21 to
he extracellular Cys189 (Preston et al., 1993). In the
QP1 polypeptide sequence, however, there are pock-
ts of negatively charged regions in the interhelix

FIG. 4. Highly ordered crystals (type IV) obtained after
ddition of Mg21 to type I crystals. (a) Very large coherent domain
polygon) in the crystal is indicated by uniformly strong cross-
orrelation peaks ($0.5 times the maximum peak) when a small
eference area of an image not yet corrected for lattice distortions
s compared to the rest of the image. (b) Fourier transform of the
ame image area after corrections for lattice distortion. The size of
he squares represents the IQ value (Henderson et al., 1986) of the
orresponding reflection. The largest squares represent reflec-
ions with IQ equal to 1. The edge of the box is at 3 Å resolution
nd the circular rings are drawn at 5 and 4 Å resolution.
oops as well as in the charged C-terminal tail. These
ay serve as potential binding sites. In addition,
uch sites could also exist on the sizable, solvent-
ccessible, possibly polar surfaces lining the channel
n both the cytoplasmic and the extracellular faces
hat is enclosed by the a-helix barrel (Ren et al.,
ubmitted). It is reasonable to argue that some or all
f these types of interactions must be at play to
roduce the observed variations in the packing ar-
angement. It is interesting to note that among the
our forms, the tetramer packing motifs in type II
nd IV crystals are very similar (packing angles 231
nd 233°) (Fig. 2). This suggests that this is a
referred packing scheme which can be accessed
ither during the process of crystallization starting
ith protein-lipid-detergent complex or in the pro-

ein-reconstituted lipid bilayer.
The averaged discrepancy between the phases for

ach of the new allomorphs with those for the
anonical form is not prohibitively large (Table II).
herefore, the occasional observation of more than
ne packing allomorph in a AQP1 crystal prepara-
ion presents a challenge in the effort to determine
he high-resolution structure since images corre-
ponding to the commonly observed type I form must
e carefully selected.

CONCLUSION

The main results emanating from this work are
ummarized below.
1. The packing of AQP1 tetramer in 2-D crystals

an show polymorphism.
2. The various packing allomorphs display the

ame two-sided plane group and similar unit cell
imensions. This has not been observed before in 2-D
rystals of any other membrane protein.
3. Variation in the LPR used in the crystallization
ixture lead to an altered packing motif of the

etramers.
4. Divalent cation (Mg21) strongly modulates the

acking of AQP1 tetramers in the lipid bilayer. The
otation of the AQP1 tetramers in this case attests to
he intrinsic fluidity of the lipid bilayer membrane.
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