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ABSTRACT

A major mRNA decay pathway in eukaryotes is initiated by deadenylation followed by decapping of the oligoadenylated mRNAs
and subsequent 5'-to-3' exonucleolytic degradation of the capless mRNA. In this pathway, decapping is a rate-limiting step that
requires the hetero-octameric Lsm1-7-Pat1 complex to occur at normal rates in vivo. This complex is made up of the seven
Sm-like proteins, Lsm1 through Lsm7, and the Pat1 protein. It binds RNA and has a unique binding preference for
oligoadenylated RNAs over polyadenylated RNAs. Such binding ability is crucial for its mRNA decay function in vivo. In order
to determine the contribution of Pat1 to the function of the Lsm1-7-Pat1 complex, we compared the RNA binding properties
of the Lsm1-7 complex purified from pat7A cells and purified Pat1 fragments with that of the wild-type Lsm1-7-Pat1 complex.
Our studies revealed that both the Lsm1-7 complex and purified Pat1 fragments have very low RNA binding activity and are
impaired in the ability to recognize the oligo(A) tail on the RNA. However, reconstitution of the Lsm1-7-Pat1 complex from
these components restored these abilities. We also observed that Pat1 directly contacts RNA in the context of the Lsm1-7-Pat1
complex. These studies suggest that the unique RNA binding properties and the mRNA decay function of the Lsm1-7-Pat1
complex involve cooperation of residues from both Pat1 and the Lsm1-7 ring. Finally our studies also revealed that the middle
domain of Pat1 is essential for the interaction of Pat1 with the Lsm1-7 complex in vivo.
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INTRODUCTION enzyme (Ling et al. 2011; Parker 2012). This step is positively
and negatively influenced by multiple factors (Ling et al.
2011; Parker 2012). The cytoplasmically localized hetero-
octameric Lsm1-7-Patl complex made up of the seven Sm-
like proteins (Lsm1 through Lsm?7) and the Patl protein
conserved in all eukaryotes is a key activator of the decap-
ping enzyme and is essential for the normal rates of mRNA
decapping in vivo (Bouveret et al. 2000; Tharun et al. 2000
Tharun 2009b; Totaro et al. 2011). This complex also pro-
tects mRNA 3’-ends from trimming (Boeck et al. 1998; He
and Parker 2001; Tharun et al. 2005; Tharun 2009a).
Consistent with its role in activation of deadenylation-depen-
dent decapping in the 5'-to-3’ pathway and in the protection
of mRNA 3’-ends, the Lsm1-7-Patl complex purified from
yeast has RNA binding activity, exhibits a unique binding
preference for oligoadenylated RNAs over polyadenylated
RNAs, and binds at the 3’-ends of RNAs (Chowdhury et al.
2007). Further, it selectively binds at the 3’-ends of deadeny-
lated mRNAs in vivo (Tharun et al. 2000; Tharun and Parker
2001; Mitchell et al. 2013). Importantly, the ability of this

mRNA decay is an important control point in the regula-
tion of gene expression. Modulation of mRNA turnover rates
plays a key role in determining the response time of the gene
expression changes elicited by various external stimuli and
stresses (Perez-Ortin et al. 2007; Shalem et al. 2008; Elkon
et al. 2010; Rabani et al. 2011). As a result, mRNA stability
turns out to be as significant a determinant of global changes
in mRNA abundance as transcription rate (Fan et al. 2002;
Garcia-Martinez et al. 2004; Cheadle et al. 2005; Rabani
et al. 2011).

mRNA decay pathways and machinery are highly con-
served in all eukaryotes. Major pathways for bulk mRNA
decay initiate with deadenylation; afterward, the oligoadeny-
lated mRNA is degraded in a 3'-to-5" exonucleolytic fashion
by the exosome (3'-to-5" pathway) or decapped and then de-
graded in a 5'-to-3’ exonucleolytic manner (5'-to-3" path-
way) by Xrnl (Balagopal et al. 2012; Parker 2012; Wu and
Brewer 2012). In the 5'-to-3" pathway, decapping is depen-
dent on prior deadenylation, and it is a tightly controlled
rate-limiting step carried out by the Dcp2-Dcpl decapping
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complex to recognize the oligoadenylated status of RNAs is es-
sential for its function in mRNA decay in vivo and is depen-
dent on the RNA binding residues in the Sm domain of the
Lsm1 subunit (Chowdhury and Tharun 2008). Nevertheless,
after binding the mRNA, to activate decapping, this complex
needs to facilitate additional post-binding events that are not
yet fully understood (Chowdhury and Tharun 2009). This
complex shares six of its subunits (Lsm2 through Lsm7)
with the Lsm2-8 complex, which is localized in the nucleus
and is not involved in cytoplasmic mRNA decay (Bouveret
etal. 2000; Tharun et al. 2000; Ingelfinger et al. 2002; Tharun
2009b). Thus Lsml is a key distinguishing subunit of this
complex. The Lsm1-7, Lsm2-8, and Sm complexes have a
very similar doughnut-shaped quaternary structure wherein
the individual Lsm/Sm subunits are organized relative to
each other in an analogous fashion (Kambach et al. 1999; Sha-
rifand Conti 2013; Zhou etal. 2013,2014). A unique feature of
the Lsm1-7 complex is that the extended C-terminal domain
of Lsm1 forms a long a-helix that crosses the entire diameter
of the doughnut and partially blocks the central hole (Sharif
and Conti 2013; Zhou et al. 2014).

