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Abstract. Sucrose synthase from the etiolated seedlings of rice (Oryza sativa L. cv. Tainung 67) was phosphory-
lated both in vivo and in vitro. Four protein kinases that phosphorylated recombinant rice sucrose synthase 1 (RSuS1)
in aMn?*-dependent manner were partidly purified and characterized from etiolated rice seedlings. Thesefour kinases,
designated as RPK 1, RPK 2, RPK 3 and RPK4, are monomeric enzymes with apparent molecular masses of 34 kDa,
57 kDa, 30 kDa, and 30 kDa, respectively. Phosphoamino acid analysis of the %2P-labeled phosphorylated recombi-
nant RSuS1 indicated that it was phosphorylated at serine residues by these four RPKs. RP-HPLC/ESI-MS analysis
of the tryptic peptides of phosphorylated RSuS suggested that the serine residues in the tryptic peptides 13-LHSVR-
17 and 168-HL SSK-172 were the target residues for phosphorylation. For confirmation of this finding, mutant re-
combinant RSuS1, S15A, S170A and S15A/S170A, werepurified and subjected to phosphorylaion by thefour partidly
purified kinases. The results showed that both Serl5 and Serl70 residues were target residues for RPK1, PRK2 and
PRK3 and Serl5 was the major phosphorylation sitein RSuS1. Phosphorylaion of RSuS1 may not occur exclu-
svely a these two sites since weak phosphorylation of the double mutant protein SI5A/S170A was aso observed.
Phosphoryletion of the mutant S15A and S15A/S170A by RPK4 was undetectable, indicating that Serl5 was the

only target residuefor this kinase.
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Introduction

Sucrose synthase (UDPG: D-fructose 2-glucosyl
transferase, SUS) wasfirst described by Cardini et al. (1955)
and has been characterized in various plant species. The
enzyme catalyzesthe conversion of sucrose and UDP into
fructose and UDPG. Although the reaction is readily
reversible, itisthoughtthat SuSfunctionsprimarily in the
direction of sucrose degradation to provide sugar nucle-
otidesfor complex saccharides synthesis (Chourey and
Nelson, 1976; Amor et a., 1995; Déjardin et a., 1997;
Chourey etal., 1998).

In most plants, SuSis encoded by two or three genes
that are spatially and temporally regulated and are differ-
entially modulated by the sugar level, anagrobiosis (Zeng
etd., 1998; Wang et d., 1999; Winter and Huber, 2000 and
referencestherein; Baratt et d., 2001; Carlson e a ., 2002),
and osmotic gress (Déjardinet a ., 1999). In potato, SnRK 1
(SNF1-related protein kinase) activity isrequired for nor-
mal SuS geneexpression (Purcell et al., 1998). On the pro-
tein level, the enzymeactivity in sucrose synthesisand
sucrose cleavagewas reported to bedifferentially affected
by divalent metal ions (Delmer, 1972; Tsai, 1974; Huang
and Wang, 1998), protein factors (Pontisand Salerno, 1982),
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and the redox state of the enzyme (Pontisetal., 1981). In
addition, SuSis post-trandationally regul ated by revers-
iblephosphorylation. Phosphoryléion of SuSin vivo and
in vitro by endogenous or exogenous protein kinasesin a
C&*-dependent manner hasbeen demonstrated in several
plantssuch asmaize(Huber ¢ al., 1996; Winter et d., 1997;
Subbaiah and Sachs, 2001), soybean nodule (Zhang and
Chollet, 1997; Zhang et d., 1999), tomato (Anguenot et d.,
1999), mung bean (Nakai et d ., 1998), cotton (Haigler et
a.,2001), andrice (Asano et a ., 2002). Recently, Chikano
et d. (2001) reported that an Arabidopsis SNRK 3 protein,
AtSR2, expressed in E. coli efficiently phosphorylaed SuS
in the presence of manganeseions. However, the signifi-
cance of SuS phosphorylation in vivo isnot clear. Phos-
phorylaion/dephosphorylation of the enzyme has been
suggested to play arolein regulating its activity (Zhang
and Chollet, 1997; Naka et d., 1998; Anguenot et al., 1999;
Zhang et d., 1999; Haigler e a ., 2001; Tanaeet d., 2002),
in itsdistribution between the cytosol, plasmamembrane,
and actin cytoskeleton (Amor et a., 1995; Winter et a .,
1997; Winter and Huber, 2000), and aso in the response
of cells to environmental and developmental signas
(Subbaiah and Sachs, 2001).

