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Interactions between the Rex protein of HTLV-1 and the genomic Rex-binding element (XBE) mediate the
cytoplasmic transport of viral mRNAs. However, it is uncertain which RNA sequences and structures contrib-
ute to Rex recognition. A portion of the viral genome that spanned the XBE was partially randomized, and
functional Rex-binding variants were selected. Alignment of selected Rex-binding sequences revealed positions
that were functionally conserved between different molecules. A model is presented in which a subset of the
selected residues are in direct contact with Rex. Positions that covaried with one another were also found.
These covariations support a secondary-structural model in which a central paired stem is symmetrically
flanked by two bulge loops. On the basis of this model, site-directed mutations of the XBE were constructed and
each half molecule was found to bind independently to Rex. The functional residues and secondary structures
in the XBE half molecules bear a remarkable resemblance to the transactivation response region element of
HIV-1. Since the transactivation response region element is known to interact specifically with arginine
residues in the Tat protein, these results suggest that the XBE binds to the arginine-rich RNA-binding domain
of Rex in a similar manner. This model is supported by the selection data.

Human T-cell leukemia virus type 1 (HTLV-1) is the pri-
mary etiological agent of adult T-cell leukemia (27). In the
early portion of the retroviral life cycle, regulatory factors such
as Rex and Tax are synthesized, while in the late phase of
infection these factors govern the accumulation of structural
proteins. In particular, the Rex protein of HTLV-1 specifically
binds to a portion of the 39 untranslated region deemed the
Rex-responsive element (XRRE) and promotes the cytoplas-
mic appearance of incompletely spliced mRNAs that encode
env and gag (1, 2, 8, 11, 12, 22; see Fig. 1A).
Understanding the mechanism of Rex action requires a de-

tailed description of the molecular interactions between Rex
and the XRRE. The regions of the XRRE that interact with
Rex and contribute to its function have been roughly mapped
by deletion and mutation analysis (1, 2, 4, 8, 22, 24) and by
modification interference analyses (5; Fig. 1b). These reports
all substantially agree on the general features of the secondary
structure of the XRRE and suggest that a small subsegment of
stem IID is the primary Rex-binding element (XBE; 10, 22,
25). However, it is unclear what the precise structure of the
XBE is, and at least three slightly different folds have been
advanced (5, 11, 22). Moreover, only a few of the residues that
may contribute to Rex recognition have been probed by mu-
tational studies.
Understanding XBE-Rex interactions may also provide in-

sights into the regulatory mechanisms of other viruses. Rex is
a member of a family of RNA-binding proteins that includes
human immunodeficiency virus type 1 (HIV-1) Rev and Tat,
the HDV antigen, and the N protein of bacteriophage lambda
(15, 17). Unlike proteins that are related by extensive sequence
and structural homologies, these diverse viral factors have
been grouped together because of the presence of short, con-
centrated patches of arginine (arginine-rich motifs [ARMs]) in

their RNA recognition domains. However, while the sequence
compositions of ARMs are similar, their structures are likely
quite different. For example, the ARM of HIV-1 Rev spans
positions 34 to 50, contains 10 arginine residues, and has been
shown to form an alpha helix that can specifically recognize the
Rev-responsive element even when separated from the re-
mainder of the protein (21). Although the ARM of HTLV-1
Rex also contains numerous arginines (7 of the first 17 resi-
dues), there is little or no sequence similarity to the Rev ARM,
and given the fact that 4 of the first 17 residues are prolines,
this portion of Rex probably does not assume an alpha-helical
configuration.
Although the sequences and structures of the various viral

ARMs are different, there may be some commonality in how
they recognize RNA ligands. While other arginine-rich proteins,
such as histones and protamines, form nonspecific charge-
charge interactions with nucleic acids, each of the ARMs tends
to be specific for a given RNA sequence and structure and can
recognize its cognate viral genome in a complex background of
cellular RNAs. As an example, nuclear magnetic resonance
studies have suggested that at least one of the arginines in the
Tat ARM contributes to sequence- and structure-specific rec-
ognition of the HIV-1 transactivation response region (TAR).
The positively charged guanidino head group of arginamide
forms a pseudo base triple with a TAR G z C base pair and is
locked in place by a refolding of the phosphate backbone of the
TAR bulge-loop (19). Interestingly, sequence variants of the
Rev-binding element (RBE) of HIV-1 (7) and at least one
structural representation of the wild-type XBE also strongly
resemble a TAR variant that shows enhanced binding to a Tat
peptide (26).
A more complete definition of the XBE not only should aid

in understanding the mechanism of Rex action but also may
provide more general insights into how ARMs bind to their
RNA substrates. Unfortunately, a prohibitive number of XBE
mutants would be needed to determine completely which se-
quences and structures are essential for Rex recognition. For
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example, examining alternative base-pairing schemes for the
different secondary-structural models that have been proposed
would require that upwards of 40 single and 128 double sub-
stitutions be constructed and assayed. In the absence of such
an extensive set of phylogenetic or mutational data, in vitro
genetic selections have proven to be a useful tool for high-
resolution structural mapping of functional nucleic acids. By
synthesizing random-sequence populations, the relative bind-
ing abilities of extremely large numbers of sequence substitu-
tions can be assessed in parallel. As an example, the primary-
and secondary-structural features of the wild-type RBE were,
in large part, delineated by analyzing RNA aptamers (binding
sequences) selected from a partially randomized library (3).
Similarly, sequence covariations that supported the existence
of numerous base-base interactions were identified by analyz-
ing Rev-binding sequences isolated from a completely random
library (7, 9, 23a). These covariations were, in turn, used as
distance constraints for a three-dimensional structural model
of the RBE (13). In the current study, we selected Rex-binding
RNAs from a partially randomized sequence population based
on the XBE. Analysis of the selected sequences identified
sequences and structures that are important for Rex recogni-
tion.

MATERIALS AND METHODS

Materials. Stem IID of the Rex-responsive element was transcribed from
XhoI-cut pGEM-XRRE. This plasmid contains residues 144 through 223 of the
XRRE (5); in addition to these residues, some polylinker sequences were also
transcribed.
Bacterial expression of Rex. pGex-Rex, a glutathione-S-transferase (GST)–

