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Reversible, Temperature-Dependent Supramolecular Assembly
of Aquaporin-4 Orthogonal Arrays in Live Cell Membranes

Jonathan M. Crane and A. S. Verkman*
Departments of Medicine and Physiology, Cardiovascular Research Institute, University of California, San Francisco, California

ABSTRACT The shorter ’’M23’’ isoform of the glial cell water channel aquaporin-4 (AQP4) assembles into orthogonal arrays of
particles (OAPs) in cell plasma membranes, whereas the full-length ’’M1’’ isoform does not. N-terminal residues are responsible
for OAP formation by AQP4-M23 and for blocking of OAP formation in AQP4-M1. In investigating differences in OAP formation by
certain N-terminus mutants of AQP4, as measured by freeze-fracture electron microscopy versus live-cell imaging, we discov-
ered reversible, temperature-dependent OAP assembly of certain weakly associating AQP4 mutants. Single-particle tracking of
quantum-dot-labeled AQP4 in live cells and total internal reflection fluorescence microscopy showed >80% of M23 in OAPs at
10–50�C compared to <10% of M1. However, OAP formation by N-terminus cysteine-substitution mutants of M1, which probe
palmitoylation-regulated OAP assembly, was strongly temperature-dependent, increasing from <10% at 37�C to >70% at 10�C
for the double mutant M1-C13A/C17A. OAP assembly by this mutant, but not by native M23, could also be modulated by
reducing its membrane density. Exposure of native M1 and single cysteine mutants to 2-bromopalmitate confirmed the presence
of regulated OAP assembly by S-palmitoylation. Kinetic studies showed rapid and reversible OAP formation during cooling and
OAP disassembly during heating. Our results provide what to our knowledge is the first information on the energetics of AQP4
OAP assembly in plasma membranes.
doi: 10.1016/j.bpj.2009.09.017
INTRODUCTION

Aquaporin-4 (AQP4) is a water-selective channel expressed

in glial cells in brain and various epithelial cells in kidney,

airways, exocrine glands, and other tissues (1–3). In the

central nervous system, AQP4 plays an important role in

brain water balance, neuroexcitation, and glial cell migration

(4). Two predominant isoforms of AQP4 are expressed, a

full-length (‘‘M1’’) isoform, and a shorter (‘‘M23’’) isoform

with translation initiation at methionine 23 (1) (Fig. 1 A).

AQP4 molecules form tetramers in membranes (5,6).

AQP4-M23 tetramers can further assemble in supramolec-

ular complexes called orthogonal arrays of particles (OAPs),

which are regular, square arrays of intramembrane particles

seen by freeze-fracture electron microscopy (FFEM) in

brain, kidney and other tissues (7–11). AQP4-M1 tetramers

do not form OAPs. Our lab discovered the involvement of

AQP4 in OAPs by showing the presence of OAPs in

AQP4-M23-transfected cells (12), and the absence of OAPs

in AQP4 knock-out mice (13). The biological importance of

AQP4 assembly in OAPs is not known. There is speculation

that OAPs might enhance AQP4 water permeability (14,15)

or play a role in AQP4 polarization to astrocyte foot pro-

cesses (16). It has also been suggested that OAPs are sites

of intercellular contact (5), although a more recent study

could not confirm involvement of AQP4 in cell-cell adhesion

(17). Correlations have been reported between OAP abun-

dance and disease processes such as toxic encephalopathies

(18), muscular dystrophy (19) and neuromyelitis optica (20).
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We recently established the molecular determinants of

OAP formation by quantum-dot single-particle tracking

(SPT) of the M1 and M23 isoforms of AQP4 in live cells at

physiological temperature, 37�C. We found that AQP4-

M23 diffusion in membranes is highly confined because of

its assembly in OAPs, whereas AQP4-M1 is freely diffusible

(21). Diffusion measurements and total internal reflection

fluorescence imaging of various AQP4 mutants and chimeras

showed that OAP formation by AQP4-M23 involves hydro-

phobic intermolecular interactions of N-terminal AQP4

residues just downstream of Met23, and that AQP4-M1 is pre-

vented from forming OAPs by blocking of these interactions

by N-terminal residues just upstream of Met23 (22). It was

assumed in these studies that strong AQP4-M23 tetramer-

tetramer interactions produce stable OAPs.

