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ABSTRACT

Decay of mRNA is essential for the efficient regulation of gene expression. A major pathway of mRNA degradation is initiated
by the shortening of the poly(A) tail via the CCR4/NOT deadenylase complex. Deadenylation is followed by removal of the
5′ cap (i.e., decapping) and then 5′ to 3′ exonucleolytic decay of the message body. The highly conserved CCR4/NOT
deadenylase complex consists of the exonucleases CCR4 and POP2/CAF1, as well as a group of four or five (depending on
organism) accessory factors of unknown function, i.e., the NOT proteins. In this study, we find that Saccharomyces cerevisiae
Not2p, Not3p, and Not5p (close paralogs of each other) are involved in promoting mRNA decapping. Furthermore, we find
that Not3p and Not5p bind to the decapping activator protein Pat1p. Together, these data implicate the deadenylase complex
in coordinating the downstream decapping reaction via Not2p, Not3p, and Not5p. This suggests that the coupling of
deadenylation with decapping is, in part, a direct consequence of coordinated assembly of decay factors.
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INTRODUCTION

The process of mRNA degradation is vital for controlling the
overall level of gene expression within the cell. In yeast,
mRNA degradation is initiated by the shortening of the
3′ polyadenosine [poly(A)] tail. For many transcripts, poly
(A) tail shortening allows for the removal of the 5′ cap struc-
ture by theDcp2p/Dcp1p holoenzyme. This ultimately results
in degradation of the transcript body by the 5′ to 3′ exonucle-
ase activity, Xrn1p (Coller and Parker 2004; Ghosh and
Jacobson 2010).
In Saccharomyces cerevisiae, there are two distinct deadeny-

lase complexes, the Pan2p/Pan3p complex and the Ccr4p/
Not1p–5p complex. The Pan2p/Pan3p complex is hypothe-
sized to be involved in the initial trimming of the poly(A)
tail, while the Ccr4p/Not1p–5p complex is the major deade-
nylase activity degrading the bulk of the poly(A) tail (Tucker
et al. 2001, 2002; Wolf and Passmore 2014). The Ccr4p/
Not1p-5p deadenylase complex is composed of two enzy-
matic activities, Ccr4p and Caf1p (Pop2p). Both of these
proteins have been documented to have deadenylase activity
(Daugeron et al. 2001; Tucker et al. 2002). Ccr4p and Pop2p
form a complex with each other and numerous other factors,
most notably the NOT proteins. There are five NOT proteins
(Not1p–5p), and their function in controlling mRNA degra-
dation is somewhat enigmatic. Not1p is a large protein

(240 kDa) that coordinates the binding of Ccr4p/Pop2p to
other factors, including Not2p–5p (Basquin et al. 2012).
The roles of Not2p–5p in mRNA metabolism are largely
unknown but they have been implicated in mRNA deadeny-
lation (Tucker et al. 2002). Not4p is a putative ubiquitin-
ligase of unknown function and is species-specific. Not2p,
Not3p, and Not5p are close homologs of each other and
share similarity through a common motif referred to as the
NOT box (Bhaskar et al. 2013). Not2p is relatively small
and is comprised of mainly the NOT box region, while
Not3p and Not5p have N-terminal extensions of significant
similarity. Not3p and Not5p are most likely a manifestation
of fungal genomic duplication, as only one copy of NOT3/
5 is found in metazoans. In metazoans, NOT3/5 is largely re-
ferred to as NOT3 although it bears greater homology with
the yeast Not5p protein.
In metazoans, NOT3/5 has been shown to be essential

for embryonic development, heart function, and metabo-
lism (Neely et al. 2010; Morita et al. 2011). Previous stud-
ies of NOT2, NOT3, and NOT5 have shown that these
proteins have closely related activities (Bai et al. 1999;
Bawankar et al. 2013). Moreover, Not2p may be a core
member of the Ccr4p/Not1p–5p deadenylase complex that
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recruits Not3p and/or Not5p into the complex (Bhaskar
et al. 2013).

In this study, we demonstrate that Saccharomyces cerevisiae
Not2p, Not3p, and Not5p, stable components of the Ccr4p/
Not1p-5p deadenylase complex, are involved in promoting
mRNA decapping. First, we show that loss of Not2p or
Not5p has a general influence on reporter and endogenous
mRNA decapping. Second, tethering experiments demon-
strate that Not3p also promotes mRNA decapping. Further-
more, we demonstrate that the decapping function of
Not3p and Not5p maps to a highly conserved region in their
C-terminal domain.Using yeast two-hybrid analysis, wedem-
onstrate that the C-terminal domain of Not3p and Not5p
binds to the decapping activator protein Pat1p. Together,
our data suggest that the coupling of deadenylation and
decapping occurs in part through specific recruitment of
decapping activators by the deadenylase complex itself.

RESULTS

Not2p and Not5p promote mRNA decapping

Not2p and Not5p have been documented to stimulate
mRNA deadenylation. Specifically, deletion of NOT2 or
NOT5 resulted in significantly slower removal of the MFA2
mRNA poly(A) tail (Tucker et al. 2002). Importantly, dele-
tion of NOT3 only marginally affected the stability of
MFA2 mRNA. We confirmed these previous analyses using
a transcriptional shut-off approach. Specifically, we used a
construct expressing the MFA2 gene under the control of
the inducible GAL1 promoter. This construct also contains
a polyguanosine [poly(G)] stretch of 18 residues in the re-
porter gene’s 3′ untranslated region (UTR) which allows
for the detection of decay intermediates resulting from dead-
enylation-dependent decapping and exonucleolytic decay.
Cells were grown in the presence of galactose to induce ex-
pression of the reporter mRNA. At mid-log phase, transcrip-
tion of the MFA2 reporter was inhibited by shifting the cells
from galactose media to glucose media. Following the inhibi-
tion of transcription, time points were taken and RNA was
extracted and analyzed by PAGE followed by Northern blot
visualization. The reporter was detected using a probe specif-
ic for the poly(G) tract. We observed that in wild-type cells,
the MFA2 reporter mRNA is quickly degraded upon tran-
scriptional shut-off with an observed half-life of 4 min.
Importantly, when NOT2 or NOT5 are deleted, the MFA2
mRNA reporter is stabilized threefold (Fig. 1A). Since these
mRNAs were resolved on polyacrylamide gels, we were able
to monitor deadenylation following inhibition of transcrip-
tion. For both not2Δ and not5Δ cells, there is a mild defect
in deadenylation consistent with previous observations.
Importantly, however, we also observed that compared to
wild-type cells, theMFA2mRNA in these deletion strains re-
mains stable even after deadenylation—a phenotype hall-
marked by other gene mutants known to be required for

efficient mRNA decapping. Deletion of theNOT3 gene mild-
ly affects the half-life and deadenylation of theMFA2 report-
er, but no gross defect in decapping is observed (Fig. 1A).
To confirm a role for Not2p and Not5p in mRNA decap-