Rex fusion protein bacterial expression plasmid, was constructed by using a
252-nucleotide DNA fragment that encodes amino acids 1 to 80 of the HTLV-1
Rex protein and contains a TGA stop codon immediately following the coding
sequence. The insert was prepared by PCR amplification and contains a unique
BamHI site at the 59 end and a unique EcoRI site at the 39 end. PCR products
were digested with BamHI and EcoRI, gel purified, and ligated into BamHI-
EcoRI-cut pGex-3X (Pharmacia, Piscataway, N.J.). Colonies containing inserts
were identified, and a single clone containing an insert of the correct size was
sequenced and used for protein expression.
GST-Rex induction, purification, and assay. A single colony was inoculated

into 100 ml of 23 YT/Amp broth (19) and grown overnight at 378C. A portion
(25 ml) of this saturated culture was used to inoculate 1 liter of 23 YT/Amp
broth. Cultures were incubated at 378C with aeration for approximately 2.5 h
(optical density at 595 nm, 0.65). Protein expression was induced by addition of
isopropyl-b-D-thiogalactopyranoside to a final concentration of 1 mM, and
growth continued for 3 h at 378C. After this time, cells were collected by cen-
trifugation, resuspended in 25 ml of RS buffer (20 mM Tris-Cl [pH 7.4], 1 M
NaCl, 0.25 mM EDTA, 0.1 mM b-mercaptoethanol), and lysed by sonication at
108C. Cell debris was removed by centrifugation, and 10 ml of the bacterial lysate
was loaded directly onto a 1.8-ml glutathione-agarose column equilibrated in RS
buffer. The initial eluate was reapplied to the column to optimize depletion of
the fusion protein from the bacterial lysate. The column was washed with 10
column volumes of RS buffer and then eluted with 0.5 M glutathione, pH 8.0.
The elution profile was monitored by using Bradford assays; fractions containing
protein of the correct molecular weight were detected by denaturing sodium
dodecyl sulfate-polyacrylamide gel electrophoresis followed by silver staining.
Peak fractions were pooled and dialyzed for 4 h at 48C in 500 ml of RBB buffer
(50 mM N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid [HEPES; pH 7.9],
40 mM KCl, 10% glycerol) with two buffer changes. Following dialysis, the
protein was analyzed by gel electrophoresis and judged to be 90% pure. Samples
were aliquoted and frozen at2808C; the same preparation was used for all of the
experiments described in this report.
The GST-Rex fusion protein was assayed for the ability to bind the XRRE

specifically. A number of individual 32P-radiolabeled RNA probes were prepared
by in vitro transcription with T7 RNA polymerase (vide infra). Each RNA probe
was incubated with 25 ng of GST-Rex in 20 ml of RBB buffer containing 500 ng
of yeast tRNA and 4 U of RNAsin (Promega, Madison, Wis.). Samples were
incubated for 20 to 30 min at 48C and then loaded directly onto a native gel (6%
polyacrylamide, 60:1 acrylamide-bisacrylamide ratio; 0.53 TBE).
Random sequence RNA pools. A doped-sequence pool of RNA molecules

centered on the wild-type XBE was used as a starting point for in vitro selection.
A chemically synthesized DNA oligonucleotide was used to generate the doped-
sequence RNA pool. This oligonucleotide contained constant sequences that
corresponded to XRRE positions 153 to 168 (5) at its 59 end, followed by XRRE
positions 169 to 211 containing 70% wild-type residues and 10% of each non-

wild-type residue, followed by constant-sequence XRRE positions 212 to 229 at
its 39 end (see Fig. 1A). The crude oligonucleotide ('14.3 pmol or 8.6 3 1012

nucleotides) was amplified in a 100-ml PCR (10 mM Tris-Cl [pH 8.3], 50 mM
KCl, 1.5 mM MgCl2, 0.5 mM primer DX.1 [TAATACGACTCACTATAGGGA
GATCTAGGTAAGTTTAAA], 0.5 mM primer DX.2 [CCGGCTGAGTCTAG
GTAG], 200 mM deoxynucleoside triphosphates, 5% acetamide, 0.05% Nonidet
P-40, 2.5 U of Taq polymerase) for eight cycles of 948C for 1 min, 458C for 1 min,
and 728C for 2 min. Approximately 0.5 mg (or 1 pool equivalent) of the amplified
template was added to an Ampliscribe (Epicentre Technologies, Madison, Wis.)
transcription reaction. Roughly 30 mg of the initial RNA pool was obtained
following purification on a denaturing polyacrylamide gel (6). The initial se-
quence substitution bias was determined by sequencing 10 clones from the
unselected population. The substitution frequencies were as follows: G3G,
76.5%; G3A, 8.0%; G3T, 8.0%; G3C, 7.4%; A3A, 65.0%; A3G, 17.5%;
A3T, 10.0%; A3C, 7.5%; T3T, 67.4%; T3G, 14.6%; T3A, 6.7%; T3C,
11.2%; C3C, 59.0%; C3G, 21.5%; C3A, 9.4%; C3T, 10.1%. Skewing away
from programmed frequencies has been previously observed (28).
Selection conditions. In each cycle, tRNA (Boehringer Mannheim, Indianap-

olis, Ind.) and Rex protein were incubated together for 10 min at ambient
temperature in 13 binding buffer (50 mM Tris-Cl [pH 8.0], 50 mM KCl; 20 ml in
the first cycle and 30 ml in subsequent cycles). Pooled RNAs in 13 binding buffer
(20 ml in the first cycle and 30 ml in subsequent cycles) were separately heated to
908C for 2 min, cooled to ambient temperature over a 10-min period (to equil-
ibrate conformers), passed over HAWP 25 modified cellulose filters (Millipore,
New Bedford, Mass.) to remove filter-binding sequences, and then added to the
protein mixture. The final reaction mixture (40 ml in the first cycle and 60 ml in
subsequent cycles) was left for an additional 60 min. The amounts of tRNA, Rex,
and pooled RNA were varied in subsequent cycles as detailed in Table 1.
RNA-protein complexes were separated from free RNA by vacuum filtration

(5 in. [1 in. 5 2.54 cm; 1 mm Hg 5 133.322 Pa] Hg) over modified cellulose
filters. Following application of the RNA-protein mixtures, filters were washed
twice with 500 ml of 13 binding buffer. Bound RNAs were eluted from filters
with 400 ml of 23 PK buffer (0.2 M Tris-Cl [pH 7.6], 2.5 mM EDTA, 0.3 M NaCl,
2% sodium dodecyl sulfate) at 758C for 15 min in every cycle. The eluate was
extracted with phenol-chloroform and precipitated with ethanol, and the pellet
was resuspended in 25 ml of water.
Amplification.RNA for subsequent cycles was synthesized by a combination of

reverse transcription, PCR amplification, and in vitro transcription. A portion of
the extracted RNA (10 ml) was reverse transcribed in a reaction mixture (20 ml)
that contained 40 mM KCl, 50 mM Tris-Cl (pH 8.0), 6 mM MgCl2, 0.4 mM
deoxynucleoside triphosphates, 2.5 mM primer DX.2, 5 mM dithiothreitol, and 5
U of avian myeloblastosis virus reverse transcriptase (Seikagaku, St. Petersburg,
Fla.). Nucleotides, dithiothreitol, and the enzyme were added only after an initial
annealing step (3 min at 758C followed by 5 min at ambient temperature). The
reaction mixture was then incubated at 428C for 45 min. For PCR amplification,
15 ml of this reaction mixture was diluted in 85 ml of a PCR mixture (10 mM
Tris-Cl [pH 8.3], 50 mM KCl, 1.5 mM MgCl2, 5% acetamide, 0.05% Nonidet
P-40, 200 mM deoxynucleoside triphosphates, 2.5 U of Taq polymerase, 0.5 mM
each DX.1 and DX.2). The reaction mixture was cycled at 948C for 1 min, 458C
for 1 min, and 728C for 2 min for as many cycles as needed to produce a product
band of the correct size. RNA was synthesized from the PCR template in an
Ampliscribe transcription reaction mixture and purified on a denaturing poly-
acrylamide gel for subsequent cycles of selection.
Cloning and sequencing. PCR products from the fourth cycle of selection (1

mg) were directly ligated into a TA cloning vector (Invitrogen, San Diego, Calif.)
or pCRScriptSK(1) (Stratagene, La Jolla, Calif.) in accordance with the proto-
col provided. Clones were sequenced by using standard protocols for dideoxy
incorporation. Since only a few deletions were present in the selected molecules,
residues that were included within the partially randomized region were manu-
ally aligned. To determine whether the distribution of residues at a given position
had been significantly skewed by selection, the probability of obtaining that
distribution by chance (assuming no selection) was determined. For example, at
position 176, 46 wild-type (U) residues and 14 non-wild-type residues were
expected. In fact, 52 occurrences of uridine and 8 occurrences of nonuridine
residues were observed. The probability of obtaining the observed distribution in

