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Lsm2 and Lsm3 bridge the interaction of the Lsm1-7 
complex with Pat1 for decapping activation
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The evolutionarily conserved Lsm1-7-Pat1 complex is the most critical activator of mRNA decapping in eukaryotic 
cells and plays many roles  in normal decay, AU-rich element-mediated decay, and miRNA silencing, yet how Pat1 
interacts with the Lsm1-7 complex is unknown. Here, we show that Lsm2 and Lsm3 bridge the interaction between 
the C-terminus of Pat1 (Pat1C) and the Lsm1-7 complex. The Lsm2-3-Pat1C complex and the Lsm1-7-Pat1C 
complex stimulate decapping in vitro to a similar extent and exhibit similar RNA-binding preference. The crystal 
structure of the Lsm2-3-Pat1C complex shows that Pat1C binds to Lsm2-3 to form an asymmetric complex with 
three Pat1C molecules surrounding a heptameric ring formed by Lsm2-3. Structure-based mutagenesis revealed the 
importance of Lsm2-3-Pat1C interactions in decapping activation in vivo. Based on the structure of Lsm2-3-Pat1C, a 
model of Lsm1-7-Pat1 complex is constructed and how RNA binds to this complex is discussed. 
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Introduction

mRNA degradation is paramount in the regulation of 
gene expression and the eradication of aberrant mRNAs. 
In eukaryotes, two major conserved mRNA decay path-
ways, namely, 5′-3′ pathway and 3′-5′ pathway, degrade 
mRNAs [1, 2]. Both pathways are initiated with poly(A) 
tail shortening (deadenylation) by deadenylases, which 
converts polyadenylated mRNAs to oligoadenylated 
mRNAs [3-5]. In the 5′-3′ pathway, oligoadenylated or 
deadenylated mRNAs are subjected to decapping by the 
Dcp1/Dcp2 holoenzyme and then digestion by the 5′-3′ 
exonuclease Xrn1 [6-9]. 

Decapping is a critical event in mRNA decay as the 
bulk of mRNA turnover, at least in yeast, is catalyzed 
by this step [1]. Decapping is also involved in several 

specialized decay pathways such as nonsense-mediated 
mRNA decay, AU-rich element-mediated mRNA decay, 
histone mRNA decay, 3′ uridylation-mediated decay [10, 
11] and microRNA-mediated mRNA decay [1, 12-15]. 
More recently, decapping has been shown to modulate 
expression of long noncoding RNAs to regulate inducible 
genes [16]. Given the importance of decapping in mRNA 
decay, it thus becomes a key node of many control in-
puts including both decapping inhibitors and activators 
[1]. The identified decapping inhibitors include poly(A) 
binding protein (Pab1) and the components of transla-
tion initiation machinery, while the decapping activators 
consist of Lsm1-7 complex, Pat1, Dhh1, Edc1-3, and in 
metazoans, Edc4 [1] and PNRC2 [17].

Degradation of mRNAs and their translation often 
act in a competitive manner, at least in yeast [18]. Non-
translating mRNAs together with the decapping holoen-
zyme (Dcp1/Dcp2), decapping activators (Pat1, Lsm1-
7 complex, Dhh1 and Edc3) and 5′-3′ exonuclease Xrn1 
can aggregate into P bodies [18]. P bodies have been 
observed in many eukaryotic species such as yeast, nem-
atodes, insect cells and mammalian cells [19, 20]. In ad-
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dition to their role in mRNA decapping in normal mRNA 
decay, P bodies are also involved in nonsense-mediated 
mRNA decay, AU-rich element-mediated mRNA decay, 
microRNA-mediated translational repression, general 
translation repression and mRNA storage [19, 20]. 

Pat1 is a key protein that functions in P body assem-
bly, decapping activation and translational repression. 
It contains three domains: the N-terminal domain, the 
middle domain and the C-terminal domain in yeast [21] 
(Figure 1A). Pat1 has conserved interactions with Dcp2, 
Lsm1-7 complex and Dhh1 (human ortholog DDX6/
RCK) in Saccharomyces cerevisiae, Drosophila mela-
nogaster and humans [22-24]. Among these conserved 
interactions, the C-terminal domain of Pat1 (denoted as 
Pat1C hereafter) contributes to the interactions with both 
Dcp2 and Lsm1-7 complex, and also affects the stimula-
tion of decapping by Pat1 [22, 23]. The crystal structure 
of the human Pat1C has been solved, which showed that 
Pat1C folds into an α-α superhelix [23]. Besides its in-
volvement in decapping, human Pat1 was also found to 
be tightly associated with Ccr4-Caf1-Not deadenylation 
complex and thus may serve as the scaffold to bridge de-
capping and deadenylation [25, 26].

The physical interaction of Pat1 with the Lsm1-7 com-

plex in vivo has been demonstrated by co-purification 
of the Lsm1-7 complex with Pat1 from yeast [27]. The 
purified Lsm1-7-Pat1 complex has intrinsic affinity for 
the 3′ end oligoadenylated mRNAs over polyadenylated 
mRNAs, thus protecting this end from decay by the exo-
some while activating decapping [27]. Moreover, Lsm1-
7 complex binds preferentially to deadenylated mRNAs 
carrying a U-tract at their 3′ terminal end over those 
that do not [27]. Lsm1-7 complex also binds certain vi-
ral mRNAs with a 5′ poly(A) tract, thereby stabilizing 
these mRNAs by inhibiting both 3′-5′ and 5′-3′ decay 
[28]. Besides its role in general mRNA decay, Lsm1-7 
complex is also involved in histone mRNA decay [15, 
29], uridylation-mediated mRNA decapping [11, 30] and 
microRNA (miRNA) biogenesis [31-35] by recognizing 
and binding to the 3′ poly(U) tract of the target RNAs in 
these processes. 

