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Abstract

The eukaryotic proteome is in constant flux, as cellular proteins are continuously
synthesized, folded, post-translationally modified, trafficked, and degraded to maintain a healthy
proteomic balance. Maintaining this balance is critical to organismal health and disrupted cellular
protein homeostasis is omnipresent in human disease. Cellular proteostasis is maintained and/or
restored by networked protein quality control systems. Endoplasmic reticulum (ER) quality control
surveils nascent secretory and membrane proteins synthesized into the ER lumen before trafficking
through the secretory pathway. Organelles that receive ER-synthesized proteins contain additional
quality control systems that recognize and respond to proteostatic threats by either rerouting
substrates and/or facilitating their degradation.

In S. cerevisiae, two examples of post-ER degradative quality control systems are the Tull
(transmembrane ubiquitin ligase 1) sub-complexes, which cycle through the Golgi
apparatus/endosomal compartments or localize to the vacuole (the yeast lysosome). Two features
of the Golgi-localized Tull system distinguish it from all other degradative quality control
systems. First, Tull is the only known integral membrane ubiquitin ligase that localizes to the
Golgi/endosomes in yeast. Second, Golgi-localized Tull complexes facilitate protein substrate
degradation through two different pathways: the vacuole and the cytosolic proteasome.

Our current understanding of Golgi-localized Tull substrate degradation is quite limited.
However, the pathway by which a substrate is degraded seems fixed and specific to the recognized
protein; proteasomal substrates are not re-routed for degradation in the vacuole and vice versa. We
sought to elucidate how Tull complexes specify a substrate for the proteasome versus the vacuole,
beginning with a dissection of the central component in the complex the Tull ubiquitin ligase. In
this thesis, we established deep mutational scanning tools and biochemical characterization assays
to perform a residue-level structure-function analysis of Tull. From our efforts, we defined
lumenal mutations that impaired Tull complex formation and inhibited its function, meaning it

was unable to degrade proteasomal and vacuolar substrates.
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Surprisingly, we identified mutations within the Tull RING domain that changed substrate
specificity. These mutants were nonfunctional for degradation of proteasomal substrate, but
hypomorphic for vacuolar substrate degradation. We did not identify Tull single-residue mutants
that were singularly functional for only proteasomal or only vacuolar substrate degradation, which
led us to conclude that Tull is important for selecting substrates for either degradation pathway,
but there are likely other factors involved.

Based on our results, we propose models for how the Golgi-localized Tull system can
selectively degrade substrates. Of these, we favor a model in which differing interactions with the
ubiquitin conjugating enzyme Ubc4 influences Tull to selectively conjugate differing lengths of
ubiquitin chains on to proteasomal and vacuolar substrates, which ultimately directs selective
substrate engagement with degradation machinery. Further exploration of this, and other proposed
models, can be easily achieved by applying or adapting tools that we introduce. In summary, the
work presented in this thesis lends further insight into how the Golgi-localized Tull protein quality
control system contributes to maintaining cellular proteostasis by selectively degrading substrates

through proteasomal and vacuolar pathways.
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Chapter 1

Introduction

1.1 Proteostasis in eukaryotes

Cells are the fundamental unit of life and responsible for creating and sustaining organisms.
Central to their function, cells contain intricate libraries of genetic information that encode and
regulate protein synthesis !. Protein homeostasis (proteostasis) within a cell is essential for cell
health and the overall health of organisms; loss of cellular proteostasis is omnipresent in, arguably,
all types of human disease 2. Cellular proteostasis is maintained by diverse, networked protein
quality control systems that function in both eukaryotic and prokaryotic cells. The work in this
thesis focuses on protein quality control mechanisms that operate at membrane-bound organelles
in the eukaryotic secretory pathway, though prokaryotic protein quality control shares several
features with cytosolic eukaryotic systems >~/

The composition of the cellular proteome is in constant flux; protein synthesis, folding,
post-translational modification, and degradation must be in precise balance to maintain
proteostasis. This balance is easily disrupted by many naturally occurring intrinsic and extrinsic
factors, to which quality control systems respond. There are multiple opportunities for protein
folding errors during and after synthesis. Some misfolded proteins are a result of pre-translational
events, including mutations in the genetic code, mistakes made during transcription, or
modification of the messenger RNA %% Errors also arise post-translationally, such as from
improper protein folding or aberrant protein modification *!%!!, Extrinsic environmental stressors,
such as oxidative stress or exposure to toxins, can also disrupt protein folding or stability '3, The
dangers of mutant protein to cellular proteostasis extends beyond lost or gained function:

11,14-

improperly folded proteins can be prone to aggregation 16, Accumulation of protein aggregates

can change protein activity, impair organelle function, and even trap essential, properly folded
proteins, further exacerbating the imbalance of aggregated insoluble protein in a cell —

consequences of which have been linked to numerous diseases including diabetes and cancer *!1:14-

18
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Chronic proteostasis imbalance caused by an influx of misfolded protein and associated
insoluble aggregates overwhelm protein quality control systems to ultimately impair cell function
and even cause cell death 2. Depending on the affected cell-type or cellular pathway, a variety
of protein-related pathologies (proteopathies) can develop, including neurodegenerative,

metabolic, cardiac, and oncological disorders 342!

. These misfolded protein diseases are
particularly prominent in aging populations due to age-related increases in protein misfolding risk
factors +%22, Importantly, perpetual pre- and post-translational errors are not the only causes of
proteostatic imbalance and disease; failure of protein quality control systems to survey and

maintain proteome health are found to be equally complicit, as reviewed in the next section.

1.2 Membrane and secretory protein quality control in human health and disease

Secretory and membrane proteins synthesized at the endoplasmic reticulum (ER) comprise
one third of the entire eukaryotic proteome and participate in many essential cellular functions
192023 " Correspondingly, these proteins and the associated quality control systems are frequently
implicated in the development and progression of many human diseases >2!24%5, Systems involved
in the quality control of membrane and secretory proteins are found at all eukaryotic organelles
and serve as important checkpoints as proteins traverse the secretory pathway. Each system
recognizes certain types of substrates and responds with one of three strategies to relieve misfolded
protein burdens: refolding, degradation, or distribution (Figure 1.1). The interconnected networks
of protein quality control in a eukaryotic cell allow a series of coordinated systems at multiple
organelles to respond to disrupted proteostasis. These systems can also be considered part of
protein ‘quantity’ control measures to maintain proteostasis by acting in response to environmental

or metabolic cues and prevent excess protein accumulation '920:23,

1.2.1 ER protein quality control

Secretory and membrane proteins are immediately subjected to folding quality control
upon co-translational or post-translational translocation into the ER. Chaperones in the ER lumen,
such as the lectins calnexin and calreticulin, are the first line of defense in preventing the
aggregation and/or misfolding of nascent membrane and secretory proteins (Figure 1.1A) 226, In
addition to folding nascent protein, chaperones prevent their distribution into the secretory

pathway until they are properly folded. ER chaperones are undoubtedly critical to cell health, with
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dysfunction implicated in many human diseases, as they are responsible for the proper folding of

10,24,27

most proteins that enter the secretory pathway . However, up to 80% of certain proteins

translocated into the ER never achieve a properly folded state despite the activity of chaperones
28

To prevent accumulation of misfolded protein in the ER, proteostasis is also maintained
through degradative quality control responses, either through bulk lysosomal degradation to
dispose of protein buildup en masse, or by disposing individual aberrant proteins via the
proteasome to preclude aggregation risk. It is important to briefly distinguish lysosomal and
proteasomal degradation in mammalian systems. Lysosomes are organelles containing a variety of
proteases that are active in the acidic lysosomal lumen. Lysosomal degradation occurs upon fusion
of the lysosome with entire organelles or vesicles, such as autophagosomes in autophagy, resulting

.28 Proteasomes are multi-

in bulk degradation of its contents by exposure to lysosomal proteases
enzymatic soluble complexes that localize to the cytosol, either as the 20S proteasome core or the
26S proteasome, the latter of which includes a 19S regulatory particle capping the 20S core 2°. The
proteasome interacts with and degrades substrates in the cytosol, generally targeting a specific
protein for degradation.

Proteasomal degradation of proteins in the ER functions to prevent elevated ER stress via
ER-associated degradation (ERAD) of misfolded or overabundant proteins (Figure 1.1A). ERAD
systems are, conceptually, centered on ubiquitin ligase proteins, which recognize target proteins
(substrates) and mark them for degradation by the cytosolic proteasome through a process called
ubiquitination, detailed later in Section 1.3. Many ERAD substrates have been linked to human
disorders and diseases that occur when ERAD fails *°. Contributing to this, ERAD system capacity
can be saturated if misfolded protein production is unmitigated, which can increase protein burden
in the ER and further inducing ER stress. While ERAD specifically degrades proteins to prevent
aggregates from forming, autophagy can target aggregated protein masses within the ER for bulk
degradation by sequestering substrates in autophagosomes that bud from the ER membrane, fated
for lysosomal fusion (Figure 1.1A) %2132, This process of ER autophagy is found to be important
in several metabolic and neurological disease models, among other human disease implications
3334 Some ER chaperones participate in multiple functions that maintain ER proteostasis by

correcting unfolded proteins and facilitating autophagy; GRP78/BiP, from the heat shock protein
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chaperone family, sequesters misfolded protein for coordination with autophagy factors in
response to elevated ER stress 3°.

Failure to properly fold or degrade misfolded proteins increases ER protein burden, and
therefore ER stress. ER stress triggers the unfolded protein response (UPR). Briefly, the UPR
comprises a cascade of networked quality control responses that can 1) upregulate lipid
biosynthesis, chaperone, ERAD, and autophagy activities, 2) attenuate nascent protein synthesis,
and 3) increase export of proteins from the ER (Figures 1.1A & 1.1B), all of which aim to relieve
ER protein burden 3. If proteostatic stress is unattenuated, sustained UPR induction results in cell
death, therefore proper UPR function is important to human health 3. Aberrant UPR function is
associated with several diseases, with cardiovascular disease as one clear example 367,

One branch of the UPR increases export of membrane and secretory proteins to alleviate
ER protein burden 3. This allows opportunity for misfolded proteins to evade ER quality control
systems or for ER-resident proteins to leak into the secretory pathway (Figure 1.1B). Entry of
misfolded proteins into the secretory pathway can also occur if they are simply not recognized by
ER quality control systems %2341 Fortunately, these proteins are subjected to quality control
systems in organelles that receive proteins from the ER. These post-ER protein quality control
systems can either re-localize substrates to other organelles, including retrograde trafficking back

to the ER, or can simply degrade proteins using systems localized to their membranes !°-2°.

Dysfunction of these systems also hold many human disease-related implications !%-20:42:43,

1.2.2 Post-ER protein quality control

Proteins that exit the ER in COPII coated vesicles are shuttled to the Golgi apparatus, where
they can receive further post-translational modifications, such the removal or addition of sugars,
phosphate groups, and/or other moieties important to protein function, prior to distribution to other
organelles 28. Golgi-localized protein quality control systems compose the next stage of quality
control for misfolded or mislocalized proteins as they enter the secretory pathway (Figure 1.1C)
1920 The exact systems involved in degradative quality control systems that function at the
mammalian Golgi remain to be well-characterized, though the activity of these systems has been
noted with a number of misfolded or aggregation-prone proteins *>#4. For example, prion proteins,
commonly associated with the development of neurodegenerative disorders, are found to localize

to the Golgi prior to degradation by lysosomal systems through unknown mechanisms #°.
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There are numerous protein candidates likely involved in degradative Golgi quality control
systems, though their substrates and mechanisms are unknown outside of basic domain-based
conclusions *>#, Furthermore, the current understanding in the field is that mammalian Golgi-
localized quality control systems can direct substrates for lysosomal degradation; all current
studies only observe the localization of aberrant protein from the Golgi to lysosomes through
activity of undefined system(s) #>**. There is no clear example of proteasomal degradation that is
facilitated by localized systems at the mammalian Golgi, but this is likely a byproduct of the fact
that degradative quality control at the Golgi as a whole is not well defined %2446, Multiple
studies observe proteasome association with the mammalian Golgi membrane, suggesting the
possibility of undefined protein quality system(s) involved in mammalian Golgi-localized
proteasomal degradation #’.

Outside of facilitating degradation, Golgi quality control systems also function by returning
misfolded or mislocalized proteins to the ER (Figure 1.1D). These Golgi-localized systems can
engage with mislocalized substrates by recognizing specific ER-retention sequences on a protein,
such as the C-terminal Lys-Asp-Glu-Leu (KDEL) sequence encoded on the chaperone GRP78/BiP
and other native ER proteins. The KDEL retention signal is recognized by the appropriately termed
KDEL receptor and packaged in COPI coated vesicles, which form at Golgi membranes for
retrograde trafficking of proteins between cisternae and also for return to the ER 20284248 [ ogs of
GRP78/BiP retrieval to the ER lumen is implicated in several disease models, including lethal
cardiomyopathy in mouse models or neurodegenerative disease progression +°°. Other Golgi-
localized retrieval receptors recognize specific features associated with improperly assembled
complex components *2°. One example of this is mammalian Rerl recognition and return of
improperly folded rhodopsin or unassembled acetylcholine receptor complex components to the
ER in COPI, which hold implications in ocular or musculoskeletal development respectively 12,
Once returned to the ER, these misfolded proteins can be recognized by ER quality control systems
and either be corrected by chaperone activity or degraded by ERAD 19:20-51-54,

Proteins not degraded or returned to the ER by Golgi quality control systems can be
distributed into the secretory pathway. These proteins are then subjected to quality control systems
that localize to the plasma membrane and/or endo-lysosomal system, depending on the trafficking
pathway. Proteins trafficked in secretory vesicles localize to the plasma membrane where they can

be exocytosed, which is also a quality control response that can relieve cellular protein burden
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(Figure 1.1E) 1192846 Some misfolded substrates that successfully traffic to the plasma membrane,
effectively evading ER and Golgi quality control, are recognized and degraded by local, but poorly
characterized, systems (Figure 1.1F) °>¢, Based on domains and features of plasma membrane-
associated proteins, there are a number of candidates that are proposed to be involved with the
degradation of mutant proteins, which is further supported by their malfunction being associated
with diverse human diseases *°. One clear example of a plasma membrane degradative quality
control system involves the interplay of cytosolic chaperones Hsc70 and Hsp90 with the soluble
chaperone-associated ubiquitin ligase CHIP, which were found to direct lysosomal degradation of
misfolded CFTR, a protein associated with the development of cystic fibrosis, from the plasma
membrane 7. Similar to Golgi-localized degradative quality control systems, there is no clear
example of proteasomal degradation occurring at the mammalian plasma membrane though
several studies observe proteasomes associate with this organelle 47533,

Substrates of mammalian Golgi and plasma membrane quality control systems can be
sorted into the endo-lysosomal system for lysosomal degradation through ubiquitin-independent
and -dependent mechanisms discussed in Section 1.3 and Section 1.4, respectively '%4>-4455 These
proteins are packaged into endosomal vesicles from the Golgi or the plasma membrane for entry
into the endo-lysosomal pathway and are fated for degradation upon vesicle fusion with the
lysosome. However, proteins that enter the endo-lysosomal system are not always degraded in the
lysosome; proteins are packaged into endosomal vesicles for function, such as endosome-localized
SNARE proteins required for vesicle fusion events, or for localization, including the trafficking of
critical lysosomal hydrolytic enzymes ?®. As such, protein quality control systems also operate
within the endo-lysosomal system, which can recognize and degrade misfolded proteins that
localize to these organelles (Figure 1.1G) 2%*. A comprehensive understanding of the specific
proteins and associated mechanisms of mammalian endo-lysosomal quality control is still unclear,
though impairment of these processes have been implicated in a number of human diseases +*.

Quality control of proteins that leave the ER and enter the secretory pathway frequently
are discussed in the context of human health and disease, as indicated by examples given and
reviews cited in this section. Notably, current experimental evidence in this field does not clearly
define specific mechanisms or endogenous targets of mammalian quality control systems that
operate in organelles beyond the ER. Understanding how eukaryotic protein quality control

systems recognize and degrade substrates is critical for their development as future potential

19



therapeutic targets; identification of specific components in systems that function at organelles

beyond the ER is an obvious important first step in this process 192042

. These systems rely on both
ubiquitin-independent and ubiquitin-dependent mechanisms to maintain cellular proteostasis,

which are reviewed next.

1.3 Ubiquitin-independent protein quality control

Eukaryotic protein quality control systems are interconnected and can often involve
activity from multiple systems to alleviate or prevent cell stress caused by disrupted proteostasis.
A critical first step in protein quality control is the recognition of a target protein, however the
resulting response is dependent on the engaged system. Some protein quality control systems
center on the activity of a ubiquitin ligase to ‘mark’ substrates for degradation by conjugating a
ubiquitin molecule, as detailed next in Section 1.4. However, many membrane and secretory
protein quality control systems do not involve the activity of a ubiquitin ligase and therefore are
considered ubiquitin-independent systems. These systems not only can direct substrates for
degradation using ubiquitin-independent mechanisms, but are equally important for their functions

in correcting or distributing aberrant proteins to restore proteostasis !*-20-8,

1.3.1 Chaperone-mediated protein quality control

Chaperones engage with nascent or misfolded proteins based on specific characteristics,
such hydrophobic regions or specific sequence motifs 24°*6°  Ags previously discussed, ER-
localized chaperones can respond to misfolded protein by refolding and correcting conformation
to achieve their proper folded state. Conversely, terminally misfolded ER proteins and even protein
aggregates within the ER lumen can be targeted for autophagy by chaperones. During ER-
autophagy, chaperones sequester protein aggregates with autophagy factors on the ER membrane,
allowing autophagosome formation and encapsulation of aggregates and ER membrane. ER
autophagy functions to reduce lumenal ER protein burden to restore proteostasis in

eukaryotes, 936!

. Though the work presented in this thesis focuses on organelles within the
secretory pathway, it would be remiss not to mention the role of chaperones in the mitochondrial
lumen, which share the many ubiquitin-independent functions of lumenal ER chaperones to

regulate mitochondrial protein burden and maintain cellular proteostasis %53
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Chaperone-mediated quality control isn’t limited to the ER or mitochondrial lumen.
Soluble chaperones that localize to the cytosol can direct lysosomal degradation of membrane
proteins from eukaryotic organelles by recognizing specific cytosolic-facing motifs or features
60.61.64-67 These cytosolic chaperones can also direct selective autophagy of soluble/cytosolic
proteins, macroautophagy of larger macromolecules, and even autophagy of entire organelles
within the secretory pathway %6467  Chaperones are a large subset of ubiquitin-independent
quality control, however it should be noted that chaperones can also coordinate ubiquitin-
dependent degradation of misfolded protein, as noted in the earlier example of mutant CFTR
protein quality control at the plasma membrane. CFTR is ubiquitinated by the ubiquitin ligase
CHIP and directed for lysosomal degradation, but CHIP-CFTR interaction is dependent on activity
from the soluble/cytosolic chaperones Hsc70 and Hsp90 7. CFTR ubiquitination initiates its entry
into the endo-lysosomal pathway for degradation 7, however receptor proteins represent a large
subset of ubiquitin-independent systems that can direct proteins for lysosomal degradation and are

discussed next.

1.3.2 Receptor-mediated protein quality control

Receptor proteins are present on the surface of all eukaryotic organelles to recognize and
engage specific substrates or signaling molecules. The result(s) of these interactions are vital to
basic cellular functions, many of which are relevant to maintaining cellular proteostasis. The field
of receptor-mediated biology is extensive %, so this section only focuses on several processes
directly involved in quality control responses, specifically receptor-mediated trafficking and
degradation of proteins. Previous discussion of post-ER quality control systems included the
trafficking of proteins in the secretory pathway to the ER for re-folding or to the lysosome for
degradation. These processes are all mediated by receptor proteins, like the previously mentioned
KDEL receptor which recognizes mislocalized ER-resident proteins and interacts with COPI
components for COPI-mediated return to the ER ¢,

Receptor proteins can also facilitate degradation of substrates; this process has already been
discussed indirectly in the context of autophagy. As mentioned, lumenal chaperones can help
mediate association of protein aggregates with autophagy receptors in or near the ER membrane,
which induces autophagosome formation, recruits lysosomes to the ER membrane, and facilitates

eventual lysosomal fusion with budded autophagosomes. Autophagy receptors can also associate
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with non-chaperone proteins to trigger ER-phagy 3316366 Another receptor-mediated lysosomal
degradation pathway is exemplified by ALG-2-interacting protein X (ALIX) engagement with the
Endosomal Sorting Complexes Required for Transport (ESCRT) system in cells, which fates
proteins for degradation in the endo-lysosomal pathway in a ubiquitin-independent manner 7%7!,
ALIX can bind tetraspanin membrane protein at the plasma membrane to initiate sequestration and
budding into endosomal compartments at this organelle. Entry into the endo-lysosomal system is
facilitated by engagement with ESCRT-III subunits, leading to the formation of multivesicular
bodies (MVBs), eventually leading to delivery to lysosomes for degradation 7°. The mechanics of
ESCRT and MVB formation will be detailed in Section 1.4, as ESCRT is most frequently
considered part of ubiquitin-dependent lysosomal degradation systems. It remains, however, that
receptor-mediated protein quality control systems target substrates for entry into autophagy or
lysosomal degradation pathways without requiring the activity of a ubiquitin ligase.

Receptor proteins can also direct the degradation of proteins in the lysosome by simply
trafficking proteins through the endo-lysosomal system. There are several known trafficking
pathways that function at the Golgi to deliver proteins to the lysosome, which are used by
hydrolytic enzymes for localization to the lysosomal lumen where they can function and degrade
macromolecules 72. For example, mannose 6-phosphate receptors (M6PR) and sortilin are among
several receptors that cycle through the Golgi and late endosomes 7>. M6PRs recognize soluble
proteins containing mannose 6-phosphate modifications, a characteristic of lysosomal proteases,
for capture into endosomal vesicles, where they are internalized into MVBs and delivered to the
lysosome for activation upon fusion 7>73, Similarly, sortilin in mammalian systems is implicated
in the endo-lysosomal trafficking of several lysosomal proteases, such as sphingolipid activator
proteins ">7*, The exact mechanisms of the sortilin remain to be well-characterized, however
studies have found that it is required for regulating several cellular metabolic processes and is
thought to associate with protein aggregates in the Golgi, which could indicate a role in Golgi-
localized autophagy '%75-77.

Receptors that function at the Golgi also associate to clathrin to sequester proteins for
sorting in clathrin-coated vesicles. Clathrin adaptor proteins include GGA (Golgi-localizing,
gamma-adaptin ear homology domain, ARF-binding) proteins and adaptor protein (AP)
complexes, which recognize substrates based on various motifs or characteristics and are also

involved with the trafficking of M6PRs and cargo 7>7%7°. GGA proteins function at the Golgi while
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different AP complexes also function at several other organelles, including the plasma membrane,
in mammalian systems for delivery of substrates to the endo-lysosomal system 7. The AP complex
AP-3 has also been implicated in ubiquitin-independent ESCRT-mediated lysosomal degradation
of the endosomal protein protease-activated receptor-1 (Parl), by facilitating Par1 interaction with
ESCRT adaptor ALIX, mentioned previously 7!. This section’s brief review of receptor-mediated
protein quality control in mammalian systems is certainly not exhaustive ’2, however highlights
several mechanisms that target proteins to the lysosomal lumen in a ubiquitin-independent manner,
where they can be degraded. These mechanisms rely on trafficking pathways, while protein
degradation by the soluble/cytosolic proteasome is thought to occur at any organellar membrane
47, As will be discussed in Section 1.4, the ubiquitin-proteasome system is a cornerstone function
in eukaryotic protein quality control, however ubiquitin-independent recognition and degradation

of proteins by the proteasome will be briefly summarized next.

1.3.3 Ubiquitin-independent proteasomal degradation

A core concept of protein quality control is the recognition of substrates based on specific
motifs or characteristics of a protein that allows recognition by quality control systems. These so-
called degradation signals, or ‘degrons,’ can be recognized by quality control systems that facilitate
protein degradation, such as the function of ubiquitin ligase systems that tag protein with ubiquitin
for degradation by the 26S proteasome. A degron can also be directly recognized by the
proteasome, which is the basic mechanism of ubiquitin-independent proteasomal degradation.
Substrates of ubiquitin-independent proteasomal degradation are generally extremely unstable
proteins, though proteins with certain features such as high oxidation are also found to directly

interact with proteasomal subunits 808!,

Currently characterized substrates of ubiquitin-
independent degradation in eukaryotic systems are restricted to soluble/cytosolic or
soluble/nuclear proteins, as these are the only proteins with direct access to proteasomal subunits,
and therefore not directly relevant to the work discussed in this thesis. However, discoveries in
this field 808283 certainly reveal interesting capabilities of the proteasome outside of our
understanding of the ubiquitin-proteasome system. For example, the 19S cap is traditionally
recognized for its role as a regulatory particle to activate the 20S enzymatic core responsible for

degradation processes, which together compose the 26S proteasome complex ?°. However, several

non-ubiquitinated proteins can be degraded directly by the 20S proteasome core without the 19S
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cap, inviting further investigation into 20S subunit function ®. The 19S cap also plays a critical
role as a ubiquitin adaptor for the degradation of ubiquitinated proteins 2, therefore this subunit is
important for proteasome participation in ubiquitin-dependent protein quality control pathways,

discussed next.

1.4 Ubiquitin-dependent protein quality control

Ubiquitin-dependent protein degradation is facilitated by protein quality control systems
that first recognize specific degrons on target proteins and then conjugate a ubiquitin moiety that
marks the protein for recognition by lysosomal or proteasomal degradation systems °. Ubiquitin
and the process of ubiquitination is highly conserved across eukaryotes and is involved with many
cell functions and processes % (Figure 1.2). It is important to note that a ubiquitin-conjugated
protein is not always targeted for degradation and instead might alter protein activity or
localization, among other effects. Work presented in this thesis focuses on a ubiquitin ligase in the
S. cerevisiae secretory pathway that marks substrates for degradation via the proteasome and the
vacuole (the yeast lysosome). Therefore, this section will focus on the process of ubiquitination

and resulting mechanisms that facilitate ubiquitin-dependent protein degradation.