In rice, there arethree non-alldic RSus genes encod-
ing SuS (Wang et a., 1992; Yu et d., 1992; Huang et d.,
1996; Wang et d., 1999). Thegene productsof RSus/ and
RSus2 are ubiquitously present in suspension-cultured
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cells, etiolated seedlings, and seeds whilethose of RSus3
are predominantly found in rice seeds(Wang et a ., 1999).
Regulation of rice SUS (RSUS) by acdmodulin-likedomain
protein kinasein aCa?*-dependent manner in immaturerice
seeds has been reported recently (Asano et al., 2002). In
this study, we demonstrated that RSuSin etiolated rice
seedlings could also be phosphorylated by endogenous
kinases in aMn#-dependent manner. By usingthe recom-
binant RSuS expressed in E. coli as asubstrate for kinase
activity assay, we partialy purified and characterized four
protein kinasesthat phosphorylated RSuS1 predominantly
on Serl5 and Serl70 residues. To the best of our
knowledge, thisisthe first study to demonstrate that SuS
can be phosphorylated at multiple serine residues by dif-
ferent Mn?*-dependent protein kinases.

Materials and Methods

Materials

DEAE Sephacel, CM Sepharose Fast Flow, Sephacryl
S-100 HR, Protein A Sepharose CL-4B and protein mol ecu-
lar mass markerswere from Amersham PharmeaciaBiotech.
Complete Protease Inhibitor Cocktail Tablets were pur-
chased from Roche M olecul ar Biochemicals. [g-*?P]ATP
(6000Ci- mmol?),[2P]Fi (8500-9120Ci- mmolt)wasfromNEN
Life Science Products, Inc. The QuickChange Site-Directed
Mutagenesis Kit was from Stratagene. Okadaic acid was
obtained from Calbiochem. PV DF membranes were from
Millipore. All other biochemicals were purchased from
SigmaChemical Co.

Seeds of Oryza sativa L. cv. Tainung 67 were germi-
nated and grown a 30° Cincomplete darknessfor 10 days.
The harvested etiolated seedlingswere frozen in liquid ni-
trogen and stored at -80° C until used.

Expression and Purification of Recombinant
RSuS1

Plasmid pETsusl, which carriesthe coding region of
RSus1 cDNA under thecontrol of T7 promoter, was trans-
formed into E. coli BLR (DE3). Expression and purifica-
tion of the recombinant RSUS1 to near homogeneity from
E. coli wascarried out as described previously (Sayion et
d. 1999).

Polyacrylamide Gel Electrophoresis and Western
Analysis

Proteins were separated by 10% or 7.5% SDS-PAGE
(Laemmli, 1970). After electrophoresis, proteinsin gels
were stained with Coomassie Blue R-250, or transferred
onto PVDF membranes. For detecting RSuS proteins, amix-
ture of amonoclonal antibody recognizing RSuS1 and
RSuS3 and amonospecific anti-peptide antibody recogni z-
ingRSUS2 (Wang ¢ a., 1999) was used.

In Vivo Phosphorylation Assay

The 10-day-old etiolated ri ce seedlings were placed in
5 mL of degassed phosphate buffer (10 uM, pH 7.0) con-
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taining 0.5 mCi of [**P]Pi. Theroots were harvesed at the
indicated times and were immediately frozen in liquid
nitrogen. The samples were extracted with buffer M [100
mM Mops, pH 7.6, 2 mM 2-mercaptoethanol and Complee
Protease Inhibitor Cocktail (onetablet per 10 mL buffer)]
followed by centrifugation at 27,000 g for 10 min at 4° C.
Thetotal proteinsin the extracts were separated on 10%
SDS-polyacrylamide gd's, and the radiolabeled proteins
were detected by phosphorimaging. RSuS proteins were
immunoprecipitated from the extracts with anti bodies ac-
cording to themethod of Anderson and Blobel (1983), fol-
lowed by SDS-PAGE, Western analysis, and
phosphorimageanalysis.

