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ABSTRACT. In Saccharomyces cerisiae, the histidine-containing phosphotransfer (HPt) protein YPD1
transfers phosphoryl groups between the three different response regulator domains of SLN1, SSK1, and
SKN7 (designated R1, R2, and R3, respectively). Together these proteins form a branched -istidine
aspartic acid phosphorelay system through which cells can respond to hyperosmotic and other environmental
stresses. The in vivo order of phosphotransfer reactions is believed to proceed from SLN1-R1 to YPD1
and then subsequently to SSK1-R2 or SKN7-R3. The individual phosphoryl transfer reactions between
YPD1 and the response regulator domains have been examined kinetically. A maximum forward rate
constant of 29 5t was determined for the reaction between SLNtHRIand YPD1 with &y of 1.4uM

for the SLN1-R:P-YPD1 complex. In the subsequent reactions, phosphotransfer from YPD1 to
SSK1-R2 is very rapid (1607%) and is strongly favored over phosphotransfer to SKN7-R3. Phosphotransfer
reactions between YPD1 and SLN1-R1 or SKN7-R3 were reversible. In contrast, no reverse transfer
from SSK1-R2-P to YPD1 was observed. These findings are consistent with the notion that SSK1 is
constitutively phosphorylated under normal osmotic conditions. In addition, we have examined the
roles of several conserved amino acid residues surrounding the phosphorylatable histidine (H64) of YPD1
using phosphoryl transfer reactions involving YPD1 mutants. With respect to phosphoryl transfer from
SLN1-R1~P, only one YPD1 mutant (K67A) exhibited an increaseKinand thus affects binding of
YPDL1 to SLN1-RX-P, whereas other mutants (R90A, Q86A, and G68Q) showed a decrease in phosphoryl
transfer rate. Only the G68Q-YPD1 mutant was significantly affected in phosphotransfer to SSK1-R2
(~680-fold decrease in rate in comparison to wild-type). This is the first report of a kinetic analysis of a
eukaryotic “two-component” histidineaspartic acid phosphotransfer system, enabling a comparison of
the transfer rates and binding constants to the few bacterial systems that have been studied this way.

Histidine-containing phosphotransfer (HRtyoteins medi- ultimately leads to an increase in the intracellular glycerol
ate phosphoryl group transfer from one response regulatorconcentration 3—7). The other response regulator, SKN7,
protein to another in multistep histidir@spartic acid  functions as a transcription factor and is involved in multiple
phosphorelay systems, ). In theSaccharomyces cergiae stress-related responses, not all of which depend on phos-
osmoregulation pathway, the HPt protein YPD1 accepts photransfer from YPD18—14). The hybrid histidine kinase
phosphoryl groups from the response regulator domain of SLN1 contains a histidine kinase domain as well as a
the membrane-bound sensor histidine kinase SLN1. SUbSEC-terminaj response regu|at0r domain, designated SLN1-R1.
quently, phosphoryl groups are transferred from YPD1 to ypp1 shuttles phosphoryl groups from SLN1-R1 to the
two downstream response regulator proteins, SSK1 andyesponse regulator domains associated with SSK1 and SKN?7,
SK!\I?._Und.er nqrmall environmental conditions, SSK1 is designated SSK1-R2 and SKN7-R3, respectival, (L6).
maintained in an inactive phosphory_lated st&)e lowever, Information regarding regulatory control and kinetic rates
when cells experience hyperosmotic stress, SSK1 becomegg, these reactions, however, is lacking.
dephosphorylated and activates the downstream HOG1

mitogen-activated protein (MAP) kinase cascade, which Histidine kinases and HPt proteins are the primary phos-

phoryl group donors for response regulator domains in “two-
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HPt proteins from prokaryotes and eukaryotes share little captoethanol, 0.4g/mL chymostatin, 2:g/mL aprotinin, 1
overall sequence homology. However, several amino acid ug/mL pepstatin, 1.Jug/mL phosphoramidon, 7.2g/mL
residues in the area surrounding the phosphorylatable his-E-64 protease inhibitor, 0.ag/mL leupeptin, 2.5ug/mL
tidine are highly conserved among the HPt proteins identified antipain, 100uM benzamidine, 10«M sodium metabi-

to date R2). Furthermore, there is remarkable structural

sulfite). Cells were lysed by sonication, and the lysate was

conservation among HPt proteins from prokaryotes and clarified by centrifugation at 100 00Q g for 1 h at 4°C.

eukaryotes for which structures are knowaP{24). In a

The supernatant was loaded ond 1 mL glutathione-

previous study, we used structure-based site-directed mu-Sepharose 4B column equilibrated in lysis buffer. The resin
tagenesis and in vitro phosphoryl transfer experiments to was washed with 10 column volumes of lysis buffer followed

examine the activities of selected YPD1 mutants in phos-

phoryl transfer assay2%). Functional roles for several of

by 5 column volumes of wash buffer (50 mM Tris-HCI, pH
8.0, 2 mM DTT, 1 mM EDTA) and 5 column volumes of

the conserved amino acid residues that surround the phosstorage buffer (50 mM Tris-HCI, pH 8.0, 100 mM KCI, 1
phorylatable histidine residue, H64, were proposed, but mM EDTA, 2 mM DTT, 10% glycerol). The resin was then
detailed kinetic studies were not performed at that time since mixed with an equal volume of storage buffer, and the slurry
most phosphoryl transfer reactions involving YPD1 reached was stored in small aliquots at20 °C.

steady-state levels in under 5 s. Using a rapid-quench kinetics Preparation of Phosphorylated SLN1-R3SK1-R2and

instrument, we report here kinetic characterization of the
phosphoryl transfer reactions involving YPD1 and each of

SKN7-R3 ProteindPhosphorylation of SLN1-R1 was achieved
by incubation with the SLN1-HK domain ang-f?P]ATP.