1.4.1 Ubiquitin ligases

In the ubiquitination cascade, a soluble and cytosolic ubiquitin molecule is first captured
by a ubiquitin activating (Uba) enzyme in an ATP-dependent reaction to form a thioester bond
between the C-terminus of the free ubiquitin and the side chain of a Uba enzyme’s active-site
cysteine (Figure 1.2A) 8687 Ubal is the only known Uba enzyme in yeast, though at least two are
identified in mammalian systems ®. A ‘ubiquitin-charged’ Uba then interacts with a ubiquitin
conjugating (Ubc) enzyme to transfer the ubiquitin onto the Ubc enzyme’s active site cysteine
(Figure 1.2A) %87 Twelve Ubc enzymes are currently identified in yeast, while at least forty are
identified in mammalian systems 3%, The specific Ubc enzyme a ubiquitin is conjugated to begins
to specify the fated target and configuration of the moiety; each charged Ubc enzyme will only
interact with certain ubiquitin ligases to produce specific types of ubiquitination. Ubiquitin ligases
complete the next and the terminal step of the ubiquitination cascade by transferring the ubiquitin

onto a target protein, most commonly on a lysine residue (Figure 1.2A) 86878 Existing as both
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integral membrane and soluble/cytosolic proteins, over eighty ubiquitin ligases are defined in yeast
and at least six hundred ubiquitin ligases are defined in mammalian systems 36-87-90-91,

Ubiquitin ligases are primarily classified by their mechanism of ubiquitin transfer (Figure
1.2B). Over 93% of known ubiquitin ligases in humans ubiquitinate substrates in a singular step,
during which the ubiquitin ligase mediates the ubiquitin transfer from the charged Ubc enzyme
directly onto the target protein (Figure 1.2B) *7. Most of these mediating ubiquitin ligases are
collectively referred to as RING (Really Interesting New Gene)-type ubiquitin ligases, which are
classified further by specific domains and subunits composing the ubiquitin ligase system 86-87:8%91,
RING-type ubiquitin ligases interact with both substrates and a charged Ubc enzyme to bring each
component into proximity and allow the transfer of ubiquitin directly onto the substrate from the

Ubc enzyme 86,87,89,91

. These proteins generally contain the namesake RING domain, composed of
two zinc finger folds with eight zinc-coordinating residues that are critical to function. Specifically,
this cross-brace motif within the RING domain coordinates two Zn?" ions and is required to recruit
and interact with a charged Ubc enzyme 36878991 RING-type ubiquitin ligases can function as
monomers or homodimers, with the latter requiring at least two dimerized copies of the ubiquitin
ligase to function, or as heterodimers, which require the interaction of two different RING-type
ubiquitin ligases for function 87891,

Many well-characterized, large, oligomeric ubiquitin ligase complexes belong to this class
of RING-type ubiquitin ligases, including the distinct subclass of cullin-RING ubiquitin ligases
(CRLs). CRLs center on cullin proteins and scaffold other components, including substrate
receptors and adaptor proteins to facilitate substrate binding, and RING-box proteins for charged
Ubc enzyme interaction, together coordinating ubiquitination of a target protein 3¢87-8% Similarly,
U-box ubiquitin ligases are often grouped with RING-type ubiquitin ligases as they share the same
basic mechanism of mediating the transfer of ubiquitin onto target proteins without directly
accepting the ubiquitin from the Ubc enzymes (Figure 1.2B). U-box ubiquitin ligases have similar
folds to RING-domains but are unique because they lack the RING’s characteristic zinc-fingers
86,8792 The CHIP ubiquitin ligase, mentioned in previous sections for its role in degrading integral
membrane proteins at the plasma membrane, is an example of a U-box ligase with a distinct feature
of requiring chaperone interaction for activity 373,

The other classification of ubiquitin ligases, although far less abundant, ubiquitinate

substrates in a two-step process by first accepting ubiquitin from a charged Ubc enzyme before
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directly transferring the moiety onto a target protein (Figure 1.2B) 88794, HECT (Homologous to
the E6GAP Carboxyl Terminus)-type ubiquitin ligases compose the majority of known proteins in
this class ¥’. The N-terminus of a HECT-ubiquitin ligases interacts with the charged Ubc enzyme
which transfers ubiquitin onto an internal active-cysteine, a function allowed by the flexible linker
between these two domains. In a second step, the ubiquitin is then transferred from the active site
HECT-type ligase onto the target protein. The C-terminus is conserved across HECT ubiquitin
ligase enzymes, while variation of the N-terminus allows for interaction with diverse types of
substrates. There are several sub-types of HECT ligases that share specific N-terminal motifs, such
as the NEDD4 family of HECT ligases (Rsp5 in yeast) which contain a collection of WW motifs
in its N-terminal domain for specific substrate or adaptor protein interactions 86-87-94-96,

Though RBR(RING-between-RING)-type ubiquitin ligases carry the namesake of RING-
type ubiquitin ligases, their mechanism of two-step substrate ubiquitination is more similar to
HECT ubiquitin ligases (Figure 1.2B). RBRs contain two RING domains, with a catalytically
active Ubc enzyme-recruiting RING1 and a catalytic but noncanonical RING2 domain with an
activated cysteine, bridged by an IBR (in-between-RING) domain. A charged Ubc enzyme
interacts with RING1 on the RBR ligase, to allow transfer of ubiquitin to the activated cysteine in
RING2. RING?2 then transfers the moiety onto the targeted substrate 368794, The twelve known
RBR-ubiquitin ligases in human systems possess unique domains specific to each enzyme and
associated substrate(s) 8797,

Regardless of the exact mechanism of substrate ubiquitination, whether one- or two-step
processes, the activity of ubiquitin ligases can be regulated by post-translational modification.
Such modifications might induce conformational changes to allow the ubiquitin ligase to engage
with substrates and/or other protein components required for substrate ubiquitination, among other

possible activities 4%,

Phosphorylation is one of many examples of post-translational
modifications that has been associated with the activation of both RING *%!% and HECT !01.102
ubiquitin ligases in mammalian systems to allow substrate ubiquitination **. A few ubiquitin
ligases can also ‘autoubiquitinate,” meaning they are themselves ubiquitinated, or conjugated with
ubiquitin-like protein(s), to regulate activity **%. One example of this regulation is the Hrdl
ERAD ubiquitin ligase in S. cerevisiae, which requires autoubiquitination to form a channel by

which lumenal substrates can retrotranslocate across the ER membrane into the cytosol for

ubiquitination and degradation by the 26S proteasome .
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A ‘resetting’ step in the ubiquitination cascade prevents unwanted degradation of
autoubiquitinated ubiquitin ligases, carried out by activity from deubiquitinating enzymes (DUBs)
(Figure 1.2A) °. S. cerevisiae Hrd1 deubiquitination by the DUB Ubpl maintains Hrd1 stability
at the ER membrane, and equally plays a regulatory role by resetting the retrotranslocon to
attenuate lumenal substrate degradation %4, Yeast encode twenty three DUBs, while humans
encode at least one hundred °*!%*, DUBs are most recognized for their important role in
maintaining levels of free-ubiquitin in a cell by deubiquitinating substrates before degradation by
the proteasome or lysosomal systems, which might also play a role in regulating substrate
degradation 8>9%-103.106 The resulting free-ubiquitin is recycled back into the system for activation
by a Uba enzyme and subsequent reentry into the ubiquitination cascade (Figure 1.2A) *°. DUB
activity is important to many regulatory mechanisms and signaling pathways within a cell, with
emerging insights on the various types of DUBs and specific DUBs implicated in disease and

human health contexts °0-105.107

. Each DUB recognizes specific types of ubiquitin attachments,
further highlighting their role in many ubiquitin-dependent pathways given that the different types

of ubiquitin attachments on a target protein direct their fate or function %194,

1.4.2 Types of ubiquitin modifications

Types of ubiquitin modifications are commonly characterized by first by their length and
then by their chain linkage-type (Figure 1.2C). Ubiquitin can be added as a monomer by forming
an isopeptide bond from its C-terminal Gly-76 (Figure 1.2D) with the side chain of various
cytosolic-facing amino acids, most commonly a lysine, on the target protein, as coordinated by the
involved ubiquitin ligase. A protein that only contains one monomeric ubiquitin modification is
termed ‘monoubiquitinated,” while a protein conjugated with multiple monoubiquitin
modifications at different residues are considered ‘multiubiquitinated’ (Figures 1.2C) 3108,
Certain ubiquitin ligases can further build ubiquitin chains from initially monomeric ubiquitinated
sites on substrates by cyclic repetition of the ubiquitination cascade in a process called

polyubiquitination 35108

. It is also proposed that some Ubc enzymes can pre-build polyubiquitin
chains for transfer ‘en bloc’ to substrates 1%°.

There are many different types of linkages made between ubiquitin moieties when building
polyubiquitin chains on a target protein 3386108110 (Figyre 1.2C). As mentioned, ubiquitin is

conjugated to a target protein on its C-terminus (Figure 1.2D). Ubiquitin chains are built by
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forming an isopeptide bond between a new ubiquitin and one of the seven lysine residues within
the already-conjugated ubiquitin molecule: K6, K11, K27, K29, K33, K48, K63, or sometimes at

the M1 amino group of the ubiquitin N-terminus (Figures 1.2C & 1.2D) 8198

. Polyubiquitinated
chains can be linear (homogenous polyubiquitin linkages) or branched (heterogenous
polyubiquitin linkages) (Figure 1.2C).

Different types of ubiquitin conjugations are facilitated by the interactions of a ubiquitin
ligase and are associated with different protein fates or cellular processes (Figure 1.2D).
Monoubiquitination and multiubiquitination of substrates are generally associated with altering
protein localization or interactions with other proteins, but are also associated with marking

HI-113 - Generalizable

substrates for degradation through proteasomal and lysosomal pathways
functions of most types of ubiquitin linkages remain unclear outside of specific observations in
specific pathways, which will be briefly summarized beginning with the six ‘atypical’ ubiquitin
linkages (M1, K6, K11, K27, K29, and K33) 3386114 M1 linkages, which are the only form of
linear chains, are required for NF-«xB activation and activation of other inflammation and immune
response pathways 8386115116 'K 6 linkages are proposed to play a mostly non-degradative role,
perhaps more involved with regulating quality control systems like mitophagy and has been
associated with DNA damage repair responses. K11 linkages have been associated with
proteasomal degradation for cell cycle regulation or innate immune responses. K27 linkages are
also associated with DNA damage repair and innate immune responses, as well as protein
secretion. K29 chains are associated with proteasomal degradation and implicated in innate
immune response. K33 chains are also thought to play a role in innate immune responses through
trafficking 838114 The variety of observed functions associated with these atypical ubiquitin
chains highlight the necessity of ubiquitination in general cell processes outside of substrate
degradation pathways.

The two remaining ubiquitin linkage types that are not considered ‘atypical’ are K48 and
K63 linkages, which have been proposed to account for 80% of all types of ubiquitin linkages
present in mammalian cells 886117, Though several of the other mentioned ubiquitin linkages are
associated with marking substrates for degradation by the 26S proteasome (Figure 1.2D), K48
linkages are most clearly involved in marking proteins for proteasomal degradation and also the
most abundant linkage type in eukaryotes 8324108117118 ‘There is some evidence that K48 linkages

mark proteins for lysosomal degradation by interaction with ESCRT components !'°, but it is
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proposed that K48 engagement with the proteasome outcompetes engagement with lysosomal
systems, therefore biasing proteins containing K48 polyubiquitin chains for proteasomal
degradation '2%-12!, Rather, lysosomal degradation and engagement in ESCRT is most strongly
associated with K63 linkages, the second most abundant linkage type in eukaryotes, though it
should be noted that K63 linkages are also often associated with immune signaling '!7-119-121 K63
linkages can associate with the 26S proteasome, but substrate degradation by this system is
proposed to be prevented by specific K63-affinity binding of a ubiquitin-binding protein, such as
ESCRT-0 components '2%12!, The addition of K48 and/or K63 linkages in a polyubiquitin chain
do not always mark proteins for degradation, for example if built in chains containing other types
of atypical ubiquitin linkages. Specifically, K63/M1 linkages direct protein involvement to
intracellular signaling pathways and not for engagement with lysosomal degradation pathways %.
As a whole, the field of types of ubiquitin linkages and the ‘lynchpin’ factor(s)/associated
mechanisms that direct different types of polyubiquitinated protein fate requires further
investigation $394117,119-121

The specific interactions of ubiquitin ligases with target proteins and the engaged Ubc
enzyme dictates the type of ubiquitin linkage. Among its functions, ubiquitin ligases can dictate
the residue by which a protein is ubiquitinated, whether a target protein can be mono- or
polyubiquitinated, and certain types can facilitate the type of linkage(s) as well as the length of
linkages allowed; longer K48 and K63 linkages are found to better interact with degradation

machinery 19122

. The work presented in this thesis focuses on dissecting a ubiquitin ligase system
that directs substrates for degradation through either proteasomal or lysosomal pathways, therefore

known mechanisms associated with each degradative pathway is detailed next.

1.4.3 Ubiquitin-dependent lysosomal and proteasomal degradation

Substrates ubiquitinated by ubiquitin ligases can be degraded by both lysosomal and
proteasomal pathways (Figure 1.3). Lysosomal degradation of ubiquitinated substrates is
coordinated by components in the ESCRT pathway, briefly mentioned for its role in ALIX-
mediated ubiquitin-independent degradation of plasma membrane substrates in Section 1.3. The
ESCRT pathway, which is conserved in yeast and mammals, can be broken down into four
complexes with distinct functions: ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III (Figure 1.3A).

ESCRT-0 begins by recognition of ubiquitinated cargo and sequestration of proteins on the surface
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of endosomes. ESCRT-I continues recruitment of factors and ultimately allows binding of ESCRT-
IT components, which begins to deform membrane for internal budding. ESCRT-III associates with
these factors and DUBs remove ubiquitin from substrates for recycling back into the system.
Release of ESCRT-III components at the enclosing bud-sites result in invagination, which is
catalyzed AAA-ATPase Vps4. The budding of vesicles into endosomal compartments leads to the
creation of MVBs, which eventually fuse with lysosomes for cargo degradation 2%, Ubiquitination
of substrates by ubiquitin ligases is necessary for substrate engagement with ESCRT-0 and
lysosomal degradation, though discovery of ESCRT-III-associating receptors such as ALIX
include ubiquitin-independent mechanisms that allow entry of membrane and secretory proteins
into the endo-lysosomal degradation system.

Ubiquitin-dependent lysosomal degradation relies on trafficking of vesicles from
organelles for fusion with lysosomes (Figure 1.3A). Degradation of membrane and secretory
substrates through the ubiquitin-proteasome system occurs from the membrane of the eukaryotic

ER and mitochondria, and at the Golgi in budding yeast !°-32:62

. The eukaryotic ubiquitin-
proteasome system requires two steps for degradation of membrane and secretory proteins (Figure
1.3B), beginning with extraction of ubiquitinated protein from the organellar membrane for
engagement with the soluble/cytosolic 26S proteasome. If a substrate is soluble/lumenal, it must
first undergo the process of retrotranslocation to move the substrate across the organellar
membrane into the cytosol for exposure to the cytosolic ubiquitination machinery. Ubiquitinated
substrates in the organellar membrane interact with AAA-ATPase complexes for
retrotranslocation and ultimately extraction from the membrane (Figure 1.3B). The AAA-ATPases
p97/Cdc48 in mammalian/yeast systems, respectively, are most often associated with this step
though the 26S proteasome itself is also thought to be independently capable of this extraction
function as it contains AAA-ATPases in its multi-enzymatic complex 123124,

As previously mentioned, the 26S proteasome is composed of a 20S proteasome core and
19S regulatory particles. Ubiquitin receptors in the 19S subunit engage ubiquitinated substrates,
ultimately leading to substrate deubiquitination by proteasome-associated DUBs, substrate
unfolding, and finally substrate internalization into the 20S core for proteolysis '>*. The exact steps
and components coordinating 26S proteasome function remains to be clearly defined, though

insights on the contribution(s) of subunits within the multi-enzymatic complex are associated with

various steps in this process '2*!125, There is also evidence that the 20S proteasome core alone can
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recognize and subsequently degrade ubiquitinated, highly disordered substrates without the 19S
cap, somewhat reflective of substrates associated with 20S ubiquitin-independent degradation 2.

In summary, ubiquitin-dependent degradation of proteins in eukaryotic systems is carried
out by either trafficking substrates into the lysosomal lumen or by proteasomal degradation of
substrates from organellar membranes (Figure 1.3). While substrates and protein quality control
systems associated with the latter of these degradation pathways are only defined in mammalian
systems the eukaryotic ER and mitochondria, it is predicted that the ubiquitin-proteasome system
operates at other organelles in the mammalian secretory pathway, though the engaged systems let

alone substrates are unknown 2047

. This prediction is also supported by the fact that the ubiquitin-
proteasome system engages at the Golgi in S. cerevisiae, directed by a Golgi-localized integral
membrane RING-type ubiquitin ligase system 27 which is the focus of the work presented in this
thesis. Quality control of membrane and secretory proteins in yeast are generally quite homologous
to mammalian systems **2% though shifting focus to protein quality control in yeast requires a

change of terminology as we move from lysosomal degradation in mammalian lysosomes to

lysosomal degradation in the yeast vacuole in the next section.

1.5 Secretory and membrane quality control in yeast

Beginning with quality control at the yeast ER, three ERAD systems are characterized in
S. cerevisiae, each of which are, conceptually, centered on a RING-type ubiquitin ligase.
Polyubiquitinated ERAD substrates are extracted by the AAA-ATPase complex Cdc48/Ufd1/Npl4
followed by degradation by the cytosolic 26S proteasome '?8. Each currently known ERAD
ubiquitin ligase engages in specific substrate degradation based on localization and ability to
recognize specific degrons. The DoalO system recognizes and degrades integral membrane
substrates that contain degrons in their cytoplasmic domain (‘ERAD-C’). The Asi complex
localizes to the inner nuclear membrane (INM) where it recognizes and degrades ERAD-INM
substrates, a function also carried out by Doal0. The Hrdl complex recognizes and degrades
ERAD-M substrates and ‘ERAD-L’ substrates — integral membrane or soluble proteins with ER-
lumenal degrons '8,

It is likely that ERAD substrates can be recognized and degraded by multiple quality
control systems in yeast 2°. Like in mammalian cells, protein quality systems function in all

organelles that receive secretory and membrane proteins from the ER and can respond to
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malfunctions that occur after a protein enters the secretory pathway. Again, like in mammals, these
‘post-ER’ systems in yeast can either correct mistakes in protein composition or localization, or
can simply degrade these proteins -2, Furthermore, it is likely that some systems can compensate
for ERAD malfunction 2°. Aside from the consequences of specific environmental perturbations
or other intrinsic factors like ERAD saturation, which allow proteins to leak from the ER into the
secretory pathway as first described in mammalian system in Section 1.2, certain characteristics
encoded into a protein also enable substrates to evade degradation and leave the ER. This is
because ERAD is only an effective system when it can recognize a substrate. The presence of a
functional ER-exit signal or the inability of ERAD to recognize a mutant protein due to a ‘buried’
degron in the protein’s structure are some of traits associated with ERAD-evading mutant proteins
in yeast 34!, More often, however, mutant proteins are simply not a substrate of ERAD, allowing
for ER export %2042, These proteins can instead be substrates of distinct systems that operate in
organelles that receive protein from the ER in the secretory pathway which facilitate their
degradation 12%:139,

Like in mammalian systems, the Golgi is the next organelle ‘checkpoint’ for secretory and
membrane proteins after synthesis in the ER. Protein quality control systems that exist at the yeast
Golgi can recognize aberrant proteins and prevent their cellular distribution, however the exact
mechanisms of these systems and their substrates are generally unknown. There are several
conserved systems that operate in yeast and mammalian systems. Beginning with yeast ubiquitin-
independent protein quality control systems, Rerl, homologous to mammalian Rerl, is a ubiquitin-
independent retrieval system that localizes to the Golgi where it can recognize mis-localized ER-
integral membrane proteins and reroute them back to the ER in COPI vesicles 192131,

Receptor-mediated trafficking from the Golgi in yeast is carried out by several different,
but somewhat conserved, pathways. Two distinct examples are the clathrin adaptor protein 3 (AP-
3) complex pathway or the endosomal vacuolar protein sorting (VPS) pathway, though certainly
several other conserved pathways exist using similar mechanisms . Either pathway engages with
its own set of receptors to mediate transfer of proteins from the Golgi to the vacuole, with the AP-
3 pathway trafficking proteins directly from the Golgi to the vacuole without the formation of
MVBs, while VPS pathway traffics proteins to the vacuole via MVBs 32, AP-3 (also described
previously mammalian systems) is required for alkaline phosphatase delivery to the vacuolar

membrane 33, Vps10 (homologous to mammalian sortilin) is a receptor required for trafficking

32



several soluble vacuolar proteases in yeast, including carboxypeptidase Y (CPY), proteinase A
(PrA), and Kex2, to the lysosomal lumen for function !%134135,

Importantly, Vps10 trafficking has also been implicated in directing mutant secretory
proteins from the Golgi to the vacuolar lumen for degradation by the internal proteases in a
ubiquitin-independent manner 4%:136:137 The ERAD-L substrate CPY*, a mutated, misfolding form
of the vacuolar protease CPY, is one likely candidate of this system; saturation of Hrd1 can cause
the soluble CPY* to exit the ER and be degraded in the vacuole from the Golgi, likely by engaging
with its endogenous trafficking pathway '8, While the specific mechanisms or sequences by which
Vps10 recognizes substrates is not clearly defined, loss of Vps10 in these systems led to secretion
of substrates, solidifying Vps10’s role as a ubiquitin-independent quality control system that
traffics misfolded proteins for vacuolar degradation.

Ubiquitin-dependent protein quality control also functions at the yeast Golgi in the form of
two different ubiquitin ligases. The cytosolic HECT-ubiquitin ligase Rsp5 marks integral
membrane substrates at the Golgi for degradation, as well as at other eukaryotic organelles. Given
its soluble cytosolic nature, Rsp5 was characterized for mostly recognizing cytosolic substrates °,
however, can use integral membrane adaptor proteins that localize to the Golgi to recognize
integral membrane substrates '3%13%; interaction with these adaptor proteins facilitate Rsp5 to
ubiquitinate these proteins for ESCRT-mediated delivery to the vacuole 1*#2:13°, Beyond the Golgi,
the Rsp5 HECT-ubiquitin ligase was found to associated with the plasma membrane and the
vacuole to degrade integral membrane substrates, again through activity of adaptor proteins 13%149,
Rsp5 is not the only known soluble ubiquitin ligase that can localize to the vacuole; the soluble
RING-type ubiquitin ligase Pibl functions at the vacuole for ubiquitin-dependent lysosomal
substrate degradation in yeast +>14!,

The only integral membrane ubiquitin ligase that is known to localize to the Golgi and
vacuole is the RING-type ubiquitin ligase Tull (Transmembrane ubiquitin ligase 1) >, Golgi-
localized Tull can recognize and ubiquitinate integral membrane substrates for ESCRT-mediated
delivery to the vacuole for lysosomal degradation 2139142 One interesting feature unique to
Golgi-localized Tull is that individual targets are degraded in different ways. Some integral
membrane substrates are degraded via ESCRT in the vacuole, others are degraded via the 26S

proteasome !?7. As such, Tull is the only known system in eukaryotes to engage in the ubiquitin-

proteasome system at the Golgi membrane #*. Furthermore, a protein quality control system with
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different degradative fates for specific targets appears to be unique to this system compared to

19,42,44

other integral membrane ubiquitin ligase systems . Golgi-localized Tull selective

degradation capabilities is unique even from its own differently-localized subcomplex; vacuole-
localized Tull complexes can only degrade integral membranes substrates in the vacuole 27132,
Our limited understanding of the differences between Golgi- and vacuole-localized Tull
complexes, including the component that dictates subcomplex localization, and Golgi-localized

Tull engagement in the ubiquitin-proteasome system are further explored in the next section.

1.6 The Tull complex

Tull was first identified for its ability to degrade a mutant form of Pep12, a yeast syntaxin-
like t-SNARE protein involved in endosomal trafficking to the vacuole and is normally associated
with late endosomal compartments %!, When an aspartic acid mutation was introduced into the
third residue of Pep12’s transmembrane domain, it was ubiquitinated and localized to the vacuole
for degradation '#. Inhibiting Pep12(D) ubiquitination impaired its vacuolar localization, which
indicated that its degradation required the activity of a ubiquitin ligase °. A screen of putative S.
cerevisiae ubiquitin ligases revealed that an integral membrane RING-domain containing protein,
now known as Tull, was responsible for Pepl2(D) ESCRT-mediated vacuolar degradation.
Further characterization of Tull found that its RING domain was required for Pepl2(D)
ubiquitination, certifying it as a true RING-type ubiquitin ligase which interacts with the ubiquitin
conjugating enzymes Ubc4 and Ubc5 5. Tull was the first, and currently still, the only
characterized integral membrane ubiquitin ligase that localizes to the Golgi membrane in yeast.
Shortly after Tull’s discovery in S. cerevisiae, a homologue and its associated complex, the Dscl
(Defective for SREBP cleavage 1) complex, was identified in fission yeast for its role in a hypoxia-

143

sensing pathway '*. Insights gained from S. pombe Dscl has contributed heavily to our current

understanding of the Tull complex.