In Vitro Phosphorylation Assay

To assay phosphorylation of RSuS in etiolated seed-
lings by endogenous kinases, 10-day-old etiolated rice
seedlings wereground into afine powder under liquid ni-
trogen and homogenized with an equa volume of buffer
M. Thehomogenatewas centrifuged at 27,000 g for 10 min
a 4° C and the pellet was discarded. Aliquots of the su-
pernatant were incubated for 30 min at 30° C with 30 uCi
[0-*2P]ATP and 0.1 uM okadaic acid with or without diva
lent ionsadded. RSuS proteins were purified by immuno-
precipitation and analyzed by SDS-PAGE.

To determine the RSuS kinase activity invitro, the en-
zymewas assayed in a20 pL reaction mixture containing
buffer A (20 MM Mops, pH 7.6, 2mM 2-mercaptoethanal),
4 ug purified recombinant RSuS1, 5 uCi [g-*?P]ATPand 2
mM MnCl, at 30 °C for 10 min. The reaction was stopped
by adding 20 pL 2xSDS-PAGE samplebuffer (125 mM Tris,
2mM EDTA, 2% SDS, 2-mercaptoethanol, pH 6.8). The
sampleswereandyzed by SDS-PAGE and autoradiography
or phosphorimage analysis. To determine the amount of
[*2P]Pi incorporated, the labeled RSuS bandsin gelswere
excised and counted by ascintillation counter (Beckman
L S5000CE). One unit of RSUS kinase activity wasdefined
as 1 pmol of [*P]Pi incorporated into RSuUS per minin the
standard assay condition.

In-Gel Kinase Assay

The in-gel kinase assay was performed using the
method of Hutcheroft et d. (1991) with minor modificetion.
SDS-polyacryamidegel s were polymeri zed with 80 g pu-
rified recombinant RSuS1. For anegative control, agel
without RSuS was used. After electrophoresis, the gels
were washed with buffer A six timesover aperiod of 6 h.
They were then incubated in buffer A containing 2 mM
MnCl, and 50 uCi [¢-**P]-ATP for 60 min at 37° C, followed
by Coomass eblue staining and destaining. Thedestained
gelswere incubated with Dowex MR-3resn inH,Ofor 4 h
andthen dried and exposed to X-films.

Protein Determination

The protein content of enzyme solutions was deter-
mined by the method of Bradford (1976) using bovine se-
rumabumin asthe standard.
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Partial Purification of Protein Kinases

All purification stepswere carried out at 0to 4° C. Eti-
olated rice seedlings werehomogenized in 2 volumes (v/
w) of extraction buffer (1200 mM Mops, pH 7.6, 0.5 mM
EDTA, 5 mM 2-mercaptoethanol, 1%
polyvinylpolypyplidone). The homogenate wasfiltered
through threelayers of cheesecloth and centrifuged at 15,
000 g for 10 min. Nucleic acidsin the crude extract were
precipitated by adding protamine sulfate to 0.2% and re-
moved by centrifugation at 15,000 g for 20 min. Solid am-
monium sulfate was added to the centrifugation
supernatant to 60% saturation. After centrifugation at 27,
200 g for 15 min, the protein pellet was resuspended in
buffer A and dialyzed againg the same buffer. Theenzyme
solution wasloaded onto a DEAE Sephacel column (2.6 x
20 cm) equilibrated with buffer A. The column wasfirst
eluted with buffer A, thenwith alinear 0-400 mM NaCl gra-
dient in buffer A. Activity wasmeasured in both unbound
fractions and NaCl-eluted fractions. The unbound active
fractions were pooled and applied onto aCM Sepharose
column (1.6 x 15 cm) equilibrated with buffer A. The col-
umn was eluted with buffer A followed by alinear gradi-
ent (0-600 mM) of NaCl. The column € uate containing
kinase activity was concentrated and loaded onto a
Sephacryl S-100 column (1.6 % 90 cm). Theactivity peak
eluted with buffer A wereconcentrated and stored at -20° C.
The DEAE-bound fractions containing kinaseactivity were
concentrated, and the buffer was changed to buffer B (20
mM Mops, pH 7.2, 2 mM 2-mercaptoethanol) by
ultrafiltration. The enzyme sol ution was applied onto a
phosphoce lulose column (1.6 x 20 cm) equilibrated with
buffer B. After washing with buffer B, the column was
eluted with alinear 0-600 mM NaCl gradientin buffer B.
Thethree peakswith kinase activity (designated RPK 2,
RPK3 and RPK4) were separately collected and
concentrated. RPK2 and RPK 3 were further separated on
a Sephacryl S-100 column (1.6 x 15 cm) with buffer A as
elution buffer. Fractions containing kinase activity were
pooled, concentrated, and stored at -20° C.