the three response regulator domains. In addition, YPD1 Specifically, GST-tagged SLN1-HK (#M) bound to glu-
mutant proteins that exhibited decreased steady-state phostathione-Sepharose 4B resin was incubated withu¥
phorylation levels were analyzed to assess the effect of the[y-3?P]JATP, 60uM unlabeled ATP, and 3@M SLN1-R1

mutation on phosphotransfer rates, protein binding affinities,

or both.
Relatively few two-component regulatory systems, and to

in 50 mM Tris-HCI, pH 8.0, 100 mM KCI, 15 mM MgG]
2 mM DTT, and 20% glycerol for 30 min at room temper-
ature in a total volume of 100L. Phospho-SLN1-R1 was

our know|edge 0n|y one mu|tistep phosphore|ay system, haveFECO\./ered in the supernatant after a brief Centrifugation step
been characterized with respect to kinetic analysis of the (1 min at 100x g) to pellet the GST¥SLN1-HK-bound

individual phosphotransfer sted&-28). Thus, comparison

glutathione-Sepharose resin. EDTA was added to the

of these systems with each other and with the yeast osmo-Supernatant to a final concentration of 30 mM to prevent
regulatory system presented here will help define similarities autodephosphorylation. Phosphorylation of SSK1-R2 and

and differences of histidineaspartic acid phosphotransfer
reactions that form the basis of two-component signal
transduction systems in prokaryotes and eukaryotes.

EXPERIMENTAL PROCEDURES

Materials and MethodsAll chemicals and biochemicals
used were of ultrapure grade. Glutathier&epharose 4B
resin and $-3?P]JATP (30 Ci/mmol) were purchased from
Amersham. The SLN1-R1, wild-type and mutant YPD1,
SSK1-R2, SKN7-R3, and GSTSLN1-HK proteins were
purified as described in the literaturg2( 15, 16, 25, 29).

GST-SLN1-HK-R1 ConstructigrExpression and Puri-
fication. For protein expression in bacterial cells, the gene
fragment corresponding to the cytoplasmic domain of SLN1,
containing the histidine kinase (HK) and the C-terminal

SKN7-R3 was performed analogously, except that the
phosphorylation reaction was incubated for 90 min. All
phosphorylated response regulator preparations contained a
significant amount of unphosphorylated protein; however,
with the exception of the G68Q-YPDL1 reaction, no effects
of the unphosphorylated protein on the phosphotransfer
experiments were observed.

Preparation of Phospho-YPD®Phosphorylation of YPD1
was achieved by incubation with the SLN1-HK-R1 domains
and [y-32P]JATP. Specifically, GST-tagged SLN1-HK-R1 (1
uM) bound to glutathione Sepharose 4B resin was incubated
with 7 uM [y-32P]JATP, 100uM unlabeled ATP, and 40M
YPD1 in 50 mM Tris-HCI, pH 8.0, 100 mM KCI, 15 mM
MgCl,, 2 mM DTT, and 20% glycerol for 90 min at room
temperature in a total volume of 1Q0.. Phospho-YPD1
was recovered in the supernatant after a brief centrifugation

response regulator (R1) domain, was amplified by PCR andstep (1 min at 100« g) to pellet the GSFSLN1-HK-R1-

subcloned into the pGEX-KG vectoB(). Specifically, a
plasmid was constructed by cloningSmad—EcadRl frag-
ment containing nucleotides 1583660 of the coding region
of SLN1 (corresponding to amino acids 530220) into
pGEX-KG. Thus, an in-frame fusion protein was generated
consisting of the SLN1-HK-R1 domains located C-terminal
to the glutathione-S-transferase protein. This pGEX-KG
derivative was designated pFJS43. Culturegs¢herichia
coli BL21(DE3)Star cells containing pFJS43 were grown to
an ODyp of 0.6 at 37°C; the cultures were then cooled to
16 °C and induced with addition of IPTG to a final con-
centration of 1 mM. After induction, the cells were grown
for an additional 20 h at 18C. Cells were harvested, washed,
and resuspended in 5 mL per gram of wet cell weight of
lysis buffer (50 mM Tris-HCI, pH 8.0, 150 mM NacCl, 1
mM EDTA, 1% Triton X-100, 1 mM PMSF, 1 mM 2-mer-

bound glutathione Sepharose resin.

Rapid-Quench Experiments To Monitor Phosphoryl Trans-
fer ReactionsAll rapid-quench experiments were carried out
in 50 mM Tris-HCI, pH 8.0, 10 mM MgGl and 1 mM DTT
at room temperature using a SFM-Q/4 Quench-Flow instru-
ment (BioLogic). For most experiments, phosphorylated
protein was diluted to 0.5M in 50 mM Tris-HCI, pH 8.0,

1 mM EDTA, and 1 mM DTT, and 6@L of the phospho-
protein sample was mixed with Gl of unphosphorylated
protein (0.25-40 uM) in 50 mM Tris-HCI, pH 8.0, 20 mM
MgCl,, and 1 mM DTT. After the reaction was allowed to
age for the specified time, 6L of stop buffer (8% SDS,

80 mM EDTA) was added. Similar rapid-quench studies have
shown that these quenching reactions were sufficiently faster
than the phosphotransfer reactions and thus could be used
to determine the phosphotransfer kineti23)( To analyze
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Scheme 1
ks ke
YPDI~PsR2 === YPD1*R2~P ====YPDI + R2~P
ky k_s ke
ky ky ks kg
R1~P + YPDI=="" RI~PsYPDl === RI*YPDI~P —=>R1 + YPDI~P X
.
ky ko, ks A ke o
~7NYPD1~PeR3 === YPDIR3~P —="=YPDI + R3~P

k_g k—9

the sample, 3@L of the quenched reaction was mixed with  between the response regulator domain of SLN1 (SLN1-R1)

10 uL of 4x SDS-PAGE sample buffer, and then a 20 and the HPt protein YPD1 (Scheme 1).

