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To determine whether solute transport across yeast membranes was facilitated, we measured the water and
solute permeations of vacuole-derived and late secretory vesicles in Saccharomyces cerevisiae; all permeations
were consistent with passive diffusive flow. We also overexpressed Fps1p, the putative glycerol facilitator in
S. cerevisiae, in secretory vesicles but observed no effect on water, glycerol, formamide, or urea permeations.
However, spheroplasts prepared from the strain overexpressing Fps1p showed enhanced glycerol uptake,
suggesting that Fps1p becomes active only upon insertion in the plasma membrane.

Yeasts regulate their osmolality through a variety of mech-
anisms in response to environmental osmotic changes. First,
intracellular water may be transported from the vacuole to the
cytoplasm to compensate for increases in osmolytes, and mu-
tants defective for this process are salt sensitive (15). Second,
the production of internal osmolytes such as glycerol and tre-
halose may be regulated (10). Third, ion flux across the plasma
membrane might be controlled by a mechanosensitive or volt-
age-dependent channel (1, 3, 4, 8, 9). Finally, several reports
indicate that yeasts may regulate their osmolality by varying
their membrane lipid composition, which in turn can influence
the ability of water to permeate (14, 21, 24).

Yet another possibility is that yeasts control their internal
osmolality by expressing aquaporin (AQP) water channels that
facilitate rapid water or solute transport across either the
plasma or vacuolar membranes. The AQPs are a family of
proteins that transport water and small nonelectrolytes (16,
18). AQPs typically contain six transmembrane-spanning seg-
ments and have been identified in mammals, plants, and pro-
karyotes. Four open reading frames (ORFs) that encode mem-
bers of the AQP family also exist in the yeast genome. The first
ORF, YPR192w (AQY1), when obtained from environmental
yeast strains, has been shown to facilitate water transport when
expressed in Xenopus oocytes (5); AQY1 isolated from labora-
tory yeast strains, however, contains a mutation that prevents
this activity.

A second potential homologue would be encoded by two
overlapping reading frames, YLL052c and YLL053c, whose
products resemble the N and C termini of AQPs, respectively.
The introduction of a single base would fuse the two ORFs to
generate a single, full-length AQP homologue. Although the
presence of these separate, overlapping reading frames has
been verified in a number of strains, site-directed mutations
that restore a single reading frame result in functional water
channel activity (13). Thus, it remains unclear whether a func-
tional AQP derived from YLL052c and YLL053c is normally
expressed.

The product of a third gene encoding an AQP homologue in
yeast, FPS1, resembles AQPs in the transmembrane region but
has extended N- and C-terminal ends (25). The internal, 280-
amino-acid sequence of the protein encoded by FPS1 (Fps1p)
is ;30% identical to the Escherichia coli glycerol facilitator
protein (GlpF), and strains lacking FPS1 display aberrant glyc-
erol transport activity and glycerol retention in response to
hypo-osmotic shock (17). Nonetheless, whether Fps1p is a
bona fide glycerol transporter and whether it facilitates the
transport of another substrate have not been demonstrated.

The product of a fourth gene, YFL054c, shows similarity to
E. coli GlpF and to the Salmonella typhimurium propanediol
diffusion facilitator and is about 35% identical to Fps1p for a
stretch of 84 amino acids. It has not been studied although it
shows more similarity to the products of both human AQP1
and yeast AQY1 than does Fps1p.

To investigate if water transport in yeast is facilitated by
AQPs, we measured water and solute permeations across dis-
tinct membranes from Saccharomyces cerevisiae. To perform
the transport assays, the desired membrane-enclosed vesicles
were preloaded with the concentration-dependent fluorescent
dye carboxyfluorescein (CF) and buffer of a defined osmotic
strength (7, 14). When the vesicles were rapidly mixed with a
hyperosmotic buffer, water exited the vesicle, resulting in ves-
icle shrinkage and a decrease in the yield of CF fluorescence.
Results were obtained on a stopped-flow fluorimeter. The
presence of water channels greatly facilitates the rate at which
water exits and lowers the activation energy (Ea) for transport.
The transport of other solutes (e.g., glycerol) can also be mea-
sured if a gradient for the desired solute is established between
the buffer in the preloaded vesicles and in the mixing solution
(7, 14).

