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essential role for its FG-repeat region
Françoise Stutz,1 Julia Kantor, Dong Zhang, Terri McCarthy, Megan Neville, and Michael Rosbash2

Howard Hughes Medical Institute and Department of Biology, Brandeis University, Waltham, Massachusetts 02254 USA

The FG-repeat domain of the yeast Rip1 protein (Rip1p) was identified initially as a possible target for the
nuclear export signal (NES) of the HIV-1 Rev protein in a yeast two-hybrid assay. Rip1p is inessential,
associated with nuclear pore complexes, and structurally related to the FG-nucleoporin family of pore
proteins. It contributes to HIV-1 Rev-mediated RNA export and is also important for the export of heat shock
RNAs at 42°C. We show here that Rip1p is essential for the export of heat shock RNAs, and this function is
fulfilled by the unique carboxyl terminus of Rip1p with no substantial contribution from the FG-repeat region.
Genetic interactions between Rip1p and the RNA export mediator Gle1p are described, which support a role
of the carboxyl terminus of Rip1p in poly(A)+ RNA export. Finally, this domain of Rip1p also contributes to
Rev-mediated RNA export. The data suggest that Rip1p promotes the nuclear export of different classes of
substrates by contributing to optimal pore function.
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Macromolecular exchange between the nucleus and the
cytoplasm occurs through nuclear pore complexes
(NPCs) (Davis 1995; Pante and Aebi 1995). Whereas mo-
lecular details of protein import into the nucleus have
begun to be elucidated, less is known about the mecha-
nisms of nuclear export of RNA as well as proteins (Mel-
chior and Gerace 1995; Gorlich and Mattaj 1996; Pante
and Aebi 1996; Corbett and Silver 1997). Early oocyte
injection competition experiments indicated that the
transport of each RNA class (i.e., mRNA, U snRNA, 5S
RNA, or tRNA) is dependent on one or more specific
factors, thus defining distinct RNA export pathways (Jar-
molowski et al. 1994). It is also known that RNAs are
exported as ribonucleoprotein (RNP) complexes (Visa et
al. 1996a,b) in a process that is saturable and energy de-
pendent. The RNP proteins or the RNAs themselves are
therefore likely to contain different signals that direct
the complexes to and through the nuclear pore in dis-
tinct ways (Corbett and Silver 1997; Nigg 1997).

There is evidence that several RNA-binding proteins
play a role in RNA export. The mammalian hnRNPA1
(Michael et al. 1996; Izaurralde et al. 1997) and the yeast
hnRNP-like NPL3 (Lee et al. 1996) proteins are involved
in mRNA export, the cap-binding complex (CBC) is im-
portant for U snRNA export (Izaurralde et al. 1995), and

both TFIIIA and the ribosomal L5 protein contribute to
5S RNA export (Guddat et al. 1990). However, no clear
connection has yet been established between these RNA-
binding proteins and the export machinery or the NPC.

The best characterized protein directly involved in
RNA export is the HIV-1 Rev protein. The role of Rev in
the viral life cycle is to promote the export of unspliced
or partially spliced viral transcripts, which allows the
expression of the structural proteins Gag, Pol, and Env,
as well as the packaging of the RNA genome into new
viral particles (Sodroski et al. 1986). Rev’s amino-termi-
nal basic region binds the Rev response element (RRE), a
highly structured RNA sequence within the target viral
transcripts; Rev’s carboxyl terminus contains a short
leucine-rich motif, the effector domain, directly in-
volved in export (Cullen and Malim 1991). This leucine-
rich region has been defined as a nuclear export signal
(NES), based on the rapid nuclear export of heterologous
proteins fused to that sequence (Fischer et al. 1995;
Gerace 1995). The NES peptide also inhibits U snRNA
and 5S RNA export in Xenopus oocytes but has no effect
on mRNA or tRNA export, suggesting that Rev uses a
specific export pathway (Fischer et al. 1995). Rev-like
NESs have been identified in a number of proteins some
of which have no known relevance to RNA export (Wen
et al. 1995; Bogerd et al. 1996; Fridell et al. 1996; Fritz
and Green 1996; Murphy and Wente 1996; Iovine and
Wente 1997; Segref et al. 1997). This suggests that Rev
exploits a more general cellular protein export pathway
for the transport of viral RNAs. This pathway has been
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evolutionarily conserved, as Rev and Rev-like NES se-
quences are functional in the yeast Saccharomyces cer-
evisiae (Stutz and Rosbash 1994; Fritz and Green 1996).

The human hRIP/RAB1 (Bogerd et al. 1995; Fritz et al.
1995) and yeast Rip1p (Stutz et al. 1995) proteins interact
with the Rev NES in the yeast two-hybrid assay and have
been identified as potential mediators of Rev-mediated
RNA export in mammals and yeast, respectively. Both
proteins contain a series of phenylalanine–glycine dipep-
tide repeats (FG repeats), which are important for the
two-hybrid interaction with Rev NES (Stutz et al. 1996).
FG repeats are a characteristic feature of a family of NPC
proteins, the FG nucleoporins, implicated in the process
of nucleocytoplasmic transport (Rout and Wente 1994;
Davis 1995; Doye and Hurt 1995; Corbett and Silver
1997). Whereas yeast Rip1p (yRip1p) is associated with
the NPC (Stutz et al. 1995; see below), hRip1/RAB1 has
been detected in the nucleoplasm as well as at the
nuclear envelope (Bogerd et al. 1995; Fritz et al. 1995).

In addition to hRip1/RAB1 and Rip1p, Rev NES inter-
acts with the FG repeats of multiple mammalian and
yeast FG nucleoporins in the two-hybrid assay (Stutz et
al. 1995, 1996; Fritz and Green 1996). Although it is un-
clear at present which and how many of these interac-
tions are relevant to Rev function in vivo, it is possible
that other FG nucleoporins, in addition to hRIP1/RAB1
and Rip1p, contribute to Rev-mediated export. In this
context, it is interesting that injection into Xenopus oo-
cyte nuclei of a GST–Rip1p fusion protein, like injection
of a Rev NES peptide, interferes with U snRNA but not
mRNA or tRNA export, consistent with a role for Rip1p
or Rip1p-related FG repeats in Rev-mediated export
(Stutz et al. 1996).

The ability of Rev NES or other NESs to function in
yeast and the identification of Rip1p as a cellular target
implied the existence of endogenous yeast export factors
with comparable properties. A possible candidate is the
recently identified Gle1 protein from yeast. Gle1p con-
tains an essential Rev-like NES, and mutations therein
result in the nuclear retention of poly(A)+ RNA, suggest-
ing that Gle1p participates in mRNA export (Murphy
and Wente 1996). However, a role for Gle1p in the export
of other classes of RNAs cannot be excluded. Gle1p lo-
calizes to the NPC as well as the cytoplasm (Del Priore
et al. 1996; Murphy and Wente 1996), consistent with
the possibility that this protein shuttles between the two
compartments. Rip1p and Gle1p interact in the yeast
two-hybrid system as well as in an in vitro blot overlay
assay (Murphy and Wente 1996). This further supports a
role for Rip1p in mRNA export. We note, however, that
there is no evidence to date for an interaction between
Gle1p and Rip1p during this process. Moreover, because
the disruption of RIP1 induces no obvious growth phe-
notype between 18°C and 37°C (Stutz et al. 1995), this
contribution is inessential and therefore likely to be
modest under normal laboratory culture conditions.

