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The Pat1 protein is a central player of eukaryotic mRNA decay that
has also been implicated in translational control. It is commonly
considered a central platform responsible for the recruitment of
several RNA decay factors. We demonstrate here that a yeast-
specific C-terminal region from Pat1 interacts with several short
motifs, named helical leucine-rich motifs (HLMs), spread in the
long C-terminal region of yeast Dcp2 decapping enzyme. Struc-
tures of Pat1-HLM complexes reveal the basis for HLM recognition
by Pat1. We also identify a HLM present in yeast Xrn1, the main 5'-3’
exonuclease involved in mRNA decay. We show further that the
ability of yeast Pat1 to bind HLMs is required for efficient growth
and normal mRNA decay. Overall, our analyses indicate that yeast
Pat1 uses a single binding surface to successively recruit several
mRNA decay factors and show that interaction between those fac-
tors is highly polymorphic between species.
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M essenger RNA (mRNA) decay is a highly regulated pro-
cess that finely tunes protein production, contributing thereby
to numerous processes including cell cycle control, cellular re-
sponses to environmental cues, and development. In eukaryotes,
mature cytoplasmic mRNAs are protected from rapid and un-
controlled degradation by two main cis-acting stability determinants:
a 7-methylguanosine cap (m’GpppN, where N is any nucleotide)
and a poly(A) tail present at their 5’ and 3’ extremities, respectively.
The decay of functional mRNAs is initiated by 3’ poly(A) tail
shortening followed by degradation via either the 5'-to-3" or 3'-to-5’
mRNA decay mechanisms, the former being the principal mode of
degradation (1). In the 5'-to-3’ pathway, the 5’ cap is eliminated by
an essentially irreversible process known as decapping, which con-
sists of the severing of the m’GDP moiety of the cap. This reaction
is mediated by the decapping holoenzyme composed of the catalytic
subunit Dcp2 and its cofactor Dcpl (2-5). The resulting 5 mono-
phosphorylated RNA molecule can then be rapidly degraded by the
5’-to-3’ exonuclease Xrnl (6). Because decapping definitively
removes mRNAs from the pool of translatable templates present
in cells, it is a critical step that is tightly regulated.

Hydrolytic cleavage of the cap is mediated by the Dcp2 NUDIX
domain (3-5). However, Dcp2 and the decapping holoenzyme have
a low intrinsic catalytic activity and requires accessory factors, such
as Lsm1-7, Patl, or Edcl-4 proteins, to be fully efficient (5, 7, 8).
Among these cofactors, Patl (Patlb in mammals, HPat in fruitfly)
appears as a central and critical component of the decapping ma-
chinery. First, PATI gene deletion results in a strong inhibition of
decapping in vivo in Saccharomyces cerevisiae (9, 10). Second, be-
yond DCPI and DCP2, which are essential genes, the deletion of
PATI gene exhibits the strongest phenotype among accessory
decapping factors with slow growth at 30 °C and lethality at 37 °C
(9, 11). Patl is considered a central platform, recruiting numerous
mRNA decay factors and uses different regions to interact with
these partners. Hence, the Patl N-terminal region contacts the
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Dhh1 helicase (RCK/p54/DDX6 in mammals, Me31B in fruitfly)
and this interaction was proposed to modulate Dhh1 interaction
with RNA (12-15). The central domain (M for middle) is involved
in Lsml1-7 recruitment (8, 12, 13, 16) but also interacts with
DCP2 as well as subunits of the CCR4-NOT RNA decay complex
in metazoan (13, 17). Finally, Pat] harbors an a-helical C-terminal
domain (hereafter Pat1C). This region displays a strongly conserved
surface responsible for the direct interaction with Lsm2 and
Lsm3 proteins from the Lsm1-7 complex, which binds to the 3’ end
of oligoadenylated mRNAs (9, 10, 18-21). Pat1C is also important
for Dcp2 and Xrnl binding in yeast and human (8, 17, 22) as well as
for yeast Edc3 (21) and human EDC4 recruitment (12). While the
Dcp2, Xrnl, and EDC4 binding sites on PatlC remain to be
identified, the region responsible for yeast Edc3 binding has been
mapped using the two-hybrid assay to a conserved region, which is
only present at the C-terminal extremity of fungal Patl proteins
(21). However, whether this Patl-Edc3 interaction is direct or
bridged by other factors remains unclear.

In this paper, we show that the fungal-specific C-terminal Patl
extension binds to several helical leucine-rich motifs (HLMs) lo-
cated within S. cerevisiae Dcp2 C-terminal region, thereby bridging
Patl and Edc3 proteins. We also identify a HLM signature present
in fungal Xrn1 proteins and demonstrate that this motif is important
for Xrnl recruitment by the same Patl site. Specific disruption of
the Patl surface interacting with HLMs results in a thermosensitive
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phenotype and impairs mRNA decay, demonstrating its functional
significance. Altogether, our results support a model for efficacious
mRNA decay through a Patl-mediated coordinated recruitment of
Dcp1-Dcep2 complex to capped mRNAs followed by recruitment of
Xrnl to the uncapped mRNAs for further degradation. Our data
provide another example of the role of short linear motifs (SLiMs)
in the formation of multiprotein assemblies involved in decapping
and support further the plasticity of these interaction networks (23).

Results

The Pat1C Domain Binds Dcp2 That Bridges Interaction with Edc3. We
have previously shown using a yeast two-hybrid assay that the
fungal-specific and conserved region located at the C-terminal
part of Pat1C was important for interaction with Edc3 (21).
Analysis of a deletion mutant demonstrated that the same
region was required as well for growth at 37 °C (21) revealing
its functional importance.

