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Abstract

Pat1 promotes the activation and assembly of multiple proteins during mRNA decay. After
deadenylation, the Pat1/Lsm1-7 complex binds to transcripts containing oligo(A) tails,
which can be modified by the addition of several terminal uridine residues. Pat1 enhances
Lsm1-7 binding to the 3’ end, but it is unknown how this interaction is influenced by
nucleotide composition. Here we examine Patl/Lsm1-7 binding to a series of
oligoribonucleotides containing different A/U contents using recombinant purified proteins
from fission yeast. We observe a positive correlation between fractional uridine content
and Lsm1-7 binding affinity. Addition of Pat1 broadens RNA specificity of Lsm1-7 by
enhancing binding to A-rich RNAs and increases cooperativity on all oligonucleotides
tested. Consistent with increased cooperativity, Pat1 promotes multimerization of the
Lsm1-7 complex, which is potentiated by RNA binding. Furthermore, the inherent ability
of Pat1 to multimerize drives liquid-liquid phase separation with multivalent decapping
enzyme complexes of Dcp1/Dcp2. Our results uncover how Pat1 regulates RNA binding

and higher order assembly by mRNA decay factors.

INTRODUCTION

A dense network of protein-protein interactions regulates 5-3° mRNA decay, which is
important for gene expression and many physiological processes including development,
microRNA-mediated decay, and quality control mechanisms (Moore 2005; Kurosaki et al.
2019; Mugridge et al. 2018; Jonas and lzaurralde 2015). Bulk 5’-3° mRNA degradation

begins with the trimming of the 3’ poly(A) tail by cytoplasmic deadenylases, which can be
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followed by addition of several uridines by terminal uridine transferases in fission yeast
and metazoans (Mugridge et al. 2018; Rissland and Norbury 2009; Lim et al. 2014; Yi et
al. 2018; Webster et al. 2018). After deadenylation and subsequent uridylation, the
heterooctameric Pat1/Lsm1-7 complex assembles on or near the 3 A/U-rich
deadenylated tail of the mRNA (Mitchell et al. 2012; Tharun and Parker 2001; Bonnerot
et al. 2000; Bouveret et al. 2000; Tharun et al. 2000; Wang et al. 2017). Pat1 subsequently
activates decapping by Dcp1/Dcp2, leading to rapid 5’-3’ degradation of the mRNA body
by the conserved exonuclease Xrn1 (Lobel et al. 2019; Nissan et al. 2010; Stevens 1980;
Mugridge et al. 2018; Charenton et al. 2017; Tharun and Parker 2001). Pat1 activates
proteins at both the 5’ and 3’ end of the mRNA by enhancing RNA binding of the Lsm1-7
complex to the deadenylated 3’ end and decapping by the Dcp1/Dcp2 complex (Lobel et
al. 2019; Nissan et al. 2010; Chowdhury et al. 2013; Charenton et al. 2017). Deletion of
Pat1 results in accumulation of poorly translated, deadenylated, capped transcripts,
suggesting a block in decapping (Wang et al. 2017; He et al. 2018; Tharun and Parker

2001).

Many mRNA decay factors, including Pat1, are enriched in Processing-bodies (P-bodies)
which are a class of membraneless organelles that may function in mRNA storage or
decay (Teixeira and Parker 2007; Xing et al. 2018; Hubstenberger et al. 2017; Sheth and
Parker 2003). At the molecular level, these structures are promoted by multivalent
protein-protein and protein-nucleic acid interactions that are required for phase separation

(Banani et al. 2017). Overexpression of Pat1 enhances P-body formation in fungi,
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suggesting its importance in assembling these structures (Wang et al. 2017; Sachdev et
al. 2019). Therefore, Pat1 functions at multiple steps during 5’-3° mRNA decay to

coordinate degradation of the transcript.

Pat1 uses a combination of disordered and globular domains to interact with and activate
multiple mRNA decay factors. The disordered N-terminus contains a conserved FDF motif
that interacts with Dhh1 (DDX6 in humans) and potentiates P-body formation, but is
largely dispensable for function (Sachdev et al. 2019; Sharif et al. 2013; Pilkington and
Parker 2008). The unstructured middle domain contains multiple short linear interaction
motifs (SLiMs) and cooperates with the structured C-terminal domain to activate RNA
binding by Lsm1-7 and decapping by the Dcp1/Dcp2 complex through multiple

mechanisms (Lobel et al. 2019; Pilkington and Parker 2008; Chowdhury et al. 2013).

While it is known how Pat1 activates different mRNA decay factors, much less is
understood about how it affects specific RNA recognition by Lsm1-7. In vitro, budding
yeast Pat1/Lsm1-7 shows a preference for oligoadenyated RNAs compared to those
containing poly(A) tails; however, genome-wide CLIP studies indicate Pat1/Lsm1 co-
occupy the 3’ untranslated region (UTR) of budding yeast transcripts without enriching a
specific sequence motif (Chowdhury et al. 2007; Mitchell et al. 2012). In fission yeast and
metazoan cells, deletion of Lsm1 or Pati1 stabilizes mRNA decay intermediates with
oligo(A) tails containing several uridines (Lim et al. 2014; Rissland and Norbury 2009).

