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Autoregulation of expression of the yeast Dbp2p
'DEAD-box' protein is mediated by sequences in the
conserved DBP2 intron
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The human p68, Saccharomyces cerevisiae DBP2 and
Schizosaccharomyces pombe dbp2 genes are closely
related members of the 'DEAD-box' RNA helicase
superfamily. All three genes contain an intron at a
conserved site in RNA helicase motif V. The S.cerevisiae
intron is unusual both for its position near the 3'-end
of the open reading frame and for its size, 1001
nucleotides. We show here that precise deletion of the
intron has no effect on cell viability but leads to
an increase in Dbp2p protein expression. Inefficient
splicing due to the size of the intron can not account
for this difference because the intron is efficiently
spliced in Dbp2p-deficient cells. Instead, there is a
reciprocal relationship between the amount of Dbp2p
in the cell and the efficiency with which DBP2 intron-
containing genes are expressed. Inactive Dbp2p
mutants are efficiently expressed from DBP2 intron-
containing plasmids, and fragments of the DBP2 intron
confer Dbp2p-responsiveness on heterologous reporter
introns. This suggests that there is an intron-mediated
negative feedback loop regulating DBP2 expression,
and provides a possible explanation for the retention
of such an unusual intron in S.cerevisiae.
Keywords: DBP2/DEAD-box proteinlp68/RNA helicase/
RNA processing

Introduction
The putative RNA helicases of the 'DEAD/H' family are
ubiquitous proteins which participate in diverse processes
including RNA splicing, ribosome assembly, initiation of
translation, spermatogenesis and embryogenesis (reviewed
by Linder et al., 1989; Wassarman and Steitz, 1991;
Schmid and Linder, 1992). One of the best characterized
members of the family is the human nuclear antigen p68,
which possesses both RNA-dependent ATPase (Iggo and
Lane, 1989) and ATP-dependent RNA helicase activity
(Hirling et al., 1989). Despite being well studied bio-
chemically, the biological function of p68 is unknown,
and to help address this problem we previously cloned
p68-like genes from Schizosaccharomyces pombe and
Saccharomyces cerevisiae (Iggo et al., 1991).
The yeast and human genes contain an intron whose

position in RNA helicase motif V has been precisely
conserved (Gorbalenya et al., 1989; Iggo et al., 1991), and
the intron in the S.cerevisiae gene, DBP2, is remarkable not
only for its position near the 3'-end of the gene but also

for its length, 1001 nucleotides, which is twice that of
any other known intron in S.cerevisiae (Rymond and
Rosbash, 1992). These unusual features suggest that the
intron has a function: it could encode a separate gene or
participate in regulation of DBP2 expression, or both. The
intron does not contain conserved sequences or long open
reading frames suggesting the presence of intron-encoded
proteins. However, many snoRNAs have been identified
in the introns of nuclear genes, particularly nucleolar
protein genes (reviewed by Sollner-Webb, 1993), and
mammalian p68 is present in pre-nucleolar bodies (Iggo
et al., 1991). Although sequence analysis identifies no
known snoRNA homologues in the DBP2 intron, there
are snoRNA C and D boxes (potential fibrillarin binding
sites, Baserga et al., 1991) at positions 805 and 846 in
the intron.

Alternatively, the DBP2 intron could have a regulatory
role. This is attractive given the potential for an RNA
helicase to modify the secondary structure of its own pre-
mRNA. Secondary structure in pre-mRNA can promote
splicing by effectively reducing the distance between a
branch point and 3'-splice site (Chebli et al., 1989; Deshler
and Rossi, 1991) and it can inhibit splicing by sequestering
splicing signals (Eperon et al., 1988; Goguel et al., 1993).
Five putative RNA helicases are known to be required
for RNA splicing [PRP2 (Chen and Lin, 1990), PRP5
(Dalbadie and Abelson, 1990), PRP16 (Burgess et al.,
1990), PRP22 (Company et al., 1991) and PRP28 (Strauss
and Guthrie, 1991), reviewed by Wassarman and Steitz,
19911 and in several cases they are thought to have a
regulatory role (Burgess and Guthrie, 1993).

