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The constitutive transport element (CTE) of type D retroviruses serves as a signal of nuclear export of
unspliced viral RNAs. The human TAP(NXF1) protein, a cellular mRNA export factor, directly binds to CTE
and mediates nuclear export of CTE-containing RNAs. Here, we use genomic SELEX (systematic evolution of
ligands by exponential enrichment) to show that the human genome encodes a family of high-affinity TAP
ligands. These TAP-binding elements (TBE) are 15-bp minisatellite repeats that are homologous to the core
TAP-binding sites in CTE. The repeats are positioned similarly in the RNA secondary structures of CTE and
TBE. Like CTE, TBE is an active nuclear export signal. CTE elements of different species share sequence
similarities to TBE in the regions that are neutral for CTE function. This conservation points to a possible
common ancestry of the two elements, and in fact, TBE has properties expected from a primordial CTE.
Additionally, a molecular fossil of a TBE-like minisatellite is found in the genome of a modern retroelement.
These findings constitute direct evidence of an evolutionary link between TBE-related minisatellites and CTE.

Replication of many retroviruses requires that their mRNAs
be posttranscriptionally regulated. This step is necessary for
the nuclear export of the unspliced, full-length viral RNA and
ensures the availability of genomic RNA for packaging into the
progeny virions and for the production of Gag-Pol polypro-
teins. Among the best-studied nuclear export systems are those
used by the simian type D retroviruses and the lentiviruses,
such as human immunodeficiency virus type 1 (HIV-1) (for
reviews, see references 8, 12, 15, 17, 25, 36, and 41). Type D
retroviruses such as simian retrovirus type 1 (SRV-1), SRV-2,
and Mason-Pfizer monkey virus (MPMV) contain a conserved
cis-acting constitutive transport element (CTE) (5, 38, 46) that
is necessary for virus replication. CTE is the binding site for the
cellular mRNA export factor TAP(NXF1) (1, 14) and is es-
sential for the export of the unspliced viral RNA (11, 38).
Another factor that can specifically interact with the type D
CTE is RNA helicase A, which is thought to participate in
CTE function (27, 40). The CTE-containing RNAs and cellular
mRNAs share a conserved nuclear export pathway that utilizes
TAP(NXF1) (3, 14, 21, 26, 29). TAP’s orthologues from Sac-
charomyces cerevisae (16, 21, 30, 31) and Caenorhabditis elegans
(39) were also shown to be essential for the export of mRNAs
from the nucleus. Since TAP can bind RNA in a non-structure-
specific manner in vitro (4, 14, 21) and can be cross-linked to
poly(A)™ RNA in vivo (21), it is thought to bind directly to
cellular mRNAs during export. Additionally, several TAP-
binding factors have been identified that may bridge or facili-
tate its association with cellular mRNAs. These factors include
the hnRNP-like proteins E1B-AP5 (1) and REF (also known
as Aly) (34, 35, 45). REF is one of the proteins that is thought
to associate with cellular mRNAs as a result of splicing, and it

* Corresponding author. Mailing address: NCI-FCRDC, Bldg. 535,
Rm. 110, Frederick, MD 21702-1201. Phone: (301) 846-5159. Fax:
(301) 846-7146. E-mail: felber@mail.ncifcrf.gov.

5567

has been recently proposed to link the mRNA splicing to the
nuclear export (45). It is possible that the export of cellular
mRNAs occurs only after the completion of splicing because
the TAP-binding export signals such as Aly are deposited onto
mRNAs as a result of splicing. Since the CTE-containing mR-
NAs are exported before splicing, it is plausible that CTE
provides a constitutive TAP-binding export signal that by-
passes the requirement for splicing-dependent protein signals,
leading to the constitutive export.

The type D retroviruses are evolutionarily related to the
rodent intracisternal A-type particle (IAP) retroelements
(44). We have previously shown that some IAPs contain
CTE elements that are closely related to these of type D
retroviruses (37). The type A and the type D CTEs share a
conserved secondary structure that is necessary for their
function and contain four conserved motifs that are the core
binding sites of TAP(NXF1). The motifs are arranged in two
mirror-symmetrical pairs that form the internal loops of an
extended hairpin loop structure (10, 11, 14, 20, 37, 38).
Apart from these motifs, the primary structure of the type A
and the type D CTEs is not conserved. Since the double-
stranded regions of the CTEs are formed by the noncon-
served sequences, they do not likely participate directly in
TAP binding and may serve to maintain the overall second-
ary structure of CTE (37, 38). Since TAP(NXF1) is a cellu-
lar protein that has high affinity to viral RNA elements,
there may be cellular counterparts of CTE. We have previ-
ously performed database searches for cellular sequences
that have a CTE-like arrangement of TAP-binding repeated
motifs. Using probes that were based on the conserved fea-
tures of CTE structure, we have identified a variety of ro-
dent CTEs that belong to the known or putative endogenous
IAP retroelements, whereas no strong matches were found
in the primate sequences (37). Since such database compar-
isons are limited to the close homologs of known CTEgs, it is



