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Abstract

Proteins are constantly turned over in the crowded cellular milieu to maintain homeostasis.
One crucial factor that plays a role in maintaining protein quality control is the protein
degradation machinery such as the ubiquitin-proteasome system (UPS). The major players in
this system are the E3 ubiquitin ligases that rely on a cascade of E1 (ubiquitin-activating) and
E2 (ubiquitin-conjugating) enzymes to specifically and efficiently target diverse proteins for
ubiquitylation, regulating nearly all biological processes. We know very little of how E3
ubiquitin ligases are configured to match various protein features including different folds,
oligomeric states and post-translational modifications. By studying the GID/CTLH E3 ligase,
we answer some of these fundamental questions. We discovered that the GID complex
employs a higher-order assembly mechanism as a strategy for efficiently targeting one of its
oligomeric substrates, the tetrameric gluconeogenic enzyme Fbpl. Additionally, we elucidated
how the pliable nature of the substrate receptors of GID complex allows for a variety of
substrate degrons to bind. Moreover, we show that these structural and biochemical features
are conserved in its human ortholog, the CTLH complex.

Zusammenfassung

Proteine missen in dem uberflllten zellularen Milieu standig umgewandelt werden, um die
Homdostase aufrechtzuerhalten. Ein entscheidender Faktor, der bei der Aufrechterhaltung der
Qualitatskontrolle von Proteinen eine Rolle spielt, ist die Maschinerie fir den Proteinabbau
wie das Ubiquitin-Proteasom-System (UPS). Die wichtigsten Akteure in diesem System sind
die E3 Ubiquitinligasen, die sich auf eine Kaskade von E1 (Ubiquitin-aktivierenden) und E2
(Ubiquitin-konjugierenden) Enzymen stitzen, um verschiedene Proteine, die nahezu alle
biologischen Prozesse regulieren, spezifisch und effizient zur Ubiquitinylierung auszuwahlen.
Wir wissen nur sehr wenig dariber, wie E3 Ubiquitinligasen konfiguriert sind, um
verschiedenen Proteineigenschaften zu entsprechen, einschlief3lich verschiedener Faltungen,
oligomerer Zustdnde und posttranslationaler Modifikationen. Durch die Untersuchung der
GID/CTLH E3 Ligasen konnen wir einige dieser grundlegenden Fragen beantworten. Wir
entdeckten, dass der GID-Komplex einen Mechanismus hoherer Ordnung fir den
Zusammenbau einsetzt, um eines seiner oligomeren Substrate, das tetramerische
glukoneogene Enzym Fbpl, effizient anzusprechen. Darlber hinaus konnten wir aufklaren,
wie die flexible Natur der Substratrezeptoren des GID-Komplexes die Bindung einer Vielzahl
von Substrat-Degronen ermdglicht. Dariiber hinaus zeigen wir, dass diese strukturellen und
biochemischen Merkmale in seinem menschlichen Ortholog, dem CTLH-Komplex, konserviert
sind.



1. Introduction

Cellular information in all living organisms flows from nucleic acids to proteins, as stated by
the central dogma, through biological processes of transcription and translation. The end
product of this process - proteins - can be extremely diverse in their structural and functional
aspects. Additional protein modifications occur either during or after the process of ribosomal
protein translation. The translation process itself is facilitated by many other proteins that
function as enzymes, working in coordination with the ribosomes to decorate these proteins
with their signature features. Proteins, which are the main workhorses of the cell, execute
majority of cellular functions and maintain metabolic pathways to keep the cellular factory
running. Moreover, they also serve as chromatin remodelers and transcriptional regulators [1],
thus impacting every part of the cellular system.

The functional diversity in proteins is derived from their distinct folds, various oligomeric states,
and through different post-translational modifications (PTMs) that they inherit during or after
translation. Although the number of proteins in human compared to other organisms such as
drosophila or mice is not extremely different, humans possess higher complexity in the cellular
and organismal level functionalities. Several factors like multiple splicing variants of mRNA or
the distinct PTMs that act as a signal for activating or repressing numerous cellular processes
additionally supplement diversity to the protein families. Furthermore, constant protein
turnover is crucial for maintaining metabolic regulation, and disturbances in this process due
to environmental change or stress can be detrimental. Cells have multiple levels of protein
guality control including i) factors responsible for proper protein synthesis via ribosomes and
its associated proteins [2], ii) systems ensuring its proper folding and translocation at the right
cellular compartments [3, 4] iii) degradation machineries such as the autophagy-lysosomal
system and ubiquitin-proteasome system (UPS) for removal of unnecessary or surplus
proteins [5-8].

1.1. Protein degradation pathways

The earliest described protein degradation pathway involves the autophagy-lysosomal
degradation, observed upon nutritional deprivation, to degrade endocytosed proteins.
Autophagy encompasses not only removal of misfolded or aggregated proteins but also
removal of whole organelles and intracellular pathogens to maintain cellular homeostasis. Key
players of this pathway are the evolutionarily conserved ATG (Autophagy Related Gene) and
related family of proteins, which are involved in formation of double-membrane
autophagosome leading to lysosomal fusion and degradation of autophagic contents [9].

In addition, there are non-lysosomal ATP-dependent proteolytic pathway whose existence
was first noted in late 1970s, where they first characterized the function of a 76 amino acid
protein ubiquitin (previously named APF1 for ATP-dependent protein activation factor-1) in
rabbit reticulocytes [10-12]. Biochemical studies led by Hershko, Ciechanover and Varshavsky
during 1970s and 1980s led to not only the discovery of ubiquitin but also the first components
of ubiquitin transfer machineries [13]. Consecutively, 26S proteasome was discovered as the
proteolytic factor responsible for degrading the ubiquitin conjugated proteins [14, 15]. Seminal
works from several scientists led to discovery of the first genes of ubiquitin system [16-19], to
discovery of the first degradation signals [20] and identification of the first physiological



substrates of the ubiquitin system [21] and this was progressively followed up by many others
over the years, thereby establishing the involvement of ubiquitin biology in nearly all cellular
pathways including cell cycle, DNA repair, protein synthesis, transcriptional regulation and
stress responses [22].

1.2. The ubiquitin system

Ubiquitin is encoded by 4 different genes in yeasts (UBI1-3 are produced as fusion to
ribosomal proteins and UBI4 as polyubiquitin cassette) [19], and in higher eukaryotes it is
produced either as a fusion to ribosomal proteins (encoded by UBA52 and RPS27A) or as
polyubiquitin cassettes (encoded by UBB or UBC) [23]. Ubiquitin conjugation happens majorly
on a lysine residue of protein substrates, but there is increasing evidence that its transfer can
also occur on other substrate residues like serine, cysteine or even onto other molecules such
as lipids and sugars [24]. Moreover, ubiquitin can be linked via its C-terminus to the amino
terminus (N-terminal Metl) or to any of the seven lysines (K6, K11, K23, K29, K33, K48, K63)
of another ubiquitin molecule contributing to various homotypic or heterotypic ubiquitin chains.
Each ubiquitin chain type and pattern together form the ubiquitin code, eliciting specific
downstream proteolytic and non-proteolytic pathways [25]. Furthermore, ubiquitin can itself be
modified by PTMs like phosphorylation, acetylation, phosphoribosylation and glutamine
deamidation for regulating downstream signaling pathways [26].

Ubiquitin transfer is catalyzed in three main steps (Fig. 1) — First, the ATP/ magnesium ion
dependent step of ubiquitin transfer to E1 (ubiquitin-activating enzyme) takes place by
formation of a ubiquitin-AMP adduct followed by subsequent transfer of ubiquitin, whereby its
C-terminal glycine forms a covalent thioester bond with the E1’s catalytic cysteine. In human,
there are 2 E1s (UBAL and its homologue UBAG, which is only specific for a few E2s). Second,
ubiquitin is transferred to the catalytic cysteine of the E2 (ubiquitin-conjugating enzyme) by a
transthiolation reaction forming a new thioester bond between the C-terminal glycine of
ubiquitin and the catalytic cysteine of the E2 — more than 40 E2s exist in human. Third step of
ubiquitin transfer involves the E3 ubiquitin ligase, which catalyzes both substrate recruitment
and ubiquitin transfer from the E2’s catalytic cysteine to the substrate, thus catalyzing the
formation of an isopeptide bond between the C-terminus of ubiquitin and the g-amino group of
the substrate lysine or a terminal amino group of the substrate — more than 600 E3s exist in
human. Moreover, there are deubiquitylating enzymes (DUBS) acting as opposing elements
that catalyze the ubiquitin cleavage, and other proteins harboring ubiquitin recognition
domains for further regulation. In addition, there are other significant players involved in the
protein degradation pathway that function downstream of the ubiquitin transfer system -
Cdc48/p97 system with its cofactors that extract and unfold the polyubiquitinated proteins
when necessary, and the giant proteolytic hub - “the proteasome” with its associated proteins
that ultimately degrade polyubiquitinated substrates. Over the years exemplary papers
illustrating the details of the ubiquitin system have evolved. These include studies elucidating
ubiquitin transfer through the individual steps of E1-E2-E3 cascade [27-30], ubiquitin transfer
from E3s onto substrates [31, 32], ubiquitin recognition by DUBs [33-35], polyubiquitin
extraction by Cdc48 and proteasomal recognition of polyubiquitylated substrates [36-40], all
of which allow us to gaze into possibly more accurate pictures of these complex processes.



1.3. E3 ligases and substrate recognition

The central molecular machines of the ubiquitin transfer system are the E3 ubiquitin ligases
and they have two core functions: (1) recruiting and binding a substrate, and (2) catalyzing
covalent linkage of ubiquitin onto the substrate (Fig. 1) [41]. The catalytic mechanism of
ubiquitin transfer relies on hallmark catalytic domain types, either the RING or the HECT
domain. There are three major classes of the E3 ubiquitin ligases, subdivided based on their
catalytic mechanism, however many new classes are arising [42]. The three major classes
include the RING (Really Interesting New Gene), HECT (Homologous to E6-AP Carboxyl
Terminus), RBR (RING-in-between-RING) E3s.

A Ub—\ S
Ub

Ub ~ ATP, Mg?* E2
\/ E3 substrate
Ub Ub
Bl — > [ B2 /
\ Ub
Y TN E2

Regulation by ubiquitylation
Transcriptional regulation
DNA repair

Endocytosis

Signaling pathways

Cell cycle

Proteasomal degradation
substrate

Figure 1. The ubiquitin system.

(A) Ubiquitin (Ub) is transferred via the E1 (ubiquitin-activating)-E2(ubiquitin-conjugating)-E3
(ubiquitin ligase) cascade to achieve substrate ubiquitylation (mono-, multi-mono- or poly-
ubiquitylation), which in turn regulates numerous biological processes.

RINGs are the largest E3 family with nearly 600 of them, characterized by a RING domain
containing zinc ions coordinated by cysteine and histidine residues or the U-box domain
containing a similar fold without zinc. The RING domain mediates ubiquitin transfer onto the
substrate directly from the active site of its partner E2 enzyme. RING E3s include both the
multi-protein E3 complexes such as Cullin-RING ligases (CRL) that possess separate protein
subunits to recruit different substrates and to catalytically activate E2~Ub (hereafter ~ denotes
thioester bond), and single polypeptide E3s that contain dedicated substrate recognition and
catalytic domains encoded in their sequences such as UBR1 [43]. In the absence of RING
domain, the E2~Ub intermediates exist in different open conformational states. Structural
studies have revealed that RING binding reduces the conformational flexibility of the E2~Ub,
facilitating a closed conformation that favors nucleophilic attack by the substrate lysine [30,
44-46]. Several features mediating RING-E2~UDb stabilization have been discovered including
a conserved linchpin Arg residue, a non-RING priming element [47, 48] and domains binding
to backside of certain E2s [47, 49]. Mechanisms of substrate ubiquitination by RING E3s can
involve a priming reaction, where substrate lysine is modified by its first ubiquitin, followed by
further ubiquitin modification events driven by the same or different E2 [50]. Recent structural
works on CRL, UBR1, TRIM21 and RNF38-UBE2K have presented some glimpses of such
ubiquitin priming and chain elongation processes via RING E3s [31, 51-53].



HECT E3 ligase members have a unique feature of first transferring ubiquitin from the E2
catalytic cysteine to the E3 catalytic cysteine via a transthiolation reaction to form a thioester
intermediate followed by ubiquitin transfer on to the substrate. There are nearly 30 HECT E3
ligases and they all have a characteristic N-terminal substrate binding domain and a C-
terminal HECT domain, which is composed of an N-terminal lobe that binds E2~Ub and a C-
terminal lobe that harbors the catalytic cysteine [54]. Unlike RING E3s where the E2
determines ubiquitin chain specificity, the HECT domain of the HECT E3s determines the
chain type to allow processive polyubiquitination. Recent structures of the full-length HECT
E3s, such as HUWEL1, have provided some glimpses of multiple open and closed
conformations, and added to our understanding of its substrate recruitment and how regulation
by HECT E3 occurs [55].

RBR E3 ligases which are a hybrid of both RING and HECT E3s encompass two predicted
RING finger domains, RING1 and RING2 (also called Rcat), and an in-between RING (IBR)
domain that binds zinc. There are 10 or more RBR E3s known so far. Most RBRs are
autoinhibited on their own and need to undergo conformational changes for activation [56].
The most well characterized members of this family of E3 ligases include PARKIN, LUBAC,
and Ariadne family RBRs.

Although there is constant turnover of the cellular proteome, we have superfluous proteins in
the cell compared to the E3 ligases that can ubiquitylate them. How do these limited number
of E3 ligases target the vast proteome remains a major question in the field. E3s have attained
various strategies to tackle this problem. These include using multiple interchangeable
substrate receptors, or forming diverse assemblies ranging from multi-subunit higher order
assemblies to cooperative E3-E3 assemblies (Fig. 2) [57-60]. There are specific sequences
or structural features within the substrate that are recognized by the substrate binding domains
or subunits of the E3s. Distinct domain folds like the UBR-box, beta-barrel, beta propeller or
helical repeats have been evolved within the E3 ligases to selectively recognize distinct
substrate features [8]. Each substrate receptor or substrate-binding domain specifically
recognizes a motif, or so-called a "degron” (for degradation signals) within the substrate.
These degrons are usually short linear sequence motifs that are disordered. In some cases,
degrons can be ordered regions with characteristic 3-dimensional folds and sometimes they
are further decorated with PTMs for recognition. Furthermore, they are categorized into
terminal degrons, those that are occurring or proteolytically-generated at the N- or C- terminus,
or internal degrons, those residing in the internal protein sequence. The pioneering studies
from Varshavsky and colleagues over years have thoroughly defined the landscape of N-
terminal degrons [20, 61, 62]. So far, all 20 amino acid residues have been classified into
specific degron group following their recognition through Arg/N-degron, Ac/N-degron, Pro/N-
degron, Gly/N-degron, fMet/N-degron pathways. Moreover, the recent discoveries of the C-
degron pathways have greatly expanded the field of terminal degronome [63].
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. substrate recruitment E3 E3 E3
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Figure 2. Strategies of E3 ligases for diverse substrate targeting.

(A) Some E3 ligases can allow binding of multiple swappable substrate receptors to bind
variety of substrate degrons, and/or (B) form diverse mono, di or multi-meric assemblies to
catalyze substrate ubiquitylation.

1.4. GID/CTLH ES3 ubiquitin ligase

Many substrates of E3 ligases include metabolic enzymes which are oligomeric by nature.
However, the regulation of these oligomeric metabolic enzymes by ubiquitylation machineries
are not well studied. One of the early identified homotetrameric metabolic enzyme is the
budding yeast fructose-1,6-bisphosphatase (Fbpl), which is involved in the glycolysis and
gluconeogenic pathways. The yeast Fbpl is the first identified target of a glucose-dependent,
catabolite inactivation process in eukaryotes [64]. When yeasts are switched from carbon-
starved to carbon-rich conditions, the gluconeogenic process is impeded through processes
that terminate Fbpl synthesis and activity. This also induces ubiquitin-mediated degradation
of Fbp1 by the GID (Glucose-Induced Degradation deficient) E3 ligase [65]. Depending on the
length of starvation, Fbpl degradation in yeast can occur in either the proteasome (for up to
24 hours starvation) or the vacuole (for 1-3 days of starvation) [64-68]. Thus, early GID genes
were also named as “VID” for vacuolar import and degradation. Numerous studies from the
group of Dieter Wolf identified components of the multi-subunit GID E3 ligase complex which
targets gluconeogenic enzymes for proteasomal degradation following glucose replenishment
[65, 67-69]. Later studies have suggested that the function of GID is not limited to only
regulation of glucose metabolism but it also acts as a responsive system during different
environmental stresses [70-74]. All components of the yeast GID complex are evolutionarily
conserved in higher eukaryotes including drosophila, and mammals, where they are known
by the nomenclature “CTLH”, named so due to the presence of multiple CTLH (C-terminal to
LisH) domain-containing subunits (Fig. 3) [75-77]. Unlike its yeast ortholog, the mammalian
CTLH E3 does not target any gluconeogenic enzymes, rather it has been linked to crucial
biological processes such as erythropoiesis, embryogenesis, metabolism, cell division [78].
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Figure 3. The GID and CTLH E3 ligase subunits.
(A) Majority of the yeast GID subunits are evolutionarily conserved in humans, where they
collectively form the CTLH complex.

1.5. Structural and functional composition of GID/CTLH subunits

1.5.1. The substrate receptors

The minimal active core of the GID/CTLH E3 entails a catalytic module and a substrate
receptor scaffolding (SRS) module, and in yeast GID, the SRS module accommodates
multiple stress-induced interchangeable substrate receptors (Fig. 4) [74]. The first identified
substrate recognition component of GID is Gid4, which is specifically upregulated during
recovery from glucose starvation [68, 79]. Gid4 recognizes N-terminal proline together with a
few downstream residues in the gluconeogenic substrates of GID, thus following the Pro/N-
degron pathway (Fig. 4A) [79]. In addition, distinct environmental perturbations, such as heat
shock, osmotic stress, as well as carbon, nitrogen, and amino acid starvation induce
expression of two other GID substrate receptors — Gid10 and Gid11 (Fig. 4B and 4C) [71, 73,
74]. Gid10 recognizes Pro/N-degron substrate Art2 [80], and Gid11 recognizes substrates with
N-terminal threonine [71]. These discoveries of novel substrate receptors and their extended
specificity significantly widen the realm of potential GID substrates.

The molecular basis of N-degron recognition by GID/CTLH E3 was revealed from several
crystal structures of human Gid4 (hGid4) and yeast Gid10 bound to various Pro/N- and non-
Pro/N-peptides [80-84]. Both Gid4 and Gid10 adopt an 8-stranded anti-parallel B-barrel fold
with a deep degron-binding tunnel harboring flexible loops at its entrance that establish
contacts with the downstream degron residues [81]. Unlike Gid4 and Gid10, the newly
identified Gid1l is a predicted seven-bladed B-propeller but the mechanistic details of its
interaction with the GID complex and its substrate degrons remain to be determined.
Interestingly, fly [85] and human CTLH E3s [86] have been implicated to target substrates
lacking Pro/N-degrons through Gid4-independent mechanism, raising the possibility for
existence of additional substrate receptors and other non-proline/N-substrate degrons of
GID/CTLH.
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Figure 4. Regulation by substrate receptors of the GID ES3 ligase.

The expression of the three substrate receptors of GID, Gid4, Gid10 and Gid11, rely on the
environmental stimuli. (A) Gid4 is upregulated during glucose recovery to target Pro/N-degron
gluconeogenic substrates; (B) Gid10 is upregulated during heat, osmotic shock or nitrogen
starvation conditions to target Pro/N-degron substrate Art2; (C) Gid11 is upregulated during
ethanol starvation and other environmental stresses targets Thr/N-degron substrates.

1.5.2. The scaffolding subunits

GID core scaffold consist of subunits Gid1-Gid5-Gid8 in yeast which correspond to
RanBP9/10-ARMC8a-TWAL1 in human CTLH [74] . Gid1 (RANBP9/10) and Gid8(TWAL1) have
the characteristic LisH, CTLH, CRA motifs. In human, there are two paralogous subunits of
Gidl — RANBP9 and RANBP10, which have minor differences at the N-terminus. RANBP9
has poly-proline and polyglutamine rich sequences at the N-terminus whereas RANBP10 has
a much shorter N-terminus without these sequence repeats. Additionally,
Gid1(RANBP9/RANBP10) have the SPRY domain with its characteristic two antiparallel beta
sheets and helical segments at each end. Gid8(TWA1) is a small protein acting as a crucial
scaffolding hub that connects multiple Gid subunits. Gid5(ARMCS) is the only scaffolding
protein that lacks LisH-CTLH-CRA motifs but instead forms a super helical structure of
armadillo repeats engaging Gid1(RANBP9/RANBP10), Gid8(TWA1) and the substrate
receptor Gid4 (hGid4)/Gid10/Gid11 [71, 74]. In human, there are two isoforms of ARMCS8
known in literature - ARMC8a., which is the full-length form that binds Gid4, and the shorter
ARMCS8, which does not have the hGid4 binding interface but still can stably bind other CTLH
subunits.

1.5.3. The catalytic subunits

The catalytic module of the GID/CTLH is composed of heterodimeric Gid2 (RMND5A) and
Gid9 (MAEA) subunits that are intricately intertwined forming a T-shaped structure [69, 74].



Gid2 (RMND5A), the active RING subunit and Gid9 (MAEA), accessory RING-like subunit
function similarly to other heterodimeric RING E3s such as BRCA1/BARD1. Unlike the
canonical RING domains which have two zinc ions coordinated by cysteine and histidine
residues in a cross-braced manner, GID has degenerated RING domains [69].

The RING domain of GID/CTLH binds its E2 conjugating partner - Ubc8 (UBE2H), also
annotated as Gid3 in yeast, which catalyzes K11 and K48 linked ubiquitin chain formation on
the substrates [74, 87]. Ubc8 (UBE2H) possess a highly acidic and serine rich C-terminus
similar to yeast CDC34 pointing perhaps towards a potential function of this tail [88]. Moreover,
other promiscuous E2 like UBE2D2 has been shown to work with GID/CTLH to ubiquitylate
substrates in vitro [89].

1.5.4. Additional subunits

Gid7 is a WD40-repeat containing subunit, which forms a seven-bladed beta-propeller
domain. Despite lack of structural and functional characterization of yeast Gid7 in the past, it
was known that it is required for degradation of the gluconeogenic substrate Fbp1 [65, 67, 68].
In human, two orthologues of Gid7 have been proposed - WDR26, whose domain architecture
is analogous to Gid7, and MKLN1, which has instead a six-bladed kelch-repeat domain [76,
77]. Additionally, MKLN1 also has a discoidin domain at the N-terminus. The discoidin domain
can bind proteins, lipids, galactose and collagen, but its interactors in association with the
CTLH complex is yet known [90]. Many kelch- and WD40-repeat containing domains are
known to facilitate protein-protein interactions but this still needs to be explored for GID/CTLH
E3. WDR26, however, has been recently proposed as a substrate receptor for targeting Hbpl
in human [86], although this still requires further validation.