Phosphoamino Acid Identification

The purified recombinant RSuS1 was phosphorylated
in vitro in the presence of 5 uCi [g-*P]ATP and 2 mM
MnCl, by partialy purified RPK1, RPK2, RPK3 or RPK4.
The**P-labded recombinant RSuS1 wasseparated from ki-
nases by SDS-PAGE and transferred onto a PVDF
membrane. The 93-kDaRSuSL1 protein band on PVDF was
cut out, washed with methanol, and digested with 6 N HCI
at 110° Cfor 1 h. The phosphoamino acidsin theacid hy-
drolysate were analyzed by TLE as described by Jelinek
and Weber (1993).

Tryptic Digestion and ESI-MS Analysis

The purified recombinant RSuS1 was phosphorylated
invitro by kinasesin theDEAE-bound fractions in thepres-
ence of Mn? and [g ®P]-ATPand separated by 10% SDS-
PAGE. After electrophoress, the gel was stained with
Commassieblue, and the RSuS1 protein band was excised

fromthe gel and subjected to trypticdigesion asdescribed
by Stoneand Williams(1996). Thetryptic samplewas ap-
plied to areverse-phase HPL C column (LiChrospher WP
300 RP-18, Merck) and eluted with agradient of Oto 25%
(v/v) acetonitrilein 0.1% (v/v) trifluoroacetic acid. Thera-
dioactivity in each fractionwas counted. ESI-MS analysis
of the fraction containing *2P-label peptideswasperformed
with theV G Platform Electrospray ESI/MSin the Instru-
mentation Center of Nationa Taiwan Univerdty.

Site-Directed Mutagenesis

Plasmid pETsusl (Sayion et d., 1999) was used asatem-
platefor mutagenesis In vitro mutagenesis was performed
using the QuickChange Site-Directed M utagenesis Kit
withtheprimers5” -CGCCTCCACGCTGTCAGGGAGCand
5 -GCTCCCTGACAGCGTGGAGGCto changeSar15toAla,
andtheprimers5” -CAGGCATCTGGCTTCGAAGCTCTTCC
and5 -GGAAGAGCTTCGAAGCCAGATGCCTGtochange
Ser170 to Ala. The changed nucleotides are underlined.
Constructswere verified by DNA sequencing. Expression
and purification of themutant recombinant RSuS1 from E.
coli was carried out as described abovefor thewild-type
recombinant RSuSL.

Results

Phosphorylation of RSuS in Etiolated Rice Seed-
lings

To examine whether phosphorylation of SuS occurred
in rice, the whole 10-day-old etiolated rice seedling was
incubated with [**P]Pi for different time periods. Immuno-
precipitation of RSuS fromthe extractsindicated that RSuS
was phosphorylated in vivo (Figure 1A). When soluble
extracts of unlabeled etiolated rice seedlings were incu-
bated with [¢-*2P]-ATPin the presence of various divalent
ions, RSuS in the crude extracts was phospholabeed by
endogenous protein kinases more intensively inthe pres-
ence of Mn?"ionsthanin the presence of Mg? or Ca?*
ions (Figure 1B). The Mn?-dependent protein kinase ac-
tivity for phosphorylating RSuSwas further identified by
in-gel kinase assaysusing the purified recombinant RSuS1
as asubstrate. Two protein bands possessing RSuS-phos-
phorylation activity were detected in theprotein fractions
precipitated by 0-60% and 60-100% saturation of ammo-
nium sulfate(Figure 1C).