Autoregulation of splicing has been documented for the
ribosomal protein Rpl32p, which blocks splicing of its
own pre-mRNA by binding to a hairpin structure encom-
passing the 5' splice site (Dabeva et al., 1986; Eng and
Warner, 1991; Vilardell and Warner, 1994). Autoregulation
of splicing has also been shown for the Drosophila
suppressor of white apricot, su(wa), and transformer-2,
tra-2, genes (reviewed by Balvay et al., 1993). Intriguingly,
the introns of Xenopus LI ribosomal protein have a
dual function: they encode U16 and U18 snoRNAs,
and participate in intron-mediated autoregulation of LI
expression (Caffarelli et al., 1987; Fragapane et al., 1993;
Prislei et al., 1993).
The DBP2 intron could also play a regulatory role by

affecting DBP2 pre-mRNA stability. Osteoblast lineage-
specific expression of the liver/bone/kidney alkaline phos-
phatase gene may result from cell type-specific intron-
mediated RNA instability (Kiledjian and Kadesch, 1991),
and several RNA helicases, including human p68, have
recently been shown to influence RNA stability in
Escherichia coli (lost and Dreyfus, 1994).

Here, we report that deletion of the DBP2 intron results
in an increase in the level of Dbp2p mRNA and protein.
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Fig. 1. Characterization of the DBP2 null allele ('DBP2A'). (A) Tetrad dissection of a heterozygous diploid strain (DBP2/DBP2A, yIB12) after

growth at 35°C for 4 days. (B) Western blot probed with MaDI (a, parental diploid; b, heterozygous diploid; c-f, haploid progeny of a heterozygous
tetrad). (C) Complementation of the DBP2 null by DBP2 and human p68 (pIG79 and pIB13 in yIB12/1). DBP2 and p68 were expressed from the
GAL] promoter at 32°C in a haploid DBP2 null strain transferred to medium containing galactose at time 0. The control strain (O) contains parental
vector (P2 in yIB12/1).

This is consistent with the intron having a role in regulating
DBP2 expression, and we show using heterologous
reporters that a 552 nucleotide fragment of the DBP2
intron confers Dbp2p-responsiveness on an artificial intron.

Results
Deletion of the DBP2 gene renders yeast cold-
sensitive for growth
A diploid strain with one copy of the DBP2 gene deleted
was constructed by one-step gene replacement (Rothstein,
1991) and examined by tetrad dissection (Figure IA
and B). DBP2A spores form microcolonies with a cold-
sensitive growth defect: the doubling time in rich medium
is 5 h at 35°C, 12.5 h at 25°C and 41 h at 19°C, compared
with 1.7, 2.2 and 3.9 h, respectively, for wild-type cells
from the same cross. Dbp2p was detected in Figure lB
with MaD1, an antibody recognizing the 'DEAD' motif
(Iggo et al., 1990); the upper band is probably Dedlp
(Jamieson et al., 1991), which is also recognized by the
antibody. The growth defect is rescued by plasmids
expressing S.cerevisiae DBP2, S.pombe dbp2 and human
p68 (Figure IC and data not shown).

DBP2 expression is regulated by sequences within
its intron
The 1 kb intron in RNA helicase motif V of the DBP2
gene was precisely deleted by two-step gene replacement
(Rothstein, 1991). Cells containing the DBP2 cDNA allele
are viable and grow normally at all temperatures tested
(Figure 2A, and data not shown). Western blotting shows
that the cDNA allele gives a higher level of Dbp2p protein
expression than the intron-containing wild-type allele
(Figure 2B; the upper, cross-reacting band acts as a loading
control). The increase in protein is paralleled by a 4-fold
increase in the DBP2 RNA level (Figure 3), suggesting

that the difference in protein level is not due to more

efficient translation.

Dbp2p is more efficiently expressed from plasmids
containing the intronless DBP2 gene
The lower level of Dbp2p expression from the intron-
containing DBP2 allele is consistent with either inefficient
splicing due to the size of the intron or regulation involving
sequences within the intron. To distinguish between these
possibilities, feedback of Dbp2p on its own expression
was examined using Dbp2p tagged at the C-terminus with
the KT3 epitope (PPEPET, MacArthur and Walter, 1984).
The modified protein is still active since it can rescue the
cold-sensitive growth defect of the DBP2A strain (data
not shown). As with the endogenous gene (Figure 2B),
the intron prevents high level expression of Dbp2p from
a plasmid (Figure 4, compare lanes a and b).