5568 ZOLOTUKHIN ET AL.

: 05
3
B 03
A . B
- 28
3¢
0 SRV-1
1< TBE SRV-1
. MPMV
35 MPMV
L1 SRV-2
o SRV-2
— ORG-IAP
-2 ORG-IAP
3 SRV-1
29 MPMV
24 SRV-2
3 ORG-IAP
1 SRV-1
33 MPMV
% SRV-2
2 ORG-IAP

TBE

15 CTE{

J. VIROL.

CTE

repeat units
(TAP-binding motifs)

TBE

repeat units

AACCTAAGACAGG ATACCTAGAGCTGTG
AACCTAAGACAGG ACACCAAGAGCTGTG
AACCTAAGACAGG  ACACCAAGAaCTGTG
AACCTAAGACAGG TCACCAAGAGCTGTG
AACCTAAGACAGG  ACACCAACAGCTGTG
AACCTAAGACAGG TTCCCAAaAtCTGTG
AACCTAAGACAGG ACACCAAGAGCTGTG
AACCTAAGACAGG TCACCAAGAGCTGTG
AgCCAATGACGGG ATACCTAGAGCTaATG
AgCCAATGACGGG ATACCTAGAGCTGTG
AgCCAATGACGGG ATACCTAGAGCTGTG
AgtCAATGACGGG ATACCTAGAGCTGTG
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FIG. 1. Sequence analysis of TAP-binding elements. (A) Dendrogram illustrating the TAP-selected RNAs. After multiple-sequence alignment
of 35 independent sequences (shown as clone numbers), a pseudophylogram was drawn using UPGMA (unweighted pair group method using
arithmetic averages) and the default parameters. Bar, 100 substitutions per 100 residues. The node marked with an asterisk defines the TBE family
(also indicated by grey shading), and the representative TBE (clone no. 30, GenBank accession no. AF260329) is shown by an arrowhead. (B)
Multiple-sequence alignment of TAP-binding motifs in repeat units of CTE and repeat units of TBE. CTE motifs (11, 38) are from the published
sequences of SRV-1 and SRV-2 (42), MPMYV (33), and IAP-related retroelement ORG-IAP (37), as indicated to the left. TBE repeats were chosen
from three representative variants of the family. The consensus sequences derived from the alighments are shown at the bottom. Two distinct
consensus sequences were drawn for the CTE. The grey boxes show the conserved positions. Dashes indicate alignment gaps.

possible that cellular sequences exist that have lower degree
of structural homology to modern CTEs.

Here, we used in vitro selection to identify the cellular tar-
gets of TAP(NXF1). We performed a genome-wide search for
the natural RNA ligands that selectively bind to the recombi-
nant TAP protein, using the genomic SELEX (systematic evo-
lution of ligands by exponential enrichment) method (13, 32).
This selection identified a family of human TAP-binding ele-
ments (TBE) that contain repeated motifs that are homolo-
gous to the TAP-binding sites in CTE. Like CTE, TBE can act
as RNA nuclear export signal. Besides the structural and func-
tional similarities, TBE and CTE share additional features that
point to their common ancestry. We propose a model in which
CTEs evolved from ancient TBE-like repeats that were present
in the precursors of modern retroelements.

MATERIALS AND METHODS

Construction of RNA selection libraries. Time course digestions of genomic
DNA from human placenta tissue were performed using small amounts of
DNasel, and the conditions leading to high yield of 600- to 800-bp fragments
were established. Fragments in this size range were excised from native agarose
gels and further used for library construction. After being filled in by T4 DNA
polymerase, the fragments were ligated to synthetic adapters AD1 and AD2 as
described previously (9) and the adapters were filled in with Tag polymerase. An
aliquot was filled in the presence of [a-P*?]dCTP. As calculated from the specific
radioactivity, the library contained ~10'" amplifiable DNA molecules and there-
fore redundantly represented the human genome. These fragments were sub-

jected to 10 PCR amplification cycles using 7ag DNA polymerase with primers
P1 and P2 (9), followed by 10 cycles with primers T7.PN1 and PN2 under the
same conditions. Primer T7.PN1 (5'-GCGAAATTAATACGACTCACTATAG
GGAGATCGAGCGGCCGCCCGGGCAGGT-3') contained T7 RNA poly-
merase promoter followed by primer PN1 (9). The DNA was transcribed in vitro
using T7 RNA polymerase, and the RNA was reverse transcribed with avian
myeloblastosis virus reverse transcriptase, using primer PN2. The cDNA was
amplified by PCR for 5 cycles (94°C for 30 min and 72°C for 3 min) and purified
on 1% agarose gel.

