JOURNAL OF BACTERIOLOGY, Dec. 2000, p. 6673-6678
0021-9193/00/$04.00+0

Vol. 182, No. 23

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Novel Role for an HPt Domain in Stabilizing the Phosphorylated

State of a Response Regulator Domain

FABIOLA JANIAK-SPENS, DAVID P. SPARLING, anp ANN H. WEST*
Department of Chemistry and Biochemistry, University of Oklahoma, Norman, Oklahoma 73019

Received 13 June 2000/Accepted 4 September 2000

Two-component regulatory systems that utilize a multistep phosphorelay mechanism often involve a histi-
dine-containing phosphotransfer (HPt) domain. These HPt domains serve an essential role as histidine-
phosphorylated protein intermediates during phosphoryl transfer from one response regulator domain to
another. In Saccharomyces cerevisiae, the YPD1 protein facilitates phosphoryl transfer from a hybrid sensor
kinase, SLN1, to two distinct response regulator proteins, SSK1 and SKN7. Because the phosphorylation state
largely determines the functional state of response regulator proteins, we have carried out a comparative study
of the phosphorylated lifetimes of the three response regulator domains associated with SLN1, SSK1, and
SKN7 (R1, R2, and R3, respectively). The isolated regulatory domains exhibited phosphorylated lifetimes
within the range previously observed for other response regulator domains (i.e., several minutes to several
hours). However, in the presence of YPD1, we found that the half-life of phosphorylated SSK1-R2 was
dramatically extended (almost 200-fold longer than in the absence of YPD1). This stabilization effect was
specific for SSK1-R2 and was not observed for SLN1-R1 or SKN7-R3. Our findings suggest a mechanism by
which SSK1 is maintained in its phosphorylated state under normal physiological conditions and demonstrate

an unprecedented regulatory role for an HPt domain in a phosphorelay signaling system.

Two-component signal transduction systems in prokaryotic
and eukaryotic organisms regulate cellular responses to envi-
ronmental changes (6, 11). In their simplest form, these regu-
latory pathways involve an autophosphorylating transmem-
brane histidine kinase and a cytoplasmic response regulator
that is phosphorylated on an aspartic acid residue. Modified
and expanded versions of two-component regulatory pathways
requiring multiple phosphoryl transfer reactions between sev-
eral phosphodonor and phosphoreceiver domains have also
been identified (1, 6, 25, 27). Some of the more complex phos-
phorelay systems that have been described thus far include a
hybrid sensor kinase (that also contains a phosphoaspartate
receiver domain), a histidine-containing phosphotransfer
(HPt) protein, and one or more response regulator proteins (4,
5,7, 8, 14, 29, 34). HPt domains serve a dual purpose as a
phosphoreceiver and phosphodonor in order to shuttle phos-
phoryl groups between two or more response regulator do-
mains. It has also been suggested that the presence of HPt
domains and use of multistep phosphorelay systems provide
for additional points of regulation of signaling pathways (1,
11).

In most cases, response regulator proteins are activated
upon phosphorylation. Hence, the intrinsic lifetime of the
phosphorylated state of a response regulator is an important
factor in determining the duration of the cellular response.
Phosphorylated half-lives ranging from seconds for CheY and
CheB (10, 37) to several hours for OmpR and SpoOF (13, 40)
have been observed. In addition to the intrinsic phosphatase
activity of the response regulator, several two-component sys-
tems utilize additional means of dephosphorylation. For exam-
ple, in some cases the sensor histidine kinase exhibits phos-
phatase activity towards its cognate response regulator (12, 13,
21, 30, 31, 35). Alternatively, an auxiliary protein may act to
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accelerate or catalyze dephosphorylation of the response reg-
ulator (10, 24, 33). Another mechanism for signal decay has
been identified in the Escherichia coli Arc system, whereby
dephosphorylation of the cytoplasmic response regulator oc-
curs through a “reverse” phosphorelay which is dependent on
the C-terminal HPt domain of ArcB (9).

