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ABSTRACT. Insulin treatment oDrosophila melanogastdfc 167 cells induces the multiple phosphorylation

of aDrosophilaribosomal protein, as judged by its decreased electrophoretic mobility on two-dimensional
polyacrylamide gels. The extent to which insulin induces this response is potentiated by cycloheximide
and blocked by pretreatment with rapamycin. Isolation and mass spectrometric analysis revealed that the
multiply phosphorylated protein was the larger of thsophila melanogastesrthologues of mammalian

40S ribosomal protein S6, termed h&86A. Proteolytic cleavage @S6A derived from stimulated Kc

167 cells with the endoproteinase Lys-C released a number of peptides, one of which contained all the
putative phosphorylation sites. Conversion of phosphoserines to dehydroalanines with BsliOigd

that the sites of phosphorylation reside at the carboxy terminlBS&A. The sites of phosphorylation

were identified by Edman degradation after conversion of the phosphoserine residethyicysteine

as Serss, Sebss, Sebag Sebay, and Seiss Finally, phosphopeptide mapping of individual phosphoderiva-
tives, isolated from two-dimensional polyacrylamide gels, indicateddS&A phosphorylation, in analogy

to mammalian S6 phosphorylation, appears to proceed in an ordered fashion. The importance of these
observations in cell growth and development is discussed.

Mitogenic stimulation of quiescent cells induces the have led to the identification of a second S6K gene, termed
activation of a number of anabolic processes which contribute S6K2 6—8), p7F°<and p85% have been collectively termed
to the ability of the cell to progress through the cell cycle, S6K1 ). S6K2 is highly homologous to the smaller S6K1
leading to cell growth, DNA synthesis, and cell divisid).( isoform, except that it contains a distinct carboxy terminus,
The activation of these processes is triggered at the cellwhich may be involved in nuclear localization as well as
surface through ligand-induced activation of either tyrosine differential intracellular targeting. S6K1 activation appears
kinase receptors or G protein-coupled seven-transmembrango require a complex interplay between a number of specific
receptors Z). In the context of the mitogenic response, the phosphorylation sites and distinct intramolecular domains.
activation and maintenance of high rates of protein synthesisGiven the high homology and conservation of key phospho-
represents an obligatory anabolic respoi@eThis response  rylation sites, it is reasoned that S6K2 is regulated in a
is thought to be propagated intracellularly by serine/threonine manner similar to S6K1. Consistent with this hypothesis, both
kinases, which phosphorylate a number of specific translation kinases appear to reside on a common signaling pathway
components 4). One of these components is the 40S (6—8), which is initiated at the cell surface by the activation
ribosomal protein S6 whose increased phosphorylation is of phosphatidylinositide-®H kinase, PI3K 9).
mediated by p78% and p85°% These two kinases are Increased S6K activation and S6 phosphorylation are
translated from a common mRNA transcript by usage of paralleled by the selective translational up-regulation of a
alternative translation initiation start sites (unpublished data). class of MRNAs containing an oligopyrimidine tract at their
Their amino acid sequences are identical, except for a 23-transcriptional start site, termed aT®P (10). The genes
amino acid extension at the amino terminus of $8&hich representing this family of mRNAs are small in number,
targets the larger isoform to the nucleGs @s recent studies  containing no more than 200 members, but can account for
up to 20% of total cellular mMRNA."SOP mRNAs encode
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mutants, providing a causal link between S6K1 activation
and translational up-regulation ofT®OP mRNAs (1). The
effects of S6K activation on the translation 6T®P mRNAs

Biochemistry, Vol. 39, No. 19, 200%767

whether the protein is phosphorylated in response to insulin
treatment and to identify which form &S6 was present in
Drosophila40S ribosomal subunits. Next, following diges-

are thought to be mediated through the increased phosphotion of the protein with endoproteinase LysC, a combination

rylation of S6. S6 itself has been mapped by protgirotein
and RNA—protein cross-linking studies to the mMRNARNA
binding site of the 40S ribosom&Z), suggesting that it might
have a role in the regulation of MRNA translation. Following
mitogenic stimulation, up to 5 mol of phosphate is incor-
porated in an ordered fashion into mammalian $8).(In

of electrospray ionization mass spectrometry and chemical
sequencing was employed to identify the phosphorylated
peptides and the sites of phosphorylation. Finally, phospho-
peptide analysis of the increasingly phosphorylaizs6
derivatives isolated from two-dimensional polyacrylamide
gels was utilized to assess whether in analogy to vertebrate

mammals, the phosphorylation sites have been mapped to aystems,DS6 phosphorylation proceeded in an ordered

short sequence at the carboxy terminus of the moledd)e (
with phosphorylation progressing in an ordered fashion from
Sebss — Sebss — Sebso — Seksq and Sexs7 (14, 15.
Although S6 is hypothesized to be the downstream effector
of S6K activation, corroborative in vivo data are lacking.
The recent identification of an S6K homologuedrosophila
melanogaster(16, 17 has led to the hypothesis that the
pathway controlling translation of ribosomal proteins is

that Drosophilawould prove useful in unraveling the role
of S6 phosphorylation as an effector of S6K function. Indeed,

systems, including (i) the silk worfBombyx morifollowing

refeeding after fasting1@), (ii) the tobacco hornworm
Manduca sextafollowing induction by prothoracicotropic
hormone (PTTH) 19, 20 and (iii) in cells from the fall army
worm Spodoptera frugiperdaafter baculovirus infection

(21). In all three insect systems, there appears to be 5 mol:

of phosphate incorporated per mol of S6, as judged from its
reduced electrophoretic mobility on two-dimensional poly-
acrylamide gels. However, iDrosophila melanogastethe

results are less clear. First, only one phosphoderivative of

the putativeDrosophila S6 homologue was reporte@?).
Second, the recently reported genomic sequence @8t

fashion.