ping, we analyzed deletion mutants for the expression of
endogenous EDC1 mRNA. The EDC1 mRNA is exquisitely
sensitive to loss of decapping complex function because of
sequence elements embedded within its 3′ UTR that render
its decay independent of prior deadenylation (Muhlrad
and Parker 2005). Thus, EDC1 mRNA levels are a strong
indicator of genes required for normal mRNA decapping.
Consistent with this, we observe a 6.8-fold increase in
EDC1 mRNA levels in cells deleted for the major decapping
enzyme gene, DCP2. Deletion of either NOT2 or NOT5 also
results in a 4.7 to 6.8-fold increase in EDC1 mRNA levels,
demonstrating that these two genes are required for mRNA
decapping (Fig. 1B). This effect on EDC1 levels is consistent
with previous observations (Muhlrad and Parker 2005). Loss
of the NOT3 gene does not impact EDC1 mRNA decapping.
However, we demonstrate that it can impact decapping when
tethered to a reporter mRNA (see below). We do not observe
an additive effect on mRNA decapping when NOT2, NOT3,
and NOT5 are deleted, suggesting that they work through a
similar pathway (Fig. 1A,B).
In yeast, the process of nonsense-mediated mRNA de-

cay (NMD) occurs by deadenylation-independent mRNA
decapping (Smith and Baker 2015). The CYH2 pre-mRNA
is a natural substrate for NMD in yeast. Factors involved in
the catalytic activity of the decapping holoenzyme are pre-
dicted to affect both normal mRNA decay and NMD in yeast.
Importantly, we observe that loss of Not2p, Not3p, or Not5p
has no effect on CYH2 pre-mRNA levels, while loss of
Upf1p (a critical effector of NMD) significantly enhances
its steady-state levels (Fig. 1B). These data suggest that the
role of Not2p, Not3p, and Not5p in decapping does not in-
volve the catalytic activity of Dcp2p and that they are regula-
tors of decapping activity similar to Pat1p, Lsm1-7p, and
Dhh1p (Coller and Parker 2004).

Tethered Not3p dramatically destabilizes an mRNA
reporter

Given the similarity between Not3p and Not5p, and since
deletion of NOT2 and NOT5 has a dramatic effect on
mRNA decapping, we hypothesized that Not3p might also
be involved in promoting mRNA decapping but perhaps its
effects are restricted to specific mRNAs. Indeed, deletion of
NOT3 only mildly affects the decay of MFA2 mRNA and
has no effect on EDC1 mRNA steady-state levels (Fig. 1A,
B). Without knowledge of the mRNA target(s) of Not3p,
we elected to study its effects on message stability using a
tethered function assay (Coller and Wickens 2007). A teth-
ered approach allows for the assay of an RNA binding pro-
tein’s function without knowledge of its real targets or the
constraint of its RNA binding activity. We tested the function
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of Not3p on mRNA decay by fusing the full-length protein
(amino acids 1–836) to the MS2 bacteriophage coat protein.
The effect of theMS2-Not3p (1–836) chimera was thenmon-
itored using a PGK1 reporter harboring RNA recognition el-
ements in its 3′ UTR that are bound by the MS2 coat protein.
The insertion of tandemMS2 coat protein RNA binding sites
does not alter the stability of this reporter (data not shown).
Expression of the MS2 coat protein alone also results in a
half-life that is similar to that of the endogenous transcript
(25 min; Muhlrad et al. 1995). Dramatically, expression of

MS2-Not3p (1–836) in wild-type cells results in a twofold
destabilization of the PGK1 reporter mRNA (Fig. 2A). These
data demonstrate that Not3p is a potent regulator of mRNA
decay when tethered.

Tethered Not3p stimulates mRNA decapping

We tested the effect of tethered Not3p (1–836) on deadeny-
lation and/or decapping by repeating the transcriptional
shut-off experiment and monitoring deadenylation by
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FIGURE 1. Deletion ofNOT2 orNOT5 results in anmRNA decapping defect. (A) Transcriptional shut-off analysis of the indicated strains expressing
anMFA2 reporter containing a poly(G) tract in its 3′ UTR. Time points above each lane represent time (in minutes) after transcriptional repression.
Half-life was determined after quantifyingMFA2mRNA levels relative to an SCR1 RNA loading control (Supplemental Fig. S1). A80 and A0 refer to
the position ofMFA2mRNA that is fully adenylated or fully deadenylated, respectively. (B) Steady-state mRNA isolated from the indicated strains was
analyzed by Northern blot to detect EDC1 mRNA and CYH2 mature and pre-mRNA. The 18S rRNA ethidium stain is shown as a loading control.
EDC1 mRNA levels normalized to SCR1 RNA are graphically represented for each strain relative to the wild-type strain, which is set to 100.
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analysis of the 3′ end of the PGK1 reporter using high-resolu-
tion PAGE. To allow for sufficient resolution, the reporter was
reduced in size by in vitro cleavage of the 3′ UTR by hybridiz-
ing a DNA oligo directed against a 23-nucleotide (nt) region
near the termination codon in the presence of RNase H.
The 3′ UTR fragment was then resolved on a 6% denaturing

polyacrylamide gel andNorthern analysis
was conducted using a probe specific to
the MS2 RNA recognition elements. As
seen before, tethering of Not3p (1–836)
to the PGK1 reporter in wild-type cells re-
sults in significant destabilization of the
reporter mRNA (Fig. 2B). The PGK1 re-
porter, which has a maximum poly(A)
tail length of 80 nt, reaches an oligoadeny-
lated length by 15 min following tran-
scriptional shut-off in both the MS2
alone andMS2-Not3p (1–836) expressing
cells. Importantly, the PGK1mRNA has a
slow rate of decapping which manifests
as a persistent, largely deadenylated spe-
cies from 20 to 60 min (Muhlrad et al.
1995). Tethering ofNot3p (1–836)mildly
affects deadenylation but strongly results
in the precocious destabilization of the
capped, deadenylated species (Fig. 2B).
These data suggest that tethered Not3p
predominantly alters the decapping rate
of mRNA.
Our data suggest that Not3p affects

mRNA decapping rates. To verify this hy-
pothesis, we repeated our transcriptional
shut-off analysis of tethered Not3p
(1–836) in strains mutant for the major
deadenylase enzyme (i.e., ccr4Δ) or mu-
tant for the major decapping enzyme
(i.e., dcp2Δ). In the absence of the deade-
nylase Ccr4p, the reportermRNA is stabi-
lized as compared to a wild-type strain
(i.e., a half-life of 66 min versus 25 min;
Fig. 2A,C). This is to be expected since
the reporter is metabolized like a normal
mRNA and therefore requires Ccr4p for
its decay. Importantly, expression of
MS2-Not3p (1–836) still results in a sig-
nificant decrease in PGK1 mRNA half-
life even in the absence of the deadenylase
(Fig. 2C). In contrast, tethered Not3p (1–
836) has little appreciable effect on half-
life in strains lacking the decapping en-
zyme (Fig. 2D). Together, these datadem-
onstrate that the primary role of tethered
Not3p is to stimulate mRNA decapping
but not deadenylation since it requires
Dcp2p but not Ccr4p for its activity.

Identification of a conserved amino acid motif required
to elicit Not3p-dependent decapping

We have demonstrated that tethered Not3p stimulates the
decapping of a reporter mRNA. Not3p is 836 amino acids

dcp2Δ

MS2-Not3p (1-836)

MS2 55

Half-life (min.)

47

66

Half-life (min.)

32

ccr4Δ

0 12 24 48 60 72 84 96 10836

MS2-Not3p (1-836)

MS2

0 5 10 15 20 25 30 40 50 60

MS2-Not3p (1-836)

MS2 25

Half-life (min.)

