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ABSTRACT

The Tx1L elements constitute a family of site-specific
non-LTR retrotransposons found in the genome of the
frog Xenopus laevis . The elements have two open
reading frames (ORFs) with homology to proteins of
retroviruses and other retroelements. This study
demonstrates an expected activity of one of the
element-encoded proteins. The RNA binding properties
of ORF1p, the product of the first ORF of Tx1L, were
examined after expression from RNA injected into
Xenopus oocytes. Using sucrose gradient sedimen-
tation and non-denaturing gel electrophoresis, we
show that ORF1p associates with RNA in cytoplasmic
ribonucleoprotein (RNP) particles. Discrete RNPs are
formed with well-defined mobilities. The ORF1p RNPs
are distinct from endogenous RNPs that contain
stored oocyte mRNAs and two specific endogenous
MRNAs do not become associated with ORF1p. ORF1p
appears to be capable of associating with its own
MRNA and with other injected RNAs, independent of
specific recognition sequences. Although nuclear
localization of ORF1p was anticipated, based both on
the supposed mechanism of transposition and on the
presence of a potential nuclear localization signal, no
significant fraction of the protein was found in the
oocyte nucleus. Nonetheless, the RNA binding capa-
bility of ORF1p is consistent with the proposed model
for transposition of non-LTR retrotransposons.

INTRODUCTION

Elements of the second class of retrotransposons (1,2) also
carry sequences related to retroviral genes, but lack LTRs and
apparently never produce a free DNA copy. Recent evidence
suggests that these non-LTR retrotransposons (NLRs) use the
3'-hydroxyl at a single-strand nick in target DNA to prime reverse
transcription, thereby generating a DNA copy that is linked to the
target from its inception (3). Theol-related element-encoded
protein apparently makes the nick that will prime synti{8s4.

Yeast mitochondrial mobile group Il introns move by a very
similar mechanism (5).

Most NLR elements have two open reading frames (ORFs).
The predicted ORF2 product (ORF2p) has a putative nucleic acid
binding domain and sequences homologous to reverse transcriptase
The latter activity has been demonstrated in a number of cases (6,
and reference therein). The ORF1 product is predicted to be an
RNA binding structural protein, by analogy to retroviruses. In
non-mammalian NLRs, ORF1 encodes one of two types of
cysteine—histidine motifs: the majority are of the;CxHx4C
type (CCHC box), analogous to the nucleocapsid motif found in
retroviruses and LTR retrotransposons, while some site-specific
NLRs contain a GCxq2Hx4H motif, similar to that found in the
transcription factor TFIIIA. Mammalian NLRs (also called
LINEs) do not contain cysteine—histidine motifs in ORF1, but
encode potential helical coiled coils that could mediate protein—
protein interaction&7,8; Pont Kngdonet al, in preparation). The
mammalian ORF1 proteins have been found in a cytoplasmic
macromolecular complex in association with element RNA
(7,9,10) and reverse trangtase activity (11). The ORFL1 protein
encoded by LHsis required for transposition in cell cult§fe).

The Tx1L elements okenopus laevibelong to the family of
site-specific NLRs (13). Their structure is diagramed in Figure 1A.
There ard 1100 such elements in the genome and all are inserted

Transposable elements are found in the genomes of all organism# another family of repetitive sequences, called Tx1D, that are
These mobile DNAs can be classified according to their sequenambably cut-and-paste transposons (14). The two ORFs of Tx1L
organization and their modes of transposition. Two classes afe related by a frameshift, but evidence suggests that, as in other
elements, called retrotransposons, move via RNA intermediatdé Rs (15-17), ORF2 is translated hbjpasomal reinitiation,

that are reverse transcribed into DNA in the process of integratingther than by generation of a polyprotein, as seen in LTR
new copies into the genome. One class closely resembles #lements. The predicted ORF1 product (ORF1p) has a single
retroviruses in having long terminal repeats (LTRs) and genes tha,Cx4Hx4C motif. In addition, it carries a very basic motif,
encode homologs of the gag and pol proteins. They generateKiKRKFK, similar to the nuclear localization signals (NLSs) of
extrachromosomal DNA copy of element RNA that is inserted int&VV40 large T antigen and the HIV-1 matrix polypeptd8).

chromosomal sites through the integrase function gighgene.