Here, we report the discovery that OAP assembly can be

strongly modulated by temperature and membrane density,

with certain AQP4 mutants undergoing rapid, reversible,

and near-complete interconversion between OAPs and

nonassociated tetramers with temperature change. Our orig-

inal motivation for studying temperature-dependent OAP

assembly was to investigate apparently contradictory data

on N-terminus AQP4 mutants that abolished putative palmi-

toylation, where freeze-fracture electron microscopy showed

OAPs (23) but live-cell imaging at 37�C did not (22). We

discovered that these and various other AQP4 mutants

assembled weakly and reversibly into OAPs, such that OAP

assembly/disassembly could be driven by changes in temper-

ature or membrane density, allowing biophysical investiga-

tion of the energetics of OAP formation in live cells.
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FIGURE 1 Temperature-independent assembly of native AQP4 isoforms M1 and M23. (A) AQP4 schematic showing transmembrane helices (gray), the

positions of the inserted Myc sequence (yellow) in the second extracellular loop, and Met1 and Met23 (green) in the cytoplasmic N-terminal domain. N-terminus

sequences of the AQP4 mutants used in this study are shown in the expanded green box. (B) TIRF micrographs of Alexa-labeled COS-7 cells transfected with

M1 (upper) or M23 (lower) and fixed at the indicated temperature. Scale bar, 10 mm. (C) Representative trajectories from AQP4 isoforms M1 (upper) and M23

(lower) diffusing in the membrane of live COS-7 cells at the indicated temperatures. Scale bar, 2 mm. (D) Cumulative probability distribution of ranges at 1 s

(P(range)) for AQP4 isoforms M1 (upper) and M23 (lower) recorded at 10�C (blue), 20�C (green), 37�C (red), and 50�C (orange).
METHODS

Cell culture and transfections

DNA constructs used in this study encoded rat AQP4 (M1 and M23 iso-

forms, and mutants thereof (Fig. 1 A)), into which was inserted a 10-residue

Myc epitope (NH2-EQKLISEEDL-COOH) in the second extracellular loop,

as previously described (22). COS-7 (American Type Culture Collection

code CRL-1651) cell cultures were maintained at 37�C in 5% CO2/95%

air in DME-H21 medium containing 10% fetal bovine serum, 100 U/mL

penicillin, and 100 mg/mL streptomycin. Six hours before transfection, cells

were transferred to 12-well plates containing glass coverslips 18 mm in

diameter using antibiotic-free medium. Cells were transfected 12–24 h

before experiment using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) ac-

cording to the manufacturer’s protocol. In some cases, cells were incubated

overnight with 100 mM 2-bromopalmitate (Sigma, St. Louis, MO) in normal

medium, beginning 6–12 h after transfection.
Labeling for fluorescence microscopy

Labeling of AQP4 with quantum dots (Qdots) was done at room tempera-

ture. Cells were washed with 3 mL of phosphate-buffered saline (PBS) con-

taining 6 mM glucose and 1 mM pyruvate (GP buffer) and incubated for

5 min in blocking buffer (GP buffer containing 1% bovine serum albumin),

and for another 5 min with 70 ng/mL mouse anti-myc antibody (Covance,

Emeryville, CA) in blocking buffer. Cells were then rinsed with GP buffer,

incubated for 5–8 min with 0.1 nM goat F(ab0)2 anti-mouse IgG-conjugated

Qdot 655 (Invitrogen) in blocking buffer, then rinsed again with GP buffer.

Coverslips were transferred to a custom-built perfusion chamber and main-

tained in GP buffer throughout the experiment.

For heavy fluorescence labeling for total internal reflection fluorescence

microscopy (TIRFM), cells were incubated for 30 min at 37�C or 4�C, rinsed

with GP buffer, and then fixed for 30 min with 4% paraformaldehyde at

37�C or 4�C. After fixation, all labeling was conducted at room temperature.

Fixed cells were rinsed in PBS, then incubated first for 30 min in blocking
Biophysical Journal 97(11) 3010–3018
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buffer, then for 1 h with 1.4 mg/mL anti-myc antibody in blocking buffer.

Cells were again rinsed with PBS and incubated for 1 h with 10 mg/mL

goat F(ab0)2 anti-mouse IgG-conjugated Alexa Fluor 488 (Invitrogen) in

blocking buffer. Cells were then rinsed extensively in PBS, and coverglasses

were mounted with VectaMount hard-set medium for microscopy (Vector

Laboratories, Burlingame, CA).

Quantitative surface staining of AQP4 was performed at room tempera-

ture. Live cells were incubated for 10 min in blocking buffer followed by

20 min with 0.7 mg/mL anti-myc antibody in blocking buffer. Cells were

then rinsed with GP buffer and fixed with 4% paraformaldehyde for

30 min. Fixed cells were then rinsed in PBS and incubated again for

10 min in blocking buffer followed by 20 min with 2 mg/mL secondary-

linked Alexa Fluor 488 in blocking buffer. Cells were rinsed with PBS

and coverglasses were mounted with hard-set medium for microscopy.

