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ABSTRACT
The elongation factor 1 a (EF-1 a) is a protein which
promotes the GTP-dependent binding of aminoacyl-
tRNA to ribosomes in the protein synthesis process.
A human gene coding for EF-la has previously been
cloned and sequenced along with a pseudo-gene [1].
Here, we have further analyzed the family of human
EF-1la genes. Using an EF-1la cDNA as probe twelve
genomic EF-1 a-like clones were isolated and analyzed.
Four of these were sequenced and found to contain
EF-1a retropseudogenes. A Southern blot analysis
indicated that the remaining eight clones also
contained retropseudogenes. Genomic Southern blot
analysis revealed at least twenty loci in the human
genome with sequence homology to the EF-1c cDNA.
Besides the already described active gene only one
potentially active locus was found. The others
appeared to be retropseudogenes. EF-la
retropseudogenes were also found to be abundant in
the mammalian species mouse and pig, while the
chicken contained only one presumably active EF-la
gene.

INTRODUCTION
Processed genes [2] or processed retropseudogenes [3] are terms
for pseudogenes that resemble a cDNA copy of a fully processed
mRNA species. They include the 3' terminal poly(A) tract of
the mRNA and lack any introns present in the parental gene.
In addition, they often extend to the ultimate 5' end of the mRNA
and are surrounded by short direct repeat sequences. These
pseudogenes are believed to be DNA copies of reverse transcribed
mRNA's, inserted into staggered chromosomal breaks [4]. The
events must have taken place in germ cells or their precursors
in order to establish the inheritance of these pseudogenes.
Therefore, retropseudogenes usually are remnants of genes
expressed in such cells, e.g. genes coding for housekeeping
proteins [3].

Retropseudogenes seem to be most frequent in mammals. For
example, there are 20-30 tubulin retropseudogenes in mammals
but none in the fruit fly Drosophila and the chicken [3]. Similarly,

retropseudogenes for glyceraldehyde-3-phosphate dehydrogenase
are very abundant in several mammalian species but are absent
in the chicken [3].
The elongation factor la (EF-la) is a housekeeping protein

which has been intensively studied because of its central role in
the protein synthesis process. It is part of the elongation factor
1 (EF-1) complex, which in addition to EF-la contains the EF-1I3
and EF-1'y proteins. EF-lo promotes the binding of aminoacyl-
tRNA to the acceptor site of the ribosome under hydrolysis of
GTP while EF-1lB/y catalyzes the exchange of GDP for GTP
on EF-lx [5].
EF- la genes have been described for a variety of eukaryotes.

The yeast Saccharomyces cerevisiae contains two EF-lc genes
[6], the fungus Mucor racemosus has three [7] and the brine
shrimp Artemia salina may contain as many as four copies of
the gene [8]. The fruit fly Drosophila melanogaster contains two
genes, one of which is found to be expressed only in certain stages
of development [9]. In mammals, EF-lx genes have been
described only for mouse and man. A cDNA [10] and a partial
genomic sequence [ 11] have been identified in mouse. In humans
two cDNAs [1,12] and one active gene together with five
retropseudogenes [ 1] have been described.

Here, we describe EF-lIa-like sequences in the human genome
with homology to an EF-lc cDNA clone using Southern blot
analysis and sequencing of genomic clones combined with
genomic Southern blot analysis. This revealed more than twenty
EF-lIc-like loci, of which only two can be intron-containing
EF-la genes. The rest are most likely retropseudogenes.

MATERIALS AND METHODS
Bacterial strains. E. coli strain Y1088 or Y1090 [13] and E. coli
strain K802 [14] were used for propagation of Xgtll [15] and
XL47.1 [15] recombinant phages, respectively. The M13mpl8/19
phages and recombinant derivatives hereof were propagated in
E. coli JM105 [16].

Preparation ofgenomic DNA. High-molecular weight genomic
DNA was prepared essentially as described [17]. Human DNA
was isolated from blood cells of one individual (JPH), while
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murine, porcine and chicken DNA were isolated from liver tissue
of single animals.

Libraries. The library of human liver cDNA's cloned into the
Eco RI site of X gtl 1 was kindly provided by George A. Ricca,
Meloy Laboratories, Virginia, USA. The human genomic library
was constructed from 12-20 kb fragments of partially Sau 3A
digested human genomic DNA, using XL47.1 [15] as Bam HI
substitution vector [ 18].