Based on these sequence characteristics alone, ORF1p could
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plausibly bind Tx1L transcripts and direct them to the nucleus fa@olution was microinjected into the cytoplasm of each oocyte.
copying at the target. Oocytes were incubated at°I®in OR-2 (24) for 3 days.

In this paper we present the results of an investigation of the
properties of the Tx1L ORF1 protein. An epitope-tagged VersioRNP extraction and sucrose gradient fractionation

of ORF1p was expressedXenopusoocytes and found to bind

to RNA. The formation of discrete ribonucleoprotein complexe§i€althy oocytes were homogenized ind/@ocyte 20 mM Tris,
(RNPs) is an expected characteristic of this protein and R 7.4, 100 mM KClI containing either 10 mM EDTA or 2 mM
consistent with its proposed role in element transposition. ~ MJClz as indicated. The extraction buffer contained a cocktail of

proteinase inhibitors (0.2 mM PMSF, u&/ml leupeptin and

0.7 pg/ml pepstatin) and, except in the experiment in which the
MATERIALS AND METHODS extract was treated with RNase A, 20 U/ml RNasin (Promega).
The homogenate was centrifuged for 20 min at §§@0 000 r.p.m.
in an Eppendorf bench microcentrifuge). Glycerol was added to

To allow production of RNA for injection into oocytes, TX1L %Pszcélﬁzrtmgeéétltlal layer to a final concentration of 5% and it was

ORF1 from the original genomic isolad310 (13), was loned
- ; : A volume of 500ul oocyte extract was loaded on top of a
into the vector pSPEALY) and edowed with a myc epitope tag. A0-50% linear sucrose gradient prepared with homogenization

The construct pS1-1mt (Fig. 1B) was obtained as follows. - . .
chimeric primer was synthesized that contained,3 aBglll site, buffer containing EDTA or MgG| as above. A linear gradient of

an optimal translation initiation sequence (GCCGCCACCATGLO Ml was established on top of a 1 ml cushion of 60% sucrose.
20) and 15 nt corresponding to the first five codons ofORFl.Trfemr"c“g'at'on was performed in a Beckman SWA41 rotor for
was used in conjunction with a primer complementary to nt 16841Mes and velocities that varied among experiments and are
1660 of ORF1 for PCR with a TxLL template. The resulting produdfidicated in the figure legends. Elevento 12 fractions of 1 ml were
was cleaved withBglll and Xbal and ligated to the appropriate collected from the bottom of the tube using a peristaltic pump.
Xba—-Xmn fragment of Tx1L. This ligation reconstructed the . ,

complete ORF1, followed by the first 46 nt of ORF2. The ligated®NA and protein analysis

