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INTRODUCTION

Retrotransposon L1 is a mobile element that
belongs to the LINE family and is extremely abundant
in mammalian genomes [1]. Its copies have increased
in number to over 500,000 during evolution and
together account for about 17% of human chromo-
somal DNA. The L1 mRNA serves both as a transpo-
sition intermediate and as a template for synthesis of
two proteins, an RNA-binding protein (p40) with an
unknown function and a reverse transcriptase. The
open reading frames of these two proteins do not over-
lap; they are separated by a 63-nt region. Thus, the L1
mRNA is a natural bicistronic template, which is abso-
lutely unusual for eukaryotes. Another feature of the
L1 mRNA is a surprisingly long (910 nt) 5'-untranslated
region (5'-UTR) upstream of the first cistron. The
5'-UTR contains two short open reading frames and is
GC-rich apart from the last 100 nt. The third unique
feature is that the other parts of the mRNA have a high
adenine content: almost every second base is adenine
in some regions. Owing to these features, the L1
mRNA provides an interesting model for studying the
noncanonical mechanisms of translation initiation in
eukaryotes.

 

In vitro

 

 systems are most convenient for investigat-
ing the molecular mechanisms of translation initiation
in mammals. We used a rabbit reticulocyte lysate
(RRL), a classical example of such systems. RRL is a

cytoplasmic extract of erythrocyte precursors; it is
prepared by the standard method [2] and is commer-
cially available from Promega. Although reticulocytes
are specialized cells with intense protein synthesis
from a few templates (mostly those of 

 

α

 

-

 

 and

 

β

 

-globins), RRL is widely used to study translation of
various mRNAs. However, some specific features of
RRL must be taken into account when studying trans-
lation initiation mechanisms in order to avoid possible
artifacts produced by this specialized system (see
below).

The objective of this work was to develop a system
for studying translation initiation of the L1 mRNA
and other structurally intricate templates 

 

in vitro 

 

so
that the translation conditions would be similar to
those in the living cell and the results similar to those
obtained 

 

in vivo

 

.

EXPERIMENTAL

 

Molecular genetic constructs

 

 were obtained on
the basis of pGL3-Control (Promega). Manipulations
with plasmids and gene engineering procedures fol-
lowed the standard protocols [3]; the enzymes were
from Fermentas (Lithuania). L1 fragment 1–1993,
which included the 5'-UTR, the first cistron, and the
intercistronic region, was PCR-amplified from p3LZ
[4] (kindly provided by G.D. Swergold). The primers
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Abstract

 

—The L1 retrotransposon codes for a unique bicistronic mRNA, which serves as a transposition inter-
mediate and as a template for the synthesis of two proteins. According to preliminary data, the translation of
both cistrons is initiated by a noncanonical mechanism. The L1 mRNA was translated in rabbit reticulocyte
lysate (RRL), a standard system widely used to study the eukaryotic mechanisms of protein synthesis. Trans-
lation yielded not only the expected products, but also several products of aberrant translation initiation on inter-
nal AUG codons. Such products are not generated during 

 

in vivo

 

 translation of the L1 mRNA. When RRL was
supplemented with a cytoplasmic extract of HeLa cells, the aberrant products were not synthesized, while the
first cistron was translated with the same efficiency. The efficiency of translation of the second cistron became
substantially lower, corresponding to the situation 

 

in vivo.

 

 These and other experiments clearly demonstrated
that the new combined system RRL + HeLa is far more adequate for studying the mechanisms of translation
initiation than the standard RRL system.
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were 5'-GGCGGAGGAGCCAAGATGG-3' and
5'-CGTGGCCAGTGTCATTATGATGTTAGCTGG-3'.
To construct pLL2, the amplification product was
cloned into the 

 

Sma

 

I–

 

Nco

 

I sites (the latter was
blunted) of pGL3. To construct pLL2imp, the

 

Hind

 

III–

 

Bal

 

I fragment of pLL2 was replaced by the
PCR product amplified from pLL2 with primers
5'-CCAGCCAAACTAAGCTTCATAAGTG-3' and
5'-CCAGATCCATGGCGGCTATGATGTTATCTGGTG
ATTTTGC-3' and digested with 

 

Hind

 