13

MS2-Not3p (1-836)

MS2

A

B

C

0 5 10 15 20 25 30 40 50 60dTM dT M

0 5 10 15 20 25 30 40 50 60dTM dT M

D

WT

WT

120

0 12 24 48 60 72 84 96 10836

A80

A0

A80

A0

FIGURE 2. Not3p stimulates decapping of a PGK1 reporter when tethered. (A) Transcriptional
shut-off followed by half-life analysis was performed using a tethering approach in which a
PGK1 reporter containing MS2 binding sites in its 3′ UTR was coexpressed with either MS2 alone
or anMS2-Not3p (1–836) fusion protein in wild-type cells. Time points above each lane represent
time (inminutes) after transcriptional repression.Half-lifewasdetermined after quantifyingPGK1
mRNAlevels relative to anSCR1RNAloading control (Supplemental Fig. S2A). (B)AnalysisofAby
high-resolution polyacrylamide Northern. dT lanes represent RNA cleaved with RNase H/oligo
(dT) to indicate deadenylated PGK1 mRNA. A80 and A0 refer to the position of MFA2 mRNA
that is fully adenylated or fully deadenylated, respectively. The SCR1RNA loading control is shown
in Supplemental Figure S2B. (C,D) Transcriptional shut-off followed by half-life analysis was per-
formed as in A using ccr4Δ (C) and dcp2Δ (D) cells expressing the PGK1 reporter containingMS2
binding sites in its 3′UTR, aswell as eitherMS2aloneorMS2-Not3p (1–836). The SCR1RNA load-
ing controls for Figure 2C and D are shown in Supplemental Figure S2C and D, respectively.

Alhusaini and Coller

712 RNA, Vol. 22, No. 5



long and has regions of evolutionary conservation both at
theN-terminal and C-terminal ends. To determine the region
of Not3p required for decapping activation, we performed
structure function analysis of truncated polypeptides. Specif-
ically, steady-state mRNA analysis was performed to deter-
mine what effect tethering Not3p truncations has on PGK1
mRNA levels (Fig. 3A,B). We find that the N-terminal end
of Not3p is dispensable since deletion of the first 234 amino
acids [MS2-Not3p (235–836)] still results in a fivefold
decrease in PGK1 mRNA levels, similar to full-length Not3p
[MS2-Not3p (1–836)]. In contrast, deletion of the C-terminal
144 amino acids of Not3p [MS2-Not3p (1–692)] significantly
diminishes the ability of truncated Not3p to reduce PGK1
mRNA levels (70% mRNA remaining compared to 20%
with full-length Not3p; Fig. 3A,B). To more precisely define
the region of Not3p involved in mRNA destabilization, we
made two smaller C-terminal truncations, deleting the last

96 [MS2-Not3p (1–740)] or 48 [MS2-Not3p (1–788)] amino
acids of Not3p. We observed that whereas tethering Not3p
(1–788) and full-length Not3p are indistinguishable in their
ability to reduce PGK1 mRNA levels, tethered Not3p
(1–740) is impaired (Fig. 3A,B). The above results suggest
that the region between amino acids 741 and 788 in Not3p
is critical for its role in mRNA destabilization.
NOT3 is conserved from yeast to humans. Bioinformatic

comparison of several NOT3 homologs reveals evolutionary
conservation of 10 amino acid residues within the portion
of the NOT box identified above to be important for destabi-
lization of the PGK1mRNA reporter by tethered Not3p (be-
tween amino acids 741 and 788 in the yeast protein; Fig. 3C).
Considering this conservation, we reasoned that these resi-
dues may be important for the ability of tethered Not3p to
drive mRNA decapping. Amino acids W742, F743, R745,
E757, and F764 were mutated to alanine and expression of
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this mutant form of Not3p was confirmed by Western blot
analysis (Supplemental Fig. S3). We repeated the transcrip-
tional shut-off experiment and found that tethering Not3p
(W742A, F743A, R745A, E757A, and F764A) results in a
PGK1 mRNA half-life that is essentially identical to the half-
life that results whenMS2 alone is tethered (Fig. 3D).We con-
clude, therefore, that a conserved five amino acid patch is
required for Not3p-mediated stimulation of decapping.

Not3p and Not5p promote mRNA decapping through
a conserved motif

We have shown that five amino acids in the NOT box of
Not3p are required for its ability to promote mRNA decapp-
ing. Interestingly, both Not2p and Not5p bear identical or
similar amino acids in these positions (Fig. 4A). We tested
whether this motif was also required for Not2p and Not5p
to promote mRNA decapping. We mutated these residues
to alanine in both Not2p and Not5p and tested the effect of
these mutations on decay of the MFA2 mRNA. Importantly,
alteration of this conserved domain has no effect on the ability
of Not2p to promote mRNA decay, but strongly impedes the
ability of Not5p to promote decay (Fig. 4B). This suggests that
Not3p andNot5p promotemRNAdecapping through a com-
mon mechanism (see below).

Not3p and Not5p bind to the decapping activator
protein Pat1p

We have demonstrated that Not3p stimulates decapping and
that a conserved patch of amino acids in the C terminus is re-
quired for this function. Importantly, however, Not3p is not
rigorously documented to interact with the decapping com-
plex. We sought, therefore, to identify a factor(s) required
for Not3p decapping function. More precisely, we sought
to identify factors that interact with full-length wild-type
Not3p but fail to interact when mutations are made in the
conserved domain we found to be required for the stimula-
tion of decay. Not3p protein partners were identified using
a traditional yeast two-hybrid approach. Specifically, a vector
expressing full-length wild-type Not3p fused to the DNA
binding domain of Gal4p [Gal4p-BD-Not3p (1–836)] was
transformed into Saccharomyces cerevisiae strain yJC518
along with a full-length ORF library fused to the Gal4p acti-
vation domain. Protein–protein interactions were assayed
through transcriptional activation of a HIS3 reporter result-
ing in an ability to grow on media lacking histidine and sup-
plemented with 3-amino-1,2,4-triazole (3-AT). We screened
over 500,000 colonies (thereby covering the complete ORF li-
brary 80 times). From this initial pool, we identified 50 col-
onies that grew on –His media (supplemented with 3-AT)
within the first six days following transformation. Of these
50, only 19 isolates were found to robustly activate a second
reporter, an ADE2 gene under the control of the GAL2 up-
stream activating sequence.