There are also other proteins associated with GID/CTLH E3 that are not so well studied. One
such protein is moh1 (YPELS5) [91]. YPELS is a very small protein whose function in human
CTLH complex is so far not known. It has a predicted zinc-finger-like metal binding domain
and has been shown to localize in centrosome and nucleolus suggesting potential function
during cell division.

Another subunit, IFP1(also called YDL176W or Gid12) in yeast was recently shown to interact
with Gid4 and Gid5 with an extended interface, thus remodeling the substrate binding pocket
of Gid4 [92]. Gid12 is a seven-bladed p-propeller with a large hydrophobic surface on one side
that interacts with Gid4. It also sterically blocks the ubiquitylation of target lysines on the
oligomeric gluconeogenic substrates and the effect is most notable for Fbpl in the context of
Gid7-bound Chelator-GID complex. High throughput screening studies have linked Gid12 with
actin patch formation during endocytosis [93], but whether this is related to GID function needs
to be determined. Moreover, the ortholog of this yeast subunit in human is not known, yet it is
likely that such a modulator of human CTLH perhaps could exist.
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1.6. Regulation by GID/CTLH ES3 ligases

1.6.1. GID substrate regulation in yeast

GID substrate regulation is most well studied in yeast. Although Fbpl was the first identified
substrate of GID, all the gluconeogenic substrates including malate dehydrogenase (Mdh2),
isocitrate lyase (Icll) and (phosphoenolpyruvate carboxykinase) Pckl rely on GID for their
degradation. Under carbon starvation conditions, a core but inactive multiprotein complex is
assembled, which is composed of scaffolding subunits Gidl, Gid5 and Gid8, and catalytic
subunits Gid2 and Gid9 (Fig. 5) [74]. A switch from gluconeogenic to glycolytic conditions
triggers production of the substrate receptor Gid4 [68, 94], which then assembles with the
inactive GID to form GIDSR?* (SR stands for substrate receptor) complex that contains all the
fundamental elements of a functional E3 ligase (Fig. 5). The substrate receptor Gid4 recruits
the gluconeogenic substrates via their N-terminal Pro/N-degrons for ubiquitylation [79, 84, 95].
Although for other gluconeogenic enzymes the Pro/N degrons are exposed upon cleavage of
N-terminal Metl by methionine aminopeptidases, Pckl requires additional action of another
aminopeptidase, Icp55, to trim the N-terminal Ser2 [96]. Following the substrate binding and
ubiquitylation, the substrate receptor Gid4 also gets ubiquitylated and rapidly degraded [94].
Ubiquitin transfer is catalyzed by Gid2-Gid9, which together activate the cognate
Ubc8~ubiquitin intermediate [87]. Although substrates like Mdh2 are rapidly ubiquitylated by
GIDSR4, Fbpl degradation in vivo depends on another protein, Gid7 [65]. Furthermore,
following ubiquitylation, ubiquitylated Fbpl requires Cdc48 and its cofactors Ufd1-Npl4 for
degradation [97], potentially indication their function upstream of the proteasome for extracting
and unfolding the ubiquitylated substrates (Fig. 5).

substrate
A Gid7 ubiquitylation
substrate
Ub
) e
Ub
6 S .Ub , Cdc48
D,° : system
Proteasomal

_ degradation
carbon starvation carbon recovery
conditions conditions

Figure 5. Regulation of gluconeogenic enzymes by the GID E3 ligase.

(A) In yeast, substrate receptor Gid4 is induced upon switch from carbon starvation to carbon
recovery conditions. This activates the complex to bind different gluconeogenic substrates.
Additionally, another subunit Gid7 plays role in specific substrate degradation. Ubiquitylated
substrates then pass through the Cdc48 system and are ultimately targeted for proteasomal
degradation.

Under stress conditions such as heat shock, osmotic shock, nitrogen starvation or amino acid

starvation, substrate receptor Gid10 is induced, which recruits Art2 via its N-terminal proline
[80]. Ubiquitylation of Art2 in turn affects its RSP5 dependent import of amino acid
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transporters. Recently identified substrate receptor Gid11 is induced during ethanol starvation
and other stress conditions and it specifically targets substrates with Thr/N-degrons [71].
However, structural and functional validation of Gid11 is required for further understanding.

1.6.2. Regulation by mammalian CTLH

The CTLH ES3 substrate regulation in human is still unclear although numerous substrates of
CTLH such as Hbp1, lamin B2, AMPK, muskelin have been proposed so far [77, 86, 89, 98,
99]. Additionally, the individual subunits of CTLH complex have been linked to numerous key
biological functions (Fig. 6), including brain development (WDR26, RANBP9, RMND5a) [100-
102], red blood cell development (UBE2H, MAEA, WDR26) [99, 103, 104], cell migration
(RANBP9,TWA1) [105, 106], WNT pathway (TWA1l, WDR26) [107, 108] and cell cycle
regulation (WDR26) [77]. Mutations in human WDR26 are also linked to a neurodevelopmental
disorder called “Skraban-Deardorff syndrome” [102]. Although human Gid4 binding pocket is
structurally similar to yeast Gid4, substrates of human Gid4 have not been identified yet.
Humans also have two orthologs of Gid7, WDR26 and MKLN1, which both associate with
other subunits to form the CTLH complex, but how these orthologs of Gid7 regulate the CTLH
complex is not known.

carbon / \ maternal-zygotic

metabolism | *l (G transition
stress / /\
\Vj

l
\ /
regulation \“1 /

( Regulation by \‘
GID/CTLH E3 ligases

o

erythropoesis

root nodule cell cycle
formation V)
neuro-

development

-

Figure 6. Overview GID and CTLH functions.
(A) The GID/CTLH family of E3 ligases are evolutionarily conserved and regulate diverse
biological pathways in different organisms like yeast, drosophila, plant and human.

1.6.3. Regulation by other CTLH

In drosophila, the CTLH complex is linked to developmental control [85, 109]. Apart from Gid4
and ARMCS, the orthologs of human CLTH subunits have been reported in drosophila.
Moreover, the drosophila CTLH subunits are important for degradation of RNA binding
proteins MET31B, TRAL and Cup during early stages of maternal to zygotic transition (Fig. 6).



In plants, in the Lotus japonicus family, a new CTLH domain-rich RING E3 ligase named SIE3,
which is homologous to GID/CTLH family, has been identified. The E3 ligase is involved in
regulation of root nodulation and rhizobial infection in plants (Fig. 6) [110].

1.7. Aims of this study

Numerous studies conducted over the past two decades identified the GID E3 ligase as the
key machinery that leads to degradation of the gluconeogenic enzymes, namely Fbpl, Mdh2,
Pckl and Icl1, in yeast [65, 67-69]. Moreover, these substrates had different oligomeric states
and their amino acid sequences were not similar. Additionally, the biochemical and
mechanistic details of how these different substrates get recognized by a singular GID E3
ligase were not known. Therefore, reconstituting the GID complex components in vitro,
dissecting their mechanisms through biochemical experiments and visualizing the structures
of substrate receptors bound to different degrons were one of the first goals.

Previously, a study highlighting the regulation, structural assembly and mechanism of an
active yeast GIDSR* complex, with Gid1, Gid2, Gid4, Gid5, Gid8 and Gid9, was published from
our lab [74]. However, the structure did not include Gid7. We knew from previous studies from
the lab of Dieter Wolf that Gid7 is necessary for glucose-induced degradation of Fbpl.
Therefore, we asked how Gid7 facilitates such a regulation of Fbpl, despite the presence of
an already competent E3 ligase system. So, validating the structural features of the GID
complex with Gid7 by cryo EM and characterizing the specific functions carried out by Gid7 or
its human orthologs WDR26 or MKLN1 were the central focus of my Ph.D.

The mammalian ortholog of the yeast GID complex, the CTLH E3 ligase has been implicated
to function during erythropoiesis, cell cycle, neurodevelopment and numerous other biological
processes. However, the substrate regulation by the CTLH complex is not sufficiently
investigated. Therefore, it was also of interest to investigate the mechanistic and structural
features of the human CTLH, particularly to answer if they were structurally analogous to yeast
GID E3, which could in turn provide us some cues to understand its functional and substrate
regulatory mechanisms.
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2. Publications

2.1. GID E3 ligase supramolecular chelate assembly configures
multipronged ubiquitin targeting of an oligomeric metabolic enzyme.
(Sherpa and Chrustowicz, et al. Molecular Cell, 2021)

This section includes my first co-first author paper that has been reprinted according to the
permission from the Elsevier (licensed by Creative Commons). A brief summary and my
contributions to this project are listed below.

Here, using a multidisciplinary approach that includes cryo-EM and structure-based functional
studies, we have discovered that Gid7 transforms two fully functional multiprotein GIDS?* E3
ligase complexes into a higher-order assembly, which we term Chelator-GIDSR*. Chelator-
GIDSR* encapsulates Fbp1l tetramer in its hollow center to allow for its efficient ubiquitylation.
We have also answered how this complex is exquisitely tailored for targeting the oligomeric
structure and function of the substrate Fbpl. Moreover, we also show that the key structural
and mechanistic features of yeast Chelator-GIDSR* are preserved in the human CTLH E3
ligase. Overall, our study provides novel concepts for assembly of higher-order E3 ligases and
how such an assembly mediates substrate regulation.

In particular, for this paper | contributed the following:

e preparation of experimental materials, planning of individual experiments, manuscript
preparation

¢ in vitro biochemical assays (Fig. 1A, 1B, 1C, 1D, 4D, 5E, 5F, S1(A-D), S2A, S2B, S5
(assay for the target lysine site determination)), in vivo yeast degradation assays (Fig.
1F — Pckl degradation assays, 5B, S1E), preparation of samples for cryo EM, model
building for high resolution structures of Chelator-GIDSR?* substrate receptor scaffolding
(SRS) module (Fig.3, PDB ID: 7NS3) and catalytic (Cat) module (Fig.3, PDB ID:
7NS4), determination of low resolution cryo EM structures of GIDSR** (Fig. 2B, EMD-
12548), determination of endogenous Chelator-GID (Fig 2C, S2D, EMD-12538, EMD-
12540), determination of human CTLH WDR26 (Fig. 6C, EMD-12545) , sample
preparation, optimization and determination of Fbp1 crystal structure (Fig. 2D, 4C, 5C,
S5C, PDB ID: 7NS5)
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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-GIDS?* 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
and Schekman, 1991). Fbp1 is a gluconeogenic enzyme essential
for yeast growth on non-fermentable carbon sources. A shift from
gluconeogenic to glycolytic conditions renders gluconeogenesis

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, including malate
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; Hammerle 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
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recapitulated some GID regulation (Qiao et al., 2020). Briefly, a
core inactive complex, GID”™, contains the heterodimeric E3
ligase RING and RING-like subunits (Gid2 and Gid9) and scaffold
subunits (Gid1, Gid5, and Gid8). Coexpression of these subunits
in insect cells enables purification of recombinant GID*™ and
systematic interrogation of GID functions. Within the GID”™ 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
etal., 2018; Hammerle et al., 1998; Regelmann et al., 2003; Santt
et al., 2008). Indeed, in vitro, adding Gid4 transforms GIDA™ into
an active GIDSP* complex that collaborates with the cognate E2,
Ubc8 (also known as Gid3) to ubiquitylate Mdh2, as explained by
a structure of GIDS™* (Qiao et al., 2020). Mutations probing the
GIDSP* 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 ES3, 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 GIDS®* 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 GIDS?4-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 GID*™ assembly
upon adding other purified components individually or in combi-
nation. First, adding Gid4 marginally stimulated Fbp1 ubiquityla-
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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 (KOUb) that cannot form polyUb
chains indicated that adding Gid7 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 gain mechanistic insights, we quantified effects of including
Gid7 in a chromatographically purified version of the E3 by per-
forming enzyme kinetics. Compared with GIDSF*, a version of the
E3 complex fully incorporating Gid7 displayed a relatively 10-fold
lower Michaelis-Menten constant, K, for Fbp1 ubiquitylation
and 10-fold increase in the reaction turnover number k.4 (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 ubig-
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-GIDS?* 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-A-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 Ais 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)
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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 Pck (right). GIDA™ 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 (KOUb) to determine the number of Fbp1 ubiquitylation sites.
(C) Plots showing fraction of Fbp1 ubiquitylation as a function of concentration of GIDSF* (left) or its complex with Gid7 (center and right). K., values were

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

(D) Comparison of keat between GIDSP* 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 3xFLAG-tagged at the endogenous locus) under carbon starvation (ethanol) and after 2 h of carbon
recovery in WT and AGid7 yeast strains. Following capture of ubiquitylated proteins with TUBEs (tandem ubiquitin binding entities), Fbp1-3 x FLAG was 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, AGid4 (top panels), and AGid7 (bottom panels) strains. Points represent mean, and error bars represent SD (n > 3).

See also Figure S1.

(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 Ain 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 GIDS™ structure
(Qiao et al., 2020) fit in the large assembly. An additional Gid1-
Gid8 subcomplex can be observed bound to GIDSF4. These
duplicated Gid1 and Gid8 protomers are components of recom-
binant GID™ used for biochemical assays (Qiao et al., 2020) but
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Figure 2. Multidentate capture of the Fbp1
tetramer by the Chelator-GIDSF* 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 ubig-

Fbp1-active singly-capped Fanconi Anaphase- cullin-RING uitylation complex (EMDB: EMD-10585; PDB:
P gy-capp anaemia promoting complex/ 2
GID 26S proteasome core complex Cyclosome ligase 6TTU).
(B) Cryo-EM maps and molecular weights of re-
B RECOMBINANT c ENDOGENOUS combinant GID assemblies. Structurally deter-
. GIDSR el D el o mined GIDSR* (left, low-pass-filtered, dark gray,
(refined structure) ~ (biochemistry) ~ ChelatorG Chelator-G EMDB: EMD 10327; PDB: 6SWY) is a stoichio-

extra
Gid1-Gid8
I

66

GIDSR4

MW: ~0.4 MDa ~0.6 MDa

metric complex of Gid1, Gid8, Gid5, Gid4, Gid2,
and Gid9. The purification conditions used here
include an additional Gid1-Gid8 subcomplex (gray)
bound to GIDSR (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-
EM maps of endogenous yeast GIDA™ (center) and
Chelator-GID*™ (right) assemblies (prepared by
anti-FLAG immunoprecipitation of lysates from
yeast with Gid5 3xFLAG tagged and Gid7 hem-

D chelator-GIDS® + Fbp1

A

agglutinin (HA) tagged at their endogenous loci and
grown under conditions when Gid4 is not induced).
(D) Cryo-EM map of Chelator-GIDS"* (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.

Fbp1 tetramer

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 GIDSP* 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-

4 Molecular Cell 87, 1-15, June 3, 2021 19

structions corresponding to the recombinant assemblies with
and without Gid7 at 14.2- and 9.5-A resolution, respectively (Fig-
ures 2C and S2D).

Why is the minimum E3 ligase for Fbp1 so gigantic and hollow?
Given the substantial effect on K., 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 ES3, 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 GIDS* on opposite sides of
the oval. Third, the density attributed to Gid7 does not directly
contact Fbp1 but connects two Fbp1-binding GIDSF* 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-
GID®R*” based on its supramolecular assembly in which two
GIDSR* complexes simultaneously capture degrons displayed
from two protomers in the tetrameric Fbp1 substrate.
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Figure 3. High-resolution details of Chelator-GIDSF* 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-GIDS™ (top center). The GIDSR* structure (PDB: 6SWY) fits the SRS module (Gid157S, 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 Gid15* (green), Gid8®” (pink) and 2 Gid7 protomers, Gid7'>® (yellow), and Gid7'°S?® (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-GIDS®* with close ups of intermodule CTLH-CRAN:CTLH-CRAN interactions fit into the map of Chelator-GIDS™ (gray).

(C) Intramodule LisH-CRA®:LisH-CRAC (solid ribbon) interactions in Chelator-GIDSR,

See also Figures S3 and S4 and Table S1.

High-resolution structures of modules in Chelator- mediate; and (3) a previously undescribed supramolecular
GIDSR4 assembly (SA) module.
A series of focused refinements enabled building atomic A 3.4-A map of the Chelator-GIDS?* SRS module fit the prior

models of the three functionally distinct modules comprising coordinates for this region (PDB: 6SWY) (Figures 3A and S4B).
Chelator-GIDS™ (Figures 3A, S2E, S3A, and S4; Table S1): (1) As described previously, the globular substrate-binding domain
the substrate receptor scaffolding (SRS) module contained in  of Gid4 fits snugly in a complementary concave surface of the
GIDSR*, responsible for bridging the substrate receptor to the  scaffold subunit Gid5. This arrangement is supported by a
other E3 ligase subunits; (2) the catalytic (Cat) module, also pre-  base from Gid157® and Gid857S, which form an intricate hetero-
sent in GIDSR*, which binds and activates the Ubc8~Ub inter-  dimer involving their LisH-CTLH-CRA domains.
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Focused refinement over the Cat module yielded a 3.8-A-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~UDb 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-A—Iong 4-helix coiled coil
(Figures 3A and S3A).

Within Chelator-GIDS™, 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; Plechanovova 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-A resolution map of the SA module within Chelator-
GIDS®* enabled building of an atomic model (Figures 3A and
S4D). The two Gid7 protomers form an asymmetric dimer on
one side of the module. Gid15” and Gid8%" form an interdigitated
scaffold that connects the Gid7 dimer to the Cat module.

Each Gid7 protomer consists of an N-terminal LisH-CTLH-
CRA motif and an atypical B-propeller. The LisH-CTLH-CRA mo-
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-CRA®” 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-CRA® motifs
mediate heterodimerization between Gid157° and Gid8S"® 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 Gid15A. The SA module is further sta-
bilized by distinctive interactions between the CTLH-CRAN do-
mains from Gid1%4, a loop from Gid8®*, and the CTLH-CRAN
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domain from a Gid7 protomer we call Gid7'°"®3 because it points
toward the Cat module (Figure S3D). The remainder of the
Gid15” and Gid8%* subcomplex superimposes on correspond-
ing regions of Gid15®® and Gid8S"®. At the two edges of the
SA module, the CTLH-CRAN domains from the SRS-facing
Gid7 protomer (Gid7"°-5FS) and Gid8%* 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-GIDS™* depends on the exterior oval band. The oval
is established by two types of intersubunit interactions—within
the modules and mediating intermodule connections—in a daisy
chain-like arrangement of LisH-CTLH-CRA domains (Figures 3B
and 3C).

In Chelator-GIDSR“, 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 GIDSR* assembly, the SRS and Cat modules are adjoined
by interactions between the CTLH-CRAN domains of Gid8S?®
and Gid9. The Cat and SA modules are bridged by interactions
between the CTLH-CRAN domains of Gid2 and Gid8%”. Notably,
Gid2’s CTLH-CRAN domain also packs against Gid9’s RING-L
domain, which may explain how formation of the Chelator-
GIDS™* 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 Gid15R® and Gid7'°-SFS, Despite the
similarity of intermodule interactions at a secondary structural
level, specificity is dictated by contacts between domains,
ensuring formation of the Chelator-GIDS?* assembly.

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

Comparing the major classes of Chelator-GIDS? 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;
Hammerle et al., 1998). Comparing the substrate-bound
Chelator-GIDS™  structure with the substrate-free GIDS™
(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-GIDSF*, degrons from
both sides appear to simultaneously ensnare Gid4 substrate re-
ceptors. Such avid binding would rationalize the 10-fold lower
K in Fbp1 ubiquitylation assays (Figure 1C). To further test
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Figure 4. Chelator-GIDS?* assembly specifies multivalent binding for the tetrameric Fbp1 substrate

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

(B) Conformational differences between Gid4 in GIDS?* (PDB: 6SWY, gray) and Fbp1-bound Chelator-GIDSR* (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-GIDS? has two substrate binding sites and two catalytic
centers, whereas two other E3 assemblies (GIDSF* or GIDSR* + Gid7MYT lacking the LisH-CTLH-CRA motif, A1-285) 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 Fop1'®t ¥R, with preferred target lysines mutated to arginines) or monomeric (lysine-
less peptide, Fbp1PeP KO),

See also Figure S4 and Tables S1 and S2.

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 GIDS? or GIDS?*
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-GIDS?* 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-GIDS®* depending on supramolecular assembly of
the E3 ligase and its substrate.

Chelator-GIDSR* 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-GIDS?*-mediated ubiquitylation of two pairs of
neighboring lysines, K32/K35 and K280/K281, preferentially
from 18 potential target lysines on the surface of Fbp1 (Figure S5).
The importance of these lysines was confirmed mutationally
(Figures 5A and 5B). Use of KO 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
K82/K35 mutant (Figure 5A). The results suggest that either re-
gion can be ubiquitylated independent of the other but that, for

22 Molecular Cell 87, 1-15, June 3, 2021 7



Please cite this article in press as: Sherpa et al., GID ES ligase supramolecular chelate assembly configures multipronged ubiquitin targeting of an
oligomeric metabolic enzyme, Molecular Cell (2021), https://doi.org/10.1016/j.molcel.2021.03.025

¢ CellPress Molecular Cell

OPEN ACCESS

K32R  K280R K32R/K35R
Fbp1:  WT K35R  K281R K280R/K281R

70
55 : - ; Fbp1-Ubn
~ ~— -

40 bﬁ: .::'--- Fbp1-6xH

0 215/0 2 15[0 2 15[0 2 15
kDa time (min)

time (min) WB: 6xHis
8 1.24
: K32R/K35R/K280R/K281R
-8 K32R/K35R .
2 09
£ .
g 0.8 b
[T {
= \
8 06- y
i 7| = K280R/K281R
- WT
0.4
O 20 40 60 80 100 120 e
carbon recovery time (min) I <F‘?ﬁg?§§;“

8 1‘0 1‘2 1I4
time (min) time (min)
@ Allosteric site ﬁSubstrate-binding site -~ WT = Fbp1 K32A/K35A/K280A/K281A  -a- Ubiquitylated Fbp1

Figure 5. Chelator-GIDSF* 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 KO (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=23).

(C) Structural model of Chelator-GIDSF*-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.

a given protomer, ubiquitylation is restricted to one lysine withina To understand how the Chelator-GIDS* supramolecular as-
pair. Testing the effects of the mutations on Fbp1 degradation = sembly determines regulation, we generated a structural model
confirmed the importance of these lysines in vivo, with substantial ~ of ubiquitylation (Figures 5C and 5D). Fbp1 was first anchored
stabilization even upon mutating only the K32/K35 lysine pair  via two degrons, one from each side binding a Gid4. Ubc8~Ub
(Figure 5B). 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-
gionis aligned with one active site, the K280 and K281 region of a
different Fbp1 protomer is simultaneously situated in the other
Chelator-GIDS®* active site. Thus, the Chelator-GIDS?* 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 aloop 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-GIDS™*
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-GIDS™* 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-GIDS®* (Figure 6A).

We first reconstituted a recombinant complex that we call
“CTLHSR4” which parallels yeast GIDS®*. 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 GIDSH*
(Qiao et al., 2020), the CTLHSR* Cat module is relatively poorly
resolved, but the coordinates for the yeast Gid2-Gid9 subcom-
plex derived from Chelator-GIDSF* readily fit in the density. A
3.2-A-resolution map obtained by focused refinement enabled
building of atomic coordinates for the human SRS module, which
superimposes on its yeast counterpart (Figures 6B, S6B and S7;
Table S1).

