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ABSTRACT. Ribosomal protein S6 (S6rp) is phosphorylated by theSf78nzyme in mammals, under
mitogen/IGF regulation. This event has been correlated with an increaSEO®5MRNA translation. In

this research, a maize S6 kinase (ZmS6K) was isolated from maeze rhayd..) embryonic axes by
human p786k antibody immunoprecipitation. This enzyme, a 62 kDa peptide, proved to be specific for
S6rp phosphorylation, as revealedibyvivo andin vitro kinase activity using either the 40S ribosomal
subunit or the RSK synthetic peptide as the substrates. ZmS6K activation was achieved by phosphorylation
on serine/threonine residues. Specific phospho-Threo recognition by tR& pnfibody directed to target
phospho-Threo residue 389 correlated with ZmS6K activation. The ZmS6K protein content remained
almost steady during maize seed germination, whereas the ZmS6K activity increased during this process,
consistent with Zm6SK phosphorylation. Addition of insulin to germinating maize axes proved to increase
ZmS6K activity and the extent of S6rp phosphorylation. These events were blocked by rapamycin, an
inhibitor of the insulin signal transduction pathway in mammals, at the TOR (target of rapamycin) enzyme
level. We conclude that ZmS6K is a kinase, structurally and functionally ortholog of the mammalian
p7CK, responsible foin vivo S6rp phosphorylation in maize. Its activation is induced by insulin in a
TOR-dependent manner by phosphorylation on conserved serine/threonine residues.

A substantial proportion of total cellular energy is devoted (12) or an insulin-related peptide isolated from maize
to the synthesis of new ribosomes during growth and (ZmIGF) (13) induces seedling growth, as well as S6rp
proliferation (1). This costly metabolic process must be phosphorylation and ribosomal protein synthesis in germinat-
closely monitored and regulated as a function of nutritional, ing embryos, suggesting the presence of a mitogen/IGF-
hormonal, and developmental stat@$. (The mRNAs that induced pathway in plants, similar to the one regulating cell
encode most ribosomal proteins, termeé@@P: mRNAs, growth and proliferation in animals.
are characterized by the presence of'debminal oligo- Despite the fact that S6K has not yet been characterized
pyrimidine track 8, 4). Translation of these messages is in plants, reports indicate that S6rp phosphorylation is tightly
selectively stimulated by mitogen/IGF (insulin-like growth regulated in these organisms, during physiologid#) @s
factor) and also by amino acids, through a signal transductionwell as stressl(5) conditions. Two clones designated AtS6k1
pathway, at present not completely understood. Under and AtS6k2 have been isolated fromArabidopsis thaliana
mitogen/IGF stimulation, phosphorylation of the S6 riboso- CDNA library (16). These clones were found to be identical
mal protein (S6rp) on the 40S ribosomal subunit has beento two previously identified clones termed Atpk1l/ATPK6
elucidated %, 6). It has also been stated that activation of (17, 18) and ATPK19 (7), respectively. Database analysis
S6rp kinase (p78) is another pathway target in mammals Of AtS6k1 and AtS6k2 showed a high level of conservation
(7, 8) and in other eukaryotes (S6rpk9, (L0). This activation ~ Of catalytic domains compared with pP8. AtS6k2, ectopi-
depends on the phosphorylation of specific enzyme targetcally expressed in the human 293 cell line, phosphorylated

sites by a process that involves the TOR (target of rapamycin)mammalian and plant ribosomal S6 prot@invitro andin
kinase (2). vivo (16), demonstrating that AtS6K2 might correspond to
the mammalian p70X.

Because of the relevance of the mitogen/IGF-induced
pathway in regulating growth in a wide range of eukaryotes,
and probably also in plantd 8), further investigations were
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In plants, information about this kind of signal transduction
pathway is scarce. However, it has been shown that insulin




534 Biochemistry, Vol. 43, No. 2, 2004 Reyes de la Cruz et al.

MATERIALS AND METHODS resuspended in dilution buffer [50 mM MOPS (pH 7.2), 10
mM p-nitrophenyl pyrophosphate, 1 mM DTT, 10 mM

