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A functional interaction between Rev and yeast
pre-mRNA is related to splicing complex formation
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The HIV-1 Rev protein regulates viral gene expression
by enhancing the export of partially spliced or nonspliced viral transcripts to the cytoplasm. This activity
is mediated by the interaction of Rev with a highly
structured viral RNA sequence, the Rev response
element (RRE). In this paper, Rev regulation has been
recapitulated in the yeast Saccharomyces cerevisiae.
The data show that Rev enhances yeast pre-mRNA
translation in an RRE-dependent manner and requires
intact RNA binding and effector domains. In addition,
reporter gene mutations in the 5' splice site and in
the branch point are epistatic to and eliminate Rev
responsiveness, i.e. some spliceosome assembly pathway steps precede a functional interaction with Rev.
The results indicate that some of the Rev-interacting
components are conserved between yeast and mammals
and suggest that Rev acts on yeast pre-mRNA in the
context of the spliceosome.
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Introduction
The Rev protein is a crucial regulator of the HIV- 1 virus
life cycle (Feinberg et al., 1986; Sodroski et al., 1986).
In its absence, viral transcripts that are unspliced or
partially spliced accumulate in the nucleus. Rev expression
results in the appearance of these transcripts in the
cytoplasm where they encode the viral structural proteins
Env, Gag and Pol. In certain experimental systems, including COS cells but not T lymphocytes, this relocalization
is accompanied by a reduction in the cytoplasmic levels
of fully spliced mRNAs, including Rev mRNA itself
(Emerman et al., 1989; Felber et al., 1989; Malim et al.,
1989b; Malim and Cullen, 1993). The export activity is
mediated in part by the interaction of Rev with the Rev
response element (RRE), a highly structured 240 base
RNA sequence located in the viral env gene (Daly et al.,
1989; Hadzopoulou-Cladaras et al., 1989; Zapp and Green,
1989; Heaphy et al., 1990; Malim et al., 1990; Olsen
et al., 1990; Huang et al., 1991; Kjems et al., 1991a).
Detailed structure-function analysis of Rev, both in vivo
and in vitro, showed that this 116 amino acid protein
contains at least two functional regions. Mutations in the
basic arginine-rich domain at the amino-terminus affect

RNA (RRE) binding in vitro and inhibit pre-mRNA
export in vivo. This domain also contributes to protein
oligomerization as well as nuclear localization (Malim
et al., 1989a; Hope et al., 1990; Zapp et al., 1991).
Mutations in the effector domain at the carboxy-terminus
also inhibit pre-mRNA export, but they do not interfere
with RNA binding, Rev oligomerization or subcellular
localization (Malim et al., 1989a, 1991; Mermer et al.,
1990; Zapp et al., 1991; Hope et al., 1992). One current
view is that this effector domain contacts a cellular factor
critical for the export activity. Although this putative
factor remains unidentified, it may be part of the RNA
transport machinery. This possibility is consistent with the
view that Rev's biochemical function is to promote the
export of RRE-containing pre-mRNA to the cytoplasm
(Felber et al., 1989; Malim and Cullen, 1993); Rev's
effect on splicing would then be a secondary consequence
of this more primary role in RNA transport. Alternatively,
Rev may function directly to inhibit splicing or spliceosome formation (Chang and Sharp, 1989; Kjems and
Sharp, 1993; Hammarskjold et al., 1994). Given the
relationship between spliceosome formation and nuclear
retention of pre-mRNA, this hypothesis dictates that a
direct effect on the splicing pathway would have as an
indirect consequence an increase in pre-mRNA transport
to the cytoplasm (Chang and Sharp, 1989; Legrain and
Rosbash, 1989).
In support of the latter possibility are a number of
indications that Rev-dependent RNA transport is related
to splicing. Chang and Sharp (1989) showed that an RREcontaining P-globin pre-mRNA was Rev-insensitive unless
mutations were introduced into the 5' or 3' splice sites of
the [-globin intron. This suggested that Rev-dependent
export requires inefficient splicing signals on the RREcontaining pre-mRNA. In another study, base substitutions
at the conserved 5G position of the 5' splice site reduced
viral pre-mRNA levels and also abolished the Rev
response; in one case, pre-mRNA levels as well as the
Rev response could be rescued by expression of a Ul
snRNA containing the compensatory change for the
mutated 5' splice site. This suggested that the Rev response
was dependent on the 5' splice site-Ul snRNA base
pairing interaction (Lu et al., 1990). Finally, in vitro
studies suggested that a 17 amino acid Rev peptide was
able to inhibit splicing of RRE-containing pre-mRNAs by
preventing the formation of fully assembled spliceosomes
(Kjems et al., 1991b; Kjems and Sharp, 1993).
To gain more insight into Rev's biological activity,
we sought to determine whether Rev would manifest a
comparable pre-mRNA relocalization activity in the lower
eukaryote, Saccharomyces cerevisiae. Because reliable
nuclear-cytoplasmic fractionation is difficult to achieve
in this organism, the effect of Rev on pre-mRNA localization was monitored indirectly, by examining the expres-
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Fig. 1. Schematic drawing of the CUP] reporter constructs. Each
CURl transcription unit is driven by the strong glyceraldehyde-3phosphate dehydrogenase (GPD) constitutive promoter (open box)
(Bitter and Egan, 1984); the transcription initiation site is indicated by
an arrow. The CUPI coding region is shown as a shaded box. In the

