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Abstract

The human GID (hGID) complex is an evolutionary conserved E3 ubiquitin ligase regulating
diverse biological processes including glucose metabolism and cell cycle progression.
However, the biochemical function and substrate recognition of the multi-subunit complex
remains poorly understood. While the yeast GID complex recognizes Pro/N-end rule
substrates via yeast Gid4, the human GID complex requires a WDR26/Gid7-dependent
module to trigger proteasomal degradation of mammalian HBP1. Here, using biochemical
assays, crosslinking-mass spectrometry and cryo-electron microscopy, we show that hGID
unexpectedly engages two distinct modules for substrate recruitment, dependent on either
WDR26 or GID4. WDR26 together with RanBP9 cooperate to ubiquitinate HBP1 in vitro, while
GID4 is dispensable for this reaction. In contrast, GID4 functions as an adaptor for the
substrate ZMYND19, which surprisingly lacks a Pro/N-end rule degron. GID4 substrate
binding and ligase activity is regulated by ARMC8a, while the shorter ARMC8 isoform
assembles into a stable hGID complex that is unable to recruit GID4. Cryo-EM reconstructions
of these hGID complexes reveal the localization of WDR26 within a ring-like, tetrameric
architecture and suggest that GID4 and WDR26/Gid7 utilize different, non-overlapping binding
sites. Together, these data advance our mechanistic understanding of how the hGID complex

recruits cognate substrates and provide insights into the regulation of its ligase activity.

Introduction

The ubiquitin-proteasome system (UPS) is required for cells to adjust to different
nutrient conditions such as limiting carbon sources. Changing metabolic flux is often controlled
by regulating the relative abundance of rate-limiting enzymes that function in distinct exergonic
pathways (Nakatsukasa et al, 2015). In yeast, gluconeogenesis and glycolysis are
intermittently coordinated to prevent simultaneous glucose production and break-down. This
is achieved in part by the Glucose induced deficient degradation (GID) complex (Santt et al,
2008), a multi-subunit E3 ligase that specifically targets the surplus of gluconeogenic enzymes
for proteasomal degradation, including the conserved Fructose-1,6-bisphosphatase 1 (Fbpl).
Adequate glucose levels induce expression of its critical subunit Gid4 (Santt et al, 2008), which
is otherwise degraded by autoubiquitination. Interestingly, Gid4 functions as a substrate
receptor recognizing a Pro/N-end degron motif (Chen, 2017; Dong et al, 2018; Qiao et al,
2019). Gid4 is partially redundant with Gid10, which is upregulated by heat and osmotic stress
conditions (Qiao et al, 2019; Melnykov et al, 2019). Moreover, Gid11/YIr149c was recently
identified as a GID substrate receptor recognizing proteins with N-terminal threonine residues

(Edwin Kong et al, 2021), thus expanding the specificity of the GID complex. Interestingly,
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67 these substrate receptors are recruited to the GID-complex by binding to Gid5, which, in turn,
68 interacts with the catalytic core composed of Gid8 and the RING-containing subunits Gid2 and
69  Gid9. Structural analysis of the monomeric GID-complex also identified an essential role of
70  Gid1, which interacts with Gid8 and Gid5. In contrast to these subunits, Gid7 is not required
71 to degrade gluconeogenic enzymes (Menssen et al, 2018). Indeed, Gid7 does not stably
72 incorporate into the yeast GID complex (Qiao et al, 2019), and the role of Gid7 in yeast thus
73 remains unclear.
74 Interestingly, the GID E3 ligase complex is highly conserved, and all seven yeast GID
75  subunits have homologous counterparts in humans. RanBP9 (Gidl), RMND5a (Gid2),
76  ARMCS88 (Gid5), TWAL (Gid8) and MAEA (Gid9) are ubiquitously expressed and assemble
77  into a high-molecular weight complex localizing to the nucleus and cytoplasm (Kobayashi et
78 al, 2007). The human GID complex (hGID) is also referred to as C-terminal to LisH (CTLH)
79  complex after a sequence motif shared between five subunits (Kobayashi et al, 2007). Like in
80 yeast, the two RING-domain containing subunits RMND5a and MAEAL1 linked by TWA1 form
81 the catalytic core of the E3 ligase (Lampert et al, 2018). Besides this catalytic trimer, the hGID
82 complex assembles with other subunits such as WDR26 (Gid7), RanBP9/RanBP10 (Gid1),
83 MKLN1, GID4, ARMCS8 and YPEL5 (Kobayashi et al, 2007; Lampert et al, 2018). WDR26
84  contains a WD40-domain, which typically folds into a characteristic beta-propeller and
85 frequently exits in substrate receptors of the Cullin 4 RING E3 ubiquitin ligase family (CRL4)
86 (Higa et al, 2006). RanBP9 and RanBP10 contain a SPRY beta-domain, which is commonly
87 present in TRIM RING E3 ligases (DCruz et al, 2013), and ARMC8 contains armadillo-like
88 domains, which also serve as platform for various protein-protein interactions (Huber et al,
89  1997). Interestingly, mammalian cells express two ARMCS8 isoforms, ARMC8a and ARMCS83,
90 resulting from alternative splicing of the same gene (Kobayashi et al, 2007; Maitland et al,
91 2019; Tomaru et al, 2010). Both ARMC8a. and ARMCS83 incorporate into the hGID complex
92 (Kobayashi et al, 2007; Maitland et al, 2019), but the structural and functional differences
93 between the two remain poorly explored. Therefore, although the different subunits are
94  evolutionary conserved and the catalytic core of hGID resembles the yeast complex, further
95 work is required to understand the assembly and structural organization of this intricate E3
96 ligase in mammalian cells.
97 The biological functions of the mammalian GID E3 ligase are only beginning to emerge
98 and to date there is no evidence that links hGID ligase function to glucose metabolism.
99  Although the binding pocket in human GID4 is conserved, endogenous substrates governed
100 by the Pro/N-end degron motif have not been identified. Despite this, the GID complex has
101  been linked to cell proliferation in human cells, at least in part by targeting the transcriptional

102  repressor HMG box protein 1 (HBP1) for proteasomal degradation (Lampert et al, 2018).
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103  HBP1 inhibits cell cycle progression by regulating the retinoblastoma tumor suppressor (Rb),
104 and also regulates the expression of genes involved in differentiation and apoptosis.
105 Interestingly, this role of the hGID complex in regulating cell cycle progression and HBP1
106  stabilization requires not only the catalytic core subunits, but also WDR26/Gid7.

107 Consistent with this role in cell proliferation, numerous studies have reported
108 significantly increased expression of multiple GID subunits across a variety of human tumor
109 cells and tissues (Both et al, 2016; Jiang et al, 2016; 2015b; 2015a; Liang et al, 2016; Zhao
110 et al, 2016; Zhou et al, 2016). Most notably, elevated WDR26 protein levels correlate with
111  poor disease prognosis in many cancers, where available large cancer datasets highlighted
112  gene amplification of WDR26 with a remarkable prevalence of up to 55% in breast, ovarian,
113 and prostate cancers (Cerami et al, 2012; Gao et al, 2013). Additionally, ARMC8aq., but not
114  ARMCS8, was found to promote cell proliferation and invasion of non-small cell lung cancer
115 cells (Xie et al, 2014). ARMC8a was also shown to bind and target a-catenin for proteasomal
116 degradation, and may interact with Hepatocyte growth factor-Regulated tyrosine kinase
117  Substrate (HRS). However, little is known about the ARMCS8p subunit and its role in the
118 function and regulation of the hGID E3 ligase complex.

119 Several subunits of the hGID complex, namely RanBP9, RanBP10, WDR26 and
120 MKLN1, have been linked to neurodegeneration and amyloid 8 (AB) pathologies (Her et al,
121  2017; Woo et al, 2015), intellectual disability (Skraban et al, 2017), and early onset bipolar
122  diseases and schizophrenia (Nassan et al, 2017; BAE et al, 2015). Moreover, suppression of
123  RMNDb5a in Xenopus laevis leads to malformations in the fore and midbrain (Pfirrmann et al,
124  2015), suggesting that the GID complex may regulate brain development and neuronal
125 functions. RanBP9 is ubiquitously expressed and the majority of knock-out mice die
126  immediately after birth (Puverel et al, 2011). The few survivors are significantly smaller in size
127 and cannot undergo spermatogenesis or oogenesis, suggesting that the GID complex may
128  function in growth control and meiosis.

129 Despite the multitude of evidence supporting a role of the hGID complex in multiple
130 biological processes, few critical substrates have been identified that can explain the
131 underlying phenotypes. Moreover, it remains unclear whether these diverse cellular functions
132  of the complex require its E3 ligase activity, and whether they involve all or just a subset of
133 the known hGID subunits. Therefore, it is crucial to better understand the function and
134  regulation of the different hGID subunits and, in particular, elucidate the mechanism of
135  substrate recruitment.

