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ABSTRACT

The E3 ubiquitin ligases CHIP/CHN-1 and UFD-2 team up to accelerate ubiquitin chain formation.
However, it remained largely unclear how the high processivity of this E3 set is achieved. Here we
studied the molecular mechanism and function of the CHN-1/UFD-2 complex in Caenorhabditis
elegans. Our data show that UFD-2 binding promotes the cooperation between CHN-1 and
ubiquitin-conjugating E2 enzymes by stabilizing the CHN-1 U-box dimer. The HSP-1 chaperone
outcompetes UFD-2 for CHN-1 binding and promotes the auto-inhibited CHN-1 state by acting on
the conserved position of the U-box domain. The interaction with UFD-2 enables CHN-1 to
efficiently ubiquitinate S-Adenosylhomocysteinase (AHCY-1), an enzyme crucial for lipid
metabolism. Our results define the molecular mechanism underlying the synergistic cooperation of
CHN-1 and UFD-2 in substrate ubiquitylation.
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HIGHLIGHTS

e E3ligase UFD-2 stimulates ubiquitylation activity of CHIP/CHN-1

e UFD-2 binding promotes dimerization of CHIP/CHN-1 U-box domains and utilization of
E2 enzymes

e HSP70/HSP-1 by latching the U-box and TPR domains stabilizes the autoinhibitory state
of CHIP/CHN-1, limiting interactions with E2s and UFD-2

e Assembly with UFD-2 enables CHIP/CHN-1 to regulate lipid metabolism by ubiquitylation
of S-Adenosylhomocysteinase

INTRODUCTION

The ubiquitin-proteasome system (UPS) includes a well-studied enzymatic cascade that transfers
the small protein ubiquitin (Ub) onto a protein substrate (Kerscher et al., 2006). The last step in the
UPS enzymatic cascade is mediated by ubiquitin-ligases (E3s), the largest and most diverse group
of proteins within the UPS responsible for substrate selection and specificity (Komander, 2009;
Buetow & Huang, 2016). In some instances, other proteins, i.e., ubiquitin chain elongation factors,
or E4s, can be required to achieve efficient polyubiquitylation (poly-Ub) of model substrates. The
first described E4 was yeast Ufd2p (Richly et al., 2005), a U-box domain-containing protein that
engages Ub via its N-terminal region to assist with Ub chain elongation on pre-ubiquitylated
substrates (Koegl et al., 1999; Hatakeyama et al., 2001; Buetow & Huang, 2016).

CHIP (C-terminus of Hsc70 interacting protein), initially identified as a tetratricopeptide repeat
(TPR) protein that interacts with heat shock proteins (Ballinger et al., 1999), is a U-box E3 ubiquitin
ligase that mediates ubiquitylation of chaperone client proteins, resulting in their degradation
(Murata et al., 2001). Early Caenorhabditis elegans studies showed that UFD-2 interacts directly
with CHN-1 (the nematode homolog of mammalian CHIP) to form an E3/E4 complex that can
efficiently oligo-ubiquitylate the myosin chaperone UNC-45 (Hoppe et al., 2004). By contrast to
the model proposed based on these early findings, more recent studies have revealed that UFD-2
acts as a true E3 ligase that poly-ubiquitylates UNC-45 independent of CHN-1, suggesting that
both UFD-2 and CHN-1 act as E3s in the same or overlapping substrate space (Hellerschmied et
al., 2018). A recent study aimed at identifying substrates of human CHIP and the human UFD-2
ortholog UBE4B supports the possibility of shared substrate scope (Bhuripanyo et al., 2018).
However, despite the vital role of CHN-1/CHIP in protein quality control networks, little is known
about its interactions with E3s and the regulation of its activity. To address these questions, we
combined in vitro and in vivo assays with computational approaches and lipidomic and proteomic
studies in C. elegans and uncovered the mechanism that controls CHN-1 activity. Our results
indicate that UFD-2 interacts with the TPR domain of CHN-1 to boost CHN-1 processivity. This
binding stabilizes the open conformation of the CHN-1 dimer enabling the U-box dimer to
discharge more Ub-conjugating enzymes (E2) in a single ubiquitylation cycle. We also
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82  demonstrated that the heat shock protein HSP-1 interacts with the TPR and U-box domain of CHN-
83 1 to stabilize the closed/auto-inhibitory state of CHN-1 dimer and limits its interaction with E2s
84  and UFD-2. Furthermore, we identified potential substrates for the CHN-1/UFD-2 pair, including
85  S-adenosylhomocysteinase (AHCY-1), a metabolic enzyme not known to be a client of known heat
86  shock chaperones. Collectively, our results indicate an interplay between chaperones and UFD-2
87 in modulating CHIP activity. This processivity switching behavior of CHN-1 has important
88 implications for its roles in regulating proteostasis, metabolism, and potentially other cellular
89  processes.

90

91 RESULTS

92

93  UFD-2 promotes CHN-1 processivity and cooperation with E2s
94

95 Binding between CHN-1 and UFD-2 was previously demonstrated via yeast two-hybrid and in
96 vitro pull-down assays (Hoppe et al., 2004). Beyond the physical interaction, the molecular
97  regulation of Ub chain elongation by the CHN-1/UFD-2 complex has not been explored in detail.
98  We performed an in vitro analysis of the activity of both E3s individually and in pairs. First, we
99  chose E2s with which CHN-1 and UFD-2 cooperate in the auto-ubiquitylation (auto-Ub) reaction.
100  Mammalian CHIPs can functionally interact with various E2s, particularly members of the
101 UBCH5/UBE2D family (UBCH5a/UBE2D1, -b/2 and -c/3) (Jiang et al., 2001; Soss et al., 2011).
102  Similarly, CHN-1 cooperates with UBE2D2 to mono-ubiquitylate (mono-Ub) C. elegans DAF-2 -
103  insulin/insulin-like growth factor 1 (IGF-1) receptor in vitro (Tawo et al., 2017). To study the
104  activity of CHN-1 in detail, we compared its ability to self-ubiquitylate in the presence of each of
105 the UBE2D family proteins separately. We observed that CHN-1 cooperated effectively with
106 UBE2D1. However, when we performed an auto-Ub reaction with both E3s, we observed a
107  significant increase in CHN-1 poly-Ub activity, even when the E2 used in the reaction was
108  UBE2D3, which is not efficiently used by CHN-1 alone (Figure 1A). Furthermore, the presence of
109 UFD-2 also increases CHN-1 activity with the UBE2N/UBE2V1 E2 complex (Fig. S1B), which
110  catalyzes the formation of free Ub chains that are then transferred to substrate proteins (Soss et al.,
111 2011). We also concluded that the induction of E3 ligase activity is unidirectional since we did not
112  detect any significant changes in the auto-Ub of UFD-2 under the same conditions (Fig. S1A). To
113 gain insight into CHN-1processivity, we performed a time-dependent auto-Ub experiment. We
114  observed no notable changes in the amount of ubiquitylated CHN-1 over time (from 60-180 min);
115  however, the presence of UFD-2 strongly increased both mono- and poly-Ub of CHN-1 at the
116  earliest time point (60 min) (Fig. 1B). Using the inactive CHN-1"218Q mutant (Tawo et al., 2017),
117  we observed that auto-Ub CHN-1 is not the result of modification by UFD-2 (Fig. S1C).
118  Additionally, by deleting the TPR domain of CHN-1(A110aa), we confirmed its involvement in
119  UFD-2 binding (Hoppe et al., 2004), as we could not observe modulation of the activity of this
120  CHN-1 mutant by UFD-2 (Fig. S1D).
121
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122 Next, we wanted to verify whether UFD-2 can regulate the poly-Ub processivity of CHN-1
123 independent of its E3 activity. To examine this mechanism, we used an inactive, recombinant UFD-
124 2 mutant with a P951A substitution (Ackermann et al., 2016). We found that UFD-2P%A inactivity
125 is due to its inability to bind an E2 enzyme (Fig. S1E). Finally, we performed a CHN-1
126  ubiquitylation reaction in the presence of UFD-27%%A We detected substantial enhancement in
127  both the mono- (using lysine-less Ub (UbKO0)) and poly-Ub activity of CHN-1, regardless of the
128  type of Ub chain (wild-type Ub or variant with substitutions of lysines 29, 48, 63 to arginines
129  (UbKTR) (Fig. 1C). To rule out the possibility that UFD-2P%A retained activity, we also used a
130  UFD-2 variant (1-910 aa) lacking the entire U-box domain (909-984 aa). We confirmed that this
131  UFD-2 deletion mutant could stimulate CHN-1 activity, indicating that interaction with some motif
132 in UFD-2 alone is sufficient to activate CHN-1 (Fig. S1F).

133

134  Budding yeast Ufd2p can operate as a Ub chain elongation factor by interacting directly with Ub
135 through its N-terminal region (Liu et al., 2017). Although higher eukaryotes have an ortholog of
136  yeast Ufd2p, the Ub-interacting motif has little sequence homology (Hanzelmann et al., 2010; Liu
137  etal., 2017) suggesting that the function of UFD-2 as an E4 is not evolutionarily conserved. To
138 investigate whether the increased activity of the CHN-1/UFD-2 complex might stem from the
139  elongation function of UFD-2, we tested whether UFD-2 retained the ability to interact with Ub
140  using surface plasmon resonance (SPR) experiments. By contrast to Ufd2p, full-length UFD-2 did
141 not bind linear Ub chains (Fig. 1D). This suggests that during evolution, UFD-2 lost its ability to
142 elongate Ub chains directly. Unlike yeast Ufd2p, and perhaps to compensate for Ub binding loss,
143 UFD-2 can induce processivity of its parther CHN-1 (Fig. 1E).