PC-CUP and MC-CUP constructs, a 65 bp intron interrupts the CUPI

coding sequence after the third codon; the intron contains consensus 5'
splice site, branchpoint and 3' splice site sequences. In the PC-CUP
constructs, CUPI is encoded from the pre-mRNA only; in the MCCUP constructs, CUPI is encoded from the spliced RNA only. The
CUPI-coding AIVS constructs contain no intron. For each type of
construct, the complete RRE sequence was cloned right after the
CUP] stop codon in either the sense or antisense (RRE or ocRRE)
orientation. All transcripts terminate beyond the RRE sequence within
the phosphoglycerate kinase (PGK) terminator (not shown) (Schena

and Yamamoto, 1988).

sion of an intron-containing transcript encoding a
functional CUP] gene product. The CUPI protein is a
copper chelator and allows cells expressing the CUP]
gene to grow on copper-containing media in a dosedependent manner (Hamer et al., 1985; Lesser and Guthrie,
1993). The data suggest that, like in metazoan systems,
Rev enhances the export of RRE-containing yeast premRNA in an effector- and RNA binding/oligomerization
domain-dependent manner. This result supports the notion
that Rev exerts its activity through a basic cellular process
conserved from yeast to man. The data also show that a
pre-mRNA 5' splice site as well as a branchpoint mutation
abolish the Rev response, thus establishing in yeast a
link between the spliceosome assembly pathway and
Rev function.

Results
CUPI reporter constructs
The six CUP] gene reporter constructs used to examine
Rev activity in yeast are described in Figure 1. Each type
of reporter construct carries at its 3' end, after the CUP]
gene stop codon, a 450 bp fragment encoding the complete
Rev response element in either the sense (-RRE) or
antisense (-aRRE) orientation. The AIVS-CUP constructs
were used as non-intron-containing controls. The PC-CUP
and MC-CUP constructs contain a 65 bp synthetic intron
at the 5' end of the CUPI coding sequence. In the PCCUP (pre-mRNA coding-CUP) constructs, the intron

sequence is in-frame with the CUPI coding sequence; the
spliced mRNA is in another frame containing early stop
codons, thus preventing CUPI expression from the mRNA.
For this type of construct, the ability to grow in the
presence of copper is the result of pre-mRNA translation
and is taken as a measure of pre-mRNA export. In contrast,
the MC-CUP (mRNA coding-CUP) constructs encode
the CUPI gene product only from the spliced mRNA,
whereas the pre-mRNA is out-of-frame. In this case,
copper resistance reflects mRNA levels and is a function
of splicing efficiency. In the original description of this
approach, it was shown that this same 65 bp intron leads
to substantial accumulation of pre-mRNA, indicative of
inefficient splicing (Legrain and Rosbash, 1989). As the
intron contains consensus 5' and 3' splice sites and a
canonical UACUAAC branch point sequence, the inefficient splicing was probably a result of its small size. Most
of the pre-mRNA pool was not translated, consistent with
the
that it remalned sequestered within the nucleus.
henotion action
wastred indtingcthat
some pre-mRNA was able to escape the nucleus and
reach the cytoplasm. The analysis showed that pre-mRNA
translation was sensitive to deletions of the pre-mRNA

splicing signals and to mutations in trans-acting factors
(prp mutants) and that this system could be used to
study effects on pre-mRNA localization (Legrain and

Rosbash, 1989).

Effect of Rev expression on pre-mRNA export or

EfecoRev epresio
pre-mRNA splicing

To examine the effects of Rev on pre-mRNA export, yeast

strains containing one of the CUP] reporter constructs
were transformed with Rev-expressing plasmids or a
'vector' control plasmid containing no Rev coding
sequence. Wild-type as well as three mutant Rev coding
sequences (M10, M4 and M3) (Malim et al., 1989a) were
expressed from a low copy number TRP/CEN3 derivative
of the yeast pGl vector behind the strong constitutive GPD
(glyceraldehyde-3-phosphate dehydrogenase) promoter
(Bitter and Egan, 1984; Schena and Yamamoto, 1988).
M10 has a two amino acid substitution in the Rev effector
domain. This mutant has lost its ability to promote premRNA export in mammalian systems but still exhibits
normal RRE binding/oligomerization in vitro. M4 has a
three amino acid substitution in the RNA binding, Argrich domain of the protein. This mutant is unable to
promote pre-mRNA export in vivo and fails to oligomerize
and bind the RRE in vitro. M3 has a two amino acid
substitution close to the amino-terminus of the protein.
As it has no detectable effect on Rev function in higher
eukaryotes, it was used as a pseudo-wild-type control
(Malim et al., 1989a; Zapp et al., 1991). Western blot
analysis using a rabbit polyclonal anti-Rev antibody
showed that all four proteins (wild-type, M1O, M4 and
M3) accumulated to comparable levels in yeast (data not
shown). Immunostaining with the same anti-Rev antibody
indicated that, as in mammalian cells (Felber et al., 1989;
Malim et al., 1989a), wild-type Rev as well as the M3
and M1O mutants localized to the nucleus and especially
to the nucleolus. Only in the case of the M4 mutant was
the nucleolar staining weaker than that observed for the