136 Previous AP-MS studies not only identified novel hGID subunits, but also sub-
137  stoichiometrically associated proteins such as HBP1, ZMYND19 and HTRA2 (Boldt et al,
138 2016; Lampert et al, 2018). HBP1 binds the hGID complex preferentially in proteasome-


https://doi.org/10.1101/2021.04.07.438752
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.07.438752; this version posted April 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

139 inhibited cells, consistent with being a physiological substrate (Lampert et al, 2018). HTRA2
140 encodes a mitochondrial serine protease that induces cell death by regulating cytosolic
141  inhibitors of apoptosis (IAPs), leading to increased caspase activity. Zinc finger MYND
142  domain-containing protein 19 (ZMYND19) interacts with multiple hGID subunits, including
143 TWAL, ARMC8 and RMND5a (Boldt et al, 2016). Although ZMYND19 protein levels are
144  upregulated in hepatocellular carcinoma (Zhu et al, 2018), its biological functions remain
145  unclear.

146 In this study, we combined cell biology, biochemistry and cryo-electron microscopy to
147  elucidate the assembly and molecular mechanisms of the hGID E3 ligase, with a particular
148 emphasis on subunits involved in substrate recruitment. Interestingly, we found that the hGID
149  E3 ligase engages two independent modules for substrate recruitment, comprised of either
150 WDR26/RanBP9 or GID4/ARMCS8. We identified and characterized the minimal hGID complex
151 required for HBP1 degradation in vitro, composed of WDR26 together with the catalytic core
152  subunits MAEA, RMDNb5a and TWAL1. We further show that ZMYND19 is targeted for
153  degradation by hGID in a GID4-dependent manner, although it lacks a Pro/N-end rule degron
154  motif. Finally, we propose distinct roles for the ARMCS8 isoforms; while both ARMC8a and
155 ARMCS8p assemble stable hGID complexes, only ARMC8a is able to recruit GID4.

156

157 Results

158

159 The hGID complex uses distinct substrate modules to target different substrates

160

161 In order to identify subunits within the hGID complex that are involved in substrate
162 recruitment, we generated siRNA against ARMC8, GID4, RanBP9 and WDR26. While siRNA-
163  depletion of ARMCS8 and GID4 expression did not affect endogenous protein levels of HBP1,
164  reduction of RanBP9 and WDR26 lead to an accumulation of HBP1 in HeLa Kyoto cells (Fig.
165 1A). Consistently, ectopic co-expression of WDR26 and HBP1 prominently decreased HBP1
166 levels in a MG132-dependent manner, which was not the case when HBP1 was co-expressed
167 with GID4 (Fig. 1B). Conversely, overexpression of GID4, but not WDR26, substantially
168 decreased ZMYND19 levels (Fig. 1C). Taken together, these data suggest that HBP1 is
169 targeted for proteasomal degradation in a WDR26/RanBP9-dependent manner, while
170 ZMYND19 is a GID4/ARMCS8-dependent substrate of the hGID complex (Fig. 1D).

171 To biochemically test this hypothesis, we conducted in vitro ubiquitination assays for
172 HBP1 and ZYMND19 in the presence of hGID complexes with defined subunit composition.
173  Different hGID sub-complexes and full-length GID4 were purified from Sf9 insect cells using
174  a multi-step column purification (Fig. 2A, Suppl. Fig. 1A-D), and likewise, the substrates
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175 HBP1 and ZMYND19 were expressed and purified to homogeneity (Fig. 2B, Suppl. Fig. 1E
176 and F). Interestingly, the minimal hGID complex required to achieve efficient HBP1
177  ubiquitination was composed of the catalytic core (MAEA, RMND5a and TWA1) together with
178 WDR26 (Fig. 2C). Although RanBP9 forms a stable complex with WDR26 (Suppl. Fig. 1G),
179  addition of RanBP9 only slightly enhanced HBP1 ubiquitination (Fig. 2C). hGID complexes
180 lacking both WDR26 and RanBP9, but containing ARMC8, were unable to ubiquitinate HBP1
181 (Fig. 20), Likewise, hGID complexes composed of the core subunits MAEA, RMND5a and
182 TWAL, together with ARMC8 and GID4 only poorly ubiquitinated HBP1 in vitro (Fig. 2D).
183  Addition of GID4 and/or ARMCS8 to complexes containing WDR26/RanBP9 had no effect (Fig.
184  2D). Thus, we conclude that WDR26/RanBP9, but not the GID4/ARMC8 module, promotes
185 the E3 ligase activity of the hGID complex towards HBP1.

186 Conversely, ZMYND19 ubiquitination in vitro was dependent on the GID4 subunit, as
187 a hGID complex containing the core subunits along with WDR26, RanBP9 and ARMC8 was
188 not capable of ubiquitinating ZMYND19 (Fig. 2E). This ubiquitination was substantially
189 inhibited in the presence of a 10-fold excess of a GID4-specific peptide (Dong et al, 2018),
190 consistent with a role of GID4-mediated targeting of ZMYND19. Surprisingly, ZMYND19 does
191 not contain a Pro/N-end rule-degron (Fig. 2F), implying that the GID4 binding pocket may also
192  recognize substrates via internal degron motifs.

193

194 WDR26/RanBP9-containing hGID complexes assemble ring-shaped tetramers

195

196 Size exclusion purification of the HBP1-targeting hGID complex (MAEA, RMND5a,
197 TWAL, WDR26 and RanBP9) by Superose 6 column showed one predominant peak with an
198 elution profile much larger than the expected monomeric size of 260 kDa. Consistently,
199  oligomerization of hGID was confirmed by SEC-MALS analysis, where the five-subunit hGID
200 complex eluted in a broad peak largely at 1.1 MDa, indicative of a tetrameric assembly (Fig.
201  3A). In contrast, hGID complexes lacking RanBP9 revealed two peaks with identical subunit
202  composition (Suppl. Fig. 1C and D), suggesting an equilibrium between two oligomeric
203  states. Oligomerization of the hGID complex also occurs in vivo, as shown by co-
204  immunoprecipitation of differentially-tagged subunits (Kobayashi et al, 2007). Moreover,
205 MAEA, RMND5a, TWAL, WDR26 and RanBP9 are found in the same peak fraction with a
206  proposed molecular weight of more than 1.6 MDa in the SECexplorer web platform (Suppl.
207  Fig. 1H) (Heusel et al, 2019).

208 To gain better molecular insight into the assembly and oligomerization of the hGID-
209 RanBP9/WDR26 complex, we performed cross-linking mass spectrometry analysis (XL-MS)
210 (Fig. 3B). As expected, extended interactions were detected between the two RING-domain
211  containing subunits (MAEA and RMND5a) via their LisH and CTLH domains. LisH and CTLH


https://doi.org/10.1101/2021.04.07.438752
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.07.438752; this version posted April 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

212  domains form thermodynamically stable dimers (Gerlitz et al, 2005), and are thus expected to
213  beinvolved in assembly. A dense cross-linking pattern was also detected between RanBP9’s
214  LisH and CTLH domains and the CRA domain of TWALl. RanBP9’s SPRY domain also
215  interacts with the WD40 domain of WDR26, while no cross-links could be observed between
216 WDRZ26 and the other subunits (Fig. 3B). Based on these data, we speculate that RanBP9
217  adopts an elongated structure characteristic of a scaffolding function.

218 To corroborate these interactions, we pursued single particle cryo-electron microscopy
219  (cryo-EM) analysis of the stable hGID complex composed of its catalytic core (MAEA,
220 RMND5a, TWA1L) bound to the WDR26/RanBP9 substrate module (Suppl. Fig. 2A). Single
221  particle analysis of the five subunit GID complex (Suppl. Table 3) revealed that hGID
222  assembles into a ring-shaped complex with a diameter of ~270 A. 2D classification of the
223  particles showed circular class averages with twofold symmetry (Scheres, 2016) (Suppl. Fig.
224  2B). The circular scaffold is approximately 25 A wide, and is decorated with inward facing
225  protrusions. Comparing the 2D classes revealed that the ring diameter varies slightly, which
226 indicates flexibility of the scaffold ring. Initial model generation with CryoSPARC (Punjani et
227  al, 2017) uncovered a D2 symmetric arrangement, consistent with a tetramer of five-subunit
228 GID complexes. To address the conformational flexibility of the scaffold ring, we employed 3D
229 classification after symmetry expansion to refine a cryo-EM map of the asymmetric unit to
230 subnanometer resolution (Fig. 3C). In the cryo-EM map of the asymmetric unit, we could
231  locate the WD40-propeller of WDR26, which represents the largest protein fold present in the
232  GID subunits. The resolution did not allow an unambiguous assignment of the alpha-helical
233 modules or other domains. The WD40-propeller of WDR26 protrudes from an elongated
234  scaffold-like density. In the tetramer, two WDR26 subunits contact each other via their WD40
235  propellers, suggesting a possible role in oligomerization. Moreover, the WD40 propeller seems
236  to be in a conformation primed for substrate recruitment (Fig. 3C). To investigate a possible
237  role of the WD40 propeller in substrate recruitment, we over-expressed a WDR26-mutant
238  lacking its WD40 domain, together with HBP1 in HEK-293T cells. Interestingly, this mutant
239 was unable to degrade HBP1 (Fig. 3D), suggesting that the WD40 domain of WDR26 is
240 functionally relevant in vivo. Taken together, these data demonstrate that the HBP1-degrading
241 hGID complex composed of MAEA, RMND5a, TWA1, WDR26 and RanBP9 forms a ring-like,
242  tetrameric structure, possibly stabilized by interactions with the WD40 domains of WDR26.
243