Furthermore, in mammalian cells, knockdown of Pat1 stabilizes transcripts with AU-rich
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89 sequences in the 3’ UTR (Vindry et al. 2017). Lsm1-7 can also bind oligo(U) RNA
90 sequences in vitro and promotes decay of histone mRNAs that containing U-rich tails in
91 cells (Mullen and Marzluff 2008; Chowdhury et al. 2007; Wu et al. 2014). How Pat1 affects
92 location and sequence specificity of the Lsm1-7 complex on mRNA is poorly understood.
93
94 In this work, we evaluate recombinant purified S.pombe Pat1/Lsm1-7 complex binding to
95 a series of oligonucleotides of different A/U content. Lsm1-7 alone has a binding
96 preference for U-rich RNAs. Addition of Pat1, however, broadens the specificity of the
97 Lsm1-7 complex by enhancing binding to A-rich targets. Furthermore, Pat1 increases
98 cooperative binding of Lsm1-7 to oligonucleotides, which drives multimerization of the
99 heterooctamer on RNA in a sequence independent manner. Oligomerization is an

100 inherent property of Pat1 that permits higher order assembly with multivalent Dcp1/Dcp2

101 complexes, which can recruit additional mRNA decay machinery. Taken together, this

102  work reveals how Pat1 broadens the specificity of Lsm1-7 and promotes the assembly of

103  higher order decapping complexes.

104

105 RESULTS

106 The PatMC/Lsm1-7 complex cooperatively binds to A-rich RNA

107  Previous studies indicate that the middle and C-terminal domains of Pat1 (termed PatMC)

108 are sufficient to support cell growth in yeast (Pilkington and Parker 2008; Lobel et al.

109 2019). To understand how different 3’ end sequences influence PatMC/Lsm1-7 binding,

110 we tested recombinant purified S.pombe Lsm1-7 complexes alone or coexpressed with
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111 PatMC for their ability to bind different oligo-RNAs by fluorescence polarization (Fig. 1A-
112 B). Because global profiling of RNA tails indicate that uridine residues are found on short
113  tails (<25 nt), we investigated a series of 15mers containing different adenine and uracil
114 contents (Chang et al. 2014; Rissland and Norbury 2009). As seen previously, PatMC
115 enhanced the RNA binding of Lsm1-7 to A15 RNA by an order of magnitude (Lobel et al.
116  2019). The fold-enhancement of Lsm1-7 RNA binding by PatMC strongly correlated with
117  the fractional adenine content of the 15mer, where a greater difference in free energy of
118 binding was observed for more adenine-rich substrates (Fig. 1C & S1A-F). Furthermore,
119 the Lsm1-7 complex alone strongly favored binding to U-rich 15mers, which was not
120 affected by PatMC. Because PatMC does not bind RNA with appreciable affinity on its
121 own, PatMC may serve to selectively enhance RNA binding of Lsm1-7 to adenine rich
122  tails and may be dispensable for engaging U-rich tails (Lobel et al. 2019) (Fig. S1G).
123

124 In addition to the differences in affinities for the oligonucleotides, we also observed a
125 difference in Hill coefficients, a measure of cooperativity that places a lower bound on the
126  number of Pat1/Lsmi1-7 complexes binding RNA. The binding isotherms of the
127  PatMC/Lsm1-7 complex were consistently ~2 fold more cooperative than Lsm1-7 alone
128 for all tested RNAs, suggesting that PatMC/Lsm1-7 may be engaging A15 and U15 RNA
129 in adifferent manner (Fig. 1D). Specifically, PatMC/Lsm1-7 had a Hill coefficient of ~1 for
130 U15 RNA and ~2 for A15 RNA, suggesting that binding to A15 is cooperative while U15
131  binding is not. This indicates that at least one or two copies of the PatMC/Lsm1-7 complex

132 cooperatively bind to U15 or A15 RNA, respectively.
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133

134  Short RNAs are sufficient to promote dimerization of the PatMC/Lsm1-7 complex
135  To directly test the number of PatMC/Lsm1-7 complexes bound to short oligonucleotides,
136 we used size exclusion chromatography coupled to multiangle light scattering (SEC-
137  MALS). The SEC step fractionates protein complexes by hydrodynamic radius and molar
138 mass is concurrently detected by light-scattering and differential refractometry (Wyatt
139 1993). The PatMC/Lsm1-7 complex was incubated with stoichiometric amounts of A15
140 RNA and subjected to SEC-MALS. The A15 RNA promoted the formation of two peaks
141  that had identical protein composition and molar masses corresponding to that of a
142  dimeric (two copies of PatMC/Lsm1-7) and tetrameric assembly (Fig. 2A, Table 1).
143 Shorter RNAs, such as A10, also promoted oligomeric PatMC/Lsm1-7 assemblies, with
144  molar masses corresponding to dimeric and tetrameric complexes (Fig. 2B). However,
145 we observed that the A10 RNA reduced tetramerization and instead produced
146  predominantly dimeric PatMC/Lsm1-7 complexes, based on the relative ratio of the peaks
147  in the chromatogram. This suggests that RNA length many influence tetramerization, but
148  short RNAs still promote higher order assembly of the PatMC/Lsm1-7 complex.

