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Translation of the Rat LINE Bicistronic RNAs In Vitro
Involves Ribosomal Reinitiation instead of Frameshifting
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The genomic structure of the rat LINE (LlRn) DNA element contains two overlapping open reading frames
(ORFs) and apparently has a potential to code for a DNA/RNA-binding protein (in ORF1) and a reverse

transcriptase (in ORF2). We have characterized a 1,630-bp LlRn cDNA clone encompassing the overlapping
ORFs and a 600-bp genomic fragment derived from a full-length LlRn member and containing the beginning
of ORF1. These DNAs were used to restore in part the ORF1-ORF2 organization of LlRn after being cloned
into the pSP65 vector under the control of SP6 polymerase promoter. To test whether LlRn ORF1 and ORF2
are expressed as a fusion protein, a series of capped RNAs with progressive truncations containing one or both
ORFs were prepared and translated in the rabbit reticulocyte lysate. Our analysis indicates that the expression
of a putative reverse transcriptase-encoded LlRn ORF2 in vitro is regulated by reinitiation or internal
initiation of translation but not by ribosomal frameshifting.

The LINE-1 (L1) family of highly repeated long inter-
spersed DNA sequences found in all mammalian genomes
consists of a large number of processed pseudogenes and,
presumably, only a few active members capable of retropo-
sition (for reviews, see references 3, 7, and 11). DNA
sequence data obtained from many laboratories suggest that
Li pseudogenes could have arisen via reverse transcription
and transposition. To date, it is not known whether this type
of retroposition is mediated by Li-encoded proteins or by
enzymes of some other retroid elements or of cellular origin.

Full-length Li retroposons are about 6 to 7 kb long,
contain an internal promoter (34), and have two long open
reading frames (ORFs) with potential to code for a DNA/
RNA-binding protein (ORF1) (20) and a reverse tran-
scriptase (ORF2) (8, 10, 12, 26, 36). After successful isola-
tion of the first-identified active human Li retroposon
(LlHs), Mathias et al. (23) demonstrated that the LlHs
ORF2 encodes a protein with reverse transcriptase activity.
So far, efficient transcription of the genomic human LlHs
has been conclusively demonstrated only in NTera2D1 cells
(31, 32). In the same cell type, a putative Li-specific reverse

transcriptase activity was found associated with a viruslike
particle containing Li mRNA and a protein component of 37
kDa, possibly encoded by the first ORF of LlHs (6). In
several human cell lines an abundant 38-kDa protein was
identified by Western blot (immunoblot) analysis using an

antiserum against the polypeptide encoded by the LlHs
ORF1 (19). The relative abundance of this protein was
consistent with the results of studies on the distribution of
the LlHs mRNAs in different cell types. These data indicate
that at least some LlHs RNAs can function as bona fide
mRNAs.
One of the characteristic features of most Li retroposon

RNAs is the presence of two large ORFs that are frequently
interrupted by stop codons. In LlHs, both ORFs are in the
same reading frame and are separated by 33 bases bracketed
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by two conserved in-frame stop codons (29, 31). However,
in the rat Li retroposons (LlRn), these two ORFs are

overlapped by 14 nucleotides and ORF2 is in the +1 trans-
lational reading frame with respect to ORF1. A similar
organization of the overlapping ORFs has been shown for
the mouse LlMd-A2 retroposon (20, 30). In general, trans-
lation of the overlapping ORFs may be achieved by two
different mechanisms, i.e., ribosomal frameshifting and rein-
itiation of protein synthesis. In order to discriminate be-
tween these two possibilities for the LlRn retroposons, we
have studied the mechanism of translation of different syn-
thetic mono- and bicistronic LlRn RNAs in a cell-free
translation system. We report here that the expression of a

putative reverse transcriptase-encoded LlRn ORF2 in vitro
is regulated by reinitiation or internal initiation of translation
but not by ribosomal frameshifting.

