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Fpslp is a glycerol efflux channel from Saccharomyces
cerevisiae. In this atypical major intrinsic protein nei-
ther of the signature NPA motifs of the family, which are
part of the pore, is preserved. To understand the func-
tional consequences of this feature, we analyzed the
pseudo-NPA motifs of Fpslp by site-directed mutagene-
sis and assayed the resultant mutant proteins in vivo. In
addition, we took advantage of the fact that the closest
bacterial homolog of Fpslp, Escherichia coli GlpF, can
be functionally expressed in yeast, thus enabling the
analysis in yeast cells of mutations that make this typi-
cal major intrinsic protein more similar to Fpslp. We
observed that mutations made in Fpslp to “restore” the
signature NPA motifs did not substantially affect chan-
nel function. In contrast, when GIpF was mutated to
resemble Fpslp, all mutants had reduced activity com-
pared with wild type. We rationalized these data by
constructing models of one GIlpF mutant and of the
transmembrane core of Fpslp. Our model predicts that
the pore of Fpslp is more flexible than that of GIpF. We
discuss the fact that this may accommodate the diver-
gent NPA motifs of Fpslp and that the different pore
structures of Fpslp and GlpF may reflect the physiolog-
ical roles of the two glycerol facilitators.

Major intrinsic protein (MIP)! channels, aquaporins and
glycerol facilitators, occur in all types of organisms ranging
from bacteria to humans. MIP channels mediate the gradient-
driven diffusion of water, glycerol, and other uncharged com-
pounds and certain ions across biological membranes. To date,
more than 200 MIPs have been identified comprising an amaz-
ing number of isoforms expressed in different subcellular com-
partments and tissues, under different environmental condi-
tions or during different developmental stages. For example, 10
genes encoding MIP channels are currently known in humans
(1), 35 have been described in the plant Arabidopsis thaliana
(2) and the nematode Caenorhabditis elegans has nine (3).
These channel proteins are involved in biological processes as
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diverse as urine concentration in the mammalian kidney, (4)
root development in A. thaliana (5, 6), and osmoregulation in
Saccharomyces cerevisiae (7, 8).

Fpslp is a glycerol facilitator of the yeast S. cerevisiae (7, 8).
The central importance of Fpslp in yeast osmoregulation is
illustrated by the sensitivity to a hypo-osmotic shock of yeast
cells in which FPS1 has been deleted. Fpslp has also been
shown to affect signal transduction in yeast osmoregulation in
a fashion consistent with its role in controlling the intracellular
glycerol content (9, 10). In addition, fpsIA mutants both grow
poorly and hyperaccumulate glycerol under anaerobic condi-
tions when glycerol is produced for redox balancing (8). These
observations establish that Fpslp primarily mediates glycerol
diffusion out of the cell (11) with an energy-independent mech-
anism (8). Despite the fact that Fpslp can also mediate meas-
urable glycerol influx into yeast cells, (7, 8, 12), this is probably
not its physiological role because no growth defects have been
found in fpsIA mutants cultivated with glycerol as the sole
carbon source (8). Furthermore GUP1 and GUP2 have recently
been proposed to be involved in active transport of glycerol in
yeasts (13). In contrast, the physiologically relevant role of
GlpF from Escherichia coli, the closest bacterial homolog of
Fpslp with 30.5% identity, is likely to be import of glycerol for
catabolism (14, 15).