fragment was then cloned at tBglll site of pSP64T. The RNA from each sucrose gradient fraction was purified by extraction
sequence of the new junction was confirmed by sequencing.\fith phenol/chloroform/isoamyl alcohol (25/24/1 vAgliéwed by
double-stranded oligonucleotide encoding the myc epitopgecipitation from the aqueous phase with 2.5 vol ethanol in the
EQKLISEEDL (21) was loned at the uniquélincll site of  hresence of 0.3 M sodium acetate angi@@lycogen (Boehringer
ORF1, 94 amino acids upstream of the ORF1 stop codon. Tﬁﬁ’annheim). Pellets were resuspended jidocyte HO. The
resulting m_odlfled ORF1 has a total length of 785 amino des. resulting RNA was analyzed by elegihoresis in 1% agarose gels
To obtain pSl-Imt-nv, pS1-Imt was digested with thgontaining 0.22 M formaldehyd@5). Usually éhidium bromide
restriction enzymeBall and EcaRV, which both generate blunt (EtBr) was added to the sample topigml before loading26),
ends. TheBall-EcdRV fragment was reintroduced at the same,|iowing rapid visualization of rRNAs with UV light. Northern
position and we screened for clones in which the fragment Wggs were obtained by capillary transfer of the denaturing agarose
inverted compared with its original orientation. ' gels in 2&¢ SSC to positively charged nylon membranes
The construct pS2-5mt was obtained in several steps. First, iBoehringer Mannheim). The ORF1, ORF2 and amylase probes
consecutivélindlll fragments.that contain the complete ORF2 ofyere made from agarose gel-purified (27) DNA fragments
Tx1L, the 3-untranslated region (UTR) and 200 bp of the PTR-Jpained from restriction digests of the relevant clones. The
target site were subcloned at thiedlll site of pBluescript KS+ fragments were: a 1.4 lBzcRI-Sad fragment of ORF1; a 2.5 kb
(Stratagene). Serial deletions from theebd with exonuclease xpg fragment of ORF2; a 0.7 Kty—Clal fragment of amylase.
1l followed by S1 nuclease brought the first ATG of ORF2 closerpe B-actin probe was prepared from the hurBeactin cDNA
to the 5-end of the insert and createdMod site between the  control probe from Clontech. Radioactive probes were made by
plasmid anq the insert sequence. RNeoel—Clal fragment of this  andom primed synthes{&8) and hykidizations were usually
clone was ligated with thelal_Ncd fragment of pKSMT6 (22) ' performed overnight at 42 in a buffer containing 20 mM PIPES,
at theNcd site; this linked ORF2 in-frame with the first five of pH 6.5, 0.8 M NaCl, 50% formamide, 1% SDS and {g0nl

the six myc tags contained in pKSMT6. The resulting fragmerfenatured salmon sperm DNA. In the case dbthetin experiment
was cloned into thdglll site of pSP64T after S1 nuclease hybridization was at 37C.
treatment of th&glll and Clal ends. _ For protein analysis SDS loading bufi@9) was added to

To synthesize RN vitro, pS1-1mt, pS1-1Imt-inv or pS2-5mt aliquots of the gradient fractions to a final concentrationxof 1
was first cleaved witfBal, which cuts 3 of the poly(A) tail  samples were boiled and directly loaded onto an SDS-8%
present in the vector. The linear constructs were then transcr'bﬁéiyacrylamide gel and run at 30 mA for 4.5 h. The proteins were
with SP6 RNA polymerase (Gibco BRL) in the presence of a cafen electrotransfered to positively charged nylon membranes in
analog, following a modified protocol from the mCAP  Tyis_giycine transfer buffép9) for 14 h at 20 V. The myc-tagged

Constructs

Capping Kit from Stratagene. protein products of the ORFs were detected using an anti-myc
antibody prepared from hybridoma cell line MYC1-9H2Q)
Oocyte injection (American Type Culture Collection). Bound antibody was

revealed with an HRP-conjugated goat anti-mouse IgG (Cappel).
Xenopus laeviemales used in these studies were obtained froffhe antibody used to control the protein content of the nuclear
Xenopus | (Ann Arbor, MI). Stage V and VI oocytes wereextract was anti-MBP-4£30). Polyclonal antibodies that reveal
prepared as described (23). &lwme of 40 nl of the desired RNA the majorXenopusoocyte mRNP proteins FRGY2a, FRGY2b,
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p50 and p54 were obtained from Dr John Sommei(@lg. The
MBP-4F and mRNP proteins were visualized with a peroxidase-
conjugated goat anti-rabbit 1gG (Sigma). In all cases the
chemiluminescence kit Renaissance from Dupont/NEN was used

for detection. B @ NS me
]g) | m— o — “Sill
S1-1mt -Z-
Native gel analysis ! ——
RNPs were analyzed after migration in 1.3% agarose ge{SIiBE
buffer. Gels were usually run for 4 h at 50 V. Positions of Tversion .
ribosomal subunits or rRNAs were visualized by EtBr staining. pS1-tme-iny > " m
The gels were transferred by capillary action ik Z5C or
electrotransferred to positively charged nylon membranes in the 5 e P

Tris—glycine transfer buffer used for protein analysis. The same
membrane was successively probed with a DNA hybridization
probe, as described for RNA detection, then with antibodies, as
described for protein detection.