144

145  UFD-2 induces structural gain of function in CHN-1

146

147  To gain mechanistic insight into the role of UFD-2 binding to CHN-1, we performed hydrogen-
148  deuterium exchange mass spectrometry (HDX-MS) of the dimerization process of both CHN-1
149  alone and CHN-1 in the presence of UFD-2 (Fig. 2A and S2A). Available crystal structures of
150  CHIP homologs support our HDX-MS analysis both without a chaperone (Nikolay et al., 2004)
151  and with HSP90 (Zhang et al., 2005). In the absence of a TPR binding chaperone, only the dimer
152  domains are revealed by the crystal structure, with no resolution of either the turn in the coil-coil
153  domain or the TPR domain. Of note, the TPR by itself has only been resolved by NMR, whereas
154  in the presence of an HSP substrate it stabilizes into its crystal form (Zhang et al., 2005).
155  Furthermore, mouse CHIP shows that in one of its monomers, bound TPR is further stabilized
156  against the long helix of its coil-coil domain. We have noted that this interaction is much weaker
157  in CHN-1 (Thorsten Hoppe - personal communication), suggesting a more dynamic interaction in
158  worms. Figure 2A and S2A depicts these states, leading to the following interpretation of our HDX-
159  MS data, which detects at least three dynamical events at 10 s and 60 s. Namely, (a) the turn in the
160  coil-coil motif (aa 146-152) is stabilized early on upon dimerization of the coil-coil domains; (b)
161  the TPR domain is stabilized upon recognition by UFD-2, leaving the distal helices aa 21-40 and
162  92-112 exposed to solvent. At later times the stable TPR stabilizes against the long helix of the
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163  coil-coil domain; and, (c) the U-box domain (aa 21-40; 92-112) transitions from a weak interaction
164  with its coil-coil domain to a stable dimer at longer time scales. As shown in Fig. 2A, we argue
165  that contrary to CHIP (Yeetal., 2017; Zhang et al., 2005), CHN-1 folds into a symmetric structure
166  as previously we have indicated that CHN-1 has critical residues that should prevent an asymmetric
167  fold (Thorsten Hoppe - personal communication). Thus, while it has been shown that HSP90
168  negatively regulates CHIP activity (Narayan et al., 2015), presumably by blocking the E2 binding
169 site of one of the protomers (Zhang et al., 2005), our findings of UFD-2 promoting CHN-1
170  processivity are consistent with a symmetric CHN-1 that upon binding UFD-2 stabilizes the U-box
171 dimer with two E2 sites available for binding.

172

173 We conducted a ubiquitylation assay with increasing molar concentrations of UBE2D1 (0.6-6.2
174  uM) to confirm this model. We observed that at a constant Ub concentration, increasing E2
175  concentration led to an increase in CHN-1 activity. However, even at the highest E2 concentration
176 (6.2 uM), CHN-1 processivity did not reach the same level as in the presence of inactive UFD-
177  2P%A and at an approximately 10-fold lower E2 concentration (0.6 uM) (Fig. 2B). Thus, the
178  increased CHN-1 activity in the CHN-1/UFD-2 complex was not due to the increased local E2
179  concentration but rather to the enhanced processivity of the E2 enzyme bound to the CHN-1 U-
180  box. To verify this hypothesis, we performed an E2-discharging assay in the presence of CHN-1
181  alone or after mixing with UFD-2%1A1to track the use of charged-E2 by CHN-1 only. We observed
182  that in the presence of UFD-27%'A CHN-1 could discharge almost twice as much of UBE2D1-Ub
183  (approximately 6.6 uM) compared to CHN-1 alone (approximately 3.9 uM), as indicated by the
184  accumulation of unused UBE2D1-Ub (Fig. 2C). Next, we performed another E2-discharging assay
185  over time (0—30 min) to verify whether the increased utilization of charged E2 by the CHN-1/UFD-
186  2P%A pair was due to altered E2-E3 ubiquitin transfer dynamics. We noted that within the initial 5
187  minutes, the system achieved the maximum usage of charged E2, and no significant change in the
188 level of available UBE2D1-Ub was observed over time (Fig S2B). Summarizing, our data indicate
189 that UFD-2 acts as a preconditioner for the conformational flexibility of CHN-1, promoting
190  dimerization of the U-box domains and thereby enabling their full functionality.

191

192  HSP-1 and UFD-2 modulate CHN-1 processivity by stabilizing its inactive and active

193  conformations, respectively

194

195  The three TPR domains in CHIP act as a binding platform for C-terminal peptides in the Hsp70
196  and Hsp90 chaperones, containing a conserved EEVD motif (Zhang et al., 2005; Paul & Ghosh,
197  2014; Zhang et al., 2015). Since CHN-1 also binds UFD-2 via the TPR domain, we investigated
198  whether HSP-1 (the nematode Hsp70 orthologue) or DAF-21 (the nematode Hsp90 orthologue)
199  could interfere with the activity of the CHN-1/UFD-2 complex. We first examined protein-protein
200 interactions between CHN-1 and UFD-2, HSP-1, or DAF-21 using enzyme-linked immunosorbent
201  assays (ELISAs). CHN-1 showed a higher affinity for HSP-1 and DAF-21 compared to UFD-2
202  (Fig. S3A). To verify the influence of HSP-1 and DAF-21 on the activity of the CHN-1/UFD-2
203  pair, we performed auto-Ub reactions in the presence of the chaperones. HSP-1 significantly
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204  reduced the auto-Ub activity of CHN-1 and blocked the stimulatory capacity of UFD-2 in this
205  process (Fig. 3A). Negative regulation of CHIP auto-Ub by HSP70 has been previously reported,
206  but the molecular basis is unclear (Narayan et al., 2015). Removal of the C-terminal EEVD motif
207  deprived HSP-1 of its inhibitory effect. By contrast, DAF-21 did not affect the UFD-2-enhanced
208 activity of CHN-1 (Fig. 3A).

209

210  Next, we performed peptide mapping on peptide microarrays to pinpoint the interaction interface
211  between the two ligases. For this, we used purified CHN-1 tagged with His::SUMO and
212 His::SUMO alone (as control). These proteins were incubated on two UFD-2 peptide microarrays
213  consisting of peptides of lengths 7 and 13 aa. This was followed by staining with secondary and
214  control antibodies and reading using the LI-COR Odyssey Imaging System. Signal enrichment
215 analysis suggested that the two consensus sequences EAKAELEEE and EEYDDVPE, were the
216  predominant interactor motif. HSP70/90 uses a similar acidic C-terminal peptide with an EEVD
217  sequence to bind to the TPR domain of target proteins (Scheufler et al., 2000; Gazda et al., 2013),
218 and HSP-1 C- terminal EEVD peptide affected CHN-1 activity (Fig. 3B). Therefore, we examined
219  whether the identified UFD-2 peptides could also regulate CHN-1. To this end, we performed
220  CHN-1 auto-Ub reactions in the presence of the UFD-2-derived peptides identified in the peptide
221  microarray data. We found that only the KKEYEAKAELEEEYDDVP peptide from UFD-2
222  significantly stimulated CHN-1 auto-Ub (Fig. 3C). An EEYD sequence is present in this peptide,
223 suggesting that UFD-2 can utilize an EEVD-like motif for CHN-1 binding. Furthermore, multiple
224 sequence alignment analysis revealed that in the EEYD motif of UFD-2, the amino acid Tyr (Y) is
225  evolutionarily conserved among higher eukaryotes (Fig. S3B). To further define the functional role
226  of the EEYD motif from UFD-2, we generated a chimeric recombinant HSP-1 protein carrying N-
227  terminal EEYD instead of EEVD. Strikingly, we observed stimulation of CHN-1 auto-Ub when
228 EEYD was introduced into HSP-1 — an opposite effect compared with that of wild-type HSP-1,
229  which inhibited the reaction (Fig. S3C). Chimeric HSP-1FEYP also exerted a slightly stimulatory
230  effect on UBE2D1-Ub discharging by CHN-1 (Fig. S3D). This suggests that the CHN-1 activity
231  switch can be regulated by its binding partners' EEV(Y)D motifs.

232

233  To assess the contribution of the particular regions of the CHN-1 TPR domain, we generated its
234  truncation variants. We showed that the first 87 amino acids (aa) (A87) are not responsible for the
235 interaction with UFD-2 and HSP-1, and therefore are not involved in the modulation of CHN-1
236  processivity. In contrast, removing the subsequent eight residues (A95 variant) abrogated the CHN-
237  1poly-autoubiquitylation activity. Interestingly, the stimulating effect of UFD-2 was still observed,
238 as evidenced by an increase in monoubiquitylated CHN-12% (Fig. S3E). CHN-12% has residues
239 that may be involved in the interaction with UFD-2, including D110 and subsequent twists and
240  helices (Fig. S3F). Indeed, the CHN-12!1% mutant, which lacks D110, does not show any gain of
241  activity in the presence of UFD-2 (Fig S1D). It is known that a position homologous to D110 in
242  mouse CHIP (D135) is involved in the binding of HSP's, which suggests that this residue is also
243  important for the interaction with UFD-2 EEYD peptide (Fig. S3F).

244
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245  To understand why HSP-1 and UFD-2 peptides exhibit distinct effects on CHN-1 activity, we
246  looked closely at the mechanism by which increased HSP90 and HSP70 concentration reduces
247  CHIP activity (Narayan et al., 2015). As noted, HSP90 stabilizes an autoinhibit monomer in mouse
248  CHIP (Zhang et al., 2005). Strikingly, this state entails a salt-bridge bridge between HSP90 D501
249  and CHIP R273, latching the U-box and TPR domains (Fig. S3G). This observation suggests that
250  chaperone binding can directly restrain U-box from participating in Ub processivity. To show that
251 a similar mechanism is at play in inhibiting ubiquitylation by HSP-1, we mutated R230
252  (homologous position to R273 in CHIP) to alanine to weaken the CHN-1 U-box interaction with
253  the HSP-1 peptide and thus abrogate its inhibitory effect. Indeed, we observed significantly reduced
254 inhibition of CHN-1R230A/UFD-2 complex by HSP-1 (Fig. 3D). Moreover, the addition of HSP-
255 1 Dblocked the utilization of charged E2 by the CHN-1/UFD-2P951A complex (Fig. 3E). This agrees
256  with the model indicating that by interacting with the TPR and U-box domain, HSP-1 stabilizes
257  the autoinhibited state of CHN-1, affecting interaction with E2 enzymes (Fig. 3F). On the other
258 hand, UFD-2 can avoid interacting with R230 by, for example, forming a helix that cannot extend
259  toward the U-box, and induces uncorrelated mobility of the TPR domains with respect to the U-
260  box domains, promoting the steady-state open conformation of CHN-1 (Fig. 3F).