149

150 To evaluate the stability of the oligomeric assemblies, we performed sedimentation
151  velocity analytical ultracentrifugation (SV-AUC) on PatMC/Lsm1-7 with stoichiometric
152  amounts of A15 RNA over the course of 12 hours. While we could detect a strong dimeric
153 peak in the sedimentation distribution, there was minimal amounts of tetrameric

154 assemblies (Fig. 2C). Furthermore, the tetrameric fraction of the PatMC/Lsm1-7/A15
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155 complex disassembled into dimers and tetramers upon reinjection over a size exclusion
156  column, while the dimeric peak did not further dissociate (Fig. S2A-C). This suggests that
157  the tetrameric PatMC/Lsm1-7/RNA is less stable the dimeric species.

158

159  We next asked how PatMC/Lsm1-7 assembled on U15 RNA. As seen with A15 RNA,
160 addition of stoichiometric amounts of U15 to the PatMC/Lsm1-7 complex resulted in two
161 peaks by SEC-MALS with molar masses corresponding to dimeric and tetrameric
162 assemblies (Fig. 3A/B). This effect depends on PatMC, because Lsm1-7 alone bound to
163 U15 RNA remained monomeric (Fig. 3C). Taken together, this indicates that PatMC
164  promotes the higher order assembly of the PatMC/Lsm1-7 complex on both A15 and U15
165 RNA. This suggests that while both A15 and U15 promote dimerization of the
166 PatMC/Lsm1-7 complex, some of the contacts of the dimer may differ, as evidenced by
167 the difference in RNA binding cooperativity (Fig. 1D).

168

169 It is possible that that each PatMC/Lsm1-7 complex binds an individual RNA or that
170  multiple PatMC/Lsm1-7 complexes co-occupy a single RNA to promote oligomerization.
171  To test these possibilities, we determined the stoichiometry of PatMC/Lsm1-7 binding to
172 RNA. Experiments were performed under saturating conditions, where concentration of
173  the oligo-RNA was far above the Kq. Binding of labelled U15 was followed by fluorescence
174  anisotropy. Titration of Lsm1-7 alone or the PatMC/Lsm1-7 complex results in saturation
175 of the anisotropy signal at one equivalent of RNA, indicating 1:1 binding between

176  PatMC/Lsm1-7 and the U15 oligonucleotide (Fig. 3D). Similar results were obtained for
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177  PatMC/Lsm1-7 binding to A15 (Fig. S3). This indicates that each PatMC/Lsm1-7
178 heterooctamer binds a single oligo-RNA, though we cannot exclude the possibility that
179 PatMC/Lsm1-7 can co-occupy RNA sequences longer than 15nt tested here. Therefore,
180 we conclude that RNA ligands of different sequences and lengths induce stable
181  dimerization of the PatMC/Lsm1-7 complex.

182

183  Dimerization is an intrinsic property of the PatMC/Lsm1-7 complex

184 As PatMC/Lsm1-7 binds to RNA as a higher order assembly, we asked if the complex
185 had the intrinsic ability to multimerize in the absence of RNA. While PatMC/Lsm1-7
186 initially purified as a monomer, concentration and subsequent SEC-MALS of the complex
187 in the absence of RNA revealed two peaks with molar masses corresponding to
188 monomeric and dimeric PatMC/Lsm1-7 complexes (Fig. 4A-C). This indicates that the
189  PatMC/Lsm1-7 complex has the inherent ability to form multimers independent of nucleic
190 acid, and suggests that RNA may drive higher order assembly.

191

192  To test the stability of the assemblies in the absence of RNA, we performed SV-AUC on
193 the PatMC/Lsm1-7 complex alone. Over the course of 12 hours, we observed both a
194 monomeric and dimeric species, indicating that both these complexes were stable (Fig.
195 4D). Furthermore, increasing salt concentrations favored monomerization of the complex,
196 indicating PatMC/Lsm1-7 oligomerization is reversible (Fig. S4). Because Lsm1-7 was
197 monomeric in the absence of PatMC, the above results indicate PatMC drives

198  multimerization of Lsm1-7, which may be enhanced by RNA binding (Fig. 2A & 3A).
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199