Cole and colleagues have recently uncovered an im-
portant role for Rip1p in the selective export of heat
shock RNAs. In a wild-type strain at 42°C, heat shock
RNAs are distributed in both the nucleus and cytoplasm,

whereas bulk poly(A)+ RNA is retained within the
nucleus (Saavedra et al. 1996). In a RIP1-deleted strain at
42°C, however, heat shock RNAs are also prominent
within the nucleus and little heat shock RNA-specific
signal is detectable in the cytoplasm (Saavedra et al.
1997). These experiments suggest that Rip1p is a major
component of a pathway dedicated to heat shock RNA
export.

In this paper, we pursue these observations by inves-
tigating heat shock protein synthesis. Our results con-
firm the in situ hybridization observations and, surpris-
ingly, reveal no substantial requirement for the Rip1p
FG repeats but rather point to the unique carboxy-termi-
nal region of Rip1p as being essential for the heat shock
RNA export process. We identified several Gle1 alleles
in a screen for mutations that are synthetically lethal in
combination with a RIP1 gene disruption, suggesting
that Rip1p also contributes to the mRNA export path-
way. Genetic analyses indicate that this function, like
heat shock RNA export, relies predominantly on the
unique carboxyl terminus of Rip1p. Finally, we show
that this region also contributes to Rev-mediated export.
In summary, the data suggest that Rip1p participates in
multiple export pathways by providing optimal pore
structure and/or function through its unique carboxyl
terminus.

Results

The absence of Rip1p eliminates heat shock protein
synthesis at 42°C

The in situ hybridization experiments of Saavedra et al.
(1997) indicate that Rip1p is important for heat shock
RNA export. An expected consequence of this selective
block is a reduction in heat shock protein synthesis at
42°C in a RIP1 deletion strain (DRIP1). To verify this
prediction, a wild-type and a DRIP1 strain were incu-
bated at 25°C, 37°C, or 42°C for 15 min followed by a
15-min labeling pulse with [35S]methionine at the same
temperature. Total cell extracts were then fractionated
on SDS-PAGE and autoradiographed.

A number of normal cellular protein bands were de-
tected at 25°C, which are identical in both wild-type and
DRIP1 (Fig. 1A, lanes 1,2). In the 42°C shifted samples,
however, several heat shock proteins (Lindquist 1986;
Lindquist and Craig 1988), including Hsp104p, Hsp82p,
and SSA4 (a member of the Hsp70 family of proteins),
were strongly induced in the wild-type strain but re-
mained completely absent in the DRIP1 strain (lanes 3,4).
This result provides a biochemical confirmation of the in
situ hybridization data and indicates an apparent abso-
lute Rip1p requirement for heat shock RNA transport at
42°C. It is interesting to note that there is no detectable
Rip1p requirement for heat shock protein synthesis at
37°C (lanes 5,6).

The [35S]methionine-labeling experiment (Fig. 1) also
shows that the synthesis of heat shock proteins at both
37°C and 42°C is accompanied by the disappearance of a
number of proteins normally synthesized at 25°C (Fig. 1,
cf. lanes 1 and 3; the most prominent bands are indicated
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by asterisks). Interestingly, these bands persist at 42°C in
the DRIP1 strain. The synthesis of these proteins also
persists for at least 45 min in the RNA polymerase II
temperature-sensitive mutant rpb1-1 (Nonet et al. 1987)
after a shift to 42°C (data not shown). This observation
suggests that these proteins correspond to long-lived cy-
toplasmic RNAs rather than to newly synthesized and
recently exported transcripts. In a wild-type strain at
42°C, the translation of these transcripts is most likely
competed by the heat shock RNAs.

To determine whether the block in heat shock RNA
export in DRIP1 was accompanied by changes in heat
shock RNA levels, primer extension analysis was used to
examine the RNAs encoding Hsp104p in wild-type or
DRIP1 cells after a 30-min temperature shift (Fig. 1B).

HSP104 RNA was undetectable at 25°C, and virtually
identical HSP104 RNA levels were observed in the wild-
type and mutant strains at 37°C; at 42°C, the HSP104
mRNA levels were three to four times lower in the
DRIP1 compared with the wild-type strain (cf. lanes 2
and 5, or 3 and 6). This modest decrease is likely to result
from a higher turnover of these RNAs when sequestered
within the nucleus of the DRIP1 strain.

Heat shock RNA export at 42°C is sensitive to low
levels of Rip1p and is not dependent on the FG-repeat
domain of Rip1p

To define more precisely the Rip1p requirement in heat
shock RNA export, we compared different Rip1p-ex-
pressing plasmids for their ability to restore heat shock
RNA export after transformation into a DRIP1 strain.
Construct RIP1–Lo (low) contains the RIP1 gene on an
∼1.9-kb genomic fragment with only 380-bp 58-flanking

sequences (Fig. 2A); Western blot analysis indicates that
this construct expresses five to ten times lower levels of
Rip1p than a wild-type strain (Fig. 2B, cf. lanes 1 and 3;
note that lane 1 is slightly overloaded compared with the
other lanes). Construct RIP1–Hi (high) contains the RIP1
gene on a 3.5-kb HindIII genomic fragment with 780-bp
58-flanking sequences (Fig. 2A); this plasmid expresses
nearly wild-type levels of Rip1p (Fig. 2B, cf. lanes 1 and
4). As expected, the latter construct fully rescues heat
shock RNA export when transformed into the DRIP1
strain, as assayed by [35S]methionine labeling of heat
shock proteins after a shift to 42°C (Fig. 2C, lane 4). In
contrast, no heat shock protein synthesis is observed in
the presence of the low Rip1p-expressing plasmid RIP1–
Lo (Fig. 2C, lane 3). The data indicate a requirement for
minimum levels of Rip1p for heat shock RNA export at
42°C.