MATERIALS AND METHODS

Isolation of LlRn family clones. Twenty-five different
lambda clones containing LlRn and/or other repeated DNAs
were isolated from the rat liver genomic DNA library in the
vector EMBL 3 (kindly provided by R. Allikmets) (38) after
plaque hybridization with the total AluI-digested radiola-
beled rat DNA probe. Further screening for the occurrence
of the highly repeated Li-specific 1.4- and 2.4-kb EcoRI,
3.6-kb HindIII, 5.4-kb BamHI, and 5.7-kb AvaI fragments
was carried out by using Southern blot analysis (21). From
this screening, a single clone was found to contain all
characteristic restriction fragments and was therefore shown
to encompass a representative LlRn pseudogene. After its
restriction mapping and determination of both ends by
synchronous primer extension strategy (33), relevant LlRn-
containing fragments were subcloned into the M13 mp series
vectors (37). Details of clone selection and subcloning will be
described elsewhere.
These subcloned fragments representing 5', central, and 3'

portions of LlRn were further used to screen the rat liver
cDNA library in lambda gt 11 (Clontech) by standard tech-
niques (2). A total of 16 hybridization-positive cDNA clones
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were purified, about two-thirds of which were mapped to the
3' region of the representative LlRn pseudogene. After
subcloning into the mpl8/19 M13 vectors, all of these clones
were selected for further DNA sequence analysis.
DNA sequence analysis. DNA sequencing was carried out

by the dideoxynucleotide-chain termination procedure of
Sanger et al. (28). To minimize subcloning, selected se-
quences of the long inserts (up to 6 kb) were determined by
the synchronous primer extension strategy using a universal
17-mer sequencing primer (33). Similarly, 1- to 2-kb-long
cDNAs were sequenced without subcloning. Only the 5'
(1,827 bp) and the 3' (1,667 bp) portions, together with the
sequences flanking the representative LlRn pseudogene,
were determined.
Most of the cDNAs analyzed contained ORFs frequently

interrupted by stop codons. For this reason they were

sequenced only in part, i.e., 200 to 500 residues from one or

both ends. Three cDNAs derived from the central portion of
LlRn (according to the hybridization results) were com-

pletely sequenced. All of these contained long ORFs (>1.5
kb). One of them, both strands of which were sequenced,
was 1,630 bp long and contained two overlapping ORFs.

Plasmid constructions. For in vitro transcription experi-
ments, four plasmid constructs were prepared (schematical-
ly shown in Fig. 2A). A 1,131-bp EcoRI-PstI fragment of the
LlRn cDNA containing overlapping ORFs was cloned into
the pSP65 vector (Promega) to produce plasmid pA3B. A
560-bp PvuII-SmaI genomic fragment derived from a repre-
sentative LlRn pseudogene and containing the beginning of
ORF1 with potential AUG initiator codons (Fig. 1) was

inserted into the end-filled EcoRI site in pA3B and in frame
with the cDNA sequence producing plasmid pAB. Cloning
junctions were verified by DNA sequencing. Two plasmid
constructs were prepared from pAB by in situ deletion of a

fragment from positions 301 to 570 (pAlB) and subcloning of
a 1,235-bp SphI fragment after end filling with the Klenow
fragment of DNA polymerase I (pA2B).
To increase the coding capacity and/or methionine content

of ORF2 and to facilitate detection of the ORF2-encoded
proteins by immunoprecipitation, a 1,898-bp EcoRV-SmaI
fragment of the lacZ gene (derived from plasmid pUEX-2
[Amersham]) was cloned in frame into a unique SnaBI site of
the pAB to produce plasmid pABZ. Similarly, the same

reporter gene was cloned into a plasmid, designated
pA(+1)BZ, containing a 4-bp deletion (GATC-574 in Fig. 1)
resulting a +1 frameshift in ORF1 at position 570.

In vitro mutagenesis by the polymerase chain reaction. A
44-mer oligodeoxyribonucleotide (TAATACGACTCACTA
TAGGGCAACAAAACAAAGAGAACGAAAGC), contain-
ing the T7 RNA polymerase promoter followed by a portion
of the beginning of the LlRn ORF2 in which an ATG was

replaced by an ACG codon, was synthesized by using Gene
Assembler (Pharmacia). This synthetic oligonucleotide and a