EXPERIMENTAL PROCEDURES

Cell Culture and in Vio [*2P]P; Labeling. Drosophilakc
167 cells were maintained at 28 in DrosophilaSchneiders
medium containing 15% heat-inactivated fetal bovine serum,
1% (v/v) antibiotic antimycotic, 1% (v/v) gentamicin, 4 mM

aglutamine, 7.44M penicillin, and 1.4uM streptomycin. Cells

were seeded at & 1P cells/mL in a volume of 25 mL and

C\Nere subcultured every third or fourth day. Stationary phase

cells were stimulated with 100 nM insulin either alone or in
combination with 10Q«M cycloheximide for 2 h. For¥P]-

53. labeling, cells were first suspended in 15 mL of phosphate-
free Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 15% dialyzed and heat-inactivated fetal bovine serum
and 4 mM glutamine. The cells were incubated4d with

2 mCi of [F?P]R (10 mCi/mL 32PQ,) per dish and then
stimulated for a furthe2 h with a combination of 100 nM
insulin and 10QuM cycloheximide. Alternatively, in some
cases? h prior to stimulation, the cells were pretreated with
1 uM okadaic acid. Following¥P]R labeling, cells were
washed with ice-cold PBS and lysed, and extraction of
ribosomes was carried out as described below.

Isolation of Ribosomes and DS6K Assdy@:; preparation

gene has revealed that there are two tandem alternative exo®f ribosomes, cells were harvested from four dishes by
repeats downstream of exon 3A. If either of these repeatscentrifugation (2500 rpm for 5 min), resuspended in 6 mL

are utilized, as has been report@d)( they would give rise
to a distinct protein product of significantly shorter length
and protein sequencg4, 25. Finally, a P-element insertion
in the BUTR of the DS6 gene, which is X chromosome-
linked, leads to a decrease S6 gene expression, with
hemizygous males and homozygous females failing to
emerge as adults after a prolonged third larval insgdr, (
25). During larval development, thBS6 mutants develop
melanotic tumors in the hematopoietic system with signifi-
cantly overgrown lymph gland®5), implying an additional
role for DS6 in tumor suppression of larval hemocytes, which
mediate the immune response in inse@s).(

As a basis to exploiDrosophila melanogastein future
investigations on the role of S6 phosphorylation in cell
growth and development, we first set out to determine

1 Abbreviations:DS6, Drosophila melanogasteiibosomal protein
S6;DS6K, Drosophila melanogasteibosomal protein S6 kinase; ESI/
MS, electrospray ionization mass spectrometry; LC/MS, liquid chro-
matography coupled to mass spectrometry; LC/MS/MS, liquid chro-
matography coupled to tandem mass spectromeis/;mass-to-charge
ratio; RP-HPLC, reverse-phase high-pressure liquid chromatography;
TFA, trifluoroacetic acid; TLE, thin-layer electrophoresis; 2D-TLE, two-
dimensional thin-layer electrophoresis.

of hypotonic buffer (5 mM Tris-HCI, pH 7.4, 1.5 mM KCl,
2.5 mM MgCh), and lysed with a polytron homogenizer
(Kinematica, Switzerland) for 10 s (setting 5). The homo-
genate was diluted to 12 mL with lysis buffer containing
2% sodium deoxycholate (DOC), 1% Triton X-100, and 40
mM p-nitrophenyl phosphate (pNPP) and homogenized a
second time. Cell debris was removed by spinning the
homogenate twice at 10 000 rpm for 15 min in a Sorvall
SS34 rotor at £C. The resulting supernatant was split in
two and transferred separately into Beckman Quick Seal
centrifugation tubes. The homogenate was successively
underlaid with 2 mL of 0.5 M sucrose solution and 2 mL of
1.1 M sucrose solution. The sucrose solutions were prepared
in a buffer containing 0.5 mM Tris-HCI, pH 7.4, 0.25 mM
MgCl,, 0.5 M KClI, 1% Na-DOC, 1% Triton X-100, and 20
mM pNPP. Total ribosomes were harvested by centrifugation
in a Beckman 70.1 Ti rotor at 62 500 rpm for 16 h &tGl

The pellet was washed once with 200 of Staehelin A
buffer (20 mM Tris-HCI, pH 7.4, 100 mM KCI, 5 mM
MgCl;, 1 mM DTT). The ribosomes were resuspended in
700 uL of Staehelin A buffer by shaking the tube at’'@

for 3—4 h on an orbital shaker (Mini-Shaker, Adolf Kner
AG, Basel, Switzerland) set at 350 rpm. Several 4 mm glass



5768 Biochemistry, Vol. 39, No. 19, 2000

Radimerski et al.

beads were added to the tube to facilitate complete resus-spots with a razor blade. The gel pieces were washed twice

pensionDS6K activity fromDrosophilaKc 167 cell extracts
was measured as describdd)

Two-Dimensional Polyacrylamide Gel Electrophoresis of
Ribosomal ProteinsTotal ribosomal proteins fror®roso-
phila Kc 167 cells were isolated and separated by two-

dimensional polyacrylamide urea gel electrophoresis em-

ploying the standard protocol26), as internationally agreed
for their identification R7), except that for the second
dimension, proteins were first electrophoresedZd at 50

V and then 22 h at 200 V. For protein visualization, the gels

with 40% 1-propanol, resuspended in 260 of 20 mM
(NH4)HCO; containing 5ug of endoproteinase LysC, and
digested for 12 h at 37C. The supernatant was dried, and
the peptides were dissolved in 10 of 130 mM (NH,)-
HCO;, pH 8.9.

