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SUMMARY
How are E3 ubiquitin ligases configured to match substrate quaternary structures? Here, by studying the
yeast GID complex (mutation of which causes deficiency in glucose-induced degradation of gluconeogenic
enzymes), we discover supramolecular chelate assembly as an E3 ligase strategy for targeting an oligomeric
substrate. Cryoelectron microscopy (cryo-EM) structures show that, to bind the tetrameric substrate fruc-
tose-1,6-bisphosphatase (Fbp1), two minimally functional GID E3s assemble into the 20-protein Chelator-
GIDSR4, which resembles an organometallic supramolecular chelate. The Chelator-GIDSR4 assembly avidly
binds multiple Fbp1 degrons so that multiple Fbp1 protomers are simultaneously ubiquitylated at lysines
near the allosteric and substrate binding sites. Importantly, key structural and biochemical features, including
capacity for supramolecular assembly, are preserved in the human ortholog, the CTLH E3. Based on our inte-
grative structural, biochemical, and cell biological data, we propose that higher-order E3 ligase assembly
generally enables multipronged targeting, capable of simultaneously incapacitating multiple protomers
and functionalities of oligomeric substrates.
INTRODUCTION

Cells rapidly adapt their metabolic pathways in response to

nutrient availability (Tu and McKnight, 2006; Zaman et al.,

2008; Zhu and Thompson, 2019). Shifts in metabolic enzyme ac-

tivities are achieved by regulation at every conceivable level.

Metabolite-responsive transcriptional programs activate path-

ways that maximally use available nutrients and repress those

rendered unnecessary or counterproductive. For oligomeric en-

zymes, catalytic activities are subject to metabolite-mediated

allosteric control (Koshland, 1963a, 1963b; Monod et al.,

1963). In eukaryotes, undesired metabolic activities are often

terminated by ubiquitin-mediated degradation (Nakatsukasa

et al., 2015).

Degradation is typically controlled by recognition of proteins as

substrates of E3 ubiquitin (Ub) ligases. However, little is known

about whether or how E3 ligases are specifically tailored for olig-

omeric assemblies of metabolic enzymes. One of the first identi-

fied targets of nutrient-dependent degradation, budding yeast

fructose-1,6-bisphosphatase (Fbp1), is an oligomer (Chiang

andSchekman, 1991). Fbp1 is agluconeogenic enzymeessential

for yeast growth onnon-fermentable carbon sources. A shift from

gluconeogenic to glycolytic conditions renders gluconeogenesis
Molecular Cell 81, 2445–2459, J
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superfluous. Accordingly, Fbp1 activity and expression are cur-

tailed (Gancedo, 1971; Schork et al., 1994a, 1994b, 1995). The

switch to glycolytic conditions induces Ub-mediated degrada-

tion of Fbp1 and other gluconeogenic enzymes, includingmalate

dehydrogenase (Mdh2) and phosphoenolpyruvate carboxyki-

nase (Pck1), mediated by the multiprotein E3 ligase termed

"GID"; yeast mutants of Gid subunits are glucose-induced-

degradation deficient (Braun et al., 2011; Chiang and Schekman,

1991; H€ammerle et al., 1998; Menssen et al., 2012; Regelmann

et al., 2003; Santt et al., 2008; Schork et al., 1994b, 1995).

Although the GID E3 is conserved across eukaryotes and regu-

lates important physiology (Lampert et al., 2018; Liu et al.,

2020; Liu and Pfirrmann, 2019; Salemi et al., 2017), its regulation

and targets are best characterized in budding yeast.

Much like well-studied multiprotein E3 ligases, such as

anaphase-promoting complex/cyclosome (APC/C) or cullin-

RING ligases, GID is not a singular complex—a core catalytic

and scaffolding assembly is modulated by other subunits (Bar-

ford, 2020; Karayel et al., 2020; Liu and Pfirrmann, 2019; Melny-

kov 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 regulation are beginning to emerge. Previ-

ous structural studies have elucidated the core assembly and
une 3, 2021 ª 2021 The Author(s). Published by Elsevier Inc. 2445
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recapitulated some GID regulation (Qiao et al., 2020). Briefly, a

core inactive complex, GIDAnt, contains the heterodimeric E3

ligase RING and RING-like subunits (Gid2 andGid9) and scaffold

subunits (Gid1, Gid5, and Gid8). Coexpression of these subunits

in insect cells enables purification of recombinant GIDAnt and

systematic interrogation of GID functions.Within theGIDAnt scaf-

fold, Gid5 can bind the structurally homologous, interchange-

able substrate-binding receptors Gid4 and Gid10 (Karayel

et al., 2020; Melnykov et al., 2019; Qiao et al., 2020). Of these,

the molecular basis of substrate binding by Gid4 is well under-

stood: glucose-induced incorporation of Gid4 into the GID E3

enables recognition of substrate ‘‘Pro/N-degron’’ motifs de-

pending on an N-terminal proline (Chen et al., 2017; Dong

et al., 2018; H€ammerle et al., 1998; Regelmann et al., 2003; Santt

et al., 2008). Indeed, in vitro, adding Gid4 transforms GIDAnt into

an active GIDSR4 complex that collaborates with the cognate E2,

Ubc8 (also known as Gid3) to ubiquitylate Mdh2, as explained by

a structure of GIDSR4 (Qiao et al., 2020). Mutations probing the

GIDSR4 structure also showed that this assembly is required for

glucose-induced Fbp1 degradation in vivo (Qiao et al., 2020).

Perplexingly, despite the crucial role of Fbp1 in regulating

gluconeogenesis, its ubiquitylation has not been reconstituted

in vitro using defined GID E3 ligase components. In vivo, Fbp1

degradation depends on another protein, Gid7, which associ-

ates with other Gid subunits (Menssen et al., 2012; Regelmann

et al., 2003; Santt et al., 2008). Gid7 is evolutionarily conserved

across eukaryotes. Mammals even have two orthologs,

WDR26 and MKLN1, which are subunits of the ‘‘CTLH’’ complex

that corresponds to the yeast GID E3 (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 for

the preponderance of CTLH domains (in Gid1, Gid2, Gid7,

Gid8, and Gid9 and their orthologs), has intrinsic E3 ligase activ-

ity, although Pro/N-degron substrates have not yet been identi-

fied despite human Gid4 binding this motif (Cao et al., 2020;

Dong et al., 2018; Lampert et al., 2018; Liu et al., 2020; Liu and

Pfirrmann, 2019; Maitland et al., 2019; Zavortink et al., 2020).

Here we reconstitute a minimal GID E3 ligase active toward

Fbp1 by combining GIDSR4 and Gid7. Cryoelectron microscopy

(cryo-EM) reveals its structure as a 20-protein supramolecular

chelate E3 ligase assembly specifically tailored for Fbp1’s qua-

ternary structure. Structural and biochemical data suggest that

the human Gid7 orthologs likewise transform a GIDSR4-like E3

ligase core into higher-order assemblies. Our data reveal supra-

molecular chelate assembly of a pre-existing, functionally

competent E3 ligase complex as a structural and functional prin-

ciple to achieve multipronged Ub targeting tailored to an oligo-

meric substrate.

RESULTS

Reconstitution of Fbp1 ubiquitylation
Considering that the Gid7 protein, not visualized previously, is

required for glucose-induced Fbp1 degradation in vivo (Regel-

mann et al., 2003), we tested its effect in vitro. Our assay setup

probes modulation of the core recombinant GIDAnt assembly

upon adding other purified components individually or in combi-

nation. First, adding Gid4 marginally stimulated Fbp1 ubiquityla-
2446 Molecular Cell 81, 2445–2459, June 3, 2021
tion despite substantially potentiating ubiquitylation of Mdh2,

another canonical Pro/N-degron substrate, and Pck1, whose

recognition by the GID E3 remains elusive (Figure 1A). However,

adding Gid7 together with Gid4 substantially increased Fbp1

ubiquitylation. Comparing reactions with wild-type (WT) Ub or

a Ub version lacking lysines (K0Ub) that cannot form polyUb

chains indicated that addingGid7 increases substrate consump-

tion, the number of modified Fbp1 sites, and the number of Ubs

in polyUb chains (Figures 1A and 1B). Second, the remarkable

activation upon addition of Gid7 was specific to Fbp1; effects

on Pck1 were negligible, and effects on Mdh2 were nuanced in

increasing polyUb chain length while attenuating the amount of

Mdh2 molecules consumed in the assay (Figure 1A). Third, add-

ing Gid7 actually suppressed intrinsic GID E3 ligase activity, as

shown by effects on Ub transfer from a pre-formed Ubc8�Ub in-

termediate to free lysine in solution (Figure S1A). Binding of

Fbp1’s degron per se is insufficient to overcome this inhibition

because Gid7 likewise subdued ubiquitylation of a model pep-

tide substrate in which Fbp1’s degron sequence, PTLV, is con-

nected to a lysine acceptor through an intervening flexible linker

(Figure S1B).

To gainmechanistic insights, we quantified effects of including

Gid7 in a chromatographically purified version of the E3 by per-

forming enzyme kinetics. Comparedwith GIDSR4, a version of the

E3 complex fully incorporating Gid7 displayed a relatively 10-fold

lower Michaelis-Menten constant, Km, for Fbp1 ubiquitylation

and 10-fold increase in the reaction turnover number kcat (Fig-

ures 1C, 1D, S1C, and S1D). Adding purified Gid7 to GIDSR4

had similar effects (Figures 1C and S1C).

Consistent with the biochemical data, glucose-induced ubiq-

uitylation of Fbp1 in vivo is impaired by Gid7 deletion (Figure 1E).

To examine effects on degradation, we employed a promoter

reference technique that monitors degradation of exogenously

expressed proteins (here, C-terminally FLAG-tagged Fbp1,

Mdh2, or Pck1) while normalizing for effects on expression

(Chen et al., 2017; Oh et al., 2017). Our assay agreed with prior

studies showing that glucose-induced degradation of Fbp1,

Mdh2, and Pck1 depends on Gid4 (Chen et al., 2017; Qiao

et al., 2020; Regelmann et al., 2003; Santt et al., 2008). However,

Gid7 deletion substantially stabilized only Fbp1 (Figure 1F). This

deficit in Fbp1 degradation upon Gid7 deletion was not rescued

by Gid4 overexpression (Figure S1E). Also, quantitative mass

spectrometry analyses of the yeast proteome confirmed that,

of known gluconeogenic GID E3 substrates, Fbp1 was most

affected by Gid7 deletion (Figure S1F).

A supramolecular Chelator-GIDSR4 E3 assembly
encapsulates the tetrameric Fbp1 substrate
To understand the mechanism of Fbp1 recognition by the GID

E3, we purified an Fbp1-active recombinant complex and

analyzed its structure by cryo-EM (Figures S2A and S4; Table

S1). A 13-Å-resolution map of the assembly even without

the substrate showed a remarkable GID E3 structure: an exte-

rior oval supporting several inward-pointing globular domains.

Strikingly, the longest exterior dimension of 305 Å is roughly

comparable with 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 APC/C (Figure 2A)



Figure 1. Fbp1 ubiquitylation and degradation require a distinct Gid7-containing GID E3 ligase

(A) Fluorescence scans of SDS-PAGE gels showing in vitro ubiquitylation assays. These assays test the roles of Gid4 and Gid7 in ubiquitylation of C-terminally

fluorescently labeled Fbp1 (left), Mdh2 (center), and Pck1 (right). GIDAnt contains 2 protomers each of Gid1 and Gid8 and 1 of Gid2, Gid5, and Gid9. An asterisk

indicates that substrates are fluorescently labeled.

(B) In vitro ubiquitylation assay as in (A) but performed with lysine-less Ub (K0Ub) to determine the number of Fbp1 ubiquitylation sites.

(C) Plots showing fraction of Fbp1 ubiquitylation as a function of concentration of GIDSR4 (left) or its complex with Gid7 (center and right). Km values were

determined by fitting to the Michaelis-Menten equation. Error bars, SD (n = 2).

(D) Comparison of kcat between GIDSR4 and its complex with Gid7, determined from plots in Figure S1D. Error bars, SD (n = 2).

(E) Assessing in vivo ubiquitylation of Fbp1 (C-terminally 33FLAG-tagged at the endogenous locus) under carbon starvation (ethanol) and after 2 h of carbon

recovery inWT andDGid7 yeast strains. Following capture of ubiquitylated proteins with TUBEs (tandem ubiquitin binding entities), Fbp1-33FLAGwas visualized

by anti-FLAG immunoblotting.

(F) Glucose-induced degradation in vivo of exogenously expressed substrates Fbp1 (left), Mdh2 (center), and Pck1 (right), quantified using the promoter reference

technique. Substrate levels were quantified as the ratio of substrate detected relative to the level after switching from carbon starvation to carbon recovery

conditions in WT, DGid4 (top panels), and DGid7 (bottom panels) strains. Points represent mean, and error bars represent SD (n R 3).

See also Figure S1.
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(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 Å in the longest and shortest

dimensions, respectively—larger than a cullin-RING ligase

ubiquitylating a substrate (Baek et al., 2020).
The organization of the oval GID assembly was gleaned from

comparison with cryo-EM maps of subcomplexes (Figure 2B;

Table S1). Two copies of the previously defined GIDSR4 structure

(Qiao et al., 2020) fit in the large assembly. An additional Gid1-

Gid8 subcomplex can be observed bound to GIDSR4. These

duplicated Gid1 and Gid8 protomers are components of recom-

binant GIDAnt used for biochemical assays (Qiao et al., 2020) but
Molecular Cell 81, 2445–2459, June 3, 2021 2447



Figure 2. Multidentate capture of the Fbp1

tetramer by the Chelator-GIDSR4 assembly

(A) Cryo-EM map of GID E3 active toward Fbp1

compared for scale with low-pass-filtered maps of

the singly capped 26S proteasome (EMDB: EMD-

3536; PDB: 5MPB), Fanconi anemia core complex

(EMDB: EMD-10290; PDB: 6SRI), APC/C (EMDB:

EMD-3433; PDB: 5L9T), and cullin-RING E3 ubiq-

uitylation complex (EMDB: EMD-10585; PDB:

6TTU).

(B) Cryo-EM maps and molecular weights of re-

combinant GID assemblies. Structurally deter-

mined GIDSR4 (left, low-pass-filtered, dark gray,

EMDB: EMD 10327; PDB: 6SWY) is a stoichio-

metric complex of Gid1, Gid8, Gid5, Gid4, Gid2,

and Gid9. The purification conditions used here

include an additional Gid1-Gid8 subcomplex (gray)

bound to GIDSR4 (center, taken for the biochemical

assays). The oval higher-order Chelator-GIDSR4

assembly includes Gid7 dimers (right, white).

(C) Coomassie-stained SDS-PAGE (left) and cryo-

EMmaps of endogenous yeast GIDAnt (center) and

Chelator-GIDAnt (right) assemblies (prepared by

anti-FLAG immunoprecipitation of lysates from

yeast with Gid5 33FLAG tagged and Gid7 hem-

agglutinin (HA) tagged at their endogenous loci and

grown under conditions when Gid4 is not induced).

(D) Cryo-EM map of Chelator-GIDSR4 (gray) bound

to the Fbp1 tetramer (brown). The close up shows

2 red Gid4 protomers (modeled from PDB: 6SWY)

simultaneously contacting the docked Fbp1 crys-

tal structure.

See also Figure S2 and Tables S1 and S2.
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are not visible upon map refinement to high resolution. We inter-

preted the remaining density in the large oval GID assembly as

Gid7 dimers, one at each vertex, given size exclusion chroma-

tography-multi angle light scattering (SEC-MALS) data indi-

cating that purified Gid7 dimerizes (Figure S2B). The data reveal

a 1.5-MDa eicosameric GID assembly composed of 4 Gid1: 2

Gid2: 2 Gid4: 2 Gid5: 4 Gid7: 4 Gid8: 2 Gid9 protomers.

