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The sites in eukaryotic slangavion factor ¢EF-2 phosphorylated by the Cat” fealmodulin-dependent ¢EF-2 kinnse in vilra have been identificd. The

kinase catulysed the ripid mv:(:rpcrauon of anemel of phesphate per mol eEF-2 and the stower incorporation of nsecand mol. All the phasphorylation

situs in ¢EF-2 nre contained in the CMBr fragment correaponding 1o residues 22155, Tryptic digestion of phosphorylsted eEF.2 yielded 3 phospho-

peptides, one heing unique to monophosphorylated ¢EF.2. The phospharylation sites were identified as threonine residuss 56 and $8, the former

,bems nigre eapidly phospherylated. Ala-Gl y Glu-‘l‘hr-Phc—Thr”-Asvahr"-Arg The same mes are Tabelled in ¢B F-2 isclm:d frnm reticulocwte
lysutes. .

Protein synthesis; Elongation factor-2; Protein phosphorylutian; Proiein kinase; Caleiumfeaimoduling Rﬂbbit fetieulocym

1. INTRODUCTION

It is now well established that translation in mam-
malian cells is regulated via several distinet mechanisms
which include the phosphorylation of elongation
factor-2 (eEF-2) [1-5]. ¢EF-2 (a monomeric protein of
100 kDa) mediates the translccation step of peptide-
chain elongation. It is phosphorylated on threonine

- residues by a specific éEF-2 kinase, (previously termed,
Ca® ™ scalmodulin-dependent protgin kinase 111 [3,4])

and its phosphorylation is increased. in intact cells in
response to . stimuli which increase intracellular
Ca*™-ion concentrations [6-13]. Phosphorylation of
the endogenous eEF-2 impairs the translation of mRNA
in the reticulocyte lysate cell-free system [5] and several
other lines of evidence show that phosphorylated eEF-2
is inactive, or has only low activity [3,4,14,15].

There have been varied reports on the stoichiometry

of eEF-2 phosphorylation in vitro. These range from
about one mol phosphate per mol ¢EF-2 [3], through
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two [16] to three mol phosph'nte per mol eEF-2
(reported in {I]). The work of Nairn and Palfrey [3]

suggested that at least some of the phosphorylation sites

in eEF-2 were located in the threonine-rich region be-
tween residues 50 and 60. We now show that in vitro
two mol of phosphate can readily be incorporated into
e¢EF-2, and that the residues labelled are threonines 56
and 58*. We also demonstrate that the same sites are

phosphorylated in reticulocyte lysates,

2. MATERIALS AND METHODS

2.1, Materials
These ‘'were obtained as described previously (20]. cEF‘ 2.and its .
k:nase were prepared as described previously [21],

2.2, Phosphorviation of cEF-Z .

¢EF-2 (200 ug) was incubated with ¢EF-2 kinase in the presence of
20 mM . (~N-[2-hydroayethyl]-piperazine-A' -[3-propane-sulphonic
acid)) pH 7.6, 128 aM ATP, 10 mM MgClz, 10 pg ml” .
eaimodulia, 0.15 mM CaCly, and 10 aCi of [4-"PJATP in-a final

-volurae of 250 il at 30°C, The amount of kinase used in preparative

experimentsincorporated 1 mol of phosphate per mol of eEF-2 within
1 min, Lower amounts of kinase were used in some other experimeants
(see section 3). Proportionately smaller scale phosphmylat:ons were
performed for ocher analyses,

Samples were taken at various time points for SDS-PAGE, - for
isoelactric focusing (IEF) (see below), or for other analyses where
phosphorylation was terminated by addition of an egial volume of
ice-cold 20% trichloracetic acid. The pellet was recovered by cen:
trifugation and washed with ice-cold 10% trichloracetic acid, fellow-
ed by jce-cold acetons (¢EF-2 had previausly been determmed o be
the only phosphoprotein present). :
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2.4 Sﬂs-pulym'mﬂm!ﬂv xel eteeirophoresis and froelectrie Jfocwitng
A05-PAGE wax performed as dewribed [20). One-dimensional slab

1EF was peeforined cxsentially s deteribed [22) intny gely (0,75 mun

thick) conraining 9 M urea (enavnse grade, Betherea Revearch Laby,,
D, V.SA L), 48% wav) acrvlamide, 0.2% (wiv) bleavryhnmdde
and 3.5% (viv) ampholytes (pH rangex 3-10 and T-9 mixed in & ratio
af T, PharmacinLKB, Uppiala, Sweden}, .