Two-Dimensional Phosphopeptide AnalyRadioactively
labeled phosphopeptides were separated on TLC plates
(Merck) in a HTLE 7000 flatbed apparatus (CBS Scientific,
Inc.). First-dimension electrophoresis was at pH 8.9 in 126
mM (NH4)HCGO; for 30 min at 1000 V, using xylene cyanole

were stained in 0.1% Coomassie Blue R250, 50% methanol,as the tracking dye. The second-dimension electrophoresis

10% acetic acid for 45 min at 4%, followed by destaining
in 20% methanol, 10% acetic acid.

Reverse-Phase High-Performance Liquid Chromatography
of Ribosomal ProteinsRibosomal proteins were extracted
by mixing a 10uL aliquot of total ribosomes (2@g/uL)
with 10 uL of 6 M guanidinium chloride (GdmCI) followed
by the addition of 80uL of 0.2% TFA (28). After

was at pH 1.9 in a buffer consisting of 2.5% formic acid,
7.8% acetic acid for 30 min at 1000 V using DNP-lysine as
the tracking dye31). After drying the plates, phosphopep-
tides were visualized using a Phosphorimager and Image-
Quant Software (Molecular Dynamics).

Chemical Dephosphorylation and Edman Degradation
Conversion of P-Ser to dehydroalanine was carried out by

centrifugation at 13 000 rpm for 5 min, the supernatant was adding a small crystal of Ba(Okljo endoproteinase LysC

injected onto a Vydac {g218TP52 (2.1x 250 mm) column
which had been equilibrated in 0.1% TFA. Bound proteins
were eluted at 15@L/min with a linear gradient up to 60%
acetonitrile, containing 0.09% TFA during 60 min. Proteins

digests of phosphorylated S6 and incubation of the digest at
30°C for 90 min B2). The reaction was stopped by adding
10% acetic acid to a final concentration of 1%. Alternatively,
P-Ser-containing S6 peptides were converte§-&hylcys-

were detected at 214 nm and were collected manually for teine peptides essentially as describ8d).( Peptides were

further analysis. The elution of ribosomal prot&$6 was
followed by mixing ribosomes from stimulated or from
rapamycin-treated cells with ribosomes isolated from cells
which had been labeled in vivo witlf?P]R. Radioactivity
was measured by Cerenkov or liquid scintillation counting.
Preparative isolation of the carboxy-terminal peptide com-
prising residues 236248 from endoproteinase LysC digests
of DS6A was carried out on a Vydag§218TP51 (1.0x
250 mm) column at a flow rate of 50L/min with linear
gradients from 0 to 60% acetonitrile in 45 min in either 0.1%
TFA or 10 mM NaHPQy/NaHPQ, pH 6.5. Capillary
reverse-phase chromatography of enzymatic dige2S6#A
coupled to ESI/MS was carried out on 106 i.d. columns
packed into fused silica capillaries with eithefs@18TP
material (5um particle size, Vydac, The Separations Group,
Hesperia, CA) or g Monitor-Spherical Silica (fxm particle
size, Column Engineering Inc., Ontario, CA29). The
capillary columns were developed with 0.05% TFA to 60%
acetonitrile containing 0.05% TFA at a flow rate of-2
uL/min. The effluent was directed into a microspray ioniza-
tion source 80).

Enzymatic DigestionsRibosomal proteidS6 isolated by

sequenced by automated Edman degradation using a model
430A protein sequencer (Perkin-Elmer, Applied Biosystems
Division, Foster City, CA). Solid-phase sequencing of
[32P]R-labeled phosphopeptides was carried out as described
(39).

Mass Spectral Analysighe microspray needles used for
electrospray ionization were pulled from 10 i.d. x 280
um o.d. fused silica capillaries (LC Packings, Amsterdam,
The Netherlands) on a Model P-2000 quartz micropipette
puller (Sutter Instrument Co., Novato, CA). For LC/MS
analysis, the needles were placed into an XYZ microposi-
tioner, and the voltage was applied directly to the sample
stream through the capillary unioB0@). Spray voltages were
usually between 1100 and 1400 V. Mass determinations were
carried out on a TSQ7000 triple quadrupole mass spectrom-
eter (Finnigan, San JosgA). All measurements were carried
out in the positive ion mode. Precursor ion scanning was
between 200 and 2000 Darf@ s atunit resolution. For
operation in the MS/MS mode, the resolution of Q1 was set
to transmit a mass window of 4 Da and the resolution of Q3
was adjusted to 1.5 Da. Scanning was between 50 and 2250
Dain 3.5 s. Argon was used as a collision gas at a pressure