Biological MateriaI.SeNeds and embryonic axes (_)f maize MgCl,, and 0.1% (w/v) Triton X-100]. Ten microliters of
(Zea mayd.. cv. Chalquén) were used for all experiments. this complex was used for a routine kinase as€y in a

Maize seeds were germinated in water-imbibed cotton at 24 reaction mixture containing reaction buffer [50 mM MOPS

+ 2 °C in darkness. After the stated period—@8 h), (pH 7.0), 10 mM MgC4, 1 mM DTT, 10 mMp-nitrophenyl
embryonic axes were manually dissected and frozen in liquid pyropho’sphate, and PKC and PKA specific inhibitors (500
nitrogen. , and 150 ng, respectively)], 1M ATP, 5 xCi (3000 Ci/
Preparation of Maize Axes Extrachxes (400 mg) were mmol) of [y-3P]ATP, and either 4Qug of 40S maize
placed in Murashige-Skoog medium (M3p{ and incubated  rihosomal subunit or 5 nM RSK peptide (Calbiochem Co.
for the stated period, then frozen in liquic,\ground in & catalog no. 559280) in a final volume of 2. The reaction
mortar, and homogenized in 8 mL of freshly prepared mixture was incubated for 30 min at 24 2 °C, and then
extraction buffer [50 mM HEPES (pH 7.6), 50 mM MOy, the reaction was stopped. (A) With the 40S ribosomal subunit
1 mM N&aVO, 1 mM NaMoOs, 4 mM EDTA, 20 MM 55 the substrate, addition ofs of 5x SDS-PAGE sample
EGTA, 20 mM NaF, 80 mMs-glycerophosphate, 200 MM pytfer [0.05 M Tris-HCI (pH 6.8), 0.02 M EDTA, 10% (v/
mannitol, 2 mM DTT, 0.2 mM PMSF, and 1 mM benz- \ glycerol, 1% (w/v) SDS, 1% (w/v-mercaptoethanol,
amidine]. The homogenate was centrifuged at 2¢0@dd and 0.002% (w/v) bromophenol blue], and boiling for 3 min.
4 °C for 30 min and the supernatant likewise at 280900 After electrophoresis, the SBSAGE gel was Coomassie
for 3.5 h on a sucrose cushion (1.5 M sucrose and 800 MM gtained and dried, and the autoradiography was obtained. (B)
KCl in extraction buffer). The new supernatant was termed \yith the RSK peptide as the substrate, the reaction was
the axes extract. stopped by applying 2@L of the reaction mixture to p81
ZmS6 Kinase ImmunoprecipitatiocdmS6K was obtained  phosphocellulose paper circles (Whatman Co. catalog no.
from the axes extract. Five hundred microliters of axes extract 3698323), and then the mixture was extensively washed with
(3 mg of cytoplasmic protein) was diluted in Eppendorf tubes 0.85% (v/v) phosphoric acid for 24 h and finally washed
with 500 uL of buffer A [10 mM Tris-HCI (pH 7.5), 150  with acetone. The papers were dried at room temperature
mM NaCl, 1 mM EDTA, and 0.05% (w/v) Nonidet-P40] and placed in vials for liquid scintillation counting. For the
with 2 mM benzamidine and kM PMSF, and 5ul of determination of kinetic parameters, RSK and ATP were used
p70%°< antibody (Santa Cruz Biotechnology catalog no. SC- as substrates at different concentrations18.5 nM and
230) was added to the mixture. The immunoprecipitated 0—500 uM, respectively).
mixture was incubated at 4C overnight with constant In Vivo ZmS6K and S6rp Phosphorylatiofwo sets of
shaking. Then 10QuL of protein A—Sepharose beads maize embryonic axes from seeds germinated for 22 h were
(Zymed Laboratories catalog no. 10-1141) was added to thedissected and incubated in 1 mL of MS medium for a further
mixture and the mixture incubated af@ for a further 4 h. 2 h with 400 uCi of [3?P]orthophosphate (10 mCi/mL,
The immunoprecipitated mixture was passed through a Amersham Pharmacia Biotech), in the presence or absence
microcolumn using a micropipet tip blocked with glass fiber. of 200 microunits/mL insulin. In some experiments, rapa-
The protein A-Sepharoseantibody-protein complexwas  mycin (0.1:M) was applied 15 min before insulin addition.