III. The structure
of the constructs was verified by sequencing (Genom,
Moscow).

 

RNA

 

 was obtained using T7 RNA polymerase as
recommended by Fermentas. The reaction was carried
out at 

 

37°ë

 

 for 2 h, always in the presence of the ribonu-
clease inhibitor RiboLock (Fermentas). As a DNA tem-
plate, we used the PCR product amplified from the proper
plasmid with primers T7UTR (5'-CGCCGTAATAC-
GACTCACTATAGGCGGAGGAGCCAAGATGG-3')
and FLA50 (5'-(T)

 

50

 

AACTTGTT TATTGCAGCT-
TATAATGG-3'), purified by agarose gel electrophore-
sis, and eluted from gel using an H-1602 kit (Helikon,
Russia). After transcription, RNA was precipitated
with LiCl. The reaction mixture was combined with
an equal volume of 4 M LiCl, incubated in ice for 1 h,
and centrifuged at 12,000 

 

g

 

 at 4

 

°

 

C for 10 min. The
RNA pellet was washed with 70% ethanol, 5 mM
MgCl

 

2

 

, 50 mM NaCH

 

3

 

COO; it was then dried and dis-
solved in water.

 

Translation

 

 of mRNA was carried out using
nuclease-treated RRL (Promega). The reaction mix-
ture (7 

 

µ

 

l) contained 5 

 

µ

 

l of RRL supplemented with
a mixture of amino acids and [

 

35

 

S]methionine (Amer-
sham) as recommended by the manufacturer, 0.5 

 

µ

 

l of
mRNA (an aqueous solution), and 1.5 

 

µ

 

l of water or a
HeLa cell extract treated with micrococcal nuclease.
The protein product was resolved by PAGE in 12% gel
according to Laemmli [3]. Autoradiographs were
obtained using a PhosphorImager (Molecular Dynam-
ics) and analyzed using the Image Quant 5.0 program.

RESULTS AND DISCUSSION

To select the conditions of 

 

in vitro

 

 translation, we
used the artificial LL2 mRNA as a model template
(Fig. 1a). The LL2 mRNA was similar to the full-
length L1 mRNA but the second cistron was substi-
tuted with the firefly luciferase (Fluc) reporter gene.
This substitution was necessary because the second
open reading frame of the natural L1 mRNA is too
large to allow its efficient translation in RRL. The
nucleotide context of the start codon of the second
reading frame was preserved. The mRNA was
obtained by T7 transcription 

 

in vitro

 

. Since the L1
mRNA is polyadenylated in the cell [1], the 3' end of
the mRNA was tagged with (A)

 

50

 

. For this purpose,
the mRNA was synthesized not from the plasmid

DNA, but from the PCR product amplified with pLL2
and primers T7UTR and FLA50. Primer T7UTR cor-
responded to the start of the 5'-UTR and contained the
T7 promoter. Primer FLA50 was complementary to
the plasmid region 200 bp downstream of the Fluc
gene and contained (T)

 

50

 

. This method of introducing
a homonucleotide tract obviates the need for cloning
the plasmids containing such regions. Homonucle-
otide tracts are prone to recombination in the bacterial
cell, and the resulting plasmid population is heteroge-
neous.

The LL2 mRNA was translated in RRL supple-
mented with [

 

35

 

S]methionine and the products were
resolved by PAGE according to Laemmli. As a con-
trol, we used the standard monocistronic polyadeny-
lated FL mRNA from a Promega translation kit. This
mRNA also codes for luciferase and has a simple short
5'-UTR (Fig. 1a).

The results of translation of the LL2 mRNA used
at three different concentrations are shown in Fig. 1b
(lanes 

 

1–3

 

). The reaction mixture contained the prod-
ucts translated from the first (~40 kDa) and the second
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Fig. 1. 