Mutant DBP2 alleles containing the intron are

efficiently expressed
If the poor expression of intron-containing DBP2 alleles
is caused by inefficient splicing, the intron should reduce
expression of inactive DBP2 mutants in the same way
that it reduces expression of wild-type DBP2. In contrast,
if the intron participates in a feedback loop, it should not
affect expression of inactive mutants. Two mutants were

tested, a lysine to asparagine mutation in the ATP binding
site (GKT to GNT) and a C-terminal deletion which
removes the glycine/arginine-rich domain (RGG-). The
GNT mutant is unable to complement the cold-sensitive
growth defect of the DBP2A strain in all conditions tested,
whereas the RGG- mutant is partially active since it
complements the deletion when expressed at high but not
low level (data not shown). Figure 4 (lanes c-f) shows
that the intron has no effect on the level of expression of
either mutant. Thus the intron does not affect expression
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Fig. 4. Western blot probed with KT3 antibody to detect exogenous

Dbp2p in a wild-type strain containing plasmids expressing DBP2
alleles with (lanes a, c and e) or without (lanes b, d and f) the DBP2
intron. Lanes a and b: wild-type DBP2; lanes c and d: GNT mutant
DBP2; lanes e and f: RGG- mutant DBP2. RGG- Dbp2p runs faster
than wild-type and GNT point-mutant protein because it lacks 49
amino acids at the C-terminus. Exogenous DBP2 expression from the
GAL] promoter was induced in galactose medium for 6 h. (Lanes a-f:
pIG85, 83, pIB56, 58, 57 and 59, respectively in yIB12/2.)

Fig. 6. Western blot probed with KT3 showing that endogenous
Dbp2p can suppress exogenous DBP2 expression. KT3-tagged wild-
type Dbp2p was expressed from the GAL] promoter in strains with the
null (DBP2A), wild-type (DBP2) or intronless allele (cDBP2) at the
chromosomal DBP2 locus (yIB12/1, 12/2 and 37, respectively). The
plasmid (pIG85) copy of DBP2 contains the DBP2 intron. Exogenous
DBP2 production was induced by growing cells in galactose for the
indicated times.
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Fig. 5. Western blot probed with MaDl showing that high level
expression of active exogenous Dbp2p suppresses Dbp2p production
from the endogenous intron-containing allele. Lane a is from the
parental strain: the lower band is endogenous Dbp2p. Note that this
band is absent in lane b but present in lanes c and d. The additional
bands in lanes b-d are exogenous KT3-tagged Dbp2p: lane b, wild-
type DBP2; lane c, GNT mutant DBP2; lane d, RGG- mutant DBP2.
The slower migration of exogenous Dbp2p in lanes b and c is caused
by the KT3 epitope tag. Exogenous protein is produced constitutively
from the ADHI promoter using DBP2 alleles lacking the DBP2 intron.
(Lanes b-d: pIB71, 73 and 74, respectively in yIB12/2.)

sequence were cloned into a restriction site at codon 3 of
the lacZ gene in a reporter plasmid (Figure 7A). This
construct was then transformed into the three strains
described above and Dbp2p-responsiveness was deter-
mined by measuring 3-galactosidase activity. Since active
Dbp2p is not produced by the reporter, the Dbp2p level
remains constant throughout the assay. ,-galactosidase
assays show that this heterologous system remains fully
Dbp2p-responsive: lacZ expression is high in the null
strain (Figure 7B, column a) and completely suppressed
in the strain overexpressing Dbp2p (Figure 7B, column
c). The effect is specific because deletion of a 342 bp
NsiI fragment in the intron restores lacZ expression in the
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Fig. 7. The DBP2 intron confers Dbp2p-responsiveness on a

heterologous reporter. (A) Schematic diagram of the lacZ reporter
constructs. The DBP2 fragment is inserted at codon 3 of the lacZ
reporter. (B) f-galactosidase assays on reporter strains containing
either the complete DBP2 intron (columns a-c) or the NsiI-deleted
form (columns d-f). f-galactosidase expression was measured after
growing cells in galactose for 5 h. (a-c, pLS150; d-f, pLS151;; a and
d, yIB12/l; b and e, yIB12/2; c and f, yIB37.)