TABLE 1. Selection conditionsa

Cycle(s) [tRNA]
(mM)

[Doped XRRE]
(mM)

Amt of Rex
(ng) Prefiltrationb

1 10 1 ;30 33
2 6.6 1.2 ;30
3, 4 6.6 1.2 ;30 33

a The amounts and concentrations of protein and RNA used in each cycle of
selection are shown.
b Passing the pool over the nitrocellulose membrane multiple times prior to

each cycle of selection prevents the accumulation of any sequences that can
interact with the filter.
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the absence of selection can be calculated by using a cumulative binomial dis-
tribution based on the formula

O
x 5 #wt

total

( fwt)#wt(fnon-wt)#non-wt{total!/[(#wt)! (#non-wt)!)]},

where fwt is the observed sequence bias for a wild-type nucleotide in the initial
pool, expressed as a fraction (e.g., 0.67 of the initial population contained
uridines at a position that was uridine in the wild type); #wt is the number of
clones containing a wild-type nucleotide at a given position; fnon-wt is the
observed sequence bias for non-wild-type nucleotides in the initial pool, ex-
pressed as a fraction, which is 1 2 the original frequency (e.g., 1 2 0.67 5 0.33
of the initial population contained nonuridines at a position that was uridine in
the wild type); #non-wt is the number of clones containing a non-wild-type
nucleotide at a given position; and total is the total number of clones analyzed
from the final cycle of selection (e.g., 60). For uridine, these values are

O
x 5 52

60

~0.67!x~0.33!8@60!/~x!8!!# < 0.0006,

which means that this result is expected to occur in 6 of 10,000 times by chance.
Observed distributions that would have occurred at P # 0.05 (i.e., less than or
equal to 1 in 20 times by chance) were assumed to be significant for this study.
Minimal XBE constructs. To generate minimal XBEs, DNA templates with

extensive self-complementarity had to be synthesized. PCR amplification of
sufficient quantities of these templates for in vitro transcription reactions proved
to be difficult. Therefore, the following strategy was employed. First, small
amounts of short, double-stranded oligomers were cloned into plasmids. Next,
larger (.1 mg) amounts of longer, double-stranded oligomers were generated
from individual plasmid clones via PCR. Finally, these oligomers were enzymat-
ically cleaved to produce suitable templates for runoff transcription of short
RNAs.
As a specific example, a chemically synthesized template for bulge-right (9.3

mM final concentration; 59 GGGCAATTGCTCAGGAAGAGCATGCTCCCT
TGGAGCAATTGAATT 39) and its primer (94 mM final concentration; 59 AAT
TCAATTGCTCCAAG 39) were mixed in 13 Klenow buffer (20 ml; New En-
gland Biolabs, Beverly, Mass.), heated to 1008C for 2 min, and slowly cooled to
408C over a 30-min period. After annealing was complete, Klenow fragment (5
U; New England Biolabs), Escherichia coli single-stranded binding protein (1 mg;
U.S. Biochemicals, Cleveland, Ohio), and deoxynucleoside triphosphates (90
mM) were added and the reaction mixture was incubated at 258C for 15 min.
Full-length, double-stranded oligomers were gel isolated and incubated with Taq
polymerase (5 U) in a standard PCR mixture (40 ml). Any incompletely elon-
gated oligomers were filled in during this procedure and, more importantly,
nontemplated deoxyribosyladenine residues were added to the 39 ends of the
DNA. A portion (1/40) of the reaction mixture was cloned into the TA vector.
Clones with the correct insert were identified by sequencing. Double-stranded
DNAs were generated from clones by PCR amplification in the presence of a 59
primer containing the T7 promoter (59 TAATACGACTCACTATAGGGCAAT
TGCTCAGGAAG 39) and a 39 primer that was over 70 bases beyond the 39 end
of the insert (59 ATTTAGGTGACACTATA 39). An internal MseI site was
present at the junction between the insert and vector DNAs. PCR products were
restricted with MseI, and RNAs were synthesized by runoff transcription.
Filter-binding assays. Pools and minimal RNAs were assayed for the ability to

be coretained with the Rex protein on modified cellulose filters. Unselected and
selected RNA pools were internally labeled by including 1 ml of [a-32P]UTP
(3,000 Ci/mmol; Dupont NEN, Boston, Mass.) in the Ampliscribe reaction mix-
ture. Following thermal equilibration (908C, 2 min; ambient temperature, 10
min), pooled RNAs (0.8 mM) were added to a mixture of tRNA (8 mM final
concentration) and Rex protein (;30 ng) in 50 ml of 13 binding buffer, and the
binding reaction was allowed to proceed for 1 h at room temperature. The
mixture was then filtered with modified cellulose, and the filters were washed
twice with 500 ml of 13 binding buffer. The amount of radioactive RNA that was
coretained with protein was quantitated with a PhosphorImager (Molecular
Dynamics, Sunnyvale, Calif.). Background binding to the filter alone (generally
less than 1% of the applied pool) was independently determined and subtracted
from the protein-dependent signal.
In competition experiments, pooled or cloned RNA (0.6-mM final concentra-

tion) was incubated with an equimolar amount of stem IID of the XRRE (0.6-
mM final concentration), a 10-fold excess of tRNA (6 mM), and ;30 ng of active
Rex protein in 13 binding buffer (60 ml). The reaction mixture was incubated,
filtered, and eluted as in the selection experiments. After precipitation, samples
were resuspended in 4 ml of stop dye (7 M urea, 13 TBE, 0.1% bromphenol
blue) and electrophoretically separated on a denaturing 10% polyacrylamide gel.
The amount of radioactivity in each band was determined with a PhosphorIm-
ager. Binding ratios were calculated by using the formula [(no. of counts filtered-
pool 2 background)/(no. of counts unfilteredpool 2 background)]/[(no. of counts
filteredXRRE 2 background)/(no. of counts unfilteredXRRE 2 background)]. The
relative specific activities of samples cancel one another in this equation and do

not influence the binding ratio. If the binding reaction has gone to equilibrium,
the binding ratio represents a ratio of dissociation constants for different RNA-
protein complexes; the samples were equilibrated for multiple half-lives of the
wild-type complex. Minimal XBEs were assayed in a similar fashion, except that
the RNAs were labeled with polynucleotide kinase (New England Biolabs) and
[g-32P]ATP (3,000 Ci/mmol; Dupont NEN, Boston, Mass.).