Partial Purification of the Mn’"-Dependent Ki-
nases Phosphorylating RSuS from Etiolated Rice
Seedlings

Purification of theM n?"-dependent kinasesin the 0-60%
fraction of ammonium sulfate preci pitation was attempted
by column chromatography. The purified recombinant
RSuS1 was used as a substrate for detecting kinase activ-
ity during the purification process. Figure 2A shows the
elution profile of DEAE Sephacel ion exchange
chromatography. The unbound active peak was loaded
onto aCM Sepharose column, and akinase activity peak,
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Table 1. Purification of RPKsfrom etiolated rice seedlings.

e Protein Activit ecific activi Yield Purification
Purification step y Sp vy

(mg) (Units) (Unitgmg) (%) (x-fold)

Crudeextract 1237 2320 19 100 10
Ammonium sulfate precipitation 286 2160 7.6 93 40
DEAE Sephacd Unbound RPK 13.6 12.6 09 05 05
Bound RPK 93 2112 216 91 115

CM Sepharose RPK1 36 7.68 21 03 11
Phosphocdlulose RPK2 60 1075 17.9 46 95
RPK3 0.35 64 182.9 28 97.3

RPK4 0.11 9.12 829 04 4.1

Sephacryl S-100 RPK1 113 4.68 41 0.2 22
RPK 2 10.7 245 229 11 122

RPK3 0.005 9.68 1936.0 05 1029.8

aData were obtained from 250 g of etiolated rice seedlings.
5One unit of enzyme was defined as the amount of enzyme that catalyzes the incorporation of 1 pmol of phosphate into the
recombinant RSuS1 per min at 30° C in the standard assay condition.

designated RPK 1, was eluted with alinear NaCl gradient
(Figure2B). The DEAE-bound fractions containing kinase
activity were separated on a phosphocellulose column,
three peakswith kinase activity, designated RPK2, RPK3
and RPK 4, were obtained (Figure 2C). RPK1, RPK2 and
RPK 3 werefurther purified by Sephacryl S-100 gl filtra-
tion chromatography (Figure2D). SDS-PAGE anaysis of
thefour RPK s showed severa protein bandsin each prepa
ration (data not shown), indicating that they were only par-
tialy purified. The purification results are summarized in
Table 1. Actual enzyme purity may havebeen much higher
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for RPK1, RPK3 and RPK 4, respectively, indicating that
they were monomeric enzymes. The molecul e mass of
RPK2 determined by Sephacryl S-100 gd filtration chro-
matography was57 kDa However, in addition to a57-kDa

Figure 1. Phosphorylation of RSuS in etiolated rice seedlings. (A) In vivo phosphorylation of RSuS. The 10-day-old etiol ated rice
seedlings were incubated with [*2P]Pi. Protein extracts from roots harvested et 0, 1 and 2 h (lanes1 to 3, respectively) were analyzed
by SDS-PAGE and phosphorimaging (top panel). RSuS proteinsin the extracts were immunoprecipitated with anti-RSuS antibodies
and andyzed by SDS-PAGE anadysis. After electrophoresis, the gels were subjected to phosphorimage anaysis (center panel) or
Western analysis using anti-RSuS antibodies (lower pand). (B) In vitro phosphorylation of RSuS by endogenous kinases. Protein
extracts from 10-d-old seedlings wereincubated with [g-%2P]-ATP without divaent ions added (lane 1) or in the presence of C&*
(lane 2), Mg?* (lane 3) or Mn?* (lane 4). Total phosphorylated proteinsand RSuS proteins were andyzed asin (A). (C) I dentification
of Mn?*-dependent kinase activity by in-ge kinase assay. Proteins from 0-60% (lane 1) and 60-100% (lane 2) fractions of ammo-
nium sulfate precipitation wereseparated on 15% SDS-polyacrylamide gel polymerized with purified recombinant RSuS1 (left panel)
or without RSuS1 (right pand). After electrophoresis, the gels were incubated with [g-32P]-ATP and M n?*, and then subjected to
autoradiography. Molecular weight markers are shown at the margins.
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activity band, a37-kDa protein band with lower kinase ac-
tivity was detected in the RPK 2 preparation as analy zed
by in-gel kinase assay (Figure 3). The latter may beapro-
teolytic fragment of theformer. Thein-gel kinaseassay in
the absence of recombinant RSuS1 (Figure 3, right panel)
suggested that these four RPKs may not be ableto cata-