washed three times with buffer B [100 mM Tris-HCI (pH  One set of axes was used to obtain ZmS6K as indicated
7.5), 1 mM NaCl, 0.05% (w/v) Nonidet-P40, and 0.25% (v/ above. The other set was homogenized in liquid nitrogen
w) Triton X-100] and twice with buffer A and eluted with  \ith a mortar and pestle and the powder mixed with
300uL of sample buffer [60 mM Tris-NaOH (pH 7.5), 2%  extraction buffer [20 mM Tris-HCI (pH 7.8), 5 mM Mgg|
(wiv) SDS, and 10% (w/v) glycerol]. 20 mM KCI, 1 mM PMSF, 5 mM NaF, 0.5% 2-mercapto-
40S Ribosomal Subunit Preparatiohlaize ribosomes  ethanol, 1% Triton X-100, and 0.25 M sucrose]. The mixture
from quiescent seeds were obtained as described previouslyvas clarified by centrifugation at 270§@&nd 4°C for 30
(20) except that the ribosome suspension was layered on amin, and the supernatant was layered on a sucrose cushion
10 mL hyperbolic sucrose cushion (from 5 to 45% sucrose (0.5 M sucrose and 0.8 M KCI in extraction buffer) and
in extraction buffer) and centrifuged at 19@dand 4°C centrifuged at 2800@Pfor 3.5 h to obtain the ribosomes.
overnight in a Beckman rotor SW40. The gradient was The ribosome pellet was resuspended in buffer [20 mM
fractioned, and the fractions were read at 260 nm. The Hepes (pH 6.5), 20 mM KOH, 5 mM magnesium acetate,
fractions enriched with the 40S ribosomal subunit were 125 mM potassium acetate, and 5% 2-mercaptoethanol], and
centrifuged again at 360090and 4 °C for 2 h; the ribosomal proteins were extracted with acetic acid, precipi-
supernatant was discarded, and the pellet was washed an¢hted with acetone, and resuspended in water 3¥Fhéabeled
dissolved with 4Q:L of resuspension buffer2Q). The 40S proteins (ribosomal and immunopurified proteins) were
ribosomal suspension was frozen and thawed three timesanalyzed by SDSPAGE and autoradiography.
prior to being used as a kinase substrate. Two-Dimensional Electrophoresis Analysis of ZmS6K.
ZmS6 Kinase Assay and Kinetic Analysifie protein Two-dimensional electrophoresis analysis of axes extracts
kinase assay was performed using the immunoprecipitate(200ug of protein) from seeds germinated for 0, 6, 12, 24,
obtained as described above with some modifications. Theand 48 h was performed according to the method of O’Farell
protein A—Sepharoseantibody-protein kinase complex (22) using a pH gradient from 3.5 to 10 and 12% SbS
was collected at the bottom of Eppendorf tubes by top-speedpolyacrylamide gels. Equal amounts of proteins from the
centrifugation in a microfuge. Then the supernatant was same set of axes were treated with 4 units of alkaline
discarded and the pellet washed three times with buffer B phosphatase (Sigma Chemical Co. catalog no. P-0762). The
(1 mL) and then twice with buffer A. The pellet was polyacrylamide gels were transferred to PVDF membranes
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Ficure 1: Immuno-identification and activity of a maize peptide
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A+ as a template and oligonucleotide primers designed from
the most conserved regions of the S6Ks cDNA sequences.
The RNA was obtained from embryonic axes dissected from
maize seeds germinated for 48 h. This cDNA sequence
(NCBI GenBank entry AY389497) was analyzed with the
Translate and ScanProsite tools (ExPASyY Molecular Biology
Server). Results indicate that the ZmS6K cDNA sequence
encodes a 488-amino acid protein with a theoretical molec-
ular mass of 54.1 kDa and an isoelectric point of 6.19,
compared with the corresponding parameters foP#186.1

