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FIG. 3. Phosphorylation is not required for nuclear localization of
Ypdlp. Fluorescence (left) and phase (right) microscopy of JF2153
(ypdIA) carrying GFP,,-Ypd1p (pJL1419) or the nonphosphorylatable
GFP,,-Ypd1p-H64Q mutant (pJL1433). BF, bright field.

introduced a mutation in the FPSI gene, which encodes the
major glycerol channel in yeast. Reduced glycerol efflux in the
fpsI mutant results in the accumulation of intracellular glycerol
under normal growth conditions, which is interpreted by cells
as a hypo-osmotic signal and increases activity of the SLNI-
SKN7 pathway (20, 36). However, neither Hoglp, Skn7p, nor
Ypdlp localization was affected in the fps/ mutant (Fig. 2B).
The effects of heat shock and oxidative stress, two conditions
that activate Skn7p in an SLNI-independent fashion (15, 24,
30), were also examined. Again, no apparent changes in local-
ization of Skn7p or Ypdlp were observed under these condi-
tions (data not shown).

The Ypd1p localization proPle is independent of phosphor-
ylation. The Slnlp osmotic sensor is an integral membrane
protein, and phosphotransfer from SInlp to Ypdlp occurs on
the cytoplasmic surface of the plasma membrane. Ypdlp is an
obligatory intermediate in both the SLN1-YPD1-SSK1 and
SLN1-YPD1-SKN7 pathways. The phosphorylation of Ypdlp
might therefore play a role in its localization. To test this
hypothesis, the histidine (H64) phosphoacceptor of Ypdlp was
changed to glutamine. In comparisons of the wild type and the
H64Q mutant, no differences were observed in the distribution
of Ypdlp (Fig. 3), suggesting that Ypdlp localization to both
cytosol and nucleus is not regulated by changes in osmotic
pressure or by the phosphorylation state of the histidine.

Increased localization of Ypdlp to the nucleus or to the
cytosol has no detectable effect on signaling. To test the hy-
pothesis that movement of Ydplp between the nucleus and the
cytoplasm is important for phosphorylation of the response
regulators residing in each compartment, an NLS or NES was
added to the GFP,,-YPDI construct. The effect of manipulat-
ing the localization of Ypdlp on Ssklp phosphorylation was
evaluated by looking at the viability of a ypdIA strain carrying
the NLS- or NES-tagged YPDI construct and expressing PTP2
from a high-copy URA3-marked plasmid. Phosphorylation of
the Ssklp response regulator is essential for viability; however,
overexpression of the Hoglp phosphatase gene, PTP2, sup-
presses the phenotype (21, 25, 26). The ability of Ypdlp to
phosphorylate Ssklp is conveniently evaluated by testing for
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growth on medium containing 5-FOA, which selects against
the presence of the URA3-marked PTP2 plasmid.

NES tagged GFP,,-Ypdlp was predominantly cytoplasmic
(Fig. 4A), and a ypdIA strain carrying this construct was viable
in the absence of the PTP2 plasmid (Fig. 4B). As expected, the
NLS-tagged GFP,,-Ypdlp was predominantly nuclear (Fig.
4A). Surprisingly, nuclear localization of Ypdlp had no ad-
verse effect on viability (Fig. 4B). This implies that Ssk1p was
phosphorylated despite the apparent nuclear localization of
Ypdlp.

The ability of the NES- and NLS-tagged GFP_,-Ypdpl to
phosphorylate Skn7p was evaluated by measuring the activity
of the SLNI-SKN7-dependent target gene reporter, OCHI-
lacZ (19). Activating mutations in the SLNI gene (called sinl*
mutations) increase OCHI-lacZ expression 2.5- to 3-fold ((19)
(Fig. 4C), and slnl* activation is dependent on Skn7p phos-
phorylation, since mutation of the phosphorylated aspartate
residue in the SKN7 receiver domain abolishes SKN7-depen-
dent activation of the reporter (19). slnl* activation also de-
pends on phosphotransfer from Ypdlp to Skn7p (18). In the
presence of NLS-tagged Ypdlp, both Ypdpl and Skn7p are
present in the nucleus, and therefore slnl* activation of the
OCH1I-lacZ reporter was normal, as expected (Fig. 4C). In the
presence of the NES-tagged Ypdlp, which we found to be
largely cytoplasmic, slnl* activation was expected to be defec-
tive; however, no measurable decline in activation of a SKN7-
dependent target gene was observed (Fig. 4C).