RP-HPLC was dried in a speedvac concentrator, redissolvedof 3.5 mTorr.

in 20 uL of 100 mM Tris-HCI, pH 8.0 6 M urea, and
digested with 500 ng of endoproteinase Lys&cifromo-
bacter Protease |, Wako Chemicals)rfé h at 37°C. The
reaction was stopped by adding TFA from a 4% stock

Peptide and lon Nomenclaturd®eptides generated by
endoproteinase LysC are labeled with K. The peptides are
numbered according to their position based orDresophila
melanogastersequence 34). When ionized peptides are

solution to a final concentration of 0.2%. For phosphopeptide observed by MS, they are referred to as peptide or parent

analysis, S6 was digested withud) of endoproteinase LysC
in 20 uL of 20 mM (NH,)HCG; for 2 h at 37°C. The
reaction was stopped by the addition of 200 of water
and immediately frozen in liquid nitrogen. The sample was

ions and their masses are represented byHkH]"" where

n represents the number of protons that have been added to
the peptide to achieve a chargerofTreatment of Ba(OH)

to S-eliminate HPO, from phosphorylated serine yields a

dried in a speedvac concentrator, and the pellet was washegeptide mass that is 18 Da less than serine or threofiine (

with water, dried again, and resuspended inu10of 130
mM (NH4HCG;, pH 8.9. In-gel digestion of S6 phospho-

elimination is equivalent to the loss of a molecule of water).
p-Eliminated peptides are indicated by the symhbl

derivatives separated by two-dimensional polyacrylamide gel followed by the number of how many phosphates were

electrophoresis was carried out by cutting out the individual

eliminated.
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Drosophila melanogaster RRRSASIRESKSSVSSDKK248 A= _— B~ -
Drosophila alternative isoform  RGRYVTIRKPKSSVFSGKK!89 . 4 , ¢d -—
¢ _— -— .
Manduca sexta RRRSASMRDSKSSNQSAPQK?253 .‘i‘ ? i ;: g 56 e
Homo sapiens RRRLSSLRASTSKSESSQK249 56 . ‘|
X laevi RRRLSSLRASTSKSESSQK?249 - ‘
enopus laevis hN) S DESD - - i
Gallus gallus RRRLSSLRASTSKSESSQK249 - 4
Rattus norvegicus RRRLSSLRASTSKSESSQK249 C - - D- -
Mus musculus RRRLSSLRASTSKSESSQK249 4 - 9 - -
-
Schizosaccharomyces pombe ARRASSLKK?239 . - S6 - o - % P —
Saccharomyces cerevisiae KRRASSLKA236 4 ‘|
-
Ficure 1: Sequence comparison of the carboxy-terminal domains -
of ribosomal protein S6 from insects, vertebrates, and yeast. Amino - -
acids in boldface type and underlined represent identified phos-
phorylation sites; amino acids in boldface type represent presumed| F »
phosphorylation sites based on sequence homology. 6&' f:y &
- & & ¥
RESULTS
. . . S6 -
S6 Phosphorylation in Drosophila Kc 167 Cells all
metazoan systems studied to date, mitogen-induced cell

proliferation leads to multiple phosphorylation of 40S
ribosomal protein S63@). In addition, extensive S6 phos-
phorylation has been reported in a number of insets-(

21), although inDrosophila Kc cells only a single phos-

phoderivative was observe@d). Sequence alignment of  the position ofDS6 carrying 1, 2, 3, 4, and 5 phosphates. (B)
ribosomal protein S6 frordrosophilaand vertebrates shows  Ribosomal proteins from Kc 167 cells treated with 100 nM insulin
that all vertebrate S6 proteins studied to date have identicalfor 90 min. (C) Ribosomal proteins from Kc 167 cells which had

; ; ) ; _been stimulated with 100 nM insulin/1@0 cycloheximide for 2
sequences surrounding their carboxy-terminal phosphoryla h. (D) Ribosomal proteins from exponentially growing Kc 167 cells

tion sites, whereas the carboxy-terminal domain in the two hich had been treated with 20 nM rapamycin. (E) Phosphorimage
potential Drosophila orthologues is distinct (Figure 1). To  of two-dimensional gel electrophoresis separated ribosomal proteins
determine whether mitogenic stimulation of Kc 167 cells from Kc 167 cells which had been labeled witfH]R in vivo prior
induces the phosphorylation of either of these two proteins, to stimulation with 100 nM insulin/10«M cycloheximide. To

. . better visualize the influence of phosphorylation on the migration
termed DSGA and DS6B, total ribosomes isolated from behavior of ribosomal proteiBS6, only the portion of the gel in

exponentially growing cells were separated by two-dimen- the vicinity of DS6 is shown. (FDS6K activity assay. Control:
sional polyacrylamide gel electrophoresis. The protein pattern untreated stationary Kc 167 cells. Rapamycin/insulin: Kc 167 cells

was compared to the pattern obtained from ribosomes pretreated with 20 nM rapamycin 15 min prior to stimulation with
isolated from insulin, from insulin/cycloheximide, or from 1 #M insulin for 30 min. Insulin: DSEK activity in Ke 167 cells

