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Abstract

ABSTRACT
A gene eft- 1 encoding a protein synthesis elongation factor 2-like protein was
isolated from chromosome III of £. eleans, and was mapped approximately 50 kb
downstream from ubq-l. Five overlapping cosmids spanning 150 kb in this region were
mapped by restriction endonuclease digestion, and hybridized to cDNA probes made from
embryo polyA+RNA. One positive fragment B3255 was analyzed by sequencing, and was
also used as a specific probe to isolate a eDNA clone pEF1.35 encoding eft-1 mRNA. The
entire eft-l gene of 3.8 kb predicted a protein (EFT-l) of 849 amino acid residues which
shared 38% overall identity with mammalian and Drosophila elongation factor 2 (EF-2)
sequences. Sequence segments implicated in GTP-binding and GTPase activity in EF-2
were found in the N-terminal region, while segments characteristic of EF-2 and its
prokaryotic counterpart EF-G were found at the coffesponding C-terminal portion of EFT-1;
the latter region shared 40

-

50% similarity with, the hamster EF-2. However, the histidyl

residue target for ADP-ribosylation and inactivation of EF-2 by diphtheria toxin, which is
thought to be of functional importance in EF-2, was replaced by a tyrosyl residue in EFT- 1.
By rapid amplification of . elegans DNA sequences using primers specific for highly
conserved regions of mammalian and Drosophila EF-2 using the polymerase chain reaction,
cDNA and genomic clones containing a

£. elegans gene (eft-2) were isolated and

characterized. One cDNA clone, pCef6A, encoding the entire eft-2 mRNA predicted a
polypeptide of 852 amino acid residues which shared greater than 80% identity with the
hamster and Drosophila EF-2 sequences. The GTP-binding domains, ADP-modifiable
histidyl residue, and high homology regions shared between EF-2 and EF-G were 80
100% conserved in the
encoded the

-

. elegans protein. These results suggested that eft-2 and not eft-1

. elegans homolog of EF-2. The conservation of functional domains of EF-2 in

EFT- 1 implied that the two genes were derived at least in part from a common ancestor. The

U

Abstract

copy numbers of eft- 1 and eft-2 were examined and their expression was monitored
throughout nematode development. The results revealed that both genes are unique and
each encodes a 3 kilobase mRNA species which does not appear to be under nutritional or
developmental regulation.
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Introduction

I. INTRODUCTION
Eukaryotic elongation factor 2 (EF-2) is a single polypeptide chain (Mr 93000

-

110000) which catalyzes the translocation of peptidyl-tRNA from the aminoacyl site to the
peptidyl site of the ribosome,

thus preparing the protein-synthesizing complex for the next

step of polypeptide chain elongation (Skogerson and Moldave, 1968; Tanaka
This iranslocation step is coupled to the ribosome (Taira

nj., 1977).

L. 1972) and to GTP-hydrolysis

(Chuang and Weissbach, 1972). The primary structure of EF-2 from many eukaryotic and
archaebacterial sources including hamster, Drosophila, and Methanococcus vannielii has
been determined by cloning and sequencing full-length cDNA and genomic clones (Kohno l
j., 1986; Nakanishi

j

j., 1989; Lechner

al., 1988; Grinbiat

.,

1988). The sites for

EF-2 interaction with guanosine nucleotides and the ribosome have been located at the Nterminal and C-terminal portions of the protein respectively
Kohno

( Nilsson and Nygard, 1985;

nj., 1986). EF-2 is post-translationally modified by phosphorylation (Ryazanov

1987) and ADP-ribosylation (Honjo

nj., 1968), leading to inhibition of protein synthesis.

EF-2 has been purified from rat liver (Gaiasinski and Moldave, 1969; Takamatsu

ii., 1986)

and a variety of other sources including pig and beef liver, wheat germ, yeast ( Mizumoto
j., 1974; Brown and Bodley, 1979) and human placenta (Giovane l 1., 1987). The Nterminal and C-terminal amino acids of the rat protein have been identified as valine and
leucine, respectively (Comstock

nj., 1977; Takamatsu

nj., 1986). Furthermore, the

sequence of nineteen N-terminal amino acids and of a fifteen amino acid peptide produced by
tryptic digestion of ADP-ribosylated rat and bovine EF-2 have been determined (Takamatsu
j., 1986; Robinson

j., 1974; Brown and Bodley, 1979). The amino acid which is

specifically ADP-ribosylated by diphtheria toxin has been identified as diphthamide, which is
a post-translationally modified histidyl residue (Van Ness

1

J.., 1980; Kohno l

1986).

Introduction

A. BACKGROUND PERSPECTIVE
Most of the early research on protein biosynthesis focused on the cellular components
required for the incorporation of amino acids into proteins in cell-free extracts i vitro. Keller
and Zamecnik (1956) had shown that microsomes, a nondialyzable heat-labile fraction from
the cytosol, an ATP-generating system, and GTP are required for in vitro translation. The
discovery of the carboxyl activation of amino acids, by reaction with ATP, and of tRNA
which accepted the aminoacyl (an-) moiety from the enzyme (aa-tRNA synthetase) to form
the aa-tRNA intermediate in the incorporation of amino acids into protein,
(Davie

nj., 1956; Hoagland

synthetases (Wong

.,

soon followed

1958). Purification of components such as aa-tRNA

nj., 1960), aa-tRNAs (Grossi

j., 1959), and ribosomes

(Fessenden and Moldave, 1961), and the development of strategies for assaying various
intermediates allowed the examination of the role of soluble protein factors in eukaryotic
protein biosynthesis.

-

1. Initiation factors
A ribosomal wash factor capable of forming a ternary complex with Met-tRNA
1 and
GTP in the absence of ribosomes (Levin

nj., 1972) was fractionated into several protein

factors (initiation factors) including elF-i, elF-2, eIF-3, eIF-4, and elF-5, which are
required for the synthesis of globin or methionylpuromycin in cell-free extracts dependent on
globin mRNA (Schreier

j., 1977). As in prokaryotes, the factors were shown to recycle

between ribosomes and supernatant during protein synthesis (Freinstein and Blobel, 1975).
elF-3 contains at least nine major polypeptides ranging in molecular weight from 28,000 to
140,000 (Benne and Hershey, 1976), all of which bind to 40S ribosomal subunits. elF-3 is
responsible for releasing the 40S subunit from 80S ribosome, forming a stable intermediate
complex with the 40S subunit. elF-2, which is functionally equivalent to the prokaryotic IF-

2
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2, forms a ternary complex containing equimolar amounts of factor, Met-tRNA
1 and GTP
which interacts with the 40S•eJF-3 complex to form a stable 40S pre-initiation complex.
Association of the pre-initiation complex with mRNA and the large (60S) ribosomal subunit
is promoted by elF-i, elF-3, eIF-4, and elF-S (Hershey, 1980), and results in the
formation of the 80S initiation complex which is stabilized by the bound mRNA. The process
is accompanied by hydrolysis of GTP, causing the release of the factors. Factor elF-2 has
been purified to homogeneity from rabbit reticulocyte ribosomal washes (Safer L al.., 1975).
It has a molecular weight of 120,000 and is composed of three nonidentical subunits
designated a,

and y. The y-subunit interacts with and promotes binding of Met-tRNA1

to the small ribosomal subunit (Jagus

nj., 1982). The a-subunit (Lloyd

nj., 1980) binds

GTP (Barrieux and Rosenfeld), which facilitates interaction of the ‘y-subunit with Met
tRNAi. Binding of GDP inhibits interaction of eIF-2 and Met-tRNAi. The function of the

-

subunit is unclear, but it appears to be involved in the recycling of e]F-2 and may also react
with guanine nucleotides (Jagus

i., 1982). The mechanisms of formation of eukaryotic and

prokaryotic initiation complexes are virtually identical except for the involvement of more
factors in the former. In addition, bacterial initiation factor 1 (IF-i) enhances the IF-2mediated binding on fMet-tRNA
1 to 30S subunits whereas elF-i (together with elF-3 and
elF-4) promotes mRNA binding to the 40S initiation complex.

2. Elongation factors
Studies with purified aa-tRNA synthetases, aa-tRNAs, and ribosomes provided
evidence that a nondialyzable heat-labile cytosolic protein referred to as
aminoacyliransferase I (Grossi

nj., 1960), a dialyzable component which could only be

replaced by GTP, as well as an activity (aminoacykransferase II) present in microsomes are
also essential for incorporation of amino acids from aa-tRNA into ribosomes (Fessenden and

3
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Moldave, 1961). Fractionation of aminoacyltransferases I and II, now called elongation
factors 1 and 2 (EF-1 and EF-2), from the cytosol was achieved by amnionium sulfate
precipitation (Fessenden and Moldave, 1963), and by gel filtration (Gasior and Moldave,
1965). Both factors have also been purified from rat liver and shown to correspond to the
prokaryotic EF-Tu and EF-G

a.

( Schneir and Moldave, 1968; Galasinsld and Moldave, 1969).

Elongation factor 1
The cytosolic EF-1 exists in the form of aggregates containing different polypeptide

chains, EF-ict, EF-1, and EF-ly of molecular weight 26,000
1976; Kaziro, 1978; van Danime

-

53,000 (Slobin and Moller,

nj., 1990). When EF-1 preparations from yeast (Richter

and Lipmann, 1970) and wheat germ (Bollini ç. nj., 1974) were incubated with GTP and aa
tRNA, as with the prokaryotic factor EF-Tu, a ternary complex was formed in which both
EF- 1 cx (or EFTu) and aa-tRNA were more stable than the corresponding free forms. In
experiments involving multistep incubations in which some of the later additions included
ribosomes, Ibuki and Moldave (1968) showed that the synthesis of the ternary complex
[EF- 1 (x.GTP.aa-tRNA] reflected the formation of an obligatory intermediate between an
tRNA and ribosome-bound aa-tRNA. EF-ict catalyzed this intermediate step and the
subsequent binding of the aa-tRNA to open A sites on ribosomes. This process is
accompanied by GTP hydrolysis and release of GDP-bound EF-lcx. In contrast to EF-Tu,
EF- 1 cx binds GTP somewhat more tightly than GDP. Analysis of the intermediate reactions
of the elongation process revealed that after each round of elongation and GTP hydrolysis,
EF-lcc recycles via a process in which EF-1(3 catalyzes the exchange of bound GDP for GTP
on EF-ict (Iwasaki

j

nj., 1976; Janssen

nj., 1988). EF-1f3 is therefore analogous in

function to the prokaryotic EF-Ts. The function of the ‘y subunit is not clear, but it is
believed to be the kinase moiety of the factor which reversibly phosphorylates EF- 1

4

(Ejiri
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and Honda, 1985). Peptide bond formation between the endogenous peptidyl moiety on the P
site and the incoming amino acid at the A site is catalyzed by a ribosomal activity,
peptidyltransferase, which does not require elongation factor or GTP. The tRNA-bound
amino acid does not participate in peptide bond formation unless a peptidyl-tRNA is present
at the ribosomal P site.

b.

Elongation factor 2
Evidence for the role of EF-2 in translocation was obtained by Skogerson (1968) who

isolated a ribosome•EF-2 complex containing GTP by ultracenirifugation of extracts
containing these components and glutathione. EF-2 stimulates polypeptide chain elongation,
translocation of peptidyl-tRNA (and its corresponding codon) from the puromycin-insensitive
(A-) site to the puromycin-sensitive (P-) site on the ribosome, and ribosome-dependent
GTP hydrolysis. EF-2 forms stoichiometric binary complexes with guanosine nucleotides,
but unlike its prokaryotic counterpart EF-G, the complex with EF-2 is stable, GDP binding
more tightly than GTP (Henriksen

nj., 1975; Mizumoto

factor with ribosomes is strictly dependent on the nucleotide.

nj., 1974). The association of the
The first complete amino acid

sequence of a mammalian EF-2, that of hamster, was determined by cDNA cloning (Kohno
.,

1986). EF-2 (which has also been purified from a variety of eukaryotic sources;

Brown and Bodley, 1979) is a large, acidic protein comprised of a single polypeptide with a
molecular weight of about 100,000.

c.

Elongation factor 3
A third elongation factor EF-3 is uniquely required for j
11 vitro protein synthesis by

yeast ribosomes,

in addition to EF-1 and EF-2 (Skogerson and Engelhardt, 1977). This

factor stimulates EF-1-dependent binding of aa-tRNA to yeast 40S ribosomal subunit;

5
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hydrolysis of purine nucleotide is necessary for the stimulation (Kamath and Chakraburtty,
1989). EF-3 which exhibits ribosome-dependent ATP and GTP hydrolysis, has been
purified from several fungal species and found to consist of a single polypeptide chain with a
molecular weight of 125,000 (Dasmahapatra and Chakraburtty, 1981; Uritani and Miyazalci,
1988).

3. Release factors
Mammalian cells appear to contain only a single release factor (RE) which recognizes
all three termination codons (Tate

j., 1973). RE from rabbit reticulocytes is a dimer

composed of identical subunits of molecular weight 56,000 (Caskey, 1977). The factor
catalyzes the hydrolysis of GTP in a ribosome-dependent reaction stimulated by
tetranucleotides containing the termination codon sequences.

B. PATHWAY OF EUKARYOTIC PROTEIN BIOSYNTHESIS
Eukaryotic protein biosynthesis is divided into three stages: initiation, elongation,
and termination, each involving a distinct set of soluble protein factors called, respectively,
initiation, elongation, and release factors. A schematic representation of the pathway of
protein biosynthesis in eukaryotes as adapted from Hershey (1980) is shown in Figure 1.

1. Initiation
The pathway of assembly of the 80S initiation complex has been studied most
extensively with components purified from rabbit reticulocytes. Two major approaches were
used: (i) intermediates were isolated and identified from crude cell lysates, often following
the addition of an antibiotic that inhibits initiation, (ii) intermediate complexes were

6
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Fig. 1.
Schematic representation of the pathway for eukaryotic protein biosynthesis.
The soluble protein factors involved at each stage are given as elF (eukaryotic initiation
factor) or EF (elongation factor). The reactions in the pathway are explained in the text (see
section l,B). Because of the enormous complexity of the initiation factors, their precise

functional role in the pathway is not yet clear, and possibly more factors are involved (which
are yet to be characterized) than are represented in this scheme (Hershey, 1980). The 40S
pre-initiation complex and the 80S initiation complex are represented as A and B,
respectively. This scheme is an adaptation from Hershey (1980). Some data indicate that
GTP hydrolysis occurs concomitantly with or immediately following proper binding of the
ternary complex to the 40S ribosomal subunits (Odom,
1980).

7
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assembled j vitro from purified components. Prior to the initiation stage, a free molecule of
methionine is activated in the presence of ATP.

The activated methionine is then attached to

tRNA
M
1
et by the specific methionyl-tRNA synthetase, forming Met-tRNA1 (which is
modified by the addition of a formyl group to form N-formylMet-tRNA, in bacteria). The
initiation process begins with the dissociation of the 80S ribosome into subunits by a factor
activity that is poorly characterized in the mammalian system, but which is proposed to be
the multicomponent factor eIF-3 (Thompson

nj., 1977). In a parallel set of reactions, the

cytosolic initiation factor elF-2 forms a ternary complex with the Met-tRNAj and GTP
which combines with the 40S ribosomal subunit (in the presence of eIF-3 and eIF-4C) to
form the 40S (30S in prokaryotes) pre-initiation complex (A, see Figure 1). Following the
binding of the mRNA which is promoted by eIF-4A and e]F-4B, and involves the hydrolysis
of ATP, the large (60S,

50S in prokaryotes) ribosomal subunit associates with the 40S

initiation complex in the presence of eIF-5 and an 80S (60S in prokaryotes) initiation complex
(B, see Figure 1) is formed with concomitant hydrolysis of the GTP (Hershey, 1980) and
release of the initiation factors. The Met-tRNA1 bearing the first amino acid is now bound to
the P-site on the ribosome.

2. Elongation
The elongation process is conveniently divided into three steps: the binding of
aminoacyl-tRNA, peptide bond formation (transpeptidation), and iranslocation (see Figure
1). This process requires two factors, elongation factors 1 and 2 (EF-1 and EF-2), which
are functionally equivalent to the prokaryotic factors EF-TuIEF-Ts and EF-G, respectively.
EF-1 is responsible for binding the aminoacyl-tRNA of the ternary complex EF
1•GTP•aminoacyl-tRNA to the empty A-site on the ribosome, a process accompanied by
hydrolysis of the GTP. Once a peptide bond is formed by transfer of the amino acid or nascent

9
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peptide from its tRNA in the P-site to the a-amino group of the aminoacyl-tRNA in the A
site, EF-2 promotes the translocation of the peptidyl-tRNA (and the corresponding codon)
from the A-site to the P-site (Moldave 1985 and refs therein), i.e. the ribosome moves one
codon down the mRNA chain thereby allowing a new aminoacyl-tRNA to enter the empty Asite. Association of EF-2 with the ribosome during translocation requires GTP and activates
the GTPase centre of EF-2. As a result of GTP hydrolysis, the ribosome-EF-2 complex is
destabilized and the factor leaves the ribosome. A detailed mechanism for EF2-mediated
translocation is discussed elsewhere (Section 1, D) and the scheme for EF-2 and ribosome
cycles is shown in Figure 2.

In vitro studies by Moazed and Noller (1989) on tRNA-ribosome complexes in the
pre- and post-peptidyl transfer stages of the translational cycle revealed a third site, E-site,
(in addition to the A- and P-sites) for tRNA binding to

.

jj ribosome. In their hybrid site

model for the movement of tRNA during translocation, after peptide bond formation, the
deacylated tRNA and the peptidyl-tRNA shift from P to E and A to P sites, respectively.
Both tRNAs first move with respect to the large subunit but maintain their locations on the
small subunit. Finally, the EF-G-catalyzed step moves the anticodon ends of both tRNAs,
together with their associated mRNA, relative to the small subunit. It is possible that this
mechanism also exits in the eukaryotic system.

3. Termination
When the ribosome arrives at a termination codon (UAG, UAA, or UGA) which is
recognized by a release factor RF, hydrolysis of the peptidyl-tRNA on the ribosome by
peptidyltransferase releases the completed polypeptide and the last tRNA, and the two
ribosomal subunits separate. In eukaryotic cells, RF binding to the ribosome requires GTP
which is hydrolyzed when RF is released from the ribosome.
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In addition to the cytosolic machinery described above, an independent translational
machinery is also present in the mitochondria of eukaryolic cells. The mitochondrial
translational apparatus is similar to that of prokaryotes and also uses a 70S class of
ribosome. The protein components (including all ribosomal proteins, aa-tRNA synthetases,
and soluble translational factors) are encoded by nuclear genes, synthesized in the
cytoplasm, and transported into the mitochondrion. The similarities shared by bacterial and
eukaryotic systems in protein synthesis are striking and indicate that many of the
components and the overall mechanism have been highly conserved during evolution.
However, the eukaryotic components differ from bacterial components primarily by being
larger and more numerous, as observed especially for ribosomes and the soluble factors.

C. REGULATION OF EUKARYOTIC PROTEIN BIOSYNTHESIS
A change in the rate of protein synthesis can have effects on a wide range of
processes including those on gene expression, cell physiology and cell proliferation
(Moldave, 1985). Translational regulation in eukaryotes is more complex and less well
characterized than in prokaryotes. Polypeptide initiation was thought to be the rate-limiting
step, so most early research on translational regulation focused on the control of the
initiation process.

1. Control of polypeptide initiation
A summary diagram including the mechanism of eukaryotic peptide initiation is shown
in Figure 1. Control of polypeptide initiation is believed to occur at two levels: Met-tRNA1
binding to 40S subunits, and mRNA binding to the 40S initiation complex. In addition, GDP
has been reported as a potent inhibitor of the Met-tRNAi’eJF-2•GTP complex formation,
and may play a role in regulating initiation through the “energy charge” of the cell (Walton
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and Gill, 1976). Kramer j j. (1977) and Grankowski

i. (1980) showed that reversible

phosphorylation of eIF-2c by eIF-2 kinase systems and a counteracting phosphatase, may
provide a physiologically important mechanism by which Met-tRNA1 binding to 40S subunits
can be reversibly inhibited thereby regulating the rate of protein synthesis. Since this
modification does not inhibit the ability of elF-2 to form ternary complex with Met
tRNA land GTP, it is believed not to be associated with activation/inactivation, but with
perturbation of the recycling mechanism which promotes guanine nucleotide exchange on the
factor (for review see Safer and Jagus, 1981). Also phosphorylation of protein S6 of the 40S
subunit is thought to constitute a separate control system, distinct from the eIF-2 kinase
system, that may also regulate peptide initiation at the level of Met-tRNA1 binding to the
40S subunits (for review see Kramer and Hardesty, 1980).
The results of several studies indicate that a cap structure (7-methylguanosine) at
the 5’-terminus of most mRNAs may play an important role in binding mRNA to 40S subunits
during peptide initiation, by specifically interacting with one or more initiation factors
(Shafritz

j., 1976; Kaempfer j nj., 1978). Phosphorylation of eIF-3 and elF-4 in intact

rabbit reticulocytes (Benne
kinase (Issinger

ii., 1978), probably by a cyclic-AMP-independent protein

j., 1976), and glycosylation of elF-3 have also been reported (ilan and

han, 1976). The role of these modifications in the control of peptide initiation is still unclear.