wild-type protein (data not shown).
The growth of yeast double transformants containing
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Fig. 2. Effects of wild-type or mutant Rev on pre-mRNA export and pre-mRNA splicing as measured by growth on copper-containing plates. Yeast
double transformants containing one of the CUP] reporter constructs (Figure 1) in the presence of no viral protein (vector), wild-type Rev or the
mutant M1O, M4 and M3 Rev proteins were analyzed by growth on copper-containing plates; MlO contains a mutation in the Rev effector domain;
M4 contains a mutation in the Rev RNA binding/oligomerization domain; the pseudo-wild-type M3 Rev contains a mutation near the aminoterminus of the protein. The strains contain the (A) PC-CUP-RRE (top) and PC-CUP-aRRE (bottom), (B) MC-CUP-RRE (top) and MC-CUP-aRRE
(bottom), (C) AIVS-CUP-RRE (top) and AIVS-CUP-aRRE (bottom) constructs and the indicated Rev-expressing vectors. The growth of each double
transformant is shown at three different copper concentrations.

CUPJ reporter construct and one of the Rev-expressing
plasmids was analyzed at increasing copper concentrations
(Figure 2). The results showed a clear positive Rev effect
on the growth of the PC-CUP-RRE strains: those
expressing wild-type Rev or the M3 pseudo-wild-type
Rev grew up to 1.1-1.2 mM copper whereas the one
containing the vector alone stopped growing at 0.7 mM
copper (Figure 2A, top). No effect was observed with
either the M1O effector domain mutant or the M4 RNA
binding domain mutant; these strains grew indistinguishably from the vector control. As the enhanced growth
with wild-type Rev was also RRE-dependent [Figure 2A,
compare top (RRE) and bottom (aRRE)], the data recapitulate the results obtained with mammalian cells and suggest
that Rev expression enhances the transport of RREcontaining pre-mRNA from the yeast nucleus to the
cytoplasm. The fact that the same mutations lead to the
same effects in both systems further supports the notion
that Rev activity in yeast is based on a mechanism similar
to that in mammalian systems.
To address the effect of Rev on the expression of
spliced mRNA, yeast strains containing the MC-CUPRRE constructs were analyzed in an identical manner. In
contrast to the enhanced expression from the pre-mRNA
constructs, mRNA-derived CUPI expression was inhibited
by wild-type Rev as well as by the M3 pseudo-wild-type
mutant; these strains stopped growing at 0.35-0.4 mM
4098

compared with the vector control strain, which
continued growing up to 0.45-0.5 mM copper (Figure 2B,
top). The M10 and M4 mutant Rev proteins had no
detectable activity, and the inhibitory effect on mRNA
expression was RRE-dependent [Figure 2B, compare top
(RRE) and bottom (aRRE)]. The data suggest that the
positive effect on pre-mRNA transport is accompanied by
a decrease in mRNA levels. This is consistent with Rev
exerting a negative effect on splicing.
As a control for splicing- or intron-dependence, Revexpressing strains containing the intronless AIVS-CUPRRE or AIVS-CUP-aRRE reporter constructs were tested
for growth on copper (Figure 2C). No effect of Rev on the
expression of either intronless construct was consistently
observed, suggesting that the effects of Rev are restricted
to or substantially enhanced with intron-containing transcripts.
copper as

Effect of Rev expression on mRNA and pre-mRNA
levels
We verified the effects of Rev and their RRE-dependence
by primer extension analysis (Figure 3), in which CUP]
pre-mRNA and mRNA levels as well as their ratios
(P/M) were compared after liquid growth (Table I). In the
presence of Rev, the P/M ratio of the PC-CUP-RRE or
MC-CUP-RRE transcripts was increased by a factor of
two, resulting from a modest but reproducible increase in
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Table L. Relative CUPI pre-mRNA and mRNA levels in strains
expressing wild-type or mutant Rev

Construct

PC-CUP-RRE
PC-CUP-aRRE
MC-CUP-RRE
MC-CUP-aRRE

Pr-e-mRNA-

P/M
Vector

Rev

M10

4.5 (36/.8)
4.8 (20/4.1)
2.2 (29/12.8)
1.48 (28.5/19)

8.4 (41/4.9)
5.2 (31/5.9)
4 (36.5/9)
1.45 (23/16)

4.0 (27/6.5)
5.2 (34/6.5)
2.2 (33.5/15)
1.52 (30.5/20)