lyze the autophosphorylation reaction. To confirm this
result, in vitro kinase assays were performed by incubat-
ing each RPK with [g-2P]-ATP and 2 mM Mn? in the pres-
ence or absence of purified recombinant RSuS1. The
phosphorylated prote nswere then analyzed by SDS-PAGE
(Figure 4). No phosphorylated protein band was detected
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Figure 2. Elution profilesof RSuS kinase activity and protein from each purification step. The enzyme solution resulting from the
0-60% fraction of ammonium sulfate precipitateswas loaded onto aDEAE Sephacel column and washed with buffer A followed by
elution with alinear 0-400 mM NaCl gradient in buffer A (A). Theunbound active fractions were pooled and applied onto a CM
Sepharose column and euted with alinear gradient (0-600 mM) of NaCl. The activity peak was designated as RPK 1 (B). The RSuS
kinase activity in the DEAE-bound fractions was separated on a phosphocelulose column with alinear 0-600 mM NaCl gradient.
The three peaks with kKinase activity (designated RPK2, RPK3 and RPK4) were separately collected (C). RPK 1, RPK 2 and RPK3
were further separated on a Sephacryl S-100 column (1.6 x 15 cm) with buffer A aselution buffer (D). Kinaseactivity (open circles)
was assay ed in the presence of Mn?* using purified recombinant RSuS1 (rRSuSL1) as substrate and then anadyzed by SDS-PAGE and
autoradiography (shown inlower pands). The densities of the 32P-labeled RSuS bands were quantified by an imageanalyzer. Protein
concentrations (closed circles) were determined by the method of Bradford (1976). The dashed lines indicate the NaCl gradients.
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inany assay in the absenceof purified recombinant RSuS1,
verifying that none of the four RPKs possessed
autophorylation activity. In addition, phosphorylation of
RSuS1 was not observed in the absence of RPK (Figure 4,
the 5™ lane), showing that the purified recombinant RSuS1
did not contain kinase activity from RSuSl itself or from
the E. coli proteins co-purified with the recombinant
RSuS1.

To determinethe cofactor requirements of these RPKs,
kinase activity wasexamined using various concentrations
of Mn#, Mg? or Ca* in thein vitro kinase assay. Activ-
ity of these enzymes was found to be much higher in the
presence of Mn?* compared with Mg® but was undetect-
ablein the presence of C&* ions (Figure5). Phosphoryla
tion of RSuShby these enzymes could be activated by Mn?
at concentrations aslow as 10 uM. The Mn? concentra
tionsrequired for optimal activity were2 mM for RPK1 and
RPK 2, and 10 mM for RPK 3 and RPK 4. Theminimum Mg?
concentration at which the phosphorylation of RSuS was
detectable was0.1 mM for all four kinases. Optimal Mg*-
activated activity of these enzymes wasobserved with 10
mM Mg*.

The activity of the four kinaseswasinhibited 95% by
staurosporine, abroad kinase inhibitor, at aconcentration
of 50 nM (data not shown). To identify the amino acid
residue(s) of RSuS1 targeted by the four RPKs, the puri-
fied recombinant RSuS1 wasin vitro phogphorylaed in the
presence of [¢-*2P]-ATP, Mn?* and one of thefour partially
purified RPKs, submitted to SDS-PAGE, and transferred
onto a PVDF membrane. The 93-kDa RSuS1 protein band
on PVDF was subjected to phosphoamino acid anaysis
asdescribed in M ateriadls and Methods. Asshown in Fig-
ure 6, al four RPKs phosphorylated recombinant RSuS1
a serineresidue(s).