As both Edc3 and Pat1C are known to bind Dcp2 (24), we in-
vestigated whether the observed Edc3-Patl interaction was direct
or whether it could be bridged by Dcp2. For this purpose, we
tested the ability of Patl to interact with Edc3 using the two-hybrid
assay in specifically built yeast host strains expressing endogenous
Dcp2 versions with various truncations of their C-terminal do-
mains (Fig. 14). Indeed, our own data (see below) as well as data
published while this work was in progress (22), supported the idea
that the dispensable long C-terminal region of Dcp2 located
downstream of its NUDIX domain mediates interaction with Pat1.
As previously reported (21), a two-hybrid signal significantly above
background was observed between full-length Patl and Edc3 in
the wild-type (WT) host strain (Fig. 1B). A similar signal was de-
tected in a two-hybrid host strain expressing a shorter Dcp2 protein
encompassing residues 1-663, while it was reduced to background
level in strains for which endogenous Dcp2 was essentially reduced to
the critical NUDIX domain (residues 1-300 or 1-247, Fig. 1B). These

observations do not result from a reduced ability of the mutant yeast
strains to report interaction, as the Dhh1-Patl interaction, which is
known to be direct (15), is similarly detected in the four yeast strains
(Fig. 1C). No interaction of Edc3 with a Patl protein lacking its C-
terminal conserved extension [i.e., residues 728-796 (Pat1AC68)] was
detected, whichever form of endogenous Dcp2 was present (Fig. 1B).
In contrast, Dhh1, which is known to bind to the N terminus of Pat1,
interacted efficiently with the Pat1AC68 two-hybrid fusion, indicating
that this construct is well expressed in all four yeast backgrounds.
Overall, these data support the conclusion that the Dcp2 C-terminal
extension bridges Patl and Edc3 in S. cerevisiae. They also indicate
that residues 300-663 from Dcp2 are important for bridging
Patl and Edc3. To confirm that Dcp2 interacts with the Patl C-
terminal extension, we assayed the interaction of Dcp2 with Patl or
Pat1AC68 using the two-hybrid assay in the wild-type yeast strain.
This confirmed that, while Dcp2 interacts with full-length Patl, it is
unable to interact with the Patl construct lacking the C-terminal
68 residues (Fig. 1D).

Pat1C Domain Interacts Directly with Repeated Regions from Dcp2
C-Terminal Extension. An in vitro pull-down experiment using pro-
teins expressed in Escherichia coli demonstrated that the Pat1C-Dcp2
interaction is direct and that, for the Dcp2 [1-460] construct, the
region encompassing residues 316-460 is necessary for binding (Fig.
24). To delineate more precisely the region(s) of Dcp2 interacting
with Patl, various Dcp2 truncations were tested. Yeast two-hybrid
assays demonstrated the C-terminal region located downstream of its
NUDIX domain was important for binding and, in particular,
that constructs encompassing Dcp2 residues 368-460, 450-663,
and 436-663 interacted efficiently with Patl (Fig. 2B). More-
over, these constructs did not interact with Pat1AC68 (Fig. 2B).
Interestingly, these Dcp2 regions share in common a linear
motif (HLM). In S. cerevisiae Dcp2, 10 HLMs harboring a
LLX®L (@ designing a hydrophobic residue) consensus motif
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Fig. 1. Pat1Cand Dcp2 interact directly. (A) Schematic representation of S. cerevisiae Dcp2 and Pat1 proteins. The Dcp2 catalytic NUDIX domain is depicted in

gray. HLM motifs are depicted by black bars. The four different Dcp2 versions with various truncations of their C-terminal domains that are endogenously
expressed in the yeast host strains used in this study are shown with a different color code, which is used in all of the panels of this figure. Pat1 domains are
defined as follow: FDF, N-terminal domain containing the FDF signature involved in Dhh1 binding; P-rich, proline-rich domain; Mid, middle domain; and
Pat1C, Pat1 C-terminal domain. The Pat1AC68 construct expressed in the yeast host strains used in this study is also shown. (B) Effect of Dcp2 truncations on
the Edc3-Pat1 interaction as monitored by yeast two-hybrid assay. Edc3 and Pat1 were fused to the DBD and AD domains, respectively. The interaction
between these two factors was scored by assaying the p-galactosidase activity in yeast two-hybrid strains expressing the various forms of Dcp2. (C) Effect of
Dcp2 truncations on the Dhh1-Pat1 interaction as monitored by yeast two-hybrid assay. Dhh1 and Pat1 were fused to the DBD and AD domains, respectively.
The interaction between these two factors was scored by assaying the p-galactosidase activity as for B. (D) The fungal-specific C-terminal extension from
Pat1 is required for Pat1 interaction with Dcp2. Dcp2 and Pat1 were fused to the DBD and AD domains, respectively. The interaction between these two
factors was scored by assaying the p-galactosidase activity in the strain expressing the wild-type Dcp2 from its chromosomal locus.
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have been previously identified (25) (Fig. 2 B and C) and such
motifs were reported to mediate the interaction of Dcp2 with
Edc3 and Scd6 Lsm domains in fission yeast (26). More re-
cently, while this work was in progress, 8 of these HLMs were
proposed to mediate Dcp2 binding to Patl in S. cerevisiae from
yeast two-hybrid experiments (22).

