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SUMMARY

To achieve precise cellular regulation, E3 ubiquitin ligases must be configured to match
substrate quaternary structures. Here, by studying the yeast GID complex, mutation of which
is Glucose-Induced Degradation deficient, we discover supramolecular chelate assembly as
an E3 ligase strategy for targeting an oligomeric substrate. Cryo EM structures show that to
bind the tetrameric substrate fructose-1,6-bisphosphatase (Fbp1), two otherwise functional
GID E3s assemble into a 20-protein Chelator-GIDS?*, which resembles an organometallic
supramolecular chelate. The Chelator-GIDS?* assembly avidly binds multiple Fbp1 degrons
and positions Fbp1 so that its protomers are simultaneously ubiquitylated at lysines near its
allosteric and substrate binding sites. Significantly, key structural and biochemical features -
including capacity for supramolecular assembly - are preserved in the human ortholog, the
CTLH E3. Based on our integrative structural, biochemical and cell biological data, we
propose that higher-order E3 ligase assembly generally underlies multipronged targeting,
capable of simultaneously incapacitating multiple protomers and functionalities of oligomeric

substrates.
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INTRODUCTION

Cells respond to changes in nutrient availability by rapidly adapting their metabolic pathways
(Tu and McKnight, 2006; Zaman et al., 2008; Zhu and Thompson, 2019). Shifts in metabolic
enzyme activities are typically achieved through simultaneous regulation at seemingly every
conceivable level. First, metabolite-responsive transcriptional programs activate pathways to
maximally use available nutrients, and to repress those rendered unnecessary or
counterproductive. Second, the catalytic activities of metabolic enzymes are subject to tight
allosteric control. Metabolic enzymes are often oligomers, with inter-subunit interactions
cooperatively regulating catalysis by transmitting signals from metabolite binding or protein
modifications (Koshland, 1963a, b; Monod et al., 1963). Third, in eukaryotes, undesired
metabolic activities are often terminated by ubiquitin-mediated proteolysis (Nakatsukasa et
al., 2015).

Degradation is typically controlled by recognition of proteins as substrates for ubiquitylation
by E3 ligases. However, little is known about whether, and if so how, E3 ligases are
specifically tailored for oligomeric assemblies of metabolic enzymes. One of the first
identified targets of a eukaryotic nutrient-dependent suppression pathway, budding yeast
fructose-1,6-bisphosphatase (Fbp1), is an oligomer (Chiang and Schekman, 1991). Fbp1 is
a gluconeogenic enzyme essential for yeast growth on non-fermentable carbon sources. As
shown 40 years ago, following a shift from carbon starved to rich conditions,
gluconeogenesis becomes unnecessary and energetically costly, and accordingly, Fbp1
activity and expression are both immediately curtailed (Gancedo, 1971; Schork et al., 1994a;
Schork et al., 1994b; Schork et al., 1994c; Schork et al., 1995). Notably, Fbp1’s enzymatic
activity depends on its homotetrameric assembly; inter-subunit interactions allosterically
respond to metabolites serving as substrates or allosteric inhibitors (Ke et al., 1990a; Ke et
al., 1990b). Metabolic conditions also regulate Fbp1 levels. The switch to glycolytic
conditions induces ubiquitin-mediated degradation of Fbp1 by the multiprotein E3 ligase aptly
named “GID”, for Glucose-Induced Degradation deficient (Braun et al., 2011; Chiang and
Schekman, 1991; Menssen et al., 2012; Regelmann et al., 2003; Santt et al., 2008; Schork et
al., 1994a; Schork et al., 1995). Although the GID E3 is conserved across eukaryotes and
regulates important physiology, its biochemical mechanisms and targets are best

characterized in budding yeast.

Much like well-studied multiprotein E3 ligases such as Anaphase-Promoting
Complex/Cyclosome or Cullin-RING ligases, GID is not a singular complex (Barford, 2020;
Liu and Pfirrmann, 2019; Melnykov et al., 2019; Qiao et al., 2020; Rusnac and Zheng, 2020;

Watson et al., 2019). The constituents of various GID assemblies, and how they achieve
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regulation is beginning to emerge. Under carbon starvation conditions, a core but inactive
multiprotein complex is assembled, termed GIDA™ due to its production in anticipation of a
future shift in conditions eliciting GID E3 activity (Qiao et al., 2020). The GIDA™ assembly
comprises a scaffold of subunits Gid1, Gid5 and Gid8, and a catalytic module comprising the
largely homologous proteins Gid2 and Gid9 wherein Gid2 displays a hallmark E3 ligase
RING domain. However, GIDA™ lacks substrate-binding subunits. GID*™ is converted into an
active E3 ligase upon binding to one of two mutually exclusive substrate receptors induced in
response to different environmental perturbations (Qiao et al., 2020). A switch from
gluconeogenic to glycolytic conditions triggers production of the substrate receptor subunit
Gid4, which associates with GID™ to form a GIDS?* complex that contains all the
fundamental elements of a functional E3 ligase: substrate binding capability and RING-
catalyzed ubiquitin transferase activity (Menssen et al., 2018; Qiao et al., 2020; Santt et al.,
2008). GIDSR* is an Pro/N-degron pathway E3 ligase, whereby Gid4 recruits an N-terminal
proline in peptide-like degron motifs in the substrates Fbp1, malate dehydrogenase (Mdh2)
and isocitrate lyase (Icl1) (Chen et al., 2017; Dong et al., 2018; Hdmmerle et al., 1998).
Ubiquitin transfer is catalyzed by Gid2 and Gid9, which together activate the cognate
E2~ubiquitin intermediate with the E2, Ubc8 (aka Gid3; “~” here refers to reactive thioester
bond linking the E2 catalytic cysteine and the ubiquitin C-terminus) (Schule et al., 2000).

The mechanisms revealed by cryo EM structures of GID*™ and GIDSR*

were validated by
mutational effects on ubiquitylation of Mdh2 in vitro and glucose-induced Fbp1 degradation in
vivo (Qiao et al., 2020). However, Fbp1 ubiquitylation has not been reconstituted in vitro

using defined GID E3 ligase components.