Phosphorylation Sites on RSuS

Inaprdiminary experiment, the *P-labd ed recombinant
RSuS1 that was phosphorylated in vitro by kinasesin the
DEAE-bound fraction was isolated from SDS-PAGE,
digested with trypsin, and then subjected to off-line RP-
HPLC/ESI-M S anaysis. TheESI-M S spectrumof the*2p-
labeled fraction resolved from RP-HPL C suggested that
severa tryptic peptides were present inthisfraction (data
not shown). Peaksat m/z 231.8 and 346.0, 327.0 and 366.2
were predicted to represent thetryptic peptides13-LHSVR-
17 and 168-HL SSK-172, respectively, of theRSuS1 withthe
addition of onephosphate. Although the result of ESI-MS
wasinconclusive, phosphorylation of Ser-15 and Ser-170
by thefour partidly purified RPKs was confirmed using
site-directed mutageni zed recombinant RSuS1. Ser-15 and/
or Ser-170 of therecombinant RSUS1 were mutagenized to
Alaand the mutant proteinswere expressed and purified
from E. coli. Phosphorylation invitro by RPK1, RPK2 and
RPK3was obsarved for the S15A, S170A and S15A/S170A
mutant proteins, but theextent of phosphorylation wasless
than that of wild type (Figure 7). The phosphorylation
levelsof mutant S15A and S170A were 2.1-3.6% and 83.3-
93.9%, respectively, of those of the wild-type RSuS1.
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Figure 3. In-gd kinase assay of the partidly purified RPKs.
Thefour partidly purified kinasesthat phosphorylated RSuS
(RPK1, RPK2, RPK3 and RPK4) and the 0-60% fraction of am-
monium sulfate precipitation (AS 0-60%) were separated on
SDS-polyacrylamide gels polymerized with purified recombi-
nant RSuS1 (left panel) or without RSuS1 (right panel). After
electrophoresis, the gelswere incubated with [¢-%2P]-ATP in the
presence of Mn2*, and then subjected to autoradiography. Mo-
lecular weight markers are shown a the margins.

wio RSuS1 wi RSuS1
4=
e . S s iy
pa & & & F&LE ¢
- . - !
67 E 3 -
A3 — - y '.1
v - '
aﬂ— ® ] b - I'
' - -
Y ]

Figure 4. In vitro phosphorylation assay of the partidly pu-
rified RPKs. Activity of the four partidly purified RPKswas
determined in vitro in the presence of [¢-*?P]-ATP and 2 mM
Mn2* with or without purified recombinant RSuS1 added. The
sampleswere then anadlyzed by SDS-PAGE, and theradiolabeled
RSuS was detected by phosphorimaging. Molecular weight mark-
ers areshown at the margins.
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Figure 5. Effect of Mn?*, Mg?* and C&* ions on the activity
of RPKs. Activity of the four partidly purified RPKs was de-
termined in vitro using 4 pg purified recombinant RSuS1 assub-
strate in the presence of different concentretions (lanes 1 to 6,
0,0.01, 0.1, 2, 10, and 50 mM, respectively) of Mn? (It pandl),
Mg?* (centrd panel) or C&* (right panel) ions. The samples were
then analyzed by SDS-PAGE and theradiolabeled RSuS was de-
tected by phosphorimaging.
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Replacement of both Ser15 and Ser170 residues with
aanineresulted in afurther decrease in phosphorylation
level as compared to S15A. These results indicated that
both Ser15 and Ser170 residues weretarget residues for
RPK 1, RPK2 and RPK3 and Serl5 was the major
phosphorylation site on RSuS1. In addition,
phosphorylation of RSuS1 by these three RPKs may not
occur exclusively at these two sites since the double
mutant protein S15A/S170A ocould & o be phosphorylated.
Phosphorylaion of themutant S15A and S15A/S170A by
RPK 4 was not detected, indicating that Ser15 wastheonly
target residuefor thiskinase.