Although Fpslp (see Fig. 1) is closely related to bacterial
glycerol channels such as GlpF from E. coli, it is so far unique
in the MIP family for a number of reasons (11). For example, it
has long amino- and carboxyl-terminal hydrophilic extensions,
resulting in a protein of 669 amino acids, compared with 281
amino acids for GlpF. Only very few fungal MIPs, as well as
Drosophila BIB, have such long extensions. The amino-termi-
nal extension of Fpslp is important for the regulation of glyc-
erol efflux by external osmolarity in yeast. Deletion of this
domain renders the channel unregulated. Unregulatable, con-
stitutively open Fpslp causes loss of glycerol from the cell and
hence poor growth in high osmolarity medium (8). As an addi-
tional unique feature, neither of the signature Asn-Pro-Ala
(NPA) motifs of the family in channel-forming loops B and E is
fully preserved; instead they are Asn-Pro-Ser (NPS) and Asn-
Leu-Ala (NLA), respectively (see Fig. 1). In fact, the sequences
of only five other microbial MIPs contain motifs other than
NPA. In four of these cases NPA is preserved in loop B: the
presumed glycerol channel from Enterococcus faecalis (gef
6176) contains an NQA motif in loop E, the putative aquaporin
from Chloribium tepidum (gct 5) has NPV, the Botrytis cinerea
putative glycerol channel contains NPS, and the Saccharomy-
ces kluyveri homolog of Fpslp has NMA (11, natchaug.labri.
u-bordeaux.fr/Genolevures/Genolevures.php3). The only devia-
tion from NPA in loop B of a microbial MIP occurs in the
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TABLE I
Oligonucleotides used for site-directed mutagenesis of FPS1 and glpF
The bases underlined indicate either the result of the mutation being introduced or extensions used in gap repair to construct the loop swap
mutants. The latter were designed by predicting the location of the transmembrane domains using the internet resources Prosis, TopPred2,
TMPred, PhD, and DAS to produce a model of the transmembrane domain boundaries of Fpslp and GlpF, deleting the required loop sequence in
glpF and replacing it with the corresponding one in FPSI1. The bases in italics indicate restriction sites used for subcloning. The designators .f and

.r indicate sense and antisense sequences, respectively.

P;;xrrrlleér Primer sequence
S354A.f TTGAATCCGGECTATTACATTAGCC
L481P.f ACAGCAATGAATCCGGCTCGTGAT
Mi1.f CACTCAGGTCCGATGITCTTCTTGC
M2.r TGTCAGGTCAATGT TGCTGGG
M3.r GCGGGAATGTTTTGCGTT
M1ulL.f AACAAAACGCGT CGCTGT
RsrILf CCAGCGCGTGACTTCGGTCCGAAAGTCTTT
SexAlLr TTCTACCCAACCTGGTTTTGGGTAGATTTG
myc.f CGCGTCGCTGGAACAAAAACT TATTTCTGAAGAAGATCTGAATTAATAAA
myc.r CCTGGTTTATTAATTCAGATCTTCTTCAGAAATAAGT TTTTGT TCCAGCGA
AT0S.f AGGGGT TTCCGECGCGCATCTTAATCCCTCTGT TACCAT
NgoMILr GCACAGAAAGCGCCGGCAACTTGTGAA
P204L.r AAAGACT TTCGGACCGAAGT CACGCGCTAGGT TCATGGCA
NgoMI.f TCACAAGT TGCCGGCGCTTTCTGT
Blr GGAAACCCCTGCGGTCAG
Ba2.f GITATTCCTTTTATCGIT
B3.f GCAATGGCCAT CTACCT GACCGCAGGEGGT TGCCATCTCAGGTGCTCAT
B4.r GCCAACTTGT GAAACGATAAAAGGAATAACT TTCTTCAGGGGAAAACC
Elr TGTCAATGGGCCCATAGA
E2.f CTGGTGCCCCTTTTCGEC
E3.f CTGATTGCGGT CATTGGECGCATCTATGGEGECTATCAGACAGGTACAGCA
E4r GATAGGGECCGAAAAGCGGECACCAGGAAGT AATGATGATGATGCACCCA

Salmonella typhimurium protein (contig 1308), which has an
NLA motif. Unfortunately, these MIPs are incompletely char-
acterized, and thus their transport characteristics cannot be
used to aid our understanding of the structural and/or func-
tional role(s) of these features. In this study we have therefore
chosen to examine the consequences of the NPS and NLA
sequences of Fpslp on channel function. This is of particular
relevance to a general understanding of MIP channels because
their generic NPA motifs have been shown to be integral to the
formation of a continuous solute pore, the so-called “hourglass”
(17), a prediction confirmed in the recently published struc-
tures of GlpF (18) and AQP1 (19).