In vitro RNA selection. The genomic SELEX RNAs transcribed in vitro were
incubated in binding buffer (15 mM HEPES [pH 7.7], 50 mM KCI, 200 mM
NaCl, 0.2 mM EDTA, 5% glycerol, 0.5 mM dithiothreitol) for 15 min at room
temperature, with recombinant glutathione-S transferase (GST)-TAP protein
(14) that was immobilized on glutathione-Sepharose beads. Prior to selection,
the endogenous Escherichia coli RNA was removed from GST-TAP by micro-
cocal nuclease digestion. At steps 3 and 6, binding to naked beads was performed
prior to TAP binding. Yeast tRNA (5 mg/ml) and/or heparin (0.05 to 20 wg/ml)
was used as the competitor. The bound RNA was eluted with 1 M NaCl in
binding buffer followed by isopropanol precipitation. After reverse transcription,
the cDNAs were PCR amplified using primers T7.PN1 and PN2 (94°C for 30 min
and 72°C for 3 min) for 5 to 10 cycles. The resulting DNAs were transcribed with
T7 polymerase, and the RNA was used in the next selection step. At all steps, the
binding conditions were adjusted to obtain ~2 to 5% RNA retention.

DNA templates for in vitro RNA synthesis, Xenopus laevis oocyte microinjec-
tions, and RNA analysis. The TBE was PCR amplified using the PN1 and PN2
primers containing Sacll restriction sites and inserted into the Sacll site of
plasmid pBSAd1 (23). Radiolabeled RNA was transcribed from BamHI-digested
DNA using T7 polymerase. UIASm and U6Ass RNAs have been previously
described (29). Xenopus oocyte injections and analysis of microinjected RNA by
denaturing gel electrophoresis were performed as previously described (18, 29).
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FIG. 2. Enzymatic and chemical probing of TBE RNA structure. (A) A secondary structure model of TBE GenBank accession no. AF260329)
showing the recurrent hairpin loop (dashed boxes), the recurrent stem-bulge unit (solid boxes), and the basic stem element, Stem1 (grey shading).
(B) TBE RNA was radiolabeled on the 5’ end and treated with ribonuclease T1 or T2, S1 nuclease, or lead acetate (Pb), and the cleavage products
were analyzed as described in Materials and Methods. The respective cleaving agents are indicated above each lane. The three remaining lanes
contain results for the G sequencing reaction (G), untreated control RNA (C), and RNA nucleotide ladder (L), as indicated. The relevant
nucleotide positions of the TBE are shown by dots and numbers to the right of the gel. The assignment was confirmed by numerous independent

experiments.

RNA binding assays. For RNA competition binding, the reaction mixtures
contained 2.5 ng of 3?P-labeled SRV-1 CTE and unlabeled competitor CTE,
TBE, or unselected genomic SELEX library RNA. Synthesis and purification of
CTE RNA was as previously described (29). TBE and library RNAs were syn-
thesized from DNA templates as described above. RNAs were incubated in 36 .l
of binding buffer for 15 min at room temperature with recombinant GST-TAP
protein (amino acids 61 to 610) that was immobilized on glutathione-Sepharose
beads. The beads were washed three times with 500 wl of binding buffer, and the
retained radioactivity was quantitated by Cerenkov counting. The competitor
concentrations that reduced radioactive probe binding by 50% (50% inhibitory
concentrations [ICs,]) were determined.