An unresolved issue is how Pat1 interacts with the 
Lsm1-7 complex and the functional consequences of this 
interaction. The interaction of Pat1C with the Lsm1-7 
complex has been reported to require the Lsm1 subunit 
[21, 23]. However, all these observations are based on 
yeast-two hybrid or co-immunoprecipitation, neither of 
which can rule out the possibility of indirect interactions. 

Figure 1 Pat1C interacts with Lsm1-7 complex through Lsm2 and Lsm3 bridging. (A) Domain organization of yeast Pat1. 
(B) Purified S. cerevisiae proteins, including Lsm1, Lsm2-3 subcomplex, Lsm4N, Lsm5-6-7 subcomplex, Pat1C, and the 
reconstituted Lsm1-7, Lsm2-3-Pat1C and Lsm1-7-pat1C complexes, are visualized by NuPAGE gradient gel. The positions 
of each protein are shown by arrows. (C) Native PAGE was used to detect the interaction of individual Lsm proteins or 
subcomplexes with Pat1C. 
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In this study, we reconstituted and biochemically char-
acterized the Lsm1-7-Pat1 complex. Our results showed 
that subunits Lsm2 and Lsm3 bridge the interaction of 
the Lsm1-7 complex with Pat1C, and that in vitro recon-
stituted Lsm2-3-Pat1C and Lsm1-7-Pat1C were able to 
stimulate decapping to a similar extent. Importantly, both 
complexes exhibited stronger decapping stimulation ac-
tivities than Lsm2-3 complex, Lsm1-7 complex or Pat1C 
alone, suggesting that the interaction of the Lsm complex 
with Pat1 in vivo directly enhances its ability to promote 
decapping. To shed light on the structural basis of Pat1 
interacting with the Lsm1-7 complex, we determined 
the crystal structure of the Lsm2-3-Pat1C complex and 
found that three Pat1C molecules bind to an Lsm2-3 hep-
tameric ring in an asymmetric manner. Structure-guided 
mutagenesis revealed the importance of Lsm2-3-Pat1C 
interactions in decapping activation in vivo. Based on the 
structure of Lsm2-3-Pat1C, we constructed a model of 
the Lsm1-7-Pat1 complex, which has implications for its 
function. 

Results and Discussion

Pat1C interacts with the Lsm1-7 complex via Lsm2 and 
Lsm3

To study the interaction between Pat1C and the Lsm 
proteins, Lsm1, Lsm4N (C-terminal region truncated), 
Lsm2-3 subcomplex, and Lsm5-6-7 subcomplex were 
expressed and purified. The Lsm1-7 complex was 
reconstituted following a previous strategy [36]. The 
purity of these proteins was evaluated by a NuPAGE gel 
(Figure 1B, lanes 1-6). 

To identify which subunits of the Lsm1-7 complex 
interact directly with Pat1C, native-PAGE was used. As 
shown in Figure 1C, incubation of Lsm2-3 with Pat1C 
(lane 5) induced a clear band shift of Pat1C as compared 
with Pat1C alone (lane 1 or 10), which indicates that 
Lsm2-3 can interact with Pat1C to form a Lsm2-3-Pat1C 
complex. Similarly, incubation of the Lsm1-7 complex 
with Pat1C (lane 12) generated a totally new band. 
The bands corresponding to the Lsm1-7 complex (lane 
11) and Pat1C alone (lane 1 or 10) almost disappeared 
completely, demonstrating that the Lsm1-7 complex 
interacts strongly with Pat1C to form the Lsm1-7-Pat1C 
complex. In contrast, incubation of Pat1C with either 
Lsm1 (lane 3) or Lsm4N (lane 7) or Lsm5-6-7 (lane 9) 
showed no band shifts, indicating that Pat1C has very 
weak or no interactions with these proteins. Together, 
these results show that Lsm2-3 is sufficient to form 
an interaction with Pat1C and suggest that these two 
subunits bridge the interaction of the Lsm1-7 complex 
with Pat1C.

Lsm1-7-Pat1C and Lsm2-3-Pat1C complexes directly 
stimulate decapping

To study whether Lsm2-3-Pat1C and Lsm1-7-Pat1C 
could directly enhance decapping, in vitro reconstituted 
and purified Lsm2-3-Pat1C and Lsm1-7-Pat1C (Figure 
1B, lanes 7 and 8) were examined for their effects on 
the Dcp1/Dcp2 decapping enzyme activity [37]. In this 
assay, the ability of Dcp1/Dcp2 to release labeled m7GDP 
from the 5′ end of an mRNA is monitored by TLC. 