To investigate whether these Dcp2 HLMs are indeed directly
responsible and sufficient for Patl binding, we produced and
purified each of these 10 HLMs as GST fusions (GST-HLMs)
and performed pull-down assays on NiNTA beads in the pres-
ence of Hisg-tagged Pat1C (Fig. 2D). With the exception of two
GST-HLM fusions, which were not (GST-HLM1) or only
slightly (GST-HLMD9) retained on NiNTA beads when incu-
bated with Hise-tagged Pat1C, the remaining (GST-HLM2, 3, 4,
5, 6, 7, 8, and GST-HLM10) were efficiently pulled-down by
His—Pat1C, but with different apparent affinities. To quantify
precisely the affinity between Pat1C and these 8 HLM peptides,
we chemically synthesized short peptides corresponding to each
of these 8 different HLMs N-terminally fused to FITC, as well as
their unmarked counterpart, and performed fluorescence polari-
zation experiments. In agreement with our pull-down experiments,
all these peptides bind Pat1C with different affinities (Fig. 2C and
SI Appendix, Fig. S14). The HLM2, HLM3, and HLM10 peptides
were found to interact with Pat1C with dissociation constants in the
5- to 10-uM range, while HLM4 to HLMS exhibited dissociation
constants higher than 19 pM. Chase experiments of the HLM2
fluorescent peptide by increasing concentrations of the corre-
sponding unlabeled peptide led to a similar K4 value (3.8 pM),
ruling out any major effect from FITC on binding of HLM peptides
to Pat1C (SI Appendix, Fig. S1B).

Altogether, these results indicate that multiple short linear HLM
motifs located within the Dcp2 C-terminal long extension are suf-
ficient to directly bind the conserved fungal specific region of Patl.

Structural Bases of Pat1C-Dcp2 Interaction. To elucidate the mo-
lecular bases underlying the interaction between Pat1C and Dcp?2,
we crystallized Pat1C with the HLM peptides exhibiting the highest
affinity for Pat1C (i.e., HLM2, HLM3, and HLM10). As wild-type
Pat1C failed to crystallize in the presence of these peptides, we
performed cocrystallization using the PatlC mutant Q706A/
L713A, which is not affected in HLM binding (SI Appendix, Fig.
S1C). Crystals were obtained for this Pat1C mutant in the presence
of a twofold molar excess of HLM3 peptide and were further
used to obtain crystals of complexes with either HLM2 or
HILM10 peptides by streak seeding. These crystals allowed us to
determine the structures of PatlC:HLM2, Pat1C:HLM3, and
Pat1C:HLM10 complexes by molecular replacement and re-
fining these at 2.6- A, 2.15-A, and 1.9-A resolution, respectively
(SI Appendix, Table S4). For each complex, two copies of Pat1C:
HLM complex are present in the asymmetric unit and are
arranged in an intricate head-to-tail organization charactenzed
by a large interacting surface area (more than 1,800 A% SI Ap-
pendix, Fig. S24). This arrangement is similar to that observed
for our previously solved crystal structure of apo Pat1C WT (21).
When comparing all Pat1C structures either in the apo form
(WT) (21) or bound to various HLMs (this work), the rmsd
values range from 0.25 to 0.65 A, indicating that all these structures
are virtually identical.

All three Dcp2 HLM peptides fold as an amphipathic a-helix
and bind to the same Pat1C cavity (Fig. 34 and SI Appendix, Fig.
S2B), forming a mean interface area of ~570 A2 (as determined by
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Pat1C binds to repeated linear motifs from the Dcp2 C-terminal region. (A) Pull-down experiments of untagged Pat1C with various Dcp1:Dcp2-Hisg

fragments. Input and eluted (His pull-down) samples were analyzed on 15% SDS/PAGE and Coomassie Blue staining. Asterisks denote Dcp2 degradation
product or contaminant from E. coli. (B) Interaction of Pat1 with various Dcp2 regions located downstream of the NUDIX domain was assayed by monitoring
B-galactosidase production in the two-hybrid assay. The location of the regions tested relative to the NUDIX domain and HLM motifs is indicated in the Upper
schematic representation. Results obtained with the Pat1AC68 and Dcp2 HLM mutants (HLM2* = L443A/L444A; HLM3* = L492A/L493A) from different
constructs demonstrate that the in vivo interaction involves both of those and that different HLMs may bind Pat1 independently. (C) Sequence alignment of
the 10 HLMs from S. cerevisiae Dcp2. Superscript numbers correspond to the numbering of amino acids located at the N- and C-terminal extremities of each
HLM peptide from S. cerevisiae Dcp2. Strictly conserved residues are in white on a black background. Partially conserved residues are boxed. This panel was
generated using the ESPript server (52). The consensus sequence is shown below the alignment and ¢ denotes hydrophobic residues. Ky values determined by
fluorescence anisotropy for each FITC-labeled HLM peptide are indicated on the Right. ND, not determined. (D) Pull-down experiments of various GST-HLM
fusions by Hisg—Pat1C. Input and eluate (His pull-down) samples were analyzed on 15% SDS/PAGE and Coomassie Blue staining. Asterisks denote GST proteins
resulting from degradation of some GST-HLM fusions.
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the PISA server) (27), a classical value for protein—peptide com-
plexes (28). Chase experiments further confirmed that unlabeled
HIM3 peptide competes with FITC-labeled HLM?2 peptide to
bind to Pat1C domain (SI Appendix, Fig. S2C). In addition to this
main surface area, the HLM peptides are interacting with neigh-
boring PatlC molecules in the crystal packing. However, the
contacts between the HLM peptides and lattice mates exhibit small
interface areas and differ with respect to the three peptides used
and between the two Patl-HLM complexes present in the asym-
metric units (SI Appendix, Fig. S3). This further supports that the
Pat1-HLM interfaces with the largest surface is the biologically
relevant one.