RESULTS

Interactions between GST-Rex and XRRE RNA are specific.
To determine whether GST-Rex binds specifically to the high-
affinity site within the XRRE, its ability to bind both cognate
and noncognate RNAs was examined. The fusion protein re-
tarded the mobility of the XRRE (residues 144 through 223)
efficiently but failed to form a complex with either the stem II
domain of the HIV-1 RRE (residues 36 to 106, numbered in
accordance with reference 16), the HIV-1 TAR RNA element,
or antisense XRRE RNA (data not shown).
Additionally, the XRRE RNA was tested for the ability to

interact with several unrelated sequence-specific RNA-binding
proteins by using a similar assay. When XRRE RNA was
incubated with either purified HIV-1 Rev protein, mammalian
splicing factor U2AF65, or a synthetic peptide containing
amino acids 46 to 60 of HIV-1 Tat, no stable complex forma-
tion was observed (data not shown). Similar results were ob-
tained when purified GST was used in this assay. Taken to-
gether, these results suggest that GST-Rex binds specifically to
the XRRE in vitro.
In vitro selection of Rex-binding RNAs. The boundaries of

the primary XBE of the XRRE have been mapped by deletion
analysis and modification interference (1, 4, 22; Figure 1B). To
examine which residues in the XBE supported interactions
with the Rex protein, the entire XBE and flanking sequences
were partially randomized. The level of randomization that
was chosen, 30% non-wild-type substitution per position, al-
lowed all possible single mutational variants to nearly all (P ,
0.01) hextuple mutational variants of the XBE to be simulta-
neously assessed for function (3, 9).
RNA molecules that could bind to Rex were iteratively se-

lected from the randomized pool. Only 0.6% of this original
pool was coretained with Rex on a modified cellulose filter,
indicating that most of the random sequence substitutions al-
tered wild-type RNA sequences or shapes necessary for bind-
ing to Rex. Nonetheless, the small fraction of the RNA pop-
ulation that bound to Rex was eluted, amplified, and reselected
in subsequent cycles. After only four cycles of selection and
amplification, 5.4% of the RNA population was coretained
with Rex on the filter; protein-independent binding to the filter
alone did not similarly increase.
To assess whether internal competition between RNA vari-

ants had produced sequences that could bind Rex as well as the
wild-type XBE, competitive filter-binding assays were carried
out with the selected pool and stem IID of the XRRE. The
affinity of the pool for Rex improved by 20-fold during the
course of the selection and bound ninefold better than the
wild-type (Fig. 2). Assays with individual clones from the
fourth cycle also showed that selected sequences could effec-
tively compete with the wild-type XBE for binding to Rex (Fig.
3).
Residues critical for Rex recognition. The selected RNA

population represented a subset of the original pool that re-
tained a common function, the ability to interact with the Rex
protein. To determine what sequence or structural motifs were
important for Rex recognition, individual RNAs from the un-
selected pool and from the fourth cycle of selection were
cloned, sequenced, and compared with one another. All of the
sequences were still similar enough to the wild type that they
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could be easily aligned (Fig. 3). As expected, clones from the
unselected pool were found to contain numerous randomly
distributed sequence substitutions. Many positions in the 60
selected clones also contained multiple different sequence sub-
stitutions relative to the wild type, indicating that these posi-
tions are functionally neutral (Fig. 4). For example, position
173 is A in the wild-type binding element but varies readily
between A (39 times; 65%), G (12 times; 20%), C (6 times;
10%), and U (3 times; 5%) in selected clones. However, even
a cursory examination of the alignment showed that a few of
the positions in the selected sequences were highly conserved

between different clones (e.g., G-178); these positions were
expected to be most important for binding to Rex.
Determination of the statistical significance of conservation

or substitution of each position in the selected sequences was
based on comparisons with unselected sequences. Many of the
43 partially randomized positions were found at significantly
higher frequencies than expected by chance. Alteration of
these residues presumably disrupts the formation of stable
RNA-protein complexes, and hence, sequences containing
substitutions at these positions were lost during the course of
the selection. For example, G-178 is present in 57 of 60 mol-
ecules; since G-178 was originally present in the randomized
population at a frequency of roughly 0.76 per position (slightly
higher than the programmed value of 0.7), the probability that
this residue was conserved among the various clones by chance
is less than

O
x 5 57

60

~0.76!x~0.24!8@60!/~x!3!!# < 0.00009.

In addition, a number of other positions were significantly
conserved (P # 0.05 for occurrence of the observed distribu-
tion by chance), including G-169, U-171, C-172, U-176, G-178,
G-196, C-202, C-203, U-206, and G-208. A summary of these
conserved positions is shown in Fig. 4.
Secondary structures critical for Rex recognition. A number

FIG. 1. Predicted secondary structures of the XRRE and the XBE. (A)
Predicted secondary structure of the XRRE. A secondary-structural fold of the
HTLV-1 XRRE based on that of Bogerd et al. (5) is shown. The region of the
XRRE which was randomized in the initial pool (positions 169 to 211 [numbered
in accordance with reference 5]) is boxed. The arrows at positions 153 and 229
indicate the start and stop of the in vitro transcription products. (B) Predicted
secondary structure of the XBE. Based on available data from deletion studies
and modification interference analyses, the boxed region of stem IID represents
the best estimate of the primary XBE of the XRRE. This region is essential for
function in vivo (1, 10). Modification of boldface residues with either hydrazine
or diethylpyrocarbonate strongly interfered with Rex-binding ability, while mod-
ification of underlined residues interfered weakly with binding. Plus signs indicate
positions where modification enhances binding (5). Arrows indicate a double sub-
stitution that drastically reduces function in vivo (22).