261

262  The CHN-1/UFD-2 pair regulates phosphatidylcholine synthesis via AHCY-1

263

264  We next wished to establish the functional consequences of CHN-1/UFD-2 cooperation in vivo.
265  Based on our in vitro studies, we hypothesized that in vivo CHN-1, when functioning alone, would
266  display insufficient poly-Ub activity and mainly mono-Ub substrates. Indeed, Tawo and colleagues
267  showed that CHN-1/CHIP mono-Ub the DAF-2 insulin receptor (Tawo et al., 2017). We further
268 assumed that the interaction with UFD-2 would trigger the poly-Ub activity of CHN-1,
269  consequently leading to efficient degradation of its specific substrates. Thus, to understand the role
270  of CHN-1 and UFD-2 in vivo, we decided to identify such substrates. We searched for proteins
271  whose levels increase after deletion of CHN-1 (substrate ubiquitylation by CHN-1 would be
272  affected directly) or UFD-2 (CHN-1 would not be stimulated to efficiently poly-Ub its substrates).
273  To define the consequences of chn-1 and ufd-2 deletion on the C. elegans proteome and to detect
274  proteins that accumulate in the deletion mutants in an unbiased way, we performed label-free mass
275  spectrometry (LC-MS/MS)-based proteomics experiment. We analyzed chn-1(by155), ufd-
276 2(tm1380), and chn-1(by155); ufd-2(tm1380) double-mutant worms by single-shot LC-MS/MS
277 gradients in 5 biological replicates. To obtain a view of the global structure of the data, we
278  performed dimensional reduction using principal component analysis (PCA). We noticed that the
279  proteomes of chn-1(by155) and chn-1(by155); ufd-2(tm1380) mutants clustered closer together
280 than did those of chn-1(by155) and ufd-2(tm1380) (Fig. S4A). We hypothesized that potential
281  substrates should accumulate in all mutants; therefore, we filtered the set of significantly altered
282  proteins requiring a two-fold enrichment in all mutants versus the N2 control strain. We obtained
283 65 potential substrate candidates and visualized them via hierarchical clustering (Fig. S4B, C and
284  Supp. Table 1). These potential substrates were enriched in metabolic processes, including lipid
285  biosynthesis, as shown via Gene Ontology over-representation analysis (Fig. S4D), and among
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286  them, we identified the AHCY-1 enzyme (Fig. 4A and S4C). AHCY-1 catalyzes the reversible
287  hydrolysis of S-adenosylhomocysteine (SAH) to homocysteine and adenosine (Palmer and Abeles,
288  1976; 1979) (Fig. 4B). Despite the fundamental role of AHCY-1 in metabolism, its regulatory
289  mechanisms are still enigmatic. In a yeast two-hybrid screen using a C. elegans cDNA library, we
290 identified AHCY-1 as the prominent interactor of CHN-1 (Fig. S4E). We confirmed the interaction
291  between the two proteins in worms via co-immunoprecipitation (Fig. S4F). Next, we tested whether
292 AHCY-1 is a CHN-1 substrate by performing in vitro ubiquitylation assays with recombinantly
293  expressed proteins. We confirmed that recombinant AHCY-1 is a specific substrate of CHN-1 that
294  UFD-2 does not ubiquitylate (Fig S4H). Furthermore, in the presence of UFD-2, CHN-1 poly-Ub
295  AHCY-1 more effectively, and the level of this modification was reduced by HSP-1 (Fig. 4C, S4G).
296  The cooperation between CHN-1 and UFD-2 is also consistent with the detection of a similar
297  increase in the AHCY-1 level in chn-1(by155), ufd-2(tm1380), and double mutant worms in our
298  proteomic analysis (Fig. 4A). To further validate this observation, we monitored the endogenous
299  level of AHCY-1 via western blotting of total lysates of wild-type worms, chn-1(by155) and ufd-
300  2(tm1380) mutant worms, and worms overexpressing chn-1 treated with the proteasome (MG132)
301 and DUB (N-methylmaleimide, NEM) inhibitors. We did not observe any significant changes in
302 the AHCY-1 level, which, according to our other observations, is a stable and abundant protein in
303 C. elegans. However, immunoblotting analysis with anti-AHCY-1 antibodies detected higher
304  molecular weight smeared bands, likely corresponding to polyubiquitinated AHCY-1 species.
305 These AHCY-1 modifications were more abundant when chn-1 was over-expressed and were
306  reduced in chn-1(by155) and ufd-2(tm1380) mutant worms compared with the ACHY-1 status in
307  wild-type animals (Fig. 4D). These data suggest that CHN-1 regulates AHCY-1 via an E3 activity
308 triggered by UFD-2.

309

310  Elevated homocysteine levels are linked to the deregulation of lipid metabolism and increased fat
311  accumulation, apparent after RNA interference (RNAI) depletion of AHCY-1 in worms (Vrablik
312 et al., 2015; Visram et al., 2018). Using the lipophilic fluorophore RediStain WormDye Lipid
313  Green to stain and quantify the fat content of C. elegans, we confirmed that AHCY-1 depletion
314  increases the abundance of lipids in wild-type worms by almost 60%. Overexpression of chn-1
315 caused an increase in total lipid content to the similar level detected in ahcy-1 RNAI-treated worms,
316  and this effect was not further enhanced by AHCY -1 depletion (Fig. 4E). Interestingly, mutations
317 in chn-1 and ufd-2 cause a reduction in overall lipid levels and uncouple the stimulation of lipid
318  biogenesis induced by ahcy-1 RNAI (Fig. 4E). Synthesis of phosphatidylcholine (PC) from
319  phosphatidylethanolamine (PE) via the de novo phospholipid methylation pathway requires a
320 significantamount of SAM and is particularly sensitive to SAH levels (Tehlivets, 2011). Consistent
321  with our assumption that deletion of either chn-1 or ufd-2 would positively affect AHCY-1
322  stability, leading to intensification of SAM-dependent methylation and PE to PC conversion, we
323  noted that the ratio of PC to PE increased in chn-1(by155) and ufd-2(tm1380) worms (Fig. 4F). In
324 conclusion, our data suggest a functional role for the CHN-1/UFD-2 complex in AHCY-1-
325  dependent lipid metabolism regulation.
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327 DISCUSSION

328

329  The different conformations achieved by dynamic and flexible motifs are important for the
330 functionality of various E3 ligases (Faull et al., 2019; Kamadurai et al., 2013; Liu and Nussinov,
331 2011; Narayan et al., 2015). The crystal structure of murine CHIP E3 bound to an HSP-90
332  decapeptide containing an EEVD motif revealed an asymmetric dimerization in which the two
333  CHIP protomers adopt different conformations. In this “closed” state, only one of the U-box
334  domains in the dimer is accessible for E2 binding, and the other is blocked by the TPR domain
335 (Zhang et al., 2005). In agreement with a computational model of human CHIP (Ye et al., 2017),
336 our homology modeling of the CHN-1 dimer suggested that it can take the form of both a
337  metastable symmetric dimer in which both U-box domains can simultaneously bind E2 ubiquitin-
338  conjugating enzymes and asymmetric dimer with low ubiquitylation activity. We showed that the
339 interaction of E3 UFD-2 with the CHN-1 TPR domain reduces its dynamics and thus its blocking
340  of U-box domains. In this steady-state open conformation, CHN-1 achieved high poly-Ub activity
341  due to the full functionality of the U-box dimer. Consistently, in the E2 discharging assay, we
342  observed a two-fold increase in the utilization of charged E2 by the CHN-1/UFD-2P%A complex
343  compared with that of CHN-1 alone. Here, UFD-2 acts as a pre-conditioning factor to influence
344  the conformational flexibility of CHN-1, allowing higher processivity at the initial phase; therefore,
345  we did not observe any further change in our E2 discharging reaction kinetics with increasing time.
346  Using various ubiquitin variants, we showed that not only poly-Ub but also CHN-1 mono-Ub,
347  which is the rate-limiting step of ubiquitylation, is also enhanced upon UFD-2 binding. We also
348  found that UFD-2 activity is unaffected in the complex and that the two ligases are not substrates
349  for each other.

350

351  The N-terminal TPR domain of CHIP has been shown to interact specifically with the C-terminal
352 EEVD motif of HSP70 and HSP90 (Zhang et al., 2005; Xu et al., 2006; Graf et al., 2010). We
353  discovered that UFD-2 uses a slightly modified motif - EEYD to engage the CHN-1 TPR domain.
354  Furthermore, we demonstrated that only the presence of a UFD-2 peptide containing the EEYD
355  sequence was sufficient to promote CHN-1 activity. In contrast, the C. elegans HSP70 homolog,
356  HSP-1, negatively regulates CHN-1 and CHN-1/UFD-2 complex activity by promoting its auto-
357 inhibited (closed) CHN-1 state. GHFDPVTR sequence in the U-box domain is evolutionarily
358  conserved in CHIP from different species, but its role was not previously known. Here we showed
359 that CHN-1 activity is negatively regulated by the interaction between positions associated with
360 the EEVD motif of HSP-1 and the conserved R230 position in the GHFDPVTR sequence. Through
361  direct interactions with the TPR and U-box domain of CHN-1, HSP-1 brings both regions to
362  proximity impairing the U-box dimer. This depends only on the local interaction of the C-terminus
363  of HSP-1 with the U-box, not on the steric hindrance of E2 access to U-box domains by the whole
364  chaperone. In co-crystal with CHIP, HSP90 also forms hydrogen bonds (H-bonds) between T and
365  Sinits C-terminal peptide (TSRMEEVD) and TPR of CHIP (Zhang et al., 2005). The existence of
366  these H-bonds between the HSP-1 peptide (GPTIEEVD) and CHN-1 is not apparent. However, the
367  C-terminal sequence of HSP-1 is rich in glycines that may tailor the binding more efficiently by
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368 forming H-bonds with the CHN-1 backbone, possibly leading to a very close interaction.
369  Accordingly, the C-terminal HSP70 peptide blocks CHIP activity markedly greater than the HSP90
370  peptide, which binds to the CHIP TPR domain weaker than the HSP70 peptide (Narayan et al.,
371  2015). We also observed that worm DAF-21/HSP90 has a lower affinity for CHN-1 and does not
372  affect CHN-1 activity, unlike HSP-1. Thus, the mechanism in which the degree of interaction
373  depends on the C-terminal sequence of the chaperones is conserved and correlates with the
374  stabilization of the autoinhibited CHN-1/CHIP dimer. Presumably, high CHN-1 processivity is
375 undesirable for HSPs as it could lead to an imbalance between chaperone-mediated
376  folding/maturation and degradation, inducing the latter. We cannot exclude the influence of
377  posttranslational factors or the cellular environment on the level of regulation of CHN-1 activity
378 Dby HSP-1 and UFD-2.

379

380  Previous research has established that CHIP participates in protein quality control by routing a
381  wide range of chaperone substrates for degradation (Joshi et al., 2016). Our observations suggest
382  an alternative, non-quality control role for the CHN-1/UFD-2 complex. We identified AHCY-1 as
383  anovel substrate of the CHN-1/UFD-2 complex. AHCY-1 is the only eukaryotic enzyme capable
384  of hydrolyzing SAH, which is essential for SAM-dependent methylation (Cantoni, 1975). Recent
385  findings support the importance of CHIP in regulating the methylation status of the cellular
386  proteome by mediating proteasomal turnover of the SAM-dependent methyltransferases PRMT1,
387 PRMTS5, and EZH2 (Zhang et al., 2016; Bhuripanyo et al., 2018). However, further studies are
388  necessary to delineate the involvement of the CHN-1/UFD-2 complex in modulating the cellular
389  methylation potential. In summary, our data provide mechanistic insights into the distinct
390 regulation of CHN-1/CHIP activity by HSP70 and UFD-2 and the processivity of non-chaperone
391  CHIP substrates.