17-mer universal sequencing primer were used to amplify
(about 200-fold) a 1.3-kb LlRn-specific cDNA fragment
(originally cloned in the M13 vector as a 1,630-bp-long
fragment containing two overlapping LlRn ORFs) under
conditions recommended by Eckert and Kunkel (9). Poly-
merase chain reaction (27) was performed in a Programma-
ble Driblock (Techne Ltd.) device with Thermus aquaticus
DNA polymerase (Stratagene) at the following tempera-
tures: 95°C for 40 s; 45°C for 1 min; and 70°C for 1.5 min.
After 20 cycles of amplification, the reaction was stopped by
phenol treatment and the product was purified by gel elec-
trophoresis in a low-melting-point agarose gel (SeaPlaque;
FMC). The resulting DNA product was directly used for in
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FIG. 1. Nucleotide sequence of the bicistronic LlRn RNA and
the corresponding amino acid sequences of the 5' ORFi and 3'
ORF2. This RNA was synthesized by in vitro transcription from the

template pAB containing the 5' sequence from positions 15 to 551
derived from a representative LlRn pseudogene and fused in frame
with the sequence from positions 583 to 1710 derived from a 1.6-kb
cDNA clone (a sequence from positions 552 to 582 was from the

multiple cloning site of M13). A 14-base-long sequence of the

ORF1-ORF2 overlap is underlined, and all methionines in ORFs 1

and 2 are circled.

vitro synthesis of a mutant RNA by T7 RNA polymerase
(Biolabs) under conditions recommended by the manufac-
turer.

In vitro transcription. The capped runoff RNAs containing
one or both ORFs were synthesized by SP6 polymerase
(Biolabs) (24) from plasmids linearized with appropriate
restriction enzymes (Fig. 2A). Transcription reactions were
terminated by digesting the templates with RQ1 DNase, and
after phenol extraction the RNAs were purified by the

spun-column procedure (21). The quality of RNA prepara-
tions was controlled by agarose gel electrophoresis in Tris-
borate buffer. In each case, a runoff RNA of the expected
size was detected (Fig. 2B). In addition, due to inefficient

transcription, several faster-migrating low-molecular-weight
RNAs, representing prematurely terminated transcripts,
were also detected.

In vitro translation. Translation in the rabbit reticulocyte
lysate (Promega) was carried out according to the manufac-
turer's instructions, using [35S]methionine as a tracer. In
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FIG. 2. Synthesis of the capped runoff LlRn RNAs by SP6 RNA
polymerase. (A) Schematic representation of the recombinant plas-
mids (shown at the top of the diagram), the overlapping ORFs 1 and
2 corresponding to amino acid sequences shown in Fig. 1 (positions
of methionines are indicated by arrowheads), and synthetic RNAs 1
through 10 (only those RNAs which were produced from plasmids
pAB and pA3B are shown), which were generated from plasmids
after cutting with the restriction enzymes indicated. (B) Agarose gel
electrophoresis of the LlRn RNAs generated from plasmid pAB
linearized with AuI, SnaBl, RsaI, and HaeII (lanes 2, 8, 9, and 11,
respectively), from plasmid pAlB linearized with the same set of
restriction enzymes (lanes 1, 5, 7, and 10), and from plasmid pA3B
linearized with SnaBI, RsaI, and HaeII (lanes 3, 4, and 6, respec-

tively). Lane M, 123-bp DNA ladder (BRL).

some experiments, translation of the LlRn RNAs was

performed under MK standard conditions (16) (2.2 mM
Mg2+, 45 mM KCl, 90 mM potassium acetate), defined by
the similarity between in vitro and in vivo results. Unless
otherwise indicated, similar results were obtained with the
lysate purchased from Amersham, and in most cases the
RNA concentration in the translation reactions was 25 to 50
,ug/ml.

Translation products were analyzed by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (18). Fixed
and dried gels were exposed to Hyperfilm max (Amer-
sham) for direct autoradiography. Where appropriate, pro-

tein bands were located, cut out, and quantitated by using a

Rackbeta scintillation counter (LKB).
Immunoprecipitation. Immunoprecipitation of the 35S-la-

beled ORF2-LacZ fusion proteins obtained from rabbit re-

ticulocyte lysate translation reaction mix was carriedout
essentially as described in reference 1. Briefly, the mixture
was incubated in the immunoprecipitation buffer (10 mM
Tris-HCl, pH 8.0, 0.14 M NaCl, 0.5% [vol/vol] Nonidet P-40)
with polyclonal antibodies against,B-galactosidase for 2 h on
ice; this was followed by precipitation of the immune com-
plex by polyclonal goat anti-rabbit immunoglobulin G. After
twofold washing, the immunoprecipitate was analyzed by
SDS-polyacrylamide gel electrophoresis followed by gel
drying and autoradiography.