To understand the functional consequences of their atypical
sequence composition, we have probed loops B and E of Fpslp
by site-directed mutagenesis and in vivo assay. Specifically, we
have studied the consequences of “restoring” NPA motifs in
Fpslp. In addition, we have taken advantage of the fact that
the closest bacterial homolog of Fpslp, E. coli GlpF, which
contains two NPA motifs, and for which a crystal structure has
been published (18), can be functionally expressed in yeast (7).
Hence, we have generated mutations that make this typical
MIP resemble Fpslp and tested the function of these mutant
proteins in the same yeast test system. We find that although
Fpslp tolerates NPA in both loops B and E instead of its
unusual pseudo-NPA motifs, GIpF only tolerates NPS in loop
B. Changes in loop E of GIpF abolish protein function as deter-
mined in our yeast test system. We have rationalized these
data by generating models of GIpF containing NPS in loop B
and of the transmembrane regions of Fpslp, using the pub-
lished structure of GIpF as a starting point (18). We discuss our
results in the context of the pore of Fpslp having a different
structure from that of GlpF. This may accommodate the diver-
gent NPA motifs Fpslp, and moreover, the different pore struc-
tures of Fpslp and GlpF may reflect the different physiological
roles of the two glycerol facilitators.

EXPERIMENTAL PROCEDURES

Yeast Strains and Growth Conditions—The S. cerevisiae strains used
in this study were isogenic to W303-1A (20). The deletion mutant
fps1A::TRPI was made by replacing a Bg/II fragment containing the

FPS1 open reading frame with a BamHI fragment containing the TRP1
gene from YDpW (21). Yeast cells were routinely grown in medium
containing 2% peptone and 1% yeast extract supplemented with 2%
glucose as carbon source. Selection and growth of transformants carry-
ing a replicating plasmid was performed in yeast nitrogen base medium
(YNB) (22). Plate growth assays were performed by pregrowing the cells
to midlog phase in medium supplemented with 1 M sorbitol. A 10-fold
serial dilution of this culture was made, and 10 ul of each dilution were
spotted onto agar plates supplemented without osmoticum (hypo-os-
motic shock). Growth was monitored after 2-3 days at 30 °C.

Plasmid Construction—YEpmyc-FPS1 is a 2u LEU2 plasmid ex-
pressing a fusion protein in which the c-myc epitope is attached to the
carboxyl terminus of Fpslp (8). Plasmids containing point mutations in
the FPS1 gene were constructed using the megaprimer PCR (23) with
YEpmyc-FPS1 as template and primers as listed in Table I. Single
mutations were introduced using primers S354A.f or L481P.f. The
flanking primers in each case were M1 and M2. The resultant PCR
products were cleaved with KpnlI and Apal and subcloned into YEpmyc-
FPS1 that had been cleaved with the same enzymes. All constructs
were fully sequenced using the BigDye Terminator Cycle Sequencing
kit (Applied Biosystems). For the double mutant, two fragments were
created; primers M1 and M3 were used to generate a PCR product using
YEpmyc-FPS1L481P as the template, and YEpmyc-FPS1S354A was
digested with Ncol. These fragments were used to transform S. cerevi-
siae using the lithium acetate method (24), and the resulting gap-
repaired plasmids (25) were propagated in E. coli DH5«. This construct
was fully sequenced using the BigDye Terminator Cycle Sequencing kit
(Applied Biosystems). YEpglpF contains the gene encoding E. coli GlpF
under the control of the yeast PGK1 promoter (7). The gene was tagged
at its 3’ end by using megaprimer PCR with primers Mlul.f, RsrIL.f, and
SexALr (Table I) to create an Mlul site at positions 833—838, yielding
YEpglpF-Mlul. A synthetic fragment was created by annealing the
oligonucleotides myc.f and myc.r (Table I), which contain the c-myc
sequence with appropriate 5’ overhangs, and this was subcloned into
YEpglpF-Mlul which had been cleaved with Miul and SexAI. This
procedure yielded YEpglpFmyc. Plasmids containing point mutations
in the glpF gene were constructed using PCR with YEpglpFmyc as
template and the primer pair A70S.f and NgoMILr or P204L.r and
NgoML.f (Table I). Loop swaps were created using PCR by completely
amplifying YEpglpFmyc except for the loop to be replaced by the cor-
responding sequence in FPS1. This corresponding FPS1 sequence was
then amplified using YEpmyc-FPS1 as template with primers contain-
ing 5’ 30-base extensions with 100% identity to the required glpF
flanking sequence (Table I). These fragments were then used to trans-
form S. cerevisiae using the lithium acetate method (24), and the re-
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sulting gap-repaired plasmids (25) were propagated in E. coli DH5a. All
constructs were fully sequenced using the BigDye Terminator Cycle
Sequencing kit (Applied Biosystems). All other molecular biological
manipulations were performed using standard techniques, as described
in Ref. 26.