Because the vacuole and cell membrane play a vital role in
regulating the cellular osmolyte balance, we prepared vacuole-
derived vesicles that are reported to contain an active H1-
ATPase and are sealed (20). The integrity of the vacuolar
vesicles was verified by three methods. First, an electron mi-
crograph showed that a significant fraction of the membranes
appeared as closed vesicles with diameters ranging from 0.2 to
0.5 mm (Fig. 1B). Second, a H1-ATPase-dependent acidifica-
tion of the vesicles was established by following the rate of
acridine orange fluorescence quenching (17a). And third,
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spontaneous CF efflux from the vesicles was not apparent when
examined by fluorometry (data not shown).

The solute permeability of the plasma membrane was as-
sessed by using post-Golgi, plasma membrane-targeted vesicles
from the sec6-4 mutant (19); sec6 vesicles contain the proteins
destined to constitute the cell membrane and form stable,
sealed vesicles (as compared to plasma membrane vesicles)
and have been used to biophysically characterize active, human
AQPs in yeast (7, 11, 12). Using the CF fluorescence assay in
which water transport can be measured on the millisecond
time scale (7, 14), we found that neither the vacuolar nor sec6
vesicular membranes exhibit high water permeability (Table
1). All have an Ea for water transport consistent with passive
diffusion across the lipid bilayer (Table 2 and Fig. 2) (14).
These results suggest that water transport across the yeast

plasma membrane and vacuolar membrane is not AQP medi-
ated.

By measuring the change in CF fluorescence in a stopped-
flow fluorimeter, we also discovered that nonelectrolytic sol-
utes such as formamide, urea, and glycerol passively diffuse
across the sec6 and vacuole-derived membranes (Table 1)
(compare values to those in reference 14). As a positive control
for these experiments, we expressed human AQP1 in yeast
under the control of a galactose-inducible promotor and ob-
served facilitated water transport across the membranes of
sec6-derived plasma membrane-targeted vesicles (Fig. 2 and
Table 2), as observed previously (7). The Ea for water trans-
port across sec6 vesicles harboring AQP1 was 4.6 kcal/mol, as
compared to an Ea of 13.2 kcal/mol in vesicles lacking AQP1
(Fig. 2 and Table 2).

To determine the solute specificity of the putative glycerol
transporter Fps1p (17, 23, 25), we introduced a multicopy
vector containing the FPS1 gene into S. cerevisiae and prepared
sec6 vesicles; vesicles were also prepared from a sec6 strain
containing the vector but lacking the FPS1 insert. The identical
FPS1 overexpression system was used previously to show that
Fps1p facilitates glycerol transport across the yeast plasma
membrane (17). Using an antibody against a peptide fragment
of the Fps1 protein, we observed that secretory vesicles contain
amounts of Fps1p that are undetectable unless the protein is
overexpressed (Fig. 3). The Eas for water transport in sec6
vesicles prepared from the strain containing only the vector
and those from strains harboring overexpressed Fps1p were
similar (13.2 6 1.2 and 17.2 6 1.2 kcal/mol, respectively) (see
Table 2), indicating that water diffusion was again passive (Fig.
2). Surprisingly, overexpression of Fps1p failed to increase
glycerol permeation in sec6 vesicles (Table 1), suggesting either
that Fps1p does not facilitate glycerol transport on the milli-
second time scale or that it may be inactive in the sec6 vesicles.
It is possible that Fps1p function only becomes evident upon
insertion into the plasma membrane.

