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Heterologous expression in yeast cells revealed that NtAQP1,
a member of the so-called PIP1 aquaporin subfamily, did not
display increased water transport activity in comparison with
controls. Instead, an increased CO,-triggered intracellular acid-
ification was observed. NtPIP2;1, which belongs to the PIP2
subfamily of plant aquaporins, behaved as a true aquaporin but
lacked a CO,-related function. Results from split YFP experi-
ments, protein chromatography, and gel electrophoresis indi-
cated that the proteins form heterotetramers when coexpressed
in yeast. Tetramer composition had effects on transport activity
as demonstrated by analysis of artificial heterotetramers with a
defined proportion of NtAQP1 to NtPIP2;1. A single NtPIP2;1
aquaporin in a tetramer was sufficient to significantly increase
the water permeability of the respective yeast cells. With regard
to CO,-triggered intracellular acidification, a cooperative effect
was observed, where maximum rates were measured when the
tetramer consisted of NtAQP1 aquaporins only. The results
confirm the model of an aquaporin monomer as a functional
unit for water transport and suggest that, for CO,-related trans-
port processes, a structure built up by the tetramer is the basis of
this function.

Water moves across biological membranes by diffusion. In
most living organisms, the rate of water diffusion can be
increased via pore-forming transmembrane proteins, the so-
called aquaporins. These consist of six-membrane-spanning
helices; N and C termini of the proteins face the cytosol. The
helix-connecting loops B and E are themselves short helices
that dip into the membrane from opposite sides and form the
water-conducting channel (1, 2). Aquaporin monomers can
assemble into tetramers (3, 4). Evidence for their function as
water transport facilitators was observed by results from exper-
iments using heterologous expression systems, such as Xenopus
laevis oocytes (5). Despite this initially detected function, a
facilitated membrane transport for glycerol or volatile sub-
stances like CO, or NH; was postulated (6 —9). Plant aquapor-
ins were subdivided into protein groups according to the cellu-
lar location in which they have been initially detected and on
the basis of sequence similarities (10). Accordingly, the PIPs
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(plasma membrane-intrinsic proteins) were split into two
major groups, the PIP1 and PIP2 aquaporins. Compared with
PIP1 proteins, PIP2 proteins have a shorter N-terminal exten-
sion and a longer C terminus (11-14). In general, plant PIP2
proteins have been shown to facilitate membrane water trans-
port in heterologous expression systems; however, PIP1 pro-
teins display low or no activity in this respect (8, 11, 15-18). For
the human AQP1 as well as for the tobacco PIP1 aquaporin
NtAQP1, an increased cellular acidification rate under CO,-
enriched buffer was obtained in oocytes expressing the respec-
tive aquaporin in addition to a carbonic anhydrase (9, 19, 20).
The observations on NtAQP1, together with the fact that plants
deficient in NtAQP1 expression have an increased resistance
for CO, transport in leaves, lead to the suggestion that some
PIP1 aquaporins could conduct CO, instead of water, and thus,
the term cooporin was created (21-23). Because in plants, PIP1
and PIP2 aquaporins are often expressed in the same tissue,
and, as mentioned above, aquaporins tend to form tetramers, it
was hypothesized that the formation of aquaporin multimers
could have consequences on their membrane water transport
activity. In fact, in oocytes, it was shown that membrane inte-
gration was more effective when PIP1 and PIP2 were coex-
pressed (24). Consequently, the measured water transport rates
were increased. In maize root protoplasts, it could be demon-
strated that fluorescence protein-tagged PIP1 and PIP2 aqua-
porins were located in close vicinity in the plasma membrane
(25, 26). It is, however, not precisely clear whether the proteins
in fact form heterotetramers or whether homo-PIP1 and
homo-PIP2 tetramers come so close together that the FRET
effect could be observed. A consequence for aquaporin speci-
ficity has not yet been investigated.

Because the experimental data for NtAQP1 from oocytes
imply a function as cooporin and the protein was found to be
located in leaf membranes such as the PIP2 aquaporin
NtPIP2;1, we were interested in characterizing the effect of
NtAQP1 and NtPIP2;1 coexpression on water and CO, trans-
port. Oocytes serve as the heterologous expression system for
aquaporins even though they show variability between individ-
ual cells. Because of technical restrictions, large numbers of
repetitions can only be achieved by extraordinary technical
efforts over a long period of time. Consequently, studies were
performed in yeasts expressing the respective protein encoded
by a plasmid-located gene. Because the results rely on clones
and large amounts of cell material were readily available, data
variation could be minimized.
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At some point during our studies, the results strongly sug-
gested that the proteins not only come close together but form
heterotetramers. This leads us to a closer characterization of
the effect of the PIP1/PIP2 ratio in a tetramer on water trans-
port or CO, transport function.