392

393 LIMITATIONS OF THE STUDY

394

395  Our study elucidates the possible mechanism of action of CHN-1 in the presence of various partner
396 proteins based on the biochemical data and the available structure of CHIP. However, we were
397  unable to provide detailed insights into the structure of CHN-1 in association with UFD-2 or HSPs
398 as we were unable to obtain a co-crystal after various attempts. Furthermore, we could not isolate
399 the essential amino acids of CHN-1 that are required for interaction with UFD-2 and HSP-1.
400  Therefore, we cannot exclude the possibility that multiple CHN-1 motifs may be involved in the
401 interactions. In addition to presenting a novel, non-quality-controlling role for the CHN-1/UFD-2
402  pair, we cannot comment on the physiological factors that regulate this E3 complex assembly.
403

404 LEGENDS

405

406  Figure 1: UFD-2 activates CHN-1. A) Auto-Ub of recombinant CHN-1 and UFD-2 was carried
407  out using the E2s UBE2D1, UBE2D2, and UBE2D3. CHN-1 ubiquitylation was assessed via
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408  western blotting using CHN-1-specific antibodies. B) Time-dependent (60, 90, 180 min) auto-Ub
409  of CHN-1 was performed as indicated using wild-type ubiquitin (UbWT) or a lysine-free variant
410  (UbN°K), Protein samples were resolved via SDS-PAGE and immunoblotted with anti-CHN-1
411  antibodies. C) Auto-Ub was performed as indicated using recombinant CHN-1 and UFD-2P%A,
412 UBE2D1 E2, UbWT, UbN°K or Ub with substitutions of lysines 29, 48, 63 to arginines (Ub®KTR),
413  Protein samples were resolved via SDS-PAGE and immunoblotted with anti-CHN-1 antibodies.
414 D) Surface plasmon resonance (SPR) sensorgrams of the interaction between linear di-Ub (M1-
415  linear from UbiQ) and C. elegans UFD-2 (red) or S. cerevisiae Ufd2p (blue). Y-axis: response unit
416  (RU) value. X-axis: molar concentration of linear di-Ub. E) In vitro auto-ubiquitylation of CHN-1
417 in the presence of recombinant C. elegans UFD-2 and S. cerevisiae Ufd-2p, and UBE2D1 E2.
418  Protein samples were resolved via SDS-PAGE and immunoblotted with anti-CHN-1 antibodies.
419  Immunoblots representative of n = 3 experiments are shown.

420

421  Figure 2: UFD-2 stabilizes CHN-1 U-box dimer. A) HDX-MS was used to analyze changes in
422  the structural dynamics of residues within CHN-1 when in complex with UFD-2. The diagram
423  model represents regions of retarded (red) and enhanced (blue) exchange in CHN-1 (upper panel).
424 Schematics showing the domain organization of CHN-1 and the rate of deuterium exchange
425  (colored box: blue, light red, medium red, dark red) in the different domains upon interaction with
426  UFD-2 (lower panel). B) Auto-Ub of CHN-1 was performed as indicated using increasing amounts
427 (0.6, 1.2, 2.5, 6.2 uM) of UBE2D1 or 0.6 uM UBE2D1 after complexing CHN-1 with 0.2 uM of
428  recombinant UFD-2P%!A, Protein samples were resolved via SDS-PAGE and immunoblotted with
429  anti-CHN-1 antibodies. Quantification of the change in unmodified CHN-1 levels. Y-axis against
430  the intensity of the unmodified band in each lane. Analysis performed using GraphPad Prism. C)
431  E2discharging assay of Ub-charged UBE2D1 in the presence of CHN-1/UFD-2P9!A, The reaction
432  was stopped after the indicated time via heat inactivation in native conditions. Protein samples
433  were resolved via SDS-PAGE and immunoblotted with anti-Ub antibodies. (left panel).
434 Quantification of available charged UBE2D1. Y-axis against the intensity of the UBE2D1-Ub
435  signal from each and X-axis plotted against the uM concentration of UBE2D1-Ub (right panel).
436  Immunoblots representative of n = 3 experiments are shown.

437

438  Figure 3: UFD-2 stabilizes an open/active, and HSP-1 stabilizes a closed/non-active CHN-1
439  conformation. A) In vitro auto-Ub was performed as indicated using recombinant CHN-1
440  complexed with UFD-2 in the presence of recombinant DAF-21, DAF-21AEEVD, HSP-1, or HSP-
441  1AEEVD. Protein samples were resolved via SDS-PAGE and immunoblotted with anti-CHN-1
442  antibodies. B) On top schematics of the HSP-1 peptide sequence used in ubiquitylation reaction.
443  Auto-Ub was performed as indicated using recombinant CHN-1 and HSP-1 derived peptide.
444 Protein samples were resolved via SDS-PAGE and immunoblotted with anti-CHN-1 antibodies.
445  Below, quantification of the changes (%) in (un)modified CHN-1 levels. Immunoblots
446  representative of n = 3 experiments are shown. C) Schematics of the UFD-2 peptide sequences
447  used in further ubiquitylation reactions (left panel). Auto-Ub was performed as indicated using
448  recombinant CHN-1 and UFD-2 derived peptides. Protein samples were resolved via SDS-PAGE
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449  and immunoblotted with anti-CHN-1 antibodies (middle panel). Quantification of the changes (%)
450 in (un)modified CHN-1 levels (right panel). D) Auto-Ub was performed as indicated using
451  recombinant CHN-1R?%0A UFD-2 and HSP-1. Protein samples were resolved via SDS-PAGE and
452 immunoblotted with anti-CHN-1 antibodies. Immunoblots representative of n = 3 experiments are
453  shown. E) E2 discharging assay of Ub-charged UBE2D1 in the presence of a ternary mixture of
454  recombinant CHN-1/UFD-2P%'A/HSP-1. The reaction was stopped after the indicated time via heat
455  inactivation in native conditions. Protein samples were resolved via SDS-PAGE and
456  immunoblotted with anti-Ub antibodies. F) Model of the UFD-2 activation and HSP-1 inhibition
457  of CHN-1. Dimeric CHN-1 with TPR, U-box, and helix-turn-helix (HH) indicated by magenta,
458  gold and cyan color, respectively. UFD-2 and HSP-1 peptides in yellow with indicated amino acid
459  positions in the full-length proteins.

460

461  Figure 4. The CHN-1/UFD-2 pair regulates lipid metabolism via AHCY-1. A) Endogenous
462  levels of AHCY-1 in N2 (wild-type), chn-1(by155), ufd-2(tm1380), and chn-1(by155); ufd-
463  2(tm1380) mutant worms reported as Z-scores from LC-MS/MS analysis. B) Schematic diagram
464  representing the core function of AHCY. AHCY catalyzes the reversible hydrolysis of SAH (S-
465  adenosylhomocysteine) to HCy (Homocysteine). Accumulation of SAH inhibits PC
466  (Phosphatidylcholines) synthesis from PE (Phosphatidylethanolamines). C) Ubiquitylation of
467  recombinant AHCY-1 was performed as indicated using recombinant CHN-1 and UFD-2,
468 UBE2D1 E2, UbWT, or UbK“® and UbX®3 only Ub variants. Protein samples were resolved via SDS-
469  PAGE and immunoblotted with anti-AHCY-1 antibodies. Bands labeled as unmodified AHCY-1,
470  mono-Ub AHCY-1, di-Ub AHCY-1, poly-Ub AHCY-1 (left panel). Quantification of the changes
471 (%) in (un)modified AHCY-1 levels (right panel). D) Endogenous levels of AHCY-1 in N2 (wild-
472  type), chn-1(by155), CHN-1::FLAG (OE), and ufd-2(tm1380) young adult worms treated with a
473  proteasome inhibitor (MG132, 10uM) or DUB inhibitor (NEM, 100mM). Protein samples were
474  resolved via SDS-PAGE and immunoblotted with anti-AHCY-1 antibodies. Tubulin served as a
475  loading control. Immunoblots representative of n = 3 experiments are shown. E) Total lipid content
476  in N2 (wild-type), chn-1(by155), ufd-2(tm1380), chn-1(by155), ufd-2(tm1380), and CHN-1::FLAG
477  (OE) young adult worms grown on control and ahcy-1 RNAI feeding plates. Data are means +
478  SEM, p <0.001 (***). Higher fluorescence intensity indicates increased lipid levels. F) Ratio of
479  phosphatidylcholine (PC) to phosphatidylethanolamine (PE) in N2 (wild-type), chn-1(by155), and
480  ufd-2(tm1380) young adult worms.

481

482  Supplementary Figure S1: A) Auto-Ub of UFD-2 was performed as indicated using E2s
483  UBE2N/Uevla, UBE2D1, or UBE2D3, and UbWT or UbN°K, Protein samples were resolved via
484  SDS-PAGE and immunoblotted with anti-UFD-2 antibodies. B) Auto-Ub was performed as
485  indicated using UBE2N/Uevla and UBE2D1 EZ2s. Protein samples were resolved via SDS-PAGE
486  and immunoblotted with anti-Ub antibodies. C) Ubiquitylation of recombinant CHN-1H218Q mutant
487  was performed as indicated. Protein samples were resolved via SDS-PAGE and immunoblotted
488  with anti-CHN-1 antibodies. D) Auto-Ub of recombinant CHN-1211° was performed as indicated
489  using UBE2D1 E2. Protein samples were resolved via SDS-PAGE and immunoblotted with anti-
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490 CHN-1 antibodies. E) Co-immunoprecipitation of ubiquitin-charged GST-UBE2D1 from a
491  mixture of recombinant GST-UBE2D1 and CHN-1, GST-UBE2D1 and UFD-2P%%A, and the
492  ternary mixture of GST-UBE2D1, CHN-1 and UFD-2P%*!A using Dynabeads conjugated with anti-
493  GST antibody. Protein samples were resolved via SDS-PAGE and immunoblotted with anti-GST,
494  anti-UFD-2, and anti-CHN-1 antibodies. F) Auto-Ub was performed as indicated using
495  recombinant UFD-2, UFD-2P%A or UFD-22UPX, Bands labeled as unmodified CHN-1, mono-Ub
496 CHN-1, and poly-Ub CHN-1. Below, quantification of the changes (%) in (un)modified CHN-1
497  levels. Immunoblots representative of n = 3 experiments are shown.