130
92

130
105

M

AIVS-CUP-RRE
AIVS-CUP-aRRE
mRNA

-

100
96

The primer extension products shown in Figure 3 were quantified and
normalized to the Ul snRNA internal control. The pre-mRNA (P) or
mRNA (M) values for each strain are shown in brackets (P/M) and are
expressed as a percentage of the mRNA levels produced in the strain
containing the AIVS-CUP-RRE reporter constructs in the presence of
the vector control (100%; bottom part of table). The P/M ratio was
calculated for each RNA sample and is indicated in bold.
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Fig. 3. CUP] pre-mRNA and mRNA levels in yeast double
transformants expressing wild-type or mutant Rev. Total RNA was
extracted from strains (Figure 2) containing the PC-CUP-RRE (lanes
1-3), PC-CUP-aRRE (lanes 4-6), MC-CUP-RRE (lanes 7-9), MCCUP-aRRE (lanes 10-12), AIVS-CUP-RRE (lanes 13-15) or AIYSCUP-aRRE (lanes 16-18) in the presence of plasmids expressing no
protein (vector) (lanes 1, 4, 7, 10, 13 and 16), wild-type Rev (lanes 2,
5, 8, 11, 14 and 17) or the effector domain mutant Rev, M1O (lanes 3,
6, 9, 12, 15 and 18). The RNAs were reverse transcribed (Pikielny and
Rosbash, 1985) with a primer complementary to the CUP] RNA
sequence. A primer specific for Ul snRNA was added to the reactions
as an internal control. The primer extended bands corresponding to
CUPl pre-mRNA and mRNA and to Ul snRNA are indicated.

pre-mRNA levels and a decrease in mRNA levels
(Figure 3, lanes 1 and 2 or 7 and 8; Table I). In the
presence of the Ml0 mutation, the P/M ratio was close to
the control value (Figure 3, lanes 1 and 3 or 7 and 9;
Table I). The P/M ratio of aRRE-containing strains was
unaffected by the presence of Rev (Figure 3, lanes 4-6
and 10-12; Table I).
Although the primer extension data and the copper
resistance assay were not derived from cells grown under
identical conditions (non-selective liquid growth and
growth on copper plates, respectively), a quantitative
estimate of the copper resistance assay indicated that the
magnitudes of the effects were comparable. The sensitivity
of the copper plate assay was determined by establishing
a reference curve which relates relative CUPI coding
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Relative CUPI mRNA levels
Fig. 4. Standard curve relating relative CUP] mRNA levels to copper
sensitivity. The strains used to establish the curve contained different
CUP] reporter constructs, generating a range of CUPI levels encoded
by spliced or non intron-containing mRNAs (data not shown). The
mRNA levels were determined by quantification of primer extension
products using a Phosphorimager (Molecular Dynamics). The relative
mRNA levels were plotted against the copper concentrations at which
the corresponding yeast strains die.

mRNA levels to copper sensitivity, i.e. the concentration
of Cu2+ (mM) at which each strain dies (Figure 4). The
growth assay is linear with respect to CUP] mRNA levels
and shows maximum sensitivity between 0.1 and 1.2 mM
copper. The reference curve indicates that the decrease in
copper resistance observed with the MC-CUP-RRE construct in the presence of Rev (from 0.5 to 0.35 mM
copper) is due to a <2-fold decrease in the mRNA levels,
consistent with the primer extension results. In the case
of the PC-CUP-RRE construct, Rev induces an increase
in copper resistance (from 0.7 to 1.2 mM copper;
Figure 2A, top) that corresponds to a 2-fold increase in
cytoplasmic pre-mRNA levels (Figure 4). We interpret the
absence of a corresponding change in total pre-mRNA
levels (Figure 3, lanes 1 and 2; Table I) to the fact that
Rev causes only a small fraction of the pre-mRNA to be
relocalized from the nucleus to the cytoplasm.
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Fig. 5. Splicing signal mutations. (A) Schematic drawing of the premRNAs encoded by wild-type or mutant PC-CUP-RRE constructs.
The 5' splice site (5'ss), branchpoint (BP) and 3' splice site (3'ss)
sequences present in the wild-type (WT) PC-CUP-RRE pre-mRNA are
shown at the top. The arrows correspond to the 5' and 3' cleavage
sites. The CUPI coding and the RRE sequences are indicated as
boxes. The mutations in the PC-5'fl-CUP-RRE (5'll), PC-3'Ill-CUPRRE (3'11) and PC-3'TC-CUP-RRE (3'TC) pre-mRNAs are indicated
in bold in the text. All four introns are in-frame with the CUP1 coding
sequence and translation starts eight nucleotides before the 5' splice
site. Splicing to the 3' UAG splice site generates out-of-frame CUP]
mRNAs. The 3'TC mutation induces the utilization of a slightly more
downstream alternative 3' splice site (CAG) which gives rise to an inframe CUP] mRNA. (B) CUP] pre-mRNA and mRNA levels in yeast
strains containing wild-type or mutant PC-CUP-RRE constructs. Total
RNA extracted from yeast strains containing the PC-CUP-RRE (WT),
PC-5'II-CUP-RRE (5'H), PC-3'Ill-CUP-RRE (3'm) or the PC-3'TCCUP-RRE (3'TC) constructs (lanes 1-4) was analyzed by primer
extension as described in Figure 3. Major extension products are
indicated: P (in-frame CUPI pre-mRNA), M (out-of-frame CUP]
mRNA), LI (lariat intermediate), M2 (in-frame CUP] mRNA resulting
from splicing to the more downstream 3'AG; Figure 5A) and Ul (Ul
snRNA loading control).

The modest effect of Rev in yeast, compared with the
10- to 30-fold effect observed in many mammalian cell
lines (Malim et al., 1989a, 1991; Trono and Baltimore,
1990; Huang et al., 1991), may reflect only weak conservation of the relevant factors. Other interpretations of the
more robust effect of Rev in mammalian systems include
a more complete retention of nuclear pre-mRNA in the
absence of Rev or the stabilizing effect of Rev on RREcontaining pre-mRNAs (Felber et al., 1989; Malim and
Cullen, 1993).