kDa and a pl of 6.02, respectively) (pl/MW tool). The
ZmS6K nucleotide sequence predicts a protein that contains
a serine/threonine protein kinase signature and that is 48%
identical to human p7S¥ (NCBI GenBank entry P23443)
and 62% identical ta\. thalianaATPK6 (NCBI GenBank
entry AY096555). Most importantly, the protein conserves
two of the main target residues essential for the activation
of p70°®Kin animals: Thr-389 (Thr-468 in ZmS6K) and Thr-
229 (Ser-308 in ZmS6K).

The 62 kDa Protein Has S6 Kinase Adty (ZmS6K).To
determine if the 62 kDa protein has S6 kinase activityijnan
vitro assay system was established. Immunoprecipitated
ZmS6K from maize extract germinated for 24 h was used
as the enzyme source, and¥P]ATP and the 40S ribosomal
subunit were used as substrates (Figure 1C). ZmS6K activity
was indicated by the amount &P incorporated in S6rp.
This was determined by autoradiography of the electrophore-
sed 40S ribosomal proteins (Figure 1C, Zm). Rat liversY0

S6riK (ZmS6K). Maize axes extract from 24 h germinated seeds isolated in the lab by p78* antibody immunoprecipitation
(lanes 1) or ZmS6K immunoprecipitated from the maize extracts was used as a positive control of the assay (Figure 1C, R),

by anti-human p7&K antibody (lanes 2) were resolved by SBS

PAGE. A) Coomassie stained gel and B) analyzed by Western blot

using anti-human p78X antibody. The 62 kDa band corresponds

using also maize 40S subunits as the substrate. A negative
control without enzyme was also set (Figure HE,). Results

to ZmS6K protein. Protein kinase activity was assessed in the 62 Of the autoradiography indicated incorporatior#®f in only

kDa maize immunoprecipitated peptide (ZmS6K) byiarvitro
assay. Substrates used: (&£i [3?P]-y-ATP, and maize 40S
ribosomal subunit (2@ g) in the assay buffer in a final volume of
20uL. The reaction was incubated 30 min at“tand the products
were analyzed by SDSPAGE and auto-radiography (C, upper
panel). ZmS6K (Zm), rat p78¥ (R) or none (-E) indicates the
source of enzyme. The arrow points $¥H]-S6rp (31 kDa). Western
blot analysis of a similar gel was performed with S6rp antibody to
identify the 31 kDa band (C, lower panel).

(Millipore Co. catalog no. IPVH0010) and assayed by
Western blot analysis using anti-human §ffQSanta Cruz
Biotechnology).

RESULTS

a 31 kDa protein from the set of 40S ribosomal subunit
proteins, both with maize and rat enzyme but not in the
negative control (Figure 1C, top panel). This band was further
identified as S6rp by Western blot analysis with the rat S6rp
antibody (Figure 1C, bottom panel).

ZmS6K Actiity Correlates with Phosphorylation on
Equivalent Threo Residue 38®revious reports have dem-
onstrated that p78¢ kinase activity correlates with the
enzyme phosphorylation on Threo residue 38923, 24).

To analyze this, the following experiment was set up. Maize
axes extracts from different germination periods (from 0 to
48 h) were resolved by SDSAGE and analyzed by
Western blotting using either anti-human p%0to measure

Immunoidentification of a Maize Peptide Recognized by total ZmS6K protein content or anti-phospho Threo residue

the Anti-Human p7&XAntibody.To isolate and characterize

389 antibodies to test whether the equivalent Threo residue

the maize S6 kinase protein, extracts from germinating maizein the ZmS6K protein is phosphorylated. Results indicated
embryonic axes were immunoprecipitated with the anti- that the ZmS6K protein level was similar for all germination

human p788K antibody and further purified with protein

periods that were tested (from 0 to 48 h) (Figure 2A, top

A—Sepharose and successive buffer detergent washes tpanel). On the other hand, phosphorylation on equivalent

eliminate the antibody (Materials and Methods). SIPAGE
(Figure 1A) and Western blotting (Figure 1B) were per-

phosphorylated Threo residue 389 was not observed in
quiescent axes (0 h) but started to be notieedl h later,

formed on both the crude extract and immunoprecipitated and the level of phosphorylation increased toward the end
protein. A protein with an apparent molecular mass of 62 of germination (Figure 2A, bottom panel), suggesting that