244  ARMCS8o. but not ARMCS8p recruits GID4 to the core complex, but does not prevent
245  binding of the WDR26/RanBP9 module

246

247 Previous cryo-EM structural analysis of the yeast Gid4-containing GID complex (Gid1,
248  Gid2, Gid4, Gid5, Gid8 and Gid9) lacking WDR26/Gid7 revealed a monomeric assembly in
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249  which Gid4 binds Gid5, the yeast ARMC8 homologue (Qiao et al, 2019). Consistently, human
250 GID4 also requires ARMCS8 to be recruited into the GID complex in vitro (Suppl. Fig. 3A).
251 Mammalian cells express two main ARMCS8 isoforms, ARMC8a (residues 1-673) and
252  ARMCS (residues 1-385) (Fig. 4A), which are both expressed at comparable levels in HEK-
253  293T cells (Fig. 4B). Interestingly, ARMCB8 lacks the conserved C-terminal domain, which in
254  yeast Gid5 has been implicated in Gid4 binding (Qiao et al, 2019) (Suppl. Fig. 3B). This
255  suggests that ARMC8a, but not ARMCS8, is able to recruit GID4. To test this hypothesis, we
256  first performed immunoprecipitation assays using HSS-tagged WDR26 and FLAG-tagged
257  GID4. While ARMCS8a readily co-purified with GID4 complexes, ARMCS8 fails to interact with
258 human GID4 in vivo (Fig. 4C). In contrast, both ARMC8a and ARMCS8 co-immunoprecipitate
259  with WDR26, suggesting that their binding does not compete with the WDR26/RanBP9
260 module.

261 To directly test assembly of these ARMCS8 isoforms with GID4 and other members of
262  the GID core complex in vitro, we reconstituted hGID complexes containing either ARMC8a
263 or ARMCS8p (Fig. 4D). Indeed, while both ARMC8a. and ARMCS8p readily integrate into the
264  complex, GID4 was only present in ARMCB8a-containing complexes (Fig. 4D). Consistent with
265  this observation, ARMCS8pB-containing hGID complexes showed a prominent reduction in
266  GID4-dependent ubiquitination activity compared to ARMC8a controls (Fig. 4E). Finally,
267  purified ARMCB8a, but not ARMC8, was able to bind GID4 in vitro (Suppl. Fig. 3C). Taken
268  together, these results suggest an isoform-dependent regulation of hGID activity, where
269 ARMCS8B-bound hGID is not able to bind the GID4 substrate receptor and has reduced
270  ubiquitination activity towards GID4 substrates (Fig. 4F).

271 To gain deeper molecular insights into the ARMCB8B-containing hGID complex, we
272  analyzed the 6-subunit hGID assembly (MAEA, RMND5a, TWAL1, WDR26, RanBP9 and
273  ARMCS8p) by XL-MS and single particle cryo-EM. Size exclusion purification of this complex
274 by Superose 6 column showed one main peak, indicative of a stable complex of similar size
275  as compared to the 5-subunit complex lacking ARMCS8B (Suppl. Fig. 3D). ARMCS8B showed
276  prominent cross-links with the C-terminal CRA domain of TWAL1 and RanBP9’s LisH and
277  CTLH domains (Fig. 4G). ARMCS8p also connects to MAEA and RMND5a by several cross-
278 links, and forms a dense network of cross-links within the core subunits and RanBP9,
279  suggesting that it closely binds and stabilizes these subunits. Oligomerization was further
280 supported by cross-links between the same lysine residues in MAEA, ARMC8( and TWAL.
281 Indeed, cryo-EM demonstrated that ARMCB8B-containing hGID complexes maintain the
282  tetrameric ring-like architecture of the 5-subunit hGID complex (Fig. 4H, Suppl. Fig. 3E).

283  However, ARMCB8p-containing hGID complexes appeared more rigid with an extra density
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284  near the interface of the subunits, suggesting that ARMCB8 stabilizes the oligomeric assembly
285  (Fig. 4l, Suppl. Fig. 3F).

286 Identifying the position of ARMCB8 in the hGID assembly (Fig. 41, and Fig. 5A), and
287  fitting a hGID homology model based on the yeast structure, facilitated the assignment of the
288  remaining GID subunits and domains, such as RanBP9 and TWAL, in the cryo-EM map of the
289 complex (Fig. 5B). We generated homology models for ARMC8@3, RanBP9 (SPRY and LisH
290 domain) and TWAL (LisH, CTLH, and CRA domains) based on the structure of Gidl and
291  homology modelling of Gid8, respectively (Fig. 5B). Consistent with the XL-MS data (Fig. 3B
292 and Fig. 4G), RanBP9 and TWA1 mediate major interactions via the LisH and CTLH/CRA
293 domains, respectively (Fig. 5C). Furthermore, the SPRY domain of RanBP9 approaches the
294  WD40 domain of WDR26, as also confirmed by several cross-links between these domains
295 (Fig. 3B, Suppl. Fig. 4A). Moreover, in our fitted model, the WD40 domain of WDR26 is
296  positioned far from ARMCS8 and the RING module, suggesting that WDR26 does not contact
297 these subunits directly. Based on the yeast GID structure, MAEA (homologue of Gid9)
298 localizes next to TWAL (Fig. 5B and C), which places the catalytic RING module (MAEA and
299 RMND5a) at the second dimerization interface. In vitro pull-down assays did not show any
300 directinteraction between the RING module (MAEA and RMND5a) and ARMC8-GID4 nor with
301 RanBP9 (Suppl. Fig. 4B and C). Rather, TWA1 was necessary to link RanBP9 and ARMC8-
302  GID4 to the catalytic module. Finally, fitting the yeast Gid5-Gid4 module into the cryo-EM map
303 of the human GID complex shows no steric clashes between the two substrate recruitment
304 subunits, GID4 and WDR26 (Fig. 5D). This suggests that the hGID complex may

305 simultaneously engage the two substrate recruitment receptors.

306

307 Discussion

308

309 This study provides a molecular framework for how the human GID E3 ligase recruits

310 its substrates. Several multi-subunit E3 ligase complexes use dedicated subunits for catalytic
311  activity and substrate recruitment. For example, Cullin-RING ligases (CRL) engage one out of
312  alarge family of substrate receptors, and their assembly is regulated by substrate availability
313 and the exchange factor CAND1 (Pierce et al, 2013). Our results identified ARMC8a-GID4
314 and RanBP9-WDR26 as distinct substrate-recruitment modules of human GID complexes. In
315 addition to Gid4, yeast cells express two alternative substrate receptors, Gid10 and Gid11,
316  which all interact with the GID E3 ligase complex through Gid5/ARMCS8 (Melnykov et al, 2019,
317 Edwin Kong et al, 2021). Gid4 and Gid10 bind substrates containing an N-Pro degron motif
318 (Dong et al, 2020), although systematic screening identified many candidates that do not fulfill
319 these criteria (Edwin Kong et al, 2021). Similarly, human GID4 may also recognize substrates
320 like ZMYND19 that lack N-Pro degron motifs. Nevertheless, GID4-dependent ubiquitination of
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321 ZMYND19 in vitro required a functional N-Pro binding pocket, and it will thus be interesting to
322  determine how this substrate class is recognized. Using bioinformatic criteria, no mammalian
323  GID4-like substrate receptors have been detected, and it may thus be interesting to screen
324  for ARMCS8a-interacting proteins to expand the substrate-receptor family.

325 We previously found that WDR26/Gid7 regulates the cell cycle by targeting the tumor
326  suppressor HBP1 (Lampert et al, 2018). Indeed, WDR26 is overexpressed in many human
327  tumors, and, intriguingly, our results suggest that overexpression is sufficient to trigger HBP1
328 degradation. This activity requires its WD40 domain, which may be involved in substrate
329 recognition, analogous to DCAF substrate adaptors of CRL4 (Angers et al, 2006).
330 Interestingly, the cell cycle function of WDR26 requires RanBP9 and the catalytic core
331  subunits, but not ARMC8a or GID4. Similarly, yeast Gid7 is not necessary to degrade N-Pro
332  substrates (Qiao et al, 2019), and thus further work is needed to identify cognate WDR26/Gid7
333  targets.