1.6.1 The S. pombe Dscl complex

As its name suggests, the Dscl complex is required for activation of sterol regulatory
binding proteins (SREBPs) in fission yeast (Figure 1.4A). 12%144145 [n both mammals and S. pombe,
SREBPs serve as a transcription factor that localize to ER membranes as integral membrane

proteins. Upon physiologically-induced stimulation, these proteins traffic to the Golgi apparatus

34



where the cytosolic N-terminus is proteolyzed from the transmembrane segments and transported
into the nucleus to induce transcription of specific genes. In mammalian systems, two isoforms of
SREBPs, aptly named SREBP-1 and SREBP-2, are trafficked to the Golgi for subsequent N-
terminal cleavage in response to low cellular levels of cholesterol and fatty acids to stimulate sterol
biosynthesis. Mammalian SREBP function and regulation has been extensively reviewed and is a

146-148 Two

focus of many studies as this process relates to many metabolic human diseases
SREBP homologues function in S. pombe, Srel and Sre2, however Srel/2 differ from mammalian
SREBPs because their main function is to act as oxygen sensors 4°. Under normal oxygen levels,
Srel/2 localizes to the ER where they are inactive. Under hypoxia, Srel/2 is activated and localizes
to the Golgi where it undergoes proteolytic cleavage of the N-terminal transcription factor, which

then localizes to the nucleus where it acts as a transcription factor for oxidative genes 43145150~

152 This cleavage event requires the activity of the Golgi-localized complex containing five
complex components that centers on an integral membrane RING-type ubiquitin ligase, Dscl.
Dsc1 was discovered in complex with Dsc2, Dsc3, Dsc4, and Dsc5. All components of the
Dscl complex are required for complete complex formation, for proper localization to the Golgi,
and for proper Srel/2 cleavage. Dscl complexes are built at the ER before transport to the Golgi
and failure to interacts with all complex components traps the complex to the ER membrane, where
it is not able to function '**-152, The necessity of the complex to be constructed has made it difficult
to determine the specific contributions of each complex component outside of those implied by
predicted domains (Figure 1.4A). Briefly, Dsc2 contains a ‘ubiquitin-associated’ (UBA) domain,
Dsc3 contains a ‘ubiquitin-like’ (UBL), and Dsc4 has no characterizable domains '#. The
functional importance of these domains will be discussed later in the context of Tull complex
components. Dsc5, which contains a ‘ubiquitin regulatory X’ (UBX) domain was confirmed to be
required for Dscl complex interaction with the AAA-ATPase Cdc48, which is required for
complex function 1=. Generally, AAA-ATPases are thought to provide mechanical force, which
can be used to extract substrates from an organelle membrane for degradation by the cytosolic
proteasome, like Cdc48 in Hrd1 ERAD 133134, AAA-ATPases are also a part of ESCRT pathways;
ATP hydrolysis of Vps4 provides the force for ESCRT-III membrane scission and complete the
invagination of substrates in MVBs fated for vacuolar degradation '°*156, The activity of the Dscl

complex results in proteolytic cleavage of its substrate, therefore the exact role of Cdc48 in this
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system is unknown '3%151, Furthermore, it is unclear if substrate ubiquitination is even required for
this cleavage step !°7.

The Dscl complex in S. pombe only seems to function as a regulator in the SREBP
pathway; no other Dscl substrates have been identified. Regardless, the study of the Dsc1 complex
led to many Tull complex insights in S. cerevisiae; the discovery of the Dscl complex suggested
that there was likely a homologous Tull complex in S. cerevisiae which led efficient identification
of Tull complex components that bear homology to their Dsc1 counterparts (Figures 1.4B & 1.4C)
144,145,150-152 1t should be noted that SREBPs and the associated pathway are not found in S.
cerevisiae, therefore Dscl and Tull are not known to share substrates nor functions #3138,
Furthermore, Dscl’s only known function is to proteolytically cleave substrates; Tull
ubiquitinates substrates for selective degradation via ESCRT-mediated delivery to the vacuole or
the ubiquitin-proteasome system. As such, many structural insights on Tull complex construction
were gained from Dscl study !°%, however it is difficult to directly infer possible mechanisms that

allow Tull the ability to degrade substrates using either degradation pathway.

1.6.2 Golgi-Tull selective substrate degradation

As previously mentioned, Tull ubiquitinates the mutant SNARE Pep12(D) for ESCRT-
mediated degradation from the Golgi and endosomes (Figure 1.4B). Tull was found to recognize
and ubiquitinate other polar integral membrane proteins for degradation in the vacuole but, unlike
Pepl12(D), these substrates are not exclusive to degradation by the Tull system '?°. Further
characterization of mutant SNARE:s in the yeast secretory pathway determined that Tull was also
specifically required for ESCRT-mediated vacuolar degradation of a mutant version of the t-
SNARE Tlgl, involved in fusion of late Golgi and early endosomal compartments in the VPS
pathway !%*-10, TIgl(LL) contains a di-leucine motif in its cytosolic-facing transmembrane domain
that prevents protein palmitoylation, resulting in ubiquitination and degradation by Tull '3
Pep12(D) and TIgl(LL) are constitutively targeted and degraded by Tull if expressed in S.
cerevisiae, however a more dramatically modified, synthetic Tull substrate is degraded in
response to environmental cues. Yifl is a Golgi-localized transmembrane protein required for
COPII vesicle fusion ¢!, If Yif1 is fused with a green fluorescent protein on its N-terminus (GFP-
Yifl), it becomes a Tull vacuolar substrate when cells are starved. It is important to note that

untagged Yifl is not a Tull substrate under any cellular or environmental conditions 4.
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Recently, Tull was found to ubiquitinate a non-protein  substrate,
phosphatidylethanolamine (PE), at endosomal compartments and the vacuole under starvation
conditions. This function is suggested to stimulate ESCRT recruitment and MVB formation at
these organelles as part of a starvation-based cellular stress response '62. The DUB Doa4 was found
to remove ubiquitin from PE in a reconstituted system 62, in agreement with previous findings of
Doa4-Tull genetic interactions %

In addition to being able to direct substrates for degradation in the vacuole, Golgi-Tull can
also degrade at least one substrate via the 26S cytosolic proteasome, an integral membrane protein
called Orm2 '?7 (Figure 1.4B). Orm2 is an ER membrane protein that assembles in complex with
SPT (Lcb1/2 and Tsc3), Sacl, and its paralogue, Orm1, to form the SPOTS complex. The SPOTS
complex regulates sphingolipid biosynthesis by inhibiting SPT activation of the first step of
sphingolipid biosynthesis when localized to the ER '3, This lipid biosynthesis pathway is largely
conserved in mammalian systems, with three Orm proteins encoded in humans (ORMDL1/2/3),
and ORMDL3 playing the primary role in inhibiting mammalian SPT complex activation, though
the exact mechanism(s) of this regulation is not well understood '%3-16°, Mutations in ORMDL3
have been associated with numerous diseases 10416,

When sphingolipid levels are low in S. cerevisiae, Orm2 is phosphorylated, leaves the ER,
and localizes to the Golgi. At the Golgi, Orm2 is ubiquitinated by Tull and degraded by the 26S
proteasome. It is important to note that Orm2 phosphorylation does not seem to be required for
Tull recognition of Orm2, but rather for export of Orm2 to the Golgi. Despite a high level of

127

homology, Orm1 does not appear to be a Tull substrate '“’. As such, Orm2 is the only currently

defined Tull substrate that is degraded by the proteasome, however published quantitative
proteomic data suggests that other proteasomal substrates exist but remain to be validated 7.
Our current understanding of Tull degradation mechanics suggests that vacuolar and
proteasomal degradation are not interchangeable among substrates (Figure 1.4B). Impairing the
proteasome does not lead to degradation of proteasomal substrates in the vacuole, and vice versa
127,129.142.166 However, the mechanisms defining the degradation pathway remain unknown. How,
or even if, Tull proteasomal substrates are extracted and degraded from the Golgi membrane is

not clear. It is hard to disregard the often noted 86-127-144.145.15L138,166.167 gimjlarities between S.

pombe Dscl, S. cerevisiae Tull, and S. cerevisiae Hrdl ERAD complex components (Figures
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1.4B-1.4D). As such, a brief summary of Hrdl ERAD substrate degradation is helpful before

further exploring Tull complex components and their potential functions.

1.6.3 Hrdl ERAD in S. cerevisiae

Different components of the S. cerevisiae Hrd1 complex play specific roles in ERAD-L or
ERAD-M pathways (Figure 1.4D). The core components of the Hrdl complex, Hrd1, Hrd3, and

168

Usal, are involved in both pathways '°°. Hrdl is a RING-type ubiquitin ligase integrated into the

ER membrane 169170

and ubiquitinates substrates along with a variety of additional roles, described
below. Hrd1 interacts with the integral membrane protein Hrd3, which is required for complex
stability '7!, and the scaffolding protein Usal promotes complex oligomerization !"%!73, A UBX-
domain containing protein, Ubx2, also associates to the core complex to coordinate the AAA-
ATPase Cdc48 interaction with the complex, to provide mechanical force for protein extraction
from the membrane for degradation by the proteasome '8, Some functions of these and other
components play other critical roles in the ERAD-L pathway, which are dispensable in the ERAD-
M pathway and vice versa %,

This is likely due to the fact that ERAD-L requires coordination by multiple mechanisms
to reach the cytosol for engagement with the ubiquitin-proteasome system %8, ERAD-L substrates
must first be recognized in the ER lumen by soluble lumenal adaptors (Yos9, Kar2, Scj1) that also

interact with Hrd3 !68:171

and carry ERAD-L substrates to the Hrd1 complex. Upon arrival to the
complex, ERAD-L substrates move across the ER lipid bilayer to the cytosol in a process called
retrotranslocation, through a retrotranslocon channel formed by a Hrdl heterodimer with the
rhomboid pseudoprotease Derl, or potentially a Hrd1/Hrd1 homodimer 93168172 Usal serves as

a stabilizing linker for Hrd1/Derl interaction 72173

and contains a ubiquitin-like domain that
counters DUB regulation of Hrd1 function, mentioned earlier in Section 1.4.1 %4, Once exposed
to the cytosol, ERAD-L substrates can be ubiquitinated by Hrd1’s cytosolic RING domain for
degradation by the 26S proteasome '03168:172,

In contrast, ERAD-M substrates localize to the ER membrane by nature, therefore
recruitment by adaptors for association with Hrdl is not required; ERAD-M substrates can likely
be recognized directly by Hrdl in the ER membrane %174, ERAD-M requires the Hrdl core
components (Hrdl, Hrd3, and Usal) and a different thomboid pseudoprotease, Dfm1 (Figure

1.4D). After substrate recognition and ubiquitination by Hrd1, ERAD-M substrates are extracted
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from the membrane for degradation by the proteasome via the AAA-ATPase Cdc48, and possibly
aided by Dfm1!2%:168 Tn vivo, Hrd1 can play a role in extracting ERAD-M substrates from the ER
membrane 74, however this function remains to be tested in a reconstituted system.

Overexpression of Hrd1 in vivo 172174175 and in experiments in vitro 103176

can compensate
for the loss of all other complex components in ERAD-M and ERAD-L pathways, which suggests
that Hrdl is independently capable of recognizing and degrading both types of substrates.
However, cytosolic regions within the Hrd1 ubiquitin ligase itself were recently identified to be
critical to ERAD-L, but not ERAD-M function '77. These regions specifically correlated in
function to dysregulation of Hrdl autoubiquitination, required for forming a channel by which
ERAD-L substrates retrotranslocate %194 and to ERAD-L substrate interaction !7’.
Characterization of mutations within Hrd1 that are critical to ERAD-M, but not ERAD-L, function
is in progress (unpublished work from our group). To conclude, it is well established that Hrd1
ERAD recognizes and degrades lumenal and membrane proteins using specific mechanisms

168

unique to each type of substrate '°°, which has recently been shown be directed by specific regions

within the integral membrane RING-type ubiquitin ligase Hrd1 !"7.

1.6.4 Features of Tull complex components

The integral membrane RING-type ubiquitin ligase Tull is in complex with four other
membrane proteins in S. cerevisiae: Dsc2, Dsc3, Ubx3, and a localization signal Gld1 or VIdl
132158 Evidence indicates that the Tull complex is constructed at the ER membrane and must be
fully assembled for localization to the Golgi/endosomal or vacuolar membrane and for function
127,132,166 The functions of each component within the system are unknown, aside from the
Gld1/VldI-directed localization and inferences made from domains each of these components
possess (Figures 1.4B & 1.4C). Beginning with the rhomboid pseudoprotease Dsc2, other proteins
that share this characteristic fold are found in the Hrdl ERAD system and might play a role in
membrane thinning !”® to better facilitate substrate extraction. Dsc2 also contains a UBA
(ubiquitin-associated) domain which, as the name suggests, can interact with ubiquitin and assist
or manipulate in the orientation and attachment to substrates !°. Dsc3, which was found to mediate
Tull binding to the remaining complex components, contains a UBL (ubiquitin-like) domain,
which has previously been associated with stabilizing protein interactions, recruitment and

regulation of deubiquitinating enzymes, and even catalyzing degradation of substrates 7181, The
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Tull complex also interacts with the AAA-ATPase Cdc48 for substrate degradation, thought to be
mediated by Ubx3’s UBX domain.!?":16¢, As mentioned earlier, Cdc48 plays a role in extracting
substrates from the ER membrane in Hrd1-ERAD systems, mediated by interaction with a UBX-
domain containing protein ', which is likely the role of Cdc48 in the Tull complex, though the
mechanism of Tull proteasomal substrate extraction remains unclear.

Gld1-containing Tull complexes localize to the Golgi/endosome through the VPS pathway
while V1d1-containing complexes localize directly to the vacuole from the Golgi through the AP-
3 pathway, described briefly in Section 1.5 (Figures 1.4C & 1.4D) 132158 Gld1-Tull complexes
are proposed to cycle between Golgi and endosomes via retromer activity while vacuole-Tull
complexes are thought to remain on the vacuolar membrane after arrival '32. The discovery of two
Tull complex localization signals was the first indication that the Tull complex functions
differently depending on its localization, which is directed by its associated factor. Specifically, it
was proposed that Gld1-Tull complexes do not degrade the same substrates as VId1-Tull
complexes, and vice versa 27132,

Outside of its core complex components and the ability to degrade substrate using two
degradative systems, the mechanics of the entire Tull complex are poorly understood. All
components of the Golgi-localized complex (Tull, Dsc2, Dsc3, Ubx3, Gldl, and Cdc48) are

required for degradation of Tull substrates via their respective pathways 127:132:158

. Overexpression
of Tull partially compensated for the loss of other complex components to deliver vacuolar
substrates to the MVB pathway (this work was conducted prior to the discovery of the proteasomal
substrate and the localization factors Gld1/VId1l) ', This suggests that Tull is independently
capable of direct substrate recognition and ubiquitination of at least vacuolar substrates. Whether
Tull can independently degrade its proteasomal substrate Orm2, which would suggest that it also

plays a critical part in extraction of Orm?2 proteasomal degradation, is unknown.

1.7 Summary and Overview of Dissertation

As highlighted throughout this review, there are several outstanding questions in the field
of eukaryotic secretory and membrane protein quality control that are interesting to study in the
context of the yeast Golgi-localized Tull complex function. First, understanding this system will
highlight a novel observed mechanism for how an integral membrane ubiquitin ligase system can

selectively target a substrate for degradation through the proteasome versus the vacuole. Activity
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of the ubiquitin ligase itself, perhaps by specific interactions with ubiquitin conjugating enzymes,
might play a role in directing substrates to proteasomal or vacuolar systems. This could lend further
understandings of how and why proteins are ubiquitinated with different linkages in eukaryotic
systems. Second, the specific functions of Tull complex components remain poorly characterized,
outside of predicted domains and their associated function(s). Interrogation of Tull complex
components could reveal other ubiquitin-independent mechanisms by which an integral membrane
ubiquitin ligase system can selectively direct substrates for degradation.

In this dissertation, we attempt to answer the question of how the Golgi-localized Tull
ubiquitin ligase complex in S. cerevisiae selects proteins for degradation by the proteasome versus
the vacuole. Chapter Two describes a deep mutational scanning approach that provides a glimpse
into this question and allows us to propose new models for Tull function that are thoroughly

discussed in Chapter 3.
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Figure 1.1: Secretory pathway protein quality control in mammalian systems.
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Figure 1.1: Secretory pathway protein quality control in mammalian systems.

A) Summary of quality control systems and their responses that operate at the ER, including
protein folding by lumenal chaperons, degradation (ERAD and ER-autophagy), and protein
export in COPII coated vesicles.

B) Summary of quality control systems that operate in organelles that receive proteins from the
ER in the secretory pathway. Golgi quality control systems can return proteins to the ER in
COPI coated vesicles for re-localization, refolding, or degradation. Other proteins can enter
endosomes for trafficking to the plasma membrane in secretory granules or for entry into the
endo-lysosomal pathway for degradation. Proteins from the plasma membrane can endocytose
and enter the endo-lysosomal system for degradation.
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Figure 1.2: Different types of ubiquitin ligases conjugate specific types of ubiquitin linkages
on substrates which can modulate fate.
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Figure 1.2: Different types of ubiquitin ligases conjugate specific types of ubiquitin linkages
on substrates which can modulate fate.

A)

B)

0

D)

The ubiquitination cascade, beginning with ATP-dependent conjugation of free ubiquitin onto
a ubiquitin activating (Uba) enzyme. The Uba enzyme then transfers the ubiquitin onto a
ubiquitin conjugating (Ubc) enzyme. The Ubc enzyme then transfers ubiquitin onto a ubiquitin
ligase, to complete the final step in the ubiquitination cascade and conjugate ubiquitin onto a
target protein. Deubiquitinating (DUB) enzymes reset the system by removing ubiquitin from
the target protein, which can then be recycled and re-enter the ubiquitination cascade.

Two types of mechanisms by which a ubiquitin ligase conjugate ubiquitin onto a target protein
from a charged Ubc enzyme. RING/U-box ubiquitin ligases mediate the one-step transfer of
the ubiquitin onto the substrate by interacting with both the charged Ubc enzyme and the
targeted protein to facilitate transfer of ubiquitin directly from the Ubc enzyme onto the target.
HECT/RBR ubiquitin ligases mediate a two-step transfer of ubiquitin by first accepting the
ubiquitin from a charged Ubc enzyme, then transferring the moiety directly onto a target
protein.

Different types of ubiquitin chains can be built from the ubiquitination cascade. Mono- or
multiubiquitin conjugations are just one moiety attached to an amino acid on a target substrate,
most often a lysine. Polyubiquitination results from processive additions of ubiquitin onto one
site of a target protein, building ubiquitin chains. These chains can be heterotypic, meaning
consisting of mixed types of linkages built between the moieties and can sometimes result in
branched chains, or homotypic, meaning built with only one type of linkage between moieties.
Different cellular activities are correlated with different ubiquitin conjugations built during
polyubiquitin chains. Most of these details are mostly from observations of cellular processes
where these linkages are found/important and the field is still quite murky in terms of specific
functions, outside of K48- and K63 linkages. There is still no clear picture on how or what
exactly can cause the functional consequences of these linkages.
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Figure 1.3: Ubiquitin-dependent degradation of secretory and membrane proteins.
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Figure 1.3: Ubiquitin-dependent degradation of secretory and membrane proteins.

A) ESCRT-mediated lysosomal degradation of proteins generally is initiated when ESCRT-0

B)

complexes engage ubiquitinated protein in endosomal compartments. This initiates a cascade
of complexes that are then recruited, beginning with ESCRT-I and ESCRT-II complexes,
which bind the ubiquitinated protein as well as each other. At this point, the endosomal
membrane begins to bud inward, however the completed budding of intralumenal vesicles into
the endosomal lumen is not completed until ESCRT-II recruits ESCRT-III. ESCRT-III
complexes include the AAA-ATPase Vps4, which is required to provide force for ESCRT-III
membrane scission and budding inward of these vesicles, after substrates are deubiquitinated
by local DUBS, to complete the formation of late endosomal multivesicular bodies (MVBs).
These MVBs then fuse with the lysosome (or the vacuole in yeast) to degrade the cargo
proteins. Failure of ESCRT to engage substrates or properly form MVBs results in proteins
accumulating in aberrant ‘Class E compartments’ which are late endosomal compartments that
do not fuse with lysosomes, leading to stabilized protein.

Degradation of secretory and membrane proteins by the ubiquitin-proteasome system requires
a series of coordinated steps. If the substrate of the ubiquitin-proteasome system is
soluble/lumenal, it must first be retrotranslocated across the ER membrane through a
retrotranslocon where it can be exposed to the cytosol. The mechanical force for this is
provided by the activity of a AAA-ATPase, for which p97/Cdc48 is most often referenced.
Once exposed to the cytosol, soluble/lumenal proteins and integral membrane proteins alike
are ubiquitinated by a ubiquitin ligase (not included in this depiction). The ubiquitinated
proteins are recognized by the 19S cap of the 26S proteasome complex, which localizes the
multi-enzymatic complex to the organellar membrane. These ubiquitinated proteins are then
extracted from the membrane, again through AAA-ATPase activity provided by p97/Cdc48 or
sometimes AAA-ATPases that compose the 26S proteasome. Once extracted from the
organelle membrane, proteins are deubiquitinated and linearized by enzymes that compose the
26S proteasome, leading to their degradation in the 20S core.
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Figure 1.4: Dscl, Hrd1, and Tull ubiquitin ligase complexes in yeast.

A) The S. pombe Dscl complex and its conserved domains. Dscl is involved with the SREBP
pathway in S. pombe, during which Srel disassociates from Scpl at the ER membrane, where
it then localizes to the Golgi membrane. Srel is recognized by the Dscl complex at the Golgi,
which cleaves the N-terminal transcription factor of Srel through protease activity, which then
localizes to the nucleus for upregulation of hypoxic response genes. RING = RING domain on
the ubiquitin ligase, UBL = ubiquitin-like domain, UBA = ubiquitin-associated domain, UAS
= member of the thioredoxin-like protein superfamily, UBX = ubiquitin regulatory X domain.

B) The Golgi-localized Tull complex in S. cerevisiae and its conserved domains. Golgi-localized
Tull complexes recognize substrates at the Golgi membrane for degradation by both vacuolar
and proteasomal systems.

C) The vacuole-localized Tull complex in S. cerevisiae and conserved domains. Vacuole-
localized Tull complexes only degrades substrates in the vacuole and differs in construction
from the Golgi-localized Tull complex if assembled with the localization signal V1d1.

D) The Hrdl complex in S. cerevisiae with conserved domains. Hrdl localizes to the ER
membrane and can degrade two different types of substrates, ERAD-L (containing a lumenal
mutation) and ERAD-M (containing a mutation within its membrane domain), using similar,
but different complex components.
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Chapter 2
The Golgi-localized Tull Ubiquitin Ligase Plays a Central Role in Directing Substrate

Degradation

2.1 Abstract

Cellular protein quality control consists of multiple, networked systems that survey and
maintain a healthy proteome within eukaryotic organelles. The Tull (transmembrane ubiquitin
ligase 1) complex is an integral membrane protein quality control system that functions within the
Golgi-endosomal system in S. cerevisiae. Golgi-localized Tull complexes recognize and
ubiquitinate proteins for degradation by either the cytosolic proteasome or the vacuole. To
understand how the Tull complex recognizes and degrades its substrates, we developed high-
throughput functional assays for a deep mutational scanning analysis of the Tull ubiquitin ligase.
This deep mutational scan identified mutations that disrupted Tull interaction with its complex
and other mutations that altered the substrate specificity of the complex. This work demonstrates
that Tull plays an important role in directing specific substrate degradation of the complex and

provides tools for future dissection of the entire Tull complex.

2.2 Introduction

Secretory and integral membrane proteins comprise one third of the eukaryotic proteome
and are folded within the endoplasmic reticulum (ER). Genetic mutations or errors during and after
ER-localized protein synthesis can create misfolded proteins and result in their distribution or toxic
accumulation within cellular organelles 2. Disruption of organellar protein homeostasis induces
cellular stress responses that begin at the ER with the unfolded protein response °. Continued
disruption of organellar proteostasis can impair cell function and cause cell death; consequences
of which are linked to many pathologies *°. Protein quality control systems function in all
eukaryotic organelles to maintain proteostasis by either correcting misfolded conformational and

localization abnormalities, or by degrading these proteins !,
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The ER is considered the first checkpoint for newly synthesized membrane and secretory
proteins 2. Substrates can evade ER protein quality control systems and enter the secretory
pathway if they contain specific traits embedded in the protein sequence, like a strong ER-exit
signal or simply because they are not recognized by systems that function at the ER 26, Substrates
of ER quality control systems as well as ER-resident proteins can also erroneously exit the ER,
which is often a byproduct of prolonged ER stress and/or elevated protein export as part of the
UPR response 2. The Golgi apparatus is the next organellar checkpoint with quality control
systems that recognize secretory and membrane proteins that leave the ER and can prevent their
continued distribution in the secretory pathway. Substrates recognized by Golgi quality control
systems can be 1) returned to the ER in COPI for refolding or degradation '%!!, 2) routed to the
vacuole through pathways including the VPS or AP3 pathways 2, or 3) degraded by a local quality
control system 13716,

In S. cerevisiae, the Tull (Transmembrane ubiquitin ligase 1) complex is an integral
membrane ubiquitin ligase system that functions at the Golgi '°. Tull was initially characterized
for its role in recognizing and ubiquitinating the mutant SNARE proteins Pep12(D) and Tlg1(LL)
for lysosomal degradation via ESCRT-mediated transport to the yeast vacuole '3, Most of the
identified Golgi-Tull substrates are degraded in the vacuole !"-'¥. However, a separate class of
Tull substrates are degraded by the proteasome, with the prototype being the ER-localized integral
membrane protein Orm2. When sphingolipid levels are low, Orm2 is phosphorylated and
transported to the Golgi, where it is recognized and ubiquitinated by Tull 4. In this case, instead
of being delivered to the vacuole like other Tull substrates, Orm2 is extracted from the membrane
and degraded by the cytosolic proteasome. Orm2 degradation plays a critical, albeit nonessential,
role modulating cellular sphingolipid levels in S. cerevisiae '°; genetic deletion of Tull stabilizes
Orm?2 and is reported to attenuate cellular ceramide levels '*. Tull substrate degradation-fates seem
to be fixed and specific to each protein. Inhibition of the proteasome does not result in degradation
of Orm2 in the vacuole, while impairing ESCRT or vacuole function stabilizes vacuolar Tull
substrates in class E compartments rather than redirecting for degradation by proteasome 3141718,
The mechanisms by which Tull recognizes and specifically degrades its substrates through either
pathway is unknown.