We next sought to identify binding partners required for
the decapping function of Not3p. We isolated plasmid DNA
fromthe 19positive isolates and tested for interaction between
these 19 isolates and aGal4pDNAbinding domain-Not3p fu-
sion lacking the C terminus [i.e., Gal4p-BD-Not3p (1–692)]
which fails to stimulate decapping when tethered. Of the orig-
inal 19 isolates, 13 isolates were identified that interact with
full-lengthNot3pbut fail to interactwith theC-terminal trun-
cationNot3p (1–692). Sequencing identified that two of these
plasmids contain the PAT1 gene, which encodes a decapping
activator (Hatfield et al. 1996). The remaining 11 plasmids
were found to contain ATG17, a gene involved in autophagy.
We investigated the role of Atg17p inmRNA decay and found
no discernible phenotype. Since Pat1p has well-documented
links to mRNA decay and decapping, we continued our yeast
two-hybrid analysis using this protein. We tested for interac-
tion between the Gal4p activation domain-Pat1p fusion and
the Gal4p DNA binding domain-Not3p fusion harboring al-
anine mutations in the five conserved amino acids required
for decapping stimulation and observed no detectable interac-
tion (Fig. 5A). Western blot analysis confirmed that both
Gal4p-BD-Not3p (1–692) and Gal4p-BD-Not3p (W742A,
F743A, R745A, E757A, and F764A) are expressed (Supple-
mental Fig. S5). Taken together, our yeast two-hybrid analysis
shows that Pat1p interacts with full-length wild-type Not3p,
and this interaction is lost with either of the decapping-
deficient NOT3 alleles.
Having documented that Not3p binds the decapping acti-

vator protein Pat1p and that this interaction is mediated via
the conserved amino acids required for Not3p to elicit
mRNA decay, we directly tested whether Gal4p-AD-Pat1p
could interact with Gal4p-BD-Not2p and Gal4p-BD-Not5p.
Not2p failed to interact with Pat1p while Not5p interacted
strongly. Moreover, we find that mutating the amino acids
in Not5p that correspond to the amino acids required for
Not3p to interact with Pat1p results in a loss of interaction
(Fig. 5B). Expression of Gal4p-BD-Not2p, as well as wild-
type and mutant Gal4p-BD-Not5p, was confirmed by
Western blot analysis (Supplemental Fig. S5). As a control,
we tested whether Gal4p-BD-Not2p, Gal4p-BD-Not3p, and
Gal4p-BD-Not5p interact with another decapping activator
protein, Dhh1p (Gal4p-AD-Dhh1p), which has been shown
to interact with Pat1p (Coller et al. 2001). We did not
detect an interaction between Dhh1p and Not2p, Not3p,
or Not5p (Fig. 5B). Together, our yeast two-hybrid analy-
sis demonstrates that Not3p and Not5p specifically bind to
the decapping activator protein Pat1p. Moreover, these
data demonstrate that the conserved domain required for
Not3p and Not5p to stimulate decapping is also required
for Pat1p interaction.

DISCUSSION

Deadenylation represents a critical first step in the decay of
most eukaryotic mRNAs (Chen and Shyu 2011; Norbury
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2013). Loss of the poly(A) tail allows for the rapid removal of
the 5′ cap structure. Coupling between deadenylation and
decapping is thought to occur, in part, through the poly(A)
binding protein (Pab1p) (Caponigro and Parker 1995).
Pab1p ubiquitously binds mRNA poly(A) tails and physically
interacts with the cap through the translational initiation
factor eIF-4Gp. The Pab1p/eIF-4Gp interaction creates a
“closed-loop” that is thought to explain why the poly(A)
tail both stimulates mRNA translation and protects the
mRNA from decapping (Amrani et al. 2008). Deadenylation,
therefore, serves to break the closed-loop through loss of
Pab1p binding and thereby exposes the 5′ cap to the decapp-

ing enzyme complex Dcp2p/Dcp1p. Consistent with this, ge-
netic disruption of Pab1p allows mRNA decapping to occur,
at some level, independent of prior deadenylation (Caponi-
gro and Parker 1995). Moreover, tethering of Pab1p stabilizes
mRNAs by blocking mRNA decapping (Coller et al. 1998).
Despite these data, however, depletion of eIF-4Gp does
not uncouple deadenylation-dependent mRNA decapp-
ing (Schwartz and Parker 1999). Moreover, nontranslating
mRNA reporters are still degraded by deadenylation-depen-
dent mRNA decapping (Beelman and Parker 1994; Muhlrad
et al. 1995). Collectively, these data argue that other features
of the decay machinery are involved in promoting the

Not3p
Not5p

Not2p

KTLKAWLTKDPMMEPIVSADGLSERGSYVFFDPQRW
KDGTMWFLRQGEVKFFNEIC   EVGDYKIFKLDDW
KVDRCWYYKEIE KLPPGM GKSEEESWRYFDYKKS

Not3p
Not5p

Not2p 141-

507-
737-

Half-life (min.)0M 2 4 6 8 10 152025 30 M

A80

A0

Not2p

Not2p (W146A, L147A, K149A, 
 E164A, F171A)
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5
Not5p

Not5p (W512A, Y513A, K515A,
 E528A, F535A)

3
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B

FIGURE 4. Amino acids required for Not3p-mediated stimulation of decapping are conserved in Not2p and Not5p and are required for Not5p-me-
diated decapping stimulation. (A) Schematic representation of Not2p, Not3p, and Not5p, with colors representing regions of similarity between the
NOT proteins. The purple region is indicative of the NOT box. Sequence alignment of the region surrounding the five amino acid patch in Not3p
found to be required for promoting mRNA decapping and the equivalent region in Not2p and Not5p is shown. These five amino acids in Not3p, as
well as the amino acids in the equivalent positions in Not2p and Not5p, are in red. (B) Transcriptional shut-off followed by half-life analysis of an
MFA2 reporter containing a poly(G) tract in its 3′ UTR harbored in not2Δ cells expressing either wild-type Not2p or Not2p (W146A, L147A, K149A,
E164A, F171A) (top two panels), or harbored in not5Δ cells expressing either wild-type Not5p or Not5p (W512A, Y513A, K515A, E528A, F535A)
(bottom two panels). Time after transcriptional shut-off is indicated in minutes above each lane. Half-life was determined after normalizing the
MFA2 mRNA levels to an SCR1 loading control (Supplemental Fig. S4). A80 and A0 refer to the position of MFA2 mRNA that is fully adenylated
or fully deadenylated, respectively.
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coupling of deadenylation with decapping independent of
the known functions of Pab1p.

The coordination ofmRNAdecapping with prior deadeny-
lation is the hallmark of eukaryotic mRNA decay (Decker and
Parker 1993). Here we show that some of this coordination
may be through direct recruitment of decapping factors by
the deadenylase. First, we see that Not2p and Not5p, compo-
nents of the Ccr4p/Not1p-5p deadenylase complex, inhibit
mRNA decapping when mutated. Second, tethering of
Not3p stimulates the robust decapping of a reporter substrate.
Third, Not3p andNot5p specifically interact with the decapp-
ing regulator Pat1p. Finally, the interaction of Not3p and
Not5p with Pat1p occurs through a conserved amino acid
motif. Together, these data suggest a model where compo-
nents of the deadenylase may recruit and aid in the assembly
of the decapping complex. Thus, at some level, the coupling of
deadenylation and decappingmight be a simple result of a lin-
ear order of assembly of processing factors on the mRNA.

MATERIALS AND METHODS

Yeast strains

The genotypes of the yeast strains used in this study are listed in
Table 1.

Plasmids

The plasmids and oligonucleotides used in this study are listed in
Tables 2 and 3, respectively.