Figure 1. (A) Structure of Tx1L. Black arrows represent the 23 bp duplication
that flanks the element (13). Within the ORFs shaded boxes indicate, from left

RESULTS to right, the CCHC motif and potential nuclear localization signal of ORF1 and
the endonuclease homology, the reverse transcriptase homology and the

Expression of the Tx1L ORF1 protein (ORF1p) inXenopus putative metal binding site of ORFB)(Diagram of the constructs pS1-1mt,

oocytes pS1-1mt-inv and pS2-5mt. Sequences encoding ORF1 (pS1 constructs) or

ORF2 (pS2-5mt) were cloned into the pSP64T vector, where they are
Tx1L ORF1p was expresseddenopumocytes following injection Slé”ounﬁed by the'5a_”g_3UTFr‘]S_°f B‘%‘Pb"& (dOJFed "”eszj-_l!?’oxfﬁ pl')?cesb
P : _ : above the constructs indicate their predicted coding capability. The black box
of R.NA transcr!beah vitro from. plasmld pS1-1mt (Flg' lB) To at the 5end of ORFL1 indicates the introduced Kozak consensus sequence.
faC”'t"‘}te deteC“O_n of the protein, we introduced a myc epitope tagars indicate the positions of the myc tags. The zigzag line in pS1-Imt-inv
near its C-terminus, far from any conserved sequences. ARdicates the pS1-1mt DNA segment that was inverted. After digestion of the
optimal translation initiation sequence was engineered around thgenstructs withSal, in vitro transcription was performed using SP6 RNA
initiator ATG (13). In aldition. the pSP64T vector provides'a 3 polymerase. Segments of the constructs used as probes in native gel
- ! . electrophoresis analysis are underlined with thin shaded boxes.
poly(A) tail and 5 and 3-UTRs fromXenopug3-globin cDNA
that contribute to translational efficien¢§2). Transdption of
linearized pS1-1mt with SP6 RNA polymerase in the presence of
a cap analog led to synthesis of a functional mMRNA.

2 3
Injection of this RNA into the oocyte cytoplasm caused -
production of ORF1p that was readily detectable in a Western blot 200 _
with an anti-myc antibody (Fig. 2). A single band was observed
with a mobility corresponding to 105 kDa, which is somewhat ‘
larger than the expected 83 kDa. In contrast to observations for 074 _

mammalian NLR ORF1 produdfs,33,34), no evidence for ORFlp
phosphorylation was obtained by Western analysis of phosphatase-
treated protein (data not shown). Like other NLR ORF1 proteins,
but unlike those of LTR elements, no evidence of proteolytic
processing was observed, although small amounts of probable
degradation products were occasionally seen (for example in Fig. 3).
Other possible post-translational modifications were not tested.
After 3 days incubation we estimate thAD0 ng ORF1p are
produced in a single oocyte (judged by comparison of thesigure 2. Expression of Tx1L ORF1p Xenopumocytes. An aliquot of 40 ng
intensity of the Western signal with that of the same proteirRNA transcribedh vitro from pS1-1mt was injected into the cytoplasm of stage

expressed irEscherichia coliand partially purified; data not V! 000%“355 After 72“?, i”CUtbatiOIg a; ;3“9 CWO?'?S”‘ art‘d_ “fUC'eufS Wereyt
H . H : parate y manual dissection. Each lane contains protein frrom tour oocytes
shown). Despite the presence of a putative nuclear Iocallza'uo%farated by electrophoresis in an 8% SDS—polyacrylamide gel. After

signal in the ORF1 sequence, no ORF1p was detectable in NUCK ctrotransfer, the membrane was probed with an anti-myc antibody. Lane 1,
of manually dissected oocytes (Fig. 2, lanes 2 and 3). An antibodytal oocytes; lane 2, cytoplasm; lane 3, nuclei. Molecular weight markers are
directed to the nuclear protein MBP-4F (30) revealed, on thédicated in kDa.

