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ABSTRACT
Protein synthesis in cytosolic and rough endoplasmic
reticulum associated ribosomes is directed by factors,
many of which have been well characterized. Although
these factors have been the subject of intense study,
most of the corresponding factors regulating protein
synthesis in the mitochondrial ribosomes remain
unknown. In this report we present the cloning and
initial characterization of the gene encoding the rat
mitochondrial elongation factor-G (rEF-G.J. The rat
gene encoding EF-Gmt (rMef- g) maps to rat
chromosome 2 and it is expressed In all tissues with
highest levels in liver, thymus and brain. Its DNA
sequence predicts a 752 amino acid protein exhibiting
72% homology to the yeast Saccharomyces cerevisiae
mitochondrial elongation factor-G (YMEF-G), 62% and
61% homology to the Thermus thermophilus and E.coli
elongation factor-G (EF-G) respectively and 52%
homology to the rat elongation factor-2 (EF-2). The
deduced amino acid sequence of EF-G contains
characteristic motifs shared by all GTP binding
proteins. Therefore, similarly to other elongation
factors, the enzymatic function of EF-Gmt is predicted
to depend on GTP binding and hydrolysis. EF-Gmt
differs from its cytoplasmic homolog, EF-2, in that it
contains an aspartic acid residue at amino acid position
621 which corresponds to the EF-2 histidine residue at
position 715. Since this histidine residue, following
posttranslational modification into diphthamide,
appears to be the sole cellular target of diphtheria toxin
and Pseudomonas aeruginosa endotoxin A, we
conclude that EF-Gmt will not be inactivated by these
toxins. The severe effects of these toxins on protein
elongation in tissues expressing EF-G,mt suggest that
EF-Gmt and EF-2 exhibit nonoverlapping functions.
The cloning and characterization of the mammalian
mitochondrial elongation factor G will permit us to
address its role in the regulation of normal

GenBank accession nos L14683, L14684

mitochondrial function and in disease states attributed
to mitochondrial dysfunction.

INTRODUCTION
Elongation of the nascent protein chain during protein synthesis
depends primarily on the sequential function of three factors: 1)
Elongation factor-la (EF-la) which binds aminoacyl tRNA and
directs its codon dependent placement at the A site of the
ribosome in a reaction regulated by EF-lca GTP binding and
hydrolysis. 2) Elongation factor-lo( (EF-1j3) which interacts with
the released EF-Ia-GDP and promotes the exchange of GDP
for GTP. This exchange is facilitated further by elongation factor
ly (EF-l1y). and 3) Elongation factor-2 (EF-2) which, following
peptide bond formation, catalyzes the translocation of the
peptidyl-tRNA from the A to the P site in the ribosome. The
function of EF-2, similarly to the function of EF-lco and EF-l1(,
depends on GTP binding and hydrolysis. The procaryotic
homologs of the eucaryotic factors EF-1a, EF-lI3 and EF-2 are

called EF-Tu, EF-Ts and EF-G respectively (for review see
1-3).
Eucaryotic cells harbor two protein synthesis machineries: one

of them is localized in the soluble and membrane bound
cytoplasmic ribosomes. These ribosomes translate mRNAs
transcribed in the nucleus and they synthesize proteins which are
transported to the various cellular compartnents through a
complex network of processes that regulate intracellular protein
trafficking (4, 5). The other machinery is localized in the
mitochondria. These semi-autonomous organelles have their own
genetic material which is transcribed and translated in ribosomes
loalized in the mitochondrial matrix (6-10). The factors
regulating mitochondrial protein synthesis, however, are encoded
by nuclear (non-mitochondrial) genes, they are synthesized in
the cytoplasmic ribosomes, and they are transported to the
mitochondria (11-15).

In this communication we report the cloning and initial
characterization of the gene encoding the rat mitochondrial
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elongation factor G (rEF-Gmt). Our findings show that rEF-Gmt
is a highly conserved (10, 16-18) GTP binding protein (18-26)
whose function is restricted to the mitochondrial ribosomes
(27-30). Expression of rEF-G, was detected in all tissues with
the highest levels in liver, thymus and brain.