strain overexpressing Dbp2p (Figure 7B, compare columns
c and f). The 3-galactosidase level also rises in the
wild-type strain following deletion of the NsiI fragment
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Fig. 8. Internal fragments of the DBP2 intron confer Dbp2p-
responsiveness on the actin intron. (A) Schematic diagram of the
actin::lacZ reporter constructs. (B) l-galactosidase assays on reporter
strains containing the specified DBP2 intron fragments cloned into the
XhoI site in the actin intron. The reporter is constitutively expressed
from the actin promoter. (a, d, g, j and m, yIB12/1; b, e, h, k and n,
yIB12/2; c, f, i, 1 and o, yIB37; a-c, DJl; d-e, pIB21; g-i, pIB28;
j-l, pIB23; m-o, pIB29.)

(Figure 7B, compare columns b and e), suggesting that
even normal levels of Dbp2p may have an effect on the
intron-containing reporter. However, differences of this
magnitude should be interpreted with caution. Independ-
ently of Dbp2p feedback effects, differences in size and
sequence may affect the efficiency of splicing of large
introns in S.cerevisiae (for example, compare columns a
and d in Figure 7B). It should also be noted that the
slower growth rate of the null strain may contribute to
the higher absolute f3-galactosidase activity in the null
relative to the other strains (Figure 7B, column d versus
columns e and f). These differences are of the order of 2-
fold and should be contrasted with the Dbp2p feedback
effect, which leads to an increase from undetectable to
normal levels of 3-galactosidase activity (Figure 7B,
compare columns c and f).

A 552 bp DBP2 intron fragment confers Dbp2p-
responsiveness on the actin intron
To see whether the DBP2 splice sites are necessary for
Dbp2p-responsiveness, internal fragments of the DBP2
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Fig. 9. Dbp2p feedback decreases heterologous reporter expression at
the RNA level. RNase protection assay with a lacZ probe and an actin
probe (loading control). Strains in lanes c-f as in Figure 8 lanes a, c, g
and i, respectively.

intron were cloned into the actin intron in an actin::lacZ
reporter (Figure 8A) and tested in the set of strains
described above. With large fragments of the DBP2 intron,
the heterologous intron remains fully responsive to the
endogenous Dbp2p level (Figure 8B, columns d-f). The
smallest fragment able to confer Dbp2p-responsiveness is
a 552 bp XmnI-EcoRI fragment (Figure 8B, columns
g-i). Although the internal NsiI fragment is necessary for
Dbp2p-responsiveness in the previous assay (Figure 7) it
is not sufficient to produce an effect when cloned into the
actin intron (Figure 8B, columns j-l). Importantly, for the
XmnI-EcoRI fragment to be effective it must be cloned
in the correct orientation (Figure 8B, compare columns
g-i with m-o). Note that, as in Figure 7, there is -2-fold
variation in the efficiency of expression of the different
constructs in the null strain. If this variation, which
by definition is Dbp2p-independent, is eliminated by
normalizing the 3-galactosidase activity of the individual
constructs to the level in the null strain, the Dbp2p
feedback effect in the cDNA strain is between 26-fold
(XmnI-EcoRI fragment in forward and reverse orienta-
tions) and 117-fold (MboII-EcoRI fragment versus no
insert).

3-galactosidase activity provides a convenient but
indirect means to study feedback of Dbp2p on DBP2
intron-containing reporters. An RNase protection assay
using a lacZ probe was therefore performed on the null
and cDNA strains containing the actin::lacZ reporters with
and without the XmnI-EcoRI inserts. This showed that
when 3-galactosidase activity is low, the lacZ RNA level
is also low (compare Figure 9, lanes c-f with Figure 8B,
columns a, c, d and f).