200 PatMC promotes liquid-droplet formation with Dcp2 and recruits additional mRNA
201 decay factors

202  Previous studies demonstrate that the monomeric, globular C-terminal domain of Pat1
203 can bind helical leucine motifs (HLMs) in the disordered C-terminus of Dcp2 (Charenton
204 et al. 2017; Lobel et al. 2019). Known dimeric HLM binding proteins, such as Edc3, can
205 interact with Dcp2 and undergo liquid-liquid phase separation with Dcp2 constructs that
206  contain multiple HLMs (Schutz et al. 2017; Fromm et al. 2014). Our biochemical data
207 demonstrate that PatMC can inherently oligomerize in the absence of RNA, so we tested
208 if it could promote liquid-liquid phase separation with multivalent Dcp1/Dcp2 complexes,
209 analogous to Edc3. PatMC was purified fused to maltose-binding protein (MBP) to
210 enhance its solubility (see Methods). It was then mixed with a Dcp2 construct containing
211 both the catalytic core and three HLMs in the disordered C-terminus extension, along with
212 its obligate cofactor Dcp1 (Dcp1/Dcep2 1-504, termed Dcp1/Dep2ext) (Fig. 5A). Though
213 neither PatMC nor Dcp1/Dcp2ext formed condensates individually, mixing stoichiometric
214  amounts of Dcp1/Dcp2ext with MBP-PatMC resulted in formation of phase separated
215 droplets (Fig. 5B and data not shown).

216

217 To understand the requirements of PatMC and Dcp1/Dcp2ext for droplet formation, we
218 queried how individual regions of both complexes contribute to phase separation. The C-
219 terminal domain of Pat1 is monomeric and binds HLMs, but did not promote phase

220  separation of Dcp1/Dcp2ext (Fig. 5B). Additionally, PatMC did not phase separate with a

10
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221  Dcp1/Dcp2 complex containing a single HLM (Dcp2 residues 1-266, termed Dcp2HLmi)
222 (Fig. 5B). These data suggest that the middle and C-terminal domains of Pat1 promote
223 phase separation of Dcp1/Dcp2 by driving self-association and binding HLMs on Dcp2,
224  respectively. We conclude PatMC oligomerization promotes phase separation with
225  multivalent cofactors such as Dcp2.

226

227 PatMC and Dcp2 both interact with RNA, which can trigger or potentiate liquid-liquid
228 phase separation with oligomeric RNA binding proteins (RBPs) (Mugler et al. 2016; Lin
229 etal. 2015). The PatMC/Dcp1/Dcp2ext droplets were able to incorporate A15 RNA, though
230 A15 RNA did not change the critical concentration required for phase separation (Fig. 5C
231 & S5A). However, neither short A15 RNAs nor poly(A) RNA promoted droplet formation
232 with either PatMC or Dcp1/Dcp2ext alone (Fig. 5C and data not shown). RNA could not
233 trigger phase separation with either Dcp1/Dcp2ext or PatMC alone, suggesting that the
234 protein-protein interactions are the primary driver of phase separation between PatMC
235 and Dcp2.

236

237  We next asked if other mRNA decay factors could be incorporated in PatMC/Dcp1/Dcp2
238 droplets. Lsm1-7, but not a nonspecific protein, was recruited of pre-formed
239  PatMC/Dcp1/Dcp2ext condensates, indicating that PatMC can bridge both 5’ (Dcp1/Dcp?2)
240 and 3’ (Lsm1-7) decay factors in the context of the phase separated droplet (Fig. 5D &
241  S5C). Lsm1-7 neither phase separates with PatMC nor affected the critical concentration

242  for droplet formation, consistent with Lsm1-7 being a monomeric complex (Fig. S5A &

11
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243  S5B). Furthermore, Dcp1/Dcep2ext/PatMC/Lsm1-7 condensates recruited RNA (Fig. 5SD).
244  These observations suggest that Pat1 may bridge both 5’ and 3’ activities in the context
245 of a phase separated droplet.

246

247 DISCUSSION

248  Our biochemical reconstitution uncovers how Pat1 broadens the specificity of the Lsm1-
249 7 complex and promotes higher order assembly of multiple mRNA decay factors. First,
250 Pat1 expands the Lsm1-7 complex’s sequence preference by enhancing binding to
251  adenine-rich RNAs. Second, PatMC promotes cooperative binding of Lsm1-7 to RNA,
252 which drives oligomerization on nucleic acid. Third, the PatMC/Lsm1-7 complex has the
253 inherent ability to oligomerize, which is dependent on Pat1 and consistent with
254  coimmunoprecipitation data in fission yeast (Wang et al. 2017). Finally, we show that an
255 oligomeric PatMC drives phase separation with multivalent Dcp1/Dcp2 complexes that
256 can recruit RNA and additional decay factors to droplets. Taken together, this
257  biochemically reconstituted system reveals how Pat1 increases the range of RNA targets
258 bound by the Lsm1-7 complex and facilitates higher order assembly of multiple decapping
259 factors (Fig. 6A/B).

260

261 The Lsm1-7 ring is the high affinity RNA binding component of the Pat1/Lsm1-7 complex
262 and has a preference for U-rich oligonucleotides (Wu et al. 2014; Lobel et al. 2019;
263 Chowdhury et al. 2007). Pat1 broadens the specificity of the Lsm1-7 complex by

264  enhancing the affinity of Lsm1-7 for oligonucleotides with higher adenine content (Lobel

12
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265 et al. 2019; Chowdhury et al. 2013) (Fig. 1). Because PatMC does not bind RNA with
266  appreciable affinity on its own, we suggest that Pat1 may allow the Lsm1-7 complex to
267 bind sequences which it has inherently weaker affinity for and therefore expand the
268 complex’s target repertoire (Lobel et al. 2019) (Fig. S1G).