Apart from Lsm1, another key subunit of the Lsm1-7-Pat1
complex is Patl. Like the Lsm1 through Lsm?7 proteins, Patl is
also well conserved in all eukaryotes. While a single Pat1 pro-
tein is present in yeast and invertebrates (Bonnerot et al. 2000;
Bouveret et al. 2000; Tharun et al. 2000; Eulalio et al. 2007;
Gallo et al. 2008), vertebrates have two paralogs, Patla and
Patlb (Rother et al. 1992; Scheller et al. 2007; Marnef and
Standart 2010; Marnef et al. 2010). Pat1 has been implicated
in several functions, and not all of them are related to its asso-
ciation with the Lsm1-7 complex. In yeast, Patl, but not
Lsml, associates with a pool of mRNPs that is also bound to
elF4G, elF4E, and Pab1 (Tharun and Parker 2001). Also yeast
Patl functions in translational repression along with Dhh1,
and therefore, translation rates do not decrease in dhhIA
patlA cells upon glucose starvation unlike in wild-type and
IsmlA cells (Holmes et al. 2004; Coller and Parker 2005).
Thus, while the Lsm1-7-Patl complex facilitates decapping
of mRNPs, Patl by itself seems to play additional roles at ear-
lier steps involving translational repression and mRNP rear-
rangement that set the stage for decapping. Translational
repression activity has also been noted for Patl homologs of
Xenopus but not humans (Marnef et al. 2010; Ozgur et al.
2010). Patl has an important role in p-body assembly as re-
vealed by a drop in the number and size of p-bodies in
patlA yeast, while p-bodies are increased in IsmIA yeast
(Teixeira and Parker 2007). Consistently, while Patl is abso-
lutely required for Lsm1 to enter p-bodies, in IsmlA cells
Patl is still present in p-bodies (Teixeira and Parker 2007).
Overexpression of Patl induces p-body formation in both
yeast and human cells (Coller and Parker 2005; Ozgur et al.
2010). Patl facilitates p-body assembly, probably by acting
as a scaffolding protein since it interacts with numerous decay
factors, including the decapping enzyme, decapping activa-
tors, the 5'-to-3’ exonuclease Xrnl, and components of the
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Ccr4 deadenylase complex as revealed by studies in human
cells, Drosophila, and yeast (Braun et al. 2010; Haas et al.
2010; Nissan et al. 2010; Ozgur et al. 2010). Human and yeast
Patl also have the potential to self-associate (Nissan et al.
2010; Ozgur et al. 2010), a property that may facilitate
p-body assembly. Finally, yeast Patl is a substrate of cAMP-
dependent protein kinase (PKA)-mediated phosphoryla-
tion, and such phosphorylation affects its ability to pro-
mote p-body formation (Ramachandran et al. 2011; Shah
et al. 2013).

Patl has also been implicated in nuclear functions. Both
Lsml and Patl are nucleocytoplasmic shuttling proteins
that get exported by Crm1 (Marnef et al. 2012; Haimovich
et al. 2013). Yeast Patl affects tRNA subcellular distribution
dynamics in a manner that is different from that of Lsml
(Hurto and Hopper 2011). Yeast Patl associates with topo-
isomerase-II and CEN DNA and has been implicated in
rDNA locus stability and chromosome transmission fidelity
(Wang et al. 1996, 1999; Mishra et al. 2013). Recent studies
suggest that Patl, Lsml, and other decay factors associate
with chromatin and influence transcription such that tran-
scription and mRNA decay are coupled (Haimovich et al.
2013). Finally, human Patlb localizes to splicing speckles in
the nucleus (Marnef et al. 2012).

Patl proteins are large, with the yeast and human orthologs
being 796 and 770 residues long, respectively. They do not
have any readily recognizable motifs (Scheller et al. 2007;
Marnef and Standart 2010; Marnef et al. 2010; Ozgur et al.
2010). The region close to the N terminus of Patl proteins
is sufficient for interaction with Dhhl orthologs in yeast,
Drosophila, and humans (Braun et al. 2010; Haas et al. 2010;
Ozgur etal. 2010; Sharif et al. 2013). The middle and C-termi-
nal segments contain the polypeptide regions that are neces-
sary for supporting decay, mediating interaction with other
decay factors, including the Lsm1-7 complex, localization to
p-bodies, etc. (Braun et al. 2010; Haas et al. 2010; Marnef
and Standart 2010; Ozgur et al. 2010). Structural studies car-
ried out using the C-terminal segment of Patl have revealed
that this segment interacts with the Lsm2 and Lsm3 subunits
in the Lsm1-7 ring (Sharif and Conti 2013; Wu et al. 2014).

Both human Patlb and Drosophila HPat trigger deadenyla-
tion and decapping when tethered to mRNA (Haas et al. 2010;
Ozgur etal. 2010). They also promote the decapping of mRNA
whose decay is mediated by tethered GW182 (Braun et al.
2010; Haas et al. 2010). However, in yeast, neither LSM1 nor
PATI seems to affect deadenylation (Hatfield et al. 1996;
Boeck et al. 1998; Schwartz and Parker 2000). Nevertheless,
consistent with both Patl and Lsm1 being part of the same
complex (Lsm1-7-Patl complex), both patIA and Ism1A yeast
cells are defective in mRNA decapping and 3'-end protection
as evident from the accumulation of deadenylated 3’-trimmed
capped mRNA species in those cells (Hatfield et al. 1996;
Boeck et al. 1998; Bouveret et al. 2000; Tharun et al. 2000,
2005; He and Parker 2001). Further, truncated versions of
yeast Pat] that fail to interact with Lsm1 in a two-hybrid assay
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are also impaired in their ability to support mRNA decay in
vivo (Pilkington and Parker 2008). Collaboration of Lsml
and Patl in facilitating the final steps of decapping is also evi-
dent from the fact that both of them are needed for the decay of
an mRNA even when that mRNA is translationally impaired
via insertion of the secondary structure in the 5" UTR, while
Dhh1 is dispensable for such decay because Dhh1 primarily
functions in the earlier stages of decapping (Coller and
Parker 2005). In any case, while these observations and the
physical association of Pat1 with the Lsm1-7 complex indicate
that Patl and Lsm1-7 complex function together in decap-
ping, the nature of Pat1’s contribution to the functioning of
the Lsm1-7-Patl complex is not known. To gain insight
into this issue, we have addressed how Patl affects the RNA
binding properties of the Lsm1-7-Patl complex.