RNA structure probing. Transcription in vitro was performed with T7-ME-
GAshortscript kit (Ambion), in the presence of 3 mM guanosine. The transcripts
were resolved on a denaturing 6% polyacrylamide gel, stained with Stains All dye
(Fluka), and eluted with a solution containing 0.3 M sodium acetate (pH 5.2), 0.5
mM EDTA, and 0.1% (wt/wt) sodium dodecyl sulfate. After ethanol precipita-
tion, the RNA was phosphorylated with [y->P]ATP (Amersham) and T, polynu-
cleotide kinase (NEB) under standard conditions. The labeled RNAs were pu-
rified on a denaturing 6% polyacrylamide gel and identified in the gel by
autoradiography and recovered as described above. The unlabeled carrier RNA
was added to the RNA solution to a final concentration of 1.25 wg/ul. The RNA
was denatured in a solution containing 10mM Tris-HCI [pH 7.5], 10 mM MgCl,,
and 40 mM NaCl, at 65°C, and allowed to renature at 25°C for 15 min. The
reactions were carried out at 25°C for 10 min with the following treatments: S,
nuclease (312.5 U/ml; Pharmacia) in the presence of 1 mM ZnCl,, mung bean
nuclease I (62.5 U/ml; Boehringer) in the presence of 1 mM ZnCl,, T, ribonu-
clease (25 U/ml; Gibco BRL), T; ribonuclease (62.5 U/ml; Pharmacia), lead

acetate 0.35 mM; (Sigma). The reactions were stopped by mixing with equal
volume of loading buffer (95% formamide-10 mM EDTA-dye) and frozen. The
products of enzymatic and metal ion digestions were analyzed by polyacrylamide
gel electrophoresis (6, 8, and 10% denaturing polyacrylamide) and autoradiog-
raphy. The RNA products were run along with the products of formamide RNA
hydrolysis and limited ribonuclease T, digestion. The single-nucleotide ladders
were generated by incubation of RNA with five-times-larger volumes of form-
amide—0.5 mM MgCl, at 100°C for 9 min. The T, nuclease ladder was obtained
by digestion of denatured RNA in presence of a solution containing 50 U of
enzyme per ml, 10 mM sodium citrate [pH 4.5], 0.5 mM EDTA, and 3.5 M urea
at 55°C for 7.5 min.

Biocomputing. Multiple sequence alignments, phylogeny, database similarity
searches, and RNA folding were performed with the standard programs of the
Genetics Computer Group (GCG) package. Construction of MEME (multiple
expectation maximization for motif elicitation) profiles and the database
searches were performed with MEME tools (2) implemented in GCG, using the
default paramaters.

Nucleotide sequence accession number. The sequence of clone no. 30 has been
submitted to GenBank under accession no. AF260329.

RESULTS

Human genome encodes RNA elements that are selectively
recognized by TAP(NXF1) protein. For the genomic SELEX
search (13, 32), we constructed selection libraries from human
genomic DNA. RNAs were subjected to successive rounds of
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FIG. 3. The homologous repeat units of TBE (A) and CTE (B)
form similar mirror-symmetrical pairs in the secondary structure. The
juxtaposed repeats are shown by black and grey arrows in the sche-
matic drawings, and by bold italics in the RNA sequences. Boxes that
are aligned to the matching regions of the schematic drawing indicate
the mirror-symmetrical pairs of repeats. The internal loops A and B
and the hairpin loop of CTE are indicated. The secondary structures
are shown for the portions of the CTE from SRV-1 (38) and of the
IAP-related retroelement ORG-IAP (37), as indicated to the right. For
TBE, a portion of the secondary structure model is shown, and its
regions are marked as indicated for Fig. 2.

protein binding, reverse transcription, and PCR amplification,
following the procedures established for regular SELEX. As
the protein bait, we used a recombinant protein spanning
amino acids 61 to 610 of human TAP(NXF1) that was fused to
a GST moiety. This protein was shown to bind to CTE with
high affinity, like authentic TAP protein (14). After six rounds
of binding and amplification, the library RNAs were sequenced
and compared using multiple-sequence alignment. This anal-
ysis is illustrated in the dendrogram shown in Fig. 1A. We
observed that about 50% of these RNAs had similar sequences
and formed a distinct cluster in the dendrogram (Fig. 1A),
whereas the others have divergent sequences. Thus, a single
winning family was selected that we termed TBE. Further
inspection revealed that these elements are encoded by a mini-
satellite containing from 2 to 19 copies of a 15-nucleotide (nt)

J. VIROL.

imperfect direct repeat (Fig. 1B). Analysis of the remaining
divergent sequences using a motif discovery algorithm
(MEME) did not reveal detectable common features; they thus
most likely represent low-affinity background binders, and they
were not further addressed in this study. Figure 1B shows a
sampling of 16 direct repeats from three representative TBE
family members (clone no. 17, 30, and 34 in Fig. 1A). Since the
TBE repeats are imperfect, several different variants are shown
in Fig. 1B to illustrate this diversity. We chose clone no. 30 for
further characterization because it most closely matches the
TBE consensus (note its central position in the TBE cluster
shown in Fig. 1A). This clone is 239 nt long and contains 16
direct repeats. Throughout this study, this sequence is referred
to as TBE. After this work was completed, a related sequence
(GenBank accession no. AC023524) which shares 92% homol-
ogy with TBE, was identified on human chromosome 4.