2.4, ENBr digestivn, reduction and carbosiodamerhylnion

 Precipitmied oBF.2 or ¢EF:2 in chips oxcived fram IBF gels was
digested with CNBr (23], The cluant was remaved and the chips were
extracred seviral Umes with T70%s Tormie aeid. Thi samples were then
dried down in a Speedvac centrifuged evaparator (Savant, Hicksville,
NY) ansd extensively washed with water, The gel derived digests were
redisselved in 0.1 % (wev) SDS and the Coomassie blue stain and 3PS
remaved by acétone preeiphation of the peptides [20]. The peptides
were redissolved in 50 al of 0.4 M ammonium bicarbonate (pH 4.2)
comdining 8 M urea and reduced and carboxiodomethylated as
deseribed [24). The products were analysed by tricine SDS-PAGE [25)
adapted for o mini-gel system {20). Alternatively, the reaction was ter
minated by direct injection onmeo & reverse-phase HPLC column (see

below)., After washing with solvent A 1o temove the uréa, the

radiolnbelled peplide(s) were ehucd with 100% solvent B and dried
cown.,

2.3, Proreinase digestion an fwa-df'men.mnm{ pegiide mapping
- Digestions were carried aut ar 30°C in » final volume of 25 41 0.
™M ammonium bicarbonate; pH 8.3 for 2'h, using 10 ug of trypsin,
followed by oveenight incubation with a second identical dose of tryp-
- sin, Digestions with Asp-N proteinase were performed as described
previously (23], Two-dimensional peptide mapping wmprssmg alee-
trophoresis at pH 3.6 and thm-laycr chromatography was performed
ns descnbcd earlier [20]. .

2.6, Rewrre-phme chrommngmph,y :

Reverse-phase HPLC was performed as prcvsously deseribed [231
using a lincar gradient of 0 t¢ 10% solvent B over S0 min (solvent A:
0.1% trifluoreacetic acid in water, solvent By 0.1% trifluoroacetic
a¢id in - acetonitrils). Phesphopeptides for sequencing  ‘were
rechromatographed under the same conditions with a shallower gra-
dient (0 to' 5% B over 50 min), or using 10 mM ammonium acetatein

place of 0.1% trifluoroacetic acid as selvent A. ‘

2.7. Amino acid .s'equence analysts and identification a_f fabel(ed
phosphothreonine residues

Peplides were sequenced usmg an Applied Biosystems 470 or47A

gas-phase sequencer with an on-line phenylthiohydanoin analyser.
Phosphoryjalcd residues ware identified casem:al[y as described (26],
except thal samples were loaded onto 1 mm? pieces of precycled glass-
fibre disc, and these were in 1urn placed over an intact dise, such that
reagent flow first encountered the disc pieces, Pleces were removed
after the appropriate degradation cycle and the radicactivity was

duted with S0% formic acid. The presence of *2P labél in phosphate -

or peptides was distinguished by electrophoresis at pH 3,6 [20] or at
pH 1.9 [23]. .

3. RESULTE AND DISCUSSION

3.1, Sroichiometry and time course of phosphorylatios
- The chips from an SDS-polyacrylamide gel cor-
responding to €EF-2 were excised and counied for »P-
radiogctivity (Fig. 1). One mol of phosphate was rapid-

ly incorporated (within 4 min under these conditions)

and phosphorylation more slowly reached a value of 2
mol phosphate per mo!l of eEF-2 after about one hour.
The precise reaction kinetics clearly depend on the
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Fig. 1, Timecourse of phosphorylation of ¢EF-2 in vitro as apalysed

by SDS.PAGE. Panel A: autoradiograph of an SDS-polyacrylamide
gel of ¢EF-2 incubated with eEF-2 kinase and [7-’-‘P1ATP for the
times shown (In minures). The incubation conditions are glven'in sec-

“tion 2. The labellest arrow shows the position of eEF-2, Pancl B; the

chips corresponding to eEF-2 from asimilar experiment to that shown
in Panel A were excised from the gel and counted for **P radioactivi-
ty. The results are expressed as.mol P incorporated per mol eEF-2.

amount of kinase added, but in all cases the first mol of
phosphate was mcorporatcd 10-20 times faster than the
second, and longer incubation produced no SIgmflcam
further. increase in phosphorylation,

These findings weré independently verified by. ex-
amining the time course of phosphorylation on an IEF
gel to resolve forms of eEF-2 which differ in their

 phosphorylation state (Fig. 2). Two species more acidic

than untreated ¢eEF-2 appeared within ‘15 miu., By 60
min, nearly all the eEF-2 had been converted to the
most acidic species. In preparative expcrlments using
more kinase (see section 2), complete conversion to the
most acidic species occurred within 10 min. The three
species were evenly spaced on the IEF gel and
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Fig. 2. Time course al‘ phosphorylation af ¢BF«2 in vitre ns mml:‘md by isaelectric focusing. A similar mcubmton 1a that in Fig. 1 was analysad.