. . . stimulated with 14M insulin for 30 min.
rapamycin-treated cells. From exponentially growing cells,
one protein was separated into six distinct derivatives (Figure Blue staining (Figure 2E). Consistent with these findings,
2A), characteristic of multiple phosphorylation events as- insulin stimulation induce®S6K activation in Kc 167 cells
sociated with mammalian S6 phosphorylati@#d)( Increased (Figure 2F) which could be completely blocked by pretreat-
levels of the slower migrating derivatives could be achieved ing the cells with rapamycin prior to stimulation with insulin
by treating Kc 167 cells with 100 nM insulin alone or in  (Figure 2F). Thus, together these results suggest that 5 mol
combination with 10QuM cycloheximide (Figure 2B and  of phosphate is incorporated into an apparBnbsophila
2C, respectively). Cycloheximide is known to induce up to S6 orthologue in response to mitogens.
5 mol of phosphate per mole of ribosomal protein S6 inrat  Identification of DS6 by LC/MS/MS.0 determine if the
liver (14), and in subsequent studies carried out here, it was highly phosphorylated protein was equivalent to eiltD86A
employed with insulin to ensure high levels of phosphoryl- or DS6B, a portion of the3fP]P-labeled ribosomes from
ation. Also, consistent with findings in vertebrate systems, insulin- and cycloheximide-stimulated cells (Figure 2E) was
treatment of exponentially growing Kc 167 cells with the mixed with total ribosomes isolated from rapamycin-treated
immunosuppressant rapamycin, an agent known to blockKc 167 cells, and the proteins were separated by RP-HPLC
both S6 phosphorylation and S6K1/S6K2 activation in (28). Ribosomes from rapamycin-treated cells were employed
mammalian systems37), led to the disappearance of the to avoid ambiguities in the identification of the presumed
presumed phosphoderivatives (Figure 2D). A similar re- carboxy-terminal peptides of eith® S6A or DS6B caused
sponse was also observed when treating the Kc 167 cellsby the presence of phosphorylated residues. Analysis of the
with rapamycin 15 min prior to stimulation with insulin (data fractionated proteins from the reverse-phase column revealed
not shown). In vivo $2P]R labeling of Kc 167 cells treated a single radioactive peak eluting at approximately 40%
with insulin and cycloheximide resulted in the labeling of a acetonitrile (Figure 3). Examination of the radioactive peak
single ribosomal protein whose migration coincided exactly fractions by SDSPAGE (Figure 3A) showed a unique
with the presumed phosphoderivatieseen by Coomassie radioactive protein which overlapped with a Coomassie-

Ficure 2: Two-dimensional polyacrylamide gel electrophoresis of
Drosophila ribosomal proteins. (A) Ribosomal proteins from

exponentially growing Kc 167 cells. S6 marks the position of
unphosphorylate®S6; the spots labeled with b, ¢, d, ande mark
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Table 1: Calculated and Measured Masses of the Endoproteinase
LysC Peptides Obtained fromrosophilaS6 from
Rapamycin-Treated Cefls
é calculated mass measured mass
f - peptide  residues  scan no. (Da) (Da)
g~ _:, K1 1-2 n.o. 278.2 n.o.
T i 2 K2 3-14 307 1280.6 2981°1
'; - :; K3z 15—-23 294 1115.6 1115.0
] % £ Ka 24-30 296 954.5 954.4
g 2 Ks 31-46 319 1845.9 1845.9
'I:-, ® Ke 47-58 282 1291.7 1291.4
2 K7 59-64 270 707.4 706.5
“ Ks 65-78 315 1590.0 1589.9
Ko 79-79 n.o. 147.1 n.o.
Ko 80—93 307 1702.9 2981°1
R Ku 94-95 n.o. 303.2 n.o.
30 3'5 40 45 0 55 60 (&P 96—115 n.o. 2087.2 n.o.
Minutes after injection Kas 116-116 n.o. 147.1 n.o.
K4 117-119 n.o. 333.2 n.o.
Ficure 3: Reverse-phase HPLC separation of 80S ribosomal K, 120-136 304 1850.1 1850.0
proteins from Kc 167 cells on a;gcolumn which had been labeled Kis 137—-140 n.o. 461.3 n.o.
with [32P]R prior to stimulation with insulin/cycloheximide. The K17 141—-143 n.o. 416.3 n.o.
dotted line shows the elution of radioactivity while the stippled Kig 144-149 268 737.4 736.5
line indicates the gradient applied to the column to elute the proteins. Ko 150-165 304 1953.1 1952.8
Inset A: SDS-PAGE analysis of fractions collected to locate the Kao 166-168 n.o. 376.2 n.o.
elution position ofDS6. The retention times of the fractions are Ka1 169-169 n.o. 147.1 n.o.
indicated above the inset. The fraction eluting after 39.5 min was Kz, 170-173 n.o. 406.2 n.o.
found to contairDS6 as evidenced by the presence of a major band  Kas 174-176 n.o. 315.2 n.o.
with an apparent molecular mass of 35 kDa upon Coomassie Blue Kas 177-189 308 1564.0 1564.1
staining. Inset B: Phosphorimage of the stained gel showing a Kazs 190-196 295 893.6 892.5
single radioactively labeled protein with an apparent molecular mass Kz 197-197 n.o. 147.1 n.o.
of 35 kDa. K7 198-198 n.o. 147.1 n.o.
Kas 199-204 249 702.4 701.2
stained protein of approximately 30 kDa (Figure 3B), a  Keo ~ 205-212 233 854.4 853.4
molecular mass similar to that of the large66A splice Ko 2137218 277 7655 755.6
) . Kaz1 219-219 n.o. 147.1 n.o.
product B4). At least three other ribosomal proteins coeluted k.,  220-222 n.o. 363.2 n.o.
with the presumedS6 whose identities were not deter- Kss  223-224 n.o. 218.2 n.o.
mined. When the fraction containing the radioactivity was ﬁm 3305:%‘218 P 12%-2 Ny
digested with the endoprotein_ase LysC and anal_yzed by Kzi 241247 538 709.3 83655
automated LC/MS/MS, 18 peptides could be unambiguously g, 248248 n.o. 1471 n.o.