The osmoregulatory pathway in Saccharomyces cerevisiae
consists of a multistep phosphorelay system involving the
transmembrane hybrid histidine kinase SLN1, the HPt protein
YPD1, and the response regulator SSK1 (36). In contrast to
most two-component systems, these proteins are maintained in
a phosphorylated state under normal environmental condi-
tions. Under hyperosmotic stress conditions, SSK1 is rapidly
dephosphorylated by a mechanism not well understood and in
its dephosphorylated form activates a downstream mitogen-
activated protein kinase cascade (28). The only other known
response regulator in S. cerevisiae, SKN7, is also at least par-
tially dependent on phosphorylation via SLN1 and YPD1 (18,
20). The multifunctional SKN7 protein has been implicated in
maintenance of cell wall integrity (3), G1 cyclin expression (2,
23), and responses to oxidative and osmotic stress through a
phosphorylation-dependent (SLN1-YPD1) as well as a phos-
phorylation-independent pathway (18-20, 22). Thus, YPDI1 is
required for phosphoryl group transfer between all three
known response regulator domains in S. cerevisiae (i.e., SLN1-
R1, SSK1-R2, and SKN7-R3).

We previously reported the half-lives of the phosphorylated
response regulator domains associated with the yeast osmoreg-
ulatory proteins SLN1 and SSK1, which were determined, due
to experimental constraints, in the presence of substoichiomet-
ric amounts of YPD1 (15). We have since developed a means
for phosphorylating these response regulator domains that
does not rely on the presence of YPD1. We were thus able to
determine what effect the presence of YPD1 has on the phos-
phostability of the response regulator domains. Our results
indicate that the HPt protein YPD1 has a dramatic stabilizing
effect on phospho-SSK1-R2 but not phospho-SLN1-R1 or
phospho-SKN7-R3. We believe that this effect is mediated, at
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least in part, by the formation of a stable HPt-response regu-
lator domain complex.

MATERIALS AND METHODS

Materials. All chemicals and biochemical reagents used were of ultrapure
grade. Ndel was obtained from New England Biolabs. Pfu DNA polymerase was
purchased from Stratagene. Smal, DNA modifying enzymes, and oligonucleo-
tides were from Life Technologies. Chromatography media were obtained from
Pharmacia. [y-**P]JATP (30 Ci/mmol) was purchased from Amersham. High-
sensitivity Kodak BioMax MR film was used for autoradiography. The Immun-
Star chemiluminescence protein detection kit was from BioRad. Antibodies
against SSK1-R2 and YPD1 were raised in rabbits by Cocalico Biologicals, Inc.
The expression vectors pGST-SLN1-HK, encoding the histidine kinase domain
of SLN1 and pGST-SKN7, were kindly provided by R. Deschenes (University of
Towa).

Construction of SKN7-R3 expression vector. For protein expression in bacte-
rial cells, the gene fragment corresponding to the response regulator domain of
the yeast SKN7 protein (designated R3) was amplified by PCR and subcloned
into the pCYB2 vector of the IMPACT system (New England Biolabs). Specif-
ically, a plasmid was constructed by subcloning an Ndel-Smal fragment contain-
ing nucleotides 1,081 to 1,867 of the coding region of SKN7 (corresponding to
amino acids 361 to 622) into pCYB2. An ATG start codon was included as part
of the Ndel site at the 5’ end. Thus, a fusion protein was generated that consists
of the SKN7-R3 domain located at the N terminus, followed by the yeast VMA1
protein-splicing intein domain and a chitin-binding domain. The entire coding
region corresponding to the SKN7-R3-intein-chitin-binding domain fusion was
further subcloned and placed under the control of the T7 RNA polymerase
promoter in the pET11a expression plasmid (Novagen). This pET derivative was
designated pFJS37.

Protein expression and purification. Purification of YPD1, YPD1-H64Q, and
the SLN1-R1 and SSKI1-R2 response regulator domains has been described
previously (15, 16, 38). The SLNI histidine kinase domain (SLN1-HK) was
expressed and purified as a glutathione-S-transferase (GST) fusion protein as
described by Li et al. (20).