RESULTS

Lsm1-7 complex assembles in pat7A cells

In order to determine the contribution of Patl to the RNA
binding activity of the Lsm1-7-Patl complex, we purified
the Lsm1-7 heptamer from a patlA; FLAG-LSM1; LSM7-
6xHis yeast strain using the tandem affinity chromatographic
strategy we described earlier (Chowdhury et al. 2007; Tharun
2008), which employs the anti-Flag antibody matrix and the
Ni-NTA matrix in the first and second affinity purification
steps, respectively (targeting Flag-LSM1 and LSM7-6xHis, re-
spectively). Comparison of the SDS—polyacrylamide gel elec-
trophoretic (PAGE) band patterns of the complexes purified
from wild-type and patIA cells (Fig. 1) and determination of
the tryptic peptide sequences (data not shown) by mass spec-
trometry analysis of the proteins present in the complex pu-
rified from patlA cells revealed that all the seven Lsm
proteins (Lsm1 through Lsm7) are present in the complex
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FIGURE 1. Lsml1-7 complex assembles in a pat]A mutant. Lsm1-7—
Patl complex purified from wild-type cells (left) and the Lsm1-7 com-
plex purified from patIA cells (right) were separated by SDS-PAGE and
visualized by silver staining.

purified from patIA cells, indicating that Pat1 is not required
for the assembly of the Lsm1-7 heptamer. These results are
consistent with the observation that the human and yeast
Lsm1-7 complexes can be reconstituted in vitro in the ab-
sence of Patl (Zaric et al. 2005; Sharif and Conti 2013;
Zhou et al. 2014). The complex purified from patlIA cells
will be referred to as Lsm1-7 complex hereafter.

Lsm1-7 complex is severely impaired in its RNA
binding activity and fails to exhibit a detectable
binding preference for oligoadenylated RNA over
unadenylated RNA

A unique RNA binding property of the Lsm1-7-Pat1 complex
purified from wild-type cells is that it has significantly higher
affinity for oligoadenylated RNAs over polyadenylated and
unadenylated RNAs (Chowdhury et al. 2007). Such ability
to recognize the presence of oligo(A) tail on the RNA is essen-
tial for mRNA decay in vivo and is readily revealed in gel shift
assays (using our standard 42-mer in vitro transcripts as sub-
strates) as a higher binding affinity toward the 3’-penta-
adenylated RNA substrate over the unadenylated RNA sub-
strate (Chowdhury et al. 2007; Chowdhury and Tharun
2008, 2009). Therefore, we studied the RNA binding ability
of the purified Lsm1-7-Patl and Lsm1-7 complexes via gel
mobility shift assays using uniformly labeled in vitro tran-
scribed PGKI RNA (42-mer RNA derived from the 3’ UTR
of PGK1) and PGKI1-As RNA (PGKI RNA carrying a 3'-As
tail) (Chowdhury et al. 2007; Chowdhury and Tharun
2008). As seen in Figure 2A, two important observations
can be made from these experiments. First, overall, the RNA
binding ability of the Lsm1-7 complex is very much lower
than that of the wild-type Lsm1-7-Patl complex. The gel re-
tarded complex formed by Lsm1-7 complex is of higher mo-
bility than that formed by the Lsm1-7-Patl complex. This
may partly be to do with the smaller size of the Lsm1-7 com-
plex compared with the wild-type Lsm1-7-Patl complex
(~97 kD vs. ~185 kD). Second, while the Lsm1-7—Patl com-
plex clearly exhibited a higher affinity for the PGKI-As RNA
than the PGK1 RNA as expected and as observed earlier
(Chowdhury and Tharun 2009; Chowdhury et al. 2012),
such binding preference could not be observed with the
Lsm1-7 complex. Very similar results were also observed
when the experiments were carried out using the MFA2 and
MFA2-A5 RNAs (42-mer RNA derived from the 3’ UTR of
MFA2 and the 3'-penta-adenylated version of such RNA) as
substrates for gel shift assays (Fig. 2B). Thus, the Patl subunit
seems to contribute significantly to both the overall RNA
binding activity and the ability to recognize the presence of
3’-oligo(A) tail of the Lsm1-7—Patl complex.

Pat1 subunit contacts RNA directly

The Patl subunit could be enhancing the RNA binding activ-
ity of the Lsm1-7-Patl complex either by directly contacting
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FIGURE 2. Lsm1-7 complex is severely impaired in its ability to bind
RNA and does not exhibit a binding preference for oligoadenylated
RNA. BSA or increasing concentrations of Lsm1-7-Patl complex pu-
rified from wild-type cells or the Lsm1-7 complex purified from patlA
cells (indicated on top in A and B) were subjected to gel shift assays
using uniformly radiolabeled PGKI and PGKI-As RNAs (A) or
MFA2 and MFA2-A5 RNAs (B). Plots of the percentage of RNA bound
vs. the concentration of the complex used are shown on the right of
the phosphorimages of the gels. Bands of bound and unbound RNA
are labeled.

RNA and thereby providing additional RNA binding surface
(s) or simply by strengthening the RNA contacts of the Lsm1
through Lsm?7 subunits via its influence on the conformation
of those subunits. It is known that pull-down of Patl from
yeast cell lysate coprecipitates mRNA (Tharun and Parker
2001; Mitchell et al. 2013) and that yeast Patl translated in vi-
tro using reticulocyte lysate can be pulled down from such ly-
sate using poly(U) Sepharose (Pilkington and Parker 2008).
Therefore, in order to address the above issue, we first asked
if Patl by itself is able to bind RNA directly. Given that efforts
to purify full-length Patl have not been successful so far
(Nissan et al. 2010), we purified two previously characterized
N-terminally truncated fragments of yeast Patl carrying the
middle and C-terminal domains (residues 254-796) or only
the C-terminal domain (residues 422—-796) of Patl, referred
to as PatIM+C (predicted size 62 kD) and Pat1C (predicted
size 43 kD), respectively (Nissan et al. 2010), after expressing
them in Escherichia coli (Fig. 4A, below). These regions of yeast