As shown in Figure 2A, Lsm2-3 (lane 2), Lsm1-7 (lane 
3) and Pat1C (lane 5) alone exhibited weak stimulation 
of Dcp1/Dcp2 decapping activity. In contrast, Lsm2-3-
Pat1C (lane 4) and Lsm1-7-Pat1C (lane 6) complexes 
strongly stimulated the decapping activity of Dcp1/Dcp2. 
This suggests that the formation of an efficient decapping 
activation complex requires the participation of both 
Pat1 and Lsm proteins. It has been observed that m7GDP 
can comigrate with inorganic phosphate (Pi) on the TLC 
plates used to monitor decapping [38]. Therefore, nucleo-
tide diphosphate kinase, which can only convert m7GDP, 
but not Pi, to m7GTP, was used to confirm that Lsm2-3-
Pat1C and Lsm1-7-Pat1C indeed stimulate decapping to 
releases m7GDP as shown in Figure 2A (lanes 9 and 10).

We also observed that Lsm2-3-Pat1C and Lsm1-7-
Pat1C stimulate the decapping activity of Dcp1/Dcp2 in 
a dose-dependent manner (Figure 2B). Surprisingly, the 
Lsm2-3-Pat1C complex exhibited stronger decapping 
stimulation activity than the Lsm1-7-Pat1C complex, 
which might be due to the enhanced stoichiometry of 
Pat1C in this complex as compared to the Lsm1-7-Pat1C 
complex (see below). The observation that the Lsm-
Pat complexes stimulate decapping to a greater extent 
than individual Lsm1-7, Lsm2-3, or Pat1, argues that 
the interaction of the Lsm complex with Pat1 directly 
enhances its stimulation of decapping in vivo. This is 
consistent with the requirement of the Lsm1-7 subunits 
as being required for optimal decapping in vivo [39, 40] 
and the accumulation of P bodies in lsm1∆ mutants [41], 
the latter of which is consistent with a role for the Lsm1-
7 complex late in the decapping pathway. 

Lsm1-7-Pat1C and Lsm2-3-Pat1C complexes show 
similar RNA binding preference in vitro

The Lsm1-7-Pat1 complex has the binding preference 
for a U-rich sequence, and an in vitro analysis shows 
that the complex only binds to U20 but not other 20-
mer homo-oligoribonucleotides [27]. To compare the 
homo-oligomeric RNA-binding ability of Lsm2-3-Pat1C 
and Lsm1-7-Pat1C, fluorescence anisotropy assay was 
performed. As shown in Figure 2C and 2D, the Lsm1-
7-Pat1C complex has higher binding affinity for U15 
(Dissociation constant (Kd) = 21.5 nM) and lower bind-
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Figure 2 Lsm2-3-Pat1C and Lsm1-7-Pat1C have comparable decapping stimulation activity and similar RNA-binding proper-
ties. (A) Left panel, effects of Lsm2/3, Lsm1-7, Pat1C, Lsm1-7-Pat1C and Lsm2-3-Pat1C on the decapping activity of Dcp1/
Dcp2. The enhanced decapping activities were quantified using the amount of cap-labeled RNA relative to that of Dcp1/Dcp2 
alone (lane 8) from three independent measurements. Right panel, quantification of the stimulation effects shown in the left 
panel. Student’s t-test was used to assess the statistically significant difference of the decapping activity of Dcp1/Dcp2 before 
(lane 8) and after addition of the indicated proteins (lanes 2-7). **P < 0.01. (B) Left panel, Lsm1-7-Pat1C and Lsm2-3-Pat1C 
stimulate decapping in a dose-dependent manner. Right panel, quantification of the stimulation effects shown in the left 
panel. Student’s t-test was used to assess the statistically significant difference of the decapping activity of Dcp1/Dcp2 before 
(lane 1) and after addition of the indicated proteins (lanes 2-7). *P < 0.05; **P < 0.01. The columns and bars represent the 
means and standard deviations, respectively, calculated from three independent experiments. (C, D) Quantitative measure-
ments of RNA-binding affinities of Lsm1-7-Pat1C and Lsm2-3-Pat1C in solution by fluorescence anisotropy. Kd values were 
determined by fitting the experimental data to a binding equation describing a single-site binding model. The Kd values and 
their corresponding errors are the mean and standard deviation of three independent experiments.
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ing affinity for A15 (Kd = 0.49 µM). Similarly, Lsm2-3-
Pat1C displays higher binding affinity for U15 (Kd = 41.5 
nM) and lower binding affinity for A15 (Kd = 2.6 µM). 
Both complexes have no measurable binding to C15 (data 
not shown). These data indicate that Lsm1-7-Pat1C and 
Lsm2-3-Pat1C have similar RNA-binding preference in 
vitro. 

Structural determination of Lsm2-3-Pat1C complex
The structure of Lsm1-7-Pat1C complex is important 

for understanding the mechanism by which it activates 
decapping. However, attempts to obtain crystals for this 
complex were not successful after an extensive crystal-
lization screening. As Lsm2-3-Pat1C complex showed 
an even stronger activity than Lsm1-7-Pat1C complex 
in decapping stimulation and exhibited a RNA-binding 
preference similar to that of Lsm1-7-Pat1C complex, we 
set out to solve the crystal structure of the Lsm2-3-Pat1C 
complex at a resolution of 3.15 Å. The final refined 
model includes four Lsm3 molecules (chains A, B, E and 
F), three Lsm2 molecules (chains C, D and G) and three 
Pat1C molecules (chains H, I and J). Some residues are 
not visible in the electron density map and assumed to be 
disordered. These include residues 81-89 in chains A and 
B, residues 49-55 and 94-95 in chain C, residues 50-58 
and 94-95 in chain D, residues 48-59 and 81-89 in chain E, 
residues 53-56 and 80-89 in chain F, residues 49-55 and 
94-95 in chain G, residues 422-469, 751-757 and 795-
796 in chains H, I and J, respectively, and residue 794 in 
chain I. The statistics of data collection and refinement 
are summarized in Supplementary information, Table S1.