The current understanding of S. cerevisiae Tull is derived from insights gained studying

the homologous Dscl (Defective for SREBP cleavage 1) integral membrane ubiquitin ligase found
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in S. pombe 2°-24, In S. pombe, Dsc1 forms a complex with other integral membrane proteins, Dsc2,
Dsc3, Dsc4, and DscS5, to activate proteolytic cleavage and transcriptional activity of a sterol
regulatory binding protein (SREBP) homolog called Srel 2°2!, This Dscl endogenous function is
not shared with Tull because Srel is absent in S. cerevisiae ». In fission yeast, Dscl activity
appears to be limited to facilitating proteolytic cleavage of substrate and therefore does not provide
a framework for understanding how Tull participates in vacuolar and proteasomal degradation 2+,
Furthermore, it is unclear if Dscl substrates require ubiquitination for engagement with proteases
2425 Regardless, insights derived from S. pombe Dscl studies prompted further investigation in S.
cerevisiae to establish the current understanding of Tull and its associated complex components
25

The Tull ubiquitin ligase is assembled into a complex at the ER with four other integral
membrane proteins: Dsc2, Dsc3, Ubx3, and either GId1 or V1d1 2326, Gld1 directs the complex to
Golgi and endosomal compartments following the VPS pathway and likely is cycled by retromer,
while VId1 traffics the complex directly from the late Golgi to the vacuole via the AP3 pathway
26, While these Golgi-Tull and vacuole-Tull complexes form by competitive binding of Gld1 or
V1d1 to otherwise identical components, each complex appears distinct in substrate specificity 26.
Both complexes degrade substrates via the vacuole, however vacuole-Tull does not appear to have
any proteasomal substrates 146, As such, we focused our attention on dissecting the mechanics of
the Golgi-localized Tull complex because of its ability to degrade substrates through both
pathways 426 Previous studies indicated that genetic deletion of any Golgi-Tull complex
component resulted in stabilization of both proteasomal and vacuolar Tull substrates, likely due
to the necessity of the complex to be constructed at the ER prior to localization, and presumably
function, at the Golgi *2°. The specific interaction interface(s) and role(s) of each component
within the Golgi-Tull complex remain largely untested, including whether any specific component
is responsible for sending a substrate to the proteasome versus the vacuole 418226,

In this study, we explored the enigmatic mechanism(s) responsible for Golgi-Tull complex
function, beginning with a residue-level interrogation of a central enzymatic component to the
system, the Tull ubiquitin ligase. We established a high-throughput dual-reporter assay that
allowed us to concurrently monitor the degradation of proteasomal and vacuolar Golgi-Tull
substrates. We incorporated this assay into a deep mutational scanning pipeline to profile the

function of Tull variants. We identified mutations in the Tull lumenal domain that impaired
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protein stability and complex construction. We also identified Tull variants in the RING-finger
domain that maintained complex binding, but altered complex substrate specificity and were in
proximity to the predicted E2 ubiquitin conjugating enzyme and ubiquitin interaction interfaces.
This work establishes an adaptable, high-throughput deep mutational scanning pipeline for
comprehensive analysis of the Golgi-Tull complex, which we used to identify residues that play

a role in substrate degradation selectivity.

2.3 Results

2.3.1 Establishing a high-throughput method to test Golgi-Tull function

To enable systematic analyses of Tull complex function, we designed a high-throughput
fluorescence-based assay to follow the degradation of proteasomal and vacuolar substrates (Figure
2.1A). As a proteasomal Tull substrate, we used a phosphomimetic variant of Orm2 (called
Orm2(DDD)) that is constitutively degraded independent of cellular lipid composition 4. We
confirmed that cells expressing Orm2(DDD) with a C-terminal mScarlet-I showed a shift in
fluorescence intensity after a 2-hour cycloheximide chase in wild-type (WT) but not tu/l/A cells
(hereafter called Orm2*-RFP, Figure 2.1B). To track Tull-dependent vacuolar substrate
degradation, we added an N-terminal super-ecliptic pHluorin to the Tull substrates Pep12(D)
(called Pep12*) and Tlgl(LL) (called Tlgl*)!*!6. Super-ecliptic pHluorin is a pH sensitive GFP
with fluorescence that is prevented in acidic environments such as the vacuole (hereafter referred
to as GFP) 7. Correspondingly, we observed a decrease in fluorescence intensity of the GFP-
tagged vacuolar substrates in wild-type, but not tul/l/A, cells after a 2-hour cycloheximide chase
(see GFP-Pep12* and GFP-Tlgl*, Figures 2.1C & 2.1D). Using spectrally-distinct fluorophores
on proteasomal and vacuolar Tull substrates, we were able to simultaneously monitor degradation
for both classes of Tull substrates with flow cytometry.

All vacuolar and proteasomal substrates required Tull for degradation; we tested whether
substrate degradation could be complemented in ful//A cells when TULI was integrated at an
exogenous locus. Tull expressed from its endogenous promoter at the 4is3 locus was insufficient
to complement a ful/A strain, however, Tull expressed from the ADH 1 promoter at this exogenous
locus complemented substrate degradation in a ful/A strain (Figures 2.1E-2.1G & S2.1A-S2.1C).

We observed a moderate overexpression of Tull under the ADHI promoter but no increase in the
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expression of other Tull complex components (Figure S2.1D). We reasoned that the requirement
for assembly of Tull complexes at the ER prior to vesicular trafficking and Golgi localization,
acted as a limiting factor for Tull complex activity, as observed previously 2%, In alignment with
this reasoning, we found that overexpressing Tull in wild-type cells did not drastically alter
substrate degradation profiles (Figures S2.1E-S2.1G). Our ability to complement Tull function at
an exogenous locus allowed us to develop screening strains that we could use for a high-throughput
functional analysis of the Tull ubiquitin ligase.

As a final control for the sensitivity of the fluorescent reporter substrates, we tested whether
the ubiquitin ligase activity of Tull was required by disrupting the Tull RING-finger cross-brace
motif (Tull(C699A)). We hypothesized this mutation would break Tull function based on the
analogous Dsc1(Cys634Ala) substitution in S. pombe, which was reported to be nonfunctional
(Figure S2.1H) 2}. We confirmed that Tull(C699A) was nonfunctional using our fluorescent
reporter assays and either a 2-hour cycloheximide treatment or in cells grown to saturation (Figures
2.1H-2.1J & S2.11-S2.1K). We confirmed that the reporter substrates behaved similarly with
smaller epitope tags compared to the fluorophore by following their degradation using
cycloheximide chases and immunoblotting. The proteasomal Tull substrate Orm?2 containing a C-
terminal 3xHA epitope tag (Orm2-HA) was stable in tu/IA cells and cells expressing Tul1(C699A)
but was degraded with Tull expressing cells (Figure 2.1K). This was consistent with previous
findings that Orm2-3xFLAG was degraded in wild-type but not u/IA cells (Figure S2.1L) 4.
Similarly, N-terminal 3xHA epitope tagged Tull vacuolar substrates, HA-Pep12* and HA-TIgl*,
were not degraded in fullA cells except when complemented with Tull (Figures 2.1L & 2.1M).

Altogether, these reporter substrates could be used to monitor function of the Tull ubiquitin ligase.

2.3.2 Tull complex assembly is not required for Tull-substrate interaction

Currently, it is unclear how the Tull complex interacts with its substrates, aside from
studies that suggest interactions with Dsc3 bridge Tull with the rest of its complex 3:1416:.17.25 Tg
enable Tull complex co-immunoprecipitation, we inserted a 3xV5 epitope tag after the Tull signal
sequence and confirmed that V5-Tull complemented substrate degradation in tu//A cells similarly
to unmodified Tull (Figures 2.2A-2.2C). We immunoprecipitated V5-Tull and probed for co-
immunoprecipitation of the Tull complex components (Figure 2.2D) 2326, To follow Gld1 and

VI1d1 interaction, we integrated 3xHA tags at the endogenous C-termini of both Gld1 and V1d1
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and verified the HA-tagged proteins functioned similarly to untagged protein (Figures S2.2A-
S2.2C). We reasoned that using the same epitope tag would allow comparison of relative amounts
of Tull-Gld1 and Tull-VId] containing complexes. We confirmed Gld1-HA and VId1-HA co-
immunoprecipitated with V5-Tull and observed a slight preference for Gld1 with wild-type Tull
(Figure S2.2D).

Next, we confirmed previous observations that Tull interaction with its complex requires
each component; V5-Tull expressed in dsc2A, dsc3A, ubx3A, and gldIAvIdIA failed to co-
immunoprecipitate any other complex components (Figure 2.2E). To test whether Tull could
directly interact with its substrates, we immunoprecipitated each of our model HA-tagged
substrates and followed co-immunoprecipitation of V5-Tull. We observed interactions of V5-Tull
with each of the HA-tagged substrates (Figures 2.2F-2.2H). To understand the mechanics of
recognition, we performed the same co-immunoprecipitations from strains lacking each of the
complex components. We found that loss of any individual complex components did not impair
Tull interaction with any of the substrates (Figures 2.2F-2.2H), which suggests Tull could interact
with substrates independent from its known complex (Figure 2.2E), either directly or indirectly
through another currently unidentified interacting protein.

Without every complex component assembled, Tull is unable to exit the ER, which
suggests that the Tull complex is nonfunctional at the ER despite its ability to interact with
substrates !7-2°-26, We tested whether our Tull model substrates were degraded in the absence of
individual components of the Tull complex. In agreement with previous studies 4, we confirmed
that each component of the Tull complex (Dsc2, Dsc3, Ubx3, and Gldl), but not VId1, was
required to degrade the proteasomal substrate Orm2*-RFP (Figure 2.21). The necessity of each
complex component was not known for the vacuolar model substrates Pep12* and Tlgl* 316,
Therefore, we tested whether each complex component was required for GFP-Pep12* degradation
and found that Pepl2* degradation was independent of VIdl but required Dsc2, Dsc3, Ubx3
(Figure 2.2J). Surprisingly, we observed some degradation of this substrate in gldIA cells (Figure
2.2J). We observed similar trends in the degradation of the second vacuolar Tull substrate, GFP-
Tlg1* (Figure 2.2K). Genetic deletion of both Gld1 and VI1d1 (gldIAvidIA) completely stabilized
both GFP-Pep12* and GFP-Tlgl* (Figures 2.2] & 2.2K). Together these data supported that
vacuole-Tull complexes can inefficiently degrade TIgl* in the absence of Gldl1, and to some

extent Pep12*, but both vacuolar substrates were primarily degraded by Golgi-Tull complexes
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(Figures 2.2] & 2.2K) and required Tull ubiquitin ligase activity (Figures S2.2E-S2.2G). We
concluded that our functional reporters were suitable to test Golgi-Tull function and provided

sufficient dynamic range to detect functional, nonfunctional, and hypomorphic phenotypes.

2.3.3 Deep mutational scanning of the Tull E3 ubiquitin ligase

To systematically identify residues required for Tull function, we adapted a tiling primer
mutagenesis strategy to comprehensively generate Tull variant libraries to test in our functional
assays (Figure S2.3A) 2839, We divided Tull into eight variant sub-libraries (~96 amino acids
each, Figure 2.3A) compatible with [llumina sequencing. To ensure stable expression of the Tull
variant libraries without the ‘on/off” expression states observed using centromeric plasmids 3132,
we used a genomic integration strategy. We cloned our variant libraries into integrating plasmids
that target the genomic his3 locus (Figure S2.3B) 3133, A limitation of yeast genomic integration
strategies is difficulty achieving the required transformation and integration efficiencies for
library-scale experiments. We engineered a tulIA strain to include two I-Scel restriction sites **
flanking a selection marker at the his3 locus (Figure S2.3B). During transformations with this
engineered strain, we achieved transformation efficiencies in >10-fold excess of our library
diversity, avoiding a diversity bottleneck at this step.

Following transformation, we grew the yeast containing the Tull variant libraries in liquid
selection media and allowed these cultures to saturate, which allowed us to follow reporter
substrate degradation without exposing cells to cytotoxic chemicals to stop translation (Figures
S2.11-S2.1K). We used fluorescence-activated cell sorting (FACS) to collect cells that fell into
four populations correlating to four distinct degradation profiles. We predicted the first section
would contain Tull variants unable to degrade proteasomal substrates (in Quadrant 1, P1), the
second section would contain nonfunctional Tull variants (in P2), the third section would contain
the wildtype-like Tull variants (in P3), and in the fourth section would be Tull variants unable to
degrade vacuolar substrates (in P4) (Figure S2.3C).

Sequencing of the input populations demonstrated that 96% of all possible Tull single-
residue substitutions were sampled (Figure 2.3A). Every individual position contained single-
residue substitutions to at least 10 other amino acids and most positions had >90% of the possible
substitutions included (Figure 2.3A). We collected cells that fell into functional (P3) and
nonfunctional (P2) populations from each sub-library (Figures 2.3B & S2.3C). We recovered the
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cells and confirmed the degradation phenotypes of each FACS-sorted population in flow
cytometry prior to DNA extraction, amplification, and sequencing (Figure S2.3C). In most sub-
libraries, we saw small percentages of cells that fell into the populations predicted to have altered
substrate specificity (Figure 2.3B & see P1/P4 in Figure S2.3C), however these sorted cells either
failed to grow or failed in the phenotype confirmation step. Therefore, we assumed these cells
were false positives. We successfully recovered and confirmed cells that were defective in
degradation of the proteasomal substrate Orm2*-RFP (from P1, Figure S2.3C) from Library 8,
spanning positions 673-758, which covered the cytosolic Tull RING domain (Figure 2.3B).

We used Enrich2, a statistical framework for analyzing sequencing enrichment datasets >,
to analyze amino acid enrichment scores at each position from the sequencing results (Figures
2.3C & 2.3D). In the nonfunctional populations we observed an enrichment of stop codons,
demonstrating success of experimental setup because premature stop codons would result in
protein truncation and would disrupt the C-terminal Tull RING domain essential for Tull function
(Figures 2.3C & 2.3D). This observation was a simple validation of the approach by showing our

experiments accurately selected for mutations expected to lie within the nonfunctional populations.

2.3.4 Single-residue substitutions in the Tull lumenal domain impair complex formation

Broadly, we observed several regions within the Tull lumenal domain that were enriched
for multiple variants in nonfunctional population and depleted from the functional population
(Figures 2.3C & 2.4A). To identify substitutions in the Tull lumenal domain that restricted
function, we returned to the sequencing data and selected five resides with higher variant counts
in the nonfunctional population from sorting and sequencing experiments. We introduced the
highest represented mutation at each of these residues into a V5-Tull construct and tested for
function using the reporter substrates. The FACS-based experiments were performed with only
GFP-TIgl* so we tested whether substitutions had similar phenotypes with both GFP-Tlg1* and
GFP-Pep12*. Four of the five variants were nonfunctional and unable to degrade either class of
substrate (Figures 2.4B & 2.4C). However, one variant (Tull(E346V)) was unable to degrade
Orm2*-RFP and GFP-Pepl2* but partially able to degrade GFP-Tlgl* (Figures 2.4B & 2.4C).
This variant was somewhat reminiscent of the phenotype observed with the gld/A strain (Figures
2.21-2.2K) but, unlike the g/d /A, was unable to degrade GFP-Pep12*; we concluded the phenotype

was unable to be explained only by a simple disruption in Gld1 interaction.
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We found that each of the substitutions within the Tull lumenal domain partially
destabilized Tull, including the Tul1(E346V) substitution (Figure 2.4D). Tull(E346V) displayed
reduced steady state levels but appeared to have a longer half-life compared to wild-type Tull.
The destabilization of the lumenal mutants was likely responsible for the nonfunctional
phenotypes. However, we also wondered whether the Tull variants interacted with the rest of its
complex because previous studies suggested the Tull complex must be fully assembled for ER
exit and subsequent function 2°26, We found that each of the nonfunctional Tull lumenal variants
were unable to co-immunoprecipitate with additional component of the Tull complex, with the
exception of Tull(E364V) (Figure 2.4E). Tull(E346V) was able to interact with other complex
components, albeit weakly, and had a change in preference for V1d1 over Gld1 (Figure 2.4E).
Together, we concluded that the Tull lumenal domain is critical for Tull interaction with its

complex, overall stability, and substrate selection.

2.3.5 The Tull RING domain influences substrate specificity

Outside of the lumenal domain, we observed residues with several amino acid depletions
from the wildtype-like Tull sorted population, which fell within TM1, the TM3-TM4 cytosolic
loop, and the cytosolic Tull RING domain (Figures 2.5A & 2.5B). The most dramatic
disenrichment profiles were found in the RING domain, and analysis of the sequencing data
confirmed that substitutions of these RING-residues were overrepresented in the nonfunctional
population compared to functional population. Residues in TM1 and the TM3-TM4 cytosolic loop
were not enriched within the nonfunctional population, therefore we focused our attention on
confirming residues of interest in the RING domain (Figure 2.5B).

We created single-position variant libraries to cover all twenty amino acid substitutions for
residues of interest in the RING domain and tested their phenotypes after both a 2-hour
cycloheximide treatment and in saturated cells using flow cytometry. Within these mini-libraries,
single-residue substitutions resulted in mixed functional and nonfunctional populations across all
three substrates (Figure S2.4A). Two of the positions (Ala700 and His731, see ~ residues in Figure
S2.4A) were also identified in off-axis populations collected in our FACS screen as unable to
degrade the proteasomal substrate Orm2*-RFP (P1 in Figure S2.3C), and these libraries did show
more impaired Orm2* degradation phenotypes than Pep12* or Tlgl* (Figure S2.4A). In total, we

identified ten residues that exhibited noticeable profile shifts from their single-position libraries
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and returned to our sequencing data to identify the highest represented substitutions from the
nonfunctional or proteasomal-defective populations (Figure S2.4A).

We tested these ten V5-Tull RING mutants for degradation of the proteasomal substrate
Orm2* and vacuolar substrates Pep12* and Tlgl*. From the results, we grouped these mutants
into three different phenotypic classes. In the first grouping, we found that six of these variants
were generally nonfunctional, meaning they were broadly unable to degrade substrates (Figures
2.5C & 2.5D). We found that most of these variants were similar in stability to wild-type Tull,
except for Tull(C748V) which seemed to be less stable (Figure 2.5E). Despite this difference in
stability, we confirmed that all five nonfunctional mutants were able to successfully interact with
Tull complex components by co-immunoprecipitation experiments (see ® in Figure S2.4B). This
also suggested that, in contrast to the lumenal nonfunctional mutants (Figures 2.4B-2.4E & Figure
S2.4B), unstable Tull RING variants could still interact with other complex components (C748V
in Figure S2.4B), thus Tull destabilization likely resulted from different underlying mechanics.

In the second grouping were three Tull RING variants that were hypomorphic in degrading
all three substrates, although to varying degrees (Figures 2.5F & 2.5G). Steady-state levels of each
variant were similar to wild-type Tull, however Tull(C729R) and Tull(C751S) were less stable
with shorter half-lives (Figure 2.5H). Each variant was able to co-immunoprecipitate other Tull
complex components, similarly to wild-type Tull (see & Figure S2.4D).

The third grouping comprised two RING domain variants (A700D and H731S) that were
present in proteasomal-nonfunctional off-axis population (P1 in Figure 2.3C). We found that each
variant was unable to degrade Orm2*-RFP (and GFP-Pep12%*), but were able to degrade GFP-
Tlgl*, although inefficiently (Figures 2.51 & 2.5J). The Tull(A700D) variant steady state levels
and stability were considerably reduced compared to wild-type Tull (Figure 2.5K) while the
Tull(H731S) steady state was comparable to wild-type Tull. The overall stabilities of each variant
were unable to account for their differences in function (compare Figures 2.5C-2.5K). Importantly,
each of these variants were able to interact with the other Tull complex components (see U Figure
S2.4B). In summary, we identified several Tull RING mutants that had a spectrum of impaired
function, from nonfunctional, hypomorphic, and selectively unable to degrade proteasomal

substrates.

2.3.6 Tull variants require Gld1 for function
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Several of the variants with altered substrate specificity were reminiscent of g/d/A cells
(Figures 2.21-2.2K) so we tested whether the variants had altered Gld1/VIdI interaction profiles.
Co-immunoprecipitation of the nonfunctional RING domain variants (Figure S2.4B) highlighted
a preference for VId1 over Gld1 (Figure 2.6A). To test whether competition between Gld1 and
VI1d1 could explain the reduction in substrate degradation, we tested the variants in strains lacking
Gld1, Vidl1, or both GId1 and VId1l. We found that loss of either Gld1 or V1d1 had no effect on
substrate degradation (Figure 2.6B).

Next, we tested the Tull hypomorphic mutants (M703S, C729R, C751S) for alterations in
the GIldl and VId1 binding profiles (Figure 2.5F). We found that the hypomorphs exhibited
decreased Gld1 binding compared to wild-type Tull, but no apparent preference for Gld1 or V1d1
(Figure 2.6C). In the absence of Gld1 (gldIA cells), these variants were unable to degrade Orm2*,
Pep12*, or Tlgl* whereas in the absence of VId1, these substrates were degraded slightly more
efficiently (Figure 2.6D).

Finally, we tested the Tull variants that had altered substrate specificity (A700D, H731S,
Figure 2.51). Similarly to the hypomorphs (Figure 2.6C) these variants had reduced preference for
Gld1 over VId1 compared to wild-type Tull (Figure 2.6E). In strains lacking Gld1 and/or VId1,
we observed a requirement for Gld1, but not V1d1, in the degradation of GFP-Tlg1* (Figure 2.6F).
Together, these experiments demonstrate that the disparate phenotypes are unable to be attributed

solely to changing GId1/VId1 preferences.

2.4 Discussion

In this work, we used a deep mutational scanning approach to dissect the function of the
Tull ubiquitin ligase. We developed high-throughput fluorescence-based reporters to assay
degradation of proteasomal and vacuolar Tull substrates (Figure 2.1). We found that Tull interacts
with substrates in the absence of other complex components, but confirmed proper Tull complex
formation is required for degradative function (Figure 2.2). We generated variant libraries covering
nearly all possible single-residue substitutions spanning Tull, which we separated into functional,
nonfunctional or proteasomal-nonfunctional populations (Figure 2.3). Tull was relatively tolerant
of many single-residue substitutions, but we identified several mutations in the N-terminal lumenal
and C-terminal RING domains that altered the activity of Tull to varying degrees and toward
different substrates (Figures 2.3-2.5). Profiling of these variants identified the Tull lumenal
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domain as critical for association with the complex components and the resulting protein stability
(Figure 2.4). Mutations in the RING domain were able to alter Tull complex specificity by
completely preventing the degradation of proteasomally-degraded substrates, but did not
completely separate the function between the proteasome and vacuolar substrate degradation
pathways (Figures 2.5 & 2.6). Therefore, we conclude that Tull plays a central role, but requires
additional factors to determine the ultimate fate of its substrates.

Our assays simultaneously monitored degradation of Tull substrates through both the
proteasome and vacuole. This allowed us to identify mutations within the Tull RING domain that
specifically impaired degradation of proteasomal substrate (Figures 2.51 & 2.5J). These mutants
were largely hypomorphic for degradation of vacuolar substrates (Figures 2.51 & 2.5J), which was
somewhat reminiscent of substrate degradation in the g/d/A strain (Figures 2.21-2.2K). Vacuolar
degradation in these mutants was somewhat improved when VId1 was removed from the system,

presumably improving the Tull interaction with Gld1 26

, emphasizing the importance of the Golgi-
localization signal for both proteasomal and vacuole substrate degradation of these model
substrates (Figure 2.6F) '#2°, Proteasomal substrates remained stable in vIidIA expressing these
mutants (Figure 2.6F). Importantly, Gld1 was not required for Tull interaction with either class of
substrates, as Tull co-immunoprecipitated with all substrates in gldIA cells (Figures 2.2F-2.2H).
Altogether, this indicated that Tull mutants with selectively impaired proteasomal degradation
were not exclusively caused by altered Gld1/V1d1 interactions.

Many of the substitutions causing the nonfunctional phenotypes comprise the zinc
coordinating residues within the Tull RING domain. These substitutions likely disrupt the fold
and destabilize zinc interactions (Figure 2.7). Zinc coordination is required for the RING fold to
enable recruitment of a ubiquitin-charged E2 conjugating enzyme, which mediates the transfer of
ubiquitin onto substrate 337, We modeled the Tull RING domain with Ubc4 (E2) '**® and
ubiquitin using AlphaFold Multimer (Figures 2.7B & 2.7C) 3%#°. The RING-domain positions
resulting in nonfunctional Tull that were identified in our screen (Figures 2.5C & 2.5D) were
predicted to cluster within the Ubc4 interaction interface (grey residues within Figure 2.7).
Visualizing the positions where substitutions were able to create Tull hypomorphs (white residues
in Figure 2.7), or Tull with altered specificity (pink residues in Figure 2.7), also fell near the E2
interaction interface, but were not in direct contact within this (static) model (Figures 2.7B &

2.7C). These other RING substitutions likely retain function if they can engage the E2 properly
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and allow substrate ubiquitination. However, substrate polyubiquitination might be less efficient,
be more prone to certain types of ubiquitin chain linkages catalyzed by Ubc4, have an altered
preference for an alternate E2, or perhaps alter the dynamics of the RING/E2/ubiquitin with the
substrate binding domain encompassed in the other parts of Tull or the Tull complex. In addition,
it is possible that the protein substrates themselves may not be the most important ubiquitination
targets for degradation of vacuole targeted substrates and a lipid target may still be ubiquitinated
38,

RING-type ubiquitin ligases do not directly accept the ubiquitin moiety that is conjugated
to substrates, rather they coordinate the attachment of the ubiquitin onto substrates by promoting
the closed conformation of the E2-Ub 3%37. Consistent with this idea, substitutions of the arginine
residue critical for RING-type E3s to promote the closed conformation that is required for
ubiquitin transfer (Arg752) are nonfunctional in degradation of both classes of substrates (Figures
2.5C & 2.5D)37442 Tt is possible that the other RING mutations we have identified as
hypomorphic across all substrates alter the conformational dynamics and, therefore, reduce the
rate of substrate ubiquitination producing these phenotypes (Figures 2.5F and 2.5G) 374142,
Extension of the ubiquitin chain could be disrupted, and it is possible that Orm2 requires a higher
degree of ubiquitination for degradation using the proteasome **~*°, compared to the ESCRT-
targeted substrates (Pep12* and Tlgl*). Perhaps these mutants fail to build polyubiquitin chains
that are sufficient to engage the proteasome. Or slower ubiquitination elongation causes Orm2 to
be prone to premature de-ubiquitination, which could impede its ability to engage proteasomal
degradation machinery .