EXPERIMENTAL PROCEDURES

Cloning and Expression in Yeast—cDNAs encoding tobacco
NtAQP1 (accession no. AJ001416) and NtPIP2;1 (accession no.
AF440272) were inserted into the pYES-DEST52 yeast expres-
sion vector using Gateway ™ technology (Invitrogen). For syn-
thesis of artificial tetramers, the complete translated region was
amplified using primers with suitable additional restriction
sites. The combinations of NtAQP1 and NtPIP2;1 were con-
structed by restriction/ligation cloning into the pYes2/CT yeast
expression vector. Special attention was paid to maintaining
the correct reading frame. Fusions of NtAQP1 or NtPIP2;1 and
N- or C-terminal halves of YFP (accession no. DQ168994)
separated by sequences coding for an eight-amino acid
linker (GSGGSGGS) were constructed by recombinant PCR
and inserted into the pYes2/CT yeast expression vector
pGREG505_2u and YEplac112_gal by restriction/ligation clon-
ing. The cDNA encoding Nicotiana tabacum carbonic anhy-
drase (accession no. M94135) was inserted into pGREG505 by
Drag&Drop cloning (33). To assure a high expression level of
carbonic anhydrase, the low copy vector pGREG505 (Euro-
scarf) was converted into a high copy vector by replacing the
low copy origin ARSH/CEN by the 2w origin of pYES-DEST52
(Invitrogen). All constructs were verified by sequencing. Sac-
charomyces cerevisiae cells of the strain SY1 (34) were trans-
fected by biolistic bombardment as described elsewhere (35).
Carbonic anhydrase activity was determined using a mass
spectrometer as described by Endeward et al. (27). For water
permeability measurements, selection of single transfor-
mants containing the aquaporin constructs in pYes-DEST52 or
pYes2/CT was based on ura3 complementation. Double trans-
formants for CO, permeability measurements containing the
carbonic anhydrase in addition to the aquaporin constructs
were selected by ura3 and leu2 complementation. Yeast trans-
formants were cultured in glucose containing synthetic com-
plete medium without Ura/Leu for 12 h. Cultures were diluted
to Agoo = 0.6, and heterologous protein expression was induced
for 16 h by changing the medium carbon source from glucose to
galactose. For aquaporin-YC/YN fusions (C- or N-terminal half
of YFP are designated as YN or YC, respectively), an induc-
tion time of 28 h (NtAQP1-YC+NtAQP1-YN, NtAQP1-
YC+NtPIP2;1-YN) and 32 h (NtPIP2;1-YC+NtPIP2;1-YN)
resulted in a maximum of aquaporin protein abundance. Ex-
pression of aquaporin constructs was verified by Western blot
analysis. Yeast membrane proteins were separated on SDS-
PAGE and electrotransferred onto nitrocellulose membranes.
Specific aquaporin content was verified by incubation of nitro-
cellulose membranes with a NtPIP2;1 or NtAQP1-specific anti-
body and detection by the Western-Star™ system (Applied
Biosystems, Foster City, CA). Yeast strains were S. cerevisiae
SY1 (Mata, ura3-52, leu2-3112, his4-619, sec6-4%, GAL2) and
W303 (MATa/MATa ADE2/ade2 CAN1/canl-100 CYH2/
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cyh2 his3-11,15/his3-11,15 LEU1/leul-c LEU2/leu2-3112
trpl-1:URA3:trp1-3'A/trp1-1 ura3-1/ura3-1).

Water Permeability Measurements—Water permeability
of intact yeast protoplasts was measured by stopped flow
spectrophotometry as described elsewhere (28). The proto-
plasts were exposed to a 300 mosmol outwardly directed
osmotic gradient to induce protoplast swelling. Volume
change was followed by the decrease of scattered light inten-
sity in a stopped flow spectrophotometer (SFM-300, Bio-
Logic SAS, Claix, France). Quantification of water conduc-
tivity was achieved by fitting a single exponential function on
the initial 100 ms on the swelling kinetics using the Biokine
(Bio-Logic SAS) software. The osmotic water permeability
coefficients (P were calculated as described by van Heeswijk
and van Os (29) using the rate constant of the exponential
decay, the molar volume of water, the external osmolarity after
the mixing event, and the initial mean protoplast volume and
surface. The initial size of protoplasts was determined by light
microscopy. For controls, yeasts expressing the three N-termi-
nal helices of NtPIP2;1 were used throughout. Calculation of P,
values were residing on at least five independent experiments of
three independently transformed clones with an average of 20
measurements each (n = 100).