2. Control of polypeptide elongation
Evidence that the elongation cycle also is subjected to regulation came from results
that the cAMP-dependent activation of protein synthesis was due to dephosphorylation of
EF-2 (Sitikov

nj., 1988). Redpath and Proud (1989) also showed that phosphorylation of

EF-2 inhibits translation of natural mRNA in a cell-free system where initiation, elongation,
and termination take place, suggesting that EF-2 phosphorylation may represent a novel
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mechanism of translational control. Furthermore, studies on transformed human amnion cells
undergoing mitosis also showed that increased phosphorylation of EF-2 may partly explain
the decline in the rate of protein synthesis observed during cell division (Cells

ni., 1990).

EF-2 kinase, which phosphorylates threonyl residues in EF-2 and effectively inhibits
translational elongation j vitro (Ryazanov
mammalian cells (Palfrey 1983; Nairn

nj., 1988a,b), has been purified from

nj., 1985) and its j yjy activity was shown to

depend upon growth factors and other agents affecting the level of Ca+ and cAMP (Nairn 1
nj., 1987a). The kinase shows strong substrate specificity for EF-2 (Nairn t al., 1985),
whereas other known protein kinases are unable to phosphorylate EF-2 to a significant
extent. Phosphorylation of EF-2 interfered with ribosome•EF-2 complex formation by
reducing the affinity of EF-2 for the ribosome (Carlberg

nj., 1990). Thus, the inability of

phosphorylated EF-2 to promote translocation of peptidyl-tRNA from the ribosomal A-site
to the P-site may result from the reduced affmity for the ribosome.
EF- 1 a is also modified by methylation on lysyl residues and by phosphorylation
(Fonzi

nj., 1985). The degree of methylation alters the activity of the factor(Merrick 1

1990). A direct role for a kinase activity in altering the interaction of EF-la with the
ribosome has been suggested by Davydova

a],. (1984), and supplies another example of a

regulatory role for elongation in translation. EF-13 is also modified by phosphorylation at a
specific seryl residue. Modification of either the guanine nucleotide binding subunit, EF-Ict,
or the actual guanine nucleotide exchange subunit, EF-1 (by EF-ly), could affect the rate
of formation of ternary complex EF-1ccGTP•aminoacyl-tRNA (Janssen 1 gi., 1988).
Cavaffius

al. (1986) have shown that the activity and amounts of EF-la undergo cell

cycle- and age-related changes in normal human fibroblasts and in SV4O-transformed cells
derived from them. The two genes encoding the Drosophila homologs of EF-la are
regulated, at least at the level of transcription, in a sex-specific and developmental stage-
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specific manner (Hovemann

1988; Walldorfj., 1985).

3. Effect of insulin on protein synthesis
Insulin has been reported to increase protein synthesis exclusively by enhancing
initiation (Monier and LeMarchand-Brustel, 1982) through a stimulation of the
phosphorylation of ribosomal protein S6 (Smith
dephosphorylation of eIF-2x (Towle

ni., 1980; Thomas

ii., 1982), and the

flj., 1984). Phosphorylation of S6 may enhance

recruitment of ribosomes containing the modified protein into translationally active polysomes
(Thomas

nj., 1982), whereas dephosphorylation of phospho-elF-2a is necessary to allow

it to recycle and form another initiation complex (Panniers and Henshaw, 1983). Insulin has
also been shown to induce rapidly the synthesis of EF-2 predominantly or exclusively at the
level of mRNA translation (Levenson

nj., 1989).

4. Other factors affecting protein synthesis
A number of stimuli can increase the rate of protein synthesis apparently through
increases in the elongation rate of nascent peptide chains. These stimuli include heat shock
(Theodorakis

j., 1988; Baffinger and Pardue, 1983) or treatment with estrogen and

progesterone (Palmiter, 1972; Gehrke

ii., 1981), and serum (Nielsen and McConkey,

1980). For example, after withdrawal of serum from the medium of actively dividing
vertebrate cells, the rate of elongation declines rapidly (Nielsen and McConkey, 1980) and
alterations in elongation rate have been found after heat shock of Drosophila cells (Ballinger
and Pardue, 1983). This decline in the rate of peptide chain elongation is associated with a
sharp reduction of intrinsic activity of EF-1 (Fischer

nj., 1980; Hassell and Engelhardt,

1976). Regulation of protein synthesis at the level of elongation has also been demonstrated
during phorbol ester treatment (Gschwendt
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and Thomas, 1986), transformation (Nielsen and McConkey, 1980), and ageing (Webster,
1985; Cavallius

nj., 1986). However, the changes in the amounts and activities of various

elongation factors which may be involved in this regulation are yet unknown. Recently, Riis
t a!. (1990) observed an irreversible decrease in the amount of EF-2 that could be ADP
nbosylated in aged and SV4O-transformed human cell cultures, which could account for the
slowing-down of protein synthesis during cell cycle arrest and during cellular ageing in
culture.

D. MECHANISM OF EF-2 MEDIATED TRANSLOCATION

EF-2 promotes the translocation of peptidyl-tRNA from the A site to the P site on the
ribosome (Moldave, 1985). A schematic illustration (adapted from Carlberg t L, 1990) of
the EF-2 and ribosome cycles during the translocation process is given in Figure 2.
Association of the factor with the pre-translocation ribosome requires GTP (Nygard and
Nilsson, 1984). After binding, the pre-translocation ribosome is converted to a post
translocation form (Moldave, 1985). This transition activates the GTPase centre of EF-2
and the factor-bound GTP is hydrolyzed to GDP and inorganic phosphate (Nygard and
Nilsson, 1989), leading to a reduced affinity of the factor for the ribosome (Nygard and
Nilsson, 1985). As a result, the factor leaves the ribosome, thereby allowing a new aa
tRNA to enter the empty A site (Moldave, 1985). The rate of GTP hydrolysis is dependent
on the rates of the EF-2 and ribosome cycles. The two cycles have multiple reactions in
common, i.e. association of the EF-2.GTP complex with the ribosome, conversion of the
complex to a GTPase active form, hydrolysis of GTP and release of the EF-2’GDP complex
from the nbosome (Nygard and Nilsson, 1989). The role of GTP can be described as that of
an allosteric effector which alters protein tertiary structure (Kaziro, 1978) to expose the
ribosome-binding site
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E. POST-TRANSLATIONAL MODIFICATION OF EF-2

EF-2 is known to undergo two types of post-translational modification which result in
inhibition of translational elongation.

1. Phosphorylation of EF-2
EF-2 is phosphorylated by a calcium 2
+/calmodulin-dependent protein kinase ifi
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Pre-translocated
ribosome

EF-2•GT
GDP
Ribosome cycle

EF-2 cycle

A

Pi<—

I
Post-translocated
ribosome

GTP

EF-2•GDP

Fig.2. Schematic illustration of the EF-2 and ribosome cycles during the translocation
process.
This model for the association of EF-2 with the ribosome and GTP during the translocation
process is an adaptation from Carlberg
(1990). Protein synthesis could be inhibited due
to a malfunction of the modified factor in any of the partial reactions of the EF-2 cycle, i.e.
ribosomal binding of the factor, GTP hydrolysis, factor release from the ribosome and
guanine nucleotide exchange.
.
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(Ryazanov 1987) and has been reported as the major substrate for the kinase
vitro (Naim

i., 1987b; Kigoshi

in, yjyn and in

nj., 1989). After phosphorylation, EF-2 is completely

inactive as a translocase due to reduced affinity for the ribosome; translation is inhibited, but
EF-2 is still able to hydrolyze GTP (Carlberg

n,., 1990). Dephosphorylation of EF-2 by

phosphatase restores its activity (Ryazanov i L, 1988a).

2. ADP-ribosylation of EF-2

a.

Effect of ADP-ribosylation
Diphtheria toxin causes the post-translational modification of EF-2 by ADP

ribosylation,

resulting in the inactivation of its iranslocase activity. ADP- ribosylation was

shown by Nygard and Nilsson (1985) to decrease the affinity of EF-2 for ribosomes

in, vitro

leading to an inhibition of protein synthesis (Coffier and Pappenheimer, 1964; Nilsson and
Nygard, 1985). This modification also inhibits the GTPase (Raeburn
GTP-binding function of EF-2 (Pappenheimer 1977; Sperti

j., 1968) but not the

j., 1971). Conversely, binding

of GTP was shown to inhibit ADP—ribosylation of EF-2 (Sperti

1971; Montanaro 1

1971). The protective effect of GTP is related to a conformational change in EF-2 upon
nucleotide binding (Nilsson and Nygard, 1985).

b.

The diphthamide target for ADP-ribosylation
The EF-2 target for this modification is a unique amino acid, 2-[3-carboxylamido-3-

(trimethylammonio) propyl]histidine, designated diphthamide, which itself is generated via a
series of elaborate post-translational modifications of a histidyl residue (Van Ness 1 L,
1980; Dunlop and Bodley, 1983). Diphthamide has not been found in any other eukaryotic
protein examined (Collier, 1975; Pappenheimer, 1977); on the other hand, EF-2 from a wide
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variety of eukaryotes, ranging from mammals to yeast (Van Ness 1 nL,1978), and
archaebacteria (Kessel and Klink 1980; Pappenheimer

j.,1983) contains a single residue

of this unique amino acid and is irreversibly modified by diphtheria toxin in vitro. The
physiological role of diphthamide is unknown, but the diphthamide forming enzymes appear
to recognize a specific sequence and / or secondary structure in EF-2.

c.

EF-2 ADP-ribosylating enzymes

ADP-ribosylation of EF-2 at the diphthamide residue is catalyzed by fragment A of
diphtheria toxin (DT, Honjo

nj., 1968), P. aeruginosa exotoxin A (PA, Iglewski and

Kabat 1975) or by intracellular ADP-ribosykransferase (Fendrick and Iglewski 1989;
Marzouki

nj., 1989). These enzymes transfer the ADP-ribose moiety of NAD to the N-i

nitrogen of the imidazole ring of the diphthamide residue in EF-2. Diphthamide is essential
for ADP-ribosylation of EF-2 by these toxins. DT and PA, which inhibit the translocase
function of eukaryotic and archaebacterial EF-2’s through this covalent modification, do not
appear to modify any other eukaryotic or prokaryotic protein (Coffier, 1975; Pappenheimer,
1977). The presence of a single molecule of fragment A of DT in the cytosol is sufficient to
kill a cell (Yamaizumi

.,

1978). DT and PA have the same activity as NAD:EF-2-ADP-

ribose transferase, but the sensitivities of different animal species to the two toxins differ
greatly. Humans, monkeys, and hamsters are sensitive to DT, whereas mice and rats are
not,

but are very sensitive to PA. EF-2 prepared from all of these species can be ADP

ribosylated by PA or fragment A of DT in the presence of NkD in a cell-free system (Kohno
and Uchida, 1987).

Several mono-ADP-ribosylating toxins, including DT and PA, carry a

histidyl residue within the amino acid sequence that is conserved in spacing and location with
respect to other critical residues. Histidine-426 of PA exotoxin A has been shown to be
essential for the toxin’s ADP-ribosykransferase activity (Wozniak i J.., 1988). This
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residue is not associated with the proposed NAD+ binding site.

F. STRUCTURE-FUNCTION RELATIONSHIPS
The approaches used to examine the relationships between structure and function of
EF-2 include: (i) purification of EF-2 and analysis of its properties (Comstock
Mizumoto

nj., 1974; Merrick

J.., 1977;

ni., 1975; Robinson ç. nj., 1974), (ii) comparison of

deduced primary structures of cloned cDNAs, (iii) isolation and characterization of DT- and
PA-resistant cells containing EF-2 that could not be modified by ADP-ribosylation
(Moehring and Moebring, 1977; Gupta and Siminovitch, 1978). Comparisons of the amino
acid sequence of EF-2 from several species reveal a high degree of conservation at the amino
acid and nucleotide levels, suggesting important functions that need to be preserved. The
primary structure of EF-2 from various species also reveals the structural and functional
importance of certain evolutionarily conserved regions. EF-2s from phylogenetically distant
organisms such as yeast, rat and wheat germ have common structural features, notably in
the nonapeptide target for ADP-ribosylation by DT (Brown and Bodley, 1979) which
accounts for the recognition of the proteins by the toxin. Studies have also confirmed the
association of EF-2 with the ribosome and GTP during the elongation process (Nilsson and
Nygard, 1985).

The factor has a third functional domain, the catalytic centre responsible for

GTP hydrolysis (Nilsson and Nygard, 1989). By affinity labeling with GTP analogues and/or
radioactive NAD+ in the presence of diphtheria toxin, followed by limited proteolysis of EF
2, Nilsson and Nygard (1985) showed that ADP-ribosylation decreases the affinity of EF-2
for ribosomes, and located the GTP-cleaving centre and the site of ADP-ribosylation in 48
kDa and 34 kDa tryptic fragments, respectively. The binding site for GTP is separated from
the ADP-ribosylation site by a polypeptide sequence of 40

-

60 kDa. The three domains are

interdependent since (a) GTP binding is strictly required for the association of the factor with
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the ribosome, and (b) this interaction induces the GTP hydrolysis (Nilsson and Nygard
1984; Chuang and Weissbach 1972; Taira

1., 1972).

1. Conservation of EF-2 structure
The function of EF-2 includes the binding and hydrolysis of GTP, binding of peptidyl
tRNA, and recognition of and interaction with the 80S ribosome. The multifunctional nature
of EF-2 presumably leaves little room for evolutionary divergence of the protein structure.
The eukaryotic cytoplasmic EF-2s isolated to date (Comstock
1974; Merrick

j., 1975; Robinson

i., 1977; Mizumoto l L,

nj., 1974) show a high degree of homology which is

reflected in their physical properties such as p1(6.6

-

6.8, Takamatsu

nj., 1986) and

molecular weight. Their close relationship also becomes evident by comparing the deduced
primary structure of various recently cloned and sequenced cDNAs. For example, hamster
and Drosophila EF-2 share greater than 80% overall amino acid sequence identity (Grinbiat
nj., 1989), and the nucleotide sequences of hamster and rat share 89.7% homology with
only two amino acid replacements (Oleinikov

nj., 1989). The overall protein sequences for

EF-2 of human and hamster, and human and rat differ in only 8 positions; only one amino
acid difference is found in the GTP-binding region, and none in the 15 amino acid residue
peptide which contains the histidyl residue that could be ADP-ribosylated. The sequence
similarity of the DNA coding regions for hamster and human EF-2 is 87%, and for rat and
human EF-2 is 88% (Rapp

nj., 1989). Hamster and 12. discoideum EF-2 have 61.3%

identity and 87.4% similarity overall. The corresponding protein in archaebacteria
(Methanococcus and Halobacteruim) displays 42%

-

45% overall sequence similarity to

eukaryotic EF-2 and 35% sequence similarity to the eubacterial EF-G; sequence similarity
between the two archaebacterial proteins is 62% (Lechner

j., 1988; Itoh, 1989). This

striking degree of primary structural conservation of EF-2 in organisms which have been

21

Introduction

evolving independently for

1 billion years (Dayhoff, 1978), suggests an ancient origin and a

vital function for the protein, consistent with its role in the translational apparatus. The low
degree of similarity between the two archaebacterial EF-2s is thought to be possibly due to
the high salt environment present in Halobacteria however, the N-terminal region involved
in GTP binding is highly conserved (68
(42

-

-

82%) compared with regions in the C-terminal half

56%) associated with the ribosome (Itoh, 1989).

2. Homology with GTP-binding proteins
EF-2 was long known to be a guanine nucleotide-binding protein (Henriksen 1
1975). It is suggested that a GTP-induced conformational change is a prerequisite for the
ribosome-factor interaction and thereby for the hydrolysis of GTP. Thus the translocation of
peptidyl-tRNA is coupled to a ribosome and to EF-2-dependent GTP-hydrolysis (Chuang
and Weissbach, 1972; Taira

1972). The polypeptide domains involved in this binding

.,

have only recently been identified. By in vitro and in yjyQ studies, bacterial elongation
factors (Arai

1984; McGrath

nj., 1984) and mammalian ras proteins (Seeburg t

1980; Zengel

.,

nj., 1984) have been shown to share similarities of sequence and of GTP

binding and GTPase activities (Halliday, 1984). On the basis of primary sequence
comparisons, Kohno ç j. (1986) identified six highly similar regions corresponding to about
160 amino acids in the N-terminal third of the hamster EF-2, which are shared between
these proteins and the bacterial initiation factor 2 alpha (Sacerdot
transducin (Tanabe

j., 1984), bovine

nj., 1985), and yeast elongation factor 1 alpha (Nagata 1 L, 1984).

Five of these regions, termed G1

-

G5, have since been shown to be conserved in all

elongation factor sequences so far examined. Among all of the GTP-binding proteins
compared, the most conserved sequence (Asn-Lys-Xaa-Asp) is in the G5 region. These
amino acids are considered to play important roles in GTP and GDP binding. By
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photoaffinity-labeling and X-ray crystallographic studies, Girshovich
Cour

j. (1979) and la

j. (1986) have also shown that while all five domains in EF-Tu are involved in the

binding of guanine nucleotides, the Gi domain may be more important for GTP-hydrolysis.
Guanosine nucleotide-binding proteins are often involved in regulatory reactions.
They are believed to constitute a distinct class of proteins, because of (i) their ability to be
ADP-ribosylated, (ii) the conformational alterations induced by the nucleotide binding and
(iii) the similarities in subunit composition (cf. Hughes, 1983). EF-2 differs from other GTP
binding proteins in being composed of a single polypeptide chain. However, the proteolytic
pattern of EF-2 and the stability of its trypsin- and chymotrypsin-derived polypeptides
indicate the existence of a pseudo-subunit structure (Nilsson and Nygard 1985).

3. Homology with bacterial elongation factor EF-G
By comparisàn of the deduced amino acid sequence of hamster EF-2 and the
functional homolog EF-G, Kohno

.

ii

j. (1986) reported sequence segments with 34 75%
-

similarity between these proteins. Grinbiat

i. (1989) have shown that whereas segment

El is common to several elongation factors, segments E2 E4 are highly conserved between
-

hamster and Drosophila EF-2, suggesting a general role for the region that includes segment
El, and a more specific role for the region containing E2 E4. Kohno
-

(1986) suggested

that El, which is located in the GTP-binding region, might interact with peptidyl-tRNA
and/or ribosomes rather than guanine nucleotides. In general, El

-

E4 may be involved in

direct ribosome-binding as well as modulation of affinity of EF-2 for the ribosome (Nilsson
and Nygard, 1985; Kohno., 1986).

4. The modifiable histidyl region
ADP- ribosylation by diphtheria toxin was shown to decrease the affinity of EF-2 for
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ribosomes in vitro,

(Nygard and Nilsson, 1985), suggesting that the site of ADP

ribosylation is located in the ribosome-binding domain. The specificity of DT and PA for EF
2 suggests that all EF-2s contain a functionally essential structural feature which is
recognized by the toxins and is absent from all other proteins. Sequence analysis of the
trypsin-derived 15 amino acid ADP-ribosyl peptide of rat liver (Robinson
(Van Ness

nj., 1974), yeast

nj., 1978), beef liver and wheat germ (Brown and Bodley, 1979), identified the

site of ADP-ribosylation as diphthamide (Van Ness i J.., 1980). That the diphthamide
residue results from modification of histidine has been confirmed from deduced amino acid
sequences of EF-2 from a variety of eukaryotic and archaebacterial sources (Kohno 1 L,
1986; Grinblat

L, 1989; Gehrmann

ni., 1985). Since only a single histidyl residue is

modified within the EF-2 sequence, one can infer that the diphthamide forming enzymes
must display a stringent sequence and / or secondary structure specificity. The amino acid
sequences near this histidyl residue are conserved in all 4 peptides (Brown and Bodley,
1979), and in all eukaryotic and archaebacterial EF-2s so far examined, and thus seem
important both for the function of EF-2 and for the recognition of EF-2 by the toxins. Since
EF-G is not ADP-ribosylatable by DT, this region and the target histidyl residue (His-715
in the hamster sequence) are not conserved in eubacterial EF-G (Kohno

a.

ul... 1986).

Non-ADP-ribosylatable EF-2 mutants
Kohno

j. (1985) and Kaneda

j. (1984) determined that DT-resistant and co

dominant CHO, human and hamster mutant cell lines contain non-ADP-ribosylatable EF-2
which is cross-resistant to PA. Sequence analysis of eDNA clones encoding EF-2 from
mutant hamster cells revealed a single point mutation which replaced Gly-717 in the wildtype EF-2 eDNA by arginine, and which conferred resistance to DT and PA in transient and
long-term expression assays (Kohno and Uchida, 1987). The mutation was found to be co
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dominant. Four independently isolated cell lines, generated by a one-step EMS
mutagenesis contained the same mutation which was found in one allele of the EF-2 gene.
One cell line (KE1) maintained about 50% of the normal level of cellular protein synthesis in
the presence of DT or PA and contained equivalent amounts of ADP-ribosylatable and non
ribosylatable EF-2 molecules (Kohno

nj., 1985). It is not clear how this mutation confers

resistance to ADP-ribosylation by DT and PA. It is possible that the substitution blocks the
interaction of EF-2 with the toxins and/or prevents modification of the histidyl residue to
diphthamide, thus indirectly blocking ADP-ribosylation.
By two-step mutation of hamster cells with EMS Kohno and Uchida (1987) also
isolated a mutant cell line KEEl which showed full resistance to DT and PA and produced
only non-ribosylatable EF-2. The first EMS treatment introduced a single point mutation in
codon 717 in one allele and the second treatment produced a point mutation in the other allele
of KEEl cells resulting in the substitution of leucine for Pro-207. Transient expression
assays in mouse L cells using the Pro-207 mutant showed loss of the native translocase
activity of EF-2. This result indicated that EF-2 synthesized by only one allele may be
sufficient for normal protein synthesis without causing retardation of cell growth, since KEEl
cells grew normally with or without toxin. No mutation of the histidyl residue was isolated
(Kohno and Uchida, 1987), suggesting that this histidine in EF-2 is essential for recognition
of the appropriate ribosomal site for translocation during the elongation step. EF-2 with a
substitution at this residue might be non-functional even if not recognized by toxins.

