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Intact yeast cells loaded with 5- and-6-carboxyfluorescein were used to assess water transport. The results
were similar to those previously reported for protoplasts assessed by using either fluorescence or light
scattering, and the activation energies were 8.0 and 15.1 kcal mol�1 (33.4 and 63.2 kJ mol�1) for a strain
overexpressing AQY1 aquaporin and a parental strain, respectively.

The physiological role of aquaporins in yeasts is still being
debated and remains unclear (3, 7). The discovery that aqua-
porins enhance cellular tolerance for rapid freezing in Saccha-
romyces cerevisiae suggests their ecological and physiological
relevance, which is reinforced by their observed conservation
during evolution, since aquaporin genes have been found in
67% of the 33 species of eukaryotic microbes whose genomes
have been sequenced (7). The aquaporin-encoding genes in S.
cerevisiae (AQY1 and AQY2) contain inactivating mutations in
most laboratory strains, and only AQY1 encodes a functional
water channel in most natural isolates and industrial strains (2,
3). In strains with altered expression of these genes, a signifi-
cant role for yeast aquaporins restricted to low temperatures
has been found (5).

Determining the role of aquaporins in yeasts is a challenge,
since their activity may affect important biotechnological func-
tions though not essential for basic cellular processes. The
success of such studies may depend on the introduction of new,
simpler, noninvasive methodologies that respect the physiolog-
ical state of the cells.

Light scattering stopped-flow methodologies have been used
to measure osmotic water permeability (Pf) in several systems,
including yeast protoplasts and vesicles (4, 5, 8, 10), but they
were not successful when they were used with intact yeast cells
(data not shown). With protoplasts, equivalent Pf values were
obtained using two different stopped-flow techniques, light
scattering and fluorescence (5).

In this work, we used the fluorescence self-quenching meth-
odology with intact cells of strains with different levels of ex-
pression of AQY1 and assessed the parameters of water trans-
port. The strains used were 10560-6B (MAT� leu2::hisG
trp1::hisG his3::hisG ura3-52), 10560-6B/pYX012 (KanMX) (�
ANT29) (referred to below as the parental strain), and 10560-
6B/pYX012 (KanMX AQY1-1) (� ANT27) (referred to below
as the strain overexpressing AQY1) (6). Cells were grown in
YPD medium (1% [wt/vol] peptone, 0.5% [wt/vol] yeast ex-
tract, 2% [wt/vol] glucose) with orbital shaking at 28°C, cen-
trifuged, and resuspended in 1.2 M sorbitol.

For loading of the fluorophore we used the protocol de-
scribed previously (5). Briefly, immediately before an osmotic
challenge, nonenergized cells were preloaded for 10 min at
30°C with the membrane-permeable nonfluorescent precursor
5- and 6-carboxyfluorescein diacetate (CFDA) (concentration
in isosmotic solution, 1 mM) that is cleaved intracellularly by
nonspecific esterases and generates the impermeable fluores-
cent form. As the cells shrink or swell in response to osmotic
changes, the concentration of the entrapped fluorophore in-
creases or decreases, and there is a change in the fluorescence
output (1); the concentration-dependent self-quenching prop-
erties of the fluorophore enable cell volume changes to be
recorded as changes in fluorescence.

The relationship between fluorescence and cell volume
was determined by evaluating the equilibrium volumes of
cells loaded with CFDA using an epifluorescence micro-
scope (Olympus BX51) equipped with a digital camera (Fig.
1). Cells were assumed to be spherical, and the diameter was
calculated by determining the average of the maximum and
minimum dimensions of each cell. Cells were exposed to
different osmotic shocks on a microscope slide, and an av-
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FIG. 1. Equilibrium volumes of intact cells loaded with CFDA and
subjected to hypo- and hyperosmotic shocks, based on a spherical cell
shape. The average diameter was calculated by using the maximum and
minimum dimensions of each cell (n � 90 for each data point observed
by epifluorescence).
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erage of six pictures with four to six cells in each picture
were taken within 10 to 40 s. The osmotic shock experiments
were performed in triplicate, resulting in a total of 90 mea-
surements. A linear relationship between the inverse of the
relative cell volume (initial volume [V0]/final volume [V�])
and the tonicity of the osmotic shock (�) (defined as the
ratio of the final osmolarity [(osmout)�] to the initial osmo-
larity [(osmout)0] of the outside medium [� � (osmout)�/
(osmout)0] was obtained (Fig. 2).