The rescue of heat shock protein synthesis with plas-
mid RIP1–Hi was used as an assay to define the regions
of Rip1p that are essential for function. To this end, de-
letions were created within the Rip1p coding region of
construct RIP1–Hi (Fig. 2A). In construct RIP1–1FG,
codons 38 through 364 were deleted and replaced by a
SalI linker; this construct encodes a 104-amino-acid pro-
tein that lacks all the FG repeats except for one FG di-
peptide at positions 4 and 5 of Rip1p (Fig. 3A). In con-
struct RIP1–0FG, codons 2 through 364 were deleted and
replaced by a XhoI linker; this plasmid encodes a 68-
amino-acid protein from which all the FG repeats have
been eliminated (Fig. 3A). The RIP1–1FG and RIP1–0FG
plasmids were introduced into a DRIP1 strain, and heat
shock protein synthesis was assayed at 42°C. Surpris-
ingly, the RIP1–1FG construct efficiently rescued heat
shock RNA export, as indicated by the potent induction

Figure 1. (A) Analysis of heat shock pro-
tein synthesis in wild-type and DRIP1
strains. Cultures of wild-type (WT) or
DRIP1 (DR) strains were preheated for 15
min and subsequently labeled for 15 min
with [35S]methionine at the indicated tem-
peratures. Total protein extracts were frac-
tionated by SDS-PAGE and autoradio-
graphed. The positions of the high-mo-
lecular-weight heat shock proteins (Hsp104p,
Hsp82p, and the Hsp70 proteins Ssa1p and
Ssa4p) are indicated. Asterisks (*) corre-
spond to non-heat shock bands that persist
at 42°C in the DRIP1 strain. (B) Heat shock
RNA levels in wild-type and DRIP1 strains.
Total RNA from wild-type (WT, lanes 1–3)
or DRIP1 (lanes 4–6) cultures grown at
25°C or shifted to 37°C or 42°C for 30 min
was analyzed by primer extension with a
primer specific for the HSP104 heat shock
mRNA. A primer specific for U2 snRNA
was used in the same reactions as an in-
ternal control for loading. The reactions
were fractionated on a denaturing poly-
acrylamide gel and autoradiographed. The
positions of the HSP104 and U2 RNA
primer extension products are indicated.
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of heat shock proteins (Fig. 3B, lane 3). The RIP1–0FG
protein rescued export very poorly when expressed from
a centromeric plasmid (lane 4) but was fully functional
when expressed from a high-copy 2-µm plasmid (lane 5).
This suggests that the 68-amino-acid protein is active
but probably less stable than the 104-amino-acid protein
encoded by RIP1–1FG. We have been unable to detect
the truncated Rip1p proteins by Western blot analysis
with a polyclonal antibody directed against the carboxyl
terminus of Rip1p or by HA-tagging the mutant proteins
(data not shown). One possibility is that the truncated
proteins are degraded during the extraction procedure;
alternatively or in addition, these antibody reagents may
be less sensitive than the rabbit polyclonal antibody spe-

cific for the FG repeats of Rip1p (Fig. 2B). However, we
have been able to detect a biologically active fusion pro-
tein between RIP1-0FG and GFP (green fluorescent pro-
tein; not shown). A high-copy number plasmid express-
ing only the FG-repeat region of Rip1p (Stutz et al. 1995)
was unable to rescue heat shock protein synthesis in a
RIP1 deletion strain (data not shown). All the data indi-
cate that overproduction of the short unique Rip1p car-
boxy-terminal domain is sufficient to support robust
heat shock RNA export at 42°C.

The carboxyl terminus of Rip1p is important for
Rev-mediated RNA export

We have shown previously that Rev promotes the export
of RRE-containing transcripts in yeast. In this assay,

Figure 3. (A) Schematic drawing of full-length Rip1p and the
deleted Rip1 proteins encoded by the RIP1–1FG (pFS662) and
RIP1–0FG (pFS730 and pFS733) constructs. The lengths of the
proteins are indicated at right. The FG-repeat region and the
unique region of Rip1p are represented by striped and shaded
boxes, respectively. The amino acids contained in the deleted
proteins are indicated below. The RIP1–1FG protein contains a
single FG dipeptide at amino acid positions 4 and 5. (B) The
unique carboxyl terminus of Rip1p rescues heat shock protein
synthesis at 42°C in the DRIP1 strain. The DRIP1 strain was
transformed with vector alone (V, lane 1) or with the Rip1p-
expressing constructs RIP1–Hi (pFS398, lane 2), RIP1–1FG
(FS662, lane 3), RIP1–0FG (pFS730, lane 4), or RIP1–0FG 2µ
(pFS733, lane 5). Heat shock protein synthesis at 42°C was ana-
lyzed as described in Fig. 2.

Figure 2. (A) Schematics of RIP1 constructs. The RIP1–Lo
(pFS724) and RIP1–Hi (pFS398) constructs contain the RIP1
gene with 380 bp and 780 bp of 58-flanking sequences, respec-
tively, on a centromeric plasmid. (B) Rip1p levels in a wild-type
(WT) or in a DRIP1 strain transformed with Rip1p-expressing
constructs. Total protein extracts were prepared from a wild-
type strain transformed with vector p366 alone (WT + V) (lane
1), or from the DRIP1 strain transformed with vector (V), the
RIP1–Lo (Lo), or the RIP1–Hi (Hi) centromeric constructs (lanes
2–4) and fractionated on a 10% SDS–polyacrylamide gel; Rip1p
was detected by Western blot analysis using a rabbit anti-Rip1p
polyclonal antibody directed against the FG-repeat region of
Rip1p. (C) Rescue of heat shock protein synthesis in the DRIP1
strain by the Rip1p-expressing plasmids. Cultures from the
wild-type strain transformed with vector (WT + V), or with the
DRIP1 strain transformed with vector (V), the RIP1–Lo (Lo), or
the RIP1–Hi (Hi) centromeric constructs, were preheated for 15
min at 42°C and subsequently labeled with [35S]methionine for
15 min at 42°C. Total protein extracts were fractionated by
SDS-PAGE and autoradiographed.
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Rev’s activity is monitored by changes in the copper re-
sistance of an engineered yeast strain (Stutz and Rosbash
1994). This copper-sensitive strain contains a Rev-
expressing plasmid and a CUP1 reporter plasmid (PC–
CUP–RRE). The transcripts generated by the PC–CUP–
RRE plasmid contain the CUP1 coding sequence inter-
rupted at its 58 end by a small in-frame intron (Legrain
and Rosbash 1989), followed by the RRE after the CUP1
stop codon. The CUP1 protein is encoded only from the
pre-mRNA (the spliced mRNA is out-of-frame) so that
the copper resistance of this reporter strain directly re-
flects the levels of cytoplasmic pre-mRNA. In the pres-
ence of wild-type Rev, the reporter strain grows in up to
1.2 mM copper, whereas it grows up to 0.8 mM copper
with no Rev or with the Rev M10 mutant. (Rev M10
contains a mutation in the NES that inhibits Rev’s ex-
port activity; Table 1). These Rev effects on yeast pre-
mRNA export parallel the Rev effects on viral gene ex-
pression in mammalian cells (Stutz et al. 1995).