Nucleotide sequence accession number. The nucleotide
sequence data reported in this paper were submitted to the
EMBL data base and were assigned accession numbers
X61294 through X61298.

RESULTS AND DISCUSSION

Strategy for the expression of overlapping LIRn ORFs. To
understand the mechanism of LlRn protein biosynthesis, we
have used a cell-free translation system to detect the poly-
peptides encoded by an LlRn cDNA clone and the 5' portion
of a representative genomic LlRn member. The LlRn
cDNA was shown to contain two ORFs that overlap each
other by 14 nucleotides and also overlap with ORF2 in the
+1 translational reading frame with respect to ORF1 (Fig. 1).
The genomic member was flanked by a perfect 14-bp direct
repeat (data not shown), contained a 414-bp ORF (Fig. 1)
homologous to the beginnings of the other mammalian Li
ORF1 sequences (20, 31), and shared a significant homology
(about 97%) with a previously published DNA sequence of a
full-length 6.7-kb LlRn member (4). Since our previous
attempts to isolate a cDNA clone containing the beginning of
ORF1 have been unsuccessful (most cDNAs contained
broken ORFs), we have used the genomic fragment, con-
taining about half of the LlRn ORF1, fused in frame with
LlRn cDNA to provide a proper initiation context (Fig. 1).

Reinitiation versus ribosomal frameshifting. The strategy
we used to test translation of the overlapping LlRn ORFs
was to monitor, in parallel reactions, the production of
proteins generated from ORF1 and ORF2 (autonomous
translation) or from ORF1-ORF2 (translation with a frame-
shift). The first results of such an analysis are shown in Fig.
3. Translation of the capped bicistronic LlRn RNA (RNA 9
in Fig. 2A) generated from pAB yielded a spectrum of bands
(Fig. 3A, lanes 4 and 5), of which a major band (about 70 to
80% of all products, as determined by scintillation counting)
corresponded to an ORFl-encoded protein of about 24 kDa
and was probably derived from the first AUG initiator codon
of ORF1. This result was obtained by deletion analysis of
ORF1 and inhibition of its translation by antisense RNA (see
below). Translation of an RNA (RNA 10 in Fig. 2A) con-
taining the beginning of ORF2 and with most of ORF1
deleted produced a protein of about 35 kDa (Fig. 3A, lanes 2
and 3), which was approximately the predicted mass calcu-
lated from the ORF2 sequence (36.5 kDa). Under similar
reaction conditions the efficiency of ORF2 translation was
about 5% of that of ORF1. In the case of ribosomal frame-
shifting, translation of the LlRn bicistronic RNA should
produce a fusion protein of about 60 kDa (24 plus 36 kDa).
However, no ORF1-ORF2 fusion protein of the predicted
size was observed (Fig. 3A, lanes 4 and 5). Instead, inspec-
tion of the autoradiogram revealed a number of weak bands
corresponding to some minor proteins with molecular
masses between 30 and 54 kDa in both lanes 4 and 5. Since
a similar distribution of these low-intensity bands was also
observed when capped runoff RNAs with different levels of
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FIG. 3. In vitro translation of the capped synthetic mono- and bicistronic LlRn RNAs. (A) Autoradiogram of a 12.5% acrylamide gel. The
following RNAs (schematically represented in Fig. 2A) at two different RNA concentrations (10 and 50 j±g/ml, respectively) were translated
in rabbit reticulocyte lysate and run in adjacent lanes; RNA 10 (lanes 2 and 3) and RNA 9 (lanes 4 and 5). The same experiments as shown
for lanes 2 through 5 were repeated under MK standard conditions (16), and the results are shown in lanes 6 through 9, respectively. Lanes
1 and 10 contain radioactive protein markers (Amersham); sizes are indicated to the left in kilodaltons. An artifact band of about 48 kDa, seen
across lanes 2 through 9, is apparently a protein labeled by a decomposition product of the radioactive methionine. (B) Autoradiogram of a
15% acrylamide gel. The following RNAs, at final concentrations of 25 to 50 ,ug/ml, were used in in vitro translation reactions: lanes 2, 4, and
6, capped RNAs generated from plasmid pAlB linearized with AIuI, HaeII, and SnaBI, respectively; lane 7, capped RNA generated from
SnaBI-cut plasmid pA3B (schematically shown in Fig. 2A [RNA 4]) (a faint band in lane 7, corresponding to the protein of predicted size [16
kDa] and methionine content, was observed only after overexposure); lanes 3 and 8, capped RNAs generated from plasmid pAB linearized with
RsaI and SnaBI, respectively, and schematically shown in Fig. 2A (RNAs S and 3); and lane 5, capped RNA generated from a modified cDNA
clone by T7 RNA polymerase (see Materials and Methods for details). For schematic representations of all plasmid DNAs, see Fig. 2A.