by Isaelecirle fogusing, Samples of ¥pulabislled eBF-2 were tnken at the times indicated and subjected to {EF. The figure shaws ay auteradiograph

of the wxulling gel. The gositions of unphosphorylated cEF-2 (OP) and mone- nnd hisphosphorylated formx of €EF-2 (1P and 2P, respectively)
. tve Indleated. Panels A and B show, respectively, the Ccmmns!ne bluestained gel and the corresponding autorndiograph.

© presumably represented the non~phosphorylatcd‘and ‘

© miono- and blsphosphorylatcd forms of eEF-2. These
findings confirm the daia in Fig. 1.

These findings are in disagreement with Naim and
Palfrey [3] who reported a value of 1 mol - mol™!, and
with Ovehinnikov et al. (reported in [11) who found 3
mol - mnl -1

3.2, ldentification oj phosphopeptides
Phosphoamino acid analysis revealed that only
phosphothreonine was present in bisphosphorylated
- eBF-2, consistent with all the previous work on this pro-
tein (not shown). A CNBr digest of phosphorylated
"eEF-2 gave a single radiolabelled fragment with an ap-
parent M, of 14.5 kDa on tricine SDS-PAGE (Fig. 3A).
This must correspond to the largest CNBr fragment
{residlues 22-155), since no other fragment is larger than
about 11.5 kDa (resicdues 497-603). It should be nored

that although the sequence of rabbit eEF-2 used here, is

not known, the three known mammalian eEF-2 se-

quences contain methionines at the same positions.
- [17-19]. Thus, all the label in bisphosphoryldted eEF-2
- is located within residues 23-156 of its sequence.

To locate the phosphorylation sites, this CNBr frag-
ment was subjected to tryptic digestion, after carbox-
‘indomethylation to block cysteine residues. Two-
dimensional = -maps of  tryptic  digests of
monophosphorylated eEF-2 obtained from an 1EF gel
gave d single radiolabelled peptide (Fig, 3B) (peptide C,
nomenclature based on the crder of elution from
reverse-phase HPLC). Bisphosphorylated ¢EF-2 gave
two phosphopeptides A and B (Fig. 3C), although the
relative proportions of these species varied in different
dlgests Higher doses of trypsin gave a mghef propor-
tion of A (not shown).

The tryptic phosphopeptldes were also analysed by
reverse-phase chromatography on a Cis column.

Monophosphorylated eEF.-2 gave a single major.
phosphopeptide corresponding to peptide C on two-
dimensional maps (Fig. 3E). Bisphosphoryiated eEF-2
gave two peaks of radioactivity, eluting slightly earlier .
than peptide C and corresponding 16 peptides Aand B -

- seen on two-dimensional maps (Fig. 3F).

3.3, Identification of phosphorylated residues

Peptide C was found to have the sequence Phe-Thr-

Asp-Thr-Arg- on gas-phase sequencing. All the ° -

radioactivity was released after the third cycle of the
degradation (not shown), Also, treatment of peptide C
with the Asp-N proteinase resulted in its complete con-
version to a phosphopeptide which, unlike peptide C -
itself, migrated towards the anode at pH 3.6 (Fig. 3D).
This confirmed that all the radioactivity was associated
with the first threonine in the sequence. Peptide C
therefore has the sequence shown in Table I.. -~

" Since digests of bisphosphorylated eEF-2 contain on-

1y peptides A and B, and no peptide C, the sequences of =

these peptides must contain that of peptide C, the only
phosphopeptide obtained from monophosphorylated
eEF-2, Thus, A and B must represent variants contain- .
ing the sequence -Phe-Thr(P)**-Asp-The*®-Arg-. The -
additional phosphothreonine residue could then be
threonine-58 (present in peptide C), Alternatively A and -
B may correspend to peptides extended at the C- and/or
N-terminus compared with peptide C. In the latter case. -
they might start, for example, at alanine-50 (resulting