We sought to determine whether 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 regula-

tory partners may be prone to dissociation; for example, based

on lysis conditions (Leggett et al., 2002). Thus, we examined

sedimentation of a core subunit, Gid8 tagged at the endogenous

locus, as a marker for a GID assembly because it cosediments

with all other GIDSR4 subunits even under relatively harsh lysis

conditions (Qiao et al., 2020). Yeast lysates prepared by cryomil-

ling were subjected to sucrose density gradient fractionation.

Anti-FLAG immunoblotting showed Gid8 migrating at a lower

molecular weight in a Gid7 deletion compared with the WT, irre-

spective of whether yeast was grown under carbon starvation or

recovery in glucose, which induces GID E3 ligase activity (Fig-

ure S2C). Moreover, cryo-EM data of endogenous GID purified

from yeast grown under carbon starvation yielded 3D recon-
2448 Molecular Cell 81, 2445–2459, June 3, 2021
structions corresponding to the recombinant assemblies with

and without Gid7 at 14.2- and 9.5-Å resolution, respectively (Fig-

ures 2C and S2D).

Why is theminimumE3 ligase for Fbp1 so gigantic and hollow?

Given the substantial effect on Km in our enzyme kinetics

analyses, we hypothesized that such an assembly would form

to accommodate the substrate. To characterize the substrate,

we determined the crystal structure of yeast Fbp1, which

confirmed its tetrameric assembly (Figures 2D and S2B; Table

S2). We next resolved a cryo-EM structure with Fbp1 bound to

the GID E3, which led to several conclusions (Figure 2D; Table

S1). First, Fbp1 was readily docked in the center of the large

GID E3 oval. Second, two Fbp1 edges approach the substrate

binding Gid4 subunits within each GIDSR4 on opposite sides of

the oval. Third, the density attributed to Gid7 does not directly

contact Fbp1 but connects two Fbp1-binding GIDSR4 com-

plexes. Thus, Gid7 activates GID E3 activity toward Fbp1 indi-

rectly by driving supramolecular assembly.

The resultant GID assembly resembles an organometallic su-

pramolecular chelate in which multiple giant organic molecules

capture a much smaller ligand through multiple discrete points

of contact. Thus, we call the giant oval complex ‘‘Chelator-

GIDSR4’’ based on its supramolecular assembly in which two

GIDSR4 complexes simultaneously capture degrons displayed

from two protomers in the tetrameric Fbp1 substrate.



Figure 3. High-resolution details of Chelator-GIDSR4 modular assembly

(A) Focused refined maps of the substrate receptor scaffolding (SRS), catalytic (Cat), and supramolecular assembly (SA) modules, colored according to subunit

identity, fit in half of the overall map of Fbp1-bound Chelator-GIDSR4 (top center). The GIDSR4 structure (PDB: 6SWY) fits the SRS module (Gid1SRS, dark green;

Gid8SRS, salmon; Gid5, purple; Gid4, red). A brown arrow points to Gid4’s substrate binding site (top right). The Cat module comprises Gid2 (sky blue) and Gid9

(navy). Zinc ions are shown as gray spheres. Ubc8~Ub was modeled by aligning Gid2 RING with an E2~Ub-bound RING structure (PDB: 5H7S). The SA module

comprises Gid1SA (green), Gid8SA (pink) and 2 Gid7 protomers, Gid7to-Cat (yellow), and Gid7to-SRS (orange) facing the Cat or SRS module, respectively.

Superscript text refers to a module for a given Gid1 or Gid8 protomer. Arrows point to connected modules.

(B) Cartoon of Chelator-GIDSR4 with close ups of intermodule CTLH-CRAN:CTLH-CRAN interactions fit into the map of Chelator-GIDSR4 (gray).

(C) Intramodule LisH-CRAC:LisH-CRAC (solid ribbon) interactions in Chelator-GIDSR4.

See also Figures S3 and S4 and Table S1.
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High-resolution structures of modules in Chelator-
GIDSR4

A series of focused refinements enabled building atomic

models of the three functionally distinct modules comprising

Chelator-GIDSR4 (Figures 3A, S2E, S3A, and S4; Table S1): (1)

the substrate receptor scaffolding (SRS) module contained in

GIDSR4, responsible for bridging the substrate receptor to the

other E3 ligase subunits; (2) the catalytic (Cat) module, also pre-

sent in GIDSR4, which binds and activates the Ubc8�Ub inter-
mediate; and (3) a previously undescribed supramolecular

assembly (SA) module.

A 3.4-Å map of the Chelator-GIDSR4 SRS module fit the prior

coordinates for this region (PDB: 6SWY) (Figures 3A and S4B).

As described previously, the globular substrate-binding domain

of Gid4 fits snugly in a complementary concave surface of the

scaffold subunit Gid5. This arrangement is supported by a

base from Gid1SRS and Gid8SRS, which form an intricate hetero-

dimer involving their LisH-CTLH-CRA domains.
Molecular Cell 81, 2445–2459, June 3, 2021 2449
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Focused refinement over the Cat module yielded a 3.8-Å-res-

olution reconstruction (Figures 3A and S4C). The map quality

permitted de novo building and refinement of atomic coordi-

nates for the majority of Gid2 and Gid9 (Figure S3A). The cata-

lytic 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�Ub binding site) together with a portion of Gid9 that adopts

a unique RING-like (RING-L) structure (Figure S3B; Braun et al.,

2011; Qiao et al., 2020; Regelmann et al., 2003). Folding

of the Gid2 RING depends on its incorporation into the intri-

cately configured Gid2-Gid9 heterodimer. The Gid2 RING is

embedded in an unprecedented intermolecular heart-shaped

domain, stabilized by Gid9 elements, including an intermolec-

ular zinc-binding domain; a belt that encases roughly three

quarters of the base of Gid2’s RING; the RING-L domain, which

packs against the remaining side of Gid2’s RING; and the

extreme C terminus, which contributes to Gid2’s RING in a

manner analogous to canonical RING dimers (Budhidarmo

et al., 2012). Gid2 and Gid9 are further intertwined by their

N termini co-assembling in an �70-Å-long 4-helix coiled coil

(Figures 3A and S3A).

Within Chelator-GIDSR4, the two Gid2-Gid9 E3 ligase domains

face the two degron-binding Gid4 subunits. A model of the Gid2

RING-Ubc8�Ub intermediate based on published isolated RING

E3-E2�Ub complexes shows the Gid2 RING domain recruiting

Ubc8, whereas its linked Ub would be activated by Gid2 and

Gid9 in the canonically activated conformation (Figures 3A and

S3B; Dou et al., 2012; Plechanovová et al., 2012; Pruneda

et al., 2012). The model explains the previously reported effects

of Gid2 and Gid9 point mutations on Fbp1 degradation (Qiao

et al., 2020).

A 3.6-Å resolution map of the SA module within Chelator-

GIDSR4 enabled building of an atomic model (Figures 3A and

S4D). The two Gid7 protomers form an asymmetric dimer on

one side of themodule. Gid1SA andGid8SA form an interdigitated

scaffold that connects the Gid7 dimer to the Cat module.

Each Gid7 protomer consists of an N-terminal LisH-CTLH-

CRAmotif and an atypical b-propeller. The LisH-CTLH-CRAmo-

tifs form elongated helical double-sided dimerization domains

(Figure S3C). The LisH and CTLH helices initially progress in

one direction. The distal end is capped by the first two CRA he-

lices. The remaining CRA helices reverse and traverse the length

of the domain, pack against CTLH helices along the way, and

terminate adjacent to the LisH helices. We refer to one side of

the LisH-CTLH-CRA structure as ‘‘LisH-CRAC’’ because it con-

tains the LisH and C-terminal CRA helices. Accordingly, the

other side is called ‘‘CTLH-CRAN.’’ The Gid7 LisH-CRAC motifs

mediate homodimerization, much like LisH-CRAC motifs

mediate heterodimerization between Gid1SRS and Gid8SRS and

between Gid2 and Gid9 (Qiao et al., 2020).

b-Propellers are protein interaction domains formed by toroi-

dally arranged b sheet ‘‘blades’’ (Chen et al., 2011a). The

7-bladed propellers from the two Gid7 protomers ensue from

the LisH-CTLH-CRA motifs at different relative angles and

interact with each other. The resultant asymmetric double-pro-

peller domain binds part of Gid1SA. The SAmodule is further sta-

bilized by distinctive interactions between the CTLH-CRAN do-

mains from Gid1SA, a loop from Gid8SA, and the CTLH-CRAN
2450 Molecular Cell 81, 2445–2459, June 3, 2021
domain from aGid7 protomer we call Gid7to-Cat because it points

toward the Cat module (Figure S3D). The remainder of the

Gid1SA and Gid8SA subcomplex superimposes on correspond-

ing regions of Gid1SRS and Gid8SRS. At the two edges of the

SA module, the CTLH-CRAN domains from the SRS-facing

Gid7 protomer (Gid7to-SRS) and Gid8SA connect to the SRS and

Cat modules, respectively.

Supramolecular chelate assembly is supported by inter-
and intramodule LisH-CTLH-CRA domain interactions
The relative arrangement of E3 ligase elements—the Gid4 sub-

strate receptor and the Gid2-Gid9 RING-RING-L complex—in

Chelator-GIDSR4 depends on the exterior oval band. The oval

is established by two types of intersubunit interactions—within

the modules andmediating intermodule connections—in a daisy

chain-like arrangement of LisH-CTLH-CRA domains (Figures 3B

and 3C).

In Chelator-GIDSR4, the modules are connected to each other

by outward-facing heterotypic dimerization of CTLH-CRAN do-

mains at the edges of each module (Figure 3B). The CTLH-

CRAN domains connect modules in a side-by-side manner. In

the GIDSR4 assembly, the SRS and Cat modules are adjoined

by interactions between the CTLH-CRAN domains of Gid8SRS

and Gid9. The Cat and SA modules are bridged by interactions

between the CTLH-CRAN domains of Gid2 and Gid8SA. Notably,

Gid2’s CTLH-CRAN domain also packs against Gid9’s RING-L

domain, which may explain how formation of the Chelator-

GIDSR4 assembly affects intrinsic Ub transferase activity (Figures

3A, S1A, and S3B). The oval structure also depends on adjoining

the SRS and SA modules through interactions between the

CTLH-CRAN domains of Gid1SRS and Gid7to-SRS. Despite the

similarity of intermodule interactions at a secondary structural

level, specificity is dictated by contacts between domains,

ensuring formation of the Chelator-GIDSR4 assembly.

Chelator-GIDSR4 assembly mediates avid recruitment of
the tetrameric substrate Fbp1
Comparing the major classes of Chelator-GIDSR4 alone or

bound to Fbp1 showed relative repositioning of the SRS module

toward the center of the oval to bind the substrate, resembling a

Venus flytrap capturing its prey (Figure 4A). An individual Fbp1

Pro/N-degron was visualized bound to Gid4 in a locally refined

map of SRS (Figures 4B and S4B). Fbp1’s N-terminal proline

and two subsequent residues are recruited much like short pep-

tides binding human Gid4 (Chen et al., 2017; Dong et al., 2018;

H€ammerle et al., 1998). Comparing the substrate-bound

Chelator-GIDSR4 structure with the substrate-free GIDSR4

(Qiao et al., 2020) shows remodeling of several Gid4 loops to

embrace the N-terminal residues PTL of the Fbp1 substrate

(Figure 4B).

Notably, the Pro/N-degrons and several subsequent residues

are not visible in the Fbp1 crystal structure, suggesting that they

are intrinsically disordered (Figure 4C). These elements could

emanate from opposite sides of the disk-like Fbp1 catalytic

domain. In the complex with Chelator-GIDSR4, degrons from

both sides appear to simultaneously ensnare Gid4 substrate re-

ceptors. Such avid binding would rationalize the 10-fold lower

Km in Fbp1 ubiquitylation assays (Figure 1C). To further test



Figure 4. Chelator-GIDSR4 assembly specifies multivalent binding for the tetrameric Fbp1 substrate

(A) Superimposed maps of substrate-free (gray) and Fbp1-bound Chelator-GIDSR4 (brown) show relative inward movement of SRS modules (ribbon) upon

substrate recruitment.

(B) Conformational differences between Gid4 in GIDSR4 (PDB: 6SWY, gray) and Fbp1-bound Chelator-GIDSR4 (red). The first three residues of Fbp1 (the Pro/

N-degron) bound to Gid4 are shown as sticks.

(C) Crystal structure of the Fbp1 tetramer, with the N-terminal region (residues 2–19), including the degron not visible in the electron density, depicted as dotted

lines. Fbp1 protomers are shown in various brown shades.

(D) Competitive in vitro ubiquitylation assays probing multivalent E3-substrate interactions. Chelator-GIDSR4 has two substrate binding sites and two catalytic

centers, whereas two other E3 assemblies (GIDSR4 or GIDSR4 + Gid7MUT lacking the LisH-CTLH-CRA motif, D1–285) have only one substate binding site and one

catalytic center. Substrates are oligomeric (tetrameric Fbp1) or monomeric (a peptide harboring a single acceptor Lys, Fbp1-pep) and fluorescently labeled at the

C terminus (denoted by an asterisk). Competitors are oligomeric (tetrameric Fbp1tet K/R, with preferred target lysines mutated to arginines) or monomeric (lysine-

less peptide, Fbp1pep K0).

See also Figure S4 and Tables S1 and S2.
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the possibility of avid substrate capture, we performed compet-

itive qualitative ubiquitylation assays. Unlabeled monomeric

and tetrameric Fbp1 competitors had a comparable inhibitory

effect on ubiquitylation of fluorescent Fbp1 by GIDSR4 or GIDSR4

mixed with a Gid7 mutant that does not support supramolecular

assembly (Figure 4D). However, compared with an unlabeled

monomeric inhibitor, the unlabeled Fbp1 tetramer was strikingly

more effective at impeding Chelator-GIDSR4 ubiquitylation of

fluorescent Fbp1. The same inhibitory trends were observed

for ubiquitylation of a fluorescent monomeric peptide substrate,

confirming that the Fbp1 tetramer complements the Chelator

assembly. The data are consistent with avid Fbp1 recruitment

to Chelator-GIDSR4 depending on supramolecular assembly of

the E3 ligase and its substrate.
Chelator-GIDSR4 assembly establishes dual site-specific
Ub targeting
We next mapped regions of Fbp1 engaging the ubiquitylation

active sites. Locating di-Gly sites by mass spectrometry identi-

fied Chelator-GIDSR4-mediated ubiquitylation of two pairs of

neighboring lysines, K32/K35 and K280/K281, preferentially

from18potential target lysines on the surfaceof Fbp1 (FigureS5).

The importance of these lysines was confirmed mutationally

(Figures 5A and 5B). Use of K0 Ub had shown modification of

up to two sites in an Fbp1 protomer during the time course of

the experiment (Figure 1B). Eliminating either lysine pair reduced

this to monoubiquitylation, with a slightly greater effect on the

K32/K35 mutant (Figure 5A). The results suggest that either re-

gion can be ubiquitylated independent of the other but that, for
Molecular Cell 81, 2445–2459, June 3, 2021 2451



Figure 5. Chelator-GIDSR4 configures simultaneous targeting of specific lysine clusters in metabolic regulatory regions of the Fbp1 tetramer

(A) In vitro ubiquitylation of Fbp1-6xHis, detected by anti-His immunoblotting, with WT (top) or K0 (bottom) Ub, testing the effects of mutating the major Fbp1 Ub-

targeted lysines identified by mass spectrometry.

(B) Glucose-induced degradation in vivo of exogenously expressed WT or lysine mutant versions of Fbp1. Substrate levels were quantified as the ratio of

substrate detected relative to the level after switching from carbon starvation to carbon recovery conditions. Points represent mean, and error bars represent SD

(n = 3).

