Downloaded from www.genesdev.org on June 18, 2006

\

g I]avelﬂllm“

The RNA polymerase Il subunit Rpb4p mediates decay of a specific
class of mMRNAs

Rona Lotan, Vicky Goler Bar-On, Liat Harel-Sharvit, Lea Duek, Daniel Melamed and Mordechai Choder

Genes & Dev. 2005 19: 3004-3016
Access the most recent version at doi:10.1101/gad.353205

Supplementary  "Supplemental Research Data"
data http://www.genesdev.org/cgi/content/full/19/24/3004/DC1

References This article cites 65 articles, 32 of which can be accessed free at:
http://www.genesdev.org/cgi/content/full/19/24/3004#References

Email alerting Receive free email alerts when new articles cite this article - sign up in the box at the
service top right corner of the article or click here

Notes

To subscribe to Genes and Development go to:
http://www.genesdev.org/subscriptions/

© 2005 Cold Spring Harbor Laboratory Press



http://www.genesdev.org/cgi/doi/10.1101/gad.353205
http://www.genesdev.org/cgi/content/full/19/24/3004/DC1
http://www.genesdev.org/cgi/content/full/19/24/3004#References
http://www.genesdev.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=genesdev;19/24/3004&return_type=article&return_url=http%3A%2F%2Fwww.genesdev.org%2Fcgi%2Freprint%2F19%2F24%2F3004.pdf
http://www.genesdev.org/subscriptions/
http://www.genesdev.org

Downloaded from www.genesdev.org on June 18, 2006

The RNA polymerase II subunit Rpb4p
mediates decay ot a specitic class

of mRNAs
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It is commonly appreciated that the mRNA level is determined by the balance between its synthetic and
decay kinetics. Yet, little is known about coordination between these distinct processes. A major pathway of
the eukaryotic mRNA decay initiates with shortening of the mRNA poly(A) tail (deadenylation), followed by
removal of the mRNA 5’ cap structure and its subsequent exonucleolytic degradation. Here we report that a
subunit of RNA polymerase II, Rpb4p, is required for the decay of a class of mRNAs whose products are
involved in protein synthesis. Cells lacking RPB4 are defective in the deadenylation and post-deadenylation
steps of representatives of this class of mRNAs. Moreover, Rpb4p interacts with both the mRNP and with
subunits of the mRNA decay complex Patl/Lsm1-7 that enhances decapping. Consistently, a portion of Rpb4p
is localized in P bodies, where mRNA decapping and degradation is executed, and mutations in RPB4 increase
the number of P bodies per cell. We propose that Rpb4p has a dual function in mRNA decay. It promotes or
enhances the deadenylation process of specific mRNAs and recruits Patl/Lsm1-7 to these mRNAs, thus
stimulating their decapping and further decay. In this way, Rpb4p might link the activity of the basal
transcription apparatus with that of the mRNA decay machinery.
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Gene expression is a complex process that involves sev-
eral distinct stages, each of which is subject to tight con-
trols. Previous works from many laboratories revealed
that the regulation of the various stages is coordinated or
“coupled”. Thus, each stage can be regarded as a subdi-
vision of a continuous gene expression process. Coupling
between mRNA synthesis and its export (Vinciguerra
and Stutz 2004) and between translation and mRNA deg-
radation (Jacobson and Peltz 1996; Schwartz and Parker
1999; Coller and Parker 2004; Wilusz and Wilusz 2004)
have been demonstrated in several laboratories. How-
ever, relatively little is known about the possible cou-
pling between transcription in the nucleus and mRNA
degradation in the cytoplasm.

mRNA turnover is an essential and well-controlled
component of the gene expression process. The half-lives
of yeast mRNAs vary substantially, from 3 min to >100
min (e.g., see Wang et al. 2002; Grigull et al. 2004). How-
ever, the degradation rates within a group of mRNAs are
sometimes found to be alike. Examples of mRNA groups
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are mRNAs encoding proteins that constitute common
complexes and mRNAs encoding proteins that have
overlapping cellular roles (Wang et al. 2002). Moreover,
mRNAs encoding functionally related proteins exhibit a
similar degradation profile in response to environmental
signals (Garcia-Martinez et al. 2004; Grigull et al. 2004).
These observations highlight the significant influence of
mRNA decay on regulation of gene expression and raised
the concept of “decay regulons” (Garcia-Martinez et al.
2004). One prominent decay regulon in yeast consists
of mRNAs encoding ribosomal proteins (RP-mRNAs)
(Wang et al. 2002; Garcia-Martinez et al. 2004; Grigull et
al. 2004).

In yeast, a major pathway of mRNA degradation ini-
tiates with deadenylation of the mRNA poly(A) tail
whose full length in yeast is usually 60-80 bases (Brown
and Sachs 1998; Mangus et al. 2003). When the length of
the poly(A) tail reaches 10-12 bases or less, the mRNA 5’
cap [m(7)GpppN] is removed (Decker and Parker 1993)
followed by an exonucleolytic digestion of the unpro-
tected RNA. Deadenylation is carried out by Pan2p/
Pan3p and the Ccrdp/Caflp poly(A) nuclease complexes
(Tucker et al. 2001, 2002), while decapping by Dcplp/
Dcp2p (Parker and Song 2004). Decapping is probably a
point of no return in the degradation process, as it ex-
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poses the 5" end of the mRNA to the major 5'-to-3" exo-
nuclease, Xrnlp, and facilitates its activity. Several pro-
teins regulate the decapping process, including Patlp.
Patlp is considered to be the first decay factor recruited
to mRNA, at a time when the mRNA is still associated
with translation factors (Tharun and Parker 2001). Sub-
sequently, Patlp recruits the hepta-heterodimer Lsm1-7
complex (Coller and Parker 2004). Lsm1-7 complex and
its associated factors are important for efficient decap-
ping, probably due to their influence on RNP architec-
ture and on accessibility of the cap structure (Coller and
Parker 2004) and possibly by their direct effect on Dcpl/
Dcp2 activity (Zhang et al. 1999). It is still unclear how
the degradation factors are recruited to mRNA and what
controls this recruitment. In particular, it is not clear
how Patlp is recruited to the mRNA.

Recently, it was discovered that mRNA decay inter-
mediates are found in specific yeast cytoplasmic foci,
termed P bodies (Sheth and Parker 2003; Teixeira et al.
2005). These foci also accommodate proteins involved in
mRNA decapping and 5’-to-3' exonucleolytic degrada-
tion (Sheth and Parker 2003). Hence, P bodies likely rep-
resent sites wherein mRNAs are decapped and degraded.
Analogous structures have been observed in mammalian
cells, suggesting that P bodies are required for a con-
served mechanism (Bashkirov et al. 1997; Ingelfinger et
al. 2002; Lykke-Andersen 2002; van Dijk et al. 2002).

The decay rates of mRNA are affected by a variety of
stimuli, including hormones (Ross 1996), starvation
(Jona et al. 2000; Yin et al. 2003; Garcia-Martinez et al.
2004), cell cycle progression (Morris et al. 1991), and cell
differentiation (Jack and Wabl 1988). Nevertheless, we
have begun to appreciate only recently that some degra-
dation factors might have a selective role in the decay
program in that they act only on a subset of mRNAs
(Badis et al. 2004; Grigull et al. 2004). In particular, the
degradation of mRNAs encoding ribosomal proteins (RP)
and ribosomal biogenesis regulons (Ribi) seems to be me-
diated by specific factors. For example, the decay factor
Cecrdp contributes to the degradation of this group of
mRNAs more than it does to other mRNAs (Grigull et
al. 2004). Interestingly, Ccrdp is also a transcription fac-
tor (Collart 2003).