MATERIALS AND METHODS
Oligonucleotide probes and hybridization conditions
The gene encoding rEF-Gmt was cloned by virtue of the
fortuitous homology of one of its introns with a 43 base long
oligonucleotide complementary to a conserved region of the
Growth hormone receptor gene (Ghr) (31). The hybridization
of this oligonucleotide probe to rat genomic DNA was carried
out in the course of experiments designed to clone genes encoding
growth hormone receptor related molecules (see Results section).
Three oligonucleotides corresponding to highly conserved

regions of the growth hormone receptor gene (nucleotide position
264-308, 903-945, 4023-4053) (31) were synthesized. One
of these oligonucleotides (PT36, nucleotide position 903-945)
(5'TCCAGTTCCAAAGATTAAAGGAATCGATCCAGAT-
CTCCTCAAG3') is complementary to a region of the GHR gene
encoding a portion of the intracellular domain of the receptor.
This region of the human GHR is identical in sequence to the
rabbit Ghr at the nucleotide level and to the human prolactin
receptor encoding gene at the amino acid level (31, 32). 100 ng
of the oligonucleotide PT36 were labelled with y-32P ATP using
T4 polynucleotide kinase (Boehringer Mannheim) according to
the manufacturer's instructions. Labeled oligonucleotides were
separated from unincorporated y-32P ATP by fractionation on
a Bio-Gel P6 (Bio-Rad) column.
Long-Evans rat lung DNA (10 jzg) were digested to completion

with restriction endonucleases, electrophoresed in 0.7% agarose
gels and blotted onto NYTRAN membranes (S&S) by standard
methods (33-35). The filters were hybridized to 4 X 105
cpm/ml labeled PT36 in a solution containing 5 xSSC (1 xSSC
is 0.15 M NaCl/15 mM sodium citrate, pH 7.0) and 0.5% SDS.
Hybridizations were carried out at 370C for 16-18 h. The filters
were washed in 2xSSC 0.5% SDS, at 500 for at least 30 min.

Construction and screening of ptal genomic DNA libraries
Long-Evans rat thymus DNA (100 yg) was digested to completion
with EcoRI and fractionated in a 0.7% agarose gel. Three
fractions (8-10 kb, 6.5-8 kb and 4.5-6.5 kb) corresponding
to die DNA bands detectd in the initial screening experiments
with the PT36 probe were purified by electroelution. The
presence of the desired DNA fragment in each fraction was
confirned by analytical gel electWhoresis and Southern blotting.
Partial genomic DNA libraries were prepared by ligating DNA
from individual fractions to the EcoRI arms of the bacteriophage
lambda vector XgtWES-XB'. The products of each ligation
reaction were in vitro packaged with Gigapack Gold (Stratagene)
and propagated in Escherichia coli LE392. The 8-10 kb library
was screened with the oligonucleotide probe PT36 using the same
hybridization conditions originally used to hybridize PT36 to
genomic DNA blots. This screening yielded a clone, X1D, which
contained a 9.0 kb EcoRI insert.
To define the shortest DNA fragment, that was free of

repetitive sequences and hybridized to PT36, we first isolated
a 6.5 kb KpnI-EcoRI subclone of X1D (X1Dl/Kl). After partial

(p1DAl) lacking rat repetitive DNA sequences and hybridizing
to the PT36 oligonucleotide probe was isolated.

Construction and screening of cDNA libraries
Screening of a normal liver cDNA library (Stratagene) with the
503 bp probe piDAl under conditions of high stringency (50%
formamide 5 x SSC-0. 1% SDS at 42°) yielded an 891 bp clone
(pCRL 1). Screening the same library with the cDNA clone
pCRL1 1 yielded two additional larger clones, the 1.45 kb clone
pCRL25 and the 1.2 kb clone pCRL27. Finally, screening a rat
thymic lymphoma (6889) cDNA library, prepared from size-
fractionated polyadenylated RNA (34) with the pCRLl 1 probe,
yielded 26 additional independent cDNA clones (pASl-pAS26)
which ranged in insert size from 1.0 to 2.7 kb.

Northern (RNA) blot analysis of polyadenylated cell RNA
Total cell RNA was isolated by the method of Chomczynski and
Sacchi (36) following cell lysis with guanidinium isothiocyanate.
Polyadenylated RNA was selected by affinity chromatography
in oligo(dT)-cellulose. Polyadenylated RNA (5 jig) was electro-
phoresed in denaturing 1% agarose, 2.2 M formaldehyde gels,
and after transfer onto nylon membranes it was hybridized to
the pCRL1 1 probe at high stringency as previously described
(33-35).

Sequencing of cDNA clones and computer analysis
Bidirectional nested deletions of the clones pCRLl 1 and pCRL25
were generated using the exonuclease III/mung bean nuclease
method (35). Selected subclones with overlapping deletions were
sequenced. The sequencing reactions were carried out on alkali-
denatured double stranded DNA templates by using the dideoxy
chain temiination method and employing Sequenase version 2.0
(U.S. Biochemicals) and [a-35S]dATP (NEN DuPont). The
products of these reactions were analyzed on 6% polyacryl-
amide-8.3 M urea sequencing gels as described elsewhere
(33-35). Since clones pASl-pAS26 formed a nested set of
clones, the sequencing of their ends allowed us to assemble nearly
the entire sequence of EF-Gmt. Areas that failed to overlap or
areas of ambiguity were resolved by sequencing multiple
independent clones using specific oligonucleotide primers and
the CircumVent sequencing system (New England Biolabs).

