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Ribosomal protein S6 (RPS6) is located in the mRNA binding site of the 40S subunit of cytosolic ribosomes. Two maize (Zea
mays) rps6 genes were identified that encode polypeptides (30 kD, 11.4 pl) with strong primary amino acid sequence and
predicted secondary structure similarity to RPS6 of other eukaryotes. Maize RPS6 was analyzed by the use of two-dimensional
gel electrophoresis systems, in vivo labeling with [**P]P; and immunological detection. Nine RPS6 isoforms were resolved in
a two-dimensional basic-urea/sodium dodecyl sulfate-polyacrylamide gel electrophoresis system. Matrix-assisted laser de-
sorption ionization time-of-flight mass spectrometry performed on trypsin-digested isoforms identified four serine (Ser) and
one threonine (Thr) residue in the carboxy-terminal region as phosphorylation sites (RRS,35KLS,,;AAAKAS,,;AAT,5,S,5,A-
COOH). Heterogeneity in RPS6 phosphorylation was a consequence of the presence of zero to five phosphorylated residues.
Phosphorylated isoforms fell into two groups characterized by (a) sequential phosphorylation of Ser-238 and Ser-241 and (b)
the absence of phospho-Ser-238 and presence of phospho-Ser-241. The accumulation of hyper-phosphorylated isoforms with
phospho-Ser-238 was reduced in response to oxygen deprivation and heat shock, whereas accumulation of these isoforms was
elevated by cold stress. Salt and osmotic stress had no reproducible effect on RPS6 phosphorylation. The reduction in
hyper-phosphorylated isoforms under oxygen deprivation was blocked by okadaic acid, a Ser/Thr phosphatase inhibitor. By
contrast, the recovery of hyper-phosphorylated isoforms upon re-oxygenation was blocked by LY-294002, an inhibitor of
phosphatidylinositol 3-kinases. Thus, differential activity of phosphatase(s) and kinase(s) determine complex heterogeneity in

RPS6 phosphorylation.

Ribosomal protein S6 (RPS6) assembles onto the
45S rRNA precursor in the nucleolus and is located at
the small head region of the cytosolic 40S ribosomal
subunit (Nygdrd and Nilsson, 1990). RPS6 can be
directly cross-linked to mRNA, tRNA, and initiation
factors, confirming its location in a region involved in
the initiation of translation. RPS6, a 30-kD protein, is
the major phosphoprotein of eukaryotic ribosomes.
In mammals and fruitfly (Drosophila melanogaster), it
is sequentially phosphorylated at five carboxy-
terminal Ser residues (Krieg et al., 1988; Fumagalli
and Thomas, 2000; Radimerski et al., 2000). RPS6
phosphorylation in the nucleolus occurs during ac-
tive ribosome biogenesis, whereas RPS6 phosphory-
lation in the cytoplasm is thought to promote the
selective translation of a subset of transcripts, pri-
marily ribosomal protein and elongation factor
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mRNAs with a 5'-terminal oligopyrimidine tract
(5'TOP; Reinhard et al., 1994; Jefferies et al., 1997;
Fumagalli and Thomas, 2000). Ribosomes with the
highest degree of RPS6 phosphorylation appear to
have a selective advantage in mobilization into poly-
somes (Jefferies and Thomas, 1996; Meyuhas and
Hornstein, 2000). RPS6 phosphorylation might not be
sufficient to recruit 5’'TOP mRNAs, because auxiliary
translation factors such as the cellular nucleic acid-
binding protein and the La auto-antigen may also be
involved (Schlatter and Fussenegger, 2002). In addi-
tion, mechanisms independent of S6 phosphorylation
like growth or mitogenic stimuli may regulate the
translation of 5'TOP mRNAs (Barth-Baus et al., 2002;
Stolovich et al., 2002).

The phosphorylation status of mammalian RPS6 is
modulated by opposing activities of protein kinases
and phosphatases that are activated in response to
external stimuli, intracellular signals, and develop-
mental cues. RPS6 phosphorylation requires activa-
tion of an S6 kinase, S6K1 or S6K2 (Fumagalli and
Thomas, 2000; Kozma and Thomas, 2002). Mitogens,
insulin, and abundant amino acids trigger a signal
transduction cascade that activates S6K1 by hierar-
chical phosphorylation events that remodel protein
conformation. This pathway includes phosphatidyl-
inositol 3-kinase (PI3K), protein kinase B, atypical
protein kinase C, phosphoinositide-dependent ki-
nase 1, and target of rapamycin (TOR) kinase (Kozma
and Thomas, 2002). Intracellular concentration of
ATP directly controls S6 kinase activity via regula-
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tion of TOR activity (Dennis et al., 2001). The activa-
tion of S6 kinase is required for completion of the G,
phase and progression to the S phase of the cell cycle
and plays a role in the regulation of cell size in
mammals and fruitfly (Peterson and Schreiber, 1998;
Dennis et al., 1999; Montagne et al., 1999; Pende et al.,
2000; Petritsch et al., 2000; Kozma and Thomas, 2002).
It is thought that the downstream effector of S6 ki-
nase activation is RPS6 phosphorylation and the con-
sequential effect on the regulation of 5'TOP mRNA
translation. The negative regulation of RPS6 phos-
phorylation is less well understood. In animals, the
process is controlled by the Ser/Thr protein phos-
phatase 2A (PP2A) through regulation of TOR and S6
kinase activity (Millward et al., 1999; Peterson et al.,
1999; Westphal et al., 1999; Petritsch et al., 2000;
Hartley and Cooper, 2002). A few studies suggest
that turnover of phosphates on RPS6 may be regu-
lated. Protein phosphatase 1 (PP1) was identified as
the major RPS6 phosphatase in mouse cells (Olivier
et al., 1988), and a calyculin-A-sensitive Ser/Thr
phosphatase was shown to act downstream of S6
kinase in human hematopoietic cells (Barth-Baus et
al., 2002). Thus, the negative regulation of RPS6
phosphorylation may be controlled by phosphatases
that act indirectly through regulation of S6 kinase
activity or directly by removal of phosphates from
the ribosomal protein.

There is evidence that phosphorylation of RPS6
may be regulated in plants during development and
in response to changes in the environment. The de-
phosphorylation of a 30-kD ribosomal protein was
observed in response to heat shock in cultured to-
mato (Lycopersicon esculentum Miller) cells (Scharf
and Nover, 1982) and maize (Zea mays) embryos
(Beltran-Pefia et al., 2002), as well as oxygen depri-
vation in maize roots (Bailey-Serres and Freeling,
1990). By contrast, increased phosphorylation of a
30-kD ribosomal protein was observed in maize em-
bryo axes after imbibition and treatment with indole
acetic acid (Perez et al., 1990; Beltrdan-Pena et al.,
2002) and in pumpkin (Cucurbita sp.) cotyledons
treated with cytokinin 6-benzylaminopurine (Yakov-
leva and Kulaeva, 1987). In cultured cells of Arabi-
dopsis, RPS6 accumulated as three phosphorylated
and one non-phosphorylated isoform under control
conditions and shifted to hypophosphorylated iso-
forms in response to heat shock (Turck et al., 1998).
The expression of Arabidopsis AtS6k2 (Atpk2/
ATPK19; At3g08720), an ortholog of mammalian
S6K1, in serum-stimulated mammalian cells resulted
in an active kinase that could phosphorylate RPS6 of
plant and mammalian ribosomes in vitro. As ob-
served for mammalian S6 kinase, activation of
AtS6k2 in mammalian cells was inhibited by the PI3K
inhibitor wortmannin but not the TOR kinase inhib-
itor rapamycin. The insensitivity of AtS6k2 to rapa-
mycin was attributed to divergence in the amino-
terminal region of the kinase, which is required for
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rapamycin sensitivity in mammals. Plants possess
PI3K and TOR kinases as well as PP2A and PP1
(Smith and Walker, 1996; Drebak et al., 1999; Menand
et al., 2002), however a role for these proteins in the
regulation of RPS6 phosphorylation has not been
reported.