Glycerol Transport Assays—For glycerol efflux measurements, the
cells were cultured in YNB supplemented with 2% glucose to mid log
phase (typically Agoo nm = 0.4—0.5). To achieve maximal internal glyc-
erol accumulation, the cells expressing FPS1 were then incubated for
2-3 h in YNB supplemented with 2% glucose and 5% NaCl, whereas
cells expressing glpF were incubated for 5—6 h in the NaCl-containing
medium. The cells were harvested and suspended in YNB supple-
mented with 2% glucose at ¢ = 0. The samples (5 ml) were harvested at
t=0,1, 2,3, 5, and 10 min, and glycerol efflux was measured as a
function of time as described previously (8). Glycerol concentrations
were determined enzymatically using a commercially available kit
(Roche Molecular Biochemicals).

To determine glycerol influx, the cells were cultured in YNB supple-
mented with 2% glucose to log phase (typically Agoo pm = 0.7—0.8). The
cells were harvested by centrifugation, washed, and suspended in ice-
cold MES buffer (10 mm MES, pH 6.0) to a density of 60 mg/ml. Glycerol
influx was then measured as described previously (7, 8) by withdrawing
50-ul aliquots and collecting cells by filtration. In each case, the dry
weight was determined by harvesting cells on filters, which were then
dried at 80 °C to constant weight.

All transport experiments were performed a minimum of three times,
and the data were expressed as the mean values at each time point =
S.E. A standard two-tailed unpaired ¢ test was used to test for signifi-
cant differences between the means, as necessary. In general, transport
data were not related to expression levels to give specific activities
because the standard error associated with membrane protein expres-
sion levels was much higher than that of the transport assays them-
selves. Hence it was felt that such adjustment is misleading, as has
previously been reported in studies where levels in isolated membranes
do not reflect those in whole cells (27).

Membrane Preparation and Immunoblots—The cells were cultured
in YNB supplemented with 2% glucose to late log phase (typically
Agoonm = 0.8), and both the total membrane and plasma membrane
fractions were isolated and visualized as described previously (8).

Molecular Modeling—Models of the A70S mutation in GIpF were
generated by extraction of the Ca atom coordinates of E. coli GlpF from
the Brookhaven Protein Data Bank file, 1FX8, using Molscript com-
mands in RASMOL version 2.7.2 (28). The mutant model was subse-
quently constructed using the MaxSprout algorithm (29), following
substitution of Ala for Ser in the Ca coordinates file. The coordinates for
Ser”™ were then returned to the original file, substituting the Ala™
coordinates, resulting in a file that was identical to the original GlpF
Brookhaven Protein Data Bank file, except for the additional oxygen
atom of the serine residue. Hydrogen bonding was predicted using
Swiss-PDB Viewer (30). The amino acid sequences for yeast Fpslp and
E. coli GIpF were aligned using CLUSTALW (31). Models of the Fpslp
pore were generated by extraction of the Ca atom coordinates of the
GIpF structure, replacement with corresponding amino acid residues of
the aligned Fpslp sequence, and reconstruction of the pore using the
MaxSprout algorithm. The regions of changed secondary structure were
corroborated by analysis of the Fps1p sequence using the a-helix indices
of Chou and Fasman (32) and Deleage and Roux (32, 33) and by analysis
of the modeled structure using TMAlpha (34).

RESULTS

Changing NPS and/or NLA to NPA in Fpslp Does Not Affect
Glycerol Transport—Fps1p differs from the vast majority of its
family members in that it contains NPS and NLA, respectively,
in loops B and E (Fig. 1), rather than the signature sequences
of the family: two NPA motifs. We began our analysis by
restoring these amino acid triplets both singly and doubly to
NPA. The mutant genes were expressed from a multi-copy
plasmid under the control of the FPS1 promoter in a yeast
strain lacking FPS1. The localization of the resultant mutant
proteins was examined by cell fractionation and immunoblot.
Fig. 2A indicates that wild type Fpslp and the three mutants
were equally localized to the plasma membrane. Glycerol efflux
was assayed by measuring the export of intracellularly pro-
duced glycerol, whereas influx was measured following the
exposure of cells to radiolabeled glycerol. We observed no sta-