Instrumentation and measurements

SPT was performed on a Nikon Eclipse TE2000S inverted epifluorescence

microscope (Nikon, Melville, NY) equipped with a Nikon 100� TIRF oil

immersion objective (numerical aperture 1.45) and a deep-cooled charge-

coupled device (CCD) camera (Hamamatsu EM-CCD, Bridgewater, NJ).

Qdot fluorescence was excited using an E460SPUV excitation filter and

475DCXRU dichroic mirror, and detected through a D655/40m emission

filter (Chroma, Rockingham, VT). For experiments at constant temperature,

cells were incubated for at least 10 min in a temperature-controlled chamber

with both heating and cooling capacity (Harvard Apparatus, Holliston, MA),

and data were acquired continuously at 11 ms/frame (91 Hz) for 6 s. For

kinetic analysis, cells were placed in a custom-built perfusion chamber under

constant flow of warm or cold perfusate. Temperature was recorded by

a solid-state temperature probe (Warner Instruments, Hamden, CT) posi-

tioned at the fluid exit port of the chamber. The spatial resolution of the

system, determined from the standard deviation of x,y coordinates of immo-

bilized Qdots on a coverglass (24), was 18 nm at 91 Hz. Intermittent blinking

to background levels confirmed that only single Qdots were tracked.

Wide-field fluorescence for quantitative analysis of AQP4 membrane

expression was performed with the microscope, objective, and camera

described above. Alexa Fluor 488 was excited and observed through Chroma

filter set 41001, with a neutral density filter (optical density 0.6) inserted for

the highest AQP4 concentrations to prevent saturation of the CCD.

TIRFM was done using a Nikon Eclipse TE2000E microscope with

a through-objective TIRF attachment and a 100� TIRF oil immersion objec-

tive (numerical aperture 1.49) mounted on a perfect focus module (Nikon).

An argon-ion laser (Spectra Physics, Mountain View, CA) on a custom-built

launch was coupled through a fiberoptic to the TIRF module. Alexa Fluor

488-labeled AQP4 was excited using a Z488/10� excitation filter and

Z488RDC dichroic mirror, and detected through an ET525/50m emission

filter (Chroma). Images were acquired using a QuantEM 512SC deep-cooled

CCD camera (Photometrics, Tucson, AZ).

SPT analysis

Image sequences were analyzed and trajectories constructed using IDL

software (Research Systems, Boulder, CO), with algorithms available as

shareware at http://www.physics.emory.edu/faculty/weeks/idl/. Blinking of

individual Qdots was accounted for during reconstruction of trajectories.

A trajectory was considered to be continuous if a blinking Qdot was redis-

covered within a 4-pixel radius and 20-frame window. Trajectories of at least

200 steps in length were then selected and analyzed. The mean-squared

displacement (MSD) as a function of time hr2(t)i was constructed for each

trajectory, and the diffusion coefficient, D, and offset (due to noise) were

determined by a linear fit of the first three time steps of the MSD:�
r2ðtÞ

�
1�3
¼ 4Dt þ offset: (1)

The offset was subtracted from each point, and the first 25% of the curve

(25) was fitted, using a weighted Levenberg-Marquardt nonlinear least-
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squares fitting algorithm, to a combined quadratic, polynomial, and expo-

nential function (26) with fitting parameters a1, a2, a3 R 0:�
r2ðtÞ

�
fit
¼ a1t2 þ a2½1� expð � a3tÞ�: (2)

The fit was weighted by the variance in the MSD at each time step, and the

range of an individual particle at specified time t was computed as

rangeðtÞ ¼
�
r2ðtÞ

�1=2

fit
: (3)

Results from this study are primarily reported as cumulative distributions of

ranges at 1 s (Fig. 1 D), where P(range) is defined as the probability that

a particle’s range is less than or equal to a given distance at t ¼ 1 s. Based

on the finding that >95% of AQP4 is present in OAPs in M23-expressing

cells (21,23,27), we estimated the fraction of AQP4 isoforms and mutants

assembled in OAPs at various temperatures as P(76 nm), the range at which

P(range) ¼ 0.95 for native AQP4-M23 at 20�C. The fraction of free tetra-

mers, f, in equilibrium with OAPs is then given by

f ¼ 1� Pð76 nmÞ: (4)

The thermodynamic model used to compute the standard Gibbs free energy

of association of AQP4 mutants is given in the Appendix. SPT data sets were

composed of at least 200 total trajectories gathered from at least 20 cells.