Effect of splicing signal mutations on pre-mRNA
and mRNA levels
To define more precisely the requirements for Rev responsiveness and to identify the possible steps in the premRNA processing pathway targeted by the viral protein,
4100
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Fig. 6. Effect of wild-type or mutant Rev on the export of wild-type
or mutant pre-mRNA. Strains containing the wild-type PC-CUP-RRE
(A) or the mutant PC-5'H-CUP-RRE (B), PC-3'HI-CUP-RRE (C) and
PC-3'TC-CUP-RRE (D) reporter constructs in the presence of wildtype or mutant M1O, M4 and M3 Rev proteins were analyzed by
growth on plates containing increasing copper concentrations.

mutations were introduced into the three intron key regions
of the PC-CUP-RRE construct: the 5' splice site, the
branchpoint and the 3' splice site. In the 5' splice
site mutant construct (PC-5'II-CUP-RRE), the highly
conserved G at position +5 of the intron was replaced by
an A (GUAUGU->GUAUAU) (Jacquier et al., 1985;
Parker and Guthrie, 1985; Seraphin and Rosbash, 1990);
in the branchpoint mutant (PC-3'III-CUP-RRE), the
branchpoint adenosine was changed to a cytosine (UACUAAC-UACUACC) (Jacquier and Rosbash, 1986); in
the 3' splice site mutant (PC-3'TC-CUP-RRE), the highly
conserved AG was replaced by TC (UAG-WUC)
(Figure 5A). The mutant constructs were transformed into
yeast, and pre-mRNA and mRNA levels were examined
by primer extension (Figure SB).
The 5'11 as well as the 3'III mutations strongly reduced
or abolished pre-mRNA splicing, since no mRNA was
detectable in these samples (Figure SB, lanes 2 and 3).
There was also no detectable lariat-intermediate band,
suggesting that both mutants cause a strong block prior
to the first step of splicing. This is consistent with previous
in vivo studies on these mutants in other introns and also
consistent with in vitro studies that document effects of
these mutations on spliceosome assembly (Rymond and
Rosbash, 1992; Moore et al., 1993). Yet pre-mRNA levels
were increased in the two mutants by <2-fold (Figure SB),
an unusual observation for mutants with strong effects
prior to the first splicing step. This is presumably due to
the fact that even splicing of the wild-type version of this
small synthetic intron is very inefficient (Legrain and
Rosbash, 1989) and wild-type pre-mRNA levels are unusually high (Figure SB, lane 1).
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The 3'TC mutation also had no large effect on the premRNA levels. There were, however, substantial levels of
lariat intermediate. Also, an in-frame mRNA species
was generated by the utilization of an alternative, more
downstream 3'AG (Figure 5B, lane 4; and data not shown).
Consequently, the ability of PC-3 'TC-CUP-RRE-containing strains to grow on copper results from mRNA as
well as pre-mRNA translation. Both observations-high
levels of lariat intermediate and use of a novel 3' splice
site-are consistent with prior experiments indicating that
the 3'AG only plays a modest role in yeast spliceosome
formation and a prominent role between the first and
second splicing steps (Rymond et al., 1987; Moore
et al., 1993).

Effect of splicing signal mutations on Rev
responsiveness
Strains containing the wild-type or mutant PC-CUP-RRE
constructs were examined by growth on copper in the
presence of wild-type or mutant Rev proteins (Figure 6).
Like the wild-type PC-CUP-RRE strain, the PC-3'TCCUP-RRE strain showed a higher copper resistance in the
presence of Rev (Figure 6A and D), suggesting that the
export of the mutant pre-mRNA was enhanced by the
viral protein. The positive Rev effect was detectable
despite the higher copper resistance induced by the 3'TC
mutation (0.8 mM versus 1.2 mM; compare vector controls
in Figure 6A and D). This higher copper tolerance is
presumably due to the new in-frame mRNA species (M2)
generated by splicing to the alternative 3' splice site
(Figure 5A and B). It seems unlikely that the higher copper
resistance is due to an enhanced export of the M2 mRNA,
since the results described above (Figure 2) indicate that
Rev increases pre-mRNA export but has a negative effect
on mRNA expression.
In contrast, no positive Rev effect was observed in the
strain containing the PC-5'II-CUP-RRE construct. This
strain also grew better than the wild-type PC-CUP-RRE
control strain in the absence of Rev (0.8 mM versus 1.2
mM copper; compare Figure 6A and B). Although similar
in magnitude to the enhanced growth of the PC-3'TCCUP-RRE-containing strain, it is almost certainly for a
different reason and likely reflects a slight (2-fold) increase
in pre-mRNA escape or pre-mRNA translation. Importantly, Rev showed no additional positive effect on the
export of the mutated PC-5'II-CUP-RRE pre-mRNA
(Figure 6B). The 3'III branchpoint mutation also inhibited
the Rev response (Figure 6C). However, and unlike the
5'II mutant strains, the 3'III mutant strains grew on copper
identically to the wild-type strain (compare vector controls
in Figure 6A and C). This presumably reflects the fact
that the 3'III mutation has little or no effect on pre-mRNA
retention.
We interpret the fact that both the 5' splice site and
branchpoint mutants block the Rev response to indicate
that the viral protein undergoes a functional interaction
with pre-mRNA subsequent to one or more steps in
splicing complex formation (Figure 7). This interpretation
is based on the characterization of these two mutations in
an efficiently spliced intron (Rymond and Rosbash, 1992;
Moore et al., 1993); also, there is no evidence that
these mutations affect pre-mRNA prior to splicing factor
recognition. The failure of the 3'TC mutant to abrogate
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Fig. 7. Model based on the effects of splicing mutations. A major
fraction of the short intron-containing pre-mRNA becomes committed
to the spliceosome pathway and is ultimately spliced. A small fraction
of this pre-mRNA bypasses the splicing pathway and reaches the
cytoplasm, as measured by pre-mRNA translation. The 5' splice site
and branchpoint mutations have no major effect on pre-mRNA escape,
suggesting that the mutated pre-mRNAs still undergo the early
assembly or commitment steps. However, the mutations inhibit
splicing strongly, as represented here by a block at a specific step of
spliceosome assembly. The mutations also eliminate the positive effect
of Rev on pre-mRNA export, i.e. the mutations are epistatic to Rev
action. This suggests that Rev acts on the pre-mRNA at or after the
assembly step blocked by the mutations.