The Pat1C region involved in HLM binding is formed by the
N-terminal half from helix «14, the C-terminal end from helix
al5, and the short C-terminal two-stranded p-sheet. It then
mostly corresponds to the highly conserved and fungi-specific
Pat1C C-terminal extension that we have identified previously as
functionally important (Fig. 3 4 and B). Pat1C residues interacting
with HLM peptides are strongly conserved within yeasts and form

a large and central hydrophobic patch surrounded by charged
residues (Fig. 3 B and C). The details of the interface between
Pat1C and HLM peptides discussed here are solely based on the
structures with HLM3 and HLM10 peptides, because the crystals
of Pat1C-HLM2 complex suffered from high anisotropy diffrac-
tion and the quality of the 2Fo-Fc electron density map (partic-
ularly for the side chains) is not sufficient for detailed analysis.
The hydrophobic face of the HLM amphipathic helix, composed
of the three leucines from the L,;L»X®L,; motif, is oriented
toward the Pat1C hydrophobic patch. Indeed, HLM L, is clam-
ped between L717, 1724, and L785 from Pat1C, HLM L, inter-
acts with 785 and 1792, and HLLM L5 contacts 1731, F732, L785,
and 1792 (Fig. 3 B and C). The importance of these conserved
leucine residues for the binding of Dcp2 HLM to Patl is con-
firmed by the disruption of the Patl-Dcp2 interaction upon mu-
tations of 1443 (L,;;) and L444 (L,;) from HLM?2 into alanine as
observed by fluorescence polarization experiments (SI Appendix,
Fig. S4A). Similarly, the Dcp2 [368-460] fragment containing these
Leu-to-Ala substitutions within HLM?2 is affected in Patl interaction
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Fig. 3. Structural basis of Pat1C/Dcp2 interaction. (A) Ribbon representation of the crystal structure of Pat1C in complex with a Dcp2 HLM peptide. The Dcp2
HLM is in cyan, Pat1C is in gray, and Pat1C fungi-specific C-terminal extension is in beige. (B) Sequence alignment of the fungal Pat1C. For the sake of clarity,
only the C-terminal residues are shown. Strictly conserved residues are in white on a black background. Partially conserved residues are boxed. Residues
involved in the interaction with HLM3 and HLM10 peptides are indicated by black stars below the alignment. This panel was generated using the ESPript
server (52). (C) Detailed representation of hydrophobic interactions common to the Pat1C:Dcp2 [HLM] interface. Same color code as A is used. (D) Detailed
representation of an electrostatic interaction common to all Pat1C:Dcp2 [HLM] interfaces (same color code as A). The black dashed lines indicate hydrogen
bonds. (E) Detailed representation of an electrostatic interaction found in Pat1C:Dcp2 [HLM3] and Pat1C:Dcp2 [HLM10] complexes. The Pat1C:Dcp2 [HLM3]
complex was shown to illustrate this interaction. The black dashed line indicates a hydrogen bond. (F) Pull-down experiment of GST-Dcp2 [435-508]
(encompassing HLM2 and HLM3) by Hisg-Pat1C and Hisg—Pat1C-II/RR. Input and eluted (His pull-down) samples were analyzed on 15% SDS/PAGE and Coo-
massie Blue staining. (G) Growth analysis of Pat1C-II/RR and pat14 in an edc3A/scd6A background. Serial dilutions of strains with the indicated genotypes were
spotted on YPDA plates and incubated at the indicated temperatures for 2 d. (H) Comparative growth analysis of isogenic wild type, pat14, Pat1-1/RR, and
Dcp2 [1-300] strains. All mutations were chromosomally integrated. Serial dilutions of the different strains were spotted on YPDA plates and incubated at the
indicated temperatures for 2 d.
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according to yeast two-hybrid assays (Fig. 2B). A similar observation
was made when both [492 and 1493 from HLM3 were mutated
into alanines {Dcp2 [450-663]} (Fig. 2B). Because constructs car-
rying only a single HLM (either HLM2 or HLM3) interact with
Patl, we conclude that these motifs are independently able to in-
teract with Patl in vivo. Moreover, a higher f-galactosidase is de-
tected with the construct carrying both HLM2 and HLM3 {Dcp2
[436-663]}, suggesting that several Patl molecules may bind si-
multaneously to a single Dcp2 C-terminal tail (Fig. 2B).

Although the Patl-Dcp2 HLM interaction is largely hydro-
phobic, some electrostatic contacts are observed in these Pat1C-
HILM complexes. The side chain from the highly conserved R728
from Pat1C interacts with the carbonyl group of the ® residue
from the HLM o-helix (Leu495 from HILM3 and Ile966 from
HLM10) and hence is well positioned to form an electrostatic in-
teraction with the C-terminal negatively charged end of HLM helix
(Fig. 3D). Such an interaction is very likely to be involved in the
interaction of Patl with all its HLM partners and might rule the
C-terminal end of Dcp2 HLM helices. Another hydrogen bond
observed in both crystal structures is formed between Patl M783
carbonyl group and the hydroxyl groups from either HLM3 S489
(Fig. 3E) or HLM10 S960, which correspond to position —3 rela-
tive to L,;. However, such an interaction would probably be re-
stricted to HLM3, HLM4, and HLM7-10 as the residues present
at the corresponding position on the other HLMs cannot form
hydrogen bonds through their side chains (Fig. 2C). Additional
electrostatic interactions are also observed in only one of the two
complexes. For instance, H486 from HLM3 forms a hydrogen
bond with Pat1 E794, while E962 from HLM10 forms a salt bridge
with Patl R721 (SI Appendix, Fig. S4 B and C). According to HLM
sequences, K821 from HLM6 and K891 from HLMS, which cor-
respond to HLM3 H486, could also interact with Patl E794 side
chain and form salt bridges (Fig. 2C). Similarly, residues from
HILMS, HLM7, and HLMS corresponding to HLM10 E962 are
also glutamic acid, indicating that they are very likely to form a salt
bridge with R721 from Patl (Fig. 2C). These HLM-specific in-
teractions could explain the differences in the Ky values measured
for the Dcp2 HLM peptides. Mutation of conserved polar residues
in the periphery of the hydrophobic pocket of PatlC (mutants
Pat1C-Q720A/R721A/D725A/R728A and Pat1C-R721A/R728A/
F732A/E794A) resulted in significantly reduced affinities for
HLM3 and HLM10 peptides as determined by fluorescence po-
larization (SI Appendix, Fig. S4 D and E). Notably, both mutants
displayed a more important reduction in affinity for HLM10 than
for HLM3, which correlates with R721 from Pat1C being engaged
in a salt bridge with E962 (HLM10) while not contacting any
HIM3 residue (SI Appendix, Fig. S4 D and E). Interaction between
Pat1C-R721A/R728A/F732A/E794A and HLM3 or HLMI10
appeared to be weaker than the one observed with Pat1C-Q720A/
R721A/D725A/R728A. This later observation can be explained
first, by the disruption of hydrophobic contacts through the sub-
stitution of F732 by alanine (Fig. 3C) and, second, by the impair-
ment of the hydrogen bonds between E794 and H486 (HLM3; SI
Appendix, Fig. S4B).