The present study was undertaken to confirm the
phosphorylation of RPS6 in root tips of maize and to
begin to elucidate the mechanisms that regulate its
phosphorylation status. cDNAs that encode RPS6
were characterized, and a polyclonal antiserum
against recombinant RPS6 was produced. Immuno-
blot analysis and in vivo labeling with [**P]P; con-
firmed the presence of phosphorylated RPS6 iso-
forms in ribosomes under normal growth conditions.
RPS6 isoforms were resolved in a high-resolution
two-dimensional gel system, and matrix-assisted la-
ser desorption ionization time-of-flight (MALDI-
TOF) mass spectrometry was used to determine
phosphorylation status. We found that several abi-
otic stimuli affect the phosphorylation of RPS6, ap-
parently via distinct mechanisms. We studied the
regulation of RPS6 phosphorylation under control
conditions and during recovery from oxygen depri-
vation by use of the Ser and Thr phosphatase inhib-
itor okadaic acid (OA) and the PI3K inhibitor LY-
294002 (LY). Our results reveal two distinct patterns
of maize RPS6 phosphorylation that are dynamically
regulated by kinases and phosphatases of variable
sensitivity to abiotic stress.

RESULTS

Characterization of Maize Ribosomal Protein S6 ¢cDNAs

A partial maize cDNA encoding ribosomal protein
56 (rps6) was used to isolate two full-coding cDNAs
from a root cDNA library. rps6A and rps6B (GenBank
accession nos. U92045, 1,039 bp; AF295599, 1,024 bp)
were highly similar in their 5'-untranslated (UTR)
and coding regions (85% and 94% identity, respec-
tively) and were divergent in their 3'-UTRs (41%
identity). Both cDNAs possess a 5'-UTR of 69 nucle-
otides. Nucleotide differences in the 5'-UTRs were
limited to two regions resulting in the presence of
three polypyrimidine tracts in rps6A (nucleotides
9-15, 33-38, and 40-45) and one polypyrimidine tract
in rps6B (nucleotides 33-38). Both rps6 cDNAs en-
code a deduced 251-amino acid polypeptide (28.6
kD) of basic charge (pl 11.4; Fig. 1). RPS6A and
RPS6B are identical except for polar to nonpolar sub-
stitutions of Asn and Ala at residue 150 and Tyr and
Ala at residue 204, respectively. Maize RPS6 appears
to be encoded by two genes based on Southern-blot
analysis of genomic DNA with an rps6A probe (data
not shown) and on our identification of two genes by
analysis of cDNAs and search of public databases.

The deduced amino acid sequence of RPS6 is
highly conserved among eukaryotes with identities
ranging from 54.2% between maize and Brewer’s
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Figure 1. Comparison of the deduced amino
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yeast, 62.8% between maize and R. norvegicus, and
87.3% between maize and Arabidopsis. Several Ser
residues are phosphorylated in the carboxy terminus
of RPS6 of rat and fruitfly (Radimerski et al., 2000).
Despite limited primary sequence conservation in the
carboxy termini of RPS6 of plants and animals, basic
residues are prevalent from residues 235 to 237
(numbering refers to Fig. 1), and Ser residues are
conserved at position 238 in plants and position 241
in plants and other eukaryotes. Furthermore, the car-
boxy terminus of RPS6 of R. norvegicus, fruitfly, Ara-
bidopsis, and maize is predicted to be strongly
a-helical (residues 189-235), ending with a loop
structure (residues 242-252). This prediction is con-
sistent with '"H-NMR spectroscopy of a polypeptide
identical to rat RPS6 residues 223 to 253, which con-
firmed a helical conformation between residues 227
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to 243 (numbering refers to Fig. 1, Katahira et al.,
1996).

RNA-blot analysis with a probe that would hybrid-
ize to RPS6A and RPS6B transcripts revealed that
RPS6 mRNA was abundant in organs undergoing
rapid cell division (Fig. 2). Coleoptiles, immature ear,
embryo, aleurone, and endosperm samples showed
high RPS6 transcript levels, whereas root tips and
ears just before pollination had lower levels. RPS6
mRNA was abundant in kernel tissues at 15 d post
pollination and decreased during aleurone and en-
dosperm maturation. RPS6 transcript levels were low
in pollen cells and mature tissues such as leaf and
silk. These observations are consistent with the pre-
diction that ribosome biogenesis occurs primarily in
mitotically active tissues (Bonham-Smith et al., 1992;
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Figure 2. RPS6 transcript abundance is high in mitotically active
organs and tissues of maize. A, Total RNA (20 pg) from various tissue
samples (see “Materials and Methods”) was fractionated per lane of
an agarose-formaldehyde gel, transferred to a nylon membrane, hy-
bridized with a *?P-labeled rps6A probe, and exposed to x-ray film.
B, UV light detection of ethidium bromide-stained 18S rRNA.

Gao et al,, 1994; Williams and Sussex, 1995; Bailey-
Serres, 1998).

Identification of RPS6 Isoforms by in Vivo
Phosphorylation and Immunological Detection

To identify RPS6, a polyclonal antiserum was pre-
pared against recombinant maize RPS6 produced in
Escherichia coli. This antiserum recognized, with high
specificity, a 30-kD polypeptide of a crude cell extract
and purified ribosomes from maize root tips (Fig.
3A). To examine the phosphorylated isoforms of
maize RPS6, ribosomes were isolated from root tips
of seedlings grown in air after in vivo labeling with
[**P]P; and fractionated on a two-dimensional gel
electrophoresis system optimized for resolution of
basic ribosomal proteins of mammals (Krieg et al.,
1988). The first dimension was a basic-urea tube gel
in which acidic-charged proteins migrate more
slowly than basic-charged proteins. The second di-
mension gel was an acidic-urea slab gel in which
fractionation was based on apparent molecular mass.
After two-dimensional gel electrophoresis, the pro-
teins were transferred to nitrocellulose for autoradio-
graphic detection and immunological identification
with the RPS6 antiserum. Autoradiography revealed
a 30-kD protein resolved as five phosphorylated iso-
forms (Fig. 3B, isoforms S6a-Sé6e). The increasing
autoradiographic detection of the progressively more
acidic isoforms S6a, Séb, Sé6c, and Sé6d is consistent
with an increase number of phosphorylated residues.
The low autoradiographic signal of isoform Sée indi-
cates that it was less abundant than the other iso-
forms. Immunodetection of RPS6 on the same blot
confirmed the identity of the phosphorylated pro-
teins. The most basic isoform (S6) was not detected
by in vivo phosphorylation (Fig. 3B) but was visible
on the protein blot (Fig. 3C), indicating that it is
non-phosphorylated. Isoforms S6 and S6a over-
lapped partially in this gel but were fully resolved
when the first dimension was run longer (as shown
in Figs. 4 and 5). All six RPS6 isoforms and ribosomal
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proteins were detected following staining of the ni-
trocellulose filter with colloidal gold (Fig. 3D). Com-
parison of the immunodetection and colloidal gold
staining of RPS6 suggests that phosphorylation sta-
tus may have an effect on the recognition of the
protein by the polyclonal antiserum. These results
indicate that a non-phosphorylated and multiple

g =
] .
Q D
2 o 2 o
=3 "E = E
E © E ©
© ©0
T = w
o 2 o
o o o o
A
— d -30 kD
Root extract Purified
ribosomes
il > .
e - b a S6 .
B }
+