CO-triggered Intracellular Acidification—CO,-triggered in-
tracellular acidification was measured in yeast cells loaded with
fluorescein bisacetate as described previously (28). Cells were
suspended in 75 mm NaCl, 25 mm Hepes-NaOH, pH 6. The cell
suspension was mixed rapidly (SFM-300, Bio-Logic SAS) in a
buffer solution containing 75 mm NaHCO,, 25 mm Hepes-
NaOH, pH 6. Uptake of CO, resulted in an intracellular acidi-
fication and consequently a decrease of fluorescein fluores-
cence. The exponential time constant of the acidification was
determined over the initial 30 ms. CO, permeability was calcu-
lated as described elsewhere (30). The cell diameter was 5 um
(SY1) and 3.5 wm (W303), giving a surface to volume ratio (S/V)
of 1.2 X 10* cm ™" (SY1) and 1.7 X 10* cm ™! (W303), respec-
tively. The cell size was determined by light microscopy. Yeasts
coexpressing carbonic anhydrase and an aquaporin display
similar carbonic anhydrase activity. For controls, yeasts
expressing the three N-terminal helices of NtPIP2;1 and car-
bonic anhydrase were used throughout. It was found that these
and cells coexpressing other plasma membrane-located pro-
teins (potassium channel, MDL1p) showed almost identical low
CO,-triggered intracellular acidification rates. Calculation of
P, values were residing on at least 10 independent experi-
ments of three independently transformed clones with an aver-
age of 20 measurements each, in a double-blind experimental
design (1 = 200).

Bimolecular Fluorescence Complementation—For bimolecu-
lar fluorescence complementation emission spectra from yeast
expressing NtAQP1-YC+NtAQP1-YN, NtAQP1-YC+NtPIP2;1-
YN, NtAQPI-YN+NtPIP2;1-YC, and NtPIP2;1-YC+NtPIP2;
1-YN were recorded to confirm YFP-originated fluorescence.
Fluorescence was detected from 500 to 750 nm with an excita-
tion filter at 488 nm (PerkinElmer LS 50 B). The measured
spectra were matching those published for YFP (31). Specificity
of the signals for protein-protein interaction was tested by a
fusion protein of YN to Multidrug Resistance Like Protein
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(MDL1p), a yeast ABC transporter that was coexpressed with
NtAQP1-YC in yeast. No fluorescence over a time period of
34 h was detected.

Colocalization Analysis—Colocalization analysis was done
by microscopic observation of fluorescence in the cells using a
Leica DM IRB/E. Colocalization analysis was carried out
according to Kirber et al. (32). FM4-64 staining of cell plasma
membranes was achieved by incubation of intact yeast cells for
20-30 min in 15 um FM4-64 at 4 °C with gentle agitation. For
every pair of images (FM4-64 fluorescence image and YFP fluo-
rescence image), a figure of colocalized pixels with a bright-
ness greater than 0 and the background set to 0 was generated.
The image was treated with a noise filter according to Ref. 33 to
discriminate between signal and noise. Subsequently, all
remaining bright pixels were set to 1. From this, a 0—1 matrix
was gained, and the original YFP image was multiplied by the
0-1 covariance matrix. The resulting image depicted only pix-
els from YFP/FM4-64 colocalized signals. Quantification of
total fluorescence in the plasma membrane was accessed by
comparing the brightness of colocalization image and original
YEP fluorescence corrected by the averaged brightness of the
respective background. Based on these data, the amount of YFP
fluorescence in the plasma membrane could be determined.

Tetramer Composition—Tetramer composition was assessed
in plasma membrane preparations from yeast strains express-
ing NtAQP1-YC in pYes2/CT in SY1, NtPIP2.1 in pYES-
DEST52 in SY1, or NtAQP1-YC/NtPIP2.1 (NtPIP2.1 pYES-
DEST52 transformed into NtAQP1-YC pGREG505 containing
strain SY1). Yeasts were cultivated overnight in a medium
depleted from selecting amino acids (—Uracil, —Leucine, or
—Ura/—Leu, respectively) with glucose (2% w/v) as a carbon
source and then diluted to an A4, = 0.6. Expression of aqua-
porins was induced in galactose-containing medium (2% w/v).
Isolation of plasma membranes from yeast cells was performed
according to Panaretou and Piper (34). 6 g of cells were washed
in buffer A (2 mm EDTA, 25 mM imidazole/HCI, pH 7, 0.4 m
sucrose) supplemented with protease inhibitors (4 wg/ml pep-
statin, 1 mm PMSF, 50 ug/ml leupeptin). 2 Volumes of glass
beads (0.5 mm) were added to the cell pellet followed by buffer
A just sufficient enough to cover the pellet. After 5 min of vor-
texing, the mixture was diluted 3-fold with buffer A and centri-
fuged for 20 min at 530 X g. The membranes were collected by
a 30-min centrifugation at 22,000 X g. The pellet was resus-
pended in buffer A, loaded on a sucrose-step gradient (1.1, 1.65,
and 2.25 M sucrose in 2 mM EDTA, 25 mm imidazole/HCIL, pH 7;
9-ml each) and centrifuged for 15 h at 80,000 X g. Membranes
were obtained from the 2.25/1.65 M interface. The combined
plasma membrane fractions were washed with 20 mm Tris/HCl,
pH 7.5, 150 mm NaCl, 10% glycerol. Solubilization of aquapor-
ins was tested with 16 different detergents. Yield and purity of
aquaporins was assessed by Western blot with a specific anti-
body. Dodecylmaltoside (DDM)? was identified as a suitable
detergent. The aggregation state of DDM-treated aquaporins
was analyzed by analytical size exclusion chromatography on