The RNA polymerase II (pol II) is composed of 12 sub-
units (termed Rpblp-Rpb12p) (Young 1991). Crystal
structures of the 12 subunits of the yeast pol I have been
resolved recently (Armache et al. 2003; Bushnell and
Kornberg 2003). The structures reveal that the 12-sub-
unit enzyme consists of two distinct parts. The first is a
10-subunit core that constitutes the bulk of the pol II
structure and includes the catalytic active site. The
second part is a two-subunit heterodimeric complex
composed of Rpb4p and Rpb7p (for a recent review, see
Choder 2004). The 10-subunit core structure has been
studied intensively, whereas Rpb4/7 has received less
attention.

Rpb7p is an essential protein (like most pol IT subunits)
(McKune et al. 1993; Mitsuzawa et al. 2003). Rpb4p is
essential for transcription only under some adverse con-
ditions, but is dispensable under optimal environmental
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conditions (Woychik and Young 1989; Choder and
Young 1993; Khazak et al. 1995; Sheffer et al. 1999; Tan
et al. 2000; Miyao et al. 2001; Farago et al. 2003). Rpb4p
is present in excess over Rpb7p, suggesting that the
former might carry out some of its functions indepen-
dently of the latter (Choder 2004). Previously, we found
that Rpb4p is required for mRNA export to the cyto-
plasm (Farago et al. 2003).

Here we report two novel functions of Rpb4p in
mRNA decay. The effect of Rpb4p on mRNA turnover is
specific to mRNAs whose products are involved in pro-
tein synthesis. Our observations implicate Rpb4p as a
factor that couples and possibly coordinates between the
nuclear and cytoplasmic stages of gene expression, but
that influences only a subset of mRNAs.

Results

Rpbdp is required specifically for the decay of mRNAs
encoding ribosomal proteins and translation factors

We have demonstrated previously that Rpb4p can be
found both in the nucleus and in the cytoplasm (Farago
et al. 2003). The presence of Rpb4p in the cytoplasm
raised the possibility that Rpb4p has a function also in
this compartment. To investigate this possibility, we
employed a two-hybrid approach to determine whether
Rpb4p interacts with cytoplasmic factor(s). We found
that Rpb4p interacts with the mRNA decay factor Patlp
(data will be presented later in Fig. 8, below), suggesting
that Rpb4p may be involved in mRNA decay. To test
directly whether Rpb4p influences mRNA turnover, we
examined mRNA decay kinetics in wild-type cells and in
cells lacking RPB4 (rpb4A) at both 24°C and 37°C. These
temperatures were chosen since, at 24°C, Rpb4p is dis-
pensable for viability, while at 37°C, Rpb4p is essential
for transcription and for mRNA transport (Choder 2004).
We blocked transcription using 1, 10 phenanthroline and
mRNA degradation was determined thereafter. Phenan-
throline was selected because it permits us to perform
the experiment at various temperatures and analyze
many different mRNAs simultaneously. The effect of
this drug was recently assessed by systematic and thor-
ough whole genome analyses. Degradation kinetic re-
sults obtained with 1, 10 phenanthrolin, thiolutin, and
6-azauracil correlated very closely to each other (Grigull
et al. 2004), in spite of their different modes of action. In
each of our experiments the drug was added while cells
proliferated at 24°C, when most mRNAs of both wild-
type and rpb4A cells were in the cytoplasm (Farago et al.
2003). In experiments where we were determining deg-
radation kinetics at 37°C, the cells were shifted to this
high temperature after drug administration. This experi-
mental design allowed us to follow specifically the deg-
radation kinetics of the cytoplasmic mRNAs.

The degradation kinetics of RPL25 and NSR1 mRNAs,
encoding RP and Ribi proteins, respectively, were fast in
wild-type cells at 24°C (Fig. 1A). The relatively short
half-life of these mRNAs is consistent with published
data (Herruer et al. 1988; Wang et al. 2002) and is a fea-
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Figure 1. Rpbd4p is required for efficient decay of RPL25 and
NSRI mRNAs at both 24°C and 37°C. Wild-type (WT) strain
(SUB62) and its isogenic rpb4A derivative (MC11-1) were prolif-
erated at 24°C until mid-logarithmic phase. Transcription was
then blocked by 1, 10 phenanthroline and the cell culture was
then incubated at either 24°C (A) or 37°C (B). Decay kinetics
was then determined by monitoring mRNA levels at the indi-
cated time points post-drug treatment, using Northern analysis
(as detailed in Materials and Methods). The filter was reacted
sequentially with the probes that are indicated at the left in A.
rRNA (18S) is shown to demonstrate equal loading. Decreased
kinetics of mRNA level was determined by Phosphorlmager.
Band intensity at time O (before adding the drug) was defined as
1 and the intensities at the other time points were calculated
relative to time 0. Results were plotted as a function of time
post-drug addition. This analysis was used to determine half-
lives (designated T14). The upper panels show the results of
RPL25 mRNA decay kinetics.

ture of most RP and Ribi-mRNAs (Wang et al. 2002;
Grigull et al. 2004). In contrast, in isogenic cells lacking
RPB4, degradation of these mRNAs was carried out five-
to sevenfold more slowly. These results indicate that
Rpb4p is required (directly or indirectly) for the degrada-
tion of RPL25 and NSR1 mRNAs at 24°C. When wild-
type cells were treated with the drug and then shifted to
37°C, the half-life of these mRNAs became shorter and
degradation was more complete (Fig. 1B). We suspect
that enhanced degradation of these mRNAs is a reflec-
tion and significant component of the more general re-
sponse to heat shock (HS), when expression of RP and
Ribi genes is repressed rigorously at both transcriptional
and mRNA decay levels (Herruer et al. 1988; Eisen et al.
1998; Gasch and Werner-Washburne 2002). In rpb4A
cells at 37°C, degradation of RPL25 and NSR1 mRNAs
was considerably slower (~10-fold). Thus, we found that
the role of Rpb4p in mRNA degradation is evident at
both 24°C and 37°C (Fig. 1A,B). The observation that
Rpb4p functions at a moderate temperature is unex-
pected considering that its other roles in transcription
and in mRNA transport are apparent only under stress
(Choder 2004). Nevertheless, we note that the effect of
RPB4 deletion upon mRNA stability is more pronounced
at 37°C than it is at 24°C.

We examined also the decay of TIF1 and YEF3 mRNAs,
encoding translation factors, and found it to be depen-
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dent on Rpb4p, like the decay of RPL36A mRNA encod-
ing RP (Fig. 2A). In contrast, little or no differences in the
decay kinetics of MFA2, ACT1, and TDH3 mRNAs were
observed between wild-type and rpb4A cells (Fig. 2A,B).
Therefore, we conclude that the Rpb4p role in mRNA
decay is not general for all mRNAs. Based on our results
and microarray results of other investigators, we argue
that Rpb4p is required for the decay of classes of mRNAs
whose products are involved in protein synthesis, desig-
nated collectively as PBF (Protein Biosynthetic Factors)
(see Discussion).