Overall architecture of Lsm2-3-Pat1C complex
As shown in Figure 3A, three Pat1C molecules 

surround an Lsm2-3 heptameric ring in an asymmetric 
manner. This is in agreement with our initial analysis that 
non-crystallographic symmetry could not be identified 
from native Patterson map or self rotation functions. The 
N-terminal region of Pat1C associates with the Lsm2-3 
heptameric ring through helix-helix interactions.

Pat1C is composed of 15 α helices and forms a right-
handed α-α superhelix domain (Figure 3B). Comparison 
of yeast Pat1C with human Pat1C using the Dali server 
[42] shows that the overall orientation of the α-α super-
helix between the two proteins is similar with Z score of 
15.1; however, structural diversity is demonstrated by the 
high Cα root mean square deviation value of 3.5 Å (Figure 
3B). One notable difference is that yeast Pat1C contains 
two long helixes (α14 and α15) located in its C-terminal 
region that are absent in human Pat1C (Figure 3B). The 
C-terminal region may be important in maintaining the 
overall architecture of the yeast Pat1C superhelix as de-

letion of residues 697-763 in yeast Pat1, which consists 
of α13 (residues 702-711), α14 (residues 720-747) and 
part of α15 (residues 761-783), disrupted the recruitment 
of Lsm1 and presumably the whole Lsm1-7 complex to 
P bodies [21].

Lsm2 and Lsm3 proteins form a hetero-heptamer with 
a central cavity, which consists of four Lsm3 proteins 
and three Lsm2 proteins, giving rise to an asymmetrical 
interaction network with six Lsm2/Lsm3 interfaces and 
one Lsm3/Lsm3 interface. Each Lsm protein contains a 
conserved Sm fold, which is featured by an N-terminal 
α helix followed by a highly bent five-stranded β sheet. 
Moreover, the C-terminal extension of Lsm2 forms a 
second α helix. The doughnut-shaped heptamer has two 
faces, namely the helix and loop faces, and a central cav-
ity connecting the two faces. The heptamer has an outer 
diameter of ~60 Å at the helix face, an outer diameter of 
~26 Å at the loop face, an inner diameter of ~19 Å at its 
narrowest part of the cavity and a thickness of ~42 Å.

The oligomeric state of Lsm2-3 in solution
To examine whether the heptameric Lsm2-3 complex 

observed in the structure of Lsm2-3-Pat1C complex ex-
ists in solution as a heptamer or whether its formation is 
induced by the binding of Pat1C, sedimentation velocity 
of analytical ultracentrifuge was employed to study the 
oligomeric state of Lsm2-3 under three different concen-
trations. The data were analyzed using the continuous 
c(S) and c(M) distributions, giving an average molecular 
weight of 80 700 Dalton, which is close to the theoretical 
molecular weight of 78 448 Dalton for the heptameric 
Lsm2-3 observed in the structure (Figure 3C and Supple-
mentary information, Table S2). Intriguingly, the crystal 
structure of yeast Lsm3 has an octameric ring organiza-
tion [43], which has also been confirmed by our solution 
study [44]. Thus these data suggest that, at least in vitro, 
incorporation of Lsm2 shifts the homo-octameric Lsm3 
ring to the hetero-heptameric Lsm2-3 ring and the bind-
ing of Pat1C to Lsm2-3 has no effect on the heptameric 
ring formation. An interesting unresolved issue is wheth-
er the Lsm2-Lsm3-Pat1 complex can form in vivo and 
has any specific biological role. 

Interaction of Pat1C with Lsm2-3
Pat1C interacts with both Lsm2 and Lsm3, mainly via 

helix-helix interactions with α1 and α4 of Pat1C contact-
ing both the N-terminal α helix of Lsm3 and the C-ter-
minal α helix of Lsm2. The binding of Pat1C to Lsm2-3 
is mediated through a network of hydrogen bonding and 
hydrophobic interactions, which buries a solvent-acces-
sible surface of ~1 270 Å2 (Figure 4A). Briefly, the OE1 
and OE2 of Glu483 in Pat1C (α1) is hydrogen bonded 
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Figure 3 The structure of the Lsm2-3-Pat1C complex. (A) The overall structure of the Lsm2-3-Pat1C complex. Each chain is 
shown as a different color and labeled in parenthesis. (B) Stereo view of the superposition of yeast Pat1C with human Pat1C 
(PDB code 2XEQ chain A). The Dali server was used to superpose yeast Pat1C chain I (green) with human Pat1C (grey). 
(C) The Lsm2-3 subcomplex exists in solution as a heptamer. Sedimentation velocity analysis of Lsm2-3 proteins at three 
different protein concentrations (0.75, 1.0 and 1.5 mg/ml) was conducted and fitted based on the c(S) and c(M) distribution 
functions. The c(S) and c(M) distribution profile at these concentrations is similar and a representative profile is shown at a 
concentration of 0.75 mg/ml.
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to the carbonyl group of Lys9 from Lsm3 (N-terminal α 
helix) and the side chain of Arg87 from Lsm2 (C-terminal 
α helix), respectively. Moreover, Lys9 of Lsm3 forms an 
ionic interaction with Glu487 of Pat1C (α1). The side 
chain of Lys531 from Pat1C (α4) forms a hydrogen bond 
with the carbonyl group of Leu12 (loop between α helix 
and β1) from Lsm3 while the side chains of Lys534 and 
Arg538 from Pat1C (α4) form ionic interactions with 
Asp13 of Lsm3 (loop between α helix and β1) and Asp84 
of Lsm2 (C-terminal α helix), respectively. Besides hy-
drogen bonding interactions, the interactions of Lsm2-3 
with Pat1C are strengthened by the hydrophobic interac-
tions, which involve Leu479 and Leu490 from Pat1C 
(α1), Leu10 of Lsm3 (N-terminal α helix) and Met91 of 
Lsm2 (C-terminal α helix), respectively. It is worth not-
ing that the residues involved in the interaction between 
Lsm2-3 and Pat1C are highly conserved in eukaryotes 
(Supplementary information, Figure S1). Moreover, the 
residues of Pat1C involved in interaction with Lsm2-
3 correspond to a group of residues located in a highly 
conserved surface area on the structure of human Pat1C 
[23].