Tull participation in proteasomal versus vacuolar pathways might rely on a new role for
Tull in directing specific types of ubiquitin linkages on substrates. RING-type ubiquitin ligases
are not thought to dictate the ubiquitin linkages attached to substrate, but with E2’s that produce
multiple types of linkages, like Ubc4 %7, Tull could influence the type of ubiquitin conjugated onto
a substrate by interacting with and positioning both a ubiquitin-charged E2 and substrate. How a
ubiquitin ligase interacts with an E2 and a substrate, including what E2 is recruited, can determine
if mono- or poly-ubiquitin are conjugated, and directs the type of ubiquitin added (e.g. K48 versus
K63) 3637414248 "The type of polyubiquitin chain conjugated on proteins determines the fate of a
protein, including the degradation pathways it engages with 434549 Along this model, it is

possible that Tull interacts with proteasomal and vacuolar substrates differently, which could
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uniquely orient substrates for different polyubiquitin chain conjugation from the same E2 thus
explaining the whether a substrate is degraded at the proteasome (K48-linked) or vacuole (K63-
linked) 363741, Lastly, it is also possible that proteasomal and vacuolar substrates are targeted by
different E2 enzymes interacting with Tull and our mutants have altered the E2 interactions 363741,
Tull is reported to use both Ubc4 and Ubc5 3-8, along with other potential ubiquitin conjugating
enzymes >*. However, Ubc4 and Ubc5 are paralogs °' and Ubc5 is primarily expressed under stress

conditions 1332

so is unlikely to explain these results.

Outside of Tull’s role in the substrate ubiquitination cascade, the various impaired
substrate degradation phenotypes of Tull RING variants could also be related to important RING-
domain features not directly tested here. While we did observe destabilization of several mutants,
stability alone was unable to account for the resulting phenotypes. However, stability could have
impacted some of the degradation capacity of nonfunctional or hypomorphic mutants such as
Tull(C748V), Tull(C729R), or Tull (C751S). Perhaps, like other known integral membrane
RING-type ubiquitin ligases *637->3-5 Tull dimerization is important to function and these mutants
could fail to dimerize, contributing to degradation failures. Tull was recently reported to
ubiquitinate phosphatidylethanolamine (PE) at endosomal compartments and the vacuole, which
could assist with facilitating internalization of vacuolar substrates into multivesicular bodies as
part of ESCRT-mediated degradation 3¥. We only tested Tull for its ability to degrade protein
substrates, but perhaps these mutants fail to ubiquitinate PE, contributing to their associated
phenotypes. In summary, the phenotypes caused by mutations in the Tull RING domain could
disrupt many ubiquitin ligase functions, which will require further investigation and can be
conducted by adapting tools introduced in this study.

However, substitutions we tested in the Tull RING domain did not disrupt interactions
with known complex components (Figure S2.4B). In contrast, nonfunctional mutations in the Tull
lumenal domain (Figures 2.4B & 2.4C) impaired the ability to interact with known complex
components (Figure 2.4E) and these mutants were also destabilized (Figure 2.4D). The lumenal
mutant Tul1(E346V) also had altered substrate specificity (Figures 2.4B & 2.4C) and could still
interact with Tull complex components (Figure 2.4E). Thus, we concluded that the Tull lumenal
domain was critical for interaction with complex components and that the correlated
destabilization could be caused by orphaned Tull degradation. As such, we propose that the Tull

lumenal domain is required for interaction with complex components, allowing for ER-exit and
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localization to the Golgi membrane, where it can ubiquitinate substrates for degradation. Tull can
directly recognize substrate (Figures 2.2F-2.2H) and the Tull(E364V) variant data support the
lumenal domain as an important part of this function. However, the lumenal domain is also
important for interaction with complex components (Figure 2.5) and we could be missing
additional proteins, so future studies will be needed to separate these functions.

We identified Tull variants with altered substrate specificity, which led us to conclude that
Tull plays an important role in substrate selection, although we suspect additional factors to play
equally-important roles. We did not identify any Tull mutants that were completely separation of
function capable of proteasome-targeted substrates but not vacuole-targeted substrates. However,
it is possible that single residue substitution within Tull were not disruptive enough to uncover
these phenotypes, which future experiments using this deep mutational scanning pipeline will
uncover. It is also possible that the mild Tull overexpression in this screen could have obscured
these, or other subtle, phenotypes. This screening pipeline can also be applied towards functional
dissection of the remaining known complex components 2>, Despite the insights gleaned from
the S. pombe Dscl complex analysis, the roles for other complex components remain to be defined.
Dsc3 is thought to bridge Tull to a subcomplex of Dsc2, Ubx3, and Gld1, however the function
of its predicted ubiquitin-like (UBL) domain remains to be explored 2°2¢ which could play an
important role in regulating other components of the ubiquitination system 6. Dsc2 belongs to the
rhomboid-liked superfamily, but its role is unknown 423, Ubx3 contains predicted UAS and UBX
domains, the latter likely interacting with the AAA-ATPase Cdc48 which has been suggested to
be required for both vacuolar and proteasomal substrate degradation; again, the specific
contributions to complex function are unclear %1725, The Gld1 and VIdl are localization-
determining proteins, but lack any previously-characterized domains. They have been proposed to
be functionally-homologous to the S. pombe Dsc4 26, but do not share sequence homology. In
addition, only 23% sequence homology is shared between Gld1 and VId1 further mystifying the

37759 One function of these factors in the Tull complex is clear:

mechanistic roles of these proteins
VI1d1 localizes the Tull complex to the yeast vacuole while Gld1 localizes Tull complexes within
the Golgi and endosomal system 26,

Our findings suggest that Gld1 could play an additional role, designating substrate for
proteasomal degradation (Figures 2.21-2.2K). Previous studies characterizing Gld1-Tull and

VId1-Tull did not include Pep12* or TIgl* in experiments, which led to the proposal that these
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subcomplexes did not share substrates %25, Our observation that these vacuolar substrates are
primarily degraded by Gld1-Tull but in the absence of Gld1 are somewhat degraded by V1d1-Tull
(Figures 2.2J & 2.2K), is the first indication that these subcomplexes could have overlapping
substrates. Importantly, Golgi-localized Tull (Gld1-Tull) appears to be the only complex that can
also degrade substrates through the proteasome (Figure 2.21). This result suggests that Gld1 could
play a central role in degrading substrates by the proteasome, an idea we can now explore using
our established screening pipeline.

Altogether, we developed a high-throughput functional screen for an E3 ubiquitin ligase
complex that degrades substrates through either the proteasome or the vacuole. Our deep
mutational scanning results show that the Tull RING domain is involved with substrate specificity
because we characterized RING mutants that were unable to degrade proteasomal substrate but
degraded vacuolar substrates. Our results also suggest that Tull alone does not make the primary
decision in a substrate’s degradation fate and other complex components (or unidentified factors)
are also involved in this decision. Continued dissection of the Tull complex mechanics are enabled

by our Tull reporter substrates and deep mutational scanning pipeline.
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2.5 Methods

2.5.1 Strains and plasmids

Plasmids were generated using either HiFi DNA assembly (New England Biolabs) or
standard restriction cloning and propagated in DHS5a E. coli. Plasmids were confirmed by
restriction digestion and sequencing. See Table 2.1.

Wild type BY4742 (MATa his341 leu2A0 lys240 ura340) and tullA BY4742 (MATo
his3A41 leu2A40 lys240 ura340 tull::kanR) were purchased from GE Dharmacon. Additional
deletion strains were sporulated from the heterozygous knockout collection purchased from
Horizon Discovery Ltd and were derivatives of BY4743 (MATa/ his341/his3A1 leu2A0/leu2A0
LYS2/lys240 met1SA0/METI1S5 ura340/ura340) background (see Table 2.2). Genetic deletions
were confirmed by immunoblotting using antibodies against Tull, Dsc2, Dsc3, and Ubx3,
generated in 2 (see Table 2.3). The gldIAvidIA strain was created by crossing gldIA and vIdIA
strains, sporulation of the resulting diploid, and confirmed via PCR. Other multiple-deletion yeast
strains (tullAdsc2A, tullAdsc3A, tul IAubx3A, tul INgldIA, tul IAVIAIA, tul IAgldIAVIdIA) were
created by transforming dsc2A, dsc3A, ubx3A, gldIA, vidIA, and gldIAvidIA with PCR-generated
cassette containing an antibiotic resistance selection ® marker with ~60bp of genomic homology
to target and replace TULI (see Tables 2.1 & 2.4) ¢°. For the 3xHA tags on Gld1 and V1d1, PCR-
amplified cassettes (see Tables 2.1 & 2.4) with antibiotic resistance selection markers were
transformed and inserted at the endogenous 3’ end of Gld1 and V1d1, sequentially, and verified by
immunoblotting. For maximum-efficiency integration of HIS3 integrating plasmids, we
engineered the his3 locus to contain two I-Scel sites flanking a cassette containing the Ashbya
gossypii TEF promoter, hygromycin B phosphotransferase (hph) resistance gene and the S.
cerevisiae TDH1 terminator (together hphNT3) in a fu/lA strain.

Yeast were transformed into yeast using PEG/LiAc methods®! and grown on selective
dropout media (0.17 % (w/v) yeast nitrogen base(Becton, Dickinson and Company), 0.5 % (w/v)
ammonium sulfate (Fisher), ~0.1 % (w/v) drop-out powder (Teknova and Sigma), 2 % (wW/v)
glucose (Sigma)); drop-out powder for synthetic complete media are at the following
concentration: adenine sulfate (20 mg/L), uracil (20 mg/L), L-tryptophan (20 mg/L), L-histidine
(20 mg/L), L-arginine (20 mg/L), L-methionine (20 mg/L), L-tyrosine (30 mg/L), L-leucine (60
mg/L), L-isoleucine (30 mg/L), L-lysine (30 mg/L), L- phenylalanine (50 mg/L), L-glutamic Acid
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(100 mg/L), L-aspartic Acid (100 mg/L), L-valine (150 mg/L), L-threonine (200 mg/L), and L-
serine (400 mg/L)).

2.5.2 Flow cytometry-based degradation assays

Flow cytometry experiments were performed on either the ZES Cell Analyzer (Bio-Rad)
or MACSQuant® VYB Flow Cytometer (Miltenyi Biotec). Cells from PEG/LiAc transformations
were either directly added to selection media or single colonies were selected from plates and
grown in selection media. For substrate degradation using saturated chases and flow cytometry,
cells were grown in selection media in 96-well plates for 40 hours at 30°C, shaking at 1000RPM.
For cycloheximide treated cells, cultures were grown overnight and were sub-cultured and grown
to log phase (ODsoo = 0.4-1.0). Once in log phase, cells were treated with 50pug/mL of
cycloheximide (or ethanol only as a control) and grown for 2 hours at 30°C, shaking at 1000RPM.
Cells were pelleted at 2,000 x g, washed once in PBS, resuspended in cold PBS + 0.05% glucose
containing 1uM Sytox Blue (Invitrogen), and were kept on ice or at 4°C during flow cytometry
analysis. Glucose was added to PBS to prevent cells from entering starvation, which causes
cytosolic acidification®® which preliminary optimization of these assays found to affect SEP
fluorescence intensity after >30min, but was remedied by the addition 0.05% glucose (data not
shown).

For flow cytometry analysis, yeast cells were selected using forward and side scatter gating
(Bio-Rad Ze5 uses 488nm laser, Miltenyi MacsQuant VYB uses a 561nm laser). Viable cells were
selected based on low Sytox Blue fluorescence using the 405nm laser (Ze5 using 509nm/22nm
filter; MacsQuant VYB using 450nm/50nm filter). SEP was followed using the 488nm laser (Ze5
509nm/24nm filter; MacsQuant VYB 525nm/50nm). mScarlet-1 was followed using the 561nm
laser (Ze5 615nm/24nm filter; MacsQuant VYB 615nm/20nm filter). Flow cytometry data was
analyzed in FlowJo V10.7.1 (FlowJo LLC), a minimum of 10* events were collected to
characterize or quantify substrate degradation. For quantification, the median SEP or mScarlet-I
values were quantified in FlowJo and normalized to fluorescence within a fu//A strain expressing
either WT Tull (set to 0) or Tull(C699A) (set to 1). For tullAgldIA, tullAvidIA, and
tul INgIdIAVIdIA strains, WT Tull in fullIA was set to “0” and Tull(C699A) for the respective
strain was set to “1”. Values that were <0 or >1 Heatmaps were set to 0 and 1, respectively.

Heatmaps were generated using GraphPad Prism (Dotmatics).
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2.5.3 Immunoblotting

Single colonies were grown overnight in selection media, sub-cultured, and grown to log
phase (ODgoo = 0.4-1.0). Log phase cultures were adjusted to a final concentration of 2.0 ODgoo/mL
in selection media and incubated with 50pug/mL cycloheximide at 30°C with agitation for 60-180
minutes, depending on the protein being studied. Samples were flash frozen at the appropriate time
point. Cells were resuspended in SUME lysis buffer 10 mM 3-(N- morpholino)propanesulfonic
acid (MOPS), pH 6.8, 1 % sodium dodecyl sulfate (SDS), 8 M urea, 10 mM
ethylenediaminetetraacetic acid (EDTA), fresh protease inhibitors (1 mM phenylmethylsulfonyl
fluoride (PMSF), 1.5 uM pepstatin A) to 20 ODgoo/mL and lysed by vortexing with 0.1mm
diameter glass beads for 2 minutes. 2xSUME loading buffer (125mM trisaminomethane (Tris), pH
6.8, 4 % SDS, 8 M urea, 10 % B-mercaptoethanol and bromophenol blue) was added to each
sample for a final concentration of 10 ODsoo/mL and heated for 5 minutes at 65°C. Samples were
separated by SDS-PAGE and transferred to either low fluorescence PVDF (Bio-Rad) or
Nitrocellulose membranes (Bio-Rad). Membranes were blocked in 5% milk in TBST for 30
minutes-1 hour at room temperature, incubated with the appropriate primary? antibodies (see
Table 2.3) for at least 2 hours-overnight, washed 3 x >5 minutes in TBST, incubated with the
appropriate secondary antibodies (see Table 2.3) for >30 minutes, and washed 3 x >10 minutes in
TBST. Blots were imaged on the ChemiDoc MP (Bio-Rad), either based on fluorescence of
conjugated secondary antibodies or using chemiluminescence. If re-blotted, blots were stripped
with OneMinute® Advance Western Blot Stripping Buffer (GM Biosciences Inc.) per instructions.
Sample loading was detected by stain free imaging on the ChemiDoc MP (Bio-Rad). Blots were
quantified using ImageJ and graphed using GraphPad Prism.

2.5.4 Tull complex and substrate coimmunoprecipitations

Log phase cells (OD = 0.4-1.0) were grown in selection media and 50 ODeoo (for HA) or
100 ODsoo (for V5) cells were collected for immunoprecipitation, respectively. Cells were pelleted,
washed once in water, and resuspended in immunoprecipitation (IP) buffer (S0mM HEPES pH=
7.4, 150mM KCI, fresh protease inhibitors 1 mM PMSF, 1.5 uM pepstatin A, 50uM bortezomib).
Cells were flash frozen into yeast ‘balls’ and cryogenically lysed using freezer/mill (SPEX

SamplePrep), with 2 minute precooling followed by 5x cycles of 2 minute run time, 2 minute cool
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time, at 10 CPS. Protease inhibitors (1 mM PMSF, 1.5 uM pepstatin A, 50uM bortezomib) were
immediately added to the thawed lysate and the lysate was centrifuged at 300 x g for 5 minutes to
remove unbroken cells. The supernatant was collected and the microsomal fractions were isolated
by centrifuging at 100,000 x g for 30 minutes — 1 hour at 4°C. The pelleted microsomes were
resuspended in IP buffer containing fresh protease inhibitors and 1% digitonin (Calbiochem). The
membranes were solubilized rotating end-over-end at 4°C for at least 1 hour. Insoluble proteins
were removed by centrifugation at 21,130xg for 10 minutes at 4°C. The post centrifugation
supernatant was used as the “Input” and diluted to 0.2% digitonin with IP buffer containing fresh
protease inhibitors. For V5 immunoprecipitation, samples were incubated with 20uL (40uL slurry)
of either V5-Trap Magnetic Agarose beads (ChromoTek) for experiments testing V5-Tull mutants
in Figures 2.4-2.6, or Anti-V5 Agarose Affinity Gel antibody beads produced in mouse (Sigma)
for experiments in fu//A and Tull complex component deletion strains in Figure 2.2, and gently
rotated end-over-end for at least 2 hours at 4°C. For HA immunoprecipitation in Figure 2.2, input
samples were pre-cleared by rotating gently with 20uL (40uL slurry) Protein A/G Magnetic
Agarose beads (Pierce) at 4°C for at least 2 hours. The beads were removed before addition of
200ng Anti-HA High Affinity from rat IgG1 (Roche) antibody and 20uL of fresh Protein A/G
Magnetic Agarose beads (40uL slurry), followed by overnight end-over-end rotation at 4°C. The
flow-through for all immunoprecipitations were collected. Following overnight incubations, the
beads were washed once with IP buffer + fresh protease inhibitors + 0.2% digitonin, and then three
times with IP buffer + protease inhibitors + 0.1% digitonin. Immunoprecipitated proteins were
eluted in 10% SDS and heating to 65°C for 5 minutes, and separated on SDS-PAGE gel followed
by immunoblotting. All steps in these experiments until elution were either performed on ice or at
4°C. Anti-V5 Agarose Affinity Gel antibody beads and Protein A/G Magnetic Agarose beads were
blocked in 5% BSA for at least 1 hour, washed twice and incubated in IP buffer + 0.2% digitonin

+ fresh protease inhibitors before use.

2.5.5 Generation of tiling primer libraries

We used the CodonTilingPrimers script 2°-° to generate 759 primers that encoded “NNK”
at each residue spanning the Tull coding sequence. Primers were synthesized by Integrated DNA
Technologies (IDT) in 8 separate 96-well plates normalized to 20ng/pL in diH20. For screening,

primers from each plate were pooled into 8 sub-libraries. For single-residue library construction,
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individual NNK primers were pulled for each residue tested (Figure S2.4A). We modified a
previously described method ?® to generate the Tull libraries.

We first created two dUTP-containing templates for use in future PCR steps by amplifying
the following primer pairs and plasmids with Q5U Hot Start High-Fidelity DNA Polymerase
(NEB), dUTPs (2mM dATP, 2mM dCTP, 2mM dGTP, 4mM dUTP), and 2% DMSO, beginning
with an initial 3 minute 98° denaturation, followed by 35 x cycles of [98°C for 10 seconds, 65°C
for 20 seconds, 72°C for 2 minutes] and a final 5 minute 72°C extension. Tull Templatel (for use
in PCR#1 in Figure S2.3A) was created by amplifying phosphorylated prDD148 (pprDD148) and
phosphorylated prDD203 (pprDD203) with Ing pDD66, a plasmid encoding Tull(WT) with its
endogenous promoter expressed in a LEU2 integrating plasmid which would reduce any
undigested Tull Templatel from being amplified in downstream amplification steps (i.e. PCR #4
in Figure S2.3A) and also would not be compatible with the final HiFi assembly step into a HIS3-
integrating expression vector (Figure S2.3B). We created Tull Template2 (for use in PCR#3 in
Figure S2.3A) by amplifying prDD202 and phosphorylated prDD203 (pprDD203) with Ing
pDD69, which encodes Tull(WT) with an ADHI promoter expressed on a HIS3 integration
plasmid to create full-length Tull variants compatible with the final HiFi step (Figure S2.3B).
Both reactions were run on a 1% agarose gel with Safe DNA Gel Stain (ApexBio), excised, and
purified with the QIAquick Gel Extraction Kit (Qiagen). To make sense-Tull Template2 DNA,
Tull Template2 PCR products were digested with SU Lambda Exonuclease (NEB) at 37°C for 30
minutes, then 10mm EDTA was added for 10 minutes at 75°C to stop the reaction, which was
purified following protocol for 1.8x AMPure XP SPRI Reagent (Beckman).

PCR#1 in our tiling primer protocol amplified 30ng of NNK-encoded primers/primer
libraries were amplified against 9ng of Tull Templatel using Q5U, dTTPs (2mM dATP, 2mM
dCTP, 2mM dGTP, 2mM dTTP), and 2% DMSO (PCR #1 in Figure S2.3A). For this reaction, an
initial 3 minute denaturation at 98°C was followed by 2 cycles of [98°C for 10 seconds, 65°C for
20 seconds, 72°C for 2 minutes (sub-libraries 1 & 2) or 1.5 minutes (sub-libraries 3, 4, & 5) or 1
minute (sub-libraries 6, 7, & 8)], and a final extension of 72°C for 5 minutes. dUTP-containing
Tull Templatel was degraded by incubating PCR#1 products with 2U of USER (NEB) enzyme
for 15 minutes at 37°C to degrade the phosphorylated Tull Templatel, and immediately purified
using 1.8x AMPure XP beads. The resulting ‘forward megaprimers’ were amplified from their 3’

terminus with prDD203 using Q5 High-Fidelity DNA Polymerase (NEB), dTTPs, and 2% DMSO
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for PCR#2 (Figure S2.3A), which followed an initial 3 minute 98°C denaturation with 35 x cycles
[98°C for 10 seconds, 65°C for 20 seconds, 72°C for 2 minutes (for megaprimers from sub-libraries
1-4) or 1 minute (for megaprimers from sub-libraries 5-8)], and a final 72°C 5 minute extension.
These reactions were run on a 2% agarose gel to confirm products, which at this point we noted
the bands for megaprimers from sub-library 4 were less intense than all other sub-libraries. We
repeated PCR#2 on sub-library 4 and reduced the cycled extension time to 1.5 minutes, but still
observed lower intensity bands in later PCR reactions, suggesting that PCR#1 for this sub-library
was less efficient, and ultimately resulted in decreased representation of substitutions in input
libraries for this region (Figure 2.3A). The ‘reverse megaprimers’ from PCR#2 were purified with
0.6x AMPure XP beads.

PCR#3 (Figure S2.3A) amplified the reverse megaprimers against 3ng of Tull Template2
using Q5U, dTTPs, and 2% DMSO following an initial 3-minute 98° denaturation, followed by 35
x cycles of [98°C for 10 seconds, 65°C for 20 seconds, 72°C for 2 minutes] and a final 5 minute
72°C extension, which is the cycles used for the rest of this protocol. 10X CutSmart buffer was
added to these reactions along with 1.5U of USER (NEB) enzyme, which was incubated for 20
minutes at 37°C and immediately purified using 0.6x AMPure XP beads to create full-length single
stranded Tull variant libraires. dsSDNA products were enriched in PCR#4 by amplifying these
ssDNA products with prDD200 and prDD201 using Q5, dTTPs, and 2% DMSO. Products were
purified using 0.6x AMPure XP and the resulting full length Tull variant dsDNA libraries were
run on a 1% agarose gel and visualized with Safe DNA Gel Stain (ApexBio) to confirm products.
These products were amplified with Q5, dTTPs, and 5%DMSO using primers to add the necessary
barcodes (see Table 2.4) for Amplicon EZSeq (Azenta) to determine library diversities.

Tull dsDNA variant libraries contained 5’ and 3’ homologies to a linearized HIS3
integrating expression plasmid (pDD228, with ADH1prom and CYClterm) containing kanamycin
resistance using NEBuilder HiFi DNA Assembly (NEB) using 1:2 vector:insert ratio and 1 hour
50°C incubation (Figure S2.3B). These products were transformed into E. cloni 10G Chemically
Competent Cells (Biosearch Technologies) following kit instructions. After 1 hour recovery
outgrowth, cells were added to 50mL LB + 50pg/mL kanamycin, grown in 250mL baffled flasks
at 37°C with agitation overnight. Dilutions of 1 x 10~ of each transformation was plated on LB-
Kan(50ug/mL) plates before overnight growth to calculate transformation efficiency and

confirmed that we achieved transformations >2 x 10* CFU, which would enable >10x the
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theoretical diversity of transformants. Transformation of the HiFi negative control with only
linearized empty expression vector from these reactions suggested that 1% - 10% of the E. coli
libraries contained background empty vectors, which could explain the high number of cells in
nonfunctional populations observed in FACS (Figure 2.3B) despite Tull variants seemingly
mostly falling into functional populations (Figures 2.3-2.5). Plasmid libraries from 6mL of these
cultures were purified using QIAprep Spin Miniprep Kit (Qiagen), while the remaining cultures
were collected and stocked in LB + 33% glycerol at -80°C. The resulting Tull variant plasmids
were linearized by overnight incubation with Pvull-HF (NEB) enzyme and purified with QIAquick
PCR Purification Kit (Qiagen) Amplicon sequencing of the final products from our tiling-primer
pipeline (Figure S2.3A, PCR #4 products) confirmed that we achieved >10X the theoretical

diversity (>2.1x10%) for each of our mutant linear DNA libraries.