We tested whether 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 CTLHS®* and RMNDS5A and MAEA residues that activate
UBE2H~Ub are crucial for peptide substrate ubiquitylation (Fig-
ures S6C-S6H). Moreover, as with GIDS? (Qiao et al., 2020),
only K48 of all Ub lysines was sufficient to support polyUb chain

¢ CellP’ress

formation by CTLHS?, albeit to a substantially lesser degree
than WT Ub (Figure S6l). 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-GIDS™ 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-TWAT1 in the scaf-
fold, without duplicates of these subunits corresponding to yeast
Gid15A-Gid8®A. The distinct WDR26-dependent supramolecular
assembly places four—not two—ARMCS8 subunits poised to
each bind a hGid4 to capture substrate degrons in the
CTLH oval.

The distinctive arrangement of SA and SRS modules was pre-
served in a 6-A resolution map of WDR26, RANBP9, TWA1,
ARMCS, 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-resolution map showed yet another SA for another human
Gid7 ortholog, MKLN1, bound to the CTLH SRS module (Figure 6D;
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 forms a tetramer. Four MKLN1 protomers
bind between two CTLH SRS modules, demonstrating potential
for even higher-order CTLH complex assemblies.

We confirmed roles of WDR26 and MKLN1 in human CTLH
complex assembly by sedimentation analyses of lysates from
K562 cells or lines in which the human Gid7 orthologs were
deleted. Immunoblotting of fractions from sucrose density 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-GIDSF*. Moreover, differences in structural configura-
tion of complexes containing MKLN1 or WDR26 offer prospects
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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-YPELS5 dimer (bottom).

(B) 3.2-A-resolution segmented map of CTLH SRS module (RANBP9-TWA1-ARMC8-hGid4) obtained by focused refinement of CTLHSR* (top) and its corre-
sponding model (bottom).

(C) Cryo-EM maps of CTLH assemblies containing the Cat (RMND5A-MAEA), SRS (RANBP9-TWA1-ARMCS alone or bound to hGid4), and/or supramolecular as-
sembly (WDR26 with or without YPEL5) modules, as indicated. Subunits are colored according to the guide in (A). Top left: low-resolution map of WDR26-mediated SA
of CTLH (RANBP9-TWA1-ARMC8-MAEA-RMND5A-WDR26). Right: 6.5-A-resolution map of the human CTLH SRS module (RANBP9-TWA1-ARMC8-hGid4) sub-
complex with an SA module comprising WDR26-YPELS5. Bottom panel: the yeast Gid2-Gid9 structure in the corresponding CTLH Cat module.

(D) 10.4-A-resolution map of the human CTLH SRS module with MKLN1 as the SA module. The second copy of the SRS module 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.

that CTLH may adopt a variety of supramolecular E3 assemblies
that could impart distinct functionalities.

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-

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, GIDSF* 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). GIDS®* is also competent in vivo insofar as Gid7
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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; Plechanovova 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
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Figure 7. Molecular logic of multipronged Ub targeting of Fbp1 by
Chelator-GID3"*

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.

Chelator-GIDS™ 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-GIDSR*'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 GIDSR*, the Chelator-GIDS™* 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-GIDS®* 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-GIDS"* (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-GIDS®*-bound Fbp1, we speculate that the
arrangement of degrons allows their rapid interchange. This
could potentially mediate switching between the protomers
positioned adjacent to the active sites.

The human CTLH E3 complex displays striking parallels to
Chelator-GIDS™*, albeit with interesting twists. In particular, the
different Gid7 orthologs form distinct supramolecular assem-
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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 function of one such assembly is shown here, the var-
iations revealed by human Gid7 orthologs suggest that they, and
presumably other subunits, also co-configure substrate binding
and ubiquitylation active sites inaccordance with the molecular or-
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
to a signal such as glucose availability converges on numerous as-
pects of its substrate’s structure and function to achieve precise
physiological regulation (Figure 7).

Limitations

Chelator-GIDS™ 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-GIDS™ 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 GIDSR*, Future studies will be required to understand
how Pck1 and other GID E3 substrates, including the Gid4
substrate receptor itself, are recognized and ubiquitylated
(Hammerle et al., 1998; Karayel et al., 2020; Menssen
et al., 2018).

Finally, although discovery of the Chelator configuration pro-
vides a basis for understanding higher-order GID assembly,
what other assembilies or sub-assemblies may form and 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 assemblies migrate in the void volume, as seen by size-exclu-
sion chromatography (Figure S2A). Moreover, the mechanistic
roles of additional subunits, including YPELS5 (Figure 6), or regula-
tory partners, such as Cdc48/p97, remain unknown (Barbin et al.,
2010; Lampert et al., 2018). We await future studies 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 Invitrogen Cat# 35512; RRID: AB_1307538
conjugated

Anti-rabbit peroxidase antibody produced Sigma Aldrich Cat# A9169; RRID: AB_258434
in goat

Anti-mouse IgG Peroxidase antibody Sigma Aldrich Cat# A4416; RRID: AB_258167

produced in goat

Anti-His antibody produced in mouse
Goat polyclonal anti-RMND5A antibody
Sheep polyclonal anti-MAEA antibody
Rabbit polyclonal anti-RANBP9 antibody
Rabbit polyclonal anti-TWA1 antibody
Mouse monoclonal anti-ARMC8 antibody
Mouse monoclonal anti-MKLN1 antibody
Rabbit polyclonal anti-WDR26 antibody
Rabbit polyclonal anti-YPELS5 antibody

Cell Signaling Technology

Santa Cruz

R&D Systems
Abnova

Novus

Santa Cruz

Santa Cruz

Bethyl Laboratories
Thermo Fisher

Cat# 9991; RRID: AB_2797714

Cat# sc-161202, RRID: AB_2181510
Cat# AF7288-SP, RRID: AB_10971438
Cat# PAB16671; RRID: AB_10677213
Cat# NBP1-32596; RRID: AB_2274921
Cat# sc-365307; RRID: AB_10850172
Cat# sc-398956; RRID: AB_2737249
Cat# A302-245A; RRID: AB_1730876
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 cytiva Cat# 28935599
Performance resin

His-Halo UBAYBALNT 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 DH50. 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 MPIB N/A
KGGK-FAM

PGLWRSPRRDSTEGFTGRGWSGRG MPIB N/A
WSKGGK-FAM

3xFLAG peptide MPIB N/A
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Deposited data

Apo Chelator-GIDS?* This study EMDB: EMD-12541
Chelator-GIDS®* + 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 GIDA™ This study EMDB: EMD-12538
Endogenous Chelator-GIDA™ This study EMDB: EMD-12540

CTLHSR4 This study EMDB: EMD-12537

CTLHSR* 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: Euroscarf Cat# Y00000

BY4741; MATa his3A1leu2A0 met15A0

ura3A0

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

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

CRLY45; BY4741, Gid8::Gid8- Qiao et. al., 2020 N/A

3XFLAG-KANMX

CRLY131; BY4741, Gid2::3xFLAG- Qiao et. al., 2020 N/A

Gid2 (K365A)

CRLY241; BY4741, Gid7::KANMX, This study N/A
Gid8::Gid8-3xFLAG-HPHNT1

CRLY267; BY4741, Gid7::Gid7-3xHA- This study N/A

HPHNT1, Gid5::Gid5-3xFLAG-KANMX

CRLY498; BY4741, Fbp1::Fbp1-3xFLAG- This study N/A

HPHNT1, Pdr5::NATNT2

CRLY504; BY4741, Fbp1::Fbp1-3xFLAG- This study N/A

HPHNT1, Pdr5::NATNT2, Gid7:KANMX
Recombinant DNA

pCSJ95 Chen et al., 2017 N/A
pCSJ125 Chen et al., 2017 N/A
VBP6; pRS313-pGPD-Pck1-3xFLAG-CYC- This study N/A
pGPD-DHFR-HA-CYC

DSJC1; pRS313-pGPD-Fbp1-K32R/K35R- This study N/A
3XFLAG-CYC-pGPD-DHFR-HA-CYC

DSJC2; pRS313-pGPD-Fbp1-K280R/ This study N/A
K281R-3xFLAG-CYC-pGPD-DHFR-

HA-CYC
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DSJCS3; pRS313-pGPD-Fbp1-K32R/K35R/ This study N/A
K280R/K281R-3xFLAG-CYC-pGPD-

DHFR-HA-CYC

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 RMNDS5A I338A/L339A This study N/A
pLIB GST-TEV-Uba1 This study N/A
pBIG2 Gid1:Gid8-TEV- This study N/A
2x8S:Gid5:Gid4:Gid2:Gid9

pBIG2 Gid1:Gid8-TEV-2xS:Gid5:Gid2:Gid9 This study N/A
pBIG2 Gid1:Gid8-TEV- This study N/A
2x8S:Gid5:Gid2:Gid9:Gid7

pBIG2 Gid1:Gid8-TEV- This study N/A
2xS:Gid5:Gid4:Gid2:Gid9:Gid7

pBIG1 RANBP9:TWA1-TEV-2xS:ARMC8 This study N/A
pBIG1 RANBP9:TWA1:2xS-3C-ARMC8 This study N/A
pBIG2 RANBP9:TWA1-TEV- This study N/A
2xS:ARMC8:RMND5A:MAEA

pBIG2 RANBP9:TWA1-TEV- This study N/A
2xS:ARMC8:RMND5A

pBIG2 RANBP9:TWA1-TEV- This study N/A
2xS:ARMC8:MAEA

pGEX GST-TEV-Gid4 (A1-116) This study N/A
pGEX GST-TEV-Gid7 This study N/A
pGEX GST-TEV-Gid7 (A1-285) This study N/A
pGEX GST-TEV-hGid4 (A1-99) 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
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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

pPGEX GST-TEV-hGid4 (A297-300) 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/ This study N/A

K281R)-6xHis

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 KO (all K > R) This study N/A

pGEX GST-3C-Ub KB (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-Imb.cam.ac.uk/
download/gctf/

Gautomatch Kai Zhang https://www2.mrc-Imb.cam.ac.uk/
download/gautomatch-053/

Relion3.0/3.1 Fernandez-Leiro and Scheres, 2017; https://www3.mrc-Imb.cam.ac.uk/relion/

Scheres, 2012; Zivanov et al., 2018 index.php/Main_Page

Phyre? 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 Schrédinger 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
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Coot Emsley and Cowtan, 2004; Emsley https://www2.mrc-Imb.cam.ac.uk/
etal., 2010 personal/pemsley/coot/
Phenix Adams et al., 2010; Afonine et al., 2018; https://www.phenix-online.org/
DiMaio et al., 2013
Molprobity Chen et al., 2010 http://molprobity.biochem.duke.edu/
Image Studio LI-COR Biosciences https://www.licor.com/bio/image-studio/
Fiji/lmageJ Schindelin et al., 2012 https://imagej.net/Welcome

GraphPad Prism version 8.0
ImageQuant TL Toolbox version 8.2
DeepEMhancer

GraphPad Software
Cytiva (formerly GE Healthcare)
Sanchez-Garcia et al., 2020

http://www.graphpad.com:443/
https://www.cytivalifesciences.com
http://www.biorxiv.org

Other

QUANTIFOIL® R1.2/1.3, 100 Holey Carbon
Films, Grids: Cu 200 mesh

IMEM

Quantifoil Micro Tools GmbH

Thermo Fisher

https://www.quantifoil.com

Cat# 12440-053

RESOURCE AVAILABILITY

Lead contact
Information and requests for resources and reagents should be directed to the Lead Contact, 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 completed Materials 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-
GIDSR* EMDB: EMD-12541; Chelator-GIDSR* + Fbp1, EMDB: EMD-12557; GIDS?4, EMDB: EMD-12548; SRS module, EMDB: EMD-
12559, PDB: 7NS3; Cat module, EMDB: EMD-12560; PDB: 7NS4; SA module, EMDB: EMD-12563; PDB: 7NSB; Endogenous GID™,
EMDB: EMD-12538; Endogenous Chelator-GID*™, EMDB: EMD-12540; CTLHS®*, EMDB: EMD-12537; CTLHS®* 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 ODggg 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 ODggg of 1.0 before being starved in SE me-
dium (0.17% yeast nitrogen base, 0.5% ammonium sulfate, 2% ethanol, amino acid mix) for 19 hours. Subsequently, an equivalent of
1 ODggo 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 ODgqg 0f cells was harvested.
Cell lysis was performed by resuspending the pellets in 800 puL 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 puL HU buffer (8 M Urea, 5%
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SDS, 1 mM EDTA, 100 mM DTT, 200 mM Tris-HCI, 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 ImageStudioL.ite 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 the major ubiquitylation sites in Fbp1 in vivo (Figure 5B), the above-described PRT degradation assays were carried out
in a similar manner with Fbp1-8xFLAG mutants, in which the lysines targeted by Chelator-GIDS™* (K32, K35, K280 and K281) were
mutated to arginine.

To test if overexpression of Gid4 affects degradation of Fbp1 in AGid7 yeast (Figure S1E), the GFP-Gid4 overexpression plasmid
was transformed together with the Fbp1-3xFLAG PRT plasmid into different yeast strains (WT, AGid7 and a Gid2K®®5* 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 ODgoy were harvested and analyzed as
described above.

Purification of endogenous yeast GID for cryo EM

To purify endogenous GID complex, 3 | 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
ODggo of 1.0 in YPE medium (1% yeast extract, 2% peptone, 2% ethanol). Cells were harvested at ODggo of 18.0. The pellet was
resuspended in the lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM CaCls,, 0.2 M 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-FLAG M2 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 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM CaCl,, 0.2 M sorbitol,
complete protease inhibitor tablets). To aid in resolubilization, lysates were incubated for 15 minutes at 4°C with gentle agitation, and
then pre-cleared by centrifugation at 17,000xg for 10 minutes. 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 ODggg 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 ODggo = 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-HCI, pH7.5, 150 mM NaCl, 2 mM EDTA, 50 mM NaF, 0.1% SDS, 1%
NP-40, 0.5% Na-deoxycholate, 1% glycerol, 20 mM NEM, and complete protease inhibitor tablets), and lysed by 3 rounds of 20 s ina
FastPrep-24 instrument, resting 5 minutes on ice between each round. Lysates were then pre-cleared by centrifugation at 4,000xg for
10 minutes, and the supernatant was added to pre-equilibrated His-Halo-UBAYB®-N'_conjugated agarose beads, and incubated for
2 hours at 4°C with 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-HCI, 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 CTLH were 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 ARMCS8, 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 human CTLH complexes used for the biochemical assays and cryo EM were 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 ug/ml leupeptin, 20 pg/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
(A1-116) was added at a 2-fold molar excess to Gid*™ (Gid1-Gid8-Gid2-Gid9-Gid5) before final SEC. To assemble Chelator-GIDSR4,
both Gid4 (A1-116) and Gid7 were added to Gid"™ at a 2-fold molar excess before final SEC. For the sample of Chelator-GIDS®* 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-GIDS"*: Gid1, Gid2, Gid5, Gid8-2xS, Gid9 coexpressed in Hi5 insect cells; bacterially expressed Gid4 (A1-116) and
Gid7 added before final SEC; purified by StrepTactin affinity, IEX and SEC

2. Fbp1-bound Chelator-GIDS™*: Gid1, Gid2, Gid5, Gid8-2xS, Gid9 coexpressed in Hi5 insect cells; bacterially expressed Gid4
(A1-116) and Gid7 added before final SEC; purified by StrepTactin affinity, IEX and SEC; Fbp1-6xHis added directly before cryo
EM grids preparation

3. GIDSP*: Gid1, Gid2, Gid5, Gid8-2xS, Gid9 coexpressed in Hi5 insect cells; bacterially expressed Gid4 (A1-116) added before
final SEC; purified by StrepTactin affinity, IEX and SEC

CTLHSR* 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 (A1-99) and running SEC. CTLH-WDR26 supramolecular assembly was purified from lysates by a tandem affinity chromatog-
raphy, by first pulling on TWA1-2xS and then GST-WDR26. The pull-down fractions were run on SEC in Buffer A. A list of human CTLH
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 (A1-99) 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 (A1-99) added before final SEC; purified by StrepTactin affinity, IEX and SEC

4. CTLHSR*: RANBPY, TWA1-2xS, ARMC8, RMND5A, MAEA coexpressed in Hi5 insect cells; bacterially expressed hGid4
(A1-99) 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 and WT 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 50 mM HEPES pH 7.5, 200 mM NaCl, 5 mM DTT and 1 mM PMSF
and purified from bacterial lysates by glutathione affinity chromatography, followed by overnight digestion at 4°C with tobacco etch
virus (TEV) protease to liberate the GST 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). Fop1-V5-2xS (for Fbpase activity assays) was purified by StrepTactin affinity chromatography and
SEC in Buffer B.

Untagged WT ubiquitin used for in vitro assays was purified via glacial acetic acid method (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 uM of
the substrate, which was C-terminally tagged with a sortag (LPETGG) and a 6xHis tag, 250 uM of a fluorescent peptide
(GGGGGFYVK-FAM) and 50 pM 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-HCI pH 8, 150 mM NaCl and 10 mM CacCl,. 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

Allin vitro activity assays were performed at room temperature in a buffer containing 25 mM HEPES pH 7.5, 150 mM NaCl, 5 mM ATP
and 10 mM MgCl,. 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 GIDS™* and Chelator-GIDS™ obtained by co-expressing all of their subunits, as well as GIDS®* 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 a multiturnover assay format using 0.2 uM Uba1, 1 uM Ubc8-6xHis, 0.5 uM GID”™, 0 or 1 uM Gid4, 0 or 2 pM Gid7, 1 pM full-
length Fbp1-FAM or a fluorescently labeled model peptide substrate and 20 uM Ub (WT or all K > R (KO0) 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-GIDS?). Similarly, the influence
of Gid7 and Gid4 on ubiquitylation of other gluconeogenic substrates, Mdh2 and Pck1, was tested in a multiturnover 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 GIDSR exogenously mixed with Gid7 to that of the SEC-purified
Chelator-GIDS®* (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~UDb to free lysine in solution was employed (Figure S1A). In the pulse reaction, loading of Ubc8 was performed by mixing
0.5 uM Uba1, 10 uM Ubc8-6xHis, 30 uM Ub, 2.5 mM MgCl, 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 uM GIDS®* complex, 0 or 2 uM Gid7 (WT or
A1-285 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-GIDS®* was verified by performing a competition ubiquitylation assay in a multiturnover format
(Figure 4D). The reactions were initiated by mixing 0.2 pM Uba1, 1 uM Ubc8-6xHis, 0.5 uM E3 GIDS™*, 0 or 2 uM Gid7 (WT or its
A1-284 mutant), 0.5 uM of fluorescently labeled tetrameric Fbp1 or a monomeric model peptide substrate containing Fbp1 degron
(as described above), 20 uM 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 uM Ub. Before starting the reaction,
GIDS?* 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 uM Uba1, 1 uM Ubc8-6xHis, 0.5 M GIDA™, 1 uM Gid4, 2 uM Gid7, 1 uM Fbp1-6xHis (WT or
target K > R mutants) and 20 uM Ub (WT or its all K > R (KO) 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 K,,, 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 K. Assays were performed with
GIDSR*, GIDSR* mixed with Gid7 as well as a purified Chelator-GIDS™* (GIDS?* 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 GIDS?* comprised 0.2 uM Uba1, 1 uM
Ubc8, 0.25-8 uM GIDS™*, 0.5 uM Fbp1-FAM and 20 pM Ub, and were quenched after 8 minutes. For GIDSF* exogenously mixed
with Gid7, reactions comprised 0.2 uM Uba1, 1 uM Ubc8, 0.025-0.8 uM GIDS?* mixed with a 2-fold excess of Gid7, 0.1 uM
Fbp1-FAM and 20 uM Ub, and were quenched after 3 minutes. In the case of Chelator-GIDS?, the reaction mixes contained
0.2 uM Ubat, 1 pM Ubc8, 0.03-1 pM Chelator-GIDS®4, 0.1 uM Fbp1-FAM and 20 uM 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, k.. was esti-
mated using the following protocol. Initial velocities were measured for both GIDS®* and Chelator-GIDS? by performing a time course
where the ratios of both E3 to K, and substrate to K, 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 Vo were calculated using the following equation: Vo = rate-[S]. Vimax Was
then estimated using a modified form of the Michaelis-Menten equation: Vo = w where [S] :’2% because the substrate
concentration was 2.5 times lower than K,,,. To obtain k.4 values, V,,,., was divided by the E3 concentration: kcgt = ‘[/E—S]
Biochemical assays with human CTLHSR4
Allin vitro ubiquitylation assays with CTLHSR* 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 CTLHSR*, 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 SE6E).
For the binding test, 10-fold molar excess of the purified WT and mutant hGid4 (A1-99) was mixed with 20 ng 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 uL 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 uM Uba1, 2 uM Ube2H-
6xHis, 1 uM RANBP9-TWA1-ARMC8-RMND5A-MAEA complex, 1 uM hGid4 (A1-99, WT or an indicated mutant), 0.5 uM fluorescent
model peptide substrate and 20 uM 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~UD 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 uM Ubal, 2 pyM Ube2H-6xHis, 1 uM RANBP9-TWA1-
ARMC8-RMND5A-MAEA complex (containing either WT or indicated mutants of RMND5A or MAEA), 1 uM hGid4 (A1-99), 0.5 uM
fluorescent model peptide substrate and 20 uM Ub.

For characterizing the ubiquitin chain type formed by CTL in conjunction with Ube2H, a multiturnover assay was performed
(Figure S6l). The reaction mix contained 0.2 uM Uba1, 2 uM Ube2H-6xHis, 1 uM RANBP9-TWA1-ARMC8-RMND5A-MAEA complex,
1 uM hGid4 (A1-99), 0.5 uM fluorescent model peptide substrate and 20 uM Ub (WT, lysine-less (all K > R) or one of its single-lysine
variants (with all but one lysine mutated to arginine)).