In the stopped-flow analysis (Hi-Tech Scientific PQ/SF-53)
the cell suspensions were rapidly mixed with hypo- or hyper-
osmotic solutions to obtain different outwardly or inwardly
directed gradients of solute. The time-dependent changes in
fluorescence and the corresponding single exponential fits for
the overexpressing AQY1 strain are shown in Fig. 3, and the
linear dependence of � on the total signal fluorescence ampli-
tude (�F) (�F � F� � F0, where F� the final signal fluores-
cence and is F0 is the initial signal fluorescence) is shown in

Fig. 2. The rate constants (k) were used to estimate the Pf

(Table 1) based on the linear relationship between Pf and k (9),
as follows: Pf � k(V0/A)[1/Vw(osmout)�], where Vw is the molar
volume of water, V0/A is the initial volume-to-area ratio and
(osmout)� is the final medium osmolarity. We observed that
all the estimated Pf values at 23°C (296 K) are consistent
with a mean � standard deviation of 1.38 	 10�3 � 0.18 	
10�3 cm s�1.

The traces in Fig. 3 were converted into relative volume
changes using the following linear relationship: V0/V � m(F �
F0) � 1, where V is the volume and m is (V0/V� � 1)/�F and
was calculated from the linear relationships � versus V0/V and
� versus �F shown in Fig. 2. The Pf values estimated from
these calibrated curves were equivalent to the values shown
in Table 1, and the average � standard deviation was 1.62 	
10�3 � 0.36 	 10�3 cm s�1. These results suggest that single
exponential fits to the fluorescence stopped-flow traces can be
used to estimate the Pf values for intact yeast cells using the
linear relation Pf versus k as long as the values of V0/A and
(osmout)� are known.

The presence of water channels facilitates water fluxes
across the membrane and lowers the activation energy (Ea)
for transport. The Ea values for the strain overexpressing
AQY1 and the parental strain were 8.0 and 15.1 kcal mol�1

(33.4 and 63.2 kJ mol�1), respectively (Fig. 4). Considering
that the parental strain represents only the lipid bilayer
contribution, the Ea calculated for the channel pathway is
3.8 kcal mol�1 (15.9 kJ mol�1). These results are in agree-

FIG. 2. Linear relationships between � and �F and between � and
the inverse of the relative cell volume (V0/V). These relationships were
used to calibrate the stopped-flow signals.

FIG. 3. Fluorescence signals and the corresponding single exponen-
tial fits obtained for the overexpressing AQY1 strain loaded with CFDA
subjected to hypo-, iso-, and hyperosmotic shocks at 23°C (296 K).

FIG. 4. Arrhenius plots for the parental strain and the overexpress-
ing AQY1 strain loaded with CFDA and subjected to a hypoosmotic
shock (� � 0.75; temperature range, 7°C [280 K] to 38°C [311 K]). The
Ea values (15.1 and 8.0 kcal mol�1 [63.2 and 33.4 kJ mol�1]) were
calculated for the parental strain and the strain overexpressing AQY1.

TABLE 1. Pf values calculated from the rate constants obtained
from the traces in Fig. 3

� Pf (mean � SD) (103 cm s�1)

0.75 ............................................................................... 1.48 � 0.05
0.825 ............................................................................. 1.52 � 0.11
0.925 ............................................................................. 1.39 � 0.28
1.075 ............................................................................. 1.20 � 0.19
1.175 ............................................................................. 1.40 � 0.10
1.25 ............................................................................... 1.27 � 0.10
Mean ............................................................................ 1.38 � 0.18
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ment with the values obtained for protoplasts of the same
strains (5).

To the best of our knowledge, this is the first study in which
the parameters of water transport in yeasts were assessed with-
out removing the cell wall. Fluorescence self-quenching is a
noninvasive methodology that can be used for assessment of
water transport in intact yeast cells, making it possible to de-
sign experimental conditions in which different levels of mem-
brane stress can be established and their effects on water chan-
nel regulation can be evaluated. These situations cannot be
tested otherwise in protoplasts. Furthermore, the use of intact
cells instead of protoplast preparations makes the water trans-
port studies much simpler, increasing the possibility of bio-
chemical characterization of aquaporins from foreign systems
(plants) by heterologous expression in yeasts.
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