ORF2 truncation (RNAs 3 and 5 in Fig. 2A) were translated,
these minor proteins cannot be considered potential ORFl-
ORF2 frameshift products (compare lanes 4 and 5 with lanes
3 and 8 in Fig. 3A and B, respectively). Thus, in no case
were the putative fusion proteins detected. In the case of
reinitiation, translation of the downstream cistron of bicis-
tronic LlRn RNA (RNA 9 in Fig. 2A) should yield a protein
of about 35 kDa (Fig. 3A, compare lanes 2 and 3 with lanes
4 and 5). However, detection of this protein was obscured by
a minor protein band migrating to exactly the same position
irrespective of the level of ORF2 truncation used in different
reactions (compare lanes 4 and 5 with lanes 3 and 8 in Fig.
3A and B, respectively). Similarly, assignment of the addi-
tional reinitiation products was masked by the same doublet
protein band (Fig. 3B, lanes 2 and 4) or by the major LlRn
ORFi proteins (Fig. 3B, lanes 6 through 8). These results
also suggest that if ribosomes do reinitiate at the downstream
cistron of LlRn RNA, the efficiency of this process should
be rather low.
To further test the reinitiation mode of translation, all four

plasmid constructs truncated with RsaI or NsiI (Fig. 2A)
were used to prepare two different series of the capped
runoff RNAs. As shown in Fig. 4 (lanes 1 through 8),
translation of these RNAs produced the expected minor
LlRn ORF2 proteins (highlighted by arrowheads) of about
26 kDa (compare lane 1 with lanes 2 to 4) and 28 kDa
(compare lane 5 with lanes 6 to 8). In addition, several major
LlRn ORF1 proteins (indicated by dots) of the predicted size
were detected (for descriptions of these products, see be-
low). These data show that the frequency of reinitiation,
measured by scintillation counting as the ratio of ORF2
product to ORFi product, was about 1 to 2%, which
suggests a rather inefficient translation of ORF2. Although
the constructs used in our studies did not contain the entire
ORF1 coding sequence (about 500 nucleotides from the
central portion were absent), the results illustrated in Fig. 4

demonstrate that translation of ORF2 was largely indepen-
dent of deletions introduced into ORF1.

It should be noted that detection of the minor LlRn ORF2
proteins was complicated, primarily due to the inefficiency
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FIG. 4. In vitro translation of the capped synthetic LlRn RNAs.
An autoradiogram of a 12.5% acrylamide gel is shown. The following
RNAs were used in in vitro translation reactions: lanes 1 through 4,
capped RNAs generated from RsaI-cut plasmids pA3B, pAlB,
pA2B, and pAB, respectively; lanes 5 through 8, capped RNAs
generated from the same series of plasmids, but usingNsiI truncation.
All plasmids are schematically represented in Fig. 2A. Minor proteins
corresponding to the reinitiation products derived from the second
cistron of the bicistronic LlRn RNAs are indicated by arrowheads.
Major LlRn ORF1 proteins are indicated by dots. Note that, because
of overexposure of the gel, several low-intensity and template-specific
artifact bands larger than 30 kDa are also visible. Lane M contains
radioactive protein markers, and lane 9 is a control (no RNA added).
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FIG. 5. Analysis of the LlRn ORF1 and ORF2-LacZ fusion
proteins produced after in vitro translation of the capped bicistronic
LlRn RNAs. (A) Autoradiogram of a 10% acrylamide gel. Transla-
tion of the capped RNAs, at final concentrations of 30 ,g/ml,
generated from the NdeI-cut plasmids pABZ (lane 1) and pA(+1)BZ
(lane 2). The ORF2-LacZ fusion proteins produced by the reinitia-
tion of translation are shown by an arrowhead. Major LlRn ORF1
proteins are indicated by a dot. Note the differences in their
migration levels due to the + 1 frameshift present in ORF1
pA(+1)BZ. Minor protein products with molecular masses between
30 and 86 kDa are probably prematurely terminated proteins or
merely degradation products of the full-length protein. (B) Immu-
noprecipitation of the LlRn ORF2-lacZ fusion proteins. Capped
RNAs generated from the NdeI-cut plasmid pABZ were translated
in rabbit reticulocyte lysates, and the products were immunoprecip-
itated and analyzed on a 12.5% polyacrylamide gel. Lanes: 1,
one-fifth of the translation reaction mix; 2 and 3, immunoprecipita-
tion pellet and supernatant (one-fifth of the total amount), respec-
tively; 4 and 5, first and second wash; M, radioactive protein
molecular mass markers.