kDa that cross-reacted with the anti-human$§7@ntibody

the activity of this enzyme is developmentally regulated

was observed in both cases. Serum from nonimmunizedduring germination. To confirm that ZmS6K activity cor-
rabbit and antibody against maize elF4G were also tested,relates with phosphorylation on equivalent Threo residue 389,

with negative results (data not shown).
Full-Length ZmS6K cDNA Sequendéhe ZmS6K gene

anin »itro assay was set up with the RSK peptide as the
substrate, measuring the amount3? incorporated into

sequence was obtained by RT-PCR using maize RNA poly RSK. Different concentrations of the synthetic RSK peptide
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-E 0 6 12 24 48 same amount of proteins as in A) were resolved in the 2D
. . electrophoresis and analyzed by Western blot (upper panels) and
Germination time (]l) autoradiography (lower panels). The asterisk marks a protein that

FIGURE 2: ZMS6K expression and activation during germination. was nonspecifically recognized by the antibody.

Embryonic axes extracts from seeds germinated for 0, 6, 12, 24
apd 48 h Were.SDSPAGE resolved and analy;ed by Western blot (Figure 3). In quiescent axes (0 h), the basal ZmS6K shows
either with anti-human p76" (top panel) or anti 389 phospho Thr- 5 spots. However, as germination progresses, more spots

389 p7@5K (lower panel). B) Immunoprecipitates from the same L . .
embryonic axes extracts were analyzedryitro ZmS6K activity appear toward the acidic pH (five well-defined spots after

using RSK peptide (&g) and P2P]-y-ATP (5 4Ci) as substrates. ~ germination for 24 h and at least eight after 48 h) (Figure
Results are shown as mean valuesstandard error of three  3A), suggesting the appearance of posttranslationally modi-

independent measurements of the incorpora®].[These experi-  fied ZmS6K forms. To test this possibility, two sets of maize
ments were reproduced three times with similar results. embryonic axes dissected from seeds germinated for either
22 or 46 h were incubated in MS medium in the presence of
and [y-32P]ATP were tested to define the assay conditions [3?P]orthophosphate for 2 h. During this period, the 22 h
(see Materials and Methods), and the substrate concentrationaxes were stimulated with insulin, which is known to result
that were chosen were based on the obtained kineticin S6rp phosphorylation in maize axd2(13). Extracts from
parameters. These concentrations turned out to be very closédoth sets of axes were resolved by 2D gel electrophoresis
to those reported for the mammalian enzyr@B) (data not and analyzed by autoradiogrphy and Western blotting (Figure
shown). Thus, the ZmS6 kinase activity was determined in 3B). The Western blot revealed five spots in the extract from
each of the axes extracts from the germination experimentinsulin-stimulated axes (Figure 3B, top left panel) and eight
described above. Results showed zero ZmS6K activity in spots in the 48 h axes extract (Figure 3B, top right panel) as
quiescent axes and very low activity after germination for 6 observed previously (Figure 3A, 24 and 48 h). On the other
h, slowly increasing toward the end of this period (48 h) hand, the autoradiography showed three spots (Figure 3B,
(Figure 2B). These data indicate a positive correlation bottom panelsc—e) in both axes extracts, indicating that
between the phosphorylation status determined by the Threospotsa andb correspond to the unphosphorylated ZmS6K
residue 389 antibody (Figure 2A, bottom panel) and the whereas ZmS6K spots—e are due to phosphorylation.
amount of3?P incorporatedn vitro into the RSK substrate  Notice that there is a spot toward the right side of the Western
(Figure 2B), which confirms the dependence of the ZmS6K blot (labeled with an asterisk), which seems to be due to
activity on phosphorylation on equivalent Threo residue 389. unspecific antibody recognition since it is not phosphorylated.
Full activation of the mammalian p?& can be reached Insulin Stimulates ZmS6K Actiy in Germinating Axes.
after multiple phosphorylation steps of different sites besides Insulin and insulin-like growth factors (IGFs), widely
Threo residue 3898( 23, 34). Thus, the phosphorylation  distributed among eukaryotic organisn6), stimulate a
status of the ZmS6K protein during germination was further signal transduction pathway that targets $?@ctivation and
analyzed. To this end, embryonic axes extracts from germi- the subsequent Sé6rp phosphorylation on the 40S ribosomal
nated seeds at different germination times were resolved bysubunit 6). Because it has been shown that insulin induces
two-dimensional (2D) gel electrophoresis within a pH range maize S6rp phosphorylation in growing tissud®)( the
of 3.5-10 in the first dimension and analyzed by SBS insulin effect on ZmS6K activity was measured in maize
PAGE and Western blot with anti-human F?9antibody embryonic axes germinated for 24 h. For these experiments,
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62 kba = P Ficure 5: Rapamycin inhibition of ZmS6K and S6rp phosphory-
lation fromin vivo insulin-stimulated axes. Maize embryonic axes
s [Anti P-389 from 22 h germinated seeds were incubated in MS medium with
62 kDa - ! : Threo either 200uUmL~ insulin (1), 200uUmL~1 insulin plus 100 nM
rapamycin (#R) or deionized water (C) and?P]-orthophosphate
0 1 2.7 (400 uCi) for 2 h more. Autorradiography (A, top panel) and