334 Fitting the available yeast GID structure (Qiao et al, 2019) into the hGID cryo-EM map
335 confirms that the overall structural fold of the GID complex is conserved between yeast and
336 human. Indeed, biochemical data demonstrates that the hGID E3 ligase complex uses
337 ARMCB8-GID4 as a substrate-recognition module. We observed no direct binding of either
338 ARMCS nor RanBP9 with the catalytic RING-containing subunits, suggesting that the central
339 scaffold TWAL may bridge these interactions. However, the described yeast GID complex
340 lacks WDR26/Gid7, which we show in the human counterpart directly interacts with RanBP9.
341  Thus, consistent with the in vivo data, ARMC8 and RanBP9 may function as adaptors to recruit
342  distinct substrate receptors, WDR26 or GID4, respectively. Unlike CRL complexes, the spatial
343  organization of the hGID complex suggests that both WDR26 and GID4 can be recruited at
344  the same time (Fig. 5D), as they interact through distinct surfaces. The hGID complex may
345 therefore function as a single unit with separate substrate recruitment modules, or exist as
346 individual complexes that may favor one substrate recruitment module over the other.

347 Interestingly, while the yeast GID complex lacking WDR26/Gid7 is monomeric, the
348 human GID complex assembles into a stable tetramer, with WDR26 and two catalytic RING
349  modules forming oligomerization interfaces at both ends. This means that four RING domains
350 may be positioned next to each other. Since hGID tetramers are active, it is possible that the
351 bundled catalytic subunits cooperate with each other to increase poly-ubiquitination of cognate
352  substrates. Alternatively, tetramerization may stabilize hGID complexes and favorably position
353  bound substrates and the catalytic core units to allow efficient ubiquitin transfer from the E2
354  enzymes. However, the relative assembly and arrangement of the distinct substrate-recruiting
355 modules in the tetramer remains to be explored. Finally, analogous to other multimeric

356 complexes, sequestration of subunits may increase their half-life by protecting against auto-
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357 ubiquitination and self-destruction, presumably by burying ubiquitination sites and disordered
358 regions required for proteasomal recognition (Mallik & Kundu, 2018).

359 Although the functional importance of hGID oligomerization remains unclear, it is
360 interesting to note that similar properties have recently been described for other multi-subunit
361 E3 ligases. For example, DCAF1 promotes oligomerization of CRL4 (Mohamed et al, 2021),
362 and the Cul3-BTB adaptor SPOP polymerizes these CRL complexes and drives phase
363 separation in cells (Cuneo & Mittag, 2019). Some E3 ligases are inhibited by oligomerization,
364  while others oligomerize to increase catalytic activity (Balaji & Hoppe, 2020). Thus, further
365  work will be required to understand the mechanism and function of oligomerization of hGID
366 complexes.

367 Several E3 RING ligases regulate their catalytic activity by posttranslational
368 moadifications, such as phosphorylation, as in the cases of c-Cbl (Levkowitz et al, 1999), MDM2
369 (Khosravi et al, 1999) and NEDD4 (Debonneville et al, 2001). In addition, CRL activity is
370 activated by covalent attachment of NEDDS8, which promotes ubiquitin transfer to bound
371 substrates (Duda et al, 2008). Interestingly, neddylation also prevents CAND1-mediated
372  exchange of substrate adaptors, which is critical to dynamically assemble the required
373  repertoire of cellular CRL complexes. Here, we uncovered an unconventional mechanism for
374 how hGID complexes regulate their activity towards ARMCS8/GID4 or WDR26/RanBP9-
375 dependent substrates. We showed that human GID complexes can prevent GID4 recruitment
376 by incorporating the shorter ARMC8p isoform (Fig. 4F). ARMC8) was previously described
377 as anintegral part of the hGID complex (Maitland et al, 2019; Kobayashi et al, 2007), and our
378 results demonstrate that ARMCS8p incorporation neither affects the oligomeric state (Suppl.
379  Fig. 3D) nor the overall shape (Fig. 4l), but rather stabilizes the tetramer. Regulating the
380 cellular levels or assembly of ARMC8a and ARMCS8 into the complex may thus alter the
381 stability of GID4 substrates in vivo. It will be interesting to determine whether hGID tetramers
382  have variable ARMC8a and ARMCS8 ratios and if cellular factors are needed to exchange
383 these stably bound subunits to differentially modulate hGID-dependent substrate degradation.
384

385 Materials and Methods

386
387  Cell culture, immunoprecipitation and western blot experiments
388 HelLa Koyoto, HEK-293T, and RPE cells were grown in NUNC cell culture dishes in

389 Dulbecco’s modified medium (DMEM) from Invitrogen supplemented with 10% FBS and 1%
390 Penicillin-Streptomycin-Glutamine 100x (PSG, Life Technologies). ON-TARGETplus
391 SMARTpool siRNA reagents targeting corresponding genes (ARMCS8 #L-018876-00; hGID4
392  #L-017343-02; RanBP9 #L-012061-00; WDR26 #L-032006-01; Non-targeting Pool #D-

393 001810-10) were purchased from Horizon Discovery. Briefly, HeLa Kyoto cells were
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394 transfected with 50nM of SiRNA reagents using Lipofectamine 2000 (Thermo Fisher Scientific)
395 according to the manufacturer’s specifications. Cells were harvested after 72h in denaturing
396 urea/SDS buffer, and protein levels of corresponding hGID subunits or HBP1 were detected
397 by immunoblotting.

398 To co-express HBP1 or ZMYND19 with WDR26, WDR26-AWD40 or GID4, 10 cm
399 dishes of HEK-293T cells were transfected with either 6 ug of pcDNA5-HA-Strep-Strep (HSS)-
400 HBP1 or pcDNA5-HSS-ZMYND19 alone, or together with 6 ug pcDNA5-HSS-WDRZ26,
401 pcDNA5-HSS-WDR26-AWD40 or pcDNA5-FLAG-GID4. The media was changed after 14-
402  16h and treated for 10 hours with 5 uM MG132 or for control DMSO. Cells were harvested
403  ~48h post transfection, and lysed in 50 mM Tris-HCI pH 8.0, 150 mM NacCl, 1% NP-40, 0.5%
404  sodium deoxycholate, 0.1% SDS and Complete Protease Inhibitor Cocktail (Roche). Lysates
405 were cleared by centrifugation for 5 mins at 5000 rpm, and protein concentrations were
406 normalized to 1 mg total protein using buffer containing Tris pH 7.7, 200 mM NacCl, and 0.5
407  mM tris(2-carboxyethyl)phosphine (TCEP).

408 For immunoprecipitation experiments, lysates were loaded on Strep or Flag beads,
409 and incubated for 1 h at 4 °C. Beads were then washed three times with the lysis buffer (40
410 mM Tris-HCI pH 7.4, 120 mM NaCl, 1 mM EDTA, 0.3% CHAPS, 1 mM PMSF, 10% Glycerol,
411 0.5 mM TCEP, 1x PhosSTOP, and 1x Complete Protease Inhibitor Cocktail (Roche)), eluted
412  with SDS-loading dye and incubated 5 mins at 95 °C, before analyzing bound proteins by
413  immunoblotting.

414 Proteins were resolved by standard SDS-PAGE or NUPAGE 4-12% Bis-Tris Protein
415  Gels (Invitrogen) before transfer onto Immobilon-PVDF or Nitrocellulose transfer membranes
416  (Millipore). Before incubation with the respective primary antibodies, membranes were
417  blocked in 5% milk-PBST (MIGROS) for 1h. For protein detection primary antibodies against
418 ZMYND19 (ab86555, Abcam), HBP1 (11746-1-AP, Protein Tech Group), ARMCS8 (sc-365307,
419 SantaCruz), WDR26 (A302-244A, Bethyl Laboratories), TWAL (5305, Prosci-Inc), MAEA
420 (AF7288-SP, R&D Systems Europe Ltd), RanBP9 (A304-779A, Bethyl Laboratories), FLAG
421 (M2, F3165, Sigma-Aldrich or F7425, Sigma-Aldrich), ubiquitin conjugates (P4D1, sc-8017,
422  Santa Cruz), and GADPH (G-8795, Sigma-Aldrich) were used. Secondary antibodies were
423  goat anti-mouse IgG HRP (170-6516, Bio-Rad), goat anti-rabbit IgG HRP (170-6515, Bio-
424  Rad). Proteins were visualized with SuperSignal™ West Pico PLUS Chemiluminescent
425  Substrate solution (Thermo Fisher) and scanned on a Fusion FX7 imaging system (Witec AG).
426  For re-probing, blots were stripped in ReBlot Plus stripping buffer (2504 Millipore), and
427  washed several times in PBST.