To probe the role of the Pat1C-Lsm2-3 interface, we 
constructed three deletion mutants of Lsm2-3 and one 
multiple-Ala mutant of Pat1C. His-tag pull-down assays 
(Figure 4B) show that deletion of the C-terminal α helix 
of Lsm2 (denoted as Lsm2∆α2-3 hereafter) (lane 5), or 
the N-terminal α helix of Lsm3 (denoted as Lsm2-3∆α1 
hereafter) (lane 7), or both (denoted as Lsm2∆α2-3∆α1 
hereafter) (lane 9) completely abolished the interaction of 
Lsm2-3 with Pat1C, while Ala substitution of seven resi-
dues (Leu479, Glu483, Glu487, Leu490, Lys531, Lys534 
and Arg538) of Pat1C (denoted as Pat1C-7m) almost 
completely disrupted its association with Lsm2-3 (lane 3). 
Consistent with these results, analytical size exclusion 
chromatography (Supplementary information, Figure 
S2) showed that wild-type Pat1C interacts with wild-
type Lsm2-3 efficiently to form a new peak on the elu-
tion profile while the combination of any of the mutant 
proteins with wild-type proteins or another mutant failed 
to induce the formation of this new peak, indicating that 
mutations have disrupted the interaction of Pat1C and 
Lsm2-3. These data support the role of residues in the 
interface in the interaction of Pat1C with Lsm2-3.

Interaction of Pat1C with Lsm2-3 affects decapping in 
vivo

To test whether the Pat1C interaction with Lsm2 and 
Lsm3 was biologically relevant in vivo, we created mu-
tations predicted to disrupt the Pat1C-Lsm2-3 interface 
and expressed these mutant proteins from their own pro-
moter in single copy vectors in yeast strains lacking the 

corresponding wild-type genes. These mutations include 
Lsm2∆α2 and Lsm3∆α1, as well as the Pat1-7m allele (Ala 
substitution of seven residues Leu479, Glu483, Glu487, 
Leu490, Lys531, Lys534 and Arg538), which biochemi-
cally affects the interaction with Lsm2 and Lsm3 (Fig-
ure 4B and Supplementary information, Figure S2). As 
Lsm2 and Lsm3 genes are essential for viability, we first 
introduced the mutant Lsm genes into a deleted lsm2∆ or 
lsm3∆ strains by a plasmid shuffle (see Supplementary 
information, Data S1). We observed that lsm2∆α2 and 
lsm3∆α1 alleles were both able to complement the invi-
ability of lsm2∆ and lsm3∆ strains, respectively (data not 
shown). This demonstrates that these mutations do not 
severely compromise the overall folding or function of 
the Lsm2 or Lsm3 proteins in splicing, which appears to 
be their essential role [45]. In contrast, as pat1∆ strain 
is viable, the Pat1-7m allele, or a wild-type control, was 
introduced into a pat1∆ strain to assess its phenotypic 
consequences. We examined the effects of these muta-
tions on decapping by measuring the decay rate of the 
MFA2pG reporter, which is primarily degraded by de-
capping [46]. 

We observed that all three mutations disrupting the 
Pat1C-Lsm2-3 interface led to a slower decay rate of the 
MFA2pG mRNA (Figure 4C). These results indicate that 
the interaction between Pat1C and the Lsm1-7 complex 
is required for optimal decapping in vivo. This conclusion 
is consistent with the earlier work in mammalian cells 
wherein mutations in the same region of human Pat1 
were shown to affect mRNA decapping [23]. 