498

499  Supplementary Figure S2: A) Differential Woods plots present the difference in fractional
500  deuterium uptake between two biological states - CHN-1 and CHN-1 in the presence of wild-type
501 UFD-2. The X-axis represents the position in sequence for a peptide (the x value indicates the
502 peptide length). The Y-axis presents the difference in fractional deuterium uptake with the Y -error
503 bar indicating the uncertainty of the measurement from three independent replicates of the
504  experiment. Positive values indicate stabilization of the region upon complex formation. Dotted
505 lines indicate the confidence limit at 95% calculated using the Houde test (Houde et al., 2011). The
506  upper and lower panels show results after 10 and 60 seconds of H/D exchange, respectively. B) E2
507 discharging assay of Ub-charged UBE2D1 by the recombinant CHN-1/UFD-2"91A The reaction
508 was stopped after the indicated time via heat inactivation in native conditions. Protein samples
509  were resolved via SDS-PAGE and immunoblotted with anti-Ub antibodies.

510

511  Supplementary Figure S3: A) Titration ELISA assay to determine the dissociation constant (Kp)
512  between DAF-21, HSP-1, UFD-2, and CHN-1. Y-axis: CHN-1 concentration (uM). X-axis:
513  absorbance (OD) at 450 nm. Below, a table showing the Ko value (nM) of the corresponding protein
514  with recombinant CHN-1. B) Multiple sequence alignment (MSA) of UFD-2 orthologs from
515  different species. Orthologous sequences (from Orthologous Group ID ENOG5038DSP) of
516  selected species were obtained from the eggNOGS5 database (Huerta-Cepas et al., 2019) and aligned
517  using the T-Coffee web server with default parameters (Di Tommaso et al., 2011; Notredame et
518 al., 2000). Vertebrates possess two UFD-2 orthologs, which have been independently annotated.
519  MSA was visualized in Jalview Desktop software (Waterhouse et al., 2009) with residues colored
520 according to their physicochemical properties; conserved tyrosine (Y) residues and the EEYD
521  motif in C. elegans are highlighted in white frames. C) Auto-Ub was performed as indicated using
522  recombinant CHN-1 complexed with HSP-1 and HSP-1EEYP, Protein samples were resolved via
523  SDS-PAGE and immunoblotted with anti-CHN-1 antibodies. Immunoblots representative of n = 3
524  experiments are shown. D) E2 discharging assay of Ub-charged UBE2D1 in the presence of CHN-
525 1 or CHN-1/HSP-1FEYD The reaction was stopped after the indicated time via heat inactivation in
526  native conditions. Protein samples were resolved via SDS-PAGE and immunoblotted with anti-Ub
527  antibodies. Immunoblots representative of n = 3 experiments are shown. E) In vitro
528 autoubiquitylation was performed as indicated using recombinant CHN-14%7 or CHN-14%
529  truncation mutants in the presence of UFD-2, DAF-21, DAF-21AEEVD, HSP-1, and HSP-
530 1AEEVD. Samples were analyzed by SDS-PAGE and immunoblotted with anti-CHN-1 antibodies.
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531  Immunoblots representative of n = 3 experiments are shown. F) Model of the CHN-1 TPR domain
532  docked with UFD-2 EEYD peptide with 1-86 residues of CHN-1 colored in orange and 87-95
533  residues in magenta colors that sequester the EEYD motif away from R230 residue of CHN-1. G)
534  Co-crystal structure of the mice CHIP TPR domain showing interaction with HSP90 EEVD peptide
535 (2C2L) shows R273 (conserved in CHN-1 as R230) in proximity close enough to interact with
536 D501 of HSP90.

537

538  Supplementary Figure S4: A) PCA analysis showing the firstand second principal components
539  of the significantly altered proteins (ANOVA FDR < 0.05) performed in the Perseus software. The
540  percentage of explained variance is provided on the axis labels as a percentage. B) Schematic
541  representation of the number of identified proteins in a single-shot analysis of LC-MS/MS
542  gradients in 5 biological replicates that led to the identification of proteins with a significant change
543  in abundance in chn-1(by155), ufd-2(tm1380), and chn-1(by155); ufd-2(tm1380) worms (two-fold
544 enrichment in all mutants versus N2 (wild-type) animals). C) Hierarchical clustering of the Z-Score
545  of proteins whose levels increased in chn-1(by155), ufd-2(tm1380), and chn-1(by155); ufd-
546  2(tm1380) mutant worms (two-fold enrichment in all mutants versus N2 (wild-type) animals from
547  LC-MS/MS experiment). D) Gene Ontology biological process terms found to be associated with
548 C. elegans genes upregulated (minimum two-fold enrichment versus N2 (control), with FDR <
549  0.05 for ANOVA or pairwise t-test) in all mutants; all proteins detected in LC-MS/MS analysis
550  constituted a reference set. Over-representation analysis was performed using the WebGestalt web
551  server with default parameters (Liao et al., 2019). FDR was controlled to 0.25 using the Benjamini-
552  Hochberg method for multiple testing. E) Yeast 2-hybrid prey fragment analysis. Schematic
553  representations of the AHCY-1 fragments interacting with CHN-1. The coding sequence for CHN-
554 1 was used as bait to screen a random-primed C. elegans mixed-stage cDNA library. The selected
555 interaction domain (SID) is the amino acid sequence shared by all AHCY-1 fragments (prey)
556 interacting with CHN-1. The confidence score of this binding (predicted biological score) is A
557  (highest confidence). F) Co-immunoprecipitation of AHCY-1 and UFD-2 from young adult worms
558  expressing CHN-1::FLAG using beads conjugated with anti-FLAG antibody. Protein samples were
559  resolved via SDS-PAGE and immunoblotted with anti-AHCY-1, anti-FLAG, and anti-UFD-2
560 antibodies. (The red boxes mark the protein band). G) Ubiquitylation of recombinant AHCY -1 was
561 performed as indicated using recombinant CHN-1, UFD-2, DAF-21, HSP-1 in the presence of
562 UBE2DL1. Protein samples were resolved via SDS-PAGE and immunoblotted with anti-AHCY-1
563 antibodies. H) Ubiquitylation of recombinant AHCY-1 was performed as indicated using
564  recombinant UFD-2 and UBE2D1 E2. Protein samples were resolved via SDS-PAGE and
565  immunoblotted with anti-AHCY-1 antibodies. Immunoblots representative of n = 3 experiments
566  are shown.

567
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568 STARXMETHODS

569

570 Lead Contact

571

572  Further information and requests for reagents may be directed to and will be fulfilled by Wojciech
573  Pokrzywa (wpokrzywa@iimch.gov.pl).

574

575  Materials Availability

576

577  Plasmids generated by the authors will be distributed upon request to other researchers.

578

579 Data a Availability

580

581  The mass spectrometry proteomics data was deposited to the ProteomeXchange Consortium via
582 the PRIDE partner repository with the dataset identifier PXD028023 (Perez-Riverol et al., 2019).
583

584  Generation of recombinant proteins

585

586  All recombinant proteins were produced using a bacterial expression system. CHN-1 and the CHN-
587 1 variants were expressed and purified from Rosetta™ 2 (DE3) cells. UFD-2, HSP-1, DAF-21, and
588 their variants were expressed and purified from BL21 Star™ (DE3) cells. Truncations and point
589  mutations in the protein constructs were introduced using the Q5 Site-Directed Mutagenesis Kit
590 (NEB, Cat#E0552S). Protein expression was induced using 0.4 mM IPTG at 22 °C for 16 hr.
591  Respective induced cell pellets were harvested via centrifugation at 4000 rpm for 20 min at 4 °C.
592  Cells were lysed in a lysis buffer (20 mM HEPES pH 8, NaCl 300 mM, 2 mM BME, protease
593 inhibitor, and DNase) by sonication. After sonication, the supernatant and pellet fractions were
594  separated via high-speed centrifugation at 14000 rpm for 1 hr at 22 °C. Tagged proteins were
595  purified from the soluble fraction of the cell lysates using appropriate Ni-NTA or GST Hi-trap
596  columns or chitin beads (NEB, Cat#E6901S). After removing the affinity tags, affinity-purified
597  protein fractions were subjected to gel filtration chromatography (Hiload 16/600 Superdex S200,
598  GE Healthcare) to obtain more than 95% pure protein fractions for use in subsequent biophysical
599 and biochemical experiments. For the in vitro ubiquitylation reactions, we first generated a
600 pTYB21-UFD-2 expression vector and purified tagless UFD-2 fraction using the intein cleavage
601 site as per the manufacturer protocol (NEB Cat#E6901S). The lysis buffer used for purifying this
602  variant contained HEPES 20mM, TritonX 0.1%, 5% glycerol, 500 mM NacCl, pH 8.0. To generate
603 tagless CHN-1 and His-tagged CHN-1, we affinity-purified the proteins using Ni-NTA columns
604  and then collected the dimeric fraction using size-exclusion chromatography (SEC). Furthermore,
605 SUMO and the His-tag were cleaved using SUMO protease treatment (16 hr) at 4 degrees, and
606  untagged CHN-1 was purified via SEC.

607
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608 Peptide microarray for protein-peptide interaction studies

609

610  This assay was performed by PEPperPRINT GmbH (https://www.pepperprint.com/). The CHN-1
611 and UFD-2 sequences were elongated with neutral GSGSGSG linkers on the C- and N-termini to
612 avoid truncated peptides. The elongated CHN-1 sequence was translated into 7, 10, and 13 amino
613 acid peptides with peptide-peptide overlaps of 6, 9, and 12 amino acids. The elongated UFD-2
614  sequence was translated into 7 and 13 amino acid peptides with peptide-peptide overlaps of 6 and
615 12 amino acids. After peptide synthesis, all peptides were cyclized via a thioether linkage between
616 a C-terminal cysteine and an appropriately modified N-terminus. The resulting conformational
617 CHN-1 and UFD-2 peptide microarrays contained 813 and 1,986 different peptides printed in
618  duplicate (1,626 and 3,972 peptide spots), respectively. The peptide array was framed by additional
619 HA control peptides (YPYDVPDYAG, 68 spots for CHN-1 and 130 spots for UFD-2). Samples:
620 His-tagged SUMO CHN-1, His-tagged SUMO and His-tagged UFD-2 proteins. Washing Buffer:
621  TBS, pH 7.5 with 0.005% Tween 20; washing for 2 x 10 sec after each incubation step. Blocking
622  Buffer: Rockland blocking buffer MB-070 (30 min before the first assay). Incubation Buffer: TBS,
623  pH 8 with 10% Rockland blocking buffer MB-070, 10 mM HEPES, 150 mM NaCl and 0.005%
624  Tween 20. Assay Conditions: Protein concentrations of 10 pug/mL and 100 pg/mL in incubation
625  buffer; incubation for 16 h at 4 °C and shaking at 140 rpm. Secondary Antibody: Mouse anti-6x-
626  His Epitope Tag DyLight680 (1.0 ug/mL); 45 min staining in incubation buffer at RT. Control
627  Antibody: Mouse monoclonal anti-HA (12CA5) DyLight800 (0.5 pg/mL); 45 min staining in
628 incubation buffer at RT. Scanner: LI-COR Odyssey Imaging System; scanning offset 0.65 mm,
629  resolution 21 um, scanning intensities of 7/7 (red = 700 nm/green = 800 nm). Microarray Data:
630  Microarray Data Sumo Protein (PEP20205011547).xIsx, Microarray Data Sumo CHN-1 Protein
631 (PEP20205011547).xIsx, Microarray Data UFD-2 Protein (PEP20205011547).xIsx. Microarray
632 Identifier: 002413 05 (CHN-1 microarray, four array copies for one-by-one assays) 002413 07 &
633 002413 08 (UFD-2 microarray, two array copies for one-by-one assays).