(C) Structural model of Chelator-GIDSR4-mediated ubiquitylation of Fbp1. Ubc8~Ub was modeled by aligning a RING-E2~Ub structure (PDB: 5H7S) on Gid2

RING. Dotted lines indicate disordered Fbp1 N termini. Close ups show major Fbp1 ubiquitylation sites near substrate (Fructose-1,6-bisphosphate, F-1,6-BP)

and allosteric AMP binding sides modeled from structures with human Fbp1 (PDB: 5ZWK and 5ET6).

(D) Structure-based cartoon of Fbp1 ubiquitylation as shown in (C). Stars and hexagons represent substrate-binding and 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 the responses of purified WT, polyubiquitylated, and mutant Fbp1 (K32A/K35A/K280A/K281A) to the allosteric in-

hibitor AMP.

See also Figure S5.
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a given protomer, ubiquitylation is restricted to one lysinewithin a

pair. Testing the effects of the mutations on Fbp1 degradation

confirmed the importanceof these lysines in vivo,with substantial

stabilization even upon mutating only the K32/K35 lysine pair

(Figure 5B).
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To understand how the Chelator-GIDSR4 supramolecular as-

sembly determines regulation, we generated a structural model

of ubiquitylation (Figures 5C and 5D). Fbp1 was first anchored

via two degrons, one from each side binding a Gid4. Ubc8�Ub

was modeled on the Gid2-Gid9 RING-RING-L domains based
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on homology to another RING-E2�Ub assembly (Nayak and Si-

varaman, 2018). Fbp1 was subjected to constrained rotation to

localize the K32 and K35 region of one protomer adjacent to

one active site. This led to two striking observations. First, the

K32 and K35 regions of two pairs of protomers are adjacent to

each other. Second, and unexpectedly, when a K32 and K35 re-

gion is alignedwith one active site, the K280 andK281 region of a

different Fbp1 protomer is simultaneously situated in the other

Chelator-GIDSR4 active site. Thus, the Chelator-GIDSR4 supra-

molecular assembly complements the tetrameric structure of

Fbp1 by enabling simultaneous capture of two Pro/N degrons

and simultaneous ubiquitylation of multiple protomers within

the Fbp1 tetramer.

Given that Fbp1 is allosterically regulated in response to

metabolite binding (Ke et al., 1990a, 1990b), we inspected the

structure for potential functional importance of the ubiquitylation

sites (Figures 5C and 5D). Intriguingly, the K32 and K35 residues

reside in a loop abutting the allosteric site that regulates Fbp1 ac-

tivity by binding the non-competitive inhibitor AMP (Ke et al.,

1990b). K280 and K281 are located adjacent to another interpro-

tomer interface, relatively near the substrate binding site (Ke

et al., 1990a). We thus examined the effects of Chelator-GIDSR4

ubiquitylation on Fbp1 activity. A K32A/K35A/K280A/K281A

mutant and a ubiquitylated version of Fbp1 show Fbpase activity

in our assay. However, allosteric modulation by AMP was sub-

stantially impaired in both cases (Figures 5E and 5F). Thus,

Chelator-GIDSR4 targets sites related to Fbp1’s metabolic

function.

Structural and mechanistic parallels in human CTLH E3
To determine whether 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-GIDSR4 (Figure 6A).

We first reconstituted a recombinant complex that we call

‘‘CTLHSR4,’’ which parallels yeast GIDSR4. A low-resolution

cryo-EM envelope showed that the corresponding human sub-

units form SRS (hGid4-ARMC8-RANBP9-TWA1) and Cat

(RMND5A-MAEA) modules (Figure S6A). As for yeast GIDSR4

(Qiao et al., 2020), the CTLHSR4 Cat module is relatively poorly

resolved, but the coordinates for the yeast Gid2-Gid9 subcom-

plex derived from Chelator-GIDSR4 readily fit in the density. A

3.2-Å-resolution map obtained by focused refinement enabled

building of atomic coordinates for the human SRSmodule, which

superimposes on its yeast counterpart (Figures 6B, S6B and S7;

Table S1).

We testedwhether the structural conservation extended to the

enzymatic mechanism. Because the Pro/N-end degron targets

of the CTLH E3 remain unknown, we generated a model peptide

substrate: an N-terminal PGLW sequence reported previously to

optimally bind hGid4 (Dong et al., 2018, 2020), connected via a

flexible linker to a C-terminal target lysine. With this peptide sub-

strate, we tested the effects of structure-based point mutations

on ubiquitylation. The hGid4 residues mediating its incorporation

into CTLHSR4 and RMND5A and MAEA residues that activate

UBE2H�Ub are crucial for peptide substrate ubiquitylation (Fig-

ures S6C–S6H). Moreover, as with GIDSR4 (Qiao et al., 2020),

only K48 of all Ub lysines was sufficient to support polyUb chain
formation by CTLHSR4, albeit to a substantially lesser degree

than WT Ub (Figure S6I). Thus, it seems that the human CTLH

core module parallels that in yeast GID assemblies.

We examined by cryo-EM whether the human Gid7 orthologs

WDR26 and MKLN1 have capacity for supramolecular assem-

bly. We obtained reconstructions for two subcomplexes con-

taining WDR26. Coexpressing WDR26 with scaffolding and cat-

alytic subunits (ARMC8-RANBP9-TWA1-RMND5A-MAEA)

yielded a complex broadly resembling Chelator-GIDSR4 in that

it forms a hollow oval of similar dimensions (Figures 6A and

6C). Docking structures of human and yeast subcomplexes

into the density showed that a WDR26 dimer is the SA module.

However, WDR26 binds directly to RANBP9-TWA1 in the scaf-

fold, without duplicates of these subunits corresponding to yeast

Gid1SA-Gid8SA. The distinct WDR26-dependent supramolecular

assembly places four—not two—ARMC8 subunits poised to

each bind a hGid4 to capture substrate degrons in the

CTLH oval.

The distinctive arrangement of SA and SRS modules was pre-

served in a 6-Å resolution map of WDR26, RANBP9, TWA1,

ARMC8, hGid4, and the poorly understood CTLH subunit YPEL5

(Figure 6C; Table S1). Interestingly, YPEL5 binds at the junction

of the two protomers in the WDR26 double-propeller domain.

A low-resolutionmap showedyet anotherSA for another human

Gid7ortholog,MKLN1,boundtotheCTLHSRSmodule (Figure6D;

Table S1). 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;

Kimetal., 2014),MKLN1 formsa tetramer. FourMKLN1protomers

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 gradi-

ents of parental K562 cell lysates showed comigration of CTLH

subunits, corresponding to a complex with a molecular weight

greater than that predicted for a uniformly stoichiometric assem-

bly (600–800 kDa according to standards) (Figure 6E). However,

probing migration of the core subunit RANBP9 as a marker for

the CTLH complex showed that the assembly changes mark-

edly, toward fractions of 150–350 kDa, in CRISPR-Cas9

genome-edited lines lacking WDR26, MKLN1, or both or the

Cat module subunit MAEA (Figures 6F and S6J). 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 a lesser effect

of deleting MKLN1. This may suggest that a greater proportion

of the CTLH complex in these cells depends on WDR26 for su-

pramolecular assembly, perhaps because of 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 of

Chelator-GIDSR4. Moreover, differences in structural configura-

tion of complexes containing MKLN1 or WDR26 offer prospects
Molecular Cell 81, 2445–2459, June 3, 2021 2453



Figure 6. Higher-order assemblies of human CTLH E3

(A) Color-coded guide to yeast GID subunits and their human orthologs in the CTLH complex (top). Two colors indicate multiple protomers of a subunit. Cartoon

colored as in the top, representing CTLH oval assembly where the SA module is the WDR26-YPEL5 dimer (bottom).

(B) 3.2-Å-resolution segmented map of CTLH SRS module (RANBP9-TWA1-ARMC8-hGid4) obtained by focused refinement of CTLHSR4 (top) and its corre-

sponding model (bottom).

(C) Cryo-EM maps of CTLH assemblies containing the Cat (RMND5A-MAEA), SRS (RANBP9-TWA1-ARMC8 alone or bound to hGid4), and/or supramolecular as-

sembly (WDR26withorwithoutYPEL5)modules, as indicated. Subunits are coloredaccording to the guide in (A). Top left: low-resolutionmapofWDR26-mediatedSA

of CTLH (RANBP9-TWA1-ARMC8-MAEA-RMND5A-WDR26). Right: 6.5-Å-resolution map of the human CTLH SRS module (RANBP9-TWA1-ARMC8-hGid4) sub-

complex with an SA module comprising WDR26-YPEL5. Bottom panel: the yeast Gid2-Gid9 structure in the corresponding CTLH Cat module.

(D) 10.4-Å-resolution map of the humanCTLH SRSmodule withMKLN1 as the SAmodule. The second copy of the SRSmodule in the subcomplex is transparent.

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

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

(G) As in (F) but probed as indicated with anti-MKLN1 or -WDR26 antibodies. *, WDR26 band.

See also Figures S6 and S7 and Table S1.
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that CTLH may adopt a variety of supramolecular E3 assemblies

that could impart distinct functionalities.

DISCUSSION

Here we discovered multipronged substrate targeting by an E3

ligase chelate supramolecular assembly tailored to the oligo-

meric quaternary structure of its metabolic enzyme substrate.

In the absence of chelate assembly, GIDSR4 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). GIDSR4 is also competent in vivo insofar as Gid7
2454 Molecular Cell 81, 2445–2459, June 3, 2021
is not required for glucose- and GID-dependent degradation

of several substrates (Figure 1). Instead of binding directly to

its specified substrate Fbp1, Gid7 alters the GID assembly (Fig-

ures 2 and 3).

Although other E3s have been reported to self-assemble (Ba-

laji and Hoppe, 2020), this is typically achieved by catalytic or

substrate receptor subunits; for example, the dimeric RING do-

mains 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; Plechanovová et al.,

2012; Welcker et al., 2013; Zhuang et al., 2009). Substrate-

bound multivalent E3s can undergo liquid-liquid phase-separa-

tion (Bouchard et al., 2018). However, the transformation into



Figure 7. Molecular logic of multipronged Ub targeting of Fbp1 by

Chelator-GIDSR4

Supramolecular chelate assembly specifies oligomeric metabolic enzyme

targeting. (1) Opposing Gid4 subunits avidly bind multiple degrons of tetra-

meric 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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Chelator-GIDSR4 is a distinctive, extreme, and specific adjust-

ment of E3 ligase architecture (Figures 2 and 3).

Resembling an organometallic chelate interacting with its cen-

tral ligand, Chelator-GIDSR4’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 intermediates activated by two

opposing Gid2-Gid9 catalytic domains (Figures 4, 5, and 7).

Relative to the monodentate GIDSR4, the Chelator-GIDSR4 as-

sembly enables more molecules within the Fbp1 tetramer to be

ubiquitylated simultaneously, increasing Ub density on a given

Fbp1 tetramer (Figures 1A and 1B). Interestingly, there is not a

1:1 correspondence between the number of degron binding sites

in Chelator-GIDSR4 and the number of degrons in Fbp1. The

Fbp1 tetramer has four exposed potential degrons, two on

each side, both seemingly poised to capture one central-facing

Gid4 in Chelator-GIDSR4 (Figure 4C). An excess number of de-

grons 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-GIDSR4-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-GIDSR4, albeit with interesting twists. In particular, the

different Gid7 orthologs form distinct supramolecular assem-
blies (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 that there is not a single yeast GID or

human CTLH complex. Rather, GID and CTLH are examples of

responsive systems of multiprotein assemblies with an active E3

core that can be elaborated by supramolecular assembly.

Although the functionofonesuchassembly is shownhere, thevar-

iations revealed by human Gid7 orthologs suggest that they, and

presumably other subunits, also co-configure substrate binding

andubiquitylationactivesites inaccordancewith themolecularor-

ganization and quaternary structure of particular substrates. The

Chelator model presented here demonstrates how GID (and pre-

sumably CTLH) utilizes an elegant molecular logic: the response

toa signal suchasglucoseavailability convergesonnumerousas-

pects of its substrate’s structure and function to achieve precise

physiological regulation (Figure 7).

Limitations
Chelator-GIDSR4 is remarkably specific in ubiquitylating partic-

ular Fbp1 lysines in metabolic regulatory regions. However, the

physiological 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 termination of

gluconeogenesis.

Although Chelator-GIDSR4 is active toward Mdh2 and Pck1, it

is unclear why these oligomeric substrates are 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 GIDSR4. Future studies will be required to understand

how Pck1 and other GID E3 substrates, including the Gid4

substrate receptor itself, are recognized and ubiquitylated

(H€ammerle et al., 1998; Karayel et al., 2020; Menssen

et al., 2018).

Finally, although discovery of the Chelator configuration pro-

vides a basis for understanding higher-order GID assembly,

whatother assembliesor sub-assembliesmay formand their func-

tions remain unknown. Clearly, other arrangements are observed

for human CTLH complexes with WDR26. MKLN1 forms an even

higher-order assembly with the human SRS module. Some yeast

GID assembliesmigrate in the void volume, as seen by size-exclu-

sion chromatography (Figure S2A). Moreover, the mechanistic

roles of additional subunits, including YPEL5 (Figure 6), or regula-

tory partners, such as Cdc48/p97, remain unknown (Barbin et al.,

2010; Lampert et al., 2018).Weawait futurestudies revealing func-

tions of other variations of GID and CTLH assemblies.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal ANTI-FLAG M2 antibody Sigma Aldrich Cat# F1804; RRID: AB_262044

Anti-HA antibody produced in rabbit Sigma Aldrich Cat# H6908; RRID: AB_260070

Goat anti-rabbit IgG Dylight488 conjugated Invitrogen Cat# 35552; RRID: AB_844398

Goat anti-mouse IgG Dylight633

conjugated

Invitrogen Cat# 35512; RRID: AB_1307538

Anti-rabbit peroxidase antibody produced

in goat

Sigma Aldrich Cat# A9169; RRID: AB_258434

Anti-mouse IgG Peroxidase antibody

produced in goat

Sigma Aldrich Cat# A4416; RRID: AB_258167

Anti-His antibody produced in mouse Cell Signaling Technology Cat# 9991; RRID: AB_2797714

Goat polyclonal anti-RMND5A antibody Santa Cruz Cat# sc-161202, RRID: AB_2181510

Sheep polyclonal anti-MAEA antibody R&D Systems Cat# AF7288-SP, RRID: AB_10971438

Rabbit polyclonal anti-RANBP9 antibody Abnova Cat# PAB16671; RRID: AB_10677213

Rabbit polyclonal anti-TWA1 antibody Novus Cat# NBP1-32596; RRID: AB_2274921

Mouse monoclonal anti-ARMC8 antibody Santa Cruz Cat# sc-365307; RRID: AB_10850172

Mouse monoclonal anti-MKLN1 antibody Santa Cruz Cat# sc-398956; RRID: AB_2737249

Rabbit polyclonal anti-WDR26 antibody Bethyl Laboratories Cat# A302-245A; RRID: AB_1730876

Rabbit polyclonal anti-YPEL5 antibody Thermo Fisher Cat# PA5-26957; RRID: AB_2544457