All computer analyses were performed using the Genetics
Computer Group software package (37). The DNA sequence
presented here has been submitted to GenBank.

RESULTS
Cloning of genomic DNA fments coning regions with
partial homology to oligonucleotides complementary to the
gene encoding the growth hormone receptor (Ghr)
The gene encoding EF-Gmt was cloned by virtue of the
fortuitous hybridization of one of its introns to an oligoncucleotide
probe (PT36), complementary to a conserved region of the gene
encoding the growth hormone receptor.

In the course of our studies on Moloney murine leukemia virus
(MoMuLV)-induced rat T cell lymphomas (33, 34, 38-40), we
showed that Mlvi-2, a locus of common proviral integration
identified in this laboratory (40), was genetically linked to the
gene encoding the growth hormone receptor (Ghr) in humans,
mice and rats (33). This suggested that Mlvi-2 may encode aHaeEII digestion of the clone X ID 1/K 1, a 503 bp HaeE11 clone
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Figure 1. Cloning the rMef-g gene. A. Southern blot analysis of restriction
endonuclease digested DNA and hybridization to the oligonucleotide probe PT736
under conditions of reduced stringency (see text). The lines on the right show
the migration pattern of Hindi digested bacteriophage lambda DNA size nmkers.
The numbers define the size of the markers in kilobases (kb). The lines and numbers
on the left show the two EcoRI DNA fragments which were cloned. A third band
at approximately 5.5 kb has not been cloned. Band 2 was derived from the gene

encoding the rat growth hormone receptor (Ghr) while band 1 was derived from
the gene encoding the rEF-Gmt (rMf-g). B. Oligonucleotide PT36 hybridizes
to an intron of the gene encoding EF-Gmt. Line 2 shows part of the nucleotide
sequence of the genomic clone XlD. This clone was obtained from a partial
genomic DNA library constructed with DNA containing the larger of the two
EcoRI bands shown in panel A. Screeng was carried out using the oligonucleotide
probe P1T36. Capital and lower case letters depict exon and intron sequences

respectively. Line 1 shows the nucleotide sequence of the portion of the pCRLl 1
cDNA clone displaying homology to the genomic clone MID. Line 3 shows the
DNA sequence of oligonucleotide PIT36. The P1736 sequence is written in capital
letters and it is underlined and aligned with the XID derived intron sequences.

member of the Ghr family of receptors. Moreover, these data
suggested that other members of this receptor family may cluster
in the same chromosomal region and may be targeted by provirus
integration in MoMuLV induced rat T cell lymphomas. To
investigate these possibilities we synthesized three oligonucleo-
tides complementary to selected regions (nucleotide position
264-308, 903-945, 4023-4053) of the Ghr RNA (31). The
selection of these regions was based on their high degree of
conservation between rabbits and humans. Hybridization of these
oligonucleotide probes after end labelling with 'y_32P ATP to
restriction endonuclease digested rat genomic DNA revealed
several distinct bands. One of these oligonucleotide probes (PT36)
extending from nucleotide position 903 to 945 in the human GHR
cDNA (31), detected three DNA fragments (5.5, 7 and 9.0 kb)
in EcoRI digested rat DNA (Fig. IA). DNA fractions containing

Figure 2. Expression of Mef-g in normal rat tissues. 5 jig polyadenylated RNA
from normal rat tissues was electrophoresed in 1% agarose/2.2 M formaldehyde
gels and it was hybridized to the rat EF-Gmt probe pCRLl 1. All the lanes were

loaded with approximately equal amounts ofRNA, as determined by hybridization
to a cDNA clone of the gene encoding the rat ribosomal protein 12 (rpL12) (data
not shown).

these fragments were isolated by agarose gel electrophoresis and
electroelution. The isolated DNA fractions were then used to
generate partial genomic DNA libraries. Screening the 8-10 kb
EcoRI library with a y32p labelled PT36 probe identified a 9.0
kb clone, MlD. Restriction endonuclease digestion of the cloned
DNA identified a 503 bp HaelI DNA fragment (piDAl) which
was free of repeats and hybridized to the PT36 probe. Sequence
analysis of this DNA fragment revealed a region with 72%
homology to the 43 bases long oligonucleotide PT36 (Fig. 1B).
Using Southern blotting of genomic DNA from a panel of somatic
cell hybrids, the cloned DNA fragment was mapped to rat
chromosome 2 (data not shown), the same chromosome harboring
the Mlvi-2 locus (33).