Ficure 4: Insulin stimulates ZmS6K activity. Maize seeds were Western blot with p7& antibody (A, lower panel) of immuno-

24 h germinated, their axes were dissected and incubated in MSPrecipitated ZmS6K from each axes set. Ribosomal proteins
medium without (24 h) or with 20@UmL~ insulin (24 h+ 1). obtained from the same axes set resolved by SPSGE and

Quiescent (nongerminated) axes extract (0 h) was also set as contro@nalyzed by autoradiography (B top panel) and Western blot of
ZmS6K was obtained from axes extracts by immunoprecipitation these proteins using anti-Sérp antibody (B, lower panel).

with anti-human p7&X antibody and ZmS6K activity was vitro

assessed using 40S ribosomal subunit as substrate and the samasulin-stimulated maize axes (2.7-fold) as compared with
amount of immunoprecipitated ZmS6K from each axes extract. The phosphorylation of the ZmS6K in the 24 h control (Figure

ribosomal proteins were resolved by SPBAGE and auto- o s
radiography (A, upper panel) and analyzed by Western blot with 4B, bottom panel), whereas both extracts exhibited similar

anti-Sérp antibody (A, lower panel). Each of the maize extracts @mounts of ZmS6K protein (Figure 4B, top panel). The
from (A) were further analyzed by Western blot either with anti- extract from quiescent axes (0 h) did not exhibit reaction
human p78°¢ antibody to assess total amount of ZmSéK protein with the anti-phospho Threo residue 389 antibody but
(3%9“%% Pane';eg; with a”gb?dy raised lagf%'r"‘St the éargettphgsfpho exhibited almost the same amount of ZmS6K protein by its
e Threo PP vedion (5 ower pane), The numbers Sand € reaciion with the anti-p73< antibody. These data indicate
determined by densitometry. that maize ZmS6K is activated after insulin stimulation of
maize axes and confirmed that its activity correlates with
axes were or were not stimulated with insulin. At the end, the level of ZmS6K phosphorylation on the equivalent target
ZmS6K was immunoprecipitated from the axes extracts and threonine residue of the p7® enzyme, as reported for the
its activity measuredh »itro using 40S ribosomal subunits mammalian kinase2).
as the substrate and the same amount of ZmS6K protein in  Effect of Rapamycin on ZmS6K Adty and Phosphory-
each case (Figure 4A). ZmS6K, immunoprecipitated from lation. TOR (target of rapamycin) kinase is a main target of
nongerminating axes (0 h), was also set as a control. Resultghe insulin/IGF-stimulated signal transduction pathway that
showed that ZmS6K activity increased nearly 3-fold (2.6) regulates S6K activation in animal4l). To test whether
after insulin stimulation with respect to the value of the axes ZmS6K activation is also TOR-dependent, an experiment
not stimulated for 24 h, as indicated by the intensity of the was designed where embryonic axes from seeds germinated
[32P]S6rp bands resolved on SBBAGE and autoradiog- for 24 h were insulin-stimulated either alone or in the
raphy (Figure 4A, top panel) and measured by densitometry. presence of rapamycin (applied 15 min before the insulin
On the other hand, the immunoprecipitated ZmS6K from the stimulus). This immunosuppressant drug is an inhibitor of
0 h extract did not show S6rp phosphorylatiomdicating the insulin/IGF-stimulated signal transduction pathway at the
the lack of ZmS6K activity in quiescent axes, as shown TOR level &, 27). A nonstimulated axes group was also set
previously (Figure 2A, bottom panel). Identification of the as a control. The axes were fed wittfH]orthophosphate
S6rp in the gels, the endogenous substrate of ZmS6K, wasfor 2 h asdescribed in Materials and Methods. At the end
performed by Western blotting with the anti-S6rp antibody of this period, half of the axes were used to isolate ribosomal
(Figure 4A, bottom panel). The endogenous phosphorylation proteins and the other half to immunoprecipitate the ZmS6K.
status of ZmS6K in the 24 h nonstimulated and insulin- The two groups of proteins were SBEAGE resolved and
stimulated maize extracts was further determined. To this their autoradiographies revealed with a phosphorimager.
end, the same axes extracts from the above experiment werdResults show an increased level of phosphorylation on
analyzed by Western blotting with both the anti-p¥0 ZmS6K as well as on S6rp in the insulin-stimulated axes
antibody that recognizes the ZmS6K protein (Figure 4B, top (top panels of parts A and B of Figure 5, respectively),
panel) and the anti-phospho Threo residue 389 antibody thatwhereas the nonstimulated axes showed low phosphorylation
recognizes only the ZmS6K phosphorylated in the equivalent levels in both proteins. The protein load controls in the SDS
position (Figure 4B, bottom panel). An increased level of PAGE gels showed similar amounts of the tested proteins
ZmS6K phosphorylation was found in the extract from by Western blotting with the corresponding antibodies
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A 2000 spots were not present in the pattern, and the intensity of
the most acidic spots decreased relative to the control (Figure
1500 - 6, bottom panel). From this result, it can be concluded that
1044 rapamycin inhibits ZmS6K endogenous activity as well.