D —

Figure 3. Identification of isoforms of maize RPS6 by in vivo labeling
with [*?P]P; and immunodetection. A, Immunological identification
of RPS6 with an antiserum prepared against recombinant maize
RPS6. Total root protein (25 pg) and purified ribosomes (4.5 pg) from
root tips (apical T cm) of 4-d-old seedlings were fractionated by 12%
(w/v) SDS-PAGE, transferred to nitrocellulose, and incubated with
rabbit preimmune serum (1:1,250 dilution) or polyclonal RPS6 anti-
serum (1:1,250). The migration of molecular mass markers is indi-
cated to the right. B to D, Basic/acidic-urea two-dimensional gel
electrophoresis of [*2P]P;-labeled maize ribosomal proteins. Seed-
lings were in vivo labeled with [*2P]P; for 3 h under aerobic condi-
tions. Ribosomes were isolated from root tips (apical 1T cm) of 4-d-old
seedlings, and rRNA was removed by extraction with acetic acid.
Ribosomal proteins were fractionated over a specialized basic/
acidic-urea two-dimensional gel system and were transferred to ni-
trocellulose. The direction and polarity of electrophoresis is shown
with arrows and charge symbols. The isoform designated S6 is non-
phosphorylated. Isoforms designated with the letters a to e are phos-
phorylated. B, Radiolabeled proteins detected by autoradiography.
C, RPS6 detected by incubation of the nitrocellulose membrane with
RPS6 antiserum (1:1,250 dilution) as in A. D, Detection of ribosomal
proteins by colloidal gold staining of the nitrocellulose membrane.
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Figure 4. Basic-urea/Laemmli SDS-PAGE two-dimensional gel elec-
trophoresis of ribosomal proteins from root tips following abiotic
stresses. Ribosomes were isolated from root tips (apical 1 cm) of
4-d-old seedlings, rRNA was removed by extraction with glacial
acetic acid, and ribosomal proteins were separated using a basic-
urea/Laemmli SDS-PAGE two-dimensional gel electrophoresis sys-
tem and visualized by staining with Coomassie Blue. The region of
each gel with RPS6 is shown. The direction and polarity of electro-
phoresis is as described for Figure 3. Isoform S6 is non-
phosphorylated. Isoforms identified with the letters a to e migrated
slowly, and isoforms designated a’ to ¢’ migrated rapidly in the
Laemmli SDS-PAGE dimension. A, Seedlings were grown in air
(Non-stress), submerged and sparged with argon for 6 h to deprive of
oxygen (Anoxic stress), transferred to 42°C for 2 h (Heat shock), or
transferred to 8°C for 8 h (Cold stress). B, Seedlings were submerged
and sparged with 40% (v/v) O, for 6 h (Non-stress, 40% Oxygen),
submerged in 0.1 M NaCl and sparged with 40% (v/v) O, for 6 h (Salt
stress), or submerged in 0.9 M mannitol sparged with 40% (v/v) O, for
6 h (Osmotic stress).

phosphorylated isoforms of RPS6 accumulate in root
tips of maize seedlings.

Mass Spectrometric Identification of Phosphorylated
RPS6 Isoforms

The resolution of RPS6 isoforms was further im-
proved by use of the basic-urea gel in the first di-
mension and a 12% (w/v) SDS-polyacrylamide gel in
the second dimension. Nine RPS6 isoforms were de-
tected in ribosomes from root tips of seedlings grown
under control conditions (Fig. 4A, Non-stress). This
system revealed additional complexity in the pro-
teins designated Sé6a, S6b, and Séc in Figure 3 (com-
pare Figs. 3, B-D, with 4 and 5) due to increased
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resolution of proteins in the SDS-PAGE dimension.
The more abundant and more rapidly migrating
forms were designated Sé6a’, S6b’, and S6c’, whereas
the more slowly migrating and less abundant iso-
forms were designated S6a, S6b, and Séc.

MALDI-TOF mass spectrometry was used to ana-
lyze these proteins after in-gel digestion with trypsin.
All nine proteins were positively identified as RPS6
based on detection of peptides within 80 or 200 ppm,
where ppm equals ([observed mass (D) — theoretical
mass]/theoretical mass), of the predicted mass val-
ues of trypsin-digested maize RPS6A and RPS6B
(data not shown). Peptide matches covered up to
62.9% of RPS6. Due to the limited sequence variation
between RPS6A and RPS6B, only a few peptides
could be assigned to a specific gene product. Pep-
tides specific for RPS6A were detected in the digests
of Sé6a, S6b, Sé6e, S6a’, and S6¢’, and peptides specific
for RPS6B were detected in the digests of S6e and
S6b’ (data not shown). These results indicate that
products of rps6A and rps6B are present in ribosomes
of root tips, and the migration of the S6 isoforms is
not due to differences in the mobility of the gene
products.

To confirm the phosphorylation status of the RPS6
isoforms and to identify the phosphorylation sites of
RPS6, peptides were generated by trypsin-digestion
in the presence of barium hydroxide. Addition of a
phosphate group increases the mass of Ser or Thr by
80 D, however the concomitant decrease in the
charge of the residue reduces the frequency of ion-
ization in MALDI-TOF analysis. Barium hydroxide
treatment of phospho-Ser and phospho-Thr residues
results in B-elimination of H;PO, (98 D), giving rise
to dehydro-Ala and dehydroamino-2-butyric acid,
respectively. MALDI-TOF analysis of trypsin-
digested and barium hydroxide-treated peptides pro-
vided evidence that the Ser and Thr residues within
the carboxy-terminal region are sites of phosphory-
lation (Table I). There was no evidence of phosphor-
ylation at other sites in RPS6 (data not shown). Tryp-
tic peptides of isoform S6 showed no evidence of
phosphorylation, consistent with the failure of [**P]P;
to label this isoform, whereas mass values of peptides
from Sé6a, S6b, Séc, S6d, and Sé6e corresponded to a
mono-, di-, tri-, tetra-, and pentaphosphorylation of
the carboxy region, respectively. The phosphorylation
of these proteins appeared to be sequential for the first
two Ser residues (S,35KLS,,;), however the order of
phosphorylation of residues in the peptide fragment
AS,,7AAT,5,5,5;A-COOH could not be determined.
Three isoforms, Séc, S6a’, and S6b’, appeared to be
triphosphorylated. S6¢c mass values corresponded to
peptides with phosphorylated Ser-238, Ser-241, and
one site in the peptide AS,;;AAT,5,S,5A-COOH. In
S6a’ and S6b’, Ser-238 was not phosphorylated, based
on the detection and abundance of a peptide matching
the mass of non-phosphorylated RRS,3K. This pep-
tide was also detected in the MALDI-TOF analysis of
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Figure 5. Basic-urea/Laemmli SDS-PAGE two-dimensional gel electrophoresis analysis of RPS6 from root tips following
treatment with phosphatase and kinase inhibitors under non-stress, anoxia, and re-oxygenation conditions. The direction
and polarity of electrophoresis is as described for Figure 3. Ribosomes were isolated from root tips (apical 1 cm) of 4-d-old
seedlings and were analyzed by basic-urea/Laemmli SDS-PAGE two-dimensional gel electrophoresis as described for Figure
4. A, Seedlings treated for 6 h in air with the apical 1 cm of the primary root tip immersed in induction buffer (IB) with 0.03%
(w/v) dimethylsulfoxide (DMSO) and 0, 50, 200, or 400 nm OA. B, Seedlings treated for 6 h under argon with the apical 1
cm of the primary root tip immersed in IB with 0.03% (w/v) DMSO and OA. C, Seedlings deprived of oxygen for 6 h by
submergence in IB under argon and re-oxygenated in a humidified chamber open to the air for 2 h with the apical T cm of
the primary root tip immersed in IB with 22 mm methanol and 0 or 50 um LY.