same blot, the expected band in the nuclear lane, confirming the

success of the dissection (data not shown).
top). Fractions containing ribosomes or ribosomal subunits were

determined by EtBr staining of denaturing agarose gels of RNA
from each fraction. The sedimentation behavior of ORF1p was
Extracts of oocytes expressing ORF1p were fractionated ot affected by the presence of EDTA at a concentration sufficient
sucrose gradient sedimentation. Western blotting of individuab dissociate ribosomal subunits (Fig. 3, bottom). The apparent
fractions showed that the protein migrated in a discrete compleedimentation coefficient df60 S is much greater than that
that was somewhat slower than monomeric 80S ribosomes (Fig.Bedicted for a monomeric protein(d@00 kDa. For comparison,

Association of ORFIp in a macromolecular complex
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Figure 3. Sedimentation of ORF1p in the presence or absence of EDTA. CRF1p
Injections were as described in the legend to Figure 2. Oocyte extracts were Y Rlvee
prepared in buffers with Mg (top) or with EDTA (bottom). Protein extracts
from 50 oocytes were loaded on top of a linear 10-50% sucrose gradient in a BB e o

SWA41 rotor (Beckman). Centrifugation was for 20 h at 26 000 r.p.m. Fractions

of 1 mlwere collected from the bottom of the tube. Around 15% of each fraction _ ) ) . L

was denatured by addition of SDS and boiling and analyzed by 8% SDS—-PAGE Figure 4. Sedimentation analysis of ORF1p RNPs. Oocyte injections were as
The Western blot was developed with an anti-myc antibody. Ul indicates lanes@escribed in Figure 2. Extracts from half the oocytes were prepared in a buffer
where protein extracts from uninjected oocytes were loaded. T indicates lanegontaining EDTA and RNase inhibitoA (andB). No RNase inhibitor was

where total, unfractionated protein extracts from injected oocytes were loaded.2dded to the buffer used to extract RNP from the other@piRNase A was
Molecular weights are indicated in kDa. added to this second half and incubation was for 20 min at room temperature.

Both extracts were loaded on top of sucrose gradients and were centrifuged for
5.5 h at 41 000 r.p.m. RNA was phenol extracted from fractions of the extract
not treated with RNase A and analyzed by Northern blotting with an ORF1

: ; $86D DNA probe (A). Proteins from 15% of each fraction were analyzed by Western
the 60S ribosomal subunit has a ma 0 kDa. The data also blotting as in Figures 2 and 3 (B and C). T indicates lanes where total extracts

show that ORF1p is not associated with ribosomes or polySomeg,m whole injected oocytes were loaded. Positions of the 60S and 40S rRNA
were visualized by EtBr staining of the RNA gel and are indicated.

Assaociation of ORF1p with RNA

Two analyses were performed to determine if ORF1lp was

incorporated into RNP particles. First, the location of the ORFéffective. After transferring the fractionated species to a membrane,
RNA was determined in sucrose gradient fractions from injecteid was important to first hybridize with a nucleic acid probe to
oocytes. As shown in the Northern blot in Figure 4A, ORF1 RNAletect the desired RNA species, then to detect proteins with their
is broadly distributed in the gradient, in a pattern that hagspective antibodies.

considerable overlap with that of ORF1p in the same experimentAs shown in Figure 5A (lane 3), ORF1 RNA migrates in such
(Fig. 4B). There were problems with degradation of the RNAyels as a discrete species that is dramatically retarded with respect
from these native gradient fractions, but repeated experimentsdeproteinized RNA from the same sample (lane 1). The ORF1p
confirmed the basic observations. The partial overlap suggesiiginal (Fig. 5B, lane 3) overlaps that of the RNA completely and
that ORF1 RNA and protein may be in the same complex. is somewhat broader.

Second, extracts from injected oocytes were treated with To determine the mobility of ORF1 RNA in the absence of
RNase A before sedimentation (Fig. 4C). The ORF1 RNA was ORF1 protein, we constructed pS1-1mt-inv (Fig. 1B). Transcription
longer detectable (not shown) and ORF1p was shifted to mueli this plasmid produces a mRNA which has the same size and
more slowly sedimenting material. ORF1p still migrated moreénany of the same sequences as intact ORF1 mRNA. The
rapidly than expected for free monomeric protein, suggestingversion made in the ORF1 coding sequence introduces a stop
residual association with RNase-resistant cores or with proteigsdon upstream of the CCHC box and the myc tag, at codon 77;
in the extracts. The RNase-induced shift clearly indicateis seems unlikely that the truncated protein would have retained