We also examined the effects of these mutations 
on mRNA decay products stabilized by a polyG tract 
inserted into the 3′ UTR. One mRNA decay product 
corresponding to the 3′ end of the mRNA is produced 
when the polyG tract blocks Xrn1 progression from 
the 5′ end, and is generally decreased when decapping 
is inhibited [47, 48]. Consistent with an effect on 
decapping, using probes overlapping the 3′ side of the 
polyG tract, we observed that the lsm2∆α2 and lsm3∆α1 
mutations led to a reduction in the amount of this 5′ to 
3′ decay product from both the PGK1pG and MFA2pG 
reporter mRNAs, providing additional evidence that 
these mutations decreased mRNA decapping (Figure 
5A). Consistent with this, we also observed an increase 
in the fraction of deadenylated full-length mRNAs in 
these mutants, which occurs when mRNA decapping is 
slowed by defects in the Lsm1-7-Pat1 complex [40]. The 
Pat1-7m mutation also led to an increase in deadenylated 
mRNA for the MFA2 and PGK1 mRNAs, although 
the 5′ to 3′ decay product was still produced to similar 
extent, suggesting that the effect of Pat1-7m mutation is 
weaker in vivo than those of the lsm2∆α2 and lsm3∆α1 
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mutations. 
We also examined how disruption of the Pat1C-

Lsm2-3 interaction affected 3′ to 5′ degradation of the 
mRNAs by the exosome, which increases when decap-
ping is inhibited and thereby provides another assay 
for the in vivo function of the Pat1-Lsm1-7 complex 
[49]. The degree of 3′ to 5′ degradation of these reporter 
mRNAs can be estimated by the accumulation of an 
mRNA decay product produced by 3′ to 5′ degradation 
of the mRNA to the 3′ side of the polyG tract, which we 
detect by an oligo probe. We observed that the lsm2∆α2, 
lsm3∆α1, and pat1-7m mutations all led to an increase 
in the mRNA decay product produced by degradation in 
the 3′ to 5′ direction for the PGK1pG mRNA (an mRNA 
where these 3′ to 5′ products are more easily observed 
due to a slower intrinsic rate of decapping [48]) (Figure 
5B). This observation provides additional evidence that 
an effective interaction between Pat1 and Lsm2-3 is re-
quired for the Lsm1-7-Pat1 complex to promote decap-
ping and bias mRNA decay away from 3′ degradation 
by the exosome. Taken together, the effects of mutations 
disrupting the Pat1-Lsm2-3 interface on mRNA decap-
ping and 3′ to 5′ degradation in vivo demonstrate that 
this interaction is functionally significant in modulating 
mRNA degradation in cells. 

A model of the Lsm1-7-Pat1C complex
A critical goal is to understand the structure of the en-

tire Lsm1-7-Pat1 complex, which has currently remained 
resistant to study by crystallography. We have therefore 
developed a model of the Lsm1-7-Pat1C complex in 
several steps. First, sequence alignment shows that each 
Lsm protein of the Lsm1-7 complex is analogous to one 
of the seven Sm proteins [50-52] and thus, the order of 

Figure 4 The role of the residues in the Lsm2-3-Pat1C interface. 
(A) Stereo view of the inter-subunit interfaces of the Lsm2-3-
Pat1C complex. The representative interface of Pat1C-Lsm2-3 
(Pat1C: chain I, Lsm2: chain G, Lsm3: chain B) is shown in 
the same color scheme as in Figure 3A. (B) His-tag pull-down 
assay was used to detect the interactions of Pat1C wild type 
(Pat1C wt) or Pat1C mutant (Pat1C-7m) with Lsm2-3 wild type 
(Lsm2-3 wt), Lsm2∆α2-3, Lsm2-3∆α1 or Lsm2∆α2-3∆α1. Lanes 
1-9 show His-tag pull-down assay, lanes 10-11 show the purity 
of Pat1C wt and Pat1C-7m and lanes 12-13 show the control. 
(C) The panels show the half life of MFA2pG reporter mRNA 
probed with an oligo covering the polyG tract and 3′ sequences 
(oRP140). Half life measurements are given on the right of each 
panel in minutes from an average of at least three experiments. 
Standardization for each lane was done using the SCR1 RNA 
(orp100 probe) shown below each panel.
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Figure 5 Alteration of the Pat1C-Lsm2-3 interface affects mRNA decapping and 3′ to 5′ degradation in vivo. (A) Acrylamide 
northern blots showing the 3′ fragments from either MFA2pG or PGK1pG mRNAs (oRP140 or oRP141 probes, respectively). 
(B) Acrylamide northern blots showing the 5′ fragments of the PGK1pG mRNA(oRP154). Cleavage with oligo(dT) is indicated 
above each lane. Cartoons on each end of the panels represent the mRNA species present in each band of the gels. The 
percent of mRNA fragment for each lane is given below the lane and is from at minimum of three experiments.
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Lsm proteins is derived from that of the Sm ring structure 
[53, 54]. Second, we used the recent crystal structures of 
Lsm4N and the Lsm5-6-7 complex from Schizosaccha-
romyces pombe [44, 55] and human SmB (corresponding 
to Lsm1) in the spliceosomal U4 snRNP core domain [54] 
to generate homology models of Lsm4, Lsm5, Lsm6, 
Lsm7 and Lsm1 of S. cerevisiae in the SWISS-MODEL 
workspace [56]. Third, Pat1C (chain H), Lsm2 (chain D) 
and Lsm3 (chain A) in the Lsm2-3-Pat1C structure were 
kept while the other two Pat1C molecules (chains I and 
J) were removed. Finally, based on the order of Sm pro-
teins (Supplementary information, Figure S3) and their 
sequence alignment counterparts in Lsm1-7 proteins, 
chains B, G, F, C and E in the Lsm2-3-Pat1C structure 
(Figure 3A) are replaced by the homology models of 
Lsm1, Lsm4, Lsm5, Lsm6 and Lsm7 through superposi-
tion to yield the final model (Figure 6A). 