Several observations pointed toward a distinct, but elusive GID E3 “complex” mediating Fbp1
regulation. Perplexingly, Fbp1 degradation in vivo depends on another protein, Gid7
(Regelmann et al., 2003). Gid7 was identified based on its association with other Gid
proteins (Menssen et al., 2012; Santt et al., 2008). However, Gid7 is dispensable for GIDSR*
assembly, and for glucose-regulated stability of another GID E3 ligase substrate (Negoro et
al., 2020). Moreover, Gid7 is evolutionarily conserved across eukaryotes (Francis et al.,
2013; Kobayashi et al., 2007). Mammals even have two orthologs, WDR26 and MKLN1,
which both co-immunoprecipitate subunits of the so-called “CTLH E3” multiprotein complex
that contains the mammalian orthologs of yeast GIDS?* subunits (Boldt et al., 2016; Francis
et al., 2013; Kobayashi et al., 2007; Lampert et al., 2018; Liu and Pfirrmann, 2019; Salemi et
al., 2017). The CTLH E3, named based on the preponderance of CTLH domains (in Gid1,
Gid2, Gid7, Gid8 and Gid9 and their orthologs across evolution), has intrinsic E3 ligase
activity (Lampert et al., 2018; Liu and Pfirrmann, 2019; Maitland et al., 2019). Although
Pro/N-degron substrates of the CTLH E3 are yet to be identified, human Gid4 structurally
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superimposes with yeast Gid4 assembled into GIDS?* and likewise preferentially binds
peptides with an N-terminal proline (Dong et al., 2020; Dong et al., 2018; Qiao et al., 2020).
Physiological importance of the CTLH E3 is underscored by developmental defects in flies,
fish, frogs, and mammals arising from genetic deletions or mutations of its subunits (Han et
al., 2016; Javan et al., 2018; Nguyen et al., 2017; Pfirrmann et al., 2015; Soni et al., 2006;
Wei et al., 2019; Zavortink et al., 2020; Zhen et al., 2020). Yet, how Gid7 or its human

orthologs regulate GID and CTLH E3 ligase complexes is unknown.

Here, through identifying Gid7 orthologs as GID/CTLH E3 assembly factors, we discover the
transformation of a multiprotein E3 ligase complex (GIDS?*) into a supramolecular “Chelator’-
GIDSR* complex. Studying yeast proteins, we show that Gid7 nucleates a 20-protein
supramolecular chelate E3 ligase assembly that is specifically tailored for Fbp1’s quaternary
structure. Our data reveal supramolecular chelate assembly of a pre-existing functionally
competent E3 ligase complex as a structural and functional principle to achieve multipronged

ubiquitin targeting tailored to the structure and function of an oligomeric substrate.

RESULTS

Fbp1 ubiquitylation involves a supramolecular GID E3 assembly

We considered that there might be a distinct substrate-specific GID E3 assembly beyond the
structurally-determined GID®R*, because the Gid7 protein, not visualized previously, is
required for timely glucose-induced regulation of Fbp1, but not of the GIDSR* substrate Mdh2
in vivo (Negoro et al., 2020; Regelmann et al., 2003; Santt et al., 2008). Thus, to examine
effects on degradation, we employed the promoter reference technique. This allows
monitoring degradation of an exogenously expressed protein (here C-terminally Flag-tagged
Fbp1) while normalizing for effects on transcription and translation (Chen et al., 2017; Oh et
al., 2017). Notably, Gid7 is essential for Fbp1 degradation in this assay, with effects of its
deletion comparable to that of removing Gid4, the subunit responsible for binding Fbp1’s

degron sequence (Figure 1A).

A series of biochemical assays reconstituting GID E3 ligase activity in vitro revealed
multimodal Gid7-dependent transformation of GIDS®* into distinct E3 ligase assembly
specifying Fbp1 ubiquitylation. First, adding Gid7 to GIDS? (generated by adding the
substrate receptor Gid4 to a GID*™ complex) greatly increased Fbp1 ubiquitylation (Figure
1B, left). This activation depends on the substrate receptor subunit, because GIDA™ was
inactive towards Fbp1 even with Gid7. Comparing reactions with WT ubiquitin or a “K0”
version lacking lysines that cannot form polyubiquitin chains indicated that adding Gid7

increases substrate consumption, number of Fbp1 sites modified, and number of ubiquitins in
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polyubiquitin chains (Figure 1B, right). Second, the activation upon adding Gid7 was specific
to the Fbp1 substrate. Adding Gid7 actually suppressed the instrinsic E3 ligase activity of
GIDSR*, as monitored by effects on ubiquitin transfer from a pre-formed Ubc8~ubiquitin
intermediate to free lysine in solution (Figure 1C). Binding of Fbp1’s degron per se is
insufficient to overcome this inhibition, because Gid7 likewise subdued ubiquitylation of a
model peptide substrate wherein Fbp1’s degron sequence, PTLV (Chen et al., 2017), is
connected to a lysine acceptor through an intervening flexible linker (Figure 1D). Thus, we
hypothesized that Gid7 might be impacting the GID E3 assembly. Indeed, examining
complex formation in vitro by size exclusion chromatography, we observed a striking shift to

a high molecular weight assembly when Gid7 was added to GIDS?* (Figure S1A).

To gain further insight, we visualized the high-molecular weight GID E3 complex by cryo EM
(Figure 1E). A reconstruction at 13 A resolution showed a remarkable structure: an exterior
oval supporting several inward pointing globular domains. Strikingly, the longest exterior
dimension of 305 A is roughly comparable to that of a singly-capped 26S Proteasome, 1.3
times that of the multiprotein Fanconi Anemia E3 ligase complex and 1.5 times that of the
APC/C mediating polyubiquitylation (Brown et al., 2016; Chen et al., 2016; Haselbach et al.,
2017; Lander et al., 2012; Schweitzer et al., 2016; Shakeel et al., 2019; Wehmer et al.,
2017). Unlike these compact assemblies, however, this GID complex displays a behemoth
hollow center - with interior edges of 270 and 130 A in the longest and shortest dimensions,
respectively — larger than an 8-protein CRL E3 complex ubiquitylating a substrate (Baek et
al., 2020).

A supramolecular Chelator-GIDS®* E3 assembly encapsulates the tetrameric Fbp1
substrate

The organization of the GID assembly was gleaned from comparing cryo EM maps of
complexes comprising selected Gid subunits (Figure 2A). Two copies of the previously
defined “GIDSR*” E3 ligase structure were readily visualized in the larger assembly (Qiao et
al., 2020). This version of GIDSR*, used for the previously published high resolution cryo EM
structure and affinity purified based on a tag at the N-terminus of Gid1 was a stoichiometric
complex of Gid1-Gid2-Gid4-Gid5-Gid8-Gid9 (Qiao et al., 2020). However, the version used
for biochemical assays and herein was affinity purified based on a tag at the C-terminus of
Gid8. The latter version contains one additional protomer each of Gid1 and Gid8, which

DSR* at subnanometer resolution, but structural

could be observed in a cryo EM map of this Gl
heterogeneity of the additional density precluded its visualization upon further refinement.
The extra Gid1-Gid8 subcomplex is well-defined and present in two copies in the Gid7-

dependent assembly. Finally, the large oval-shaped GID assembly displayed yet additional
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density we interpreted as four copies of Gid7, in two dimers. Purified Gid7 formed a dimer
on its own, as measured by SEC-MALS (Figure S1B). The data altogether indicated that the
large GID assembly is a 1.5 MDa eicosamer composed of four Gid1 : two Gid2 : two Gid4 :
two Gid5 : four Gid7 : four Gid8 : two Gid9 protomers.