As reported previously, the Rev-mediated copper resis-
tance is reduced to 1 mM copper in the DRIP1 strain,
indicating a contribution of Rip1p to Rev-mediated ex-
port (Stutz et al. 1995). To determine which region of
Rip1p is involved in Rev function, constructs expressing
total Rip1p or truncated versions of the Rip1p protein
were introduced into the DRIP1 strain together with the
PC–CUP–RRE reporter construct and a plasmid express-
ing wild-type Rev. The full-length RIP1 construct (RIP1–
Hi) increased copper resistance to 1.2 mM; RIP1–1FG and
the 2-µm version of RIP1–0FG increased copper resis-
tance to 1.1 mM, indicating substantial rescue, whereas
the centromeric RIP1–0FG had no effect (Table 1). This
indicates that the carboxyl terminus of Rip1p contrib-
utes to Rev-mediated export as well as to heat shock
mRNA export. The lack of a major role for the FG-repeat
region of Rip1p is surprising (see Discussion).

Relationship of Rip1p to the nuclear pore and to Gle1p

Previous immunolocalization experiments suggested
that Rip1p is associated with the NPC, which is also
consistent with its sequence features. To confirm this
notion, we used a biochemical approach to address

Rip1p’s subcellular localization. In this fractionation
procedure (Fig. 4), Rip1p is undetectable in the low-speed
supernatant (S) of a total cell lysate (in which >50% of
the nuclei are lysed) and is released from the pellet by
extraction with 1 M NaCl (P). The behavior of Rip1p in
this assay is identical to that described for other nuclear
pore proteins (Belanger et al. 1994). The observations are
consistent with the association of the majority of Rip1p
protein with the NPC.

To identify components genetically related to Rip1p,
we isolated mutations that are lethal in the absence of
Rip1p (Bender and Pringle 1991; see Materials and Meth-
ods). One of the identified genes encodes Nup85p (data
not shown), a nuclear pore protein with a role in poly(A)+

RNA export (Goldstein et al. 1996; Siniossoglou et al.
1996). Although incomplete at present, this synthetic
lethal screen also gave rise to a high proportion (75%) of
mutants that mapped to the previously defined mRNA
export mediator Gle1p (Del Priore et al. 1996; Murphy
and Wente 1996). This result provides genetic evidence
that Rip1p, like Gle1p, contributes to mRNA export.

Three of the Gle1 alleles identified in this screen (gle1-
1, gle1-2, and gle1-3) were chosen at random and char-
acterized in more detail. These three alleles affect Gle1p
function to different extents, because they exhibit differ-
ent growth phenotypes in the presence of wild-type lev-
els of Rip1p (Table 2). With different RIP1-rescuing plas-
mids, there was an effect on nuclear retention of poly(A)+

RNA as well as on growth rate; both of these phenotypes
were exacerbated in the Gle1 mutants by limiting levels
of Rip1p (data not shown; Table 2). Some poly(A)+ RNA
nuclear staining was also observed in the presence of low
levels of Rip1p at 25°C. The mutations in gle1-1, gle1-2,
and gle1-3 were all determined to be amino acid substi-
tutions in the carboxy-terminal part of Gle1p, beyond
the proposed NES (Table 2; Fig. 5A). This identifies a
novel and unanticipated domain of Gle1p, as previous
results from others had focused on the NES-like region of
Gle1p that is important for its interaction with nuclear
pore FG repeats (Murphy and Wente 1996). The NES mu-
tation L356A in Gle1p (Murphy and Wente 1996) is also
lethal in the absence of Rip1p (data not shown).

Interestingly, all three Gle1 mutants were rescued by

Table 1. The carboxyl terminus of Rip1p is important for Rev-mediated RNA export

URA3/2µ ←————————————————————————— PC–CUP–RRE —————–——–——————————→
TRP1/CEN V Rev M10 ←————————————————— Rev —––——–—————————————→
LEU2/CEN V V V RIP1 RIP1–1FG RIP1–0FG RIP1–0FG 2µ

WT 0.8 1.2 0.8 1.2 1.2 1.2 1.2
DRIP1 0.8 1.0 0.8 1.2 1.1 1.0 1.1

Rev-mediated RNA export is reflected by an increase in the copper resistance of the yeast reporter strain. WT (Y59DCUP) or DRIP1
(Y59DCUPDRIP1) strains were transformed with the PC–CUP–RRE reporter plasmid (URA3/2 µ) and with Rev-expressing plasmids
(TRP1/CEN) as described earlier (Stutz et al. 1995). In the wild-type strain (WT), the export of the PC–CUP–RRE transcript is
stimulated by Rev and results in an increase of copper resistance. This effect is weakened in the DRIP1 strain.
The rescue of Rev-mediated export was examined by transforming both strains with the Rip1p-expressing plasmids pFS398 (RIP1),
pFS662 (RIP1–1FG), pFS730 (RIP1–0FG CEN), or pFS733 (RIP1–0FG 2 µ) or with empty vector controls (V). The transformed strains
were grown to saturation and spotted onto Ura− Leu− Trp− plates containing increasing concentrations of CuSO4. The numbers
correspond to the copper resistance [Cu2+ (mM)] of each transformed strain.
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the RIP1–0FG 2-µm construct nearly as well as by full-
length Rip1p (RIP1 high), suggesting that the carboxyl
terminus of Rip1p is also relevant to its genetic interac-
tion with Gle1p (Table 2). The three mutants were also
viable in the presence of limiting amounts of full-length
Rip1p (RIP1 low), although growth at 25°C was margin-
ally affected in the case of the more severe gle1-1 and
gle1-3 alleles (not shown). Taken together with the pre-
viously defined role of Gle1p in poly(A)+ RNA export
(Del Priore et al. 1996; Murphy and Wente 1996), the
genetic interactions suggest that the carboxy-terminal
domain of Rip1p is also the primary region of Rip1p con-
tributing to this export pathway. The genetic interac-
tions may reflect a physical interaction as indicated by

yeast two-hybrid interaction between wild-type Gle1p
and the carboxy-terminal domain of Rip1p as well as by
in vitro interactions of various Rip1p–GST fusions with
reticulocyte lysate-translated Gle1p (data not shown).

The Gle1 mutants allow heat shock RNA export in
the presence of limiting amounts of Rip1p

Given the genetic relationship between Gle1p and
Rip1p, the role of Gle1p in poly(A)+ RNA export, and the
important role of Rip1p in heat shock RNA export, it
was also of interest to determine whether Gle1p mani-
fests any detectable role in heat shock RNA export. We
therefore assayed heat shock protein synthesis at 42°C in
the three Gle1 mutant strains, in the presence of normal
or low levels of Rip1p. As described above, low (Lo) lev-
els of Rip1p prevent heat shock RNA export in an oth-
erwise wild-type background (Fig. 5, lane 3; Fig. 2). In-
terestingly, this heat shock RNA export defect was sup-
pressed in the presence of all three Gle1 mutant alleles:
Synthesis of Hsp104p and to a lesser extent Hsp82p and
Ssa4p was substantially rescued after a shift to 42°C (Fig.
5B, cf. lane 3 with lanes 5, 7, and 9). With normal (Hi)
Rip1p levels, heat shock protein synthesis at 42°C in the
three Gle1 mutant strains was comparable with that ob-
served in the wild-type GLE1 background (Fig. 5B, cf.
lane 4 with lanes 6, 8, and 10). Rather than defining a
strong role for Gle1p in heat shock RNA export, the data
suggest that there is competition between the apparently
Gle1p-dependent poly(A)+ RNA export pathway and the
apparently Rip1p-dependent heat shock RNA export
pathway: The Gle1 mutants weaken the poly(A)+ RNA
export pathway thus allowing heat shock RNA export to
occur even in the presence of limiting amounts of Rip1p
(Fig. 6).