During transcription, Rpb4p functions within the con-
text of Rpb4/7. We have reported previously that Rpb7p
interacts with pol II and can function in transcription
independently of Rpb4p (Sheffer et al. 1999). Thus, al-
though Rpb4p enhances substantially the interaction of
pol IT with Rpb7p, the absence of RPB4 can be overcome
by overexpressing RPB7. Indeed, the temperature sensi-
tivity of rpb4A cells can be suppressed partially by RPB7
overexpression, whereby transcription is recovered par-
tially during temperature stress (especially during mild
temperature stress) (see also Fig. 4, below; Sheffer et al.
1999; Tan et al. 2000). To examine whether there is a
similar functional relationship between Rpb4p and
Rpb7p in mRNA decay, we overexpressed RPB7 in rpb4A
cells and followed the decay rate of several mRNAs. As
expected, overexpression of RPB7 in rpb4A cells en-
hanced transcription of RPL25 and also, slightly, RPL28
prior to the drug addition (Fig. 3, cf. lanes 15 and 8; Shef-
fer et al. 1999). Surprisingly, overexpression of RPB7 did
not improve the defective degradation kinetics of RPL25
and RPL28 mRNAs (Fig. 3) or YEF3 and RPL36A mRNAs
(results not shown) in these mutant cells. As expected,
overexpression of RPB7 also had no effect on the degra-
dation kinetics of MFA2, ACT1, and TDH3 mRNAs (re-
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Figure 2. Rpb4p’s role in the mRNA decay pathway is specific.
(A) Degradation kinetics was determined in wild-type (WT) and
rpb4A strains as in Figure 1 (37°C). The filter was hybridized
sequentially to the indicated probes. Half-lives were determined
as in Figure 1, and the ratios between TV2 of the mutant and that
of the wild-type [T% (m)/TY (WT)] are indicated on the right.
rRNA (18S) is shown to demonstrate equal loading. Note that
the identical decay kinetics of MFA2, ACT1, and TDH3 mRNAs
can serve also as an internal control for equal loading. (B) Decay
kinetics of ACT1 mRNA in the wild-type (diamonds)and in
rpb4A (squares) were determined as in Figure 1.
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Figure 3. Overexpression of RPB7 does not change the defec-
tive decay kinetics of RPL25 and RPL28 mRNAs in rpb4A cells.
Degradation kinetics in three isogenic strains (seec Materials and
Methods) was determined as in Figure 1. The absence of a gene
(=), the presence of one copy of a gene (+), and the overexpression
of a gene (+++) are indicated.

sults not shown). Thus, unlike its function in transcrip-
tion, the activity of Rpb4p in mRNA degradation is not
merely to facilitate Rpb7p function. These results, how-
ever, do not rule out the possibility that Rpb7p is in-
volved in mRNA decay.

We demonstrated the involvement of Rpb4p in mRNA
degradation by another method that does not involve
drugs. We took advantage of the normal transcriptional
repression of RP genes that occurs in response to HS
(Herruer et al. 1988; Eisen et al. 1998; Gasch and Werner-
Washburne 2002). Indeed, 20 min after shifting the tem-
perature of wild-type cells to 39°C, the RPL25 and
RPS8B mRNAs became barely detectable due to both
transcriptional repression of RPL25 and RPS8B and rapid
degradation of their mRNAs (Fig. 4, cf. lanes 2 and 1). At
later times during HS, transcription of RPL25 and RPS8B
resumed (Herruer et al. 1988; Eisen et al. 1998; Warner
1999), and we observed that the levels of their mRNAs
returned to their prior HS levels (Fig. 4, lane 3). In con-
trast, in rpb4A cells the levels of RPL25 and RPS8B
mRNAs decreased only marginally after 20 min of HS
(Fig. 4, cf. lanes 4 and 5), in spite of the robust transcrip-
tion block that has been demonstrated to occur in these
cells in response to HS (Choder and Young 1993; Rosen-
heck and Choder 1998; Sheffer et al. 1999; Miyao et al.
2001; Pillai et al. 2003). In rpb4A cells, there is no re-
sumption of transcription after HS due to the lack of
Rpb4p. Since we did observe a late decrease in the levels
of RPL25 and RPS8B mRNAs 100 min after shifting up
temperature (Fig. 4, lane 6), we can infer that transcrip-
tional inhibition of these genes was in fact occurring, it
was just not visible earlier due to the stability of RPL25
and RPS8B mRNAs. These aberrant mRNA decay kinet-
ics due to the absence of Rpb4p are similar to those ob-
served using our other experimental method (Figs. 1-3).
ACT1 and RPB7, whose transcripts are shown in Figure
4, served as non-PBF controls whose transcription in the
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wild type is little affected by this HS, and their mRNAs
are either relatively stable (ACTI) or unstable (RPB7)
(Wang et al. 2002; Grigull et al. 2004). Also, monitoring
the level of the unstable RPB7 mRNA is useful, as its
reduction at 20 min after temperature shift demonstrates
that transcription in rpb4A strains was indeed blocked
during HS at this time (Fig. 4, cf. lanes 4 and 5 or 7 and
8). Overexpression of RPB7 did not enhance the slow
decay kinetics of RPL25 and RPS8B mRNAs (Fig. 4, lanes
7,8), consistent with the results discussed earlier (Fig. 3).
Note that overexpressing RPB7 partially suppressed the
transcriptional defect of rpb4A cells, as previously re-
ported (Maillet et al. 1999; Sheffer et al. 1999; Tan et al.
2000). This can be observed at a later time during the HS
when transcription of RP genes is expected to resume
(Fig. 4, cf. lanes 9 and 6). Figure 4 demonstrates that
Rpb4p is required for the rapid degradation of RPL25 and
RPS8B mRNAs that occurs naturally during HS, consis-
tent with the results obtained after blocking transcrip-
tion using a chemical (Figs. 1-3).

Rpb4 is required for efficient execution
of the deadenylation and post-deadenylation
steps that mediate the decay of PBF mRNAs

To examine what steps in PBF mRNAs turnover are
stimulated by Rpb4p, we compared the deadenylation
kinetics in the wild type with that in rpb4A cells. To
examine the deadenylation kinetics, we blocked tran-
scription of nonstress genes by shifting cells to heat
shock (see Fig. 4) and analyzed the RNA, purified at vari-
ous time points thereafter, by polyacrylamide electro-
phoresis Northern technique (Sachs and Davis 1989). We
chose to analyze RPL29 mRNA (Fig. 5A) because it is
among the shortest PBF mRNAs (~320-380 bases long)
so that differences in its poly(A) tail can easily be de-
tected in this gel system. Three distinct observations can
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Figure 4. Rpbdp’s role in mRNA decay is displayed after ex-
posing cells to heat shock. Cells of the indicated strains (see
Materials and Methods) were allowed to proliferate in galactose-
containing medium (to permit overexpression of pGALIp-
RPB7) at 24°C until mid-logarithmic phase. Cell aliquots were
taken for time 0 and then the cultures were shifted to 39°C. Cell
samples were harvested at the indicated time points after the
shift. Northern analysis was done as in Figure 1. The absence of
a gene (-, the presence of one copy of a gene (+), and the over-
expression of a gene (+++) are indicated.
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Figure 5. Rpb4p is required for efficient deadenylation and sub-
sequent decay of RPL29 mRNA, but not of MFA2 mRNA. Cells
of the indicated strains were allowed to proliferate at 24°C until
mid-logarithmic phase. Cell aliquots were taken for time 0 and
then the culture was shifted rapidly to 42°C to arrest transcrip-
tion of PBF genes. (A) Cell samples were harvested at the indi-
cated time points after the shift and their RNA were analyzed
by the polyacylamide Northern technique (see Materials and
Methods) and probed first with RPL29. (B) The membrane was
then stripped off the first probe and hybridized with MFA2
probe. Lane “A(A),” shows the position of fully deadenylated
RNA. This RNA was obtained by hybridizing the RNA sample
of time point 0 with oligo(dT) followed by digestion of the
poly(A) tail by RNase H. Positions of single-stranded DNA size
marker are indicated at the right.

be made from the data shown in Figure 5A. First, the
decay kinetics of RPL29 mRNA is fast in the wild-type
cells and slow in the mutant cells. Second, the dead-
enylation kinetics is fast in the wild-type and slow in the
mutant cells. Specifically, following transcription shut-
off, the poly(A) of the RPL29 mRNA was degraded rap-
idly in the wild-type cells, and complete deadenylation
was observed by 15 min (Fig. 5A, lane 3). In contrast, the
deadenylation kinetics in the mutant cells was relatively
slow, as complete deadenylation was observed only by
45 min (Fig. 5A, lane 13). We conclude that Rpbdp is
involved in the rapid deadenylation of RPL29 mRNA.
Similar results were observed when RPL25 was probed
(results not shown).