2The abbreviations used are: DDM, dodecylmaltoside; CAPS, N-cyc-
lohexyl-3-aminopropanesulfonic acid; BiFC, bimolecular fluorescence
complementation.
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Superdex 200 PC 3.2/30 following the manufacturer’s protocol
(Amersham Biosciences). Under these conditions, the tet-
rameric state with a molecular mass of at least 120 kDa was
favored.

Solubilization of Aquaporins—Solubilization of aquaporins
was achieved in the following solution: 10 mg/ml membranes,
10% glycerol, 2 mm B-mercaptoethanol, and 2% DDM (n-dode-
cyl-B-maltoside, Glycon). The solution was incubated for 2 h at
4 °C with gentle shaking; followed by a 15-min centrifugation at
130,000 X g. The supernatant was applied to a NAP-5 column
(GE Healthcare) to change the DDM concentration to 0.05%.
Aquaporin tetramers were separated from monomers and
sorted by size using gel filtration column chromatography (GE
Healthcare C10/40 packed with Superdex 200 prep grade) con-
nected to an Aktaprime (GE Healthcare) at a flow rate of 0.5
ml/min. The eluent was collected in 0.5-ml aliquots. Running
buffer was 20 mm Tris/HCI, pH 7.5, 150 mm NaCl, 10% glycerol,
0.05% DDM. All fractions corresponding to a molecular mass
larger than 80 kDa were diluted with 1 volume of denaturing
buffer (8 M urea, 100 mm NaH,PO,, 10 mm Tris/HCI, pH 8) and
spotted on a nitrocellulose membrane (Protran NC transfer
membrane, Schleicher & Schuell) with the help of a dot blot
device (Schleicher & Schuell). The loaded nitrocellulose mem-
brane was blocked in 5% fat-free dry milk in PBS/Tween (0.058
MNaHPO,, 0.017 M NaH,PO,, 0.068 M NaCl, 0.5% Tween). The
dots were incubated with an anti-NtAQP1 or an anti-NtPIP2.1
antibody raised in chicken or rabbit, respectively. The second-
ary antibody was linked to an alkaline phosphatase, which
catalyzes a chemiluminescence reaction (CDP-Star, Applied
Biosystems). Images were obtained with a ChemiDoc XRS (Bio-
Rad). Signal intensity was evaluated by using Quantity One®
software (Bio-Rad). The data presented were residing on four
independent experiments.

Aquaporin Tetramer Separation—Aquaporin tetramer sep-
aration under nonreducing SDS-PAGE conditions was done in
9% SDS-polyacrylamide gels according to Laemmli (35). The
samples were not heat-denatured, and the final concentrations
in the sample buffer were 0.56 M Na,CO,, 12% sucrose, 0.3%
SDS, 0.04% bromphenol blue. Proteins were transferred by
electroblot (0.8 V/cm) onto PVDF membranes (Immobilon P,
Millipore) in 10 mm CAPS, NaOH, pH 11.0, 10% methanol for
2 h. The membrane with the transferred proteins was subjected
to aquaporin detection with specific antibodies as described
above.