Tethering Ypdlp to the plasma membrane prevents signal-
ing to Skn7p. The absence of observable effects of the NES and
NLS Ypdlp tags on signaling might suggest that phosphotrans-
fer between Ydplp and the Ssklp and Skn7p response regu-
lators is not limited to any particular subcellular compartment.
Alternatively, the results might reflect the presence of efficient
native trafficking signals that allow Ypdlp to circulate in and
out of the nucleus. To better discriminate between these pos-
sibilities, we tethered Ypdlp to the plasma membrane by using
the CaaX box prenylation motif from Ras2p. Sequences con-
taining a CaaX box prenylation motif were fused to the 3’ end
of GFP-YPDI. A control construct (SeaX) in which the CaaX
box cysteines were changed to serine, thus preventing plasma
membrane localization, was also generated. Western analysis
showed that each Ypdlp derivative was expressed at levels
roughly comparable to that of the wild type (Fig. 5B, rightmost
panel [data not shown for SaaX construct]). As expected,
Ypdlp-CaaX, but not Ypdlp-SaaX, was partially localized to
the plasma membrane. Some cytoplasmic staining is still ap-
parent in the Ypd1p-CaaX strain, possibly reflecting trafficking
intermediates (Fig. 5A). The ability of each construct to phos-
phorylate Ssklp was assessed by examining viability. Strains
carrying Ypdlp-CaaX or Ypdlp-SaaX were both viable, sug-
gesting that tethering Ypdlp to the plasma membrane does
not inhibit phosphotransfer to Ssklp (Fig. 5B). A more quan-
titative analysis of Ypdlp phosphotransfer to Ssklp was car-
ried out by examining the effect of the CaaX and SaaX mutants
on expression of the HOG1 pathway target, GPDI, after a shift
to high-salt medium. The CaaX mutant exhibited 75% of wild-
type induction, while the SaaX control was nearly normal at
94% (data not shown). Thus, the effect of Ypd1p tethering on
SLN1-SSK1 pathway activity was minimal.

The ability of tethered Ypd1p to signal to nuclear Skn7p was
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FIG. 4. Effects of NLS and NES tags on Ypdlp localization and function. (A) Localization of NLS (pJL1454)- versus NES (pJL1461)-tagged
GFP,,-Ypdlp. Merged GFP and DAPI images are shown at the left. (B) Effect of NES or NLS tags on Ypd1p signaling to Ssklp. YPDI plasmids,
including the wild type (pJL1419), H64Q (pJL1433), NLS (pJF1454), and NES (pJL1461) were introduced into JF2153, a ypdIA strain containing
a2 wm PTP2 plasmid. Viability of the cells on 5-FOA medium reflects Ssk1p phosphorylation. (C) Effect of NLS and NES tags on Ypd1p signaling
to Skn7p. YPDI plasmids, including the wild type (WT) (pJL1414), H64Q (pJL1480), NLS (pJF1453), and NES (pJL1456) in wild-type (JF2150)
and sinl* (sin1-22; JF2219) strains bearing the SLNI-SKN7 dependent reporter, UASo ¢y -lacZ (pJF1416) were assayed for B-galactosidase
activity. Activities are the averages for four transformants. Error bars indicate standard deviations.

examined by assessing the effect of Ypdlp-CaaX on sinl* ac-
tivation. As seen previously, wild-type YPDI exhibited three-
fold activation in this assay (Fig. 5C), whereas the ydpl H64Q
mutant exhibited no activation. The ydp1-CaaX allele resem-
bled the H64Q mutant in this assay, exhibiting no slni* acti-
vation. In contrast, the YPDI-SaaX construct was nearly fully
active. These results indicate that nuclear localization of
Ypdlp is necessary for signaling to Skn7p.