G. EF-2 GENE ORGANIZATION
To date, only two eukaryotic EF-2 genes have been characterized based on genomic
clones: the hamster and Drosophila EF-2 genes. The entire hamster EF-2 gene is 5.7 kb in
length and has thirteen exons separated by introns of 90
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third introns which are about 1 kb and 400 bases long, respectively (Nakanishi t nj., 1988).
The Drosophila EF-2 gene is about 5 kb and includes four exons which are separated by
introns of about 100

-

900 bases (Grinbiat

nj., 1989). The organization of the EF-2 gene is

thought to reflect EF-2 function and its contribution to the efficiency of the translational
process (Nakanishi

nj., 1988). In both genes, the first exon is short (84 bases in the

hamster and 75 bases in Drosophila) and largely untranslated, containing only the initiator
methionine codon. The second exon of the Drosophila gene encodes all of the GTP-binding
homologies as well as the conserved El region, while exons 3 and 4 encode the EF-2/EFG-specific homologies E2 and E3-E4, respectively. The second intron is located within the
poorly conserved segment between amino acids 240 and 274. In the hamster gene, the
proposed GTP-binding domains are not interrupted by any of the 12 introns. Each exon
appears to correspond to a functional domain of EF-2.

1. Copy number of EF-2 genes
Although multiple copies of the gene encoding EF-lcc have been reported for a number
of eukaryotes (Linz

nj., 1986; Hovemann

nj., 1988), the EF-2 gene from eukaryotic

sources is present in a single copy per haploid genome as determined by genomic Southern
blot analysis, or in the case of Drosophila, by

in iii hybridization to polytene

chromosomes and analysis of multiple genomic clones (Kohno and Uchida, 1987; Grinbiat
nj., 1989; Toda

flj., 1989).

However, Koide

j. (1990) reported that mouse cells

contain about 70 copies of amplified EF-2-related sequences or processed pseudogenes,
called MERs, per haploid genome, in addition to a single copy of the EF-2 gene.

2. Chromosomal localization of EF-2 genes
As in eubacteria (Nomura

nj., 1984), the gene encoding the Methanococcus
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vannielii EF-2 is closely linked to (i.e., precedes) that coding for EF4cx (Lechner 1
1988). Also, the Halobacterium halobium EF-2 gene lies downstream from those of
ribosomal proteins H-S 12 and H-S7 (Itoh, 1989). This is analogous to the

operon of

.

jj, in which genes are linked in the order S12-S7-EFG-EFTu (Lindahi and Zengel, 1986).
The Drosophila EF-2 gene is found at position 39E-F at the base of the 2L chromosomal arm
(Grinblat

nj., 1989). Deletions in this location produced a Minute phenotype (which is

characterized by slower growth rate and a smaller adult body size) as a result of a dominant
action of many recessive lethal mutations at about 50 loci thmughout the genome. This
phenotype is consistent with the predicted consequences of loss of an essential component of
the translational machinery. One Minute locus has been identified as a gene encoding a
ribosomal protein (Kongsuwan

j..,1985), and a number of others are believed to encode

ribosomal components (Kay and Jacobs-Lorena, 1987).

3. Promoter activity
EF-2 belongs to the family of housekeeping genes whose function is present across
the entire evolutionary spectrum. By deletion mapping,

Nakanishi

j. (1988) showed that

the region from positions -31 to -92 may be the most effective element of the hamster EF-2
gene promoter. This region with very high (79%) G+C content, contains many GC repeats
fitting the consensus for the GC box (Melton

j., 1986), and a CACCC-like sequence

which is repeated several times in this region and at position -170. CACCC is known to be a
regulatory sequence of housekeeping genes (Lawn
other genes (Nonaka ç• nj., 1986; McDonald

1., 1980), and is also observed in

nj., 1986). The promoter of the EF-2 gene

may be highly active because of the large number of such repeats. A functional TATA box
and a cAMP-responsive element, TGACGTCA (Montiminy
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here is not known, are found at positions -30 and -10, respectively.
The EF-ict gene,

also a housekeeping gene,

expresses one of the most abundant

proteins in eukaryotic cells (Slobin, 1980). Hovemann

j. (1988) studied the Drosophila

genes Fl and F2 encoding EF-ict and found sequences with strong homology to the general
promoter enhancer motif, the HOMOL box (Huet ç j. 1985). This motif has been identified
in front of the EF-lcz gene and several ribosomal protein genes in the yeast Saccharomvces
cerevisiae, but is not found in the hamster EF-2 gene promoter.
The content of EF-2 mRNA is high (about 0.1% of the total mRNA) in growing
mammalian cultured cells, and it is used at each step of addition of an amino acid to the
growing polypeptide chain (Nakanishi

nj., 1988).

H. TRANSLATION FACTOR-LIKE PROTEINS

1. IFEMC

An elF-3-like factor referred to as IFEMC is required specifically in addition to elF-3
for translation of RNA of encephalomyocarditis (EMC) virus. This factor was purified to
homogeneity from ascites cell supematant and has a molecular weight of -53,000 (Wigle and
Smith, 1973). A similar factor from a reticulocyte ribosomal wash reportedly stimulates the.
translation of a-globin but not -g1obin niRNA (Nudel

L. 1970).

2. LC/p43

Partial sequence analysis of tryptic peptides (including one containing a GTP-binding
domain) of a tumor-related 43 kDa cytoplasmic protein (antigen) LC/p43 isolated from human
hepatoma cell lines revealed that this protein shares 50 70% homology to different domains
-

of EF-lcc and EF-Tu (Koch

j., 1990). The function of LCIp43 is not known, but this
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antigen is almost always found in tumor cells (but not normal adult tissues), indicative of an
important physiological role. Although LC/p43 differs in size from EF-1(x (53 kDa), the
shared homology of these proteins may imply similar biochemical properties.

3. Cyclophilm

Cyclophilin is a specific, high-affinity binding protein for the immunosuppressant
cyclosporin A (Handschumacher

1.,1984). A ten amino acid domain at the N-terminus of

bovine cyclophilin and hamster EF-2 share 50% similarity. Another domain, from amino acid
115-157 in the former, which contains the putative binding site for cyclosporin A (Dalgarno
.,

1986) shares 50% similarity with residues 3 12-356 of hamster EF-2. Both proteins

contain the sequence Glx-Xaa-Gly-Xaa-Xaa-Gly, which is characteristic of nucleotide
binding proteins (Wierenga and Hol, 1983). These sequence similarities indicate that
cyclophilin may be a nucleotide binding protein and that it may play a role in protein
biosynthesis (Gschwend

ill., 1988). In this context it is intriguing that cyclosporin A is an

effective inhibitor of phorbol ester-induced protein synthesis (Gschwend i L, 1988).

4. Beta integrin chain
The Drosophila EF-2 gene was cloned by virtue of its weak cross-hybridization with
the myospheroid gene which encodes a Drosophila beta integrin chain (Grinblat 1 L, 1989),
Drosophila EF-2 is recognized by monoclonal antibodies directed against beta integrin,
suggesting that both proteins (which are functionally unrelated) share an epitope. Drosophila
integrin is a cell surface protein implicated in cell-exiracellular matrix interactions. The
identity of the shared epitope is not obvious from sequence comparisons (Grinbiat t
1989); the longest contiguous match between Drosophila EF-2 and beta integrin, which is
also conserved in hamster EF-2, is a pentapeptide, FDAIM, located at position 301 in the
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hamster sequence (Figure 11). Oligopeptides of comparable sizes have been shown to
confer antigenic specificity (Geysen

nj., 1988). Thus, the shared epitope may be

assembled from non-contiguous sequences upon protein folding.

I. CAENORHABDITIS ELEGANS AS A MODEL SYSTEM
Caenorhabditis elegans, a member of the family Rhabditidae, is a small free-living
nematode which feeds primarily on bacteria. Adult nematodes are found as males or
hermaphrodites of 1 mm in length with a life cycle of about 3.5 days when grown on .

li at

20°C. After fertilization, the eggs are laid at about the 30-cell stage (gastrulation). Each
hermaphrodite produces 200

-

300 progeny. Following embryogenesis, a juvenile containing

about 550 cells hatches from the egg and develops through four larval stages, Li

-

I-A,

before reaching the adult stage. Many cell divisions occur during the larval period, the
somatic cell number increasing to 959 in the adult hermaphrodite and 1031 in the adult male.
The first larval stage contains only two germ line cells while the adult contains 1000 2000
-

germ line nuclei. L2 stage larvae can develop into a resistant stage known as dauer larvae
under adverse environmental conditions such as starvation (Cassasa and Russell, 1975). In
this state, the nematode is resistant to starvation, desiccation, and harmful chemicals such
as detergents, but resumes normal development when nutrients become available.
1. elegans is a simple organism both anatomically and genetically and is easily
maintained in the laboratory. Individual animals are easily manipulated and large numbers
can be grown routinely in mass culture. The animals are transparent throughout the life cycle,
which has allowed the complete cell lineage to be elucidated (Sulston t L, 1983). Its small
size has allowed a complete anatomical description of the animal and of the wiring of its
nervous system at the electron microscope level (White

nj., 1986). Homologous

transformation by microinjection has recently been developed, allowing the study of £.
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e1eans gene expression in an appropriate context (Fire, 1986).

J. CAENORHABDITIS ELEGANS GENOME MAP

1. elegans, with only six haploid chromosomes (five autosomal and one sex
chromosome), is ideally suited to genetic and molecular biological analyses. The haploid
genome size is 108 bp, approximately eight times that of the yeast £. cerevisiae or half that
of Drosophila (Wood, 1988) and about 80% of the . elegans genome is composed of single
copy sequences.

1. Genetic map
elegans has a well characterized transposon, Tel, which is useful for transposon
tagging mutagenesis and cloning (Moerman

IL., 1986). In addition, mutants are readily

obtained following chemical mutagenesis or exposure to ionizing radiation, and the sexual
system of self-fertilization makes it easy to isolate recessive mutations on all chromosomes.
To date, thousands of mutations have been mapped to about 500 genes. Many include genes
which affect behavior and morphology. Brenner (1974) estimated the total number of
essential genes in . elegans to be approximately 2000 based on the frequency of induced
visible mutations and X chromosome lethals. Clark

j. (1988) have revised this number to

approximately 3500. By complementation, deletion, and recombination techniques, many of
these genes have been genetically mapped to the six linkage groups. A strong tendency for
the clustering of genes has been reported (Brenner, 1974).

2. Physical map
The simplicity of the nematode genome has sparked a cooperative effort to physically
map the entire £. elegans genome. The map initially consisted of a collection of overlapping
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cosmid clones which were ordered using a fingerprinting technique (Coulson 1 .L, 1986). A
group of overlapping cosmid clones (known as a contig) can be mapped to a chromosome by
hybridization (Albertson, 1985). Recent improvements in physical mapping make use
of large segments of DNA cloned in yeast artificial chromosome (YAC) vectors (Coulson l
j., 1988). By reciprocal hybridization of YACs and cosmids, cosmid contigs can be linked
together and gaps in the map filled. At the time of writing, nearly 85% of the genome had
been categorized into about 102 segments (contigs) with an average size of 550 kb, and
some greater than 850 kb. It is now a relatively straightforward procedure for a researcher to
locate most DNA sequences on the genome map. The physical map now provides an
accurate representation of distances between genes, which was only approximated by
classical genetic mapping. By assigning genetically mapped fragments to the physical map,
85 x 106 bp of DNA is now aligned with the genetic map. The genome map has been
essential in the recently initiated project to sequence the entire genome (Roberts, 1990).

3. Localization of ubg-1
Graham

j. (1989) cloned and characterized the major polyubiquitin gene ubiA of £.

eleans. Employing a ubiA gene clone ?Ub1, Suiston and coworkers isolated overlapping
cosmids (i.e. a contig) containing ubiA (subsequently named ubq-1) as part of their £.
elegans genome mapping project (3. Suiston, personal communication). One of these
cosmids (C16A7) was used as a probe for

in

hybridization to

£. elegans chromosomes

by D. Albertson (Medical Research Council Laboratory of Molecular Biology, Cambridge,
England). Using these procedures, ubq-1 was mapped to the middle of chromosome ifi,
between the genetic markers ceh-10 and col-8, both of which had also been physically
mapped (Edgley and Riddle, personal communication). A representation of the physical map
of the ubq-1 region is shown in Figure 3, p. 56.
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K. THE PRESENT STUDY
A great deal of progress has been made since 1986 when the initial experiments to
physically map the

.

elegans genome were reported, i.e. the contig number and average size

have gone from 899 contigs and 58 kb to 102 contigs and 550 kb, and about 85 million bp of
DNA has been aligned with the genetic map.

However,

gaps still exist between the 102

clusters (contigs) mapped to date. Within contigs, many regions, including those around the
ubq- 1 locus (see Figure 3) remain genetically undefined. For example,

given that the six

haploid chromosomes are roughly of equal size (Wood, 1988), one chromosome (arbitrarily
divided into 100 units) contains —17 x 106 bp of DNA. Thus each unit on the scale of Figure 3
will contain —170 kb of DNA. This means that between the genetic markers ceh-10 and
ubq-1. and ubq-1 and col-8 (see Figure 3) are regions containing —170 kb and —9 00 kb of
DNA, respectively, which are yet to be defined genetically. The analysis of such regions by
classical methods, e.g. the mapping of visible and lethal mutations, would require a great
deal of effort, and would not yield the identities of the genes thus mapped. Furthermore,
members of multi-gene families with similar or identical functions, or those yielding e.g.
dominant lethal phenotypes, would be missed by such an analysis. The most straightforward
and informative approach, given the availability of the cloned DNA, is to physically map and
sequence such regions, and identify corresponding transcripts.
The present investigation was undertaken in order to (i) create a fmer physical
(restriction) map of the region around ubq-l, (ii) defme genes and transcripts using
molecular techniques, and (iii) further characterize selected genes in the region.
The discovery (in the region around ubq-1) of a gene eft-1 predicting a polypeptide
with features identical to eukaryotic elongation factor 2 (EF-2) prompted a search for the
authentic gene eft-2 encoding

.

elegans EF-2.
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II.

EXPERIMENTAL PROCEDURES

A. MAINTENA]’JCE OF COSMID CLONES
The overlapping cosmid clones ZK48 (which contains ubq-1), C16A7, ZK331,
C41E1 1 and TO1D1O were obtained in

.

jj HB1O1 cells (see Appendix B) suspended in 2

x YT (YT= 0.8% tryptone, 0.5% yeast extract, 0.5% NaC1 pH 7) medium containing
kanamycin (30 j.tg/ml, for the lorist-based cosmids ZK48, ZK331 and TOlD 10) or ampicillin
(75 j.ig/ml, for the pJE8 cosmids C16A7 and C41E1 1), from J. Sulston (MRC Cambridge) and
stored frozen at -70°C in 20% glycerol.

1. Cosmid DNA preparation
A single cosmid colony was used to grow a 3 ml culture in LB (1% tryptone, 0.5%
yeast extract, 0.5% NaC1 pH 7.5) medium containing the appropriate antibiotic. Cosmid DNA
was prepared essentially by the alkaline lysis protocol of Birnboim and Doly (1979) as
modified by Ish-Horowicz and Burke (1981), starting from 1.5 ml portions of the culture.
After two ethanol precipitations, the product (1-3 .tg) was dissolved in 50 .tl of TE (TE: 10
mM Tris-HC1 pH 8.0, 1 mM EDTA) containing 40 .tgfml RNase A. Large (250 ml) cultures
were grown to saturation from 1.0 ml portions of the minicultures. Preparation of large
quantities of cosmid DNA was as described by Radloff

i. (1967) and involved a

differential precipitation step and centrifugation to equilibrum in cesium chloride gradients
containing saturating amounts of ethidium bromide. The product (200-250 j.tg) was dissolved
in 400 .tl TE and stored at -20°C in 50 pl aliquots.

2. Cosmid transcript mapping
Cosmid DNA (0.5-1 p.g) was digested with restriction endonuclease for 2 or more
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hours. Fragments were separated by electrophoresis on a 0.7% agarose gel and blotted onto
nitrocellulose or nylon membranes (Amersham) in 20 x SSPE (1 x SSPE: 180 mM NaC1, 1
mM EDTA, 10 mM ,
4
P
2
NaH
O pH 7.4). After transfer, the membrane was hybridized with
P-labeled first strand cDNA probes made from embryo polyA1-RNA or pooled polyARNA
32
selected from embryo, larvae, and young adult nematode populations. Hybridization
conditions were: 42°C for 18 hours in a buffer containing 50% deionized formamide
(Sambrook

1989).

3. Cosmid restriction mapping
Restriction mapping of cosmids was carried out by the cosmid mapping procedure of
Rackwitz

j. (1985) with modifications. Since the cohesive site in linearized cosmid DNA

appeared to be cleaved more efficiently than that in circular DNA, cosmid DNA was first
partially digested with an appropriate restriction enzyme and the cohesive site in the
linearized cosmid DNA was then cleaved with a crude ? DNA terminase preparation (see
below). The

DNA terminase reaction was carried out at 22°C for 30 minutes in a 26 t1-

reaction mixture that contained 4 j.d (1 -2 .tg) of linearized cosmid DNA, 2j.tl of DPB-ATP
(85 p.1 of DPB: 6 mM Tris-HC1, pH 7.4, 18 mM MgC1
, 30 thM spermidine, 60 mM
2
putrescine, mixed with 100 mM ATP), 15 p.1 of DPA (20 mM Tris-HC1, pH 8, 3 mM MgCl2,
1 mM EDTA, 7 mM f-mercaptoethano1), and 5 p.1 of ?. terminase fraction. The DNA was
extracted twice with an equal volume of phenol-chloroform-isoamyl alcohol (25:24:1), and
once with 5 volumes of ether. After removal of the ether by heating the open tubes to 75°C
for 5 minutes, the DNA was precipitated with 2.5 volumes of 95% ethanol and resuspended
in TE. Alternatively, 10 p.g of cosmid DNA (sufficient for five partial digestions) was first
cleaved with the terminase in a 50 p.1-reaction mixture. After extractions with phenol-
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chioroform-isoamyl alcohol and ether, aliquots of the DNA (without precipitation) were
partially digested with the appropriate restriction enzyme. DNA was precitipated with 95%
ethanol and resuspended in TE. The alternative method provided bulk terminase reactions
from which aliquots could be obtained for the different enzyme digestions.
Aliquots of the partial restriction digest were divided into two equal parts, and each
was hybridized with 32
P-5’-end labeled dodecamers L or R complementary to the left or right
cohesive ?. DNA terminus, respectively (see Appendix Al), in a 10 ,il reaction. Five il of
gel-loading buffer (36 mM Tris-HC1, pH 7.7, 30 mM 4
PO 60 mM EDTA, 50%
2
NaH
,
glycerol, and 0.1% bromophenol blue) was added and the sample was loaded onto a 0.4%
agarose gel. After electrophoresis at 1.5 volts per centimeter for 24 hours in TBE (90 mM
Tris-borate, 8.3, 1 mM EDTA), the gel was dried onto Whatman DE cellulose paper at
60°C for 45 minutes and autoradiographed for 2- 3 days with Kodak X-Omat AR film and
intensifying screen.

B. PREPARATION OF LAMBDA DNA TERMINASE
The E.
of

strain AZ1935 containing plasmid pCM1O1, which produces large amounts

DNA terminase upon temperature induction, was kindly provided by H. Murialdo

(University of Toronto). Induction of gene expression was carried out as described by Chow
j. (1987) with some modifications. 400 ml of LB broth (10 g tryptone, 10 g NaCl, 5 g
yeast extract, per liter, pH 7.5) containing 20 .tg/ml of ampicillin in a 2 liter flask, was
inoculated with 3 ml of an overnight culture of AZ1935 and incubated in a gyratory shaker at
31°C until the culture attained a density of about 108 cells/mi. For thermoinduction, the
temperature of the culture was quickly increased to 44 45°C by partial submersion of the
-

flask in a 70°C water bath while shaking rapidly. The flask was then transferred to a 45°C
shaking water bath for 15 minutes. The temperature of the culture was then lowered to 40-
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41°C by partial submersion in an ice-water mixture, the culture was incubated in an air
shaker at 40°C for 15 minutes, and finally chilled in ice-water with swirling.
After centrifugation at 6,000 rpm in a GSA rotor for 10 minutes at -4°C, the pellet
was resuspended in and made up to 4 ml with DPA buffer, and sonicated in a 50 ml Falcon
tube submerged in an ice-NaCl mixture, using 20-second bursts until a translucent
suspension was achieved. After centrifugation at 6,000 rpm (SS34 rotor) for 6 minutes, the
supernatant (containing the terminase) was mixed with an equal volume of 100% glycerol;
PMSF (made up in DMSO, Sigma) was added to 0.1 mM and Aprotinin (Sigma) to 50 j.tg/ml
final concentration. This terminase preparation was stored at -20°C without appreciable loss
of activity for 4 months.