FIG. 2. Improvement in the Rex-binding ability of the randomized pool
during the course of selection. The binding ability of the randomized pool
relative to that of stem IID of the XRRE was determined as a function of the
cycle. Pooled RNA and stem IID were mixed with the Rex protein and allowed
to reach equilibrium. Bound RNAs were separated from unbound RNAs by
filtration, and the two types of RNA were separated from one another on a
denaturing polyacrylamide gel. The positions of the two RNAs are indicated by
arrows. Since RNA was in excess over Rex during the binding reactions, the pool
should have competed with the XRRE for available protein. Therefore, the
relative intensities of the bands are a rough indication of how well the RNAs
could compete with one another for binding. A more precise estimate of the
binding ratio was obtained by determining the ratio of the two RNAs before and
after filtration with the equation [(no. of counts filteredpool 2 background)/(no.
of counts unfilteredpool 2 background)]/[(no. of counts filteredstem IID 2 back-
ground)/(no. of counts unfilteredstem IID 2 background)] (7). This value should
represent the relative dissociation constants of pooled and wild-type RNAs for
Rex. At the beginning of the selection (cycle 0), the binding ratio is 0.46, similar
to the background binding observed with other RNAs. At the conclusion of the
selection (cycle 4), the binding ratio is 9, indicating substantial improvement in
the ability of the final population to bind Rex.
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of different secondary-structural models for the XBE have
been advanced (5, 11, 22). On the basis of these models, many
of the positions that have been shown to be conserved among
selected RNAs are potentially involved in Watson-Crick base
pairs. The artificial phylogeny of selected Rex-binding se-
quences allowed the functional significance of a predicted base
pair between positions to be assessed in much the same way
that the functional significance of individual residues was as-
sessed. Many of the predicted base pairings occurred at fre-
quencies greater than those expected by chance (P# 0.05; Fig.
4 and Table 2). In some cases, residues seemed to be functional
only in terms of the ability to support a particular secondary-
structural model. For example, while neither G-174 nor C-204
was significantly (P # 0.05) conserved as an individual residue,
the residues at these positions occurred together frequently
enough that the probability of the base pair was statistically
significant. Similarly, while G-175 and A-209 are not conserved
as individual residues, they could nonetheless form statistically
significant base pairings (e.g., G-175 z C-203 and U-171 z A-
209). Finally, statistically significant base pairings can form
between residues that are also important individually, such as
G-178 z C-202 and C-172 z G-208.
The rate of mutagenesis was high enough that double sub-

stitutions between positions could be observed in the selected
clones; in many cases, the identities of these double substitu-
tions confirmed the prediction that a Watson-Crick pair was
formed. For example, while the preponderance of bases found
at positions 171 and 209 could form a wild-type U z A base
pair, in two clones a G z C base pair could have formed and in
one clone a C z G base pair could have formed (Table 2).
Unfortunately, in some cases the level of conservation (and the
corresponding lack of sequence variation) made it difficult to
confirm a postulated base pair (e.g., G-178 z C-202).
Testing of structural models with minimal binding ele-

ments. The sequence and structural features of the XBE de-
fined by in vitro selection (Fig. 4) were further assessed by
constructing a series of site-directed mutations of the RNA. In
particular, since the selection data clearly revealed the XBE to
be symmetrical with a twofold axis of symmetry through
G-174 z C-204, the relative contribution of each half molecule
to Rex recognition was probed in two ways. First, the halves of
the XBE were separately synthesized. Each half molecule con-
tained the central (AGG. . .CCU) paired stem and sequences
either to the left or to the right of this stem (orientation as in
Fig. 5). The left-half molecule spanned wild-type residues 169
to 175 and 203 to 211 (Fig. 5, min-left), while the right-half
molecule spanned residues 173 to 180 and 200 to 205 (Fig. 5,
min-right). Next, variants of the full-length XBE in which
structural features such as paired stems or bulge loops were
asymmetrically altered were constructed (Fig. 5, stem-left,
stem-right, bulge-left, and bulge-right). These RNAs were all
tested for the ability to compete with the wild-type stem IID
for binding to Rex.
RNAs that contained the right half of the XBE bound Rex

better than did molecules that contained the left half. For
example, the right half of the XBE (min-right) bound as well as
the wild-type control (min-wt) and almost threefold better than
a construct that contained only the left half of the binding site
(min-left). Similarly, alterations of right-half stem or bulge
regions (stem-right and bulge-right, respectively) had a greater
effect on binding than did disruptions of left-half stem or bulge
regions (stem-left and bulge-left, respectively). However, the
apparent functional asymmetry of the XBE is tempered by the
fact that almost all of the RNA variants retained substantial
Rex-binding activity. Only mutation of the right-half bulge
loop (bulge-right) severely interfered with Rex recognition.
Surprisingly, deletion of the right-half bulge loop was less del-
eterious than its alteration (compare bulge-right and min-left).

FIG. 3. Sequences of selected RNAs. Manual alignment of 60 clones from
cycle 4. A clone is the name of a selected sequence. Activity is the activity of that
sequence relative to the wild-type XBE. The results of duplicate assays are shown
separately; the results of three assays were averaged, and the deviation is shown.
The position of a residue within the XRRE is shown along the top. Residues that
were significantly conserved (P # 0.05) between clones are also shown along the
top of the alignment; residues that were not significantly conserved are repre-
sented by dashes. Within the sequences themselves, residues that are identical to
the wild type are shaded and dashes indicate deletions.

FIG. 4. Summary of selected positions and pairings. (A) Selected positions.
Residues within the randomized region that were shown to be significantly
conserved (P # 0.05) in Fig. 3 are mapped onto a proposed secondary structure.
(B) Selected pairings. Base pairings within the randomized region that were
shown to be significantly conserved (P # 0.05) are mapped onto a proposed
secondary structure. (C) The two sets of data are superimposed. The boxed
region spans the primary XBE of the XRRE.
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DISCUSSION

Few mutational studies of the XBE have been carried out,
and only a few residues that contribute to Rex recognition have
previously been identified. Similarly, the limited number of
phylogenetic variants of HTLV-1 that have been sequenced do
not firmly establish either the sequence or the structure of the
XBE. Therefore, to generate a wide spectrum of sequence
substitutions for analysis, the XBE was partially randomized.
The resultant RNA population spanned more than 1012 differ-
ent sequences and contained all possible single to nearly all
hextuple mutational combinations of the wild-type XBE. This
approach allowed many more sequence variants to be gener-
ated than would have been possible by using site-directed mu-
tagenesis. For example, while the 129 single substitutions of
the XBE could have been individually synthesized, it would
have been very difficult to create all of the 8,127 double sub-
stitutions, much less the higher mutational combinations.
RNA variants that could bind to Rex were iteratively se-

lected from the randomized population. The selection primar-
ily removed RNAs from the population that contained delete-
rious substitutions. However, since RNA molecules were
present in at least 10-fold molar excess over Rex in each cycle
(Table 1), species competed with one another for binding to
Rex and the best binding variants were preferentially retained.
As the selection proceeded, the population should have been
skewed towards those RNA variants with the highest binding
affinities. This was found to be the case. Although the original
RNA population bound poorly to Rex, after four cycles of
selection and amplification the aggregate binding ability of the
population had improved by 20-fold and the population as a
whole bound Rex ninefold better than does the wild-type XBE.
This value is similar to that obtained by averaging the Rex-
binding activities of 20 individual, selected sequences (seven-
fold).
The functional improvements observed during the selection

of Rex-binding RNAs are similar to those that have been
found in selections that targeted other viral regulatory pro-
teins. For example, a Rev-binding RNA population selected
from a completely random sequence pool showed 31-fold im-
provement in binding during the course of the selection, and
the final population bound 3-fold better than the wild-type
RRE (7, 23a). A Rev-binding RNA population selected from a
partially randomized RNA pool also bound approximately
threefold better than the wild-type sequence (3). These values
are also consistent with selections for other types of RNA-
binding proteins, such as T4 polymerase (23).
The final population should represent a subset of XBE vari-

ants that retain the ability to bind Rex. When individual se-
quences were assayed, 18 of 20 bound Rex as well as or better
than wild-type XBE. Moreover, since the selected pool and
many individual clones bind Rex better than does wild-type
stem IID, some residues in selected sequences may form ad-
ditional or different contacts with Rex. The selection of Rex-
binding motifs other than the wild-type XBE would not be
unprecedented: in vitro selections have previously identified
novel nucleic acid binding motifs in addition to wild-type se-
quences (7, 23, 23a). In a separate study, we have found that
Rex-binding aptamers derived from completely random se-
quence pools give rise to a variety of RNA sequences and
shapes, many of which bind Rex better than does the XBE
(3a).
Selected sequences were aligned to form an artificial phy-

logeny of binding species. Just as natural RNA sequences have
been aligned and compared to probe RNA structure and func-
tion, so too can Rex-binding RNAs be compared to determine