Sheep polyclonal anti-hGid4 This study N/A

HaloLink Resin Promega Cat# G1912

ANTI-FLAG M2 affinity gel Sigma Aldrich Cat# A2220

His-Select Nickel affinity gel Sigma Aldrich Cat# P6611

Glutathione Sepharose 4B GE Healthcare Cat# 17075605

StrepTactin Sepharose High

Performance resin

cytiva Cat# 28935599

His-Halo UBAUBQLN1 This study N/A

Critical commercial assays

EnzChek Phosphate Assay Kit ThermoFisher Scientific Cat# E6646

Bacterial and virus strains

E. coli BL21 RIL (DE3) MPIB N/A

E. coli DH5a MPIB N/A

Chemicals, peptides, and recombinant proteins

complete EDTA free Roche Cat# 05056489001

Aprotinin from bovine lung Sigma A1153-10MG

Leupeptin Sigma L2884-250MG

Benzamidine Sigma B6506-25G

GGGGGFYVK-FAM MPIB N/A

PTLVNGWPR MPIB N/A

PTLVNGPRRDSTEGFTGRGWSGRGWS

KGGK-FAM

MPIB N/A

PGLWRSPRRDSTEGFTGRGWSGRG

WSKGGK-FAM

MPIB N/A

3xFLAG peptide MPIB N/A

(Continued on next page)
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Deposited data

Apo Chelator-GIDSR4 This study EMDB: EMD-12541

Chelator-GIDSR4 + Fbp1 This study EMDB: EMD-12557

GIDSR4 This study EMDB: EMD-12548

SRS module This study EMDB: EMD-12559; PDB: 7NS3

Cat module This study EMDB: EMD-12560; PDB: 7NS4

SA module This study EMDB: EMD-12563; PDB: 7NSB

Endogenous GIDAnt This study EMDB: EMD-12538

Endogenous Chelator-GIDAnt This study EMDB: EMD-12540

CTLHSR4 This study EMDB: EMD-12537

CTLHSR4 SRS module This study EMDB: EMD-12564; PDB: 7NSC

CTLH-WDR26 SA and SRS modules This study EMDB: EMD-12545

CTLH-WDR26 supramolecular assembly This study EMDB: EMD-12542

CTLH-MKLN1 SA and SRS modules This study EMDB: EMD-12547

Fbp1 (crystal structure) This study PDB: 7NS5

Proteomics data This study PXD024462

Raw image data This study http://dx.doi.org/10.17632/rfpsg6939c.1

Experimental models: Cell lines

Sf9 Insect cells Thermo Fisher Cat# 11496015

High Five Insect cells Thermo Fisher Cat# B85502

K562 human cells ATCC ATCC#CCL-243; RRID: CVCL_00004

Experimental models: Organisms/strains

Saccharomyces cerevisiae: Strain S288C:

BY4741; MATa his3D1leu2D0 met15D0

ura3D0

Euroscarf Cat# Y00000

CRLY12; BY4741, Gid4::KANMX This study N/A

CRLY14; BY4741, Gid7::KANMX This study N/A

CRLY45; BY4741, Gid8::Gid8-

3xFLAG-KANMX

Qiao et. al., 2020 N/A

CRLY131; BY4741, Gid2::3xFLAG-

Gid2 (K365A)

Qiao et. al., 2020 N/A

CRLY241; BY4741, Gid7::KANMX,

Gid8::Gid8-3xFLAG-HPHNT1

This study N/A

CRLY267; BY4741, Gid7::Gid7-3xHA-

HPHNT1, Gid5::Gid5-3xFLAG-KANMX

This study N/A

CRLY498; BY4741, Fbp1::Fbp1-3xFLAG-

HPHNT1, Pdr5::NATNT2

This study N/A

CRLY504; BY4741, Fbp1::Fbp1-3xFLAG-

HPHNT1, Pdr5::NATNT2, Gid7:KANMX

This study N/A

Recombinant DNA

pCSJ95 Chen et al., 2017 N/A

pCSJ125 Chen et al., 2017 N/A

VBP6; pRS313-pGPD-Pck1-3xFLAG-CYC-

pGPD-DHFR-HA-CYC

This study N/A

DSJC1; pRS313-pGPD-Fbp1-K32R/K35R-

3xFLAG-CYC-pGPD-DHFR-HA-CYC

This study N/A

DSJC2; pRS313-pGPD-Fbp1-K280R/

K281R-3xFLAG-CYC-pGPD-DHFR-

HA-CYC

This study N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

DSJC3; pRS313-pGPD-Fbp1-K32R/K35R/

K280R/K281R-3xFLAG-CYC-pGPD-

DHFR-HA-CYC

This study N/A

pRS415-pTEF-CYC This study N/A

pRS415-pTEF-GFP-ScGid4-CYC This study N/A

pLIB Gid1 This study N/A

pLIB Gid2 This study N/A

pLIB Gid4 This study N/A

pLIB Gid5 This study N/A

pLIB Gid7 This study N/A

pLIB Gid8-TEV-2xStrep This study N/A

pLIB Gid8 This study N/A

pLIB Gid9 This study N/A

pLIB RANBP9 This study N/A

pLIB RMND5A This study N/A

pLIB hGid4 This study N/A

pLIB ARMC8 This study N/A

pLIB 2xStrep-3C-ARMC8 This study N/A

pLIB MAEA This study N/A

pLIB WDR26 This study N/A

pLIB GST-TEV-WDR26 This study N/A

pLIB MKLN1 This study N/A

pLIB YPEL5 This study N/A

pLIB MAEA Y394A This study N/A

pLIB RMND5A R340A This study N/A

pLIB RMND5A I338A/L339A This study N/A

pLIB GST-TEV-Uba1 This study N/A

pBIG2 Gid1:Gid8-TEV-

2xS:Gid5:Gid4:Gid2:Gid9

This study N/A

pBIG2 Gid1:Gid8-TEV-2xS:Gid5:Gid2:Gid9 This study N/A

pBIG2 Gid1:Gid8-TEV-

2xS:Gid5:Gid2:Gid9:Gid7

This study N/A

pBIG2 Gid1:Gid8-TEV-

2xS:Gid5:Gid4:Gid2:Gid9:Gid7

This study N/A

pBIG1 RANBP9:TWA1-TEV-2xS:ARMC8 This study N/A

pBIG1 RANBP9:TWA1:2xS-3C-ARMC8 This study N/A

pBIG2 RANBP9:TWA1-TEV-

2xS:ARMC8:RMND5A:MAEA

This study N/A

pBIG2 RANBP9:TWA1-TEV-

2xS:ARMC8:RMND5A

This study N/A

pBIG2 RANBP9:TWA1-TEV-

2xS:ARMC8:MAEA

This study N/A

pGEX GST-TEV-Gid4 (D1-116) This study N/A

pGEX GST-TEV-Gid7 This study N/A

pGEX GST-TEV-Gid7 (D1-285) This study N/A

pGEX GST-TEV-hGid4 (D1-99) This study N/A

pGEX GST-TEV-hGid4 (R189A) This study N/A

pGEX GST-TEV-hGid4 (Y154A) This study N/A

pGEX GST-TEV-hGid4 (F174A) This study N/A

pGEX GST-TEV-hGid4 (F239A) This study N/A

pGEX GST-TEV-hGid4 (C156D) This study N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

pGEX GST-TEV-hGid4 (E298A) This study N/A

pGEX GST-TEV-hGid4 (H147D) This study N/A

pGEX GST-TEV-hGid4 (Y158A/F174A) This study N/A

pGEX GST-TEV-hGid4 (Y158A/F239A) This study N/A

pGEX GST-TEV-hGid4 (F174A/F239A) This study N/A

pGEX GST-TEV-hGid4 (Y297A/F229A) This study N/A

pGEX GST-TEV-hGid4 (D297-300) This study N/A

pRSF Ubc8-6xHis This study N/A

pRSF Fbp1-6xHis This study N/A

pRSF Fbp1 (K32R/K35R)-6xHis This study N/A

pRSF Fbp1 (K280R/K281R)-6xHis This study N/A

pRSF Fbp1 (K32R/K35R/K280R/

K281R)-6xHis

This study N/A

pRSF Fbp1-GGGGS-sortag-6xHis This study N/A

pRSF Mdh2-GGGGS-sortag-6xHis This study N/A

pRSF Pck1-GGGGS-sortag-6xHis This study N/A

pQlink Fbp1-TEV-V5-2xS This study N/A

pRSF Ube2H-6xHis This study N/A

pGEX GST-3C-Ub This study N/A

pGEX GST-3C-Ub K0 (all K > R) This study N/A

pGEX GST-3C-Ub K6 (all K > R; R6K) This study N/A

pGEX GST-3C-Ub K11 (all K > R; R11K) This study N/A

pGEX GST-3C-Ub K27 (all K > R; R27K) This study N/A

pGEX GST-3C-Ub K29 (all K > R; R29K) This study N/A

pGEX GST-3C-Ub K33 (all K > R; R33K) This study N/A

pGEX GST-3C-Ub K48 (all K > R; R48K) This study N/A

pGEX GST-3C-Ub K63 (all K > R; R63K) This study N/A

pET3b Ub This study N/A

pET29 sortase A Chen et al., 2011b N/A

Software and algorithms

FOCUS Biyani et al., 2017 https://focus.c-cina.unibas.ch/

documentation.php

SerialEM Mastronarde, 2003 https://bio3d.colorado.edu/SerialEM/

MOTIONCOR2 Zheng et al., 2017 https://emcore.ucsf.edu/ucsf-software

Gctf Zhang, 2016 https://www2.mrc-lmb.cam.ac.uk/

download/gctf/

Gautomatch Kai Zhang https://www2.mrc-lmb.cam.ac.uk/

download/gautomatch-053/

Relion3.0/3.1 Fernandez-Leiro and Scheres, 2017;

Scheres, 2012; Zivanov et al., 2018

https://www3.mrc-lmb.cam.ac.uk/relion/

index.php/Main_Page

Phyre2 Kelley et al., 2015 http://www.sbg.bio.ic.ac.uk/�phyre2/html/

page.cgi?id=index

SWISS-MODEL Waterhouse et al., 2018 https://swissmodel.expasy.org

UCSF Chimera Pettersen et al., 2004 https://www.cgl.ucsf.edu/chimera/

UCSF ChimeraX Goddard et al., 2018 https://www.rbvi.ucsf.edu/chimerax/

PyMOL v2.1 Schrödinger https://pymol.org/2/

CCP-EM Burnley et al., 2017 https://www.ccpem.ac.uk/download.php

Buccaneer Cowtan, 2006 http://www.ysbl.york.ac.uk/�cowtan/

buccaneer/buccaneer.html

(Continued on next page)
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Coot Emsley and Cowtan, 2004; Emsley

et al., 2010

https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

Phenix Adams et al., 2010; Afonine et al., 2018;

DiMaio et al., 2013

https://www.phenix-online.org/

Molprobity Chen et al., 2010 http://molprobity.biochem.duke.edu/

Image Studio LI-COR Biosciences https://www.licor.com/bio/image-studio/

Fiji/ImageJ Schindelin et al., 2012 https://imagej.net/Welcome

GraphPad Prism version 8.0 GraphPad Software http://www.graphpad.com:443/

ImageQuant TL Toolbox version 8.2 Cytiva (formerly GE Healthcare) https://www.cytivalifesciences.com

DeepEMhancer Sanchez-Garcia et al., 2020 http://www.biorxiv.org

Other

QUANTIFOIL� R1.2/1.3, 100 Holey Carbon

Films, Grids: Cu 200 mesh

Quantifoil Micro Tools GmbH https://www.quantifoil.com

IMEM Thermo Fisher Cat# 12440-053
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RESOURCE AVAILABILITY

Lead contact
Information and requests for resources and reagents should be directed to the LeadContact, Prof. Dr. Brenda Schulman (schulman@

biochem.mpg.de).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completedMaterials Transfer Agreement.

Data and code availability
The accession codes for the PDB models and EM maps are available in RCSB and EMDB, respectively, as follows: Apo Chelator-

GIDSR4, EMDB: EMD-12541; Chelator-GIDSR4 + Fbp1, EMDB: EMD-12557; GIDSR4, EMDB: EMD-12548; SRSmodule, EMDB: EMD-

12559, PDB: 7NS3; Catmodule, EMDB: EMD-12560; PDB: 7NS4; SAmodule, EMDB: EMD-12563; PDB: 7NSB; Endogenous GIDAnt,

EMDB: EMD-12538; Endogenous Chelator-GIDAnt, EMDB: EMD-12540; CTLHSR4, EMDB: EMD-12537; CTLHSR4 SRS module,

EMDB:EMD-12564; PDB: 7NSC; CTLH-WDR26 supramolecular assembly, EMDB: EMD-12542; CTLH-WDR26 SA and SRS mod-

ules, EMDB: EMD-12545; CTLH-MKLN1 SA and SRS modules, EMDB: EMD-12547; Fbp1 crystal structure, PDB: 7NS5.

All proteomics data have been deposited on ProteomeXchange with the dataset identifier PRIDE: PXD024462.

All the unprocessed image data have been deposited to Mendeley Data : http://dx.doi.org/10.17632/rfpsg6939c.1

METHOD DETAILS

Yeast strain construction and growth conditions
The yeast strains used in this study are specified in the Key Resources Table. They were constructed as derivatives of BY4741 using

standard genetic techniques (Janke et al., 2004; Knop et al., 1999; Storici and Resnick, 2006) and were verified using PCR, DNA

sequencing and immunoblotting (to confirm protein expression). Unless stated otherwise, yeast strains were grown to OD600 of

1.0 in synthetic dropout (SD-glucose; 0.17% yeast nitrogen base, 0.5% ammonium sulfate, 2% glucose, amino acid mix) or yeast

peptone-based medium (YPD; 1% yeast extract, 2% peptone, 2% glucose) as indicated in the respective assays.

In vivo yeast substrate degradation assays
Degradation assays were performed to test the dependency of Fbp1, Mdh2, and Pck1 degradation on Gid4 and Gid7 (Figure 1F)

using the promoter reference technique adapted from Oh et al. (2017). The respective strains were transformed with a plasmid

harboring the open reading frame of either Fbp1-3xFLAG, Mdh2-3xFLAG or Pck1-3xFLAG and the control protein DHFR-HA,

both expressed from identical promoters. Cells were grown in SD-glucose medium to OD600 of 1.0 before being starved in SE me-

dium (0.17% yeast nitrogen base, 0.5% ammonium sulfate, 2% ethanol, amino acidmix) for 19 hours. Subsequently, an equivalent of

1 OD600 was transferred to SD-glucose medium containing 0.5 mM tetracycline that inhibits translation of the respective substrate

and DHFR by binding to specific RNA-regions within their ORFs. At the indicated time points, 1 mL or 1 OD600 of cells was harvested.

Cell lysis was performed by resuspending the pellets in 800 mL 0.2 M NaOH and incubating them on ice for 20 minutes with subse-

quent centrifugation at 11,200xg for 1 minute at 4�C. The pellets were aspirated and resuspended in 50 mL HU buffer (8 M Urea, 5%
e5 Molecular Cell 81, 2445–2459.e1–e13, June 3, 2021
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SDS, 1 mM EDTA, 100 mM DTT, 200 mM Tris-HCl, pH 6.8, protease inhibitor, bromphenol blue), heated at 70�C for 10 minutes and

then centrifuged again for 5 minutes at 11,200xg at 4�C. Protein levels of the substrates and a control protein DHFR were visualized

by immunoblotting with anti-FLAG and anti-HA antibodies, respectively, and imaged using a Typhoon scanner (GE Healthcare). The

bands were quantified using the ImageStudioLite software (LI-COR) and the substrate signal was normalized relative to the DHFR

signal for every sample. At least three biological replicates were considered for all in vivo assays and the standard deviation was pre-

sented using error bars.

To validate themajor ubiquitylation sites in Fbp1 in vivo (Figure 5B), the above-described PRT degradation assays were carried out

in a similar manner with Fbp1-3xFLAG mutants, in which the lysines targeted by Chelator-GIDSR4 (K32, K35, K280 and K281) were

mutated to arginine.

To test if overexpression of Gid4 affects degradation of Fbp1 in DGid7 yeast (Figure S1E), the GFP-Gid4 overexpression plasmid

was transformed together with the Fbp1-3xFLAG PRT plasmid into different yeast strains (WT, DGid7 and a Gid2K365A catalytically

inactive mutant). The cells were grown in SD medium lacking histidine and leucine, which served as selection markers for the Gid4

overexpression plasmid. After 8 h growth in SD-glucose media, samples of 1 OD600 were harvested and analyzed as

described above.