sample was loaded onto 15% SBBAGE gels. Following This reaction consists of, at a minimum, a reversible for-

gel electrophoresis, wet gels were wrapped in plastic Wrap mation of the encounter complex between phospho-SLN1-

and exposed to phosphorimager screens. The radioactivityr1 and YPD1 K, andk_1), a reversible chemical transfer

in each band was analyzed using a phosphorimager (Mo-gtep g, andk_5), and the release of the products SLN1-R1

lecular Dynamics). Manually mixed phosphoryl transfer anq phospho-YPDk§). Once phospho-YPD1 is formekk),

experiments were carried out analogously. _ the phosphoryl group can be transferred either in the reverse
Phosphoryl transfer reactions were performed using a girection back to SLN1-R1k(s) or in the forward direction

series of unphosphorylated (acceptor) protein concentrationsyy addition of SSK1-R2Ks) or SKN7-R3 k).

while maintaining the phosphorylated (donor) protein con- In previous studies, the disappearance of phospho-SLN1-

centration constant at 0.28M. The reaction times were ;
controlled by varying the flow of the reactants and stop R1 and th? appearance of phospho-YPD1 were momtqred
as a function of time and the phosphoryl transfer reaction

solution through the delay line as well as by varying the .
length of the delay line. Each reaction was performed at least V23 observed to reach §teady-stat¢ levels in lessSmat .
room temperature, that is, the reaction was too fast to obtain

twice. The reaction was monitored by the disappearance of. ~.". ; ! g .
32p-label from the phosphodonor protein and the appearanceInltlal velocity data using manual mixin@§). Thus, in the

of 32P-label in the phosphoacceptor protein. The kinetic present St.UdY' arﬁpld-quench k!netlcs_lnst_run;ent Flrll.at fac'lg
constants were determined by following the disappearancetates rrrl]omtt;)rlngt N rleacgor;at t;]me points 'Et eml |sEconh
of 32P-label from the phosphodonor protein. The percent of ?I?Ngi Rals Oezen I\(jlmgn?jysP.D frc:oﬁc:rsr?tcrg?gnse:\;;vr?eg pfrgfr? 0-
remaining phosphoprotein was plotted as the natural Ioga—O 125 t 1(0' ,a“ t)h hosoh ( | t f ! i ging h
rithm versus reaction time. The observed first-order rate ™ 'I'b(') w I)' ehp osphory ralTS g;}_reahc ion relgc.es
constants were obtained by fitting each time course to the e?uu rium in less than 100 ms, well within the time Imits
linear relationship A = In A, — kt, whereA is the amount of the rapid-quench instrument. yalues for the pseudo-first-
of phosphorylated protein at timesnd 0, andk is the rate order_rate constants for the reactlon_between phospho—SLNl—
constant, using the least-squares fitting of Excel (Microsoft R1 W'th. YPD1 have been determined by smultaneogsly
Office v. 10.1.2). Estimates of kinetic parameters were monitoring ]Ehehappﬁara[ﬁi clglpthspho-l\;Perhan.d the disap-
obiained using Enziter (version 2,04, Bosot, Cambridge, P92 O PIeshio S (o L, The e courcs
U.K.) and fitting the individual datasets using eq 1. formation of the phospho-SLN1-REZPD1 complex. Analy-
[S] sis of the data using eq 1 showed saturation kinetics with
Kops = Keey T kfwd(—) (1) regard to the YPD1 concentration (Figure 1B), giving a
Kq + [S] maximum forward rate constaks of 29 + 3 s (Table 1).
TheKq for the interaction of phospho-SLN1-R1 with YPD1
with regard to Scheme 1 (see Results), where [S] is the was 1.44 0.6 uM. The limiting second-order rate constant,
concentration of phosphate-accepting protdifs is the as calculated from the ratio &f/Kgy, was (2.14= 0.9) x 107
observed first-order rate constant for the transfer reaction atM~* s™1. For this particular experimental condition, the rate
a particular S concentratiorkwg (ko, K-s, or k-g) is the of reverse phosphoryl transfer from YPBP to SLN1-R1
maximal net forward rate constant for phosphoryl transfer is shown by they-intercept in Figure 1B, anll_, onsis 7.5
from the phosphorylated response regulator to YPKL, + 2.9 s'1. Since a finite value ok_, was observed, there
(k-2, ks, Or kg) is the rate constant for the reaction from must be some contribution frof to rate limitation, and
phospho-YPD1 to the response regulator, aqdis the this will be considered below.
dissociation constant of the phosphoprot¥¢D1 complex. SLN1-R1 can be phosphorylated to a limited extent using
In the cases involving phosphoryl transfer from YPD1 10 gmaj| molecule phosphodonors such as acetyl phosphate (F.
SSK1-R2 and SKN7-R3 and the phosphotransfer reactions janiak-Spens and A. West, unpublished observation), con-
from SLN1-R1 to the mutant YPD1 proteins, whé¢g iS  gistent with the commonly accepted notion that phosphoryl
very slow, the data were fitted to a modified version of €q yransfer catalytic activity resides with the response regulator
1 wherekey is zero. domain (L9, 20, 31—33). The reverse reaction from phospho-
RESULTS YPDL1 to SLN1-R1 was performed by varying the concentra-
tion of SLN1-R1. At concentrations of SLN1-R1 sufficient
Phosphoryl Transfer from Phospho-SLN1-R1 to YPD1 and to saturate the amount of phospho-YPD1 present, the reaction
Its Reverse ReactionThe first intermolecular phosphoryl  conditions were those of a single-turnover experiment. A fit
transfer reaction in the yeast osmoregulation pathway occursof the data to a rectangular hyperbola gave a rate constant
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FIGURE 2: Pre-steady-state kinetics of phosphoryl transfer from
B phospho-YPD1 to SLN1-R1. The observed pseudo-first-order rate

constant K9 is plotted as a function of SLN1-R1 concentration
and shows apparent saturation at high SLN1-R1 concentrations.
The curve was created by fitting the data to eq 1. The error bars
show the standard error of the mean.