S6a’ without barium hydroxide treatment (data not
shown). Both of these isoforms showed phosphoryla-
tion of Ser-241 and two residues in the peptide
AS,7AAT,5,5,5A-COOH. Séc’ also lacked phosphor-
ylation of Ser-238 but was tetra-phosphorylated in the
peptide LS,;;AAAKAS,,;;AAT,5,5,5;A-COOH. These
results indicate that the degree of RPS6 phosphoryla-
tion determined migration in the basic-urea gel and the
phosphorylation of Ser-238 determined migration in
the SDS-polyacrylamide gel dimension.

Altered RPS6 Phosphorylation in Response to
Abiotic Stresses

The two-dimensional basic-urea/SDS-PAGE was
used to examine the effect of abiotic stresses on the
phosphorylation status of RPS6 in root tip ribosomes.
Figure 4 compares the isoforms of RPS6 from seed-
lings grown in air (non-stress) and following oxygen
deprivation (anoxia), heat shock, osmotic, salt, and
cold stress. Consistent with the previous observation
that 24 h of oxygen deprivation blocked in vivo phos-
phorylation of a 30-kD ribosomal protein (Bailey-
Serres and Freeling, 1990), the level of hyper-
phosphorylated isoforms of RPS6 was dramatically
reduced in response to 6 h of anoxia (Fig. 4A). Oxy-
gen deprivation promoted the accumulation of S6,
S6a, and S6b, concomitant with a reduction in Séc,
56d, and S6e. Heat shock had a similar negative effect
on levels of Sé6¢, S6d, and Sée. Incubation of seedlings
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at 8°C for 6 h resulted in a significant reduction in
S6a, S6b, and Séc; an increase in S6d and Sée; and
maintenance of S6, S6a’, S6b’, and Séc’. By contrast,
transfer of seedlings to 0.1 m sodium chloride or 0.9
M mannitol solutions aerated with 40% (v/v) O, for
6 h had no reproducible effect on RPS6 phosphory-
lation, as compared with the 40% (v/v) O, control
(Fig. 4B). These results indicate that anoxia stress and
heat shock reduced the levels of the highly phosphor-
ylated RPS6 isoforms, whereas cold stress promoted
the accumulation of these isoforms.

Regulation of RPS6 Phosphorylation in Response to and
Recovery from Oxygen Deprivation

To explore the regulation of RPS6 phosphorylation
we analyzed the effect of several pharmacologicals
on the response to and recovery from oxygen depri-
vation. The effect of OA, a Ser and Thr protein phos-
phatase inhibitor, on RPS6 phosphorylation was ex-
amined (Fig. 5A). The inhibitory effect of OA is
concentration dependent; PP2A is inhibited by 10- to
100-fold lower concentrations of OA than PP1 (Smith
and Walker, 1996). Under non-stress conditions,
treatment of root tips with 50 nm OA for 6 h resulted
in a slight but reproducible depletion in Sé6a and an
increase in abundance of Séb, Sé6c, and S6d. An effect
of OA was more evident after treatment for 6 h with
200 nm OA. In this case, the levels of the hyper-
phosphorylated isoforms Sé6c, S6d, and Sé6e were in-
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Table 1. Identification of carboxy-terminal phosphorylation sites of S6 isoforms by MALDI-TOF mass determination analysis of Ba(OH),-

treated trypsin-digested peptides

Peptide mass and sequence is provided for observed peptides with a mass value = 1.0 D of the theoretical mass.

S6 Experimental Peptide Mass Peptide Sequence® (No. of No. of Phosphates in Phosphorylation Status of Carboxy-Terminal Region
Isoform Replicates (D) Phosphates in Peptide) Carboxy Terminus RRS,55KLS, 41 AAAKAS, , AAT, 55,5, A-COOH»P<
S6 5 559.585 LSAAAK(0) 0 SKLSAAAKASAATSA-COOH

577.521 ASAATSA(0)
774.496 SKLSAAAK(0)
1,118.87 LSAAAKASAATSA(0)
1,334.02 SKLSAAAKASAATSA(O)
Sé6a 1 528.332 RRSK(1) 1 SKLSAAAKASAATSA-COOH
577.568 ASAATSA(0)
1,315.77 SKLSAAAKASAATSA(T)
Séb 3 528.806 RRSK(1) 2 SKLSAAAKASAATSA-COOH
542.808 LSAAAK(T)
738.668 SKLSAAAK(2)
1,298.04 SKLSAAAKASAATSA(2)
Séc 3 527.247 RRSK(1) 3 SKLSAAAKASIAATIA-COOH
543.117 LSAAAK(T)
561.137 ASAATSA(T)
739.342 SKLSAAAK(2)
1,083.610 LSAAAKASAATSA(2)
Sed 4 528.315 RRSK(1) 4 SKLSAAAKASAATSA-COOH
542.134 ASAATSA(2)
542.134 LSAAAK(T)
739.102 SKLSAAAK(2)
1,066.31 LSAAAKASAATSA(3)
Sée 6 528.651 RRSK(1) 5 SKLSAAAKASAATSA-COOH
1,245.53 SKLSAAAKASAATSA(5)
Se6a’ 7 546.136 RRSK(0) 3 SKLSAAAKASAATSA-COOH
542.362 LSAAAK(T)
542.362 ASAATSA(2)
913.404 RSKLSAAAK(1)
1,279.93 SKLSAAAKASAATSA(3)
Seb’ 2 547.123 RRSK(0) 3 SKLSAAAKASAATSA-COOH
542.277 LSAAAK(T)
542.277 ASAATSA(2)
757.147 SKLSAAAK(T)
1,279.87 SKLSAAAKASAATSA(3)
1,066.06 LSAAAKASAATSA(3)
Sec’ 3 546.942 RRSK(0) 4 SKLSAAAKASAATSA-COOH
541.839 LSAAAK(T)
1,048.46 LSAAAKASAATSA(4)

@ Bold type indicates phosphorylated residue.
indicates phosphorylation at two of three possible residues.

b White box indicates phosphorylation at one of three possible residues.

¢ Shaded box

creased, and the level of the hypophosphorylated
isoform S6a was decreased. Levels of Sé6c’" also ap-
peared to increase as a consequence of 200 nm OA.
Treatment with 400 nMm OA resulted in isoform levels
similar to that observed following cold stress, where
only S6, S6a’, S6b’, Sé6c’, S6d, and S6e accumulated.