Plotted error bars in all figures represent the mean 5 SE, where n is the

number of cells. Statistical significance of differences in estimated OAP

fractions was determined using the Student’s t-test.

RESULTS

Temperature-independent assembly of native M1
and M23 AQP4 isoforms

As previously reported (21), AQP4 assembly in OAPs is

readily seen by TIRFM in fixed cells and by SPT in live cells.

Fig. 1 shows differences in behavior observed for the natu-

rally occurring AQP4 isoforms M1 and M23. TIRF micro-

graphs of M1-transfected COS-7 cells at 37�C show a

smooth, near-uniform distribution of AQP4 over the cell

membrane, quite different from the distinct fluorescent

clusters, corresponding to OAPs, in M23-transfected cells

(Fig. 1 B). Reducing the temperature to 4�C had little effect

on the appearance of the M1 and M23 isoforms, except that

in some cells, M1 was seen in channel-like structures, which

may be related to bulk membrane phase separation and

AQP4 partitioning into ordered or disordered lipid phases.

In live cells, the diffusion of M1 was rapid and free

compared to that in M23 at all temperatures studied, with

representative single-particle trajectories shown in Fig. 1 C.

The average diffusion coefficient of M1 varied from

~3 � 10�10 cm2/s at 10�C to ~1 � 10�9 cm2/s at 50�C,

whereas the average diffusion coefficient of M23 was

<7 � 10�11 cm2/s at all temperatures.

Fig. 1 D shows plots of the cumulative probability distribu-

tion of ranges (at 1 s) for all measured trajectories. These plots

indicate the remarkable difference in the diffusion of indi-

vidual AQP4 tetramers (M1) versus those confined within

OAPs (M23). The median range at 1 s for M1 varied from

252 nm at 10�C to 524 nm at 50�C, whereas the median range

for M23 was only 30 nm at 50�C. At temperatures up to 37�C,

http://www.physics.emory.edu/faculty/weeks/idl/
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FIGURE 2 Temperature-dependent OAP assembly of

a double cysteine mutant of AQP4-M1. (A) P(range) for

single cysteine mutants M1-C13A (red) and M1-C17A

(green), and double cysteine mutant M1-C13A/C17A

(blue) at indicated temperatures. P(range) for M23 (black)

and M1 (gray) are shown for reference. Dashed line indi-

cates the 95th percentile of the range of M23 at 20�C.

(B) Estimated fraction of M23 (black), M1 (white),

M1-C13A (red), M1-C17A (green), and M1-C13A/C17A

(blue) forming OAPs versus temperature, based on the

95th percentile of the range for M23 at 20�C. Error bars

represent the mean 5 SE. (Inset) Natural log of the fraction

of free M1-C13A/C17A tetramers plotted against the

inverse of absolute temperature. (C) TIRF micrographs of

Alexa-labeled COS-7 cells transfected with M1-C13A

(left), M1-C17A (middle), or M1-C13A/C17A (right) and

fixed at 4�C (upper) or 37�C (lower). Scale bar, 10 mm.
nearly all M23 trajectories showed extreme confinement. At

the nonphysiological temperature 50�C, a small fraction

(~10%) of more rapidly diffusing M23 was seen (Fig. 1 C),

suggesting partial thermal disruption of M23 OAPs. The

distribution of ranges of M23 did not change between 10�C
and 37�C; however, the small mobile population at 50�C
produced a visible change in the distribution (Fig. 1 D).

Temperature-dependent assembly of ‘‘weakly
associating’’ M1 and M23 AQP4 mutants

Reversible palmitoylation at N-terminal cysteines is a com-

mon posttranslational modification in membrane proteins.