We sought to determine if this GID assembly might be formed in vivo. Prior studies did (Santt
et al., 2008) or did not (Qiao et al., 2020) observe Gid7 cosedimenting with other GID
proteins in density gradients. This raised the possibility that, like the equally giant 26S
proteasome, some subunits or regulatory partners may be prone to dissociation, for example
based on lysis conditions (Leggett et al., 2002). Cryo EM data of endogenous GID purified
from yeast grown under carbon starvation using mild lysis conditions yielded 3D
reconstructions corresponding to the recombinant assemblies with and without Gid7, at 14.2

and 9.5 A resolution, respectively (Figures 2B and S1C).

Why is the ubiquitin ligase for Fbp1 so giant and hollow? We hypothesized that such an
assembly would form in order to accomodate the substrate. To test this, we determined the
structure of Fbp1 alone by X-ray crystallography, which along with SEC-MALS confirmed its
tetrameric assembly (Figures 2C and S1B). We then solved the structure of Fbp1 bound to
the GID E3 by cryo EM, which led to several conclusions (Figure 2C). First, Fbp1 was
readily docked in the extra density at the center of the large oval in the Fbp1-bound GID E3
assembly. Second, two of Fbp1’s edges approach the Gid4 subunits within each GIDSR*
docked on opposite sides of the oval. Third, the density attributed to Gid7 does not directly

DSR4

contact Fbp1, but rather is localized at the vertices between two Gl complexes. Thus,

Gid7 activates GID ES3 activity toward Fbp1 indirectly, by driving supramolecular assembly.

The resultant GID assembly resembles an organometallic supramolecular chelate, wherein
multiple giant organic molecules capture a much smaller ligand through multiple discrete
points of contact. Thus, we term the giant oval complex “Chelator-GIDS?*’ based on its
supramolecular assembly, through which two GIDSR* complexes simultaneously capture

degrons displayed from two protomers in the tetrameric Fbp1 substrate.

High-resolution structures of modules within Chelator-GIDS®*

A series of focused refinements enabled building atomic models of three functionally distinct
modules comprising Chelator-GIDS?* (Figures 3A, S1D, S2A and S3): (1) A substrate
receptor scaffolding module (SRS), which is comprised of Gid15%, Gid4, Gid5, and Gid8SR®
in 1:1:1:1 stoichoimetry (SRS in superscript denotes Gid1 and Gid8 protomers within the
substrate receptor scaffolding module) (Figure 3A, SRS panel). The SRS is responsible for
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bridging the substrate receptor (here Gid4, shown in red), which recruits Fbp1 for
ubiquitylation, to the other E3 ligase subunits. (2) A catalytic module (Cat), which contains
Gid2 and Gid9 (Figure 3A, Cat panel). Gid2’s RING domain and Gid9’s RING-like domain
cooperate to bind and activate the Ubc8~ubiquitin intermediate, from which ubiquitin is
transferred from its thioester linkage with Ubc8 to a lysine on a recruited Fbp1 substrate. (3)
A previously undescribed supramolecular assembly (SA) module, which contains the
remaining protomers, two of Gid7, Gid1%* and Gid8%* (SA in superscript denotes Gid1 and
Gid8 protomers within the supramolecular assembly module) (Figure 3A, SA panel).

DSR* yielded a map at 3.4 A

Focused refinement of the SRS module within Chelator-Gl
resolution, which readily accommodated the prior coordinates for this region (PDB ID: 6SWY)
(Figure 3A, SRS panel). As described previously, the globular substrate-binding domain of
Gid4 fits snuggly in a complementary concave surface of the elongated scaffolding subunit
Gid5. This arrangement is supported by a base from Gid15?® and Gid85RS, which form an
intricate heterodimer involving their LisH-CTLH-CRA domains. Placing two SRS modules
within Chelator-GIDS?* shows the degron-binding sites of the Gid4 protomers localized at the
inner-most positions, facing each other toward the interior of the oval, and contacting the

centrally-recruited Fbp1.

Focused refinement over the Cat module yielded a 3.8 A resolution reconstruction (Figure
3A, Cat panel). The map quality permitted de novo building and refinement of atomic
coordinates for the majority of Gid2 and Gid9, which allowed defining roles of residues
known to be essential for ubiquitylation (Figure S2A and S2B). The catalytic function is
mediated by a region of Gid2 that adopts an E3 ligase RING domain fold (albeit stabilized by
a single zinc in the E2~ubiquitin binding site) together with a portion of Gid9 that adopts a
unique RING-Like (RING-L) structure (Braun et al., 2011; Qiao et al., 2020; Regelmann et
al., 2003) (Figure S2B). Folding of the Gid2 RING depends on its incorporation into the
intricately configured Gid2-Gid9 heterodimer. The Gid2 RING is embedded in an
unprecedented intermolecular heart-shaped domain, surrounded by stabilizing elements from
Gid9, including an intermolecular zinc-binding domain, a belt that encases roughly three-
quarters of the base of Gid2’s RING, the RING-L domain that packs against the remaining
side of Gid2’s RING, and the extreme C-terminus that contributes to Gid2’s RING in a
manner analogous to canonical RING-RING heterodimers such as in the MDM2-MDMX
complex (Linke et al., 2008; Nomura et al., 2017). Gid2 and Gid9 are further intertwined by
their N-termini co-assembling in a =70 A long 4-helix heterodimeric coiled-coil (Figures 3A,
S2A and S2B).
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Within Chelator-GIDS?, the two Cat modules are placed such that their heart-shaped Gid2-
Gid9 RING-RING-L E3 ligase domains are positioned toward the center of the oval
assembly, facing the two degron-binding Gid4 subunits. A model for the Gid2 RING-
Ubc8~ubiquitin intermediate based on published isolated RING E3-E2~ubiquitin complexes
shows the Gid2 RING domain recruiting Ubc8, and making a 3-way interface between Ubc8
and ubiquitin-linked to its active site (Figures 3A, Cat panel and S2B). Meanwhile, Gid9’s C-
terminus provides residues that buttress the canonically activated RING-E2~ubiquitin
conformation (Dou et al., 2013; Plechanovova et al., 2012; Pruneda et al., 2012) (Figure
S2B). This model is consistent with the effects of previously reported Gid2 and Gid9 point
mutations on Fbp1 degradation (Qiao et al., 2020).