269

270  Though PatMC increases the range of RNA substrates bound by Lsm1-7, it is unclear if
271  all RNA targets bind in the same manner. For example, PatMC does not enhance the
272 affinity of Lsm1-7 for U15 RNA, in contrast to A15 RNA or A/U rich RNA. Moreover,
273  higher adenine contents favor more cooperative binding of PatMC/Lsm1-7. On the other
274  hand, Pat1/Lsm1-7 stoichiometrically binds all RNA targets as a stable dimer. While we
275 observe tetramers with 15mer RNAs, these assemblies are less stable than the dimeric
276  species (Fig. 2 & Fig. S2) Determining the binding modes of different RNAs with the
277  Pat1/Lsm1-7 complex remains a challenge for future structural studies.

278

279 PatMC also consistently increased the cooperativity of Lsmi1-7 binding to all
280 oligonucleotides tested, suggesting a coupling between protein-protein interactions and
281  RNA binding. In support, addition of RNAs drive formation of stable dimeric PatMC/Lsm1-
282 7 assembly whereas in the absence of RNA, PatMC/Lsm1-7 exists in monomer/dimer
283  equilibrium. This suggests two possible pathways which the PatMC/Lsm1-7 complex can
284 load onto RNA. First, RNA may bind to dimeric PatMC/Lsm1-7 from a pre-existing

285  monomer/dimer equilibrium. Alternatively, RNA could bind monomeric PatMC/Lsm1-7

13
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286  which then forms a dimer (Fig. 6A). These pathways, could in fact, be part of a
287 thermodynamic cycle, which is in qualitative agreement with our observations.

288

289 The inherent ability of PatMC to oligomerize drives phase separation with multivalent
290 cofactors, such as Dcp2 containing multiple HLMs. This derives from multivalent
291 interactions between Dcp2 and oligomeric PatMC. These droplets can recruit Lsm1-7,
292  providing evidence that Pat1 can bring both 5° and 3° mRNA decay factors in close
293  proximity in the context of these phase separated droplets (Fig. 5). Additional partners of
294  Pat1, such as Dhh1, may cooperate to further promote droplet formation (Sachdev et al.
295 2019). Nucleating high local concentration of multiple decapping RBPs in the context of
296 a phase separated droplet may be leveraged for 5’ and 3’ end communication during
297 decay (Fig. 6B). Future work is required to understand how an oligomeric Pat1 is
298 regulated and functions in assembling an active decapping mRNP during 5-3° mRNA
299  decay.

300

301 The discovery that Pat1 has the ability to oligomerize is reminiscent of the homo-
302 hexameric bacterial Lsm-family protein, Hfg, and its cofactor Crc. Recent work has
303 demonstrated that two copies of Crc can bridge two Hfqg hexamers in an RNA dependent
304 manner (Pei et al. 2019; Sonnleitner et al. 2018). While the details of higher order Lsm
305 assemblies between bacteria and eukaryotes differ, oligomerization may be a conserved
306 feature of Lsm complexes and their cofactors.

307

14
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308

309 MATERIALS AND METHODS

310 Protein expression and purification

311  All proteins were expressed in BL21(DE3)* (Thermofisher) cells in LB media. Cells were
312 grown to ODeoo = 0.6 at 37 °C, after which IPTG was added to 1 mM. Cells were then
313 grown overnight at 18 °C for 16 hours. For expression of copurified PatMC/Lsm1-7, a
314 polycistron containing all seven Lsm proteins was cloned into site one of a pET-Duet
315 vector, with an N-terminal hexahistidine tag followed by a TEV cleavage sequence on
316 Lsm1. A codon optimized PatMC (residues 296-754) was ordered from IDT and cloned
317 into site two of the pET-Duet vector. Cells were harvested by centrifugation and lysed in
318 appropriate buffer. For Lsm1-7 and PatMC/Lsm1-7 complexes, cells were lysed in Buffer
319 A (2 M NaCl, 20 mM HEPES pH 7.5, 20 mM Imidazole, 5 mM BME, protease inhibitor
320 (Roche)) by sonication. Lysate was subsequently clarified by centrifugation and the
321 supernatant was bound to Ni-NTA resin (GE) at 4 °C for 1 hour. The resin was then
322 transferred to a gravity column and washed with 20 column volumes of Buffer A before
323  being eluted in 25 mL of Buffer E (250 mM NaCl, 250 mM Imidazole, 20 mM HEPES pH
324 7.0, 10 mM BME). The elution was then loaded directly onto a 5 mL HiTrap Heparin
325 column (GE). The heparin column was run at 2 ml/min from a 0.25-1 M NaCl gradient
326  over 20 column volumes. Fractions containing the appropriate protein complex were
327 concentrated in 30 kD concentrators (Amicon) to ~2 mL before adding TEV overnight at
328 4 °C. The following day, the sample was filtered and further purified by gel filtration using

329 a Superdex 200 16/60 column (GE). Coexpressed PatMC/Lsm1-7 was purified in 400 mM
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330 NaCl, 20 mM HEPES 7.0, 1 mM DTT and Lsm1-7 alone was purified in 150 mM NaCl, 20
331 mM HEPES pH 7.0, 1 mM DTT. Fractions containing protein were concentrated before
332  being flash frozen and stored at -80 °C.