To address whether an OA-sensitive phosphatase
is involved in the reduction in RPS6 phosphorylation
observed during anoxia, seedlings were deprived of
oxygen for 6 h in the presence of this inhibitor (Fig.
5B). The decrease in the di-, tri-, and tetra-
phosphorylated forms, Séb, Séc, and S6d, was par-
tially inhibited by 200 nm OA. The accumulation of
isoforms S6b, S6c, and S6d in this sample was con-
firmed by MALDI-TOF analysis (data not shown).
There was no effect on RPS6 phosphorylation when
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anoxia treatment was performed in the presence of
400 nMm OA, despite the clear effect of this level of OA
on aerobic roots. In addition, the abundance of S6a’,
S6b’, and S6c’ was not dramatically altered by OA
treatment under anoxia. Together, these results sup-
port the conclusion that OA-sensitive protein phos-
phatase(s) regulate levels of hyper-phosphorylated
RPS6 isoforms under control growth conditions and
contribute to the reduction in the hyper-
phosphorylated RPS6 isoforms in response to oxygen
deprivation.

To determine whether the alteration in RPS6 phos-
phorylation in response to anoxia is reversible, we
investigated the phosphorylation status of the pro-
tein in seedlings deprived of oxygen for 6 h and then
returned to air for 2 h (Fig. 5C). Re-oxygenation
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resulted in an increase in the phosphorylated iso-
forms S6b, Sé6c, S6d, and S6e and a decrease in Séb’
and S6c¢’. This recovery of sequential phosphoryla-
tion of RPS6 could be due to the activation of a
kinase, such as S6 kinase. To address whether recov-
ery phosphorylation of RPS6 is impaired by an in-
hibitor of PI3K-mediated S6 kinase activation in an-
imals, re-oxygenation was performed in the presence
of 50 uM LY, a synthetic PI3K inhibitor that is more
stable than fungal wortmannin (Vlahost et al., 1994;
Downing et al., 1996). The presence of LY during
re-oxygenation reduced the recovery of RPS6 phos-
phorylation, as indicated by the absence of Séc, Sé6d,
and S6e. The treatment of seedlings with LY for 2 h
under non-stress conditions did not have a reproduc-
ible effect on RPS6 phosphorylation (data not
shown).

DISCUSSION

Maize RPS6 Is Phosphorylated at Six
Carboxy-Terminal Residues

Maize RPS6 is encoded by at least two highly con-
served genes with abundant transcripts in tissues
and organs with high rates of cell division. The pri-
mary amino acid sequence of the carboxy-terminal
region of maize RPS6 is divergent from that of other
eukaryotes. Nonetheless, this region possesses poten-
tial phosphorylation sites (KRRS,33KLS,,,AAA-
KAS,,;;AAT,5,5,5;A-COOH) based on the conser-
vation of physical features required for S6 kinase
recognition in animals, notably Ser residues follow-
ing three to four basic residues at a junction between
a helical and unstructured region (Ferrari et al., 1992;
Fig. 1).

%{ibosomes from root tips of maize seedlings grown
under control conditions posses nine isoforms of
RPS6, as determined by use of a specialized two-
dimensional gel electrophoresis system and con-
firmed by MALDI-TOF mass spectrometry. The ac-
cumulation of phosphorylated isoforms was
confirmed by in vivo labeling with [**P]P;. The phos-
phorylation status of each isoform was determined
by analysis of tryptic peptides after the elimination of
H;PO, from the phosphorylated residues by barium
hydroxide modification. The differences in electro-
phoretic migration of the nine isoforms corresponded
to variations in Ser and Thr phosphorylation. RPS6
accumulated in non-phosphorylated (S6) and mono-
(S6a), di- (S6b), tri- (S6¢), tetra- (S6d) and penta- (S6e)
phosphorylated isoforms. These isoforms appear to
result from sequential phosphorylation at Ser-238
and Ser-241, followed by the phosphorylation of Ser-
247, Thr-250, and Ser-251. The order of phosphoryla-
tion in the tryptic fragment AS,;;AAT,5,5,5,A-
COOH could not be determined. The isoforms S6a’,
Seéb’, and S6c’ migrated more rapidly in the SDS-
PAGE dimension. The distinct mobility of the three
triphosphorylated isoforms, Séc, S6a’, and S6b’, sug-
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gests that heterogeneity in phosphorylation sites af-
fects the structure of the carboxy terminus. A possi-
ble explanation is that, first, the phosphorylation of
the first two Ser residues of the carboxy-terminal
region (RRS,35KLS,,;) in S6¢ could disrupt the helical
coil region modeled from residues 227 to 243 (Fig. 1).
Second, a more condensed conformation of the
carboxy-terminal region, due to the absence of phos-
phorylation at Ser-238, could result in more rapid
migration in the SDS-PAGE dimension as observed
for S6a’ and S6b’. Finally, variation in the two phos-
phorylated residues in the AS,;;AAT,5,5,5;A-COOH
region of S6a’ and S6b’ could result in a distinction in
mobility in the basic-urea dimension. In summary,
RPS6 isoforms can be divided into two groups char-
acterized by, (a) sequential phosphorylation of Ser-
238 and Ser-241 followed by phosphorylation of
more carboxy sites (S6a, S6b, S6¢c, S6d, and Sée), and
(b) no phosphorylation at Ser-238 but phosphoryla-
tion at Ser-241 and more carboxy sites (S6a’, S6b’,
and Sé6c¢’). These distinctions could arise from multi-
ple mechanisms of phosphorylation and/or
dephosphorylation.

Regulation of Sequential Phosphorylation of
RPS6 Ser-238 and Ser-241 by Opposing Actions of
Kinases and Phosphatases

The phosphorylation of RPS6 was altered in re-
sponse to oxygen deprivation, heat shock, and cold
stress but not salt or osmotic stress (Fig. 4). Oxygen
deprivation and heat shock promoted the accumula-
tion of hypophosphorylated isoforms, S6a and Séb,
whereas cold stress resulted in a loss of these iso-
forms. Insight into the regulation of the response to
abiotic stress was obtained by treatment of seedlings
with the Ser/Thr phosphatase inhibitor OA (Fig. 5, A
and B). OA inhibits PP2A at 100-fold lower concen-
trations than PP1 in plants (Smith and Walker, 1996;
Cohen, 1997; Millward et al., 1999), however the ef-
ficiency of the inhibitor on specific phosphatases was
not monitored in our experiments. OA treatment un-
der non-stress conditions promoted the accumula-
tion of hyper-phosphorylated forms of RPS6, indicat-
ing that maximum phosphorylation was negatively
regulated by protein phosphatase(s) in the absence of
abiotic stress. Treatments with 50 and 200 nm OA
during oxygen deprivation reduced the loss of the
hyper-phosphorylated isoforms, suggesting that an
increase in phosphatase activity was responsible for
the loss of these forms during oxygen limitation.
High concentrations of OA under non-stress condi-
tions and cold stress reduced levels of the partially
phosphorylated isoforms Séa, S6b, and Séc, confirm-
ing that hyper-phosphorylation of RPS6 is the conse-
quence of inhibition of a Ser/Thr phosphatase. This
observation is consistent with the finding that cold
stress reduced PP2A phosphatase activity in alfalfa
(Medicago sativa) seedlings (Monroy et al., 1998). By
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contrast, moderate but not high concentrations of OA
inhibited the loss of hyper-phosphorylated RPS6 dur-
ing oxygen deprivation. The limited effect of 400 nm
OA under low oxygen conditions could indicate
complexity in the OA-sensitive protein phosphatases
involved in the regulation of RPS6 phosphorylation.
Phosphatases could inactivate S6 kinase and up-
stream kinases, as observed in mammals where PP2A
is found in a complex with S6 kinase and TOR kinase
(Novak-Hofer and Thomas, 1985; Ballou et al., 1988;
Millward et al., 1999; Westphal et al., 1999). On the
other hand, a phosphatase could act directly on the
ribosomal protein, as suggested by the description of
a phosphatase that acts downstream of S6 kinase in
hematopoietic cells (Barth-Baus et al., 2002). Our re-
sults indicate that OA-sensitive phosphatase(s) are
involved in the regulation of RPS6 phosphorylation
under non-stress, cold stress, heat stress, and oxygen
deprivation conditions, however additional studies
are required to identify the phosphatases and to elu-
cidate their distinct roles.