Focused refinement of the SA module within Chelator-GIDS?* yielded a map at 3.6 A
resolution, enabling building an atomic model for the two Gid7 protomers, Gid1%* and Gid8%*
(Figure 3A, SA panel). The SA can be described in two halves. First, the two Gid7
protomers form an asymmetric dimer on one side of the module, and second, Gid1* and
Gid8®* form an interdigitated scaffold that on one side supports the Gid7 dimer and on the

other extends the length of the SA module to properly connect with the Cat module.

Each Gid7 protomer consists of an N-terminal LisH-CTLH-CRA motif and an atypical -
propeller. The CTLH “domain” was originally defined as a sequence “C-terminal to LisH”,
and is typically followed by a so-called CRA (CT11 and RanBPM, aka Gid1) “domain”,
although crystallographic studies of other such motifs revealed that the elements do not each
correspond to an individually structured domain (Martin-Arevalillo et al., 2017; Ulrich et al.,
2016). Rather, LisH-CTLH-CRA motifs together form elongated helical double-sided
dimerization domains. The domains are initiated with LisH and CTLH helices progressing in
one direction, capped by a pair of N-terminal “CRA” helices at one end, with the remaining
CRA helices reversing and traversing the length of the domain, along the way packing
against CTLH helices and terminating adjacent to the LisH helices (Figure S2C). Thus, LisH
sequences and the C-terminal half of the so-called CRA domain pack to form a globular
LisH-CRAC dimerization domain, while the CTLH and N-terminal half of the CRA sequence

together form an elongated CTLH-CRAN helical bundle that is a distinct dimerization domain.

Much like the LisH-CRAC motifs in Gid15?® and Gid8®R® and those in Gid2 and Gid9 that
were previously described to mediate heterodimerization between these subunits (Qiao et
al., 2020), the two Gid7 LisH-CRA® motifs mediate homodimerization. The propellers from
each Gid7 ensue at different relative angles, allowing for specific, asymmetric propeller-

propeller interactions. The double propeller domain displays a groove that binds part of
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Gid1%4, which enables further supramolecular assembly-module-specific interactions
between the CTLH-CRAN domains from Gid1%%, a loop from Gid8%”, and the CTLH-CRAN
domain from one Gid7 protomer (Figure S2D). We term this protomer Gid7'°“ because its
CTLH-CRAN domain faces toward the catalytic module. The remainder of the Gid1°* and
Gid8®* subcomplex superimposes with the corresponding portion of the assembly between
Gid15RS and Gid8SRS. At the two edges of the supramolecular assembly module, the CTLH-
CRAN domains from the other Gid7 protomer (Gid7'°S?®) and Gid8%" radiate outward to
directly mediate interactions with the substrate receptor scaffolding and catalytic modules,

respectively.

Supramolecular chelate assembly is supported by inter- and intra-module LisH-CTLH-
CRA domain interactions

The relative arrangement of E3 ligase elements - the substrate receptor and RING domain -
inside Chelator-GIDS?* depends on formation of the exterior oval band that holds the chelate
assembly together. The oval is established by two types of inter-subunit interactions: those
within but at the outer edge of each module, and those mediating inter-module connections
(Figures 3B and 3C). The two types of interactions are interdependent, through a daisy-
chain-like arrangement of LisH-CTLH-CRA domains. Inter-subunit interactions within the
modules involve the LisH-CRAC elements, with helices from each subunit wrapping around
each other. As described above for the SA module, the LisH-CRA® domains of the two Gid7
protomers homodimerize in a manner similar to the heterodimeric LisH-CRA® domain
assemblies between Gid1 and Gid8, and Gid2 and Gid9 within modules (Figure 3C).

The modules are connected to each other in Chelator-GIDS?* by heterotypic dimerization of
CTLH-CRAN domains at the edges of each module, projected outwardly in both directions
(Figure 3B). Unlike inter-subunit interactions within the modules, the CTLH-CRAN domains
between modules bind in a side-by-side manner. The substrate receptor scaffolding and
catalytic modules are adjoined by interactions between CTLH-CRAN domains of Gid85?® and
Gid9, forming the GIDS?* assembly. The catalytic and supramolecular assembly modules
are bridged by interactions between CTLH-CRAN domains of Gid2 and Gid8®*. Notably,
Gid2's CTLH-CRAN domain also packs against Gid9’s RING-L domain (Figures 3A and S2B),
which may explain how formation of the Chelator-GIDSR* assembly impacts intrinsic ubiquitin
transferase activity (Figure 1C). The oval structure also depends on adjoining the substrate
receptor scaffold and supramolecular assembly modules, through interactions between
CTLH-CRAN domains of Gid15RS and Gid7'SRS. Despite the similarity of the inter-module
interactions at a secondary structural level, specificity is dictated by contacts between

domains ensuring formation of the Chelator-GIDS?* assembly.
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The extended helical nature of the CTLH-CRAN domains appears to facilitate subtle bending
and twisting. Indeed, subtly different conformations for the exterior oval are observed in
different classes from the EM data on Chelator-GID®R*. Intriguingly, comparing the major

classes of Chelator-GIDSR*

alone or bound to Fbp1 showed relative repositioning of the
substrate receptor scaffolding module toward the center of the oval to bind substrate,

resembling a venus flytrap capturing its prey (Figure 4A).

Chelator-GID®* assembly mediates avid recruitment of tetrameric substrate Fbp1

To understand how the Chelator-GIDSR*

supramolecular assembly determines regulation, we
sought to generate a structural model of an active ubiquitylation complex. For an individual
GIDSR* E3, the substrate receptor scaffold and the catalytic modules together resemble a
clamp. Gid4’s degron binding site and Gid2’s RING domain correspond to the jaws that
recruit and juxtapose the substrate degron and the Ubc8~ubiquitin intermediate, respectively
(Qiao et al., 2020). Thus, making a model in the context of the chelate assembly would
require determining which portions of Fbp1 align with the Gid4s, and which align with the

ubiquitylation active sites.

An individual Fbp1 degron motif was visually captured by Gid4 in the locally-refined map of a
substrate receptor scaffolding module within Chelator-GIDS?* (Figure S3B). The interaction
is anchored by Fbp1’s N-terminal Pro, in agreement with prior studies showing Fbp1 is a
Pro/N-degron substrate, and much like prior crystal structures of a peptide bound to human
Gid4 alone (Chen et al., 2017; Dong et al., 2018; Hdmmerle et al., 1998). Comparing the

DSR* without substrate bound showed a

structure presented here to the prior structure of GlI
remodelling of several Gid4 loops, which embrace the three N-terminal residues (Pro-2, Thr-

3, Leu-4) of an Fbp1 protomer (Figure 4B).