identified as be'”g derived from, the IargBSGA isoform aThe elution position of peptides is denoted by the corresponding
(Table 1). Interestingly, two peptidesgkand incompletely  scan number (each scan is 3 s). n.o. indicates fragments which were
cleaved Ke-37, encompassing the potential phosphorylation not observed during the LC/MS/MS analysis, was found to be
sites were clearly identified during the LC/MS/MS run (Table disulfide-bridged with Ko. © The measured mass corresponds 9.
1, Figure 4A). The latter peptide arises from incomplete
cleavage at Lys 247 (Figure 4A). Taken together, the findings source 80), the ion tracing was searched for the presence
are consistent witlbS6A being associated witbrosophila of these peptides. Weak signals for unphosphorylated and
ribosomes and becoming multiply phosphorylated in responsesingly phosphorylated 4 were detected, possibly originating
to insulin treatment. from residual unphosphorylatddS6A. In addition, weak
DS6A Phosphorylation Probed by ESI/MBeviously, the  signals for incompletely cleavedsK ;7 peptide containing
sites of phosphorylation in rat ribosomal protein S6 have one, two, and three phosphates were also detected. While
been shown to reside at the carboxy terminus preceded by ahe ion intensities for the singly, doubly, and triply phos-
highly basic sequence which serves as a recognition motif phorylated ks-3; peptide decreased with increasing number
for S6K1 (15). Sequence alignment of the rat and the of phosphates, two-dimensional gel electrophoretic analysis
Drosophilaprotein reveals that the same basic recognition of ribosomes from insulin- and cycloheximide-treated cells
motif exists iINDS6A, followed by a stretch of amino acids indicated a substantially higher degree of phosphorylation
containing seven serines (Figure 1). To determine whetherthan detected by LC/MS analysis. The most likely explana-
these residues serve as phosphorylation sitBsSIBA, larger tion for this finding is that ionization of the highly phos-
amounts of the protein were isolated from Kc 167 cells phorylated peptides was selectively suppressed during the
stimulated with insulin and cycloheximide, digested for 1 h electrospray process. Such problems can be circumvented
with the endoproteinase LysC, and subjected to LC/MS by conversion of phosphoserine to dehydroalanine by
analysis. Depending on the extent of cleavage, a number ofg-elimination of PO, with Ba(OH), allowing detection
peptides covering the potential sites of phosphorylation were of phosphorylated peptides by electrospray ionizatigfl).(
expected, including residues 23R40 (Kss), 241—247 (Kzg), Therefore, an endoproteinase LysC digestD&6A from
241—-248 (Kse-37), 230—247 (Kss-36), and 236-248 (Kss-37) insulin- and cycloheximide-stimulated Kc 167 cells was
(Figure 4A). After separation of the digest by capillary treated with Ba(OH)and subsequently separated by capillary
chromatography coupled to a micro electrospray ionization LC/MS. Searching the ion tracing for all possible combina-
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100 1 & FiGure 5: Identification of theS-ethylcysteine residues in RRRSA-
80 A 3t A4 = SIRESKSSVSSDKK (Ks-37) peptide of DS6A (residues 236
“«

698.3 248). Phosphoserine residues were convertelgthylcysteine as
60 1 [ described under Experimental Procedures. (A) PTH-amino acid

analysis of two rounds of Edman degradation: cycle 12 corre-
sponding to Seg; showing no release of PTB-ethylcysteine and
cycle 13 (corresponding to Sg) showing the presence of PTH-
Sethylcysteine (labeled with an arrow) which elutes close to
‘ diphenylthiourea (DPTU, labeled with an asterisk), a major
500 600 700 800 breakdown product of the Edman chemistry. (B) Graphic repre-
mlz (Da) sentation of the peak heights (background-corrected) of all PTH-

FIGURE 4: (A) Carboxy-terminal sequence BfS6A comprising ~ Sethylcysteines detected durings(s; sequencing. The PTIS-
residues 229248 and expected peptides generated upon complete €thylcysteines correspond to the following residues: cycle 4s$er
(Kss and Ksg) and incomplete (Ks ss Kas s7, Kss_a7) endopro- cycle 6, Sefss cycle 10, Seng cycle 13, Senz and cycle 16,
teinase LysC cleavage. (B) Mass spectrum of Ba(@teated Sebus

RRRSASIRESKSSVSSDKK (i-37) from cells stimulated with

insulin and cycloheximide. The spectrum was obtained by summing and 248, and in agreement with the two-dimensional poly-

up all scans vaUired during the elutiolA8—A5 K3_l—'r37. For better acrylam|de gel electrophore5|s (F|gure 2), that up to flve

clarity, only the portion of the spectrum corresponding to the triply . : . ‘
charged peptides is showh6, A5, A4, andA3 indicate the number phosphates, and possibly a sixth, are incorporatedIS@A.