Expression and purification of the SKN7-R3 domain were performed similarly
to that of the SSK1-R2 domain (15) with the following modifications. Cells were
resuspended in lysis buffer (20 mM Tris [pH 7.5], 500 mM NaCl, 1 mM EDTA,
10% glycerol, 0.1% Triton X-100) and then lysed using a French press operated
at 14,000 Ib/in® The cleavage buffer contained 20 mM Tris (pH 7.5), S0 mM
NaCl, 0.1 mM EDTA, and 10% glycerol. A gel filtration step was not necessary.
The protein was judged to be =95% homogeneous based on analysis by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis. Protein concentration
was determined by absorbance at 280 nm using a calculated extinction coefficient
of 6,580 M~ 'em ™. Typical yields were 0.8 mg of pure protein/g (wet weight) of
cells. Purified SKN7-R3 was stored in cleavage buffer at —20°C.

Preparation of phosphorylated response regulator domains. Phosphorylation
of response regulator domains was achieved by incubation with SLN1-HK and
[y-**P]ATP. GST-tagged SLN1-HK (3 uM) bound to glutathione-Sepharose 4B
resin was incubated in the absence or presence of purified response regulator
domain (12 pM) and 7 pM [y-*?PJATP in 50 mM Tris-HCI (pH 8.0)-100 mM
KCI-10 mM MgCl,-2 mM dithiothreitol-20% glycerol for 60 min at room
temperature in a total reaction volume of 50 to 100 ul. The phosphorylated
response regulator domain was recovered in the supernatant following a brief
centrifugation step (1 min at 100 X g) to pellet the resin-bound GST-SLN1-HK.

Dephosphorylation of response regulator domains. Isolated radiolabeled
phosphorylated response regulator domains (5 wM) were incubated at room
temperature in 50 mM Tris (pH 8.0)-10 mM MgCl,-1 mM dithiothreitol in a
total volume of 50 pl. Wild-type YPD1 or YPD1-H64Q was added as indicated.
Aliquots (4.5 pl) were removed at indicated time points, mixed with 4X stop
buffer (0.25 M Tris-HCI [pH 6.8], 8% SDS, 60 mM EDTA, 40% glycerol, 0.008%
bromophenol blue) to terminate the reaction, and kept at —20°C until gel
analysis. Proteins were separated on an SDS-15% polyacrylamide gel and ana-
lyzed by autoradiography. Relative amounts of phosphorylated protein were
determined by scanning densitometry of the autoradiograph using a BioRad
GS-710 calibrated imaging densitometer. Rate constants for the dephosphory-
lation reaction and half-lives of the phosphorylated response regulator domains
were determined by least-squares fitting of the natural logarithm of the data to
a linear relationship assuming first-order kinetics.

Gel mobility shift assay. Phosphorylated response regulator domains were
prepared as described above, except that nonradiolabeled ATP was used in the
incubation reaction. Parallel mock reaction mixtures contained the same com-
ponents, except that ATP was omitted. Isolated phosphorylated and mock-
treated response regulator domains (16 pM) were incubated with either 1.6 pM
wild-type YPD1 or 1.6 uM YPD1-H64Q in phosphorylation reaction buffer in a
total volume of 12 pl for 5 min at room temperature. Sample buffer (4 pl)
containing 0.15 M Tris (pH 8.8)-40% glycerol was added, and the samples were
loaded onto a native 15% polyacrylamide gel and electrophoresed at 250 V for
40 min. Following gel electrophoresis, proteins were electroblotted to polyvinyli-
dene difluoride membranes in transfer buffer containing 25 mM Tris (pH 8.3),
192 mM glycine, 20% MeOH, and 0.1% SDS. Duplicate membranes were
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FIG. 1. Phosphorylation of response regulator domains. Phosphorylation re-
action mixtures (30 ul) contained 4 uM GST-SLN1-HK and 11 pM [y->*P]ATP
in the absence and presence of 8 uM of the response regulator domains as
indicated. Reaction mixtures were incubated for 60 min at room temperature,
and reactions were stopped by the addition of 10 wl of 4X stop buffer. Reaction
products were separated on an SDS-15% polyacrylamide gel. Immediately fol-
lowing SDS-polyacrylamide gel electrophoresis, the wet gel was wrapped in
plastic film and subjected to autoradiography at —80°C.

probed with antisera against SSK1-R2 and YPDI1 and developed using the
Immun-Star chemiluminescence detection system (BioRad).