Feedback acts before the first step of splicing
Intron-mediated feedback could occur at several steps
during the transcription and processing of the DBP2 pre-
mRNA. Despite the large size of the DBP2 intron, which
might be expected to lead to accumulation of DBP2 pre-
mRNA, the DBP2 pre-mRNA is undetectable on Northern
blots. However, regulation of the first step of splicing
could be missed if the pre-mRNA were intrinsically
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Fig. 10. Dbp2p feedback does not lead to accumulation of DBP2
intron-containing pre-mRNA. RNase protection assay using probes for
DBP2 pre-mRNA (intron and exon 2) and actin mRNA (loading
control). All of the strains contain the prp9-1 allele (25°C, permissive;
35°C, restrictive temperature). (DBP2A, yIB295; wtDBP2, yIB297;
cDBP2, yIB296.)

unstable. To overcome this problem, the null and cDNA
alleles were crossed into aprp9-1 background (Chapon and
Legrain, 1992), which results in pre-mRNA accumulation
because of a defect in the first step of splicing, and the
DBP2 pre-mRNA was expressed from the GAL] promoter
on a plasmid. An RNase protection assay was performed
with a probe which recognizes the DBP2 intron and exon
2 (Figure 10). At the temperature permissive for the
prp9-1 mutant (25°C), faint bands protected by exogenous
DBP2 pre-mRNA are visible in the null strain and, as
expected, these bands are much stronger at the restrictive
temperature (35°C). Their absence in the wild-type and
cDNA strains indicates that DBP2 intron-mediated feed-
back can occur before the first step of splicing.

Discussion
The main conclusion from this study is that DBP2 expres-
sion is autoregulated by a mechanism involving sequences
in its own intron. This provides a possible explanation for
the retention in S.cerevisiae of such a large intron near
the 3'-end of the DBP2 open reading frame. Although
very high level expression of Dbp2p is toxic, the modest
increase in endogenous Dbp2p level produced by deletion
of the intron is not, and the specific advantage of auto-
regulating DBP2 expression via the intron is unclear.
The fact that the strain lacking only the DBP2 intron

grows normally means that any gene within the intron
must be non-essential in laboratory conditions. We have
not ruled out the presence of a redundant intron-encoded
gene, such as an snoRNA gene. This remains an intriguing
possibility given the presence in Dbp2p of the RGG motif
(a motif commonly found in nucleolar proteins), the
presence in the DBP2 intron of sno-RNA C and D boxes,
the precedent that snoRNA genes are often found in the
introns of RNA processing genes, the fact that many
snoRNA genes in S.cerevisiae are non-essential, and the
opportunity that could exist for co-regulation of production
of protein and RNA factors involved in the same RNA

processing event (Fournier and Maxwell, 1993; Sollner-
Webb, 1993).
The most economical model predicts that autoregulation

of DBP2 expression exploits one of the general functions
of the DBP2 gene. This is difficult to test until the normal
function of the DBP2 gene is known. Northern blotting
of the DBP2 null strain suggests that there is a defect in
splicing of the RP28 intron, although several other introns
are spliced normally (unpublished data). Since pre-mRNA
secondary structure can strongly influence the efficiency
with which splicing signals are used (Eperon et al., 1988;
Chebli et al., 1989; Deshler and Rossi, 1991; Goguel
et al., 1993), loss of an RNA helicase could readily produce
a rather selective splicing defect, and autoregulation of
production of such a helicase would amount to a simple
extension of its normal function.
The mechanism of DBP2 autoregulation is not clear

from our data. Transcriptional repression or pausing is
possible, although it should be noted that the orientation
of the intron fragment is important, and the feedback is
seen with several different promoters. Our data are also
consistent with an effect at an early step of pre-mRNA
processing. For example, Dbp2p could use its helicase
activity to alter the secondary structure of the intron and
thereby expose a nuclease-sensitive site in the pre-mRNA.
lost and Dreyfus (1994) recently demonstrated that low-
level expression of human p68 in E.coli can protect mRNA
from degradation and they proposed that this could be
mediated by p68 altering the mRNA structure surrounding
RNase E sites. Such a model does not require a specific
interaction between p68 and RNase E. In contrast, He and
Jacobson (1995) recently identified DBP2 in a two-hybrid
screen for genes that interact with UPFJ. Since UPFJ is
a gene required for degradation ofmRNA containing early
stop codons (nonsense-mediated mRNA decay, Leeds
et al., 1991), this suggests a more active role for DBP2
in targeting specific RNAs for degradation. Early in-frame
stop codons are present in many yeast pre-mRNAs, and
one function of the UPFJ system is to prevent translation
of unspliced cytoplasmic pre-mRNA (He et al., 1993).
The 3' position of the DBP2 intron means that DBP2 pre-
mRNA does not contain early stop codons, and one can
speculate that this unusual arrangement would free DBP2
pre-mRNA from normal UPFI-dependent nonsense-
mediated degradation to permit specific autoregulatory
control.