Phosphoryl Transfer between YPD1 and SSK1-R2 or
SKN7-R3Phosphoryl transfer experiments using SSK1-R2,
SKN7-R3, and YPD1 were carried out analogously to the
experiments involving SLN1-R1 and YPD1 as described
above. Isolated phospho-YPD1 (0.2BM) was mixed

kobs (8-1)

0 5 : 1o s with SSK1-R2 or SKN7-R3 (0.1252.5uM), and the values
for the rate constants for these reactions were determined
[YPD1] (nM) by following the disappearance of phospho-YPD1. The

FiGURE 1: Panel A presents a time course of phosphoryl transfer SSK1-R2 and SKN7-R3 domains can also be phosphory-
from phospho-SLN1-R1 to YPD1. Radiolabeled phospho-SLN1- |ated ysing small molecule phosphodonors, as described

R1 (0.5uM) was mixed with an equal volume of 1BV YPD1 in I
the rapid-quench instrument, and the reaction was allowed to above for SLN1-R1, an indication that phosphoryl transfer

proceed for the indicated times before addition of quench (stop) catalytic activity primarily resides with the response regulator
solution. The percent of th&P-radiolabeled species at each of the  domain. Therefore, the single-turnover rates between phos-
time points specified is shownOj phospho-YPD1;4) phospho-  pho-YPD1 and SSK1-R2k{ or SKN7-R3 ks) and the

SLN1-R1. The graph shows the average of three experiments. Thetinity constants were determined (Table 1). These single-
error bars show the standard error of the mean. The inset shows,
the percent of phospho-SLN1-R1 remaining, plotted as the natural turnover rate values reflect the rates when all phosphorylated

logarithm versus reaction time. The line shows the result of the YPD1 was bound by the response regulators, and there is
computer-generated least-squares fit to a linear relationship to giveonly one phosphoryl group transfer per response regulator
kobs as the slope of the line. Panel B shows the dependence of themglecule.

rate of phosphoryl transfer on the concentration of YPD1. The . . . .
oat‘)see?velcoi ;;)sepudoo}:‘irst?orsder rgte coenstagsgcs)((,e obtai?ledoas inpanel _ When YPD1 was added to an incubation mixture contain-
A, is plotted as a function of YPD1 concentration and shows ing radiolabeled phospho-SSK1-R2, no detectable amount
saturation at high YPD1 concentrations and a finite nonzero ordinate of phosphoryl group was transferred to YPD1 (data not
intercept. The curve was created by fitting the data to eq 1. The shown). Indeed, it has been shown previously that the
error bars show the standard error of the mean. phosphorylated lifetime of SSK1-R2 is dramatically stabi-
lized (200-fold) in the presence of YPD1 and that this may
be due, at least in part, to the formation of a stable complex

between YPD1 and phospho-SSK1-R2, whereby YPD1

Table 1: Phosphoryl Transfer Rates and Binding Constants for
Transfer between Response Regulators and Wild-type ¥PD1

transfer reaction knax (S71)° Ko (M) effectively shields the phosphoryl group from hydrolydis)(
Ewikhéll'zlstﬁgfgi 2%%& i’ 3082)« ) %-gig-? Thus, no kinetic data were obtained for phosphotransfer
P~SSK1-R2 t0 YPD1 o 2 c ' between phospho-SSKl—R.Z and. YPD1.
P~YPD1 to SSK1-R2 16@: 70 (ks) 24419 In contrast to the situation with SSK1-R2, phosphoryl
P~SKN7-R3 to YPD1 0.4 0.1 k-g) 5.0+ 3.0 transfer between SKN7-R3 and YPD1 could be observed
P~YPD1 to SKN7-R3 1.4£ 0.2 (k) 1.5+05

using SKN7-R3 as a phosphodonor and phosphoacceptor.
?Rates and constants were derived from time courses for reactionsThe phosphoryl transfer reaction from phospho-YPD1 to
between phosphorylated donor (0.284) and acceptor (typically — gN7-R3 exhibited a 100-fold slower single-turnover rate

0.125-10 uM).  kmax is the maximum rate in either the forward or 1
reverse direction (see Scheme 9There was no measurable disap- constant (1.4t 0.2 s) than the phosphoryl transfer between

pearance of phospho-SSK1-R2 or appearance of phospho-YPD1 forphospho-YPD1 and SSK1-R2 (16070 s'?) (Table 1). The
this interaction. transfer between phospho-SKN7-R3 and YPR1s (= 0.4

+ 0.1 s'1) was 70-fold slower than the phosphoryl transfer
of 230 + 130 s (Figure 2, Table 1). The&Kqy for the from phospho-SLN1-R1 to YPDlk{ = 29 + 3 s'%). The
interaction between phospho-YPD1 and SLN1-R1 was 7.8 second-order rate constant (ratiokot/Kg) for the transfer

+ 5.7 uM. involving phospho-SKN7-R3 was (& 5) x 10 M1 sL,
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Table 2: Phosphoryl Transfer Rates and Binding Constants for
Transfer between Phospho-SLN1-R1 and Wild-type and Mutant

YPD12

YPD1 ke (s1) Kq (uM) k(M 1571
wild-type 2943 1.4+03 21x 10°
K67A 33+4 42+ 15 7.9x 10°
R90A 11+ 1 1.4+ 0.6 7.9x 1P
Q86A 1.7+ 0.3 1.4+ 0.8 1.2x 10°
Q86E 36+ 4 21+05 17x 10°
G68Q 0.008 ~2d ~1.5x 10*

2 Rates and constants were derived from time courses for reactions
between phospho-SLNAR1 (0.254M) and YPD1 (0.125-4 uM).’ k
is the limiting second-order rate constant and was calculated using the
ratio of ko/Kg. ¢ The rate constant for the G68Q transfer was determined
using manual mixing? The dissociation constant was estimated from
the hyperbolic portion of Figure 4.