The third important observation is that following the
deadenylation step, the decay kinetics in the mutant
cells was slower than it was in the wild-type cells. Spe-
cifically, in the wild-type cells, RPL29 mRNA was com-
pletely degraded within 10 min after its complete dead-
enylation (Fig. 5A, cf. lanes 4 and 3). In contrast, in the
mutant, even 25 min were not sufficient to degrade all
the deadenylated mRNAs (Fig. 5A, cf. lanes 14 and 13).
For comparison, we note that 25 min were sufficient for
the wild-type cell to both deadenylate and degrade all
RPL29 mRNA molecules (Fig. 5, lanes 1-4). Similar re-
sults were observed when RPL25 was probed (results not
shown). We conclude that Rpb4p is required for efficient
degradation of RPL29 mRNA after the deadenylation
step.

Interestingly, similar results were obtained when the
wild-type cells were compared with cells that carry
rpb4-26. This allele of RPB4 carries a single mutation,
L180P. Its product was originally identified as one that is
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defective in supporting transcription (Farago et al. 2003).
We now discovered that this mutant is also defective
in supporting efficient deadenylation and decay of PBF
mRNAs (see Supplementary Fig. S1).

In contrast with the decay pattern of the PBF mRNA,
RPL29 mRNA, the decay pattern of a non-PBF mRNA,
MFA2 mRNA, is similar in both wild-type and rpb4A
cells (Fig. 5B). Thus, both the deadenylation and the de-
cay rates are similar in both strains. We conclude that
Rpb4 is not involved in the decay pathway of MFA2
mRNA, consistent with the Northern results shown in
Figure 2.

Taken together, Rpb4 seems to carry a dual function in
the decay of RPL29 and RPL25 mRNAs, one in acceler-
ating deadenylation, and one in a post-deadenylation
step—most likely decapping (see Discussion). Conse-
quently, the decay kinetics of these mRNAs in cells car-
rying either a deletion of RPB4 (Fig. 5) or a mutation in
RPB4 (Supplementary Fig. S1) is substantially slower
than it is in the wild-type cells.

Rpb4A cells are not defective in nonsense-mediated
decay

Most mRNAs in Saccharomyces cerevisiae do not con-
tain introns. RP mRNAs, whose decay is dependent on
Rpb4p, are exceptional in this regard. In most cases the
introns are spliced out of the RP mRNAs. However, in
some cases, inefficient splicing introduces deleterious
pretermination codons. These unspliced mRNAs are rec-
ognized and destroyed by the nonsense-mediated decay
(NMD) machinery (Wilusz et al. 2001). A known NMD
substrate is the RPL28 (known also as CYH2) pre-
mRNA, which is inefficiently spliced and its intron con-
tains a stop codon upstream of the major one. This pre-
termination stop codon is recognized by the NMD ma-
chinery (He et al. 1993; Kshirsagar and Parker 2004).
Since we report here a novel role for Rpb4p in the decay
of intron-containing RP mRNAs, including RPL28
mRNA (Fig. 3), we asked if it also plays a role in NMD.
To determine if Rpb4p affects NMD, the levels of the
RPL28 pre-mRNA in rpb4A and wild-type strains were
analyzed. Examination of RPL28 mRNA at steady state
reveals that deletion of RPB4 does not lead to increased
levels of pre-RPL28 mRNA (Fig. 6). These results suggest
that Rpb4p does not play a significant role in NMD.

Rpb4p is localized to the P bodies together with
mRNA degradation factors Lsm1p and Dcp2p
and is involved in P bodies function

The novel roles of Rpb4p in mRNA decay together with
the previous reports that Rpb4p is found both in the
nucleus and in the cytoplasm (Farago et al. 2003; Choder
2004) provoked us to examine whether Rpb4p is local-
ized to P bodies. To this end, we have utilized a plasmid
expressing GFP-Rpb4p fusion protein whose Rpb4p moi-
ety is fully functional (Farago et al. 2003). Wild-type cells
expressing this plasmid, in lieu of RPB4, displayed dis-
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Figure 6. Rpbdp is not essential for NMD. Two iogenic pairs
were harvested in mid-logarithmic growth phase and the steady-
state levels of their RPL28 (CHY2) mRNAs were analyzed by
Northern anaylsis as in Figure 1. The probe was specific for both
the intron and the coding region of RPL28, spanning positions
24-730 from ATG in the genomic sequence. Marked by arrows
are the positions of RPL28 pre-mRNA (unspliced) and the ma-
ture (spliced) mRNA in upfIA and its isogenic wild-type (WT)
strain (4741) (Ieft lanes) and rpb4A and its isogenic wild-type
strain (SUB62) (right lanes). The lane second from the right is
empty. EtBr stained 18S rRNA is shown at the bottom to dem-
onstrate that each isogenic pair was loaded equally.

crete foci of GFP-Rpb4p. These foci were observed very
rarely (<1%) in optimally proliferating cells. To deter-
mine if these foci represent P bodies, we transformed
these cells with red fluorescence protein (RFP)-tagged
LSM1 or RFP-tagged DCP2, whose product are constitu-
ents of P bodies (Sheth and Parker 2003; Kshirsagar and
Parker 2004; Teixeira et al. 2005). GFP-Rpb4p foci were
colocalized with Dcp2p-RFP foci, thus representing
genuine P bodies (Fig. 7A, “Optimal conditions”). Since
P bodies are better detected during starvation (see Dis-
cussion), we challenged the cells with starvation. In re-
sponse to starvation, more GFP-Rpb4p was found in the
cytoplasm, as reported previously (Farago et al. 2003),
and the number of GFP-Rpb4p containing P bodies in-
creased gradually (Fig. 7A, middle and lower panels).
Nevertheless, GFP-Rpb4p foci were still observed only in
a small fraction of the P bodies, even under starvation
(e.g., see Fig. 7A, middle panels), explaining why similar
foci were not observed previously (Farago et al. 2003). We
suspected that Rpb4p-containing P bodies are short-
lived, as PBF mRNA are short-lived, and can hardly be
detected in wild-type cells (see Discussion).

To slow down the decay of the PBF mRNAs and over-
come the poor visibility of Rpb4p-containing P bodies,
we utilized a mutant form of GFP-Rpb4p, GFP-Rpb4-
26p, that we have created previously (Farago et al. 2003).
Cells carrying GFP-Rpb4-26p were found to be defective
in deadenylation-dependent decay of PBF mRNAs, al-
most like rpb4A cells (Supplementary Fig. S1). Unlike
GFP-Rpb4p, GFP-Rpb4-26p-containing P bodies were
better visible and were found in high proportion of
starved cells (Fig. 7B). Thus, both GFP-Rpb4p and GFP-
Rpb4-26p are localized within P bodies, yet the latter
can be detected more easily.