36545

Extracellular

1

=
Intracellular

Oooooroon CoroooncoC

¥

NH,

Fic. 1. Schematic diagram of Fpslp. Fpslp differs from more
typical members of the MIP family, such as GlpF, in a number of ways.
For example the signature NPA motifs of the family are replaced by
NPS and NLA in Fpslp, as indicated. The numbers indicate the six
transmembrane domains. The letters A-E denote the loops of Fpslp, of
which B and E are involved in the formation of the glycerol channel by
dipping into the membrane to form an hourglass. The dashed lines
within the amino- and carboxyl-terminal extensions indicate that they
are much longer than shown (256 and 143 amino acids, respectively).
The membrane core comprises 270 amino acids.

tistically significant reduction in glycerol efflux compared with
the wild type (Fig. 2B) for any of our mutant channels. This was
consistent with the growth phenotypes shown in Fig. 2C. In
these tests, yeast cells with a channel that can export glycerol
survive a hypo-osmotic shock, whereas a smaller fraction of
yeast cells survive this treatment and also resume growth more
slowly in the absence of a functional channel (8). Hence we
observed that cells with the mutant channels Fpslp S354A,
Fpslp L481P, and Fpslp S354A L481P survived indistinguish-
ably from cells with a wild type channel. Table II shows that
the initial glycerol uptake rates for the mutant channels were
also not significantly different from the wild type, with rates in
the range of 85-116% of the mean wild type value. This con-
firmed that changing NPS and/or NLA to NPA in Fpslp does
not substantially affect its glycerol transport properties. In
addition, we note that cells with mutant channels did not show
any growth defect in high osmolarity medium such as 1 m
sorbitol (Fig. 2C) or high salt (not shown), which would other-
wise indicate changes in channel regulation.

Changing NPA to NPS and/or NLA in GIpF Affects Glycerol
Transport—It was clear from the experiments described above
that in our assays neither NPS nor NLA is specifically required
for apparently normal glycerol transport by Fps1p. To begin to
understand this observation, we examined the functional con-
sequences of converting the NPA to NPS and/or NLA in GlpF,
which is a more typical member of the MIP family in terms of
sequence. We have shown previously that GlpF, which is the
closest bacterial homolog of Fpslp, can be functionally ex-
pressed in S. cerevisiae. Although cells expressing the unregu-
latable GIpF channel initially lose glycerol and are slightly
osmosensitive (8), we observed that after prolonged incubation
GlpF-expressing transformants did accumulate glycerol in hy-
perosmotic medium (7). This allowed the GIpF constructs to be
tested in exactly the same way as the Fps1lp mutants described
above.

We therefore constructed NPA to NPS in loop B (A70S), as
well as NPA to NLA in loop E (P204L) and the double NPS/
NLA mutant (A70S P204L). These mutants were analyzed by
cell fractionation and immunoblot for localization (Fig. 3A) and
in both our efflux (Fig. 3B) and influx (Table II) assays. In
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Fic. 2. Functional analysis of point mutants of Fpslp. A, West-
ern blots of plasma membrane extracts. Representative blots are
shown. B, glycerol transport measurements on whole yeast cells were
performed in triplicate for efflux to determine the transport character-
istics of cells with either Fpslp (e), no glycerol channel (O), Fpslp
S354A (X), Fpslp L481P (M), or Fpslp S354A L481P ([J). The mean
values are presented + S.E. (n = 3). C, growth characteristics following
hypo-osmotic shock are consistent with the efflux properties of the
mutant proteins. The cells were spotted onto plates in a 10-fold serial
dilution series such that they experienced either no shock (left panel) or
a hypo-osmotic shock (right panel).

TaABLE II
Initial glycerol uptake rates
Values were obtained from triplicate determinations as described
under “Experimental Procedures.” The rates are expressed as the
means * S.E. (n = 3).