To investigate the regulation of kinases in the phos-
phorylation of RPS6, we examined the recovery of
hyper-phosphorylated isoforms upon re-oxygenation
of seedlings (Fig. 5C). LY, an effective inhibitor of
PI3K signaling and S6 kinase activation in animals
(Kozma and Thomas, 2002), was shown to inhibit the
recovery of hyper-phosphorylated Séc, S6d, and Sée.
LY and the fungal metabolite wortmannin inhibit
PI3K and PI4K activities in plants (Matsuoka et al.,
1995; Jung et al., 2002). The inhibition of Sé6c, S6d, and
S6e accumulation following re-oxygenation by LY
suggests that RPS6 phosphorylation may be added to
the plethora of roles for phosphatidylinositol signal-
ing in plants (Drebak et al., 1999; Stevenson et al.,
2000). Inhibition of recovery of RPS6 phosphoryla-
tion by LY is consistent with the finding that the
ortholog of mammalian S6K, Arabidopsis AtS6k2,
was functionally activated by a PI3K pathway in
mammalian cells (Turck et al., 1998). These results
suggest that the sequential phosphorylation of Ser-
238 and Ser-241 is regulated by a phosphatidylinosi-
tol kinase(s)-signaling pathway.

Relationship between RPS6 Isoforms with Differential
Ser-238 Phosphorylation

In contrast to isoforms Sé6a to S6e, isoforms S6a’,
S6b’, and S6c’ were characterized by the absence of
phosphorylation at Ser-238 and the presence of phos-
phorylation at Ser-241. Both S6a’ and S6b’ were
triphosphorylated, indicating heterogeneity in the
phosphorylation of modified sites within the distal
carboxy terminus, AS,;;AAT,5,5,5;A-COOH. Iso-
forms Sé6a’, S6b’, and S6¢’ could be produced by (a) a
phosphatase that dephosphorylates Ser-238 and
more carboxy sites, with dephosphorylation of Ser-
241 occurring last, (b) poor fidelity in phosphoryla-
tion of Ser-238 by the plant S6 kinase, or (c) the

2094

activity of a distinct S6 kinase that skips Ser-238 and
phosphorylates Ser-241 and more carboxy sites. In
general, S6a’ was more abundant than S6b’ and S6c’.
The limited effect of OA on the abundance of these
isoforms suggests that they were not produced by
dephosphorylation of the hyper-phosphorylated
forms S6d and Sée. A relationship between Sé6a’ and
the non-phosphorylated isoform S6 was revealed in
re-oxygenated seedlings. During the recovery from
oxygen deprivation, levels of S6b, Sé6c, S6d, and Sé6e
recovered, except when the PI3K inhibitor LY was
present. Whether or not LY was present, levels of S6b’
and Sé6c’ were reduced following re-oxygenation. The
loss of isoforms lacking phospho-Ser-238 indicates
that ribosomes with this form of RPS6 may be recycled
into the substrate of the kinase that phosphorylates in
a sequential manner.

Kinases and phosphatases dynamically regulate
two modes of RPS6 phosphorylation in root tips of
maize, characterized by (a) the sequential phosphor-
ylation of Ser-238 and Ser-241 and (b) the absence of
Ser-238 phosphorylation and presence of Ser-241
phosphorylation. The demonstration that RPS6 phos-
phorylation is altered by OA and LY, although not
unequivocal, indicates that phosphatase(s) and
phosphatidylinositol-regulated kinase(s) are in-
volved in the regulation of RPS6 phosphorylation.
The identification of RPS6 phosphorylation sites and
characterization of the complexity in RPS6 phosphor-
ylation provides the foundation for an analysis of the
functional significance of RPS6 phosphorylation. It
should now be possible to determine whether the
modulation of RPS6 phosphorylation contributes to
the regulation of mRNA translation, such as differ-
ential translation of ribosomal protein mRNAs ob-
served in response to auxin treatment or dehydration
stress (Beltrdn-Pefia et al., 2002; R. Kawaguchi, T.
Girke, E. Bray, and J. Bailey-Serres, unpublished
data).

MATERIALS AND METHODS
Plant Material and Growth Conditions

Maize (Zea mays) seeds from the public inbred line B73 (gift of Pioneer-
Hi-Bred International, Johnston, IA) were imbibed for 8 h and germinated in
the dark for 4 to 5 d at room temperature (23°C-25°C). For in vivo labeling
of phosphates, 3 pL of 10 mCi mL ™" [**P]orthophosphate (2000 Ci mmol ;
PerkinElmer Life Sciences, Boston) was applied onto the tips of 4-d-old
seedling roots for 3 h in Eppendorf tubes at room temperature. Root tips
were harvested by freezing seedlings on a metal plate over dry ice, removal
of the apical 1 cm, transfer to liquid nitrogen, and storage at —80°C.

Abiotic stress treatments included anoxic stress, heat shock, osmotic
stress, salt stress, and cold stress. For oxygen deprivation, 50 g of seedlings
was submerged in 3 L of IB (0.5 mm Tris-HCl, pH 8.0, and 7.5 pg mL ™!
chloramphenicol) and sparged with 99.995% (v/v) argon to gradually es-
tablish anoxia within 6 h as described (Fennoy and Bailey-Serres, 1995;
Manjunath et al., 1998). Alternatively, the apical 2 cm of the primary root tip
was submerged in 800 uL of IB in an Eppendorf tube and was gassed with
99.995% (v/v) argon in a humidified chamber. Both methods of treatment
resulted in similar effects on RPS6 phosphorylation (see “Results”). For heat
shock, dark-grown seedlings were transferred to a 42°C growth chamber in
the dark for 2 h; for cold stress, seedlings were incubated at 8°C in the dark
for 6 h (Manjunath and Sachs, 1997); for osmotic stress, seedlings were
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submerged in IB containing 0.9 M mannitol and sparged with 40% (v/v) O,
for 6 h; and for salt stress, seedlings were submerged in IB containing 0.1 m
NaCl and sparged with 40% (v/v) O, for 6 h. Air grown seedlings were used
as the control for anoxia, heat shock, and cold stress. Seedlings submerged
in IB and sparged with 40% (v/v) O, for 6 h were used as the control for salt
and osmotic stress. All abiotic stress treatments were replicated at least three
times.