NLS-Ypdlp is capable of nucleo-cytoplasmic shuttling. The
finding that nuclear targeting of Ypdlp is essential for Skn7p
activation together with the lack of apparent effect of NLS and
NES Ypdlp tags on signaling activity led us to propose that
Ypdlp may shuttle between compartments to regulate Ssklp

and Skn7p. This was tested by using a heterokaryon assay (8).
In this assay, a karl mutant defective in nuclear fusion is mated
with cells carrying a transcriptionally regulated NLS-tagged
GFP-Ypdl1 fusion protein. If the GFP fusion is capable of
nuclear export, it will move out of the KARI nuclei and into the
karl nucleus, causing GFP staining in both nuclei of the het-
erokaryon. The nuclear-localized NLS-tagged GFP-YPDI al-
lele was placed under the control of the galactose-inducible
GALI10 promoter and transformed into a ypdIA strain kept
alive by a PTP2 overexpression plasmid. Expression of the
NLS-tagged GFP-YPDI construct was highly inducible by ga-
lactose and was repressed within an hour of switching to glu-
cose (Fig. 6B). Following mating with the karl-I strain, the
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FIG. 5. Localization and function of plasma membrane-localized GFP-Ypdlp. (A) GFP fluorescence and bright-field (BF) images of cells
carrying Ypdlp tagged with the Ras2p prenylation signal (CaaX; pJL1440) or the mutant prenylation signal (SaaX; pJF1447). (B) Viability assay
measuring the ability of Ypd1p-CaaX to signal to Ssklp. LEU2-marked YPDI plasmids (wild type [WT], pJL1419; H64Q, pJL1433; CaaX, pJF1440;
and SaaX, pJL1447) were introduced into a ypdIA strain (JF2153) which is kept alive by the presence of a high-copy PTP2 plasmid. Comple-
mentation is indicated by growth on 5-FOA, which selects against the URA3-marked PTP2 plasmid. Western blot analysis showing similar levels
of expression of the GFP-Ypd1p fusions is shown in the right panel. (C) Reporter assay measuring the ability of Ypd1-CaaX to signal to Skn7p.
URA3-marked YPDI plasmids (wild type, pJL1414; H64Q, pJL1415; CaaX, pJF1437; and SaaX, pJL1441) in SLN1 (JF2150) and slnl* mutant
(JF2219) strains bearing the SLNI-SKN7 dependent reporter, UAS oy -lacZ (pJF1416) were assayed for B-galactosidase activity. Activities are
the averages from four transformants. Error bars indicate standard deviations.

majority of heterokaryons showed GFP fluorescence in both
nuclei, indicating nuclear export of Ypdlp (Fig. 6A). In con-
trast, fluorescence from a GFP fusion with the yeast histone
H2B gene (GFP-HTBI) was restricted to a single nucleus in
control heterokaryons (Fig. 6A). These data strongly support
the conclusion that Ypd1p moves between the nucleus and the
cytoplasm.

DISCUSSION

Eukaryotic two-component pathways share many features
with the more prevalent bacterial two-component pathway.
However, some accommodations are assumed to be necessary
due to the spatial constraints imposed by the compartmental-
ized intracellular environment. In this study we have examined
the subcellular localization of the two-component signaling
molecules in the yeast SLN1 pathway, and we conclude that

the distribution of the histidine phosphotransfer protein,
Ypdlp, in both the cytosol and the nucleus is one strategy by
which eukaryotic two-component pathways have adapted to a
compartmentalized environment.