DISCUSSION
500 1 This research characterizes, for the first time in plants,
“__- - the role of a protein kinase (ZmS6K) specific for Sérp
' ' ' phosphorylation in maize ribosomes. cDNAs encoding for
£ A-P Im Im+R putative S6Ks have, however, been reported previously for
Arabidopsis where two cDNAs were found, namely A/
pH + ATPK6 and AtK2/ATPK19 (16, 17, 18). For maize, our
data indicate one main active ZmS6K multiphosphorylated
* protein, as judged by the higher mobility toward the acidic
‘ ¢ IEF pH region observed after enzyme activation (Figures 3
and 6B), coincident with the®P] incorporation found on
the most acidic spots (Figure 3B, lower panels). Furthermore,
, " this spots where not present when maize extract were alkaline
Zm+R o>l L phosphatase treated (data not shown). All these data are
consistent with the seven putative phosphorylation sites
FIGURE 6: Rapamycin effect on endogenous ZmS6K activity from Predicted by the ScanProsite analysis of the ZmS6K cDNA
maize. A)In vitro ZmS6K activity measurements made with RSK ~ sequence. This analysis also indicates four N-glycosilation
(5 u0) peptide and®fP]-y-ATP (5uCi) as substrates in axes extracts and four N-myristoylation sites, suggesting that other ZmS6K
from 48 h germinated seeds incubated either with (ZnR) or posttranslational modifications, besides phosphorylation,

without (Zm) rapamycin. Controls correspond to reaction mixture _ . :
without enzyme (-E) or without substrate ), respectively. B) might account for the spots that migrate above the normal