the Rev response is consistent with this scenario. Since
this mutant is still splicing-competent (Figure SB, lane 4),
it provides an additional indication that Rev acts on premRNA during spliceosome formation.

Discussion
The results reported here indicate that important aspects
of Rev function can be recapitulated in S.cerevisiae. In
yeast, as in a number of mammalian systems, Rev probably
promotes the export of pre-mRNA, which is accompanied
by a negative effect on splicing. Biological activity is
dependent on intact Rev effector and RNA binding/
oligomerization domains as well as on an RRE in the target
pre-mRNA transcript [for example see Green (1993)].
In earlier experiments (data not shown), we assayed
similar intron-containing transcripts encoding ,-galactosidase rather than CUPI. When Rev was expressed from
a high copy number plasmid, an RRE-independent increase
in pre-mRNA translation and decrease in pre-mRNA
splicing were detectable. As these effects were eliminated
by the Rev M10 mutation, these observations suggested
that high levels of Rev protein might be able to bypass the
requirement for specific RRE binding and may interfere
in a non-specific way with nuclear pre-mRNA metabolism
in yeast.
Although the direct cellular targets of Rev have not been
identified, it has been proposed that they are components of
the splicing or spliceosome assembly machinery (Chang
and Sharp, 1990; Cullen and Malim, 1991). This hypothesis dictates that Rev antagonizes splicing or spliceosome
assembly as its primary function, and that pre-mRNA
transport occurs only as an indirect consequence. Consistent with this view, Rev regulation has been reported
to be sensitive to changes in cis-acting splicing sequences
and their interactions with splicing factors (Chang and
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Sharp, 1989; Lu et al., 1990; Hammarskjold et al., 1994).
Also, one in vitro study demonstrated a direct effect of a
Rev peptide on spliceosome assembly (Kjems et al.,
1991b; Kjems and Sharp, 1993). A competing hypothesis
is that Rev's primary function is to promote transport
directly (Felber et al., 1989; Malim and Cullen, 1993;
Fischer et al., 1994). Without splice sites or with very
efficient splicing signals, nuclear pre-mRNA may adopt
other fates that mask or are otherwise incompatible with
Rev regulation, e.g. nuclear degradation, efficient transport
to the cytoplasm or efficient splicing. In this view,
inefficient splice sites may be required to accumulate high
levels of nuclear pre-mRNA which can then interact
with Rev.
Indeed, the small synthetic intron present in the CUP]
reporter constructs is inefficiently spliced and leads to the
accumulation of high pre-mRNA levels. Yet only a small
fraction of pre-mRNA is translated effectively. These
observations are entirely consistent with earlier analyses
of this intron in the context of a f-galactosidase reporter
gene construct; based on this translation criterion, most
of the pre-mRNA was retained within the nucleus, at least
in part through an interaction with splicing factors (Legrain
and Rosbash, 1989). These arguments indicate that most
of the CUP] pre-mRNA is recognized by early splicing
factors and is 'committed' to the splicing pathway. In this
system, we assume that pre-mRNA translation reflects
pre-mRNA transport and is inversely proportional to
pre-mRNA retention or commitment.
To examine further the relationship of Rev function
with the splicing pathway in yeast, we introduced cisacting mutations into the assay system. This offered the
possibility of establishing an epistasis or pathway order
relationship between Rev and some aspect of spliceosome
assembly. The elimination of the Rev response by the
pre-mRNA 5' splice site (5 'II) and branchpoint (3 'III)
mutations suggests that these mutations are epistatic to
Rev, i.e. aspects of the normal function of position 5 of
the 5' splice site (GUAUGU) and of the branchpoint
adenosine of the UACUAAC box precede Rev's action.
This interpretation relies critically on an assessment of
the effects of these two mutations on pre-mRNA transport
and splicing efficiency.
Introduction of the 5' splice site or branchpoint
mutations into the short intron context had little or no effect
on pre-mRNA translation, respectively (Figure 6A-C). In
contrast, both mutations had strong effects on splicing
efficiency: no spliced mRNA was detected (Figure 5B).
The results indicate that the mutated pre-mRNAs undergo
the early or commitment steps of spliceosome assembly
well but are blocked at one or more subsequent aspects