2.5.6 Isolation of Tull variants by fluorescence activated cell sorting (FACS)

For maximum-efficiency transformations, we used the ful//A strain containing his3::1I-
Scel hphNT3 I-Scel (yRB508). To induce DNA damage and remove the HygB resistance
cassette, we co-transformed a linear DNA fragment containing the PGK/ promoter, PGKI
terminator and either the I-Scel restriction endonuclease (pRB867) or Venus (as a control,
pRB868) with the linearized Tull variant libraries in custom yeast vectors that target to the Ais3
locus 3. Co-transformation of the linearized Tull plasmids with the I-Scel containing DNA
fragment increased integration efficiency >1,000 fold relative to the Venus DNA, presumably by
allowing temporary expression of I-Scel to induce double-stranded breaks, thereby increasing the
efficiency of homologous recombination. This modified strain was transformed with Orm2*-RFP
and GFP-Tlgl* integrated at the URA3 locus, and then transformed with Tull variant libraries
using a modified library-scale version of PEG/LiAc transformation adapted from published
Yeastmaker Yeast Transformation System 2 (Clontech/Takara Bio) protocol. Briefly, 100mL of
cells were grown to ODsoo 0.4-0.5 in YPD, washed twice in sterile water, once in 1.5 mL
1.1xTE/LiAc (1.1mL 10X TE + 1.1mL 1M LiAC + 7.8mL diH>0) and resuspended 600uL of 1.1x
TE/LiAc. 200ng of Pvull-linearized library DNA (purified by QIAquick PCR Purification Kit) +
200ng of I-Scel (pRB827) were transformed into cells in 2.5mL of 40%PEG/1xLiAc/1xTE
solution with 200pg ssDNA and incubated at 30°C for 45 minutes, inverting at 15 minute intervals

to mix. 160puL of DMSO was added to the mixture and incubated at 45°C for 1 hour, inverting
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every 10 minutes to mix. Cells were collected and grown in 50mL 2X selection media (0.34%
(w/v) yeast nitrogen base(Becton, Dickinson and Company), 1% (w/v) ammonium sulfate (Fisher),
~0.2% (w/v) drop-out powder (Teknova and Sigma), 4% (w/v) glucose (Sigma), adenine sulfate
(40 mg/L), L-tryptophan (40 mg/L), L-arginine (40 mg/L), L-methionine (40 mg/L), L-tyrosine
(60 mg/L), L-leucine (120 mg/L), L-isoleucine (60 mg/L), L-lysine (60 mg/L), L- phenylalanine
(100 mg/L), L-glutamic Acid (200 mg/L), L-aspartic Acid (200 mg/L), L-valine (300 mg/L), L-
threonine (400 mg/L), and L-serine (800 mg/L)) in 250mL baffled flasks, with dilutions of 1 x 10
3 grown on -His-Ura selection plates to determine transformation efficiency >2 x 10* CFU. FACS
experiments were conducted using a Bigfoot Spectral Cell Sorter (Thermo Scientific (formally
Propel Labs)) on transformed cells grown in 250mL baffled flasks containing 2X selection media
that were grown at 30°C for 40 hours with shaking to achieve saturation. 6 ODsoo of unsorted cells
were collected and washed once in diH20, then flash frozen for sequencing of ‘input’ populations.
6 ODsoo cells were collected to be sorted, washed twice in PBS, and resuspended in cold PBS +
0.05% glucose + 1uM Sytox Blue (Invitrogen) at 3 ODgoo/mL, and kept on ice or at 4°C during
FACS. 2X selection media was added immediately after sorting and cells were allowed to recover
in 25mm glass tubes or 250mL baffled flasks containing SmL or 100mL of 2X selection media,
respectively, depending on the number of cells sorted in each bin. After recovery and saturation,
cells were tested in flow cytometry using MACSQuant VYB (MACSQuantify software; Miltenyi
Biotec) to confirm phenotype. Once confirmed, 6 OD of cells were collected and washed once in
diH20, which would be used later for DNA extraction and Illumina sequencing. The remaining
saturated cells were frozen and stocked in 33% glycerol + 2X selection media at -80°C. Three
replicates of these FACS experiments were performed, with sublibraries 1, 5, and 8 tested in the

first replicate and all eight libraries tested in the second and third replicates.

2.5.7 Amplicon sequencing and analysis

Plasmid sub-library efficiencies from tiling primer mutagenesis (PCR #4 in Figure S2.3A)
was determined by amplifying DNA from plasmid miniprep reactions (as described earlier) with
primers to add partial adaptors (see Table 2.4) compatible with Genewiz (now Azenta Life
Sciences) EZSeq services, which included sequencing analysis. To sequence FACS sorted
populations, genomic DNA was collected from each population via colony PCR. Initial attempts

to extract genomic DNA from FACS sorted populations using zymolase colony PCR ¢ were
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unsuccessful, likely because these cells were very saturated when collected which made efficient
zymolase solubilization of cell membranes difficult. We followed published protocols using
lithium acetate (LiOAc)-SDS DNA extraction followed by ethanol precipitation from 6 ODgoo of
FACS-sorted yeast populations %, Extracted genomic DNA was further purified by 1.8x AMPure
XP SPRI Reagent (Beckman) to remove any EDTA traces in the reaction from the LiOAC-SDS
DNA extraction protocol, which could impede polymerase activity. The extracted and purified
genomic DNA of each population was amplified with primers specific to the regions tested in the
associated sub-libraries, containing Illumina R1 and R2 adaptor sequences (see Table 2.4) using
Q5 High-Fidelity DNA Polymerase (NEB) and dTTPs (2mM dATP, 2mM dCTP, 2mM dGTP,
2mM dTTP), with an initial 3 minute 98° denaturation, followed by 35 x cycles of [98°C for 10
seconds, 60°C for 20 seconds, 72°C for 2 minutes] and a final 5 minute 72°C extension. Genomic
DNA from Sub-library 6 Replicate 2 nonfunctional populations failed to amplify during this step
and was not included in our analysis. Each reaction was purified using 1.8x AMPure XP beads
and subjected to another round of PCR, this time with only 12x cycles, to add i5 and i7 indexes
using the Index Kit 2 for [llumina (Apexbio Technology LLC). These products were again purified
by AMPure XP beads, normalized using Qubit dSDNA HS Assay Kit (ThermoFisher), and pooled
for Illumina MiSeq 2x300 through the University of Michigan Sequencing Core.

The returned FASTQ files were first processed to trim adaptor sequences using cutadapt
65, followed by PANDAseq ® to trim primer sequences and to align paired reads to Tull.
Sequencing data was then subjected to two methods of analysis, either by inputting the resulting
FASTAQ files into the ENRICH2 GUI * or translated and statistically analyzed in Excel (Microsoft
Office). For the former, ENRICH2 produced heatmaps for each sub-library to visualize regions of
interest based on enrichment of substitutions at each residue. For the latter, sequences were
translated using SeqKit ¢7 ‘translate’ command and saved to tables in Excel using the ‘rmdup’
command to build a table of sequences that were counted at least twice in the sequencing data. We
used this data to quantify represented Tull single-residue variants in each of the input or sorted
populations (P1 = proteasomal nonfunctional, P2 = nonfunctional, P3 = functional), which we used
to determine substitutions that had higher counts in nonfunctional versus functional populations.
Enrichment of Tull substitutions at each residue were plotted using RStudio (version 2023.06.2

+561) and ggplot2 ®8 to generate the diverging heatmaps, which is shown in Figures 2.3-2.5.

2.5.8 Tull RING-Ubc4-ubiquitin structure prediction
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We folded the RING domain of Tull (YKL034W °°, His668-Lys758, the C-terminus '3:2°)
with Ubc4 (YBRO82C *°) and Ubiquitin (YLLO39C >, residues 1-76) using Cosmic2 *° to
implement AlphaFold-Multimer #°.
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Figure 2.1: Establishing high-throughput methods to monitor Golgi-localized Tull function.
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Figure 2.1: Establishing high-throughput methods to monitor Golgi-localized Tull function.

A) Schematic of the Golgi-localized Tull complex components and fluorescently tagged model
substrates. Orm2* with a C-terminal mScarlet-I (Orm2*-RFP) is degraded by the ubiquitin-
proteasome system. Pep12(D) and Tlgl(LL) with N-terminal super ecliptic pHluorin (GFP-
Pep12*) and (GFP-TIgl1*) are degraded via ESCRT-mediated vacuolar degradation.

B) Degradation of the model substrate Orm2*-RFP was followed by flow cytometry two hours
after addition of 50ug/mL cycloheximide. Experiments were performed in wild-type (WT,
grey line) and tulIA (tulIA, black line) cells.

C) As in (B) but with model vacuolar substrate GFP-Pep12*.

D) As in (B) but with model vacuolar substrate GFP-TIg1*.

E) Asin(B), exceptin ullA cells complemented with either wild-type Tull (WT, light blue line)
or an empty vector (EV, black line).

F) Asin (E) but with GFP-Pep12*.

G) As in (E) but with GFP-Tlgl*.

H) As in (E), except with the additional Tull RING-finger variant Tull(C699A) (C699A, dark
blue line), wild-type Tull (WT, light blue line), or empty vector (EV, black line).

I) Asin (H) but with GFP-Pep12*.

J) Asin (H) but with GFP-Tlg1*.

K) Degradation of the model substrate Orm2*-3xHA was followed by immunoblotting for
Orm2*-3xHA (Orm2-HA) after cycloheximide treatment for the indicated times. Orm2-HA
was expressed in fulIA cells complemented with either an empty vector (EV), wild-type Tull
(WT), or inactive Tull variant (C699A). Total protein was visualized by stain-free technology
and used as a loading control.

L) Asin (K) but monitoring 3xHA-Pep12* (HA-Pep12*) degradation.

M) As in (K) but monitoring 3xHA-TIg1* (HA-Tlgl1*) degradation.

See also Figure S2.1.
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Figure 2.2: Tull complex assembly is not required for Tull substrate interaction.

A) Degradation of the model substrate Orm2*-RFP was followed by flow cytometry after a two-
hour treatment with 50pg/mL cycloheximide. Experiments were performed in ful/A cells
complemented with 3xV5-Tull(WT) (V5-Tull, black dotted line with no fill), untagged Tull
(Tull, light blue fill), or an empty vector (EV, grey fill).

B) Asin (A) but with GFP-Pep12*.

C) Asin (A) but with GFP-Tlgl*.

D) Co-immunoprecipitation of the Tull complex was performed from ful//A cells expressing
Gld1-HA and VId1-HA, and either HA-Tull or V5-Tull. Inputs were loaded at 5% and
proteins were detected by immunoblotting with a-Tull, a-Dsc2, a-Dsc3, a-Ubx3, or a-HA
antibodies; * denotes off-target bands.

E) Asin (D) butin dsc2A, dsc3A, ubx3A, gldIA, vidIA, and gldIAvIdIA (see gIAvVIA) cells.

F) Co-immunoprecipitation of the substrate HA-Orm2 expressed in tullA, tullAdsc2A (see
dsc2A), tul IAdsc3A (see dsc3A), tul INubx3A (see ubx3A), tul INgldIA (see gldIA), tul IAVIdIA
(see vIdIA), tul INgldIAVIdIA (see gIAvIA) cells, expressing either Orm2-FLAG (FLAG) or
Orm2-HA (HA) and either V5-Tull or an empty vector. Inputs were loaded at 5% and detected
by immunoblotting using either a-HA or a-V5 antibodies.

G) As in (F) but expressing FLAG-Pep12* (FL) or HA-Pep12* (HA).

H) As in (F) but expressing FLAG-TIgl* (FL), empty vector (-), or HA-TIgl* (HA).

I) As in (A) but in the indicated deletion strains dsc2A, dsc3A, ubx3A, gldIA, vidIA, or
gldIAvIdIA cells (black lines) compared to wild-type cells (grey lines).

J) Asin (I) but with GFP-Pep12*.

K) As in (I) but with GFP-Tlgl*.

See also Figure S2.2.
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Figure 2.3: Deep mutational scanning of the Tull ubiquitin ligase.

A) Top: Predicted topology diagram of Tull. Bottom: Heatmap representing the amino acid
variant coverage of the input libraries (of 20 possible amino acids + stop codon) for each
position within Tull.

B) Scatter plots of flow cytometry data for Tull variant sub-libraries expressed in fulIA cells
containing Orm2*-RFP and GFP-TIg1* and grown to saturation. The fluorescence intensity of
the proteasomal substrate Orm2*-RFP is displayed on the y-axis, and the vacuolar substrate
GFP-TIgl* is displayed on the x-axis. The dashed circles represent the gates used in the
fluorescence activated cell sorting to select for Tull variant populations that were predicted to
be unable to degrade proteasomal substrates (P1), completely nonfunctional (P2), wildtype-
like and functional (P3), and unable to degrade vacuolar substrates (P4).

C) Heatmap depicting individual amino acid enrichment and disenrichment, relative to the input
libraries, for residues in the lumenal domain (amino acids 1-394). These data are from the
completely nonfunctional populations (P2) in (B).

D) As in (C) but for amino acids 395-758 covering the Tull transmembrane regions and the
cytosolic RING domain.

See also Figure S2.3.
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Figure 2.4: The lumenal domain is important for Tull complex interactions.

A) Top: Topology diagram of Tull. Bottom: Heatmap depicting amino acid enrichment and
disenrichment for residues within the Tull lumenal domain (amino acids 1-394) from
wildtype-like (functional) populations.

B) Degradation of model substrates (Orm2*-RFP, GFP-Pep12*, and GFP-Tlg1*) were followed
after a two-hour treatment with 50ug/mL cycloheximide. Experiments were performed in
tulIA cells complemented with the indicated V5-Tull variants (black line with no fill), V5-
Tull (WT, light blue fill), or an inactive Tull1(C699A) (C699A, dark blue fill).

C) Quantification of flow cytometry results in (B), depicted as a heatmap. Tull variant function
was reported relative to wild-type Tull (white) and inactive Tull(C699A) (black).

D) Degradation of wild-type Tull and the indicated Tull variants were followed by
immunoblotting after treatment with cycloheximide and quantified. Values for wild-type Tull
at time = 0, were normalized to 100%. Grey dotted lines indicate Tull steady state and Tull
turnover after 60-minute cycloheximide treatment.

E) Co-immunoprecipitation of V5-Tull variants with complex components. V5-Tull variants
were expressed in tulIA cells with genomically-tagged Gld1-HA/V1d1-HA. Inputs were loaded
at 5% and proteins were detected by immunoblotting with a-Tull, a-Dsc2, a-Dsc3, a-Ubx3,
or a-HA antibodies.
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Figure 2.5: Substitutions within the Tull-RING domain alter substrate specificity.

A) Top: Predicted topology diagram of Tull with transmembrane segments 1-7. Bottom: Heatmap
depicting amino acid enrichment and disenrichment for residues spanning the Tull
transmembrane domains and the RING domain (amino acids 395-758). These data are from
the wildtype-like (functional) populations.

B) As in (A) but with focused on residues 668-758 that compose the Tull RING domain, with
bold and underlined residues indicating canonical residues for the RING-finger fold and zinc
coordination.

C) Degradation of model substrates (Orm2*-RFP, GFP-Pep12*, and GFP-TIgl*) were followed
by flow cytometry two hours after the addition of 50pug/mL cycloheximide. Experiments were
performed in fulIA cells complemented with the indicated V5-Tull variants (black line with
no fill), V5-Tull (WT, light blue fill), or an inactive Tul1(C699A) (C699A, dark blue fill).

D) Quantification of flow cytometry results in (C), depicted as a heatmap. Tull variant function
was reported relative to wild-type Tull (white) and inactive Tull(C699A) (black).

E) Degradation of the indicated Tull variants were followed by immunoblotting after treatment
with cycloheximide and quantified. Values for wild-type Tull at time = 0, were normalized to
100%.

F) As in (C) but with the indicated V5-Tull variants that were found to be hypomorphic.

G) As in (D) but with the indicated V5-Tull variants that were found to be hypomorphic.

H) As in (E) but with the indicated V5-Tull variants that were found to be hypomorphic.

I) As in (C) but with the indicated V5-Tull variants that were found to have altered substrate
specificity.

J) Asin (D) but with the indicated V5-Tull single residue variants that were found to have altered
substrate specificity.

K) Asin (E) but with the indicated V5-Tull single residue variants that were found to have altered
substrate specificity.

See also Figure S2.4.
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Figure 2.6: Gld1 is required for Tull complex function.

A) The indicated Tull variants were immunoprecipitated from strains containing Gld1-HA and
VId1-HA. The co-immunoprecipitated Gld1-HA and VIdI-HA were quantified by
immunoblotting and the ratios V1d1 to Gld1 were plotted for each replicate.

B) Degradation of the model substrates Orm2*-RFP, GFP-Pep12*, and GFP-TIgl* were followed
by flow cytometry. The heatmap depicts the function of the indicated Tull variant relative to
wild-type Tull in fulIA cells (in white) and inactive Tull(C699A) in the indicated strain (in
black).

C) Asin (A) but with Tull RING variants that are hypomorphic.

D) As in (B) but with Tull RING variants that are hypomorphic.

E) Asin (A) but with Tull RING variants that have altered substrate specificity.

F) Asin (B) but with Tull RING variants that have altered substrate specificity.
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Figure 2.7: Tull RING domain substitutions cluster around the E2 interaction interface.
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Figure 2.7: Tull RING domain substitutions cluster around the E2 interaction interface.

A) Schematic of the Tull RING domain highlighting the residues involved in zinc ion
coordination. Substitutions of residues altering Tull function are highlighted in grey (for
nonfunctional), white (for hypomorphic), and pink (for altered specificity).

B) AlphaFold multimer predicted model of the Tull RING domain (blue) with the ubiquitin
conjugating E2 enzyme Ubc4 (green), and ubiquitin (tan). The coloring scheme follows (A).

C) As in (B) but rotated by 90° and the Ubc4 and ubiquitin protein shown only as outlines.
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2.11 Supplemental Figures
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Figure S2.1: Development of methods to monitor Golgi-localized Tull function.

A) Degradation of the model substrate Orm2*-RFP was followed by flow cytometry after a two-
hour treatment with 50pg/mL cycloheximide. Experiments were performed in ful/A cells
complemented with an empty vector (EV, black solid line), wild-type Tull expressed from its
endogenous promoter (Tullprom-Tull, grey solid line), or from the ADH1 promoter (ADHprom-
Tull, light blue solid line) integrated at the exogenous his3 locus.

B) Asin (A) but with vacuolar model substrate GFP-Pep12*.

C) As in (A) but with vacuolar model substrate GFP-TIgl*.

D) Tull, Dsc2, Dsc3, and Ubx3 to protein expression was tested at steady state using previously-
developed antibodies® in wild-type cells (Endogenous), fulIA cells exogenously expressing
Tull from its native promoter at the his3 locus (Tullpom-Tull) or fulIA cells exogenously
expressing Tull from the ADH1 promoter at the HIS3 locus (ADHprom-Tull). Stain free
technology was used to follow total protein levels and was used as a loading control.

E) Asin (A), butin wild-type cells and tu/IA cells, containing an empty vector control (EV, solid
lines) or Tull expressed from the ADH1 promoter at the 4is3 locus (+Tull, dashed lines).

F) Asin (E) but with GFP-Pep12*

G) As in (E) but with GFP-Tlg1*

H) Alignment of the S. cerevisiae Tull RING domain with the S. pombe Dscl RING domain. The
zinc coordinating residues are boxed.

I) Degradation of the model substrates Orm2*-RFP was followed by flow cytometry for cells
grown for 40 hours to saturation, or treated with cycloheximide for two hours. Experiments
were performed in tu/IA cells complemented with wild-type Tull (light blue line) and inactive
Tull(C699A) (dark blue line).

J) Asin (I) but with GFP-Pep12*.

K) As in (I) but with GFP-Tlgl*.

L) Degradation of the model substrate Orm2-3xFlag (Orm2-Flag) was followed by
immunoblotting after cycloheximide treatment for the indicated times. Orm2-Flag was
expressed in tulIA cells complemented with either an empty vector (EV), wild-type Tull (WT),
or inactive Tull variant (C699A). Total protein was visualized by stain-free technology and
used as a loading control.
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Supplemental Figure 2.2: Tull complex assembly is not required for Tull substrate
interaction.
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Figure S2.2: Tull complex assembly is not required for Tull substrate interaction.

A) Flow cytometry of the model proteasomal substrate Orm2*-RFP after 2-hour cycloheximide
treatment of tu/IA cells complemented with Tull and containing either untagged endogenous
Gld1 and VId1 (Gld1/V1dl1, blue filled histogram) or endogenously tagged 3xHA-GId1 and
3xHA-VId1 (Gld1-HA/V1d1-HA, black dotted line), or tu/IAgldIA complemented with Tull
and containing untagged VId1 (VId1, blue histogram) or endogenously tagged 3xHA-VId1
(HA-VId1, black dotted line), or tulIAvidIA cells complemented with Tull and containing
untagged Gld1 (Gldl, blue histogram) or endogenously tagged 3xHA-Gld1 (HA-GId1, black
dotted line).

B) Asin (A) but with vacuolar model substrate GFP-Pep12*.

C) Asin (A) but with vacuolar model substrate GFP-TIgl*.

D) Wild-type V5-Tull was immunoprecipitated from strains containing Gld1-HA and VId1-HA.
The co-immunoprecipitated Gld1-HA and VId1-HA were quantified by immunoblotting and
the ratios V1d1 to Gld1 were plotted for each replicate.

E) Orm2*-RFP fluorescence intensity after 2-hour cycloheximide chase in ful/IA cells (light blue
solid line) complemented with either wild-type Tull (fu//A + Tull) or the nonfunctional RING
mutant (fulIA + Tull (C699A)), which are also expressed in cells with additional genetic
deletions of localization signal(s) of Gld1 (g/dIA, green solid line), VId1 (vIdIA, black solid
line), or both GId1 and VId1 (gldIAvIdIA, grey solid line).

F) Asin (E) but with GFP-Pep12*.

G) As in (F) but with GFP-Tlgl1*.
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Figure S2.3: Deep mutational scanning of the Tull ubiquitin ligase.

A) Schematic of the tiling primer mutagenesis strategy for Tull library generation.

B) Schematic of the strategy for cloning the Tull libraries and high-efficiency genomic
integration.

C) Theoretical FACS scatter plot schematic with Orm2*-RFP fluorescence intensity on the y-axis
and GFP-TIg1* fluorescence intensity on the x-axis. Libraries of cells generated in (A) and (B)
would be predicted to fall within one of four groups based on Tull variant function. The
predicted activity phenotypes would be: unable to degrade proteasomal substrates (P1),
completely nonfunctional (P2), wildtype-like and functional (P3), and unable to degrade
vacuolar substrates (P4).
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Figure S2.4: Single-residue mutations in the Tull-RING domain disrupt Golgi-localized
Tull substrate degradation.

A) Degradation of the model substrates (Orm2*-RFP, GFP-Pepl12*, and GFP-Tlgl*) were
followed by flow cytometry following cycloheximide treatment for 2 hours or growth to
saturation. The experiments were performed in tu//A cells, with the function of the indicated
Tull single-residue variant libraries covering all possible substitutions (black traces) relative
to wild-type Tull in tu/IA cells (light blue fill) or inactive Tul1(C699A) in the indicated strain
(gray fill).

B) Co-immunoprecipitation of the Tull complex was performed from ful//A cells expressing
Gld1-HA and VId1-HA, and either HA-Tull, V5-Tull, or the indicated V5-Tull variants (®
marking nonfunctional RING mutants, & marking hypomorphic RING mutants, U marking
proteasomal-nonfunctional RING mutants, L marking nonfunctional lumenal mutations and 1
marking hypomorphic lumenal mutants. Inputs were loaded at 5% and proteins were detected
by immunoblotting with a-Tull, a-Dsc2, a-Dsc3, a-Ubx3, or a-HA antibodies.
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2.12 Tables

Table 2.1: Plasmids used in this study.

Plasmid Backbone, features Reference

name

pRB903 Empty HIS3 Integrating plasmid Hwang, J., et al. (2023)

pRB9I16 Empty URA3 Integrating_plasmid Hwang, J., et al. (2023)
pFA6 Nat NT2 Janke, C., et al. (2004)
pFA6 hph NTI1 Janke, C., et al. (2004)

pRBg&24 pFA6 3xHA TDHlterm NatNT2 This study

pRB835 pFAG 3xHA TDHlterm hygNT1 This study

pRB953 Empty HIS3 Integrating plasmid KanR This study

pDD66 pDD66 pRB905 Tullprom Tull cycl This study

pDD69 pDD69 pRB905 ADH Tull cycl This study

pDD169 pDD169 pRB903 ADH Tull(C699A) cycl This study

pDD187 pDD187 pRB916 GPD Orm2(S46,47,48D)- This study
mScarlet-I(BGP) cycl CCW12 SEP-Pepl12D pgkl

pDD188 pDD188 pRB916 GPD Orm2(S46,47,48D)- This study
mScarlet-I(BGP) cycl CCWI12 SEP-TIglLL pgkl