Tethered function constructs

Full-length NOT3 and NOT3 (codons 235–836) were amplified us-
ing oJC1148/oJC1149 and oJC1052/oJC1252, respectively, for clon-
ing downstream from MS2 in pJC398 using NheI and XhoI sites to
create pJC435 [MS2-NOT3 (1–836)] and pJC482 [MS2-NOT3
(235–836)]. oJC1253/oJC1254, oJC1326/oJC1327, and oJC1328/
oJC1329 were used to introduce a stop codon followed by an
XhoI site after codons 692, 740, and 788, respectively, in NOT3
within pJC435. These plasmids were then digested with XhoI to re-
lease the C-terminal NOT3 fragments and self-ligated to create
pJC483 [MS2-NOT3 (1–692)], pJC490 [MS2-NOT3 (1–740)], and
pJC491 [MS2-NOT3 (1–788)]. Point mutations W742A, F743A,
R745A, E757A, F764A were introduced in NOT3 within pJC435 us-
ing oJC1384/oJC1385 and oJC1386/oJC1387 to create pJC506.

NOT2 and NOT5 expression constructs

Full-lengthNOT2 in addition to 500 bp of 5′ UTR sequence and 460
bp of 3′ UTR sequence was amplified using oJC2067/oJC2068
(BamHI and SphI sites) and oJC2067/oJC2098 (BamHI and SpeI

A

BD-Not3p (W742A, F743A, R745A, 
  E757A, F764A)
AD-Pat1p

BD-Not3p (1-692)
AD-Pat1p

BD-Not3p (1-836)
AD-Pat1p

Empty Vector
AD-Pat1p

BD-Not3p (1-836)
Empty Vector

B Pat1p Dhh1p

Not3p + -

Not5p + -

Not2p --

Not3p (W742A, F743A, R745A, 
  E757A, F764A) - -
Not5p (W512A, Y513A, K515A,
 E528A, F535A) - ND

+ His - His

FIGURE 5. Not3p and Not5p interact with the decapping activator protein Pat1p through a patch of five conserved amino acid residues. (A) Yeast
two-hybrid analysis of yJC518 cells expressing the indicated proteins. Growth of cells on media lacking histidine and supplemented with 3-AT is in-
dicative of an interaction between proteins. (B) Results from a yeast two-hybrid assay performed as inA using yJC518 cells coexpressing either Pat1p or
Dhh1p fused to the Gal4p activation domain and the indicated NOT proteins fused to the Gal4p DNA binding domain. An interaction between two
proteins is indicated by a (+) sign. No interaction is indicated by a (−) sign. ND, not determined.
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TABLE 1. Yeast strains

Name Genotype Source

yJC432 MATa, ura3, leu2, his3, met15, dcp2::NEO, [pGAL-MFA2pG, URA3] This study
yJC518
(AH109)

MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2::GAL1uas-GAL1tata-HIS3, GAL2uas-GAL2tata-
ADE2, URA3::MEL1uas-MEL1tata-lacZ

Clontech

yJC1124 MATa, ura3, leu2, his3, met15, [pGAL-MFA2pG, URA3] This study
yJC1125 MATa, ura3, leu2, his3, met15, not3::HIS3, [pGAL-MFA2pG, URA3] This study
yJC1250 MATa, ura3, leu2, his3, met15, [pGAL-PGK1HA-MS2, URA3], [MS2-NOT3(1–740), LEU2] This study
yJC1251 MATa, ura3, leu2, his3, met15, [pGAL-PGK1HA-MS2, URA3], [MS2-NOT3(1–788), LEU2] This study
yJC1253 MATa, ura3, leu2, his3, met15, [pGAL-PGK1HA-MS2, URA3], [MS2, LEU2] This study
yJC1254 MATa, ura3, leu2, his3, met15, [pGAL-PGK1HA-MS2, URA3], [MS2-NOT3 (235–836), LEU2] This study
yJC1255 MATa, ura3, leu2, his3, met15, [pGAL-PGK1HA-MS2, URA3], [MS2-NOT3 (1–692), LEU2] This study
yJC1258 MATa, ura3, leu2, his3, met15, [pGAL-PGK1HA-MS2, URA3], [MS2, LEU2] This study
yJC1259 MATa, ura3, leu2, his3, met15, [pGAL-PGK1HA-MS2, URA3], [MS2-NOT3 (1–836), LEU2] This study
yJC1260 MATa, ura3, his3, leu2, met15, ccr4:NEO, [pGAL-PGK1HA-MS2, URA3], [MS2, LEU2] This study
yJC1261 MATa, ura3, his3, leu2, met15, ccr4:NEO, [pGAL-PGK1HA-MS2, URA3], [MS2-NOT3 (1–836), LEU2] This study
yJC1266 MATa, ura3, leu2, his3, met15, dcp2::NEO, [pGAL-PGK1HA-MS2, URA3], [MS2, LEU2] This study
yJC1267 MATa, ura3, leu2, his3, met15, dcp2::NEO, [pGAL-PGK1HA-MS2, URA3], [MS2-NOT3 (1–836), LEU2] This study
yJC1348 MATa, ura3, leu2, his3, met15, [pGAL-PGK1HA-MS2, URA3], [MS2-NOT3 (W742A, F743A, R745A, E757A,

F764A), LEU2]
This study

yJC1369 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2::GAL1uas-GAL1tata-HIS3, GAL2uas-GAL2tata-
ADE2, URA3::MEL1uas-MEL1tata-lacZ, [GAL4-BD-NOT3 (codons 1-836), TRP1], [GAL4-AD (empty vector),
LEU2]

This study

yJC1387 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2::GAL1uas-GAL1tata-HIS3, GAL2uas-GAL2tata-
ADE2, URA3::MEL1uas-MEL1tata-lacZ, [GAL4-BD-NOT3 (codons 1-836), TRP1]

This study

yJC1388 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2::GAL1uas-GAL1tata-HIS3, GAL2uas-GAL2tata-
ADE2, URA3::MEL1uas-MEL1tata-lacZ, [GAL4-BD-NOT3 (codons 1-692), TRP1]

This study

yJC1389 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2::GAL1uas-GAL1tata-HIS3, GAL2uas-GAL2tata-
ADE2, URA3::MEL1uas-MEL1tata-lacZ, [GAL4-BD-NOT3 (W742A, F743A, R745A, E757A, F764A), TRP1]

This study

yJC1409 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2::GAL1uas-GAL1tata-HIS3, GAL2uas-GAL2tata-
ADE2, URA3::MEL1uas-MEL1tata-lacZ, [GAL4-BD (empty vector), TRP1], [GAL4-AD-PAT1 (pJC526), LEU2]

This study

yJC1411 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2::GAL1uas-GAL1tata-HIS3, GAL2uas-GAL2tata-
ADE2, URA3::MEL1uas-MEL1tata-lacZ, [GAL4-BD-NOT3 (codons 1-836), TRP1], [GAL4-AD-PAT1 (pJC526),
LEU2]

This study

yJC1413 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2::GAL1uas-GAL1tata-HIS3, GAL2uas-GAL2tata-
ADE2, URA3::MEL1uas-MEL1tata-lacZ, [GAL4-BD-NOT3 (codons 1-692), TRP1], [GAL4-AD-PAT1 (pJC526),
LEU2]

This study

yJC1415 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2::GAL1uas-GAL1tata-HIS3, GAL2uas-GAL2tata-
ADE2, URA3::MEL1uas-MEL1tata-lacZ, [GAL4-BD-NOT3 (W742A, F743A, R745A, E757A, F764A), TRP1],
[GAL4-AD-PAT1 (pJC526), LEU2]

This study

yJC1610 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2::GAL1uas-GAL1tata-HIS3, GAL2uas-GAL2tata-
ADE2, URA3::MEL1uas-MEL1tata-lacZ, [GAL4-BD-NOT3 (codons 1–836), TRP1], [GAL4-AD-PAT1 (pJC361),
LEU2]