Interestingly, endogenous Dbp2p does not prevent
plasmid-driven expression of the intron-containing GNT
and RGG- mutants (Figure 4, lanes c and e), although it
does prevent expression of wild-type Dbp2p (Figure 4,
lane a). This suggests either that the GNT and RGG-
mutants act in cis or, more likely, that they are trans-
dominant. This phenomenon is again seen with the GNT
mutant in Figure 5 (the Dbp2p band is stronger in lane c
than in lane a). The GNT mutant is also trans-dominant
over endogenous Dbp2p in the heterologous reporter
assays, i.e. it restores lacZ expression from the MboII-
EcoRI::actin intron reporter in the cDNA strain (data not
shown). That this is a highly specific effect is demonstrated
by a screen we have performed for high copy suppressors
of Dbp2p-mediated feedback: the cDNA strain containing
the MboII-EcoRI::actin intron reporter was transformed
with 2j. plasmids carrying a library of genomic DNA
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Table I. Yeast strains used in the present studies

Strain Genotype

ASZ3 a/a ade2-/ade2-1 ura3-J/ura3-1 leu2-3,112/leu2-3,112 trpl-1/trpl-J his3-11,15/his3-11,15 canl-100/canl-100 P.Linder
yIB12 ala ade2-1/ade2-1 ura3-1/ura3-1 leu2-3,112/leu2-3,112 trpl-1/trpl-l his3-11,15/his3-11,15 can1-100/ ASZ3 + pIB3

can1-100 DBP2/dbp2Al::URA3
yIBl5 ala ade2-1/ade2-1 ura3-1/ura3-1 leu2-3,112/leu2-3,112 trpl-1/trpl-J his3-11,15/his3-11,15 canl-100/ ASZ3 ± pIB8

canl-100 DBP2/cDBP2
yIB36 a/a ade2-1/ade2-1 ura3-1/ura3-1 leu2-3,112/leu2-3,112 trpl-1/trpl- his3-11,15/his3-11,15 canl-100/ yIB 15Sa

can1-100 cDBP2/cDBP2
yIB12/2 a ade2-1 ura3-1 leu2-3,112 trpl-1 his3-11,15 canl-100 DBP2 yIB12
yIB 12/1 a ade2-1 ura3-1 leu2-3,112 trpl-1 his3-11,15 canl-100 dbp2Al::URA3 yIB 12
yIB37 a ade2-1 ura3-1 leu2-3,112 trpl-1 his3-11,15 canl-100 cDBP2 yIB36
CylO5 a ade2 ura3-52 trpl-289 leu2-3,112 arg4 prp9-1 P.Legrain
yIB297 ade2 ura3 trpl leu2-3,112 his3-11,15 DBP2 prp9-1 [pIG85] CY105X(yIB12/1 + pIG85)
yIB295 ade2 ura3 trpl leu2-3,112 his3-11,15 dbp2Al::URA3 prp9-1 [plG85] CYlO5X(yIB12/1 + pIG85)
yIB296 ade2 ura3 trpl leu2-3,112 cDBP2 prp9l [pIG851 CYl05X(yIB37 + pIG85)

ayIB36 was made by crossing two haploid progeny of yIB15

fragments and blue colonies were selected. The strongest
suppressor obtained encodes a fragment of the DBP2 gene
ending at amino acid 346, and expresses high levels of a

truncated Dbp2p protein lacking helicase motifs IV, V and
VI (unpublished data).
An important test of the DBP2 feedback model will be