RESULTS

Phosphorylation of response regulator domains via SLN1-
HK. Glutathione-Sepharose-bound GST-SLN1-HK was auto-
phosphorylated in the presence of [y-**PJATP (Fig. 1, lane 1).
Upon addition of purified response regulator domains, phos-
phoryl transfer from the SLN1-HK domain to each of the three
response regulator domains was observed (Fig. 1, lanes 2
through 4). The differences in the amount of phosphoprotein
generated may be attributed to differences in transfer rate
between SLN1-HK and each response regulator domain. In
addition, phosphate hydrolysis of the response regulator do-
main may contribute to the overall level of radiolabeled pro-
tein observable after the 60-min incubation time. Nonetheless,
we have demonstrated that in vitro SLN1-HK can serve as a
direct phosphoryl group donor to all three response regulator
domains used in this study. Furthermore, because we were able
to remove the resin-bound GST-SLN1-HK domain from the
reaction mixture by centrifugation, dephosphorylation rates for
the SLN1, SSK1, and SKN7 response regulator domains could
accurately be determined in the absence of the normal protein
phosphodonor.

Half-life of phospho-SSK1-R2 in the presence of YPD1. We
previously reported a half-life of approximately 40 h for phos-
pho-SSK1-R2 that was measured in the presence of substoi-
chiometric amounts of YPD1 (15). By utilizing resin-bound
GST-SLN1-HK to phosphorylate SSK1-R2, we were able to
examine the half-life of phospho-SSK1-R2 in the absence of
any upstream phosphodonor. Strikingly, the half-life of the
isolated phospho-SSK1-R2 domain was only 13 min (Fig. 2A
and Table 1). However, when YPDI1 was included in the incu-
bation reaction containing phospho-SSK1-R2, the previously
determined half-life of about 40 h was reproduced (Fig. 2A
and Table 1). This extended half-life was observed when YPD1
was present at one-tenth the concentration of SSK1-R2 as well
as with equimolar amounts. During the time course of the
dephosphorylation experiment, “reverse” phosphoryl transfer
from phospho-SSK1-R2 to YPD1 was not observed. We also
examined whether this stabilization effect by wild-type YPD1
was dependent on the phosphorylatable histidine residue H64
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FIG. 2. Dephosphorylation rates of response regulator domains. Isolated
phosphorylated SSK1-R2 (A), SLN1-R1 (B), or SKN7-R3 (C) was incubated in
the absence (O) or presence of either a one-tenth molar concentration of wild-
type YPD1 (@) or an equimolar concentration of YPD1-H64Q (A). Aliquots
were removed at indicated time points and analyzed as described in Materials
and Methods. The autoradiographs were analyzed by scanning densitometry to
determine the fraction of phosphorylated response regulator remaining. Dephos-
phorylation of the response regulator domains followed first-order rate kinetics,
and the rate constants and half-lives were determined accordingly. The lines
represent computer-generated least-squares fitting to a linear relationship. Data
shown are from representative experiments that were performed multiple times.
The inset in panel A shows the expanded time scale of the dephosphorylation
reaction of phospho-SSK1-R2 in the presence of wild-type YPDI1.
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TABLE 1. Half-lives of phosphorylated response regulator domains
in the absence and presence of YPD1

Half-life (min) = SEM

Response

regulator domain — YPDI + WT-YPD1“ + YPD1-H64Q?
SLN1-R1 132 17 = 1¢ 18+1
SSK1-R2 13+3 2,280 * 240¢ 138 £ 6
SKN7-R3 144 = 6 156 = 12 258 =24

“The concentration of WT-YPDL1 in the incubation was one-tenth of the
concentration of the phosphorylated response regulator domain.