This study

yJC1611 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2::GAL1uas-GAL1tata-HIS3, GAL2uas-GAL2tata-
ADE2, URA3::MEL1uas-MEL1tata-lacZ, [GAL4-BD-NOT3 (codons 1–836), TRP1], [GAL4-AD-DHH1, LEU2]

This study

yJC1619 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2::GAL1uas-GAL1tata-HIS3, GAL2uas-GAL2tata-
ADE2, URA3::MEL1uas-MEL1tata-lacZ, [GAL4-BD-NOT3 (W742A, F743A, R745A, E757A, F764A), TRP1],
[GAL4-AD-DHH1, LEU2]

This study

yJC1622 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2::GAL1uas-GAL1tata-HIS3, GAL2uas-GAL2tata-
ADE2, URA3::MEL1uas-MEL1tata-lacZ, [GAL4-BD-NOT2, TRP1], [GAL4-AD-PAT1 (pJC361), LEU2]

This study

yJC1623 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2::GAL1uas-GAL1tata-HIS3, GAL2uas-GAL2tata-
ADE2, URA3::MEL1uas-MEL1tata-lacZ, [GAL4-BD-NOT2, TRP1], [GAL4-AD-DHH1, LEU2]

This study

yJC1630 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2::GAL1uas-GAL1tata-HIS3, GAL2uas-GAL2tata-
ADE2, URA3::MEL1uas-MEL1tata-lacZ, [GAL4-BD-NOT5, TRP1], [GAL4-AD-PAT1 (pJC361), LEU2]

This study

yJC1631 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2::GAL1uas-GAL1tata-HIS3, GAL2uas-GAL2tata-
ADE2, URA3::MEL1uas-MEL1tata-lacZ, [GAL4-BD-NOT5, TRP1], [GAL4-AD-DHH1, LEU2]

This study

yJC1775 MATa, ura3, leu2, his3, met15, not2::LEU2, [pGAL-MFA2pG, URA3] This study
yJC1776 MATa, ura3, leu2, his3, met15, not5::LEU2, [pGAL-MFA2pG, URA3] This study
yJC1788 MATa, ura3, leu2, his3, not3::HIS3, not2::LEU2, [pGAL-MFA2pG, URA3] This study
yJC1789 MATalpha, ura3, leu2, his3, met15, lys2, not3::HIS3, not5::LEU2, [pGAL-MFA2pG, URA3] This study
yJC1799 MATa, ura3, leu2, his3, met15, not2::LEU2, [pGAL-MFA2pG, URA3], [WT NOT2 + 500 bp 5′ UTR and 460 bp

3′ UTR, HIS3]
This study

Continued
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sites) for cloning into pJC70 and pJC387, respectively, to create
pJC613 and pJC617, respectively. oJC2078/oJC2079 and oJC2080/
oJC2081 were used to introduce W146A, L147A, K149A, E164A,
and F171A point mutations in NOT2 within pJC613 to create
pJC622. pJC622 was then used as a template for amplification of
NOT2 (W146A, L147A, K149A, E164A, F171A) in addition to 500
bp of 5′ UTR sequence and 460 bp of 3′ UTR sequence using
oJC2067/oJC2098 for cloning into pJC387 using BamHI and SpeI
sites to create pJC627.

Full-length NOT5 in addition to 500 bp of 5′ UTR sequence and
460 bp of 3′ UTR sequence was amplified using oJC2069/oJC2070
(BamHI and SphI sites) and oJC2069/oJC2099 (BamHI and SpeI
sites) for cloning into pJC70 and pJC387, respectively, to create
pJC616 and pJC618, respectively. oJC2082/oJC2083 and oJC2084/
oJC2085 were used to introduce W512A, Y513A, K515A, E528A,
and F535A point mutations in NOT5 within pJC616 to create
pJC626.NOT5 (W512A, Y513A, K515A, E528A, F535A) in addition
to 500 bp of 5′ UTR sequence and 460 bp of 3′ UTR sequence was
amplified from pJC626 using oJC2069/oJC2099 for cloning into
pJC387 using BamHI and SpeI sites to create pJC628.

Yeast two-hybrid constructs

oJC1465/oJC1466 were used to replace a portion of the EcoRI and
SmaI/XmaI sites within the multiple cloning site of pJC351
(pGBKT7) with an SpeI site to create pJC513. Full-length NOT3
and NOT3 (codons 1–692) were amplified using oJC1467/
oJC1468 and oJC1467/oJC1469, respectively, for cloning into
pJC513 using NcoI and SpeI sites to create pJC514 [GAL4-BD-
NOT3 (1–836)] and pJC515 [GAL4-BD-NOT3 (1–692)]. NOT3
(W742A, F743A, R745A, E757A, F764A) was amplified from
pJC506 using oJC1467/oJC1468 for cloning into pJC513 using
NcoI and SpeI sites to create pJC516.

Full-length NOT2 was amplified using oJC2011/oJC2012 (SpeI
and BamHI sites) and cloned into pJC513. oJC2977/oJC2978 were
subsequently used to mutate the SpeI site upstream of NOT2
from ACTAGT to ACAAGT to create pJC818 (GAL4-BD-NOT2).
Full-length NOT5 was amplified using oJC2015/oJC2016 (NcoI
and SpeI sites) and cloned into pJC513 to create pJC600 (GAL4-
BD-NOT5). oJC2015/oJC2016 were used to amplify NOT5
(W512A, Y513A, K515A, E528A, F535A) from pJC628 for cloning
into pJC513 using NcoI and SpeI sites to create pJC644. pJC361
(GAL4-AD-PAT1) and pJC362 (GAL4-AD-DHH1) were created

by cloning full-length PAT1 (amplified with oJC759/oJC760) and
full-length DHH1 (amplified with oJC720/oJC721) into pJC352 us-
ing BamHI and SacI sites.

Transcriptional shut-off and steady-state RNA analysis

Cells expressing the MFA2 reporter harbored in pJC312 and con-
taining a poly(G) tract in its 3′ UTR or the PGK1 reporter harbored
in pJC441 and containing MS2 binding sites in its 3′ UTR, both of
which are under the control of the inducible GAL1 promoter, were
grown at 24°C in synthetic media (pH 6.5) containing 2% galactose,
1% sucrose, and lacking the appropriate amino acids. Once the cells
reached mid-log phase, transcription was repressed by transferring
the cells into media containing 4% glucose. Aliquots were harvested
and immediately frozen on dry ice at the time points indicated in
each figure. Total RNA was isolated as previously described
(Geisler et al. 2012). Up to 40 µg of RNA from each time point
was run on either 1.4% agarose formaldehyde gels or 6% denaturing
polyacrylamide gels and the RNA was transferred to nylon mem-
branes. Northern analysis was performed using radiolabeled oligo-
nucleotide probes that are complementary to either the poly(G)
tract in the MFA2 reporter (oJC168), the MS2 binding sites in the
PGK1 reporter (oJC1006), or SCR1 RNA as a loading control
(oJC306).