An additional mutant was generated to disrupt the Patl-
Dcp2 interaction for functional studies. Two conserved isoleu-
cines (I724 and 1731) from Pat1, which contact L; and L3 of the
HLMs (Fig. 3C), respectively, and hence are at the center of the
Pat1 hydrophobic patch, were substituted by arginine to generate
the Pat1C-1724R/1731R mutant (hereafter named Pat1C-II/RR).
This mutant protein displayed a gel filtration behavior similar to
the one observed for the wild-type Pat1C domain, supporting a
correct overall folding. These mutations were sufficient to
abolish the interaction between Pat1C and Dcp2 [435-508] in
vitro (Fig. 3F). The same mutation introduced in a full-length
Patl prevented its interaction with Dcp2 in a two-hybrid assay (S7
Appendix, Fig. SAF). This further indicates that this Patl region is
essential for in vivo interaction with Dcp2. To assess the functional
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significance of HLM binding by PatlC, we next examined the
phenotype of the Patl II/RR mutant in combination with in-
activation of DHH] or with a double deletion of EDC3 and SCD6.
We previously showed that patIA/dhhlA and patlAledc3A/scd6A
strains exhibit a growth defect phenotype, which cannot be rescued
by expression of a Patl protein lacking either its entire C-terminal
domain (Pat1AC) or the last 68 C-terminal residues (Pat1AC68)
(21). Interestingly, the Patl II/RR introduced on a plasmid in the
patlAldhhIA and patlAledc3A/scd6A strains behaves identically to
Pat1AC68 in being unable to rescue its growth defect, in contrast
to wild-type Patl (SI Appendix, Fig. S4G). To confirm these ob-
servations without potential variability resulting from plasmid copy
number heterogeneity, we constructed a yeast strain carrying the 11/
RR allele at the chromosomal PAT1 locus using the CRISPR/Cas
strategy. This mutation was introduced in the scd6A/edc3A context
by crossing and growth of the resulting strains compared with
isogenic derivatives carrying a patIA allele instead. Combination of
the Patl II/RR mutation with scd6A/edc3A resulted in synthetic
growth phenotype indistinguishable from the one observed for the
association of patlA with scd6A/edc3A (Fig. 3G). Western blot
analyses confirmed that wild-type Patl and the II/RR mutant were
present at similar levels (SI Appendix, Fig. S5) in these strains, thus
ruling out that instability of the mutant protein could be re-
sponsible for the synthetic phenotype. The Patl II/RR strain also
displayed a thermosensitive growth phenotype (Fig. 3 G and H).
Altogether, these results demonstrate that the Patl region involved
in HLM binding is functionally important. The thermosensitive
phenotype was nevertheless not as strong as the one observed in a
Apatl strain, indicating that the mutant protein harbors residual
activity (Fig. 3 G and H). However, a yeast strain expressing a
truncated version of Dcp2, which does not interact with Patl, e.g.,
Dcp2 [1-300] containing only HLM1 does not phenocopy the
thermosensitive phenotype of Patl II/RR at 37 °C (Fig. 3H). This
observation indicates that the disruption of the Pat1-Dcp2 in-
teraction in the II/RR mutant is not entirely responsible for the
observed phenotype. In turn, this suggests that this Patl re-
gion might be responsible for the interaction with at least
another partner.

Dcp2-Binding Site On Pat1C also Recruits Xrn1 Exonuclease and Is
Important for RNA Decay. To identify an additional putative Patl
interacting factor, we searched for a potential HLM signature in two
other Patl partners that were previously reported to interact with
Pat1C, namely, Dcpl and Xrnl (9). Close inspection of the
S. cerevisiae Xrnl sequence revealed the presence of a putative
HLM (with core sequence 1587.1LNFI;59;), reminiscent of Dcp2
HLMs, near its C terminus in a region that is predicted to be
unstructured. Interestingly, similar motifs are conserved in Xrnl C
termini from different yeast species in which Pat1C also displays
the yeast-specific C-terminal extension (Fig. 44). To test whether this
putative HLM can mediate interaction between Xrnl and Patl, we
fused the Xrnl region [1,277-1,301] to GST and performed an in
vitro His pull-down assay in the presence of a Hise-tagged version of
either wild-type Pat1C or Pat1C-II/RR. This GST-Xrn1[HLM] was
specifically pulled down by wild-type Pat1C but not by the Pat1C-II/
RR mutant (Fig. 4B). This indicates, first, that this HLM is involved
in Xrnl binding to Pat1C and, second, that it binds to the same re-
gion as Dcp2 HLMs on Pat1C. A fluorescence anisotropy experiment
on a FITC-labeled Xml1[HLM] peptide revealed a dissociation
constant (Ky) of 50 pM (ST Appendix, Fig. S6). These results suggest
that Pat1/Xrn1 interaction could be, at least in part, mediated by this
HILM. The interaction of Patl with Xrn1 was then monitored in vivo
using a two-hybrid system (Fig. 4C). We detected a two-hybrid in-
teraction between Patl and a truncated Xrnl construct encom-
passing residues 1-1,456. This construct contains the Xrnl HLM
region and when Leul287 and Leul288 from this motif were si-
multaneously substituted by Ala, the two-hybrid interaction was lost
(Fig. 4C). The Xrnl-Patl interaction was also obliterated by the
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Patl-II/RR mutation (Fig. 4C). Altogether, the two-hybrid results
confirm that the in vivo association of Xrnl with Pat1 occurs through
a HLM-Pat1C interaction.