Previously results from Parker’s group have indicated
that disruption of some P bodies’ components increase

Pol II subunit functions in mRNA decay

the number of visible P bodies per cell (Sheth and Parker
2003; Kshirsagar and Parker 2004; see Discussion). Fig-
ure 7C shows that, like disruption of other P bodies com-
ponents, deletion of RPB4 increased P bodies’ number.
Likewise, the number of P bodies per cell was higher in
cells carrying GFP-rpb4-26 in place of RPB4 than their
number in wild-type cells (e.g., Fig. 7, cf. A [middle pan-
els] and B). These results are consistent with the local-
ization of Rpb4p in P bodies and suggest that Rpb4p is
involved in P bodies’ function.

It was previously shown that trapping mRNAs in poly-
somes using the translation inhibitor cycloheximide in-
hibits the recruitment of mRNAs to P bodies, thus lead-
ing to loss of preexisting P bodies (Sheth and Parker
2003; Kshirsagar and Parker 2004). GFP-Rpb4-26p foci
responded like P bodies to cycloheximide treatment and
disappeared rapidly following drug administration (Fig.
7D). Together, our localization data shown in Figure 7
suggest a direct role for Rpb4p in the decay of specific
mRNAs as well as in P bodies’ function.

Rpb4p interacts with a component of the mRNP
export complex and with Patlp and with Lsm2p

As reported above, Rpb4p and Patlp form two-hybrid
interaction (see first section of the Results). To further
study the mechanism underlying Rpb4p function in the
decay pathway of PBF mRNAs, we first determined if
this two-hybrid interaction represents an in vivo physi-
cal interaction. We have utilized the tandem affinity pu-
rification (TAP) technique (Gavin et al. 2002) to immu-
noprecipitate the TAP-tagged Rpb4p. Patlp was pulled
down together with the tagged Rpb4p, demonstrating
that the two proteins are components of the same cellu-
lar complex (Fig. 8A, lane 4). Note that results of a den-
sitometric scanning indicated that ~85% of the Patlp
molecules were not pulled down by Rpb4-TAP (Fig. 8A,
lanes 1, 2), indicating that Rpb4p is associated with only
a small portion of Patlp (~15%). It is quite possible that
Patlp, like Rpb4p, is associated with various complexes
and only a small portion of them share both Rpb4p and
Patlp. We next determined whether RNA is a constitu-
ent of this complex by treating cellular extract with
RNase A prior to the immunoprecipitation (IP) experi-
ment. RNase A digestion weakened the Rpb4p-Patlp in-
teraction; nevertheless, it did not abolish it completely
(Fig. 8A, cf. lanes 4 and 5). The partial dependency of the
Rpb4p-Patlp interaction on RNA suggests that both
partners interact directly, while the RNA enhances the
interaction. It is possible that RNA binding by either
Rpb4p or Patlp enhances the protein’s ability to form a
complex with one another.

We have previously proposed that the capacity of
Rpb4p to promote mRNA export involves its ability to
interact with mRNA in the nucleus (Farago et al. 2003).
Npl3p is a known nuclear RNA-binding factor that is
recruited onto transcripts cotranscriptionally and is re-
quired for mRNA export (Lei et al. 2001). To determine
whether Rpb4p interacts with exported mRNA, we ex-
amined if Rpb4p-containing complexes include Npl3p.
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A GFP-Rpb4p B GFP-Rpb4-26p Lsmlp-RFP Merge

Dcp2p-RFP Merge

Optimal
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Figure 7. Rpb4p is colocalized to P bodies and affects the P bodies’ function. (A) Colocalization of Rpb4p with the P bodies’ marker.
Cells expressing the indicated tagged proteins were allowed to proliferate in selective medium at 24°C. (Upper panels) Cells in mid-log
phase were visualized by fluorescent microscopy at either the green (left) or the red (middle) channel. The right panels show the merge
generated by Adobe Photoshop. Cells were then shifted to starvation medium lacking any sugar and lacking amino acids for 4 h
(middle panels) or 24 h (lower panels). Arrows in the upper panels point at some GFP-Rpb4p containing foci, found rarely in optimally
growing cells or after 4 h of starvation. (B) Colocalization of Rpb4-26p with the P bodies’ markers. Cells expressing GFP-rpb4-26p, in
lieu of RPB4, and Lsm1p-RFP were allowed to proliferate until mid-log followed by 4 h starvation period, as in the middle panels in
A. Cells were visualized by fluorescence microscopy (upper panels) or by confocal microscopy (bottom panels). It is worth noting that
Rpb4-26-RFP, like GFP-Rpb4-26p, was localized in discrete foci (results not shown), indicating that this type of localization is not a
GFP-specific artifact. (C) RPB4 affects the P bodies’ number. Wild-type (WT) cells (YMC274) and their isogenic rpb4A derivatives
(YCM275), both expressing LSM1-RFP, were allowed to proliferate in a selective medium until early stationary phase (24 h post-diauxic
shift), before they were visualized by fluorescent microscopy to detect Lsm1p-RFP-containing P bodies. (D) Effect of cycloheximide on
GFP-Rpb4-containing foci. Cells expressing GFP-rpb4-26, in licu of RPB4, were allowed to proliferate in synthetic medium at 24°C.
When the culture approached mid-log, it was divided into two samples: one treated with 100 uM cycloheximide (CHX) and the other
with the drug vehicle (ethanol) (Cont.). Cells were incubated with the drug for 15 min at 24°C and then shifted to the starvation
medium lacking a carbon source and amino acids, which included the drug or the drug vehicle. GFP-Rpb4-26p localization was
determined 4 h later.

Indeed, we found that Rpb4p interacts with Npl3p in an
RNase A sensitive manner, indicating that both proteins
are constituents of the same RNP complex (Fig. 8A,
lanes 4,5). It is likely that Rpb4p interacts with mRNA
either directly or via another factor at some stage during
mRNA synthesis or export, thus supporting its export
(Farago et al. 2003). Results shown in Figure 8A provide
the first in vivo indication that Rpb4p is a constituent of
RNP.

Additional support for a physical interaction between
Rpb4p and Patlp was obtained by genetic means, taking
advantage of the temperature sensitivity of patIA cells
(Bonnerot et al. 2000). Indeed, patIA cells exhibited a
growth defect at 36°C; however, expression of a high-
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copy plasmid carrying RPB4 suppressed this growthde-
fect (Fig. 8B). This genetic interaction supports our
premise that Rpb4p and Patlp share similar function(s).
The physical and genetic interactions of these partners
further reinforce the view that Rpb4p plays a direct role
in mRNA decay.