® The concentration of YPD1-H64Q in the incubation was equimolar to the
concentration of the phosphorylated response regulator domain.

¢ See also Janiak-Spens et al. (15).

of YPDI. In the presence of the YPD1-H64Q mutant, the
half-life of phospho-SSK1-R2 was increased only 10-fold, to
approximately 2 h (Fig. 2A and Table 1).

Half-lives of phospho-SLN1-R1 and phospho-SKN7-R3 in
the presence of YPD1. The half-lives of isolated phospho-
SLNI1-R1 in the absence and presence of a one-tenth molar
concentration of wild-type YPD1 did not differ from one an-
other and were the same as the previously reported value of 13
min (15) (Fig. 2B and Table 1). We then examined whether the
presence of increased concentrations of YPD1 had an effect on
the half-life of phospho-SLN1-R1. When wild-type YPD1 was
present in equimolar concentrations (or in 10-fold excess), the
half-life of phospho-SLN1-R1 alone could not be determined,
since more than 70% of the radiolabel had transferred from
SLNI1-R1 to YPD1 within seconds after the addition of YPD1
(data not shown). However, when the YPD1-H64Q mutant
was added to the incubation reaction containing phospho-
SLNI1-R1, radiolabel in YPD1 was not observed (data not
shown). In the presence of an equimolar amount of YPDI1-
H64Q, the half-life of phospho-SLN1-R1 was approximately
18 min (Table 1).

The half-life determined for isolated phosphorylated
SKN7-R3 was 2.4 h, about 10-fold longer than that of the other
two isolated phosphorylated response regulator domains (Fig.
2C and Table 1). Similar to observations made for phospho-
SLNI1-R1, the presence of a one-tenth concentration of wild-
type YPDI1 had no stabilizing effect on phospho-SKN7-R3
(Fig. 2C and Table 1). When phospho-SKN7-R3 was incubated
with an equimolar concentration of wild-type YPDI1, approxi-
mately 50% of the radiolabel was found associated with YPDI,
indicating that the reverse reaction competes with phosphate
hydrolysis (data not shown). In the presence of an equimolar
concentration of the YPD1-H64Q mutant in the incubation
reaction, a twofold increase in the lifetime was observed (Fig.
2C and Table 1).

Complex formation between phospho-SSK1-R2 and YPDI1.
To further characterize the stabilizing effect of YPD1 on phos-
pho-SSK1-R2, we looked for evidence of a stable complex
between the two proteins by using a gel mobility shift assay.
Unphosphorylated and phosphorylated SSK1-R2 were incu-
bated in the absence and presence of YPD1 or YPD1-H64Q.
The proteins were separated on a native polyacrylamide gel
and then analyzed by Western blotting. The membrane was
probed with either anti-SSK1-R2 (Fig. 3A) or anti-YPD1 (Fig.
3B) antisera. Only in the presence of phospho-SSK1-R2 and
either wild-type YPD1 or YPD1-H64Q (Fig. 3A and B, lanes 8
and 9) was a stable complex observed, as indicated by a band
that migrated more slowly than YPD1 alone and contained
both SSK1-R2 (Fig. 3A) and YPDI1 (Fig. 3B). In contrast, the
absence of a mobility-shifted band when unphosphorylated
SSK1-R2 and YPDI1 were incubated together indicates that
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FIG. 3. Gel mobility shift assay as evidence for an SSK1-R2 - YPD1 complex. Isolated phosphorylated and mock-reacted SSK1-R2 was incubated with one-tenth
molar concentrations of either wild-type YPD1 or YPD1-H64Q as described in Materials and Methods. Reaction mixtures were separated on a native 15%
polyacrylamide gel and then analyzed by Western blotting. Duplicate membranes were probed with anti-SSK1-R2 (A) or anti-YPD1 (B) antisera and visualized using
chemiluminescence. Lanes 1, purified SSK1-R2; lanes 2, purified wild-type YPDI; lanes 3, purified YPD1-H64Q; lanes 4 through 6, mock-reacted SSK1-R2 in the
absence or presence of YPD1 as indicated; lanes 7 through 9, phosphorylated SSK1-R2 in the absence or presence of YPD1 as indicated. The origins of the gel lanes
for both panels are indicated on the right. The direction of migration was toward the anode as indicated on the left.