HSR4

SEC for initial characterization of GID supramolecular assembly

For initial test of how Gid7 affects GID complex assembly (Figure S2A), 200 uL of 10 uM Gid7 and GIDSR* alone or together (mixed in
1:1 ratio) were loaded onto a Superose 6 column (GE Healthcare) equilibrated with 25 mM HEPES 7.5, 150 mM NaCl and 5 mM DTT.
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 pl 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.

e9 Molecular Cell 87, 1-15.e1-e13, June 3, 2021 39



Please cite this article in press as: Sherpa et al., GID E3 ligase supramolecular chelate assembly configures multipronged ubiquitin targeting of an
oligomeric metabolic enzyme, Molecular Cell (2021), https://doi.org/10.1016/j.molcel.2021.03.025

Molecular Cell ¢? CellPress

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 (P;) 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 M Ubat, 1 uM Ubc8, 0.5 uM GID*™, 1 uM Gid4, 2 uM Gid7, 10 pM Fbp1-V5-2xS and 100 uM 6xHis-3c-Ub. The reaction
mix was run on SEC (using Superose 6 column) to separate different components of the assay. Fractions corresponding to the ubig-
uitylated Fbp1 were pooled and incubated with Ni-NTA resin for 30 minutes. 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 (Azeo, absorbance of the final reaction product) using CLARIOStar Plus microplate reader
(BMG LABTECH) in a UV-transparent 96-well plate. The values of Azgg 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 AGid7 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
AGid7 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 were measured 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 pm inner diameter, packed in house with ReproSil-Pur C18-AQ
1.9 um resin (Dr. Maisch GmbH)). The column temperature was maintained at 60°C using a homemade column oven. A binary buffer
system, consisting of buffer | (0.1% formic acid (FA) and buffer Il (80% ACN plus 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. The mass spectrometer was operated in DIA mode. Full MS resolution was set to 120,000 with a full scan range of 300-1650 m/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 SO-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 Fop1, it was ubiquitylated by Chelator-GIDS™* 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 M Ubc8 was loaded with 30 pM lysine-less ubig-
uitin mutant (all K> R) and 0.5 uM Uba1 for 15 minutes at room temperature and quenched with 50 mM EDTA. To start the chase, the
pulse reaction was mixed with an equal volume of the chase-initiating mixture containing 1 M GIDA™, 2 M Gid7, 2 uM Gid4 and 4 uM
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.
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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)/GIuC (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 pm inner diameter, packed in-house with ReproSil-Pur C18-AQ 1.9 um 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-243™) 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 0.1-1 x 10° 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 (QRNA) were designed to target MAEA in
exon 2, exon 5in MKLN1 and exon 1 in WDR26 genetic locus. Sense and antisense gRNA were cloned into pBABED-U6-Puromycin
plasmid (gift from Thomas Macartney, 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) following man-
ufacturer’s instructions. Twenty-four hours after transfection, cells were selected in puromycin (2 pg/ml) for 2 days, followed by
expansion, and single-cell dilution to obtain cell clones. Successful knockout clones were confirmed by immunoblotting and genomic
sequencing of targeted loci (Figure S6J).

Human cell lysate fractionation by sucrose density gradient

1 x 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. 3 mg 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 (A1-99). 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 ul 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 Il (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 Getf (Zhang, 2016). Auto-picking of particles was performed with Gautomatch (https://www.mrc-
Imb.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-GIDS®* dataset with its substrate Fbp1 bound. For the SRS module, a more resolved half of the
Chelator-GIDS™* 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 was masked out. For Cat and SA modules, the num-
ber of particles used for alignment was doubled by taking advantage of the Chelator-GIDS™* 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 CTLHS™ 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-ARMCB8-hGid4). For visualization of less resolved
parts of the map, such as RANBP9-SH-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 refined maps of the Chelator-GIDS?* SA module and CTLHS?* SRS module 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-GIDSF* and CTLHSR, 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: 5J17) 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 GIDS®*, PDB: 6SWY) and secondary structure pre-
diction obtained from Phyre? server (Kelley et al., 2015).

The structure of the SRS module in Chelator-GIDS? was generated by fitting the atomic coordinates of the corresponding part of
GIDSR* (PDB: 6SWY) and manual 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 GIDS®* 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 Phyre? (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 the map,
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 M MgCl,
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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 A. 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 K., for Fbp1 ubiquitylation by GID
ES3 with kinetics, the fraction of ubiquitylated Fbp1 was fit to the Michaelis-Menten equation in GraphPad Prism. k., was calculated
based on a slope of a linear phase of Fbp1 ubiquitylation reaction fitted in GraphPad Prism.
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2.2. Multifaceted N-degron recognition and ubiquitylation by GID/CTLH
E3 ligases (Chrustowicz and Sherpa, et al. Journal of Molecular Biology,
2021)

This section includes my second co-first author paper that has been reprinted according to the
permission from the Elsevier (licensed by Creative Commons). A brief summary and my
contributions to this project are listed below.

Here using diverse approaches such as phage display, binding assays and X-ray
crystallography, we have elucidated mechanisms of how a singular GID/CTLH E3 ligase
substrate receptor can target diverse substrates with varying degron sequences. We have
shown that the substrate binding domains of yeast Gid4, yeast Gid11 and human Gid4 have
malleable loops that allow the binding pocket to adjust according to different degron/ peptide
sequences bound. Moreover, we have identified novel peptide binders that have non-proline
residues at their N-terminus with higher binding affinities compared to natural degrons.
Overall, our study demonstrates how ubiquitylation of GID substrates rely on their substrate
degron affinities, availability of target lysine sites and higher-order assembly of the GID E3
ligase.

In particular, for this paper | contributed the following experiments:

e Preparation of experimental materials, planning of individual experiments, manuscript
preparation

e Preparation of samples for NMR experiments (Fig. 1A), fluorescence polarization
experiments (1B), sample preparation for phage display (Fig. 2B, 4A, 4B), Isothermal
titration calorimetry experiments (Fig. 2C), peptide spot array assays (Fig. S1C), in
vivo degradation assays (Fig. 6C, 6D, S4B), sample preparation, optimization and
determination of crystal structure of hGid4 (Fig. 1C, PDB ID: 7Q4Y)
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Abstract

N-degron E3 ubiquitin ligases recognize specific residues at the N-termini of substrates. Although molec-
ular details of N-degron recognition are known for several E3 ligases, the range of N-terminal motifs that
can bind a given E3 substrate binding domain remains unclear. Here, we discovered capacity of Gid4 and
Gid10 substrate receptor subunits of yeast “GID”’/human “CTLH” multiprotein E3 ligases to tightly bind a
wide range of N-terminal residues whose recognition is determined in part by the downstream sequence
context. Screening of phage displaying peptide libraries with exposed N-termini identified novel consen-
sus motifs with non-Pro N-terminal residues binding Gid4 or Gid10 with high affinity. Structural data reveal
that conformations of flexible loops in Gid4 and Gid10 complement sequences and folds of interacting
peptides. Together with analysis of endogenous substrate degrons, the data show that degron identity,
substrate domains harboring targeted lysines, and varying E3 ligase higher-order assemblies combinato-
rially determine efficiency of ubiquitylation and degradation.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecom-
mons.org/licenses/by/4.0/).

Introduction

Specificity of ubiquitylation depends on E3
ligases recognizing motifs, termed “degrons”, in
substrates to be modified. The first such motif
to be identified was the N-terminal sequence -
now called N-degron’ - in substrates of the yeast
E3 ligase Ubr1.>® Subsequently, several E3
ligases in different families were discovered to
recognize protein N-termini as degrons. Higher
eukaryotes have one HECT-type and several

RING-family E3s with “Ubr” domains homologous
to those in yeast Ubr1 that either have been
shown to or are presumed to recognize distinct
N-terminal  sequences.”®>  Other  N-degron-
recognizing ubiquitin ligases were identified either
through characterizing substrate sequences medi-
ating E3-binding,®” or through systematic genetic
screens matching human protein  N-terminal
sequences with E3 ligases.® Some of the
best-studied pathways reco%nize sequences with
an N-terminal Arg,” Pro®'® or Gly*'" (termed

0022-2836/© 2021 The Author(s). Published by Elsevier Ltd.This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
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Arg/N-degron, Pro/N-degron or
respectively), or acetylated N-terminus.

An N-degron-recognizing E3 of emerging
importance is a suite of related multiprotein
complexes termed “GID” in budding yeast (hamed
due to mutations causing glucose-induced
degradation deficiencg of fructose-1,6-
bisphosphatase, Fbp1)”'°2° or “CTLH” in higher
eukaryotes (named due to preponderance of sub-
units containing CTLH motifs).?' The yeast GID E3
mediates degradation of gluconeogenic enzymes
Fbp1, Mdh2 and Icl1 during recovery from carbon
starvation.” The GID E3 recognizes the N-terminal
Pro in these substrates generated by cleavage of
the initiator methionine.®’ In higher eukaryotes, cor-
responding CTLH complexes are involved in diverse
biological processes including erythropoiesis, organ
development, embryogenesis, and cell division.** 2
However, the mechanistic roles of CTLH-mediated
ubiquitylation in these pathways remain largely
mysterious.

Recent genetic, biochemical and structural studies
have revealed that the GID E3 is not a singular
complex. Rather a core GIDA™ complex
(comprising Gid1, Gid5, Gid8, Gid2, Gid9 subunits)
essentially anticipates shifts in environmental
conditions that stimulate  expression  of
interchangeable and mutually exclusive substrate-
binding receptors — Gid4 (termed “yGid4” for yeast
Gid4 hereafter),'”**** Gid10 (yGid10 hereafter)>*~
% and Gid11 (yGid11 hereafter).®” Whereas yGid4
is expressed after glucose has been restored to
carbon-starved yeast, yGid10 and yGid11 are upreg-
ulated upon other environmental perturbations
including heat shock, osmotic stress as well as car-
bon, nitrogen and amino acid starvation. The resul-
tant E3 complexes, GIDSP*, GIDSR°, and GIDSR"!
(where SR# refers to Gid substrate receptor), recog-
nize distinct N-terminal sequences of their sub-
strates.®”**3>37 |n addition, another subunit, Gid7,
can drive supramolecular assembly of two GIDSR*
units into a complex named Chelator-GIDSP* to
reflect its resemblance to an organometallic chelate
capturing a smaller ligand through multiple con-
tacts.’® The cryo EM structure of a Chelator-
GIDSP* complex with Fbp1 showed two opposing
Gid4 molecules avidly binding N-degrons from differ-
ent Fbp1 protomers. As such, Fbp1 is encapsulated
within the center of the oval-shaped Chelator-
GIDSR*. This assembly positions functionally-
relevant target lysines from multiple Fbp1 protomers
adjacent to two Chelator-GIDS?* catalytic centers.

The molecular details of GID/CTLH recognition of
Pro/N-degrons were initially revealed from crystal
structures of human Gid4 (referred to as hGid4
hereafter) bound to peptides with N-terminal
prolines.” Although Pro/N-degron substrates of
the CTLH E3 remain unknown, hGid4 is suitably
well-behaved for biophysical and structural charac-
terization, whereas yGid4 has limited solubility on
its own.'® Previously, the sequence PGLWKS was

Gly/N-degron,

12-15

identified as binding hGid4 with highest affinity
amongst all sequences tested, with a Ky in the low
micromolar range.'® The crystallized peptide-
binding region of hGid4, which superimposes with
the substrate-binding domains of yGid4 and yGid10
in GIDSP* and GID®R'°, adopts an 8-stranded p-
barrel with a central tunnel that binds the N-
terminus of a peptide, or of the intrinsically-
disordered N-terminal degron sequence of a sub-
strate.'%3*36:3839 | goops between B-strands at the
edge of the barrel bind residues downstream of
the Speptide’s N-terminus. Interestingly, although
GIDSP* was originally thought to exclusively bind
peptides with an N-terminal Pro, hGid4 can also bind
peptides with non-Pro hydrophobic N-termini such
as lle or Leu, albeit with at best ~8-fold lower affin-
ity.>® Furthermore, yGid11 is thought to use a dis-
tinct structure to recognize substrate Thr/N-
degrons.®” Collectively, these findings suggested
that the landscape of GID/CTLH E3 substrates can
extend beyond Pro/N-degron moaitifs.

Here, phage display screening identified peptides
with various non-Pro N-termini that not only bind
hGid4, yGid4 and yGid10, but do so with
comparable or higher affinity than the previously
identified Pro-initiating sequences including Pro/N-
degrons of ubiquitylation substrates. Structural data
reveal that loops in GID/CTLH substrate-binding
domains adopt conformations complementary to
partner peptide sequences downstream of the N-
terminus. Thus, sequence context is a determinant
of N-terminal recognition by GID/CTLH substrate-
binding domains. In the context of natural
substrates recognized by yGid4, not only the
degron but also the associated domain harboring
targeted I)Asine contribute to ubiquitylation by the
core GID®™* and its superassembly.

Results

hGid4 can bind peptides with a range of N-
terminal sequences

We took advantage of the amenability of hGid4 to
biophysical characterization to further characterize
features of the PGLWKS sequence mediating
interactions. To assess the importance of peptide
length beyond the N-terminus, we examined
chemical shift perturbations (CSPs) in 2D 'H, "°N-
HSQC NMR spectra of ['°N]-labeled hGid4 mixed
with the amino acid Pro, a Pro-Gly dipeptide, or
the PGLWKS peptide (Figure 1(A)). Although prior
studies emphasized the importance of an N-
terminal Pro,'°*° Pro alone only minimally influ-
enced the spectrum. The Pro-Gly dipeptide elicited
stronger CSPs, presumably due to the peptide bond
directly interacting with hGid4, and suppressing
repulsion by burying the negatively charged car-
boxylate of a single Pro in a hydrophobic environ-
ment (Figure S1(A)). The PGLWKS peptide
showed the greatest CSPs and binding kinetics in
the slow exchange regime at the NMR chemical shift
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Figure 1. hGid4 recognizes various peptide N-termini and several downstream residues. A. Overlaid 'H, "®N-HSQC
NMR spectra of 0.1 mM [*°N]-labeled 6xHis-hGid4 (A1-115) alone (blue) and upon addition of 1 mM Pro, 1 mM Pro-
Gly or 0.5 MM PGLWKS peptide (red). B. Competitive fluorescence polarization (FP) experiments comparing different
unlabeled ligands for inhibiting hGid4 (A1-115) binding to C-terminally fluorescein-labeled PGLWKS peptide. Ratios
of FP signals at varying concentrations of unlabeled ligands to that in the absence of a competitor (FP/FP,) were
plotted as a function of log[ligand concentration] (left). Half-maximal inhibitory concentrations (IC50) for each ligand
were determined by fitting to log[inhibitor] vs. response model and presented relative to IC50 of the unlabeled
PGLWKS peptide (right). The peptide VWEVKTNQ corresponding to the N-terminus of Hbp1 (2-9) that is not an
hGid4 substrate®® was included as a negative control. C. Crystal structure of one hGid4 (red) accommodating
serendipitously generated Gly116-initiating N-terminus of an adjacent hGid4 molecule (grey) in the crystal lattice. The
binding strength of the newly generated N-terminal sequence (116—127) to hGid4 was compared to that of PGLWKS
and Pro-Gly with competitive FP (right bottom). D. Previously published hGid4 crystal structure (PDB ID: 6CCR)
revealing one hGid4 binding the N-terminus bearing an additional Gly upstream Gly116 derived from cloning of an
adjacent hGid4 molecule (grey) in the lattice of a distinct crystal form.

time scale, indicating tight binding, and, therefore,
importance of downstream residues.

Given the ability of a Pro-Gly dipeptide to bind
hGid4, we examined importance of the N-terminal
residue by testing commercially-available variants
(Leu-Gly, Ala-Gly, and Gly-Gly along with Pro-Gly)
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for competing with a fluorescently-labeled
PGLWKS peptide whose binding to hGid4 can be
measured by fluorescence polarization (FP)
(Figure S1(B)). Although each of the dipeptides
yielded sigmoidal curves, those with N-terminal
Pro or Leu were superior (Figure 1(B)). Pro-Gly
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showed a 15-fold lower ICsq than Leu-Gly,
consistent with prior studies emphasizing the
importance of an N-terminal Pro.*°

To examine roles of individual positions in the 6-
residue PGLWKS sequence, we employed peptide
spot arrays testing all natural amino acids in
position 1, positions 2 and 3 together, position 4 or
position 5 (Figure S1(C)). Binding was detected
after incubating the membranes with the substrate
binding domain of hGid4, and immunoblotting with
anti-hGid4 antibodies. Overall, the data confirm the
previous findings that out of the peptides tested
PGLWKS is an optimal binder, and that N-terminal
non-Pro hydrophobic residues are tolerated in the
context of the downstream GLWKS sequence
albeit with lower binding."%*?

The peptide array data also highlighted the
importance of context. Amongst the 400 possible
combinations of residues 2 and 3, Gly, and to a
lesser extent Ser, Val and Ala are preferred at
position 2 and lle or Leu at position 3, mirroring the
previously defined sequence preferences.’® The
dynamic range of our assay suggested that down-
stream residues also contribute to specificity, by
unveiling pronounced amino acid preference for
bulky hydrophobics and some non-hydrophobic
residues also at position 4. In agreement with the
structural data,’® the 5™ position following the
PGLW sequence tolerates many amino acids.

Despite this seemingly strong preference for an N-
terminal Pro, we serendipitously visualized hGid4
recognizing a supposedly non-cognate sequence
when we set out to visualize its structure in the
absence of a peptide ligand by X-ray
crystallography. Unexpectedly, the electron density
from data at 3 A resolution showed the first visible
N-terminal residue of one molecule of hGid4
inserted into the substrate binding tunnel of an
adjacent hGid4 molecule in the crystal lattice
(Figure 1(C); Table S1). Perplexingly, this was not
the first residue of the input hGid4 construct but
Gly116 located 16 positions downstream. It
appears that hGid4 underwent processing during
crystallization, although it remains unknown if this
neo-N-terminus was generated through enzymatic
cleavage by a contaminating bacterial protease or
chemical processing. Nonetheless, the potential
for hGid4 to recognize a non-cognate N-terminal
Gly was supported by re-examination of the
published “apo” hGid4 crystal. In the previous
structure of hGid4 (PDB ID: 6CCR), distinct crystal
packing is also mediated by a peptide-like
sequence (initiating with a Gly from the Tobacco
Etch Virus (TEV) protease cleavage site, followed
by hGid4 Gly116) inserting into the substrate
binding tunnel of the neighboring molecule in the
lattice (Figure 1(D)). The positions and interactions
of the two N-terminal Gly are similar but not
identical, as hGid4’s Tyr258 does not hydrogen
bond to the N-terminal amine of Gly116 in our
structure.

To test binding of our fortuitously identified hGid4-
binding sequence in solution, we examined
competition ~ with  the  fluorescently-labeled
PGLWKS peptide (Figure 1(C)). Limited solubility
of the GVATSLLYSGSKGGW peptide (hGid4
residues 116—127, with C-terminal Trp appended
with a Gly-Gly linker to accurately measure
peptide  concentration) precluded accurate
measurement of 1Cgo using our competitive FP
assay. Nonetheless, the data qualitatively
indicated that the GVATSLLYSGSKGGW peptide
binds to hGid4 with significantly lower affinity than
PGLWKS, but more tightly than the Pro-Gly
dipeptide. Therefore, we speculate that these
structurally-observed interactions were favored by
the high concentration of protein during
crystallization.

Taken together with published work, the data
confirmed hGid4's preference for binding to the
previously-defined sequence PGLWKS, but they
also highlighted capacity for hGid4 to recognize
alternative N-termini. Moreover, given that specific
combinations of residues downstream of the Pro-
Gly substantially impact the interaction, we
considered the possibility that hGid4 recognition of
N-terminal sequences could be influenced by
context.

Identification of superior hGid4-binding motifs
not initiated by Pro

To discover alternative hGid4-binding sequences
that do not initiate with Pro, we constructed a
highly diverse N-terminal peptide phage-displayed
library of 3.5 x 10°random octapeptides. The
library was constructed after the signal peptide
using 8 consecutive NNK degenerate codons
encoding for all 20 natural amino acids and fused
to the N-terminus of the phage coat protein. It is
expected that Arg or Pro located next to the
cleavage site (position + 1) will be inexistent or
strongly underrepresented because they are
known to either inhibit the secretion of phages*®*'
or the signal peptidase cleavage,**** respectively.

The library was cycled through five rounds of
selections following an established protocol** to
enrich for phages displaying peptides that preferen-
tially bound hGid4 (Figure 2(a)). Phages from indi-
vidual clones that bound to GST-hGid4 (A1-99) but
not a control GST based on phage ELISA were sub-
jected to DNA sequence analysis.

The screen yielded 41 unique sequences, none of
which were overtly similar to the previously defined
hGid4-binding  consensus  motif PGLWKS
(Figure 2(B); Table S2). A new consensus
emerged with the following preferences: (1)
hydrophobic residues at position 1, with Phe
predominating; (2) Asp at position 2; (3)
hydrophobic residues at positions 3 and 6, and to
a lesser extent at position 5; and (4) small and
polar residues at positions 4 and 7. Unlike the
PGLWKS sequence wherein the striking selectivity
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Figure 2. Identification of high-affinity hGid4-binding motifs initiating with non-Pro hydrophobic residues. A.
Schematic of phage-display peptide library screen identifying peptides binding GST-tagged hGid4 (A1-99). B.
Consensus motif obtained from multiple sequence alignment of 41 unique hGid4-binding peptide sequences listed in
Table S2 (out of which a representative set of 7 sequences is shown). The height of the bars reflects the frequency of
a given residue at different positions of the consensus. C. Isothermal titration calorimetry (ITC) to quantify binding of
newly determined sequences to hGid4 (A1-115). The amount of heat released (AH) upon peptide injection was
calculated from integrated raw ITC data (top) and plotted as a function of peptide:protein molar ratio (bottom).
Dissociation constant (Kp) and the stoichiometry of the binding event (N) were determined by fitting to the One-Set-of-

Sites binding model.

is predominantly for the first four residues, this new
consensus extends through the seventh residue.
Although peptides with non-Pro hydrophobic N-
termini were previously shown to bind hGid4, the
tested sequences bound with one to two orders-of-
magnitude lower affinity (Kp for IGLWKS 16 uM,
VGLWKS 36 puM) than to PGLWKS (Kp = 1.9 uM)
(Figure S2(A)).* To determine how the newly iden-
tified sequences compare, we quantified interac-
tions by isothermal titration calorimetry (ITC).
Notably, the peptides of sequences FDVSWFMG
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and VDVNSLWA showed superior binding
(Kp = 0.6 and 1.3 uM, respectively) to the best bin-
der with an N-terminal Pro (Figure 2(C) and S1
(D)). Recognition of N-terminal Pro is also substan-
tiated by the new consensus as substitution of Phe
in FDVSWFMG with a Pro resulted in significantly
tighter binding (Kp = 0.6 uM) than that of the
PGLWKS motif (Figures 2(C) and S1(D)). More-
over, the affinity for a sequence starting with a Trp
(Kp=7.1 uM for WDVSWYV) was superior to the pre-
viously identified best binder initiating with a non-Pro
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hydrophobic residue (Figures 2(C) and S1(D)).
Thus, hGid4 is able to accommodate even the bulki-
est hydrophobic sidechain at the N-terminus of an
interacting peptide. Taken together, the data show
hGid4 binds a wide range of peptide sequences,
with affinity strongly influenced by residues down-
stream of the N-terminus.

hGid4 structural pliability enables recognition
of various N-terminal sequences

To understand how hGid4 recognizes diverse
sequences, we determined its crystal structure
bound to the FDVSWFMG peptide (Figure 3(A),
Table S1; all peptide residues except C-terminal
Gly visible in density). Overlaying this structure
with published coordinates for other hGid4
complexes revealed diverse N-termini protruding
into a common central substrate-binding tunnel
(Figure S2(B), Phe (our study), or Pro, Leu, Val, or
newly recognized Gly."%*° The N-terminal residues
are anchored through contacts of their amine groups
with hGid4 Glu237 and Tyr258 at the tip of the sub-
strate binding tunnel, and common hydrogen bonds
of the peptide backbone carbonyl to hGid4 Gin132.