The clone plDAl identifies a gene which is expressed in all
normal rat tissues
The 503 bp HaeIH subclone plDAl (Fig. 1B) was hybridized
to a Northern blot of poly(A)+ RNA isolated from a panel of
normal rat tissues. This detected an approximately 3.0 kb mRNA
transcript which was present in all tested samples (data not
shown). The same genomic DNA probe was then used to screen

a cDNA library constructed from poly(A) selected normal rat
liver RNA. This yielded a clone, pCRL1 1, which, by sequence
analysis, was shown to exhibit homology to several members
of the family of the procaryotic elongation factor-G and the
eucaryotic elongation factor-2. The pCRLl 1 clone was then used
to probe a panel of poly(A)+ RNAs isolated from normal rat
tissues. The results (Fig. 2) revealed that the gene represented
by this cDNA clone was expressed ubiquitously as an

approximately 3.0 kb RNA transcript. The highest levels of
expression were detected in liver, thymus and brain. To obtain
full length cDNA clones we used the probe pCRLl 1 to screen

the rat liver cDNA library and a cDNA library constructed from
size selected oligo(dT) primed RNA isolated from the rat T cell
lymphoma line 6889 (34). This yielded two liver cDNA clones
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TLYADVPIINGWSTELRSCTGGYNRCSPSTQB3LVMKYLEAIGQLPVKKGKAIN*.
TLKAECALSTWGFATSLRASTQMGFSL3FSHYAIPTAPHVQKZLISEF. QKKQ .K*.

4 KIHAEVWPLSESEIATQLRSLTKGRASTIFLKLYDEAPSNVAQAVIEARGK*.
5 VVKAYLPVNESFGFTADLRSNTGGQAFPQCVFDHWQILP.. .GDPFDNSSRPSQVVAETRKRRGLKEGIPALDNFLDKL

Figure 3. Comparison of the rat EF-Gmt amino acid sequence (1) with the amino acid sequences of the yeast Saccharomyces cerevisiae YMEF-G (2), the 7hermus
thermophilus EF-G (3), the E.coi EF-G (4) and the rat EF-2 (5). Identical amino acids between the rat EF-Gmt and any of the other elongation factors are shown
in bold. The boxed amino acid sequences marked 1, andm define the characteristic consensus sequences shared by GTP binding proteins. Sequence I is alternatively
called the A consensus or P loop and it is involved in phosphate binding (41, 42). Sequence HI defines the nucleotide binding specificity (19). The underlined sequence

is conserved among all GTP binding elongation factors and appears to be involved in the conformational change of these proteins following GTP hydrolysis (43).
The D residue at amino acid position 621 corresponds to the H residue at amino acid position 715 of the mammalian EF-2 (18, 27-30). The sequence marked
by the interrupted line defines the region of homology between the rat genomic DNA clone XID and the rMef cDNA (see Fig. 1).

(pCRL25 and pCRL27) and 26 additional 6889 cDNA clones
(pASI-pAS26) which ranged in size from 1.0 to 2.7 kb.

The product of the gene identified by hybridization to clone
plDAl exhibits sequence homology with the yeast
Saccharomyces cerevisia mitochondrial elongation factor G
(YMEF-G), the procaryotic elongation factors G (EF-G) and
its eucaryotic homolog, elongation factor-2 (EF-2)
The sequence of the gene identified by hybridization to clone
pIDAl was assembled as described in the Materials and Methods.
Comparison of the assembled sequence with the sequence of the
503 bp pIDAl genomic clone revealed a 54 bp region of identity
representing the 36 portion of an exon (Fig. 1B and Fig. 3). The
genomic DNA sequence homologous to the PT36 oligonucleotide
probe was mapped witiin the adjacent intron (Fig. iB).

Translation of the nucleotide sequence of the full length cDNA
revealed a 2256 nucleotide long (752 amino acids) open reading
frame beginning with an in frame ATG codon (Fig. 3).

Comparison of the deduced amino acid sequence with the
GenBank protein sequence data base revealed the cloned gene
exhibits 72% homology with the yeast Saccharomyces cerevisiae

mitochondrial elongation factor G (YMEF-G), 62 and 61%
homology with the Thermus thermophilus and E.coli elongation
factors G, respectively and 52% homology with the eucaryotic
homolog of EF-G elongation factor-2 (EF-2) (Fig. 3 and Fig. 4).
Based on these sequence similarities and using the
PILEUP program of the Genetics Computer Group software
package (37) we deduced the evolutionary relationship among

these genes (Fig. 5) and we tentatively identified the cloned gene
as the gene encoding the mammaLian (rat) mitochondrial
elongation factor G (rEF-Gmt). The predicted amino acid
sequence of rEF-Gmt suggests that it is a GTP binding protein
(18-26). Thus, rEF-Gmt contains a consensus GTP binding
domain composed of ffiree appropriately spaced consensus