1468 RNA, Vol. 20, No. 9

Patl mediate the mRNA decay function and the interactions
with most of the decay factors (Pilkington and Parker 2008;
Nissan et al. 2010). To determine if Patl1C and PatIM+C
bind RNA directly, we carried out gel shift assays using uni-
formly radiolabeled MFA2 and MFA2-As RNAs. As seen in
Figure 3, PatlC and Pat1M+C bound RNA with extremely
low affinity. Interestingly, these results also showed that as
for the Lsm1-7 complex, a clear binding preference for oligoa-
denylated RNA over unadenylated RNA was not detectable for
the Pat1C and Pat1M+C fragments also. Similar results were
obtained in gel shift assays carried out using radiolabeled
PGK1 and PGKI-As RNAs (Supplemental Fig. S1; data not
shown). In order to further confirm that the Patl fragments
are able to bind RNA, we carried out UV crosslinking assays.
Purified Pat1C and Pat1M+C fragments and bovine serum
albumin (BSA; control) were incubated with the uniformly
radiolabeled PGK1 RNA and then UV irradiated. After ribonu-
clease treatment, the crosslinked proteins were analyzed by
SDS-PAGE followed by autoradiography. As seen in Figure
4B, both Pat1C and PatIM+C, but not BSA, crosslinked to
theRNAina UV irradiation—dependent manner. These results
suggest that yeast Patl by itself is capable of binding RNA
directly, and are consistent with the observation that the puri-
fied C-terminal fragment of human Patlb is able to directly
bind poly (U) in vitro (Braun et al. 2010).

The above results support the idea that Patl contacts RNA
as a part of the Lsm1-7-Patl complex. To test this directly, we
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< 7
MFA2RNA MFA2-A5 RNA MFA2RNA MFA2-AS RNA
20 20
Pat1M+C
3 210
1.0 =
<
A5 RNA z
z MPAZAS TR e
& MFA2 RNA &
00 4 , 00
500 0 500 1000

250
Pat1M+C protein conc. (nM)

Pat1C protein conc. (nM)

FIGURE 3. The Patl fragments are severely impaired in their ability to
bind RNA and do not exhibit a binding preference for oligoadenylated
RNA. BSA or increasing concentrations of PatIM+C or Pat1C expressed
and purified from E. coli (indicated on top) were subjected to gel shift
assays using uniformly radiolabeled MFA2 and MFA2-As RNAs. Plots
of the percentage of RNA bound (quantitated using phosphorimager)
vs. the concentration of the protein used are shown directly below the
phosphorimages of the corresponding gels. Bands corresponding to
the bound RNA are marked with asterisks on the left of the phosphor-
images. At least two gel retarded bands are observed with Pat1C. The
lower of the two bands may be the result of disassembly during the gel
run of the RNP complex(s) representing the upper band.
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FIGURE 4. Patl directly contacts RNA. (A) Silver-stained SDS-PAGE
of PatlC and PatIM+C purified from bacteria. (B,C) Lsm1-7-Patl
complex purified from wild-type yeast (2 pmol), Lsm1-7 complex puri-
fied from patlA yeast (3 and 5 pmol), Pat1C (45 pmol), or PatIM+C
(24 pmol) expressed and purified from E. coli or BSA was subjected to
UV crosslinking in the presence of uniformly radiolabeled PGKI RNA
for varying lengths of time (indicated at the bottom). After ribonuclease
treatment, the crosslinked proteins were visualized by denaturing PAGE
and autoradiography.

carried out UV crosslinking assays using uniformly radiola-
beled PGK1 RNA with purified wild-type complex and the
Lsm1-7 complex purified from patIA cells. The following
observations can be made from these studies (Fig. 4C). First,
as expected and as we had observed previously with the
wild-type complex (Chowdhury et al. 2007; Chowdhury and
Tharun 2009), a ~23-kD band radiolabeled in a UV irradia-
tion—dependent manner was clearly visible in crosslinking
reactions carried out using both the complexes. This band has
the expected mobility of Flag-Lsm1, and we have shown earlier
via immunoprecipitation analyses that it does contain Flag-
Lsm1 (Chowdhury et al. 2007; Chowdhuryand Tharun 2009).
Second, in crosslinking reactions carried out using the wild-
type complex, at least two more bands of lower mobility
(~65 kD and ~97 kD) were also detectable in longer expo-
sures, although one of them (~97 kD) was weak. Two obser-
vations strongly suggest that these bands correspond to Patl.
First, although the expected size of yeast Patl is 88 kD, it is
known to run in SDS-PAGE as multiple bands of anomalous
electrophoretic mobility, including two or three bands with
mobility ranging from ~62 kD to ~75 kD and a ~97-kD
band (Bouveret et al. 2000; Chowdhury et al. 2007, 2012;
Chowdhury and Tharun 2008, 2009). In our purified Lsm1-
7-Patl complex preparations, we always find the ~62-kD to
~75-kD Patl bands to be much stronger than the ~97-kD
band (Chowdhury et al. 2007, 2012; Chowdhury and
Tharun 2008, 2009). Thus, the ~65-kD and ~97-kD bands
(wherein the latter band is weaker than the former) observed
in UV crosslinking match the typical mobility of yeast Patl
bands. Second, both the ~65-kD and ~97-kD bands are unde-
tectable in the crosslinking reactions carried out using the

Lsm1-7 complex purified from patIA cells (Supplemental
Fig. S3A shows longer exposure of the autoradiograph shown
in Fig. 4C). These observations support the idea that RNA
binding by the Lsm1-7-Pat1 complex involves direct contacts
of not only the Lsm proteins but also Pat1 with the RNA. The
~65-kD and ~97-kD crosslinked bands are often weaker than
the ~23-kD crosslinked band corresponding to Lsm1 (Sup-
plemental Fig. S2), and this is probably why they were missed
in our earlier studies (Chowdhury et al. 2007). Finally, cross-
linking reactions carried out with both the wild-type complex
and the Lsm1-7 complex revealed a set of additional bands of
mobility higher than that of the ~23-kD Flag-Lsm1 band,
possibly corresponding to other Lsm proteins, as we had
observed earlier with the wild-type complex (Chowdhury
et al. 2007; Chowdhury and Tharun 2009). Additional ex-
periments suggested that among these, the ~14-kD cross-
linked band corresponds to Lsm7 because, if crosslinking
reactions were carried out using the wild-type complex puri-
fied from a strain that carries the C-terminal 6xHis tag on
LSM5 instead of LSM7, this ~14-kD crosslinked band
showed a small but reproducible increase in mobility (Sup-
plemental Fig. S2).