0.20
Ficure 3: View of theoC andaD helices of YPD1. The poly- 0.15
peptide main chain corresponding to ta€—aD helical hairpin ’
containing the phosphorylatable histidine residue (His 64) is shown i
with side chain atoms of residues relevant to this study drawn in ==
stick model. The @ atom of glycine 68 is shown as a sphere. & 0107 {
Hydrogen bonds between side chain atoms are indicated by dashed 2
lines. x
0.05 -
Phosphoryl Transfer between SLN1-R1 and YPD1 Mu- $
tants.Figure 3 illustrates the three-dimensional arrangement 0.00 « *
of conserved residues surrounding the phosphorylatable 0 5 4 s 8 10 12

histidine (His64) that were the subject of mutagenesis studies

(25). In this previous study, the roles of these residues with [G68Q] (uM)

respect to phosphotransfer activity and stability of the Ficure 4: Pre-steady-state kinetics of phosphoryl transfer from
phosphohistidinyl linkage were investigated. For all the phospho-SLN1-R1 to G68Q-YPD1. The observed pseudo-first-order

. rate constant k9 is plotted as a function of G68Q-YPD1
YPD1 mutants examined (K67A, R90A, G68Q, Q86A, and  ¢oncentration and shows saturation at high G68Q-YPD1 concentra-

Q86E), steady-state levels of YPD1 phosphorylation were tions. The error bars show the standard error of the mean.
decreased but to varying extents depending on the mutation.
However, at that time detailed kinetic studies were not carried (Figure 4). The phospho-SLN1-R1 preparation contains a
out since the earliest time point that could be measured significant portion of unphosphorylated SLN1-R$90%).
manually wa 5 s bywhich time steady-state levels were Thus, at low concentrations, the G68Q-YPD1 mutant may
already reached for all but one (G68Q) of the mutant proteins. bind tighter to unphosphorylated SLN1-R1, effectively
Using the rapid-quench kinetics instrument, we investigated competing with binding and phosphotransfer involving
the kinetics of the phosphoryl transfer between SLN1-R1 phospho-SLN1-R1. Only at high G68Q-YPD1 concentrations
and the mutant YPD1 proteins to help further define the would there be sufficient free G68Q-YPD1 to interact with
functional roles of the conserved amino acid residues in phospho-SLN1-R1. The phosphotransfer rate itself is very
YPD1. slow compared to wild-type YPD1, with a maximal forward
All transfer reactions from phospho-SLN1-R1 to YPD1 rate constant of 0.003 5 (Table 2). Due to the sigmoidal
mutants exhibited saturation kinetics at high YPD1 concen- nature of the data, the forward rate constant was determined
trations. The maximum forward rate constaky, and the manually and the dissociation constant, estimated on the basis
binding constant,Ky, were determined for each of the of the hyperbolic portion of Figure 4, is 2M.
mutations and are shown in Table 2. Only the wild-type  Effect of YPD1 Mutations on Phosphoryl Transfer between
YPD1 data were fit to eq 1 whete, = 0, whereas the data Phospho-YPD1 and SSK1-RBased on the effect of the
obtained for the YPD1 mutants were best fit to eq 1 where mutated residues K67A, R90A, and Q86A of YPD1 on the
k-, = 0, indicating rapid decomposition of the product forward rate, affinity between phospho-SLN1-R1 and YPD1,
complex (withksz > k_,). The data for phosphoryl transfer or both, we also determined kinetic constants for the
between phospho-SLN1-R1 and G68Q-YPD1 were obtained phosphoryl transfer between these YPD1 mutants and SSK1-
using manual mixing due to the much slower rates. Since R2 using the rapid-quench kinetics instrument. For these
the phosphorylated half-life of SLN1-R1 is approximately mutants, the rate constant&s)( for the single-turnover
13 min (16), the rate constant determined for phosphoryl experiment from phospho-YPD1 to SSK1-R2 were within
transfer to the G68Q-YPD1 mutant was corrected for experimental error of each other and of those of wild-type
autodephosphorylation of phospho-SLN1-R1 that occurred YPD1 (Table 3). The phosphoryl transfer between phospho-
during the time course of the experiment. Phosphoryl transfer G68Q-YPD1 and SSK1-R2 was monitored using manual
between phospho-SLN1-R1 and G68Q-YPD1 was also found mixing, since the half-life of the reaction was slower than
to be saturable; however, the saturation curve is sigmoidal 10 s. The maximal forward rate constant determined for this
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Table 3: Phosphoryl Transfer Rates for Transfer between SLN1-R1and YPD1K=2 x 10’ M~*s™) suggests a near
Phospho-YPD1 and SSK1-R2 diffusion-limited reaction. In contrast, the second-order rate

constant for the phosphoryl transfer between SKN7-R3 and

P~YPD1 ks () .
ot 160£70 YPD1 is 260-fold lower.

Yggﬁype 130+ 30 A finite value of k—, is observed only for phosphoryl

R90A 170+ 40 transfer from SLN1-R4P to YPD1. An apparent value of

QB86A 120+ 20 7.5 stis estimated fok_, opsin this case (Figure 1B). This

G68Q 0.24+ 0.06 rate constant is not, however, necessarily the intrinsic rate

2Rates were derived from time courses for reactions between constant for transfer of phosphate in the reverse direction

phospho-YPD1 (0.2aM) and SSK1-R2 (0.255 uM). (from YPD1~P to SLN1-R1), since it depends on the

partitioning of the SLN1-RAYPD1~P complex in the
reaction was 0.24 8. No evidence of inhibition was direction of phosphoryl transfek() as opposed to dis-
observed for the phosphotransfer reaction between phosphosociation ks, Scheme 1). The true value kf, must be at

YPD1 and SSK1-R2. least 230 s! (Table 1) or greater, the single-turnover value
measured in the reverse reaction experiment (Table 1). Once
DISCUSSION the SLN1-R1YPD1~P product complex is formed from the