In the absence of binding Gid4, Fbp1’s N-terminal degrons were not visible in the crystal
structure, suggesting that they are disordered (Figure 4C). The first visible amino acid,
residue 19, from each protomer is located near the center of the disk-like Fbp1 structure.
This arrangement could enable two potential degrons, one from either side, to
simultaneously ensnare a Gid4 substrate receptor within Chelator-GIDSR*. If this was the

DSR4

case, Chelator-Gl would avidly bind to an Fbp1 tetramer, but not to a monomeric degron.

In contrast, GIDSR

alone should bind equally well to degrons displayed as a monomer or
from the tetrameric Fbp1 scaffold. Although we could not obtain sufficient Chelator-GIDS? to
quantify its interactions, we could obtain insights through competitive ubiquitylation assays

(Figure 4D). Unlabeled monomeric (an isolated Fbp1 degron peptide) and oligomeric
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(unlabeled Fbp1) inhibitors had comparable impact on ubiquitylation of fluorescent Fbp1 by
GIDSR*, or GIDSR* mixed with a Gid7 mutant that does not support supramolecular assembly.
However, the unlabeled Fbp1 tetramer was strikingly more effective at impeding the activity
of Chelator-GIDS?* toward fluorescent Fbp1 than the unlabelled monomeric inhibitor.
Notably, the same inhibitory trends were observed for ubiquitylation of a fluorescent
monomeric peptide substrate, confirming that the Fbp1 oligomer complements the Chelator
GID assembly (Figure 4D, bottom panel). These data are consistent with a model whereby
avid Fbp1 recruitment to Chelator-GIDSR* depends on the supramolecular assemblies of both

the E3 ligase and its substrate.

Chelator-GID®* assembly establishes dual site-specific ubiquitin targeting

We mapped the regions of Fbp1 engaging the ubiquitylation catalytic centers —i.e. the
thioester linkage between ubiquitin’s C-terminus and the E2 Ubc8 — by identifying its
preferred sites for receiving ubiquitin. By locating di-Gly sites with mass spectrometry, we
identified preferential ubiquitylation of two pairs of neighboring lysines - K32/K35 and
K280/K281 - out of 18 potential target lysines on the surface of Fbp1 (Figure S4). The
importance of these lysines was confirmed mutationally. Mutating the four lysines nearly
eliminated Fbp1 polyubiquitylation in our in vitro assay, with a lesser effect of mutating either
pair (K32/K35 or K280/K281) (Figure 5A, top panel). Use of KO ubiquitin that abolishes
ubiquitin chain formation showed that Fbp1 protomers are modified at up to two sites during
the time-course of the experiment (Figure 5A, bottom panel). Eliminating either pair of
lysines reduced this to monoubiquitylation. The results suggest that either of the two regions
can be ubiquitylated independently of the other, but for a given protomer, ubiquitylation is
restricted to one lysine within each of the two lysine pairs. Testing effects of the mutations on
Fbp1 degradation confirmed the importance of these lysines in vivo, with substantial

stabilization even upon mutating only the K32/K35 lysine pair (Figure 5B).

On this basis, we modeled Fbp1 ubiquitylation as follows (Figures 5C and 5D). Fbp1 was
first anchored via two degrons, one on each side binding a Gid4 in the Chelator-GIDSR
assembly and Ubc8~Ub was modeled on the two Gid2 RING domains based on homology to
another RING-E2~ubiquitin assembly (Nayak and Sivaraman, 2018). Fbp1 was subjected to
constrained rotation to localize the K32/K35 region of one protomer adjacent to one active
site. This led to two striking observations. First, the K32/K35 regions of two pairs of
protomers are adjacent to each other, allowing similar positioning of Fbp1 to ubiquitylate
these sites within two protomers. Second, and unexpectedly, when a K32/K35 region is

aligned with one active site, the K280/K281 region of a different Fbp1 protomer is
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simultaneously situated in the other active site in Chelator-GIDS?*. Thus, the Chelator-
GIDSR* supramolecular assembly complements the oligomeric structure of Fbp1 — enabling
simultaneous capture of two Pro/N degrons, and simultaneous ubiquitylation of multiple
protomers within the Fbp1 tetramer.

Because it seemed Chelator-GIDSR*

evolved to simultaneously strike the K32/K35 and
K280/K281 loops, we inspected the Fbp1 structure for potential functional importance of
these regions. Intriguingly, the K32/K35 residues reside at one inter-protomer interface, in a
loop abutting the allosteric site that regulates Fbp1 activity by binding the non-competitive
inhibitor, AMP (Ke et al., 1990b). Meanwhile, K280/K281 are located adjacent to another
inter-protomer interface in the Fbp1 tetramer - at the tip of a loop involved in binding the
substrate fructose-1,6-bisphosphate (Ke et al., 1990a) (Figures 5C and 5D). We thus
examined effects of Fbp1 ubiquitylation by Chelator-GIDSR* on its activity. A
K32/K35/K280/K281 mutant, and a ubiquitylated version of Fbp1 show Fbpase activity in our
assay (Figure 5E). However, allosteric modulation by AMP was substantially impaired in both

cases (Figure 5F). Thus, Chelator-GIDSR* targets sites related to Fbp1’s metabolic function.

Structural and mechanistic parallels in human CTLH E3

To determine if structural principles governing activity of the yeast GID E3 are conserved in
higher eukaryotes, we studied the human CTLH complex, whose subunits mirror those of
Chelator-GIDSR* (Figure 6A).

We first reconstituted a recombinant complex that we term “CTLHS®*", which parallels yeast
GIDSR*, A low resolution cryo EM envelope showed that the corresponding human subunits
form SRS (hGid4-ARMC8-RANBP9-TWA1) and Cat (RMND5A-MAEA) modules (Figure
S5A). As for yeast GIDS? (Qiao et al., 2020), the CTLHSR* Cat module is relatively poorly
resolved, but the coordinates for the yeast Gid2-Gid9 subcomplex derived from Chelator-
GIDS® readily fit in the density. A 3.2 A map obtained by focused refinement enabled
building atomic coordinates for the human SRS module, which superimposes with its yeast
counterpart (Figures S5B, S6).

