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Three phosphorylation sites in elongation factor 2
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Elongation fastor 2 (1T-2) of rabbit retivulovytes was phosphorylated in vitro by incubation with partinlly puritied E142 kinuse and {r3PJATD,

After exhuustive tryptic hydrolysis 4 phosphopeptides were revealed by twoudinensional peptide mapping, The phosphapeptides were isolated by

high performance liquid chromatography and sequenced. A comparison of the primary structure of the phosphopeptides with that of 3152 showed

that alt 4 phosphopeptides sriginated from one region of BEF-2 located near the Neterminus that contains 3 threonine residucs: Thr-$3, Thr.56,

Thr-58. A direet estimation of localization of radivactive phosphate in the phosphopeptides demonstrated that afl the enuimerated threonine residues
in EF-2 can be phosphorylated in vitro,

Elongation factor 2; Phosphoerylation; -2 Kinase; Tryptic phosphopeptide

1. INTRODUCTION

Elongation of polypeptide chains on ribosomes is
catalyzed by the iwo clongation factors: EF-1 and EF-2,
EF-1 is responsible for codon-dependent binding of
aminoacyl-tRNA to theribosome, while EF-2 promotes
translocation [1-3].

It has been shown that EF-2 is phosphorylated by a
specific Ca? " /calmodulin-dependent EF-2 kinase [4-8)
at threonine residucs {5,7]. Phosphorylation results in
EF-2 inactivation and the inhibition of protein biosyn-
thesis [7-10]. The phosphorylation itself is controlled
by nerve growth factor [11-13], and thus can be con-
sidered as a physiological mechanism controlling the
rate of protein synthesis at the elongation step.

Nairn and Palfrey [6] isolated one EF-2-derived
phosphopeptide, Ala-50-Arg-59, containing 3 threo-
nine residues, but the location of the phosphate group
in this study was not determined.

Here we report data demonstrating that EF-2
phosphorylation in vitro proceeds at 3 threonine
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residues (Thr-53, Thr-56, and Thr-58) in the N-terminal
part of the molecule,

2. MATERIALS AND METHODS

2.1, Isolation of El-2

LEF-2 was isolated from the posttribosomal supernatant of rabbit
reticulocytes according to (9], Protein was quantified by amino black
staining on nitrocellulose filters [14).

2.2, Partial purification of EF-2 kinase

The posttrivosomal supernatant of rabbit reticulocytes was applied
1o a DEAE-cellulose column, equilibrated with 10 mM Tris-HCl (pH
7.6), 1 mM MgClz, 50 mM KCl, 7 mM B-mercaptoethanol and 10%
glycerol. EF-2 kinase was eluted with 600 mM KCl, dialyzed, and ap-
plied to a column of hydrox;apatite, equilibrated with 10 mM
potassium phosphate (pH 7.0), containing 3.5 mM B-mercapto-
ethanol and 10% glycero). The kinase was eluted with a 10-300 mM
potassium phosphate (pH 7.0) lincar gradient.

2.3, Phosphorylation of EF-2

The reaction mixture (final volumse 1 ml), containing $0 mM Hepes-
KOH (pH 7.5), 10 mM MgAc;, 0.15 mM CaClz, 5§ mM DDT, 10 ug
calmodulin, 100 pg (1 nmol) of EF-2, 20 ug of the EF-2 kinase
preparation (specific activity, 4.3 nmol/mg/min) and 0.5 mM
[v-**PJATP (4000 cpm/pmol) was incubated for 1 h at 35°C.

2.4, Trypsin hydrolysis of EF-2

EF-2 after phosphorylation was dialyzed against 100 ml NH.HCO;
(pH 8.3) with 5§ mM B.mercaptoethanol, denatured by 2 min heating
at 70°C and incubated with trypsin (EF-2:enzyme ratio, 50:1) for2 h
at 37°C. A new portion of trypsin was then added in the same ratio
to protein, and the incubation was continued for 18 h.