The SLN1 pathway bifurcates downstream of the histidine
phosphotransferase, Ypdlp, and culminates in the phosphor-
ylation of two very different types of response regulators. Phos-
phorylation of the cytosolic response regulator, Ssklp, is es-
sential for viability, whereas phosphorylation of the nuclear
response regulator, Skn7p, is not. Thus, the existence of sep-
arate nuclear and cytosolic pools of Ypd1lp may be a reflection
of the need to retain a pool of cytoplasmic Ypdlp even under
conditions that call for Skn7p phosphorylation.

Under normal conditions, the small size of Ypdlp (19.2
kDa) may allow diffusion in and out of the nucleus. However,
fusion of Ypdlp to two tandem copies of GFP did not alter the
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FIG. 6. GFP-NLS-Ypdlp migrates between nuclei in yeast hetero-
karyons. (A) Cells harboring a galactose-inducible GFP-NLS-YPD1
(JF2153) (upper panel) or GFP-HTBI (JF1565) (lower panel) con-
struct were mated with JF1592 (karl-1) cells for 2 h. Arrows indicate

heterokaryon nuclei. DIC, differential interference contrast.
(B) Northern blot analysis of GFP-NLS-YPDI RNA expression during
the time course of the heterokaryon assay (upper panel). ACTI RNA
(lower panel) levels are shown as a loading control. Samples were from
cultures in raffinose (lane 1), in galactose (1 and 1.5 h [lanes 2 and 3,
respectively]), in glucose (1 and 2 h [lanes 4 and 5, respectively]), and
during mating (1 and 2 h [lanes 6 and 7, respectively]). Twenty micro-
grams of total RNA was loaded per time point.

pancellular distribution, suggesting the possible involvement of
more active translocation mechanisms. When strong heterolo-
gous NLS and NES tags were added to the protein, the local-
ization profile became nuclear in the case of the NLS fusion
and cytoplasmic in the case of the NES fusion. These results
suggest that any localization signals embedded within the
Ypdlp sequence or present within proteins that normally in-
teract with Ypdlp are relatively weak or that the strength of
the intrinsic import and export signals are perfectly balanced,
giving an even distribution of the protein both inside and
outside the nucleus.

Even in the presence of strong NLS and NES signals, Ypd1lp
levels in the nucleus and cytosol were sufficient to sustain
near-normal levels of signaling in both compartments. This
suggests that very little Ypdlp is needed in each compartment
or that the protein is very efficiently recruited to the appropri-
ate signalasome. We used a heterokaryon assay to validate the
conclusion that Ypdlp is capable of moving out of the nucleus
in spite of the NLS tag. Heterokaryon assays were used first to
demonstrate nuclear-to-cytoplasmic protein movement for
Npl3p (8) and later to show nucleocytoplasmic shuttling of
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FIG. 7. Working model showing the multiple roles of Ypdlp in the
osmotic response signal transduction pathway. Phosphotransfer, the
transfer of a phosphoryl group from the receiver domain of SIn1 to the
conserved histidine 64 in Ypd1p; shuttling, the movement of Ypdlp in
and out of the nucleus. The diagram shows the translocation of the
phospho form of Ypd1p; however, the dephospho form of Ypd1lp may
likewise be involved. Phosphorylation, the transfer of the Ypdp1 phos-
phoryl group to the conserved aspartates in the receiver domains of the
nuclear Skn7p and cytoplasmic Ssklp (not labeled) response regula-
tors. Phosphorylation of Skn7p leads to activation of SLN1-SKN7-
dependent gene expression, and phosphorylation of Ssklp leads to
negative regulation of the HOG1 MAP kinase cascade and the main-
tenance of viability.

Gal80p (27) and Loslp (6). We conclude that native Ypdlp is
fully capable of trafficking into and out of the nucleus to ac-
complish its dual signaling missions.

Although signaling to Ssklp, as measured by viability and,
quantitatively, by induction of a HOG1-dependent target gene,
was not strongly affected when Ypdlp was plasma membrane
associated, signaling to Skn7p was eliminated, presumably by
curtailing the transit of Ypdl1p to the nucleus. This is consistent
with the view that Skn7p has a strict nuclear localization and
that Ypdlp must enter the nucleus to carry out phosphotrans-
fer with the Skn7p response regulator.