634

635 Ubiquitylation assays

636

637  Invitro assays were performed according to an earlier protocol (Hellerschmied et al., 2018). The
638  reactions were run at 30 °C for 90 minutes using 60 UM Ubiquitin (Boston Biochem, UbWT Cat#U-
639  100H; UbN°K Cat#UM-NOK; Ub3<TR Cat#UM-3KTR; Ub K48 only, Cat#UM-K480; Ub K63
640 only, Cat#UM-K630) in the presence of 100 nM E1 (UBE1, Boston Biochem, Cat#E-304), 0.6 uM
641 E2 (Boston Biochem, UBE2D1, Cat#E2-616; UBE2D2, Cat#E2-622; UBE2D3, Cat#E2-627,
642 UBE2N/Uevla, Cat#E2-664), E3 ligase (1 uM CHN-1 and variants or 0.7 uM UFD-2 and
643  variants), E3 ligase reaction buffer (Boston Biochem, Cat#B-71), and Energy Regeneration
644  Solution (Boston Biochem, Cat#B-10). For performing the in vitro reaction in the presence of both
645  the CHN-1 and UFD-2 or His-tagged UFD-2P%!A proteins were first pre-incubated at 16 °C for 30
646  min in the presence of E3 ligase reaction buffer. After that, the remaining reagents were added for
647  the ubiquitylation reaction and incubated at 30 °C for the indicated time. For substrate
648  ubiquitylation, C. elegans AHCY-1 was added as the substrate along with the other reagents and
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649  mixed with pre-incubated CHN-1 or pre-incubated CHN-1/UFD-2 and incubated at 30 °C for 90
650  mins. For performing the in vitro reaction in the presence of a chaperone, C. elegans 1 uM His-
651 tagged HSP-1, His-tagged DAF-21, or other variants were pre-incubated with CHN-1 or CHN-
652 1/UFD-2 at 16 °C for 30 min in the presence of 1x E3 ligase reaction buffer. After that, the
653  remaining reagents were added for the reaction and incubated at 30 °C for 90 min. After the
654  reaction, SDS-loading dye (Bio-rad, Cat#1610747), including [-mercaptoethanol (Sigma,
655  Cat#M6250), was added to the entire reaction mix, and the samples were incubated at 95 °C for 5
656  min. Samples were run in 12% SDS-PAGE gels and blotted with an antibody against the protein
657  of interest.

658

659 E2 discharge assays

660

661  E2discharging experimental protocol designed based on a modified method from Page et al., 2012.
662  Discharging of increasing molar concentration (0.8, 1.6, 3.3, 5, 6.6 uM) of charged UBE2D1
663  (Boston Biochem, UBE2D1-Ub, Cat#E2-800) was performed at 30 °C for 40 min in ubiquitin
664  conjugation reaction buffer (Boston Biochem, Cat#B-70). Similarly, a time-dependent assay was
665  performed using 3.3 uM UBE2D1-Ub at 30 °C for different time points (5, 10, 20, 30 mins) with
666  equimolar concentrations (1 uM) of CHN-1, His-tagged UFD-2"%A and His-tagged HSP-1. The
667  reaction was stopped by the addition of SDS-loading dye (Bio-Rad, Cat#1610747) without any
668  reducing agent and incubation at 30 °C for 5 min. Samples were run in a 15% SDS-PAGE gel. For
669 detecting the available UBE2D1-Ub in each condition, western blotting was performed using an
670 anti-ubiquitin antibody. Normalized chemiluminescence intensity was obtained after maximum
671  background subtraction from each lane.

672

673  Western blotting and quantification

674

675  Protein samples in SDS-loading dye (reducing/non-reducing) were run in 12% or 15% acrylamide
676  gels using running buffer (25 mM Tris, 190 mM Glycine, 0.1% SDS) at 120 volts (constant). The
677  wet transfer was done at a constant 200 mA for 2 hr at room temperature using transfer buffer (25
678 mM Tris, 190 mM Glycine, 10% methanol, pH 8.3). Blots were then blocked with 5% skimmed
679  milk in TBST (50 mM Tris, 150 mM NacCl, 0.1% Tween 20, pH 7.5) for 1 hr at room temperature.
680  Blots were incubated with primary antibody prepared in 5% skimmed milk in TBST at 4 °C,
681  overnight. The blots were then washed three times with TBST for 10 min each. Finally, the blots
682  were incubated with secondary antibodies prepared in 5% skimmed milk in TBST for 1 hr at room
683 temperature. The blots were imaged using a ChemiDoc™ Imaging System (Bio-Rad). All
684  antibodies used in this study are listed in the resource table. We used Image Lab™ (version 6.0.0
685  build 25) software for blot quantification using Image Lab and graph plotted using GraphPad Prism
686 9. The bands appeared after probing with a particular antibody were marked in high sensitivity
687  mode and quantified. Normalized chemiluminescence intensities were determined after maximum
688  background subtraction from each lane.

689
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690 Enzyme-linked immunosorbent assay (ELISA)

691

692 2 pg/mL of UFD-2, His-tagged DAF-21, and His-tagged HSP-1 in coating buffer (100 mM
693 NaHCOs, 32 mM Na2COs, pH 9.2) were immobilized on Nunc-Immuno plates for ELISA (Thermo
694  Fisher Scientific, Cat#44-2404) overnight at 4 °C. Blocking was performed with 2% BSA for 1
695  hrat 25 °C followed by washing with TBST (0.1% Tween 20). After incubation with increasing
696 CHN-1 concentrations of for 1 hr at 16 °C, unbound CHN-1 was washed away by subsequent
697  TBST washing steps. Interacting proteins were detected using an antibody against CHN-1 (1:5000
698  dilution, overnight 4 °C), followed by TBST washing and the addition of an HRP-conjugated
699  secondary antibody. After the final wash, 100 pL of pnPP substrate (Alkaline Phosphatase Yellow-
700  Sigma, Cat#P7998) was added in the dark. After 15 min, the reaction was stopped by adding 50
701  pL of 3M NaOH and the absorbance was measured at 450 nM.

702

703  Modeling and Molecular Dynamics

704

705 CHN-1 model was generated by homology modeling using a Swiss model server (Waterhouse et
706  al., 2018) with PDB ID 2F42 and 2C2L as the templates. The primary sequence of peptides used
707  for docking on the CHN-1 dimer model was 628-640 HSP-1 (P09446) and 894-911 UFD-2
708  (Q09349). The protein and peptide complex structures were subjected to an energy minimization
709  strategy using pmem.cuda (Goetz et al., 2012; Salomon-Ferrer et al., 2013) from AMBER18 (Case
710  etal, 2018). We used tLeap binary (part of AMBER18) for solvating the structures in an octahedral
711  TIP3P water box with a 15 A distance from the structure surface to the box edges, and closeness
712 parameter of 0.75 A. The system was neutralized and solvated in a solution of 150 mM NacCl.
713 AMBER ff14SB force field was used (Maier et al., 2015) and simulations were carried out by
714  equilibrating the system for 1ns (NPT), at 1 atm, 300K, followed by 10ns NPT for non-bonded
715  interaction. The particle mesh Ewald (PME) method was used to treat the long-range electrostatic
716 interactions. Hydrogen bonds were constrained using SHAKE algorithm and integration time-step
717  at2fs. (Ryckaertetal., 1977).

718

719  Hydrogen deuterium exchange mass spectrometry (HDX-MS)

720

721  Prior to HDX-MS reactions, a complex of CHN-1 (3 mg/ml) and His-tagged UFD-2 (2 mg/ml) was
722 formed by mixing the proteins in a 1:1 molar ratio followed by incubation at 25 °C temperature for
723 30 min. HDX-MS of CHN-1 and CHN-1 in complex with UFD-2 were performed at five time
724 points during the incubation with deuterium (10 sec, 1 min, 5 min, 25 min, 2 hrs) in triplicate. 5 pl
725  aliquots of protein were added to 45 pl of deuterated buffer (10 mM HEPES, 150 mM NaCl in
726 99.99% D20; pH=8.0) at room temperature. The exchange reaction was quenched by moving the
727  exchange aliquots to pre-cooled tubes (on ice) containing 10 ul of quenching buffer (2 M glycine,
728 4 M guanidine hydrochloride, 100 mM TCEP in 99.99% D0, pH 2.3). After quenching, samples
729  were frozen immediately in liquid nitrogen and kept at -80 °C until mass spectrometry
730  measurement. Samples were thawed directly before measurement and injected manually onto the
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731 nano ACQUITY UPLC system equipped with HDX-MS Manager (Waters). Proteins were digested
732 online on 2.1 mm x 20 mm columns with immobilized Nepenthesin-2 (AffiPro), for 1.5 min at 20
733 °Cand eluted with 0.07% formic acid in water at a flow rate of 200 pl/min. Digested peptides were
734  passed directly to the ACQUITY BEH C18 VanGuard pre-column from which they were eluted
735  onto the reversed-phase ACQUITY UPLC BEH C18 column (Waters) using a 6-40% gradient of
736  acetonitrile in 0.01% of formic acid at a flow rate of 90 pl/min at 0.5 °C. Samples were measured
737  on the SYNAPTG2 HDX-MS instrument (Waters) in IMS mode. The instrument parameters for
738  MS detection were as follows: ESI — positive mode; capillary voltage — 3 kV; sampling cone
739  voltage — 35 V; extraction cone voltage — 3 V; source temperature — 80 °C; desolvation temperature
740  -175 °C; and desolvation gas flow - 800 I/h. The CHN-1 peptide list was obtained using non-
741  deuterated protein samples, processed as described above for HDX experiments, and measured in
742  MSe mode. Peptides were identified using ProteinLynx Global Server Software (Waters). The
743  HDX-MS experiment was analyzed using DynamX 3.0 (Waters) software. The PLGS peptide list
744 was filtered by minimum intensity criteria — 3000 and minimal product per amino acid — 0.3. All
745  MS spectra were inspected manually. Final data analysis was carried out using in-house HaDex
746  software (Puchata et al., 2020). Differential deuterium exchange of residues was mapped to the
747  model of CHN-1 generated using the 2C2L CHIP structure on the Swiss model server
748  (https://swissmodel.expasy.org/).