1. Terminase cleavage activity assay
The measurement of . DNA terminase activity was according to Murialdo i iii.
(1981). The substrates used for the cleavage activity assay were the cosmids C16A7.3 and
C41E5.5 (Fig. 5) linearized with PstI. These cosmids were obtained by digestion of cosmids
C16A7 and C41E1 1 with Hindu and religation of the resultant 7.3 and 5.5 kb fragments,
containing the pJB8 vector sequences and 1.5 kb or 200 bp

£. elegans genomic DNA insert,

respectively. Cosmid DNA (1 .tg) was digested with PstI in a 12 jil reaction volume.
Aliquots of 4 j.tl each were mixed with 5 p1 of 3 x diluted (with DPA) or undiluted terminase
preparation, 2 p1 of DPB-ATP and 15 p1 of DPA, and incubated at room temperature for 30
minutes. Five p.1 of the gel-loading buffer was added and the samples were resolved by
electrophoresis on a 0.5% agarose gel. Four p1 of each linearized cosmid was run along with
the terminase-cleaved DNA to serve as standards. The DNA was visualized by ethidium
bromide staining.
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C. GROWTH AND MAINTENANCE OF NEMATODES

C. elegans (Bristol N2 strain) and C. brisae were maintained on NGM (0.3% NaC1,
0.25% bactotryptone, 5 jig/mi cholesterol, 1 mM MgSO4, 1 mM CaC12, and 25 mM
KH2PO4 pH 6.0) plates containing

.

çj 0P50 as described by Brenner (1974), at 22°C.

To obtain large quantities, nematodes were grown in liquid culture as described by Sulston
and Brenner (1974) with frozen E. coli K12 (Grain Processing, Muscatene, Iowa) as food
source. Synchronous populations were obtained by inoculating S medium (Basal S: 0.1 M
NaCl, 50 mM KH2PO4 pH 6.0; supplemented with 0.01 mg/mi cholesterol, 2 mM potassium
citrate pH 6.0, 0.3 mM MgSO4, 0.3 mM CaC12, 1.3 jiM FeSO4, 2.5 p.M EDTA, 0.5 p.M
ZnSO4, 0.5 p.M MgC12, and 0.05 p.M CuSO4) with embryos (2.5 grams/liter) prepared by
dissolving gravid adults in alkaline sodium hypochiorite (Emmons i L, 1979). The 4 liter
culture was allowed to hatch and arrest as Li larvae prior to feeding (with 80 grams of frozen
.

jj) to improve the degree of synchrony (Cruzen and Johnson, 1987). The culture was

heavily aerated to ensure nematode viability. Frothing due to lysed bacterial protein and
larval cuticle accumulation was suppressed by addition of sterile antifoam A emulsion
(Sigma) as required.

For harvesting successive stages, 1

-

2 liters were removed at the

desired stage and the culture was made up to 4 liters with S medium, fed, and allowed to
continue to the next stage. Dauer larvae were obtained by starvation, of cultures at the L2
stage; dauer stage were identified by their altered morphology and activity level and by
testing for their survival longer than 30 minutes in 0.1% SDS (Cassada and Russell, 1975).
Typically, 2 grams of embryos inoculated in a 4 liter culture yielded 40-45 grams of gravid
adults and about 10 grams of viable embryos.

1. Collection and freezing of larvae and adult nematodes
Cultures (1

-

2 liter) were placed on ice for 1 hour, then kept at 4°C until the
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nematodes had settled. This technique removed much of the residual bacteria (which
remained in suspension) and reduced the volume of culture to be processed. The supernatant
was aspirated and nematodes were harvested by centrifugation (400 x g for 5 minutes at
4°C).

Nematodes were purified from debris by two successive flotations on a 30% sucrose

cushion (2000 x g, 30 see, room temperature, Suiston and Brenner, 1974). Floated animals
were washed twice with 4 volumes of sterile 0.14 M NaC1, suspended in an equal volume of
sterile Basal S containing 30% glycerol, and frozen as pellets by dropping 100 p.1 at a time
into liquid nitrogen. Worm pellets were stored at -70°C.

D. PREPARATION AND ANALYSIS OF NEMATODE RNA
Total cellular RNA was isolated by the method of Antonucci (1985). Frozen
nematode pellets (3

-

5 grams) were powdered in a chilled mortar and pestle and dissolved in

3 ml of homogenization buffcr (7.5 M guanidinium hydrochloride; 25 mM sodium citrate, pH
7.0; 0.1 M f-mercaptoethanol). The homogenate was passed ten times through a 21 g
needle to reduce sample viscosity by shearing genomic DNA,

and gently layered onto a 1 ml

cushion of cesium chloride solution (5.7 M CsC1, 25 mM sodium citrate, pH 5.0) which had
been treated with 0.05% diethylpyrocarbonate (DEPC) and sterilized by passing through a
0.22 p.m Millipore filter. After centrifugation (220,000 x g) for 16 hours at 22° C, the RNA
pellet was dissolved by suspension in 300 ml of sterile, DEPC-treated dH
O and incubated
2
at 50°C for 15 minutes. The RNA was then precipitated overnight at -20°C with 0.1 volumes
of DEPC-ireated 3 M sodium acetate pH 5.2 and 2.5 volumes of 95% ethanol, and fmally
redis solved in DEPC-treated dH
O. Typical yields were 3 mg of total cellular RNA per gram
2
of starting material.
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1. Selection of polyA+RNA
PolyA+RNA selection was achieved using the PolyATractTM Magnetic mRNA
isolation system (Promega). Total cellular RNA (up to 5 mg) was heated to 65°C for 10
minutes and incubated with a biotinylated oligo(dT) probe, in 0.5 x SSC at room temperature
for 30 minutes (i.e. until completely cooled) to hybridize the probe to the 3’-polyA tail region
of the mRNA species. The hybrids were captured using streptavidin covalently coupled to
paramagnetic particles. After the removal of non-specific hybrids by high stringency washing
(four times in 0.1 x SSC), the polyA+RNA was eluted into ribonuclease-free deionized
water. The concentration of total and polyA+RNA was determined by absorbance at A260.
This technique proved fast and efficient, yielding an essentially pure fraction of polyA+RNA
after only a single round of purification. Typically, 50 pg po1yARNA was recovered per mg
of total RNA.

2. Electrophoresis of RNA and Northern transfers
RNA (in 25 mM EDTA containing 0.1% SDS) was denatured with formaldehyde as
described by Sambrook

j. (1989). Prior to loading, RNA samples were treated with 0.3

1g/m1 ethidium bromide. After electrophoresis in a 1% agarose gel in 5 x formaldehyde gel
buffer (100 mM MOPS, pH 7; 40 mM sodium acetate; 5 mM EDTA, pH 8), the RNA was
transfeffed to a nylon membrane (Amersham) as described (Sambrook i ni.. 1989).
Treatment of RNA with ethidium bromide was found not to interfere with either the transfer of
RNA to nylon or the hybridization of the probe to the filter-blotted RNA.

E. ISOLATION OF NEMATODE GENOMIC DNA
High molecular weight genomic DNA was isolated from nematodes by the method of
Emmons

j., (1979) as modified by Jones
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suspended in 20 ml protease K buffer (100 mM Tris-HC1, pH 8.5; 50 mM EDTA; 200 mM
NaC1; 1% SDS); protease K was added to a final concentration of 200 .tg/ml and the solution
was incubated at 65°C for one hour. The sample was extracted three times with phenol in a
separatory funnel and once with chloroform in polypropylene tubes. Phase separation was
achieved by centrifugation (2000 x g for 3 minutes). The aqueous DNA supernatant was
chilled to 4°C and two volumes of ice-cold 95% ethanol was gently layered over it. The
precipitated DNA was recovered by gently winding it upon a glass rod as the tube was
rotated at an angle to disturb the interface. The ethanol was changed three times during
winding. This procedure rid the DNA of co-purifying RNA which remained in the ethanol
washes (any RNA left with the DNA after the ethanol washes was routinely digested with
RNaseA in subsequent restriction enzyme reactions). The DNA was rinsed with 70%
ethanol and redissolved in TE. Typically, 3 mg of DNA was obtained per gram of frozen
nematodes. For £. elegans, 1 ig represents approximately 10 million genome equivalents.

F. GENERAL DNA TECHNIQUES

1. Restriction endonuclease digestion of DNA

a.

Partial digestion
Partial digestion was carried out on DNA samples (1

-

2 j.tg) in a 105 j.tl reaction

mixture containing the appropriate 1 x restriction enzyme buffer as described by Sambrook 1
j. (1989). The reaction mixture was aliquoted into a series of tubes such that tube 1
contained 30 pi, while the other tubes each contained 15 jii of reaction mixture. Restriction
enzyme (2 4 units) was added to tube 1, mixed rapidly and placed on ice. Using a
-

different pipet tip, 15 p.1 was removed from tube 1 into tube 2 which was also mixed rapidly
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and placed on ice. The serial dilution process was continued by successively pipeting 15 jil
from tube 2 to 3, 3 to 4, until the enzyme was added to the last tube, making it up to 30 p.1.
The tubes were incubated at 37°C for 30 minutes and the reaction was terminated by the
addition of 1 p.1 of 200 mlvi EDTA per tube. The reactions were pooled and the DNA was
precipitated with ethanol and resuspended in TE.

b.

Complete digestion
Complete digestion of DNA (0.5

-

1 jig) was carried out in 1 or 2 x One-Phor-All

Buffer PLUS (Pharmacia) or in the restriction enzyme buffer system described by Sambrook
J. (1989), in a total volume of 15 j.tl. For each reaction, 1

-

2 units of restriction enzyme

(Bethesda Research Laboratories, New England Biolabs, Boehringer or Pharmacia) was
used and digestion was carried out for 2

-

3 hours. For overnight digestions, bovine serum

albumin (ultrapure grade) was added to a fmal concentration of 100 pg/mi. For high molecular
weight DNA such as phage DNA and £. elegans genomic DNA, 5 pg of RNaseA was also
included in the reaction mixture.

2. Electrophoresis of DNA and Southern blot analysis
PCR products and restriction endonuclease fragments of DNA were analyzed on 0.5

-

1% agarose gels by electrophoresis in 1 x ThE (90 mM Tris-borate pH 8.3, 1mMEDTA)
containing 0.5 pg/mi ethidium bromide. DNA bands were visualized and photographed under
ultraviolet light using a Polaroid camera and type 57 film. For Southern transfers, DNA was
denatured and blotted onto nylon or nitrocellulose membrane in 20 x SSPE as described
(Southern, 1975), except that the depurination step was omitted.
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3. Recovery of specific DNA fragments
DNA fragments were recovered from agarose gels by electroelution onto DEAE
membranes (Schleicher and Schuell, NA45). The membrane was cut to the desired size,
pre-moistened with NET buffer (150 mM NaC1, 0.1 mM EDTA, 20 mM Tris-HC1, pH 8), and
inserted into the gel such that after electrophoresis for 10

-

20 minutes, the DNA had

completely migrated onto the membrane. The membrane was rinsed with NET and the DNA
was eluted into 150 p.1 of high salt NET (1 M NaC1, 0.1 mM EDTA, 20 mM Tris-HC1, pH 8)
by incubation at 55°C for 15 minutes. After ethidium bromide extraction with 3 volumes of
butanol, the DNA was precipitated with 2.5 volumes of 95% ethanol and 3 j±1 of 0.25%
polyacrylamide as carrier (Gaillard and Strauss, 1990).

4. Purification of synthetic oligonucleotides
All of the oligonucleotides (see Appendix A) used in this study were synthesized by
Tom Atkinson (The University of British Columbia, Vancouver) using an Applied Biosystems
380A DNA synthesizer. The ?. cohesive end complementary oligonucleotides were obtained
in purified form while the rest of the oligonucleotides were purified using C
18 SEP-PAK
(Millipore) chromatography in 20% acetonitrilef80% water as described by Atkinson and
Smith (1984), except that the purification step by gel electrophoresis was omitted.

G. PREPARATION OF RADIOACTiVE DNA PROBES

1. First strand cDNA probes
First strand cDNA probes were synthesized using the cDNA Synthesis System
(Amersham) in a 30 p.1 standard reaction mix containing 3 p.g of embryo polyARNA, 60
units of AMV reverse transcriptase (Amersham), 30 p.Ci each of [x32P] dGTP and [cx-
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32p] dCTP, and 5 .tg of oligo dT(12/18) primer. The labeled cDNA product was separated
from unincorporated nucleotides by spinning the sample through a 1 ml mini-column packed
with Sephadex G-50 superfine (Pharmacia). Alternatively, cDNA probes were synthesized
from pooled polyA+RNA (5 j.tg) selected from embryo, larvae and young adult stages of
nematode development using the procedure described below (section 1-1) for first strand
cDNA synthesis, except that 20 pCi each of [aP1 dATP and [a32
P] dCTP, 0.1 mM
32
each of dATP and dCTP, 10 mM each of dGTP and dTTP were used.

2. Nick translation
Nick-translated radiolabeled DNA probes were prepared by standard procedures
(Sambrook

j., 1989) with [Ct32P] dATP and [cz-32P1 dGTP.

3. Primer extension M13 probes
An M13 single-stranded template Mp18-810 which contains 864 bp XhoI-HindlII
fragment in the 5’ region of the eft-i sequence. The oligonucleotide E04 was used as the
extension primer such that when the product was digested with HindilI-EcoRl a 407 bp of
fragment including the putative initiation ATG and about 400 nucleotides used to generate
single-stranded probes for nuclease Si analysis. The annealing reaction containing 5 p1 of
template (0.5 pg), 2 p1 (1 pmol) E04 primer (5’ TCATGATATGAGGGCAGTCC 3’), 2 p1
of 10 x annealing buffer (100 mM Tris-HC1, pH 7.5, 600 mM NaCl, 70 mM MgC12) was
incubated at 65°C for 15 minutes. The mixture was allowed to gradually cool to room
temperature, and 1 p1 each of 1 mM dCTP, dTTP, dH2O, 1.5 p1(15 pCi) each of [ccP]
32
dATP and [cx-32P] dGTP, and 0.5 U of E.

DNA polymerase I (Kienow fragment) were

added. After incubation at 37°C for 10 minutes, the reaction was chased with 1 p1 each of 1
mM CIATP, dGTP and 2 p1 dH
O by incubation for another 10 minutes, before termination by
2

44

Experimental Procedures

heating at 70°C for 10 minutes. The product was then digested with HindilI-EcoRI at 37°C
for 30 minutes.

4. End-labeling of oligonucleotides
The 5’-ends of oligonucleotides were labeled with [y32P] ATP as described
(Sambrook

J.., 1989) in a 10 jil reaction volume containing 1 jil 10 x kinase buffer (0.5 M

Tris-HC1, pH 7.5, 70 mM MgC1
, 0.1 M DTI’), 10 jiCi [‘y32P] ATP, 20 pmol
2
oligonucleotide, and 10 U T4 polynucleotide kinase (Promega). Labeled oligonucleotide was
separated from unincorporated nucleotides in a 1 ml mini spun-column packed with Sephadex
G-25 superfine (Pharmacia) that was equilibriated in 5 mM EDTA.

H. NUCLEIC ACID HYBRIDIZATION
Pre-hybridization and hybridization during Southern and Northern blot analyses were
nj., 1989) in SealaMeal© bags.

performed according to standard procedures (Sambrook

To reduce background due to non-specific hybridization, 5 jig/mi of heparin (sodium salt,
Sigma) or 100 jig/mi of tRNA (or calf thymus DNA) was included in the hybridization
mixture.

1. Oligonucleotide hybridization
After terminase cleavage reactions, aliquots of cosmid DNA partially digested with
restriction enzymes were divided into two equal parts,
(0.015

-

each containing about 0.5 -1 jig

0.030 pmol) of DNA. Aqueous hybridization with 0.2 pmol of 32
P-5’-end labeled

dodecarners L (5’-dAGGTCGCCGCCC-3’) or R (5-dGGGCGGCGACCT-Y)
complementary to the left or right cohesive ?. DNA terminus, respectively, was carried out in
a 10 jil mixture containing 100 mM NaC1 (Rackwitz
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for 2 minutes at 75°C (to denature cos ends) and immediately transferred to a 45°C
waterbath for 30 minutes.

I. PCR ANALYSIS

1. First strand cDNA synthesis
First strand cDNA was synthesized by a combination of the methods of Sambrook 1
i. (1989) and Frohman L(1988). Ten j.ig of total cellular RNA or 2 to 5 jig of
polyA+RNA in 7.5 j.tl of DEPC-ireated dH
O was denatured by incubation (room
2
temperature, 15 mm) with an equal volume of freshly prepared 40 mM methylmercuric
hydroxide. The mixture was then snap-frozen in a dry ice/ethanol bath. A 30 jil cocktail
containing 33 jiM DT, 10 jil of 5 x Moloney murine leukemia virus (MMLV) reverse
transcriptase buffer (1 x =50 mM Tris-HC1, pH 8.3, 75 mM KC1, 3 mM MgC1
, 10 mM DTT),
2
1 U RNasin (Promega), 833 p.M dNTP mix (i.e. dATP, dCTP, dGTP, dEl?), 200 pmol
anchor oligo-dT RACE oligonucleotide (see Appendix A) was prepared and centrifuged into
the frozen denatured RNA. Upon thawing, the mixture was ificked to mix and immediately
4.5 p.1(900 units) of MMLV reverse transcriptase (BRL) was added. The reaction was
incubated at 37 °C for 45 minutes and was terminated by freezing quickly in a dry-ice ethanol
bath.

2. Rapid amplification of cDNA ends (RACE)
Rapid amplification of the cDNA was as described by Frohman i L (1988) with
some modifications. A 2 p.1 aliquot (4%) of the first strand cDNA reaction containing
RNA:cDNA hybrids was used for the amplification reaction in which 50 pmol each of the
anchor oligo-dT RACE adaptor, and OPC3 or OPC4 (see Appendix A-2) were added. OPC3
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and OPC4 are 24-fold degenerate, 28-mer primers derived from amino acid residues 634 to
640 and 666 to 672, respectively, of the Drosophila EF-2 sequence (Grinbiat i L, 1989).
These primers contain BamHI sites at their 5’ ends to facilitate cloning, and were optimized
for £. elegans coclon usage (Wada

nj., 1990)]. The amplification mix, also containing 45 jil

of PCR cocktail consisting of 50 jiM of each CINTP, 1 x PCR buffer (10 mM Tris-HC1, pH 8.4,
0.05% Tween 20, 0.05% Nonidet P-40, 0.5 mM MgCl
), and 1 unit of Taq DNA polymerase
2
(Cetus Corp. or Promega), was overlaid with 60 jii of light mineral oil (LifeBrand®) and
inserted into a pre-heated (94° C) Ericomp Twinbiock thermocycler. Amplification was
carried out for 35 to 40 cycles (denaturation for 30 seconds at 94°C, annealing for 1 minute at
55°C, polymerization for 1 minute at 72°C) with a fmal incubation for 10 mm at 72°C. The
annealing temperature varied for other oligonucleotides, depending on length and sequence.

3. Analysis and cloning of PCR products
PCR products were analyzed by agarose gel electrophoresis, and the desired
fragments were recovered using a DEAE membrane (Schleicher and Schuell, NA45) as
previously described. For ease of cloning, all PCR oligonucleotides were synthesized with
restriction enzyme recognition sites at the 5’ or 3’ end. The purified fragments from the
RACE-OPC3 (665 bp) or RACE-OPC4 (761 bp) amplifications were digested and cloned
into pUC18 or pUC19 using the Bamlil site and the Sail site in the OPC and RACE primers,
respectively.

J. SCREENING OF RECOMBINANT DNA LIBRARIES

1. Screening of Bacteriophage ZAP cDNA library
A . elegans cDNA library prepared in ZAP was kindly provided by R.J. Barstead
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and R.H. Waterston (Washington University School of Medicine, St. Louis). The cDNA had
been size selected to eliminate products less than 500 bp, methylated with EcoRI methylase,
ligated to EcoRI linkers, and cleaved with EcoRI restriction enzyme. The cDNA was then
ligated to EcoRI-digested bacteriophage ZAP vector (Barstead and Waterston, 1989). The
phage was propagated in an

.

cQii BB4 host strain (see Appendix B) grown in TB (1.2%

tryptone, 2.4% yeast extract, 0.4% glycerol, 17 mM 4
PO 72 mM K
2
KH
,
4
H
2
PO pH 7.35) broth
supplemented with 0.2% maltose and 10 mM MgSO4. The library was screened with the nick
translated, 32
P-labeled 761 bp PCR fragment (see Figs. 12 and 14B) by the method of
Benton and Davis (1977). Six positive clones, including one (pCef6A) containing the entire
coding region, were isolated from 1,200 plaques screened. An 870 bp EcoRI- Scal probe
from the

5t

end of pCef6A was used to screen 4,000 phage of the library and 11 more clones

were isolated. The library was also screened with nick-translated B3255 (a 3.3 kb HindIll
fragment containing part of eft-1) and only one positive clone was isolated out of 4700
transformants screened. All positive clones were purified by a second screen.

a.

Excision of AZAP phage clones
The positive phage cDNA clones were converted into pBluescript plasmids by

superinfection with the helper phage R408 (Stratagene). For this purpose, 200 l of A
600
=1 BB4 cells, 200 jil of phage stock (containing> 105 phage particles), and 10 tl (108 pfu)
of the helper phage, were mixed and incubated at 37°C for 15 minutes. Five ml of TB broth
was added and the incubation was continued for 4 to 8 hours. The culture was heated at 70°C
for 20 minutes and centrifuged (1000 x g, 5 minutes) in the cold room. The supematant
(which contained the pBluescript plasmid packaged in the M13 or fi phage particle) was
decanted and could be stored at 4°C for 1 to 2 months. To plate the rescued plasmid, 200 j.tl
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of Ayj =1 BB4 cells and 200 tl of the plasmid stock were combined and incubated at 37°C
for 15 minutes. One to 100 j.il of this sample were plated on LB plates containing 200 p.g/ml
ampicillin, and incubated overnight at 37°C.