AQP4-M1 contains potential palmitoylation sites at Cys13

and Cys17 (Fig. 1 A). It was reported that a palmitoylation-

null mutant of M1, in which both cysteines were mutated

to alanine (M1-C13A/C17A), could produce OAPs as seen

by FFEM, whereas little or no OAP formation was seen

for single cysteine mutants (23). However, SPT analysis of

these mutants in live cells showed no difference in their

diffusion when compared to native M1 (22). More recently,

a study using blue native gel electrophoresis showed bands

corresponding to possible OAP formation for the same

double mutant (28). To investigate technical factors that

might be responsible for the different findings, we tested

the temperature dependence of OAP formation, speculating

that differences might be found in live cells at 37�C versus

fixed samples or cell lysates, which are often prepared at

reduced temperatures.
Fig. 2 shows that formation of OAPs in live cells by the

double cysteine mutant of M1 is highly temperature-depen-

dent. As temperature was reduced from 37�C to 10�C,

a remarkable shift was seen in the distribution of ranges

for M1-C13A/C17A (Fig. 2 A). In contrast, the diffusion

of single cysteine mutants was similar to that of native M1,

with only a small shift in the distribution of ranges of

M1-C13A at 10�C, and no difference for M1-C17A at any

temperature. FFEM and immunolabeling previously showed

that >95% of AQP4-M23 is present in OAPs (23,27), and

diffusion analysis indicated that 90–96% of M23 could be

classified as restricted or immobile (21). The range at which

P(range) ¼ 0.95 for M23 (76 nm at 20�C) was therefore

taken as an estimate of the maximum range of an AQP4

tetramer that is confined within an OAP; P(76 nm) was

thus used to calculate the approximate fraction of AQP4

tetramers in OAPs, as done previously (22). Accordingly,

the fraction of M1-C13A/C17A forming OAPs increased

from <10% at 37�C to 72 5 5% at 10�C (Fig. 2 B). Muta-

tion of Cys13 to alanine produced an OAP fraction of 17 5

3% at 10�C, whereas mutation of Cys17 did not increase

OAP formation when compared to native M1. M23 diffusion

did not change between 10�C and 37�C, corresponding to an

OAP fraction between 99% and 95%, but decreased to 87 5

3% at 50�C (Fig. 2 B).

The ability to estimate the fraction of AQP4 tetramers that

are free versus the fraction bound in OAPs allowed compu-

tation of the standard Gibbs free energy, DG�, for addition of

one tetramer to a preexisting OAP. Fig. 2 B (inset) shows
Biophysical Journal 97(11) 3010–3018
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FIGURE 3 Temperature-dependent OAP assembly of

weakly associating mutants of AQP4-M23. (A) P(range)

for point mutants M23-F26Q (red) and M23-G28P (green)

at the indicated temperature. P(range) for M23 (black) and

M1 (gray) are shown for comparison. Dashed line indicates

95th percentile of the range of M23 at 20�C. (B) Estimated

fraction of M23 (black), M1 (white), M23-F26Q (red), and

M23-G28P (green) forming OAPs as a function of temper-

ature. Error bars represent the mean 5 SE. (Inset) Natural

log of the fraction of free M23-F26Q tetramers plotted

against the inverse of absolute temperature. (C) TIRF

micrographs of Alexa-labeled COS-7 cells transfected

with M23-F26Q (left) or M23-G28P (right) and fixed at

4�C (upper) or 37�C (lower). Scale bar, 10 mm.
a plot of the log of the fraction of free AQP4 tetramers, ln f,
versus 1/T (see Appendix). For the double cysteine mutant

M1-C13A/C17A, the relationship yielded a linear fit below

25�C, where large OAPs coexist with free tetramers, giving

a DG� of �11 5 1 kcal/mol over this temperature range. At

higher temperatures, where OAP content is low or existing

OAPs are considerably smaller, the model is not valid.

To confirm that the reduced M1-C13A/C17A diffusion at

reduced temperature was due to OAP formation, TIRF

microscopy was done on fixed, heavily labeled cells. Fixa-

tion at 4�C versus 37�C gave grossly different patterns. As

in the case of native M1, cells transfected with single

cysteine mutants showed the appearance of channel-like

structures at 4�C, but without the distinct clusters seen in

M23-transfected cells. The double cysteine mutant, however,

showed well demarcated, diffraction-limited puncta, corre-

sponding to submicron-sized OAPs (Fig. 2 C, upper). In

cells fixed at 37�C, all cysteine mutants showed a similar

appearance (Fig. 2 C, lower), similar to that seen in Fig. 1 B
(upper) for native M1.

Having established the ability of a mutant of M1 to form

OAPs at low temperature, we investigated whether previ-

ously discovered OAP-null mutants of M23 (22) could

also be induced to form OAPs at low temperature. We postu-

lated that certain mutations in M23 might weaken their inter-

molecular associations and hence prevent OAP formation at

37�C but allow OAP formation at reduced temperatures. Two

M23 mutants were studied: M23-F26Q and M23-G28P

(Fig. 1 A). At 37�C, <20% of M23-F26Q and <10% of
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M23-G28P assembled in OAPs, but at 10�C the fractions

increased to 86 5 5% and 56 5 6%, respectively (Fig. 3,

A and B). The computed average DG� was�13 5 2 kcal/mol

for assembly of M23-F26Q at temperatures below 30�C
(Fig. 3 B, inset). TIRF microscopy confirmed the formation

of OAP clusters at reduced temperature for these two ‘‘weakly

associating’’ M23 mutants (Fig. 3 C).