whether Dbp2p can modify the structure of its own pre-
mRNA, because the existing data are also consistent with
an indirect action. The shortest identified fragment which
confers DBP2-responsiveness is a 552 bp XmnI-EcoRI
fragment. RNA base pairing could readily bring the 5'
and 3' splice sites of the DBP2 intron into close proximity
and thereby facilitate splicing, but such long range inter-
actions are difficult to map by deletion analysis or with
RNA folding programs. Phylogenetic comparison with the
Kluveromyces lactis homologue was used to map the
Rpl32p binding site (Eng and Warner, 1991) and the same

approach could usefully be applied to the DBP2 intron.
Since the feedback occurs before the first step of splicing
and does not specifically require the DBP2 splice sites, it
is possible that the target sequence need not be within an

intron at all, a possibility we are currently testing. If true,
this would greatly facilitate experiments to map the critical
domains in the intron.

In addition to the feedback data, we have shown that
deletion of the DBP2 gene produces a cold-sensitive
growth defect. Mutations in the DEDJ, PRP28 and SPB4
genes, all of which encode DEAD-box proteins, also
produce cold-sensitivity (Sachs and Davis, 1990; Jamieson
et al., 1991; Strauss and Guthrie, 1991). Cold-sensitivity
following deletion or mutation of RNA helicases could
plausibly reflect the greater stability of RNA duplexes at
low temperatures, and it will be interesting to see whether
mutation or deletion of other DEAD-box genes has a

similar effect.

Materials and methods
Plasmids and strains
Detailed descriptions of plasmids are available from I.Barta. The plasmid
containing the genomic DBP2 clone, pIG75, was obtained by gap repair
in strain DJY84 (Iggo et al., 1991) between the XbaI site at codon 18
and the NsiI site 72 bp after the stop codon of the DBP2 open reading
frame. The plasmid used for the DBP2 deletion, pIB3, contains the
URA3 gene cloned between the same sites. pIG75 and pIB3 contain
0.7 kb upstream and 1.5 kb downstream of the DBP2 open reading

frame. The DBP2 cDNA clone was made by replacing the DBP2 intron-
containing XbaI-BgLII fragment with a 517 bp cDNA fragment obtained
from DJY84 by PCR. The plasmid used for deletion of the DBP2 intron,
pIB8, contains the DBP2 cDNA (from the initiator methionine to the
3'-NsiI site) followed by the URA3 gene. pIG75 is derived from pFL39
(Bonneaud et al., 1991); pIB3 and pIB8 are derived from Bluescript
(Stratagene).

Full-length DBP2 clones containing the KT3 epitope (Dbp2p C-
terminus: ...RGRSNY PPEPET) and the 'GNT' ATPase A-box mutation
(163 lysine to asparagine, AAG to AAC) were obtained by PCR
mutagenesis. The 'KT3/RGG-'mutant was obtained by cloning an

oligonucleotide into the DBP2 BgIII site (Dbp2p C-terminus: ...KYDRRS
PPEPET). The galactose-inducible DBP2 expression vector is derived
from P2 (GALl promoter, CYCI terminator, TRPI, CENVI, ARSH4,
Scharer and Iggo, 1992), and the constitutive vector is derived from
pLS72 (ADHI promoter, CYCI terminator, LEU2, CENVI, ARSH4,
Ishioka et al., 1993). The following constructs were made by standard
techniques from the plasmids described above ('gDNA' means the clone
contains the DBP2 intron):

pGALI-DBP2: cDNA
cDNA/KT3
gDNA/KT3
cDNA/KT3/GNT
gDNA/KT3/GNT
cDNA/KT3/RGG-
gDNA/KT3/RGG-

pADHI-DBP2: cDNA/KT3
cDNA/KT3/GNT
cDNA/KT3/RGG-

pIG70
pIG83
pIG85
pIB58
pIB56
pIB59
pIB57
pIB71
pIB73
pIB74

The human p68 expression vector, pIB 13, contains the p68 cDNA
(Iggo et al., 1991) cloned into P2. The Spombe dbp2 expression vector,
pADP68 (Matviw et al., 1993), was supplied by D.Young.
The lacZ feedback reporter plasmids were made by cloning a XhoII