749

750  Surface plasmon resonance (SPR)

751

752  SPR-based interaction analysis was carried out at 25°C on a Biacore™ S200 instrument (GE
753  Healthcare, Sweden). Recombinant purified His-tagged UFD-2 and His-tagged Ufd2p proteins
754 were immobilized on NTA Biacore sensor Chips (Series S) at 20 ug/mL. Single-cycle kinetics
755  studies were performed by passing increasing concentrations ) (0, 100, 200, 500, 1000 and 2000
756  nM) of analyte M1 diUb conjugates (UbiQ, Cat#UbiQ-L01) in SPR buffer (10 mM HEPES, 150
757  mM NaCl, 0.05% Tween 20, 0.1% BSA, 50 uM EDTA, pH 8.0). The runs for both proteins were
758  carried out under identical conditions. All injections were compiled in the same sensorgram with
759  the response unit (RU) on Y-axis versus time (sec) on the X-axis.

760

761  Preparation of C. elegans lysates and co-immunoprecipitation

762

763  Worms were grown at 20 °C. For protein extraction, worms were collected in M9 buffer and lysed
764  using a lysis buffer (1M KCI, 1M Tris-HCL pH 8.2, 1M MgClz, 0.07% NP-40, 0.7% Tween-20,
765  0.1% gelatine) with protease inhibitor (Roche, Cat# 11873580001) and in the presence of DUB
766  inhibitor (Sigma-Aldrich, Cat#E3876). First, worms in lysis buffer were snap-frozen in liquid
767  nitrogen. Next, the frozen samples were sonicated (40% amplitude, 5 cycles of 30 s pulses at 30 s
768 intervals, Vibra-Cell™) on ice. Samples were centrifuged at 13,000 rpm for 15 min and the
769  supernatants were collected. For co-immunoprecipitation, anti-DYKDDDDK (FLAG tag)
770  magnetic beads (Pierce™ Anti-DYKDDDDK Magnetic Agarose, Cat#A36797) were used. 50 pl
771  of anti-DYKDDDDK magnetic beads slurry were used for 200 pl of worm lysate. Lysate of CHN-
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772  1::FLAG-expressing worms was used as the experimental sample and wild-type (N2) worms were
773  used as a negative control. Worm lysates were incubated with equilibrated magnetic beads at 4 °C
774  for 1and 2 hr for UFD-2 and AHCY-1 pull down, respectively. After the desired incubations, the
775  beads were washed three times using washing buffer (PBS with 100 mM NaCl). Samples were
776  eluted via the addition of SDS-loading dye (Bio-rad, Cat#1610747) containing -mercaptoethanol
777  (Sigma, Cat#M6250) and boiling for 5 min.

778

779  RNA interference (RNAI)

780

781  RNAI was performed using the standard RNAI feeding method and RNAI clones (Kamath and
782  Ahringer, 2003). For experiments, NGM plates supplemented with 1 mM IPTG and 25 pg/uL
783  carbenicillin were seeded with HT115 E. coli expressing double-stranded RNA (dsRNA) against
784  the gene of interest or, as a control, bacteria with the empty vector were used. Worms were placed
785  on freshly prepared RNAI plates as age-synchronized L1 larvae.

786

787  Proteomics

788

789  Protein digestion: For proteomic analysis, the following young adult strains were utilized: N2, ufd-
790  2(tm1380), chn-1(by155) and ufd-2(tm1380); chn-1(by155). For lysis, 4% SDS in 100 mM HEPES
791  pH=8.5was used, and the protein concentrations were determined. 50 g of protein was subjected
792  for tryptic digestion. Proteins were reduced (10 mM TCEP) and alkylated (20 mM CAA) in the
793  dark for 45 min at 45 °C. Samples were subjected to SP3-based digestion (Hughes et al., 2014).
794  Washed SP3 beads (SP3 beads (Sera-Mag(TM) Magnetic Carboxylate Modified Particles
795  (Hydrophobic), and Sera-Mag(TM) Magnetic Carboxylate Modified Particles (Hydrophilic)) were
796  mixed equally, and 3 pL of beads were added to each sample. Acetonitrile was added to a final
797  concentration of 50%, and the samples were washed twice using 70% ethanol (200 pL) on an in-
798  house-made magnet. After an additional acetonitrile wash (200 pL), 5 pL of digestion solution (10
799 mM HEPES pH 8.5 containing 0.5 pg Trypsin (Sigma) and 0.5 pug LysC (Wako)) was added to
800 each sample and incubated overnight at 37 °C. Peptides were cleaned on a magnet using 2 x 200
801  pL acetonitrile washes. Peptides were eluted in 10 pL of 5% DMSO in an ultrasonic bath for 10
802 min. Formic acid and acetonitrile were added to final concentrations of 2.5% and 2%, respectively.
803  Samples were frozen until LC-MS/MS analysis. Liquid chromatography and mass spectrometry:
804  LC-MS/MS instrumentation consisted of a nLC 1200 coupled to a nanoelectrospray source to a
805 QExactive HF-x (Thermo Fisher Scientific) mass spectrometer. Peptide separation was performed
806  on an in-house-packed column (75 pm inner diameter, 360 pm outer diameter), and the column
807  temperature was maintained at 50 °C using a column oven (PRSO-V2). The LC buffer system
808  consisted out of 0.1% formic acid (A) and 0.1% formic acid in 80% acetonitrile (B). Peptides were
809  separated using a 90 min gradient applying a linear gradient for 70 min from 7 to 29 % B and then
810  ramped to 65% B within 10 min, followed by a linear increase to 95% B within 5 min. 95% B was
811  held for 5 min. Before each run, the column was re-equilibrated to 0%B. The mass spectrometer
812  operated in a data-dependent acquisition mode targeting the top 22 peaks for collision-induced
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813  fragmentation and MS2 spectra acquisition. MS1 spectra were acquired in a scan range from 350
814  to 1650 m/z allowing a maximum injection time of 20 ms for an AGC target of 3e6. Spectra were
815 acquired at a resolution of 60,000 (at 200 m/z). lons were isolated in an isolation window of 1.3
816  m/z using an AGC target of 1e6 and a maximum injection time of 22ms. Spectra were acquired at
817  a resolution of 15,000. The scan range for the MS2 spectra was set to 200-2000 m/z. The
818 normalized collision energy was 28. Dynamic exclusion was set to 20 s. Data analysis: Acquired
819 raw files were correlated to the Uniprot reference C. elegans proteome (downloaded: 06.2018)
820  using MaxQuant (1.5.3.8) (Cox and Mann, 2008) and the implemented Andromeda search engine
821 (Coxetal., 2011). Label-free quantification and matching between runs were enabled using default
822  settings. Carbamidomethylation of cysteine residues was set as a fixed modification. Oxidation of
823  methionine residues and acetylation of protein N-termini were defined as variable modifications.
824  FDR was controlled using the implemented revert algorithm to 1% at the protein and the peptide-
825  spectrum match (PSM). To identify significantly changed proteins, we performed a one-way
826  analysis of variance (ANOVA) correcting for multiple testing using a permutation-based approach
827 (FDR < 0.05, # permutations: 500).

828

829  Lipidomics

830

831  The following young adult strains were utilized for lipidomic analysis: N2 (wild-type), ufd-
832  2(tm1380), chn-1(by155). Lipid extraction: Lipids from a homogenized sample comprising 15 000
833  worms were extracted using the Folch method as follows: 200 pL of methanol was added to each
834  sample followed by 10 s of vortexing. Next, 500 pL of chloroform was added, followed by 10 s
835  vortexing. This was followed by the addition of 200 pL of water to each sample to induce phase
836  separation, following by vortexing for 20 s. The samples were then kept in the cold for 10 min. The
837  samples were then centrifuged at 14.500 rpm for 10 min. The bottom layer was then pipetted out,
838 and the solvent was dried under a stream of nitrogen. Prior to LC-MS analysis, the lipid extract
839  was reconstituted in 200 pL of 1:1 isopropanol:methanol solution. LC-MS analysis: LC-MS
840  analysis was performed as previously described (Nature Methods volume 14, pages 57-60 (2017)).
841 Briefly, lipid extracts were separated on a Kinetex C18 2.1 x 100 mm, 2.6 pm column
842  (Phenomonex, Aschaffenburg, De). Separation was achieved via gradient elution in a binary
843  solvent, Vanquish UHPLC (Thermo Scientific, Bremen, DE). Mobile Phase A consisted of
844  ACN:H20 (60:40), while mobile phase B consisted of IPA:ACN (90:10). For positive ionization,
845  the mobile phases were modified with 10 mM ammonium formate and 0.1% formic acid, while for
846  the negative ionization mode, the mobile phases were modified with 5 mM ammonium acetate and
847  0.1% acetic acid. A flow rate of 260 pL/min was used for separation, and the column and sample
848  tray were held constant at 30 °C and 4 °C, respectively. 2 pL of each sample was injected onto the
849 LC column. MS Instrumentation: MS analysis was performed on a Q-Exactive Plus Mass
850  Spectrometer (Thermo Scientific, Bremen, DE) equipped with a heated electrospray ionization
851  probe. In both the positive and negative ionization modes, the S-Lens RF level was set to 65, and
852  the capillary temperature was set to 320 °C, and the sheath gas flow was set to 30 units and the
853  auxiliary gas was set to 5 units. The spray voltage was set to 3.5 kV in the negative ionization mode
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854  and 4.5 kV in the positive ionization mode. In both modes, full scan mass spectra (scan range m/z
855  100-1500, R=35K) were acquired along with data-dependent (DDA) MS/MS spectra of the five
856  most abundant ions. DDA MS/MS spectra were acquired using normalized collision energies of
857 30, 40, and 50 units (R= 17.5K and an isolation width = 1 m/z). The instrument was controlled
858  using Xcalibur (version 4.0). Data analysis and lipid annotation: Progenesis Q1, version 2.0 (Non-
859  Linear Dynamics, A Waters Company, Newcastle upon Tyne, UK) was used for peak picking and
860  chromatographic alignment of all samples, with a pooled sample used as a reference. Lipids were
861 annotated using the Progenesis Metascope Basic Lipids the LipidBlast databases with
862  consideration made only of compounds that had MS/MS data. In both databases, the precursor ion
863  tolerance was set to 10 ppm, and the fragmentation ion tolerance was set to 15 ppm. Putative lipid
864 identifications were based on manual curation of database matches with fragmentation scores
865 >10%.