T
A
B
L
E
2.
C
an
on
ic
al
an
d
w
ob
bl
e
pa
ir
s
fr
om

th
e
fin
al
cy
cl
e
of
se
le
ct
io
n

W
T
se
qu
en
ce

po
si
tio
n

N
o.
of
oc
cu
rr
en
ce
sa

G
-1
69

z
C
-2
11

C
-1
70

z
G
-2
10

U
-1
71

z
A
-2
09

C
-1
72

z
G
-2
08

A
-1
73

z
U
-2
05

G
-1
74

z
C
-2
04

G
-1
75

z
C
-2
03

G
-1
78

z
C
-2
02

A
-1
79

z
U
-2
01

G
-1
80

z
C
-2
00

C
-1
82

z
G
-1
97

C
-1
83

z
G
-1
96

G
-1
84

z
C
-1
95

G
-1
85

z
C
-1
94

G
-1
86

z
U
-1
93

C
-1
87

z
G
-1
92

W
at
so
n-
C
ri
ck
pa
ir
s

G
z
C

31
1

2
0

1
35

40
45

1
26

0
1

27
20

4
1

C
z
G

1
35

1
41

2
2

1
0

0
0

19
26

1
1

0
29

A
z
U

0
1

0
0

28
0

0
0

31
1

0
0

0
0

1
0

U
z
A

0
0

33
0

0
0

0
0

0
0

1
1

1
1

0
1

W
ob
bl
e
pa
ir
s

G
z
U

2
1

2
3

9
4

1
5

2
1

0
2

7
5

31
0

U
z
G

0
5

2
6

0
2

1
0

1
3

6
1

1
1

1
3

a
N
um
be
rs
in
di
ca
te
th
e
nu
m
be
r
of
tim
es
ea
ch
ty
pe
of
pa
ir
in
g
w
as
ob
se
rv
ed
in
th
e
fin
al
cy
cl
e
of
se
le
ct
io
n
ba
se
d
on
th
e
se
co
nd
ar
y
st
ru
ct
ur
e
of
B
og
er
d
et
al
.(
5)
.S
ig
ni
fic
an
tly
co
ns
er
ve
d
(P

#
0.
05
)
pa
ir
in
gs
ar
e
bo
xe
d.

C
ut
of
f
nu
m
be
rs
fo
r
P

#
0.
05
,b
as
ed
on
th
e
ob
se
rv
ed
bi
as
fo
un
d
in
th
e
in
iti
al
po
ol
,a
re
as
fo
llo
w
s:
G

z
C
,3
4;
A

z
U
,3
3;
G

z
U
,3
8.

7564 BASKERVILLE ET AL. J. VIROL.



sequence and structural features of the XBE. A potential ca-
veat to this analysis is that sequences with improved binding
function might significantly differ from the wild type. However,
the most prominent feature of selected sequences was the
retention of a subset of wild-type residues (Fig. 3 and 4). No
systematic sequence substitution or set of substitutions could
be identified that led to improvements in Rex-binding ability.
Thus, the sequences derived from this selection can be used to
map the wild-type element, just as Rev-binding sequences with
both wild-type binding and improved binding were superim-
posed to map the RBE (3). By determining what positions in
the XBE were conserved, the boundaries of the XBE can be
established. By determining which residues predominate in
selected RNAs, bases that may interact with Rex can be de-
fined. Finally, by determining how the selected sequences may
fold, structural models for the XBE can be developed. Each
conclusion will be considered in turn.
Previous studies, using a variety of genetic and biochemical

techniques, have mapped the boundaries of the XBE to stem
IID of the XRRE. The in vitro selection data complement and
extend these analyses. In particular, deletion, modification in-
terference, and mutational studies search for sequence changes
that lead to loss of Rex-binding function. These techniques can
define what residues or structures cannot be lost without con-

comitantly losing binding activity but are less adept at defining
what residues or structures actually contribute to binding ac-
tivity. Conversely, in vitro selection experiments search primar-
ily for conserved residues that support wild-type activity or
substitutions that lead to an increase in Rex-binding activity.
Sequence positions that were highly conserved (P # 0.05)

during the course of the selection establish the extent of the
XBE. Most (9 of 10) of these conserved positions were local-
ized within the 22-residue region covering positions 169 to 178
and 202 to 210 (Fig. 4). This region is similar to the minimal
XBE defined by deletion analysis (1, 10, 22). For example,
while an XRRE that lacks residues 180 to 200 can still function
in localizing mRNAs to the cytoplasm, further deletion of
residues between positions 170 and 210 (inclusive) abolishes
this activity (1). Similarly, an XBE that is bounded on the left
by positions 169 and 211 retains the ability to bind Rex in vitro
(10). Interestingly, two copies of this minimal XBE (169 to
211) can act as an XRRE and mediate the appearance of
mRNAs in the cytoplasm (10). A comparison of the bound-
aries of the XBE established by deletion studies and in vitro
selection data is shown in Fig. 6A.
The minimal XBE defined by deletion and in vitro selection

is slightly larger than a Rex-binding site defined by modifica-
tion interference analysis (5). Modification of positions 174 to

FIG. 5. Site-directed substitutions of the XBE. Minimal elements were synthesized and tested for the ability to compete with stem IID of the XRRE for binding
to Rex. Sequences different from the wild-type XBE are boxed. The name of each variant and its binding ratio are shown beneath the predicted secondary structure.
Standard deviations are the result of at least three trials for each sequence.
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180 and 200 to 204 most strongly influenced the ability of the
XBE to bind Rex. The researchers termed this 12-residue
region the Rex-binding core. In addition to being smaller than
the 22-residue XBE defined by deletion and selection, the right
boundary of the Rex-binding core has two additional base
pairs: that is, the last base pair of the XBE is G-178 z C-202,
whereas the last base pair of the Rex-binding core is G-180 z C-
200. Figure 6A shows the modification interference data over-
laid on the results of deletion and selection experiments.
Selection data can be used to reveal the relative functional

significance of individual residues, as well as to define se-
quence boundaries. The substitutions that occur at a given
position in selected sequences fit three types of patterns. First,
positions that are conserved between different selected se-
quences are likely important for function. Second, positions
that vary freely between different selected sequences are likely
neutral for function. Third, positions that vary in a skewed
manner may signal the existence of important structures (e.g.,
if residues at different positions covary so as to fit a pattern of
Watson-Crick interactions, a Watson-Crick pairing may exist
between these positions) or chemical features (e.g., the con-
servation of specific donors or acceptors in the major groove
may indicate the importance of a specific contact along that