In our current working model for the spatial organization of
the yeast two-component pathway molecules (Fig. 7), SLN1
pathway signaling is regulated by the intracellular shuttling of
the phosphorelay intermediate Ypdlp and by the differential
compartmentalization of the cytoplasmic Ssklp and the nu-
clear Skn7p response regulators. In step one (phosphotransfer)
of the pathway, plasma membrane-associated Slnlp transfers a
phosphoryl group to the cytoplasmic Ypdlp. In step two (shut-
tling), phospho-Ypdlp translocates into the nucleus. In step
three (phosphorylation), Ypdlp-P phosphorylates Skn7p in
the nucleus as well as Ssklp in the cytoplasm. This model is
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supported by several lines of evidence. First, localization stud-
ies show the presence of Ypdlp in both the cytoplasm and the
nucleus. Second, the fact that alteration of Ypdlp levels in
either compartment by addition of NES or NLS tags had a
minimal impact on signaling to Ssklp or Skn7p suggests that
even under these conditions Ypdlp is not confined to one
compartment. Third, heterokaryon assays show that NLS-
tagged Ypdl, and presumably native Ypdlp, is indeed capable
of nuclear export. Finally, since tethering of Ypdlp to the
plasma membrane via a CaaX box caused a severe impairment
in Skn7p signaling, we conclude that Skn7p is restricted to the
nucleus and that its activation requires nuclear targeting of
Ypdlp. The temporal relationship of these events is not clear.
Since the intracellular distribution of the nonphosphorylatable
Ypdlp H64Q is indistinguishable from that of normal Ypdlp,
it is possible that both phospho and dephospho forms of
Ypdlp move in and out the nucleus. However, there is no
known role for dephospho-Ypdlp in the nucleus.

An alternative model in which Ssklp is phosphorylated in-
side the nucleus before moving out to the cytoplasm to regu-
late the HOG1 pathway seems unlikely, since Ssk1p appears to
be cytoplasmically localized under all osmotic conditions
tested. This localization pattern is consistent with the known
cytoplasmic localization of the MAP kinase kinase, Pbs2p (7),
which is activated by interaction with Ssklp, and with the
observation that the MAP kinase, Hoglp, translocates to the
nucleus upon osmotic treatment. In addition, both the NES-
Ypdlp and plasma membrane-tethered Ypd1-CaaX exhibited
near-normal signaling to Ssklp, indicating that nuclear Ypdlp
is not required for Ssklp signaling.

Recruitment of cytoplasmic signaling proteins into the nu-
cleus is an essential step in the activation of gene expression in
response to extracellular signals. In MAP kinase pathways, it is
frequently the MAP kinase that transits to the nucleus. In
eukaryotic two-component signaling, it appears that indepen-
dent histidine phosphotransferase (Hpt) proteins such as
Ypdlp may have evolved for this purpose. In Arabidopsis thali-
ana, AHPI to -5 encode homologs of Ypdlp that function in
the cytokinin signal transduction pathway (12, 34, 35). A subset
of AHP molecules are translocated into the nucleus in a cyto-
kinin-dependent manner, where they can signal to a nuclear
family of response regulators (11). The regulated transport of
the AHPs in Arabidopsis and the constitutive cycling of yeast
Ypdlp into and out of the nucleus appear to represent distinct
mechanisms for two-component signaling in compartmental-
ized cells. The basis for the difference between the two systems
may lie with the tolerance and/or requirement of the cell for
expression of pathway targets. For example, expression of cy-
tokinin genes in the absence of cytokinins may be harmful,
whereas modest expression of SLN1-SKN7 target genes such
as OCHI, encoding a mannosyltransferase, is likely to be im-
portant even in the absence of stress. It will be of interest to
examine the localization of molecules in other eukaryotic two-
component pathways to determine whether Hpt-based trans-
location is a general principle in eukaryotic two-component
signaling pathways.
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