 

Translation of the LL2 and FL mRNAs in RRL.
(a) Structures of the LL2 and FL mRNAs. Bars, open read-
ing frames. Retrotransposon sequences are shown in black.
(b) Autoradiography of the products synthesized from (

 

1–3

 

)
the LL2 mRNA and (

 

4–6

 

) the FL mRNA in RRL. The
mRNAs were used at (

 

1, 4

 

) 12.5, (

 

2, 5

 

) 25, or (

 

3, 6

 

) 50 nM.
Here and in Fig. 2, p40ab are aberrant products. Molecular
weights (kDa) of marker proteins are indicated.
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(~60 kDa) cistrons: p40 and Fluc, respectively. In
addition to these two proteins, bands of several other
polypeptides of less than 30 kDa were detected on the
autoradiograph (Fig. 1b, lanes 

 

1–3

 

). Protease and
RNase inhibitors did not prevent their synthesis (data
not shown). These products corresponded in size to
polypeptides translated from the same frame as p40
but starting from internal AUG codons. Translation of
the FL mRNA did not yield such products (Fig. 1b,
lanes 

 

4–6

 

). Thus, several products of aberrant transla-
tion initiation from the internal AUG codons of the
first open reading frame were synthesized during
translation of the LL2 mRNA in RRL. Similar prod-
ucts have already been reported for L1 mRNA transla-
tion in RRL [4], but their origin has not been dis-
cussed. However, such polypeptides have not been
detected in the living cell [4, 5]. This finding indicates
that the classical variant of the RRL system fails to
reproduce the conditions existing in the living cell,
which is most probably explained by the above spe-
cialization of reticulocytes used to prepare RRL. It is
known, for instance, that mRNA-binding proteins
essential for efficient translation of some viral
mRNAs are scarce in RRL [6–8]. Aberrant initiation
has also been observed with picornaviral mRNAs
translated in the RRL system [9–12] but not in extracts
of other (e.g., HeLa) cells [9, 10, 12].

At the same time, RRL has several advantages over
other cell extracts: it is available, allows a high effi-
ciency of translation, and yields reproducible results.
We tested a combined RRL-based system supple-
mented with a HeLa cell extract treated with micro-

coccal nuclease S30 (20% v/v). A similar system has
been used to study translation of the poliovirus mRNA
[10] but has not received wide acceptance.

The results of translation in the combined system
are shown in Fig. 2a. The HeLa cell extract had virtu-
ally no effect on the efficiency of translation of the
control FL mRNA (compare lanes 

 

1

 

 and 

 

2

 

). Yet the
pattern of LL2 mRNA translation considerably
changed in the presence of the HeLa cell extract (lanes

 

3–6

 

). The products of aberrant translation initiation
were undetectable. Weak bands in the corresponding
zone were detected only at the highest (50 nM) mRNA
concentration examined. Hence it is possible to
assume that mRNA-binding proteins are responsible
for masking the aberrant initiation sites: at a higher
mRNA concentration, the protein–RNA ratio is lower,
the mRNA is naked, and inaccessible internal regions
of the mRNA molecule become accessible to ribo-
somes. Such an effect of mRNA-binding proteins has
already been observed [13]: added to RRL, mRNA-
binding proteins decrease the likelihood of translation
initiation on an internal ribosome entry site (IRES) of
a bicistronic mRNA and increase the efficiency of
translation of the 5'-proximal cistron. To explain the
generation of the aberrant translation products in the
case of the LL2 mRNA, it is possible to assume that
the entire region of the first cistron is predominantly
single-stranded because of its abnormally high ade-
nine content; it can also be assumed that this region is
capable of binding with the ribosome in the absence of
mRNA-binding proteins, as is characteristic of the
single-stranded U-rich IRES of RhPV [14] or the
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Fig. 2.

 

 Translation of different mRNAs in the RRL and RRL + HeLa systems. (a) Translation of the LL2 and FL mRNAs. Lane 

 

1

 

,
25 nM FL in RRL; 

 

2

 

, 25 nM FL in RRL + HeLa; 

 

3

 

, 25 nM LL2 in RRL; and 

 

4–6

 

, LL2 (12.5, 25, and 50 nM, respectively) in RRL +
HeLa. (b) Translation of the LL2imp mRNA in the RRL + HeLa system. The mRNA was used at (

 

1

 

) 12.5, (

 

2

 

) 25, and (

 

3

 

) 50 nM.
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A-rich IRES of crTMV [15]. When a HeLa cell extract
is added, its mRNA-binding proteins form ribonucle-
oprotein complexes with the mRNA, thereby blocking
aberrant translation initiation on the internal sites and
directing ribosomes to the proper start codons, whose
selection for translation initiation is a result of specific
mechanisms. The fact that the efficiency of translation
did not appreciably change in the presence of a HeLa
cell extract in the cases of the FL mRNA and the first
cistron of the LL2 mRNA supports the existence of
such a mechanism, which is probably classical 5'-end-
dependent initiation in the former case and the same
or another, still unknown mechanism in the latter.