elements designated I, and HI (Fig. 3). Motif I, also known
as the A consensus (41) or P-loop (42) is likely to form a flexible
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treatment of PC12 cells with nerve growth factor (NGF) (51),
during treatment of epidermal cells with phorbol esters (52, 53),
and during cAMP-dependent activation of protein synthesis in
cell free reticulocyte lysates (54). To identify potential sites of
phosphorylation in rEF-Gmt its amino acid sequence was
analyzed using the Motifs program of the Genetics Computer
Group software package (36). This analysis revealed seven
conserved putative protein kinase C (PKC) phosphorylation sites
(55, 56) at amino acid positions 58, 64, 71, 389, 479, 518 and
523, two conserved Casein kinase II (CKI) phosphorylation sites
(57) at position 62 and 76 and one conserved cAMP or cGMP
dependent kinase phosphorylation site (58) at position 285.

EF-2

Ratus
norvegicus

Homo
sapiens

Drosophila
melanogaster

Eucaryotes Saccharomyces

cerevisiae

Chlorella
kesslani

Methanococcus
r vanniellii

Figure 4. Evolutionary relationship between the rat EF-Gmt and other known
elongation actors. The depicted evolutionary tree was generated using the program
PILEUP of the Genetics Computer Group software package (36).

loop between a beta strand and an alpha helix which may interact
with one of the nucleotide phosphate groups. Consensus HI

appears to be responsible for base specificity. Thus, exchange
of the aspartic acid with a tryptophan residue allows the binding
of ITP as well as GTP (19). Finally, between consensus elements
I and II there is a 13 amino acid region (underlined in Fig. 3)
which has been conserved among all GTP binding elongation
factors. In EF-la, this region has been shown to be involved
in the conformational changes mediated by the hydrolysis ofGTP
to GDP (43).

Phosphorylation and dephosphorylation contribute to the
physiological regulation of elongation factors. Thus, EF-2 can
be phosphorylated by a Ca++ calmodulin dependent protein
kinase named EF-2 kinase (44, 45) and perhaps by additional
kinases (46, 47). Moreover, EF-2 can be dephosphorylated by
a type 2A phosphatase (48). Phosphorylation removes EF-2 from
the active pool while dephosphorylation restores its activity (49,
50). The physiological significance of these changes in the
phosphorylation of EF-2 is supported by the finding that the
proportion of phosphorylated EF-2 changes in parallel with total
protein synthesis during the cell cycle of human amniotic cells
(1). Additionally, EF-2 phosphorylation is modulated during

DISCUSSION

The factors involved in protein synthesis in the cytoplasmic and
rough endoplasmic reticulum associated ribosomes have been the
subject of intense study for at least two decades (for review, see

1-3). The characterization of the corresponding factors in the
mitochondrial protein synthesis machinery (6), however, began
only recently. Thus, the mitochondrial initiation factor 2 (IF-2mt)
(8), the mitochondrial elongation factors Tu (EF-Tumt) and Ts
(EF-Tsmt) (7) and the mitochondrial elongation factor G (EF-
Gmt) (9), were only recently purified from bovine liver
mitochondria. Moreover, the recent characterization of the yeast
Saccharomzyces cerevisiae pet mutants C155 and E252 led to the
cloning of the genes encoding the yeast mitochondrial initiation
factor lot (IFM1) and the yeast mitochondrial elongation factor
G (YMEF-G) (10).

In this report we present the cloning and characterization of
the gene (rMef-g) encoding the rat mitochondrial elongation factor
G (rEF-Gmt). The identity of the protein encoded by rMef-g was

based on the following observations: a) The protein most closely
related by sequence to the protein encoded by rMef-g is the yeast
mitochondrial elongation factor G (YMEF-G) (10). Moreover,
rEF-Gmt exhibits a closer evolutionary relationship with
members of the family of the procaryotic elongation factor G
than with members of the family of the eucaryotic elongation
factor 2. b) The predicted molecular weight of the protein encoded
by rMef-g is approximately 80 kilodalton (kd) which is the same
as the experimentally measured molecular weight of the bovine
mitochondrial elongation factor G (9). c) Proteins encoded by
nuclear genes and transported in the mitochondria harbor signal
sequences which are usually localized at their N-terminal end
and are rich in basic and hydroxylated amino acids while they
are devoid of acidic amino acids and long hydrophobic stretches
(11- 15). The N-terminal portion of the predicted amino acid
sequence of rEF-Gmt fulfills these criteria. d) Finally, our

preliminary data using antibodies raised against this protein
indicate that it is localized, at least in part, in the mitochondrial
fraction of heart muscle cells (A. Makris et al., unpublished).
The predicted amino acid sequence of the rEF-Gmt indicates