Hybridizations. Southern blot [19] hybridizations and in situ
hybridizations were performed essentially as described [20], using
stringent conditions. Double stranded DNA probes were labelled
by nick translation [21] using [a-32P]-dATP and DNA
Polymerase I. Synthetic oligonucleotide probes prepared by the

in situ phosphoramidite method [22] and purified by PAGE gel
electrophoresis were end-labelled [23] using ['y-32P]-ATP and
T4 Polynucleotide Kinase.

DNA sequencing. cDNA and genomic DNA fragments to be
sequenced were subcloned in the M13mpl8/19 phages and
sequenced as described [24,25]. Ten oligonucleotides homologous
to a published human EF-la cDNA sequence [12] were used
together with the universal sequencing primer in the sequencing
strategy.

RESULTS AND DISCUSSION
Analysis of cDNA and genomic clones
In order to analyse the homogeneity of the EF-la mRNA in
human liver, we compared a number of individually derived
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Figure 1. Southern blot analysis of human genomic DNA, using the 5'-end Bal I/Hind III fragment of CEF4 (A) and the 3'-end Bal I/Hind III fragment of CEF4
(B) as hybridization probes. 5 micrograms of restriction enzyme digested human genomic DNA was loaded in each lane and electrophoresed in a 1% agarose gel.
The digestions are as follows: Hind Ill (lane 1), Bal I (lane 2), Hind III/Bal I (lane 3), Hind III/Nsi I (lane 4), Bal I/Nsi I (lane 5), Hind III/Bal I/Nsi I (lane 6)
and Hind III/Bal I/Nsi I with double the amount of restriction enzyme and double the digestion time that of lane 6 (lane 7). Size markers (M) are indicated to the
right of the figure. The hybridizing fragments marked with arrows are discussed in the text.The restriction enzyme map of the human EF-la cDNA clone CEF4
with the 5'-end to the left (C) shows the restriction sites which were used in the gene analysis.
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Figure 2. Southern blot analysis of genomic DNA from different species, using
the 5'-end Bal I/Hind III fragment of CEF4 (A) and the 3'-end Bal I/Hind III
fragment of CEF4 (B) as hybridization probes. 5 micrograms of human (H), murine
(M), porcine (P) and chicken (C) genomic DNA was digested with Hind III and
electrophoresed in a 1% agarose gel. The size markers (SM) are placed between
Figs. A and B. The arrow in Fig. A shows the smallest of the two hybridizing
fragments in chicken.

cDNA clones. The published sequence of a human EF-la cDNA
[12], enabled the preparation of a synthetic 55-oligomer, which
was used to screen a human liver cDNA library. Nine positive
clones were purified and sequenced.
The largest clone, CEF4, shown in Fig. IC, is 1696 bp and

yet not full-length. The sequence of the cDNAs are identical in
overlapping regions. Comparison with the published sequences
[1,12] reveals only a single base difference, which is found in
the 3' untranslated end , and therefore this is most likely an allelic
difference.
The sequence homogeneity among the 9 EF- a cDNA clones

derived from liver, the one from fibroblast cells [ 1], and the one
from a lymphoid cell line [12], indicates that there is only one
EF-la gene active in human.
The cDNA insert of the CEF4 clone was used as probe in the

screening of a human genomic library. Approximately 1/10,000
of the phages contained sequences homologous to the probe, and
this high frequency agrees with that found by Uetsuki et al. [ 1].
Twelve randomly selected positive plaques (XlI to X12) were
purified. Restriction enzyme mapping of the recombinant phage
DNA combined with Southern blot hybridization using fragments

of the CEF4 cDNA insert as probe indicated that the twelve
clones represent ten different gene copies.
Four of the clones were sequenced. XI (EMBL accession no.

X16870) represented a group of three clones which contained
seemingly identical gene copies with the unique Hind III site
found in the cDNA (Fig. 1). X9 (EMBL accession no. X16872)
was randomly chosen from the rest of the clones that contained
the unique Hind III site. The other two were the aberrant clones
X4 (EMBL accession no. X1687 1), which hybridized very weakly
to the 5' end of CEF4 and X6 (EMBL accession no. X16873),
which hybridized only to the 3' end of CEF4.
The sequences contained in XI and X9 have a common structure

characterized by the lack of introns, a poly(A) tail at the 3' end
and direct repeats surrounding the gene. Moreover, both genes
are incapable of producing normal EF-la due to nucleotide
substitutions, deletions, insertions, and duplications. These
sequences therefore qualify as retropseudogenes.
X4 and X6 contain truncated EF-lx retropseudogenes. Both

genes are interrupted by sequences which are identified as Alu
elements. These elements are also recognized as retropseudogenes
which seem to be derived from human 7SL RNA [3].
To reveal the gene type in the remaining eight genomic clones,

the restriction enzymes Bal I, Hind Ill and Nsi I were used
together in a Southern blot analysis of DNA from each clone,
using the two Bal I/Hind III fragments from CEF4 as probes
(Fig. 1). One of the clones, X12, hybridized only weakly to the
probes. The remaining seven clones showed hybridizing
fragments of sizes indicating that they contain intron-free EF-la
genes, presumably retropseudogenes.