Role of palmitoylation in native AQP4-M1

The appearance of OAPs at reduced temperature for the

AQP4 mutant M1-C13A/C17A suggests the involvement

of S-palmitoylation in OAP disruption by native M1. To

further investigate the significance of palmitoylation, we

measured OAP formation by M1 after exposure to 2-bromo-

palmitate (BrPA), which reduces palmitoylation of many

membrane-associated proteins (29). After overnight expo-

sure to BrPA, the fraction of native M1 associating into

OAPs increased from <10% to 22 5 3% at 10�C (Fig. 4 A).

These data suggest that BrPA produced only partial depalmi-

toylation of M1. We reasoned that a larger effect might be

seen after BrPA treatment of single cysteine mutants of

M1. It was interesting to find that the effects of BrPA de-

pended on the position of the remaining cysteine residue.

With M1-C13A, incubation with BrPA modestly increased

the OAP fraction from 17 5 3% to 29 5 5% at 10�C
(Fig. 4 B). In contrast, BrPA exposure greatly increased

OAP content of M1-C17A at 10�C from <10% to 47 5

7% (Fig. 4 C). BrPA had no effect on native M1 or the single
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FIGURE 4 S-palmitoylation affects temperature-depen-

dent assembly of AQP4-M1. (A) (Left) P(range) of native

M1 at 37�C (red) and 10�C (blue) under control conditions

(solid line) and after overnight incubation with 2-bromo-

palmitate (dashed line). (Right) Estimated fractions of

AQP4 tetramers in OAPs with or without 2-bromopalmi-

tate. *P < 0.05; **P < 0.01. (B) The same experiment

as in A, but with single cysteine mutant M1-C13A. (C)

The same experiment as in A, but with single cysteine

mutant M1-C17A. Error bars represent the mean 5 SE.
cysteine mutants at 37�C (Fig. 4). These data support the

conclusion that S-palmitoylation is responsible for the differ-

ences observed between native M1 and cysteine mutants at

low temperature. The differences observed between the indi-

vidual cysteine mutants after exposure to BrPA provide

insight into the mechanisms of AQP4-M1 palmitoylation

(see Discussion).

Membrane-density-dependent assembly of AQP4
in OAPs

The ability to modulate the assembly of certain AQP4

mutants with temperature suggests that OAP formation

follows the thermodynamic principles of mass action. We

postulated that OAP assembly of these AQP4 mutants

should thus also be sensitive to their concentration in the

plasma membrane. To modulate membrane density, cells

were transfected with AQP4-encoding DNAs diluted with

different amounts of empty plasmid, producing cells with

differing levels of AQP4 in the plasma membrane. For

M23, DNA dilutions by up to 100-fold did not change diffu-

sion, even at 50�C (Fig. 5 A, left). In contrast, dilution of

M1-C13A/C17A produced a remarkable increase in the

diffusion at 10�C (Fig. 5 A, right), corresponding to signifi-

cantly reduced OAP content (Fig. 5 B, lower). Dilution of

native M23 or mutant M1 had no effect at 37�C (Fig. 5 B).

Surface staining of (nonpermeabilized) transfected cells con-

firmed that dilution of the AQP4-encoding DNA produced
an approximately equal reduction in AQP4 membrane

expression (Fig. 5 C). Thus, the OAP assembly of a weakly

associating AQP4 mutant could be modified by both temper-

ature and membrane density.

Rapid kinetics of OAP assembly and disassembly

Last, we investigated the kinetics of OAP assembly and disas-

sembly. A perfusion chamber, previously described (30), was

modified to allow for rapid changes in perfusate temperature,

with simultaneous monitoring of AQP4 diffusion in real time.

Perfusates were rapidly switched between solutions main-

tained at high and low temperatures. A thermister probe

was positioned in line with the solution exiting the chamber

to monitor temperature. Fig. 5 D shows the kinetics of

M1-C13A/C17A diffusion in response to temperature

changes. It is interesting that the assembly and disassembly

of OAPs was very rapid, occurring on a timescale of seconds

or less, within the resolution time of our ability to change

temperature. These results indicate rapid reversibility of

OAP assembly in live cells.

DISCUSSION

We found here that certain variants of AQP4, including

AQP4 mutants and posttranslationally modified native

AQP4, can undergo rapid and reversible OAP assembly at

the plasma membrane in live cells. The identification of
Biophysical Journal 97(11) 3010–3018
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FIGURE 5 Membrane density-dependence and kinetics of assembly of AQP4 in OAPs. (A) P(range) of native M23 at 50�C (left) and M1-C13A/C17A at 10�C
(right) without (solid line) and with (dashed line) dilution of the AQP4-encoding plasmid DNA by 10� (dashed line) or 100� (dotted line) with empty plasmid.