that, like other elongation factors, it is a GTP binding protein
(18-26, 41-43). GTP hydrolysis by EF-Gmt, similarly to GTP
hydrolysis by other elongation factors, is expected to be strictly
conditional, that is, dependent on its association with ribosomal
protein complexes which therefore function as GTPase activating
proteins (GAPs) (25, 26). GTP and GDP bind weakly to EF-2
and EF-G (59, 60). Moreover, both EF-G and EF-2 are highly
catalytic in the absence of auxiliary factors (61, 62). These data
suggest that EF-2, EF-G, and perhaps EF-Gmt, may not be
regulated by guanine nucleotide exchange factors (63). The GTP
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binding domain of rEF-Gan is locaized at the N-tenninal portion
of the protein. However, the homology between rEF-Gmt and
other elongation factors extends throughout the length of the
molecule. These extended areas of homology may define other
properties shared by these proteins. One such property is the
binding to the ribosomes.
rEF-Gmt cannot substitute for EF-2 since its function appears

to be restricted in diecting protein elongation in the mitochondrial
protein synthesis machinery. This conclusion is based on the
following observations. EF-2 contains a histidine residue at amino
acid position 715 which undergoes posttranslational modification
to diphthamide (18, 27-30). rEF-Gmt contains an aspartic acid
residue in the corresponding position of the molecule (amino acid
621). Bacterial toxins such as diphtheria toxin and Pseudomonas
aeruginosa endotoxin A inactivate EF-2 by catalyzing the ADP-
ribosylation of the diphthamide residue at position 715 (18,
27-30). Diphtheria toxin and pseudomonas endotoxin A resistant
Chinese hamster ovary cells harbor mutations that inhibit the ADP
ribosylation of EF-2 (30). Therefore, this modification appears
to be necessary and sufficient for the expression of the toxic
effects of diphtheria toxin and pseudomonas endotoxin A. The
inability of the non ADP-ribosylatable EF-Gmt to protect the
cells from the effects of these toxins suggests that its function
is restricted in the mitochondrial ribosomes.

Phosphorylation and dephosphorylation appear to contribute
to the physiological regulation of elongation factors. Thus, the
proportion of phosphorylated EF-2 changes in parallel with the
total protein synthesis activity during the cell cycle in human
amniotic cells (1). Moreover, EF-2 phosphorylation is modulated
during treatment of PC12 cells with NGF (51), during treatment
of epidermal cells with phorbol esters (52, 53) and during cAMP
dependent activation of protein synthesis in cell free reticulocyte
lysates (54). Phosphorylation of EF-2, catalyzed by a
Ca++/calmodulin dependent protein kinase (44, 45) and perhaps
other additional kinases (46, 47), removes this factor from the
active enzyme pool (45, 46). On the other hand,
dephosphorylation of EF-2, catalyzed by a type-2A protein
phosphatase (48), restores its activity (49, 50). Scanning the rEF-
Gmt sequence for potential consensus phosphorylation sites
revealed several potential sites for PKC, CKII and cAMP/cGMP
dependent kinase induced phosphorylation (55 -58) which are
conserved among members of the elongation factor G family.
The significance of these potential phosphorylation sites is under
investigation. Regarding the significance of the potential PKC
sites, it should be pointed out that although PKC is not known
to localize in the mitochondria, these sites may still be important
targets for phosphorylation by related kinases (64) that may
exhibit subcellular distributions different than PKC.
The evolutionary relationship between the members of the EF-

G/EF-2 family of elongation factors supports the view that the
primary kingdom of archaebacteria is evolutionarily closer to the
primary kingdom of eucaryotes than to that of eubacteria (65).
Moreover, it supports the view that mitochondria arose by
invasion of aerobic or anaerobic photosynthetic bacteria into
ancestral protokaryotic cells (66).
The cloning and characterization of the mammalian

mitochondrial elongation factor G will permit us to address its
role in the regulation of normal mitochondrial function and in
disease states attributed to mitochondrial dysfunction (67).

ACKNOWLEDGEMENTS
We thank Pat Bateman for secretarial assistance. This work was
supported by Public Health Service grants CA-38047 (PNT),
CA-06927 and RR-05539 from the National Institutes of Health
and by an appropriation from the Commonwealth of Pennsylvania
to the Fox Chase Cancer Center. A.M. and C.P. are fellows of
the Leukemia Society of America, Inc.