of reinitiation and the low methionine content of ORF2 (Fig.
1). For that reason, several artifact protein bands were
frequently observed after overexposure of the autoradio-
grams (for examples, see Fig. 4, lanes 4 and 8). In order to
facilitate detection of the ORF2-encoded proteins and thus
to increase the signal-to-noise ratio, the coding capacity
and/or methionine content of the LlRn ORF2 was increased
by subcloning a portion of the bacterial lacZ gene down-
stream of ORF2 (for subcloning details, see Materials and
Methods). Translation of the bicistronic RNAs generated
from the NdeI-cut plasmids pABZ and pA(+l)BZ (a con-
struct with a +1 frameshift mutation in ORF1) produced the
expected ORF2-LacZ fusion proteins of about 86 kDa (Fig.
5A, lanes 1 and 2, respectively). However, no putative
ORF1-ORF2-LacZ fusion proteins with a molecular mass of
>86 kDa were observed. Finally, an attempt to immunopre-
cipitate the 35S-labeled fusion proteins was made with poly-
clonal antibodies raised against the lacZ-encoded protein.
As shown in Fig. SB (compare lanes 1 and 2), the expected
fusion proteins (in the form of a doublet band) were prefer-
entially precipitated (about 10-fold enrichment of the ORF2-
LacZ fusions with respect to the ORFl-encoded products),
while most of the ORF1 products were removed after two

successive washings (lanes 3 through 5). However, such an
immunoprecipitation was not quantitative because of the
rather low concentration (.10`1 M) of the fusion protein
obtained (calculated from the specific molar activity of the
[35S]methionine incorporated) and the use of polyclonal
antibodies with affinity dissociation constants of >10-9 M
(determined from a separate experiment). In summary, the
results presented in Fig. 5 clearly demonstrate that reinitia-
tion rather than frameshifting is needed for translation of the
LlRn ORF2.

Reinitiation under fidelity conditions. Because reticulocyte
lysates from many commercial sources were shown to differ
in their abilities to initiate translation with fidelity (17),
translation of the LlRn RNAs was repeated under MK
standard conditions (16) (Fig. 3A, lanes 6 through 9). Under
these conditions, the efficiency of translation was reduced at
least fivefold (lane 9) compared with translation of the same
RNA under the conditions recommended by Promega (lane
4; note the fivefold difference between the RNA concentra-
tions used). However, no major differences between the
distributions of these two protein products were observed,
except for a slightly favored synthesis of the 24- and 26-kDa
proteins, at a ratio of about 3:1. The origin of the 26-kDa
protein was unclear. Apparently, this protein was lysate
dependent, since no such proteins were observed with the
lysate obtained from Amersham. It should be noted that the
ORFl-encoded protein of 24 kDa was also predominantly
produced if low RNA concentrations (1 to 5 p,g/ml) were
used in the in vitro translation reaction (data not shown).
This result is consistent with the observation of Dasso and
Jackson (5), who have shown that high-fidelity translation
can be achieved under conditions of low (< 10 ,g/ml) mRNA
concentration.