incorporation of ORF1p into RNA-containing particles. any binding activity. In oocytes injected with RNA made from
pS1-1mt-inv no ORF1p is made (Fig. 5B, lane 2). The RNA is
Analysis of ORF1p RNPs by native gel electrophoresis apparently associated with endogenous oocyte proteins, since its

mobility is shifted (Fig. 5A, lane 2) relative to free RNA (lane 1),
Because the resolving power of sucrose gradient sedimentatiotvigt its migration is clearly different from that seen in oocytes
limited, we turned to non-denaturing gel electrophoresis texpressing ORF1p (lane 3). The supershift induced by ORF1p
further characterize the ORF1p RNPs. Both composite (2.25%d its co-migration with ORF1 RNA strongly suggest that the
acrylamide, 0.5% agarose) (35) and 1.3% agarose gels prowesh are associated in discrete RNPs.
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Figure 6. Comparison of ORF1 RNP and endogenous mRNPs in native gel

electrophoresis. An agarose gel was loaded with RNP extracted from oocytes

injected with pS1-1mt (lanes 1 and 2) or pS1-1mt-inv (lane 3) RNA. In lane 2,

SDS was added to a final concentration of 0.1% and the sample was boiled for

10 min prior to loading A) The nylon membrane obtained after transfer of the

Figure 5. Native gel electrophoresis of ORF1p RNPs. Oocyte injections of gel was hybridized with a radioactive DNA probe that reveals the injected

pS1-1mt and pS1-1mt-inv RNA were as described in Figure 2. RNA from ORF1 RNA. B) The probe used was an anti-myc antibody, which detects

pS1-1mt-injected oocytes (lane 1) was extracted and one oocyte equivalent wasyc-tagged ORF1pC) The same blot was probed with a mix of antisera

loaded on a 1.3% agarose gel. RNPs from oocytes injected with pS1-1mt (laneagainst the major mRNP proteins FRGY2a and FRGY2b.

3) or pS1-1mt-inv (lane 2) were extracted and one oocyte equivalent was loaded

on the same gel. After migration, the material was transferred to a nylon

membrane without prior denaturatioA)(The membrane was probed with a

labeled ORF1-encoding DNA fragment to reveal the injected RRATle

membrane was then probed with a myc antibody to detect epitope-tagged A e

ORF1p. RNP |F|heA
i 2 |4

ORF1-RMNA ORF1p

Comparison of ORFIp RNPs with endogenous mRNPs

Previous work has characterized an abundant class of mMRNPs in
Xenopusoocytes (36,37). These particles sediment in the range - .
40-80 S and contain mRNAs that are masked from the oocyte smylass AINA | ORF1p CAFZRNA | ORFip A GRFZp

translational machiner(38). To test if ORFIp wasofind

associated with these mRNPs, we probed our blots with @ mixtuigqre 7. (A) Binding of ORF1p to injected amylase mRNA. Lane 1, only
of antibodies against some of the major mRNP proteins: FRGmylase mRNA was injected into oocytes. Lane 2, amylase mRNA and

Y2a (pp60), FRG Y2b (pp56), mRNP3 (50-54 KB9,40 and pS1-1mt RNA were co-injected. The nylon membrane resulting from transfer
references therein). of a native agarose gel loaded with RNP (RNP lanes) or RNA (RNA lane)

T xtracted from injected oocytes was successively probed with an amylase DNA
There was some, but not complete, overlap of the dlSthbUtIOﬂ%robe (amylase RNA) and the anti-myc antibody (ORFE).Binding of

of ORF1lp and these mRNP proteins on sucrose gradielrrip to ORF2 RNA. Lanes 1 and 2, ORF2 RNA was injected into oocytes;
sedimentation (data not shown). Electrophoretic analysis, howevednes 3 and 4, ORF2 and pS1-1mt RNA were co-injected. RNA (lanes 1 and 3)
showed clear distinctions between the RNPs. and RNP (lanes 2 and 4) extracted from oocytes were analyzed by hybridization