The structures suggest that the varying peptide
sequences are accommodated by complementary
conformations of four hairpin loops (L1-L4) at the
edge of the hGid4 substrate-binding tunnel
(Figure 3(B)). The L2, L3, and L4 loops are fully or
partially invisible, and are presumably mobile, in
the structure of apo-hGid4 assembled in a
subcomplex with its interacting subunits from the
CTLH E3.°® However, they are ordered and adopt
different conformations when bound to the different
peptides.

As compared to the structure with PGLWKS, the
interactions with FDVSWFMG are more extensive
and relatively more dominated by hydrophobic
contacts rather than hydrogen bonding, which
rationalizes improved binding of the new motif
(Figure 3(C)). The L2 and L3 loops are relatively
further from the central axis of the hGid4 B-barrel
to interact with more residues in the peptide
sequence. The different position of the L2 loop is
also required to accommodate the hydrophobic
Phe in the context of the new sequence (Figure 3
(D)). Meanwhile, repositioning of the L4 loop
places hGid4 GIn282 to form a hydrogen bond
with Asp2 in the peptide (Figure 3(C)). Moreover,
upon binding to hGid4, FDVSWFMG itself adopts
a structured conformation owing to multiple
intrapeptide backbone hydrogen bonds as well as
interaction of Asp2 sidechain with the sidechain
and backbone amide of Ser4 (Figure 3(E)).
Therefore, a strong bias towards Asp at position 2
of all identified sequences may stem from its
importance for maintaining the complementary
folds of both the peptide and the substrate binding
pocket. Overall, the structures reveal pliability of
the hGid4 substrate-binding tunnel enabling
interactions with a range of N-terminal sequences,

which themselves may also contribute interactions
by conformational complementarity.

Yeast GID substrate receptors recognize
natural degrons with suboptimal affinity

To extend our findings to the yeast GID system,
we screened the phage peptide library for binders
to the yGid4 and yGid10 substrate receptors. The
selected consensus sequence binding yGid4
paralleled that for hGid4 (Figure 4(A); Table S2), in
agreement with their being true orthologs.
Remarkably, despite high similarity to the Gid4s,
and its only known endogenous substrate likewise
initiating with a Pro,*® the selections with yGid10
identified 12 unique sequences, some with bulky
hydrophobic residues and others with Gly prevalent
at position 1, each followed by a distinct down-
stream pattern (Figure 4(B); Table S3). By solving
an X-ray structure of yGid10 bound to FWLPANLW
peptide and superimposing it on its prior structure
with N-terminus of its bona fide substrate Art2,%°
we confirmed that the novel sequence is accommo-
dated by the previously characterized binding
pocket of yGid10 (Figures 4(C) and S3(A);
Table S1). Moreover, conformations of the yGid10
loops varied in complexes with different pep-
tides,***° suggesting like hGid4, yGid10 structural
pliability allows recognition of various N-terminal
sequences (Figure S3(B)).

Then, we sought to quantitatively compare
binding of the new sequences to respective
substrate receptors. Affinities of yGid10 for Phe
and Gly-initiating sequences, measured by ITC,
were comparable to and 2-fold greater than for a
peptide corresponding to the N-degron of a natural
substrate Art2°° (Figures 4(D) and S3(C)). Notably,
the endogenous degron, and selected sequences,
bind yGid10 10- to 20-fold more tightly than the
Pro-initiating sequence previously identified by a
yeast two-hybrid screen.®® Although yGid4 is not
amenable to biophysical characterization, we could
rank-order peptides by inhibition of ubiquitylation of
a natural GIDSP* substrate Mdh2 (Figure 4(E)).
Comparing ICso values for the different peptides
led to two major conclusions: (1) the phage
display-selected sequences are better competitors
than N-terminal sequences of endogenous gluco-
neogenic substrates, and (2) natural substrate N-
terminal sequences themselves exhibit varying sup-
pressive effects, with degron of Mdh2 being the
most potent, followed by those of Fbp1 and Icl1.

To test if the novel sequences can mediate
binding of substrates for ubiquitylation, we
performed two experiments. First, we connected a
yGid4- and a yGid10-binding sequence to a lysine
via a flexible linker designed based on prior
structural modelling.>® The peptides also had a C-
terminal fluorescein for detection. Incubating the
peptides with either GIDSF* or GIDSR'° and ubiquity-
lation assay mixes revealed that each serves as a
substrate only for its cognate E3, with low activity
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Figure 3. Molecular details of high-affinity peptide binding by hGid4. A. Crystal structure of hGid4 (A1-120, A294-

300) bound to the FDVSWFMG peptide. Clear electron density (2Fo-F¢, contoured at 1.5 ; grey mesh) was visible
for all peptide residues besides the C-terminal Gly and the sidechain of Met7, presumably reflecting their mobility. B.
Conformations of binding tunnel hairpin loops in apo-hGid4 assembled in CTLHSP* (PDB ID: ZNSC, light brown) as
well as PGLW- (PDB ID: 6CDC, dark grey) and FDVSWFMG-bound (red) hGid4. C. Comparison of PGLW (left) and
FDVSWFMG (right) binding modes to hGid4. Hydrogen bonds between hGid4 residues (red sticks) and peptides
(dark grey sticks) are depicted as yellow dashes, whereas the predominantly hydrophobic character of the binding
tunnel is visualized as electrostatic potential surface (plotted at + 7 kT/e; surface colored according to the potential:
red — negative (-), blue — positive (+), white — uncharged). D. Overlay of hGid4 bound to PGLW (PDB ID: 6CDC, light
grey), IGLWKS (PDB ID: 6WZX, light grey), VGLWKS (PDB ID: 6WZZ, light grey) and FDVSWFMG (red) revealing
conformational changes of L2 loop, which prevents steric clash (black dashes) between hGid4 Leu164 and Leu171
and N-terminal Phe of the FDVSWFMG peptide. E. Intrapeptide hydrogen bonding pattern (yellow dashes) within

FDVSWFMG upon binding to hGid4.

of GIDSR'® towards the yGid4-binding sequence
(Figure 4(F)). Second, we replaced a native N-
terminus of Fbp1 with the novel yGid4-binding con-
sensus and performed in vitro ubiquitylation assay
with two known forms of the GID E3 — the mono-
meric GIDS?* and the oligomeric Chelator-GIDSR*
(Figure S4(A)). In both cases, the phage display-
determined motif potentiated ubiquitylation of Fbp1
as compared to the WT control, indicating that it
can mediate ubiquitylation of a full-length substrate.

Although ubiquitylation is typically a prerequisite,
a multitude of processes control ubiquitin-mediated
proteolysis in cells. Thus, we examined if the novel
non-Pro initiating motifs would be sufficient to
target Fbp1 for cellular degradation. We used the
promoter reference technique, which was
pioneered for examining degradation of GID E3
ligase substrates by normalizing for translation of
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an exogenously expressed substrate (here, C-
terminally 3xFLAG-tagged versions of Fbp1)
relative to a simultaneously expressed control
(here, DHFR).*® Since varying N-terminal
sequences are differentially processed by Met-
aminopeptidases,*’ or subjected to co-translational
N-terminal acetylation®® that would block binding to
yGid4, we employed the previously-described tech-
nique of expressing assorted versions of Fbp1 as
linear N-terminal fusions to ubiquitin. The N-
terminal ubiquitin is cleaved off by deubiquitylating
enzymes, revealing the residue following the ubiqui-
tin sequence as a neo N-terminus.®**° As shown
previously, Fbp1 harboring the native degron, or that
replaced by the sequence IGLW that binds yGid4
with 8-fold lower affinity promoted timely degrada-
tion in this assay.®® However, neither of the novel
tight binders, initiating with either Phe or Leu, con-
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Figure 4. Identification of novel yGid4 and yGid10-binding sequence motifs superior to natural degrons. A.
Consensus motif obtained by multiple sequence alignment of 12 unique yGid4-binding peptide sequences listed in
Table S2 (out of which a representative set of 6 sequences is shown). B. Consensus motif obtained by multiple
sequence alignment of 12 unique yGid10-binding peptide sequences listed in Table S3 (out of which a representative
set of 6 sequences is shown). C. Crystal structure of yGid10 (A1-64, A285-292) (pink) bound to FWLPANLW (grey
sticks). The 2Fo-F¢ electron density map corresponding to the peptide is shown as grey mesh contoured at 2c. D.
ITC binding assays as in Figure 2(C) but quantifying binding of several peptides to yGid10 (A1-56). E. Competitive
in vitro ubiquitylation assays probing binding of two novel Phe- and Leu-initiating sequences to yGid4 (A1-115) as
compared to N-termini of natural GID substrates (Mdh2, Fbp1 and Icl1). Unlabeled peptides were titrated to compete
off binding of fluorescent Mdh2 (labeled with C-terminal fluorescein) to GIDSP*, thus attenuating its ubiquitylation.
Normalized inhibition (fraction of ubiquitylated Mdh2 at varying concentration of unlabeled peptides divided by that in
the absence of an inhibitor) was plotted against peptide concentration. Fitting to log[inhibitor] vs. response model
yielded IC50 values and its standard error based on 2 independent measurements. F. Fluorescent scans of SDS-
PAGE gels after in vitro ubiquitylation of fluorescent model peptides harboring either a yGid4 or yGid10-binding
sequence by GIDA™ (comprising 2 copies each of Gid1 and Gid8, and one copy each of Gid5, Gid2 and Gid9) mixed
with either yGid4 (A1-115) or yGid10 (A1-56) (forming GIDS™* or GIDSR'°, respectively). The model peptides
contained a corresponding phage display-determined consensus at the N-terminus connected to C-terminal
fluorescein (indicated by an asterisk) with a flexible linker.

52



J. Chrustowicz, D. Sherpa, J. Teyra, et al.

Journal of Molecular Biology 434 (2022) 167347

ferred instability (Figure S4(B)). At this point, future
studies will be required to determine the molecular
basis for defective proteasomal targeting. However,
given that these sequences increased ubiquitylation
in vitro, it is possible that accelerated ubiquitylation
could impede degradation for example through
mis-recruitment of deubiquitylating enzymes, mis-
processing by Cdc48,°° or more trivially, they may
be subject to unknown modifications that inhibit
binding to or ubiquitylation by the GID E3.

GID E3 supramolecular assembly differentially
impacts catalytic efficiency toward different
substrates

We were surprised by the differences in ICsq
values for the naturally occurring degrons from the
best-characterized GID E3 substrates, Fbp1 and
Mdh2. We thus sought to compare ubiquitylation of
the two substrates, which not only display different
degrons but also distinct catalytic domains with
unique constellations of lysines. Previous studies
showed that ubiquitylation of both substrates
depends on coordination of degron binding by
yGid4 with placement of sEecific lysines in the
ubiquitz}llation active site.®***® However, while
GID®R* is competent for Mdh2 degradation in vivo,
a distinct E3 assembly — wherein the Gid7 subunit
drives two GID®R* complexes into an oval arrange-
ment (Chelator-GIDSP?) is specifically required for
optimal ubiquitylation and degradation of Fbp1.%®
Two yGid4 subunits in Chelator-GIDS?* simultane-
ously bind degrons from the oligomeric Fbp1, for
simultaneous ubiquitylation of specific lysines on
multiple Fbp1 protomers.

Much like for Fbp1, addition of Gid7 to GIDS?* was
shown to affect Mdh2 ubiquitylation in vitro, albeit in
a more nuanced way.*® As a qualitative test for avid
binding to two degrons from Mdh2 (whose dimeric
state was confirmed by SEC-MALS (Figure S5(A))
and homology modeling (Figure S5(B))) we per-
formed competition assays with monovalent
(GIDSP* alone or with addition of a truncated version
of Gid7 that does not supgort supramolecular
assembly) and bivalent (GIDS?* with Gid7 to form
Chelator-GIDS™%) versions of the E3, and lysineless
monodentate (Mdh2 degron peptide) and bidentate
(Mdh2 dimer) inhibitors (Figure S5(C)). While the
two inhibitors attenuated ubiquitylation of Mdh2 to
a similar extent in reactions with the monovalent
E3s, only the full-length Mdh2 complex substantially
inhibited the bivalent Chelator-GIDSR*. This sug-
gested that Chelator-GIDSR* is capable of avidly
binding to Mdh2.

Thus, we quantified roles of the Fbp1 and Mdh2
degrons by measuring kinetic parameters upon
titrating the two different GID E3 assemblies. In
reactions with monovalent GIDSF*, the K, for
Mdh2 was roughly 3-fold lower than for Fbp1, in
accordance with differences in degron binding
(Figure 5(A) and (B)). Although the higher-order
Chelator-GIDS?*  assembly improved the K.,
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values for Fbp1 and for Mdh2, the extents differ
such that the values are similar for both
substrates. Formation of the higher-order Chelator-
GIDSP* assembly also dramatically increased the
reaction turnover number (k.5 for Fbp1, with a
marginal increase for Mdh2 (8- vs. 1.4- times
higher k., respectively), which was already
relatively high in the reaction with monomeric
GID®R* (Figures 5(C) and S4(C)). Combined with
its effects on K., formation of the Chelator-GIDSR*
assembly increased catalytic efficiency (kea/Knmn)
more than 100-times for Fbp1 and only 6-fold for
Mdh2, which may rationalize Gid7-dependency of
Fbp1 degradation.

Beyond avid substrate binding, the multipronged
targeting of Fbp1 by Chelator-GIDS?* involves
proper orientation of the substrate so that specific
lysines in metabolic regulatory regions are
simultaneously ubiquitylated.® To explain the lesser
effect of Chelator-GIDSP* on catalytic efficiency
toward Mdh2, we examined structural models.
Briefly, after docking two substrate degrons into
opposing yGid4 protomers, we rotated the tethered
substrate to place the targeted lysines in the ubiqui-
tylation active sites (Figure S5(E) and (F)). As
shown previously, docking either Fbp1 targeted
lysine cluster (K32/K35 and K280/K281) places the
other in the opposing active site (Figures 5(D) and
S5(E)). For Mdh2, upon mutating the individual clus-
ters of preferentially targeted lysines determined
previously,** we found that K330 is the major ubiqui-
tylation target for Chelator-GIDSP* (Figure S5(D)).
However, the structural locations of the two K330
residues within the Mdh2 dimer precludes their
simultaneously engaging both Chelator-GIDSR*
active sites (Figures 5(D) and S5(F)). Thus, the dis-
tinct constellations of targeted lysines may also con-
tribute to differences in ubiquitylation efficiency.

Degron identity determines K, for
ubiquitylation but differentially impacts
glucose-induced degradation of Mdh2 and
Fbp1

To assess the roles of differential degron binding
in the distinct contexts provided by the Fbp1 and
Mdh2 experiments, we examined the effects of
swapping their degrons. We first performed
qualitative ubiquitylation assays using the simpler
GIDSR* E3 ligase. Comparing ubiquitylation of
fluorescently-labeled Fbp1 and Mdh2 side-by-side
showed more Mdh2 is ubiquitylated with more
ubiquitins during the time-course of reactions.*®
These properties are reversed when the N-
terminal sequence of Mdh2 is substituted for the
Fbp1 degron and vice-versa (Figure 6(A)).

Quantifying the K, values showed that the values
for degron-swapped substrates roughly scaled with
degron identity (Figures 6(B) and S4(D); for Mdh2
Kn~1.3 uM, for degron-swapped Fbp1Mdh2 degron
Kn=~0.8 uM, for Fbp1 K,~3.6 uM, for degron-
swapped Mdh2FeP! degron.3 5 1 \M). Furthermore,
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Figure 5. Differential targeting of Mdh2 and Fbp1 by GID ES. A. Plots showing fraction of in vitro-ubiquitylated Fbp1

as a function of varying concentration of GID E3 in either its monomeric Gl

DS or higher-order Chelator-GIDS™* form

(co-expressed GIDSP* + Gid7). Fitting to Michaelis-Menten equation yielded K, values. Error bars represent standard
deviation (n=2). B. Plots as in (A) but analyzing Mdh2 ubiquitylation. C. Comparison of k., values for Fbp1 and Mdh2
ubiquitin targeting by GIDS?* and Chelator-GIDS™* based on a time-course of substrate ubiquitylation (Figure S4(C)).
D. Cartoons representing ubiquitylation of Fbp1 and Mdh2 by Chelator-GIDSP* based on structural modeling

(Figure S5(E) and (F)).

as expected, the K, values for all substrates
improved in reactions with Chelator-GIDSR*,
However, the relative impact seemed to scale with
the way in which they are presented from the
folded domain of a substrate rather than the
degrons themselves (roughly 14-fold for Fbp1 and
11-fold for Fbp1Mdn2 degron yarsys 4-fold for Mdh2
and 6-fold for Mdh2FPP1 degron

Effects in vivo were examined by monitoring
glucose-induced degradation of the wild-type and
mutant substrates with the promoter-reference
technique.®*® As shown previously, Mdh2 was
rapidly degraded in the wild-type yeast and the
AGid7 strain (Figure 6(C)).°® However, turnover of
the mutant version bearing the weaker Fbp1 degron
was significantly slower in both genetic back-
grounds. Thus, the Mdh2 degron is tailored to the
Mdh2 substrate. In striking contrast, although the
Mdh2 degron did subtly impact degradation of
Fbp1, it was not sufficient to overcome dependency
on Gid7 (Figure 6(D)). Thus, substrate ubiquityla-
tion, and turnover, depend not only on degron iden-
tity, but also on their associated targeted domains.

Discussion

Overall, our study leads to several conclusions.
First, GID/CTLH E3 substrate receptors recognize
a diverse range of N-terminal sequences, dictated

not only by the N-terminal residue, but also the
pattern of downstream amino acids (Figures 1 and
S1). Second, such diverse N-terminal sequence
recognition is achieved by the combination of (1) a
deep substrate-binding tunnel culminating in
conserved Glu and Tyr side-chains recognizing the
N-terminal amine, (2) pliable loops at the entrance
to the substrate binding tunnel that conform to a
range of downstream sequences, and (3) the
binders themselves forming distinct extended
conformations that likewise complement the
receptor structures (Figure 3). Remarkably, the
hGid4 loops and the bound peptide reciprocally
affect each other — peptide binding induces folding
of the flexible loops whereas the arrangement of
the loops dictates affinity for the bound peptide.
This correlation rationalizes strong dependence of
Gid4 specificity on the peptide sequence context.
Third, the range of interactions result in a range of
affinities (Figures 2, 4 and S2(A)). Notably, our
randomized phage-display peptide library screen
identified far tighter binders to yGid4 than known
natural degrons. This approach also generated
yGid10-binding sequences with affinities similar to
or greater than the only known natural degron, and
with significantly higher affinity than a sequence
identified by yeast two-hybrid screening. Phage-
display peptide library screening may thus prove to
be a generally useful method for identifying E3
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Figure 6. Combinatorial nature of substrate recognition by GID. A. Qualitative in vitro ubiquitylation assay probing
effect of degron exchange between Fbp1 and Mdh2. Both WT and degron-swapped versions of Fbp1 and Mdh2 were
C-terminally labelled with fluorescein (indicated by an asterisk) and ubiquitylated by GIDSR*. B. Table summarizing
values of K, for ubiquitylation of WT and degron-swapped substrates by the two versions of GID based on the plots in
Figure S4(D). C. In vivo glucose-induced degradation of exogenously expressed and C-terminally 3xFlag-tagged
Mdh2 as well as its degron-swapped versions quantified with a promoter-reference technique. Levels of the
substrates (relative to the level of DHFR) at different timepoints after switch from gluconeogenic to glycolytic
conditions were divided by their levels before the switch (timepoint 0). For each substrate, the experiment was
performed in WT and AGid7 yeast strains. Error bars represent standard deviation (n = 3), whereas points represent
the mean. D. In vivo assay as in (C) but with WT and degron-swapped Fbp1.

ligase binders. Fourth, degron binding is only part of
substrate recognition by GID E3s (Figures 5 and 6).
Rather, ubiquitylation and degradation depend on
both the pairing of a degron with a substrate
domain that presents lysines in a particular
constellation, and configuration of the GID E3 in
either a simplistic monovalent format or in a
multivalent chelator assembly specialized for
targeting some but not all oligomeric substrates.

Some features of the high-affinity peptide binding
by Gid4s and yGid10 parallel other end-degron E3s.
Although ubiquitin ligases in the Ubr family employ
UBR-box 1 and UBR-box 2 domains with a
shallower modes of N-degron recognition,”’ " C-
degron recognition by several cullin-RING ligase
substrate receptors involves terminal peptide bind-
ing within deep clefts or tunnels®®*°' much like the
high-affinity binder interactions with Gid4s and
yGid10. Furthermore, end-degron E3 ligases use
different strategies to recognize diverse degron
sequences. For example, a single Ubr-family E3
can bind different N-terminal sequences through
distinct N-degron-binding domains.®>* However,
much like Gid4s and yGid10 recognize diverse N-
terminal sequences, the substrate-binding site of a
single cullin-RING ligase was recently shown to bind
interchangeably to a C- de%ron or to a different sub-
strate’s internal sequence.

To-date, few GID E3 substrates have
unambiguously been identified. Thus, our findings
may have implications for identifying new
substrates. Most of the currently characterized
substrates depend on co-translational generation
of an N-terminal Pro. However, sequences
initiating with bulky hydrophobic residues may be
refractory to N-terminal processmg enzymes such
as Met amlnopeptldases *” Nonetheless, post-
translational processing could generate such N-
termini. Several paradigms for post-translational
generation of N-degrons have been established by
studies of Ubr1 substrates. First, endoproteolytic
cleavage — by caspases, calpains, s arases
cathepsins and mitochondrial proteases®’ "' —
responsible for the generation of mynad Arg/N-
degron pathwag substrates recognized by some
Ubr-family E3s.” Similarly, N-terminal trimming by
aminopeptidases has recently been reported to
expose Pro/N-degrons of two yGid4 substrates.”
Notably, 15 hGid4 interactors reported in the Bio-
GRID database’® have a solvent-exposed internal
[FIL]-D-[VIL] sequence (Figure S6), raising the pos-
sibility that the newly identified Gid4-and yGid10-
binding motifs likewise could be exposed upon
post-translational proteolytic cleavage. Second,
some N-degrons are created by aminoacyl-tRNA
protein transferases-catalyzed appendage of an
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additional amino acid at the protein’s N-
terminus.®*’* The bacterial N-degron pathway
involves conjugation of hydrophobic residues such
as Phe and Leu,”*"® hence it is tempting to specu-
late that hydrophobic N-degrons in eukaryotes could
likewise involve such N-terminal amino acid addi-
tion. Finally, yeast Ubr1 is modulated in an intricate
manner: after HtrA-type protease cleavage, a por-
tion of the protein Roq1 binds Ubr1 and alters its
substrate specificity.”” Notably, proteomic studies
showed that the human CTLH complex itself associ-
ates with the HtrA-type protease HTRA2,?22478780
known to be involved in mitochondrial quality con-
trol.2%2 This raises the tantalizing possibility that
the CTLH E3 might form a multienzyme targeting
complex that integrates a regulatory cascade to
generate its own substrates or regulatory partners.

The identified sequences might also play various
non-degradative functions. Some tight binders to
other E3 ligases are pseudosubstrates that
modulate subcellular localization,* or inhibit activ-
ity.>>"®7 Irrespective of whether such sequences tar-
get endogenous proteins to GID/CTLH-family E3
ligases, the identification of nanomolar hGid4 bin-
ders and the structural insight into the substrate
receptor plasticity may be useful for development
of small molecules targeting these E3s.