TBE and CTE share homologous sequence motifs that are
arranged similarly in the secondary structure. We asked
whether TBE shares sequence homology with the prototype
TBE, the CTE. A consensus was drawn from the alignment of
TBE repeat units and compared to the consensus TAP-binding
motifs of CTEs which had been identified previously using a
combination of phylogenetic, biochemical, and structure-func-
tion studies (10, 11, 14, 20, 37, 38). This comparison revealed
a compelling homology (Fig. 1B).

Since the secondary structure of the CTE is essential for its
function, we also compared the secondary structures of the two
elements. The CTEs of SRV-1 and a closely related MPMV
have been studied in detail (10, 11, 19, 37, 38). They form an
extended stem-loop structure with two internal loops (desig-
nated loops A and B [see Fig. 3B]). Each loop region contains
two repeated TAP-binding motifs (see Fig. 3) that form mir-
ror-symmetrical pairs and are partly single stranded (14, 37).
These motifs and their arrangement are conserved between
CTE:s of different species (Fig. 1) and were shown to be es-
sential for CTE function (37, 38). The secondary structures of
the stem regions and the hairpin loop of the CTE (see Fig. 3)
are also important for function, whereas the primary structures
of these regions are not essential and are not conserved (37,
38).

To study the secondary structure of TBE, we first compared
the predicted foldings of six different members of this family.
Due to the repeating nature of TBEs, all foldings included
recurrent elements such as stem-bulge units (Fig. 2 and 3) that
consisted of two mirror-symmetrical repeats (Fig. 3). These
units formed extended structures that included a basic stem
element, Stem1 (Fig. 2 and 3). Other recurrent elements in-
cluded a hairpin loop (Fig. 2) and the bottom region of the
stem (see Fig. 6A).

The predicted models were assessed by probing of TBE
RNA (239 nt) with nucleases T1, T2, and S1 and lead acetate
(Pb) (6, 22) (Fig. 2B), as well as mung bean nuclease and
nuclease P1 (data not shown). We chose 5" labeling as the
detection method, because the use of internal primers and
reverse transcription was precluded due to the repeated nature
of TBE. Figure 2 shows that the RNA showed extensive pro-
tection from single-stranded cleavage, suggesting that it is pre-
dominantly double-stranded. We identified three major re-
gions of single-strandedness that matched the predicted
recurrent hairpin loops (Fig. 2) Other susceptible positions
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FIG. 4. Competition for TAP binding between CTE and TBE. (A) Pulldown assays with GST-TAP61-610 were performed using **P-labeled
CTE of SRV-1 in the absence of heparin (left panel) or in the presence of 0.5 wg of heparin per ml (middle panel) or 2 pg of heparin per ml (right
panel). CTEggy ; RNA (open rectangles), TBE RNA (filled rectangles), and random RNA from the unselected genomic library (closed
diamonds) were used as unlabeled competitors. The fraction of **P-labeled CTE RNA bound to TAP was plotted against the final concentration
of unlabeled competitor RNAs. (B) Gel mobility shift assays with GST-TAP61-610 were performed using binding conditions that were the same
as those used to obtain the results shown as in panel A, in the presence of 0.5 pg of heparin per ml. The unlabeled competitor RNAs were present
at 333 nM, as indicated. The complexes (bound) and the probe (free) were separated on 1% agarose gels and detected by autoradiography. Similar

results were obtained in three independent experiments.

were found in the regions that were predicted to contain in-
ternal loops and bulges, as indicated in Fig. 2. In summary, the
experimental data and the predicted structure were in good
agreement. We note that five closely related structures were
predicted that had different topologies but similar free ener-
gies of formation, whereas only one of them (Fig. 2) matched
the experimental data.

We summarized these results in a generic secondary struc-
ture model made of consensus TBE sequence motifs (Fig. 3A).
In this model, the motifs form mirror-symmetrical pairs in
partially single-stranded regions. This arrangement is analo-
gous to that of the repeated TAP-binding motifs in CTE (10,
11, 14, 20, 37, 38) (Fig. 3B).

In summary, we showed that TBE contains repeated se-
quence motifs that are homologous to the repeated TAP-
binding motifs in CTE. In both elements, these motifs are also
positioned similarly in the secondary structure. Since these
features of CTE are crucial for its function, we concluded that
their conservation in TBE may reflect functional similarities
between the two elements.