We tested if the structural conservation extended to enzymatic mechanism. Because Pro/N-
end degron targets of the CTLH E3 remain unknown, we generated a model peptide
substrate: an N-terminal PGLW sequence, previously reported to optimally bind hGid4 (Dong
et al., 2020; Dong et al., 2018), connected via a flexible linker to a C-terminal target lysine.
With this peptide substrate in-hand, we tested effects of structure-based point mutations on
ubiquitylation. The hGid4 residues mediating its incorporation into CTLH®R* and RMND5A
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and MAEA residues that activate UBE2H~UDb, are crucial for peptide substrate ubiquitylation
(Figures S5C-H). Moreover, as with GIDS?* (Qiao et al., 2020), only K48, out of all Ub lysines
was sufficient to support polyUb chain formation by CTLHS®, albeit to a substantially lesser

degree than WT Ub (Figure S5I). Thus, it seems the human CTLH core module parallels that

in yeast GID assemblies.

We examined by cryo EM if the human Gid7 orthologues, WDR26 and MKLN1, have
capacity for supramolecular assembly. We obtained reconstructions for two subcomplexes
containing WDR26. Coexpressing WDR26 with scaffolding and catalytic subunits (ARMCS8-
RANBP9-TWA1-RMND5A-MAEA) yielded a complex broadly resembling Chelator-GIDSR* in
that it forms a hollow oval of similar dimensions (Figures 6B and 6C). Docking structures of
human and yeast subcomplexes into the density showed, however, that a WDR26 dimer
itself is the supramolecular assembly module. WDR26 binds directly to RANBP9-TWA1 in
the scaffold, without duplicates of these subunits corresponding to yeast Gid1°A-Gid8%”. The
distinct WDR26-dependent supramolecular assembly places four — not two — ARMCS8

subunits poised to each bind a hGid4 to capture substrate degrons in the CTLH oval.

The distinctive arrangement of SA and SRS modules was preserved in a 6 A resolution map
of WDR26, RANBP9, TWA1, ARMCS8, hGid4 and the poorly understood CTLH subunit,
YPELS (Figure 6B). Interestingly, YPELS binds at the junction of the two protomers in the
WDR26 double propeller domain.

A low resolution map showed yet another supramolecular assembly for other human Gid7
ortholog, MKLN1, bound to the CTLH SRS module (Figure 6D). Like WDR26, MKLN1 binds
directly to RANBP9-TWA1 in the scaffold, without intervening duplicates of these subunits.
However, in accordance with previous studies (Delto et al., 2015; Kim et al., 2014), MKLN1
forms a tetramer. Four MKLN1 protomers bind between two CTLH SRS modules,

demonstrating potential for even higher-order CTLH complex assemblies.

We confirmed roles of WDR26 and MKLN1 in human CTLH complex assembly, by
sedimentation analyses of lysates from K562 cells, or lines in which the human Gid7
orthologs were deleted. Immunoblotting of fractions from sucrose density gradients of
parental K562 cell lysates showed comigration of CTLH subunits, corresponding to a
complex of molecular weight greater than that predicted for a uniformly stoichiometric
assembly (600-800 kDa according to standards) (Figure 6E). However, probing migration of
core subunit RANBP9 as a marker for the CTLH complex showed that the assembly changes

markedly - towards fractions of 150-350 kDa - in CRISPR/Cas9 genome-edited lines lacking
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WDR26, MKLN1, or both, or the Cat module subunit MAEA (Figures 6F and S5J).
Interestingly, migration of WDR26 and MKLN1 in higher molecular weight fractions is not
interdependent (Figure 6G), possibly indicating that each Gid7 ortholog can reside in distinct
CTLH assemblies. Much of the total CTLH population shifted to lower molecular weight
fractions upon deletion of WDR26, with lesser effect of deleting MKLN1. This may suggest a
greater proportion of the CTLH complex in these cells depends on WDR26 for
supramolecular assembly, perhaps due to a higher relative concentration of WDR26, or

factors differentially regulating WDR26 or MKLN1 assembly into CTLH complexes.

Overall, the results suggest that CTLH E3 assemblies contain SRS, Cat and SA modules
with features resembling those in Chelator-GID®R*. Moreover, differences in structural
configurations of complexes containing MKLN1 or WDR26 offer prospects that CTLH may
adopt a variety of supramolecular E3 assemblies, which could further impart distinct

functionalities.

DISCUSSION
Here we discovered multipronged substrate targeting by an E3 ligase chelate supramolecular
assembly tailored to the oligomeric quaternary structure of its metabolic enzyme substrate. In

the absence of chelate assembly, GIDSR*

is a competent E3 ligase that can bind a substrate
degron, activate the intrinsic reactivity of its E2 partner - the Ubc8~Ub intermediate - and
promote Ub transfer from Ubc8 to a recruited substrate (Qiao et al., 2020). GIDSR* is also
competent in vitro insofar as Gid7 is not required for glucose - and GID-dependent
degradation of Mdh2 (Qiao et al., 2020). Instead of binding directly to its specified substrate

Fbp1, Gid7 alters the GID assembly (Figures 1, 2, 3).

While other E3s have been reported to self-assemble (Balaji and Hoppe, 2020), this typically
is achieved by catalytic or substrate receptor subunits, for example the dimeric RING
domains of single subunit E3s or dimeric F-box and BTB substrate receptors in multisubunit
cullin-RING ligases (Dou et al., 2012; McMahon et al., 2006; Ogura et al., 2010;
Plechanovova et al., 2012; Welcker et al., 2013; Zhuang et al., 2009). Substrate-bound
multivalent E3s can undergo liquid-liquid phase-separation (Bouchard et al., 2018). However,
the transformation into Chelator-GIDSR* represents a distinctive, extreme, and specific

adjustment of an E3 ligase architecture (Figures 2 and 3).
Resembling an organometallic chelate interacting with its central ligand, Chelator-GIDS**s

multiple distinct points of contact with Fbp1 not only include the degron-binding sites from

two opposing Gid4 substrate receptors, but also the ubiquitylation active sites from Ubc8~Ub
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intermediates activated by two opposing Gid2-Gid9 catalytic domains (Figures 4, 5 and 7).
Relative to the monodentate GIDS?*, the Chelator-GIDS?* assembly enables more molecules
within the Fbp1 tetramer to be simultaneously ubiquitylated, thereby increasing Ub density on
a given Fbp1 tetramer (Figure 1B). Interestingly, there is not a 1:1 correspondence between

number of degron binding sites in Chelator-GIDSR*

and number of degrons in Fbp1. The
Fbp1 tetramer has four potential degrons exposed, two on each side, both seemingly poised
to capture one central-facing Gid4 in Chelator-GIDSR* (Figure 4C). An excess number of
degrons is reminiscent of substrates recruited to the cullin-RING ligase receptor Cdc4,
whose single binding site can continually and dynamically sample multiple degrons (Mittag et
al., 2008). For Chelator-GIDS?*-bound Fbp1, we speculate that the arrangement of degrons
allows their rapid interchange. This could potentially mediate switching between the

protomers positioned adjacent to the active sites.