Protein Initial uptake rate

nmol/mg/min

No channel 1.03 = 0.08
Fpslp 4.20 = 0.19

Fpslp S354A 3.85 + 0.18
Fpslp L481P 3.55 = 0.40
Fpslp S354A L481P 4.87 + 0.45
GlpF 2.88 = 0.35
GIpF A70S 2.16 = 0.23
GlpF P204L 1.16 = 0.19
GlpF A70S P204L 1.10 = 0.08
GIpF loop B swap 1.54 = 0.28
GlpF loop E swap 1.16 = 0.31
GIpF loops B and E swap 1.15 = 0.07

contrast to the Fpslp series, we observed that mutations in
GIpF affected protein localization differently in each case. GIpF
AT70S was expressed on average at higher levels than wild type,
GlpF P204L was expressed at wild type levels, and the double
mutant, GlpF A70S P204L, was poorly expressed (Fig. 3A).
With respect to our transport assays (Fig. 3B and Table II),
GlpF A70S showed substantial activity, having 75% of the
mean uptake rate of wild type GlpF and approximately wild
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Fic. 3. Functional analysis of point mutants of GIpF. A, West-
ern blots of plasma membrane extracts. Representative blots are
shown. B, glycerol transport measurements on whole yeast cells were
performed in triplicate for efflux to determine the transport character-
istics of cells with either GlpF (e), no glycerol channel (O), GIpF A70S
(X),GIlpF P204L (M), or GlpF A70S P204L ((J). The mean values are
presented + S.E. (n = 3). C, growth characteristics following hypo-
osmotic shock are consistent with the efflux properties of the mutant
proteins. The cells were spotted onto plates in a 10-fold serial dilution
series such that they experienced either no shock (left panel) or a
hypo-osmotic shock (right panel).

type export activity. Given the apparent higher expression
level, this may indicate a reduced specific transport activity per
channel. However, transport proficiency of this mutant was
supported by growth phenotypes; cells with the mutant chan-
nel A70S and the wild type channel survived a hypo-osmotic
shock, indicating that only these channels were functional (Fig.
30). For GlpF P204L, this nonconservative mutation in loop E
apparently resulted in a properly localized but essentially non-
functional protein. Similarly, the double mutant was also non-
functional, although at least some protein appeared to be lo-
calized to the plasma membrane. From these observations we
concluded that the pores of Fpslp and GlpF were not structur-
ally identical; although Fpslp containing two NPA motifs ap-
peared to have wild type properties in our assays (Fig. 2), the
reverse was not true for GlpF, because only NPS in loop B could
be tolerated in the GlpF pore (Fig. 3).

Loops B and E of Fpslp Do Not Form a Functional Channel
in GlpF—The apparent inability of GlpF to tolerate NLA in
loop E indicated that there might be sequences in the B and E
loops of Fpslp that are required if the interaction of these NPS-
and NLA-containing loops are to form a fully functional chan-
nel in GlpF. We therefore precisely aligned the sequences of
Fpslp and GIpF using the internet resources, Prosis, Top-
Pred2, TMPred, PhD, and DAS, together with structural infor-
mation for GlpF (18), and transferred the predicted loops B and
E from Fpslp to GlpF both singly and doubly, to make GlpF
even more Fpslp-like. None of these mutants conferred any
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Fic. 4. Functional analysis of loop swap mutants of GIpF. A,
Western blots of plasma membrane extracts. Representative blots are
shown. B, glycerol transport measurements on whole yeast cells were
performed in triplicate for efflux to determine the transport character-
istics of cells with either GIpF (e), no channel (O), GlpF in which loop
B had been exchanged for that of Fpslp (X), GIpF in which loop E had
been exchanged for that of Fps1p (M), or GIpF in which both loops B and
loop E had been exchanged for those of Fpslp ([J). The mean values are
presented + S.E. (n = 3). C, growth characteristics following hypo-
osmotic shock are consistent with the efflux properties of the mutant
proteins. The cells were spotted onto plates in a 10-fold serial dilution
series such that they experienced either no shock (left panel) or a
hypo-osmotic shock (right panel).

glycerol transport activity (Fig. 4 and Table II). For the E-loop
swap, in particular, this is probably because it was not properly
expressed or localized to the plasma membrane. The double
loop swap was expressed to wild type levels but was nonfunc-
tional, indicating that GIpF could not tolerate the channel-
forming loops of Fpslp. Again, growth tests confirmed the
biochemical analyses of the channels; only cells with the wild
type channel survived a hypo-osmotic shock, indicating that
only this channel confers glycerol export (Fig. 4C). These ob-
servations indicate that in addition to loops B and E, other
sequences, probably within the transmembrane domains, con-
tribute to functional differences between Fpslp and GlpF.