surface). Each of these classes of sequence variations was ob-
served in the current study.
Residues that were highly conserved during selection likely

contribute to Rex binding, either by directly contacting the
protein or by establishing a structural context for those resi-
dues that directly contact the protein. The in vitro selection
data show that four of the residues within the XBE core de-
fined by modification interference were also significantly con-
served (P # 0.05) in the selected RNA population (U-176,
G-178, C-202, and C-203). Since the modification interference
data reveal the proximity of the XBE to Rex and the selection
data show what bases in the XBE contribute to Rex-binding
function, these four residues are the most likely candidates for
the formation of direct contacts with the Rex protein. Addi-
tional evidence for the functional significance of these posi-
tions can be garnered by observing the skewing of the non-
wild-type residues that were found. For example, while
position 178 was most frequently a G (57 times), it was some-
times a U (3 times) and never an A or C. Since both guanosine
and uridine have a keto moiety in the major groove while
adenosine and cytidine present amino groups, this pattern of
substitutions may represent the functional conservation of a
contact point (O-6 of guanosine 178 in the wild-type element)
with Rex.
A number of residues outside of the modification interfer-

ence core were also found to be conserved in the final pool
(G-169, U-171, C-172, U-206, and G-208). Although these
residues do not fall within the modification interference core,
they may nonetheless form sequence- or structure-specific con-
tacts with Rex. Deletions that retain the core sequence and
structure but extend past the defined left-hand boundary (res-
idues 169 and 211) of the XBE have little activity in vivo (10).
Similarly, chemical modifications that influence Rex binding
do not occur exclusively within the core; for example, modifi-
cation of C-172 with hydrazine resulted in enhanced interac-
tions with Rex (5). These results are also consistent with the
hypothesis that the flanking residues do not directly contact
Rex but might aid in establishing or stabilizing the modification
interference core structure. In this respect, site-directed se-
quence substitutions involving the left half of the XBE (orien-
tation as in Fig. 5) tend to be less deleterious than those within
the modification interference core, the right half of the XBE.
Results from loss-of-function deletion and modification in-

terference analyses and gain-of-function selection experiments
can be reconciled by assuming that residues outside of the
modification interference core form a sequence-specific scaf-
fold that supports structure-specific interactions, such as a ma-
trix of charge-charge interactions between the sugar-phosphate
backbone of the XBE and the arginines of the Rex ARM.
These contacts would likely have been missed by the base
modification interference experiments but would have been
included among the functional sequence motifs identified by in
vitro selection. In a similar study, an analysis of selected Rev-
binding sequences led to the identification of a non-Watson-
Crick interaction in which the backbone structure, rather than
the bases themselves, was recognized by Rev (3, 7, 13).
Many of the positions in the mutagenized sequence segment

remained randomized following selection and appear to be
essentially neutral towards binding function. Most positions
outside of the XBE showed no significant conservation follow-
ing selection and served as an internal control for sequences
that did show significant conservation. Some positions within
the boundaries of the XBE were also found to vary randomly
following selection and thus are presumably less important for
Rex-binding function. However, this conclusion may be depen-
dent on what kinds of variants are assayed. For example, G-180

FIG. 6. Models for the secondary structure of the XBE. (A) Data from
selection experiments, deletion studies, and modification interference analyses
are overlaid. D XBE indicates the extent of the functional XBE identified by
deletion studies. The Core consists of residues whose modification interferes
with Rex binding. Selection XBE indicates the extent of the functional XBE
identified by selection experiments. The residues and base pairings that are
represented are those that were found to be significantly conserved during in
vitro selection. Dots represent residues that were not found to be significantly
conserved during in vitro selection. (B) Three different models for the secondary
structure of the XBE, model I (5), model II (11), and model III (22), are shown.
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is not conserved in the selection, but carboxyethylation of this
residue can lead to disruption of binding. In this instance,
selection and modification interference results can be rational-
ized by assuming that Rex closely approaches, but does not
contact, position 180. Changing G to a residue similar in size,
such as A, C, or U, does not affect binding, but addition of a
bulky chemical adduct to G may sterically hinder interactions
between the protein and the RNA. In contrast, while changing
C-177 to A, G, or U was found to be relatively unimportant for
the interaction of the XBE with Rex, chemical modification of
this residue with hydrazine has been found to improve inter-
actions with Rex (5). As discussed below, these results are most
consistent with the involvement of C-177 in a particular tertiary
structural motif in the XBE.
In a few instances, positions in the selected molecules were

neither random nor conserved relative to the wild-type se-
quence but, instead, contained a significant number of non-
wild-type residues. For example, the distribution of residues at
positions 188, 194, 200, and 209 was skewed away from ran-
domness and away from the wild-type residue as well. Wild-
type cytidines at positions 188, 194, and 200 all moved toward
guanosines, while a wild-type adenosine at position 209 moved
toward a pyrimidine. In the most extreme case, only 24 cyti-
dines remained at position 188 following selection (35 were
expected), while 20 guanosines occurred instead (P , 0.03; 13
were expected). It is possible that these skewings are merely
statistical aberrations. However, since many positions outside
the boundaries of the XBE were shown to conform to the
random distribution expected for neutral residues, it can be
argued that these skewed distributions are functionally signif-
icant.
The XBE can potentially be folded into several different

secondary structures, depending on what bases are assigned to
bulge loops and what bases are assigned to base pairs. The
statistical significance of functional base pairs, as well as func-
tional residues, is embedded in the artificial phylogeny of Rex-
binding sequences. The expected probability that a given wild-
type base pair will be observed between two positions is the
product of the expected probability that the wild-type bases are
present in the same molecule; the probability that the observed
distribution of base pairings is due to chance (as opposed to
selection) can thus be calculated. Base pairings that were sig-
nificantly conserved (P # 0.05 for occurrence by chance) are
shown in Fig. 4B. To further solidify this model, sequence
covariations between positions predicted to pair were also ex-
amined. As a simple example, if substitutions generally varied
with one another such that potential Watson-Crick pairings
were supported (e.g., A and U at two positions made concerted
changes to, respectively, C and G), then this was interpreted as
evidence for the existence of a structurally important base pair
in the wild-type RNA. Numerous covariations that supported
the model shown in Fig. 4 were identified, including three
G z U substitutions for C-172 z G-208, two C z G substitutions
for A-173 z U-205, and two C z G substitutions for G-174 z C-
204 (Table 2).
Three different secondary-structural models of the XBE

have previously been advanced (Fig. 6B). As detailed above,
our data are most consistent with the model of Bogerd et al.
(5). However, for comparison, the relative base-pairing prob-
abilities for each of the models were examined. The differences
between the proposed secondary structures can be localized to
alternative pairings for four residues: C-172 pairs with either
G-207 or G-208, A-173 pairs with either U-205 or U-206,
G-174 pairs with either C-204 or U-205, and G-175 pairs with
either C-203 or C-204. These possibilities and the models they
support are shown in Fig. 6. Model II (11) is less likely than