2. Screening of Bacteriophage EMBL4 genomic library
A 2.EMBL4 library derived from a partial MboI digest of £. e1eans genomic DNA and
cloned into the BamHl site of the vector, was constructed and kindly provided by Chris Link
(University of Colorado, Boulder). The phage library was propagated in an

. cii Q358 host

strain (see Appendix B) grown in NZYC (1% NZ-arnine, 0.1% yeast extract, 0.4% glycerol,
0.1% casamino acids, 0.5% NaC1, 10 mM MgCl2 pH 7) medium. About 40,000 phage,
containing approximately four C. eleans genome equivalents (based on the conservative
estimate that the DNA insert in each recombinant is about 10 kb), was screened by the
method of Benton and Davis (1977). The positive recombinant clones were purified by
rescreening.

3. Isolation of Bacteriophage DNA
Bacteriophage DNA preparation from 20 ml cultures was as outlined by Sambrook l
(1989) with some modifications. Following the pre-incubation (15 minutes at 37°C) of
200 lil of an overnight culture of Q358 cells with 200 il phage stock (106 phage) in lambda
dilution buffer, 20 ml of NZYC was added. The culture was incubated at 37°C with vigorous
shaking for 5

-

8 hours (until lysis occurred). Chloroform (3 ml) was added and incubation

was continued for an additional 10 minutes after which the culture was stored at 4°C
overnight. The culture was decanted away from the chloroform, and centrifuged twice
(12,000 x g for 10 minutes) to remove all the bacterial debris. After the addition of 3 ml of 5
M NaC1 and 3 g of polyethyleneglycol powder (PEG 8000) to the supernatant, the solution

49

Experimental Procedures

was thoroughly mixed, left at 4°C for two or more hours, and then centrifuged (12,000 x g for
10 minutes) to precipitate the phage particles. The phage pellet was resuspended in 500 jil
of DNase buffer (50 mM HEPES pH 7.5; 5 mM MgC12; 0.5 mM CaC1
) to which 100 jig
2
RNase A and 5 jig DNase I were added. Following incubation at 37°C for 60 minutes, 150
jig of proteinase K and 50 jii of 10 x SET (1 x SET: 10 mM Tris-HC1, pH 7.5; 20 mM EDTA;
0.5% SDS) were added and the sample was incubated for 60 mm at 65°C. After extraction
with an equal volume of phenol:chloroform (1:1) and then with chloroform, the phage DNA in
the aqueous phase was precipitated with two volumes of 95% ethanol. Following
centrifugation at 12,000 x g for 5 minutes, the phage DNA pellet was quickly resuspended in
50 jil TE buffer containing 40 jig/mi RNase A. Typically, 3 to 5 jig of phage DNA was
obtained.

K. TRANSFORMATIONS
The

.

j strain DH5a was used to propagate (in TB medium) the pUC- and

pGEM-derived recombinants, while strain JM1O9 was used for transformation with M13derived clones and was grown in YT medium. JM109 cells were made competent for
transformation using 50 mM CaC1
2 as described by Messing (1983), and DH5a cells were
made competent using the methods of Hanahan (1983) which allowed for bulk preparation of
competent cells that could be stored frozen at -70°C in aliquots for 2 to 3 months. Typically,
competent bacteria had a transforming efficiency of 107 transformants per microgram of input
plasmid. For some transformations, commercially obtained competent DH5c cells (BRL,>
106 transformants per microgram of input plasmid) were used.
Ligations were carried out with 20 ng of vector DNA and 50- 100 ng of insert DNA in
10 jil reactions containing 50 mM Tris-HC1 pH 7.4, 10 mM MgC1
, 10 mM DTT, 1 mM
2
spermidine, 1 mM ATP, 100 jig/mI bovine serum albumin, and 3 to 10 units of T4 DNA ligase
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(Pharmacia), at 15°C for at least 2 hours. Up to 5 t1 of the ligation mixture could be used for
transformation. Plasmid and M13 derivatives were screened for inserts by their inability to
cleave 5-bromo-4-chloro-3-indolylgalactose (X-gal) and produce a blue color, as described
by Messing (1983).

.

j cells were screened for efficient transformation with plasmids by

their acquired resistance to ampicillin (Sambrook

RI.. 1989).

L. PURIFICATION OF PLASMID DNA
Plasmid DNA and M13 replicative form (RE) DNA were prepared by the alkaline
lysis method of Birnboim and Doly (1979) starting from 1.5 ml of overnight bacterial cultures.
Typically, 10 jig of plasmid DNA and 2 jig of M13 RF DNA were obtained.

M. PREPARATION OF M13 SINGLE-STRANDED DNA
An overnight phage culture (1.5 ml) was centrifuged at 12,000 x g for 5 minutes and
1.3 ml of the supernatant was transfeffed to a tube containing 0.3 ml of 2.5 M NaC1-20% PEG
6000. The sample was mixed by inverting the tube 10 times, kept for 15 minutes at room
temperature, and centrifuged as before. The resultant pellet was resuspended in 200 ji.l low
iris buffer (20 mM Tris-HC1 pH 7.5, 20 mM NaCl, 1 mM EDTA), extracted once with an
equal volume of phenol and twice with phenol:chloroform (1:1), then precipitated from 0.3 M
sodium acetate (pH 7) and 2.5 volumes of 95% ethanol (12,000 x g for 5 minutes at 4°C). The
pellet was air-dried and resuspended in 25 j.tl of the low Tris buffer. Typical yield was 3 to 5
jig of M13 single-stranded DNA.

N. PREPARATION OF NESTED DELETION CLONES
Unidirectional digestion of plasmid DNA with exonuclease ifi (Pharmacia) was
carried out as described by Henikoff (1984), in order to generate a series of nested deletion
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clones for sequencing. Essentially, 5 jig of purified plasmid DNA (sufficient for about 10
individual aliquots) was used for the reaction.

0. DNA SEQUENCING

1. Single-stranded DNA sequencing
M13mp18 and M13mp19 clones containing single-stranded DNA were sequenced by
the dideoxy chain termination method of Sanger

j. (1977) using Ti DNA polymerase

(Sequenase®, US Biochemical). DNA (1-2 jig) was heated with 1 pmol of oligonucleotide
sequencing primer in 10 p.1 of Sequenase buffer (40 mM Tris-HC1, 20 mM MgC12, 50 mM
NaC1) at 65°C for 2 minutes. Following a 15 minute annealing period at room temperature,
DTT was added to 7 mM, [aP] dATP to 10 jiCi, and labeling nucleotide mix (dGTP,
32
dCTP, dTTP) toO. 1 mM of each nucleotide. The labeling reaction was allowed to proceed for
5 minutes at room temperature after addition of 3 units of Sequenase®. Aliquots were then
removed and placed into tubes marked G, A, T, or C pre-warmed to 42°C and each
containing the termination mix (80 p.M dGTP, dCTP, dTTP, dATP, and 50 mM NaCl) in
addition to 8 p.M ddGTP, 8 p.M ddATP, 8 p.M ddrrP, 8 p.M ddCTP, respectively. After 5
minutes of primer extension at 42° C, formamide dye mix (which contained 0.05%
bromophenol blue and xylene cyanol dyes) was added to final concentration of 20% (v/v).
Prior to loading onto 6% or 8% polyacrylamide slab gels, samples were boiled for 3 minutes
and immediately placed on ice.

2. Double-stranded DNA sequencing
All double-stranded plasmids sequenced were isolated from bacterial hosts deficient
in recombination (recAl) and nuclease (endA) activities (e.g. DH5x -see Appendix B).
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DNA sequencing was by the dideoxy method of Sanger

i. (1977) as modified for double-

stranded plasmids by Hattori and Sakaki (1986). Plasmid DNA (3 pg) was treated with 10
.tg/ml RNaseA at 37°C for 30 minutes, mixed with 30 i.tl of 2.5 M NaC1-20% PEG 6000, and
kept on ice for at least one hour. The sample was centrifuged (12,000 x g for 5 minutes at
4°C) and the resultant pellet (consisting of covalently closed plasmid DNA) was rinsed with
70% ethanol, air-dried, and redissolved in 18 i.tl TE. This procedure removed contaminating
RNA and nicked plasmid DNA. To denature the DNA for sequencing, freshly prepared
NaOH was added to a final concentration of 0.2 M, and the mixture was kept at room
temperature for 5 minutes. Ammonium acetate (pH 5.2) was added to final concentration of
0.5 M, and the DNA was precipitated with 95% ethanol and redissolved in 10 jtl of
Sequenase buffer. Annealing to oligonucleotide sequencing primer, and primer extension
reactions were as previously described for the single-stranded templates.

P. NUCLEASE Si ANALYSIS
Nuclease Si protection analysis was performed as described by Berk and Sharp
(1977). Single-stranded DNA probes prepared by primer extension of Mi3 templates (as
described previously) were purified on a 4% denaturing acrylarnide-urea gels, and recovered
from the gels in 0.5 x TBE buffer containing 0.05% SDS. The purified probe (approximately 6
x 106 cpm) was mixed with 6 .tg of nematode polyA+RNA in 30 tl of hybridization buffer
(60% formamide, 0.4 M NaCl, 40 mM PIPES pH 6.4, 1 mM EDTA, 3 p.1 of 0.25%
polyacrylamide) containing 1 U RNasin (Promega). The solution was heated to 70°C for 15
minutes and immediately transferred to 50°C and incubated overnight. Hybridization was
terminated by the addition of 170 jii of ice-cold nuclease Si buffer (0.28 M NaC1, 50 mM
sodium acetate pH 4.6, 4.5 mM ZnSO
) containing 150 units of nuclease Si (Pharmacia).
4
The mixture was incubated at 37°C for one hour and 40 p.1 of 4 M ammonium acetate-0. 1 M
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EDTA solution was added to terminate the nuclease digestion. Nuclease Si protected DNA
fragments were precipitated with one volume of 2-propanol using 100 jig/mi of

.

cJi tRNA

as carrier. Samples were dissolved directly in 5 p.1 formamide dye mix and analyzed on a thin
6% polyacrylamide gel containing 8 M urea.

54

Results

III.

RESULTS

A. ISOLATION OF EFT- 1 GENE
Figure 3 shows the physical map of the region around ubq- 1 which maps to the centre
of chromosome ifi of. elegans. The five overlapping cosmids (ZK48, C16A7, ZK331,
C41E1 1, and TO1D1O) which cover approximately 150 kb in this region are shown. In order
to define transcript coding genes contained in this region, Hindifi digests of the cosmids
(except C16A7 which was not yet available at the time of this study) were hybridized with
labeled first strand cDNA probes synthesized from embryo polyARNA.

Three fragments of

1.2, 3.3 and 6.6 kb in size from cosmid ZK331 which hybridized with the probes (Fig. 4A,
lanes 2 and 3) were isolated. The restriction fragments of 0.9, 1.0 and 2.3 kb in size from
cosmid ZK48 (lane 1), which contain the ubq-1 gene (ubiA, Graham

nj., 1989) were also

detected whereas none of the other cosmids appeared to contain genes expressed at
detectable levels in embryos (Fig. 4A, lanes 4-7). Restriction mapping of ZK331 (Fig. 7)
and DNA sequence analyses revealed that the 3.3 kb fragment (B3255) and the 6.6 kb
fragment from ZK331 are separated by a 204 bp Hindu fragment, and that these three
fragments are contained within the same gene, hereafter referred to as eft- 1. The 204 bp
band was not detected with the cDNA probe possibly because of its relatively small size.
The four fragments from ZK331 and their subfragments (separately inserted into pGEM3Z),
as well as a series of nested deletion clones derived from B3255 were further characterized
by restriction mapping and sequence analysis. The 1.2 kb fragment proved to contain
repetitive sequences when analyzed by genomic Southern blotting (Fig. 19B) and its identity
is unknown.
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Fig. 3.
Physical map of the region around ubg-1.
Partial map of chromosome ifi of £.elegans showing ubq- 1 and flanking markers. The five
overlapping cosmid clones (ZK48, C16A7, ZK331, C41E1 1, and TO1D1O) covering about
150 kb (1 unit) of the region around ubq-l are shown at the top. The open box in ZK48
represents the location of ubg- 1 and the hatched box in ZK33 1 shows the position of eft- 1.
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Fig.4. Cosmid genomic Southern blot analysis.
A. DNA (500 ng) from cosmid ZK48 (lane 1), ZK331 (lanes 2 and 3), C41E11 (lanes 4 to
6), and TOlD 10 (lane 7) was digested with Hindifi for 2 hours, resolved by electrophoresis
on a 0.7% agarose gel, blotted onto nitrocellulose membrane, and hybridized with a cDNA
probe made from elegans embryo poiyARNA. B. DNA (1 .tg) from cosmid ZK48,
C16A7, ZK331, C41E11, and TO1D10 was digested with Hindu (lanes ito 5,
.

respectively) or PstI (lanes 6 to 10, respectively) overnight, separated on 0.8% agarose gel,
blotted onto nylon membrane, and hybridized with labeled cDNA probes synthesized from
pooled polyA+RNA selected from embryo, larvae, and young adult nematode populations.
Southern transfers and hybridization conditions were as stated in “Experimental
Procedures”. M, size markers in kilobase pairs.
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B. DETECTION OF OTHER MESSENGER RNA CODING FRAGMENTS
Although no restriction fragments of the cosmids, C41E1 1, and TO1D1O were
detected when analyzed with cDNA probes made from embryo RNA, it was possible that
these cosmids could contain genes which are expressed at detectable levels at other stages
of nematode development. To investigate this possibility, Hindlil and PstI-digested
fragments of all 5 cosmids were hybridized with cDNA probes prepared from pooled
polyARNA obtained from all the major (embryo, L1-L4, dauer and young adult) stages of

£. elegans development. As shown in Figure 4B, no additional fragments of ZK331 (lane 3)
were detected, whereas a 5.3 kb Hindifi (lane 4) and 3.8 kb PstI (lane 9) fragments of
C41E 11, and a 15 kb PstI fragment of Cl 6A7 (lane 7) hybridized strongly with the probes.
Also, two Hindu fragments of 5 kb and 7 kb (lane 1) and a 9.5 kb PstI fragment (lane 6)
from ZK48 were detected in addition to the fragments including a 15 kb PstI fragment
contained in ubq- 1. The positions of these fragments are represented with shaded boxes on
the contig restriction map (Fig. 7).

C. RESTRICTION MAPPING OF CONTIG

1. Terminase activity assay
The plasmid pCM1O1 contained in . j strain AZ1935 (kindly provided by H.
Murialdo of University of Toronto) which expresses large amounts of DNA terminase
enzyme upon temperature induction (Murialdo t L. 1987), was used to obtain a crude
preparation of this enzyme that cleaves the cos site of bacteriophage

DNA during

packaging. To assay the cos-cleavage activity of the enzyme preparation, cosmids C16A7.3
and C41E5.5 (Fig. 5A) were linearized with PstI and incubated with diluted and undiluted
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Terminase activity assay.
A. Schematic representation of cosmids C16A7.3 and C41E5.5 (both derived from p1138; see
section Bi, p. 37) which served as the substrates for the terminase assay. The box
represents the cos site and the unique PstI site is shown. B. Ethidium bromide-stained gel
of fragments derived from C41E5.5 (lanes 1-3) and C16A7.3 (lanes 4-6) after PstI digestion
and terminase cleavage of ç site. DNA (1 pg) was digested with PstI and equal aliquots
were cleaved with either 3 x diluted (lanes 3 and 6) or undiluted terminase preparation (lanes
Fig. 5.

2 and 5). The samples were resolved on a 0.5% agarose gel. Sizes of fragments generated
by terminase cleavage after PstI digestion are given in kilobase pairs on the diagrams.
Aliquots of DNA (lane 1, C41E5.5 and lane 4, C16A7.3) digested with PstI alone were
included to serve as standards.
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crude extracts of the terminase. Because cos was not equidistant from the unique PstI site,
cleavage of the cosmids by the terminase generated fragments of different sizes. The
resultant fragments were separated by agarose gel elctrophoresis and visualized by staining
with ethidium bromide. The amount of DNA in each band was estimated by comparison with
known concentrations of HindHI-digested DNA. Figure 5B shows that roughly 60% of the
cosmid DNA was cleaved by the undiluted terminase preparation (lanes 2 and 5). Little, if
any, decrease in cleavage efficiency was observed with a three-fold dilution of the enzymecontaining extract (lanes 3 and 6). Chow

i. (1987) reported an 80% efficiency in

conditions in which the crude enzyme:substrate molar ratio was about 1000:1, and suggested
that at least 20% of the terminase molecules in the extracts are inactive for cleavage but still
bind tightly (practically irreversibly) to the cos site.

2. Restriction map of the overlapping cosmids
Because of their relatively large sizes (40 to 50 kb),

an attempt to map individual

cosmid clones by multiple endonuclease digestions proved unsuccessful, since a large
number of fragments was generated. The alternative approach used was to cleave each
cosmid at the unique cos site using a crude preparation of DNA terminase, before or after
partial restriction enzyme digestion. The right (R) or left (L) cohesive ends thus generated
were labeled, in separate reactions, by annealing with radioactive dodecameric
oligonucleotides complementary to the sequence of the right or left end. As an example, the
autoradiograms of electrophoreticladders of restriction fragments, all with a common end,
generated by partial digestion of cosniid C41E1 1 with Hindifi, EcoRI, PstI, and XhoI, and
cosmid ZK331 with PstI restriction enzymes are shown in Figure 6. Similarly,
autoradiograms for all five cosmids were obtained following partial digestion with Hindill,
EcoRI, PstI, or XhoI, and annealing of terminase-generated ends to labeled R or L
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Fig. 6.
Autoradiograms of gels showing partial digestion patterns of cosmids C41E11
and ZK331.
Cosmids (A, ZK331; B, C41E1 1) were partially digested with appropriate restriction
enzyme. After cleavage of the ç site with a crude extract of DNA terminase, the
d oligonucleotides with
32
y
generated cohesive ends were annealed to P-end-labele
complementary sequences. DNA fragments were resolved on a 0.4% agarose gel at 1.5 V/cm
for 24 hours. Gels were transferred onto Whatman cellulose paper and dried at 60°C for 45
minutes. Autoradiography was carried out with Kodak X-Omat AR film and intensifying
end-labeled fragments
screen. LE, LH, LX, LP (or RE, RH, RX, RP), Left (or Right)
after partial digestion with EcoRI, Hindilil, XhoI, and PstI, respectively. Size markers are
given in kilobase pairs.
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Fig. 7.

Restriction map of the region around uba-1 on chromosome III.
Restriction map of five overlapping cosmids ZK48, C16A7, ZK331, C41E1 1, and TO1D1O
which span about 150 kb around the ubg-1 locus (see also Figure 3). The map was derived
from autoradiograms of gels of partial restriction enzyme patterns of cosmids after ç
cleavage with terminase and hybridization of generated cohesive ends with end-labeled
complementary oligonucleotides. The beginning of overlap between cosmids is represented
with successively numbered boxes. The vector DNA is shown at the ends of the linearized
cosmids as a vertical line marked “L” or “R” for left or right cohesive ends, respectively.
Open and stippled boxes on ZK48 and ZK331 represent the ubg-1 and eft-1 loci,
respectively, and bold horizontal lines represent other putative coding regions. The coding
regions were determined by hybridization of restriction fragments with polyA+RNA-derived
first strand eDNA probes. L, left cohesive end; R, right cohesive end.
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complement oligonucleotide. The positions of restriction sites as deduced from the
autoradiograms are represented in Figure 7. The cosmids altogether cover about 150 kb in
this region around ubg-1. Also, results of the restriction mapping of the cosmids revealed
that eft-l mapped approximately 50 kb from ubq-1, in a region in ZK331 that did not overlap
with any other cosmid.

D. ANALYSIS OF EFT-1 GENE SEQ UENCE
Figure 8 shows the combined nucleotide and derived amino acid sequences of eft- 1
(elongation factor 2 gene 1). The 3.8 kb DNA sequence revealed a 620 bp 5’-flanking region
followed by a putative translation initiation codon ATG (amino acid position 1), a 2547 bp
open reading frame (ORF) interrupted by four short introns of 46-75 bases (based on
sequence comparison with the mammalian and Drosophila EF-2 sequences), and a 420 bp
3’-fianking region. The initiation codon was taken to be the first ATG codon (nucleotides 622
-

624) appearing downstream of the in-frame nonsense codon TGA (nucleotides 525-527).

An analysis of the sequence upstream of the putative initiation codon revealed the sequence
CTCAGCCACT 100 bp away, which resembles the CAP site consensus sequence of Corden
j. (1980). A potential TATA box is seen 40 nucleotides upstream of this sequence. No
other promoter-like sequences were found in the 5’ flanking region. The four introns of eft- 1
have exon-intron boundary sequences which are completely consistent with the consensus
sequences for 5’ and 3’ splice sites (Mount, 1982; Blumenthal and Thomas, 1988; Frendewey
and Keller, 1985). Jntron 4 separates codons Ser-751 and Ala-752, while introns 1, 2 and 3
interrupt the codons of Gly-85, Gly-210 and Lys-561, respectively.