To examine if Rpb4p interacts with mRNA decay fac-
tors other than Patlp, we carried out two-hybrid inter-
actions between RPB4 as the bait and, as prey, each of 20
genes whose products are known to be involved in the
mRNA decay pathway. Out of these 20 genes (listed in
the legend to Fig. 8C) only PATI and LSM2 showed
strong and reproducible interaction with RPB4 (Fig. 8C).
We propose that Rpb4p recruits Patlp to PBF mRNAs
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Figure 8. RPB4 interacts with PAT1 and LSM2. (A) Physical
interactions. (B) Genetic interactions. (C) Two-hybrid interac-
tions. (A) Coimmunoprecipitation of Rpb4 that was tagged with
“tandem affinity purification” (TAP) (Gavin et al. 2002) (desig-
nated Rpb4-TAP) and Patlp and Npl3p in the presence or ab-
sence of RNase A. Nucleoproteins were extracted from the
strain expressing either RPB3-TAP (as the control) or RPB4-TAP
under conditions that maintained intact RNAs (see Materials
and Methods). Immunoprecipitation with IgG sepharose was
done from the indicated extracts with or without prior RNase A
treatment (indicated above the lanes), and the various proteins
present in the extract (designated Ext) or in the flow-through
sample (designated FT) or in the immunoprecipitates were re-
vealed by Western analysis as described in Materials and Meth-
ods. Rpb4-TAP (Rpb4-TAP shown in lanes 1,2, or its product
released from the column by TEV protease digestion [Gavin et
al. 2002], shown in lanes 4,5) was detected by anti-TAP anti-
bodies (Open biosystem). These antibodies detected the Rpb3-
CBD in lane 1 (not shown). Rpb7p that is coimmunoprecipitated
with both Rpb4-TAP and Rpb3-TAP is shown to demonstrate
equal immunoprecipitation efficiencies. (B) High copy suppres-
sion of pat1A defect by RPB4. Isogenic strains wild-type (lane 1),
patlA (lane 2), or patlA + high-copy plasmid (pRS426 deriva-
tive) expressing RPB4 (lane 3) were spotted onto two plates in
fivefold serial dilutions. Cells were allowed to grow at either
24°C or 36°C, as indicated. (C) Two-hybrid interactions be-
tween RPB4 as the bait and genes whose products are involved
in mRNA decay as prey have been performed as described in
Materials and Methods. Only five of 20 genes tested are shown
as indicated around the plate. The other genes that did not ex-
hibit interactions with the RPB4-DBD and are not shown here
are LSM1, LSM4-LSM7, CCR4, NOT1, CAF1, PAN3, PAN?,
POP2, EDC1, EDC2, EDC3, PAB1. Equal amount of cells, car-
rying the indicated prey plasmids, were streaked onto an indi-
cator plate as described in Materials and Methods. We then
verified that the growth on the indicator plates was dependent
on both plasmids by evicting one plasmid at a time from each of
the positive clones (results not shown). Units of B-gal, a third
reporter of the two-hybrid interaction, were also determined by
liquid tests and yielded results that were consistent with the
growth phenotype (data not shown).

and also stabilizes the association of the Patl/Lsml-7
complex with these mRNAs, by virtue of its capacity to
interact both with the mRNAs, with Patlp, and with
Lsm2p.

The high copy suppression observed in Figure 8B sug-
gests that Rpb4p can recruit Lsm1-7 complex indepen-
dently of Patlp, possibly through its interaction with
Lsm2p. This possibility predicts that overexpression of
RPB4 would suppress partially the defective decay of PBF
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mRNAs that characterize pat1A cells. To examine this
possibility, we determined the decay kinetics of RPL29
in pat1A cells and found no apparent effect of RPB4 over-
expression (Supplementary Fig. S2). This result suggests
that Patl is essential for the capacity of Rpb4p to recruit
the Patl/Lsm1-7 complex. The mechanism underlying
the capacity of the overexpressed RPB4 to partially sup-
press the growth defect of patIA cells remains to be de-
termined.

Discussion

A novel role for Rpb4p in the decay pathway
of mRNAs in the cytoplasm

We have discovered two novel roles for Rpb4p in the
decay pathway of specific classes of mRNAs. Effect of
Rpb4 on mRNA half lives was determined by two inde-
pendent assays, one involving a drug and one that in-
volves no drug. We have thus found the Rpb4p is re-
quired for efficient deadenylation of PBF mRNAs and
most likely also for their efficient decapping. Not only is
Rpb4 required for the normal deadenylation-dependent
decay of these mRNAg, it is also a constituent of the P
bodies. Moreover, defects in Rpb4p increase the number
of P bodies, much like defects in other known mRNA
decay factors (Sheth and Parker 2003; Kshirsagar and
Parker 2004). In additions, Rpb4 interacts both physi-
cally and genetically with components of the Patl/
Lsm1-7 complex. Taken together, these observations in-
dicate a direct role of Rpb4p in the decay of PBF mRNAs.
As Rpb4p is required for mRNA transport (Farago et al.
2003), it might be possible that cells lacking RPB4 fail to
degrade mRNAs because they are retained in their nu-
clei. However, we argue that Rpb4p is involved expressly
in the cytoplasmic decay pathway for the following rea-
sons. First, rpb4A cells are not defective in transport un-
der optimal proliferation conditions at mild tempera-
tures (Farago et al. 2003), yet under these conditions they
are defective in mRNA degradation (e.g., Fig. 1A). Sec-
ond, Rpb4p is involved in the deadenylation-dependent
decay pathway that is carried out in the cytoplasm (Col-
ler and Parker 2004). Third, Rpb4p is found in the cyto-
plasmic P bodies, where mRNA decapping and its deg-
radation is carried out (Fig. 7). Moreover, rpb4A cells ex-
hibit abnormally high levels of P bodies, indicative of
defective cytoplasmic degradation. Fourth, the interac-
tion of Rpb4p with Patlp that is involved in the cyto-
plasmic decay pathway (Coller and Parker 2004) is con-
sistent with a role for Rpb4p in the cytoplasmic path-
way.

Rpbdp is required specifically for decay of mRNASs
encoding protein biosynthetic factors

In light of our results, we propose that the involvement
of Rpb4p in mRNA decay is specific to classes of mRNAs
that encode functionally related proteins. We have found
that the normal decay kinetics of several classes of
mRNAs is dependent on Rpb4: (1) mRNAs encoding
RP—RPL25 mRNA (Figs. 1, 3, 4; Supplementary Fig. S1),
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RPL36A mRNA (Fig. 2), RPSSB mRNA (Fig. 4), RPL28
(CYH2) mRNA (Figs. 3, 6), and RPL29 (Fig. 5; Supple-
mentary Fig, S1); (2) mRNA encoding a Ribi protein—
NSR1 mRNA (Fig. 1); and (3) mRNAs encoding transla-
tion factors—TIF1 mRNAs (Fig. 2) and YEF3 (Fig. 2;
Supplementary Fig. S1).

A whole genome analysis from Sadhale’s group has
revealed previously that, after 30 min of HS, the levels of
the vast majority of the mRNAs are lower in rpb4A cells
than they are in the wild-type cells (Pillai et al. 2003).
These results are consistent with a general role of Rpb4
in transcription during HS. Unexpectedly, however, the
levels of PBF mRNAs were found to be higher in rpb4A
cells than they are in the wild-type cells (Fig. 4 shows a
similar approach in a small scale, with similar results;
Pillai et al. 2003). Specifically, the mRNAs affected were
those that code for 97 ribosomal proteins, translation
initiation factors, aminoacyl tRNA synthetases, and Ribi
proteins. These observations were unexpected and non-
interpretable at that time, because under HS the tran-
scription in the mutant cells is blocked (Choder 2004).
The mRNAs whose decay kinetics we found to be de-
pendent on Rpb4 belong to these classes. We now view
the microarray results as being consistent with a role for
Rpb4p in the decay of all these mRNAs, supporting a
general role for Rpb4p in the decay of these specific
classes of mRNAs, which we have designated PBF.