428

12


https://doi.org/10.1101/2021.04.07.438752
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.07.438752; this version posted April 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

429  Sf9 protein expression and purification

430 cDNAs encoding human ARMC8a, ARMCS8[3, RanBP9, TWA1, MAEA, RMND5a,
431 HBP1, GID4, ZMYND19, and WDR26 (121-661), were cloned into pAC8 vector, which is
432  derived from the pBacPAK8 system (ClonTech). Recombinant baculoviruses were prepared
433  in Spodoptera frugiperda (Sf9) cells using the Bac-to-Bac system (Life Technologies).
434  Recombinant protein complexes were expressed in Spodoptera frugiperda by co-infection of
435 single baculoviruses. For the 5-subunit hGID complex (RanBP9, MAEA, RMND5a, WDR26,
436 and TWA1), RanBP9 was expressed with N-terminal Strep (II) tag, MAEA with N-terminal
437  FLAG tag, and RMND5a, WDR26, and TWAL with N-terminal His tag. For the 6-subunit hGID
438 complex (ARMC8, RanBP9, MAEA, RMND5a, WDR26, and TWA1), ARMC8a or ARMC83
439  were expressed with an N-terminal Strep (II) tag, MAEA with N-terminal FLAG tag, RanBP9,
440 and RMND5a, WDR26, and TWA1 with an N-terminal His tag. For the 4-subunit hGID
441 complexes MAEA, RMND5a, WDR26, and TWAL, or MAEA, RMND5a, ARMCS8, and TWAL,
442  WDR26 or ARMCS8 were expressed with N-terminal Strep (Il) tag, MAEA with N-terminal FLAG
443  tag, RMND5a and TWA1 with N-terminal His tag. Full-length HBP1 was expressed with an N-
444  terminal glutathione S-transferase (GST) tag, and ZMYND19 and GID4 with an N-terminal
445  Strep (ll) tag. Cells were harvested 36-48 h after infection and lysed by sonication in Tris-HCI
446 pH 7.7, 200 mM NaCl, 0.5 mM TCEP, including 0.1% Triton X-100, 1x protease inhibitor
447  cocktail (Roche Applied Science) and 1 mM phenylmethanesulfonyl fluoride (PMSF). Lysates
448  were cleared by ultracentrifugation for 45 min at 40,000 g. The supernatant was loaded on
449  Strep-Tactin (IBA life sciences) affinity chromatography beads in buffer containing Tris-HCI
450 pH 7.5,200 mM NaCl and 0.5 mM TCEP. The Strep (Il) elution fractions were further purified
451 viaion exchange chromatography (Poros HQ 50 um, Life Technologies) and subjected to size-
452  exclusion chromatography in a buffer containing 50 mM HEPES pH 7.4, 200 mM NaCl and
453 0.5 mM TCEP. For GID4 and HBP1, 10% of glycerol was added to all buffers. GID4 was
454  purified by size exclusion chromatography in a buffer containing 50 mM MES pH 6.5, 200 mM
455 NaCl and 0.5 mM TCEP. Pure fractions, as judged by SDS-PAGE, were collected and
456  concentrated using 10,000 MWT cut-off centrifugal devices (Amicon Ultra) and stored at -80
457  °C.

458
459  Size Exclusion Chromatography-Multi-Angle Light Scattering (SEC-MALYS)
460 The oligomeric state of the 5-subunit hGID complex (RanBP9, WDR26, MAEA,

461 RMND5a and TWAL) was investigated by multiangle light scattering (MALS) coupled with size
462  exclusion chromatography (SEC). SEC was performed on an Agilent 1200 HPLC system
463  equipped with a diode array detector (DAD) using a Superose 6 10/300 column (Cytiva) in 50
464 mM HEPES pH7.4, 200 mM NaCl and 1mM TCEP. Data from the DAD and miniDAWN Treos-
465 Il (Wyatt Technology) were processed with the Astra V software to determine the weight
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466  averaged molar mass of the protein complex in the main eluting peak, where the calculated
467  protein extinction coefficient of 1000 ml/(g cm) and the average protein dn/dc of 0.185 ml/g
468  were used.

469

470 Invitro ubiquitination and pull-down assays

471 In vitro ubiquitination assays were performed by mixing 0.35 yM hGID complexes and
472 0.2 yM HBP1 or 0.35uyM ZMYND19 with a reaction mixture containing 0.1 uyM E1 (UBAL,
473  BostonBiochem), 1 uM E2 (UBCH5a and UBCH5c, or UBE2H, BostonBiochem) and 20 uM
474  Ubiquitin (Ubiquitin, BostonBiochem). Where indicated, 2 yM GID4 and 20 uM of synthetic
475  GID4-binding peptide (PGLV) were added. Reactions were carried out in 50 mM Tris pH 7.7,
476 200 mM NaCl, 10 mM MgCl,, 0.2mM CaCl,, 3mM ATP, 2 mM DTT, 0.1x TritonX, 10%
477  glycerol, and 0.1 mg ml™ BSA, and incubated for 120 min at 35 °C. Reactions were stopped
478  with SDS loading dye, and analyzed by western blot using anti-HBP1 (11746-1-AP, Protein
479  Tech Group, 1:500) or anti-ZMYND219 antibody (ab86555, Abcam, 1:500).

480 For GID4-dependent in vitro ubiquitination reactions, 0.35uM hGID complexes
481 (RANBP9, MAEA, RMND5a, WDR26, and TWA1) with either ARMC8a or ARMCS8B were
482  mixed with 0.2 yM ZMYND19 and 2 pyM GID4, in the presence or absence of 40 yM GID4-
483  binding synthetic peptide (PGLV). Reactions were carried out in 50 mM Tris pH 7.7, 200 mM
484  NaCl, 10 mM MgCl,, 0.2 mM CaClz, 3mM ATP, 2 mM DTT, 0.1x TritonX, 10% glycerol, and
485 0.1 mg mI™t BSA, and incubated for 120 min at 33 °C. Reactions were then analyzed by
486  western blot using anti-Ubiquitin (P4D1) primary antibody (Santa Cruz).

487 For pull-down assays in Sf9 cells, 100 yL of baculoviruses of the 5-subunit hGID
488 complex: Strep-RanBP9, His-WDR26, FLAG-MAEA, His-RMND5a, and His-TWA, with His-
489  GID4 and His-ARMCS8a or His-Armc8p were co-infected in 10 ml of Sf9 cells. Infected cells
490 were incubated at 27 °C for 48 h, and lysed by sonication in Tris-HCI pH 7.7, 200 mM NacCl,
491 0.5 mM TCEP, including 0.1% Triton X-100, 1x protease inhibitor cocktail (Roche Applied
492  Science), and 1 mM PMSF. Lysates were cleared by centrifugation at 14,000 g for 30 minutes,
493 and 1 ml of soluble protein fractions were incubated for 1 h at 4 °C with 20 pyL Strep-Tactin
494  Macroprep beads (IBA lifesciences). Beads were washed three times with lysis buffer, and
495  bound proteins were eluted in 20 uL of SDS loading dye and heated at 95 °C for 2 min.

496

497  Cross-linking mass spectrometry

498 Two different cross-linking protocols were used in this work, based on the amine-
499 reactive disuccinimidyl suberate (DSS) (Leitner et al, 2013) and a combination of pimelic
500 dihydrazide (PDH) and the coupling reagent 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
501  methylmorpholinium (DMTMM) chloride (Mohammadi et al, 2021; Leitner et al, 2014). DSS

502 was obtained as a 1:1 mixture of “light” (do) and “heavy” (di2) isotopic variants from Creative
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503 Molecules, Inc. Light (do) PDH was obtained from ABCR, heavy (dio) PDH from Sigma-Aldrich;
504 DMTMM chloride was also obtained from Sigma-Aldrich.

505 Cross-linking conditions were optimized in screening experiments on the 5-subunit
506 hGID complex using SDS-PAGE as a readout and 1 mM DSS (do/d12) and 22 mM PDH (do/d10)
507 +4.4 mM DMTMM were selected as the optimal conditions. The low concentration of DMTMM
508 relative to PDH results in the dominant formation of zero-length cross-links over the integration
509 of the dihydrazide linker (Mohammadi et al, 2021). For XL-MS, protein complexes were
510 prepared at a total protein concentration of 1 mg/ml in a buffer containing 50 mM HEPES pH
511 7.4, 200 mM NaCl, 1mM TCEP and cross-linked at 50 ug scale. DSS cross-linking was
512  performed at 37 °C for 30 min, followed by a quenching step (50 mM NH4HCO3) for 30 min at
513 the same temperature. PDH+DMTMM cross-linking was performed for 45 min at 37 °C
514 followed by removal of the reagents by gel filtration (Zeba spin desalting columns,
515  ThermoFisher Scientific).