E. ISOLATION AND ANALYSIS OF A CDNA CLONE ENCODING EFT-1
In order to confirm the positions of the splice sites and determine the poly(A)addition
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Fig. 8.
Complete nucleotide and deduced amino acid sequences of eft-1.
Numbers at right and within the sequence indicate the positions of nucleotide and amino acid
residues from the beginning of the sequence and the initiator methionine, respectively. The
presumptive CAP site (Corden nj., 1980) (wavy underline), TATA sequences (double
underline), and restriction enzyme sites (single underline) are shown. The sequence
(positions 624 to 643) complementary to the oligonucleotide E04 (see Appendix A) which
was used for the Si nuclease protection analysis is shown with an overline. The asterisk at
amino acid 681 denotes the tyrosyl residue at a position corresponding to the ADP
ribosylatable histidyl residue in EF-2. The beginning of the poly(A) tail of clone pEF1.35 is
marked by an up-arrow (after nucleotide 3502) and the dots identify the corresponding
potential poly(A) addition signal(s).
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EcoRI
GAATTCTTAAGCTGAAAAAATATCTTAAACCACATTTTAGCATATTTCCAAG
CGCAAAATGTGTGTTCATAGTTACTTCTTGATTTGTATTTTTTGCTTTTGAATCTTGGCTCTTATATTTGC
TCTATATTCTCATTGGGACTCTTTGTTTTAGGCAAATACTCACTTCTCTGTATATTTCTTCTTTTTTACTT
XhoI
TGAAAGTCTTTCATAACCGAATTAATTATTCAGAACTGAACGTCTCGAGCGATGGATTCGGATCTCTACGA
TGAGTTTGGTACTATATCGGTCCAAGCTAGACTCTGACGATATGCCGATATTGATGACAATGGTG

52
194

336

XmnI

ATGATGAAGATCGTAGCGATGTGGATGAGGATGATGAACCAGACAGAATGGAAGAAGATGACGCAGAAGAA
ATTCCCCAGAATCAAGTTGTTCTTCATGAAGA.TAAAAAGTACTATGCTACAGCTCTCGAAGTATACGGGGG
2AGGTGTAGAAACCTTGGTCCAAGAGGAAGACGCTCAGCCACTCACTGAACCAATTGTCAAACCAGTATCC
OPA
AAGAGAAGTTTCAAGCGCTGAGCGTTTTCTCCCGGAAACTGTCTACAAGAAAGAATATTTAGCTGATTTA
1
ATGGACTGCCCTCATATCATGAGAAATGTTGCAATCGCTGGTCATCTTCATCACGGAAAGACGACTTTCTT
MD CP HIMRNVAI AGHIJH HGKT TFL
40
GGATTGTCTTATGGAACAACTCATCCAGAGTTCTACAGAGCTGAAGACGCAGATGCTCGATTTACTGATA
DC LME Q T HP E F Y RAE DAD ARF T DI
TCTTGTTCATTGAGAAGCAGAGAGGATGCTCGATTAAATCTCAGCCAGTGAGCATTGTGGCTCAGGATAGT
LF I EKQRGC SI KS QPVS IVAQD S
80
KpnI
CGAAGCAAAAGCTATTTGCTCAATATAATTGATACTCCAGGTACCTAAACTATAGTGGTTCATTCGTACAA
RS KS YLLNI ID TP G
AATATATTATTTTAGGTCACGTGAACTTTTCGGACGAAATGACTGCTTCATACCGTCTTGCTGATGGAGTT
HVNF SD EMTASYRLAD GV
120
GTTGTGATGGTTGATGCTCATGAAGGTGTTATGATGAACACTGAACGAGCAATTCGCCACGCGATTCAAGA
V VMV D A HE G VMM NT ERA I RH Al Q E
Hindlil
GAGGCTTGCAGTAACATTGTGCATTTCGAAGATCGACCGCTTGCTTCTTGAGTTGAAGCTTCCACCAGCAG
RLAVTL CI SKID RLLLE LKLP PAD
160
ATGCTTACTTCAAACTCCGTCTTATCATTGATCAAGTCAATAATATATTGAGCACTTTTGCCGAAGAAGAC
AY F KL RL lID QVNN IL ST F AE ED
GTTCCAGTACTCTCTCCACTTAACGGCAACGTTATTTTTTCATCGGGACGATACAATGTCTGCTTTTCTCT
VPVL SPLNGNVI F S S GRYNVC F SL
200
HindIll
ATTGTCTTTTTCGAATATCTATGCGAAACAACATGGTAAGAAGCTTACGAAATTAATGTCTTGCACGATTT
L SF S NI YAKQH G
TTATTTTCCAGGTGACTCCTTCAACTCAAAGGAGTTTGCTCGCCGTCTCTGGGGAGATATTTACTTCGAGA
D S FNS KE FARRLWGD I YF EK
240
XhoI
AGAAAACTCGCATTCGTAGGTCGCCGTCCCATGATGCTCCACGTACATTTGTGCAGTTCATT
KTRKFVKKS PS HDAPRTFVQF IL
CCAATGTACAAGATCTTTTCGCAAGTCGTCGGAGATGTCGATACTTGCCTTCCTGATGTGATGGCTGA
E P MY K IFS QVV GD V D T CL PD VMAE
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Ec0PJ

300

GTTGGGAATTCGTTTGTCAAAAGAAGAACAGAAAATGAATGTCCGTCCATTGATTGCTCTCATCTGTAAAC
L GIRLS K E E QKMNVRP LI A LI C KR
320
GCTTCTTTGGAGATTTCAGTGCATTTGTTGATTTGGTGGTTCAAAATATCAAATCACCACTTGAAAATGCG
F F GD F S AF VD LVVQN 1K S P LENA

1614

AAAACTAAAATCGAGCAGACATATCTTGGACCAGCTGATTCCCAATTGGCTCAAGAAATGCAGAAATGTAA
KTK I E QTYL GPAD S QLAQEMQKCN
360
TGCTGAAGGACCATTGATGGTTCATACAACAAAGAATTATCCCGTAGATGATGCAACTCAGTTCCATGTAT
A E G P L MV H T T KN Y P V D DAT Q F HVF

1756

TTGGACGTGTTATGAGCGGAACATTGGAAGCAAATACAGACGTCCGTGTACTTGGAGAGAACTACAGTATT
GRVMS GTLEANTDVRVL GENY SI
400
CAAGATGAAGAAGATTGCCGAAGAATGACAGTTGGAAGACTATTTGTGCGTGTTGCCAGTTATCAGATTGA
Q DEED C RRMTV G RL F VRVA S Y Q I E
PstI
440
AGTTTCTCGTGTTCCTGCAGGTTGCTGGGTACTTATTGAAGGAATTGATCAGCCAJTTGTTAAAACTGCAA
VS RVPAGCWVL I E GI DQP IVKTAT

1898

CCATTGCTGAGTTGGGATACGAGGAAGATGTCTACATTTTCCGTCCTCTCAAATTCAACACTCGCAGTTGC
IAE L GYEEDVY I FRPLKFNTRS C
480
GTGAAACTTGCCGTAGAGCCGATTAATCCATCCGCTCCCGAATGTTGGATGGCTTGAGAAAAGTCAA
V KL AVE P1 NP S EL P KMLD GL RKVN
CAAGTCATATCCGTTGCTGACGACTAGAGTTGGAATCCGGAGAGCACGTGTTGCTCGGAACTGGAGAAT
K S Y PLL TTRVEE S GE HVLLGTGEF
520
TTTATATGGACTGTGTGATGCACGACATGCGGGTGTTCTCAGAGATTGATATCAAAGTTGCTGATCCA
YMD CVMHD MRKV PS El DI KVAD P
560
GTTGTCACATTCAACGAGACTGTCATCGAAACGAGTACGCTGAAATGTTTTGCAGAGACTCCCAACAAAAA
VV T F NE TV I E T ST L KC FAE T P NKK
GTGGGTTTTCATTCAATTTTTTCAAAAAAATAATTTTTAATCAATTTTTTCAGAAATAAAATCACAATGAT
NKI TMM
XbaI
GGCTGAACCIIAAAAACAGTTGGATGAGGACATCGAAAATGAAGTTGTTCAAATCGGATGGAATAGAC
AE P LE KQLD ED I ENEVVQI GWNRR
600
GGCGTCTTGGAGAGTTCTTCCAGACCAAGTACAACTGGGATCTTTTGGCAGCTCGTTCAATTTGGGCATTT
RL GE F F QTKYNWD LLAARS IWAF
XbaI
GGCCTTGATACTACAGGACCCAACATTCTTCTAGATGACACATTGCCATCGGAAGTTGACAAACACTTGCT
G L D T T G P N I L L D D T L P S E V D K H L L
640
ATCAACTGTCAGAGAATCTCTTGTTCAAGGATTCCAATGGGCAICCAGAGAAGGCCCATTGTGTGAGGAAC
S TVRE S LVQGFQWATRE GP LCE EP
680*
CAATTCGTCAAGTGAGTTCAAACTTCTCGATGCCGCAATCGCCACAGAACCACTTTATCGAGGTGGAGGT
I RQV KF KL L D AA I ATE PLY RG G G
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CAGATGATCCCAACTGCACGCCGATGTGCCTATTCTGCATTCCTTATGGCCACGCCAAGATTAATGGAGCC
QMI P TARRCAY SAFLMATP RLMEP
720
ATACTATACAGTGGAAGTTGTTGCACCAGCTGATTGTGTAGCTGCTGTATATACAGTGTTAGCTAAACGAC
Y Y T VE VVAP AD CVAAVY TV LAKRR

2892

GTGGTCACGTCACCACTGATGCACCAATGCCAGGATCACCTATGTACACTATCAGCGTGAGTTTAATATA
G HVT TDAPMPGSPMY TI
S

3034

ATGTTAAAAGAGAACACACATTAAAATAGTTTTATGATATTCTAAAATTATGATTTTCAGGCGTACATTCC
AY I P
760
EcoRl
AGTAATGGACTCGTTCGGATTCGAAACTGATCTTCGAATTCACACACAGGGACAAGCATTCTGTATGTCTG
VMD SF GF ETDLRI HTQ GQAF CMSA
800
CTTTCCATCATTGGCAACTCGTACCAGGAGATCCACTCGATAAATCCATTGTTATCAAGACTCTCGACGTC
F HHWQLVP GDPLDKS lvi KTLDV

3176

CAGCCAACTCCACATCTCGCCAGAGAGTTCATGATCAAGACCAGAAGACGCAAGGGTTTGTCTGAAGATGT
QP T P HLAREFMI KTRRRKGL SEDV
840
849
CTCCGTTAACAAGTTCTTCGATGATCCGATGCTTCTCGAACTTGCAAAGCAGCAAGATTATACTGGATTC
SVNKF FD DPMLLELAKQQD Y TGF

3318

TAAATTGCGATTTCCTAACTTAr.FTTCTCATTGTTTCACACTTTTTATCTTTCAGTGTTCTTTCCCGTTTC
OCH

3459

ATTGAGTTGTTTGATCACAATAGTAAAATGAAAATTCTTGTTTATCTATCTATCAAATGATATTCAGAGCA
............

EcoRI
GGGACCAAAATTGAATTCTCTTAGTTTCGTCAAACAAGCTGAATGTCCGTTGAAGGTATTACTCTTGGACA
ACTTTTTTGAAAAAAAAAAAACTGAAGATCAACATAAGCCTACGCTTAATTTTAAGTCTAAGCATAAGCTA
TAACCGACTTGGAGGCCCCACGAAGGGGAGCAGAACGAAAGGGGATCTGCAAAAAGGGGATCTGCGAA
AAGGGGAGCAACGAAAAGGGGAGCTGGCACTGTGCAAACGGACAAAACGCATTTTCTCACGCAGCGCACC
G
TTTG
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Fig. 9.
Restriction map of the eft-1 locus.
Restriction map of eft- 1 and the strategy used for nucleotide sequencing are represented.
The three Hind ifi fragments of cosmid ZK331 containing the eft-1 locus are shown at the
top. Stippled boxes represent exons and adjoining lines indicate introns. The open boxes
represent 5’- (left) and 3’- (right) untranslated regions. The horizontal arrows indicate the
direction and extent of the sequence obtained from the restriction sites, or from synthesized
primers (•). Bold arrows show sequences obtained from nested deletion clones of B3255
(see “Experimental Procedures”). The cDNA clone pEF1.35, with a 1.35 kb insert encoding
the 3’ half of eft-1, beginning at nucleoiide 2115 (Fig. 8), was also sequenced on both
strands. Restriction sites are: H, HindIll; E, EcoRl; X, XhoI; Xb, XbaI; P, PstI; K, KpnI.
kb denotes kilobase pairs.
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and 5’ cap sites for eft- 1 mRNA, it was necessary to isolate cDNA clones encoding this
transcript. When a total of 4700 transformants of a

.

elegans cDNA library in bacteriophage

)ZAP vector was screened with nick-translated B 3255, only one positive clone was
isolated. Nucleotide sequencing confirmed that the clone pEF1.35, with a 1.3 kb insert,
encoded the 3’ half of eft-1, beginning at nucleotide 2115 (Fig. 8). In an attempt to isolate
more and possibly full-length cDNA clones, the eDNA insert of pEF 1.35 was nick translated
and used as a probe to screen approximately 38,000 phage of the 2LZAP library, but no
positive clones were isolated. Sequence analysis of the cDNA clone pEF1.35 confirmed the
position of introns 3 and 4, and revealed the poly(A) addition site between nucleotides 3502
and 3503 (111 bp after the TAA termination codon). The sequences AGTAAA and
ATGAAA were located 17 and 11 nucleotides upstream of the poly(A)tail, respectively, and
may serve as the poly(A) addition signal(s) for eft- 1 (Park i i.. 1986). The high degree of
similarity of the eft- 1-encoded polypeptide to eukaryotic EF-2 allowed identification of the
5’-most exons which were not covered by the eDNA sequence. That the codon usage in
these putative exons is similar to that from other unequivocal exons provides corroborative
evidence that these are in fact, correctly identified.
A detailed restriction map of the eft-1 locus and the restriction fragments and deletion
clones that were sequenced are shown in Figure 9.

F. NUCLEASE Si PROTECTION ANALYSIS
In an attempt to locate the 5’ end of eft- 1 mRNA within the genomic sequence,
nuclease Si protection analysis was performed using a single stranded probe synthesized by
primer extension of clone Mp18-810 which contained the 864 bp XhoI-HindIll fragment in
the 5’ region of the eft- 1 sequence (Fig. 8). The oligonucleotide E04 was used as the
extension primer such that when the product was digested with Hindlil and EcoRI a 407 bp
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fragment including the putative initiation ATG and about 400 nucleotides of 5’-flanking region
was generated. The 32
P-labeled 407 bp fragment was hybridized to nematode embryo
polyA+RNA and the unprotected region of the fragment was digested with Si nuclease.
Analysis on a 6% polyacrylamide-8 M urea gel yielded an ambigous result in which multiple
bands that were resistant to Si nuclease digestion were detected. An attempt to
investigate further the possibility of eft-1 inRNA initiation at multiple sites by reverse
transcription primer extension mapping proved unsuccessful due to premature termination of
polymerization by reverse iranscriptase as a result of secondary structures in the 5’ region of
the mRNA.

G. PRIMARY STRUCTURE OF EFT-1

The 2547 bp ORF encodes a protein (EFT-1) of 849 amino acid residues (Figs. 8 and
17) with a calculated molecular weight of 96,151. A comparison between EFT-i and related
sequences using the FASTA computer program of Pearson and Lipman (1988) revealed an
overall sequence identity of 38% (56% at the nucleotide level) between EFf-i and the
hamster or Drosophila EF-2 sequences. As shown in Figure 11, the regions of sequence
similarity (i.e. including conservative changes) were dispersed throughout the length of the
primary structure. However, the highest degree of similarity was found in the regions G1-G5
(which are implicated in GTP binding and GTPase activity in EF-2), and E1-E4 which are
shared among elongation factors and which may be involved in direct ribosome binding
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Fig. 10. Amino acid sequence comparison of EFT-1 and elongation factor 2 from
hamster (HamEF2), DrosoDhila melanogaster (DmEF2), and j. elegans (CeEF2).
The numbering is according to the hamster sequence. Amino acid identity with HamEF2 is
denoted with a dash (-), the up-arrows indicate the positions of the four splice sites in
EFT-1 as deduced from the nucleotide sequence and down-arrows denote the positions of
two introns so far identified in CeEF2. The GTP-binding regions Gi - G5 and the regions
highly conserved among elongation factors (El - E4, Kohno et L. 1986, Grinbiat 1 L, 1989)
are indicated. The positions corresponding to the degenerate primers OPC3 and OPC4 used
for the PCR analysis are shown. The histidyl residue target for ADP-ribosylation by
diphtheria toxin is marked with an asterisk (position 715). Gaps were introduced to
maximize alignment.
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Fig. 11. Alignment of the amino acid sequence of
related proteins from other species.

.

elegans EFT-1 and EF-2 with

A. Alignment of the highly conserved regions Gi G5. Sequences compared are:
elegans
EFT-1 and EF-2 (CeEF2), E. coli elongation factors G and Tu (EF-G and EF-Tu,
.

-

Montandon and Stutz, 1983; Zengel et al., 1984), D. melanogaster elongation factor 1-alpha
(DmEFlcc, Hovermann etal., 1988), human RAS1 protein (cHuRAS1, Capon etal., 1983),
bacterial initiation factor 2-alpha (W-2a, Sacerot flj., 1984), HamEF2 and DmEF2. B.
Comparison of EFT-1 and CeEF2 in the regions El E4 (highly conserved regions in
elongation factors), with HamEF2, DmEFlct, DmEF2, E-FG, EF-Tu, and yeast
elongation factor 1-alpha (YEF1a, Nagata
1984). Amino acid identity with the top
sequence is marked with a dash (-). The numbers at the left indicate the residue number
starting from the initial methionine of the respective protein. Gaps are introduced to
maximize alignment.
-

.,
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A. EF—G
DrnEF1a
EF—Tu
cHuRAS1
IF—2a
DmEF2
HarnEF2
CeEF2
EFT—1

EF-G
DrnEF1a
EF—Tu
cHuRS1
IF—2a
DrnEF2
HaxnEF2
CeEF2
EFT—l

B. HaniEF2
DrnEF2
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EF—G
EF—Tu
YEF1a
CeEF2
EFT—1

11>
8>
13>
4>
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20>
20>
20>
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99>
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464> sc—kl———pi——se———rnid——rkvn——y—iittr V
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(Nilsson and Nygard, 1985; Kohno

1986; Grinbiat

1989), as well as the 15 amino

acid region immediately following the modifiable histidyl residue. A more detailed comparison
of EFT- 1 with GTP-binding proteins and elongation factors is presented in Figure 1 1A and
B

,

respectively. Relative to other EF-2’s, the extent of similarity ranged between 44% in

G4 and 93% in G2; between E regions, similarities ranged from 40% in E2 to 57% in E4.
EFT- 1 contains a tyrosyl residue in a position corresponding to the modifiable histidyl
residue in EF-2 (Nilsson and Nygard, 1985; Honjo

nj., 1968). In the 15 amino acid region

immediately following this tyrosyl residue, EFT-1 shared 80% and 86.7% identity with the
Drosophila and hamster EF-2 sequences, respectively.

1. Analysis of the modifiable histidyl region
The lack of a modifiable histidyl residue in EFT-1 and the relatively low degree (38%)
of amino acid sequence identity with EF-2 compared to the greater than 80% identity
between the hamster and Drosophila sequences (Grinbiat
1 was not likely to be the

.

L, 1989) suggested that EFT

elegans EF-2. In order to isolate the £. eleans EF-2, first

strand cDNA obtained by reverse transcription of embryo RNA was amplified as described in
“Experimental Procedures”. Sequencing of the 761 bp fragment resulting from the RACE
OPC4 amplification revealed a region including the modifiable histidyl residue of EF-2.
Sequence comparison (Fig. 12) of this region with those of EFT-1, hamster and Drosophila
EF-2 revealed 87% identity with hamster or Drosophila EF-2, and 57% identity with
elegans EFT-1.

H. DEVELOPMENTAL EXPRESSION OF EFT-1 MRNA

Analysis of £. elegans mRNA using labeled B3255 as a probe revealed that eft-1
encodes a single mRNA species of 3 kilobases (Fig. 13A) which is expressed throughout
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HarnEF2
DmEF2
CeEF2
EFT—1
EF—G

682>
668>
676>
647>
555>

IVHDVTLHADAIHRGGGQI
‘TjDVTLHADAIHRGGGQI IPr
F11DVTLHADAIHRGGGQI IP’
ia

Fig. 12. Alignment of the deduced amino acid sequences of EFT-1 and EF-G with
DmEF2, HamEF2, and
elegans elongation factor 2 (CeEF2) in the ADP-modifiable
histidyl region.
Comparison of the deduced amino acid sequence (CeEF2) in the modifiable histidyl region of
.

the 761 bp fragment with those of EFT-1, EF-G, and the hamster (HaniEF-2) and
Drosophila EF-2 (DmEF-2). Gaps have been iniroduced to provide maximum alignment
with EF-G. The histidyl residue modifiable by ADP-ribosylation is marked with an asterisk
at position 715 of HamEF2. Residues that are identical with those of HamEF2 are shown in
upper case and enclosed in boxes.
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Li L2 L3 L4 D A

4.3

6.6
4.3

2.3

II

III

28S
1 8S

Fig. 13. Northern blot analysis of eft-1 mRNA.
A. 5 .tg polyARNA (lane 1) and 20 p.g total cellular RNA (lane 3) from embryos, and B, 5
p.g polyA+RNA (row I) and 25 .tg total RNA (rows II and ifi) from all stages of development
were hybridized with nick-translated 32
P-labeled B3255 (panels A, BI and Bil) or with
labeled pCeA7 (C. elegans actin gene 1, panel Bifi) as described in “Experimental
Procedures”. Filters were washed at high stringency (Sambrook L. 1989) and exposed to
X-ray film for 2-3 days at -70°C using Dupont Cronex iritensifying screens. E, embryo; Li to
L4, larvae; D, dauer larva; A, young adult; M, size markers. Lower panel is the ethidium
bromide-stained gel before blotting onto membrane. Sizes of marker bands are given in
kilobases, and positions of ribosomal RNA bands are indicated by arrows.
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nematode development, from embryo to adulthood (Fig. 13B1 and Bli), but appeared to be
relatively low in abunbance in the first larval (Li) stage. The level of expression of this
transcript and of the actin gene 1 niRNA (Fig. l3Bffl) also appeared to be somewhat reduced
in the dauer larval stage, although staining of the ribosomal RNA bands indicated
comparable loadings of RNA from all stages (Fig. 13B, lower panel).