For the RNase H cleavage experiment shown in Figure 2B, a tran-
scriptional shut-off experiment was performed as above using wild-
type cells coexpressing the PGK1 reporter (pJC441) and either MS2
or MS2-Not3p (1–836). Of note, 35 µg of the isolated total RNAwas
hybridized to oJC591, which binds just upstream of the PGK1 stop
codon, and the DNA–RNA hybrid was digested with RNase H. In
addition, RNase H cleavages of oJC591- and oligo(dT)-treated sam-
ples were prepared to indicate the migration of a completely dead-
enylated PGK1 mRNA. The cleavage products were subsequently
resolved on 6% denaturing polyacrylamide gels and the 3′ end of
the PGK1 reporter was detected by Northern analysis using radiola-
beled oJC1006.

For the steady-state RNA analyses in Figures 1B and 3B, cells were
grown to mid-log phase at 24°C in synthetic media (pH 6.5) con-
taining 2% glucose (Fig. 1B) or 2% galactose and 1% sucrose
(Fig. 3B) and lacking the appropriate amino acids. Of note, 35 μg
of isolated total RNA was run on 1.4% agarose formaldehyde gels,
transferred to nylon membranes, and probed with radiolabeled
oligonucleotide probes complementary to EDC1 (oJC221) and

TABLE 1. Continued

Name Genotype Source

yJC1800 MATa, ura3, leu2, his3, met15, not2::LEU2, [pGAL-MFA2pG, URA3], [NOT2 (W146A, L147A, K149A, E164A,
F171A), HIS3]

This study

yJC1801 MATa, ura3, leu2, his3, met15, not5::LEU2, [pGAL-MFA2pG, URA3], [WT NOT5, HIS3] This study
yJC1802 MATa, ura3, leu2, his3, met15, not5::LEU2, [pGAL-MFA2pG, URA3], [NOT5 (W512A, Y513A, K515A, E528A,

F535A), HIS3]
This study

yJC1816 MATalpha, ura3, leu2, his3, met15, lys2, not2::LEU2, not5::LEU2, [pGAL-MFA2pG, URA3] This study
yJC1817 MATa, ura3, leu2, his3, met15, not2::LEU2, not3::HIS3, not5::LEU2, [pGAL-MFA2pG, URA3] This study
yJC1824 MATa, ura3, leu2, his3, met15, upf1::NEO, [pGAL-MFA2pG, URA3] This study
yJC1849 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2::GAL1uas-GAL1tata-HIS3, GAL2uas-GAL2tata-

ADE2, URA3::MEL1uas-MEL1tata-lacZ, [GAL4-BD-NOT5 (W512A, Y513A, K515A, E528A, F535A), TRP1],
[GAL4-AD-PAT1 (pJC361), LEU2]

This study
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CYH2mature and pre-mRNA (oKB147) for Figure 1B, and comple-
mentary to theMS2 binding sites in the 3′ UTRof the PGK1 reporter
(oJC1006) for Figure 3B. Radiolabeled oligonucleotide oJC306 was
used to detect SCR1 RNA as a loading control.

Yeast two-hybrid assay

yJC518 cells expressing full-length wild-type Not3p fused to the
Gal4p DNA binding domain were grown to mid-log phase before
transformation with a Saccharomyces cerevisiae ORF library fused
to the Gal4p activation domain as described in the Match-
maker GAL4 Two-Hybrid System 3 & Libraries User Manual
(Clontech). At least 500,000 colonies were screened and transform-
ants were plated onto synthetic media lacking tryptophan, leucine,
and histidine, and supplemented with 5 mM 3-amino-1,2,4-triazole
(3-AT), to assay for protein–protein interactions that result in tran-
scriptional activation of a HIS3 reporter. These and all subsequent
yeast two-hybrid assay plates were incubated at 30°C. Fifty colonies
were observed during the first six days following transformation.
These 50 colonies were next streaked onto synthetic media lacking

tryptophan, leucine, and adenine, to assay for activation of ADE2, a
second reporter in this system. Robust growth of cream-colored
colonies was observed for 19 out of the 50 isolates screened, indi-
cating strong activation of the ADE2 gene. Plasmid DNA was isolat-
ed from these 19 isolates and transformed into yJC518 cells
expressing a C-terminally truncated version of Not3p [Not3p (1–
692)] fused to the Gal4p DNA binding domain to determine which
plasmids express proteins that require the C-terminal end of Not3p
for interaction. Of the 19 isolates expressing proteins that interacted
strongly with full-length Not3p, 13 isolates were nonviable on syn-
thetic media plates lacking tryptophan, leucine, and histidine, and
containing 5 mM 3-AT when Not3p was C-terminally truncated.
Following sequencing of these 13 plasmids, it was determined
that two of the plasmids contain the PAT1 gene. One of these
Gal4p activation domain-Pat1p fusion constructs (pJC526) was
next transformed into yJC518 cells expressing Not3p (W742A,
F743A, R745A, E757A, F764A) fused to the Gal4p DNA binding
domain and transformants were again plated on synthetic media
lacking tryptophan, leucine, and histidine, and supplemented
with 5 mM 3-AT.

TABLE 2. Plasmids

Name Description Reference

pJC70 YCpLac111 Gietz and Sugino (1988)
pJC312 pGAL-MFA2pG Decker and Parker (1993)
pJC351 (pGBKT7) GAL4-BD (empty vector) Clontech
pJC352 (pGADT7) GAL4-AD (empty vector) Clontech
pJC361 GAL4-AD-PAT1 in pJC352 This study
pJC362 GAL4-AD-DHH1 in pJC352 This study
pJC387 pRS413 Brachmann et al. (1998)
pJC398 MS2 Sweet et al. (2012)
pJC435 MS2-NOT3 (codons 1-836) in pJC398 This study
pJC441 pGAL-PGK1HA-MS2 Sweet et al. (2012)
pJC482 MS2-NOT3 (codons 235–836) in pJC398 This study
pJC483 MS2-NOT3 (codons 1–692) in pJC435 This study
pJC490 MS2-NOT3 (codons 1–740) in pJC435 This study
pJC491 MS2-NOT3 (codons 1–788) in pJC435 This study
pJC506 MS2-NOT3 (W742A, F743A, R745A, E757A, F764A) in pJC435 This study
pJC513 pJC351 (pGBKT7) with an SpeI site replacing a portion of the EcoRI and SmaI/XmaI

sites; GAL4-BD (empty vector)
This study

pJC514 GAL4-BD-NOT3 (codons 1–836) in pJC513 This study
pJC515 GAL4-BD-NOT3 (codons 1–692) in pJC513 This study
pJC516 GAL4-BD-NOT3 (W742A, F743A, R745A, E757A, F764A) in pJC513 This study
pJC526 GAL4-AD-PAT1 in pOAD This study
pJC600 GAL4-BD-NOT5 in pJC513 This study
pJC613 WT NOT2 + 500 bp 5′ UTR and 460 bp 3′ UTR in pJC70 This study
pJC616 WT NOT5 + 500 bp 5′ UTR and 460 bp 3′ UTR in pJC70 This study
pJC617 WT NOT2 + 500 bp 5′ UTR and 460 bp 3′ UTR in pJC387 This study
pJC618 WT NOT5 + 500 bp 5′ UTR and 460 bp 3′ UTR in pJC387 This study
pJC622 NOT2 (W146A, L147A, K149A, E164A, F171A) + 500 bp 5′ UTR and 460 bp 3′ UTR in

pJC613
This study

pJC626 NOT5 (W512A, Y513A, K515A, E528A, F535A) + 500 bp 5′UTR and 460 bp 3′ UTR in
pJC616