Discussion

As discovered by Saavedra et al. (1997), the selective ex-
port of heat shock RNAs at 42°C is affected by deletion
of the RIP1 gene. Our biochemical results fully confirm
these in situ hybridization observations and indicate
that the effect is robust. As RIP1 is an inessential gene
for growth at normal temperatures, the different obser-

Table 2. Rescue of the RIP1 synthetic lethal alleles of GLE1 with different RIP1 constructs

gle1 mutant Mutation

Growth

no. RIP1 RIP1 high RIP1 low RIP1–1FG RIP1–0FG RIP1–0FG 2µ
(25°C) (37°C) (25°C) (37°C) (25°C) (37°) (25°C) (37°C) (25°C) (37°C) (25°C) (37°C)

gle1-1 F381S − − + + + slow + very slow + − + very slow
gle1-2 T468I − − + + + + + + + − + +
gle1-3 M398I − − + − + − + − + − + −

The mutation in each of the three Gle1 mutants is shown; the growth of the Gle1 mutant strains in the presence of different
Rip1p-expressing plasmids was examined by replacing the screening plasmids pFS652 or pFS478 (URA3/ADE3/CEN) with the fol-
lowing LEU2/CEN plasmids: p366 vector (no RIP1), pFS398 (RIP1 high), pFS724 (RIP1 low), pFS662 (RIP1–1FG), pFS730 (RIP1–0FG) or
with the LEU/2µ construct pFS733 (RIP1–0FG). The phenotype of these strains was examined by growth on Leu− plates at 25°C or
37°C.

Figure 4. Rip1p is part of an insoluble and salt labile high-
molecular-weight complex. Wild-type yeast cells were fraction-
ated as described in Materials and Methods. The soluble frac-
tion (S) represents proteins released into a low-speed superna-
tant after cell lysis. The particulate fraction (P) represents
material released from the low-speed pellet by extraction with
buffer containing 1 M NaCl. All the nucleoporins are solubilized
under these conditions (Belanger et al. 1994). Aliquots of total
(T) cell lysate (0.15 OD600 cells; lane 1), fraction S (2.4 OD600

cells; lane 2), or fraction P (3 OD600 cells; lane 3) were subjected
to Western blot analysis with a mouse polyclonal antibody di-
rected against the unique carboxyl terminus of Rip1p. The
Rip1p protein was identified by parallel analysis of control (Co)
total cell extracts prepared from a wild-type (WT; lane 5) or the
DRIP1 (lane 6) strain by TCA precipitation.
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vations make a strong case that Rip1p is only an essen-
tial component of the heat shock mRNA transport path-
way. This implies that the heat shock and cellular (i.e.,
non-heat shock) mRNA transport pathways are distinct.
Consistent with this notion, factors such as Gsp1p (a
small GTPase) and its effectors Rna1p and Prp20p (the
GAP and nucleotide exchange factors for Gsp1p, respec-
tively) are required for general RNA transport (Koepp and
Silver 1996; Corbett and Silver 1997) but dispensable for
heat shock mRNA export (Saavedra et al. 1996).

Interestingly, heat shock mRNA transport is not de-
pendent on Rip1p at 37°C. This might reflect a more
transient and less severe heat shock response at this
lower and more physiological temperature. Experiments

from the Cole laboratory suggest that the Rip1p depen-
dence is not restricted to temperature but is a more gen-
eral response to stress conditions (Saavedra et al. 1997).
These must alter heat shock mRNP and/or the nuclear
pore so that a role for Rip1p is revealed. Stress does not
seem to affect Rip1p, as we have been unable to detect
any obvious temperature-induced change in protein lev-
els or mobility by Western blot analysis (data not
shown).

A contribution of Rip1p to selective RNA transport
recalls the discovery of this protein as a mediator of Rev-
dependent RNA transport in yeast: The FG-repeat do-
main of Rip1p shows a yeast two-hybrid interaction with
the NES in Rev and a deletion or over-expression of
Rip1p-affected Rev-mediated RNA export (Stutz et al.

Figure 5. (A) Schematic drawing of the Gle1 protein. The po-
sitions of the three Gle1 mutations (gle1-1, gle1-2, and gle1-3)
that are synthetically lethal with a RIP1 deletion are indicated.
The NES (amino acid positions 351–356) is boxed. (+/−) A cen-
tral domain rich in charged residues. (B) The Gle1 mutations
synthetically lethal with a RIP1 deletion restore heat shock
protein synthesis at 42°C in the presence of low amounts of
Rip1p. Heat shock protein synthesis at 42°C was assayed as in
Fig. 2C. Lanes 1 and 2 correspond to wild-type and DRIP1 strains
transformed with the p366 vector alone; lanes 3, 5, 7, and 9
correspond, respectively, to the DRIP1, gle1-1, gle1-2, and gle1-3
strains carrying construct RIP1–Lo (Lo) and expressing low lev-
els of Rip1p (Fig. 2A); lanes 4, 6, 8, and 10 correspond, respec-
tively, to the DRIP1, gle1-1, gle1-2, and gle1-3 strains carrying
construct RIP1–Hi (Hi) and expressing high levels of Rip1p
(Fig. 2).

Figure 6. Model for heat shock RNA and poly(A)+ RNA export
under stress conditions. (A) In a wild-type strain, stress allows
efficient export of heat shock RNAs but inhibits the export of
poly(A)+ RNA (Saavedra et al. 1996). Both Gle1p and Rip1p are
involved in heat shock RNA export (under stress) and poly(A)+

RNA export (under normal conditions). Gle1p is essential for
poly(A)+ RNA export but also participates in heat shock RNA
export. Rip1p is essential for heat shock RNA export but also
contributes to poly(A)+ RNA export. It is proposed that heat
shock and poly(A)+ RNAs compete for access to Gle1p. (B) No
heat shock RNA export is observed with low or no Rip1p. (C)
Mutant Gle1p affects poly(A)+ RNA export more strongly than
heat shock RNA export, perhaps because mutant alleles are
more deleterious to the interaction with poly(A)+ RNPs than
that with heat shock RNPs. The increased availability of Gle1p
then allows heat shock RNA export in the presence of limiting
amounts of Rip1p.
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1995). As coexpression of Rev manifests a partial inhibi-
tion of heat shock mRNA transport as assayed by in situ
hybridization (Saavedra et al. 1997), a Rev-like NES se-
quence probably mediates the nuclear export of heat
shock mRNAs. Although this might indicate an involve-
ment of Rip1p FG repeats, Rip1p carboxy-terminal re-
gion fully rescues heat shock RNA transport and at least
partially rescues Rev-mediated transport. This is surpris-
ing and, at a minimum, suggests a redundant contribu-
tion of other FG repeat-containing nucleoporins. Consis-
tent with this possibility, other FG nucleoporins bind
credibly to Rev and Rev-like NES sequences in the two-
hybrid assay (Stutz et al. 1995, 1996; Fritz and Green
1996). Moreover, there is evidence that the interaction
between Rev and Rip FG repeats may be indirect (Neville
et al. 1997). Therefore, we suspect that this unique re-
gion of the protein contributes to pore function rather
than binding directly to RNA or to an RNA-relevant
NES.