. from tryptic cleavage at arginine-49), and thus.include

threonine-53. However, during the Edman degradation

- of peptidés A and B, 55% and 32%, respectively, of th
32p_radioactivity was released after 3 cycles thus ex-

cluding the possibility that A and B were N-terminal ex-

- tensions of peptide C starting at alanine-50 (or beyond)

and phosphorylated at threonine-33 (since no radioac-
tivity would then have been released after cyc]e three).
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Fig. 3. Analysis of phosphopeptides from phosphorylated ¢EF-2.
Panet A: bisphosphorylated ¢EF-2 was subjected to digestion with
CNBr and the resuling fragments were analysed on a Tricine SDS-
polyaerylamide gel, The positions of molecular mass markers are
shown {values in kDa). The figure shaws an autoradiograph of the -

Afixed gel. Panets B and Ci the products of tryplic' digestion af eEF-2

previously cleaved by CNBr wercanalysed by two-diniensional mapp-
ing (electrophoresis at pH 3.6 and chromatography, see section 2 for
details). The positions of peptides A, Band C are indicated where ap-
propriate and the origin is marked by an open circle, and the migra-,
tion of the dinitrophenyllysine marker by the open square. The-direc-
tions of electrophoresis and chromatography (arrow) are also in-
dicated. The figures are autoradiographs of thg resulling maps,
Panels B.and C show peptides from monophosphorylated” and
bisphosphorylated ¢EF-2 respectively. Panel D: peptide C was
digested with the Asp-N proteinase from P. fragi and the products

- werc analysed by two-dimensional mapoing, Panels E and F: Analysis.

of tryptic fragments from phosphorylated eEF- 2 by reverse-phase

chromatography, Tryptic fragmenis from a mixture of mono- (Panel

E} and bisphosphorylated (Panel F) eEF-2 were applied to the Cyp col-

umn which was developed with a gradient of increasing concentra-

tlons of acetonitrile as indicated (flow rate 1 ml: min ~"). The frac-

tions (0,5 ml) were counted for **P radioactivity, The positicns of
. peaks referred to as A, B and C are indicated.

Essentially all the radioactivity (93% and 96% for pep-
tides A and B respectively) was released after 3 cycles in-
dicating that they must represent the two possible

" bisphosphorylated  variants. of peptide ¢,

phosphorylated at thréonines-56 and -58. They must
prestumably differ at their C-terrmini, It is likely that B
contains an additional lysine which would be consistent
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Fig. 4. Mapping of phosphopeptides from rabbit retlulocyte ¢EF-2 '

phosphorylated in sitn. Tryptic phosphopeptides were analysed by

ywo-dimensionat mapping. The pasitions of peptides corresponding

ta priky AL B and C (Fig, Y are indleased: The figureis annmmed us
for Fig. 3, Panels B and C.

with the electrophoretic behaviour. It is known that the
- presence of adjacent phorshoamino acids can impede
-the cleavage of peptide bonds by trypsin (27,28]
vielding variants of this kind and this would account for
the variable proportions of A and B observed in dif-
ferent preparations. Their changes, and the fact that
further tryptic digestion generated no other species, are
consistent with the structures shown in Table I,
‘Threonines-56 and -58 are therefore the residues

phosphorylated by ¢EF-2 kinase in vitro, and since .
monophosphorylated ¢EF-2 is labelled only at .

threonine-56, phosphorylation of 56 must precede that
. of 58. These residues lie within the probable guanine
nucleotide-binding region of ¢EF-2 [18] and near its
“putative ‘effector domain’ [29].

3 4. Sites in: eL‘F-z phospho: yiated in reuculocyle
lysates .

Reticulocyte lysate incubations containing
[y-*P]ATP were subjected to SDS-PAGE and the band
corresponding to ¢EF-2 was excised, and digested suc-
cessively with CNBr and trypsin. Two-dimensional
phosphopeptide maps (Fig. 4) contained only the
species corresponding to peptides A, B and C indicating
that both mono- and bisphosphorylated eEF-2 is pre-

] Table 1
Structures of Phosphopeptides derived from eEF-2

~ Peptide  Sequence
. eEF-2° ""Arp-Ala-Gly-Glu-Thr-Arg-Phe-Thr-Asp-Thr-Arg-Lys®-

A Phe-Thi{P)-Asp-Thr{P}-ATE .
B : Phe-Thr{P)-Asp-Thr({P)-Arg-Lys-
C o Phe-Thr(P)-Asp-Thr-{Arg)"

"based on automated sequence analysis

FEBS LETTERS.
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sent in the lysate, and thar phosphorylation ocours nt
the same sites as those ldentified in vitro, - After com-
pletion of our work, Ovchinnikov et al, [30] reported
that, in vitro, threonine 53 was phosphorylated in addi-

- tion to residues 56 and SB. However, we have no
_evidence for significant phoxphorylmion of mare than

the two sites described here either in vitro or m‘
reticulocyte lysates under any coudarian tesied.
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