(B) Estimated fraction of M23 (upper) and M1-C13A/C17A (lower) assembled in OAPs at indicated temperature and relative AQP4 concentration. *P< 0.05;

**P < 0.01. Error bars represent the mean 5 SE. (C) (Left) Fluorescence micrographs after surface labeling of COS-7 cells with Alexa Fluor 488 (intensity

enhanced to visualize cells at 100� dilution). (Right) Average relative intensities versus AQP4 dilution ratios for M23 (open circles) and M1-C13A/C17A (solid

circles). Error bars represent the mean 5 SE. (D) Average diffusion coefficient (upper) of M23 (open circles) and M1-C13A/C17A (solid circles), and solution

temperature (lower), versus time during rapid temperature drop or rise. Dashed lines indicate the time of switching between warm and cold perfusates.
weakly associating AQP4 tetramers challenges the generally

accepted view that OAPs are fixed and stable. OAP assembly

of the weakly associating AQP4 tetramers could be modu-

lated by temperature and membrane density, providing the

first information, to our knowledge, about the energetics of

OAP assembly in live cells.

We previously reported that cysteine replacement mutants

of AQP4-M1 diffuse identically to native M1 in live cells at

37�C (22), providing evidence against OAP formation by the

palmitoylation-null mutant M1-C13A/C17A. We found here

that M1-C13A/C17A can form OAPs at reduced tempera-

tures in live cells (Fig. 2). Studies with an inhibitor of S-pal-

mitoylation, BrPA, confirmed that OAP formation by the

cysteine mutants at low temperature is due to reduced palmi-

toylation (Fig. 4). The mechanism by which palmitoylation

prevents OAP formation by M1 at low temperature is not

known. We previously speculated that residues upstream

from Met23 nonspecifically block tetramer-tetramer contacts

near Met23, and that these interactions occur close to the

cytoplasmic face of the plasma membrane (22). Lipid addi-
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tions in the N-terminus of M1 might anchor the disrupting

domain to the face of the membrane, which could efficiently

interfere with the OAP-forming interactions near Met23.

A single palmitoylatable cysteine can prevent OAP forma-

tion by M1 at low temperature; however, the efficiency of

Cys13 in disrupting OAPs differed from that of Cys17

(Fig. 4). At 10�C, M1-C13A showed more restricted diffu-

sion than M1-C17A and native M1, suggesting that under

normal conditions Cys17 is only partially palmitoylated,

whereas Cys13 is largely or fully palmitoylated. Furthermore,

incubation with BrPA resulted in only an ~2-fold increase in

OAP content with M1-C13A and native M1, as compared to

an eightfold increase with M1-C17A. Together, these data

suggest that Cys17 is less prone to (de)palmitoylation than

Cys13. The mechanism of S-(de)palmitoylation is not well

understood: some data suggest that the reaction occurs spon-

taneously in the absence of enzymes, whereas conflicting

data indicate the necessity of an acyltransferase or thioester-

ase (31). It is established that the target cysteine must be

deprotonated before transfer of the acyl group from
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palmitoyl-coenzyme A. Lys12 may provide a local base for

more efficient deprotonation at Cys13 compared to Cys17.

Another possibility is that the position of Cys17 makes it

less accessible to an acyltransferase or thioesterase.

These findings may explain the apparent difference of our

initial observation that M1-C13A/C17A does not form OAPs

in live cells from observations of groups using FFEM in

fixed cells (23) or blue native gel electrophoresis of cell

lysates (28), who reported OAP formation by this mutant.

Cell fixation or lysis at reduced temperature would explain

the observed OAPs in those studies. We also show here

that OAP formation by M1-C13A/C17A can be modulated

by membrane concentration (Fig. 5). Cells expressing very

high levels of mutant AQP4 might form some OAPs, even

with samples prepared at 37�C. Our data show that under

physiological conditions of AQP4 expression and tempera-

ture, prevention of OAP formation by N-terminal residues

in M1 does not require palmitoylation. Further studies are

needed to explore the possibility that lipid modification of

M1 modulates OAP formation by M23 at physiological

temperature.

Weakly interacting point mutants of AQP4-M23 can also

be induced to form OAPs at reduced temperature (Fig. 3).

These mutants presumably disrupt efficient N-terminus

tetramer-tetramer interactions responsible for the assembly

of native M23 into stable, strongly associating OAPs.