Association of Lsm1-7 complex with Pat1
fragments in vitro results in restoration of RNA
binding activity

As mentioned above, the Lsm1-7 complex not only has an
RNA binding activity that is much lower than that of the
wild-type Lsm1-7-Pat1 complex but also lacks any detectable
ability to recognize the oligo(A) tail on the RNA. While in
principle this could be because the RNA binding properties
of the Lsm1-7-Patl complex are completely an attribute of
Patl, such a scenario is less likely given the observation that
the Patl fragments PatlC and PatlM+C also have very
poor RNA binding activity and fail to exhibit a detectable
binding preference for oligoadenylated RNA. Although the
impaired RNA binding activity of the Patl fragments could
be because of their N-terminal truncation, an alternate pos-
sibility is that neither Patl nor the Lsm1-7 complex has ro-
bust RNA binding activity in isolation, and the enhanced
RNA binding ability and unique RNA binding preference
of the Lsm1-7-Patl complex are generated only when Patl
associates with the Lsm1-7 complex. Since both PatiM+C
and Pat1C associate with the Lsm1-7 complex in vitro as ob-
served by us (Fig. 7C, below) and others (Nissan et al. 2010),
in order to test this idea, we asked if a complex reconstituted in
vitro by combining purified Lsm1-7 complex with Pat1M+C
or Pat1C will have enhanced RNA binding activity. To this
end, we immobilized the Lsm1-7 complex onto the anti-
Flag antibody matrix (using the Flag tag on Lsm1) after in-
cubating it with Pat1M+C, Pat1C, or just buffer. After wash-
ing to remove unbound proteins, the matrix was incubated
with uniformly labeled PGK1 RNA and washed again before
extracting the bound RNA, which was then analyzed by
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the purified Lsm1-7-Pat1M+C complex.

denaturing PAGE and autoradiography. As shown in Figure
5A, the amount of RNA retained on the matrix was increased
about twofold if the Lsm1-7 complex was immobilized on it
after incubation with PatlC or PatIM+C. Importantly,
when the experiment was carried out using uniformly labeled
PGK1-As RNA instead of PGKI RNA, the enhancement of
RNA retention caused by preincubation of the Lsm1-7 com-
plex with the Patl fragments was about eightfold. The reten-
tion of RNA on the matrix was dependent on the Lsm1-7
complex immobilized onto the matrix and not due to nonspe-
cific association because the matrix incubated with BSA did
not bind RNA at significant levels. Further, preincubation
of the Lsm1-7 complex with BSA instead of Patl fragments
before its immobilization onto the matrix did not affect the
amount of RNA retained on the matrix (data not shown).
These observations suggest that the association of Patl with
the Lsm1-7 complex results in the significantly enhanced
RNA binding ability and the restoration of the binding prefer-
ence for oligoadenylated RNA over unadenylated RNA of the
Lsm1-7-Patl complex.
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Lsm1-7-Pat1M+C complex purified from yeast has
considerable RNA binding activity and exhibits binding
preference for oligoadenylated RNA

In order to further confirm the above observation, we ex-
pressed (from CEN vector using native promoter) PatlM
+C in patlA yeast and purified the Lsm1-7 complex from
those cells. SDS-PAGE analysis revealed that, as expected,
the PatIM+C fragment (~62-kD band) copurifies with the
Lsml through Lsm7 proteins (Fig. 5B). Analysis of the
RNA binding activity of the purified Lsm1-7-Pat1M+C com-
plex via gel shift assays using uniformly radiolabeled PGK1
and PGKI-As; RNAs revealed that it has considerable RNA
binding activity (Fig. 5B) that is much higher than that of
the Lsm1-7 complex (Fig. 2) or the Patl fragments (Fig. 3)
although lower than that of the wild-type complex (Fig. 2).
The Kp values for the interaction of PGKI and PGKI-As
RNAs with the purified Lsm1-7-PatlM+C complex are
~550 nM and ~40 nM, respectively, while the corresponding
K, values obtained with the wild-type complex for the same
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RNAs (Fig. 2) are ~56 nM and ~20 nM. Thus, although the
Lsm1-7-Pat1M+C complex has lower RNA binding activity
compared with the wild-type complex, it exhibits a clear
binding preference for oligoadenylated RNA over unadeny-
lated RNA.

M-domain of Pat1 is essential for interaction
of Lsm1-7 complex with Pat1 in vivo

In order to gain more insight into the enhancement of RNA
binding activity of the Lsm1-7 complex upon its association
with the Patl fragments, we also expressed PatlC (from
CEN vector using native promoter) in pat1A yeastand purified
the Lsm1-7 complex from those cells. Surprisingly, SDS-
PAGE analysis of the purified material failed to detect the
Pat1C fragment (~43 kD), suggesting that Pat1C does not
copurify with the Lsm1-7 complex (Fig. 6A), although under
the same conditions, Lsm1-7-Pat1M+C complex could be
purified from the same patIA strain expressing Pat1M+C
from a similar construct (Figs. 5B, 6A). Consistently, the RNA
binding activity of the purified complex was very low, like that
of the Lsm1-7 complex purified from pat1A cells (Figs. 2, 6B).
In order to rule out the possibility that the Pat1C polypeptide
fails to accumulate at sufficient levels in vivo (due to instability
or poor expression), we expressed Flag-tagged Pat1C using a
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FIGURE 6. Pat1C does not copurify with the Lsm1-7 complex from
yeast. (A) Lsm1-7 complex was purified from patIA cells that express
Pat1C or PatIM+C, and the purified material was separated by SDS-
PAGE and visualized by silver staining. (B) BSA or increasing concentra-
tions of the complex purified from patIA cells expressing Pat1C were
subjected to gel shift assays using uniformly labeled PGKI or PGKI-
A5 RNAs. Plots of the percentage of RNA bound (quantitated using
phosphorimager) vs. the concentration of the protein used are shown
directly below the phosphorimages of the gels. (C) The Lsm1-7 complex
was purified from a patIA strain expressing Flag-Pat1C and the input
lysate, eluates of the first (anti-Flag antibody matrix pull-down), and
second (Ni-NTA matrix pull-down) steps of purification and cell lysate
from a control strain in which neither Lsm1 nor Pat1C is Flag tagged
were subjected to Western analysis using anti-Flag antibodies.