516 After quenching or gel filtration, samples were dried in a vacuum centrifuge and
517 redissolved in 8 M urea solution for reduction (2.5 mM tris-2-carboxyethyl phosphine, 37 °C,
518 30 min) and alkylation (5 mM iodoacetamide, 23 °C, 30 min in the dark) steps. Samples were
519 then diluted to ~5.5 M urea with 150 mM NH4HCO3 before addition of endoproteinase Lys-C
520 (Wako, 1:100, 37 °C, 2 h), followed by a second dilution step to ~1 M urea with 50 mM
521 NH4HCOs; and addition of trypsin (Promega, 1:50, 37 °C, overnight). After overnight
522  incubation, samples were acidified to 2% (v/v) formic acid and purified by solid-phase
523  extraction (SepPak tC18 cartridges, Waters). Purified samples were fractionated by peptide-
524  level size-exclusion chromatography (SEC) (Leitner et al, 2013; 2012)) using Superdex
525  Peptide PC 3.2/300 (for the 5-subunit hGID complex) or Superdex 30 Increase 3.2/300 (for
526  the 6-subunit hGID complex) columns (both GE Healthcare). Three high-mass fractions
527  enriched in cross-linked peptide pairs were collected for MS analysis.

528 Liquid chromatography-tandem mass spectrometry (LC-MS/MS) was performed on an
529 Easy nLC 1200 HPLC system connected to an Orbitrap Fusion Lumos mass spectrometer
530 (both ThermoFisher Scientific). Peptides were separated on an Acclaim PepMap RSLC Cis
531  column (250 mm x 75 um, ThermoFisher Scientific). The LC gradient was set from 9 to 40%
532  mobile phase B in 60 min, mobile phases were A = water/acetonitrile/formic acid (98:2:0.15,
533  v/vlv) and B = acetonitrile/water/formic acid (80:20:0.15, v/v/v), and the flow rate was 300
534  nl/min.

535 Each SEC fraction was injected in duplicate with two different data-dependent
536  acquisition methods for MS analysis. Both methods used a top-speed method with 3 s cycle
537 time and detection of precursors in the Orbitrap analyzer at 120000 resolution. Precursors
538 were selected for fragmentation if they had a charge state between 3+ and 7+ and an m/z

539  between 350 and 1500, and were fragmented in the linear ion trap at a normalized collision
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540 energy of 35%. The high-resolution method used detection of the fragment ions in the Orbitrap
541  at 30000 resolution; the low-resolution method used detection in the linear ion trap at rapid
542  scan speed. The two different methods were selected to benefit from either the higher mass
543  accuracy of Orbitrap detection or the higher sensitivity of ion trap detection. xQuest (version
544  2.1.5, available from https://gitlab.ethz.ch/leitner lab/xquest xprophet (Walzthoeni et al,
545  2012; Leitner et al, 2013)) was used to identify cross-linked peptide pairs. MS/MS spectra

546  were searched against custom databases containing the target protein sequences and
547  contaminant proteins and their randomized entries. Important search parameters included:
548 Enzyme specificity = trypsin (no cleavage before P) with maximum two missed cleavages,
549  precursor mass tolerance = 15 ppm, fragment mass tolerance = 15 ppm for Orbitrap detection
550 or 0.2/0.3 Da (common/cross-link ions) for ion trap detection. Oxidation of Met was selected
551 as a variable modification, carbamidomethylation of Cys as a fixed modification. DSS was
552  assumed to react with Lys or the protein N termini; PDH was assumed to react with Asp and
553  Glu; DMTMM was assumed to react with Lys and Asp or Lys and Glu. Primary search results
554  were filtered with a more stringent error tolerance (-5 to +1 ppm for the 5-subunit hGID
555 complex, 0 to +5 ppm for the 6-subunit hGID complex), and were required to have xQuest
556 deltaS scores <0.9 and TIC scores 20.1 (DSS) or 20.15 (DMTMM). The remaining spectra
557 were manually evaluated to have at least four bond cleavages in total per peptide or three
558 consecutive bond cleavages per peptide. Ambiguous identifications containing peptides that
559  could be mapped to more than one protein (from tags) were removed. Finally, an xQuest score
560 cut-off was selected so that the false positive rate was at 5% or less at the non-redundant
561 peptide pair level. All cross-link identifications are provided in Sl Tables 1, 2, 4, and 5. The
562 mass spectrometry proteomics data have been deposited to the ProteomeXchange
563  Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner repository
564  (Perez-Riverol et al, 2019) with the dataset identifier PXD024822. XL-MS data in Figures 3B
565 and 4H were visualized with XINET (Combe et al, 2015).

566

567 Sample preparation and cryo electron microscopy analysis

568 In order to increase the stability of the 5-subunit and the 6-subunit hGID complexes,
569 the gradient fixation (GraFix) protocol was applied (Stark, 2010). Briefly, samples were loaded
570 on a glycerol gradient (10%-40% w/v) in the presence of the cross-linker glutaraldehyde
571  (0.25% v/v), followed by ultracentrifugation (SW40Ti rotor) at 35,000 rpm for 18 h at 4 °C.
572  Peak fractions containing the protein complexes were collected and buffer exchange for
573  glycerol removal was performed by Zeba Spin columns in a buffer containing 50 mM HEPES
574 pH 7.4, 200 mM NacCl, 1mM TCEP and 0.01% NP40 for the 5-subunit hGID complex, and
575  0.05% NP40 for the 6-subunit hGID complex. 4 uL sample (0.08-0.15 mg/ml) was then spotted
576  on glow discharged Quantifoil holey grids (R2.2, Cu 300 mesh, Quantifoil Micro Tools GmbH,

16


https://gitlab.ethz.ch/leitner_lab/xquest_xprophet
https://doi.org/10.1101/2021.04.07.438752
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.07.438752; this version posted April 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

577  Grosslobichau, Germany) after floating them with continuous 1 nm carbon film. Grids were
578 incubated for 20-60 s at 4 °C and 100% humidity, blotted for 1 s with Whatman no.1 filter paper
579  and vitrified by plunging into liquid ethane (Vitrobot, ThermoFischer).

580 Data collection: Three datasets of GID pentamer and one dataset of GID-ARMCS8j3
581 complexes were collected with the Titan Krios cryo-electron microscope (Thermo Fisher
582  Scientific Inc., Waltham MA) operated at 300kV, using the K2 and K3 direct electron detectors
583 (Gatan Inc., Pleasanton CA), operated in counting or super-resolution mode. Data collection
584  parameters are compiled in Sl Table 3.

585

586 Cryo-EM Data analysis of the 5-subunit hGID map

587 Data acquisition and preprocessing: All micrographs were drift corrected with
588 MotionCor2 using a 5 by 5 patch (Li et al, 2013). In addition, micrographs recorded on the K3
589 detector in super-resolution mode were binned twofold with MotionCor2. Defocus of the drift
590 corrected averages was determined by CTF fitting with Getf (Zhang, 2016). For each dataset,
591 particles from 10 micrographs representative of the defocus range of the entire dataset were
592 manually selected. The manually selected particle positions were used to train a neural
593  network in order to select particle of the entire dataset with crYOLO (Wagner et al, 2019). A
594  total of 815538 particles were selected (88564 from dataset 1, 538734 from dataset 2, 188240
595 from dataset 3). Accuracy of automated particle selection was verified by manual inspection
596  of particle positions.

597 2D Classification (GID pentamer): Image processing was carried out in Relion 3.1
598 (Scheres, 2016). Particles from datasets 1, 2, and 3 were extracted (box size 720, scaled to
599 96 pixels, resulting pixel size 6.3 A/pixel) and combined into a single file with 815538 particles.
600 Particles were subjected to two rounds of 2D classification into 100 classes. After the first
601 round, 569845 particles (69%) were selected, rejecting obvious junk classes (ice blobs,
602 edges). The selected particles were subjected to 2D classification in a second round with
603 429682 particles selected (75%) after removal of junk classes and obviously broken particles.
604 The selected particles were re-extracted with a box size of 720 pixels, scaled to 180 pixels
605 (resulting pixel size: 3.38 A/pixel), and recentered by application of shifts applied during
606  classification.