REFERENCES
1. Riis,B., Rattan,S.I.S., Clark,B.F.C. and Merrick,W.C. (1990) TIBS, 15,

420-424.
2. Ryazanov,A.G., Rudkin,B.B. and Spirin,A.S. (1991) FEBS Letters, 285,

170-175.
3. Merrick,W.C. (1992) Microbiological Reviews, 56, 291-315.
4. Vemer,K. and Schatz,G. (1988) Science, 241, 1307-1313.
5. Goldfarb,D.S. (1992) Cell, 70, 185-188.
6. O'Brien,T.W., Denslow,N.D., Anders,J.C. and Courtney,B.C. (1990)

Biochimica et Biophysica Acta, 1050, 174-178.
7. Schwartzbach,C.J. and Spremulli,L.L. (1989) J. Biol. Chem., 264,

19125-19131.
8. Liao,H-X. and Spremulli,L.L. (1991) J. Biol. Chem., 266, 20714-20719.
9. Chung,H.K.J. and Spremulli,L.L. (1990) J. Biol. Chem, 265,21000-21004.

10. Vanbutas,A., Ackerman,S.H. and Tzagoloff,A. (1991) Eur. J. Biochem.,
201, 643-652.

11. Schatz,G. (1987) Eur. J. Biochem., 165, 1-6.
12. Roise,D. and Schatz,G. (1988) J. Biol. Chem., 263, 4509-4511.
13. Mahlke,K., Pfanner,N., Martin,J., Horwich,A.L., Hartl,F-U. and

Neupert,W. (1990) Eur. J. Biochem., 192, 551-555.
14. Cyr,D.M. and Douglas,M.G. (1991) J. Biol. Chem., 266, 21700-21708.
15. Pfanner,N., Rassow,J., van der Klei,I.J., Neupert,W. (1992) Cell, 68,

999-1002.
19. Dever,T.E., Glynias,M.J. and Merrick,W.C. (1987) Proc. Natl. Acad. Sci.

USA, 84, 1814-1818.
20. Cour,T.F.M.Ia, Nyborg,J., Thirup,S. and Clark,B.F.C. (1985) EMBO J.,

4, 2385-2388.
18. Kohno,K., Uchida,T., Ohkubo,H., Nakanishi,S., Nakanishi,T., Fukui,T.,

Ohtsuka,E., Ikehara,M. and Okada,Y. (1986) Proc. Natl. Acad. Sci. USA,
83, 4978-4982.

21. Ofulue,E.N. and Candido,P.M. (1991) DNA and Cell Biology, 10, 603-611.
22. Grinblat,Y., Brown,N.H. and Kafatos,F.C. (1989) Nucl. Acids Res., 17,

7303-7314.
23. Bernstein,H.D., Poritz,M.A., Strub,K., Hoben,P.J., Brenner,S. and

Walter,P. (1989) Nature, 340, 482-486.
24. Wittinghofer,A. and Pai,E.F. (1991) TIBS, 19, 382-387.
25. Boume,H.R., Sanders,D.A. and McCormick,F. (1990) Nature, 348,

125- 132.
26. Bourne,H.R. and Stryer,L. (1992) Nature, 358, 541-543.
27. Robinson,E.A., Henriksen,O. and Maxwell,E.S. (1974) J. Biol. Chem., 249,

5088-5093.
28. Van Ness,B.G., Howard,J.B. and Bodley,J.W. (1978) J. Biol. Chem.., 253,

8687-8690.
29. Nilsson,L. and Nygeaerd (1985) Eur. J. Biochem., 148, 299-304.
30. Kohno,K. and Uchida,T. (1987) J. Bol. Chem., 262, 12298-12305.
16. Yaldnin,A.V., Vorozheykina,D.P. and Matvienko,N.I. (1989) Nucl. Acids

Res. 17:8863.
17. Ovchinnikov,Y.A., Alakhov,Y.B., Bundulis,Y.P., Bundule,M.A.,

Dovgas,N.V., Kozlov,V.P., Motuz,L.P. and Vinokurov,L.M. (1982) FEBS
Letters, 139, 130-135.

31. Leung,D.W., Spencer,S.A., Cachianes,G., Hammonds,R.G., Collins,C.,
Henzel,W.J., Barnard,R., Waters,M.J. and Wood,W.I. (1987) Nature
(London), 330, 537-5434.

32. Boutin,J.-M., Jolicoeur,C., Okam,H., Gagnon,J., Edery,M., Shi,M.,
Banville,D., Dusanter-Fourt,I., Djiane,J. and Kelly,P.A. (1988) CeU, 53,
69-77.

33. Barker,C.S., Bear, S.E., Keler,T., Copeland,N.G., Gilbert,D.J.,
Jenldns,N.A., Yeung,R.S. and Tsichlis,P.N. (1992) J. Virol., 66,
6763-6768.



Nucleic Acids Research, 1993, Vol. 21, No. 11 2647

34. Patriotis,C., Makris,A., Bear,S.E. and Tsichlis,P.N. (1993) Proc. Natl. Acad.
Sci. USA, in press.

35. Bellacosa,A., Lazo,P.A., Bear,S.E. and Tsichlis, P.N. (1991) Mol. Cell.
Bio., 11, 2864-2872.

36. Chomczynski,P. and Sacchi,N. (1987) Anal. Biochem., 162, 77-79.
37. Devereux,J., Haeberli,P. and Smithies,O. (1984) Nucd. Acids Res.