of the splicing pathway. Very similar results have been
obtained by introducing the same mutated introns into
0-galactosidase rather than CUP] reporter constructs
(Legrain and Rosbash, 1989) (data not shown). Although
in vivo spliceosome assembly is poorly characterized, the
splicing decrease parallels the strong negative effects on
the Rev response, suggesting that the mutants impact the
Rev-sensitive splicing steps qualitatively or quantitatively.
Given the stepwise and ordered nature of the in vitro
spliceosome assembly pathway (Konarska and Sharp,
1986; Cheng and Abelson, 1987; Rymond and Rosbash,
1992; Moore et al., 1993), a parsimonious explanation is
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that both mutations inhibit splicing at places that are
upstream of the Rev-sensitive step (Figure 7). Analysis of
the 3' splice site mutant is consistent with this explanation;
compared with the other two mutants, it is well spliced
(Figure SB, lane 4) and is Rev-sensitive (Figure 6D).
Were Rev to interact functionally with pre-mRNA prior
to splicing factors, Rev-dependent pre-mRNA transport
(or splicing inhibition) should be unaffected or perhaps
even enhanced by the splicing mutations. In the case of
the 5'II mutation, such an interaction could be masked,
for example, by an independent positive effect on premRNA export. This seems unlikely, however, since the
3' splice site mutant manifests a comparable increase in
copper resistance, but Rev is still able to enhance premRNA translation in an RRE- and effector domaindependent fashion (Figure 6D).
Base substitutions at the 5G position of the 5' splice
site have been studied in mammalian systems (Lu et al.,
1990). These mutations were shown to reduce viral RREcontaining pre-mRNA levels substantially and to abolish
the Rev response; in one case the pre-mRNA levels as
well as the Rev response were rescued by expression of
a Ul snRNA containing a compensatory change for the
mutated 5' splice site. These observations suggested that
Rev might recognize the pre-mRNA in a spliceosome or
pre-spliceosome complex. Although in good agreement
with our results, this prior conclusion was compromised
by the apparent pre-mRNA degradation that occurred in
the absence of normal 5' splice site-U 1 RNA base pairing
(Lu et al., 1990). In yeast, the intron mutations led to a
slight increase in pre-mRNA levels (Figure SB, lanes 2
and 3), indicating that pre-mRNA degradation is unlikely
to be relevant to the interpretation of our results.
Although our observations indicate that Rev undergoes
a functional interaction with pre-mRNA in the context of
splicing complexes, Rev's direct function is still unproven.
One possibility is that Rev interacts directly with one or
more specific splicing complexes and inhibits splicing
or causes spliceosome disassembly. Alternatively, and
consistent with recent results (Fischer et al., 1994), Rev
might interact directly with a component of the RNA
transport machinery, in which case Rev would cause
spliceosome disassembly or splicing inhibition only
indirectly. In this case, the spliceosome context either
potentiates or reveals this export activity. The mutants
might then block splicing complexes at steps in the
assembly pathway that are not able to interact productively
with the transport machinery, e.g. they may not be susceptible to transport-mediated disassembly. This second hypothesis also suggests that the epistasis might reflect both
spliceosome assembly on nascent transcripts (nascent
commitment) and the fact that the RRE is located in the
3' exon, downstream of the splicing signals and the CUPI
coding region. This possibility predicts that placing the
RRE in the 5' exon would reverse the epistasis relationship
between Rev and the splicing mutants. In support of this
direct role in transport, we have occasionally observed an
RRE- and effector domain-dependent effect of Rev on the
export of non-intron containing transcripts; however, this
effect was very weak and not consistently reproducible.
Without an identification of the molecules that interact
with Rev, it is difficult to distinguish convincingly between
these two alternative hypotheses. The results reported here
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suggest that some of these interacting factors are likely to
be conserved between yeast and mammals. It should be
possible to design screens or selections to identify these
components as well as to define more precisely the step
in RNA processing that is the direct target of Rev
regulation.