Purification of endogenous yeast GID for cryo EM
To purify endogenous GID complex, 3 l of a yeast strain with Gid7 and Gid5 C-terminally tagged at their endogenous loci with an HA

and 3xFLAG tag, respectively, were grown in YPD medium for 8 hours. Subsequently, the cells were washed and resuspended to

OD600 of 1.0 in YPE medium (1% yeast extract, 2% peptone, 2% ethanol). Cells were harvested at OD600 of 18.0. The pellet was

resuspended in the lysis buffer (50mMHEPES pH 7.5, 150mMNaCl, 1mMCaCl2, 0.2M sorbitol, complete protease inhibitor tablets)

and frozen in liquid nitrogen in the form of small beads. For lysis, the frozen yeast pellets were subjected to cryogenic grinding using a

cryo-mill (SPEX Sample Prep-6875 Freezer/Mill). The obtained yeast powder was thawed and centrifuged at 35,000 rpm for 10 mi-

nutes, and the resultant supernatant was incubated with ANTI-FLAGM2 affinity resin for an hour. After thorough washing, the protein

was eluted using 3xFLAG peptide and visualized by Coomassie-stained SDS-PAGE. The eluted complex was concentrated to

1 mg/ml and analyzed by cryo EM.

Sucrose gradient fractionation of yeast lysates (Figure S2C)
Yeast strains with Gid8 C-terminally tagged at its endogenous locus with a 3xFLAG tag, with or without Gid7 deleted were grown in

YPD media for 8 hours. Subsequently, they were switched to YPE medium and grown for 19 to 24 hours. One part of both cultures

was harvested, while the other was switched to YPD medium for glucose recovery and harvested after 2 hours. The pellets were re-

suspended and lysed using a cryo-mill (as described above). To perform sucrose gradient fractionation of yeast lysates, roughly

300-500 mg of yeast powder was resuspended in the lysis buffer (50 mMHEPES, pH 7.5, 150 mMNaCl, 1 mMCaCl2, 0.2 M sorbitol,

complete protease inhibitor tablets). To aid in resolubilization, lysates were incubated for 15minutes at 4�Cwith gentle agitation, and

then pre-cleared by centrifugation at 17,000xg for 10minutes. Protein concentration was normalized by Bradford assay, lysates were

loaded onto a 5%–40% sucrose gradient, and centrifuged at 34,300 rpm for 16 hours at 4�C. Gradients were then fractionated

into fourteen equal fractions and loaded onto a 12% SDS-PAGE gel. Proteins were visualized by immunoblotting and imaged

with Amersham Typhoon imager (GE Healthcare).

In vivo Fbp1 ubiquitylation assay (Figure 1E)
Yeast strains with Fbp1 tagged at its endogenous locus with 3xFLAG were grown to OD600 of 1.0-1.5 in YPD, pelleted by centrifu-

gation at 3,000 rpm for 3 min, washed with pre-warmed YPE, resuspended to an OD600 = 1 in fresh, pre-warmed YPE, and grown at

30�C for 18 hours. Cultures for the ethanol condition were then diluted to an OD = 1 in fresh, pre-warmed YPE containing 1%DMSO.

For the recovery condition, cells were pelleted by centrifugation at 3,000 rpm for 3 minutes, and resuspended in fresh pre-warmed

YPD containing 1% DMSO. After two hours of growth at 30�C, 50 ODs of cells were pelleted by centrifugation at 3,000 rpm for 3 mi-

nutes, and flash frozen in liquid nitrogen.

Samples were resuspended in 1 mL lysis buffer (50 mM Tris-HCl, pH7.5, 150 mM NaCl, 2 mM EDTA, 50 mM NaF, 0.1% SDS, 1%

NP-40, 0.5%Na-deoxycholate, 1%glycerol, 20mMNEM, and complete protease inhibitor tablets), and lysed by 3 rounds of 20 s in a

FastPrep-24 instrument, resting 5minutes on ice between each round. Lysateswere then pre-cleared by centrifugation at 4,000xg for

10 minutes, and the supernatant was added to pre-equilibrated His-Halo-UBAUBQLN1-conjugated agarose beads, and incubated for

2 hours at 4�Cwith gentle rotation. Beads were separated by centrifugation at 800xg for 1 minute, washed once with lysis buffer and

four times with wash buffer (50 mM Tris-HCl, pH7.5, 150 mM NaCl, 2 mM EDTA, 50 mM NaF, 0.1% SDS, 1% NP-40, 0.5% Na-de-

oxycholate, 1% glycerol). Proteins were eluted by addition of sample buffer, and heating at 95�C for 5 minutes. Samples were then

loaded on a 12% SDS-PAGE gel and visualized by immunoblotting.

Plasmid preparation and Mutagenesis
All the genes encoding yeast GID subunits and the substrates Fbp1, Mdh2 and Pck1 were originally amplified from S. cerevisiae

BY4741 genomic DNA. The genes coding for subunits of human CTLHwere obtained from human cDNA library (Max Planck Institute

of Biochemistry), except for hGid4, which was codon-optimized for bacterial expression system and synthesized by GeneArt gene
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synthesis service (Thermo Fisher Scientific). The sequences of all the CTLH genes correspond to the canonical UniProt sequences,

besides ARMC8, for which isoform 2 (missing the residues 2-15 of the canonical sequence) was used based on the prior literature

(Kobayashi et al., 2007).

The constructs for recombinant protein expression were generated by Gibson assembly method (Gibson et al., 2009), whereas the

mutant versions of the genes were prepared by the QuickChange protocol (Stratagene). All the coding sequences used for protein

expression were verified by DNA sequencing. To express GID/CTLH subunits from a single baculoviral expression vector, the genes

were combined by the biGBac method (Weissmann et al., 2016). All the plasmids used in this study are listed in the Key re-

sources table.

Insect cell expression and purification of GID/CTLH complexes
Both yeast GID and humanCTLH complexes used for the biochemical assays and cryo EMwere expressed in insect cells. For protein

expression, Hi5 insect cells were transfected with recombinant baculovirus variants carrying the respective protein-coding se-

quences and grown for 60 to 72 hours in EX-CELL 420 Serum-Free Medium at 27�C. After harvesting, insect cell pellets were resus-

pended in a lysis buffer containing 50 mM HEPES pH 7.5, 200 mM NaCl, 5 mM DTT, 10 mg/ml leupeptin, 20 mg/ml aprotinin, 2 mM

benzamidine, EDTA-free Complete protease inhibitor tablet (Roche, 1 tablet per 50 mL of buffer) and 1 mM PMSF.

All recombinant yeast GID complexes were purified from insect cell lysates by StrepTactin affinity chromatography by pulling on a

twin-Strep tag fused at the Gid8 C terminus. Further purification was performed by anion exchange chromatography and size exclu-

sion chromatography (SEC) in the final buffer containing 25 mM HEPES pH 7.5, 200 mM NaCl and 5 mM (Buffer A) or 1 mM DTT

(Buffer B) for cryo EM and biochemical assays, respectively. To ensure a stoichiometric level of the substrate receptor Gid4 in all

cryo EM samples, all GID complexes were expressed without Gid4, and a bacterially-expressed truncated version of Gid4

(D1-116) was added at a 2-fold molar excess to GidAnt (Gid1-Gid8-Gid2-Gid9-Gid5) before final SEC. To assemble Chelator-GIDSR4,

both Gid4 (D1-116) and Gid7 were added to GidAnt at a 2-fold molar excess before final SEC. For the sample of Chelator-GIDSR4 with

Fbp1 bound, 2-fold molar excess of the substrate was added to a purified and concentrated complex just before cryo EM grids prep-

aration. A list of yeast GID complexes analyzed by cryo EM along with strategies for their expression and purification is shown below:

1. Chelator-GIDSR4: Gid1, Gid2, Gid5, Gid8-2xS, Gid9 coexpressed in Hi5 insect cells; bacterially expressed Gid4 (D1-116) and

Gid7 added before final SEC; purified by StrepTactin affinity, IEX and SEC

2. Fbp1-bound Chelator-GIDSR4: Gid1, Gid2, Gid5, Gid8-2xS, Gid9 coexpressed in Hi5 insect cells; bacterially expressed Gid4

(D1-116) andGid7 added before final SEC; purified by StrepTactin affinity, IEX andSEC; Fbp1-6xHis added directly before cryo

EM grids preparation

3. GIDSR4: Gid1, Gid2, Gid5, Gid8-2xS, Gid9 coexpressed in Hi5 insect cells; bacterially expressed Gid4 (D1-116) added before

final SEC; purified by StrepTactin affinity, IEX and SEC

CTLHSR4 and CTLH-MKLN1 subcomplex comprising SA and SRS modules were purified from insect cell lysates by StrepTactin

affinity chromatography by pulling on a twin-Strep tag fused at the TWA1 C terminus, whereas the CTLH-WDR26 subcomplex

comprising SA and SRS modules was pulled on a twin-Strep tag at the ARMC8 N terminus. Further purification was performed

by anion exchange chromatography and size exclusion chromatography in Buffer A or Buffer B. As for yeast GID, the CTLH

subcomplexes used for cryo EM were saturated with hGid4 by mixing them with the bacterially-expressed truncated version of

hGid4 (D1-99) and running SEC. CTLH-WDR26 supramolecular assembly was purified from lysates by a tandem affinity chromatog-

raphy, by first pulling on TWA1-2xS and thenGST-WDR26. The pull-down fractions were run on SEC in Buffer A. A list of humanCTLH

complexes analyzed by cryo EM along with strategies for their expression and purification is shown below:

1. CTLH-WDR26 supramolecular assembly: RANBP9, TWA1-2xS, ARMC8, RMND5A, MAEA, GST-WDR26 coexpressed in Hi5

insect cells; purified by tandem StrepTactin and GST affinity and SEC

2. CTLH-WDR26 SA and SRS modules: RANBP9, TWA1, 2xS-ARMC8, WDR26, YPEL5 coexpressed in Hi5 insect cells; bacte-

rially expressed hGid4 (D1-99) added before final SEC; purified by StrepTactin affinity, IEX and SEC

3. CTLH-MKLN1 SA and SRS modules: RANBP9, TWA1-2xS, ARMC8, MKLN1 coexpressed in Hi5 insect cells; bacterially ex-

pressed hGid4 (D1-99) added before final SEC; purified by StrepTactin affinity, IEX and SEC

4. CTLHSR4: RANBP9, TWA1-2xS, ARMC8, RMND5A, MAEA coexpressed in Hi5 insect cells; bacterially expressed hGid4

(D1-99) added before final SEC; purified by StrepTactin affinity, IEX and SEC
Bacterial expression and purification
All bacterial expressions were performed in E. coli BL21 (DE3) RIL cells in a Terrific Broth (TB) medium overnight at 18�C.

All the mutant andWT versions of Gid4 (both yeast and human ortholog) and Gid7 were expressed as GST-TEV fusions. After har-

vesting, cell pellets were resuspended in the lysis buffer containing 50mMHEPES pH 7.5, 200mMNaCl, 5 mMDTT and 1mMPMSF

and purified from bacterial lysates by glutathione affinity chromatography, followed by overnight digestion at 4�C with tobacco etch

virus (TEV) protease to liberate theGST tag. Further purification was carried out with size exclusion chromatography in Buffer B. Addi-

tionally, a pass-back over glutathione affinity resin was performed to get rid of the remaining uncleaved GST-fusion protein and free
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GST. Ubc8, Ube2H, Ub (for generating ubiquitylated Fbp1), Fbp1 (WT and mutants), Mdh2 and Pck1 were expressed as their

C-terminally 6xHis-tagged versions. After harvesting, cell pellets were resuspended in the lysis buffer containing 50 mM HEPES

pH 7.5, 200 mM NaCl, 5 mM b-mercaptoethanol, 10 mM imidazole and 1 mM PMSF, and purified from bacterial lysates by nickel

affinity chromatography, followed by anion exchange and size exclusion chromatography in Buffer A or Buffer B (for structural studies

and activity assays, respectively). Fbp1-V5-2xS (for Fbpase activity assays) was purified by StrepTactin affinity chromatography and

SEC in Buffer B.

UntaggedWT ubiquitin used for in vitro assays was purified via glacial acetic acidmethod (Kaiser et al., 2011), followed by gravity S

column ion exchange chromatography and size exclusion chromatography in Buffer B. Different Ub variants as well as WT Ub used

for the ubiquitin chain type determination assay were expressed as GST-3C fusions and purified by glutathione affinity chromatog-

raphy, followed by incubation with HRV-3C protease for 3 hours at room temperature. Further purification was done with size exclu-

sion chromatography in Buffer B.

Fluorescent tagging of the GID substrates Fbp1, Mdh2 and Pck1 used for all the biochemical assays was performed with a sortase

A-mediated reaction, which catalyzed fusion of fluorescein to the C terminus of the substrate. The reaction mix contained 50 mM of

the substrate, which was C-terminally tagged with a sortag (LPETGG) and a 6xHis tag, 250 mM of a fluorescent peptide

(GGGGGFYVK-FAM) and 50 mM of sortase A (Chen et al., 2011b). The labeling reaction was carried out for 30 minutes at room tem-

perature in a buffer comprising 50 mM Tris-HCl pH 8, 150 mM NaCl and 10 mM CaCl2. The reaction mixture was consecutively

passed-back through the Ni-NTA Sepharose resin to get rid of unreacted Fbp1. Further purification was done with size exclusion

chromatography in Buffer B.

All the labeled and unlabeled peptides used in the biochemical assays were synthesized in the MPIB Biochemistry Core Facility.

In vitro biochemical assays
All in vitro activity assays were performed at room temperature in a buffer containing 25mMHEPES pH 7.5, 150mMNaCl, 5 mMATP

and 10 mM MgCl2. To ensure that all the reaction mixtures contained equal concentrations of WT and mutant versions of Gid4 and

Gid7, these proteins were added exogenously for all assays besides kinetics. To analyze kinetics of Fbp1 ubiquitylation, the assays

were performed with purified GIDSR4 and Chelator-GIDSR4 obtained by co-expressing all of their subunits, as well as GIDSR4 mixed

with Gid7 before starting the reaction. All the reactions were quenched at indicated time points by mixing an aliquot of the total re-

action mix with SDS-PAGE loading buffer. Ubiquitylation of fluorescent substrates was visualized by a fluorescent scan of SDS-

PAGE gel using the Amersham Typhoon imager (GE Healthcare).

Biochemical assays with yeast GID
The influence of Gid7 and Gid4 on ubiquitylation of the full-length (Figures 1A and 1B) and peptide versions (Figure S1B) of Fbp1 was

tested in amultiturnover assay format using 0.2 mMUba1, 1 mMUbc8-6xHis, 0.5 mMGIDAnt, 0 or 1 mMGid4, 0 or 2 mMGid7, 1 mM full-

length Fbp1-FAM or a fluorescently labeled model peptide substrate and 20 mMUb (WT or all K > R (K0) version). The model peptide

substrate was designed with the N-terminal Fbp1 sequence (aa 2-16) and a single lysine placed at position 27 (to span the distance

between the substrate receptor Gid4 and the catalytic center measured in the structure of Chelator-GIDSR4). Similarly, the influence

of Gid7 andGid4 on ubiquitylation of other gluconeogenic substrates, Mdh2 and Pck1, was tested in amultiturnover assay using their

fluorescently labeled versions and carried out under identical conditions (Figure 1A). The same assay format and conditions were

employed to qualitatively compare Fbp1 ubiquitylation activity of GIDSR4 exogenously mixed with Gid7 to that of the SEC-purified

Chelator-GIDSR4 (containing co-expressed Gid7) (Figure S1C). All the assays were performed in at least duplicates and some of

them were quantified using image analysis software ImageQuant (GE healthcare; version 8.2).