of dehydr0a|anines arising from Ba(OJ—Wreatment of |§5_37 Localization Of the SiteS Of PhOSphOI’ylation Of DSEAe
carrying 6, 5, 4, and 3 phosphates. (C) Spectrum of Bag@iated sequence stretch between residues 230 and 248 contains
Kss-37 from cells which had been treated with okadaic acid prior seven serines. Unfortunately, due to the very basic nature
to insulin/cycloheximide treatment to suppress phosphatase activity. o the Kes-37 peptide, substantial fragmentation in the
For labeling of the spectrum, see panel B. . ! .
collision cell of the mass spectrometer could not be induced
tions of Kss and incompletely cleaved # 3; and Kss-37 even at the highest collision energy %0 eV), precluding
revealed strong signals with mass-to-charge ratios of 692.1,this method for identifying the sites @S6A phosphoryla-
698.4, and 704.5 Da, corresponding to the triply charged ionstion. Therefore, a combination of chemical- and radio-
of the RRRSASIRESKSSVSSDKK (. 37) peptide contain-  sequencing methods was utilized. For this, Kc 167 cells were
ing three, four, and five dehydroalanines. The intensity of prelabeled with °P]R, and total ribosomal proteins were
the corresponding ions closely resembles the staining inten-isolated following insulin and cycloheximide stimulation.
sity of the individual phosphoderivatives DIS6A, with the RadiolabeledS6A was patrtially purified by reverse-phase
tetra-dehydroalanine derivative being the most abundantHPLC and cleaved with endoproteinase LysC, and the digest
species and equivalent to the quadruply phosphorylatedwas separated on ay&column at pH 6.5. Due to its high
DS6A (compare Figures 4B and 2C). Furthermore, when polarity, the phosphorylated K 3; peptide was the first
DS6A was isolated from cells which had been pretreated peptide to elute from the column. To obtain residues which
with okadaic acid prior to stimulation (Experimental Proce- can easily be assigned to phosphorylation sites during the
dures), substantially higher amounts of the penta-dehydroala-chemical sequencing procedure, the phosphoserines of the
nine derivative could be observed in the spectrum of the Kss—37 peptide were converted t8-ethylcysteine residues
carboxy-terminal Ks—37 peptide (Figure 4C). Indeed, weak (33) and subjected to N-terminal sequencing. In this way, a
signals for a hexa-dehydroalanine derivative also increasedpeptide sequence correspondind®6A residues 236248,
under these conditions (Figure 4B,C), which may indicate a RRRSASIRESKSSVSSDKK, could clearly be deduced from
previously undetected low stoichiometry phosphorylation site the corresponding degradation cycles. P$dthylcysteine
in the same peptide. The results show that, in analogy to ratwas detected at cycles 4, 6, 10, 13, and 16 (Figure 5),
S6 (L4), the phosphorylation sites in tizrosophilaprotein showing that the sites of phosphorylation are,$e6ebss,
are located at the carboxy terminus, between residues 2305eksq, Seksz, and Sesss. These results were corroborated

519.4
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FiGURE 6: Phosphopeptide mapping BS6A. (A—E) The P2P]P-labeled phosphoderivatives-e which had been cut individually from

the two-dimensional gel (see Figure 2) were digested with the endoproteinase LysC and analyzed individually by 2DI?SEA(ffpm
[32P]R-labeled Kc 167 cells was isolated by RP-HPLC, digested with endoproteinase LysC, and subjected to 2D-TLE. The arrow indicates
the sample origin. The first dimension was from bottom to top; the second dimension was from left to right as described under Experimental
Procedures.