The human CTLH E3 complex displays striking parallels to Chelator-GIDS?*, albeit with
interesting twists. In particular, the different Gid7 orthologs form distinct supramolecular
assemblies (Figure 6). We speculate that the unique assemblies define distinct functions, as
implied by varying phenotypic alterations upon their individual mutation (Bauer et al., 2018;
Nassan et al., 2017; Skraban et al., 2017; Zhen et al., 2020) .

Taken together with previous data (Lampert et al., 2018; Qiao et al., 2020), it is now clear
there is not a single yeast GID or human CTLH complex. Rather, GID and CTLH provide
examples of responsive systems of multiprotein assemblies - with an active E3 core that can
be elaborated by supramolecular assembly. While the function of one such assembly was
shown here, the variations revealed by human Gid7 orthologs suggest that they and
presumably other subunits also co-configure substrate binding and ubiquitylation active sites
in accordance with molecular organization and quarternary structure of particular substrates.
The Chelator model presented here demonstrates how GID (and presumably CTLH) utilizes
an elegant molecular logic: the response to glucose availability converges on numerous
aspects of its substrate’s structure and function to achieve precise physiological regulation
(Figure 7).

OPEN QUESTIONS

Chelator-GIDSR* is remarkably specific in ubiquitylating particular Fbp1 lysines within
metabolic regulatory regions. However, physiologic roles of Fbp1 ubiquitylation impairing
allosteric regulation and metabolic function are unknown. Future studies will be required to
determine how metabolic flux is coupled with GID-dependent ubiquitylation during the

termination of gluconeogenesis.
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Although Chelator-GIDS? is active toward Mdh2, it is unclear why this oligomeric substrate is
less dependent than Fbp1 on Gid7-mediated supramolecular assembly. One speculative
possibility could be that any potential advantage of avid binding is offset by accessibility of
numerous ubiquitylation sites to GIDSR*. Future studies will be required to understand how
other GID E3 substrates including the Gid4 substrate receptor itself, are recognized and

ubiquitylated (Hammerle et al., 1998; Karayel et al., 2020; Menssen et al., 2018).

Finally, although the discovery of the Chelator configuration provides a basis for
understanding GID higher order assembly, what other assemblies or sub-assemblies may
form, and their functions remain unknown. Clearly, other arrangements are observed for
human CTLH complexes with WDR26. MKLN1 forms yet an even higher-order assembly
with the human SRS module. Meanwhile, some yeast GID assemblies migrate in the void
volume by size-exclusion chromatography (Figure S1A). Moreover, mechanistic roles of
additional subunits, including YPELS5 (Figure 6) remain unknown (Lampert et al., 2018). We
thus await future studies revealing functions of other variations on GID and CTLH

assemblies.
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Figure 1. Distinct GID E3 ligase assembly specified by Gid7 (See also Figure S$1)

A.

Assays testing roles of Gid7 (right) and substrate receptor Gid4 (left) on glucose-induced
degradation of Fbp1 in vivo, quantified using the promoter reference technique. Relative
protein levels in WT, Gid4 and Gid7 KO yeast strains, after terminating ethanol starvation
and initiating glucose recovery (timepoint 0), were calculated as the ratio of exogenously
expressed Fbp1-3xFLAG compared to the reference protein DHFR-3xHA expressed from
the same promoter. Error bars represent SD (n>3).

Assays testing roles of Gid7 and Gid4 on Fbp1 ubiquitylation in vifro. Reactions were
performed with WT ubiquitin (left) or its lysineless variant (KO, right). GID*™ is the
complex lacking Gid4 and Gid7. GIDSR* is the complex formed by adding Gid4 substrate
receptor to GIDA™. Progress of the reaction was followed by visualizing C-terminally
fluorescently-labelled Fbp1 (denoted as Fbp1*).

Effect of Gid7 on substrate-independent GID ubiquitin transferase activity monitored in a
pulse-chase format. During the pulse, the thioester-linked Ubc8~ubiquitin intermediate
was generated, and the reaction was quenched. In a chase, discharge of ubiquitin from
Ubc8 was initiated by adding free lysine and GIDS?* with or without Gid7 (Gid7"'") or its
mutant lacking LisH-CTLH-CRA motif, A1-285 (Gid7""T). Progress of the reaction was
visualized by Coomassie-stained non-reducing SDS-PAGE. The percentage of
remaining non-discharged Ubc8~Ub was normalized against timepoint O and plotted.
Error bars represent SD (n=2).

Assays testing roles of Gid7 on ubiquitylation of monomeric, model peptide substrate in
vitro. The peptide substrate (Fbp1-pep) comprises the N-terminal Fbp1 degron and an
acceptor lysine connected via a flexible linker, and a C-terminal fluorescein. Assay was
performed using GIDSR* with and without addition of Gid7. Control lanes show the
dependence of ubiquitylation activity on GIDS?*, E2 Ubc8 and substrate receptor Gid4.
Low resolution cryo EM structure of GID complex active toward Fbp1 (GIDSR* + Gid7)
compared to other multi-protein complexes. Models fit into low-pass filtered maps shown
for comparison are singly-capped 26S proteasome (PDB: 5SMPB, EMDB: EMD-3536),
Fanconi Anaemia core complex (PDB: 6SRI, EMDB: EMD-10290), Anaphase promoting
complex/Cyclosome (PDB: 5L9T, EMDB: EMD-3433) and cullin-RING E3 ubiquitylation
complex (PDB 6TTU, EMDB: EMD-10585).
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Figure 2. Multidentate capture of Fbp1 tetramer by Chelator-GIDSR* assembly (See also

Figure S2)

A. Cryo EM maps and molecular weights of recombinant GID assemblies. Structurally-
determined GIDSR* (left, low pass-filtered, dark gray, EMD 10327, 6SWY.PDB) is a
stoichiometric complex of Gid1, Gid8, Gid5, Gid4, Gid2 and Gid9. Purification conditions
used herein include an additional Gid1-Gid8 subcomplex (gray) bound to GIDS?* (middle,
taken for biochemical assays). Oval higher-order “Chelator-GIDS?*” assembly includes
Gid7 dimers (right, white).

B. Coomassie-stained SDS-PAGE (left) and cryo EM maps of endogenous yeast GIDA™
(middle) and Chelator-GID*™ (right) assemblies (prepared by FLAG-IP of yeast lysates
with Gid5 3xFLAG-tagged and Gid7 HA-tagged at their endogenous loci).