Yet Rip1p appears to contribute preferentially to an
RNA export function. This view is based in part on the
synthetic lethal relationship between a RIP1 deletion
and mutants in other cellular components implicated in
general poly(A)+ RNA transport. Gle1 temperature-sen-
sitive alleles, in particular, have strong and rapid effects
on poly(A)+ RNA retention within nuclei, consistent
with the proposed role of this protein as a mediator of
mRNA transport (Murphy and Wente 1996). Also, mu-
tations in Nup82p (L. Davis, unpubl.) and in Nup85p (our
screen; data not shown) are synthetic lethal with a RIP1
deletion; both of these nuclear pore proteins are involved
in poly(A)+ RNA export (Grandi et al. 1995; Hurwitz and
Blobel 1995; Goldstein et al. 1996; Siniossoglou et al.
1996). We suggest, therefore, that the export of poly(A)+

RNA is suboptimal through Rip1p-deficient pores, but
this is normally not limiting for growth; in combination
with any of the three Gle1 missense mutations, how-
ever, poly(A)+ RNA export becomes too low to support
viability (Table 2). This is also consistent with the
poly(A)+ retention phenotype of all three Gle1 alleles,
which is enhanced in combination with low Rip1p lev-
els. We cannot, however, exclude the possibility that the
genetic relationship between RIP1 and GLE1 reflects the
transport of a small, specific subset of the poly(A)+ RNA
population or of other classes of RNAs (i.e., U snRNAs or
5S RNAs), which have features in common with heat
shock mRNP substrates.

If Rip1p is a component of the poly(A)+ as well as the
heat shock RNA export pathway, both sets of substrates
must compete for access to shared components. The ex-
periment in Figure 5 suggests that the Gle1 mutants de-
press non-heat shock mRNA transport and thereby re-
store detectable levels of heat shock RNA transport and
heat shock protein synthesis in the presence of limiting
amounts of Rip1p (Fig. 6). The results are hard to under-
stand unless the role of Gle1p in normal poly(A)+ RNA
transport is more important than any role it may play in
heat shock mRNA transport. However, we cannot ex-
clude the possibility that the observations reflect allele-
specific effects of the three Gle1 mutants, and we note

that Saavedra et al. (1997) show that a temperature-sen-
sitive Gle1 mutant (rss1-37) interferes with heat shock
as well as poly(A)+ mRNA export.

Rip1p, in contrast, is clearly more important for heat
shock mRNA export than for poly(A)+ mRNA export. In
addition to the arguments described above, the rescue of
the Gle1 synthetic lethal mutants with low levels of
Rip1p (Table 2) suggests that the requirement for cellular
RNA transport is fulfilled with minimal Rip1p levels.
These same low levels of Rip1p do not suffice for detect-
able heat shock mRNA transport (Fig. 2).

Rip1p contributes to different pathways, indicating
that different substrates must compete for access to the
shared components of a universal nuclear pore. Yet the
substrates are affected differentially by the physiolog-
ical and genetic manipulations. It follows that stress
must reduce the transport efficiency of non–heat shock
mRNAs more than that of heat shock mRNAs, which
indicates a difference in the two classes of RNP struc-
tures under these conditions (Saavedra et al. 1996). Incu-
bation at 42°C could decrease transport efficiency by af-
fecting the mRNP substrates or the pore. Adequate RNA
transport may then require an otherwise fully functional
pore for the expression of normal or near-normal levels
of heat shock proteins. This transport efficiency view
would explain the apparently selective role of Rip1p in
heat shock mRNA transport: An essential role is re-
vealed only under stress conditions, when transport is
more generally compromised. Similarly, the generic con-
tribution of Rip1p to non–heat shock RNA export at
25°C becomes apparent only in the presence of addi-
tional mutant alleles (i.e., Gle1 alleles) that reduce the
efficiency of RNA transport.

This interpretation is similar to a contemporary view
of pre-mRNA splicing, in which a fundamentally generic
set of spliceosome components processes substrates
with a range of efficiencies; less efficient substrates more
easily reveal contributions from a larger number of fac-
tors (Liao et al. 1993; Stutz et al. 1997). Another lesson
from the more completely understood splicing pathway
as well as the protein import pathway is that in vitro
biochemistry will be required to clarify the contribution
of individual components to the RNA export process.

Materials and methods

The DNA manipulations were performed according to standard
methods (Maniatis et al. 1982; Ausubel et al. 1994); yeast media
and yeast transformations were performed with standard proce-
dures (Guthrie and Fink 1991). The strains and plasmids used in
this study are described in Table 3.

Plasmid constructions

Plasmid pFS398 (RIP1–Hi) contains a genomic 3.5-kb RIP1
HindIII fragment with 0.78-kb 58-flanking sequences (Stutz et
al. 1995) inserted into the HindIII site of vector p366 (LEU2/
CEN). pFS724 (RIP1–Lo) contains the RIP1 gene on a 1.9-kb
HindIII PCR fragment with 0.38-kb 58-flanking sequences in-
serted into the HindIII site of p366. The RIP1 deletion mutant
constructs pFS662 and pFS730, encoding RIP1–1FG and RIP1–
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0FG, respectively, were generated by PCR using the 3.5-kb in-
sert of pFS398 as a template. pFS662 was obtained by ligation of
a 58 HindIII–SalI PCR fragment (from position −780 to codon 37
of RIP1) to a 38 SalI–HindIII PCR fragment (containing codons
365 to the stop of RIP1 and 1.5-kb 38 flanking sequences) and
cloning into p366 cut with HindIII. pFS730 was obtained by
ligation of a 58 HindIII–XhoI fragment (from position −780 to
codon 1 of RIP1) to a 38 XhoI–HindIII fragment (containing
codons 365 to the stop and 1.5-kb 38-noncoding sequences) and
cloned into p366 cut with HindIII. pFS733 was obtained by clon-
ing the 2.3-kb HindIII RIP1–0FG insert of pFS730 into the SalI
site of vector pJH21 (LEU2/2 µ) using SalI linkers.