12:387-395.
38. Tsichlis,P.N., Strauss,P.G. and Hu,L.F. (1983) Nature, 302, 445-449.
39. Tsichlis,P.N. and Lazo,P.A. (1991) In: Current Topics in Microbiology and

Immunology. Retroviral Insertion and Oncogene Activation, Vol. 171 (edited
by H.J. Kung and P.K. Vogt). Springer-Verlag: Berlin, Heidelberg, pp.
95-179.

40. Tsichlis,P.N., Strauss,P.G. and Lohse,M.A. (1985) J. Virol., 56, 258-267.
41. Walker,J.E., Saraste,M., Runswick,M.J. and Gay,N.J. (1982) EMBO J.,

1, 945-941.
42. Saraste,M., Sibbald,P.R., Wittinghofer,A. (1990) Trends Biochem. Sci., 15,

430-434.
43. Moller,W., Schipper,A. and Amon,J.R. (1987) Biochimie, 69, 983-989.
44. Ryazanov,A.G. (1987) FEBS Len., 214, 331-334.
45. Nairn,A.C. and Palfrey,H.C. (1987) J. Biol. Chem., 262, 17299-17303.
46. Tuazon,P.T., Merrick,W.C. and Traugh,J.A. (1989) J. Bio. Chem., 264,

2773-2777.
47. Kim,Y.W., Kim,C.W., Kang,K.R., Byun,S.M. and Kang,Y-S. (1991)

Biochem. Biophys. Res. Commun., 175, 400-406.
48. Gschwendt,M., Kittstein,J., Mieskes,G. and Marks,F. (1989) FEBS Lett.,

257, 357-360.
49. Ryazanov,A.G., Shestakova,E.A. and Natapov,P.G. (1988) Nature, 334,

170-173.
50. Ryazanov,A.G. and Davydova,E.K. (1989) FEBSLett., 251, 187-190.
51. Koizumi,S., Ryazanov,A., Hama,T., Chen,H-C. and Guroff,G. (1989) FEBS

Lett., 253, 55-58.
52. Gschwendt,M., Kittstein,W. and Marks,F. (1988) Biochem. Biophys. Res.

Commun., 153, 1129-1135.
53. Gschwendt,M., Kittstein,W., Mieskes,G. and Marks,F. (1989) FEBS Lett.,

257, 357-360.
54. Sitikov,A.S., Simonenko,P.N., Shestakova,E.A., Ryazanov,A.G. and

Ovchinnikov,L.P. (1988) FEBS Lett., 228, 327-331.
55. Kishimoto,A., Nishiyama,K., Nakanishi,H., Uratzuji,Y., Nomura,H.,

Takeyama,Y. and Nishizuka,Y. (1985) J. Bio. Chem., 260, 12492-12499.
56. Woodget,J.R., Gould,K.L. and Hunter,T. (1986) Eur. J. Biochem., 161,

177-184.
57. Pinna,L.A. (1990) Biochim. Biophys. Acta, 1054, 267-284.
58. Glass,D.B., El-Maghrabi,M.R. and Pilkis,S.J. (1986) J. Biol. Chem., 261,

2987-2993.
59. Kuriki,Y., Inoue,N. and Kaziro,Y. (1970) Biochim. Biophys. Acta, 224,

487-497.
60. Henricksen,O, Robinson,E.A. and Maxwell,E.S. (1975) J. Biol. Chem., 250,

720-724.
61. Mizumoto,K., Iwasaki,K., Tanaka,M. and Kaziro,Y. (1974) J. Biochem.,

75, 1047-1056.
62. Merrick,W.C., Kemper,W.M., Kantor,J.A. and Anderson,W.F. (1975) J.

Biol. Chem., 250, 2620-2625.
63. Hiraoka,K., Kaibuchi,K., Ando,S., Musha,T., Takaishi,K., Mizuno,A.,

Menard,L., Tomhave,E., Didsbury,J., Snyderman,R. and Takai,Y. (1992)
Biochem. Biophys. Res. Commun., 182, 921-930.

64. Bellacosa,A., Testa,J., Staal,S. and Tsichlis,P.N. (1991) Science, 254,
274-277.

65. Iwabe,N., Kuma,K.-I., Hasegawa,M., Osawa,S. and Miyata,T. (1989) Proc.
Natl. Acad. Sci. USA, 86, 9355-9359.

66. Tyler,D. (1992) In 'The Mitochondrion in Health and Disease,' pp. 137-146.
VCH Publishers.

67. Tyler,D. (1992) In 'The Mitochondrion in Health and Disease,' pp. 477-520.
VCH Publishers.