Finally, our examination of degron-swapped GID
E3 substrates Fbp1 and Mdh2 showed that

Methods
Reagent table

N-terminal sequence is only part of the equation
determining  ubiquitylation and  subsequent
degradation. Mdh2 required its own degron and its
ubiquitylation and degradation were impaired when
substituted with the weaker degron from Fbp1,
irrespective of capacity for GIDS®™* to undergo
Gid7-mediated superassembly. However, while
either degron could support Fbp1 targeting, this
requires Gid7-dependent formation of the
chelate-like E3 configuration. Taken together, our
data reveal that structural malleability of both the
substrate receptor and the E3 supramolecular
assembly endows GID E3 complexes — and
presumably CTLH E3s as well — capacity to
conform to diverse substrates, with varying
degrons and associated targeted domains. Such
structural  malleability raises potential for
regulation through modifications or interactions
impacting the potential conformations of both the
substrate binding domains and higher-order
assemblies, and portends future studies will reveal
how these features underlie biological functions of
GID/CTLH E3s across eukaryotes. Moreover, our
results highlight that turnover depends on
structural complementarity between E3 and
both the substrate degron and ubiquitylated
domains, a principle of emerging importance for
therapeutic development of targeted protein
degradation.

Reagent/Resource

Reference or
Source

Identifier or Catalog Number

Experimental models, cell lines and strains

High Five Insect cells

Saccharomyces cerevisiae: Strain S288C: BY4741; MATa
his3A1leu2A0 met15A0 ura3A0

CRLY12; BY4741, Gid4::KANMX

CRLY14; BY4741, Gid7::KANMX

Recombinant DNA

pCSJ95

pCSJ125

DSJCS3; pRS313-pGPD-MPHSVTP-Fbp1(A1-7)-3xFLAG-CY
C-pGPD-DHFR-HA-CYC

DSJC4; pRS313-pGPD-MPTLVNG-Mdh2(A1-7)-3xFLAG-CY
C-pGPD-DHFR-HA-CYC

DSJC5; pRS313-pGPD-Ub-FDITGFSW-Fbp1(A1-9)-3xFLAG-
CYC-pGPD-DHFR-HA-CYC

DSJC6; pRS313-pGPD-Ub-LDVSWFEW-Fbp1(A1-9)-3xFLA
G-CYC-pGPD-DHFR-HA-CYC

DSJC7; pRS313-pGPD-Ub-IGLW-Fbp1(A1-5)-3xFLAG-CYC-p
GPD-DHFR-HA-CYC

pLIB Gid4

pLIB Gid7

pBIG2 Gid1:Gid8-TEV-2xS:Gid5:Gid2:Gid9:Gid7

pBIG2 Gid1:Gid8-TEV-2xS:Gid5:Gid4:Gid2:Gid9:

Thermo Fisher Cat#B85502
Euroscarf Cat#Y00000
38 N/A
38 N/A
6 N/A
6 N/A
This study N/A
This study N/A
This study N/A
This study N/A
39 N/A
34 N/A
38 N/A
38 N/A
38 N/A
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(continued)
Reagent/Resource Reference or Identifier or Catalog Number
Source
Gid7
pBIG2 Gid1:Gid8-TEV-2xS:Gid5:Gid4:Gid2:Gid9 34 N/A
pBIG2 Gid1:Gid8-TEV-2xS:Gid5:Gid2:Gid9 34 N/A
pGEX GST-TEV-hGid4 This study N/A
(A1-115)
pGEX GST-TEV-Gid7 38 N/A
pGEX GST-TEV-Gid7 (A1-285) 38 N/A
pGEX GST-TEV-hGid4 (A1-99) 38 N/A
pGEX GST-TEV-hGid4 (A1-120, A294-300) This study N/A
pGEX GST-TEV-yGid4 (A1-115) 34 N/A
pGEX GST-TEV-yGid10 (A1-57) 34 N/A
pGEX GST-TEV-yGid10 (A1-64, A285-292) This study N/A
pRSF Fbp1-GGGGS-sortag-6xHis 38 N/A
pRSF Mdh2-GGGGS-LPETGG-6xHis 34 N/A
pRSF MPHSVTP-Fbp1 This study N/A
(A1-7)-GGGGS-LPETGG-6xHis
pRSF MPTLVNG-Mdh2 This study N/A
(A1-7)-GGGGS-sortag-6xHis
pRSF GST-TEV-SUMO- FDITGFSW-Fbp1(A1-9)-GGGGS-so  This study N/A
rtag-6xHis
pRSF Ubc8-6xHis 34 N/A
pRSF 6xHis-hGid4 (A1-115) This study N/A
pET3b Ub (ubiquitin) 34 N/A
pET29 sortase A 89 N/A
pRSF Mdh2-6xHis 34 N/A
pRSF Mdh2-6xHis K254R/K256R/K259R This study N/A
pRSF Mdh2-6xHis K330R This study N/A
pRSF Mdh2-6xHis K360R/K361R This study N/A
pRSF Mdh2-6xHis K254R/K256R/K259R; K330R; K360R/ 34 N/A
K361R
Antibodies
Mouse anti-His Cell Signaling Cat#9991
Technology
Sheep polyclonal anti-hGid4 38 N/A
Monoclonal ANTI-FLAG M2 Sigma Aldrich Cat#F1804
Rabbit anti-HA Sigma Aldrich Cat#H6908
Goat anti-rabbit IgG Dylight488 conjugated Invitrogen Cat#35552
Goat anti-mouse IgG Dylight633 conjugated Invitrogen Cat#35512
Goat anti-mouse IgG HRP conjugated Sigma Aldrich Cat#A4416; PRID
Chemicals, Enzymes and peptides
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
PGLWKS MPIB N/A
IGLWKS MPIB N/A
Leu-Gly Sigma CAS# 686-50-0
Pro-Gly Sigma CAS# 2578-57-6
Ala-Gly MPIB CAS# 687-69-4
Gly-Gly MPIB CAS# 556-50-3
GVATSLLW MPIB N/A
FDVSWFMG MPIB N/A
PDVSWFMG MPIB N/A
LDVSWFMG MPIB N/A
VDVNSLWA MPIB N/A
WDVSWV MPIB N/A
FDITGFS MPIB N/A

(continued on next page)
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(continued)
Reagent/Resource Reference or Identifier or Catalog Number
Source
GWLPPNLW MPIB N/A
PGILGSW MPIB N/A
FWLPANLW MPIB N/A
PHSVTPWSI MPIB N/A
PTLVNGWPR MPIB N/A
PIPVGNWTK MPIB N/A
VWEVKTNQ MPIB N/A
PHSVTPSIEQDSLK MPIB N/A
PGLWKS-FAM MPIB N/A
GGGGRHDS(P)GLDS(P)MKDEE-FAM MPIB N/A
FDITGFSWRDSTEGFTGRGWSGRGWSKGGK-FAM MPIB N/A
GWLPPNLWRDSTEGFTGRGWSGRGWSKGGK-FAM MPIB N/A
Software
Phyre? 90 http://www.sbg.bio.ic.ac.uk/~phyre2/
html/page.cgi?id=index
UCSF Chimera 91 https://www.cgl.ucsf.edu/chimera/
UCSF ChimeraX 92 https://www.rbvi.ucsf.edu/chimerax/
PyMOL v2.1 Schrédinger https://pymol.org/2/
Coot 93,94 https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/
Phenix 95-97 https://www.phenix-online.org/
Image Studio LI-COR https://www.licor.com/bio/image-studio/
Biosciences
Fiji’/lImageJ 98 https://imagej.net/
GraphPad Prism version 8.0 GraphPad www.graphpad.com
Software
ImageQuant TL Toolbox version 8.2 GE Healthcare
MicroCal PEAQ-ITC Analysis Software Malvern
Panalytical

Plasmid preparation and mutagenesis

All the genes encoding yeast GID subunits
including the substrate receptors yGid4 and
yGid10, as well as Fbp1 and Mdh2 substrates
were amplified from S. cerevisiae BY4741
genomic DNA. The gene encoding hGid4 was
codon-optimized for bacterial expression system
and synthesized by GeneArt (Thermo Fisher
Scientific).

All the recombinant constructs used for protein
expression were generated by Gibson assembly
method®® and verified by DNA sequencing. The
GID subunits were combined using the biGBac
method'“’ into a single baculoviral expression vec-
tor. All the plasmids used in this study are listed in
the Reagent table.

Bacterial protein expression and purification

All bacterial expressions were carried out in E. coli
BL21 (DE3) RIL cells in a Terrific Broth medium'®"
overnight at 18 °C. All versions of yGid4, yGid10
and hGid4 (except for that used for NMR) were
expressed as GST-TEV fusions. The harvested cell
pellets were resuspended in the lysis buffer (50 mM
HEPES pH 7.5, 200 mM NaCl, 5mM DTT and 1 mM
PMSF), disintegrated by sonication and subjected to

glutathione affinity chromatography, followed by
overnight cleavage of the eluted proteins at 4 °C with
tobacco etch virus®” protease to release the GST
tag. Final purification was performed with size exclu-
sion chromatography (SEC) in the final buffer con-
taining 50 mM HEPES pH 7.5, 200 mM NaCl and
1 mM or 5 mM DTT (for assays and crystal trials,
respectively), or 0.5 mM TCEP (for ITC binding
assay). Additionally, pass-back over glutathione
affinity resin was performed in order to get rid of
the remaining uncleaved GST-fusion protein and
free GST.

All versions of Ubc8, Fbpl (except for
FDITGFSW-Fbp1) and Mdh2 were expressed with
a C-terminal 6xHis tag. The harvested cell pellets
were resuspended in the lysis buffer (50 mM
HEPES pH 7.5, 200 mM NaCl, 5 mM 8-
mercaptoethanol, 10 mM imidazole and 1 mM
PMSF) and sonicated. Proteins were purified by
nickel affinity chromatography, followed by anion
exchange and SEC in the final buffer containing
50 mM HEPES pH 7.5, 200 mM NaCl and 1 mM
DTT.

To purify FDITGFSW-Fbp1 for fluorescein
labeling, it was expressed as N-terminal GST-
SUMO  fusion.  After  glutathione  affinity
chromatography, the GST-SUMO tag was cleaved
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off with a SUMO-specific protease SENP2
generating a desired N-terminus. After cleavage,
FDITGFSW-Fbp1 was further purified by SEC in
the final buffer containing 50 mM HEPES pH 7.5,
200 mM NaCl and 1 mM DTT. The uncleaved
GST-SUMO fusion and free GST-SUMO was
removed by pass-back over the GST resin.

Untagged WT ubiquitin used for in vitro assays
was purified via glacial acetic acid method, ' fol-
lowed by gravity S column ion exchange chromatog-
raphy and SEC.

Insect cell protein expression and purification

All yeast GID complexes used in this study were
expressed in insect cells. For protein expression,
Hi5 insect cells were transfected with recombinant
baculovirus variants and grown for 60-72 h in EX-
CELL 420 Serum-Free Medium at 27 °C. The
insect cells were harvested by centrifugation at
450xg for 15 min and pellets were resuspended in
a lysis buffer (50 mM HEPES pH 7.5, 200 mM
NaCl, 5 mM DTT, 10 pg/ml leupeptin, 20 pg/ml
aprotinin, 2 mM benzamidine, EDTA-free complete
protease inhibitor tablet (Roche, 1 tablet per 50 ml
of buffer) and 1 mM PMSF). All the complexes
were purified from insect cell lysates by
StrepTactin affinity chromatography by pulling on a
twin-Strep tag fused to the Gid8 C-terminus.
Further purification was performed by anion
exchange chromatography and SEC in the final
buffer containing 25 mM HEPES pH 7.5, 200 mM
NaCl and 1 mM DTT.

Preparation of fluorescent substrates for
in vitro activity assays

C-terminal labelling of Fbp1, Mdh2 and their
degron-swapped versions with fluorescein was
performed through a sortase A-mediated reaction.
The reaction mix contained 50 uM substrate (C-
terminally tagged with a sortag (LPETGG) followed
by a 6xHis tag), 250 pM fluorescent peptide
(GGGGGFYVK-FAM), 50 uM sortase A®*® and a
reaction buffer (50 mM Tris pH 8, 150 mM NaCl
and 10 mM CaCl,). The reaction was carried out
at room temperature for 30 min. After the reaction,
a pass-back over Ni-NTA resin was done to get rid
of unreacted substrates. Further purification was
done with SEC in the final buffer containing 50 mM
HEPES pH 7.5, 200 mM NaCl and 1 mM DTT.

°N labelling of hGid4

For NMR experiments, '°N-labeling of 6xHis-
hGid4 (A1-115) was carried out. Firstly, 50 ml of
the preculture was spun at 3000 rpm for 20 mins.
The supernatant was then removed and
resuspended with 1x M9 cell growth medium (2 g
glucose, 5 mg/ml thiamine chloride, 1 M MgSO,,
1 M CaCl, and 1g "®NH,CI per liter of 1x M9
medium) containing all essential ions and
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antibiotics. The cultures were then grown at 37 °C
and 200 rpm until it reached the ODggo of 0.5-0.8.
Subsequently, the temperature was reduced to
23 °C and kept for an hour before inducing with
0.6 M IPTG. The cultures were then kept growing
overnight at 23 °C, 200 rpm, harvested and used
for protein purification as described in the section
“Protein expression and purification” but in the final
SEC buffer containing 25 mM phosphate buffer pH
7.8, 150 mM NaCl and 1 mM DTT.

NMR (Nuclear Magnetic Resonance)
spectroscopy

NMR experiments were recorded at 298 K on
Bruker Avance Ill 600 MHz spectrometer (at 'H
Larmor frequency of 600 MHz) equipped with a
5 mm TCI cryoprobe. Samples at 0.1 mM '°N-
labeled hGid4 were prepared in NMR buffer
(50 mM HEPES, 100 mM NaCl, pH 7.0)
supplemented with 10% D,O. 'H,’®N HSQC
(heteronuclear single quantum  coherence)
correlation spectra were acquired with 2048 x 256
complex points and a recycle delay of 1.2 s, with
24 scans. DMSO references were acquired at the
beginning and end of the assay. No differences
were observed between them. Spectra in the
presence of ligands where measured at 1 mM Pro
or Pro-Gly and 0.5 mM PGLWKS peptide.

Phage-displayed N-terminal peptide library
construction and selections

A diverse octapeptide N-terminal phage-displayed
library was generated for the identification of
peptides binding to hGid4 (A1-99), yGid4 (A1-115)
and yGidi0 (A1-56). An IPTG-inducible
P:.c promoter was utilized to drive the expression
of open-reading frames encoding the fusion
proteins in the following form: the stll secretion
signal sequence, followed by a random
octapeptide peptide, a GGGSGGG linker and the
M13 bacteriophage gene-8 major coat protein
(P8). The libraries were constructed by using
oligonucleotide-directed mutagenesis with the
phagemid pRSTOP4 as the template, as
described. ~° The mutagenic oligonucleotides used
for library construction were synthesized using with
NNK degenerate codons (where N = A/C/G/T &
K = G/T) that encode all 20 genetically encoded
amino acids. The diversity of the library was
3.5 x 10° unique peptides.

The N-terminal peptide library was cycled through
five rounds of binding selections against
immobilized GST-tagged hGid4, yGid4,
and yGid10, as described.** Pre-incubation of the
phage pools against immobilized GST was per-
formed before each round of selections to deplete
non-specific binding peptides. For rounds four and
five, 48 individual clones were isolated and tested
for binding to the corresponding targets by phage
ELISA,"'° and clones with a strong and specific pos-
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itive ELISA signal were Sanger sequenced. A total
of 41, 12, and 12 unique peptide sequences were
identified binding to hGid4, yGid4, andyGid10,
respectively, and their sequences were aligned to
identify common specificity motifs.

Oligonucleotide used for the Kunkel reaction to
construct the library:

GCTACAAATGCCTATGCANNKNNKNNKNNKN
NKNNKNNKNNKGGTGGAGGATCCGGAGGA.

Fluorescence polarization (FP) assays

To determine conditions for a competitive FP
assay, we first performed the experiment in a non-
competitive format. A 2-fold dilution series of
hGid4 (A1-115) was prepared in the FP buffer
containing 25 mM Hepes pH 7.5, 150 mM NaCl,
0.5 mM DTT and 20 nM fluorescent PGLWKS-
FAM and a non-binding GGGGRHDS(P)GLDS(P)
MKDEE-FAM as a control peptide. The mixed
samples were equilibrated at room temperature for
5 min before transferring to Greiner 384-well flat
bottom black plates. Then, the polarization values
were measured at the excitation and emission
wavelengths of 482 nm and 530 nm, respectively
using CLARIOstar microplate reader (BMG
LABTECH). For each run, the gain was recorded
with FP buffer-only control. The data were fit to
one site-binding model in GraphPad Prism to
determine Kp value.

To compare binding of several unlabeled ligands
to hGid4, we performed the FP measurements in a
competitive format. Based on the FP plot from
hGid4 titration experiment, we identified hGid4
concentration, which resulted in ~60% saturation
of the FP signal. Next, 2-fold dilution series of
unlabeled competitors was prepared in the FP
buffer mixed with 6.8 M hGid4. After 5 min
incubation, the measurement was performed as
described above. The data were plotted relative to
the FP signal in the absence of an inhibitor as a
function of log(ligand concentration) and analyzed
with log(inhibitor) vs. response model to determine
IC50 values. To determine relative inhibitory
strength of the ligands, the determined 1C50
values were divided by that of PGLWKS.

Screening of PGLWKS sequence for hGid4
binding using peptide spot array

The array of peptides derived from the PGLWKS
sequence with all 20 amino acid substituted at
positions 1, 2 and 3 together, 4 and 5 were
synthesized on a membrane in the MPIB
biochemistry core facility . The membrane blot was
first blocked with 3% milk in TBST buffer (20 mM
Tris, 150 mM NaCl and 0.1% Tween 20) for 1 h at
room temperature. hGid4 (A1-99) was diluted to
10 pg/ml in the buffer containing 150 mM NaCl,
25 mM HEPES pH 7.5, 0.5 mM EDTA pH 8.0,
10% glycerol, 0.1% Tween 20, 2% milk and 1 mM
DTT and incubated with the blocked membrane

overnight at 4 °C with gentle shaking. The
membrane was then washed with TBST buffer 3
times, incubated with primary anti-hGid4 sheep
polyclonal antibody (1:500) for 3 h with gentle
shaking, followed by multiple washing steps with
TBST and 1 h incubation with secondary HRP-
conjugated anti-sheep (1:5000) antibody. The
membranes were again washed multiple times
with TBST and hGid4 binding was visualized by
chemiluminescence in Amersham Imager 800

(Cytiva).

Isothermal titration calorimetry (ITC) binding
assays

To quantify binding of peptides to hGid4 (A1-115)
and yGid10 (A1-56), we employed ITC. All peptides
were dissolved in the SEC buffer used for
purification of substrate receptors containing
25 mM HEPES pH 7.5, 150 mM NaCl and 0.5 mM
TCEP and their concentration was measured by
absorbance at 280 nm (if not present in the
original sequence, a single tryptophan residue was
appended at peptides’ C-termini to facilitate
determination of peptide concentration). Binding
experiments were carried out in the MicroCal
PEAQ-ITC instrument (Malvern Pananalytica) at
25 °C by titrating peptides to either hGid4 or
yGid10. Peptides were added to individual
substrate receptors using 19 x 2 pl injections, with
4 s injection time and 150 s equilibration time
between the injections. The reference power was
set to 10 pcal/s. The concentration of the peptides
and substrate receptors were customized
according the estimated Kp values. Raw ITC data
were analyzed using One-Set-of-Sites binding
model (Malvern Pananalytica) to determine Kp and
stoichiometry of the binding events (N). All plots
presented in figures were prepared in GraphPad
Prism.

Size exclusion chromatography with
multiangle light scattering (SEC-MALS)

To determine the oligomeric state of Mdh2, we
performed SEC-MALS (conducted in the MPIB
Biochemistry Core Facility). For each run, 100 pl
Mdh2 at 1 mg/mL were injected onto Superdex
200 column equilibrated with a buffer containing
25 mM HEPES pH 7.5, 150 mM NaCl and 5 mM
DTT.

In vitro activity assays

All ubiquitylation reactions were performed in a
multi-turnover format in the buffer containing
25 mM HEPES pH 7.5, 150 mM NaCl, 5 mM ATP
and 10 mM MgCl,. To quench the reactions at
indicated timepoints, an aliquot of the reaction mix
was mixed with SDS-PAGE loading buffer.
Ubiquitylation of fluorescein-labelled substrates
was visualized with a fluorescent scan of an SDS-
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PAGE gel with a Typhoon imager (GE Healthcare)
and quantified with ImageQuant (GE Healthcare;
version 8.2).

To verify whether FDITGFSW and GWLPPNLW
can be recognized by, respectively, yGid4 and
yGid10 during ubiquitylation reaction (Figure 4(D)),
we performed an in vitro activity assay with model
peptides, consisting of the respective N-terminal
sequences connected to a single acceptor lysine
with a 23-residue linker and C-terminal fluorescein
(the length of the linker was optimized based on
the GIDSR* structure®). To start the reaction,
0.2 uM E1 Ubal, 1 uM E2 Ubc8-6xHis, 0.5 uM E3
GIDA™, 20 pM ubiquitin, 1 pM yGid4 (A1-115) or
yGid10 (A1-56) and 1 uM peptide substrate were
mixed and incubated at room temperature.

In order to probe avid binding of Mdh2 to Chelator-
GIDSP*, we employed a competition ubiquitylation
assay (Figure S4(C)). The reactions were initiated
by mixin% 0.2 uM Uba1l, 1 pM Ubc8-6xHis, 0.5 uM
E3 GIDS", 0 or 2 uM Gid7 (WT or its N terminal
deletion mutant, A1-284), 0.5 uM Mdh2-FAM,
20 uM unlabeled competitor (dimeric Mdh2-6xHis
or a peptide comprising Mdh2 N-terminal
sequence PHSVTPSIEQDSLK) and 20 uM
ubiquitin. GIDS?* was incubated with Gid7 for 5
min on ice before the start of the reaction.

To test which of the preferred ubiquitylation sites
within Mdh2 determined previously for GIDSR4%*
are major ubiquitylation targets of Chelator-
GIDSR*, we performed an activity assay with WT
and mutant Mdh2, in which putative target lysine
clusters (K254/K256/K259; K330; K360/K361)
were mutated to arginines individually and all
together (Figure S5(A)). To start the reaction,
0.2 puM Ubail, 1 pM Ubc8-6xHis, 0.1 uM
Chelator-GIDS*, 1 uM WT or mutant Mdh2-
6xHis and 20 pM ubiquitin were mixed. After
quenching, Mdh2-6xHis and its ubiquitylated ver-
sions were visualized by immunoblotting with
anti-6xHis primary antibody and HRP-conjugated
anti-mouse secondary antibody.