To examine how Lsm1-7-Pat1 complex might bind 
RNA, we mapped the electrostatic potential on the mo-
lecular surface of the modeled Lsm1-7-Pat1C complex 
and compared it to the electrostatic potential distribution 
of the human Sm ring in the U4 snRNP core domain 
(Figure 6B and 6C and Supplementary information, 
Figure S3). Both the helix and loop faces of the human 
Sm ring have large positively charged patches. The cen-
tral cavity of this complex is dominated by positively 
charged residues, with its width sufficient to accommo-
date a single-stranded RNA. Consistent with this analy-
sis, stem loops II and III of U4 snRNA bind to the helix 
and loop faces of the human Sm ring, respectively, with 
its Sm site passing through the central channel [54]. In 
contrast, the inner cavity in the Lsm1-7-Pat1C complex 
is narrowed by the protrusion of the Lsm3 loop region 
from the loop face (Figure 6B), which may disfavor the 
passing of RNA through the cavity. Moreover, the nega-
tively charged patches in the loop face mainly contrib-
uted by subunits Lsm2, Lsm3, Lsm4, Lsm5 and Lsm7 
may also occlude the RNA via charge-charge repulsions. 
Together, this analysis suggests that Lsm1-7-Pat1C com-
plex may only bind RNA from the helix face. 

In the helix face of the Lsm1-7-Pat1C complex, the 
surfaces of subunits Lsm3, Lsm5 and Lsm6 are domi-
nated by negatively charged patches while the other sub-
units are neutral or positively charged (Figure 6C). This 
uneven charge distribution may give rise to the differ-
ence in RNA-binding affinity with respect to each sub-
unit. Consistent with this possibility, Lsm1 and/or Lsm4 
strongly cross-link to RNA as compared to other subunits 
[27]. Moreover, shorter RNA substrates bind more weak-
ly than the longer RNAs to the Lsm1-7-Pat1 complex [27] 
and human Pat1C interacts with U30 but fails to interact 
with U20 and U15 [23]. The minimum RNA length re-

quirement for detectable binding to both Pat1 alone and 
the Lsm1-7-Pat1 complex suggests that Pat1 and Lsm1-7 
may act in a cooperative manner for binding to the RNA 
substrate through specific interactions with the helix face 
of the Lsm1-7 complex and then with a region of Pat1C.

Examination of the Pat1C surface reveals that a patch 
formed by the interface of helix 1 in Pat1C with Lsm2 
and Lsm3 on the loop face side of the complex is a likely 
site for RNA binding (Figure 6B). In this RNA-binding 
model, RNA would interact with the helix face of the 
Lsm1-7 complex, then transverse the positively charged 
region on the helix face of Lsm2 and bend around to 
the loop face in the positively charged channel between 
Lsm2/Lsm3 and Pat1C. Consistent with this model, this 
patch contains several conserved positively charged 
amino acids, three (K475, K476 and R538) of which are 
analogous to residues required for RNA binding of hu-
man Pat1C [23]. The combination of this putative RNA-
binding surface in Pat1C with the Lsm1-7 complex pro-
vides a possible explanation for the preference of Pat1 
for larger RNAs. 

Closing remarks
Herein, we have shown the structure of the C-terminal 

domain of Pat1 interacting with the C-terminal helix of 
Lsm2 and the N-terminal helix of Lsm3. In contrast, no 
direct interactions were detected between the C terminal 
domain of Pat1 and other components of the Lsm1-7 
complex (Figure 1C). Moreover, this interaction is re-
quired for the formation of Lsm2-3-Pat1C complex in vi-
tro and for the stimulation of decapping in vivo. As Lsm2 
and Lsm3 proteins are also part of the Lsm2-8 complex, 
this interaction may explain why Pat1 can be detected in 
the U6-containing penta-snRNP [57], although whether 
Pat1 has any function in conjunction with the U6 sn-
RNP remains to be determined. Pat1 appears to have 
additional interactions with the Lsm1-7 complex as the 
middle domain of Pat1 can interact with the Lsm1-7 
complex [21-23]. Finally, modeling of the Lsm1-7 com-
plex suggests a potential mechanism for RNA binding 
that involves the helix and loop faces of the Lsm1-7 ring 
and a channel on the Pat1 C-terminal domain. This puta-
tive extended RNA-binding surface provides a possible 
molecular explanation for the preferred binding of the 
Lsm1-7-Pat1 complex to longer RNAs. 

Materials and Methods

Reconstitution of Lsm1-7 and Lsm1-7-Pat1C complexes
Reconstitution of Lsm1-7 complex followed a similar strategy 

as described by Zaric and coworkers [36] with some modifications. 
Briefly, each purified Lsm protein and protein subcomplex 
including Lsm1, Lsm2-3, Lsm4N and Lsm5-6-7 were mixed 
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Figure 6 A model of the Lsm1-7-Pat1C complex. (A) Surface representation of the modeled Lsm1-7-Pat1C complex showing 
the loop face. (B) Electrostatic potential showing the loop face of the Lsm1-7-Pat1C model. (C) Electrostatic potential 
showing the helix face of the Lsm1-7-Pat1C model. The view in B is as in A and the complex in C is rotated 180 ° along a 
vertical axis relative to the view in B.

in equal molar ratio in 20 mM Hepes pH 7.5, 6 M urea at room 
temperature. After overnight incubation, the mixtures were loaded 
directly onto Superdex-200 26/60 column equilibrated with a 
buffer containing 20 mM Hepes pH 7.5, 100 mM NaCl to perform 
on-column refolding, following the strategy described previously 
[58]. The reconstituted Lsm1-7 complex was concentrated to 