RESULTS

NtAQP1 or NtPIP2;1 were expressed in yeast and the cells
were subjected to functional analysis for water transport or
increased intracellular acidification under an inward-directed
CO, gradient in a stopped flow spectrophotometer. In the case
of CO, transport analysis, yeast cells were expressing a tobacco
carbonic anhydrase in addition to the aquaporin. Intracellular
acidification was observed via fluorescein fluorescence quench-
ing, whereas yeast spheroplasts swelling due to water uptake
was monitored by light scattering. It became evident that
NtAQP1 was not functional with regard to water transport
facilitation (Fig. 1A). In Xenopus oocytes, this and other PIP1
aquaporins displayed a very low or undetectable increase in
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FIGURE 1. Effect of NtAQP1 or NtPIP2;1 expression on CO,-triggered
intracellular acidification or water permeability of yeast plasma mem-
branes. A, water permeability. Left panel, representative time course of scat-
tered light intensity in response to hypo-osmotic conditions. Yeast cells
expressed NtAQP1, NtPIP2;1, or a control membrane protein (control) as indi-
cated. Right panel, water permeability coefficient P,(means = S.E.,n = 100). p
values for allocation to different significance groups indicated by different
letters were <0.005 as determined by a two-tailed Student’s t test. B, CO,-
triggered intracellular acidification of yeast. Left panel, time course of intracel-
lular acidification in response to CO,. Yeast cells expressed NtAQP1, NtPIP2;1,
or a control membrane protein (control) in addition to tobacco carbonic
anhydrase as indicated. Right panel, CO, permeability coefficient P.q,
(means = S.E.,n = 200). p values for allocation to different significance groups
indicated by different letters were <0.005 as determined by a two-tailed Stu-
dent’s t test. a.u., arbitrary units.

membrane water permeability. Thus, the results from the yeast
system approximate what was obtained by analysis of oocytes
expressing NtAQP1.

On the other hand, NtAQP1 had a comparatively high capac-
ity to increase intracellular acidification rates in a CO, gradient
(Fig. 1B). In contrast, NtPIP2;1 was not functional with this
respect but very active as a true aquaporin (Fig. 1). In this
regard, the two proteins exhibit inverted activity.

For the first assessment of the NtAQP1-NtPIP2;1 interac-
tion, the proteins were subjected to a split YFP or bimolecular
fluorescence complementation (BiFC) analysis. NtAQP1 or
NtPIP2;1 were tagged with the C- or N-terminal half of YFP (YC
or YN), respectively. Microscopic inspection of yeast cells
expressing NtAQP1-YC and NtAQP1-YN or the respective
constructs with NtPIP2;1 revealed a fluorescence spectrum that
was superimposing that of YFP (data not shown). It was con-
cluded that the detected emission was YFP-specific fluores-
cence. In certain areas, the YFP fluorescence in cells expressing
the aquaporin-YC and aquaporin-YN constructs matches that
of the plasma membrane-staining dye FM4-64 (Fig. 2, A-C).
Because a YFP fluorescence signal was detected in these aqua-
porin YFP construct-expressing yeasts, it is possible that
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FIGURE 2. Bimolecular fluorescence complementation in yeast express-
ing NtAQP1-YCand/or NtPIP2;1-YN. A, yeast cellimmediately after staining
with FM4-64 imaged by confocal laser scanning at 670-750 nm. B, identical
cellimaged by confocal laser scanning at 500-550 nm for BiFC-YFP visualiza-
tion. C, merged image. D, wide field image at 500-550 nm of yeast cells
expressing NtAQP1-YC and NtPIP2;1-YN. E, bright field image of cells
depicted in D. F, wide field image of yeast cells expressing NtAQP1-YC and
NtAQP1-YN at 500-550 nm. G, equivalent to F but with cells expressing
NtAQP1YC and NtPIP2;1-YN. H, equivalent to F but with cells expressing
NtPIP2;1-YC and NtPIP2;1-YN. a.u., arbitrary units.