2.5, Two-dimensional peptide mapping

After trypsinolysis, the preparations (0.1 nmo! of the initial pro-
tein) were lyophilized, suspended in 50% pyridine in water and ap-
plied onte thin-layer cellulose plates. Electrophoresis proceeded for
90 min, 800 V at pH 3.6 in pyridine/acetic acid/water (10:100:890).
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tig. 1. Twa-dimensional peptide map of teyptiv BF-2 phosphopep-
tides. The plate was awtoraciogeiaphed for 6 hag - 70°C,

Ascending chromatography was in the perpendicular direction in
butanol/pyridine/acetic acid/water (75:50:15:60). The plates were
autoradiographed for 6-10 hat -~ 70°C,

2.6, Separation und purification of phosphopeprides by RP-FHPLC

Tryptic peptides (0.9 nmol initial protein) were separated by RP-
HPLC on a Cr column (Bakerbond, J.T. Baker Chemical Co.) using
an acetonitrile gradient in 0.1% (v/v) TFA in water [15). *p-
radioactive peptides were identifizd by Cerenkov counting. These
peptide fractions were lyophiltized, dissolved in 0.1% TFA with § mM
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HITA und rechrontatographed oo the Co cubimm ting o shaltowes
gradient, The reenvery of MR counts in the BPLC purifivation wz
tut less than Y%,

2 Sequenvitty of rypric plosphopeptides vovalently uetashed 1o
antinophenyl gl

The method  for voupling  af trypiiv phosphiopeptides 1o
aminophenyl ghass dises and sabseguent sequencing is based on the
methods of (16) and {17) as deseribed by Wettenhall ot al, 18} A pors
tion (up ta 309%) of the bound radioactive peptide apprared to be
coupled o residteal free aminophenyl teicthosysilane which was
pracdually washed ouc of the sequencer duting the carly vyeles,
Automated Ldman degradation was performed using a protocol in
which the covalent attavtunent of peptides toaminophenyl glass dises
enabled the tise of polar solvents (methanol 0, K1)t extrint
phosphory! derivatives feam the reaction cartriclge afier cach vyele of
cleavage {16,19], The ATZ-amino dcid derivatives were collected
direvtly from the cartridye, manually converted to the corresponding
PTH-umino awids, and analyzed by RPHPLC as deseribed previous-
Iy [17,19).

3, RESULTS AND DISCUSSION

Incubation of EF-2 with BY-2 kinuse and [y-"*PJATP
under the conditions deseribed in scction 2 gave an in-
corporation of 1.3 mol of **P per 1 mol of protein, This
indicates that more than one threonine residue in EF-2
is phosphorylated, Three major and one minor spots
were regularly observed after exhaustive EF-2 tryp-
sinolysis and phosphopeptide mapping (Fig. 1).
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Fig. 2. Rechromatography on RP-HPLC of EF-2 phosphopeptides. (a) Rechromatography of fraction A; (b) rechromatography of fraction B. Pep-
tides were cluted at a flow rate of 0.5 m!/min with an increasing gradient of acetonitrile (indicated by the thin line) in aqueous 0.1% TFA. The
thick line is from the tracing of absorbance at 215 nm. Radioactivity is indicated by filled circles,
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To fsalate the phospliopeptides, the tryptic hydro-
Iysate ol the phosphorylied BE-2 was chromato-
praphed by RP-HPLC on o Oy column developed with
an dectonitrile geadient (Wata not presented), About
hadf of the totad radioactivity in the hydrolysiate was not
retainedd on the column (peak A). Adsorbed radioactivis
ty wias eluted at an acctonitrile concentration of abow
1d%% (peak 13).