C. Cryo EM map of Chelator-GIDS?* (gray) bound to Fbp1 tetramer (brown). Close-up
shows 2 red Gid4 protomers (modeled from 6SWY.PDB) simultaneously contacting
docked Fbp1 crystal structure.
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Figure 3. High-resolution details of Chelator-GID3®* modular assembly

(See also Figures S3, S4)

A. Focused refined maps of substrate receptor scaffolding (SRS), catalytic (Cat) and
supramolecular assembly (SA) modules are shown colored according to subunit identity,
fit in half of the overall map of Fbp1-bound Chelator-GIDS?* (top middle). GIDSR* structure
(6SWY.PDB) fits the SRS module (Gid15?® - dark green, Gid8®® - salmon, Gid5 - purple,
Gid4 - red). Brown arrow points to Gid4’s substrate binding site (top right). Cat module
comprises Gid2 (sky blue) and Gid9 (navy). Zinc ions are shown as gray spheres.
Ubc8~Ub was modelled by aligning Gid2 RING with an E2~Ub-bound RING structure
(5H7S.PDB). SA comprises Gid1” (green), Gid8®* (pink) and 2 Gid7 protomers, Gid7'°
(yellow) and Gid7'SR® (orange) facing Cat or SRS modules, respectively. Superscript
refers to module for given Gid1 or Gid8 protomers. Arrows point to connected modules.

B. Cartoon of Chelator-GIDS?*, with close-ups of intermodule CTLH-CRAN: CTLH-CRAN
interactions fit into map of Chelator-GIDS? (gray).

C. Intramodule LisH-CRAC: LisH-CRAC (solid ribbon) interactions in Chelator-GIDSR*
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Figure 4. Chelator-GID3®* assembly specifies multivalent binding for tetrameric Fbp1

substrate (See also Figure S4)

A. Superimposed maps of substrate-free (gray) and Fbp1-bound Chelator-GIDSR* (brown)
show relative inward movement of SRS modules (ribbon) upon substrate recruitment.

B. Conformational differences between Gid4 in GIDS?* (6SWY.PDB, gray) and Fbp1-bound
Chelator-GID®R* (red). The first three residues of Fbp1 degron bound to Gid4 are shown
as sticks.

C. Crystal structure of Fbp1 tetramer, with N-terminal region (residues 2-19) including the
degron not visible in electron density depicted as dotted lines. Fbp1 protomers shown in
varying brown shades.

D. Competitive in vitro ubiquitylation assays probing multivalent E3-substrate interactions.
Chelator-GID®R* has two substrate binding sites and two catalytic centers while two other
E3 assemblies (GID%? or GIDSR* + Gid7MYT lacking LisH-CTLH-CRA motif, A1-285) have
only one substrate binding site and one catalytic center. Substrates are either oligomeric
(tetrameric Fbp1) or monomeric (a peptide harboring a single acceptor Lys, Fbp1-pep)
and fluorescently-labeled at the C-terminus (denoted with *). Competitors are either
oligomeric (tetrameric Fbp1*®¥R with preferred target lysines mutated to arginines) or
monomeric (lysine-less peptide, Fbp1PeP K?),
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Figure 5. Chelator-GIDS? configures simultaneous targeting of distinct lysine clusters

in metabolic regulatory regions of the Fbp1 tetramer (See also Figure S5)

A. In vitro ubiquitylation of Fbp1-6xHis, detected by anti-His immunoblot, with WT (top) or
KO (bottom) Ub, testing effects of mutating the major Fbp1 Ub-targeted lysines identified
by mass spectrometry.

B. Glucose-induced degradation in vivo of exogenously expressed WT or mutant versions of
Fbp1. Substrate levels were quantified as ratio of substrate detected relative to level after
the switch from carbon starvation to carbon recovery conditions. Points represent mean,
error bars represent SD (n=3).

C. Structural model of Chelator-GIDSR*-mediated ubiquitylation of Fbp1. Ubc8~Ub was
modelled by aligning a homologous RING-E2~Ub structure (5H7S.PDB) on Gid2 RING.
Dotted lines indicate disordered Fbp1 N-termini. Close-ups show major Fbp1
ubiquitylation sites near substrate (F-1,6-BP) and allosteric AMP binding sides modeled
from structures with human Fbp1 (5ZWK.PDB, 5ET6.PDB).

D. Structure-based cartoon of Fbp1 ubiquitylation as shown in C. Stars and hexagons
represent substrate-binding and the allosteric sites in Fbp1, respectively.

E. In vitro Fbpase activity of purified WT, polyubiquitylated and mutant Fbp1 (K32A/
K35A/K280A/K281A).

F. Fbpase activity assay as in E, testing responses of purified WT, polyubiquitylated and
mutant Fbp1 (K32A/K35A/K280A/K281A) to allosteric inhibitor AMP.
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Figure 6. Higher order assemblies of human CTLH E3 (See also Figures S6, S7, Table

$1)

A. Color-coded guide to yeast GID subunits and their human orthologues in CTLH complex.
Two colors indicate multiple protomers of subunit.

B. Cryo EM maps of CTLH assemblies containing Cat (RMND5A-MAEA), SRS (RANBP9-
TWA1-ARMCS alone or bound to hGid4), and/or SA (WDR26 with or without YPELS)
modules, as indicated. Subunits are colored according to guide in A. Top left, low
resolution map of WDR26-mediated supramolecular assembly of CTLH (RANBP9-TWA1-
ARMC8-MAEA-RMND5A-WDR26). Right, 6.5 A map of human CTLH SRS module
(RANBP9-TWA1-ARMC8-hGid4) subcomplex with an SA module comprising WDR26-
YPELS5. Lower panel shows yeast Gid2-Gid9 structure in corresponding CTLH Cat
module.

C. Cartoon colored as in A representing CTLH oval assembly wherein SA module is
WDR26-YPELS5 dimer.

D. 10.4 A resolution map of human CTLH SRS module with MKLN1 as SA module. 2" copy
of SRS module in subcomplex is transparent.

E. Immunoblots of fractions from sucrose gradients of K562 cell lysates, probed with
indicated antibodies.

F. Immunoblots probing for core CTLH subunit (RANBP9) in fractions from sucrose
gradients of lysates from parental K562 and WDR267/MKLN1”, MKLN1"-, WDR26 and
MAEA™ knockout cells. Black boxes delineate high and low MW peak fractions.

G. Asin F, but probed as indicated with anti-MKLN1 or -WDR26 antibodies. * - WDR26
band.
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Figure 7. Molecular logic of multipronged Ub targeting of Fbp1 by Chelator-GIDSR*

Supramolecular chelate assembly specifies oligomeric metabolic enzyme targeting: 1)
Opposing Gid4 subunits avidly bind multiple degrons of tetrameric Fbp1; 2) Opposing RING-
E2~Ub active sites simultaneously target specific lysine clusters; 3) Targeted lysines map to
metabolically-important regions of oligomeric substrate.
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