To quantitatively compare recognition of phage
display-identified sequences and degrons of
natural GID substrates by yGid4, we employed
competitive ubiquitylation assays (Figure 4(F)).
Unlabeled peptide inhibitors comprising the
analyzed sequences were titrated to compete off
binding of Mdh2-FAM to GIDSR*, thus attenuating
its ubiquitylation. Reactions were started by
addition of 20 uM ubiquitin to the mixture of 0.2 uM
E1 Ubat, 1 M E2 Ubc8-6xHis, 0.5 M E3 GIDA™,
1 uM yGid4 (A1-115), 0.25 uM Mdh2-FAM and
various concentrations of peptide competitors.
After 3 min, the reactions were quenched so that
their velocities were still in the linear range. The
fractions of ubiquitylated Mdh2 in the presence of
an inhibitor were divided by that for Mdh2 alone
and plotted against peptide concentration. Fitting
of the data to [inhibitor] vs. response model in
GraphPad Prism yielded IC50 values.
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To qualitatively compare degrons of Fbp1 and
Mdh2 in the context of full-length substrates
(Figure 6(A)), we performed activity assay with WT
and degron-swapped versions (Fbp1Mdh2 degron gng
Mdh2MPP1 degron) of the substrates by mixing 0.2 uM
E1 Ubal, 1 uM E2 Ubc8-6xHis, 1 uM E3 GIDA™,
2 uM yGid4 (A1-115), 0.5 uM WT or mutant version
of Fbp1-FAM or Mdh2-FAM and 20 pM ubiquitin.
Similarly, we tested if the N-terminal FDITGFSW
motif can promote in vitro ubiquitylation of Fbp1.
The reactions contained 0.2 uM E1 Uba1, 1 uM E2
Ubc8-6xHis, 0.1 uM GIDSR* or Chelator-GIDSR*,
1 uM of WT or mutant Fbp1 and 20 uM ubiquitin.

Kinetic parameters for ubiquitylation of WT and
degron-swapped versions of Fbp1 and Mdh2 were
determined as described previously.*® Briefly, to
determine Michaelis-Menten constant (K.,), we
titrated E3 (GIDSP* or Chelator-GIDSP*) at constant
substrate concentration kept below K, (0.5 and
0.1 yM for reactions with GIDS?* and Chelator-
GIDSR*, respectively; Figures 5(A), (B) and S4(E)).
The reaction time was optimized so that the velocity
of all reactions was in the linear range. The fraction
of ubiquitylated substrate was calculated and plotted
as a function of E3 concentration in GraphPad Prism
and fit to Michaelis-Menten equation to determine
K- To calculate k.4, time course assays were per-
formed with the ratios of [E3]:K,,, and [substrate]: K,
kept the same for all substrates and E3 versions (2.7
and 0.4, respectively; Figure 5(C)). The rates of the
reactions were calculated by linear regression in
GraphPad Prism from plots of fraction of ubiquity-
lated substrates vs. reaction time (Figure S4(D))
and converted into initial velocity using the following
equation: Vo = rate - [substrate)].

Then, V,x Was estimated using a modified form
of the Michaelis-Menten equation:

V pax = LoKmtlsubstiate)) 4 ghtain k., values, Vinax

X [subsirateé ) %
was divided by the E3 concentration:k.;; = ﬁ

Yeast strain construction and growth
conditions

The yeast strains used in this study are specified
in the Reagents table. All the yeast strains were
constructed as derivatives of BY4741 using
standard genetic techniques and were verified
using PCR, DNA sequencing and immunoblotting
to confirm protein expression.

In vivo yeast substrate degradation assays

In order to test the effect of degron identity on
glucose-induced degradation of GID substrates,
we monitored turnover of WT and degron-
exchanged versions of Mdh2 and Fbp1, using the
promoter reference technique.*® Initially, WT and
AGid7 yeast strains were transformed with a plas-
mid harboring the open reading frame of either
Fbp1-3xFLAG, Mdh2-3xFLAG or their mutant ver-
sions (Fbp1Mdh2 degron_gy | AG and Mdh2FPP? degron.
3xFLAG) and the control protein DHFR-3xHA, both
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expressed from identical promoters. Cells were then
grown in SD-glucose medium to OD®** of 1.0 fol-
lowed by carbon starvation in SE medium (0.17%
yeast nitrogen base, 0.5% ammonium sulfate, 2%
ethanol, amino acid mix) for 19 h. Next, yeasts at
the equivalent of 1 ODgoo Were transferred to SD-
glucose medium containing 0.5 mM tetracycline
resulting in translation inhibition induced by its bind-
ing to specific RNA-aptamers within ORFs of the
examined and control proteins. At the indicated time
points, 1 mL of cells were harvested and pellets
were flash frozen in liquid nitrogen. Cell lysis was
performed by thawing and resuspending the pellets
in 800 pL 0.2 M NaOH, followed by 20 min incuba-
tion on ice and subsequent centrifugation at
11,200xg for 1 min at 4 °C. The supernatant was
removed and pellets were resuspended in 50 pL
HU buffer (8 M Urea, 5% SDS, 1 mM EDTA,
100 mM DTT, 200 mM Tris pH 6.8, protease inhibi-
tor, bromophenol blue), heated at 70 °C for 10 min
and then centrifuged again for 5 min at 11,200xg
and at 4 °C. The substrates and the control protein
DHFR were visualized by immunoblotting with,
respectively, anti-FLAG or anti-HA primary and
DyLight fluorophore conjugated secondary antibod-
ies, and imaged using a Typhoon scanner (GE
Healthcare). Quantification was done using the
ImageStudioLite software (LI-COR). For the final
graphs, the substrate signal was first normalized rel-
ative to the DHFR signal and then to the time point
zero (before glucose replenishment). Three biologi-
cal replicates were performed for all the assays.

A similar experiment was done to test is the novel
high-affinity yGid4-binding sequences can confer
glucose-induced instability onto Fbp1. To enable
N-terminal exposure of sequences with N-terminal
bulky hydrophobic residues, all Fbp1 versions
(FDITGFSW-Fbp1(A1-9)-3xFLAG, LDVSWFEW-F
bp1(A1-9)-3xFLAG, a positive control IGLW-Fbp1
(A1-5)-3xFLAG®® and Fbp1-3xFLAG) were
expressed as N-terminal fusions to ubiquitin as
described previously.***° The cleavage of the ubig-
uitin fusion was confirmed by immunoblotting with
anti-FLAG antibodies. The experiment was per-
formed as described above.

X-ray crystallography

All crystallization trials were carried out in the
MPIB Crystallization facility. All crystals were
obtained by vapor diffusion experiment in sitting
drops at room temperature. The diffraction
datasets were recorded at X10SA beam line,
Swiss Light Source (SLS) in Villingen, Switzerland.

Crystals of hGid4 (A1-99) (without a peptide) were
obtained at a concentration of 10 mg/ml using 18%
PEG 3350, 0.2 M ammonium nitrate and 0.1 M
Bis-Tris buffer at pH 7. Crystals were
cryoprotected in 20% ethylene glycol and flash-
frozen in liquid nitrogen for data collection.

For hGid4 (A1-120, A294-300) crystals containing

with 600 uM FDVSWFMG peptide and incubated for
1 h on ice before setting up trays. Crystals were
obtained using 1.1 M Sodium malonate, 0.3%
Jeffamine ED-2001 pH 7 and 0.1 M HEPES pH 7
and cryoprotected using mix of 20% glycerol and
20% ethylene glycol.

Similarly, for yGid10 (A1-64, A285-292) crystals
with the peptide FWLPANLW, the protein was
concentrated to 10 mg/mL and mixed with the
peptide to obtain final protein and peptide
concentrations of 262 upuM and 760 uM,
respectively (~3-fold molar excess of the peptide).
Crystals were obtained using 0.1 M MES pH 6.9
and cryoprotected using 20% ethylene glycol.

All the diffraction data were indexed, integrated,
and scaled using XDS package. Phasing was
performed through molecular replacement using
the previous structure of hGid4 (PDB ID: 6CDC, in
the case of hGid4 with and without a peptide) or
cryo EM structure of yGid4 (extracted from PDB ID:
7NS3, in the case of peptide-bound yGid10) using
PHASER module integrated into PHENIX software
suite.”> " Model building was done using Coot,”**
and further refinements were carried out with phenix.
refine. Details of X-ray diffraction data collection and
refinement statistics are listed in Table S1.

Data availability

The accession codes for the PDB models are
available in RCSB as follows: human Gid4 bound
to a Gly/N-peptide, PDB ID: 7Q4Y; human Gid4
bound to a Phe/N-peptide, PDB ID: 7Q50; yeast
Gid10 bound to a Phe/N-peptide, PDB ID: 7Q51.

All the unprocessed image data have been
deposited to Mendeley Data: http://dx.https://doi.
org/10.17632/nz5mch8k2w.1.
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3. Discussion

Here, in our studies, we answered numerous long-standing questions in the field by
investigating the mechanistic principles of yeast GID and human CTLH E3 ligases. First, we
have discovered that Gid7 orthologs are assembly factors of GID and CTLH E3 ligases that
allow transformation of the minimal catalytically active GID E3 ligase complex, named GIDSR?,
into a supramolecular “Chelator-GIDS?*” complex (named so due to its chelator-like
resemblance). Second, we have uncovered a multipronged substrate targeting mechanism by
the supramolecular Chelator-GIDSR* E3 ligase assembly. Third, we have shown how a singular
GID E3 ligase recognizes multiple substrates through the incorporation of stress-specific
interchangeable substrate receptors that have pliable degron binding pockets. Fourth, we now
know that similar structural and mechanistic features are conserved in human CTLH,
suggesting potentially an analogous concept of substrate regulation in human.

The concept of a single E3 ligase utilizing interchangeable substrate receptors to target a
multitude of substrates has long been demonstrated by the CRL E3 ligase family [57]. Now, a
similar concept is arising for the GID/CTLH E3 ligase with its swappable substrate receptors
and other additional assembly factors. In yeast, GID SR* (where # specifies the number for each
substrate receptor) acts as the minimal active E3 ligase assembly that binds various substrate
degrons and simultaneously facilitates conformational activation of the Ubc8~Ub intermediate
for ubiquitin transfer on to substrates [74]. In vivo the GIDS?* complex can degrade the
gluconeogenic substrates Mdh2, Icll and Pckl, but not Fbpl, which requires Gid7 for its
glucose-induced degradation [111]. The mechanistic insights determined from our cryo EM
and biochemical experiments now explain how the previously uncharacterized Gid7 initiates
a 20-protein (roughly 1.3 MDa) giant assembly of the GID complex, named Chelator-GIDSR4,
which is specifically tailored for ubiquitin targeting of the tetrameric structure of Fbp1.

The Chelator-GIDS?* assembly provides several advantages in targeting a tetrameric Fbp1.
First, degron-binding pockets from two opposing Gid4 substrate receptors serves for avid
substrate recruitment by facilitating concurrent binding of the degrons from two Fbpl
protomers in the same tetramer. However, there are two additional unoccupied terminal
degrons from remaining protomers and we speculate that Fbpl-binding to Chelator-GIDS?*
can potentially switch between the protomers to ubiquitylate all possible lysine sites in each
protomer. Second, the Ubc8~Ub intermediates are activated by two opposing Gid2-Gid9
catalytic domains, thus allowing efficient simultaneous ubiquitylation of multiple protomers of
Fbpl. It is likely that such a dual ubiquitin targeting mechanism is capable of adequately
ubiquitylating the substrate in one binding event for subsequent proteolytic steps. It will be
interesting to visualize how such a ubiquitin transfer from two opposing catalytic sites is
mediated. Third, the ubiquitylation of Fbpl has potential effect on metabolic activity of Fbpl
itself. Fbpl is a metabolic enzyme with an allosteric AMP binding site and F-1,6-BP binding
site. So far, we have observed an effect on AMP inhibition upon Fbpl ubiquitylation or
mutation of target lysines in Fbpl. It is possible that in vivo, ubiquitylation could deem the
enzyme Fbpl catalytically inactive. Alternatively, only Fbpl tetramers that have been
catalytically inactivated through a different mechanism may be targets of ubiquitylation. At the
moment, we can only speculate that ubiquitylation of Fbpl has some impact on its own activity.
Many metabolic enzymes are oligomeric in nature and function strictly to regulate a specific
process in a complex cellular pathway. There is definitely more to explore on such E3 ligase
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systems that specifically act on different metabolic enzymes and regulate individual steps of
the metabolic pathways.

In addition to demonstrating the ability of yeast GID E3 ligase to form distinct higher order
assemblies we also elucidated some of the structural and mechanistic features of the human
CTLH complex. CTLHSR4, like GIDSR4, can act as a minimal active E3 and ubiquitylate model
peptide substrates. Moreover, the human Gid7 orthologs, WDR26 and MKLN1, facilitate
distinct supramolecular assemblies together with the core CTLH components [86, 111]. Taking
into account other studies of human CTLH, we speculate that each of these assemblies may
have distinct functions and/or distinct target substrates, as implied by varying phenotypic
alterations upon their individual mutations. Moreover, WDR26 has been proposed as a
substrate receptor for the transcription factor Hbpl [77, 86]. Similarly, MKLN1 contains
domains that likely bind different proteins and molecules such as phospholipids, galactose
and collagen [112], making it also a potential CTLH substrate receptor candidate. Apart from
canonical CTLH subunits, we show that CTLH interactor YPEL5 binds WDR26 [111].
However, whether it is simply some additional subunit or even plays some regulatory function
in CTLH regulation is yet to be explored. Recently we have also shown that homologous CTLH
subunits like RANBP9 and RANBP10 can also form distinct RANBP9-CTLH or RANBP10-
CTLH complexes that are dependent on differentiation stages of erythroid cells [113],
providing further evidences for expanding CTLH assembly and regulation. The specific
domain architecture of WDR26 and MKLN1 may also allow for the assembly of distinct higher-
order CTLH complexes comprising either WDR26 or MKLN1 or both to target substrates in
diverse biological pathways. We have also recently seen increasing evidences of diverse E3-
E3 oligomeric assemblies from other studies [58-60] and we can anticipate that this might be
just the tip of an iceberg, which opens up new ways for understanding E3 ligase mediated
regulation through higher-order oligomeric assemblies.

Using a combination of phage display, binding assays and X-ray crystallography, we further
demonstrated that the GID/CTLH substrate receptors, such as human/yeast Gid4 and yeast
Gid10, have pliable substrate binding pockets with loops that adopt different conformations to
complement the bound degron or peptide sequences [80-82, 84]. We also identified novel
non-Pro/N-peptides with bulky hydrophobic residues that can bind Gid4 and Gid10 with higher
affinities compared to natural substrate degrons. This opens up new possibilities for finding
physiological substrates of GID or CTLH that perhaps possess non-proline degrons, although
bulky hydrophobic residues at the N-termini are likely to be generated only via proteolytic
cleavages. Furthermore, such strong peptide binders of GID substrate receptors can be
leveraged as potential therapeutic targets in the future. Indeed, Pfizer has already developed
an exemplary molecule, named PFI-7, that binds human Gid4 with a binding affinity of 80 nM,
potentially for designing novel PROTAC handles to target proteins of interest via the CTLH E3
ligase. There are still challenges that persist for development of therapeutic molecules for
human CTLH. Unlike in yeast and Drosophila where we know the precise regulatory trigger
for GID/CTLH mediated substrate regulation [65, 67, 68, 73, 74, 80, 85, 109], in human cells
we have very little understanding of how, or under which stress or functional condition CTLH
regulation is triggered. So far, this has remained the major bottleneck in understanding its
substrate regulation. Moreover, we still lack clear evidence for the proposed physiological
substrates of this complex. However, there is prospect for a high-affinity molecule, like the one
developed by Pfizer, to be repurposed as a tool to identify the GID/CTLH substrates under
different cellular conditions.
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To sum up, we now understand that there is not a single yeast GID or human CTLH complex,
rather a collection of diverse multiprotein assemblies (in case of yeast GID, specific stress and
nutrient-responsive assemblies), each of which could have individual roles in regulating
distinct substrates in multiple biological pathways. Thus, the multifaceted nature of GID/CTLH
allows for both interchangeable substrate receptors that are capable of conforming to diverse
degron sequences, and supramolecular assemblies that are capable of targeting specific
oligomeric substrates. We expect that these mechanistic principles of yeast GID and human
CTLH are evolutionarily conserved in other organisms, allowing GID and CTLH complexes to
serve as a common regulatory switch.
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4. Methods
4.1. Cloning and plasmids preparation

The individual genes of yeast GID subunits and the gluconeogenic substrates were originally
amplified from S. cerevisiae BY4742 genomic DNA. The individual genes for human CTLH
subunits were obtained from in-house human cDNA library, except for hGid4 and WDR26,
which were synthesized as codon-optimized versions for bacterial expression and insect cell
expression system respectively (GeneArt gene synthesis, Thermo Fischer Scientific).

Majority of the proteins that were expressed singly were cloned into pGEX or pRSF vectors
with N-terminal GST or C-terminal 6XHis tags, with or without a TEV cleavage site. The
constructs were cloned into respective vectors using Gibson assembly protocol (Gibson et a.
2009) except in case of mutagenesis, where the QuikChange Site-Directed Mutagenesis
protocol (Stratagene) was used. After PCR, Dpnl digestion was done at 37°C overnight
followed by PCR purification except for mutagenesis where we skipped the PCR purification
step. DNA transformations were done in DH5a cells and DNA was isolated using miniprep kit
(Qiagen) and verified using sequencing (Eurofins). For protein expression, the constructs were
further transformed into BL21(DE3) pRIL cells.

For the constructs in insect cells, the genes were initially cloned into pLIB vectors and verified
by sequencing. In order to combine the GID and CTLH subunits into a single expression
system, they were further cloned into a single baculoviral expression vector using biGBac
assembly technigue (Weissmann et al., 2016). For all the insect cell expression, the constructs
were transformed using DH10EMBacY cells and bacmids were generated.

4.2. Protein expression and purification for biochemistry and structural
studies

All the GID and CTLH complexes used in the biochemical assays and cryo EM were
expressed in insect cells. Insect cells (Sf9) are transfected with prepared bacmids and
baculovirus variants were propagated from P1 till P3 stages, followed by final step of
expression in Hi5 cells using suspension media (EX-CELL 420 Serum-Free Medium) at 27°C.

Insect cells were harvested by spinning at 450 g for 15 mins, and the pellets were resuspended
in a lysis buffer containing 50 mM Hepes pH 7.5, 200 mM NaCl, 5 mM DTT, 10 ug/ml leupeptin,
20 pg/ml aprotinin, 2 mM benzamidine, EDTA-free protease inhibitor tablet (1 tablet per 50 ml
of the buffer) and 1 mM PMSF.

The recombinant GID/CTLH complexes affinity purification was carried out by using twin-Strep
tag fused at the Gid8/TWAL C-terminus, except for
RanBP9/TWA1/ARMCS8/Gid4/WDR26/YPELS subcomplex, for which the tag was fused to the
ARMCS8 N-terminus. Further purification was performed by anion exchange chromatography
and size exclusion chromatography (SEC). As a final buffer for SEC either 25 mM Hepes pH
7.5, 200 mM NaCl and 5 mM (Buffer A) or 1 mM DTT (Buffer B) was taken depending whether
it was used for cryo EM and biochemical assays, respectively. For GID complexes for the cryo
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EM, bacterially purified Gid4 (A1-116) or Gid7 were added before SEC. Also, for the human
CTLH complexes used for cryo EM, hGid4 ((A1-99) was added before SEC.

All the bacterial expression was done in E. coli BL21(DE3)RIL cells. Cells were harvested by
spinning at full speed (5000 rpm) for 15 mins and pellets were resuspended in the lysis buffer
before further purification. WT ubiquitin was purified via glacial acetic acid method [114],
followed by gravity S column ion exchange chromatography and SEC. Different Ub variants
as well as WT Ub used for the ubiquitin chain type determination assay were expressed as
GST-3C fusions were purified by glutathione affinity chromatography, followed by incubation
with HRV-3C protease for 3 hours at room temperature and a SEC at the end. The mutant
and WT versions of Gid7, yeast and human and yeast Gid4 were expressed as GST-TEV
fusions and were purified by glutathione affinity chromatography, followed by overnight TEV
cleavage at 4°C using tobacco etch virus (TEV) protease. Further purification was carried out
with SEC followed by a pass-back over glutathione affinity resin to get rid of the remaining
uncleaved GST-fusion protein and free GST. Yeast and human E2s Ubc8 and Ube2H, Fbpl
WT and mutants, Mdh2 were expressed as C-terminal 6xHis-tagged versions and purified
using nickel affinity chromatography, followed by anion exchange and SEC.

4.3. Purification of endogenous yeast GID for cryo EM

For obtaining the endogenous complex for cryo EM, yeast strain with Gid7 and Gid5 C-
terminally tagged at their endogenous loci with an HA and 3xFLAG tag respectively, was
taken. 3 liters of yeast were grown at 30°C first in YPD medium for 8 hours followed by
resuspension in YPE medium (1% yeast extract, 2% peptone, 2% ethanol) to ODego Of 1.0.
Cells were grown further for 19 hours and harvested at ODgoo 0f 18.0. The cells were pelleted
by spinning at 5000 rpm for 10 mins. The pellet was resuspended in the lysis buffer containing
50 mM HEPES pH 7.5, 150 mM NacCl, 1 mM CacCl;, 0.2 M sorbitol, complete protease inhibitor
tablets and frozen in liquid nitrogen in the form of small bead-like droplets. The frozen yeast
pellets were lysed using a cryo-mill (SPEX Sample Prep-6875 Freezer/Mill) and the yeast
powder thus obtained was kept at -80°C. For the complex purification, frozen yeast powder
was thawed by rolling in the cold room for an hour and subjected to homogenization using
Dounce homogenizer. The lysate was then centrifuged at 35,000 rpm for 10 minutes and the
supernatant was incubated with ANTI-FLAG M2 affinity resin for an hour. The resins were then
washed several times before protein elution using 3XxFLAG peptide. The eluted complex was
run on SDS-PAGE and further concentrated to 1 mg/ml for cryo EM purposes.

4.4. Sortase mediated fluorescent labeling of substrates

For the fluorescent tagging of substrates Fbpl, Mdh2 and Pckl, constructs containing
additional LPETGG motif at the C-terminus prior to the 6xHis tag were designed. The
fluorescent labelling was performed using a sortase A-mediated reaction, which catalysed
fusion of fluorescein to the C-terminus of Fbpl. The reaction was proceeded by adding 50 uM
of Fbpl C-terminally tagged with a sortag (LPETGG), 250 uM of a fluorescent peptide
(GGGGGFYVK-FAM) and 50 uM of sortase A and a buffer comprising 50 mM Tris-HCI pH 8,
150 mM NaCl and 10 mM CacCl; and incubating the mix for 30 min at room temperature. The
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reaction mixture was consecutively passed-back through the Ni-NTA sepharose resin to get
rid of unreacted substrates and further purified using SEC.

All other labelled and unlabeled peptides used in the biochemical assays were synthesized in
the MPIB Biochemistry Core Facility by Stephan Ubel or Stefan Pettera.