A dual role for Rpb4 in the decay of PBF mRNAs

Our results indicate that Rpb4p has at least two func-
tions in the decay of PBF mRNAs. It promotes or en-
hances the deadenylation step and it is required for the
post-deadenylation step (Fig. 5; Supplementary Fig. S1B).
We argue that the second step is decapping based on the
observations that Rpb4p interacts and probably recruits
the Patl/Lsm1-7 complex that stimulates decapping and
it is localized in P bodies, where decapping is carried out.
Detailed mechanistic understanding of how Rpb4p me-
diates these two processes remains to be deciphered. It is
worth noting that our two-hybrid experiment failed to
detect interactions between Rpb4p and most known de-
cay factors except for Patlp and Lsm2p (see Fig. 8C).
Although a role for Rpb4p in decapping is very likely, we
do not rule out the possibility that the post-deadenyla-
tion step involves other activities such as mRNA re-
cruitment to the P bodies or stimulation of the exonucle-
ase(s) that digest(s) the PBF mRNAs.

The dual role of Rpb4p in mRNA decay indicates that
this protein plays a key role in PBF mRNAs turnover by
possibly linking the deadenylation and decapping stages.
This explains why deletion of RPB4, or even a point mu-
tation in this gene, had such a deleterious effect on the
decay kinetics of the PBF mRNAs (Figs. 1-5; Supplemen-
tary Fig. S1). Although these two stages are traditionally
regarded as distinct processes, as each of them is medi-
ated by different factors, there are reports on factors that
participate in both steps. For example, Puf3p is required
for the decay of a distinct group of genes at both the
deadenylation and decapping levels (Olivas and Parker

3012 GENES & DEVELOPMENT

2000). Detailed understanding of this possible linking
mechanism(s) awaits future studies.

Possible Rpbdp-mediated coupling of transcription
and mRNA decay: a cost-effective mechanism
to regulate mRNA levels

Rpb4p is an integral and essential constituent of pol II
(Choder 2004). Our results reveal, for the first time, the
involvement of a component of the general transcription
apparatus in mRNA decay. As the function of Rpb4p in
mRNA decay seems to be specific to PBF mRNAgs, it is
quite possible that Rpb4p is involved in determining the
abundance of these mRNAs both at the level of their
synthesis and at the level of their decay (see below). PBF
gene expression has unique features. First, expression of
these genes is involved in the regulation of cell growth
and division (Dez and Tollervey 2004). Second, although
these genes constitute a small fraction of the yeast ~6000
genes, ~50% of the total pol II transcription complexes
are devoted to their transcription (Warner 1999). Conse-
quently, expression of PBF genes imposes a substantial
energetic burden on the cells, which can be afforded only
under favorable environmental conditions. Therefore,
expression of these genes is extremely sensitive to envi-
ronmental signals (Eisen et al. 1998; Gasch and Werner-
Washburne 2002; Yin et al. 2003; Garcia-Martinez et al.
2004), and is controlled by various signaling pathways
(see Martin et al. 2004 and references therein). Under
favorable conditions, these genes are both highly tran-
scribed and their mRNAs have very short half-lives
(Warner et al. 2001; Wang et al. 2002; Grigull et al. 2004).
This is a costly mechanism for maintaining mRNA lev-
els, but it has the advantageous capacity to respond rap-
idly to changes in the environment. This costly regula-
tion of expression requires tight coordination between
transcription and mRNA decay, as uncontrolled change
in one process can have a profound and deleterious effect
on mRNA levels. Indeed, as expected, both transcription
of PBF genes and the decay of their mRNAs are each
regulated in response to environmental conditions. Re-
markably, the balance between transcription and mRNA
decay appears to vary according to the environmental
conditions. For example, in response to HS, the tran-
scription of RP genes is repressed while their degradation
is carried out efficiently (see Figs. 1, 4, 5; Supplementary
Fig. S1; Herruer et al. 1988; Li et al. 1999; Garcia-Mar-
tinez et al. 2004; Grigull et al. 2004). In contrast, in re-
sponse to glucose deprivation, both the synthesis and
decay of RP mRNAs are repressed (Jona et al. 2000; Gar-
cia-Martinez et al. 2004). The former regulatory response
leads to a rapid decline in the expression of these genes,
whereas the latter preserves precious energy on the one
hand while maintaining high levels of mRNAs on the
other hand, ready to be utilized when famine is broken (a
general strategy for starved yeast) (see discussion in Jona
et al. 2000). Considering these and other scenarios, the
advantage of having factors that coordinate between
transcription of PBF genes and their mRNA decay in re-
sponse to environmental signals is obvious.
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Since we can demonstrate a requirement for Rpb4p in
degradation of PBF mRNAs, the observation that the
steady-state abundance of these mRNAs at moderate
temperatures is not higher in rpb4A cells than it is in the
wild-type cells is surprising (see Figs, 1-5; see also Miyao
et al. 2001; Pillai et al. 2003). Other investigators have
found also that despite defective mRNA decay in certain
mutant strains, steady-state levels of classes of PBF
mRNAs are unaltered. For example, the steady-state
levels of Ribi mRNAs in some decay mutants, e.g., ccr4,
pan2, and pufd, are largely unchanged (Grigull et al.
2004). Grigull et al. suggest that, in these mutants, the
synthesis of the Ribi mRNAs is down-regulated to com-
pensate for their increased stability. It seems likely that
yeast cells have evolved a feedback mechanism that
monitors the levels of the PBF mRNAs and coordinates
between transcription and decay mechanisms. In light of
these observations and ours, it is quite possible that tran-
scription of PBF genes is down-regulated in rpb4A cells,
even at moderate temperatures when transcription of
other genes is little dependent on Rpb4p. We further pro-
pose that Rpb4p is in good cellular and molecular posi-
tions to be involved in the putative feedback mechanism
that coordinates PBF transcription and mRNA decay. In-
terestingly, although overexpressing RPB7 does not re-
store the defective decay of PBF mRNAs in rpb4A cells,
it does enhance their transcription (Sheffer et al. 1999). It
is possible, then, that the Rpb4/7 heterodimer, rather
than Rpb4p alone, is involved in the coordination be-
tween transcription of PBF genes and decay of their tran-
scripts. The relatively small effect of RPB7 overexpres-
sion on the steady-state level of PBF mRNAs during pro-
liferation at moderate temperatures (~20%) suggests that
the heterodimer functions within a larger context of
regulatory network that together controls PBF mRNAs
levels.

Rpb4p functions in transcription and mRNA export
are prominent only under stress conditions (Choder
2004); however, the Rpb4p role in mRNA decay is evi-
dent under both optimal conditions and stressful condi-
tions (HS) (Fig. 1). Nevertheless, we hypothesize that
under optimal growth conditions Rpb4p does not serve
as a key coordinator between transcription and decay,
since, as discussed above, the steady-state levels of PBF
mRNAs are close to normal in rpb4A cells (see 0 time
points in Figs. 1-5; Pillai et al. 2003). However, during
stress, when Rpb4 is essential for viability (Choder
2004), Rpb4p might have a more pivotal role in this pu-
tative coordination process, as suggested by the uncon-
trolled levels of PBF mRNAs in rpb4A cells during HS
(Figs. 4, 5; Supplementary Fig. S1; Pillai et al. 2003).