The situation with the second cistron of the LL2
mRNA is different. In the presence of a HeLa cell
extract, the efficiency of its translation decreased dra-
matically, although to a lesser extent than that of the
aberrant products (compare the intensities of the Fluc
and p40ab bands, Fig. 2a, lanes 

 

3, 5

 

). Hence, it is pos-
sible that translation initiation on the second cistron in
the original RRL mostly followed the mechanism of
aberrant internal ribosome binding, as is the case with
other internal AUG codons. The fact that Fluc was still
synthesized when RRL was supplemented with a
HeLa cell extract suggests an additional mechanism
for translation initiation on the second cistron,
although the efficiency of this mechanism is rather
low. It should be noted that low-level translation of the
second cistron was not at all unexpected. The second
cistron of the original L1 mRNA codes for reverse
transcriptase, which is necessary in minor amounts for
the retrotransposon. Reverse transcriptase occurs at an
extremely low concentration in living cells, and its
presence in tissues and cultured cells was demon-
strated only recently [16]. The L1 mRNA exists in the
cytoplasm in the form of a ribonucleoprotein particle
which contains mostly p40 (the product of the first cis-
tron) [17]. Reverse transcriptase is probably also con-
tained in this mRNP. Its activity is present in mRNP
particles [19], but the protein itself has not yet been
detected in particles, even with antibodies. It is
thought that the mRNP particle contains only two
reverse transcriptase molecules, if not a single one
[19], while p40 molecules are quite abundant. A dis-
proportion in the contents of the structural protein and
polymerase is characteristic of many virus particles
and is often caused by a difference in the efficiency of
translation initiation. Although retrotransposons are
not true viruses, several aspects of their life cycle
demonstrate their similarity, in particular, to Retrovi-
ridae [1]. In line with the above assumptions, the activ-
ity of the second exon was extremely low in cultured
cells transfected with the LL2 mRNA (S.E. Dmitriev,
unpublished data).

To check whether the second cistron is indeed sub-
ject to low-efficient translation via a specific mecha-
nism differing from that of aberrant initiation on other

internal AUG codons, we tried to increase its expres-
sion in the RRL + HeLa system. The low level of
translation initiation could be determined by the non-
optimal nucleotide context of the AUG start codon
(atcataATGaca). We constructed pLL2imp, wherein
the context was changed to optimal (gccgccATGgat)
[20, 21]. The LL2imp mRNA obtained with this con-
struct was translated in the RRL + HeLa system (Fig. 2b).
The change in context considerably increased the effi-
ciency of translation initiation on the second cistron
(compare Fig. 2b, lanes 

 

1–3

 

 and Fig. 2a, lanes 

 

4–6

 

). At
a medium LL2imp mRNA concentration, the reaction
yielded two major polypeptides, Fluc and p40, while
the aberrant products of translation initiation on the
other internal AUG codons (many of which were orig-
inally in nearly optimal contexts) were almost unde-
tectable (lanes 

 

1, 2

 

). Thus, specific mechanisms initi-
ating translation of the L1 mRNA were efficient in our
system, while aberrant translation initiation was virtu-
ally undetectable. The accuracy of translation initia-
tion and the ratio of the translation products obtained
with our system matched the 

 

in vivo

 

 situation far bet-
ter than with RRL alone.

We think that studies of the mechanisms of protein
biosynthesis should take into account the fact that the
RRL 

 

in vitro

 

 translation system yields artifacts at a
high probability, as observed with the L1 mRNA and
reported for picornaviral mRNAs [9–12]. RRL is suit-
able for checking the length and integrity of open
reading frames, producing labeled recombinant pro-
teins, and for some other technical applications. Yet
other approaches are necessary for studying the mech-
anisms of translation initiation, especially in the case
of mRNAs with extended single-stranded regions.
One such approach was proposed in this work.
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