Yeast strains

The W303DRIP1 strain was made using a PCR-based disruption
procedure with the kanMX2 template (Wach et al. 1994) and
two oligonucleotides: 58-CAAGCTATCA TTAAATTTCG AC-
CCGAGCAA CGACTCAACT GTAGCCAGCT GAAGCT-
TCGT ACGCTG-38 and 58-CTATGCAACC AATGCAGG-

TG GTGGAGGTAT ATCAGGGACA AGGCATAGGC CAC-
TAGTGGA TCTG-38. This generated a PCR fragment of ∼1.4
kb containing the Escherichia coli KANR (kanamycin resis-
tance) gene flanked at the 58 end by 44 bp of sequences from bp
−1 to −43 of RIP1 and at the 38 end by 42 bp of sequences from
bp +1251 to the stop of RIP1. One to two micrograms of this
PCR fragment was transformed into W303, and transformants
were selected on YPD plates containing 200 mg/l G418 (Gene-
ticin, GIBCO BRL). Replacement of the RIP1 gene by the KANR

gene was confirmed by PCR analysis and Southern blotting.
The Y59DCUP and Y59DCUPDRIP1 (FSY2) strains have been

described (Stutz et al. 1995).

In vivo protein labeling

The yeast strains were grown as 15-ml cultures in synthetic
complete medium lacking methionine or in the appropriate
dropout medium lacking methionine overnight at 23°C to an
OD600 of 0.05–0.1 (5.105–1.106 cells/ml). Cells were collected by
centrifugation, resuspended in 0.5-1 ml of medium lacking me-

Table 3. Strains and plasmids used in this study

Strain Genotype Reference

W303 ade2 his3 leu2 trp1 ura3 MATa
W303DRIP1 ade2 his3 leu2 trp1 ura3 MATa rip1::KANR this study
Y59DCUP ade2 arg4 leu2 trp1 ura3 Mata DCUP1 Stutz et al. (1995)
Y59DCUPDRIP1 (FSY2) ade2 arg4 leu2 trp1 ura3 Mata DCUP1 DRIP1 Stutz et al. (1995)
CH1305 ade2 ade3 leu2 ura3 lys2 can1 MATa Holm (1993)
CH1305DRIP1 (FSY5) ade2 ade3 leu2 ura3 lys2 can1 MATa DRIP1 this study
FSY56 ade2 ade3 leu2 ura3 lys2 can1 MATa DRIP1 carrying pFS652 this study
CH1462 ade2 ade3 leu2 ura3 his3 MATa Holm (1993)
CH1462DRIP1 (FSY6) ade2 ade3 leu2 ura3 his3 MATa DRIP1 this study
FSY13 ade2 ade3 leu2 ura3 his3 MATa DRIP1 carrying pFS478 this study
FSY14 ade2 ade3 leu2 ura3 his3 MATa DRIP1 carrying pFS652 this study
FSY15 ade2 ade3 leu2 ura3 his3 MATa DRIP1 gle1-1 carrying pFS478 this study
FSY16 ade2 ade3 leu2 ura3 his3 MATa DRIP1 gle1-1 carrying pFS652 this study
FSY20 ade2 ade3 leu2 ura3 lys2 can1 MATa DRIP1 gle1-2 carrying pFS652 this study
FSY23 ade2 ade3 leu2 ura3 his3 MATa DRIP1 gle1-3 carrying pFS652 this study
FSY57 ade2 ade3 leu2 ura3 his3 MATa DRIP1 gle1-1 carrying pFS724 this study
FSY58 ade2 ade3 leu2 ura3 his3 MATa DRIP1 gle1-1 carrying pFS398 this study
FSY59 ade2 ade3 leu2 ura3 lys2 can1 MATa DRIP1 gle1-2 carrying pFS724 this study
FSY60 ade2 ade3 leu2 ura3 lys2 can1 MATa DRIP1 gle1-2 carrying pFS398 this study
FSY61 ade2 ade3 leu2 ura3 his3 MATa DRIP1 gle1-3 carrying pFS724 this study
FSY62 ade2 ade3 leu2 ura3 his3 MATa DRIP1 gle1-3 carrying pFS398 this study
FSY65 ade2 ade3 leu2 ura3 his3 MATa DRIP1 carrying pFS724 this study
FSY66 ade2 ade3 leu2 ura3 his3 MATa DRIP1 carrying pFS398 this study

Plasmid

p366 (LEU2/CEN) YCp50-based vector in which URA3 was replaced with LEU2. Liao et al. (1993)
pFS398 (RIP1–Hi) HindIII RIP1 genomic 3.5-kb fragment inserted into the HindIII site of

p366 (LEU2/CEN); contains 0.78-kb RIP1 58-flanking sequences.
this study

pFS724 (RIP1–Lo) HindIII RIP1 1.9-kb fragment generated by PCR inserted into the HindIII
site of p366; contains 0.38-kb RIP1 58-flanking sequences.

this study

pFS662 (RIP1–1FG) deletion of codons 38–364 of RIP1 in pFS398. this study
pFS730 (RIP1–0FG) deletion of codons 2–364 of RIP1 in pFS398. this study
pFS733 (RIP1–0FG) HindIII 2.3-kb insert of pFS730 inserted into the SalI site of JH21 vector

(LEU2/2 µm) using SalI linkers.
this study

pCH1122 URA3 ADE3 CEN vector. Holm (1993)
pFS652 HindIII RIP1 genomic 3.5-kb fragment inserted into the SalI site of pCH1122

using SalI linkers; contains 0.78-kb RIP1 58-flanking sequences.
this study

pFS478 HindIII RIP1 1.9-kb fragment generated by PCR inserted into the SalI site of
pCH1122 using SalI linkers; contains 0.38-kb RIP1 58-flanking sequences.

this study
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thionine and distributed into Eppendorf tubes as 0.25-ml ali-
quots. These cells were rapidly mixed with one volume of me-
dium lacking methionine preheated to 49°C or 59°C and incu-
bated at 37°C or 42°C, respectively. The 25°C control samples
were mixed with one volume of medium at 25°C. After 15 min,
the samples were mixed with 50 µCi of Trans 35S-label (1191
Ci/mmole, 11.02 mCi/ml, ICN Pharmaceuticals, Inc.) and in-
cubated for another 15 min at the same temperature. Protein
labeling was stopped by centrifugation at 4°C; the cell pellets
were washed twice with 1 ml of culture medium in the cold,
resuspended in 30–50 µl of 1× SDS sample buffer, and immedi-
ately frozen on dry ice. The samples were boiled for 10 min and
fractionated on a 8% SDS–polyacrylamide gel. Gels were dried
and autoradiographed.