333

334 All MBP-Pat1 fusions were purified as described previously (Lobel et al. 2019). For
335  Spycatcher purification, a C-terminal KCK tag was added (SpycatcherKCK) and purified
336 similar to the MBP-Pat1 fusions, with the heparin step omitted. SpycatcherKCK was
337 purified on Superdex 75 16/60 column in 150 mM NaCl, 20 mM HEPES pH 7.0, 0.5 mM
338 TCEP.

339

340 Fluorescence polarization

341  All fluorescent polarization experiments were performed in 200 mM NaCl, 20 mM HEPES
342 pH7.0,1 mM DTT, 5 mM MgCl2 with 0.3 pg/ul Acetylated BSA (Promega) . All RNAs
343 used were labelled with 5° FAM (IDT) and were used at final concentration of 500 pM. All

344  binding curves were fit to the following Hill model for single site binding:

345
246 Y (mp) () ) [protein]™ i
= _ *
mp (max(mp) — min (mp)) rotein]™ + K, min (mp)
347

348 To determine the AG of binding, each independent replicate was fitted to the above model
349 and AG was determined by the relationship AG = +RT*In(Kq). The AG from each individual
350 fit was averaged and plotted with standard deviation. Hill coefficients were averaged from

351 fitting three separate binding isotherms and shown with standard deviation.
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352

353  Foranalysis of stoichiometry, 5’-FAM RNA was kept at 0.5 yM in the same buffer as used
354 for the fluorescence polarization assay. Protein was titrated into solution containing
355 labelled RNA and fluorescence polarization was measured for each concentration. The
356 linear portion was fit to a linear model and the average of the last four points were used
357 to fit a line at the saturation point. The intersection of these two lines was used to
358 determine the binding stoichiometry.

359

360 Analytical Size Exclusion Chromatography (SEC) and SEC-MALS

361 Analytical SEC was performed in buffer M (250 mM NaCl, 20 mM HEPES pH 7.0, 1 mM
362 DTT), or in the appropriate NaCl concentration. Samples were mixed at ~30 yM and
363 incubated for 15 minutes in 350 mM NaCl, 20 mM HEPES pH 7.0, 1 mM DTT on ice
364 before being filtered and injected onto a GE Superdex 200 10/300-Increase analytical
365 size exclusion column. When appropriate, samples were mixed with 1.1-fold molar excess
366 RNA. All samples were run at 0.35 ml/min, and peaks were analyzed by SDS-PAGE
367 (Invitrogen). For experiments involving reinjection of fractions over SEC, 500 ul of
368 fractions were spin filtered before reinjecting over SEC.

369

370 For SEC-MALS, 165 ug of sample was filtered through a 0.1 ym spin filter (Amicon) before
371 being injected onto a pre-equilibrated KW-804 column (Shodex, New York, New York).
372  For samples with RNA, stoichiometric amounts of RNA were added prior to spin filtration.

373 Data was acquired with an inline DAWN HELEOS MALS and Optilab rEX differential
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374 refractive index detector (Wyatt Technology, Santa Barbara, CA). All analysis was
375 performed using ASTRA VI software (Wyatt Technology). Data was then exported and
376  plotted with R.

377

378 Analytical ultracentrifugation

379 Sample was buffer exchanged into buffer M using Zeba spin columns (Thermofisher) and
380 diluted to 9.3 uM. When appropriate, stoichiometric amounts of RNA were added to the
381 sample after buffer exchange. AUC cells were assembled according to manufacturer’s
382 protocol and 100 ul of sample was loaded into the cell. The sample was incubated at 22
383  °C for >2 hours prior to centrifugation. Samples were run at 30,000 rpm for 10-12 hours
384 in a Beckman XL/A analytical ultracentrifuge. Scans for samples containing only protein
385 were collected at 280 nm, and samples containing RNA were scanned at both 280 and
386 260 nm. Sedimentation velocity analysis was performed in SEDFIT (NIH) and plots were
387 generated with GUSSI (Schuck 2003; Brautigam 2015). Experimental parameters were
388 determined using SEDNTERP (NIH). The following parameters were used for fitting:
389 partial volume, 0.739818; buffer density, 1.0101; buffer viscosity, 0.0104032.