As seen previously (Fig. 5) ORF1 RNA associates with Oocyté'ith a DNA probe cqntaining a fragment of ORF2 of Tx1L (left) and with the

: . A . anti-myc antibody (right).

proteins and is supershifted by expression of ORF1p. These
complexes are dissociated with 0.1% SDS (Fig. 6A and B, lanes
2); both the ORF1 RNA and protein migrate faster under these
conditions and in non-overlapping positions. In contrast, migratiogssociation with ORF1p (lanes 2). The amylase mRNA and
of the endogenous mRNPs is not affected either by expression@RF1p were shown to co-migrate.
ORF1p (Fig. 6C, lane 3) or by 0.1% SDS (Fig. 6C, lane 2). The The same behavior was observed for an injected mRNA
mRNPs run as a discrete complex, but this complex does r@iticoding the ORF2 protein of Tx1L (Fig. 7B). This case was
appear to bind either injected ORF1 RNA or expressed ORFpmewhat more complicated because the ORF2p was also myc
protein. tagged (five copies of the epitope at its N-terminus) in the
expression construct pS2-5mt (Fig. 1B). Injection of the ORF2
MRNA alone into oocytes led to its association with endogenous
proteins (Fig. 7B, lanes 1 and 2). As seen in the Western blot of
In order to test the specificity of ORFIp binding, we analyzed ththis gel (right panel), the myc-tagged ORF2p migrated as a broad
electrophoretic migration pattern of two other RNAs isolate@dmear of which only the tail overlapped the position of ORF2
from oocytes that were or were not expressing ORFIp. HumaRNA. Thus little if any ORF2p was associated with the RNA that
a-amylase mRNA synthesized vitro (41) and injected into encodes it. When ORF1p was co-expressed there was a modes!
oocytes behaved very similarly to ORF1 RNA. Like pS1-1mt-inwshift in migration of the ORF2 RNP (lane 4) and its position
RNA, its migration was slowed by association with oocytecorresponded to that of ORF1p. The reason for the smaller shift
proteins (Fig. 7A, lanes 1) and it was further retarded bin this case may be that ORF2 RNA is larger (4.8 kb) than those

Association of ORFIp with other injected RNAs
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ORF1p RNPs

The combination of sucrose gradient sedimentation and non-
. denaturing gel electrophoresis shows that ORF1p expressed in
oocytes is associated with other components to form discrete,
high molecular weight complexes. That there is RNA in these
complexes was demonstrated in sedimentation experiments by
showing that they are largely destroyed by RNase treatment. The
Bactin RNA | ORF1p electrophoretic analysis showed co-migration of ORF1p with
various injected RNAs at mobilities that were different from those
Figure 8. Lack of association d-actin mRNA with ORF1p. Lanes 1 and 2, Observed in the absence of ORF1p. Thus, ORF1p is assembled
extracts were from uninjected oocytes (RNA in lane 1 and RNP in lane 2). Aninto RNP complexes. These RNPs are not sensitive to treatment
RNP extract from oocytes injected with pS1-1mt RNA was loaded in lane 3.with EDTA, so they are not dependent on ribosome structure.
The left panel shows the result of hybridization of the blot with ah@atin —  They are disrupted by 0.1% SDS, which distinguishes them from
probe while the right panel shows the result of developing the blot with the
anti-myc antibody. endogenous, masked oocyte mRNPs.

The composition of the ORF1p RNPs is not known. Because
injected RNAs evidently associate with endogenous oocyte
proteins when ORF1p is not present, it is possible that the ORF1p