pDD18&9 pDD189 pRB916 Orm2prom Orm2-3XFLAG cycl | This study

pDD204 pDD204 pRB903 ADH 3xV5-Tull cycl This study

pDD205 pDD205 pRB903 ADH 3xHA-Tull cycl This study

pDD214 pDD214 pRB903 ADH-3xVS5_ Tull(C699A) cycl This study

pDD222 pDD222 pRB903 ADH-3xV5 Tull(C751S) cycl This study

pDD228 pDD228 pRB953 ADHlong EcoRV cycl This study

pDD243 pDD243 pRB953 ADHlong Tull(125var) cycl This study

pDD244 pDD244 pRB953 ADHlong Tull(137var) cycl This study

pDD245 pDD245 pRB953 ADHlong Tull(138var) cycl This study

pDD246 pDD246 pRB953 ADHlong Tull(195var) cycl This study

pDD247 pDD247 pRB953 ADHlong Tull(229var) cycl This study

pDD248 pDD248 pRB953 ADHlong Tull(246var) cycl This study

pDD249 pDD249 pRB953 ADHlong Tull(247var) cycl This study

pDD250 pDD250 pRB953 ADHlong Tull(248var) cycl This study

pDD251 pDD251 pRB953 ADHlong Tull(249var) cycl This study

pDD252 pDD252 pRB953 ADHlong Tull(250var) cycl This study

pDD253 pDD253 pRB953 ADHlong Tull(251var) cycl This study

pDD254 pDD254 pRB953 ADHlong Tull(252var) cycl This study

pDD255 pDD255 pRB953 ADHlong Tull(253var) cycl This study

pDD256 pDD256 pRB953 ADHlong Tull(254var) cycl This study
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pDD257 pDD257 pRB953 ADHlong Tull(255var) cycl This study
pDD258 pDD258 pRB953 ADHlong Tull(325var) cycl This study
pDD259 pDD259 pRB953 ADHlong Tull(326var) cycl This study
pDD260 pDD260 pRB953 ADHlong Tull(327var) cycl This study
pDD261 pDD261 pRB953 ADHlong Tull(328var) cycl This study
pDD262 pDD262 pRB953 ADHlong Tull(329var) cycl This study
pDD263 pDD263 pRB953 ADHlong Tull(346var) cycl This study
pDD264 pDD264 pRB953 ADHlong Tull(368var) cycl This study
pDD265 pDD265 pRB953 ADHlong Tull(369var) cycl This study
pDD266 pDD266 pRB953 ADHlong Tull(370var) cycl This study
pDD267 pDD267 pRB953 ADHlong Tull(397var) cycl This study
pDD268 pDD268 pRB953 ADHlong Tull(398var) cycl This study
pDD269 pDD269 pRB953 ADHlong Tull(399var) cycl This study
pDD270 pDD270 pRB953 ADHlong Tull(400var) cycl This study
pDD271 pDD271 pRB953 ADHlong Tull(401var) cycl This study
pDD272 pDD272 pRB953 ADHlong Tull(402var) cycl This study
pDD273 pDD273 pRB953 ADHlong Tull(403var) cycl This study
pDD274 pDD274 pRB953 ADHlong Tull(404var) cycl This study
pDD275 pDD275 pRB953 ADHlong Tull(405var) cycl This study
pDD276 pDD276 pRB953 ADHlong Tull(406var) cycl This study
pDD277 pDD277 pRB953 ADHlong Tull(505var) cycl This study
pDD278 pDD278 pRB953 ADHlong Tull(506var) cycl This study
pDD279 pDD279 pRB953 ADHlong Tull(507var) cycl This study
pDD280 pDD280 pRB953 ADHlong Tull(508var) cycl This study
pDD281 pDD281 pRB953 ADHlong Tull(509var) cycl This study
pDD282 pDD282 pRB953 ADHlong Tull(510var) cycl This study
pDD283 pDD283 pRB953 ADHlong Tull(511var) cycl This study
pDD284 pDD284 pRB953 ADHlong Tull(512var) cycl This study
pDD285 pDD285 pRB953 ADHlong Tull(513var) cycl This study
pDD286 pDD286 pRB953 ADHlong Tull(514var) cycl This study
pDD287 pDD287 pRB953 ADHlong Tull(698var) cycl This study
pDD288 pDD288 pRB953 ADHlong Tull(699var) cycl This study
pDD289 pDD289 pRB953 ADHlong Tull(700var) cycl This study
pDD290 pDD290 pRB953 ADHlong Tull(701var) cycl This study
pDD291 pDD291 pRB953 ADHlong Tull(702var) cycl This study
pDD292 pDD292 pRB953 ADHlong Tull(703var) cycl This study
pDD293 pDD293 pRB953 ADHlong Tull(731var) cycl This study
pDD294 pDD294 pRB953 ADHlong Tull(737var) cycl This study
pDD295 pDD295 pRB953 ADHlong Tull(741var) cycl This study
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pDD296 pDD296 pRB953 ADHlong Tull(747var) cycl This study
pDD297 pDD297 pRB953 ADHlong Tull(748var) cycl This study
pDD298 pDD298 pRB953 ADHlong Tull(749var) cycl This study
pDD299 pDD299 pRB953 ADHlong Tull(750var) cycl This study
pDD300 pDD300 pRB953 ADHlong Tull(751var) cycl This study
pDD301 pDD301 pRB953 ADHlong Tull(752var) cycl This study
pDD302 pDD302 pRB953 ADHlong Tull(753var) cycl This study
pDD317 pDD317 pRB903 ADHlong 3xV5 Tull(A700D) cy | This study
cl
pDD320 pDD320 pRB903 ADHlong 3xVS5 Tull(H731S) cy | This study
cl
pDD322 pDD322 pRB903 ADHlong 3xV5 Tull(R752S) cy | This study
cl
pDD330 pDD330 pRB916 Orm2prom Orm2-3xHA cycl This study
pDD331 pDD331 pRB916 ADH 3xFLAG-Pepl12(D) pgkl This study
pDD332 pDD332 pRB916 ADH 3xFLAG-TIgl(LL) pgkl This study
pDD333 pDD333 pRB916 ADH 3xHA-Pepl12(D) pgkl This study
pDD334 pDD334 pRB916 ADH 3xHA-TIgl(LL) pgkl This study
pDD335 pDD335 pRB916 CCW12 Orm2(S46,47,48D)- This study
mScarlet-1(BGP) pgkl
pDD336 pDD336 pRB916 GPD SEP-Pepl12(D) cycl This study
pDD337 pDD337 pRB916 _GPD SEP-TIgl(LL) cycl This study
pDD340 pDD340 pRB903 ADH 3xV5-Tull(I195N) cycl This study
pDD341 pDD341 pRB903 ADH 3xV5-Tull(A246D) cycl This study
pDD343 pDD343 pRB903 ADH 3xV5-Tull(G253V) cycl This study
pDD345 pDD345 pRB903 ADH 3xV5-Tull(E346V) cycl This study
pDD346 pDD346 pRB903 ADH 3xV5-Tull(G368R) cycl This study
pDD348 pDD348 pRB903 ADH 3xV5-Tull(I701R) cycl This study
pDD349 pDD349 pRB903 ADH 3xV5-Tull(C702L) cycl This study
pDD350 pDD350 pRB903 ADH 3xV5-Tull(M703S) cycl This study
pDD351 pDD351 pRB903 ADH 3xV5-Tull(T727G) cycl This study
pDD352 pDD352 pRB903 ADH 3xV5-Tull(C729R) cycl This study
pDD354 pDD354 pRB903 ADH 3xV5-Tull(W741R) cycl This study
pDD355 pDD355 pRB903 ADH 3xV5-Tull(Q747V) cycl This study
pDD356 pDD356 pRB903 ADH 3xV5-Tull(C748V) cycl This study
pDD357 pDD357 pRB903 ADH 3xV5-Tull(P749R) cycl This study
pDD359 pDD359 pRB903 ADH 3xV5-Tull(S753P) cycl This study
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Table 2.2: Yeast strains used in this study.

Strain name Genotype Source
BY4742 MATa his341 leu240 lys240 ura340 Dharmacon
tullA MATa his341 leu2A0 lys2A0 ura3A tull::kanR Dharmacon
dsc24 MATa his341 leu2A40 lys2A40 ura3A0 dsc2::kanR This study
(yYRB503)

dsc34 MATa his341 leu2A40 lys240 ura3A0 dsc3::kanR This study
(YRB516)

ubx34 MATa his341 leu2A40 lys240 ura340 ubx3::kanR This study
(YRB514)

gldIA MATa his341 leu2A40 lys240 ura3A0 gld!::kanR This study
(YRB510)

vidIA MATa his341 leu2A40 lys2A40 ura3A0 vid1::kanR This study
(YRB512)

gldIAvIdIA MATa his341 leu2A40 lys240 ura3A0 gld!::kanR This study
(YRB518A) vildl::kanR

tul IA with Scel sites at | MATa his340::1-scel HygB NT3 I-Scel leu240 This study
HIS3 (yRB508) lys240 ura340 tullA: :kanMX

tulIAdsc24 MATa his341 leu2A40 lys240 ura340 dsc2::kanR This study
(yDD92) tull:: hphNT1I

tulIAdsc34 MATa his341 leu2A40 lys240 ura3A0 dsc3::kanR This study
(yDD93) tull:: hphNTI

tul IANubx34 MATa his341 leu2A40 lys240 ura340 ubx3::kanR This study
(yDD9%4) tull:: hphNT1

tul INgldIA MATa his341 leu2A40 lys240 ura3A0 gldl::kanR This study
(yDD95) tull:: hphNTI

tul INVIdIA MATa his341 leu2A40 lys2A40 ura340 vid1::kanR This study
(yDD96) tull:: hphNTI

tul INgIdIAVIdIA MATa his341 leu2A40 lys240 ura340 gld1::kanR This study
(yDD85) vidl::kanR tull:: hphNTI

tulid, GId1-HA, V1d1- | MATa his341 leu2A0 lys240 ura3A tull::kanR gld1- | This study
HA HA::hphNTI vid1-3xHA::Nat

(yDD68)

dsc24, Gld1-HA, MATa his341 leu2A40 lys240 ura3A0 dsc2::kanR This study
VId1-HA gld1-HA::hphNT1 vld1-3xHA::Nat

(yDD69)

dsc34, Gld1-HA, MATa his341 leu2A40 lys240 ura3A0 dsc3::kanR This study
VId1-HA gld1-HA::hphNT1 vld1-3xHA::Nat

(yDD70)

ubx34, Gld1-HA, MATa his341 leu240 lys240 ura340 ubx3::kanR This study
VId1-HA gld1-HA::hphNT1 vld1-3xHA::Nat

(yDD71)

gldIA, Gld1-HA, MATa his341 leu2A40 lys240 ura3A0 gld!::kanR This study
VIid1-HA vid1-3xHA::hphNT1

(yDD72)
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vidIA, Gld1-HA, V1d1-
HA
(yDD73)

MATa his341 leu2A0 lys240 ura340 vid1::kanR
gld1-HA: :hphNTI

This study
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Table 2.3: Antibodies used in this study.

Antibody Source
THE DYKDDDDK Tag Antibody, mAb, Mouse GenScript
Anti-HA High Affinity; Rat monoclonal antibody (clone 3F10) Roche
THE V5 Tag Antibody, mAb, Mouse GenScript
Goat Anti-Rat IgG, Whole Ab ECL Antibody, HRP Conjugated Cytiva

Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary

Thermo Fisher

Antibody, Alexa Fluor Plus 800 Scientific

Sheep Anti-Mouse IgG - Horseradish Peroxidase Cytiva

Donkey anti-Rat IgG (H+L) Cross-Adsorbed Secondary Antibody, Invitrogen

DyLight 550

Goat anti-Rabbit IgG (H+L) Secondary Antibody, DyLight 488 Invitrogen

Rabbit, anti-Tull Tong, Z., et al.,
(2014)

Rabbit, anti-Dsc2 Tong, Z., et al.,
(2014)

Rabbit, anti-Dsc3 Tong, Z., et al.,
(2014)

Rabbit, anti-Ubx3 Tong, Z., et al.,
(2014)
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Table 2.4: Primers used in this study.

Name Description Sequence
prDD1 prDD1_Sacll-insert-Gibson-Kpnl- CGACTCACTATAGGGCGAATTGGGTAC
overhang CCCGCGGGCCGCAAATTAAAGCCTTCG
AGCGTC
prDD2 prDD2_Sacll-insert-Gibson-Kpn-I- GACGCTCGAAGGCTTTAATTTGCGGCC
overhang CGCGGGGTACCCAATTCGCCCTATAGT
GAGTCG
prDD3 prDD3_Tull-Sacl/Sacll-T4-ligase- GACCCGCGGGCCGCAAATTAAAGCCTT
insert CGAG
prDD4 prDD4 ADHprom-3'F-seq CTCGTTCCCTTTCTTCCTTG
prDD5 prDD5_sfpHluorin-3'F-seq GCTGCTGGGATTACACATGG
prDD6 prDD6_FDP-5'F-seq GCAGGTATACTAAACTCAC
prDDI11 | prDD11 mScarlet-lamp F GCGGCCGCGGAATTCACCGGTCCATGG
TCTCCAAGGGT
prDD12 | prDD12 mScarlet-lamp R ACTAGTCTCGAGGGAACCCTTATATAA
TTCGTCCATGCCTCC
prDD13 | prDD13 ADH F CCTCGTCATTGTTCTCGTTCCC
prDD14 | prDD14 SEP+322 F CAAGAGCGGAGGTCAAATTTGAGG
prDDI15 | prDD15 mScar-link F CGGTTCAATGGTCTCCAAG
prDD16 | prDD16 mScar+326 F CAAGACACATCTCTGGAGGAC
prDD19 | prDD19 -447bpTull F GAACATTGAAGGTGCGGCTTG
prDD20 | prDD20 +456bpTull R GCCGGCTCATAGAATCTGGG
prDD21 | prDD21 SEP-Spel-insert ACTAGTCAATTTATATAACTCGTCCATA
CCATGAGTG
prDD22 | prDD22 Kandefconfirm F ATTATCGCGAGCCCATTTATACC
prDD49 | prDD49 SEP-Spel-insert R2 CTTCCGACATACTAGtCAATTTATATAA
CTCGTCCATACCATGAGTG
prDD50 | prDD50 Tulldel F GTTGCTGGTTAAATCAGATCTATTCCGT
CTGGAACACGGTTCTTTGAAGTTAGAC
CCATCCGGATCCCCGGGTTAATTAA
prDD51 | prDD51 Tulldel R CGGTATCTTGGATCTTGAATACAAATAC
AGTATATAGTTCTTAGGATCAAGAGAT
GCTATCGATGAATTCGAGCTCGTTTAAA
C
prDD52 | prDD52 pDD5-Tullamp F AGATGTAGGTGTTGGCACC
prDD53 | prDD53 pDD5-Tullamp R TTAGCAGCCGGATCTTCTAGA
prDD60 | prDD60_+202bp-natMX6 R TCCTCCCCGTCGTCCGATT
prDD61 | prDD61 +236-hphMX6 R TCGCTGAATTCCCCAATGT

prDD62

prDD62 +196bp-kanMX6 R

AGCCAGTTTAGTCTGACCATCT

114




prDD63 | prDD63 -150bp-Tulldel F TTTCCTTTGGCGGGGTAAGGGTCTGTGA
ACTTTAGGGAAATAGAATAAACGTAAG
TTAAACGGATCCCCGGGTTAATTAAGG

prDD64 | prDD64 +150bp-Tulldel R AAAAGGGTAACACTAAAAACCCTTGTG
AATTATCCTAAGTCTAGTTTGCCTATTG
TATATCGATGAATTCGAGCTCGTTTAAA
C

prDD77 | prDD77 -16bp-cycl R GGGCGTGAATGTAAGCGTGAC

prDD88 | prDD88 GPDend F CACCAGAACTTAGTTTCGACGG

prDD89 | prDD89 mScarlet-lend-Sacl-Xhol R | CTAATTACATGACTCGAGGTCGACGGA
ACCCTTATATAATTCGTCCATG

prDD90 | prDD90 _mNeonGreenend-Sacl- CTAATTACATGACTCGAGGTCGACTTGT

Xhol R ACAATTCGTCCATACCCAT

prDD99 | prDD99 3xHAseq F ATGTACCCATACGATGTTCCTG

prDD100 | prDD100 3xHAseq R AGCGTAATCTGGAACGTCAT

prDD101 | prDD101 3xFLAG-Sall-Gibson F TAGGTCACCATTACCTCCGTTGTAGGGA
TCCGACTACAAAGACCATGACGG

prDD102 | prDD102 3xHA-Sall-Gibson_F TAGGTCACCATTACCTCCGTTGTAGGGT
TACCCATACGATGTTCCTGACT

prDD103 | prDD103 3xHA-Sall-Gibson R ACTAATTACATGACTCGAGGTCGACCT
AAGCGTAATCTGGAACGTCAT

prDD110 | prDD110 CCW12-SEP-Pep12D F ATAGGGCGAATTGGAGCTCCACCGCGG
TGGCGGCCGCTCTAGACACCCATGAAC
CACACG

prDDI111 | prDD111_CCW12-SEP-Pep12D R CCTCGAGGTCGACGGTATCGATAAGCT
TGATATCGAATTCAACGCAGAATTTTCG
AGTTA

prDDI112 | prDD112_GPD-Orm2-mScarlet-I F | AATTGGAGCTCCACCGCGGTGGCGGCC
GCTCTAGATCATTATCAATACTCGCCAT
TTCAA

prDD113 | prDD113 GPD-Orm2-mScarlet-I R | GTACCGGGCCCCCCCTCGAGGTCGACG
GTATCGATAAGCTTGCAAATTAAAGCC
TTCGAG

prDD114 | prDD114 pDD40+Nhel-site F TCGAAGGCTTTAATTTGCAAGCTTATCG
ATACCGTCGACCTCGCTAGCGGGGGGC
CCGGT

prDDI115 | prDD115 pDD40+Nhel-site R ACCGGGCCCCCCGCTAGCGAGGTCGAC
GGTATCGATAAGCTTGCAAATTAAAGC
CTTCGA

prDD116 | prDD116 Spel-Tlgl F ATATAAATTGACTAGTATGAACAACAG
TGAAGATCCG

prDD117 | prDD117 Tlgl-BamHI R CGAGGTCGACGGATCCTCAAGCAATGA
ATGCCAA

prDD118 | prDD118 TIglLL F GAAAAAAATAAAGAAAAATACGACGA

TTTGTTGATAGGACTTCTTATTGTCG
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prDD119

prDDI119 TIglLL R

CGACAATAAGAAGTCCTATCAACAAAT
CGTCGTATTTTTCTTTATTTTTTTC

prDD122

prDD122 Orm2D F

GCCGACCATAGGAGAAGACGGTCATCC
AGCGTAATATCACATGTGGAAC

prDD123

prDD123 Orm2D R

GTTCCACATGTGATATTACGCTGGATGA
CCGTCTTCTCCTATGGTCGGC

prDD129 | prDD129 Tullseq Flprom CAAGTTCAATCTCGTTTGTTAC
prDD130 | prDD130 Tullseq F2 GACAATAATAATTACTTAAGGAGA
prDD131 | prDD131 Tullseq F3 GCCACTTTGTACTTTGTCGCAGCT
prDD132 | prDD132 Tullseq F4 GAGCATGGTGGTGGAACTGCTGA
prDD138 | prDD138 -20bp-CYC1 R GAGGGCGTGAATGTAAGCG

*

prDD139 | prDD139 M13rev F GGCGTAATCATGGTCATAGCTG

prDD140

prDD140_ Tullprom-amp F

CGGGGTAAGGGTCTGTGAAC

prDD141

prDD141 nextera-adapt-Tull F

TCGTCGGCAGCGTCAGATGTGTATAAG
AGACAGGTGAGTTTTCAGCATGGCG

prDD142

prDD142 nextera-adapt-Tull R

CTGTCTCTTATACACATCTCCGAGCCCA
CGAGACCCAAAATTCATCAACGAGTTC
C

prDD143
*

prDD143 -30bp-Tullamp F

GGAAAGTCCTACAGCAAAAGAGG

prDD144

prDD144 pRS313-Tullpromamp F

AATACGACTCACTATAGGGCGAATTGG
AGCTCCCGTTTTGGTCCAAACCC

prDD145

prDD145 Sfol-Tullpromamp R

TTGTCTAACTCCTTCCTTTTCGGTTAGA
GCGGCGCCAAAGGAAAATCTCTATATA
TACTG

prDD146

prDD146 Sfol-CYClamp F

GCTTCAGTATATATAGAGATTTTCCTTT
GGCGCCGCTCTAACCGAAAAGG

prDD147

prDD147 CYClamp-pRS313 R

AACAAAAGCTGGGTACCGGGCCCCCCC
TCGAGGCAAATTAAAGCCTTCGAGC

prDD148
*

prDD148 Tullprom-256bp F

GTTGTCGTTACTGGTAATTTGC

prDD149
*

prDD149 +166-CYClamp R

GAGCGTCCCAAAACCTTC

prDD150

prDD150 Tulllibamp-HiFi_F

CGTCATGTTATATATTTGTTAAGCGTAG
C

prDDI151 | prDD151 Tulllibamp-HiFi R GGGACCTAGACTTCAGGTTGTCTAAC
prDD152 | prDD152 pRBHiFi-GPDamp F GAGCTCCACCGCGGTGTCTAGATCATT
ATCAATACTCGCCATTTC
prDD153 | prDD153 Cyclamp+Nhel- ACCGTGTGGTTCATGGGTGGCTAGCGC
CCWI12HiFi R AAATTAAAGCCTTCGAGC
prDD154 | prDD154 CyclHiFi+Nhel- CTCGAAGGCTTTAATTTGCGCTAGCCAC
CCWI12amp F CCATGAACCACACG
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prDD155 | prDD155 pgklamp+EcoRI- GGTACCGGGCCCCCCCTCGAGGTCGGA
pRBHiFi R ATTCAACGCAGAATTTTCGAGTTATTAA
AC
prDD156 | prDD156 pRBHiFi- GAGCTCCACCGCGGTGTCTAGACGCTT
Orm2promamp F GCCAAAGACCACA
prDD157 | prDD157 Cyclamp+Nhel- AAAAAAAGAAAAGAAGTTGGCTAGCG
ADHHiFi R CAAATTAAAGCCTTCGAGCG
prDD158 | prDD158 CyclHiFi+Nhel- CTCGAAGGCTTTAATTTGCGCTAGCCAA
ADHamp F CTTCTTTTCTTTTTTTTTCTTTTC
prDD165 | prDD165 pRB903-Sacl- TTCACACAAAGATTTGAGCTCCACGCTT
Orm2prom HiFi F GCCAAAGACCACA
prDD166 | prDD166 ADH1-EcoRI- AAAGAAGTTGAATTCGCAAATTAAAGC
Cycl HiFi R CTTCGAGCG
prDD167 | prDD167 Cycl-EcoRI- TTTAATTTGCGAATTCAACTTCTTTTCTT
ADHI1 HiFi F TTTTTTTCTTTTC
prDD168 | prDD168 Pgkl1-Kpnl- TTGGAGAAATATACAGGTACCAACGCA
pRB903 HiFi R GAATTTTCGAGTTATTAAAC
prDD169 | prDD169 pRB903-Sacl- TTCACACAAAGATTTGAGCTCCATCATT
GPD HiFi F ATCAATACTCGCCATTTC
prDD170 | prDD170 CCW12-EcoRI- TTCATGGGTGAATTCGCAAATTAAAGC
Cycl HiFI R CTTCGAGCG
prDD171 | prDD171 Cycl-EcoRI- TTTAATTTGCGAATTCACCCATGAACCA
CCWI12 HiFi F CACG
prDD172 | prDD172 MI13F TGTAAAACGACGGCCAGT
prDD173 | prDD173 M13F43 AGGGTTTTCCCAGTCACGACGTT
prDD174 | prDD174 MI13R CAGGAAACAGCTATGACC
prDD175 | prDD175 M13R49 GAGCGGATAACAATTTCACACAGG
prDD176 | prDD176 T3 AATTAACCCTCACTAAAGGG
prDD177 | prDD177 T7 TAATACGACTCACTATAGGG
prDD178 | prDD178 CYClReverse GCGTGAATGTAAGCGTGAC
prDD179 | prDD179 CYC1 F GTCACGCTTACATTCACGC
prDD180 | prDD180 Orm2seq F ATGATTGACCGCACTAAAAACG
prDD181 | prDD181 CYCI1Rend R GCAAATTAAAGCCTTCGAGCG
prDD182 | prDD182 Pepl2seq F GTCGGAAGACGAATTTTTTGG
prDD183 | prDD183 Pepl2seq R CCAAAAAATTCGTCTTCCGAC
prDD184 | prDD184 Tlglseq F GAACAACAGTGAAGATCCG
prDD185 | prDD184 Tlglseq R CGGATCTTCACTGTTGTTC
prDD186 | prDD186 Tull-C699A F GGAACTGCTGAACATACCGTTGATGCC
GCGATATGTATGTCTGATG
prDD187 | prDD187 Tull-C699A R CATCAGACATACATATCGCGGCATCAA
CGGTATGTTCAGCAGTTCC
prDD188 | prDD188 Tull-C751S F GAATTATAAGTTACAATGTCCTGTGTCT

AGGTCACCATTACCTCCG
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prDD189 | prDD189 Tull-C751S R CGGAGGTAATGGTGACCTAGACACAGG
ACATTGTAACTTATAATTC

prDD192 | prDD192 pRB905 Sacl ADH _F CTTAAAAAATAGAGTGAGCTCAACTTC
TTTTCTTTTTTTTTCTTTTC

prDD193

prDD193 ADH EcoRV cycl R

CCTTTTCGGTTAGAGCGGATATCAGCTC
TGGAACAACGAC

prDD194

prDD194 ADH EcoRV cycl F

CGTTGTTCCAGAGCTGATATCCGCTCTA
ACCGAAAAGG

prDD195 | prDD195 cycl Xhol pRB905 R GGTACCGGGCCCCCCCTCGAGCAAATT
AAAGCCTTCGAGC

prDD196 | prDD196 ADH_ Tulllibamp F GTCGTTGTTCCAGAGCTGAT

prDD197 | prDD197 Tulllibamp cycl R CCTTTTCGGTTAGAGCGGAT

prDD198 | prDD198 Tulllibamp F2 CGACAAAGACAGCACCAAC

prDD199 | prDD199 Tulllibamp R2 CCTTCCTTTTCGGTTAGAGC

prDD200 | prDD200 Tulllibamp F3 CAGATGTCGTTGTTCCAGAG

prDD201 | prDD201 Tulllibamp R3 CAGGTTGTCTAACTCCTTCC

prDD202 | prDD202 ADHlong F GGTGTACAATATGGACTTCCTC

*

prDD203 | prDD203 M13R49 lowertemp GCGGATAACAATTTCACACAGG

*

prDD204 | prDD204 Tulllib-Plateladapt F ACACTCTTTCCCTACACGACGCTCTTCC

GATCTACTAGTATGGAAATCGATGG

prDD205

prDD205 Tulllib-Plateladapt R

GACTGGAGTTCAGACGTGTGCTCTTCCG
ATCTGTAGTTTTGATTGGGAAACCATC

prDD206

prDD206 Tulllib-Plate2adapt F

ACACTCTTTCCCTACACGACGCTCTTCC
GATCTAATCAAAACTACATGGTTTTGCC
C

prDD207

prDD207 Tulllib-Plate2adapt R

GACTGGAGTTCAGACGTGTGCTCTTCCG
ATCTGCTATTTCGCCATGCTGAAAAC

prDD208

prDD208_Tulllib-Plate3adapt F

ACACTCTTTCCCTACACGACGCTCTTCC
GATCTGGCGAAATAGCTATTCAAATTTC
TC

prDD209

prDD209_ Tulllib-Plate3adapt R

GACTGGAGTTCAGACGTGTGCTCTTCCG
ATCTTCCTTGACATCATTAAATATTTTC
TC

prDD210

prDD210_Tulllib-Plate4adapt F

ACACTCTTTCCCTACACGACGCTCTTCC
GATCTGATGTCAAGGAACTCGTTGATG

prDD211

prDD211 Tulllib-Plate4adapt R

GACTGGAGTTCAGACGTGTGCTCTTCCG
ATCTACCCTTTACGTTATGAAGCCC

prDD212

prDD212 Tulllib-Plate5adapt F

ACACTCTTTCCCTACACGACGCTCTTCC
GATCTAACGTAAAGGGTACACGG

prDD213

prDD213 Tulllib-Plate5adapt R

GACTGGAGTTCAGACGTGTGCTCTTCCG
ATCTAAGTAGCGTATTTCAAAAATAGA
TG
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prDD214

prDD214 Tulllib-Plate6adapt F

ACACTCTTTCCCTACACGACGCTCTTCC
GATCTATACGCTACTTAATTTCAATTTA
CGC

prDD215

prDD215 Tulllib-Plate6adapt R

GACTGGAGTTCAGACGTGTGCTCTTCCG
ATCTAACGGCGTTACGGAAAATTTG

prDD216

prDD216_Tulllib-Plate7adapt F

ACACTCTTTCCCTACACGACGCTCTTCC
GATCTCGTAACGCCGTTAAAGGTATTCC

prDD217

prDD217 Tulllib-Plate7adapt R

GACTGGAGTTCAGACGTGTGCTCTTCCG
ATCTATCCATCAGGTATTGTGTG

prDD218

prDD218 Tulllib-Plate8adapt F

ACACTCTTTCCCTACACGACGCTCTTCC
GATCTCCTGATGGATATTCGTATTTCAA
GC

prDD219

prDD219 Tulllib-Plate8adapt R

GACTGGAGTTCAGACGTGTGCTCTTCCG
ATCTGTCGACCTACAACGGAGG

prDD220

prDD220 CCW12seq F

CCTAACATACCAAGAAATTAATCTTCTG
TC

prDD231

prDD231 TullPlatel Readl+F

TCGTCGGCAGCGTCAGATGTGTATAAG
AGACAGNNNNNNNNCATATACAAGCG
GCCGCACTAGT

prDD232

prDD232 TullPlatel R+Read2

GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGNNNNNNNNTCGTTGGGCAA
AACCATGTAGTT