TBE and CTE use the same binding sites on TAP(NXF1).
We examined whether CTE and TBE use the same binding
determinants on TAP. The binding of TBE to TAP was studied
in competition assays using radiolabeled SRV-1 CTE RNA in
vitro (Fig. 4A). The nonselected genomic SELEX library RNA
(random RNA) was used as a non-structure-specific control.
The binding assays were performed using recombinant GST-
TAP61-610 immobilized on glutathione-Sepharose. For each
competitor RNA, the IC;, was determined. Under mild bind-
ing conditions (200 mM NaCl), CTE, TBE, and the nonse-
lected library RNA competed for TAP with the similar ICs, of
~107% M (Fig. 4A, left panel), suggesting that the respective
binding determinants are overlapping. This result indicated
that under these conditions TAP binds RNA in a non-struc-

ture-specific manner. However, at higher binding stringency
(0.5 pg of heparin per ml), TBE and CTE competed equally
well, whereas the nonselected library RNA competed poorly
(ICs0, ~10~7 M) (Fig. 4A, middle panel). Taken together with
the efficient selection of the TBE family by the genomic
SELEX method, these data confirm that TBE binds to TAP in
a structure-specific manner. At 2 pg of heparin per ml (Fig.
4A), the CTE RNA competed efficiently, whereas the TBE and
the nonselected library RNA competed poorly, showing that
TBE binds less efficiently than CTE. Under these conditions,
the presence of poor competitors reproducibly led to an initial
increase of CTE RNA binding (Fig. 4A, right panel). This
effect could be due to complex stoichiometry of the reaction
and was not further studied. In summary, the following order
of affinity was observed: CTE > TBE > random RNA. Similar
results were obtained using gel mobility shift assays (Fig. 4B).
These results showed that TBE and CTE compete for binding
to a shared determinant(s) on TAP in a sequence-specific
manner. Taken together with the structural similarities be-
tween the two RNA elements, this finding led us to suggest that
TBE and CTE are recognized by TAP in a similar fashion,
although TBE has a lower affinity to TAP, as expected.

TBE is a functional RNA export element. We tested the
export ability of TBE from the X. laevis oocyte nuclei. When
adenovirus pre-mRNA derivative is microinjected in the nu-
clei, it is spliced and the excised intron lariat is retained in the
nucleus. However, if a nuclear export element such as CTE is
present in the intron, the intron lariat is efficiently exported to
the cytoplasm (26, 29). We therefore inserted TBE into Ad
pre-mRNA intron and found that the presence of TBE led to
efficient export of the intron lariat (Fig. 5). In parallel exper-
iments, the empty Ad lariat was retained in the nucleus,
whereas the CTE-containing lariat was exported efficiently
(Fig. 5). We used UIASm RNA as a positive internal control
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FIG. 5. Nuclear export of excised intron lariats harboring TBE in
Xenopus laevis oocytes. Xenopus oocyte nuclei were injected with a
mixture of *?P-labeled U6Ass and UTASm RNAs transcribed in vitro
and the precursor RNAs as indicated on the top. RNA samples from
total oocytes (T) or cytoplasmic (C) or nuclear (N) fractions were
collected 3 h after injection. Products of the splicing reaction were
resolved on 10% acrylamide—7 M urea denaturing gels. The positions
of the mature products and intermediates of the splicing reaction are
indicated. The asterisks indicate the positions of RNA molecules that
are likely to be originated by degradation of the intron lariat and of the
precursor RNA. Similar results were obtained in three independent
experiments.

for nuclear export and U6Ass RNA as a negative control (29).
As shown in Fig. 5, UlASm is exported efficiently, whereas
U6Ass is confined to the nucleus, confirming the quality of cells
and nuclear injections. These data showed that TBE can act as
a functional RNA export element, similarly to CTE (Fig. 5).
We further compared the two elements using a cell culture
assay based on the ability of strong elements like CTE to
replace the Rev/RRE regulatory system of HIV (5, 37, 46). As
a reporter, we used a Rev-dependent subgenomic mRNA of
HIV-1 that produced Gag protein (p37%“¢ reporter mRNA,
[38]). When TBE was inserted into this mRNA, it did not
activate gag expression, whereas in parallel experiment, the
presence of SRV-1 CTE resulted in efficient activation (data
not shown). In this assay, TBE scores like CTE mutants that
have reduced affinity to TAP. Similarly to TBE, such CTE
mutants can promote efficient export of Ad intron lariat in
oocytes but are inactive in the p37%“¢ assay in mammalian cells
(14). We note that the p37%“¢ assay is more stringent, because
it measures the activation of the complete mRNA utilization
pathway leading to protein production, whereas the intron
lariat export assay only measures the activation of one meta-
bolic step, the nuclear export. Collectively, our data show that
TBE can function as an RNA export element in Xenopus
oocytes but does not exhibit the full CTE function.