model I (5) on the basis of the larger number of C-170 z G-210
base pairs that could form, i.e., 41, relative to C-172 z G-207
base pairs, i.e., 28. However, model III (22) cannot be as
readily discounted. While there are five additional base pairs
for G-175 in model I versus model III, there are three fewer
base pairs for A-173. When double substitutions are examined
for a pattern of Watson-Crick interactions, model I is pre-
ferred over model III, but only slightly. Thus, while the se-
quence data strongly support model I, they cannot completely
rule out model III.
Distinguishing between the different secondary-structural

models aids in determining what structural features of the viral
genome Rex recognizes. These data can, in turn, be used for
the design of discrete XBEs. A similar structural definition of
the RBE of HIV-1 has led to the design and synthesis of
minimal RBEs that have been successfully used as decoys for
Rev (14). In addition, the three-dimensional structure of the
XBE is largely dependent on what base pairs and bulges are
formed in the secondary structure. In this respect, it is inter-
esting that model I closely resembles the TAR element of
HIV-1.
The TAR element is a stem-bulge-stem structure that spe-

cifically interacts with HIV-1 Tat by forming a binding pocket
for arginine. The pocket is, in turn, composed of two critical
structural elements: (i) a G z C base pair in which the
guanosine forms a network of hydrogen bonds with the gua-
nidino group of arginine and (ii) a base triple formed by an
A z U base pair and an unpaired uridine residue. The A z U
base pair is adjacent to the conserved G z C pairing, while the
unpaired U is located in a bulge loop 59 to these pairings. The
base triple forms in the presence of arginine and positions the
negatively charged phosphates within the bulge loop adjacent
to the positively charged head group of arginine. In its simplest
form, the TAR element consists of the sequence UN1-2GA. . .
UC embedded in a stem-loop (Fig. 7A).
The essential residues and secondary structure of the XBE

identified by in vitro selection are similar to those that would
be found in a functional TAR element. In fact, model I for the
XBE resembles a dimeric, head-to-head TAR element in
which three central base pairs form an axis of symmetry that
separates the two arginine-binding pockets (Fig. 7B). Highly
conserved potential G z C pairings are observed in both half
molecules in the right half at position G-178 z C-202 (P , 3 3
1026) and in the left half at position C-172 z G-208 (P , 3 3
1024), potential A z U base pairs are found adjacent (A-
179 z U-201 and U-171 z A-209), and bulge loops are found 59
to these base pairings.
However, the bulge loops in model I of the XBE are only

two residues long, as opposed to three residues in the wild-type
TAR element. Mutational studies have shown that TAR vari-
ants containing a two-residue loop can bind peptides from Tat
as well as the wild-type TAR element (26). In addition, struc-
tural studies of TAR suggest that it should be possible for a
two-base bulge loop to fold into the same TAR-like tertiary
structure as a three-base bulge loop (19). If the XBE and TAR
bulge loops are structurally and functionally equivalent, then
two trends would be expected in the selected sequences. First,
uridine residues should be present at the 59 end of the bulge;
in fact, conserved uridines (U-176 and U-206, corresponding to
U-23 of Tar; Fig. 7A) are at the beginning of the bulge loops.
Conversely, the 39-most residues in the bulge loops would be
predicted to be irrelevant to the formation of TAR-like argi-
nine-binding pockets; in fact, the 39-most bulged residues (C-
177 and G-207) vary randomly.
The proposed U z A z U base triple found in the XBE vari-

ants is supported by sequence conservation and covariation.
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Residue U-176 is present in the bulged region in 29 of the 31
clones containing A-179 z U-201. Similarly, U-206 is found in
28 of 33 clones containing the U-171 z A-209 pairing. Just as
concerted changes between two positions provide support for
the existence of Watson-Crick base pairings, the identities of
triple sequence substitutions may support the proposed base
triples. An examination of the selected XBE variants led to the
identification of two clones that were triply substituted in the
right half of the XBE, at positions 176, 179, and 201. One of
these clones (D-33, containing U-1763G, A-1793G, and
U-2013C) could potentially form a G z G z C base triple that
is predicted to be isomorphic to the U z A z U triple observed
in TAR (Fig. 7C). A G z G z C base triple has previously been
proposed to occur in group I introns (18).
Further support for the existence of at least one TAR-like

tertiary structure comes from a comparison of available mod-
ification interference data. Weeks et al. (25) have shown that
modification of the 39-most base (U-25) in the bulge loop of
TAR with hydrazine enhances binding to a fragment of Tat. As
discussed above, this residue may be functionally equivalent to
the 39-most bases in the XBE bulge loops, C-177 and G-207.
Thus, it is interesting that Bogerd et al. (5) show that hydrazine
modification of right-half bulge residue C-177 enhances the
Rex-binding ability of the XBE.
To further test both the model I secondary-structure predic-

tion and the dual-TAR tertiary-structure prediction, site-spe-
cific substitutions were introduced into the XBE. First, to de-
termine if the TAR-like sequences could individually bind Rex,
the left half of the XBE (min-left) was transcribed separately
from the right half (min-right). Both sequences were found to
bind Rex, although the left half was less active than the right
(Fig. 5). This result is consistent with modification interference
analyses that localize the core binding structure in the right
half (Fig. 6A). The apparent asymmetry of the element is also

in accord with the activities and phenotypes of a limited set of
deletion and substitution mutants studied by Gröne et al. (10).
Second, the stem and bulge sequences in each half molecule
were separately mutagenized (stem-left, stem-right, bulge-left,
and bulge-right). With one exception, the binding ability of the
half-molecule variants was reduced by two- to threefold. How-
ever, when the right-half bulge that contained U-176 and
C-177 was mutated to AA (bulge-right), activity was essentially
eliminated. The same mutation also impaired the ability of the
full-length XRRE to transport mRNAs in cell-based assays
(22). This result again demonstrates the functional asymmetry
of the XBE halves.
Taken together, the in vitro selection and site-specific mu-

tational studies have led to a comprehensive sequence and
structural definition of the XBE. The boundaries of the mini-
mal XBE are consistent with results from previous studies.
Residues that contribute to recognition of the Rex ARM are
localized within these boundaries. Sequence conservation and
covariation provide evidence for a secondary-structural model
of the XBE. The primary and secondary structural features of
the XBE identified by selection foster the construction of ter-
tiary structural models. One such model suggests that the XBE
contains dimeric, TAR-like arginine-binding pockets. How-
ever, sequence conservation and covariations and the activities
of site-directed mutations show that there is a functional asym-
metry in the XBE half molecules and that right-half core se-
quences originally identified by modification interference anal-
ysis are more important for Rex binding. Our results are most
consistent with a model in which the left half of the XBE forms
an RNA structure that either stabilizes the right half or makes
structure-specific contacts with the Rex ARM, while the right
half of the XBE, spanning residues 174 to 179 and 201 to 204,
forms a sequence-specific TAR-like arginine-binding pocket.
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