Genomic Southern blot analysis
To estimate the proportion of retropseudogenes among human
EF-lx genes human genomic DNA was also digested with Bal
I, Hind III and Nsi I in different combinations. The digestions
were analyzed by Southern blot hybridizations as for the genomic
clones (Fig. 1).
When the genomic DNA is digested with all three restriction

enzymes together and hybridized to the 5'-Bal I/Hind III fragment
probe of 820 bp (Fig. IA, lanes 6 and 7) most EF-la genomic
sequences reveal the 820 bp fragment which indicates that they
are retropseudogenes defined by the lack of introns in this 5'
region. A similar result is seen when the 3' Hind III/Bal I cDNA
fragment of 580 bp is used as probe (Fig. 1). The small very
weakly hybridizing fragments presumably represent highly
mutated EF-Ic1 retroposons. Three of the remaining four
fragments hybridizing to each of the two probes (1.39 kb, 3.2
kb, and 1.46 kb in Fig. IA and 1.39 kb, 1.95 kb, and 0.76 kb
in Fig. iB) can be accounted for by a retropseudogene which
has lost the Hind III site, the intron-free pseudogene contained
in the genomic clone XIO, and the EF-lc gene sequenced by
Uetsuki et al. [1], respectively. The last Hind HI/Bal I fragments
of 1.2 kb and 1.0 kb represent a retropseudogene or a second
intron-containing EF-la gene.

EF-la genes of other species
Since retroposition seems to take place primarily in the germ cell
lineage of mammals [3], we compared EF-l1a genes of an avian
species with 3 different mammalian species (Fig. 2). Genomic
DNA from chicken, man, mouse and pig was digested with Hind
III and equal quantities were analyzed by Southern blot
hybridization, using both Bal I/Hind III fragments of CEFR4
(Fig. 1) as probes.
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Based on the number of hybridizing fragments, each of the
3 mammalian species contains a family of EF-lct-like genes,
while there apparently exists only one EF-lc gene in the chicken
(Fig. 2). In addition, a similar genomic Southern blot
hybridization shows the existence of a low number of Xenopus
laevis EF-I1x gene copies (data not shown). These observations
indicate, that besides man other mammals also contain a large
number of EF-lc retropseudogenes.
A copy number of EF-la-like sequences in the different species

can be estimated when the hybridizations are compared. In man,
mouse, pig and chicken the copy numbers are visually estimated
to be 20, 15, 10 and 1, respectively. In man the EF-lIc-like copy
number could be still higher than the given estimate, since as
many as ten different genomic sequences were found in twelve
randomly selected genomic clones with homology to the EF-lIa
cDNA probe.

CONCLUDING REMARKS
Based on the analysis of genomic clones and genomic Southern
blotting we find that the human genome contains a family of at
least twenty distinct EF-lca-like sequences, of which the large
majority are retropseudogenes. Also mouse and pig contain a
high number of EF-la-like sequences. The large majority of these
are presumably also retropseudogenes, since our results indicate
the presence of only one EF-lx gene copy in chicken and other
non-mammalian eukaryotes also contain a low number of EF-Ia
genes.
The fact that two of the analyzed human genomic clones contain

inserted Alu elements is interesting, because it may indicate the
existence of 'hot spot' regions for retropseudogene insertion. An
Alu element has previously been found inserted into a human
dihydrofolate reductase retropseudogene [26]. On the other hand,
Alu elements constitute about 5% of the humane genome [27],
so these instances could just be a matter of chance.
The analysis of human liver cDNA clones indicates the

existence of only one active EF-la gene copy per genome, but
the genomic Southern blot analysis opens up the possibility of
the existence of an extra active EF-lIc gene in addition to the
one identified by Uetsuki et al. [1]. An EF-lac-like gene which
is expressed in early stages of development has actually been
found in D. melanogaster and in X. laevis [28].
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