2-D electrophoresis and Western blot analysis of axes extractsZMS6K molecular mass (Figure 3, 48 h and Figure 6B).
prepared as in Figure 3 using the sameS§7@ntibody. The 62kDa maize ZmS6K presents several similarities with
the correspondent mammalian enzyme. Indeed, ZmS6K and
(bottom panels of parts A and B of Figure 5, respectively). p70K proteins share structural and functional characteristics,
On the other hand, the levels of ZmS6K and Sérp phospho-such as specific recognition by the same anti-humar¥§§70
rylation in the axes that were insulin-stimulated in the antibody (Figure 1B), and substrate specificity: the endog-
presence of rapamycin did not show an increment, but their enous S6rp on the 40S ribosomal subunit (Figs. 1C, and 4A)
levels were similar to the control (top panels of parts A and and the synthetic RSK peptide (Figs. 2B and 68) Z9).
B of Figure 5). These data indicate that rapamycin blocked Furthermore, both enzymes seem to have a similar activation
the insulin stimulatory effect on ZmS6K and as a conse- mechanism. ZmS6K showed several phosphorylated sites in
quence on Sérp. The positive correlation observed betweenthe active enzyme (Figures 2 and 3) that positively correlates
in vivo ZMSEK activation and Sérp phosphorylation indicates with its activity and the phosphorylation on a target site
that ZmS6K is the enzyme responsible for vivo S6rp recognized by the 389-Threo specific antibody residue
phosphorylation, and also that a similar TOR kinase may (Figures 2 and 4 lower pane|s), Correspondent W|thS?j<70
lay upstream of the ZmS6K within the corresponding signal activation g, 23, 24, 29). Moreover, both enzymes proved
transduction pathway in maize. to be highly sensitive to rapamycin inhibition indicating its
Further, the effect of rapamycin on ZmS6K endogenous dependency on TOR kinase activity, an enzyme located
activity was analyzed. Axes from seeds germinated for 48 upstream p7&K within the insulin/IGF signal transduction
h, where ZmS6K is already fully active (Figure 2), were pathway (Figures 5 and 6)1). All these data clearly indicate
incubated with or without rapamycin under similar conditions that ZmS6K is the ortholog maize enzyme of the human
as described above. ZmS6K was immunoprecipitated from p705¢K,

the two sets of 48 h axes and its activity measureditro Several studies have shown that the S6K signaling pathway
with RSK and -*P]JATP. As seen in Figure 6A, rapamycin  induced by mitogens/IGFs plays a critical role in animal cell
inhibited ZMS6K endogenous activity, to a significant extent growth (10, 30, 31). This pathway is known to induce the
(more than half) compared with the enzyme from axes not activation of the rapamycin-sensitive mTOR and {70
incubated with rapamycin (Figure 6A). A control without enzymes, and correlates with the increase of specific transla-
RSK substrate was also set to test whether ZmS6K is capablajon of the STOP mRNA messenger82), that results in
of autophosphorylation. Figure 6A (A-P) shows that this is the regulation of cell growth and proliferatioB3, 34). In
not the case. maize, an insulin-related growth factor (ZmIGF), with
To complete these data, analysis of the phosphorylatedstructural and functional similarities to insulin, has been
status of the 48 h axes ZmS6K, with or without rapamycin, isolated and purified from maize embryonic axes3)(
was performed by isoelectrofocusing and Western blotting Moreover, ZmIGF as well as insulin have proved to stimulate
on maize extracts from axes germinated for 48 h with the S6rp phosphorylation and ribosomal protein synthesis in
anti-human p7&K antibody. Results showed that the samples maize axes, as well as to accelerate seed germination and
not treated with rapamycin for 48 h presented at least eight seedling growth 12, 13). These data strongly suggest that
strong spots within the acidic pH range (Figure 6B, top ZmIGF is the endogenous effector of a signal transduction
panel). With rapamycin present, however, many of these pathway that regulates cell growth and proliferation in maize.

cpm/pg protein

Zm




TOR-Dependent ZmS6K Activity

This interpretation is further supported by the results from
the insulin-stimulated axes experiments, showing significant
in vivo andin vitro increments on ZMmS6K activity in a
rapamycin-sensitive manner (Figs. 4A and 5).

The above data and the recent finding of a TOR gene in
A. thaliana (35), showing high level of identity with the
human mTOR gene36, 37), strengthen our interpretation
that maize, and probably plants in general, regulate cell
growth and proliferation through a similar pathway as animal
eukaryotes.

In summary a maize protein kinase, ZmS6K, structurally
and functionally ortholog to the mammalian §70 is
reported. ZmS6K showed to be specifically activated by
phosphorylation, subject to regulation by insulin stimulation
and inhibited by rapamycin. This information strongly

suggests that this enzyme is part of an endogenous insulin-

like growth factor (ZmIGF)-stimulated signal transduction
pathway that regulates cell growth and proliferation in maize
tissues.
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