866

867  Fluorescent labeling of lipids in C. elegans

868

869  Lipid content in young adult worms was determined by RediStain™ WormDye Lipid Green
870  (NemaMetrix, Cat#DYE9439) staining, according to the manufacturer's protocol with incubation
871  for 30 mins at room temperature with shaking. Working dye concentration: 1 pl of dye/200 pul of
872 M9 buffer. Worms were protected from light, and several washes in M9 buffer were performed
873  after staining. Immediately after that, imaging was performed on a Nikon SMZ25 microscope after
874  immobilizing worms with tetramizole. Data analysis: Image processing was performed with
875 ImageJ (Fiji) using Binary Mask and Particle Analysis Procedure with background signal
876  subtraction. The graphs were plotted using GraphPad Prism 9.

877

878  Yeast two-hybrid screening

879

880  Yeast two-hybrid screening was performed by Hybrigenics Services (http://www.hybrigenics-
881  services.com). The coding sequence for C. elegans CHN-1 (NM_059380.5, aa 1-266) was PCR-
882  amplified and cloned into pB27 as a C-terminal fusion to LexA (LexA-CHN-1). The construct was
883  checked by sequencing the entire insert and used as a bait to screen a random-primed C. elegans
884  mixed-stage cDNA library constructed into pP6. pB27 and pP6 were derived from the original
885 pBTM116 (Vojtek and Hollenberg, 1995) and pGADGH (Bartel et al.,, 1993) plasmids,
886  respectively. 61 million clones (6-fold the complexity of the library) were screened using a mating
887  approach with YHGX13 (Y187 ade2-101::loxP-kanMX-loxP, mat[1) and L40[1Gal4 (mata) yeast
888  strains as previously described (Fromont-Racine et al., 1997). 202 His+ colonies were selected on
889 a medium lacking tryptophan, leucine, and histidine and supplemented with 50 mM 3-
890 aminotriazole to prevent bait autoactivation. The prey fragments of the positive clones were
891 amplified by PCR and sequenced at their 5" and 3" junctions. The resulting sequences were used to
892 identify the corresponding interacting proteins in the GenBank database (NCBI) using a fully
893 automated procedure. A confidence score (PBS, for Predicted Biological Score) was attributed to
894  each interaction as previously described (Formstecher et al., 2005). The PBS relies on two different
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895 levels of analysis. First, a local score considers the redundancy and independence of prey fragments
896 and the distribution of reading frames and stop codons in overlapping fragments. Second, a global
897  score considers the interactions found in all of the screens performed by Hybrigenics using the
898 same library. This global score represents the probability of interaction being nonspecific. The
899  scores were divided into four categories for practical use, from A (highest confidence) to D (lowest
900 confidence). A fifth category (E) flags explicit interactions involving highly connected prey
901 domains previously found several times in screens performed on libraries derived from the same
902 organism. Finally, several of these highly connected domains were confirmed as false positives
903 and were tagged as F. PBS scores have been shown to positively correlate with the biological
904  significance of interactions (Rain et al., 2001; Wojcik et al., 2002).
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941 TABLE S1. List of constructs and oligonucleotides used to generate them

942

Construct Primer Sequence (5"-3")
pTYB21-MBP::Intein- Forward:
UFD-2 GGTGGTTGCTCTTCCAACATGATTGAAGACGAGAAAGCAGG
Reverse: GGTGGTCTGCAGTCATTATTTCTTTGAATTTCTTT
pET-6xHis::SUMO- Forward: ATTGAGAACGCCCTCAAAC
CHN_lAIIO
Reverse: GCTAGCTAGACCACCAATC
pET-6xHis::SUMO- Forward: TACAGTGAAGCAATAAGCTG
CHN-14%7
Reverse: GCTAGCTAGACCACCAATC
pET-6xHis::SUMO- Forward: TCCAAAGCGCTCTACCAT
CHN-14%
Reverse: GCTAGCTAGACCACCAATC
pET-21a-VSV-HSP- Forward: ATCGAGGAGTACGACGCGGCC
1EEYD::6xHis

Reverse: GGCCGCGTCGTACTCCTCGAT
pET-21a-VSV-HSP- Forward: GCGGCCGCACTCGAG
1AEEVD::6xHis

Reverse: TCCTCCGGCGGCTCCTCC
pET-21a-6xHis::DAF- Forward: TAATGAGGATCCGAATTCGAG

21AEEVD

Reverse: CTCAGCTCCCTCAATCTT
pPET-6xHis::SUMO- Forward: TCCAGTCACAGCAAAACCACTTAC
CHN- 1R23OA

Reverse: TCGAAATGGCCAATTCTTC
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins
UBE1 Boston Biochem Cat#E-304
UBE2D1 Boston Biochem Cat#E2-616
UBE2D2 Boston Biochem Cat#E2-622
UBE2D3 Boston Biochem Cat#E2-627
UBE2N/Uevla Boston Biochem Cat#E2-664
10X E3 Ligase Reaction Buffer Boston Biochem Cat#B-71
10X Ubiquitin conjugation Reaction Buffer | Boston Biochem Cat#B-70
10X Energy Regeneration Solution Boston Biochem Cat#B-10
Ubiquitin Boston Biochem Cat#U-100H
UbNoK Boston Biochem Cat#UM-NOK
Ub3KTR Boston Biochem Cat#UM-3KTR
UbK48only Boston Biochem Cat#UM-K480
UbK63only Boston Biochem Cat#UM-K630
M1linked- linear ubiquitin UbiQ Cat#UbiQ-L01
UBE2D1 ubiquitin charged Boston Biochem Cat#E2-800
N-Ethylmaleimide Sigma-Aldrich Cat#E3876
cOmplete™, EDTA-free Protease Inhibitor | Roche Cat# 11873580001
Cocktail
MG-132 Selleckchem Cat#S2619
Alkaline Phosphatase Yellow (pNPP) Sigma-Aldrich Cat#P7998
Liquid Substrate
Q5 Site-Directed Mutagenesis Kit NEB Cat#E0552S
4x Laemmli Sample Buffer Bio-Rad Cat#1610747
B-Mercaptoethanol Sigma-Aldrich Cat#M6250
Dynabeads™ Co-Immunoprecipitation Kit | Invitrogen Cat#14321D
Pierce™ Anti-DYKDDDDK Magnetic Invitrogen Cat#A36797
Agarose
RediStain™ WormDye Lipid Green NemaMetrix Cat#DYE9439
IMPACT™ Kit NEB Cat#E6901S
AHCY-1::6xHis This study N/A
CHN-1 This study N/A
6xHis::SUMO::CHN-1 This study N/A
CHN-1A!0 This study N/A
CHN-1287 This study N/A
CHN-14% This study N/A
CHN-1R230A This study N/A
UFD-2 This study N/A
6xHis::UFD-2 This study N/A
6xHis::UFD-2P9%1A (Ackermann et al., 2016) N/A
6xHis::UFD-24Ubox This study N/A
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6xHis::Ufd2p This study N/A
HSP-1::6xHis This study N/A
6xHis::DAF-21 This study N/A
HSP-1AEEVD::6xHis This study N/A
6xHis::DAF-21AEEVD This study N/A
HSP-1FEYD::6xHis This study N/A
Antibodies

Anti-CHN-1 antibody (Tawo et al., 2017) N/A
Anti-UFD-2 antibody (Ackermann et al., 2016) N/A
Anti-AHCY -1 antibody This study N/A
Anti-Ubiquitin antibody Cell signaling Technology | Cat#3936s

Anti-Histidine antibody

Santa Cruz Biotechnology,

Cat#SC-53073

Inc.
Anti-GST antibody Sigma-Aldrich Cat#G1160
Bacterial Strains
E. coli RNAI feeding strain Caenorhabditis Genetics HT115(DE3)
Center
E. coli feeding strain Caenorhabditis Genetics OP50

Center

Ahringer RNA. library

Source BioScience

C. elegans RNAI

Collection
(Ahringer)
Rosetta™ 2 (DE3) Novagen Cat#71400
BL21 Star™ (DE3) Thermo Fisher Scientific Cat#C601003
Topl0 Thermo Fisher Scientific Cat#C4040
Oligonucleotides
For the list of oligonucleotides, see Table N/A N/A
S1
Plasmid construct
pET28a-6xHis::Ufd2p (Liu et al., 2017) N/A
PET-6xHis::SUMO::CHN-1 This study N/A
pET28a-6xHis::UFD-2 This study N/A
pPLATE31-AHCY-1::6xHis This study N/A
PET21a-VSV::HSP-1::6xHis This study N/A
pET21a-6xHis::DAF-21 This study N/A
pTYB21-MBP::Intein-UFD-2 This study N/A
PET-6xHis::SUMO-CHN-1A110 This study N/A
PET-6xHis::SUMO-CHN-1487 This study N/A
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PET-6xHis::SUMO-CHN-14% This study N/A

pET-21a-VSV-HSP-15EYP::6xHis This study N/A

pET-21a-VSV-HSP-1AEEVD::6xHis This study N/A

pET-21a-6xHis::DAF-21AEEVD This study N/A

PET-6xHis::SUMO-CHN-1R230A This study N/A

Experimental Models: Organisms/Strains

C. elegans: Bristol (N2) strain as wild-type | CGC N/A

C. elegans: chn-1(by155)I CGC WormBase ID:
WBVar00000641

C. elegans: unc-119(ed4)lll; hhis136[unc- | (Tawo et al., 2017) N/A

119(+); chn-1p::chn-1::FLAG]

C. elegans: ufd-2(tm1380)II CGC WormBase ID:
WBVar00250374

C. elegans: chn-1(by155)I; ufd-2(tm1380) | This study N/A

1
Software and Algorithms

Graph Pad Prism Graph Pad Software, Inc. www.graphpad.com
Image Lab™ Version 6.0.0 build 25 Bio-Rad Laboratories, Inc. | www.bio-
rad.com/de-
de/product/image-
lab-
software?| D=KRE6
P5E8Z
ImageJ 1.53c Wayne Rasband, NIH, www.imagej.nih.gov
USA lij
Materials
Nunc MaxiSorp™ flat-bottom Thermo Fisher Scientific Cat#44-2404
Hiload 16/600 Superdex S200 GE Healthcare Cat#GE28-9893-35
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