Translation of the LlRn ORF1. Unexpectedly, the appar-
ent molecular mass of the 24-kDa protein was about 3 kDa
higher than would be predicted from the maximum coding
capacity of the ORF1 sequence (21 kDa from the first AUG
codon). To clarify this discrepancy and to determine poten-
tial initiator codons for the ORF1 proteins, several capped
runoff RNAs were prepared from the template DNAs pAB
(RNAs 1 and 2, schematically represented in Fig. 2A) and
pAlB. After in vitro translation, proteins of the predicted
size (plus 3 kDa) with shortened C termini (for example, Fig.
3B, lane 2) or internal deletions (Fig. 3B, lanes 4 and 6, and
Fig. 4, lanes 2 and 6) were detected. According to these data
it is likely that one of the first three AUG codons is
responsible for the initiation of ORF1 translation (Fig. 1).
Further translation of an RNA derived from the plasmid
pA2B and containing the third AUG, but lacking the first two
AUG codons, gave a protein of 21 kDa with the extra 3 kDa
(Fig. 4, lanes 3 and 7). It can be seen that this protein forms
a subfraction of the ORF1 translation products (compare
lanes 3 and 4 or 7 and 8 in Fig. 4). This in turn raises the
possibility that a major ORF1 protein of about 24 kDa should
have been derived by using an initiator codon located further
upstream from the third AUG codon (Fig. 1). Therefore,
according to the protein size analysis, the results of the
present study can be best explained by considering that the
first AUG codon is needed for initiation of translation.
Additional experiments with antisense RNAs complemen-
tary to either positions 231 through 584 or positions 8
through 584 of the LlRn RNA (Fig. 1) confirmed the
availability of the first AUG as an initiator codon of ORF1
translation in vitro (data not shown). From this analysis,
however, the initiation at non-AUG codons cannot be
strictly ruled out. It should be added that anomalous migra-
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-9 -6 -3 -1 +6

Rn - AAA A CA A AG A G A ATGAA A GCA
Md - CAC A AG A AC A G A ATGCC A ACT
Hs - GCT A AC A TC A T A ATGAC A GGA

FIG. 6. Comparison of the sequences surrounding the first ATG
in the rat (Rn), mouse (Md) (20), and human (Hs) Li ORF2 (31).

tion of the LlRn ORF1 proteins (i.e., deviation with about a

3-kDa increment) was systematically observed throughout
this study. However, because the relative imprecision of
determining the exact molecular weights of proteins from
SDS gels, this aspect was not further studied.

It is important to note that the first AUG codon is the only
potential initiator codon placed in a relatively well-con-
served and suboptimal surrounding sequence, C(A/
U)GAUGGCGA, when ORF1 of the LlRn and the mouse

LlMd-A2 retroposons (20) were compared. In contrast, the
first AUG codon responsible for the initiation of translation
in the LlHs ORF1 (31) is located within a favorable Kozak
sequence (14) and shows a limited homology to the corre-

sponding rodent Li sequences (with conserved G residues in
positions -1, +4, and +6). Interestingly, the third AUG
codon of the LlRn ORF1 (Fig. 1) occurs in an optimal
sequence context, and in our system initiation of translation
at this codon may occur by the "leaky scanning" mechanism
(15) (compare lanes 3 and 4 in Fig. 4). Also, our data indicate
that this type of scanning is less effective under MK standard
conditions (16) and/or at low mRNA concentrations (com-
pare lanes 4 and 5 with lanes 8 and 9 in Fig. 3A).

Translation of the LlRn ORF2 starts from the first AUG
codon. To determine whether the first AUG of the LlRn
ORF2 can be used for initiation of translation, we have
decided to use in vitro mutagenesis combined with the
polymerase chain reaction amplification technique (25). In
order to facilitate synthesis of a mutant RNA, a 44-mer
oligodeoxyribonucleotide was designed with the bacterio-
phage T7 RNA polymerase promoter followed by a portion
of the beginning of the LlRn ORF2 (for details of oligonu-
cleotide design and amplification, see Materials and Meth-
ods). Translation of the mutant RNA in which an ATG was

replaced by an ACG codon yielded no protein(s) (Fig. 3B,
lane 5), indicating that the first AUG is indeed essential for
the initiation of translation of the LlRn ORF2.