Materials and methods
Plasmid constructions
The CUPJ reporter constructs were obtained by cloning two PCRamplified fragments (the intron and the CUPI coding region) into the
BamHI site of the pGl (Bitter and Egan, 1984; Schena and Yamamoto,
1988) TRP/2,um expression vector in a three-way ligation. The intron
fragment was obtained by PCR amplification of the pLGNdeAcc or
pLGAcc constructs (Legrain and Rosbash, 1989). The primers used to
amplify pLGNdeAcc (DT2967 and DT2889) and pLGAcc (DT2967 and
DT2888) introns introduced a BamHI site at the 5' end and a SmaI site
at the 3' end of the fragments. In addition, the 5' primer DT2967
introduced a sequence of 11 nucleotides downstream of the BamHI site
corresponding to the yeast rp51A leader sequence (Teem and Rosbash,
1983) and which improves the translation of the transcripts. The CUP]
gene coding fragment was obtained by PCR amplification of the CUP]
gene (Fogel and Welch, 1982; Karin et al., 1984) with primers DT2627
and DT2538 introducing a SmaI and a BclI site respectively. The NdeAcc
or Acc BamHI-SmaI intron fragments and the CUP] SmaI-BclI
fragment were ligated into the BamHI-cut pGl vector in a three-way
ligation to generate pGlPC-CUP and pGlMC-CUP respectively. In these
constructs the SmaI site replaces the original ATG codon of the CUP1
coding sequence by a GGG codon. The initiation codon lies 11 bases
downstream of the BamHI site and leads to the formation of a fusion
protein containing six amino acids in front of the CUP] sequence in the
case of the pGlMC-CUP construct and 28 in the case of the pGlPCCUP construct. The pGlAIVS-CUP construct was obtained by synthesizing two complementary oligos (DT2968 and DT2969) corresponding to
an intronless version of pG1MC-CUP between the BamHI and SmaI
sites. The oligos were annealed, cut with BamHI and SmaI and cloned
into pGlMC-CUP to replace the already existing BamHI-SmaI insert.
A 450 bp fragment containing the whole RRE was obtained by PCR
amplification between positions 7660 and 8110 of the HIV env gene
(Wain-Hobson et al., 1985) using two primers (DT2162 and DT2163)
which introduce a Sall site at the 5' end and an XhoI site at the 3' end
of the fragment. This Sall-XhoI RRE fragment was cloned in either
orientation into the Sall site of pGlPC-CUP, pGlMC-CUP and pGIAIVSCUP to generate the -RRE or -aRRE versions of these constructs. The
-RRE or -aRRE sequences are located after the CUP] stop codon and
upstream of the PGK terminator. The whole CUP] transcription units
were excised from the pGl vector with HindIII and XbaI and recloned
into the BamHI site of a LEU/2,um vector (pJH21) using Bglll linkers
to generate the PC-CUP-RRE(aRRE), MC-CUP-RRE(aRRE) and AIVSCUP-RRE(aRRE) constructs used for yeast transformation. The PC5'II-CUP-RRE, PC-3'III-CUP-RRE and PC-3'TC-CUP-RRE constructs
were obtained by replacing the BamHI-SmaI fragment of the wild-type
PC-CUP-RRE construct by equivalent PCR fragments using mutated
primers (DT3131 and DT2889, DT2967 and DT3200, DT2967 and
DT3199, respectively) that contained the 5'11, 3'III or 3'TC mutations.
The Rev-expressing plasmids were obtained by PCR amplification of
wild-type or described mutant Rev sequences (Wain-Hobson et al., 1985;
Malim et al., 1989a) with two oligo primers (DT2224 and DT2225)
containing Bcll sites. The 350 bp Bcll Rev fragments were cloned into
the BamHI site of a centromeric derivative of the yeast TRP/2,um
expression vector pGl (Bitter and Egan, 1984; Schena and Yamamoto,
1988). A centromeric version of the pGl plasmid was obtained by
replacing the 2 kb EcoRI fragment containing the 2pm sequence by the
2 kb BamHI fragment containing the CEN3 sequence and the 1.2 kb
EcoRI fragment containing the ARS sequence of pXL8 (Liao et al.,
1990) using EcoRI linkers in a three-way ligation. The Rev coding
sequences are under the control of the strong constitutive glyceraldehyde
3-phosphate dehydrogenase (GPD) promoter and followed by the
phosphoglycerate kinase (PGK) gene terminator.

Yeast strains and copper growth assay
All the DNA constructs were transformed into the copper-sensitive strain
YS9ACUPI (MATa, leu2-3, leu2-112, ura3-52, trpl-289, arg4, ade2,
ACUP1). The copper-sensitive strain was obtained by deleting the

endogenous tandemly repeated X-CUPI transcription units (Fogel and
Welch, 1982; Karin et al., 1984; Hamer et al., 1985) of the MGD35313D strain (Seraphin et al., 1988) by homologous recombination using
a construct that contained the HisG-URA-HisG 3.8 kb fragment (Alani
et al., 1987) flanked by 0.8 or 1.7 kb of DNA derived from the 5' or 3'
unique genomic DNA regions adjacent to the repeated X-CUPJ locus.
Homologous recombinants were tested by absence of growth on 0.1 mM
copper; uracil auxotrophy of copper sensitive strains was recovered by
growth on FOA (Alani et al., 1987). The CUP] reporter constructs were
cotransformed with the Rev-expressing plasmids into the Y59ACUP1
strain according to standard procedures (Ito et al., 1983); the transformants were grown to saturation and spotted on Leu-/Trp- plates
containing increasing concentrations of copper (from 0.1 to 2.5 mM)
and grown for 5 days at 30°C.
RNA extractions and primer extensions
RNA extractions and primer extensions were carried out according to
published procedures (Pikielny and Rosbash, 1985) using two oligonucleotide primers. Oligo DT2965 is complementary to positions 29-51
downstream of the ATG of the CUP] gene (Karin et al., 1984). Oligo
DT168 is complementary to positions 26-43 of yeast Ul snRNA and
was used as an internal control for loading. Extension products were
analyzed on 6% polyacrylamide denaturing gels. The extended products
were quantified using a Phosphorlmager (Molecular Dynamics,

Sunnyvale, CA).
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