similar construct in the patIA strain and purified the Lsm1-
7 complex from such strain. We then subjected the eluate of
the first affinity purification step (anti-Flag antibody matrix),
the final eluate (after the Ni-NTA matrix step), and the input
cell lysate to Western analysis using anti-Flag antibody. Such
analysis revealed that while Pat1C is clearly detectable in the
cell lysate and the anti-Flag antibody matrix eluate, it is unde-
tectable in the final eluate (Fig. 6C). Thus, although Pat1C is
expressed in the cells, it fails to copurify with the Lsm1-7 com-
plex. These results therefore suggest that the C-terminal
domain of Patl is not sufficient to support the interaction
with the Lsm1-7 complex in vivo and that the middle domain
is also needed additionally.

Inability of Pat1C to interact with the Lsm1-7
complex is not due to phosphorylation

The observation that the C-terminal domain of Patl is not suf-
ficient for the interaction with the Lsm1-7 complex is surpris-
ing because past studies have shown that Pat1C is able to
interact with the Lsm1-7 complex in vitro (Nissan et al.
2010; Sharif and Conti 2013; Wu et al. 2014). Since these
studies were carried out using recombinant Pat1C protein
purified from E. coli, our observations suggest that the inability
of Pat1C to associate with the Lsm1-7 complex in vivo in yeast
could be due to post-translational modification. Indeed, re-
cent studies have shown that in glucose-replete growth condi-
tions, Patl is phosphorylated by PKA at two serine residues in
its C-terminal domain, $456 and S457 (Budovskaya et al. 2005;
Ramachandran et al. 2011; Shah et al. 2013). Therefore we
asked if the inability of PatlC to copurify with the Lsm1-7
complex from yeast is due to such phosphorylation since we
grew the cells in glucose containing growth medium for the
pull-down experiments (Fig. 6). To test this idea, we mutagen-
ized S456 and S457 to alanines in the CEN plasmid that was
used to express Flag-Pat1C in yeast for the experiment shown
in Figure 6. The Lsm1-7 complex was then pulled down using
Ni-NTA matrix from patIA cells expressing the wild-type
Pat1Cor the mutant version, Pat1C-AA, from analogous plas-
mids. The lysate and pull-down fractions were analyzed by
anti-Flag antibody Westerns. As seen in Figure 7A, Pat1C-
AA, just like Pat1C, also fails to coprecipitate with the Lsm1-
7 complex, although it is expressed.

It has been shown that when yeast cells grown in glucose-
replete medium were shifted to a medium lacking glucose,
the PKA-mediated phosphorylation of Patl is lost rapidly
within 10-30 min (Ramachandran et al. 2011; Shah et al.
2013). Therefore, in order to test the effect of such natural
loss of phosphorylation in vivo on the interaction of Pat1C
with the Lsm1-7 complex, we grew the patIA cells expressing
Flag-Pat1C under glucose-replete conditions to log phase and
then transferred them to medium lacking glucose for 30 min
before lysing them and pulling down the Lsm1-7 complex
from them using Ni-NTA matrix. As seen in Figure 7B,
Pat1C still fails to coprecipitate with the Lsm1-7 complex.
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FIGURE 7. Inability of Pat1C to interact with the Lsm1-7 complex is
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Mutation of S456 and S457 of Pat1 to glutamic acid residues
has been shown to mimic phosphorylation (Ramachandran
etal. 2011; Shah et al. 2013). Therefore, we asked if Pat1C car-
rying such phosphomimetic mutation expressed and purified
from bacteria will fail to interact with the purified Lsm1-7
complex in vitro. To this end, we introduced such mutation
in the plasmid used for expressing GST-tagged Pat1C in E.
coli. The wild-type Pat1C and the mutant version, Pat1C-EE,
expressed using the analogous constructs in E. coli were then
purified using glutathione-Sepharose matrix. After cleaving
off their GST tags, equal amounts of the two proteins were in-
cubated with the purified Lsm1-7 complex. The Lsm1-7 com-
plex was pulled down from these reactions using an anti-Flag
antibody matrix. After washing to remove unbound proteins,
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the bound proteins were separated by SDS-PAGE and then vi-
sualized bysilver staining. As seenin Figure 7C, Pat1 C-EE inter-
acts with the Lsm1-7 complex as efficiently as Pat1C. Together,
these results suggest that PKA-mediated phosphorylation
is not the likely reason for the inability of the C-domain of
Patl to interact with the Lsm1-7 complex in vivo.

Finally, Northern analysis to determine the accumulation
of the poly(G) decay intermediate of the MFA2pG mRNA at
steady state (which is decreased in decapping defective cells)
(Decker and Parker 1993; Hatfield et al. 1996; Tharun et al.
2005) revealed that changing S456 and $457 to Alanines in
full-length Patl does not significantly affect mRNA decay
in vivo (Supplemental Fig. S3B). As seen in Supplemental
Figure S3B, Pat1-AA was able to support poly(G) fragment ac-
cumulation as well as Patl in patIA cells. This suggests that
phosphorylation of S456 and S457 of Patl is dispensable for
mRNA decay at least under normal growth conditions.