Reinitiation as a general mechanism for the bicistronic
mammalian Li RNAs. The data presented in this publication
demonstrate that translation of the bicistronic LlRn RNAs
in vitro involves reinitiation of the second ORF but not
ribosomal frameshifting of the overlapping ORFs. Recently,
Leibold et al. (19) have demonstrated in vitro and in vivo
translation of the LlHs ORF1. However, no ORF1-ORF2
fusion proteins were detected in their studies. Therefore,
their observations are consistent with our results described
here and suggest that an LlHs ORF2 product(s) may be
produced by reinitiation of translation rather than by sup-

pression of stop codons. If one assumes that the reinitiation
of translation is a general mechanism for the mammalian Li
retroposons, one would expect to find at least some common
features between the initiation regions of different Li ORF2
sequences. Comparison of the first AUG codons in the rat
(this work), mouse (20), and human Li ORF2 sequences (31)
(Fig. 6) shows that all of these can be classified as weak
initiator codons (14), with an A in position -3 and an A or a

C in position +4 (the mouse Li retroposon has a C in that
position). In addition, the context around these potential
initiator codons shows a remarkable conservation of A
residues in positions -1, -3, -6, -9, and +6. We do not
know whether these features determine a rather inefficient
initiation (<5%) of the LlRn ORF2. According to a model
devised by Kozak (13), the intercistronic length, which in the
case of the LlRn elements is 25 nucleotides, may also affect
the efficiency of reinitiation. It should be noted that neither
the distance between the ORFi stop codon (UAA) and the
first AUG of ORF2 nor the amino acid sequences around the
first methionine of ORF2 were conserved in mammalian Li
retroposons. Whatever the reason for the inefficient initia-
tion of ORF2, it seems likely that the high ratio of ORFi
products to ORF2 products is important for expression of
the LlRn-encoded proteins. Similarly, biosynthesis of the
polymerase gene products in retroviruses does occur with a
pol/gag protein ratio of about 5 to 10% (35). Also, consider-
ing the at least 50-fold difference between the product
distributions of LlRn ORFi and ORF2, one would expect to
encounter difficulties in isolating sufficient amounts of the
Li-specific reverse transcriptase needed for biochemical
analysis. In support of our data, Deragon et al. (6) have
demonstrated that LlHs particles contain detectable
amounts of a 37-kDa protein; however, a protein with
reverse transcriptase activity, which was copurified with the
particles, escaped their detection. Apparently for the same
reason, efforts to detect a reverse transcriptase in the mouse
Li ribonucleoprotein particles were also unsuccessful (22).

Reinitiation versus internal initiation. The results of the
present study do not allow us to discriminate between
reinitiation and internal initiation of the LlRn ORF2 (for a
discussion of these mechanisms, see reference 13). Prelimi-
nary studies with antisense RNAs complementary to the
LlRn ORFi indicate that after the upstream ORF is blocked,
translation of the second ORF may start via internal initia-
tion at the first AUG codon of ORF2 (32a). The fact that
essentially no effect on the translation of LlRn ORF2 was
seen when a portion of the ORFi was deleted (Fig. 4, lanes
6 to 8) or when a frameshift mutation was introduced (Fig.
SA, lane 2) indicates that a mechanism other than modified
ribosome scanning (15) must function in the initiation of
translation of the LlRn ORF2. However, additional experi-
ments are clearly needed for a conclusive demonstration of
the LlRn ORF2 internal initiation.

Speculations about the amplification of Li retroposons. It
seems reasonable to assume that the abundance and wide
distribution of the mammalian Li retroposons may be due to
some unusual structural properties or to the mechanism of
biosynthesis of these elements. Computer analysis data
obtained in our laboratory suggest that the mammalian Li
ORF2 encodes a reverse transcriptase without an RNase H
domain and an integrase with a characteristic zinc finger
structure (12a). In addition, consistent with the reinitiation
of translation of Li ORF2 are the results of a computer-
scanning experiment that found no characteristic protease
amino acid motifs in the LlRn ORFi and ORF2 sequences.
It is tempting to speculate that the abundance of the Li
family repeated DNA in mammalian genomes is due to the
absence of RNase H in its reverse transcriptase-coding
structure. According to this hypothesis, a unique property of
the Li-encoded reverse transcriptase (absence of RNase H)
allows multiple rounds of reverse transcription to be carried
out on an Li RNA, resulting in amplification of the Li DNA
products.
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