To test the influence of Gid7 on intrinsic activity of GID E3, a substrate-independent pulse-chase assay monitoring discharge of

Ubc8�Ub to free lysine in solution was employed (Figure S1A). In the pulse reaction, loading of Ubc8 was performed by mixing

0.5 mM Uba1, 10 mM Ubc8-6xHis, 30 mM Ub, 2.5 mM MgCl2 and 1 mM ATP. After 15 minutes at room temperature, Ubc8 loading

was stopped by incubation of the pulse mixture with 50 mM EDTA on ice for 5 minutes. For the chase reaction, the quenched pulse

mixture was mixed with an equal volume of the chase-initiating mixture containing 1 mM GIDSR4 complex, 0 or 2 mM Gid7 (WT or

D1-285 mutant) and 25 mM lysine pH 8.0. The discharge was carried out at room temperature, quenched at different time points

and visualized by non-reducing SDS-PAGE stained with Coomassie.

Avid binding of Fbp1 to Chelator-GIDSR4 was verified by performing a competition ubiquitylation assay in a multiturnover format

(Figure 4D). The reactions were initiated by mixing 0.2 mM Uba1, 1 mM Ubc8-6xHis, 0.5 mM E3 GIDSR4, 0 or 2 mM Gid7 (WT or its

D1-284 mutant), 0.5 mM of fluorescently labeled tetrameric Fbp1 or a monomeric model peptide substrate containing Fbp1 degron

(as described above), 20 mM of an unlabeled competitor (full-length Fbp1-6xHis with major target lysines K32, K35, K280, K281

mutated to R or a lysine-less 9-residue peptide containing Fbp1 N-terminal sequence) and 20 mM Ub. Before starting the reaction,

GIDSR4 was incubated with Gid7 for 3 minutes.

To validate the preferred ubiquitylation sites in Fbp1 determined by proteomics, multi-turnover ubiquitylation assays were per-

formed using mutants of Fbp1, in which the pairs of major target lysines were mutated to arginine separately or together (Figure 5A).

The reaction mixtures contained 0.2 mM Uba1, 1 mM Ubc8-6xHis, 0.5 mM GIDAnt, 1 mM Gid4, 2 mM Gid7, 1 mM Fbp1-6xHis (WT or

target K > R mutants) and 20 mMUb (WT or its all K > R (K0) version). Ubiquitylation of the substrates was visualized by immunoblot-

ting with anti-His antibody.
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Determination of kinetic parameters of Fbp1 ubiquitylation by GID E3
To examine the effect of Gid7 on the Michaelis-Menten constant Km for Fbp1 ubiquitylation by GID E3 (Figure 1C), multiturnover as-

says were performed by titrating the E3 concentration and with substrate levels that were below Km. Assays were performed with

GIDSR4, GIDSR4 mixed with Gid7 as well as a purified Chelator-GIDSR4 (GIDSR4 coexpressed with Gid7). Reactions were quenched

at time points such that the initial velocities of all reactions were well within the linear range (determined by running time courses for

reactions that contained the highest E3 concentration from the titrations). Reactions with GIDSR4 comprised 0.2 mM Uba1, 1 mM

Ubc8, 0.25-8 mM GIDSR4, 0.5 mM Fbp1-FAM and 20 mM Ub, and were quenched after 8 minutes. For GIDSR4 exogenously mixed

with Gid7, reactions comprised 0.2 mM Uba1, 1 mM Ubc8, 0.025-0.8 mM GIDSR4 mixed with a 2-fold excess of Gid7, 0.1 mM

Fbp1-FAM and 20 mM Ub, and were quenched after 3 minutes. In the case of Chelator-GIDSR4, the reaction mixes contained

0.2 mM Uba1, 1 mM Ubc8, 0.03-1 mM Chelator-GIDSR4, 0.1 mM Fbp1-FAM and 20 mM Ub, and the reactions were quenched

after 2 minutes. Reaction substrate and products were resolved by SDS-PAGE and quantified using ImageQuant (GE healthcare;

version 8.2). Fraction of Fbp1 that had been modified by one or more ubiquitins was then plotted as a function of E3

concentration in GraphPad Prism and fit to the Michaelis-Menten equation using non-linear curve fitting. All reactions were per-

formed in duplicate.

Since the method described in the previous paragraph involved titration of E3 levels rather than that of the substrate, kcat was esti-

mated using the following protocol. Initial velocities weremeasured for bothGIDSR4 andChelator-GIDSR4 by performing a time course

where the ratios of both E3 to Km and substrate to Km were the same for each E3 complex (2.7 and 0.4, respectively). The fraction of

ubiquitylated Fbp1 was plotted in GraphPad Prism as a function of time (Figure S1D) and the rate of the reaction was estimated by

linear regression. Having calculated the rate, initial velocities V0 were calculated using the following equation: V0 = rate$½S�. Vmax was

then estimated using a modified form of the Michaelis-Menten equation: Vmax = V0 $ Km + ½ð S�Þ
½S� , where

�
S
�
= Km

2:5 because the substrate

concentration was 2.5 times lower than Km. To obtain kcat values, Vmax was divided by the E3 concentration: kcat =
Vmax

½E3� .

Biochemical assays with human CTLHSR4

All in vitro ubiquitylation assays with CTLHSR4 were performed using a 30-residue fluorescent model peptide substrate harboring an

N-terminal hGid4-interacting sequence PGLW and a single lysine placed at position 27, which is an optimal distance between the

catalytic module and hGid4 based on the cryo EM structure.

To probe the residues of hGid4 that mediate its incorporation into CTLHSR4, structure-based hGid4 mutants (corresponding to ho-

mologous mutations in yeast Gid4 (Qiao et al., 2020) were tested in a binding test (Figure S6D) and ubiquitylation assays (Figure S6E).

For the binding test, 10-fold molar excess of the purified WT and mutant hGid4 (D1-99) was mixed with 20 mg of RANBP9-TWA1-

ARMC8-RMND5A-MAEA complex (tagged with a twin-Strep tag at TWA1 C terminus) in a buffer containing 25 mM HEPES pH

7.5, 150 mM NaCl and 1 mM DTT. After incubating the proteins for 30 minutes on ice, 40 mL of the StrepTactin resin was added

to the mixture and further incubated for 1 hour. As a control, RANBP9-TWA1-ARMC8-RMND5A-MAEA complex and hGid4 were

mixed with StrepTactin alone. After throughout wash of the resin, elution fractions were collected and analyzed with SDS-PAGE

stained with Coomasie. Ubiquitylation reactions were performed in a multiturnover format by mixing 0.2 mM Uba1, 2 mM Ube2H-

6xHis, 1 mMRANBP9-TWA1-ARMC8-RMND5A-MAEA complex, 1 mMhGid4 (D1-99, WT or an indicated mutant), 0.5 mM fluorescent

model peptide substrate and 20 mM Ub.

The catalytic mechanism of CTLH was examined by testing mutants of RMND5A and MAEA in substrate-independent discharge

reactions (Figure S6G) and ubiquitylation assays (Figure S6H). The substrate-independent reactions monitored the discharge of

Ube2H�Ub to free lysine in solution in a pulse-chase format, applying the conditions as described for the assay with yeast GID.

For the ubiquitylation multiturnover assays, the reactions contained 0.2 mM Uba1, 2 mM Ube2H-6xHis, 1 mM RANBP9-TWA1-

ARMC8-RMND5A-MAEA complex (containing either WT or indicated mutants of RMND5A or MAEA), 1 mM hGid4 (D1-99), 0.5 mM

fluorescent model peptide substrate and 20 mM Ub.

For characterizing the ubiquitin chain type formed by CTLHSR4 in conjunction with Ube2H, a multiturnover assay was performed

(Figure S6I). The reaction mix contained 0.2 mMUba1, 2 mMUbe2H-6xHis, 1 mMRANBP9-TWA1-ARMC8-RMND5A-MAEA complex,

1 mM hGid4 (D1-99), 0.5 mM fluorescent model peptide substrate and 20 mM Ub (WT, lysine-less (all K > R) or one of its single-lysine

variants (with all but one lysine mutated to arginine)).

SEC for initial characterization of GID supramolecular assembly
For initial test of how Gid7 affects GID complex assembly (Figure S2A), 200 mL of 10 mMGid7 and GIDSR4 alone or together (mixed in

1:1 ratio) were loaded onto a Superose 6 column (GE Healthcare) equilibrated with 25 mMHEPES 7.5, 150 mM NaCl and 5 mMDTT.

SEC fractions were analyzed with Coomassie-stained SDS-PAGE.

SEC-MALS
To determine the oligomeric state of Fbp1 and Gid7 (Figure S2B), the proteins were subjected to SEC-MALS analysis. For each run,

100 ml of samples at 1 mg/mL were loaded onto Superdex 200 column equilibrated with a buffer containing 25 mM HEPES pH 7.5,

150 mM NaCl and 5 mM DTT. SEC-MALS was conducted in the MPIB Biochemistry Core Facility.
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Fbp1 enzyme activity assay
To test the effect of Fbp1 ubiquitylation on its activity (Figure 5E) and sensitivity to allosteric regulation by AMP (Figure 5F), EnzChek

Phosphate Assay Kit (ThermoFisher Scientific) was employed. This assay quantifies inorganic phosphate (Pi) released from fructose-

1,6-bisphosphate by Fbp1 through enzymatic conversion of 2-amino-6-mercapto-7-methyl-purine riboside (MESG) to ribose

1-phosphate and 2-amino-6-mercapto-7-methylpurine by purine nucleoside phosphorylase (PNP). This leads to a shift in maximum

absorbance from 330 nm for MESG to 360 nm for the final reaction product (2-amino-6-mercapto-7-methylpurine).

To obtain fully ubiquitylated Fbp1, it was subjected to an overnight multiturnover ubiquitylation reaction at room temperature con-

sisting of 0.2 mMUba1, 1 mMUbc8, 0.5 mMGIDAnt, 1 mMGid4, 2 mMGid7, 10 mMFbp1-V5-2xS and 100 mM6xHis-3c-Ub. The reaction

mix was run on SEC (using Superose 6 column) to separate different components of the assay. Fractions corresponding to the ubiq-

uitylated Fbp1were pooled and incubatedwith Ni-NTA resin for 30minutes. After throughout wash, the bound protein was eluted and

visualized by SDS-PAGE.

Fbp1 activity assays were performed according to the manufacturer’s instructions at room temperature. First, all the reagents pro-

vided in the assay kit (MESG, PNP and 20x reaction buffer), 0.5 mM fructose-1,6-bisphosphate substrate and 0.6 mM AMP (only for

the Fbp1 inhibition assay) were pre-mixed and incubated for 5 min. Then, the reaction was initiated by addition of 53 nM of the WT,

target lysine mutant (K32A/K35A/K280A/K281A) or fully ubiquitylated Fbp1, and the reaction progress was followed by measuring a

time-course of absorbance at 360 nm (A360, absorbance of the final reaction product) using CLARIOStar Plus microplate reader

(BMG LABTECH) in a UV-transparent 96-well plate. The values of A360 obtained for the buffer-only control were subtracted from

all the experimental measurements, which were then plotted in GraphPad Prism.

Analysis of global proteome of WT versus DGid7 yeast (Karayel et al., 2020)
To test which proteins are dependent on Gid7 for their in vivo degradation, we compared the global proteome of WT with that of the

DGid7 yeast (Figure S1F). Cells were grown in SD media to an OD of 1-1.5, pelleted by centrifugation, washed in pre-warmed SE

media, and resuspended to an OD of 1 in fresh, pre-warmed SE media. Cultures were then allowed to grow at 30�C for 18 hours,

after which cells were again pelleted by centrifugation, and resuspended in fresh, pre-warmed SD media to an OD of 1. Following

growth at 30�C for 2 hours, 50 ODs of cells were pelleted by centrifugation, flash frozen and stored at �80�C until lysis. The frozen

pellets were mixed with SDC lysis buffer (1% SDC and 100 mM Tris pH 8.5) and immediately heat-treated for 5 minutes at 95�C. Ly-
sates were homogenized by sonication at 4�C using a Bioruptor and then diluted to achieve equal protein concentrations in a 96-well

plate. Samples were next incubated for 5 minutes at 45�C with 40 mM CAA and 10 mM TCEP for reduction and alkylation and

digested overnight at 37�C using trypsin (1:100 w/w, Sigma-Aldrich) and LysC (1/100 w/w, Wako). Next day, peptide material was

desalted using SDB-RPS StageTips (Empore) (Kulak et al., 2014) and resuspended in buffer A (0.2% TFA/2%ACN). Peptide concen-

trations weremeasured by absorbance at 280 nm (Nanodrop 2000, Thermo Scientific) and equalized using buffer A*. 300 ng peptides

were subjected to LC-MS/MS analysis.

Samples were loaded onto a 20 cm reversed phase column (75 mm inner diameter, packed in house with ReproSil-Pur C18-AQ

1.9 mm resin (Dr. Maisch GmbH)). The column temperature was maintained at 60�C using a homemade column oven. A binary buffer

system, consisting of buffer I (0.1% formic acid (FA) and buffer II (80%ACNplus 0.1%FA), was used for peptides separation, at a flow

rate of 450 nl/min. An EASY-nLC 1200 system (Thermo Fisher Scientific), directly coupled online with the mass spectrometer (Q Ex-

active HF-X, Thermo Fisher Scientific) via a nano-electrospray source, was employed for nano-flow liquid chromatography. We used

a gradient starting at 5% buffer B, increased to 35% in 18 and a half minute, 95% in a minute and stayed at 95% for three and a half

min. Themass spectrometer was operated in DIAmode. Full MS resolution was set to 120,000 with a full scan range of 300-1650m/z,

a maximum fill time of 60 ms and an automatic gain control (AGC) target of 3e6. One full scan was followed by 12 windows with a

resolution of 30,000 in profile mode. Precursor ions were fragmented by stepped higher-energy collisional dissociation (HCD)

(NCE 25.5, 27,30%).

Spectronaut version 13 (Biognosys) was used to analyze DIA raw files using the yeast FASTA file (Swissprot, 2018) and the pro-

teome library previously published (Karayel et al., 2020) with default settings and enabled cross run normalization. The Perseus soft-

ware package version 1.6.0.7 was used for the data analysis (Tyanova et al., 2016). Protein intensities were log2-transformed and

filtered to make sure that identified proteins showed expression in all biological triplicates of at least one condition. The missing

values were subsequently replaced by random numbers that were drawn from a normal distribution (width = 0.3 and down shift =

1.8). For volcano plots, we used permutation-based FDR, which was set to 0.05 in conjunction with an S0-parameter of 0.1 to deter-

mine the significance.

Determination of preferentially targeted lysines in Fbp1 by LC-MS/MS (Figure S5)
To determine the preferentially targeted lysines in Fbp1, it was ubiquitylated byChelator-GIDSR4 and subjected to proteomic analysis.