I. ISOLATION OF CDNA CLONES ENCODING EFT-2
Sequence analysis of the 665 bp and 761 bp (Fig. 12) PCR products derived from rapid
amplifications with the RACE-OPC3 and RACE-OPC4 oligonucleotide combinations,
respectively, revealed that they both encoded the 3’ region of the . elegans homolog of EF
2. When a (. elegans cDNA library prepared in ZAP was screened using the 761 bp
fragment as a nick translated, 32
P-labeled probe,

six positive clones including one

(pCef6A) containing the entire coding region were isolated from 1,200 plaques screened. An
870 bp EcoRi- Scal probe from the 5’ end of pCef6A was used to isolate another 11 clones
from 4,000 phage of the library. The positive lambda ZAP clones were converted into
pBluescript plasmids by superinfection with the helper phage R408 (Stratagene). The
plasmids and a series of nested deletions (Henikoff, 1984) generated from pCef6A were
sequenced as previously described (Sanger

al., 1977; Hattori and Sakaki, 1986).

J. ISOLATION OF GENOMIC CLONES ENCODING EFT-2
To isolate the . elegans gene (eft-2) encoding EF-2, recombinant clones (40,000) of
a . elegans EMBL4 genomic library were screened with the 761 bp PCR fragment as a
probe. Twelve positive clones were obtained from which phage DNAs were prepared. By
restriction digestion of the phage DNA and hybridization with the entire cDNA insert of
pCef6A, a 7 kb EcoRI-PstI fragment (7E/P) containing the entire coding region was isolated
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from one clone (gEMBg2) and inserted into pBluescript(+) as pSK7E/P. Further analysis by
restriction mapping and hybridization with probes corresponding to different portions of the
insert in pCef6A allowed orientation of the coding region within the clone. Figure 14 shows
the restriction map and orientation of the eft-2 locus derived from gEMBg2. Subfragments of
7E/P were inserted (Messing, 1983) into pGEM3Z or pGEM4Z vectors and partially
sequenced. The results revealed two introns of 48 and 44 base pairs. The locations,
sequences and splice junctions of these introns are shown in Figure 14B.

K. LOCALIZATION OF THE EFT-2 GENE
The genomic clone gEMBg2 was digested with restriction enzymes and the restriction
fragment pattern obtained was compared by computer with the entire data base of £. elegans
genomic clones, as part of the

elegans genome mapping project (Coulson t J., 1986).

Cosmids containing the clone with the most likely matches were then identified. Using this
fmgerprinting procedure, Alan Coulson (Medical Research Council Laboratory, Cambridge,
England) identified a series of overlapping cosmids containing the eft-2 gene and which map
to the right half of chromosome I between unc-29 and ceh-5 (Figure 15).

L. ANALYSIS OF EFT-2 GENE SEQUENCE
Figure 16 shows the complete nucleotide and deduced amino acid sequences of the
cDNA insert in pCef6A. The initiation codon was assigned to the first ATG (nucleotides
positions 46

-

48) occurring downstream of the in-frame terminator TGA (positions 19

-

21),

and which specified the longest open reading frame (ORF). The 2556 bp ORF predicted a
polypeptide of 852 amino acid residues (Fig. 17, calculated molecular weight of 94,564) with
six N-terminal amino acid residues (underlined in Fig. 16) which are identical to the
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I

x
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E

.38

1.0kb

IkbL

H
1.25kb

.75kb

P
2.8kb

CAA/GTAAATTGATTGTTGTATGTAAAATTATATAAATATTTTTACAG/GTT

B

5’

\
/
p

I

CAA/GTAAGCTTTGTGTTTCAACTGTMCATTGTTATATATTTGTCGTTTAG/CGT

Fig. 14. Structure of the eft-2 locus.
A. Restriction map of the 7 kb Eco R1-PstI fragment isolated from genomic clone gEMBg2,
containing eft-2. The restriction sites are: E, EcoRI, H, Hindifi, X, XhoI, and P, PstL Kb,
kilobase pairs. B. Regions represented in the cDNA clone pCef6A are indicated by stippled
boxes aligned to corresponding genomic sequences. Alignment was based on detailed
restriction and Southern blot analyses using probes corresponding to portions of the coding
region in the cDNA clone. The locations (open boxes), sizes and sequences of two introns
identified by partial sequencing of the genomic clone are shown. The direction and extent of
sequencing are indicated by arrows. The position of the 761 bp PCR-amplified fragment used
as a probe to isolate gEMBg2 and pCef6A is indicated by a solid box.
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Fig. 15.

Chromosomal location of the eft-2 locus of £. elegans.
Physical map of chromosome I of £. elegans showing the location of eft-2. The genomic clone
gEMBg2 isolated from a EMBL4 genomic library and which encodes the entire eft-2 mRNA,
was sent to A. Coulson (MRC Laboratory of Molecular Biology, Cambridge, England). It
was digested with restriction enzymes and the restriction fragment pattern was compared by
computer with the entire data base of £. elegans genomic clones. The cosmid contig
containing the clone with the most likely matches was identified and physically mapped to
about 53 units from the left end of chromosome I (A. Coulson, personal communication). The
position of eft-2 (boxed) is shown by an anow between unc-29 and ceh-5.
-
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sequences obtained from a partial tryptic fragment of purified rat EF-2 (Takamatsu l
1986). The insert of pCef6A also contained 45 bp of 5’-untranslated region and 115 bp of 3’untranslated region preceding the poly(A) addition site; these regions have a relatively high
A-T content (78% in the 5’ and 75% in the 3’ regions) compared to that of the coding region
(49%).
In another group of eDNA clones (including pCefld-g) encoding CeEF-2, the poly(A)
tract was found 55 nucleotides upstream of the presumptive poly(A) addition site used in
pCef6A. These putative poly(A) addition signals (AATAAA) are located 14 and 12
nucleotides, respectively, upstream of the poly(A) tail, and are indicated by dots (Fig. 16). A
sequence TGTGCTAA resembling the consensus sequence (YGTGTTYY) implicated in
efficient RNA 3’ end formation (McLauchlan

il., 1985) is located 12 nucleotides upstream

of the distal polyadenylation signal.
Partial sequencing of the genomic clone gEMBg2 encoding CeEF-2 has thus far
revealed 2 short introns (Fig. 14B), one of 48 bases interrupting the ORF after nucleotide
position 618 and the other of 44 bases after position 795 (Fig. 16).

At the nucleotide level,

the overall identities are 73% and 76% between eft-2 and the Drosophila and hamster EF-2
sequences, respectively, and 56% between eft-2 and eft- 1.

M. PRIMARY STRUCTURE OF CEEF-2

Computer analysis (Pearson and Lipman, 1988) showed that the deduced amino acid
sequence of CeEF-2 shares an overall identity of 80% and 87% with Drosophila and hamster
EF-2 sequences, respectively. The lower degree of identity at the nucleotide level compared
to the amino acid sequence level was due mainly to base changes at the third positions of
codons, reflecting a strong bias of codon usage in

£. elegans (Wada j j., 1990). Alignment

of the amino acid sequences of these proteins with that of EFT-1 is shown in Figure 10.
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Fig. 16.

Complete nucleotide and deduced amino acid sequence of the cDNA encoding

.. elegans EF-2.
The nucleotide and amino acid residues are numbered from the beginning of the sequence and
the initial methionine, respectively. Amino acid residues (positions 2-7, 9-11 and 698-710)
which are identical in the sequence of purified rat EF-2 (Robinson L. 1974; Takamatsu 1
The down-arrows indicate the positions of introns identified by
, 1986) are underlined.
partial sequencing of the genomic clone. Horizontal arrows mark the beginning of the
degenerate primers OPC4 and OPC3 used for the PCR analysis. The Xho I sites are doubly
underlined and his-709 (*) is the target for ADP-ribosylation by diphtheria toxin. The
poly(A) addition site in the prototypical cDNA clone pCefld-g is indicated by an up-arrow
(between nucleotides 2661 and 2662) while dots identify potential polyadenylation signals.
A sequence potentially involved in efficient mRNA 3’ end formation (McLauchlan i L 1985)
is indicated by a wavy line.
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1
CTTTTTTTTTTTTTTATCTGAAGAGAACCCTACAAAWCTAAAAATGGTCAACTTCACGGTCGATGAGAT
MVNF_TVDEI
CCGTGCGCTTATGGATCGCAAGCGTAACATTCGTAACATGTCTGTTATTGCTCACGTCGATCACGGAAAAT
RA L MD RKRN I RNM S VIA HVD H GK S
40
CTACCCTTACCGATTCACTCGTrCCAAfiGCCGGTATTATTGCCGGATCCAAGGCTGGAGAGACTCGTrrC
TL T D SLVSKAG II AGSKAGE TRF
80
ACTGACACTCGTAAGGATGAGCAGGAGCGTTGTATTACCATCAAATCTACTGCTATCTCTCTTTTCTTCGA
T D T RKD E QE RC IT 1K S TA IS L FEE
XhoI
GCTCGAGAAGAAGGATTTGGAGTTCGTCA2GGGAGAAAACCAATTCGAGACGGTTGAGGTTGATGGAAAGA
L E K K D LE FVK GE NQ FE TVE VD GKK
120
AAGAGAAATAC.AACGGTTTCTTGATCAATTTGATCGATTCACCCGGTCACGTTGACTTCTCGTCTGAAGTT
E KYNGFLINL ID S P GHVD ES SEV

71

213

355

ACTGCTGCTCTTGGTGTTACTGATGGAGCTCTCGTCGTCGTCGMTGTGTTTCCGGAGTGTGTGTCCAAAC
TAAL GVTDGALVVVD CvS GVCVQT
160
CGAGACTGTGCTGCGTcAGGCTATTGCTGGCGTATcAAGCcAGTTCTTTTcATGAAcAAGATGGACCGTG
E TV L R Q A IA ER 1K P V L F MN KM D RA

497

CCCTTCTCGAACTTCAACTCGGAGCCGAGGAACTTTTCCAAACCTTCCACGTATCGTTGAAAACATCAAC
LLE L QLGAE ELF QTFQRIVENIN
200
GTCATCATTGCCACTTACGGAGACGACGATGGACCGATGGGACCAATCATGGTTGATCCATCTATCGGAAA
VI IATYGDD D GPMGP IMVD PSI GN
240
CGTCGGTTCGGTCTGGACTCCACGGATGGGCCTTCACCCTCAAGCAGTTCGCTGAGATGTACGCCGGAA
VGF G S GLHGWAF TLKQFAEMYAGK

639

AGTTCGGAGTTCA7GTTGACAAGCTCATGAAGAACCTCTGGGGAGATCGTTTCTTCGATCTCAAGACCAAG
F GVQVDKLMKNLWGDRF FDLKTK
Scal
280
GTGGAGCAGTACTCAGACCGATGGAGCAAGCGTGGATTCTGCCAATTCGTTCTTGACCCAATCTTCAT
KWS S TQTDE S KRGF CQFVLD P1 FM

781

923

GGTCTTCGACGCCGTCATGAACATCAAGAAGGACAAGACCGCTGCTCTTGTTGAGAAGCTCGGAATCAAGC
VF D AVMN I KKD K TAALVE KL G I KL

320
TCGCCAACGACGAGAAGGATTTGGAAGGAAAACCACTCATGAAGGTCTTCATGCGCAAGTGGCTTCCAGCG
AND E KD LEG KP L MKVF MRKWL PA
360
GGAGACACTATGCTCCAGATGATCGCTTTCCATCTTCCATCCCCAGTGACTGCTCAAAAATACAGAATGGA
GD TMLQMIAF HLP SPVTAQKYRME

1065

GATGCTCTACGAAGGACCACACGACGACGAGGCCGCCGTTGCTATCAAGACCTGTGATCCAAATGGACC2C
MLYE GP HDD EAAVAI KT CD PNGPL
400
TCATGATGTACATCTCCAAGATGGTGCCAACTTCCGATAAGGGACGTTTCTACGCTTTCGGACGTGTGTTC
MMY IS KMVP T SD KGRF YAF GRVF

1207
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TCCGGAAGGTCGCCACTGGAATAGGCTCGCATTCAAGGACCAAACTACGTTCCAGGAAAGAAGGAAGA
S G KVA T GMKAR I Q G P N YVP G K KE D
440
TCTCTATGAGAAGACCATTCAGCGTACCATTCTTATGATGGGACGTTTCATCGAGCCAATTGAGGATATTC
LYE K TI QRT I LMMG RF I E PIED I P
480
CATCCGGACATCGCTGGACTTGTTGGAGTCGATCAATACCTCGTCAAGGGAGGAACCATCACCACTTAC
S GN IAGLVGVDQYLVKGGT I TTY
AAGGATGCCCACAACATGCGTGTCATGAAGTTCTCCGTATCTCCAGTCGTCCGTGTTGCCGTCGAAGCTA
K D A H NMRVMKF S VS P VVRVAV EAK
520
GAACCCAGCTGATCTTCCAAAGCTCGTCGAAGGACTCAAACGTCTTGCCAAGTCCGATCCTATGGTCCAAT
NPAD L P KLVE GLKRLAKS D PMVQC
GTATCTTCGAAGI½ATCCGGAGAACACATCATCGCCGGAGCTGGAGAGCTTCACTTGGAAATCTGTCTGAAG
IF E ES GEH I IAGAGE L HLE I CLK
560
GATTTGGAGGAGGACCACGCTTGCATTCCACTCAAGAAGTCTGACCCGGTCGTCTCTTACCGTGAAACTGT
DL E ED HAC I P L KK SD P VV S Y RE TV
600
TCAATCCGAGTCTAACCAGATCTGCTTGTCCAAATCTCCAAATAAGCACAATCGTCTTCACTGTACCGCTC
Q SE SNQ I CL S KS PNKHNRL H C TAQ

1349

1491

1633

1775

AGCCAATGCCAGATGGTCTCGCCGATGATATCGAAGGAGGAACCGTCAGCGCTCGTGATGAGTTCAAGGCT
PMP D GLAD DIE GGTVSARD E FKA
640
CGTGCCAAGTATCCTGGCGAGAAGTACGAATACGCCGTCACTGAAGCCCGTAAGATTTGGTGCTTCGGACC
RAK T PG E KY E YAV T E ARK 1W CF GP

1917

AGACGGAACTGGACCAAATCTCTTGATGGACGTCACCAAGGAGTGCAATACCTCAATGAAATCAGGACT
D G T GPNLLMDVTKGVQYLNE I KD S
680
CCGTTGTCGCTGGATTCCAATGGGCCACTCGCGAAGGAGTTCTTTCCGACG2ACATGCGCGGAGTTCGC
V VA G F Q WA T RE G V L SD EN MR G V R

2059

.

-

*

TTCAACGTTCACGATGTCACCCTCCACGCTGACGCTATCCACAGAGG?GGTGGTCA1ATCATCCCAACTGC
FNVHDVTL HADA I HRGGGQ lIP TA
720
XhoI
CCGTCGTGTGTTCTACGCTTCGGTTCTTACCGCCGAGCCACGTCTTCTCGAGCCAGTCTACTTGGTCGAAA
RRVF YASVLTAE P RLLE PVY LVE I
760
TTCAATGCCCAGAAGCCGCCGTTGGAGGTATCTACGGAGTGTTGAACAGAAGAAGAGGACACGTTTTCGAG
Q C P EAAVG GI YGVLNRRRG HVFE
GAGTCTCAGGTCACAGGAACTCCAATGTTCGTCGTCAGCTTACTTGCCTGTCAACGAGTCCTTCGGATT
ES QVT GTPMFVVKAYLPVNE SF GF
800
CACCGCCGATCTCCGCTCCAACACCGGAGGACAAGCCTTCCCACAATGCGTGTTCGACCATTGGCAGGTGC
TAD LRS NTGGQAF P QCVFD HWQVL
TTCCAGGAGACCCGCTTGAGGCCGGAACCAAGCCAAACCAGATCGTTTTGGACACCAGWGAGAGGGG
P GD P L EAGTKPNQ I VLD TRKRKG
840

852

87

2201

2343

2485

Results
CTCAAGGAAGGTGTCCCAGCCCTTGACAACTATCTCGACAAGATGTAATTCTGTCAAGATTGTTTATTGTT
L K E G V P A L D N Y L D K M OCH

2627

TTAATTTTTCTATTATAATAAACACGGTTGTTTGTTACTTTTTCTCATCATTTTTGTGCTATCCACCTCT
GGAATAAATCGTAATTTAAAAAAAAA1.AA

2730

......
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CeEF-2 shares 38% amino acid sequence identity with EFT-1. A single insertion of 12
amino acids is present in CeEF-2 relative to hamster EF-2 at position 90, and CeEF-2
lacks 13 and 4 amino acid residues respectively, present at positions 238-250 and 281-284
of the hamster protein. The regions G1

-

G5, which are implicated in GTP binding and

GTPase activity in EF-2 (Nilsson and Nygard, 1985; Kohno

i, 1986), and E2 E4 which
-

are highly conserved in EF-2 and EF-G, were found in CeEF-2. In the El region (highly
conserved among elongation factors), CeEF-2 was 100% identical to the hamster and
Drosophila sequences (Fig. 1 1B). The extent of identity in the G1-G5 and E2-E4 domains
ranged from 80% in E2 to 100% in G1-G4 between CeEF-2 and the hamster or Drosophila
sequences (Fig. 11). The histidyl residue which is ADP-ribosylated by diphtheria toxin in
EF-2 was found (at amino acid position 709, Fig. 16) in CeEF-2 in a sequence context
similar to that seen in other eukaryotic EF2s (Fig. 12, and Robinson

nj.., 1974; Brown and

Bodley, 1979).

1. Comparison of EFT-1 and CeEF-2 structures
Sequence identities between EFT-1 and CeEF-2 in the G and E-regions are similar
to those between EFT-1 and hamster or Drosophila EF-2 sequences. In addition, CeEF-2
is 12 and 24 amino acids longer than EFT-1 at the C-terminus and between positions 90-100
(Fig. 10), respectively. The latter region was shown to have diverged greatly in length and
sequence between the hamster and Drosophila EF-2 sequences (Grinblat

j

nj., 1989), as

well as in EFr-1; both eft-1 and eft-2 mRNAs contain an intron in this region. Other
divergent regions include positions 494-500, 666-670, and 837-840 (in the hamster
sequence, Fig. 10), where EFT-1 is 3, 5, and 11 amino acids, respectively, longer than
CeEF-2. Also EFT-1 is 13 amino acid longer than CeEF-2 at the C-terminus. A
comparison of the amino acid compositions of CeEF-2 and EFT-1 (Figure 17) reveals
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comparable contents of acidic (13.38% and 13. 19%) and basic amino acids (14.32% and
13.67%, respectively), as well as high contents of valine, leucine and proline and low
contents of cysteine and tryptophan in both proteins.

N. DEVELOPMENTAL EXPRESSION OF EFT-2 MRNA

Analysis of embryo RNA revealed a single 3.0 kilobase mRNA species which
hybridized strongly with the 761 bp fragment (Fig. 18A). To determine the developmental
expression profile of this mRNA, RNA from each major stage of £. e1eans development was
analyzed using the same probe. As shown in Fig. 18-BI, eft-2 mRNA was expressed at all
stages examined, from embryo to adulthood. However, the level of expression of the
transcript appeared to be somewhat reduced in the first larval (Li) stage. The level of actin
mRNA was also low in this sample and in the dauer larval stage (Fig. 18-Bil), while the
loadings of ribosomal RNA were comparable for all stages (lower panel).

0. GENOMIC SOUTHERN ANALYSIS OF EFT-1 AND EFT-2
To estimate the copy numbers of eft- 1 and eft-2, genomic DNA from
from a closely related species,

£. elegans and

£. briggsae, was digested with various restriction

endonucleases and examined by blot hybridization with labeled B3255 (the 3.2 kb HindIll
fragment of eft-1) or the 2.8kb insert of pCef6A as probes. As shown in Figure 19, a single
major band was detected in each digest of . elegans DNA (lanes 3-8

), whereas with £.

briggsae DNA, EcoRI yielded a major and a minor band, and Hindifi digest showed a major
and two minor bands (lanes 1 and 2) when hybridized to pCef6A. The sizes of the EcoRl
PstI, XhoI and Hindu bands obtained with pCef6A probe (lanes 3, 7, 8) were consistent with
the respective sizes of fragments obtained by restriction mapping of the genomic clone (Fig.
14A). When hybridized with the eft-1 probe,
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Fig. 18.

Northern blot analysis of eft-2 mRNA.