DISCUSSION

Our mutational studies and analyses in whole yeast cells
have shown that Fpslp can tolerate conventional MIP channel
NPA motifs. Changing NPS in loop B and NLA in loop E either
singly or doubly into NPA either did not affect, or only margin-
ally affected, localization and function of the mutant protein.
We noted that although the single Fpslp mutants had some-
what reduced activities compared with wild type, the double
mutant was wild type-like (Table II). In contrast, making the
reverse mutations in the prototypic MIP glycerol facilitator,
GlpF, had pronounced effects. Although NPS in loop B affected
but did not abolish function, the presence of NLA in loop E or
the swapping of loops B and/or E of Fpslp to GlpF abolished
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function and also affected localization to the plasma mem-
brane. These observations indicated that the pores of the two
glycerol facilitators, Fpslp and GIpF, are different.

To rationalize our experimental observations, we generated
a model of the transmembrane core of Fpslp based on the
aligned regions of the GIpF structure reported by Fu and col-
leagues (18). Fig. 5 indicates marked differences between the
pore regions of GlpF and Fpslp. In particular, Fpslp contains
significantly less a-chain around the inner part of the pore.
Consequently, our observations can be rationalized in terms of
the comparatively greater flexibility of the Fpslp pore with
respect to GlpF. By comparing the sequences flanking the NPA
of loop E of GlpF with the corresponding NLA in Fpslp, it is
clear that the latter also contribute to this flexibility. Specifi-
cally, it appears that the GlpF sequence PLTGFAMNPARD
provides for a strong a-helix between the prolines, whereas the
equivalent Fpslp sequence QTGTAAMNLARD has no such
provision. Another consequence of the lower a-helical content is
that the region where loops B and E approach each other in
Fpslp, Ser®**/Asn*®°, is more exposed than the equivalent
Ala"%/Asn?3 in GlpF.

It is possible that the minor reduction in initial glycerol
uptake rate for Fpslp S354A is due to disruption of the polar
environment of the pore, because alanine is both bulkier and
less polar than serine. In particular potential hydrogen bond-
ing between Ser®®* and Glu3"" of transmembrane domain 3
would be abolished. For Fpslp L481P, the slight reduction in
initial glycerol uptake rate may be due to loop E becoming less
flexible in a region crucial for transport activity. In addition,
hydrogen bonding may again be affected; the introduction of a
proline reduces the potential for hydrogen bonding within the
pore, which might be important for maintaining optimal pore
architecture and loop/helix proximities. Interestingly, the dou-
ble mutant Fpslp S354A L481P has a wild type-like initial
glycerol uptake rate. In this case the mutant channel contains
the MIP family signature NPA/NPA sequence. It appears that
in the absence of the Ser®**/Glu®”” interaction, the double mu-
tation causes a realignment of polar groups and hydrogen
bonding within the pore. This compensates for the loss of the
serine and allows efficient tracking of the substrate through
the pore. For instance, it is likely that Asn*®® on loop E can
come closer to Asn®42 on loop B, allowing the formation of a
favorable hydrogen bond. Hence in the case of Fpslp, NPA/
NPA functions as well as NPS/NLA, suggesting that overall,
the ability of a pore to transport glycerol appears to be a
balance between polarity and stabilizing hydrogen bonds
within the pore itself.

In GlpF, we observed that modifications restricting the al-
ready limited pore flexibility resulted in a significant reduction
in transport function. In particular, our model of GlpF A70S
(Fig. 6) based on the coordinates of the GlpF structure (18) may
be used to rationalize the apparently somewhat reduced trans-
port rates incurred by the mutation (taking into account the
apparently increased expression level of this construct). The
introduction of a serine residue at position 70 appears to result
in slightly reduced flexibility of Asn®® because of increased
hydrogen bonding between the side chain oxygen atom of Ser’®
and the side chain nitrogen of Asn®® (4.16 A apart). However,
these effects are likely to be offset by an increased polar envi-
ronment within the pore, resulting in only small effects on
transport. In contrast, transport function in GlpF is signifi-
cantly compromised by other substitutions, such as the loop E
P204L substitution. This is likely to involve the role of proline
as a “helix breaking” residue, its loss in the mutant leading to
a lengthened helical section in loop E, incorporating the mu-
tant NLA motif. This alteration most probably significantly
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Fic. 5. Homology model of the
Fpslp pore region (right) based on
the structure of GIpF (left) displayed
in RASMOL. The Fpslp pore displays
markedly less « conformation (shown in
pink), resulting in a more flexible struc-
ture. The higher degree of random confor-
mation (shown in white) is most evident
around the inner pore, particularly in the
region of the Ser®**/Asn**° loop B/loop E
approach (shown in yellow), which is sub-
sequently more exposed than the equiva-
lent Ala”®/Asn®*® in GIpF.