Chemical solutions were applied to the apical 1 cm of root tips of
seedlings in an Eppendorf tube. OA sodium salt (Calbiochem, La Jolla, CA)
dissolved in DMSO with a final solvent concentration of 0.03% was used at
0, 50, 200, and 400 nm. Samples were held in a humidified chamber open to
the air (non-stress) or under 99.995% (v/v) argon (anoxia) for 6 h. For
control treatments, IB was supplemented with the solvent (0.03% [w/v]
DMSO). For re-oxygenation after 6 h of oxygen deprivation, seedlings were
transferred to a humidified chamber open to the air for 2 h with the apical
1 cm of the root tip in IB containing 0 or 50 um LY HCI (RBI, Natick, MA)
dissolved in methanol with a final solvent concentration of 22 mm. All
chemical treatments were replicated at least three times.

Plant tissues used for RNA extraction were obtained as follows: Coleop-
tiles were collected from 5-d-old seedlings; leaves of ear husks, silks, and
pollen were collected from field-grown plants at anthesis and kernel tissues;
embryo (scutellum and embryonic axis), aleurone (aleurone and attached
pericarp), and endosperm were collected at 15, 20, and 25 d post pollination.
These samples were harvested directly into liquid nitrogen and stored at
—80°C.

c¢DNA Library Screening, DNA Sequencing, and
RNA-Blot Analysis

Full-coding cDNAs (GenBank accession nos. U92045 [rps6-1, renamed
rps6A] and AF295599 [rps6-2, renamed rps6B]) were isolated from a library
prepared from 6-h anoxic roots (3-d-old seedlings) of the maize inbred B73
(kindly provided by Dr. M.M. Sachs, U.S. Department of Agriculture/
Agricultural Research Service, University of Illinois, Urbana, IL) as de-
scribed (Manjunath et al., 1999). A partial maize rps6 cDNA clone (5C01A12;
kindly provided by Dr. T. Helentjaris, Maize cDNA Project) was used as the
initial hybridization probe at moderate stringency (hybridization overnight
in 7% [w/v] SDS and 50 mm NaPO,, pH 7.0, at 60°C; then washed 20 min
with 2X SSC and 0.1% [w/v] SDS at 55°C). cDNAs were sequenced on both
strands by cycle sequencing (PerkinElmer Instruments, Norwalk, CT) and
analyzed by an ABI 373a Stretch/377 DNA sequencer (Applied Biosystems,
Foster City, CA) at the DNA Sequencing Core Laboratory (University of
Florida, Gainesville, FL). Sequence identity scores were determined using a
global pair wise alignment tool (Myers and Miller, 1988). Structural confor-
mation of deduced proteins were predicted by use of the PHDsec algorithm
(Rost and Sander, 1994).

Total RNA was extracted from sample tissues by use of a guanidinium
method (Glisin et al., 1974). Total RNA (20 ug per lane) was electrophoresed
on a 2.2 M formaldehyde 1.3% (w/v) agarose gel, stained with ethidium
bromide, photographed, transferred to a nylon membrane, and probed with
a 3?P-labeled SacI-BamHI fragment containing the complete coding sequence
of rps6A (GenBank accession no. U92045) at high stringency as described
(Manjunath et al., 1998).

Overexpression of Recombinant RPS6 in Escherichia
coli, Purification, and Polyclonal Antiserum Production

The complete coding sequence of maize rps6A was amplified by PCR (30
cycles: 2 min, 96°C, 1.5 min, 42°C; and 2 min 72°C) using a custom primer
that hybridized at the 5' end of the coding sequence (5'-GGGGGGCG-
CCATGAAGTTTCAACATCGCG-3') and a universal M13 primer that hy-
bridized to the vector at the 3’ end of the cDNA. The product was cloned
into the Ehel and BamHI restriction sites of pPRO-EX (Invitrogen, Carlsbad,
CA). The resulting construct was sequenced and used to overexpress re-
combinant RPS6 with a 25-residue amino-terminal extension including a
Hise-tag and tobacco etch virus (TEV) protease cleavage site. Protein was
overexpressed in E. coli DH5« cells by induction with 2 mm isopropylthio-
B-galactoside and growth at 37°C for 3 h. Cells were lysed in buffer B (8 m
urea, 0.1 m sodium phosphate, 0.01 m Tris-HCI, pH 8.0, and 20 mm imida-
zole) for 2 h at room temperature. Cell debris was removed by centrifuga-
tion at 10,000g for 15 min. Nickel-nitrilotriacetic acid agarose beads (Qiagen,
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Chatsworth, CA), equilibrated in buffer B, were added to the supernatant
and stirred at room temperature for 1 h. The slurry was packed into a 1-mL
column, washed five times in buffer B and five times in buffer C (8 m urea,
0.1 m sodium phosphate, 0.01 m Tris-HCI, pH 6.3, and 20 mm imidazole),
and eluted using buffer C containing 250 mm imidazole. Purified protein
was concentrated by centrifugation using a Centricon-3 tube (Millipore,
Bedford, MA). Polyclonal antiserum was produced in rabbits by injection of
1 mg of recombinant His,-TEV-tagged RPS6 in Freund’s adjuvant (Robert
Sargeant, Ramona, CA).

Extraction of Ribosomal Proteins

Ribosome isolation, ribosomal protein extraction from rRNA, and two-
dimensional PAGE were as described previously with the following modi-
fications (Siegmann and Thomas, 1987). Root tissue (1-2 g fresh weight) was
ground in liquid nitrogen with a mortar and pestle, homogenized with a
Dounce homogenizer in ribosome extraction buffer (200 mm Tris-HCI, pH
7.5, 200 mm KCl, 25 mm EGTA, 36 mm MgCl,, 1 mm sodium molybdate, 1
mu dithiothreitol [DTT], 50 ug mL ™" cyclohexamide, 50 ug mL ™" chloram-
phenicol, 80 mm B-glycerophosphate, 1% [v/v] Triton X-100, 1% [v/v] Brij
35, 1% [v/v] Tween-40, and 1% [v/v] NP-40), and incubated on ice for 20
min. Sodium molybdate and B-glycerophosphate were included as nonspe-
cific protein phosphatase inhibitors. Cell debris was removed by centrifu-
gation at 10,000 for 15 min at 4°C. The supernatant was layered over a Suc
cushion (1.3 M Suc, 400 mm Tris-HCI, pH 7.5, 200 mm KCl, 5 mm EGTA, 36
mm MgCl,, 1 mm sodium molybdate, 1 mm DTT, 50 pg mL~ ! cyclohexam-
ide, 50 pg mL™" chloramphenicol, and 80 mm B-glycerophosphate), and
ribosomes were pelleted by centrifugation 18 h at 149,000 and resuspended
in Staehlin A buffer (20 mm Tris-HCI, pH 7.5, 5 mm MgCl,, 1 mm sodium
molybdate, and 1 mm DTT) by rotation of the sample for 1 h at 4°C.
Ribosome quantity was determined by measuring A,qq (Aze0/11.1 is pro-
portional to micrograms per microliter of ribosomes). For each gel sample,
0.5 mg of ribosomes was diluted in 0.1 volume of 1 m MgCl, and 2 volumes
of freshly opened glacial acetic acid (Sigma-Aldrich, St. Louis), vortexed for
1 h at 4°C, and centrifuged 10 min at 4°C, at 14,000g to remove rRNA.
Ribosomal proteins were precipitated by the addition of 5 volumes of
acetone and brief centrifugation at 14,000g, washed with agitation with two
changes of acetone over 24 h and twice with ethanol for 60 min, and then
dried in air.