To analyze the functional impact of Pat1C HLM-binding sur-
face, we compared the decay of the MFA2pG reporter mRNA in
the wild-type strain and the isogenic strain carrying the Pat1-II/RR
chromosomal mutation. The plasmid encoding the GAL-promoter
driven MFA2pG reporter was introduced in both strains and the
expression of the reporter mRNA was induced by growth in ga-
lactose. RNA samples were collected at various time points after
glucose had been added to repress the GAL promoter and the
levels of the MFA2pG reporter mRNA in each sample were de-
termined by Northern blotting. While in the wild-type strain, the
MAF2pG mRNA half-life is 3 min (Fig. 4D), in the Patl-II/RR
strain, the MAF2pG mRNA half-life is twice as long (i.e., half-life
of 6.3 min). This demonstrates that the surface of Pat1 that recruits
Dcp2 and Xrnl is functionally important for mRNA decay in yeast.

Discussion

Eukaryotic mRNA decay is a highly regulated and concerted
process involving several proteins that are mostly part of multi-
protein assemblies. It typically initiates with the shortening of the
3’ poly(A) tail by deadenylases (29). It can then continue from
the 3’ end through the action of the 3’-to-5’ exonucleolytic ac-
tivity of the cytoplasmic exosome or alternatively through 5'-cap
removal by decapping followed by 5’-to-3" decay (1). The latter is
considered the major mRNA decay pathway in yeast.

In this paper, we have analyzed the C-terminal domain from
S. cerevisiae Patl protein, a central scaffolding protein inhibiting
translation initiation and stimulating the Dcp2 decapping enzyme
(8, 30). Our results have implications for the coordination of events
leading to the degradation of mRNASs via the 5’-to-3’ pathway and
for the evolution of the protein interaction networks involved in
eukaryotic mRNA decay. Finally, the Patl region, which is impor-
tant for the recruitment of mRNA decay enzymes and for growth, is
specific to fungi and is therefore of potential interest for the de-
velopment of future antifungal drugs.
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Pat1-Coordinated Recruitment of Dcp2 and Xrn1 to the 5’ End of
Deadenylated mRNAs. Patl is a key player in mRNA degrada-
tion by serving as a platform that recruits decapping factors and
their activators. Its C-terminal domain is particularly important
as testified by the thermosensitive phenotype resulting from its
deletion (21). A conserved surface located at the N-terminal
edge of the Pat1C domain is functionally critical as it binds to
the Lsml-7 heteroheptameric complex to form the Lsm1-7/
Patl complex, which interacts preferentially with the 3’ tail of
oligoadenylated mRNAs (12, 18-21, 31, 32). Here, we identify
another functionally important region located at the opposite
edge of the Pat1C domain, i.e., the C-terminal extremity, which
is conserved in fungal homologs (21). First, we show that this
Patl region interacts with at least eight HLMs from S. cerevisiae
Dcp2, in agreement with recent two-hybrid results (22). This
would allow Dcp2 to recruit several mRNPs each containing a
Lsm1-7/Patl complex associated with one mRNA targeted for
degradation. This could result in a more efficient mRNA deg-
radation offering an evolutionary advantage (Fig. 54). In
Schizosaccharomyces pombe, several HLMs from Dcp2 were
described to be involved in Edc3 and Scd6 binding and this
multivalency was shown to be involved in P-body formation (26).
This does not seem to be the case for the Pat1-Dcp2 interaction,
as the expression of the Dcp2 [1-300] fragment lacking all HLMs
involved in the recruitment of Pat1 supports P-body formation in
S. cerevisiae (24). Finally, as the yeast Dcp2 C-terminal extension
was also shown to contain a cis-acting inhibitory element (resi-
dues 350-375) (22), the concomitant recruitment of Patl pro-
teins to several HLMs on a single Dcp2 molecule could induce
either conformational changes of this Dcp2 C-terminal tail or
steric hindrance, thereby preventing Dcp2 inhibition by this cis-
acting element. This could also rationalize the Patl role as
a decapping activator.

Furthermore, we show that this conserved Pat1C region spe-
cific to yeasts, is also responsible for direct recruitment of
Xrnl through binding to a HLM peptide. Thus, this Pat1C re-
gion can directly interact with the two main enzymes (Dcp2 and

B Hise-Pat1C I/RR + -
Hise-Pat1C - + -
GST-Xr1[1277-1301] + + +

Hisg-Pat1C | - S
GST-Xrn1[1277-1301] | e e =
Input

Hise-Pat1C | s wmme
GST-Xrn1[1277-1301]