Functional implications of the interactions of Rpbdp
with Patlp

Patlp, whose biochemical properties are not well under-
stood, is a component of the Patl/Lsm1-7 complex func-
tions in mRNA decapping and decay (Zhang et al. 1999;
Bonnerot et al. 2000; Tharun et al. 2000). Patlp is found
associated with mRNAs that carry the translation fac-
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tors Pablp, elF4E, and eIF4G (Tharun and Parker 2001),
strongly suggesting that it is recruited to the mRNA dur-
ing or before translation. Patlp, in turn, probably recruits
Lsm1-7 by a mechanism whose regulation is unclear.
This recruitment seems to signal a major rearrangement
of the mRNP, whereby it changes from one that trans-
lates mRNP into one that no longer carries the above
translation factors and is destined for decapping and de-
cay (Tharun and Parker 2001). Prior to this work, it was
not known how Patlyp is recruited to the mRNA. Being a
pol II subunit, Rpb4p probably interacts with the tran-
scripts during transcription in the nucleus (Farago et al.
2003; Choder 2004) and accompanies the transcript dur-
ing its export to the cytoplasm, together with Npl3p (Fig.
8A), before Patlp assembly. Therefore, the capacity of
Rpb4p to interact with both the mRNP and with Patlp
suggests that Rpb4p is involved in recruiting Patlp to
PBF mRNAs. We also propose that Rpb4p helps facilitate
and stabilize the interaction between Patlp and Lsm1-7
through its capacity to interact with both Patlp and pos-
sibly also Lsm2p. Recruitment of the Patl/Lsm1-7 com-
plex by Rpb4p is consistent with the role of the latter in
the post-deadenylation step and strongly suggests that
this step is decapping (see above).

It is worth noting that Patlp is involved in the decay of
a non-PBF mRNA, MFA2 mRNA (Bonnerot et al. 2000;
Kshirsagar and Parker 2004; Coller and Parker 2005). Be-
cause deletion of RPB4 has little effect on the decay ki-
netics of MFA2 mRNA (Fig. 2), it is unlikely (though not
impossible) that Patlp is recruited to non-PBF mRNAs
by Rpb4p. The mechanism underlying Patlp recruit-
ment to non-PBF mRNAs remains to be determined.

Rpbdp is localized in a subpopulation of P bodies
and is involved in their function

Our results clearly show that most Lsmlp-RFP or
Dcp2p-RFP containing P bodies do not contain wild-type
GFP-Rpb4p (see Fig. 7A; results not shown). These re-
sults might have trivial explanations. For example, it is
possible that the tag compromises the capacity of the
protein to interact with the P bodies. Consequently, we
see only a portion of these bodies using RFP and a dif-
ferent portion of P bodies using GFP, with some over-
laps. However, because GFP-Rpb4-26p that carries the
same GFP as does GFP-Rpb4 is localized in a higher pro-
portion of P bodies (Fig. 7B), we believe this possibility
less likely. More likely, it is possible that there are dif-
ferent types of P bodies, accommodating different classes
of mRNAs and different combinations of decay factors.
We propose that Rpb4p resides in P bodies specialized in
degradation of PBF mRNAs, while Lsm1p or Dcp2p re-
side in all P bodies. Specialized P bodies have the poten-
tial capacity to spatially coordinate the degradation of
classes of mRNAs. Indeed, decay of RP mRNAs is coor-
dinately regulated and they were proposed to constitute
a “decay regulon” (see Introduction).

P bodies are dynamic structures whose size and num-
ber can vary according to decay kinetics (Sheth and
Parker 2003; Coller and Parker 2004; Teixeira et al.
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2005). Thus, cells that are actively degrading decapped
mRNAs, like dividing cells (Fig. 7A), exhibit barely de-
tectable P bodies. As PBF mRNAs are among the shortest
lived mRNAs in yeast (Wang et al. 2002; Grigull et al.
2004), it is likely that P bodies carrying these mRNAs are
small and undetectable. However, in the absence of
RPB4 (Fig. 7C) or in the case of rpb4 mutants (Fig. 7B),
when the degradation kinetics of PBF mRNAs is slower,
it follows that PBF mRNA-containing P bodies are de-
tected readily. Because PBF mRNAs constitute a signifi-
cant proportion of the total mRNAs, the appearance of
this putative class of P bodies increases the overall num-
ber of detectable foci in the cell (Fig. 7B, C).

Materials and methods

Yeast strains

The yeast strains used are SUB62, MC11-1, AS1, AS32 (de-
scribed by Sheffer et al. 1999), YMC274 (MATa, ura3-52, lys2—
801 [amber|, ade2-101 [amber|, trpl-Al, his3-A200, leu2-Al),
and YMC275 (MATa, ura3-52, lys2-801 [amber|, ade2-101
[amber|, trpl-Al, his3-A200, leu2-Al rpb4A::HIS3). Rpb3-
TAP (MATa; ade2; arg4; leu2-3,112; trpl-289; ura3-52
YILO21w:: TAP-K.I URA3) and Rpb4-TAP (MATa; ade2; argd;
leu2-3,112; trp1-289; ura3-52 YJL140W:: TAP-K.I URA3) were
obtained from Euroscarf.

Determining mRNA degradation profile

Cell aliquot was taken for time 0. The culture were then treated
with 100 uM of 1, 10, phenanthroline (Merk). Cultures were
shaken at the indicated temperature while cell aliquots (1 x 108
to 2 x 10® cells) were taken at the indicated time points post-
drug administration into 15-mL tubes. Cell aliquots were cooled
to ~5°C rapidly by placing the tubes in liquid nitrogen with
vigorous shaking for 10-15 sec. Cells were then rapidly har-
vested and suspended in the RNA extraction buffer and imme-
diately frozen in liquid nitrogen (Choder 1991). RNA purifica-
tion and Northern blot hybridization were done as described
previously (Choder 1991). Usually 3 pg of RNA were loaded per
lane. Polyacrylamide Northern analysis (Sachs and Davis 1989)
was performed using 20 x 20 x 0.1 cm gel of 6% polyacrylamide,
7 M urea in 1x TBE (tris borate, EDTA) buffer. The RNA (usu-
ally 2.5 pg/lane) was then electro-transferred onto GeneScreen
plus membrane (Perkin Elmer) in 0.5x TBE at 30 V for 12-15 h
at 4°C. The membrane was probed as described previously
(Choder 1991).

Fluorescent and confocal microscopy

Fluorescent microscopy was done as described previously
(Farago et al. 2003).

Confocal microscope Radiance2000 (Bio-Rad) was loaded on a
Nikon E600 microscope using Plan Apo 60 x 1.4 oil Dic objec-
tive.

Two-hybrid assay

The bait RPB4-AD was constructed as instructed (Uetz et al.
2000). The bait plasmid was introduced by transformation into
any of the prey-containing (cloned in pOAD) strains (Uetz et al.
2000 (a generous gift of the Yeast Resource Center, Washington
University, funded by NIH grant PHS #P41 RR11823). Two-
hybrid interaction was determine by growth on plates lacking
leucine, tryptophane, adenine, and histidine supplemented with
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5 mM 3-amino-1,2,4-triazole and by B-gal liquid test, as reported
previously (Uetz et al. 2000).

Immunoprecipitation and Western analysis

Rpb4 was tagged with tandem affinity purification (TAP) tag
(Gavin et al. 2002). RNPs were extracted from exponentially
proliferating cells by glass bead disruption of cells in NP40
buffer (Gavin et al. 2002) supplemented with 1 U/uL RNasin
(Promega); 0.5 U/uL SUPERase-in (Ambion). RNPs were puri-
fied with IgG-sepharose column as described (Gavin et al. 2002).
RNase A (200 pug/mL) was added, when indicated, prior the IP
and the sample was incubated at 4°C for 25 min to digest the
RNA.
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