SLN1-R1~P-YPDL1 reactant complex, it can partition toward

Despite the hundreds of two-component regulatory systemsreactants with rate constamt, or dissociate with rate
that have been identified in prokaryotes and eukaryotes, only constantks. The rate of formation of the reactant complex
a small number of bacterial phosphotransfer systems haveyjjj| depend on the concentration of SLN1-RPD1~P,
been investigated in detail using kinetic studie?0,(  which depends on the rate constant for dissociatian,
26_28) These studies involved phOSphOfyl transfer from Compared to that for the reverse phosphory| tranﬂ{ej‘_,
histidine kinases to response regulator domains. Here weThe gbserved value €, 00s Measured from Figure 1B is
have investigated the phosphotransfer kinetics of the eu-7 5 s1 and this can be compared to the value of 230 s
karyotic yeast osmoregulation phosphorelay in vitro using & measured fok _» in the reverse reaction experiment. Thus,
rapid-quench kinetics instrument. The isolated responsein the forward phosphotransfer reaction between SLN1-
regulator domains from SLN1, SSK1, and SKN7 have been R1~p and YPD1, the rate of product complex dissociation,
used to examine phosphoryl transfer between the individual i, is much faster than the rate of reverse phosphoryl transfer,
response regulator domains and the HPt protein YPDL. Ink_, and therefore reduces the rate lof to K-20p0s The
addition, the effect of YPD1 mutations on phosphotransfer partition ratio for SLN1-R1YPD1~P is equal tok_o/(ks +
to and from the response regulators (RR) was examined. Data_,), and sinceks > k_», this reduces té_/ks. This will be
were analyzed using Scheme 1. approximately equal to the fraction of the product complex