607 Initial model generation: An initial model of GID pentamer was generated in
608 cryoSPARC (Punjani et al, 2017). Particles selected from dataset 2 and 3 of GID pentamer
609 complex were extracted with a box size of 640 pixels and binned to 128 pixels (pixel size: 3.36
610  A/pixel). After one round of 2D classification, junk classes (ice blobs, edges) were discarded
611 and the remaining particles were used for initial model generation with 3 classes. The initial
612  model generation without application of symmetry or with C2 symmetry resulted in ring shaped

613  reconstruction with a strong density for one half of the ring with twofold symmetry. The
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614  application of D2 symmetry resulted in a ring-shaped reconstruction that matched the map for
615 the initial models calculated with C1 and C2 symmetry and showed projections corresponding
616 tothering-shaped class averages. This model was used as an initial model for heterogeneous
617 refinement into three classes resulting in three models that were very similar, one of which
618 was chosen as initial model for further processing.

619 3D structure refinement: Particles were 3D classified into 10 classes without
620 application of symmetry, using a model generated with cryoSPARC as initial model. The
621  reconstruction of class 10 showed the hallmark D2 symmetry of the intact GID pentamer
622  complex. Class 10 contained 39255 particles, which corresponded to ~9.1% of all particles
623 that entered classification, and refined to a resolution of 19.5 A when refined with application
624  of D2 symmetry. After another step of re-centering and subsequent 2D classification (36134
625 particles selected, 92%), the particles were refined with application of D2 symmetry to a
626 resolution of 17.3 A. The refined particles were D2 symmetry expanded using the
627  relion_particle_symmetry_expand function, resulting in 144536 asymmetric unit particles. One
628 asymmetric unit with additional density at the edges (including the second WDR26 beta-
629  propeller) was carved from the refined map using Chimera volume eraser to create a soft-
630 edged mask. The mask, the map, and the expanded particles were all re-centered to the
631 center of mass of the map. The symmetry expanded, recentered particles were subjected to
632 3D classification. The class that showed detailed structural features in agreement with the
633 map calculated before symmetry expansion contained 33929 ASU particles, and was
634  subjected to a 3D refinement to result in a 9 A resolution map (FSC 0.143 criterion).

635

636 Cryo-EM Data analysis of the 6-subunit hGID map (The 5-subunit GID and ARMCSf
637 complex)

638 In order to localize ARMC8 in the GID complex, a difference map between the GID
639 pentamer and the GID-ARMCB8) complex was calculated. Drift correction of micrographs were
640 performed with MotionCorr (Li et al, 2013) and defocus of the drift corrected averages was
641 determined by CTF fitting with Gctf (Zhang, 2016), resulting in a data set of dataset 3048
642  micrographs. Particles from 10 representative micrographs were manually selected and used
643  to train a neural network in order to pick particles of the remaining dataset with crYOLO
644  (Wagner et al, 2019). A total of 73559 particles of GID-ARMCS8p were selected and accuracy
645  of automated particle selection was verified by manual inspection. A combined set of particles
646 from datasets 2 and 3 of GID pentamer was used to calculate a map for comparison,
647  undergoing identical processing steps as the GID-ARMCS8p data. Particles were extracted and
648  binned to the same pixel size of 8.4 A/pixel (GID pentamer: 815538 particles, box size 640
649  pixels, scaled to box size of 64 pixels, GID-ARMCS8p complex: 73559 particles, box size 504
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650 pixels, scaled to a box size of 64 pixels). Both sets were subjected to three rounds of 2D
651 classification into 100 classes where obvious junk classes showing ice contaminations or
652  carbon edges were removed. The GID pentamer particle set was reduced to 197899 particles,
653 GID-ARMCS8p to 25753 particles. The GID pentamer dataset was randomly split and 25753
654  particles were selected. After re-extraction with a box size of 128 pixels and a pixel size of 4.2
655  Alpixel, both particle sets were subjected to a 3D classification into five classes with
656  application of D2 symmetry, using the map of GID filtered to 30 A as initial model for both
657 classifications. In both classifications only one class (GID pentamer: 14550 particles, GID-
658 ARMCSp: 5419 particles) showed the known structural features of the GID complex.
659 Refinement of particles from selected classes with application of D2 symmetry produced the
660 final maps (GID: 20 A resolution, GID-ARMCS8: 22 A resolution). Maps were aligned and

661 difference density was calculated in UCSF Chimera.

662
663 Cryo-EM map interpretation
664 Models for RanBP9 (172-463), TWAL (27-238), the WD40 domain of WDR26 (349-

665 547) and ARMCB8p (31-407) were obtained using homology modelling in Phyre2 (Mezulis et
666 al, 2015) and the crystal structure of the SPRY domain of human RanBP9 (PDB 5JI7 (Hong
667 etal, 2016)). The ring shaped WD40 domain of WDR26 was fitted into the cryo-EM map with
668 the Chimera (Pettersen et al, 2004) fit command (highest correlation 0.95). For the RanBP9,
669 TWAI1 and ARMCS8p subunits of the GID complex, a homology model was assembled by
670  superimposing the homology structures on the yeast GID coordinates (PDB 6SWY; Qiao et
671 al, 2019). The model was placed in the cryo-EM map based on the elongated shape of the
672  ARMCS} difference density and ARMC8p was rigid body docked into the difference density.
673  Based on the placement of ARMC8j3, TWA1/RanBP9 was separately fitted as a rigid body into
674  the ASU map. Subunit placements were cross-checked with cross-linking MS results. For
675 visualization, surface representations of the domains were filtered to 10 A. Images were
676  created using PyMOL (PyMOL, version 2.4.0. New York: Schrodinger Inc., 2020).

677

678 Data availability:

679 Cryo-EM map of the 5-subunit and 6-subunit hGID complexes: Electron Microscopy
680 Data Bank. Cross-linking Mass Spectroscopy: All cross-link identifications are provided in SI
681 Tables 1, 2, 4, and 5. The mass spectrometry proteomics data have been deposited to the
682  ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE
683  partner repository (Perez-Riverol et al, 2019) with the dataset identifier (PXD024822).

684

685
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710 Figure legends:

711

712  Figure 1: The hGID complex uses distinct substrate modules to target different
713 substrates. A. Immunoblot of samples following depletion of WDR26, RanBP9, ARMCS8, and
714  GID4 using pools of siRNAs for 72 hr in HeLa Kyoto cells, and monitoring the endogenous
715  protein levels of HBP1. B. Western blotting of samples after ectopic overexpression in HEK-
716  293T of HBPL1 either alone, or with WDR26 or GID4. The stability of HBP1 was monitored
717  after treatment of MG132 or DMSO for 10 hr. C. Immunoblot of samples following ectopic
718  overexpression in HEK-293T of ZMYND19 either alone, or with WDR26 or GID4. The stability
719  of ZMYND19 was monitored after treatment of MG132 or DMSO for 10 hr. D. A schematic
720 representation visualizing the hGID E3 ligase complex recruiting two distinct modules for
721  substrate recruitment.

722

723  Figure 2: Distinct substrate recruitment modules are required to ubiquitinate HBP1 and
724  ZMYND19 in vitro. A. Coomassie-stained SDS-PAGE showing purified hGID sub-complexes
725  used for in vitro ubiquitination assays. The catalytic core composed of MAEA, RMND5a, and
726  TWAL1 is colored in blue, WDR26 in dark cyan, RanBP9 in light magenta, ARMCS in dark red
727 and GID4 in orange. B. Coomassie-stained SDS-PAGE showing the purified hGID substrates,
728 HBP1 and ZMYND19. C. and D. Western blot analysis of the in vitro ubiquitinated HBP1,
729  which was performed by mixing purified HBP1 with ubiquitin E1, UBCHb5a, and ubiquitin in the
730  presence of the indicated hGID sub-complexes. E. Immunoblots of in vitro ubiquitination of
731  ZMYND19, which was performed by mixing purified ZMYND19 with ubiquitin E1, UBE2H,
732 ubiquitin and the 6-subunit hGID complex (ARCM8, RanBP9, WDR26, MAEA, RMND5a, and
733  TWAL1) in the presence or absence of GID4 and a 10-fold excess of the PGLV GID4-specific
734  peptide. F. Comparison of the N-terminal sequences of the first five amino acids of the Pro-
735  /N-degron consensus motif (Dong et. al. 2020) and human ZMYND19 (Q96E35).