these two proteins do not form a stable complex (Fig. 3A and
B, lanes 5 and 6). The absence of a band for isolated SSK1-R2
(Fig. 3A, lane 1) is due to the net positive charge of SSK1-R2
(calculated pI, 10.5) that results in the protein migrating to-
wards the cathode. In similar assays, incubation of YPD1 or
the YPD1-H64Q mutant with either phospho-SLN1-R1 or
phospho-SKN7-R3 or the unphosphorylated domains did not
result in a mobility-shifted band in native gels (data not
shown).

DISCUSSION

The primary role of HPt domains in phosphorelay signal
transduction pathways is to transfer a phosphoryl group from
one response regulator domain to another. However, addi-
tional functions have been reported for HPt domains, such as
aiding in signal attenuation via dephosphorylation of the re-
sponse regulator (9) and providing a means for specificity
within a signaling pathway (26). To further investigate the
unusually long half-life of the phosphorylated form of SSK1-
R2 (15), we examined what effect YPD1 might have on the
lifetime of all three phosphorylated response regulator do-
mains (SLN1-R1, SSK1-R2, and SKN7-R3) from S. cerevisiae.
Our results indicate a novel role for an HPt domain in stabi-
lizing the phosphorylated state of a response regulator domain.

The half-life of phospho-SSK1-R2 is specifically affected by
YPDI1. To our initial surprise, using the isolated phosphory-
lated SSK1-R2 domain, we determined a half-life of 13 min.
This was in contrast to our previous result, which indicated a
half-life of 42 h for phospho-SSK1-R2 in the presence of sub-
stoichiometric amounts of YPD1 (15). However, when we add-
ed YPDI to the incubation reaction mixture containing iso-
lated phospho-SSK1-R2, we again observed a half-life of
approximately 40 h, which represents nearly a 200-fold stabi-
lization effect. In the initial reaction mixture, we estimated that
approximately 10% of the isolated SSK1-R2 is actually present
in the phosphorylated form. Thus, the presence of a one-tenth
molar concentration of YPD1 is sufficient to stabilize the re-
sponse regulator domain and suggests the formation of a stable
1:1 complex between the two proteins. In contrast to the ob-
servations made for phospho-SSK1-R2, the stability of both
phospho-SLN1-R1 and phospho-SKN7-R3 was far less af-
fected by the presence of YPDI.

It is interesting that phospho-SKN7-R3 has a 10-fold longer
intrinsic half-life in the absence of YPDI than both of the
other response regulator domains. It is tempting to speculate
that because of the role of SKN7 as a transcription factor (20,
22) and therefore the necessity of translocating SKN7 in its
phosphorylated form to the nucleus, a longer lifetime of phos-
pho-SKN7 may be desirable in order to ensure signaling via
this route.

Based on our observations using the gel mobility shift assays,
YPD1 appears to form a more stable complex with phosphor-
ylated SSK1-R2 than with the unphosphorylated form. This
suggests a relatively strong interaction between phospho-
SSK1-R2 and YPD1, which may account for the observed
stabilization effect exerted by YPD1. No complex was observed
between YPDI1 and either phospho-SLN1-R1 or phospho-
SKN7-R3 (data not shown).