His pull-down

Pat1 I/RR
Time (min) 03 61020 03 61020

MFA2pG mRNA |

Decay Intermediate | SR

mRNA half life

-

3.5 min

Loading control scR1 ‘ . - - oo

Fig. 4. Pat1C C-terminal extension is responsible for Xrn1 recruitment. (A) Sequence alignment of fungal Xrn1 proteins focusing on the identified HLM motif.
Strictly conserved residues are in white on a black background. Partially conserved residues are boxed. The numbers following the organism names corre-
spond to the numbering of amino acids located at the N-terminal extremity of the HLM in Xrn1 from the corresponding organisms. (B) Pull-down experiment
of GST-Xrn1 [1,277-1,301] by Hise—Pat1C and Hisg—Pat1C-II/RR. Input and eluted (His pull-down) samples were analyzed on 15% SDS/PAGE and Coomassie Blue
staining. (C) Interaction of Pat1 with Xrn1 monitored through B-galactosidase production in the two-hybrid assay. Results obtained with the Pat1-II/RR and
Xrn1[1-1,456] HLM mutant (L1287A/L1288A) demonstrate that the in vivo interaction depends on both of those structural elements. (D) Analysis of the decay
of the MFA2pG reporter mRNA in the wild type and Pat1-1I/RR mutant. The rate of disappearance of the MFA2pG mRNA following transcription shutdown
was determined by monitoring the level of MFA2pG mRNA remaining at the time points indicated by Northern blot analysis. The scR1 RNA serves as a loading
control. The MFA2pG mRNA half-life in the two strains was determined following quantification of the signal by fitting with exponential decay.
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Xrnl) involved in the 5’-to-3’ mRNA decay pathway. Hence,
Pat1C bridges 5’ and 3’ ends from mRNAs undergoing degra-
dation and then is ideally positioned to coordinate the action of
both enzymes on oligoadenylated mRNAs (Fig. 54). The central
role of this Dcp2- and Xrnl-binding surface on Pat1C in mRNA
decay is perfectly illustrated both by the strong thermosensitive
phenotype (Fig. 3H) and the stabilization of the MFA2pG
mRNA reporter (Fig. 4D) associated with the Patl-II/RR mu-
tant. As the HLM peptides that we have identified in S. cerevisiae
Dcp2 and Xrnl compete to interact on the same surface of the
PatlC domain, we propose that in yeasts, the Lsm1-7/Patl
complex recruits in a stepwise manner Dcp2 to deadenylated
mRNA substrates to remove the 5 cap and then Xrnl to per-
form rapid 5’-to-3’ exonucleolytic digestion of decapped mRNAs
(Fig. 54). Such a Patl-mediated stepwise recruitment of
Dcp2 and Xrnl would ensure an efficacious mechanism for rapid
mRNA degradation by Xrnl following decapping by Dcp2. Our
model is supported by several observations: (i) the Lsm1-7/
Patl complex enhances the interaction of Dcp2 with mRNAs
(31); (ii) Patl has been described as an activator of Dcp2 (8-10,
16); (iii) Patl recognizes Dcp2 in one of its most active forms,
i.e., bound to its two most potent activators Dcpl (Fig. 24) and
Edc3 (Fig. 1B); (iv) capped oligoadenylated mRNAs accumulate
in patlA mutant in yeast (9); (v) the Lsm1-7/Patl complex still
binds to deadenylated mRNAs after decapping (31); (vi) the
Lsm1-7/Patl complex copurifies with Xrnl (9); and (vii) xrnlA
cells accumulate deadenylated mRNAs lacking cap structure (6).
The exchange of the partner of the Lsm1-7/Patl complex, i.e.,

A

Dcp2 replacement by Xrn1, could be triggered by the removal of
the 5’ cap. Although the 5’ cap does not enhance affinity of
Dcp2 for capped mRNAs (33), it should prevent Xrn1 binding to
these mRNAs according to the crystal structure of an Xrnl-
substrate complex (34). Furthermore, although several HLMs
from Dcp2 exhibit higher affinities for PatlC than the Xrnl
HLM motif in vitro (Fig. 2C and SI Appendix, Fig. S6), Xrnl but
not Dcp2 copurifies with the Lsm1-7/Pat1 complex in vivo (9).
This preferential association might result from the abundance of
Xrnl, which is about two to seven times more abundant than
Dcp2 in S. cerevisiae (35-37). It could also be due to additional
partners or Xrnl regions, which could strengthen the interaction
between Xrnl and the Lsm1-7/Patl complex in vivo. In sum-
mary, we propose an optimized model in which the Lsm1-7/
Patl complex sequentially recruits Dcp2 and then Xrnl for
degradation of deadenylated mRNAs. A coordinated re-
cruitment of decay factors to mRNAs undergoing decay was
previously suggested for metazoan (12, 23, 38) but further ex-
periments to investigate such mechanisms are definitely needed.

Recruitment of Xrn1 by the Lsm1-7/Pat1 Complex Perfectly lllustrates
the Plasticity in the Eukaryotic 5'-to-3’ mRNA Decay Interaction
Networks. With the exception of the metazoan-specific decapp-
ing activator EDC4 (also called Ge-1), most decapping factors
are well conserved between eukaryotic organisms. Decapping of
mRNAs requires a tight interplay between several proteins that
assemble dynamically as multiprotein complexes. Most of these
factors are modular with defined structural domains flanked by less