DBP2 fragment containing the last 15 codons of exon 1, the intron and
the first 72 codons of exon 2 into the BamHI site at codon 3 of a

lacI::lacZ fusion gene (Guarente and Ptashne, 1981). The fusion is
expressed from a CYCI minimal promoter (Guarente and Mason, 1983)
regulated by GAL] upstream activating sequences. In pLS 150 a complete
1.2 kb XhoII fragment was used; in pLS 151 an NsiI-deleted 0.9 kb XhoII
fragment was used. The plasmids also contain the TRPI gene and the
2. replication origin.
The actin::lacZ feedback reporter plasmids contain an EcoRI-BglII

actin fragment (containing the promoter, exon 1, the intron and part of
exon 2) fused to the lacZ gene (Larson et al., 1983). The plasmids also
contain TRPI, ARSI and CENIJI. DBP2 intron fragments were cloned
into the unique XhoI site in the actin intron: DJ 1, parental vector; pIB2 1,
MboII-EcoRI; pIB23, NsiI-NsiI; pIB28, XmnI-EcoRI; and pIB29, XmnI-
EcoRI in the reverse orientation.
The yeast strains (Table I) were derived from ASZ3, a diploid of

CW04 (Banroques et al., 1986) crossed with a GAL-HO switched
isogenic strain, and CylO5 (Chapon and Legrain, 1992). Routine yeast
techniques were performed as described by Guthrie and Fink (1991).
Yeast were cultured on selective minimal media: SD plus adenine and
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casamino acids for trp and ura selection; SC minus relevant amino acids
for selection of other markers (Guthrie and Fink, 1991). For induction
of the GAL] promoter, cells were transferred directly from 2% glucose
to 2% galactose-containing media. Two-step gene replacement was done
by selecting on ura- medium for integration of pIB8 linearized at codon
496 (the intron splits codon 425) followed by counterselection on
medium containing 5-fluoro-orotic acid. Construction of the cDBP2 and
DBP2A strains was verified by Southern blotting.

Northern blotting and RNase protection
The Northern blots were probed with fragments corresponding to the
last 150 bp of the DBP2 open reading frame (Figure 3A) and the last
0.9 kb of the actin open reading frame (Figure 3B). DBP2 RNA
expression was quantitated by phosphorimager and normalized to actin.

RNase protection was performed as described (Promega Methods and
Applications Guide, 1991) using probes transcribed with T7 RNA
polymerase. The lacZ probe corresponds to lacZ codons 532-650 (lacZ
BpmI-SacI fragment). The actin probe corresponds to actin codons 85-
192 (actin BglI fragment). The DBP2 probe corresponds to the last 180
nucleotides of the intron followed by DBP2 codons 425-497 (DBP2
EcoRI-BglII fragment). For Figure 9, total RNA was prepared from
mid-log phase cultures grown at 32°C. For Figure 10, total RNA was
prepared from cultures grown at 25°C to mid-log phase in glucose
minimal medium, pelleted, resuspended in galactose minimal medium,
split in two and then grown for 4 h at either 25 or 35°C.

Western bloffing
Cultures were grown to an OD6W of 0.8 and proteins were extracted as
described by Yaffe and Schatz (1984). Western blots were prepared as
described by Harlow and Lane (1988) and probed with KT3 (MacArthur
and Walter, 1984) or MaDl (Iggo et al., 1990) monoclonal antibodies
and horseradish peroxidase-conjugated secondary antibody (Figure 2B)
or alkaline phosphatase-conjugated secondary antibody. The MaD 1
antibody recognizes the DEAD motif in members of the p68 family and
related helicases including DEDI and DBPI in S.cerevisiae (unpub-
lished data).

fi-galactosidase assays
The ,B-galactosidase assays in Figures 7 and 8 were performed as
described by Miller (1972) using SDS/chloroform lysis, and activity was
normalized to cell number. Strains were grown at 32°C, counted with a
Coulter counter, and 5x 107 cells were incubated with o-nitrophenyl-,B-
D-galactopyranoside (ONPG) for 30 min at 28°C. Each value is the
mean of three assays. The assays were repeated at 25 and 35°C with
protein extracts, normalized to total protein level and found to give the
same results.
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