of ORF1 (2.8 kb) or amylase (1.7 kb) and its complexes run in@mplexes contain both the expressed and endogenous proteins
less well-resolved region of the gel. in some ratio. The sedimentation behavior of the ORF1p RNPs
varied slightly among experiments. This may reflect differences
in levels of protein expression and resulting variations in
ORF1p does not associate with endogenous RNA protein:RNA ratio. In a typical experiment, 40 ng ORF1 mRNA
(8 x 10 molecules) were injected into a single oocyte and led to
The above results indicate that ORF1p associates with agye accumulation, after 3 days incubation, of 100 ng {8'3
injected RNA molecule, independent of its sequence, anglolecules) ORF1 protein. The resulting ratio is 40 molecules of
possibly in co-association with endogenous oocyte proteins. Fotein for each molecule of RNA, or one protein for each 70 bases
test whether this promiscuity extended to RNAs present naturalf RNA. This may not be sufficient to saturate the RNA with
in the oocytes, we examined the effect of ORF1p expression @RF1p and the observed sedimentation behavior would reflect
the electrophoretic mobility of endogenous RNPs. Betittin - different levels of ORF1p bound.
and Vgl (42) were tested; the ults for B-actin are shown in ~ The ORF1p RNPs described here are less polydisperse and
Figure 8. In an extract from uninjected oocyfésictin mMRNA  slower sedimenting than the RNPs described for other NLR
is apparently associated with proteins, since its mobility (lane Zlements (7,9,11). Thostudies did not employ non-denaturing
is retarded relative to free RNA (lane 1). No change in mobilitgel electrophoresis, but that technique may prove very useful in
was observed when ORF1p was expressed in oocytes for 3 dawsher characterization of such RNPs. We have demonstrated
and there was no overlap in the migration of ORF1pBaactin  reliable sequential detection of RNA and proteins on a single blot
mMRNA (lanes 3). Comparable results were obtained for Vg1 (néiom these gels.
shown). Evidently ORF1p does not displace or add to the proteins
of endogenous RNPs. The mobilitiesfsctin and Vg1 RNPs Specificity of ORF1p binding
were also distinct from that of the masking proteins examined
earlier (Fig. 6). It might be expecte@ priori that ORF1p would have both
sequence-specific and non-specific modes of binding to RNA.
The first would underlie recognition of Tx1L element RNA for
DISCUSSION packaging and the second would permit association with the
entire length of the RNA. In our experiments we found that
The first ORF of NLR elements encodes a protein that is believédRF1p could associate with the three injected RNAs that were
to play a largely structural role: binding to element RNA, perhapested: ORF1 mRNA, ORF2 mRNA and amylase mRNA. It is
directing it to the cell nucleus and possibly enforcing alearthat non-specific binding occurs, but our observations do not
conformation that is favorable for reverse transcription. Amule out preferences for particular sequences. Although the ORF1
obvious requirement for such a function is the ability to binchtnd ORF2 messages were both derived from Tx1L, it is arguable
element RNA. Two types of motif with potential nucleic acidthat none of the RNAs carried the necessary recognition
binding properties are found in different classes of these ORFequences, since the 555 RtAR of the element was missing
Mammalian LINEs contain sequences that can potentially forim all cases. Non-specific RNA binding properties have been
a helical coiled coil, which is a feature of some DNA bindingdemonstrateéh vitro for ORF1p of the mouse element\Nid,
proteins (43; Pont Kgdonet al, in preparation). Cytoplasmic which does not carry a CCHC mcf#4).
RNPs containing the human L1 RNA and L1 ORF1p have beenWhile ORF1p exhibited non-specific RNA binding capability
described (7,9,10). Nomammalian NLRs, includinglenopus in oocytes, it did not associate with the endogenous mRNAs or
Tx1L, have a zinc finger motif in ORF1. This motif is analogousnRNPs tested. Neith@-actin nor Vg1 mRNP was affected by
to the CCHC sequences found in the nucleocapsid segment of @BF1p expression and the protein was apparently not incorporated
gag proteins of retroviruses. In this study we expressed ORF1piofo RNPs that include masked messages. However, there is
Tx1L in Xenopusoocytes and employed several techniques toeason to think that some endogenous RNPs bind ORF1p,
show that it associates with RNA to form discrete RNPs. because the distributions of the protein and injected RNA do not
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completely overlap, either in the sedimentation (Fig. 4) or4
electrophoretic (Figs 5 and 7) analyses. We cannot predict what
would happen if transcription of an oocyte RNA and translation
of ORF1p occurred simultaneously. In such a situation thereg
would be competition for assembly of various types of RNP and
ORF1p would not have to disrupt pre-assembled structures. 7
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Cytoplasmic versus nuclear localization of ORF1p
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