CTE and TBE are evolutionarily related. We demonstrated
that CTE shares structural similarities with TBE in the con-
served regions that are essential for its function (Fig. 2 and 3).

J. VIROL.

In addition, we found that individual CTEs of different species
contain sequence homologies to TBE in the regions that are
not phylogenetically conserved (Fig. 6A). Some CTEs also
contain secondary structure features similar to the Steml of
TBE (Fig. 6A). The sequences of hairpin loops in some CTEs
are conserved in the recurrent hairpin loop of TBE. The pre-
dicted bottom stem region of Eker rat-associated IAP (ERA-
IAP) CTE (Fig. 6A) and a stem region of a murine CTE-like
sequence (IAPE-10, GenBank accession no. U53819) show
remarkable similarity to TBE, both in the primary and the
predicted secondary structures (Fig. 6A). These similarity re-
gions in CTEs are located outside the TAP-binding motifs (10,
11, 14, 20, 37, 38) (Fig. 6A). For the SRV-1 CTE, the primary
structures of such regions were shown to be nonessential or
neutral for function (37). The respective regions in other CTEs
are also predicted to be neutral, both by analogy to the known
secondary structure of SRV-1 CTE and by the lack of their
sequence conservation among CTEs. We therefore concluded
that the sequences of the CTE and TBE similarity regions
shown in Fig. 6A are neutral for CTE function.

In order to assign a probability that these similarities are
significant, we compared the nucleotide databases with se-
quence motif profiles of TBE, using the MEME algorithm (2).
Remarkably, the TBE profile revealed two strong independent
matches in IAPE CTEs (P value of ~10~> for each) corre-
sponding to the two predicted complementary regions in
IAPE-10 that form a Stem1-like structure (Fig. 6A). This anal-
ysis demonstrated that the similarities between IAPE-10 CTE
and TBE shown in Fig. 6A are not likely to occur by chance.
Collectively, these data indicated that several neutral structural
features are conserved between TBE and CTEs.

By database comparisons with TBE-derived MEME profiles,
the closest homologue of TBE (P, ~10~'°) among the known
nucleotide sequences is the CTE-containing ERA IAP retro-
element (43). The similarity is located in the ERA IAP long
terminal repeat (LTR) region, 274 nt downstream of its CTE.
This match (68% identity within the 79-nt overlap) includes
four tandem 15-nt repeats that show high homology (13 of 15
residues conserved) to those found in TBE (Fig. 6B). Thus,
besides the similarities in the bottom stem region of its CTE
(Fig. 6A), the ERA IAP contains an apparent molecular fossil
of TBE-related minisatellite in the vicinity of its CTE. We
further detected a strong TBE homology (55% identity in
211-nt overlap; Z score = 155) (Fig. 7) in a solo IAP LTR
(mouse IE36 insertion element, GenBank accession no.
X05354 [24]). Taken together, these data suggest that the TBE
similarity regions in type A LTRs were derived from TBE-
related minisatellites.

In summary, the TBE shares several independent structural
features with CTE-containing retroelements. Some function-
ally important aspects of CTE structure are conserved in TBE
and likely account for the TBE recognition by TAP. In support
of this idea, TBE and CTE were found to share functional
activity and they bind to TAP in a similar fashion. Other
conserved features are found in the regions where the primary
structure is known or predicted to be neutral for CTE function.
Therefore, their conservation points to a common ancestry
rather than to shared functional or structural constraints. The
finding of additional TBE-related sequences in ERA TAP and
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FIG. 6. Evolutionary relationship between CTE and TBE. (A) Conservation of neutral sequences between TBE and individual CTEs. Different
portions of TBE secondary structure model are shown. The portions of the secondary structure models of CTEs from SRV-1, ERA-IAP,
intracisternal A-particle-related retroelement ORG-IAP, and IAPE-related CTE-like sequence (CTE IAPE-10, accession no. U53819) (37) are
shown, as indicated. Red letters denote the conserved TAP-binding motifs in CTEs, as shown in Fig. 1 and 2. The recurrent Stem1 structure of
TBE and similar stem regions of CTEs are indicated by green shading. Shadings in the hairpin loop regions show the residues that are conserved
between TBE and CTEs of SRV-1 (yellow) and ORG-IAP (blue). Italics show the conserved primary structure. Dashes indicate virtual gaps in
RNA folding; the downward-pointing arrow indicates the start of stem 1. (B) TBE-related tandem repeats in ERA-IAP retroelement. At the right,
the alignment of TBE and a region of the ERA-IAP LTR is shown. Arrows show the 15-nt tandem repeat units in ERA-IAP (R1 through R4).
At the left, the alignment of the ERA-IAP repeat units and the consensus TBE repeat unit is shown. The conserved residues are shaded.