Because the M23-F26Q mutation significantly reduces the

overall hydropathy of the M23 N-terminus, we previously

speculated that the interaction responsible for OAP forma-

tion is primarily hydrophobic (22). Our data here support

that notion, as hydrophobic interactions can be highly

temperature-dependent (32). Proline substitution at Lys27

or Gly28 fully disrupts OAP formation at 37�C (22), suggest-

ing that formation of secondary structure, such as a short

amphipathic helix, may be involved in OAP formation. We

show here that at 10�C M23-G28P can assemble in OAPs

(Fig. 3), providing evidence against the involvement of

a helix in the OAP-forming tetramer-tetramer interaction,

since proline mutation would prevent helix formation at all

temperatures. More likely, proline forms a rigid kink in the

unstructured N-terminus of M23, preventing proper posi-

tioning of hydrophobic residues for interaction with adjacent

tetramers. At low temperatures, the steric impairment may be

overcome partially by the increased favorability of hydro-

phobic contact, resulting in weakly assembled OAPs.

An interesting finding is that assembly and disassembly of

M1-C13A/C17A into OAPs is very rapid (Fig. 5 D), occur-

ring over a few seconds or less, faster than the kinetics of

temperature change in our system. OAP assembly requires

the diffusion of individual AQP4 tetramers to coalesce,

nucleate, and grow into large stable arrays. In a previous

study using FFEM of M1 and M23 in COS-7 cells, we

showed a density of ~73 AQP4 tetramers/mm2 (21), corre-

sponding to an average separation of ~141 nm between the

centers of randomly distributed tetramers. AQP4 tetramers
assembled in OAPs have a separation of ~8 nm between

centers. Quantitative surface staining of M1-C13A/C17A

indicated AQP4 expression levels similar to native M23.

Using a measured average diffusion coefficient for unassem-

bled AQP4 of 4� 10�10 cm2/s, we compute that AQP4 tetra-

mers diffuse an average range of 1400 nm in 8 s, which is the

half-time for the temperature drop in Fig. 5 D. AQP4

tetramer diffusion is thus sufficiently rapid to account for

the rapid OAP assembly and disassembly. Nucleation and

growth of OAPs must also occur over a few seconds or less.

The ability of mutant and posttranslationally modified

AQP4 molecules to assemble into OAPs at reduced tem-

perature provides insight into the energetics of AQP4

supramolecular assembly in live cells. The intermolecular

interactions between native M23 tetramers responsible for

OAP formation must be considerably stronger than those

of the mutants studied here (~12 kcal/mol), as ~90% of

M23 tetramers assembled in OAPs at 37�C even at a very

low membrane density of<1 AQP4 tetramer/mm2 (Fig. 5 B).

Also, native M23 OAPs are largely resistant to modulation

by temperature (Fig. 1). FFEM has provided useful data on

AQP4 OAPs in primary and transfected cell cultures for

>30 years, and blue native gel electrophoresis was recently

introduced as a technically simple alternative to deduce

AQP4 OAP assembly (33). Our results suggest that these

techniques, which often involve fixation or cell lysis at

reduced temperature, are suitable for the study of OAPs

formed by native AQP4 isoforms, but may be unsuitable

for the study of certain mutant and translationally modified

AQP4 water channels. Atomic force microscopy has been

applied to generate high-resolution images of AQP0 arrays

in intact lens membranes (34) and so might provide another

approach to study AQP4 OAPs in a temperature-controlled,

nonfixed system.

APPENDIX

Consider the stepwise formation of an orthogonal array An, where n is the

number of AQP4 tetramers in the assembly:

A1 #
A1

A2 #
A1

A3 : : : An #
A1

Anþ 1: (5)

The association constant Keq for adding one tetramer to a preexisting array is

then

Keq ¼
Cnþ 1

CiCn

; (6)

where Ci is the concentration of arrays of size i. If the membrane is populated

with many large arrays, the addition of a single tetramer to an existing array

will minimally alter the overall array concentration, such that Cnþ1 z Cn.

Equation 6 then becomes

Keq ¼
1

Ci

¼ 1

fCT

¼ exp

�
� DG+

RT

�
; (7)

where f is the fraction of AQP4 tetramers that are free, CT is the total concen-

tration of AQP4 tetramers in the membrane, DG� is the standard Gibbs free
Biophysical Journal 97(11) 3010–3018



3018 Crane and Verkman
energy, R is the universal gas constant, and T is the absolute temperature.

Rearrangement of Eq. 7 gives

ln f ¼ DG+

RT
� ln CT: (8)

A linear fit to a plot of ln f versus 1/T has slope DG�/R and intercept �ln

CT, provided that the fit is restricted to the temperature range in which large

OAPs coexist with individual tetramers, where Eq. 7 is valid. This linear

range is below 25�C for M1-C13A/C17A and below 30�C for M23-F26Q

(Figs. 2 B and 3 B, insets).
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