Discussion

Phosphorylation of SuS by protein kinasesin a Ca?*-
dependent manner has been reported in several studies
(Huber et d., 1996; Winter etd., 1997; Zhang and Chollet,
1997; Zhang & d., 1999; Subbaiah and Sachs 2001; Asano
et a., 2002). Although Chikano et a. (2001) has reported
that an Arabidopsis SNRK 3 protein, AtSR2, expressed in
E. coli could phosphorylate recombinant SuS in the pres-
ence of manganeseions, the Mn?*-dependent protein ki-
nase phosphorylating SuS has not been purified and
characterized from plants. In this study, we demonstrated
that RSuSin etiolated rice seedlings could be phosphory-
lated by endogenous protein kinasesin aMn?*-dependent
manner andwe partialy purified four different protein ki-
nases catalyzing the phosphorylation of RSuS. These en-
zymes were not sensitive to Ca2* but required Mn? for
their maximal activity, indicating that they do not belong
to the calcium-dependent protein kinases (CDPKS). The
four RPK sphosphorylated RSuS1 at Ser15, which hasbeen
shown to be aconserved residue among plant SuS and
the phosphorylation site for CDPKsinvitro in severa plant
speciesincluding maize (Huber et d., 1996), soybean nod-
ule(Zhang and Chollet, 1997; Zhang et d., 1999) and rice
(Asano et d., 2002). The second phosphorylation site on
RSuSL1 for the RPK 1, RPK2 and RPK 3 was found to be
Serl70. Anaysis of the sequences around Serl5 and
Ser170 revedled that thelatter conformto the SnRK1 con-
sensusrecognition motif Hyd-(Basic-X)-X-X-Ser-X-X-X-
Hyd, where Hyd is a hydrophobic residue, and the order
of the amino acids inthe parenthesisisnot criticd (Haford
and Hardie, 1998). Sequences of the kinase domainsin
CDPKsand SnRKs have been shown to cluster together
inaphylogenetic anaysis (Hardie, 2000). Thetarget serine
residues for the three Mn?*-dependent RPK s can be phos-
phorylated by CDPKs or within therecognition motif for
SnRK1, reveding that these enzymes may beclosdy re-
lated to CDPK s and SnRK's. However, thispostulation re-
quiresfurther investigation.

Phosphorylation of thedouble mutant S15A/S170A by
RPK 1, RPK2 and RPK3 indicated that RSuS1 was phos-
phorylated at multipleserineresdues (Figure7). Alignment
of RSuS1 with other 21 SuS sequencesin the Swiss-prot
database reved ed that there are 17 serine residues highly
conserved in SuS sequencesfrom various plants. Among
these conserved residues, Serl5, Ser157 and Serl70 were
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Figure 6. Phosphoamino acid analysis of the recombinant
RSuS1 phosphorylated in vitro by RPKs. In vitro phosphory-
lation of thepurified recombinant RSuS1 was performed in the
presence of [¢-32P]-ATP, Mn?* and one of the four partialy pu-
rified RPKs. The sampleswere separated by SDS-PAGE and
transferred to PV DF membrane. The 93-kDaRSuS1 protein band
on PVDF was then excised and hydrolyzed by HCI. The
phosphoamino acids in the acid hydrolysate were analyzed by
one-dimensional TLE asdescribed (Stoneand Williams, 1996).
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Figure 7. In vitro phosphorylation of the wild-type and site-
directed mutagenized recombinant RSuS1 by the four RPKs.
Wild-ty pe (WT) and site-directed mutagenized mutant recom-
binant RSuS1 ( S15A, S15A/S170A and S170A) were expressed
in E. coli and purified to near homogeneity. Each purified re-
combinant RSuS1 (6 pg) was incubated with [g-32P]-ATP, Mn?
and one of thefour partialy purified RPKs. The sampleswere
separated by SDS-PAGE and detected by phosphorimaging. The
captured images were quantitatively analyzed using an image
andyzer. The numbers on the top of each pand indicate the
extent of phosphorylation for each mutant protein relaive to
thewild-type RSuSL.
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predicted to be the most likely phosphorylation sitesin
RSuS1 with high NetPhos scores (0,996, 0.972 and 0.808,
respectively) asanalyzed by the program NetPhos 2.0 for
prediction of phosphorylation sites (Blom et al., 1999).
Whether Ser157 isanother phosphorylation site for the
RPKswill be determined using synthetic peptidesand Ste-
directed mutagenized RSuS1 as substrates. The physi-
ological significance of phosphorylation of RSuS at
various serine residues will also be investigated in the
future.
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