NtAQP1 and NtPIP2;1 form homotetramers. Coexpression of
NtAQP1-YFP and NtPIP2;1-YFP constructs also revealed fluo-
rescence, disregarding whether NtAQP1 or NtPIP2;1 carries
the YC or YN tag, respectively. Accordingly, heterotetramer
formation could be possible and is not a rare event as indicated
by wide field images (Fig. 2D). Application of a colocalization
matrix (YFP versus FM4-64) enabled us to estimate the relative
abundance of NtAQP1 and NtPIP2;1 as well as that of the coex-
pressed aquaporins in the yeast plasma membrane (Fig. 2, F-H).
For NtAQP1-YC coexpressed with NtAQP1-YN, 4.1% (n = 39)
of total fluorescence was detected in the plasma membrane; the
NtAQP1-YC and NtPIP2;1-YN combination revealed 14.2%
(n = 35) and that of NtPIP2;1-YC and NtPIP2;1-YN 2.1% (n =
37) relative fluorescence in plasma membrane areas. If cells
co-expressing NtPIP2;1-YC and NtPIP2;1-YN were subjected
to a functional test, in comparison with nonfused aquaporins,
reduced but significant activity for water transport was ob-
served (Figs. 14 and 3A). Although the respective specificity of
the aquaporins maintained when either NtAQP1 or NtPIP2;1
were expressed as BiFC constructs, the membrane diffusion
rates were modified when NtAQP1-YC and NtPIP2;1-YN were
both expressed in yeast cells. The water permeability was
reduced but still substantial (Fig. 3A4), whereas the CO,-depen-
dent cellular acidification was reduced to control values (Fig.
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FIGURE 3. Effect of BiFC-YFP aquaporin fusion proteins on CO,-induced
intracellular acidification and water permeability of yeast plasma mem-
branes. A, left panel, water uptake kinetics of yeasts expressing different BiFC-
aquaporin fusion proteins as indicated. Right panel, calculated water perme-
ability from raw data (gray columns) and water conductivity relative to the
protein membrane fluorescence (black columns). The control bar depicts cal-
culated water permeability. Relative water conductivity was not given as con-
trols do not show aquaporin-related YFP fluorescence. Means = S.E.,n = 1500
(NtAQP1-YC+NtAQP1-YN), 1500 (NtAQP1-YC+NtPIP2;1-YN), 1300 (NtPIP2;1-
YC+NtPIP2;1-YN), and 1000 (control). p values for allocation to different sig-
nificance groups indicated by different letters were <0.005 as determined by
atwo-tailed Student’s t test B, CO,-induced intracellular acidification of yeast
cells expressing aquaporin constructs as indicated. Left panel, CO,-induced
intracellular acidification rates. Calculated P, data (gray columns) and val-
ues relative to the protein membrane fluorescence (black columns) are
shown. The control bar depicts calculated water permeability. Relative CO,
conductivity was not given as controls do not show aquaporin-related YFP
fluorescence. Means = S.E.;n = 900 (NtAQP1-YC+NtAQP1-YN), 800 (NtAQP1-
YC+NtPIP2;1-YN), 800 (NtPIP2;1-YC+NtPIP2;1-YN), and 800 (control). p val-
ues for allocation to different significance groups indicated by different letters
were <0.005 as determined by a two-tailed Student’s t test. a.u., arbitrary
units.

3B).In the case of NtAQP1-YC and NtPIP2;1-YN coexpression,
the obtained data and values related to the fluorescence in the
plasma membrane were the sum of heterotetramers and
homotetramers. Because the latter consisted of only one-half of
the YFP, these complexes do not emit fluorescence and could
thereby add an unaccounted factor to the activity calculation.
Nevertheless, it appeared that coexpression of the aquaporins
interferes with function.

At this point, it was indistinguishable whether the restored
YFEP fluorescence was caused by homotetramer interaction or
formation of heterotetramers. In principle, aquaporin tetra-
mers can be separated from monomers or dimers by size exclu-
sion chromatography. However, because the size of NtAQP1
and NtPIP2;1 homo- and heterotetramers is very similar, it is
impossible to divide and distinguish homo- or heterotetramer
complexes by this technique directly. Therefore, solubilized
plasma membrane proteins from yeast expressing the modified
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FIGURE 4. Separation of aquaporin tetramers by column size exclusion
chromatography. A, size-fractionated plasma membrane proteins with a
molecular mass larger than 80 kDa from yeast strains expressing NtAQP1
fused to a YFP C-terminal region (Nt-YC, diamonds) or NtPIP2.1 (PIP2.1, trian-
gles). B, shown as described in A, but yeast strains expressing NtAQP1 were
fused to a YFP C-terminal region, and NtPIP2.1 was probed with a NtAQP1 (Nt
Hetero, diamonds) or a NtPIP2;1-specific antibody (PIP2;1 Hetero, triangles). For
illustration of protein distribution a free hand trend line was added (NtAQP1,
black; NtPIP2;1, gray). Data refer to relative signal distribution (means *+ S.E.).
rel., relative.

NtAQP1-YC, with a C-terminal extension of ~10 kDa, were
compared with those expressing an unmodified NtPIP2;1. In
this approach, the tetrameric proteins were well separated on a
size exclusion chromatography column (Fig. 4A4) as indicated
by their relative elution maxima in fractions 3 (NtAQP1-YC)
and 13 (NtPIP2;1). When coexpressed, the distinct peaks of
NtAQP1-YC- or NtPIP2;1-eluted tetramers were reduced, and
the tetramers also appeared in substantial in smaller or larger
fractions, respectively amounts (Fig. 4B). This denotes for an
interaction of the proteins, most likely as heterotetramers. It
should be noted here, that due to the nonlinear shape of aqua-
porins, a careful size determination of the protein complexes
with standard molecular weight markers appeared technically
impossible and was therefore omitted. The findings from col-
umn chromatography were supported by the results of gel electro-
phoresis with yeast membrane proteins under nonreducing SDS-
PAGE conditions and detection of aquaporins by specific
antibodies (Fig. 5). Upon coexpression of NtAQP1 and NtPIP2;1,
the electrophoretic separation pattern changed, and additional
bands appeared, indicating for an interaction of different aqua-