We also investigated the requirement of the phosphorylat-
able histidine residue of YPD1 by using the mutant, YPDI-
H64Q, which is defective in phosphoryl transfer. When YPD1-
H64Q was added to the incubation reaction mixture containing
phospho-SSK1-R2, the observed half-life was 10-fold longer
than in the absence of YPDI1 but not nearly as long as in the
presence of wild-type YPD1. Based on the known three-di-
mensional structure of YPD1 (32, 39), we speculate that one
reason for the difference observed with the H64Q mutant may
be that the His64 side chain is required for forming a produc-
tive interaction surface between YPD1 and SSK1-R2. When
His64 is replaced by a glutamine side chain, the molecular
interface thus formed might be altered in a manner that would
allow access to the phosphoryl group by a hydrolytic water
molecule. Another possible explanation is that the binding
affinity is reduced in the case of the mutant YPD1. However, in
our gel mobility shift assay, we observe approximately equal
amounts of the phospho-SSK1-R2 - YPD1 complex formed in
the presence of wild-type or mutant YPD1. This suggests that
the affinity of the YPD1-H64Q mutant for the SSK1-R2 do-
main is very similar to that of the wild-type protein. Determi-
nation of the actual binding constants for these two protein
domains will be necessary to further characterize this interac-
tion.

Phosphoryl transfer reactions in yeast two-component sig-
naling pathways. We have demonstrated that the SLN1-HK
domain can readily serve as a phosphodonor to all three yeast
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response regulator domains in vitro. Phosphoryl transfer be-
tween SLN1-HK and SLNI1-R1 favors phosphorylation of the
SLNI1-R1 domain since no reverse transfer from phospho-
SLN1-R1 to SLN1-HK has been observed. However, the sub-
sequent phosphoryl transfer reactions between SLN1-RI,
YPD1, and SKN7-R3 are readily reversible (data not shown).
In contrast, the reaction between phospho-YPD1 and SSK1-R2
strongly favors the forward reaction, i.e., formation of phos-
pho-SSK1-R2. Unlike observations made with the ArcB/ArcA
phosphorelay system, addition of SLN1-R1 and YPD1 to-
gether to an incubation mixture containing phospho-SSK1-R2
did not result in dephosphorylation of SSK1-R2. Furthermore,
SLN1-HK does not appear to possess any phosphatase activity
towards SSK1-R2 (F. Janiak-Spens and A. West, unpublished
data).

Role of HPt domains in phosphorelay systems. Multistep
phosphorelay systems that include the use of HPt domains
appear to be more common than initially thought (1, 27). HPt
domains can be found as subdomains of sensor kinases, for
example as part of a tripartite structure as in the BvgS, EvgS,
ArcB, BarA, and TorS proteins (14, 17, 34), or as distinct
proteins like YPD1, Spo0OB, and LuxU (5, 8, 29). Apart from
transferring a phosphoryl group between two response regula-
tors, it has been demonstrated that several HPt domains pos-
sess additional functions. For example, the HPt domains of the
BvgS/EvgS systems have been shown to confer signaling spec-
ificity between the hybrid kinases and their respective response
regulator in vitro (26), whereas the HPt domain of the ArcB
sensor kinase also promotes signal decay of its downstream
response regulator ArcA (9).

The lifetime of a phosphorylated response regulator, aside
from the intrinsic phosphate hydrolysis rate, can be modulated
by either the phosphatase activity of the corresponding sensor
kinase (12, 13, 21, 30, 31, 35) or by an independent protein
phosphatase (10, 24, 33). The reported signal decay activity of
the ArcB HPt domain provides an additional means of regu-
lation (9). However, these functions can all be categorized, in
general, as dephosphorylation activities. In this study, we have
demonstrated the converse effect; that is, the yeast HPt protein
YPD1 extends the phosphorylated lifetime of a response reg-
ulator domain. Our findings provide one possible mechanism
whereby SSK1 can be maintained in a phosphorylated inactive
state under normal osmotic conditions. A major question still
remains—how is SSK1 rapidly dephosphorylated under hyper-
osmotic shock conditions? Perhaps disruption of a relatively
stable SSK1-R2 - YPD1 complex is the first step in the process
of SSK1-dependent activation of the downstream HOG1 mi-
togen-activated protein kinase cascade. Studies are underway
to further characterize the nature of the interaction between
SSK1 and YPDI.
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