Significance of YPD1-Dependent Phosphotransfer Kinetics that gives the reactant complex and is thus also equal to the
in Osmoregulation in Yeasthe kinetic data obtained in this  ratio ofk_, spsandk—, (7.5 /230 s1), or 0.03; that is, once
study showed that the rates of phosphoryl transfer were formed, 97% of the complex dissociates to give YRPL
saturable at high protein concentration, which suggests theOn the basis of the analysis above, the rate of dissociation
formation of a complex, YPDiP-RR. The transfer between (ks) of SLN1-R1YPD1~P is about 30 times faster than the
SLN1-R1 and YPD1 and the transfer between SKN7-R3 and rate of reverse phosphoryl transfér §), consistent with the
YPDL1 are reversible. In contrast, phosphotransfer from YPD1 role of YPD1 as a phosphorelay protein. The valudsaf
to SSK1-R2 is strongly favored, and no reverse reaction, thatthen at least 69008, Given aKy of about 8uM in the
is, transfer from SSK1-R2P to YPD1, was observed, direction of SLN1-R1 phosphorylation, a value of about 9
suggesting either very low affinity for the YPEASK1- x 18 M~ s1is estimated fok_s, a reasonable value for
R2~P complex or a very low value fok-s. A previous the rate of diffusion of YPD4P and SLN1-R1 together to
qualitative binding study supports the latter interpretation give the SLN1-RiYPD1~P complex 84). In the case of
(15). Measurement of the observed rate constants for the phosphotransfer between YPD1 and SKN7-R3, the value for
individual reactions as a function of “substrate” (phospho- k-7 is much greater thaks. On the basis of the similarity in
acceptor) concentration provided the maximum forward rate Ky values for SKN7-R3 and SLN1-R1, the difference
constantskmay at saturating “substrate” concentration, as well between the two enzymes appears to reside in the rate of
as a measure of the binding affinit)kyq, between the  the catalytic step. The values lofs andkg are decreased by
phosphodonor and phosphoacceptor proteins. These quantita#0-fold and 160-fold, respectively, for SKN7-R3 relative to
tive data provided a basis for comparison of the phospho- the corresponding values for SLN1-R& andk_,). The 70-
transfer reactions between YPD1 and the three responsdold difference betweerk_g and k; represents a transition
regulator domains within the yeast phosphorelay. Phospho-state for phosphoryl transfer that is 2.5 kcal/mol higher in
transfer between SLN1-R1 and YPD1 and the transfer energy for SKN7-R3 than for SLN1-R1. The difference in
between YPD1 and SSK1-R2 were observed to be very rapidKeq for the chemical steps, 0.7 for SLN1-R1 and 0.08 for
(k2 and ks, respectively, Table 1). In contrast, the transfer SKN7-R3, also reflects the differences in the flux of
between YPD1 and SKN7-R3 is at least an order of phosphoryl groups through the phosphorelay system. Given
magnitude slower (compakg with ks andk,, Table 1). The the estimated equilibrium constants, one can calculate the
binding affinities for the complexes between YPD1 and equilibrium concentrations of reactants and products begin-
phospho-SLN1-R1 and phospho-SKN7-R3 were about the ning with any phosphodonor and phosphoacceptor concen-
same within the standard errors. The value for the second-tration. For example, in the phosphotransfer experiment
order rate constant for the phosphoryl transfer between starting with equimolar concentrations of phospho-SLN1-
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R1 and YPD1, the calculated values for the equilibrium affects the binding of YPD1 to SLN1-R4P, while the R90A
concentrations of phospho-SLN1-R1 and phospho-YPD1 aremutant protein shows about a 2.5-fold decreasekdn
55% and 45%, respectively, using the, of 0.7 for the suggesting an effect on the phosphoryl transfer rate. No
SLN1-R1 catalyzed reaction. These values can be comparedlifference, however, is observed in the phosphorylation of
with the experimental equilibrium concentrations of phospho- SSK1-R2. The decrease in binding affinity upon elimination
SLN1-R1 and phospho-YPD1, which are about 50% each of the K67 side chain is fully consistent with the location
(25). Within error (approximately 50% on the equilibrium and proposed function of the residue. The mode&s kcal/
constant), the calculated and experimental concentrationsmol) decrease in binding energy can be explained by a slight
agree well. shift in the position of thexC andaD helices. Once bound,
Overall, under our experimental conditions, phosphorelay however, phosphoryl transfer occurs with an efficiency equal
favors rapid formation of phospho-SSK1-R2 over formation to the wild-type protein. Mutation of R90 to alanine gives
of phospho-SKN7-R3. This is consistent with the function results that are consistent with its participation in stabilizing
of the SLNE-YPD1-SSK1 phosphorelay under normal phospho-H64. A role similar to that played by K67 cannot,
osmotic conditions in vivo, when SSK1 has to be maintained however, be ruled out, with binding identical to wild-type,
in its inactive phosphorylated form to prevent activation of but a change in orientation of the histidine nucleophile giving
the downstream MAPK cascad®) (Furthermore, under the  a 3-fold decrease iky. Discerning which of these possibilities
conditions tested, we have not observed reverse phosphois correct will have to await further study.
transfer from SSK1-R2 to YPD1, which is consistent with  The 17-fold decrease k observed with the Q86A mutant
other qualitative evidence that shows that YPD1 and phos- suggests either a role in orientation of H64, a modulation of
pho-SSK1-R2 form a stable complex that prevents hydrolysis the imidazole nucleophilicity, or both. Interestingly, several
of the aspartyl phosphate linkage on SSK1-R3)(Taken HPt proteins have a glutamic acid residue rather than a
together, these data help to explain how SSK1-R2 is glutamine residue located in this position. For YPD1, the
maintained in its phosphorylated form under normal cellular slight increase irk; (1.244 0.17 s%) upon substitution of
growth conditions. However, the mechanism by which SSK1 Q86 with glutamic acid suggests that the glutamine side chain
becomes rapidly dephosphorylated when cells experienceboth enhances the nucleophilicity of the imidazole and is
hyperosmotic stress is currently not understood. Some, butlikely involved in orientation as well. Again, once phospho-
not all, of the SKN7-associated cellular responses arerylated, no change in its behavior as a phosphodonor to
dependent on phosphorylation of its response regulator SSK1-R2 is noted.
domain, that is, cell cycle regulation, cell wall synthesis, and  No change in the rate of phosphorylation of SSK1-R2
osmotic stress responsEl( 13, 35). Furthermore, SKN7 has  using any of the mutant YPD1 proteins was observed, with
been localized to the nucleus, whereas YPD1 is distributedthe exception of the drastic change for the G68Q mutant.
throughout the cytosol and nucleu8, @, 36). The rapid Data are consistent with a difference, albeit perhaps subtle,
phosphorelay from SLN1-R1 to SSK1-R2 via the YPD1 in the orientation between phosphoryl donor and acceptor
branchpoint under normal osmolarity conditions is supported in the SLN1-R1 and SSK1-R2 complexes with YPD1.
by the present data. However, the regulation of phosphoryl The recently available cocrystal structure of the YPD1/
transfer from YPD1 to SKN7 is apparently more complex SLN1-R1 complex 87) may help explain some of the
than the seemingly straightforward cytosolic phosphotransfer findings presented here. The YPD1 residues Q86, R90, and
between YPD1 and SSK1. D60 (which is associated with R90 via a hydrogen bond)
Function of Indvidual Consered YPD1 Residuesn a are all shown to interact through a hydrogen bond network
previous study, four amino acid residues in YPD1 (K67, G68, with a conserved glutamine residue (Q1146) located in the
Q86, R90) that are highly conserved among HPt domains 33-03 loop of SLN1-R1. This loop contributes to formation
were mutated to alanine (K67, Q86, R90), glutamine (G68), of the active site in the response regulator domain. All
or glutamic acid (Q86) to examine the role of these residuestogether, these residues may provide a hydrogen bond
in phosphory! transfer reaction25). The results of phos-  network facilitating proper alignment between SLN1-R1 and
phoryl transfer reactions between SLN1-R1 and these YPD1YPD1 for phosphoryl transfer. Thus any mutation that
mutants revealed that each mutant to a varying degreedisrupts a hydrogen bond within this network may cause a
showed a decrease in steady-state levels of phosphorylatiommisalignment in the active site and result in a slower transfer
ranging from about 2045% of wild-type levels. Together rate. Moreover, in the YPD1 structure, K67 forms an
with the known X-ray structure of YPD1, these results interhelical ionic bond with E83, and in the structure of the
suggest that K67 on theC-helix (within ionic bonding YPD1/SLN1-R1 complex, the side chainyGatom from
distance to E83 on theD-helix) is involved in proper residue E83 in YPD1 also makes contact to a phenylalanine
positioning of thenC- andaD-helices relative to each other, side chain (F1175) of SLN1-R1 located in tié-a4 loop.
while R90 on theoD-helix (within ionic bonding distance  In contrast to the interactions mentioned above, this interac-
to D60 on thenC-helix) is involved in positioning the helices  tion is hydrophobic in nature and contributes to the binding
but may also participate in electrostatic stabilization of the interface between SLN1-R1 and YPD1. Thus, the K67A-
phosphorylated histidine (Figure 3). The glutamine residue YPD1 mutant is affected in its binding to SLN1-R1 as
at position 86 is involved in hydrogen bonding with the indicated by the increaseg value (Table 2). Of the mutant
imidazole ring of H64, presumably to properly orient the YPDL1 proteins studied (Tables 2 and 3), only three give
imidazole for phosphoryl transfer. significant changes in the value &, R90A (~3-fold
The K67A and R90A mutant proteins differ in their decrease), Q86A~17-fold decrease), and G68Q9700-
behavior relative to each other. The K67A mutant protein fold decrease), but only K67A exhibited a significant increase
exhibits approximately a 3-fold increase Ky and thus in Kq (~3-fold).
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The G68Q mutation is perhaps easiest to understand, sincg€20, 21, 33). Most recently the kinetics of the association of
the glycine is located on the same face of t@ helix as the CheA-P2 domain and CheY have been examined further
H64 and replacement of the small side chain with a in the absence of phosphotransfer using fluorescence spec-
propionamide results in significant steric hindrance, which troscopy 42). These studies revealed a very rapid association
we postulated may affect proteiprotein interactions, phos-  reaction withkassn~ 108 M~1 s71 and further support the
phorylation of H64, or bothZ5). The dramatic reduction in  idea that the P2 domain evolved to facilitate rapid association
phosphotransfer rates either from SLN1-R1 to the G68Q- of CheA and CheY. However, the speed of the chemical
YPD1 mutant (9700-fold) or from G68Q-YPD1 to SSK1- phosphotransfer step may reside in the CheA-P1 (HPt-like)
R2 (680-fold) is most likely due to improper alignment of domain, CheY, or both4@). At present it is not known
the phosphoryl group with regard to the positioning of the whether the N-terminal histidine kinase domain in SLN1
two proteins. influences in any way the kinetics of phosphoryl transfer