To capture the initial ubiquitylation events, the assay was performed in a single-turnover pulse-chase format, wherein the concen-

tration of the substrate was significantly exceeding that of E2�Ub. In the pulse, 10 mMUbc8 was loaded with 30 mM lysine-less ubiq-

uitin mutant (all K > R) and 0.5 mMUba1 for 15 minutes at room temperature and quenched with 50 mM EDTA. To start the chase, the

pulse reactionwasmixedwith an equal volume of the chase-initiatingmixture containing 1 mMGIDAnt, 2 mMGid7, 2 mMGid4 and 4 mM

Fbp1-6xHis and incubated at room temperature. After 1 minute, the reaction was quenched by adding 10 mM DTT, which was then

removed by desalting before proteomic analysis.
Molecular Cell 81, 2445–2459.e1–e13, June 3, 2021 e10
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Proteins were digested and prepared for LC-MS/MS measurements as previously described (Qiao et al., 2020). Briefly, samples

were diluted in digestion buffer (1 M urea in 50 mM ammonium bicarbonate, pH 8.0), followed by addition of TCEP and CAA to a final

concentration of 10 mM and 40 mM, respectively. After reduction and alkylation for 5 minutes at 45�C, samples were enzymatically

digested using either trypsin (1:20 w/w, Sigma-Aldrich) alone, trypsin (1:40 w/w)/GluC (1:40 w/w, BioLab) or trypsin (1:40 w/w)/AspN

(1:40 w/w, Promega) at 37�C overnight. Thereafter, protease activity was quenched and peptides were loaded and cleaned on SDP-

RPS StageTips. Peptides were subsequently eluted with 1.25% ammonium hydroxide/80%ACN, dried using a SpeedVac centrifuge

(Eppendorf, Concentrator plus) and resuspended in buffer A (2% ACN/0.1% TFA) for LC/MS-MS analysis.

Peptide concentration was estimated by UV spectrometry and approximately 200 ng were loaded on a 50 cm reversed phase col-

umn (75 mm inner diameter, packed in-house with ReproSil-Pur C18-AQ 1.9 mm resin (Dr. Maisch GmbH)). Column temperature was

maintained at 60�C using a homemade column oven. Peptides were separated with a binary buffer system of buffer A (0.1% formic

acid (FA)) and buffer B (80% acetonitrile plus 0.1% FA), at a flow rate of 300 nl/min. We used an EASY-nLC 1200 system (Thermo

Fisher Scientific), which was directly coupled online with the mass spectrometer (Q Excative HF-X, Thermo Fisher Scientific) via a

nano-electrospray source. Peptides were eluted with a gradient starting at 3% buffer B and stepwise increased to 8% in 8 min,

36% in 32 min, 45% in 4 minutes and 95% in 4 min. The mass spectrometer was operated in Top12 data-dependent mode (DDA)

with a full scan range of 250-1350 m/z at 60,000 resolution with an automatic gain control (AGC) target of 3e6 and a maximum fill

time of 20 ms. Precursor ions were isolated with a width of 1.4 m/z and fragmented by higher-energy collisional dissociation

(HCD) with a normalized collision energy (NCE) of 28%. Fragment scans were performed at a resolution of 30,000, an AGC of 1e5

and a maximum injection time of 110 ms. Dynamic exclusion was enabled and set to 15 s.

Raw MS data were searched against UniProt Yeast FASTA using MaxQuant (version 1.6.2.10) with a 1% FDR at peptide and pro-

tein level. Cysteine carbamidomethylation was set as fixed, protein N-terminal acetylation, methionine oxidation and lysine diGly as

variable modifications. The minimum peptide length was set to 7 amino acids, enzyme specificity was set to trypsin and two missed

cleavages were allowed, permitting a maximum of 5 modifications per peptide. MS/MS spectra identifying ubiquitylated peptides of

interest were obtained and exported using MaxQuant Viewer.

Cell culture and generation of CRISPR-Cas9 knock out cell lines
K562 erythroleukemia cell line was obtained from ATCC (CCL-243TM) and cultured in IMDM completed with 10% (v/v) FBS (GIBCO)

and antibiotics (100 units/ml penicillin, 0.1 mg/ml streptomycin, GIBCO). Cell densities were kept between 0.1-13 106 cells/mL, and

cultures were regularly checked for the absence of mycoplasma contamination. For CRISPR-Cas9-(D10A) nickase-mediated func-

tional knockouts of MAEA, MKLN1 and WDR26, paired sense and antisense guide RNAs (gRNA) were designed to target MAEA in

exon 2, exon 5 in MKLN1 and exon 1 in WDR26 genetic locus. Sense and antisense gRNA were cloned into pBABED-U6-Puromycin

plasmid (gift from ThomasMacartney, University of Dundee, UK) and pX335-Cas9(D10A) (Addgene) (Cong et al., 2013), respectively.

K562 cells were co-transfected with vectors encoding the pair of gRNAs using Lipofectamine LTX reagent (Invitrogen) followingman-

ufacturer’s instructions. Twenty-four hours after transfection, cells were selected in puromycin (2 mg/ml) for 2 days, followed by

expansion, and single-cell dilution to obtain cell clones. Successful knockout cloneswere confirmed by immunoblotting and genomic

sequencing of targeted loci (Figure S6J).

Human cell lysate fractionation by sucrose density gradient
1 3 107 cells were harvested by centrifugation at 360 x g, washed once with ice-cold PBS, and resuspended in lysis buffer (40 mM

HEPES pH 7.5, 120 mM NaCl, 1 mM EGTA, 0.5% NP40, 1 mM DTT, and Complete protease inhibitor mix (Roche)). Cells were ho-

mogenized by pushing them 10 times through a 23G syringe. The obtained lysate was cleared by centrifugation at 23,000 x g for

30 minutes at 4�C. 3mg of total protein were loaded on top of a 5%–40% sucrose gradient (weight/volume, in lysis buffer) and centri-

fuged in a SW60 rotor at 34,300 rpm for 16 hours at 4�C. Fractions were collected from top of the gradient and separated by SDS-

PAGE, followed by immunoblotting using the following antibodies: RMND5A (Santa Cruz), MAEA (R&D systems), RANBP9 (Novus

Biologicals), TWA1 (Thermo Fisher), ARMC8 (Santa Cruz), WDR26 (Bethyl Laboratories), MKLN1 (Santa Cruz) and YPEL5 (Thermo

Fisher). Antibodies that recognize hGid4 were generated by immunizing sheep with bacterially expressed GST-hGid4 (D1-99). West-

ern blots were developed using Clarity Western ECL Substrate (BioRad) and imaged using Amersham Imager 600 (GE Lifesciences).

Cryo EM sample preparation and Imaging
Cryo EM grids were prepared using Vitrobot Mark IV (Thermo Fisher Scientific) operated at 4�C and 100% humidity. 3.5 ml of freshly

purified proteins at 0.3-0.5 mg/ml were applied to glow-discharged Quantifoil holey carbon grids (R1.2/1.3 200 mesh). Grids were

immediately blotted with Whatman no. 1 filter paper (blot time: 3 s, blot force: 3) and vitrified by plunging into liquid ethane.

Cryo EM data were first screened and collected on a Talos Arctica or Glacios transmission electron microscope (Thermo Fisher

Scientific) operated at 200 kV, equipped with a Falcon III (Thermo Fisher Scientific) or K2 (Gatan) direct electron detector, respec-

tively. Automated data collection was carried out using EPU software (Thermo Fisher Scientific) or SerialEM (Mastronarde, 2003).

High-resolution datasets were collected on a Titan Krios (Thermo Fisher Scientific) microscope operated at 300 kV, equipped

with a post-column GIF and a K3 Summit direct electron detector (Gatan) operating in a counting mode. SerialEM was used to auto-

mate data collection (Mastronarde, 2003). Details of cryo EM data collection and map refinement are listed in Table S1.
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Cryo EM data processing
Frames were motion-corrected with dose weighting using MotionCorr2 (Zheng et al., 2017) and subjected to estimation of contrast

transfer function parameters with Gctf (Zhang, 2016). Auto-picking of particles was performed with Gautomatch (https://www.mrc-

lmb.cam.ac.uk/kzhang/) and for most datasets, it was aided by provision of a template obtained from previous low-resolution data-

sets. For Titan Krios datasets, movies were being pre-processed on-the-fly during data collection with Focus (Biyani et al., 2017),

which also automatically discarded poor quality images. All the subsequent stages of data processing were carried out with Relion

(Fernandez-Leiro and Scheres, 2017; Scheres, 2012; Zivanov et al., 2018). To clean up the data, extracted particles were subjected to

either several rounds of 2D classification, followed by a 3D classification or submitted directly to a masked 3D classification. The

chosen subset of particles was subjected to auto-refinement without and with a mask. To improve the quality of maps obtained after

consensus refinement, a 3D classification without particle alignment was performed and a class having the most complete features

was selected.

High-resolution maps of yeast substrate receptor scaffolding (SRS), catalytic (Cat) and supramolecular assembly (SA) modules

were obtained from the Chelator-GIDSR4 dataset with its substrate Fbp1 bound. For the SRS module, a more resolved half of the

Chelator-GIDSR4 was first auto-refined and a focused 3D classification without particle alignment was performed with a mask

over GIDSR4. Then, focused refinement was performed, wherein the Cat module wasmasked out. For Cat and SAmodules, the num-

ber of particles used for alignment was doubled by taking advantage of the Chelator-GIDSR4 having C2 symmetry. First, the map of

the entire complex was auto-refined with C2 symmetry imposed and masks were created for each of its halves. Then, the signal for

each half was separately subtracted and the resulting semi-elliptical particles were aligned by auto-refinement. After masking out the

SRS module, a focused 3D classification without particle alignment was performed separately for Cat and SA modules. After one

more round of 3D classification without particle alignment with a higher T-value, the particles were subjected to CTF refinement

and final auto-refinement.

For high-resolution CTLHSR4 dataset, the density corresponding to the catalytic module (RMND5A-MAEA) was masked out due to

its mobility relative to the substrate receptor scaffolding module (RANBP9-TWA1-ARMC8-hGid4). For visualization of less resolved

parts of the map, such as RANBP9LisH-CRAC-TWA1 as well as the N- and C-termini of ARMC8, subsequent rounds of focused 3D

classifications with masks over these regions were carried out. The final auto-refinement was preceded by a CTF refinement.

All maps were post-processed by automatic B-factor weighting and high-resolution noise substitution in Relion. In addition, to aid

in building atomic models, the refinedmaps of the Chelator-GIDSR4 SAmodule and CTLHSR4 SRSmodule were post-processed with

DeepEMhancer (Sanchez-Garcia et al., 2020) and are deposited as additional maps in EMDB. The estimated resolutions of all recon-

structions are based on the gold-standard Fourier Shell Correlation (FSC) at 0.143 criterion. Simplified schematic of processing for

both Titan Krios datasets are presented in Figures S4 and S7 (for Chelator-GIDSR4 and CTLHSR4, respectively).

Model building and refinement
Manual building of all models was performed with Coot (Emsley and Cowtan, 2004; Emsley et al., 2010), whereas structure visual-

ization and analysis was carried out with Chimera (Pettersen et al., 2004), ChimeraX (Goddard et al., 2018) and Pymol-v2.1 (https://

pymol.org/2/).

The atomic model of CTLH substrate receptor scaffolding module was prepared as follows. Most of ARMC8 was built automat-

ically with Buccaneer (Cowtan, 2006) and refined manually with Coot. The model of the substrate receptor hGid4 was generated

by docking its crystal structure (PDB: 6CDC) into the EM map and manual building of its N- and C-termini. The crystal structure

of RANBP9 SPRY domain (PDB: 5JI7) was fitted into the electron density map and served as a starting point for manual building

of its downstream region. Manual building of TWA1 was guided by fitting parts of its homology model into the map (generated by

SWISS-MODEL (Waterhouse et al., 2018), based on the structure of yeast Gid8 in GIDSR4, PDB: 6SWY) and secondary structure pre-

diction obtained from Phyre2 server (Kelley et al., 2015).

The structure of the SRS module in Chelator-GIDSR4 was generated by fitting the atomic coordinates of the corresponding part of

GIDSR4 (PDB: 6SWY) andmanual refinement. The loops of Gid4 surrounding its substrate-binding cavity as well as Fbp1 degron were

built manually. Coordinates of most of Gid8 and Gid1 in the SA module were fitted from the structure of GIDSR4 and the missing or

differing parts, such as Gid1 CTLH-CRAN, were built manually. The LisH-CRAC as well as CTLH-CRAN domains of Gid7 were built

manually, guided by secondary structure predictions. Manual building of Gid7 b-propellers was aided by their homology model

from Phyre2 (Kelley et al., 2015). All of the Cat module was built manually and the geometry of the zinc binding site was constrained

to account for tetrahedral coordination of zinc ions.

All the models were subjected to iterative rounds of manual building with Coot and real space refinement in PHENIX (Adams et al.,

2010; Afonine et al., 2018; DiMaio et al., 2013) until a satisfactory model quality, in terms of its geometry and agreement with themap,

was obtained.

Fbp1 crystallization and data processing
Crystallization trials of Fbp1-6xHis were performed in the MPIB Crystallization Facility. Before setting up the crystallization trays, the

purified Fbp1 was concentrated to 12 mg/mL and combined with 0.5 mM of its allosteric inhibitor AMP and the substrate fructose-

1,6-bisphosphate. Crystals used for X-ray data collection were obtained at 4�C in the buffer containing 16% PEG 3350, 0.2 MMgCl2
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and 0.1 M Bis-Tris pH 6 using a vapor diffusion method performed in a sitting-drop format. Crystals were cryoprotected using 20%

ethylene glycol and stored by flash freezing in liquid nitrogen until data collection.

Diffraction dataset was recorded at X10SA beam line, Swiss Light Source (SLS) in Villingen, Switzerland. Data were recorded at 0.5

degree rotation intervals using Dectris Pilatus 2M-F detector. Data were indexed, integrated, and scaled using XDS package to a

resolution limit of 1.95 Å. Phasing was performed through molecular replacement using a structure of human Fbp1 (PDB: 1FTA)

with PHASER integrated into the PHENIX software suite (Adams et al., 2010; Afonine et al., 2018; DiMaio et al., 2013). Model building

was done using Coot (Emsley and Cowtan, 2004; Emsley et al., 2010), whereas refinement was carried out with phenix.refine. Details

of X-ray diffraction data collection and refinement statistics are listed in Table S2.

QUANTIFICATION AND STATISTICAL ANALYSIS

For the assays described in the section ‘‘In vivo yeast substrate degradation assays,’’ protein bands visualized by western blots were

quantified using ImageStudioLite software (Li-Cor). For statistical analysis, at least three biological replicates were considered and

the standard deviation of the replicates was presented using error bars.

Fluorescently labeled proteins in in vitro ubiquitylation reactions were quantified in ImageQuant (GE Healthcare) and the calculated

fractions of ubiquitylated substrates were plotted in GraphPad Prism. All in vitro assays were performed in at least duplicates and the

standard deviation represented by error bars are shown wherever necessary. For determination of Km for Fbp1 ubiquitylation by GID

E3 with kinetics, the fraction of ubiquitylated Fbp1 was fit to the Michaelis-Menten equation in GraphPad Prism. kcat was calculated

based on a slope of a linear phase of Fbp1 ubiquitylation reaction fitted in GraphPad Prism.
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     Figure S1. Characteristics of Fbp1-active GID complex (Related to Figure 1) 

 
A. In vitro assay examining effects of Gid7 on substrate-independent GID ubiquitin 

transferase activity performed 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 GIDAnt + Gid4 (exogenously mixed) with or without Gid7 (Gid7WT) or its ∆1-
285 (∆LisH-CTLH-CRA) mutant (Gid7MUT). 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 0 and plotted. Error bars 
represent SD (n=2). 

B. Assays testing impact of Gid7 on in vitro ubiquitylation of a fluorescent monomeric 
model peptide substrate (Fbp1-pep*), which comprises the N-terminal Fbp1 degron 
and an acceptor lysine connected via a flexible linker. Reactions were run using GIDAnt 
+ Gid4 (exogenously mixed) with and without addition of Gid7. Control lanes show the 
dependence of Fbp1 ubiquitylation on GIDAnt, E2 Ubc8 and substrate receptor Gid4. 
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Substrates and products were visualized by a fluorescent scan of SDS-PAGE (top). 
The bands corresponding to the ubiquitylated products as well as non-modified 
substrate were quantified and the fraction ubiquitylation was plotted as a bar graph 
(bottom). Error bars represent SD (n=2). 