Two-Dimensional PAGE

The ribosomal protein pellet was resuspended in 15 uL of fresh sample
buffer (8 m urea, 40 mm Tris-HCI, pH 8.6, 2.3 mm EDTA Nay, 0.06% [v/V]
TEMED, 52 mm boric acid, and 5% [v/v] B-mercaptoethanol [BME]) at room
temperature for 20 min before electrophoresis. Separation in the first di-
mension was in a specialized basic-urea polyacrylamide electrophoresis
system (6 M urea, 8% [w/v] acrylamide, 0.3% [w/v] bis-acrylamide, 21 mm
EDTA Nay, 520 mm boric acid, 200 mm Tris-HCl, pH 8.6, 0.1% [w/v]
ammonium persulfate, and 0.1% [v/v] TEMED) in fresh running buffer (6.5
mwm EDTA Na,, 156 mM boric acid, and 120 mm Tris-HCI, pH 8.6; Krieg et
al., 1988). Electrophoresis was performed in an isoelectric focusing gel
apparatus using glass tubes (130 X 3.5 mm; Hoefer Scientific, Richmond,
CA) for 26 h at 143 V, with migration toward the cathode. Separation in the
second dimension was in an acidic-urea polyacrylamide gel (Krieg et al.,
1988) or a Laemmli SDS-polyacrylamide gel (12% [w/v] acrylamide, 0.3%
[w/v] bis-acrylamide, and 0.1% [w/v] SDS; Pino et al., 1995). After the
extrusion from the glass tubes, first-dimension gels were incubated in the
equilibration buffer for 15 min (0.05 m Tris-HCl, pH 6.8, 5% [v/v] BME, 10%
[v/v] glycerol, 2% [w/v] SDS, and 0.1% [w/v] bromphenol blue). Tube gels
were trimmed to fit the mini-gel apparatus by removal of 5 cm from the top
and 1 cm from the bottom of the gel and embedded to the top of the
second-dimension gel with agarose (0.05 m Tris-HCI, pH 6.8, 5% [v/v] BME,
10% [v/v] glycerol, 2% [w/v] SDS, and 1% [w/v] agarose). The second-
dimension electrophoresis was performed using Mini-PROTEAN II cell
(Bio-Rad Laboratories, Hercules, CA) with resolving gel size of 800 X 500 X
1.75 mm and stacking gel of 800 X 200 X 1.75 mm. Electrophoresis was
performed for 90 min at 180 V until a prestained carbonic anhydrase (30 kD;
Amersham Biosciences, Buckinghamshire, UK) reached the bottom of the
gel. Gels were stained with Coomassie Blue R250 for 24 h, destained, and
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scanned for image analysis (Epson Perfection 1200U Scanner, Epson Amer-
ica, Torrance, CA).

Immunological Detection of RPS6

Proteins were fractionated by one-dimensional Laemmli SDS-PAGE or
two-dimensional basic/acidic-urea gel electrophoresis and were transferred
to nitrocellulose according to standard procedures (Manjunath et al., 1999).
For immunological detection of RPS6, membranes were blocked for 1 h in
PBST (1 mm Na,HPO,, 0.14 mm KH,PO,, 13.7 mm NaCl, 0.27 mm KCl, and
0.1% [v/v] Tween 20) that contained 5% (w/v) non-fat dry milk powder and
were incubated with a 1:1,250 dilution of polyclonal RPS6 antiserum in
PBST for 1 h. Blots were washed twice in PBST with 1% (w/v) non-fat dry
milk powder for 5 min and were incubated in a 1:25,000 dilution of rabbit
IgG horseradish peroxidase conjugate (Bio-Rad Laboratories) for 1 h. Blots
were washed again three times in PBST and the antibody-antigen interaction
was detected by chemiluminescence using the ECL reagent (Amersham
Biosciences) After immunological identification, nitrocellulose membranes
were stained with Colloidal Gold Staining Reagent (Bio-Rad Laboratories).

Mass Spectrometric Analysis of RPS6

For mass spectrometry, proteins were cut-out of Coomassie Blue-stained
gels with a sterile scalpel, de-stained by three 15 min washes in 50% (v/v)
acetonitrile (ACN), 25 mMm ammonium bicarbonate (pH 8.0), and one 5-min
wash in 100% (v/v) ACN, and vacuum dried. For in-gel proteolysis, dry gel
pieces were incubated for 16 h at 37°C in 60 pL of 40 pg mL™" trypsin
(Promega, Madison, WI) dissolved in 25 mm ammonium bicarbonate (pH
8.0). For the detection of phosphopeptides, the trypsin digestion was sup-
plemented with 1 pg of barium hydroxide (Aldrich Chemical, Milwaukee,
WI). Trypsin-digested proteins were eluted with 75 uL of 50% (v/v) ACN
and 5% (v/v) trifluoroacetic acid (TFA) and vacuum dried. Samples di-
gested with trypsin in the presence of barium hydroxide were resuspended
in 10 pL of 0.1% (v/v) TFA and were purified using a reverse-phase ZipTip
C18 column (Millipore). Each column was equilibrated with 10 uL of 100%
(v/v) ACN followed by three washes with 10 uL of 0.1% (v/v) TFA.
Peptides were bound to the column by four cycles of aspiration and dis-
pension. After binding, columns were washed three times with 10 uL of
0.1% (v/v) TFA, and peptides were eluted with 50 uL of 50% (v/v) ACN
and 5% (v/v) TFA and vacuum dried. The peptides were cocrystalized in 9
uL of a-cyano-4-hydroxycinnamic acid (Sigma-Aldrich) saturated with 50%
(v/v) ACN, 0.1% (v/v) TFA, and 1 pL of 100% (v/v) ACN and were used
for MALDI-TOF mass spectrometry (Voyager-DE STR mass spectrometer,
PerSeptive Biosystems, Foster, CA). Mass to charge ratio (m/z) data were
collected in the positive ionization mode. The m/z value of monoisotopic
peaks with single charged ions was selected, and background peaks were
removed by filtering with the Voyager Data Explorer Software. Internal
calibration of peptide mass (D) was performed with two trypsin autodiges-
tion product peaks with m/z values corresponding to 842.5100 and
2,211.1046 D. Proteins were identified by searching against the Tr-EMBL
database using Peptldent algorithm (http://ca.expasy.org/tools/pepti-
dent.html). The mass tolerance parameter was set at 80 or 200 ppm, where
ppm equals ([observed mass (D) — theoretical mass]/theoretical mass),
when two or one trypsin autodigestion products was detected, respectively.
Phosphopeptides were identified by use of an algorithm prepared to iden-
tify carboxy-terminal peptides of RPS6 modified by barium-hydroxide mod-
ification of phospho-residues (I.-F. Chang and J. Bailey-Serres, unpublished
data). Barium-hydroxide treatment of phosphorylated Ser and Thr results in
removal of H3PO, by B-elimination, converting phospho-Ser and phospho-
Thr to dehydro-Ala and dehydroamino 2-butyric acid, respectively. This
resulted in an 18-D reduction in mass relative to the unmodified residue. A
database was made of theoretical masses of the 25 possible peptide variants
for trypsin-cleaved peptides for the carboxy-terminal region Arg-235 to
Ala-251. Peptides with mass values with a A mass [observed mass —
theoretical mass] less than =1.0 D were identified.
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