IE36 provides independent, direct evidence of a common an- described a functionally active CTE from the IAPE-related
cestry for TBE-like repeats and the type A retroelements. osteocalcin-related gene IAP (ORG-IAP) provirus and iden-
tified CTE elements in other known and putative retroele-

DISCUSSION ments (37). These CTEs share a highly conserved architecture,

Simian type D retroviruses and rodent IAP retroelements  indicating that they are recognized by a common conserved

are evolutionarily related (44). Although all known IAPs are factor. The type D CTE is a direct recognition site for cellular
replication incompetent, there is a subset of relatively intact TAP(NXF1) protein that is conserved in eukaryotes, and the
IAP-related proviruses termed IAPE (28) that contain well- rodent TAP proteins have been identified. TAP(NXF1) is a
preserved CTE regulatory elements (37). We have previously general mRNA export factor that was proposed to associate

TBE 10 a AAAR 2|

ERA-TAP 6064 |IuOe . Mot M. MY

IE36 269 GOTCHENESTCTRT TR

TBE SuiCiverNyXe C TEGEGC TG TGTCRCC

ERA-TAP
IE36

CGT(:ETGTGTC cQ

AAGA d rclica 197
| C TG CA 6249
iC THTT 457

FIG. 7. Multiple-sequence alignment of TBE and the homologous sequences in ERA-IAP and IE36 retroelements. The positions that are
identical in at least two sequences are shaded. The IE36 homology to TBE was identified using the SSearch program (Z score = 155).
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with cellular mRNA either directly or through bridging pro-
teins such as E1B-AP5 (1) and REF (34, 35). Therefore, the
CTEs apparently evolved as direct, high-affinity TAP ligands.
Since the evolution of many retroelements has likely included
the acquisition of host genetic modules (7), we proposed that
CTEs were derived from preexisting cellular TAP-binding el-
ements. In support of this idea, TAP’s ability to directly bind
RNA is conserved across species and is therefore essential (14,
31, 39), pointing to the existence of cellular high-affinity RNA
ligands. In order to identify such ligands, we performed a
genome-wide search for RNAs that selectively bind to TAP in
vitro. We chose the human genome because unlike these of
rodents, it is not known to contain the endogenous CTE-
containing retroelements. Here, we describe a human se-
quence termed TBE that has properties expected from a prim-
itive CTE. Like CTE, TBE selectively binds to TAP and acts as
an active signal of RNA nuclear export, indicating a remark-
able degree of functional similarity. We demonstrate that this
functional conservation is likely due to the common features of
both the primary and the secondary structures of CTE and
TBE elements. These features include the conserved sequence
motifs and their analogous arrangement in the secondary
structure. Both RNAs bind to TAP competitively and in the
same fashion, further pointing to their shared structural and
functional constraints. Additionally, we show that several mod-
ern CTEs contain TBE homologies in their functionally neu-
tral regions, and that TBE-like repeats are present in the
genome of a modern IAPE retroelement. Although the CTEs
are far divergent from TBE, these similarities are sufficient to
assign statistical probabilities to their significance. Here, we
report four unbiased probabilities, each independently attest-
ing to the nonrandom similarities between the TBE and the
genomes of AP retroelements. Taken together with the struc-
tural and functional conservation, these results lead us to sug-
gest that CTEs evolved from TBE-like minisatellite repeats.
This model implies that some ancestral TBE-like repeat units
evolved into the internal loops of CTE, while the others com-
prised CTE’s stem- and hairpin-loop structures (as shown in
Fig. 6) or remained relatively intact outside the CTE (like the
four repeats found in ERA IAP retroelement). In this sce-
nario, the TBE-like repeats that had been acquired by an
ancient retroelement provided a weak TAP-binding scaffold
that, due to the selective pressure of viral replication, evolved
into CTE, that is, a strong TAP-binding element able to me-
diate efficient export and expression of unspliced viral mRNA.
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