DISCUSSION

The ability of the Lsm1-7-Patl complex to bind RNA and to
recognize the presence of the 3’ oligo(A) tail of the RNA is es-
sential for mRNA decay in vivo as revealed by our past analysis
of various IsmI mutants (Tharun et al. 2005; Chowdhury and
Tharun 2008, 2009; Chowdhury et al. 2012). However, the
contribution of Patl to the RNA binding properties of the
Lsm1-7-Patl complex is not known. The main finding that
we report here is that the high RNA binding affinity and the
ability to recognize the 3'-oligo(A) tail of the RNA are features
of the Lsm1-7—Patl complex that are generated only when the
two key components of the complex, namely, Lsm1-7 ring
and Patl, associate to form the full Lsm1-7—Patl complex,
and hence, neither of those two components possesses such
features in isolation. Multiple observations support this
idea. First, comparison of the RNA binding properties of
the Lsm1-7-Patl and Lsm1-7 complexes purified from yeast
reveals that the Lsm1-7 complex is severely impaired in its
RNA binding activity and ability to recognize the 3’-oligo
(A) tail. Second, Patl fragments purified from bacteria are
also severely defective in RNA binding and fail to exhibit a
detectable binding preference for oligoadenylated RNA.
Third, small point mutations (changing five or fewer resi-
dues) in the Sm domain of Lsm1 can abolish the ability to rec-
ognize the 3'-oligo(A) tail with or without the concomitant
(moderate or almost complete) loss of the RNA binding activ-
ity of the Lsm1-7-Patl complex in the absence of any signifi-
cant impact on the complex integrity (Tharun et al. 2005;
Chowdhury and Tharun 2008, 2009). Fourth, in vitro recon-
stitution of the whole complex from the RNA binding—
defective components (purified Lsm1-7 complex and Patl
fragment) results in significant enhancement of RNA binding
activity and restoration of the ability to recognize 3’-oligo(A)
tail of the RNA. Results obtained with similar complex puri-
fied from patl mutant yeast (in vivo reconstitution) are con-
sistent with that in vitro reconstitution experiments. Finally,
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crosslinking analyses show that both Lsm1 and Patl contact
RNA as part of the entire Lsm1-7-Patl complex. Thus, the
characteristic RNA binding properties of the Lsm1-7-Patl
complex can be severely impaired by lesions in either Lsm1
or Patl, indicating that both the Ism1-7 ring and Patl play
crucial roles in RNA binding.

Our earlier studies support the idea that the lack of bind-
ing preference for oligoadenylated RNA of the Lsm1-7 com-
plex and the Patl fragments observed here is not because the
unadenylated RNA binding activities measured are very low.
For example, although the mutant complexes isolated from
the Ism1-27 and Ism1-28 strains (that carry large deletions in
the C-terminal domain of Lsml1) are severely impaired in
binding unadenylated RNA, their binding preference for oli-
goadenylated RNA over unadenylated RNA can be very clearly
observed (Chowdhury et al. 2012). Further, very low binding
activity is also observed with the wild-type complex when a
poor unadenylated RNA substrate like RPP2B, TEFI(s) or
MFA26xUA RNA is used (Chowdhury et al. 2007). However,
here again, the binding preference for the oligoadenylated
forms of these RNAs over the corresponding unadenylated
forms can be very clearly observed (Chowdhury et al. 2007).
Therefore low binding activity toward unadenylated RNA
per se does not preclude the ability to detect the binding pref-
erence for oligoadenylated RNA. Finally and conversely, al-
though the mutant complex isolated from the IsmlI-14
strain is as efficient as (or slightly better than) the wild-type
complex in binding unadenylated RNA, a binding preference
of this mutant complex for oligoadenylated RNA over unad-
enylated RNA is not detectable (Chowdhury and Tharun
2008). Thus, the binding activity toward unadenylated RNA
does not always impact the ability to detect or correlate with
the binding preference for oligoadenylated RNA.

Our observations are consistent with the model that the
Lsm1-7-Patl complex possesses a composite RNA binding
surface made up of residues from both the Lsm1-7 ring and
Patl. The poor binding activity of the Lsm1-7 ring and Patl
fragments could be simply either because the fewer RNA con-
tacts (compared with the Lsm1-7-Patl complex) made by
their individual RNA binding surfaces are not sufficient to
support significantly stable RNA binding or because their
binding surfaces attain optimal conformation only when
they associate to form the entire Lsml-7-Patl complex.
Our past studies have shown that both the Sm domain and
the C-terminal domain of Lsm1 are essential for the normal
RNA binding activity of the Lsm1-7-Patl complex, sug-
gesting that residues from both of these regions of Lsm1 con-
tribute to the RNA binding surface of the Lsml-7 ring
(Chowdhury and Tharun 2008, 2009; Chowdhury et al.
2012). The other Lsm subunits (Lsm2 through Lsm?7) also
contact RNA in the Lsm1-7-Patl complex, although the
manner in which they affect the overall binding is not clear.

A unique feature of the Lsm1-7-Patl complex is its strong
binding preference for oligoadenylated RNA over unadeny-
lated RNA. While the mechanism by which this binding pref-

erence is attained is not clear, it is possible that in addition to a
binding surface for the RNA body, the Lsm1-7-Pat1 complex
also possesses an oligo(A) tail-specific binding surface such
that when the RNA has a 3’-oligo(A) tail, substrate binding
is further strengthened due to additional RNA contacts and
possible conformational changes caused by such contacts.
Since our studies show that both the Lsm1-7 ring and Patl
contribute not only to the binding affinity for unadenylated
RNA but also to the binding preference for oligoadenylated
RNA of the Lsm1-7-Patl complex, it is likely that both of
these binding surfaces are composites involving residues
from Patl and the Lsm1-7 ring. However, it is likely that the
oligo(A) tail-specific binding surface involves residues from
the Sm domain but not the C-terminal domain of Lsm1 since
the latter domain is not needed for the ability to recognize the
oligo(A) tail (Chowdhury et al. 2012). In any case, the mech-
anism by which this complex distinguishes between oligoade-
nylated and polyadenylated RNA is not clear.