390

391 Protein labelling

392  For labelling with dyes, proteins were buffer exchanged into appropriate labelling buffer
393 using Zeba spin columns (Thermofisher). Lsm1-7 and SpycatcherKCK were labelled with
394  5-fold molar excess Alexa Fluor 555 maleimide for one hour at room temperature in 150

395 mM NaCl, 20 mM HEPES pH 7.5, 0.5 mM TCEP. Reactions were quenched by addition
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396 of BME to a final concentration of 10 mM. MBP-PatMC was labelled with 4-fold molar
397 excess NHS-Fluorescein (Thermofisher) for 1 hour at room temperature in 150 mM NacCl,
398 150 mM Sodium bicarbonate pH 8.4 before being quenched by adding TRIS-HCI pH 8.0
399 to a final concentration of 50 mM. All quenching steps were performed at room
400 temperature for 20 minutes. Free dye was separated from labelled protein by lllustra NICK
401 columns (GE) according to the manufacturer’s instruction. Labelling efficiency and
402  concentrations were calculated by UV-vis spectroscopy.

403

404  Microscopy

405 All images were acquired with Nikon Eclipse Ti equipped with a 40x dry lens. Samples
406 were prepared in a 384 well plate (Greiner) that was cleaned with 0.1M NaOH and
407 passivated with PEG-silane and 100 mg/ml BSA (Sigma-Aldrich) before being washing
408 with water to remove residual BSA. Proteins or RNA were mixed at specified
409 concentrations in a final buffer concentration of 60 mM NaCl, 20 mM HEPES pH 7.0, 1
410 mM DTT. When appropriate, dye-labelled protein or RNA were added to 100 nM.
411 Samples were incubated at room temperature for 20 minutes prior to imaging. Images
412 were analyzed in FIJI (Schindelin et al. 2019).

413
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530 FIGURE LEGENDS

531 Figure 1: PatMC enhances Lsm1-7 binding to Adenine-rich substrates in a
532 cooperative manner.

533 A, Schematic of Pat1 domains and Lsm1-7 B, SDS-PAGE of the Lsm1-7 complex alone
534  (left) or with PatMC (right). Molecular weight (kDa) shown on right. C, Lsm1-7 or
535 PatMC/Lsm1-7 binding to different 5’-FAM labelled 15mer RNAs (A15, A14U1, A10U5,
536 U5A10, U10A5, U15) monitored by fluorescence polarization. Numbers correspond to
537 labelsin D. Binding affinities were converted to AG and plotted against the fractional uracil
538 content of the oligonucleotides (n=3). D, Hill coefficients for each fit for the binding
539 isotherms shown in C (n=3).

540

541 Figure 2: RNA promotes stable dimerization of the PatMC/Lsm1-7 complex.

542 A-B, SEC-MALS of 20.6 yM PatMC/Lsm1-7 with A, A15 and B, A10. Expected and
543  observed molar masses are shown in Table 1. C, SV-AUC of 9.3 yM PatMC/Lsm1-7 with
544  stoichiometric amounts of A15 RNA at 250 mM NaCl. c¢(S) is the sedimentation
545  distribution with molecular weights determined from fits.

546

547  Figure 3: Multiple RNA sequences drive higher order PatMC/Lsm1-7 assembly in a

548 Pat1 dependent manner.
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549 A, SEC-MALS of 20.6 yuM PatMC/Lsm1-7 with U15 RNA. The expected molar mass of
550 the monomeric PatMC/Lsm1-7 complex is 133 kDa. B, Representative SDS-PAGE gel of
551 fractions in A. C, SEC-MALS of 20.6 uM Lsm1-7 with U15 RNA. The expected mass of
552  the monomeric Lsm1-7 complex is 81 kDa. Expected and observed molar masses are
553 shown in Table 1. D, Stoichiometry analysis of Lsm1-7 or PatMC/Lsm1-7 with 5-FAM
554 labelled U15 RNA at 0.5 yM, which is >100-fold above Ka.

555

556  Figure 4: The PatMC/Lsm1-7 complex can intrinsically form a dimeric complex.
557 A, Preparative size exclusion chromatography of the PatMC/Lsm1-7 complex in a 400
558 mM NaCl buffer. B, SEC-MALS of the concentrated PatMC/Lsm1-7 complex at 250 mM
559 NaCl. The expected mass of the monomeric PatMC/Lsm1-7 complex is 133 kDa.
560 Expected and observed molar masses are shown in Table 1. C, Representative SDS-
561 PAGE gel of peaks (Left to right: earlier to later elution volumes). D, SV-AUC of 9.3 yM
562 PatMC/Lsm1-7 at 250 mM NaCl. c¢(S) is the sedimentation distribution with molecular
563  weights determined from fits.

564

565 Figure 5: Oligomerization of PatMC promotes liquid-liquid phase separation with
566 Dcp2 and recruitment of additional RNA decay machinery.