Rechromatography on the same column of fraction
A injected in o solution containing EDTA and using a
shadlower gradient of acetonitrile (IR, 2a) resulted in
the complete adsorption of radioactivity that was then
cluted in 3 peaks by the gradual inerease of the ac-
tonitrite concentration. During similar rechromata-
praphy the radioactive peptide of fraction B was eluted
as o single homogencous peak at o slightly lower
acctonitrile  concentration  than  during  the  first
chromatography (Fig. 2b). Radioactive peptides,
isolated during rechromatography and designited I
{eluted at 8% acetonitrile), 1T (10.2% acetonitrile), 11
(11.5% acetonitrile) and 1V (12% acetonitrile) as in-
dicated in Fig, 2a aud b, respectively, were sequenced,
The results of sequencing and distribution of radioac-
tivity are shown in Fig. 3.

Phosphopeptide I contains Phein the first and Aspin
the third positions and has two phosphorylated
threonine residues in the second and in the fourth posi-
tions as scen from the increase of the radioactivity yield
at the corresponding steps of sequencing (Fig, 3).
Authentic PTH-threonine was not <etected at these
positions during the sequencing, a result that would be
expected of modified threonine residues. Phosphopep-
tides 11, III, IV start from Ala and have the common N-
terminal sequence.

The distribution of **P-radioactivity in the analysis
of peptide 11 showed that this peptide contains threc
phosphorylated threonines. Clear ‘bursts’ of counts
were observed at cycles corresponding with Thr-4 and
-7. The relatively smaller increasc at the position of
Thr-9 was consistent with the residual PTH amino acids
signals observed at the neighbouring positions. The
signal at this position was reproducible (duplicate
analyses) and was interpreted as evidence for phos-
phorylation of Thr-9. In fact, the effective release of
counts at this position was made less evident by the
premature release of some phosphopeptides at the pre-
vious cycle which presumably was coupled through the
Asp-8 carboxyl but not the carboxyl terminal residue.

In the case of phosphopeptide I11, only Thr-7 but not
Thr-4 appeaered to be phosphorylated. Phosphopep-
tide IV contains at least two radioactive threonines,
Thr-4 and Thr-7. The bond between Arg-5-Phe-6 in
phosphopeptides 11, Il and IV is not cleaved by trypsin
presumably because of an inhibitory effect of the
neighbouring phosphoryl groups on tryptic cleavage
{20].

A comparison of amino acid sequences of
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Fig. 3, Neterminal sequences of tryptic (BPJER-2 phosphopeptides

11V, The figure shows the *Poradioactivity released at eaeh eyele.

The radivaetivity presentin the fiest cycle (particularly with peptides

I, UL and V) represents wisshout of uncoupled peptide. Residucs

idamtified by HPLC PTEH-wmino aid analyses are indicated along the
X axis.

phosphopeptides I-1V with that of hamster EF-2 [21)
shows that all phosphopeptides originate from one
region of the EF-2 molecule (Fig. 4). It is known that
the amino acid sequence of EF-2 is highly conserved in
evolution. A difference in only two amino acid residues
was detected between rat and hamster EF-2 [22], The
data of Fig. 4 indicate that 3 nearby threonine residues
of EF-2 cah be phosphorylated, namely Thr-53, Thr-56
and Thr-58. We could not detect a radioactive peptide
corresponding to Ala-50-Arg-54 indicating that a single
phosphorylation even at Thr-53 may not occur,

Recently 5 different isoelectric forms of the factor
were found in a preparation of native EF-2 from rat
liver. Three of these forms were shown to be
phosphorylated EF-2 [23]. Thus, it is possible that all of
the three threonine residues (Thr-33, Thr-56, and
Thr-88) that are phosphorylated in vitro in our ex-
periments are targets for in vivo phosphorylation.

Several new questions arise in connection with the
phosphorylation of the 3 amino acid residues of EF-2:
(i) does a specific phosphorylation sequence of
threonine residues exist for EF-2? If so what is the se-
quence; (ii) what is the extent of phosphorylation of
each of these 3 residues in wvivo at different
physiological states, and (iii) how does the functional
activity of EF-2 depend on phosphorylation of each
threonine residue?
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