JOURNAL OF BIOLOGICAL CHEMISTRY 31257



Aquaporin Tetramer Composition

Antibody |

Expression | Co

NtAQP1 |  NtPIP2;1
NtAQP1 | Co  NtPIP2;1

—

>

FIGURE 5. Gel electrophoresis of yeast membrane proteins under nonre-
ducing SDS-PAGE conditions and detection of aquaporins by specific
antibodies. Membrane proteins from yeast expressing either NtAQP1-YC or
NtPIP2;1 or coexpressing both genes (Co) were separated in a polyacrylamide
gel and detected with a NtAQP1-specific antibody (NtAQP1) or NtPIP2;1 spe-
cific antibody (NtPIP2;1). Arrows indicate the location of additional bands in
samples from yeasts coexpressing NtAQP1-YC and NtPIP2;1. The depicted
bands have an estimated molecular mass of at least 120 kDa. Membrane
proteins from yeast cells not expressing NtAQP1-YC or NtPIP2;1 (not trans-
formed or no induction of expression) do not lead to a signal with the
employed NtAQP1- or NtPIP2;1-specific antibodies.

porin isoforms. Again, precise determination of molecular masses
by comparison to molecular markers was rendered difficult, as
under these conditions, protein separation does not depend
strictly on molecular weight but also depends on protein charge
and shape (36).

Results from the three series of experiments (split YFP, func-
tional assay, and the changed size distribution of the aquaporin
constructs when coexpressed) argued for a heterotetramer
formation. In addition, it is possible that the heterotetramer
assemblage changes the specificity of aquaporin facilitated
transport as indicated by the functional assays. To test this
hypothesis, aquaporin tetramers with a definite aquaporin
composition were expressed in yeasts, and the cells were exam-
ined for water- or CO,-triggered intracellular acidification. The
defined tetramers were encoded by gene constructs with four
fused aquaporin sequences. The genes were constructed in a
manner that NtAQP1 and NtPIP2;1 appeared in the tetramer in
increasing and decreasing amounts, respectively (Fig. 64). The
expression levels of the five constructs under investigation was
comparable as determined by Western blot analysis of proteins
from yeast membranes with NtAQP1- or NtPIP2;1-specific
antibodies (data not shown). Their functional analysis revealed
that a facilitated water transport could not be observed when
the tetramer consists of NtAQP1 only. In a 3NtAQP1 and
INtPIP2;1 tetramer, a 30X increased water transport rate was
observed. Maximum values were achieved by the 2NtAQP1 and
2NtPIP2;1, INtAQP1 and 3NtPIP2;1, and 4NtPIP2;1 con-
structs (Fig. 6B). In the case of CO,-triggered intracellular acid-
ification, only the 4NtAQP1 construct induced maximum val-
ues. These were significantly reduced if the tetramer contained
INtPIP2;1 and 3NtAQP1 (Fig. 6C). The higher the amount of
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FIGURE 6. Analysis of artificial tetramer NtAQP1 and NtPIP2;1 combina-
tions. A, schematic illustrating the employed artificial heterotetramer con-
structs. B, water permeability of yeast plasma membranes. Left panel, time
course of scattered light intensity in response to yeast protoplast swelling.
Yeast cells are expressing artificial heterotetramers as depicted in A. Right
panel, corresponding water permeability coefficients (means = S.E., n = 30).
p values for allocation to different significance groups indicated by different
letters were <0.005 as determined by two-tailed Student’s t tests. C, intracel-
lular acidification in response to CO,. Left panel, time course of intracellular
acidification of yeast cells expressing artificial tetramer combinations as
depicted in A. Right panel, corresponding CO, permeability coefficients
(means = S.E.n = 120). p values for allocation to different significance groups
indicated by different letters were <0.005 as determined by two-tailed Stu-
dent’s t tests. a.u., arbitrary units.

NtPIP2;1 in the construct, the lower the intracellular CO, acid-
ification rate. The presence of a single NtAQP1 as cooporin was
not sufficient to induce rates that were multiples of controls as
it was observed for water transport and NtPIP2;1. It seems that
high CO,-driven intracellular acidification requires the pres-
ence of at least 3- or even 4NtAQP1 in a tetramer. In the inter-
mediate configuration (2NtAQP1 and 2NtPIP2;1), P, is fully
increased, whereas P, is just increased slightly.

DISCUSSION

We showed that the tobacco aquaporins under investigation
displayed opposing functions with regard to water or CO,
transport in the yeast system. NtPIP2;1 induced high water
transport rates and gave no rise in CO,-triggered intracellular
acidification. NtAQP1 displayed no detectable function as a
water transport facilitator but increased CO,-triggered intra-
cellular acidification rates.