Comparison to Other Phosphoryl Transfer Systeifs. from SLN1-R1 to YPD1.
date, there are three two-component systems that have been Data obtained for both the VanS/VanR and CheA/CheY
studied in detail at the kinetic level: (i) the VanS to VanR systems support the formation of a complex between
transfer of the vancomycin resistance systeiariterococcus  phosphodonor and phosphoacceptor protein prior to the
faecium (28), (ii) the CheA to CheY transfer of the chemical transfer of the phosphoryl group. The differences
Escherichia colichemotaxis system2(, 21, 27, 38), and in the phosphotransfer rates appear to reflect the response
(iii) the KinA —SpoOF-Spo0B-Spo0A phosphorelay, which  time of the organism to environmental signals. The maximal
is involved in sporulation iBacillus subtilis(26). We have transfer rate for the CheA/CheY transfde = 750 s?)
presented here the first kinetic study of a eukaryotic two- permits signal transduction within milliseconds to rapidly
component phosphorelay system, which will allow us to modify the movement of swimming cells. In contrast, the
compare the kinetic features between the bacterial andVanS/VanR system serves to regulate gene expression over
eukaryotic systems. a much longer time, which is reflected in its significantly

The phosphotransfer from the histidine kinase VanS to slower phosphoryl transfer raté(= 1.6 s%).
the response regulator VanR in the vancomycin resistance The B. subtilisphosphorelay system that activates sporu-
system is similar to the yeast phosphorelay reactions in thatlation involves the two response regulators SpoOF and SpoOA
the rate is saturable at high VanR concentrations. The and the HPt protein SpoOB. Due to the experimental setup,
forward rate constant for the phosphoryl transfer was kinetic data for the complete phosphorelay from preformed
measured to be 1.6'5 However, the VanS/VanR transfer phospho-SpoOF to SpoOA via SpoOB were determined. The
reaction is not reversible and thus behaves more like the yeastransfer rate for the complete phosphorelay system was 0.2
phosphorelay system with respect to transfer to SSK1-R2.s™ L. This relatively slow transfer rate reflects the function
Interestingly, VanR was found to have a higher affinity for of this signal transduction system, which serves to regulate
unphosphorylated VanS, forming a nonproductive complex gene expression leading to sporulation, a process that occurs
and thus inhibiting the phosphoryl transfer at low substrate over a relatively long time period.
concentrations, similar to behavior of the G68Q mutant of The yeast SLN+YPD1-SSK1 phosphorelay serves to
YPD1 as an acceptor of phosphoryl groups from SLN1- maintain the HOG1 MAPK cascade in an inactive state under
R1~P. normal osmotic conditions. The rate of the phosphoryl

In the bacterial chemotaxis system, phosphotransfer fromtransfer between the response regulator domains of both
the histidine kinase CheA to the response regulator CheY SLN1 and SSK1 and the HPt protein YPD1 was relatively
was reversible as well as saturable. The maximal transferfast (29 and 160 ¢, respectively in comparison to the
rate for the CheA/CheY transfer was 750 £5 times faster  bacterial VanS/VanR and sporulation systems, which is
than transfer from SLN1-R1 to YPD1) with a second-order indicative of the need to keep SSK1 phosphorylated. We
rate constant of~10°* M~1 s71, an order of magnitude faster have previously determined that YPD1 stabilizes the half-
than that of the yeast phosphorelay syst&®, 7). The life of phosphorylated SSK1-R2 nearly 200-fold 5.
histidine kinase CheA contains two domains at its N-terminus Together with the rapid phosphotransfer from SLN1-R1 to
that are important for the phosphoryl transfer to CheY: the YPD1 to SSK1-R2, this ensures that the response regulator
P1 domain, which is functionally and structurally equivalent is maintained in the phosphorylated form in vitro. Thus, a
to YPD1 and thereby functions as an HPt domain, and the high transfer rate like the one seen in the CheA/CheY transfer
P2 domain, which contains a CheY binding site and is not needed in the yeast system since YREEKI1~P
presumably helps to position CheY in proximity to the complex formation may be an additional mechanism that
phosphorylated histidine in the P1 domait4,( 39—41). ensures SSK1 remains phosphorylated under nonosmotic
Phosphoryl transfer from a mutant CheA that lacks the P2- stress conditions. When yeast cells are exposed to hyperos-
CheY binding domain (CheAP2), as well as a CheA mutant motic shock, SSK1 must be dephosphorylated for the
that only consists of the P1 domain to CheY, has been showndownstream HOG1 MAPK cascade to be activatdd4(
to occur with second-order rate constants of £.40° and 6). HOG1 phosphorylation has been observed to occur within
2.3 x 10° Mt s71, respectively 88). These rate constants minutes of osmotic upshift, whereas the recovery time post-
are 100-fold lower than the one determined for the wild- osmotic shock is about 220 min during which HOGL1 is
type CheA/CheY phosphoryl transfer, indicating that both dephosphorylated, SSK1 is degraded, and newly synthesized
the P1 and P2 domain of CheA contribute to the rapid SSK1 presumably is phosphorylated via the SHYPD1
phosphoryl transfer to CheY. For comparison, phosphory- phosphorelay43—45). This raises the question: how is the
lation of CheY by small molecule phosphodonors was even SLN1-YPD1—-SSK1 phosphorelay system temporally and
slower with second-order rate constants efS® M~! s* environmentally regulated? One possibility is that the rate
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of phosphoryl transfer to SSK1 is decreased in response 16. Janiak-Spens, F., Sparling, J. M., Gurfinkel, M., and West, A. H.

to osmotic stress and the YPEBISKI~P complex subse-
quently dissociates or changes conformation thus permitting

hydrolysis of the aspartyl phosphate linkage. The presence 17.

of a yet to be identified aspartyl phosphatase that dephos-
phorylates SSK1 in response to hyperosmotic stress also
cannot be ruled out. Additional kinetic studies as well as
direct examination of the in vivo phosphorylation state of
SSK1 in complex with YPD1 will be required to address
this question.
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