To address this hypothesis, we prepared spheroplasts from
the control and Fps1p-overexpressing strains grown to late log
phase (23) by enzymatic digestion of the cell wall (2). Follow-

FIG. 1. Electron micrograph of yeast spheroplasts (A) and vacuole-derived
membranes (B). Spheroplasts and vesicles were fixed in 2% glutaraldehyde–0.5%
osmium tetroxide, dehydrated with increasing concentrations of ethanol, and
embedded in Epon-Araldite. Samples were stained with 1% uranyl acetate and
Reynolds lead citrate and viewed and photographed with a Philips 300 electron
microscope at 60 keV.

TABLE 1. Solute permeabilities of S. cerevisiae membranes

Solute
Permeability (cm/s) of a:

Vacuoles sec6 vesicles sec6 vesicles (FPS1)

Water (1.3 6 0.9) 3 1023 (2.2 6 0.4) 3 1023 (2.9 6 0.5) 3 1023

Formamide (1.8 6 0.5) 3 1025 (3.3 6 0.7) 3 1026 (3.4 6 0.7) 3 1026

Urea (1.2 6 0.9) 3 1026 (2.5 6 1.1) 3 1026 (2.0 6 0.2) 3 1026

Glycerol (1.3 6 0.6) 3 1026 (1.1 6 0.1) 3 1026 (1.7 6 0.4) 3 1026

a Permeabilities were calculated as described in references 7 and 14. All values are shown 6 standard deviations.

TABLE 2. Eas for proteins overexpressed in secretory vesicles

Vesicle type Ea (kcal/
mol)a

sec6...............................................................................................13.2 6 1.2
Vacuole derived .........................................................................11.1 6 3.2
sec6 (FPS1) .................................................................................17.2 6 1.2
sec6 (AQP1) ................................................................................ 4.6
sec6 (AQP1)b............................................................................... 3.7
sec6 (AQP2)b............................................................................... 4.0 6 0.5

a Eas were calculated from linear regressions of the data in Fig. 2. Values are
shown 6 standard deviations.

b Value derived from Coury et al. (7).

4438 NOTES J. BACTERIOL.



ing digestion, the spheroplasts were isolated by centrifugation
through buffer containing 20 mM HEPES (pH 7.4), 0.8 M
sucrose, and 1.5% Ficoll (Cushion 1) and were prepared for
electron microscopy analysis (see Fig. 1A) and glycerol uptake
studies. [3H]glycerol transport into spheroplasts was measured
as described (17) except that the spheroplasts were collected at
the indicated time points by recentrifugation in a microcentri-
fuge for 10 s (16,000 3 g) through Cushion 1. The presence of
osmotic support, which was required to prevent spheroplast
lysis, precluded our ability to reisolate the spheroplasts by
vacuum filtration as performed previously (17). The amount of
incorporated glycerol in the spheroplast pellet was obtained by
liquid scintillation counting. As observed in Fig. 4, we discov-
ered that spheroplasts prepared from cells containing the
Fps1p overexpression plasmid sequestered glycerol faster and
to a greater extent. We conclude from these results that Fps1p
is active in the yeast plasma membrane and may have to as-
semble with other proteins in the plasma membrane to become
active. The more rapid rate of glycerol sequestration in sphero-

plasts (Fig. 4) as compared to intact cells (17) suggests that the
cell wall may impede glycerol transport.

In sum, our results indicate that the putative water channels
in laboratory strains of S. cerevisiae are either not functional, as
suggested by others (5), or are absent from the sec6 vesicles
and vacuole membranes.

Since we have only examined membranes from logarithmi-
cally growing cells, it seems likely that these genes may be
expressed and/or become active under other conditions. Thus,
we noted with interest that AQY1 (YPR192w) contributes to
the average temporal profile for the early-induced gene class in
the transcriptional program when S. cerevisiae is sporulated in
nitrogen-deficient medium; YFL054c shows a similar profile
(6). YLL052c-YLL053c, on the other hand, is apparently re-
pressed by the initial nitrogen starvation (6). These results
indicate that functional AQPs may be important for sporula-
tion. The assessment of AQP function in yeasts growing under
special conditions is a topic of continuing research in our
laboratories.
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