In plants, NtAQP1 appeared to have a dual function. On one
hand, it was found to increase photosynthesis rates, which are
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limited by CO, availability in chloroplasts. Photosynthesis rates
in accordance to NtAQP1 expression support the hypothesis of
a CO, transport facilitator function in plants (22, 37). Dissimi-
lar to leaves, in roots, a reduced hydraulic conductivity was
observed in tobacco plants expressing an NtAQP1 antisense
RNA, which suggests a role in water transport (38). Yet, the
precise reason for this organ-specific functional divergence in
tobacco is unknown. Pre-experiments showed that the
NtAQP1 monomer was shifted in molecular weight in root
cells. Whether this protein modification could be the reason for
the NtAQP1-dependent increase in hydraulic conductivity or
the modification is just coincidence, remains to be elucidated.
According to reports on coexpression of maize aquaporins in
oocytes (39) or maize leaf protoplasts (26, 41), it can be con-
cluded that a missing function of PIP1 aquaporins as a water
facilitator might, in general, reside on comparably lower or
absent plasma membrane integration. Only when coexpressed
with a PIP2, an effect on membrane integration leading to
enhanced water transport rates was induced. If this effect
occurs in tobacco roots, NtAQP1 function in root hydraulic
conductivity also would be reasonable. However, in yeast, we
could show that the tobacco aquaporin NtAQP1 was inserted
into plasma membranes to a level twice as high as that of
NtPIP2;1. This denotes that the comparably low water perme-
ability of yeasts expressing NtAQP1 was not due to the defi-
ciency of the aquaporin in plasma membranes. However, we
could also observe a beneficial effect on membrane incorpora-
tion of PIP1/PIP2 coexpression. For some maize PIP2 mem-
bers, regulation of aquaporin plasma membrane incorporation
has been shown to be dependent on a diacidic ER export motif
in the N terminus of the protein (41). In the case of NtAQP1 and
NtPIP2;1, this structural detail is missing and accordingly is
irrelevant to membrane targeting.

Similar to the observations made in oocytes (9), yeasts
expressing NtAQP1 showed increased CO,-triggered intracel-
lular acidification rates. This confirms the comparability of the
yeast system to the analysis of aquaporin effects in oocyte
expression systems. Coexpression of NtAQP1 with NtPIP2;1
seems to allow formation of heterotetramers as indicated by the
results from split YFP experiments, size exclusion chromatog-
raphy, and gel electrophoresis. Aquaporins fused with N- or
C-terminal parts of YFP in heterotetramers were shown to be
reduced in the water transport capacity, although membrane
incorporation rates were increased. In contrast, the CO,-trig-
gered intracellular acidification rates of yeasts expressing both
aquaporins were reduced to control levels. As our data were
obtained on aquaporin fusion proteins, nonfused PIP1 and PIP2
proteins could have higher or lower membrane incorporation
rates when expressed in yeast and other heterologous or
homologous systems. This observation should be studied when
PIP1 or PIP2 function is investigated. Functional analysis of
artificial tetramers with a defined proportion of NtAQP1 and
NtPIP2;1 was employed to study the effect of tetramer compo-
sition on aquaporin function and indicated that aquaporin-de-
pendent membrane permeability was modified by it. Strikingly,
an aquaporin tetramer with a single NtPIP2;1 aquaporin
already showed considerably high water transport rates. Two
NtPIP2;1 proteins led to nearly maximal levels. This is in
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accordance to the finding that an aquaporin monomer is the
functional unit for water transport (4, 42, 43). CO,-triggered
acidification rates, on the other hand, were at maximal levels
only if the tetramer consists of only NtAQP1. One reason for
this observation could be due to the differences in driving forces
in comparison with those of water. Because the increasing
number of NtAQP1 aquaporins in a tetramer lead to sequential
increase in CO,-triggered acidification, this function also could
be related to something that is based on multimers. The coop-
erative effect on this function was reflected by a more sigmoid
than linear increase of the acidification rates with increasing
numbers of NtAQP1 in the tetramer. It resembles kinetics of
allosteric enzymes (40, 44). The functional change could well
reside on possible steric adjustments of an aquaporin monomer
in the tetramer with consequences on function. However, in
this case, NtAQP1 proteins also could generate a joint structure
that ensures maximum CO, transport rates if the tetramer con-
sists of only the PIP1 aquaporin. It is tempting to assume that
the so-called fifth pore in the center of the tetramer is the
respective structure (39).

Taken together, it became evident that PIP1 or PIP2 aqua-
porins have distinct functions. One rather indirectly leads to
variation in aquaporin incorporation rates. The other directly
relates to the facilitation of separate diffusion processes, for
NtPIP2;1 that of water, for NtAQP1 that of CO,-triggered
intracellular acidification, which could be CO,, diffusion. The
aquaporins form heterotetramers, which modify the function
as membrane transport facilitators of specific molecules.
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