736

737  Figure 3: WDR26/RanBP9-containing hGID complexes assemble ring-shaped tetramers
738 A. Chromatogram of the SEC-MALS analysis at a flow rate of 0.5 ml/min, showing the UV
739  curve and the Rayleigh ratio (1/cm) at a scattering angle of 90 degrees (left y-axis), together
740  with the molar mass (MDa) of the peaks determined by MALS (right y-axis). The peak fraction
741  showing a homogenous size distribution at around 1.1 MDa is labeled with gray dotted lines.
742  B. XL-MS analysis of the 5-subunit hGID complex (RanBP9, WDR26, RMND5a, MAEA, and
743  TWAL). Cross-links within different complex subunits are indicated by green lines, and cross-
744 links within the same subunit are indicated with purple lines. The predicted domain boundaries

745  of the different subunits are colored as follows: LisH domain in light orange, CTLH domain in
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746 dark orange, RING domains in blue, TWA1’s CRA domain in light blue, WD40 in dark cyan,
747  and SPRY in light magenta. C. Rotational views of the cryo-EM map of the 5-subunit hGID
748  complex (RanBP9, WDR26, RMND5a, MAEA, and TWA1) at 12 A resolution. The higher
749  resolution cryo-EM map at 9 A produced by particle symmetry expansion is shown in blue.
750  The dotted rectangle highlights the positions of the fitted WD40 domains from two asymmetric
751 units. D. Western blotting of samples following ectopic overexpression of HBP1 either alone,
752 or with full-length (FL) or WD40-truncated WDR26 (AWD40) in HEK-293T. HBP1 levels were
753  monitored in cells treated with MG132 or DMSO for 12 hr.

754

755  Figure 4: Armc8a but not Armc8p recruits GID4 to the core complex in an assembly that
756 does not prevent binding of the Wdr26/RanBP9 module. A. Schematic representation of
757 ARMCS8a (FL) (Q8IUR7-1), ARMCS8p (Q8IUR7-6) and GID4 (Q8IVV7-1) proteins. B. Western
758  blot analysis showing the levels of ARMC8a and ARMCS8p in HeLa Kyoto cells after 72 hr
759  treatment with control sSiRNA or siRNA pools against ARMCS8. C. Transiently expressed FLAG-
760  GID4 (left panels) or HSS-WDR26 (right panels) was immunoprecipitated from HEK-293T
761  cells and probed by immunoblotting for the presence of ARMCS8 isoforms. D. Baculoviral co-
762  expression in Sf9 cells of the 5-subunit hGID complex (5mer; Strep-RanBP9, His-WDR26,
763  FLAG-MAEA, His-RMND5a and His-TWA) with His-GID4 in the presence of ARMCS8a. or
764  Armc8p. Strep- or His-pulldowns revealed the presence of GID4 in ARMCS8a, but not in
765  Armc8p, complexes. E. Immunoblot analysis of in vitro ubiquitination of GID4-dependent
766  complexes in the presence of ARMC8a or ARMCS8B. Where indicated, the reaction was
767  carried out in the presence of 20-fold molar excess of the PGLV GID4-binding peptide. F.
768  Schematic representation illustrating that in contrast to ARMC8a., incorporation of ARMCS8f
769  prevents hGID activity towards GID4 substrates. G. XL-MS analysis of the 6-subunit hGID
770 complex (RanBP9, WDR26, RMND5a, MAEA, TWA1 and ARMCS8). Cross-links within the
771  different complex subunits are indicated by green lines, and cross-links within the same
772 subunit by purple lines. The predicted domain boundaries within the different subunits are
773  colored as follows: LisH domain in light orange, CTLH domain in dark orange, RING domains
774  in blue, TWA1’s CRA domain in light blue, WD40 in dark cyan, ARMC8p in dark red and the
775  SPRY domain in light magenta. H. Comparison of the cryo-EM maps of the 5-subunit hGID
776  complex (RanBP9, WDR26, RMND5a, MAEA and TWA1) and the 6-subunit hGID complex
777 (RanBP9, WDR26, RMND5a, MAEA, TWA1 and ARMCBS). I. The difference map (red) shows
778  the extra density corresponding to ARMCS8}.

779

780  Figure 5: Comparison and organization of the human and yeast GID complexes. A.
781  ARMCS} (difference map shown as red surface) binds to the scaffold, distal from the WDR26
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782  WDA40 propeller (the 5-subunit hGID map is shown in grey). B. Homology models of RanBP9
783  (SPRY and LisH domains) (magenta), TWA1 (blue) and the WD40 domain of WDR26 (green)
784  are shown fitted into the map of the 5-subunit hGID complex. A homology model of ARMCS8}3
785 fitted into the difference density is shown in red. The approximate position of the RING-domain
786 containing subunits, MAEA and RMND5a, is indicated with a dotted line. C. The yeast GID
787  complex was superimposed on the cryo-EM map of the 5-subunit hGID complex. The Gid4
788 (orange), Gid1l (magenta), Gid8 (blue), Gid5 (dark red) and Gid9 (gray) subunits of the yeast
789  structure are shown in the same orientation as the hGID complex. D. Spatial arrangement of
790 yeast Gid4 with respect to WDR26 is shown in context of the hGID complex.

791

792  Supplementary Figure legends:

793

794  Supplementary Figure 1: A to F. Size exclusion profiles of the indicated hGID sub-
795 complexes. The catalytic core unit composed of MAEA, RMND5a and TWAL is colored in
796 blue, WDR26 in green, RanBP9 in light magenta, ARMCS8 in dark red, and ZMYND19 and
797 HBP1in gray. G. In vitro pull-down assay of Strep-RanBP9 and His-WDR26 co-expressed in
798  baculoviral Sf9 cells, demonstrating the formation of a stable complex. H. Size-exclusion
799 profiles of the different endogenous hGID subunits in HelLa cells analyzed by the SEC-
800 Explorer web platform (Heusel et al, 2019).

801

802 Supplementary Figure 2: A. Single particle image processing of GID pentamers. Three
803 data sets of five subunit GID complexes were combined and 816k particle images extracted.
804  An initial model with D2 symmetry was obtained with CryoSPARC. Several cycles of 2D and
805 3D classification were required to obtain a homogeneous set of particles for symmetry
806 expansion in Relion. 3D classification after symmetry expansion provided a set of particles
807 that was refined to sub-nanometer resolution. The local resolution map shows that the
808 resolution of the domains extending towards the center of the ring is lower probably due to
809 higher flexibility. The FSC plot shows the masked (blue), masked corrected (black) and phase
810 randomized mask FSC (red). B. 2D class averages of 5-subunit hGID complex. The 10 most
811 populated classes (of 100) are shown, ordered by occupancy. The boxes shown are 604 A
812  across.

813

814  Supplementary Figure 3: A. In vitro pull-down assay of His-GID4 and His-ARMC8a. from
815 baculoviral Sf9 extracts co-expressing Strep-RanBP9, His-WDR26, FLAG-MAEA, His-
816 RMND5a and His-TWAL1. ARMCS8a is required to recruit GID4 into the hGID complex. B.
817  Conservation between human ARMC8a and yeast Gid5 at the region required for GID4
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818  bhinding (Waterhouse et al, 2009). C. Baculoviral co-expression in Sf9 cells of Strep-GID4 and
819 His-ARMCS8a. or His-ARMCS8. Note that ARMC8a. but not ARMC8 forms a stable complex
820 with GID4. D. Comparison of the size-exclusion chromatograms from Superose 6 column
821  (Cytiva) of the 5-subunit (RanBP9, WDR26, RMND5a, MAEA and TWAL) and the 6-subunit
822 (RanBP9, WDR26, RMND5a, MAEA, TWAl1 and ARMC8p) hGID complexes. E. Single
823  particle image processing scheme used to determine the difference map between 5-subunit
824  and ARMCS8p-containing 6-subunit GID complexes. The processing steps of the GID 5-subunit
825 (left) and GID-ARMCS8p 6-subunit complexes (right) were carried out with identical settings.
826 The FSC plot shows the masked (blue), masked corrected (black) and phase randomized
827 mask FSC (red). F. 2D class averages of the GID pentamer (top) and GID-ARMCS}
828 complexes (bottom). The 10 most populated classes (of 100) are shown, ordered by
829  occupancy. Boxes are 530 A across. Additional density is visible in the 2D classes of the 6-
830  subunit hGID corresponding to ARMC8 (white arrows).

831

832 Supplementary Figure 4: A. The fitted homology model of RanBP9 (SPRY and LisH
833 domain) is in magenta, TWAL1 is in blue, ARMCS8 is in dark red, and WD40 is in dark cyan in
834 the 9 A map of the 5-subunit hGID complex (gray) (left panel). The observed cross-links
835 between the different residues are indicated by black lines. Schematic architecture and
836 domain representation of the 5 subunits of the hGID complex (RanBP9, WDR26, RMND5a,
837 MAEA and TWAL1) are shown to the right. B. SDS-PAGE shows in vitro pull-down assays by
838  baculoviral co-expression in Sf9 cells of Strep-ARMC8a which forms a complex with His-
839 TWAL and His-GID4 (lane 1 and 2) but not with FLAG-MAEA and His-RMND5a (lane 3 and
840  4). His-RanBP9 does not bind Strep-ARMC8a and His-GID4 (lane 5 and 6). C. His-RanBP9
841 does not interact with FLAG-MAEA and Strep-RMND5a (lane 1 and 2), but Strep-RanBP9
842  forms a complex with His-TWAL (lane 3 and 4).

843
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