4.5. 5N labelling of hGid4 for NMR

For the NMR experiments that were done to access binding of different Pro/N- peptides,
hGid4(A1-115) was expressed with N-terminal 6xHis tag in the presence of ®*N containing
media. 50 ml of the preculture was spun at 3000 rpm for 20 mins followed by resuspension of
the pellet in in 1 litre of 1x M9 cell growth medium containing 2 g glucose, 5 mg/ml thiamine
chloride, 1 M MgSO., 1 M CaCl,, 1g ®NH.CI, trace elements and antibiotics. The cultures
were then grown at 37°C and 200 rpm until the ODggo of 0.5-0.8 to was reached. The
temperature was then reduced to 23°C and kept for an hour before inducing with 0.6 M IPTG
followed by continuous growth overnight at 23°C, 200 rpm. For the protein purification affinity
chromatography was done using nickel-resins followed by SEC in buffer containing 25 mM
phosphate buffer pH 7.8, 150 mM NaCl and 1 mM DTT which was suitable for NMR puporses.

4.6. In vitro biochemical assays with yeast GID complex

The in vitro ubiquitylation assays were also performed using labelled substrate or by using
western blotting for His tag. The in vitro activity assays were performed at room temperature
in a buffer containing 25 mM Hepes pH 7.5, 150 mM NaCl, 5 mM ATP and 10 mM MgCl.. To
ensure that all the reaction mixtures contained equal concentrations of WT and mutant
versions of Gid4 and Gid7, these components of the GID complex were added exogenously
for most assays. All the reactions were quenched at indicated timepoints by mixing 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) and western
blots were visualized using Amersham Imager 600 (GE Healthcare).

4.6.1. Multi-turnover ubiquitylation assays

The multi-turnover ubiquitylation assays to assess the effect of Gid7 and Gid4 were performed
by using either the labelled full-length and peptide versions of Fbpl, or labelled full-length
Mdh2 or Pckl. The assay mix consisted of 0.2 uM Ubal, 1 uM Ubc8, 0.5 uM GIDA™, 0 or 1
MM Gid4, 0 or 2 uM Gid7, 1 pM full-length Fbpl-FAM/Mdh2-FAM/Pck1-FAM or a fluorescently
labelled model peptide substrate and 20 uM Ub. The fluorescently labelled model peptide
substrate was designed such that the N-terminus contained the Fbpl degron PTLV followed
by a linker with a single lysine placed at position 23. The lysine placement was done based
on the distance between Gid4 and the RING domain measured in the structure of GIDSR?,
Furthermore, to test whether the effect of ubiquitylation in case of Gid7 added exogenously
versus Gid7 expressed with the other complex subunits multi-turnover assay was done under
the same conditions as mention earlier using labelled full length Fbp1.
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4.6.2. Ubiquitin discharge assay

The intrinsic activity of GID E3 in the presence and absence of Gid7 was measured in a
substrate-independent pulse-chase assay, where the discharge of preassembled Ubc8~Ub to
free lysine was followed. In the pulse reaction, Ubc8 was loaded with Ub by mixing 0.5 pM
Ubal, 10 uM Ubc8 and 30 uM Ub and incubating for 15 mins. The reaction was quenched by
addition of 50 mM EDTA and incubation on ice for 5 minutes. During the chase reaction, the
loaded Ubc8~Ub was mixed with an equal volume of another reaction mix containing 1 uM
GIDSR* complex, 0 or 2 uM Gid7 (WT or (A1-284) mutant) and 25 mM lysine pH 8.0. The
reaction was carried out at room temperature and was quenched at different timepoints in non-
reducing SDS loading buffer.

4.6.3. Competition assay

A ubiquitylation assay with competing full-length protein or peptide was devised to verify the
avid binding of Fbp1 to Chelator-GIDSR4, The assay was performed using multi-turnover format
where the reaction mixture was prepared with 0.2 uM Ubal, 1 uM Ubc8, 0.5 uM E3 GIDS?, 0
or 2 uM Gid7 (WT or its (A1-284) mutant), 0.5 uM of fluorescently labelled full-length tetrameric
Fbpl or a monomeric model peptide containing Fbpl degron, 20 uM of a competing unlabeled
substrate (full length Fbpl-6xHis or a 10-residue peptide containing Fbpl N-terminal
sequence) and 20 uM Ub. The reaction was carried out at room temperature and was
guenched at different timepoints in SDS loading buffer.

4.6.4. Assay for target lysine site determination

In order to determine the preferred target lysines in Fbpl using di-Gly proteomic approach, a
ubiquitylation assay was performed in bulk and submitted for analysis. The goal was to capture
the initial ubiquitylation events, therefore a single-turnover pulse-chase assay was done using
a significantly higher concentration of the substrate compared to Ubc8~Ub. First, 1 uM Ubc8
was loaded with 30 pM lysine-less ubiquitin and 0.5 pM Ubal for 15 minutes at room
temperature followed by quenching using 50 mM EDTA. During the chase, the charged
Ubc8~Ub was mixed with an equal volume of a second mix containing 1 pM GIDA™, 2 uM
Gid7, 2 uM Gid4 and 4 uM Fbp1. The reaction was incubated in room temperature for 1 minute
and quenched by adding 10 mM DTT, which was removed by desalting prior to using it for
mass spectrometry experiments. Further mass spectrometry experiments and analysis were
done by Fynn Hansen in the Mann Department.

4.6.5. Determination of Michealis-Menten kinetics for Fbp1 ubiquitylation by GID E3

The Michaelis-Menten constant K, for Fbpl ubiquitylation by GID E3 was determined by multi-
turnover assays, where the E3 concentration was titrated and the substrate levels were kept
constant below K. Different complexes - GIDSR4, GIDSR* mixed with Gid7 as well as a purified
Chelator-GIDS?* (GIDSR* co-expressed with Gid7) were used for the assay. For the assay with
GIDSR4 0.2 uM Ubal, 1 uM Ubc8, 0.25-8 uM GIDSR4, 0.5 pM Fbp1-FAM and 20 uM Ub, were
mixed and reaction was quenched after 8 minutes. Similarly, for GIDSR* exogenously mixed
with Gid7 sample, reaction mix containing 0.2 uM Ubal, 1 pM Ubc8, 0.025-0.8 uM GIDSR4
mixed with a 2-fold excess of Gid7, 0.1 uM Fbpl-FAM and 20 uM Ub were quenched after 3

73



minutes. In the case of Chelator-GIDSR4, the reaction mixes containing 0.2 uM Ubal, 1 pM
Ubc8, 0.03-1 uM Chelator-GIDSR4, 0.1 uM Fbp1-FAM and 20 pM Ub were quenched after 2
minutes. Reactions were quenched at timepoints in which the initial velocities of all reactions
were well within the linear range, which was determined separately by running time courses
for these reactions with highest E3 concentration for each case. The reaction was run on SDS-
PAGE and quantified using ImageQuant (GE healthcare; version 8.2). Initial velocities were
calculated by taking the fraction of Fbpl that had been modified by one or more ubiquitin and
dividing by time. Initial velocities were then plotted as a function of E3 concentration in
GraphPad Prism and fitted to the Michaelis-Menten equation using non-linear curve fitting. All
reactions were performed in duplicates.

For the kear measurement, initial velocities were measured for both GIDS?* and Chelator-
GIDSR* by performing a time course assay while keeping ratios of both E3 to K, and substrate
to Kn the same for each E3 complex (2.7 and 0.4, respectively). The fraction of ubiquitylated
Fbpl was determined as mentioned above and plotted in GraphPad Prism as a function of
time and the rate of the reaction was estimated by linear regression. Having calculated the

rate, initial velocities Vo were calculated using the following equation: V,, = rate * [S]. Vmax Was

then estimated using a modified form of the Michaelis-Menten equation: V., = %’"”)

where S = 12(—’; because the substrate concentration was 2.5 times lower than K. To obtain kcat

Vmax
(E3] "

All the kinetic experiments were designed with the guidance from Gary Kleiger.

values, Vmax was divided by the E3 concentration: k.,; =

4.7. Size exclusion chromatography for characterization of GID complex
assembly

To determine the shift in size of the complex upon addition of Gid7, SEC analysis was done
by running 200 pl of 10 uM Gid7 alone, GIDSR* alone and both together (mixed in 1:1 ratio)
onto a Superose 6 column (GE Healthcare) equilibrated with 25 mM Hepes 7.5, 150 mM NacCl
and 5 mM DTT. Individual SEC fractions were run on SDS-PAGE for further analysis.

4.8. Size exclusion chromatography-Multi angle light scattering (SEC-
MALS)

The oligomeric state of Fbpl and Gid7 were determined by performing SEC-MALS. For each
run, 100 ul 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 NacCl and 5 mM DTT. SEC-MALS was
conducted in the MPIB Biochemistry Core Facility with the help of Monica Zobawa.

4.9. Fbpl enzyme activity assay

Fbpl enzyme activity was conducted to test if the ubiquitylation or mutation of the target
lysines had an effect on the enzymatic activity of the Fbp1 itself. For this EnzChek™
Phosphate Assay Kit (ThermoFisher Scientific) was used. This is a colorimetric assay that
guantifies inorganic phosphate (P;) released from fructose-1,6-bisphosphate by Fbp1l through
enzymatic conversion of 2-amino-6-mercapto-7-methyl-purine riboside (MESG) to ribose 1-
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phosphate and 2-amino-6-mercapto-7-methylpurine by purine nucleoside phosphorylase
(PNP) leading 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) which is then measured as a
readout.

The fully ubiquitylated Fbpl was made by performing an overnight multiturnover ubiquitylation
reaction at room temperature consisting of 0.2 uM Ubal, 1 uM Ubc8, 0.5 uM GIDA™, 1 uM
Gid4, 2 uM Gid7, 10 uM Fbp1-V5-2xS and 100 uM 6xHis-3c-Ub. The reaction mix was further
subjected to SEC (Superose 6 column) to separate different components of the assay and
only the fractions corresponding to the ubiquitylated Fbpl were pooled together. This was then
subjected to nickel affinity purification to pull on only ubiquitin-bound Fbpl. After throughout
wash, the bound ubiquitylated Fbpl was eluted and visualized by SDS-PAGE.

Fbpl activity assays were performed at room temperature and using either WT, target lysine
mutant (K32A/K35A/K280A/K281A) or fully ubiquitylated Fbpl. First, MESG, PNP and 20x
reaction buffer, 0.5 mM fructose-1,6-bisphosphate substrate and 0.6 mM AMP (for the Fbpl
inhibition assay) were pre-mixed and incubated for 5 min. Then, the reaction was initiated by
addition of 53 nM of different versions of Fbpl, and the reaction progress was followed by
measuring a time-course of absorbance at 360 nm using CLARIOStar Plus microplate reader
(BMG LABTECH) in a UV-transparent 96-well plate. For the analysis, the values of Asso
obtained for the buffer-only control were deducted from all the experimental measurements
and plots were made using GraphPad Prism.

4.10. Fluorescence polarization (FP) assays

For the FP experiments performed to measure binding affinity, 2-fold dilution series of hGid4
(A1-115) was prepared in the FP buffer containing 25 mM Tris pH 8.0, 150 mM NacCl, 0.5 mM
DTT and 20 nM of fluorescent PGLWKS-FAM and simultaneously a separate mix with non-
binding GGGGRHDS(P)GLDS(P)MKDEE-FAM control peptide was also prepared. The mixed
samples were equilibrated at room temperature for 5 mins and transferred to Greiner 384-well
flat bottom black plates. The polarization values were measured in CLARIOstar microplate
reader (BMG LABTECH) using the excitation at 482 nm and emission at 530 nm. The data
were then fit to one site-binding model in GraphPad Prism to determine Kp value.

For further comparison of the binding of several unlabeled ligands to hGid4, we performed
competitive FP measurements. Based on the FP plot from the above experiment, we took the
hGid4 concentration with ~60% saturation of the FP signal (6.8 uM hGid4). Then we performed
2-fold dilution series of unlabeled competitors in FP buffer mixed with hGid4 and the
fluorescent peptide from above. The measurements were taken after a few min incubation.
The data were plotted relative to the FP signal in the absence of an inhibitor as a function of
log (ligand concentration) and analyzed with log (inhibitor) vs. response model to determine
IC50 values. To determine relative inhibitory strength of the ligands, the determined IC50
values were divided by that of PGLWKS.
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4.11. Peptide spot array binding assay

First, the array of peptides derived from the PGLWKS sequence with all 20 amino acid
substituted at different positions either position 1, 2 and 3 together or position 4 and position
5 separately were synthesized on a membrane in the MPIB biochemistry core facility with the
help of Jochen Rech following the previously established protocols (Hilpert et al., 2007). For
the spot array binding assay, the membrane blot was first blocked with 3% milk in TBST buffer
(20 mM Tris, 150 mM NaCl and 0.1% Tween 20) for 1 hour at room temperature. Then the
membrane was incubated with the human Gid4 (A1-99) was diluted to 10 ug/ml in the buffer
containing 150 mM NacCl, 25 mM HEPES pH 7.5, 0.5 mM EDTA pH 8.0, 10% glycerol, 0.1%
Tween 20, 2% milk and 1 mM DTT overnight at 4°C with gentle shaking. Next day the
membrane was washed with TBST buffer 3 times, incubated with primary anti-hGid4 sheep
monoclonal antibody (1:500) for 3 hours with gentle shaking, followed by multiple washing
steps with TBST and 1 hour incubation with secondary HRP-conjugated anti-sheep (1:5000)
antibody. The membranes were again washed multiple times with TBST and the membrane
was analyzed by chemiluminescence in Amersham Imager 800 (GE Healthcare).

4.12. Isothermal titration calorimetry (ITC) binding assays

In order to measure the binding affinity of different peptides to hGid4 (A1-115) and yGid10
(A1-56) ITC was performed. All peptides were first dissolved in the SEC buffer used for
purification of substrate receptors containing 25 mM HEPES pH 7.5, 150 mM NaCl and 0.5
mM TCEP and their concentration was measured by absorbance at 280 nm. For this purpose,
a single tryptophan residue was appended at peptides’ C-termini to facilitate determination of
peptide concentration using absorbance at 280 nm if not present in the sequence. All the
experiments were carried out in the MicroCal PEAQ-ITC instrument (Malvern Pananalytica) at
25°C by titrating peptides to either hGid4 or yGid10. Peptides were titrated using the following
conditions: 19 x 2 ul injections, with 4 s injection time and 150 s equilibration time between the
injections. The reference power was set to 10 pcal/s. Several rounds of optimization of the
concentration of the peptides and substrate receptors were done according to the ITC plot and
the estimated Kp values. The final raw ITC data were analyzed using One Set of Sites binding
model (Malvern Pananalytica) to determine Kp and stoichiometry of the binding events (n) and
the plots were prepared in GraphPad Prism.

4.13. Yeast substrate degradation assays

All the original yeast strains used for the purpose was obtained from either Christine, Viola or
Laura. In order to test the effect of dependency of Pckl degradation on Gid7 and Gid4,
degradation assay was performed using the promoter reference technique adapted from the
Varshavsky lab. The respective yeast strains either WT, AGid4 or AGid7 were transformed
with a plasmid harboring the open reading frame of Pckl and the control protein DHFR, both
expressed from identical promoters. The same promoter reference technique was also applied
to test the effect of glucose-induced degradation of Fbpl and its lysine mutants, and degron
swapped versions of GID substrates Mdh2 and Fbpl. For the first experiment only WT yeast
strains were transformed with a plasmid harboring the open reading frames of Fbpl-3xFLAG
or the lysine mutant versions (K280R/K281R, K32R/K35R, K32R/K35R/K28R/K281R) and the
control protein DHFR-3xHA, and for the degron swap experiment, WT and AGid7 yeast strains
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were transformed with a plasmid harboring the open reading frame of either Fbp1-3xFLAG or
Mdh2-3xFLAG or their mutant versions with degron swaps (Fbp1Mdh? degron.3xF| AG and
Mdh2Fbrt degron_3yF| AG) and the control protein DHFR-3xHA, both expressed from identical
promoters.

Moreover, another degradation assay was performed to test the effect of the novel high-affinity
yGid4-binding sequences on glucose-induced instability onto Fbpl. Since all these sequences
were N-terminal bulky hydrophobic residues, to ensure their exposure they were made as N-
terminal fusions to ubiquitin. For this, all Fbpl versions (FDITGFSW-Fbp1(A1-9)-3XFLAG,
LDVSWFEW-Fbp1(A1-9)-3XFLAG, a positive control IGLW-Fbp1(A1-5)-3xFLAG [83] and
Fbpl-3xFLAG) were expressed as N-terminal fusions to ubiquitin[83, 115].

The same growth conditions at 30°C were used for all the degradation assays. First, cells were
grown in SD-glucose medium to ODgy of 1.0 (8 hours) which was followed by carbon
starvation in SE medium (0.17% yeast nitrogen base, 0.5% ammonium sulfate, 2% ethanol,
amino acid mix) for 19 hours. Then the yeast at the equivalent of 1 ODeoo Was transferred to
SD-glucose medium containing 0.5 mM tetracycline and timepoints were taken in between the
growth. Addition of tetracycline resulted in translation inhibition upon binding of tetracycline to
specific RNA-aptamers within ORFs of the examined and control proteins. Depending on the
experiment, at individual timepoints 1 mL of cells were harvested and pellets were flash frozen
in liquid nitrogen. For the cell lysis, the frozen pellets were thawed and resuspended in 800
ML 0.2 M NaOH, followed by 20 min incubation on ice and subsequent centrifugation at
11,200xg for 1 minute at 4°C. After the removal of the supernatant, pellets were resuspended
in 50 yL HU buffer (8 M Urea, 5% SDS, 1 mM EDTA, 100 mM DTT, 200 mM Tris pH 6.8,
protease inhibitor, bromophenol blue), heated at 70°C for 10 minutes and then centrifuged
again for 5 minutes at 11,200xg and at 4°C. The samples were then loaded on to the SDS-
PAGE, and the substrates and the control protein DHFR were visualized by immunoblotting.
For the antibodies, anti-FLAG or anti-HA primary antibodies were used together with DyLight
fluorophore conjugated secondary antibodies, and imaged using a Typhoon scanner (GE
Healthcare). All the quantification was done using the ImageStudioL.ite software (LI-COR). For
the final graphs, the substrate signal was first normalized relative to the DHFR signal and then
to the time point zero (time point at the end of glucose starvation was considered time point
zero). For all the assays, three biological replicates were performed.

4.14. Cryo EM sample preparation and data collection

All the cryo EM grids were prepared using Vitrobot Mark IV (Thermo Fisher Scientific) and
using Quantifoil holey carbon grids (R1.2/1.3 200 mesh). First, the grids were glow-
discharged, and then loaded onto the Vitrobot. For each grid, 3.5 pul of the purified protein at
0.3-0.5 mg/ml was applied. Grids were then blotted with Whatman no. 1 filter paper using blot
time of 3 s and blot force of 3 followed by vitrification by plung freezing in liquid ethane.

All the cryo EM data were first screened on a Talos Arctica or Glacios transmission electron
microscope operated at 200 kV, equipped with a Falcon IIl or K2 direct electron detector,
respectively. After each screening session, overnight data was collected and data was
processed using Relion to check the sample and grid quality. Automated data collection was
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carried out using EPU software (for Arctica) or using Serial EM (for Glacios). For the high-
resolution data acquisition, data was collected on a FEI Titan Krios microscope that operated
at 300 kV, equipped with a post-column GIF and a K3 Summit direct electron detector.
Automated data collection was done using SerialEM [116]. Data collection for the Titan Krios
were carried out with the help of cryo EM facility managers Daniel Bollschweiler and Tillman
Schéfer.

4.14.1. Cryo EM data processing

For the low-resolution data collections from Artica or Glacios TEM, all the cryo EM data
processing was done using Relion (Fernandez-Leiro and Scheres, 2017; Scheres, 2012;
Zivanov et al., 2018). First, the frames were motion-corrected with dose weighting using
MotionCorr2 and the contrast transfer function estimation was done using Gctf. Particles were
auto picked using a low-resolution template in Gautomatch. For Krios datasets, first all the
movies were pre-processed with Focus [117] during the data collection upto the particle
picking step. Rest of the processing was carried out using Relion [118-120]. Several rounds
of 2D and 3D classifications were done followed by 3D auto refinement without and with a
mask. In order to further improve the map quality, further 3D classification without particle
alignment, followed by focused refinement were done post 3D refinement. All the final maps
were post-processed by automatic B-factor weighting and high-resolution noise substitution.
The estimated resolutions of all reconstructions are based on the gold-standard Fourier Shell
Correlation (FSC) at 0.143 criterion.

For the high-resolution map of the SRS module, a focused 3D classification without particle
alignment was performed with a mask over GIDSR* after the 3D refinement. This was followed
by focused refinement by masking out the Cat module. For the high-resolution maps of the
Cat and SA modules, first the particle number was doubled by creating masks for each half of
the complex, followed by signal subtraction and joining of the particles. The resulting particles
were aligned by auto-refinement. This was followed by focused 3D classification without
particle alignment with masks for only Cat and SA modules. The best set of particles were
CTF refined followed by final auto-refinement. All the final maps were post-processed by
automatic B-factor weighting and high-resolution noise substitution. The estimated resolutions
of all reconstructions are based on the gold-standard Fourier Shell Correlation (FSC) at 0.143
criterion.

4.14.2. Model building and refinement

All the models were manually build using Coot and all structural analysis was carried out using
Chimera, ChimeraX and Pymol-v2.3.4. For the structure of the SRS module in Chelator-
GIDSR4, atomic coordinates of GIDSR* from PDB: 6SWY was fitted to the obtained map and
refined manually. The loops of Gid4 near the substrate binding pocket and the Fbpl degron
were built manually. For the Cat module everything was built manually and the geometry of
the zinc coordination sites was allocated based on other RING domain structures available in
PDB database. The models were iteratively built with many rounds of manual building in Coot
and real space refinement in Phenix.
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4.15. X-ray crystallography and data processing

For the Fbpl crystallization, Fbpl-6xHis was purified and concentrated to 10 mg/ml and
submitted to the MPIB Crystallization Facility for crystallization trials. Crystals for Fbpl were
obtained using a sitting drop vapor diffusion method at 4°C in the buffer composition of 16%
PEG 3350, 0.2 M MgCl, and 0.1 M Bis-Tris pH 6. Crystals were cryoprotected using 20%
ethylene glycol and flash frozen in liquid nitrogen before shipping for data collection. Similarly,
hGid4 (A1-99) was purified and concentrated to 10 mg/ml for the crystal trials. The crystals
were obtained in the conditions with18% PEG 3350 with 0.2 M ammonium nitrate and 0.1 M
Bis-Tris buffer at pH 7 at room temperature. Crystals were cryoprotected in 20% ethylene
glycol and flash frozen in liquid nitrogen before shipping for data collection.

For Fbpl crystals, diffraction dataset was recorded at PXIl beam line, Swiss Light Source
(SLS) Villingen, Switzerland and for the hGid4 crystals dataset were recorded at X10SA beam
line. All the crystal shipment and data collection were performed by Rajan J. Prabu and
Jerome Basquin (MPIB crystal facility). Both the crystal dataset was indexed, integrated and
scaled using XDS package and phasing was done by molecular replacement with PHASER
within the PHENIX software suite, using PDB: 1FTA for Fbpl and PDB ID: 6CDC for hGid4.
This was followed by iterative rounds of manual model building in Coot and refinement using
phenix.refine.
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