- o
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\"%—A & -

Fic. 6. Modeling of the A70S mutation in GIpF, displayed in RASMOL. The wild type is shown in the left panel, with Asn®® (center) and
Ala 70 (left) rendered. The A70S form is shown in the right panel and displays the probable hydrogen bond formation (black line) between Asn®®
and Ser”® because of the additional side chain oxygen of Ser”, limiting the flexibility of Asn®®,

reduces the flexibility of the surrounding amino acids, com-
pared with the situation when an NPA motif is present.

In summary, it is clear that the pores of GlpF and Fpslp are
different, even though both proteins are members of the “glyc-
erol facilitator” subfamily of the MIP superfamily. The rigid
pore of GIpF is sensitive to changes in its signature NPA motifs
and cannot accommodate the B and E loops of Fpslp, whereas
the pore of Fpslp is more permissive to change. Hence, it is
probable that the presence of NPS and NLA, rather than the
more typical NPA and NPA, in the pore of Fpslp are tolerated
by the more flexible structure.

Why have these two glycerol facilitators evolved different
pore designs? A possible explanation may be the fact that
Fpslp and GlpF have different physiological roles. Although
Fpslp appears to be implicated in the export of glycerol during
osmoadaptation (7, 9), GIpF functions in the uptake of glycerol
from the growth medium as a first step to catabolize it as a
source of carbon and energy (14, 35). However, in addition to
their common glycerol transport functions, Fpslp and GlpF
each have other unique roles. Fpslp is gated rapidly by
changes in medium osmolarity (8) to prevent glycerol leakage
and to ensure appropriate intracellular glycerol accumulation.
GlpF, on the other hand, interacts with glycerol kinase to
ensure rapid glycerol phosphorylation, thereby preventing any
glycerol taken up being lost again by diffusion out of the cell
(15). We do not yet understand the mechanism that mediates
gating in Fpslp, although we have shown previously that cer-
tain parts of the amino-terminal extension are needed for chan-
nel closing (8). We have also observed that addition of these
sequences to GlpF, which is unregulated, is not sufficient for its
gating, resulting in a protein with properties that are indis-

tinguishable from wild type GlpF.2 What is clear, however, is
that Fpslp responds within seconds to osmotic stress (8), sug-
gesting a conformational change is involved in gating. The
flexible pore of Fpslp could be permissive to such a conforma-
tional change leading to closure of the pore by a mechanism
that remains to be identified. Structural modeling, as employed
in this study, may aid us in achieving a better understanding of
this mechanism.

A more flexible pore may also have consequences for trans-
port specificity. Although both proteins appear to transport a
similar spectrum of smaller polyols (18),® different transport
capacities of Fpslp and GlpF for the polyol-like oxoanions of
As(ITT) and Sb(III) have been reported. Fpslp has been shown
to mediate the uptake of As(III) and Sh(III) into S. cerevisiae.
Through the regulation of this uptake, the channel has been
suggested to have a role in toxic metalloid resistance in yeast
(36). In the same study, no equivalent uptake could be demon-
strated for GlpF, although GIpF has already been suggested to
transport Sb(III), but not As (III), in E. coli (16), thus indicating
a specificity difference between these close homologs. This hy-
pothesis awaits a more thorough functional analysis of the
transport specificity of Fpslp, which is currently in progress.
Comparison of these data with data emerging on the recently
identified, but as yet uncharacterized, homologs of Fps1p from
different yeast species (natchaug.labri.u-bordeaux.fr/Genole-
vures/Genolevures.php3) should shed light on the intriguing
presence of atypical signature motifs in these unusual MIP
family members.

2R. M. Bill and S. Hohmann, unpublished observations.
3 S. Karlgren, R. M. Bill, and S. Hohmann, unpublished observations.
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