~10 mg/ml. For reconstitution of Lsm1-7-Pat1C complex, equal 
molars of Lsm1-7 complex and Pat1C were mixed and incubated 
on ice for 1 h before loading onto Superdex-200 26/60 column 
equilibrated with the same running buffer as that used for Lsm1-7 
complex reconstitution.
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Crystallization and heavy atom soaking
The hanging drop vapor diffusion method was used to grow 

crystals at 15 °C. Crystals of native and SeMet-substituted Lsm2-
3-Pat1C proteins were grown by mixing 1 µl of each protein 
sample with 1 µl of 0.1 M Tris pH 7.0, 12% ethanol. Plate-shaped 
crystals were grown to full size in around 2 weeks. Crystals were 
transferred from mother liquor to 0.1 M Tris pH 7.0, 5% ethylene 
glycol, 30% 2-methyl-2,4-pentanediol (MPD) and plunged into 
liquid nitrogen.

Native crystals to be soaked by tantalum bromide cluster 
Ta6Br12 (Jena Biosciences, Germany) were transferred to 4 °C and 
incubated at this temperature for a few hours. After incubation, 
crystals were transferred from mother liquor to 0.1 M Tris pH 7.0, 
5% ethylene glycol, 10% 2-methyl-2,4-pentanediol supplemented 
with 1 mM Ta6Br12 and soaked for 3 h before being flash-cooled 
into liquid nitrogen.

Data collection, structure determination and refinement
A native data set of Lsm2-3-Pat1C crystal and single-

wavelength anomalous diffraction data set of SeMet-Lsm2-3-
Pat1C crystal were collected on the beamline ID23-1 (ESRF, 
Grenoble, France) using diffraction cartography [59], as 
implemented in the beamline GUI MxCuBE [60, 61], to define 
the best volumes of the crystals. Multiple-wavelength anomalous 
diffraction (MAD) data sets of Ta6Br12-soaked Lsm2-3-Pat1C 
crystal were collected at a resolution of 3.7 Å on the beamline 
X06SA (PXI, SLS, Switzerland). All data sets were integrated with 
XDS [62] and merged and scaled with Scala from the CCP4 suite 
[63]. Phases of the Ta6Br12-soaked MAD data sets were calculated 
using the phasing module Autosol from the PHENIX program 
package [64]. After density modification, the electron density map 
was good enough to identify the three Pat1C molecules composed 
of α-α superhelix surrounding a seven-membered Lsm ring 
structure arranged in an asymmetrical manner. 

A poly Ala model derived from Lsm3 (PDB code 3BW1 chain 
A) excluding loop4 (between β3 and β4) was built into the initial 
electron density map calculated at a resolution of 3.7 Å using 
O [65] to generate a poly Ala seven-membered ring model. For 
Pat1C, a poly Ala model was built manually in Coot [66]. Through 
superposition and combination, a poly Ala model consisting 
of three Pat1C molecules and one seven-member Lsm ring 
was generated. Due to the non-isomorphism between tantalum 
derivative data set and native data set, this poly Ala model was 
first subject to rigid body refinement in REFMAC5 [67] against 
the native data set at a resolution of 5 Å. Subsequently, through 
iterative refinement using PHENIX [64] and model building 
using Coot [66], the resolution gradually extends to 3.15 Å. 
The refinement strategy used in PHENIX includes simulation 
annealing, group B-factors refinement, tight non-crystallographic 
symmetry restraints on different protomers. Water was automatica 
lly added in the later stages of the refinement and manually edited 
with electron densities.

Se anomalous difference Fourier map at a resolution of 3.7 
Å was calculated using the initial tantalum multiple-wavelength 
anomalous diffraction phases combined with those calculated from 
the poly Ala model. Twenty-three Se sites with peak height more 
than five were clearly identified. These Se sites were used indepen-
dently to cross-check the register of the protein sequences in the 
model. Pymol (www.pymol.org) was used for structural represen-

tation and APBS was used to generate electrostatic potential map 
[68].

Decapping assay
Uncapped RNA was transcribed using the Ampliscribe T7 

transcription kit (Epicentre Technologies) with the control linear 
lamda DNA provided in the kit as a template. [α-32P] GTP-labeled 
capping of the 1.5-kb RNA fragment was carried out as described 
previously [69]. Yeast Dcp1/Dcp2 decapping enzyme was purified 
as described by Deshmukh et al. [37]. Decapping reactions were 
conducted at 22 °C for 30 min in 50 mM Tris pH 7.9, 30 mM 
(NH4)2SO4, 5 mM MgCl2. The reaction mixtures consisted of 20 
fmol capped RNA, 10 pmol Dcp1/Dcp2, 20 pmol of lysozyme or 
other proteins being tested. For dose-dependent assays, 5, 10 and 
20 pmol of Lsm2-3-Pat1C or Lsm1-7-Pat1C were used. Reactions 
were terminated by addition of 25 mM EDTA. The products of the 
reaction were spotted onto PEI-cellulose TLC plates (MERCK) 
and developed in 0.75 M LiCl. ImageJ 1.45m (Wayne Rasband, 
National Institutes of Health) was used for quantification of 
decapping activity.

Protein Data Bank deposition
The coordinates and diffraction data have been deposited into 

the Protein Data Bank with accession code 4N0A.
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