C. Multi-turnover assays comparing Fbp1 ubiquitylation by two versions of GIDSR4 + Gid7 
complexes (with exogenously added and co-expressed Gid7). 

D. Time-course comparing fraction of ubiquitylated Fbp1 by GIDSR4 alone and with Gid7 
coexpressed performed at the same E3:Km and substrate:Km ratios for both 
complexes. The calculated slopes were used for determining kcat (as presented in 
Figure 1D).  

E. In vivo assay showing levels of Fbp1-3xFLAG (exogenously expressed using a PRT 
plasmid) in WT, ∆Gid7 and Gid2K365A mutant (catalytic RING mutation) yeast strains 
upon overexpression of Gid4, after 8 hours growth in glucose-rich medium. The 
controls represent amounts of Fbp1-3xFLAG in yeasts transformed with an empty 
overexpression plasmid. 

F. Volcano plot of the (-log10) p-values with respect to the log2 protein abundance 
differences between WT and ∆Gid7 yeast grown in YPD for 2 hours after 19 hours of 
glucose starvation. The significant cutoff (indicated with a black line) is based on 5% 
false discovery rate. Data points representing Gid4-dependent gluconeogenic 
substrates and Gid7 are colored red and blue, respectively.  
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Figure S2. Characterization of supramolecular assembly of Chelator-GIDSR4 (Related 
to Figure 2) 
 
A. Gel filtration analysis (top) of GIDSR4 (blue), GIDSR4 + Gid7 (orange) and Gid7 alone 

(green). Fractions after gel filtration were run on SDS-PAGE and visualized with 
Coomassie (bottom).  

B. SEC-MALS testing the oligomeric state of Fbp1 (right) and Gid7 (left). By comparing 
the observed and calculated molecular weights, the tetrameric state of Fbp1 and 
dimeric state of Gid7 were revealed.  The blue and red peaks show the absorption 
spectra at 280 nm for Gid7 and Fbp1, respectively, whereas the horizontal lines 
indicate their molar masses. 

C. Sucrose density gradients of WT and ∆Gid7 yeast lysates harvested under carbon 
starvation and carbon recovery conditions. Position of the GID complex in the gradient 
was visualized by detecting its core subunit Gid8-3xFLAG by immunoblotting with anti-
FLAG antibody. 

D. Flowchart of cryo EM processing of the endogenous yeast GID dataset. 
E. Representative 2D classes originating from multiple cryo EM datasets showing 

stability of individual modules even in the absence of supramolecular assembly. The 
composition of each analysed sample is represented as gray density (to the left of 
each 2D class) in the map of Chelator-GIDSR4 (the white parts indicate the omitted 
modules).  
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Figure S3. Structural features of Chelator-GIDSR4 catalytic and supramolecular 
assembly modules (Related to Figure 3) 
 
A. Domain schematic of supramolecular assembly and catalytic modules.  Darker regions 

represent parts of the subunits for which an atomic model was built. 
B. Details of a novel heterodimeric Gid2-Gid9 RING-RING-like assembly (left) (zinc ions 

are represented as gray spheres).  Gid2’s RING domain binds only one zinc ion, in a 
manner reminiscent of SP-RINGs found in SUMO E3s.  In contrast, Gid9 adopts an 
unconventional RING-like domain (RING-L) resembling U-box fold.  The heterodimer 
is stabilized by an intermolecular zinc-binding domain as well as a Gid9 “belt”.  Model 
of E2~Ub activation by Gid2-Gid9 was generated by aligning the E2~Ub-bound RING 
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structure (5H7S.PDB) with Gid2 RING (center).  In the model, the previously 
characterized ‘linchpin’ residue (LP) of Gid2 and non-RING priming element (NRP) in 
Gid9 stabilize the closed conformation of Ubc8~Ub.  The dimeric RING-RING-L 
assembly is stabilized by the packing of an extreme C-terminus of Gid9 against Gid2’s 
RING domain (shown as surface representation) (right).  

C. Color-coded close-up view of LisH-CTLH-CRA dimerization domain in Gid7to-Cat, where 
its most N- and C-terminal parts are colored blue and red, respectively. CRA is 
subdivided into N-terminal (CRAN) and C-terminal (CRAC) parts since they are 
components of 2 structurally and functionally distinct elements involved in intra- (LisH-
CRAC) and intermodular (CTLH-CRAN) interactions. 

D. Overlay of Gid1SRS-Gid8SRS with Gid1SA-Gid8SA in supramolecular assembly (SA) 
module (Gid7 dimer is kept transparent) together with close-ups highlighting: 1. a part 
of Gid1SA binding the asymmetric groove between the two Gid7 propellers and 2. SA-
specific interactions between CTLH-CRAN of Gid1SA, Gid8SA loop and CTLH-CRAN of 
Gid7to-Cat. 
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Figure S4. Simplified schematics for processing of high resolution cryo EM dataset 
of Chelator-GIDSR4 (Related to Figures 3 and 4) 
 
A. Flow chart of initial steps of processing yielding full and half maps of Chelator-GIDSR4 
B. Focused 3D classification and local refinement of substrate receptor scaffolding 

module 
C. Focused 3D classification and local refinement of catalytic module 
D. Focused 3D classification and local refinement of supramolecular assembly module. 

For (B), (C) and (D), gold-standard Fourier shell correlation (FSC) curve (left bottom) 
and map of individual modules color-coded by their local resolution (right bottom) are 
shown. The dotted line in the FSC plot represents 0.143 cut-off criterion for nominal 
resolution. 
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Figure S5. Proteomic analysis disclosing preferred lysine sites on Fbp1 that are 
targeted for ubiquitylation by Chelator-GIDSR4 (Related to Figure 5) 
 
A. The positions in amino acid sequence (left, bold red letters) and numbers (right, shown 

as Venn diagram) of Fbp1 lysines that can be theoretically covered after proteolytic 
cleavages using trypsin (green), trypsin and AspN (red) or trypsin and GluC (blue).  

B. Table showing experimentally identified Fbp1 peptides containing ubiquitylated lysine 
sites. 

C. Crystal structure of Fbp1 tetramer with all the lysines shown as sticks. The most 
prominent ubiquitylation hits (which are highlighted in B), colored blue, are located in two 
clusters, K32/K35 (dashed circles) and K280/K281 (solid circles), in each Fbp1 protomer. 

D. Tandem mass spectra (“best localization”) for selected di-Gly remnant-modified peptides. 
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Figure S6. Structural and mechanistic features of human CTLH (Related to Figure 6) 
 

A. Low resolution density of human CTLHSR4 fit with atomic coordinates of CTLH SRS 
module and the yeast Cat module (Gid2-Gid9 heterodimer). 

B. Overlay of the models of yeast GID (transparent) and human CTLH (opaque) substrate 
receptor scaffolding modules, showing structural homology. 

C. Overview of major elements of hGid4 that enable its incorporation into CTLHSR4. Close-
ups of the key binding interfaces: 1. RANBP9SPRY:hGid4 (denoted as R9SPRY:h4 in assay 
panels), 2. ARMC8:hGID4 aliphatic stripe and 3. ARMC8:hGid4 C-terminal anchor.  
hGid4 residues that are mutated in (D) and (E) for biochemical assays are shown as 
sticks. 

D. Assay testing the importance of hGid4 residues shown in (C) to its binding to the CTLH 
substrate receptor scaffolding module. The band corresponding to hGid4 in Coomassie-
stained SDS-PAGE is highlighted with a red box. Binding of hGid4 to the complex was 
only impaired by mutations of its C-terminal anchor. 

E. In vitro multi-turnover assays testing importance of hGid4 residues shown in (C) to 
ubiquitylation of a fluorescent model peptide substrate with a target lysine at position 27. 
Only the mutations of the key residues in the hydrophobic stripe of hGid4 b-barrel and its 
C-terminal anchor inhibited ubiquitylation.  

F. Overlay of RMND5A (left) and MAEA (center) homology models with yeast Gid2-Gid9 
RING-RING-L structure.  Candidate “linchpin” (LP) and E2-binding (E2B) residues in 
RMND5A, and non-RING priming element (NRP) in MAEA are shown as sticks. These 
residues correspond to the LP K365 and E2B V363, L364 in yeast Gid2, and NRP Y514 
in yeast Gid9 (shown as gray sticks).  The significance of the LP, E2B and NRP in yeast 
Gid2-Gid9 for Fbp1 degradation in vivo have been shown previously in Qiao et al., 2020. 
Cartoon (right) summarizing the proposed catalytic mechanism of CTLHSR4 based on the 
structural models and biochemical assays (shown in G and H). RMND5A is an active 
RING that directly binds its cognate E2 Ube2H (white square) and bears a “linchpin” 
residue (white star), whereas MAEA RING-L provides a non-RING priming element 
(white arrow).  

G. Discharge assays showing effects of point mutations in RMND5A and MAEA as shown in 
(F) on intrinsic catalytic activity of CTLHSR4.  Discharge of Ube2H~Ub intermediate to free 
lysine in solution was detected with Coomassie-stained non-reducing SDS-PAGE. 

H. In vitro multi-turnover assays showing effects of point mutations in RMND5A and MAEA 
as shown in (F) on ubiquitylation of a fluorescently labelled model peptide substrate (with 
a target lysine at position 27).   

I. In vitro ubiquitylation assays with a panel of single lysine ubiquitin variants, as compared 
to WT and lysine-less (K0) ubiquitin, showing preference of CTLHSR4 to form K48 
polyubiquitin chains (highlighted in green box).  The reactions were conducted with 
CTLHSR4, E2 Ube2H and fluorescently labelled model peptide substrate (with target 
lysine at position 27). 

J. Western blots confirming the MAEA, MKLN1, WDR26 and MKLN1/WDR26 knockouts in 
K562 cells.  Asterisk indicates a WDR26 signal. 
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Figure S7. Simplified schematics for processing of high resolution cryo EM dataset of 
human CTLHSR4 (Related to Figure 6) 

 
A. Flow chart of cryo EM processing yielding a map of CTLHSR4 substrate receptor 

scaffolding (SRS) module.  3D refinements were performed with a mask excluding the 
catalytic module due to its mobility relative to SRS.  A series of focused 3D classification 
(with masks indicated as red dotted lines) was performed to resolve under-represented 
parts of the map.  

B. Gold-standard Fourier shell correlation (FSC) curve (left) and the map of CTLHSR4 SRS 
module color-coded by its local resolution (right).  The dotted line in the FSC plot 
represents 0.143 cut-off criterion for nominal resolution. 
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Table S1: Details of cryo EM data collection and refinement (Related to Figures 2, 3, 6, S3, S4, S6 and S7) 
 
 

 
Apo 

Chelator
-GIDSR4 

Chelator-
GIDSR4 + 

Fbp1 
GIDSR4 SRS 

module 
Cat 

module 
SA 

module 
Endogenous 

GIDAnt 
Endogenous 

Chelator-
GIDAnt 

CTLHSR4 
CTLHSR4                 

SRS 
module 

CTLH-
WDR26 
supra-

molecular 
assembly 

CTLH-
WDR26 
SA and 

SRS 
modules 

CTLH-
MKLN1 
SA and 

SRS 
modules 

Data collection and processing 

Microscope/ 
detector 

Arctica/ 
Falcon III Krios/K3 Glacios/K2 Krios/K3 Krios/K3 Krios/K3 Glacios/K2 Glacios/K2 Krios/K3 Krios/K3 Arctica/ 

Falcon III Krios/K3 Arctica/ 
Falcon III 

Pixel size (Å) 1.997 1.094 1.885 1.094 1.094 1.094 1.885 1.885 0.8512 0.8512 1.612 1.094 1.612 

Defocus range 
(μm) 1.5 ~ 3.0 0.7 ~ 2.5 1.5 ~ 3.0 0.7 ~ 2.5 0.7 ~ 2.5 0.7 ~ 2.5 1.5 ~ 3.0 1.5 ~ 3.0 0.7 ~ 2.5 0.7 ~ 2.5 1.5 ~ 3.0 0.7 ~ 2.5 1.5 ~ 3.0 

Voltage (kV) 200 300 200 300 300 300 200 200 300 300 200 300 200 

Electron dose  
(e-/Å2/s) 24.4 13.2 3.7 13.2 13.2 13.2 3.7 3.7 30 30 25.12 15 23.9 

Exposure time 
(s) 3 6 16 6 6 6 16 16 2 2 3 5 3 

Initial particles 404,749 918,221 560,009 918,221 918,221 918,221 1,605,880 802,946 3,568,920 3,568,920 196,551 2,113,596 221,691 

Particles in final 
refinement 3,743 8,328 103,754 74,929 74,254 48,629 84,742 66,543 102,584 78,264 2,802 34,596 17,478 

Map resolution* 
(Å) 13.5 10.3 8.0 3.5 3.9 3.7 9.5 14.2 6.6 3.3 19.2 6.5 10.1 

Map resolution 
range (Å) - - - 3.2 ~ 7.7 3.8 ~ 5.6 3.5 ~ 6.7 - - - 3.3 ~ 4.4 - - - 

Additional maps - 

composite 
map 

comprising 
high 

resolution 
maps of 

SRS, Cat 
and SA 
modules 

- -  
map post-
processed  
with Deep- 
EMhancer 

   
map post-
processed 
with Deep- 
EMhancer 

  

CTLH-
MKLN1 

SA with 2 
SRS 

modules 

EMDB code EMD 
-12541 

EMD 
-12557 

EMD 
-12548 

EMD 
-12559 

EMD 
-12560 

EMD 
-12563 

EMD 
-12538 

EMD 
-12540 

EMD 
-12537 

EMD 
-12564 

EMD 
-12542 

EMD 
-12545 

EMD 
-12547 
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Refinement statistics 

Map sharpening  
B-factor (Å2) 

   -59 -122 -90    -71    

Model 
composition 

             

Non-hydrogen 
atoms 

   14448 5465 13487    9327    

Protein residues    1849 698 1776    1230    

Ligand (Zinc2+)    0 2 0    0    

RMSD bond 
length (Å) 

   0.003 0.006 0.004    0.004    

RMSD bond 
angles (°) 

   0.56 0.791 0.694    0.689    

MolProbity 
score 

   1.73 2.05 2.04    1.99    

Clashscore    6.4 8.89 8.33    9.27    

Rotamer 
outliers 

   0.07 0.17 0    0    

Ramachandran 
favored (%) 

   94.4 89.17 88.52    91.79    

Ramachandran 
allowed (%) 

   5.6 10.83 11.48    8.21    

Ramachandran 
outliers (%) 

   0 0 0    0    

PDB code    7NS3 7NS4 7NSB    7NSC    

 
* Based on the Fourier Shell Correlation (FSC) cut-off criterion of 0.143. 
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Table S2: Crystallography data collection and refinement statistics (Related 
to Figures 2, 4, 5 and S5) 
  

Data Collection  

Spacegroup P 21 21 21 
Cell dimensions  

a,b,c (Å) 58.02 133.79 171.49 
a,b,g (°) 90 90 90 
Resolution range (Å) 45.22 - 1.946 
I / s (I) 0.79 (1.95 Å) 
Completeness (%) 91.42 
  

Refinement  

Refinement program phenix.refine 1.16_3549 
Resolution (Å) 45.224 - 1.946 (2.015 – 1.946) 
Rwork / Rfree 0.208/ 0.242 
Reflections used in refinement 90299 
Reflections used for R-free 6158 
No. of molecules in ASU 4 
Total no. of atoms 9719 
Protein 9414 
Magnesium 8 
PO4 20 
Water 277 
Wilson B-factor (Å2) 32.60 
RMSD bond length (Å) 0.009 
RMDS bond angle (°) 1.255 
Ramachandran favored (%) 96.70 
Ramachandran allowed (%) 3.30 
Ramachandran outliers (%) 0.00 

 
 
         Values for the highest-resolution shell are given in parentheses.  
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