RNA extractions and primer extensions

The wild-type (W303) and DRIP1 (W303DRIP1) strains were
grown overnight in 100 ml of YPD at 25°C to an OD600 of 0.1
(∼1.106 cells/ml). Twenty-five-milliliter aliquots of each culture
were rapidly mixed with an equivalent volume of YPD at 25°C,
49°C, or 59°C and incubated at 25°C, 37°C, or 42°C, respec-
tively, for 30 min. RNA extractions and primer extensions were
performed according to published procedures (Pikielny and Ros-
bash 1985) using two oligonucleotide primers. Oligonucleotide
primer OFS 191 is complementary to positions +63 to +85 from
the ATG of the HSP104 gene. Oligonucleotide primer DT58,
which is complementary to U2 snRNA and gives an ∼120-base
primer extended product, was used as an internal control for
loading. Extension products were analyzed on 6% polyacryl-
amide denaturing gels (Fig. 1B).

Rev growth assay

Strains Y59DCUP and Y59DCUPDRIP1 were transformed with
a URA3/2µ version of the PC–CUP–RRE reporter construct and
different Rev-expressing plasmids (TRP1/CEN) as described
earlier (Stutz and Rosbash 1994; Stutz et al. 1995). These strains
were then transformed with the p366 vector (LEU2/CEN) or
with the Rip1p-expressing plasmids pFS398, pFS662, pFS730
(LEU2/CEN), or pFS733 (LEU2/2µ). The triple transformants
were grown to saturation in selective medium and spotted onto
selective plates containing increasing concentrations of CuSO4

(from 0.1 to 1.3 mM with 0.1 mM increments). The copper re-
sistance of each strain was scored after incubation at 30°C for 5
days.

Total cell extracts and cell fractionation

For total cell extracts, 1 ml of overnight-saturated cultures were
spun in an eppendorf tube and the cells were broken with glass
beads in 100 µl of cold 20% trichloroacetic acid (TCA). A TCA
precipitate was obtained by addition of 1 ml of 5% TCA and
centrifugation for 20 min at 4°C. The pellets were resuspended
in 70 µl of 1× sample buffer and neutralized with 30 µl of 2 M

Tris-base. Ten to fifteen microliters were used for fractionation
on SDS-PAGE and Western blot analysis.

Yeast cells were fractionated essentially as described (Be-
langer et al. 1994). Briefly, yeast cells (80–100 OD600 units, 1.109

cells) were spheroplasted and lysed in cold 20 mM HEPES–HCl
(pH 7.5), 5 mM MgCl2, and protease inhibitors, followed by vor-
texing and incubation on ice for 5 min. Lysates were spun at
9000 rpm at 4°C for 45 min. The supernatant (S) was decanted,
and the pellet was resuspended in 5 ml of ice-cold 20 mM

HEPES–HCl (pH 7.4), 5 mM MgCl2, 1 M NaCl, and protease
inhibitors, incubated on ice for 10 min, and centrifuged at 9000

rpm for 45 min. The supernatant (P) was collected. Total lysate
(T), S, and P fractions were precipitated with TCA before frac-
tionation on SDS-PAGE and Western blot analysis.

Western blot analysis

TCA precipitates in 1× sample buffer were boiled and fraction-
ated on 10% SDS–polyacrylamide gels. The gels were trans-
ferred to nitrocellulose filters by electroblotting according to
standard methods (Ausubel et al. 1994). The filters were incu-
bated overnight with a rabbit polyclonal antibody directed
against the Rip1p FG repeats (1:2000 dilution) or with a mouse
polyclonal antibody directed against the Rip1p unique carboxyl
terminus (1:2000). Immunoreactive bands were detected by ECL
(Amersham Life Science, Inc.).

RIP1 synthetic lethal screen and identification of
Gle1 alleles

Strains The original strains for the colony sectoring assay
CH1305 and CH1462 (Table 3) were obtained from C. Holm
(Kranz and Holm 1990; Holm 1993). The CH1305DRIP1 (FSY5)
and CH1462DRIP1 (FSY6) were generated using the same strat-
egy as described previously to produce the Y59DCUPDRIP1
strain (FSY2) (Stutz et al. 1995).

Plasmids Two screens were performed successively with two
different screening plasmids. The screening plasmid pFS478 was
constructed by inserting the 1.9-kb HindIII RIP1 fragment of
pFS724 into the SalI site of pCH1122 (Kranz and Holm 1990;
Holm 1993) using SalI linkers. The screening plasmid pFS652
was constructed by inserting the 3.5-kb RIP1 HindIII genomic
fragment of pFS398 (see above) into the SalI site of pCH1122
using SalI linkers. pFS398 was used as the testing plasmid in
both screens.

Screens In the first screen, FSY5 and FSY6 strains transformed
with pFS478 were grown in Ura− medium, plated on YPD + 4%
glucose and mutagenized by UV (UV Stratalinker 1800, Strata-
gene) to produce 40%–50% cell death. A total of 200,000 colo-
nies were screened for a nonsectoring (Sect−) phenotype. Non-
sectoring colonies were subscreened as described (Holm 1993).
A single nonsectoring mutant strain (FSY15) was selected. Back-
cross of this mutant with the starting wild-type strain (FSY5)
indicated the presence of a single recessive mutation. To clone
the mutant gene, the FSY15 strain was transformed with a p366-
based (LEU2/CEN) yeast genomic library (Liao et al. 1993);
transformants were grown on Leu− plates and subsequently rep-
lica-plated to 5-fluoro-orotic acid (5-FOA) plates. Plasmid DNA
was recovered from strains that became 5-FOA resistant and
retransformed into FSY15. The genomic sequences that rescued
the Sect− phenotype in FSY15 were partially sequenced and sub-
cloned. A 5.5-kb SphI fragment containing the GLE1 gene res-
cued the Sect− phenotype of FSY15.

In the second screen, FSY5 and FSY6 strains transformed with
pFS652 were grown in Ura− medium to 5.107 cells/ml, muta-
genized with ethylmethylsulfonate (EMS) as described
(Lawrence 1991) to produce 40%–50% cell death, and plated on
YPD + 4% glucose plates. Nonsectoring colonies were identi-
fied and subscreened as described above. Mating with FSY15
(gle1-1) and complementation analysis identified the mutant
strains FSY20 and FSY23 as containing the gle1-2 and gle1-3
alleles, respectively. The mutations in the Gle1 alleles were
identified by PCR amplification of genomic DNA prepared from

Stutz et al.

2866 GENES & DEVELOPMENT



FSY15, FSY20, and FSY23 and by PCR sequencing of both
strands; this procedure was repeated twice.

Plasmid shuffling The growth of the Gle1 mutant strains in
the presence of different Rip1p-expressing plasmids was exam-
ined by transformation of the synthetic lethal strains with vec-
tor p366, or various RIP1 constructs. Transformants were se-
lected on Leu− plates and subsequently streaked on 5-FOA
plates to select for strains that had lost the URA3 ADE3 CEN
screening plasmids (pFS478 or pFS652). The growth of the 5-
FOA resistant strains was analyzed on plates at 25°C and 37°C.
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