The Lsm1-7-Patl complex facilitates both mRNA decay
and 3'-end protection in vivo. We showed earlier that while
the RNA binding ability of this complex is sufficient to sup-
port 3'-end protection, the mRNA decay function additional-
ly needs the ability of this complex to recognize the oligo(A)
tail (Chowdhury and Tharun 2008, 2009). Therefore the im-
pairment of both of these abilities in the Lsm1-7 complex is
consistent with the observation that both 3’-end protection
and mRNA decay are impaired in patlA cells (Hatfield et al.
1996; Bouveret et al. 2000; Tharun et al. 2000; He and
Parker 2001).

An important observation we have made is that while a larg-
er fragment of Patl carrying both the middle and C-terminal
domains (PatIM+C) copurifies with the Lsm1-7 complex
from yeast, a smaller fragment of Pat1 carrying only the C-ter-
minal domain (Pat1C) fails to do so. This is surprising since
Pat1C purified from E. coli was shown to be able to interact
with the Lsm1-7 ring in vitro (Nissan et al. 2010; Sharif and
Conti2013; Wuetal. 2014). In vitro studies on Pat1 fragments
support the notion that the middle and C-terminal domains of
Patl interact in the context of full-length Patl (Nissan et al.
2010). Further, Pat1C also self-associates in vitro (Nissan
etal. 2010). Given this, one possibility is that Pat1C interacts
with the Lsm1-7 complex as a dimer (the dimer may mimic
interacting middle and C-terminal domains) in vitro and
that such interaction fails to occur in vivo because Pat1C
does not accumulate to sufficient levels in vivo to drive dimer
formation. However, this possibility is ruled out by the obser-
vation that Pat1C and the Lsm1-7 ring bind with 1:1 stoichi-
ometry in vitro (Sharif and Conti 2013). An alternate
possibility is that PKA-mediated phosphorylation of $456
and S457 disrupts the contacts between the C-terminal
domain of Patl and the Lsm1-7 complex such that Pat1C is
unable to interact with Lsm1-7 complex, while PatiM+C is
able to associate due to additional contacts made by the middle
domain of Pat1. Our results presented here do not support this
possibility because neither mutating these serines to alanines
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nor allowing their dephosphorylation in vivo results in
copurification of Pat1C with the Lsm1-7 complex. Further,
conversely, phosphomimetic mutation of these serines to glu-
tamic acid residues does not abolish the interaction between
Pat1C and the Lsm1-7 complex observed in vitro. Thus, to-
gether these results suggest that, in addition to the C-terminal
domain, the middle domain of Pat1 is also needed for the in-
teraction of Patl with the Lsm1-7 ring in vivo and that the in-
ability of Pat1C to associate with the Lsm1-7 complex is not
due to phosphorylation of S456 and S457 of Patl1.

Our observation that the C-terminal domain of Pat1 is not
sufficient for the interaction with the Lsm1-7 ring is consis-
tent with earlier studies showing that only PatIM+C, but
not PatlC, is able to suppress the mRNA decay defect of
patlA cells and to interact with Lsm1 in yeast two-hybrid assay
(Pilkington and Parker 2008). Nevertheless, in vitro, just like
Pat1M+C, Pat1C is able to not only interact with the Lsm1-7
ring but also facilitate the enhancement of the RNA binding
activity and restore of the binding preference for oligoadeny-
lated RNA of the resulting complex upon such interaction.
Further, like PatiM+C, PatlC is also able to activate the
decapping enzyme in vitro (Nissan et al. 2010). Therefore
these observations suggest that the interaction of Pat1C with
the Lsm1-7 complex observed in vitro is not biologically irrel-
evant but may rather represent a conformational state of the
C-terminal segment of Patl that is transient in vivo but for
some reason is stabilized in vitro.

MATERIALS AND METHODS

Lsm1-7 complex and the wild-type Lsm1-7-Pat1 complex were pu-
rified from pST17 (Chowdhury et al. 2007) transformants of yST330
(Mata, ade2, his3, leu2, ura3, patlA:z:NEO', Ism1A::TRP1, LSM7-
6xHis-NEO") and yST253 (MatA, trpl, his3, ura3, leu2, ade2, canl,
Ism1A::TRP1, LSM7-6xHis-NEO"), respectively. C-terminal His-tag-
ging of LSM7 was carried out using the PCR-based method of gene
modification (Longtine et al. 1998) to generate yST253. Pat1C-EE,
Pat1C, and Pat1M+C were purified from E. coli Rosetta-2 cells car-
rying pST446, pRP1837, and pRP1838, respectively, as described be-
fore (Nissan et al. 2010). pST446 was made by using pRP1837
(Nissan et al. 2010) as the template for QuikChange mutagenesis.
Lsm1-7-Pat1M+C complex was purified from yST330 transformed
with pRP1476 (Pilkington and Parker 2008) and pST123. pST123
was made by cloning the NotI fragment of pST17 into NotI-digested
pRS413 (Sikorski and Hieter 1989). Pat1C, Flag-Pat1C, and Flag-
Pat1C-AA were expressed in yeast using plasmids pRP1475,
pRP1487 (Pilkington and Parker 2008), and pST444, respectively.
pST444 was made by using pRP1487 as template for QuikChange
mutagenesis. S456A and S457A mutations were introduced into
full-length Patl by using pRP1424 (Pilkington and Parker 2008) as
the template for QuikChange mutagenesis. patIA strain used in
Supplemental Figure S3B is yRP1372 (Tharun et al. 2000).

Purification of the Lsm1-7, Lsm1-7—Patl, and Lsm1-7-Pat1M+C
complexes; preparation of radiolabeled RNAs; gel shift assays;
pull-down assays; Western analyses; and UV crosslinking analyses
were done as described before (Chowdhury et al. 2007, 2012;
Chowdhury and Tharun 2008, 2009).
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