D. melanogaster

H. sapiens

Fig. 5. Comparison of mechanisms for the recruitment of Dcp2 and Xrn1 to deadenylated eukaryotic mRNAs. (A) Model for the Pat1-coordinated 5'-to-3’
mRNA decay mechanism in yeast S. cerevisiae. (B) Differences in 5’-to-3’ degradation pathway networks in fruitfly and human compared with budding yeast.
EBM, EDC4-binding motif; FEB, phenylalanine-rich EDC4 binding; NMP, nucleoside monophosphate; P-rich, proline-rich sequence.
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conserved regions. These later are mostly disordered regions
containing SLiMs, which most of the time fold upon partner
binding. These SLiMs actively participate in the rewiring of inter-
acting networks made by these conserved decapping factors in
S. cerevisiae, fruitfly, and human cells (23). For instance, S. cer-
evisiae Scd6, Edc3 (as well as their human and fruitfly orthologs),
and Pat1 harbor conserved FDF motifs that compete to bind to the
same region of Dhh1/DDXG6 helicases (15, 39). A SLiM found in
Edc3 proteins from Saccharomycetaceae phylum has also been
shown to mediate Edc3 interaction with Rps28 ribosomal protein
and then to participate in an autoregulatory feedback loop con-
trolling RPS28B mRNA levels (40). The Lsm domains from
metazoan EDC3 and LSm14A (yeast Scd6) bind to a HLM region
present in DCP1 (26). Interestingly, the yeast Edc3 Lsm domain
also interacts with a HLM-like peptide, which is located in Dcp2
(5, 22, 24, 26). Here, we demonstrate that several HLMs present
within the long C-terminal region from S. cerevisiae Dcp2 directly
interact with Patl. These HLMs are located in a region that does
not mediate the interaction with yeast Edc3. We also identify a
HIM in yeast Xrnl, which is responsible for its interaction with
Patl (8, 9). This differs from Drosophila melanogaster XRN1, which
interacts directly with the DCP1 EVHI domain via a proline-rich
sequence (38) (Fig. 5B). To our knowledge, although a proline-rich
sequence is also present in yeast Xrnl, there is no clear evidence in
S. cerevisiae for a direct interaction between Xrnl and the Dcpl
EVHI domain, the latter being involved in the interaction with
Edcl and Edc2 (41, 42). In human, the DCP1 EVH1 domain in-
teracts with PNRC2, which was recently proposed to be ortholo-
gous to yeast Edc1-2 factors (42) but not XRNI1. The latter uses a
conserved C-terminal extension (EBM for EDC4-binding motif) to
interact with EDC4 (38, 43, 44). Finally, although some weak
contact may exist between metazoan DCP1 and DCP2, their in-
teraction requires EDC4 (44, 45). Hence, human DCP2 and
XRNT1 interact with EDC4 via SLiMs and can coexist on the same
complex together with EDC4 and DCP1 (44) (Fig. 5B). Our study
shows that rewiring of the interaction network between de-
capping factors is not only restricted to SLiMs that have emerged
during evolution to create a new anchoring point between
decapping factors or to recruit new factors such as EDC4 (23).
Indeed, the fungal Patl C-terminal extension, which acts as
binding platform for Dcp2 and Xrnl, is integrated within the
fungal Pat1C domain architecture, thereby adding one layer of
complexity in the evolution of decapping interaction networks.
This study further reveals a mutually exclusive mechanism for
the recruitment of Dcp2 and Xrnl to mRNAs undergoing de-
cay, which differs completely from those previously described
for human and fruitfly (38, 44).

Conclusion

We have previously shown that a S. cerevisiae Patl protein lacking
the fungal-specific C-terminal extension (Pat1AC68) did not res-
cue the thermosensitive phenotype resulting from the deletion of
the PAT1 gene (21). Our current study reveals that point mutants
targeting this region and precluding Dcp2 and Xrnl interactions
with Patl have the same effect, highlighting the importance of this
region for Patl function, mnRNA decay, and yeast growth at 37 °C.
This Patl surface further appears as a potential target for the
development of drugs against pathogenic yeasts such as Candida
and Aspergillus species, which infect patients with compromised
immune systems and can cause allergic diseases. Interestingly,
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LxxLL HLMs are also involved in the binding of coactivators to
nuclear receptors (25). Such a motif is also crucial for the cellular
ubiquitin ligase E6AP to interact with the viral oncoprotein
E6 from human papilloma virus and then to trigger p53 degra-
dation (46, 47). As proapoptotic peptides and small molecules
targeting LxxLL pocket of E6 oncoprotein have been recently
tested (48-50), future studies aimed at identifying molecules
precluding Dcp2 or Xrnl HLMs to bind to this fungal-specific
Patl region could be of great medical interest to develop
antifungal drugs.

Materials and Methods

Details on other experimental procedures are available as SI Materials
and Methods.

Yeast Strains. All yeast strains are listed in S/ Appendix, Table S1. Yeast strains
used for phenotypic and functional assays were derived from the
W303 background or the related BMA64 derivative. Strains for two-hybrid
assays were derived from MAV203 (Invitrogen). The lithium acetate trans-
formation protocol was used to introduce in cells exogenous plasmids, oli-
gonucleotides (listed in S/ Appendix, Tables S2 and S3, respectively), or linear
DNA fragments. Deletions were constructed using standard PCR-based
methods while point mutations were introduced using the CRISPR/Cas sys-
tem described by Ryan et al. (51). Briefly, plasmids encoding the
Cas9 nuclease and a guide RNA targeting the site of interest in the desired
gene were first constructed by site-directed mutagenesis of plasmid pRNR2-
Cas9::8His-tRNA(Pro)::sgRNA (51) using specifically designed oligonucleo-
tides (S/ Appendix, Table S3). The parental yeast strain was cotransformed
with one of these plasmids (S/ Appendix, Table S2) and two repair oligonu-
cleotides overlapping the target site and containing the mutation of interest
(SI Appendix, Table S3). Transformants were recovered on YPDA-G418 plates.
Screening for the presence of the desired mutation was performed by PCR and
restriction digest, thanks to the polymorphic restriction site introduced in the
repair oligonucleotide(s). The sequence of the mutation region was de-
termined by sequencing the PCR product. A derivative, lacking the Cas9 gene
and G418 marker following the random loss of the corresponding plasmid,
was recovered and used for further studies.

Yeast growth assays. Cells carrying chromosomal mutation were grown at the
permissive temperature in YPDA media. Cultures were diluted to an optical
density of 0.1 at 600 nm (ODggo) with sterile water. Three microliters of this
dilution as well as 10-fold serial dilutions were plated on YPDA plates. Cell
growth was monitored after 48 h at the indicated temperature. For plasmid-
encoded Pat1 mutation, the cognate plasmid and control vectors (S/ Appendix,
Table S2) were first introduced in Apat1Adhh1 and Apat1Ascd6Aedc3 cells
(YFW168 and BSY2601, S/ Appendix, Table S1) and transformants selected
on —TRP plates. Transformants were grown in liquid synthetic complete (SC)
medium lacking tryptophan and containing 2% glucose. Growth assays were
then performed as described above, except that —TRP selective plates in-
cubated for 3 d were used.
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