567 A, Schematic of Dcp2 construct used. Purple represents the globular domain that cleaves
568 the m7G cap. Gray bars represent helical leucine motifs in the disordered C-terminal
569 extension. B, Brightfield and fluorescence microscopy of droplets with 2.5 yM Pat

570 constructs (0.1 yM FITC-labeled) with stoichiometric amounts of Dcp1/Dcp2ext. C,
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571  Brightfield and fluorescence microscopy of droplets with 2.5 yM PatMC and 2.5 yM rA15
572 RNA or 13.4 ng/ul poly(A) RNA with or without 2.5 yM Dcp1/Dcp2ext and 0.1 uM FAM-
573  rA15. D, Brightfield and fluorescence microscopy of 2.5 yM PatMC (0.1 uM FITC-labelled)
574 and Dcp1/Dcp2ext with 0.1 yM Alexa555 labelled Lsm1-7. All images taken at 40x
575 magnification. Scale bar, 10 ym.

576

577 Figure 6: Model for how Pat1 increases specificity and assembly for different
578 mRNA decay factors

579 A, Proposed thermodynamic coupling between Pat1 (blue), Lsm1-7 (red), and RNA
580 binding to promote multimerization of the Pat1/Lsm1-7 complex. B, Binding of oligomeric
581 Pat1 assemblies to multivalent Dcp1/Dcp2 complexes promotes phase separation and
582 recruitment of additional mRNA decay factors.

583

584 TABLE LEGENDS

585 Table 1: Expected and observed molar masses from SEC-MALS.

586 Expected and observed molar masses of SEC-MALS chromatograms. Error is displayed
587 in parenthesis to the right of observed peak. Peak 1 and 2 refers to the earlier and later
588 elution volume peaks, respectively.

589

590

591

592
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593 SUPPLEMENTAL FIGURE LEGENDS

594  Supplemental Figure 1: Binding of Lsm1-7 +/- PatMC to different RNAs

595 A-F,Lsm1-7 or PatMC/Lsm1-7 binding to A, A15 B, A14U1 C, A10U5 D, U5A10 E, A5U10
596 F, U15 (n =3 for all). G, MBP-PatMC binding to U15 in 150 mM NaCl (n = 2).

597

598 Supplemental Figure 2: The dimeric PatMC/Lsm1-7/RNA assembly is stable.

599 A, Analytical size exclusion chromatography of PatMC/Lsm1-7 with A15 RNA. Peaks
600 corresponding to dimer and tetramer are labelled. B, Reinjection of peak corresponding
601 to the dimeric PatMC/Lsm1-7 complex. C, Reinjection of the peak corresponding to the
602 tetrameric PatMC/Lsm1-7 complex. All conditions were in a 250 mM NacCl buffer. The 260
603 and 280 nm absorbances are displayed in red and blue, respectively.

604

605 Supplemental Figure 3: PatMC/Lsm1-7 binds A15 stoichiometrically.

606  Stoichiometry analysis of Lsm1-7 or PatMC/Lsm1-7 with 5’-FAM labelled A15 RNA at 0.5
607 uM, which is ~100-fold above Ka.

608

609 Supplemental Figure 4: The monomer/dimer equilibrium of the PatMC/Lsm1-7
610 complex is sensitive to ionic strength of solution.

611  Analytical size exclusion chromatography of PatMC/Lsm1-7 complexes in different ionic
612  strength solutions as indicated in the figure. All protein was run in 20 mM HEPES pH 7.0,
613 1 mM DTT and the specified NaCl concentration.

614
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615 Supplemental Figure 5: The multivalent PatMC/Dcp2ext interaction is required for
616 liquid-liquid phase separation.

617 A, Brightfield images of serial dilutions of droplets containing MBP-PatMC/Dcp1/Dcp2ext
618  with A15 RNA or Lsm1-7. (0.1 uM MBP-PatMC labelled). B, Brightfield images of 2.5 uM
619 PatMC and Lsm1-7 C, Brightfield and fluorescence microscopy of 2.5 yM MBP-PatMC
620 and Dcp1/Dcp2ext with 0.1 uM Alexa555-Spycatcher labelled. D, Brightfield and
621  fluorescence microscopy of 2.5 yM MBP-PatMC/Dcp1/Dcp2ex/Lsm1-7 droplets with 0.1
622 uMFAM-rA15and 0.1 uM Alexa555-Lsm1-7. Allimages taken at 40x magnification. Scale
623 bar, 10 um.

624
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Table 1: Molecular weight determination by SEC-MALS

Protein + RNA

Expected Monomer

Observed Molar

Observed Molar

Complex Molar Mass (kDa) Mass, Peak 1 (kDa) Mass, Peak 2 (kDa)
PatMC/Lsm1-7 133.5 304.5 (+ 1.20%) 160.3 (+ 0.93%)
PatMC/Lsm1-7 + A15 | 138.2 576.0 (£ 1.28%) 273.3 (£ 0.56%)
PatMC/Lsm1-7 + A10 | 136.6 554.2 (£ 0.80%) 275.5 (£ 0.26%)
PatMC/Lsm1-7 + U15 | 137.8 548.1 (£ 0.91%) 268.1 (+ 0.88%)
Lsm1-7 + U15 85.6 86.1 (= 2.40%) NA
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