Samples of total cellular RNA (20-25 g) isolated from A, embryo and B, various stages of
nematode development, were denatured, separated on a 1% agarose-formaldehyde gel and
blotted onto a nylon membrane. (Sambrook , 1989). After hybridization with the 761 bp
PCR fragment (panel A), the 2.8 kb insert of the cDNA clone pCef6A (BI), or the 3 kb actin
gene 1 insert of pCeA7 (Bil), ifiters were washed as described in “Experimental

Procedures” and exposed to X-ray film for 5h (panel BI) or overnight at -70°C using Dupont
Cronex intensifying screens. Lower panel, ethidium bromide-stained gel prior to blotting. E,
embryo; Li to L4, larvae; D, dauer larva; A, young adult M, size markers. Sizes of marker
bands are given in kilobases.
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Fig. 19. Genomic Southern blot analysis of eft-1 and eft-2.
A. Genomic DNA (1-2 .tg) from £. elegans (lanes 3 to 8 and 11 to 16) and £. briggsae
(lanes 1, 2, 9 and 10) was digested to completion with various restriction enzymes,
separated on a 0.7% agarose gel, blotted onto a nylon membrane, and hybridized with the
2.8 kb insert of pCef6A (encoding eft-2. lanes 1 to 8) or fragment B3255 (contained in eft-l,
lanes 9 to 16) labeled by nick-translation as described in “Experimental Procedures”.
Lanes 1,5,9 and 13, EcoRl; 2,8,10 and 16, HindIll; 3 and 11, EcoRI-PstI; 4 and 12, PstI; 6
and 14, EcoRI-XhoI; 7 and 15, XhoI. B. £. elegans DNA was hybridized with B3255 (lane
1) or the 1.2 kb Hindifi fragment of cosmid ZK331 (lane 2) which previously hybridized with
cDNA probes made from embryo RNA (see Figure 4A, lanes 2 and 3). Positions of size
markers are shown in kilobases.
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and HindIll showed a single major band each (lanes 12, 15 and 16), while EcoRI-PstI,
EcoRI, and EcoRI-XhoI digests gave two bands each (lanes 11, 13 and 14). With

£.

briggsae DNA, EcoRI and Hindlil digests yielded only a single major band each (lanes 9 and
10).
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IV.

DISCUSSION

A. PHYSICAL MAP OF THE UBQ-1 REGION OF CHROMOSOME III
The availability of overlapping cosmid clones of

.

elegans DNA facilitated the

restriction mapping of the 150 kb region around the ubq-1 locus on chromosome Ill using four
different restriction enzymes (Fig. 7). Transcript mapping of this region using eDNA probes
synthesized from nematode po1yARNA revealed a number of putative mRNA coding regions
including one gene, subsequently named eft-1, which mapped approximately 50 kb away
from ubq-1, in a region on the chromosome (between ubq-i and col-8) which was genetically
undefined.

B. EFT-1 GENE STRUCTURE

The gene organization and complete nucleotide sequence of eft- 1, which defines the
primary structure of a 96 kdalton protein, EFT-1, have been determined. The eDNA clone
pEF1.35 encoding the 3’ half of the eft-1 sequence was also characterized. The entire gene
consists of 4 short introns and 5 exons in a total length of 3.8 kb. Putative TATA and CAP
site sequences were found 140 and 100 bp, respectively, upstream of the presumptive
initiation codon. However, since the TATA box influences the accuracy of transcript
initiation in eukaryotes, and is almost always found 20 to 35 nucleotides upstream of the cap
site of eukaryotic genes transcribed by RNA polymerase II (Nevins, 1983), this TATA is
unlikely to be functional. The lack of a functional TATA sequence may explain the
heterogeneity of the 5’ end of eft-1 mRNA transcripts observed in the nuclease Si analysis.
The promoter regions of most housekeeping genes have been shown to lack the consensus
TATA (Dynan, 1986) or CAAT sequence, resulting in multiple transcription initiation sites in
agreement with the assigned function for the TATA sequence (Park
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strong consensus promoter-like sequences were found in this 5’ flanking region of the eft- 1
sequence. No canonical poly(A) addition signal (AATAAA) was found in the 114 bp of 3’untranslated region preceeding the poly(A)tail. However, the sequences AGTAAA and
ATGAAA were located 17 and 11 nucleotides upstream of the poly(A)tail, respectively, and
may serve as the poly(A) addition signal(s) for eft-1, since in addition to the consensus
hexamer AAUAAA, other related sequences including AGUAAA have been seen in different
messages and appear to be fully functional in the appropriate context (Park 1 1, 1986).
The short introns of eft- 1 (46-75 bases) are characteristic of 64% of the introns found
in £. elegans genes (Fields, 1990), and all of the exons are bounded by good consensus
splice junctions which when brought together generate a single continuous open reading
frame. Together with 3’- and 5’-untranslated regions, and with due allowance for a
poly(A)tail, the theoretical size of the eft- 1 mRNA is consistent with the result from the
Northern blot analysis.

C. EFT-1 PRIMARY STRUCTURE
Evaluation of the deduced amino acid sequence revealed striking similarities between
EFT-1 and EF-2, namely:
Drosophila EF-2 (Grinblat

38% identity with the hamster EF-2 (Kohno

1986),

j., 1989) or CeEF-2 and an mRNA species of similar size (3

kb) encoding a polypeptide of 849 amino acid residues (Mr 96,151). The regions of highest
similarity between EFT-1 and eukaryotic EF-2 are in the G1-G5 regions (implicated in GTP
binding and GTPase activity in EF-2, Nilsson and Nygard, 1985; Kohno t L, 1986) and in
the E1-E4 regions which are conserved among elongation factors and may be involved in
direct ribosome binding (Nilsson and Nygard, 1985; Kohno

al., 1986; Grinblat

1989),

as well as the region immediately following the modifiable histidine (Figs. 10 and 12). The
regions Gi, El, G2, and G5 designated Gl, G2, G3, and G4, respectively, in p2lras are
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critical in GDPIGTP exchange, GTP-induced conformational change, and GTP hydrolysis
(Bourne

nj., 1991). It is tempting to speculate that these regions may serve similar

functions in EFT-1. Interestingly,

the regions of least similarity with EF-2 (amino acid

positions 90-100 and 230-260 of HamEF2, Fig. 10) were shown to have diverged
considerably in sequence and size between hamster and Drosophila EF-2 (Grinblat 1
1989). The second splice site for eft-1 (Figs. 8 and 10), Drosophila EF-2, and eft-2
mRNAs (Grinblat

j., 1989) occurs in the latter region. EFT-1, however, lacks the

modifiable histidyl residue which appears to be important for the function of EF-2, especially
in the recognition of the appropriate ribosomal site for the translocation step (Kohno and
Uchida, 1987). This result and the relatively low degree (38%) of amino acid sequence
identity with the hamster EF-2 (which is greater than 80% identical with Drosophila EF-2;
Grinbiat

nj., 1989) suggests that EFT-1 likely does not function as the

. elegans EF-2

but may represent a closely related protein with a distinct function. Indeed by PCR analysis
of . elegans cDNA (using primers constructed from highly conserved regions in the hamster
and Drosophila sequences), a fragment encoding part of the . elegans EF-2 including the
ADP-ribosylatable histidine was isolated. In this region (Fig. 12), EFT-1 and the

.

elegans EF-2 fragment are 57% and 87% identical, respectively, with the hamster EF-2
sequence.
Conservation of the functional regions of elongation factors, in particular EF-2, in
EFT-1 suggests that the genes encoding these proteins are at least in part derived from a
common ancestor. In light of the highly divergent region preceding the modifiable histidyl
residue, the highly (>80%) conserved 15 amino acid sequence immediately following this
residue is very unlikely to have evolved by accident in EFT-1. Of particular interest is the
report that a single point mutation two codons away from the ADP-ribosylatable histidyl
residue which results in the substitution of arginine for glycine in EF-2, is sufficient to confer
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resistance to ADP-ribosylation by DT or PA. Glycine is found in the corresponding position
in EFT-1 just as in the ADP-ribosylatable EF-2 (Fig. 12). It is interesting also that the
amino acid corresponding to G1y12 in ras proteins is replaced by isoleucine in EFT-1 (Fig.
1 1A). This substitution in ras proteins strongly enhances their transforming ability (Seeburg
.,

1984). Replacement of this amino acid by valine or isoleucine in elongation and

initiation factors has been reported (Kohno

nj.,

1986).

Taken as a whole, the data suggest that EFT- 1 may be a GTP-binding protein with
other conserved domains whose functions may be similar to the corresponding domains in
EF-2.

D. EFT-2 GENE STRUCTURE

By PCR analysis employing rapid amplification of cDNA ends (RACE, Frohman ci
1988), we have amplified a region of a

.

elegans EF-2 gene which is highly conserved in

Drosophila and hamster EF-2. Using this fragment as a probe, a number of eDNA and
genomic clones encoding

.

elegans EF-2 (CeEF-2) were isolated. The identity of the

clones was established by DNA sequence analysis and comparison with the known hamster
EF-2 (Kohno

nj., 1986) and Drosophila EF-2 (Grinblat

nj., 1989) sequences.

The

sequence AGAGAACCC was found 16 nucleotides upstream from the initiator ATG codon in
the 5’-untranslated region (Fig. 16). A similar sequence with the consensus
A)TGAGAAT/CCC is found 16 to 20 nucleotides upstream of the initiator ATG codon of many
eukaryotic EF-2 genes including hamster and rat, and in the archaebacterium j. halobium
(Kohno

nj., 1986; Grinblat

nj., 1989; Itoh, 1989). Its function is unknown. The intron

boundary sequences agree with the consensus sequences for 5’ and 3’ splice sites (Mount,
1982, Frendewey and Keller, 1985, Blumenthal and Thomas, 1988). The small introns (48
and 44 base pairs) are in the size range of 64% of the introns characterized in
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genes (Fields, 1990). Two potential polyadenylation signals (AATAAA; Proudfoot and
Brownlee, 1976) were found in the 3’-untranslated region of pCef6A. The second sequence
was located 12 nucleotides upstream from the poly(A)tail of this clone, and the first one was
found 52 nucleotides further upstream (Fig. 16). The isolation of cDNA clones which were
polyadenylated 14 nucleotides from the first signal suggests that both signals are functional
in eft-2. Although multiple AATAAA sequences have also been reported for Drosophila
(Grinblat

nj., 1989), rat and hamster EF-2 genes (Nakanishi

L. 1986), only one signal

has so far been shown to be functional in each case. It is not known whether the 2.8 kb insert
of pCef6A with 45 bp of 5’-untranslated region encodes the entire eft-1 mRNA. In an attempt
to isolate cDNA clones with inserts extending to or beyond the 5’ residue of pCef6A, the
cDNA library was screened with a probe from the 5’ end of pCef6A. The clone (out of 11
positive clones isolated) with the longest insert, pCef2h, encoded CeEF-2 lacking the first
54 amino acid residues.
Not much is known about the promoters of

.

elegans housekeeping genes.

nj., (1988) have characterized the hamster EF-2 gene (which is a housekeeping

Nakanishi

gene) and shown that its promoter is highly efficient, is not tissue-specific, and retains high
activity in all mammalian cells. Presumably, the promoter of the

.

elegans EF-2 gene is

also efficient as judged from the abundance of eft-2 mRNA (Fig. 18).

E. EFT-2 PRIMARY STRUCTURE
The deduced amino acid sequence of CeEF-2 shows greater than 80% identity with
the hamster and Drosophila sequences (Fig. 10). A high degree of conservation was found in
domains Gi

-

G5 (implicated in GTP-binding and GTPase activity), El

-

E4 (shared among

elongation factors and possibly involved in ribosome binding), and in the modifiable histidine
region (Figs. 11 and 12), all of which appear to be important for the function of EF-2 (Kohno
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t j., 1986; Grinbiat

1., 1989; Nilsson and Nygard, 1985; Kohno and Uchida, 1987). These

facts strongly suggest that CeEF-2 represents a functional EF-2 in

.

elegans. Amino acid

insertions and deletions in CeEF-2 occur at regions (residues 90-100 and 237-250) which
have diverged considerably between the hamster and Drosophila proteins (Grinbiat 1
1989) and in EFr-1. A third divergent region was found between residues 280 and 290 of the
hamster sequence (Fig. 10), where the

£. elegans EF-2 is 4 amino acids shorter and EFT

1 is 3 amino acids shorter relative to hamster EF-2.
Neither of the two introns so far identified in the

. elegans EF-2 gene (eft-2)

correspond in position to those of the hamster gene (Nakanishi

L, 1988). The first intron

of eft-2 (following Gln-191 of CeEF-2) is located in a highly conserved region of EF-2
proteins, while the second (following Gln-250) occurs in a highly variable region (residues
237-260 of hamster EF-2, Fig. 10), where the second splice site of eft-1 mRNA also
occurs.

F. EVOLUTIONARY AND FUNCTIONAL RELATIONSHIPS
To determine evolutionary relationships by comparative analysis of molecular
sequences, the sequences must change but slowly with time, so that correct relationships
among very distant species can be determined. There appears to be extensive identity of
amino acid sequence in most translational factors characterized to date in that within
mammalian species, usually greater than 99% identity is observed, in contrast with the
conservation of amino acid sequences in the a or

( haemoglobin chains which range from 75

to 90% identity between other mammals and humans. Extreme examples are rabbit EF-ict
which is 100% identical to human EF-ict and rabbit eIF-4A1 and elf-4A11 which are 100%
identical to the corresponding mouse factors in the amino acids sequenced whereas a
comparison of the primary structure of EF-lcz to EF-Tu indicates an overall sequence
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identity of 33%; however, within the amino-terminal 180 amino acids (the GTP-bincling
domain), there are found regions of much greater (59%) identity (Merrick
among all eukaryotes (including rat, hamster, Drosophila, and

ii., 1990). Also

(. elegans) so far studied,

identity in the amino acid sequence of EF-2 is greater than 80%. The high degree of
conservation of the translational factor sequences among different organisms is presumed to
reflect not only conservation of active sites (nucleotide, tRNA, or mRNA binding) but also
exterior surfaces which allow for the complex factor/factor and factor/ribosome interactions
which occur during the various steps of protein synthesis. In a similar sense, one anticipates
that proteins involved in other macromolecular processes such as DNA replication, RNA
transcription or mRNA processing are likely to also have quite highly conserved sequences
(Merrick

., 1990). A protein of similar function to EFT-1 from any eukaryotic source

would be expected to share amino acid identity with the £. elegans protein. Interestingly,
the amino acid insertions and deletions in CeEF-2 occur at highly divergent regions between
the hamster and Drosophila proteins and where there is low homology between these
proteins and EFT-1; the second intron of eft-1 and eft-2 is located in one of these regions.
In another divergent region in all eukaryotic EF-2 the

£. elegans EF-2 and Drosophila EF-2

were each 4 amino acids shorter and the former showed more similarity to the Drosophila
than to the hamster or EFT-1 proteins. EFT-1 was also found to be 3 amino acids shorter
relative to hamster EF-2 in this region.

G. EFT-1 AND EFT-2 GENE EXPRESSION DURING DEVELOPMENT
Northern blot analyses showed that eft- 1 and eft-2 each expresses a single mRNA
species 3 kilobases in length (Figs. 13 and 18). This is similar to the size of the EF-2
mRNA from hamster (Kohno and Uchida, 1987), Drosophila (Grinblat
(Rapp

nj., 1989), and the slime mold

. discoideum (Toda
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j., 1989), human

nj., 1989). eft- 1 and eft-2
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transcripts were present at all stages of nematode development as is the case for Drosophila
(Grinbiat

., 1989), but at somewhat reduced levels in Li and dauer larvae. The low level

detected in the dauer larval stage seem to have been due to selective degradation of mRNA,
since the level of actin mRNA was also low in this sample, while the loadings of ribosomal
RNA were comparable for all stages. There was no appreciable decrease in eft-2 mRNA
levels at the adult stage. Toda
mRNA in

a],. (1989) have reported that the expression of EF-2

. discoideum is high in vegetative cells, becomes maximal at the aggregation

stage, and decreases thereafter through development. In Drosophila EF-2 mRNA first
becomes detectable by 4 hours of embryogenesis and persists throughout development and
into adulthood. It increases somewhat in abundance during the late embryonic, late larval,
and early pupal stages of active organogenesis (Grinbiat 1 ni., 1989).
In general, the eft-2 mRNA was relatively more abundant than the eft- 1 mRNA at all
stages, as judged by the intensity of the signal on Northern blots, i.e. larger amounts of RNA
and longer exposure times are required to detect the eft-1 transcript. This conclusion is
supported by the higher representation of clones encoding the eft-2 transcript in the cDNA
library studied. Nakanishi

j. (1988) have reported that the content of the hamster EF-2

transcript is high (approximately 0.1% of total mRNA) in growing mammalian cultured cells.
The developmental profile of expression of eft-1 mRNA indicates that the function of EFT-1
may be required throughout

. elegans development.

Whether the relatively low level of

expression of EFT-1 relative to EF-2 is due to transcriptional or post-transcriptional
processes remains to be determined.

H. EFT-1 AND EFT-2 GENE COPY NUMBER
Genomic Southern blot analyses showed that the band obtained with HindIll digested

£. elegans DNA was the same size as the probe B3255 (Fig. 19, lane 16), thus confirming
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the results with the cDNA probe (Fig. 4A); these data and the genomic Southern blot
analysis of the closely related species

(. brigsae) DNA suggest that eft-1 is a single copy

gene in both species. A similar analysis using pCef6A as probe showed that eft-2 is also
unique in

. elegans and £. briggsae genomes. The restriction fragment patterns obtained

with the two gene probes were different, thus confirming that the two genes are distinct and
did not cross-react under the hybridization conditions used for the analysis. Also, whereas
eft-1 was isolated from chromosome ifi, eft-2 was localized to chromosome I of £. elegans.
The EF-2 gene has been shown to be unique in other eukaryotic organisms examined,
including hamster (Kohno and Uchida, 1987), Drosophila (Grinblat
(Koide

1990).

nj., 1989), and mouse

In addition, mouse cells contain about 70 copies of amplified EF-2-

related sequences or processed pseudogenes, called MERs, per haploid genome. The genes
are thought to have been generated by the integration of one copy of MER, derived from the
mature, polyadenylated mRNA for EF-2, into the mouse genome and subsequent
amplification of the MER and flanking sequences (Koide

ni., 1990).

I. POTENTIAL AREAS OF FUTURE STUDY
The genomic Southern analysis showed that eft-1 exists in a closely related species

£. briggsae. In order to elucidate the function of EFT-1, it would be of interest to determine
whether similar proteins exist in other eukaryotic systems. By analogy with the situation in

. elegans, such a protein might be expected to resemble nematode EFT-1 more closely
than EF-2 from the same or other species. Immunolocalization experiments, as well as

in

vitro and j yjy functional tests, such as an attempt to complement the function of EF-2 in
protein synthesis, should also be informative. Furthermore, direct structure-function
correlations by a systematic characterization of mutants will offer further possibilities for
analysis of the functional and structural organization of the protein. In this way, the
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significance of the substitution of a tyrosine in EFT-1 for the histidyl residue which is
supposed to be of importance in EF-2 function could be investigated.
It would be interesting to know if eft- 1 is also subject to post-translational
modification and as such, if this modification is a regulatory step in any biochemical process.
Not much is known about the regulation of transcription from constitutively expressed
genes. The

£. eleans EF-2 gene promoter would be a good model system from which to

characterize regulatory factors which interact with constitutively expressed genes. In
addition, the function of the sequence A[rGAGAAT/CCC found in the 5’-untranslated region
(20 to 16 nucleotides upstream of the initiator ATG codon) of many eukaryotic EF-2 genes
needs to be investigated.
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Appendix

APPENDIX

A. LIST OF OLIGONUCLEOTIDES AND THEIR SEQUENCES

1.

£ complement oligonucleotides
Left complement ‘L’

5’ dAGGTCGCCGCCC 3’

Right cos complement ‘R’

5’ dGGGCGGCGACCT 3’

2. PCR oligonucleotides
OPC3

5’ dGAGGATCCGT(T,C)GC(T,C,A)GGATT(T,C)CA(A,G)TGGGC 3’

OPC4

5’ dGAGGATCCAA(A,G)AT(T,C,A)TGGTG(T,C)rr(T,C)GGACC 3’

E03

5’ dGGTCTCGACGCCGTCATGA 3’

E05

5’ dAGGGATCCGGATAGCGTCAGCGTGGAGG 3’

RACE

5’ dCGAGCATGCGTCGACAGGCAITITITITITITITIIT 3’

Oligonucleotides were synthesized with 5’ restriction enzyme (BamHI) recognition
sequences (underlined) in order to facilitate cloning of PCR products.

3. Oligonucleotides for sequencing
EO1

5’ dGACTGCAGAAGAAATFCCCCAGAAT 3’

E02

5’ dTITAGGTACCTGGAGTATCA 3’

E04*

5’ dTCATGATATGAGGGCAGTCC 3’

*

Also used to synthesize the M13 single-stranded probe for the Si nuclease

experiment.
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B. SUMMARY OF
BB4

.

COLI STRAINS AND THEIR GENOTYPES*

hsdR5l4 supE44 supF58 galK2 galT22 trpR55 metBi tonA zMacUl69
F’[proAB

DH5x

jj 1pcZAM15 Tn1O(1)]

recAl endAl gvrA96 thi-j hsdRl7 supE44 relAl AlacUl69

(4

1acZAM 15)
HB1O1

recAl3 hsdS2O(rmj ara-14 proA2 lacYl galK2 rpsL2O xyl-5 mtl-1

JM1O9

recAl endAl vrA96 thU. hsdRl7 supE44 relAl z(1ac- proAB) NjL
F’(traD36 jj1 1acZAM15)

Q358

hsdR supE jfji

BB4 and DH5a were used to propagate plasmid vectors, HB1O1 for cosmid vectors,
JM1O9 for M13 vectors, and Q358 was used for AEMBL4 bacteriophage.
*

Taken from Sambrook

j. (1989).
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