by N-terminal solid-phase sequencir8p), showing release  and cycloheximide-stimulated cells was isolated by RP-
of radioactive phosphate at cycles 4, 6, 10, 13, and 16 (resultsHPLC, a set of phosphopeptides resembling that of Figure
not shown). However, in neither case could a sixth phos- 6E was generated with endoproteinase LysC (Figure 6F).
phorylation site be detected, possibly due to low stoichiom- Although the identity of the individual phosphopeptides has
etry. Thus, as in the case of mammalian S6, five specific not been established, it appears that, in analogy to mam-
sites of phosphorylation could be detected. malian S6, phosphorylation &S6A proceeds in an ordered
Phosphorylation of DS6A Proceeds in an Ordered Fash- fashion (see Discussion).
ion. In mammalian systems, S6 phosphorylation by S6K1
has been shown to be an ordered proc&8s o determine DISCUSSION
if phosphorylation o DS6A may occur in a similar fashion, Here we have used a combination of two-dimensional gel
Kc 167 cells were labeled in vivo witF9P]P, followed by electrophoresis ESI/MS and solid-phase sequencing to
stimulation with insulin and cycloheximide. Total ribosomal identify the S6 phosphorylation sites after insulin stimulation
proteins were prepared and subjected to two-dimensionalof Kc 167 cells. The search for phosphorylation sites in
polyacrylamide electrophoresis, and the radioactively labeled proteins by mass spectrometry can be carried out by
phosphoderivativesa—e were excised individually (see measuring the masses of all peptides from a digest and
Figure 2A) and digested extensively overnight (Experimental searching for those peptides whose mass is increased by 80
Procedures) with endoproteinase LysC and the resultingDa, the mass of a phosphate gro8,(40. The loss of
peptides separated by two-dimensional TIB)( Inspection phosphoric acid upon fragmentation is often taken as proof
of the phosphopeptide patterns obtained from the individual that the peptide is phosphorylatedll). Here, the level of
phosphoderivatives dDS6A showed that a unique set of DSG6A phosphorylation was difficult to assess by electrospray
peptides is generated for each individual phosphoderivativeionization; the reason for this is that cleavage of the carboxy
(Figure 6 A—E). Analysis of phosphoderivative revealed terminus of DS6A by endoproteinase LysC is apparently
two phosphopeptides, 2 and 3 (Figure 6A), which may dependent on the extent BE6A phosphorylation producing
represent overlapping peptides containing the same site ofa complex mixture of partially cleaved forms with varying
phosphorylation generated by extensive digestioD®6A. extents of phosphorylation (Figure 4A). This problem was
Similar results were previously observed for mammalian S6 partially circumvented by analyzing the highly phosphoryl-
(13). Digestion of phosphoderivativiereleased, in addition  ated Kss—37 peptide; however, higher phosphorylae86A
to the previously observed spots, phosphopeptide 1 (Figurepeptides yielded progressively weaker ion intensities (results
6B) and possibly a trace amount of phosphopeptide 6. Thenot shown). Although poor chromatographic recovery of
appearance of phosphopeptide 6 is probably explained byphosphopeptides has been reported due to selective binding
the overlapping of the increasingly phosphorylated deriva- of phosphate groups to metal surfacd)( it seems more
tives on the two-dimensional polyacrylamide gels (see Figure likely that this effect is due to the failure of extremely polar
2A). Analysis of phosphoderivatives d, and e revealed phosphorylated peptides to leave the droplet during the
phosphopeptides 6, 5, and 4, respectively (Figure-BL electrospray process. Despite this observation, Baf(32)
Furthermore, when fully phosphorylatex66A from insulin- treatment in conjunction with ESI ionization was effective
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for determining the number of phosphates incorporated into S6 phosphorylation mediated by S6K activatidi)( The

DS6A upon mitogenic stimulation. 5TOP mRNAs encode for components of the translational
The S6K1 signaling pathway which leads to ribosomal apparatus, most notably ribosomal protei#S)(In Droso-

protein S6 phosphorylation following mitogenic stimulation phila, as in mammals, the expression of ribosomal proteins

has been intensively studied in mammalian systet8s The is selectively controlled at the translational lev&6{48).

data presented here show that the respondero$ophila Taking advantage of the ability to generate transgenic flies

Kc 167 cells to mitogenic stimulation is very similar to expressinddS6A phosphorylation site mutants, it should be

cultured mammalian cells, with the sites of phosphorylation possible to assess whether the effects of S6K are mediated

identified as Seks Sebss, Sebzs, Se€bsr and Segss In throughDS6A phosphorylation. In this regard, it should be

addition, the data in Figure 4 suggest the possible existencenoted that the gene coding fDIS6 is made up of three exons;

of a sixth phosphorylation site; however, this would appear however, two identical alternative tandem repeats exist for

to be a minor component as only five sites were identified exon 3A, termed 3B and 3Cl9). Alternative splicing has

by either direct sequencing or phosphate release. Despite théeen reported to produce a transcript that would encode the

fact that the alignments of the mammalian aB&6A 189 amino aciddS6B, which is considerably shorter than

sequences containing the phosphorylation sites do not showthe 248 amino aciDS6A described here0). Although the

a clear homology, the overall pattern of phosphorylation existence of mMRNA transcripts for the shor@86B has been

appears to be conserved. In fact, in both cases the first tworeported $0), no evidence was obtained here 6B being

serines following the basic RXR motif are phosphorylated associated with ribosomes (Table 1). Nevertheless, it is

and the last three sites are all separated by an unphosphointeresting to note thddS6is located on the X chromosome

rylated serine. If one assumes that the pattern of phospho-and although hemizygous males and homozygous females

rylation is conserved among insects, then it seems likely thatharboring a P-element-induced mutation are lethal, the third

Sebss, Sebzo, Sebss, Sebss and Seryy are the sites of instar larvae develop a melanotic tumor phenotytg 25,

phosphorylation itManduca sext&6 (Figure 1). The protein  leading to the suggestion thBXS6 may serve as a tumor

kinase responsible for phosphorylating mammalian S6 in vivo suppressor gen@®). These apparently discrepant phenotypes

has been shown to be S6K1, and more recently S@2 ( might be reconciled by the existence of a nonribosomal

Synthetic peptides containing the RRXS motif are efficiently shorterDS6B. The results presented here provide a rationale

phosphorylated by S6K1 in vitro44). In analogy to for a detailed analysis of the role of phosphorylatioD&6A

mammalian S6, Segs in DrosophilaSé fits the consensus  in Drosophila

sequence R(R)RXXSX16), having a basic residue at

positions n-3 and n-5. THBS6A phosphorylation sites Sgr ~ ACKNOWLEDGMENT

and Sersdo not have an obvious consensus motif. However,

basic residues are found at the n-5 position. It is very likely p

that secondary and tertiary structural determinants contribute _°

to the recognition and ordered phosphorylation byDIS6K.
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