This study

pJC627 NOT2 (W146A, L147A, K149A, E164A, F171A) + 500 bp 5′ UTR and 460 bp 3′ UTR in
pJC387

This study

pJC628 NOT5 (W512A, Y513A, K515A, E528A, F535A) + 500 bp 5′UTR and 460 bp 3′ UTR in
pJC387

This study

pJC644 GAL4-BD-NOT5 (W512A, Y513A, K515A, E528A, F535A) in pJC513 This study
pJC818 GAL4-BD-NOT2 in pJC513
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For the directed yeast two-hybrid plating assays in Figure 5,
yJC518 cells expressing the indicated proteins were patched onto
synthetic media plates that lack tryptophan and leucine, and either
contain histidine or lack histidine and contain 5 mM 3-AT (Not2p,
wild-type and mutant Not3p, and mutant Not5p assays) or 15 mM
3-AT (wild-type Not5p assay). Growth on the plates lacking histi-
dine, which is indicative of protein–protein interactions that lead
to activation of theHIS3 reporter, was analyzed three to five days af-
ter patching.

Western analysis

Cells were grown at 24°C (Supplemental Fig. S3) or 30°C
(Supplemental Fig. S5) to mid-log phase in synthetic media (pH
6.5) containing 2% galactose and 1% sucrose (Supplemental Fig.
S3) or 2% glucose (Supplemental Fig. S5). Proteins were isolated
and Western blot analysis was performed as previously described
(Geisler et al. 2012). MS2 fusion proteins were detected using
Millipore anti-MS2, Gal4p DNA binding domain fusion proteins

TABLE 3. Oligonucleotides

Name Sequence Reference

oJC168 (oRP121) AATTCCCCCCCCCCCCCCCCCCA Muhlrad et al. (1995)
oJC221 AATTGCTTTGGATGACCAGATCC Sweet et al. (2012)
oJC306 (oRP100) GTCTAGCCGCGAGGAAGG Geisler et al. (2012)
oJC591 CGGATAAGAAAGCAACACCTGGC Hu et al. (2009)
oJC720 ATGCGGATCCATATGGGTTCCATCAATAATAACTTCAACACT This study
oJC721 ATGCGAGCTCATACTGGGGTTGTGACTGACCAGGTG This study
oJC759 ATGCGGATCCATATGTCCTTCTTTGGGTTAGAAAATAGCGGT This study
oJC760 ATGCGAGCTCCTTTAGTTCTGATATTTCACCATCGCGA This study
oJC1006 AGACATGGGTGATCCTCATG Sweet et al. (2012)
oJC1052 GCTCGAGTCATACACTAATTTTTCCCTGTTTCAATTG This study
oJC1148 GATTCATTGTATGTTTAGTCGGCTAGCATGGCTCATAG This study
oJC1149 GGGATGCACATTTTTTTTTTTTATGCTCGAGTCATACAC This study
oJC1252 GACGGTTTGAATTTAGCTAGCAAGCAAGCCATTGC This study
oJC1253 TTCATCGTCAATTTAACTCGAGATTCTAGAAAATTTC This study
oJC1254 GAAATTTTCTAGAATCTCGAGTTAAATTGACGATGAA This study
oJC1326 CAAAGGATGGTACATAACTCGAGTTAAGACAAGGTGAG This study
oJC1327 CTCACCTTGTCTTAACTCGAGTTATGTACCATCCTTTG This study
oJC1328 GCAGCCACCGGTATAACTCGAGTCTGAGGTCCGTG This study
oJC1329 CACGGACCTCAGACTCGAGTTATACCGGTGGCTGC This study
oJC1384 AAGGATGGTACAATGGCTGCTTTAGCACAAGGTGAGGTCAAG This study
oJC1385 CTTGACCTCACCTTGTGCTAAAGCAGCCATTGTACCATCCTT This study
oJC1386 TGAAATTTGCGCAGTTGGTGATTACAAAATTGCTAAACTGGACG This study
oJC1387 CGTCCAGTTTAGCAATTTTGTAATCACCAACTGCGCAAATTTCA This study
oJC1465 TATGGCCATGGAGGCCGAATACTAGTGGATCCGTCGACCTGCAGCG This study
oJC1466 CGCTGCAGGTCGACGGATCCACTAGTATTCGGCCTCCATGGCCATA This study
oJC1467 CGATCACCATGGAGATGGCTCATAGAAAATTACAGC This study
oJC1468 CGACCGACTAGTTTACACTAATTTTTCCCTGTTTC This study
oJC1469 CGACCAACTAGTTAATTGACGATGAATCTTCTTTCAGCC This study
oJC2011 CCGACGACTAGTGGATGGAAAAATTTGGTTTAAAAG This study
oJC2012 AGGTCCGGATCCCCATAATAGCATTATAAAAC This study
oJC2015 CACGTCCCATGGAGATGTCTCAAAGAAAGCTACAAC This study
oJC2016 CGGACGACTAGTACAGTTTTTCGAAATCTTCTTC This study
oJC2067 TGCGACGGATCCCATGCCAATCGACAATACTATTTC This study
oJC2068 TACAAGGCATGCACTTGTTGCAAGATAGGGACAG This study
oJC2069 TAAGATGGATCCTTGGGCTCTGCCCGCGCTGGTTC This study
oJC2070 TACAAGGCATGCGCCCTGATCATCGTACAGTGTCC This study
oJC2078 CCACAAGACGTTGAAGGCCGCTGCTACCGCAGATCCTATGATGGAACC This study
oJC2079 GGTTCCATCATAGGATCTGCGGTAGCAGCGGCCTTCAACGTCTTGTGG This study
oJC2080 GCTGATGGTTTAAGTGCAAGGGGATCATATGTGTTTGCTGACCCACAAAGGTGG This study
oJC2081 CCACCTTTGTGGGTCAGCAAACACATATGATCCCCTTGCACTTAAACCATCAGC This study
oJC2082 CAACAAGGTAGATCGCTGCGCTGCTTATGCAGAAATCGAAAAGTTACCAC This study
oJC2083 GTGGTAACTTTTCGATTTCTGCATAAGCAGCGCAGCGATCTACCTTGTTG This study
oJC2084 CCAGGAATGGGCAAATCTGCAGAGGAATCATGGAGATACGCTGATTATAAAAAAAGTTGG This study
oJC2085 CCAACTTTTTTTATAATCAGCGTATCTCCATGATTCCTCTGCAGATTTGCCCATTCCTGG This study
oJC2098 TGCCAGACTAGTACTTGTTGCAAGATAGGGACAG This study
oJC2099 TCCACGACTAGTGCCCTGATCATCGTACAGTGTCC This study
oJC2977 CCATGGAGGCCGAATACAAGTGGATGGAAAAATTTGGTTTAAAAGCGC This study
oJC2978 GCGCTTTTAAACCAAATTTTTCCATCCACTTGTATTCGGCCTCCATGG This study
oKB147 CCATACCTCTACCACCGGGGTGCTTTCTGTGCTTACCG This study
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were detected using Roche anti-c-myc, and Pgk1p (used as a loading
control) was detected using Thermo Fisher Scientific anti-Pgk1p.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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