prDD233

prDD233 TullPlate2 Readl+F

TCGTCGGCAGCGTCAGATGTGTATAAG
AGACAGNNNNNNNNGATCGATGGTTTC
CCAATCAA

prDD234

prDD234 TullPlate2 R+Read2

GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGNNNNNNNNGATTGCTCATAT
GAGAAATTTGAATAGCTAT

prDD235

prDD235 TullPlate3 Readl+F

TCGTCGGCAGCGTCAGATGTGTATAAG
AGACAGNNNNNNNNGAGTTTTCAGCAT
GGCGAA

prDD236

prDD236 TullPlate3 R+Read2

GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGNNNNNNNNCCAAAATTCATC
AACGAGTTCCTT

prDD237

prDD237 TullPlate4 Readl+F

TCGTCGGCAGCGTCAGATGTGTATAAG
AGACAGNNNNNNNNGAATGATTATAAT
GAGAAAATATTTAATGATGTC

prDD238

prDD238 TullPlate4 R+Read2

GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGNNNNNNNNTTCGTACCGTGT
ACCCTT

prDD239

prDD239 TullPlate5 Readl+F

TCGTCGGCAGCGTCAGATGTGTATAAG
AGACAGNNNNNNNNCGATTAGGGCTTC
ATAACGTA

prDD240

prDD240 TullPlate5 R+Read2

GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGNNNNNNNNCTGTGAAGCGT
AAATTGAAATTAAGTA
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prDD241

prDD241 TullPlate6 Readl+F

TCGTCGGCAGCGTCAGATGTGTATAAG
AGACAGNNNNNNNNGGCATCTATTTTT
GAAATACGC

prDD242

prDD242 TullPlate6 R+Read2

GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGNNNNNNNNGAAGGAATACC
TTTAACGGC

prDD243

prDD243 TullPlate7 Readl+F

TCGTCGGCAGCGTCAGATGTGTATAAG
AGACAGNNNNNNNNGATCCCTCAAATT
TTCCGTAAC

prDD244

prDD244 TullPlate7 R+Read2

GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGNNNNNNNNGGGCTTGAAAT
ACGAATATCC

prDD245

prDD245 TullPlate§ Readl+F

TCGTCGGCAGCGTCAGATGTGTATAAG
AGACAGNNNNNNNNCCTAAGCACACA
ATACCTGAT

prDD246

prDD246 TullPlate§ R+Read2

GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGNNNNNNNNACATGACTCGA
GGTCGAC

prDD265

prDD265 Gld1-3xHA F

AATGCCATTTTAAATGACGGCAATATT
AATGACAACAATGAGAATGCTAGCAAT
TCTGTCGGGTCTGGTTACCCATACG

prDD268

prDD268 ADHI-Gld1 R

TAAGGAAATGTAATAGAATGATATATG
TAAATGTAACTCTCTATAAAATAGTGCC
GATAACCGGTAGAGGTGTGGTCA

prDD269

prDD269 CYC1-Gldl R

TAAGGAAATGTAATAGAATGATATATG
TAAATGTAACTCTCTATAAAATAGTGCC
GATAACTTCGAGCGTCCCAAAACC

prDD270

prDD270_VId1-3xHA F

CCTCAACAGGCAGACGGGGATGACGCT
ACAGAGATCACTCCTCTACTGAATATC
GCCGAAGGGTCTGGTTACCCATACG

prDD273

prDD273_ADH1-VIdl R

TGGGAAGGACAGTAGAAGAACCACGTA
TTGTTTTATTTTCTGTTCATCTTTTTTTT
CCGTCCGGTAGAGGTGTGGTCA

prDD274

prDD274 CYC1-VIdl R

TGGGAAGGACAGTAGAAGAACCACGTA
TTGTTTTATTTTCTGTTCATCTTTTTTTT
CCGTCTTCGAGCGTCCCAAAACC

prDD280 | prDD280 Gld1(+161bp) F CTGGACACTTATAACAAGAGC
prDD281 | prDD281 VId1(+75bp) F CTCCAGGGAAAGAAAGGG
prDD283 | prDD283 3xHA R CTAAGCGTAATCTGGAACG
prDD286 | prDD286 TEFprom(+325bp) F CACATCCGAACATAAACAAC
prDD287 | prDD287 Gldlterm R GGAAGAGTGAGGAACCAC
prDD288 | prDD288 Vldlterm R GTCGGATGTGATTTCCAG

prDD290

prDD290 gbDD18 F

CAATTTACGCTTCACAGGTTGCCGAAC
AGAATGTTGGGATTA
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prDD291

prDD291 gbDD18 R

TAATCCCAACATTCTGTTCGGCAACCTG
TGAAGCGTAAATTG

prDD292

prDD292 gbDD30 F

ATAAGTTACAATGTCCTGTGCATAGGTC
ACCATTACCTCCGTTGTAGGTC

prDD293

prDD293 ¢bDD30 R

GACCTACAACGGAGGTAATGGTGACCT
ATGCACAGGACATTGTAACTTAT

prDD294

prDD294 ¢bDD31 F

ATAAGTTACAATGTCCTGTGTGTAGTTC
ACCATTACCTCCGTTGTAGGTC

prDD295

prDD295 gbDD31 R

GACCTACAACGGAGGTAATGGTGAACT
ACACACAGGACATTGTAACTTAT

prDD296

prDD296 gbDD32 F

ATAAGTTACAATGTCCTGTGTGTATTTC
ACCATTACCTCCGTTGTAGGTC

prDD297

prDD297 gbDD32 R

GACCTACAACGGAGGTAATGGTGAAAT
ACACACAGGACATTGTAACTTAT

prDD298

prDD298 Orm2-3xHA F

GTGCTCAAATTAGTGGATCCTACCCATA
CGATGTTC

prDD299 | prDD299 3xHA-STOPcycl R TAACTAATTACATGACTCGAGGTCGAC
TTAAGCGTAATCTGGAAC

prDD300 | prDD300_ADH-3xFLAG F ACTATCTCATATACAAGCGGCCGCATG
GACTACAAAGACCATGAC

prDD301

prDD301 3xFLAG-Pepl2 R

TCGTCTTCCGACATACTAGTCTTGTCAT
CGTCATCC

prDD302

prDD302 3xFLAG-TIgl R

TCACTGTTGTTCATACTAGTCTTGTCAT
CGTCATCC

prDD303 | prDD303 mScarModl R TACCCCGTCTTCGGGGTACAACCTCTCA
ACTGAAGCCTCCCACCC

prDD325 | prDD325 mScarMod2 F AAGAAGACTATGGGGTGGGAGGCTTCA
GTTGAGAGGTTGTACCCCG

prDD326 | prDD326 mScarMod2 R AATCTTCGTTATGAGACGTGATAGTCA
ATTGACGATCTACGTTGTATGC

prDD327 | prDD327 +215bpHygR R GCGGCCGATGCAAAGTG

prDD328 | prDD328 -854bpTull F CCGCTTGTGGTGCTGC

prDD329 | prDD329 -1025bpDsc2 F CCCATTTGACCATCTTTCCCAG

prDD330 | prDD330 -1405bpDsc3 F CATATCAGGTGCCGTCGC

prDD331 | prDD331 -1133bpUbx3 F CTTTGGTGGAGGTCCTGGC

prDD332 | prDD332 -1563bpGldl_F GGAAGCGGCAAAGTTATTGGTC

prDD333 | prDD333 -1688bpVIidl F CCAGAACAAGACGAATTAGATGCC

prDD334 | prDD334 Kpnl-ADH F CTTTAATTTGCGGCCGGTACCGGTGTAC

AATATGGACTTCC

prDD335

prDD335 pgkl-Kpnl R

TTGGCAGAAAGACTGCTGGTACCCAAC
GCAGAATTTTCGAGTTATTAAAC
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Chapter 3

Conclusions

3.1 Overview

Eukaryotic protein quality control is a conglomerate of interconnected systems that
function within the cytosol and at all organelles to prevent or assuage cell stress by maintaining
proteostasis, as detailed in Chapter 1 of this thesis. Systems that operate within the secretory
pathway compose one critical branch of eukaryotic protein quality control, as they surveil
organelles that receive membrane and secretory proteins that leave the ER. Post-ER quality control
can respond by either distributing aberrant protein, to be dealt with by systems localized to other
organelles, or by simply degrading substrates using a localized system that facilitates lysosomal or
proteasomal degradation 2. As highlighted in Chapter 1, the complete inventory of systems and
mechanisms specifically involved in degradative quality control in the eukaryotic secretory
pathway are not well-characterized and are almost all restricted to those that facilitate lysosomal
degradation. This is due to the fact that most of our current understandings of post-ER quality
control systems come merely from observing the result of their function: proteins localized to
lysosomal compartments in mammalian cells or to the vacuole in yeast for degradation '->.

The work in this thesis focuses on the Golgi-localized Tull ubiquitin ligase complex found
in S. cerevisiae, which recognizes and ubiquitinates integral membrane proteins for degradation
via ESCRT-mediated delivery to the vacuole. The Golgi-localized Tull complex is unique in that
it is a post-ER quality control system that can also degrade substrate via the ubiquitin-proteasome
system © and remains to be the only clearly defined post-ER ubiquitin ligase system in the secretory
pathway to do so '°. Furthermore, Golgi-localized Tull is the only known integral membrane
ubiquitin ligase system across all organelles that can send substrates to both degradation pathways.
Importantly, there is a fixed specificity to which Tull substrates are sent to the vacuole for
degradation and which Tull substrates are degraded by the cytosolic proteasome !0, Investigating

the unknown mechanism(s) that direct Tull selective substrate degradation was the basis of the
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work presented in Chapter 2 and led us to discover a role for the namesake ubiquitin ligase, Tull,
in directing a protein to either degradation pathway.

We began by creating high-throughput tools that surveyed the function of the Golgi-
localized Tull system. We developed fluorescence-based cellular assays that concurrently
monitored model vacuolar and proteasomal substrate degradation, which we applied to deep
mutational scanning of the ubiquitin ligase Tull. We focused our first deep mutational scanning
efforts on Tull in part because co-immunoprecipitation experiments in Chapter 2 revealed that
Tull interacts directly with both classes of substrate in the absence of each known complex
component. This was the first evidence in the field suggesting that Tull plays a role in bringing
substrates to the complex, and we reasoned that these interactions could play a role in how a
substrate is degraded though the evidence from our screen did not contribute to this hypothesis.

To test the necessity of each residue within Tull, we generated single-residue variant
libraries that spanned the Tull protein and screened 96% of all possible Tull substitutions by their
functional phenotype. From our efforts, we identified functionally important residues in the Tull
lumenal and RING domains. Most notably, our screening efforts revealed several particularly
interesting Tull RING mutants that we were surprised to find altered the specificity of the Tull
system. These change-of-specificity variants were unable to degrade the model proteasomal
substrate but were hypomorphic for model vacuolar substrate degradation. We concluded in
Chapter 2 that Tull plays an important role in directing substrate fate and began to explore the
possible mechanism(s) responsible for this function.

Our structure-function analysis of Tull RING mutants mapped each substitution to a
predicted ubiquitin conjugating enzyme (Ubc4) interaction site based on a predicted AlphaFold
model, in which we folded the Tull RING domain, Ubc4, and ubiquitin ''!2, Unsurprisingly, the
majority of our defined nonfunctional RING mutants comprised conserved residues required for
the characteristic RING domain fold, and therefore proper Ubc4 engagement with Tull '3!4, In
contrast, RING-domain mutants that were hypomorphic or changed the specificity of the Tull
complex mapped to a different plane of the modeled Tull RING domain. These residues were not
predicted to directly orient towards Ubc4 like nonfunctional substitutions, but instead bordered
this region and oriented closer to the ubiquitin moiety. We interpreted this data to mean that the

ubiquitin ligase Tull directs a protein for vacuolar versus proteasomal degradation by mediating
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different types of substrate ubiquitination specific to each degradation pathway, models of which
will be discussed in depth in Section 3.2.1.

Our screening efforts also revealed several residues in the Tull lumenal domain that were
critical for Tull function. We found that mutating these residues abolished or impaired Tull from
interacting with known integral membrane complex components. Most of these lumenal mutations
completely abolished Tull interaction with all known complex components and were
nonfunctional, though we defined one hypomorphic lumenal mutant that had attenuated complex
interaction. These findings were consistent with previous characterizations !>106:14.16 that Tull
must form a complex to function and that Tull requires all known components (Dsc2, Dsc3, Ubx3,
and a localization signal Gld1 or V1d1) for proper complex interaction, which we also confirmed
via cellular and biochemical assays in Chapter 2.

Previous studies of Tull substrate degradation proposed that Tull subcomplexes do not
share protein substrates %!1°. It was proposed that GldI-containing/Golgi-localized Tull only
targeted integral membrane proteins localized to Golgi and endosomal compartments and V1d1-
containing/vacuole-localized Tull only targeted vacuolar integral membrane proteins %!, Equally
important to note, and as we confirmed in Chapter 2, is that Golgi-localized Tull substrates are
degraded in the vacuole or by the proteasome while vacuole-localized substrates are only degraded
in the vacuole ®!°; the possible role of substrate localization in directing Tull selective degradation
is further explored in Section 3.2.2. However, while validating our Golgi-localized Tull functional
assays in Chapter 2, we defined the first examples of Tull substrates that are degraded in the
vacuole by both Gld1- and VIdI-containing complexes. Based on previous profiling of a different
Golgi-localized Tull vacuolar substrate '°, we had expected to find that only Gld1-Tull complexes
targeted mutant t-SNAREs Pep12(D) and TIgl(LL) (hereafter referred to as Pep12* and Tlgl*,
respectively) for ESCRT-mediated vacuolar degradation. We were therefore surprised to find that
in the absence of Gld1, VId1-Tull complexes could poorly degrade both mutant SNAREs. Similar
to these shared protein substrates, a recent study found that Gld1- and V1d1-Tull both ubiquitinate
the non-protein substrate phosphatidylethanolamine (PE) at endosomal compartments and the
vacuole 4, a phenomenon that will be detailed later in this chapter.

In contrast to the vacuolar substrates Pep12* and Tlgl*, previous work ¢ that we also
confirmed in Chapter 2 found that only Gld1-Tull complexes can degrade the Tull proteasomal
substrate Orm2. This is despite the fact that, like Pep12* and Tlgl*, V1d1-Tull complexes can
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exist in the same space as Orm2 in the Golgi membrane %!° and that co-immunoprecipitation assays
in Chapter 2 demonstrated that V1d1-Tull interacts with Orm2. There is a clear necessity for Gld1
in Orm2 proteasomal degradation, perhaps implicating an important function specific to Tull
participation with the ubiquitin-proteasome system; Section 3.2.3 explores this potential role of
Gld1 in Tull substrate selectivity mechanisms.

In conclusion, work in Chapter 2 revealed that the Golgi-localized Tull ubiquitin ligase
plays a role in specifying a substrate’s fate. Structure-function analyses and predictive modeling
indicated that Tull function in the ubiquitination cascade is the likely mechanism responsible for
directing substrates to a specific degradation pathway. However, there are clearly other factor(s)
involved in Tull substrate selection. Whether these factors are known, or even unknown, complex
components can be investigated using or adapting cellular functional assays established in this
thesis. It is also possible that screening larger Tull mutations, rather than single-residue
substitutions as tested in Chapter 2, could reveal multi-residue regions within Tull that are
singularly important to proteasomal or vacuolar degradation. A good place to start any larger-scale
investigation of Tull would be to return to the deep mutational scanning data collected in the
experiments shown in Chapter 2 and mine for regions that cannot tolerate multi-residue mutations.
The importance of these regions can then be validated using our established Tull structure-
function analysis tools. Such discoveries would reveal a more direct role for Tull in substrate
selection outside of our proposed ubiquitination-based mechanisms.

Regardless, Golgi-localized Tull functional screening assays, structure-function analyses
of important Tull residues revealed by deep mutational scanning, and biochemical
characterizations of Tull complex interactions in Chapter 2 suggest several plausible models for
how the Golgi-localized Tull system selectively degrades a substrate and are discussed in detail
in the next section. Each of these proposed models can be tested in the future by adapting the

cellular and biochemical readouts established in this thesis.

3.2 Golgi-localized Tull selective substrate degradation models

The fate of Golgi-localized Tull substrates seems to be specific to a degradation pathway,
meaning previous work from other groups have indicated a proteasomal substrate is not degraded
in the vacuole and vacuolar substrates are not degraded by the 26S proteasome %716, This suggests

that there is a mechanism within the Golgi-localized Tull system that designates a protein for
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degradation by each pathway. Our structure-function analysis of Tull suggested that the ubiquitin
ligase Tull plays a role in designating a substrate for the proteasome versus the vacuole, but that
there are certainly other factors involved. Based off work presented in Chapter 2 and in
consideration of known mechanisms of other RING-type ubiquitin ligase systems, several possible

models are proposed for Golgi-localized Tull selective substrate degradation.

3.2.1 Golgi-localized Tull selectively conjugates different types of ubiquitin onto substrates

While findings in Chapter 2 suggested that the ubiquitin ligase Tull is not the only factor
involved in designating a substrate for the proteasome versus the vacuole, we propose several
possible features and functions of Tull that could play a main role in regulating substrate

17.18 ‘Based on results in Chapter 2, Tull variants with altered substrate selectivity

degradation fates
contained substitutions in the RING domain that bordered, but did not compose, the modeled Ubc4
interaction site. This suggests that these Tull variants can engage with ubiquitination machinery,
but perhaps these mutations impair the ability and/or efficiency of Tull to mediate the addition of
specific types or lengths of polyubiquitin chains. Specifically, these mutations might alter or even
impede discreet Tull intermolecular interactions with substrates and/or engaged Ubc enzymes.
This led us to consider a model that Golgi-localized Tull plays a role in selective substrate
degradation by directing specific types of ubiquitin conjugation(s) onto each class of substrate for
exclusive engagement with either the 26S proteasome or ESCRT-mediated vacuolar degradation
(Figure 3.1).

As discussed in Chapter 1, certain types of polyubiquitin linkages are characteristically
associated with either degradation pathway '°2°, With this in mind, perhaps Tull selectively
conjugates proteasomal substrates with K48-polyubiquitin chains and vacuolar substrates
specifically with K63-polyubiquitin chains at the Golgi membrane (Figure 3.1A). For the sake of
clarity, we are simply characterizing K48- and K63-linkages to either class of substrate, with the
understanding that future studies of this model should take into consideration other types of
ubiquitin conjugations, including K11-linkages, branched chains, and mono/multi-ubiquitination
17220 Our simplified proposed model relies on the fact that K48-linkages are canonical to 26S
proteasomal degradation and that K63-ubiquitin directs proteins to ESCRT-mediated vacuolar

21-24

degradation . Clear mechanism(s) that describe how proteins containing K48- or K63-

ubiquitin conjugations are specific to either degradation pathway requires further investigation in
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the ubiquitin field in general, but is likely due to preferential interactions with components of each
pathway, as summarized in Chapter 1 1*2!2% Briefly, K48-chains strongly interact with the 19S
regulatory cap of the 26S proteasome while K63-chains strongly interact with ESCRT-0
components 226, Both K48-chains and K63-chains interact with ESCRT-0 components in a
reconstituted system 26, however K48-polyubiquitinated substrates in cells might be too rapidly
degraded to engage with ESCRT-0 and/or could simply just preferentially bind the proteasome.
K63-polyubiquitin can also associate with the 19S cap in reconstituted systems 2728 but it is
proposed that strong interactions between K63-linked ubiquitin and ESCRT-0 components, or
other ubiquitin binding domain proteins, inhibit K63-conjugated proteins from being recognized
by the 19S cap or extracted for degradation by the proteasome, leading to a specificity for vacuolar
degradation in cells 1723,

There are several possible Tull-based mechanisms that are relevant when considering how
proteasomal or vacuolar substrates might be selectively conjugated with K48- versus K63-
polyubiquitin, respectively. Interactions during the final step of the ubiquitination cascade
determine the characteristics of ubiquitin conjugated onto a protein, including 1) what Ubc enzyme
is recruited by the ubiquitin ligase, 2) how the ubiquitin ligase engages with the Ubc enzyme, and
3) how a ubiquitin ligase positions a substrate for ubiquitin conjugation 782, As a RING-type
ubiquitin ligase, Tull coordinates the transfer of ubiquitin directly from a Ubc enzyme to a
substrate through intermolecular interactions with both components !7-!8, therefore Tull plays a
role in determining the type of ubiquitin conjugated onto a substrate.

Ubiquitin ligases can interact with multiple Ubc enzymes; different Ubc enzymes can be
recruited by a RING-type ubiquitin ligase to conjugate specific types of ubiquitin onto a substrate
182529 Tt is therefore logical to speculate that Golgi-localized Tull selectively recruits different
Ubc enzymes to ubiquitinate either class of substrate, resulting in specific polyubiquitin linkages
that direct the protein for proteasomal or vacuolar degradation. Published yeast two-hybrid screens
find that Tull interacts with Ubcl, Ubc4, Ubc5, Ubc6 (which is integrated into the ER-membrane
30 and is not discussed as it seems unlikely to be involved with a post-ER ubiquitin ligase system),
and Ubc13 73!, Of these, Ubcl and Ubc13 are interesting candidates to consider in a model of
selective Ubc enzyme recruitment by Tull to direct differential substrate degradation. Ubcl
exclusively conjugates K48-linked ubiquitin *? while Ubc13-Mms?2 (a heterodimeric complex with

Ubc13 and the ubiquitin-conjugating enzyme variant protein Mms2 3%) exclusively conjugates
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K63-ubiquitin chains 3*3. Though Ubc13-Mms2 is most commonly associated with DNA damage
repair ¥, it was recently discovered to play a role in ESCRT-mediated vacuolar degradation of an
integral membrane protein by the soluble RING-type ubiquitin ligase Pib1, which associates to
endosomal compartments and the vacuole in yeast >3!. Therefore, it is possible that Ubcl is
recruited by Tull to selectively ubiquitinate a proteasomal substrate with K48-linkages while
Ubc13-Mms?2 is recruited to ubiquitinate a vacuolar substrate with K63-linkages. If so, the RING-
domain mutations discovered in Chapter 2 that changed Tull substrate selectivity might
completely disrupt Tull-Ubc1 engagement, resulting in stabilized proteasomal substrate, but only
impair Ubc13-Mms?2 interactions, allowing for some vacuolar substrate degradation.

It should be noted that, outside of suggested interactions from a published yeast two-hybrid
screening study 3!, there is no evidence that Ubc1 nor Ubc13-Mms2 ubiquitinate Tull substrates.
However, our preliminary (Figure 3.2) and another group’s published !# in vitro reconstitution
experiments do confirm the in vivo yeast two-hybrid studies 73! that suggested Ubc4 and Ubc5 are
active in the Tull system. Using purified components, we found that Tull can be auto-
ubiquitinated by Ubc4 and Ubc5 (Figure 3.2A) and, interestingly, can also ubiquitinate
noncanonical protein substrates CPY and CPY* in the presence of either Ubc enzyme (Figure
3.2B). We do not conclude from this work that CPY, nor CPY*, are substrates of Tull, but rather
interpreted this data to show that Ubc4 and Ubc5 are active in the Tull system. Recently published
reconstitution experiments also found that the non-protein substrate phosphatidylethanolamine
(PE) was ubiquitinated by Tull with Ubc4 or Ubc5 4. It should be noted that Ubc4 and Ubc5 are
paralogs, as Ubc5 arose from a chromosomal duplication and is generally thought to be expressed
specifically under high-stress conditions "-3°. We therefore consider Ubc4 and Ubc5 synonymous
in further discussions of Ubc-related mechanisms (Figure 3.2).

Ubc4/Ubc5 can conjugate both K48-and K63-ubiquitin chains *¢ and therefore, at face-
value, are not easy candidates to consider in a model proposing that Tull selectively recruits
different Ubc enzymes to ubiquitinate proteasomal substrates with K48-linkages and vacuolar
substrates with K63-linkages. However, after a Ubc enzyme is recruited, intermolecular
interactions with the ubiquitin ligase influences how the Ubc enzyme is positioned for substrate
ubiquitination, which can also determine what type(s) of polyubiquitin linkage(s) are formed !5,
This leads us to consider another mechanism, in which Tull selectively conjugates proteasomal

substrates with K48-linkages and vacuolar substrates with K63-linkages not by recruiting different
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Ubc enzymes, but rather by how it positions a Ubc enzyme for substrate ubiquitination. Tull might
recruit the same Ubc enzyme regardless of the substrate, for which Ubc4/5 seem the likely
candidate 7-!43¢ (Figure 3.2), but specifically position Ubc4/5 to only conjugate of K48- or K63-
linkages on proteasomal or vacuolar substrates, respectively. In the context of this mechanism,
perhaps the altered-substrate-selectivity RING mutants abrogated discreet intermolecular
interactions that position Ubc4/5 for K48-linkages, but only attenuated interactions required for
K63-linkages to be built, resulting in stabilized proteasomal substrate but slight vacuolar substrate
degradation.

It is certainly possible that a parallel mechanism, in which Tull specifically positions each
class of substrate for ubiquitin conjugation by a common Ubc enzyme, determines if they will
contain either K48- or K63-linkages. This would posit that Tull-substrate recruitment and
interaction(s), not Ubc enzyme engagement, are the primary factors in selectively conjugating each
ubiquitin-linkage type 18, While it is likely that discreet intermolecular interactions between Tull
and its substrates influence if/how proteins are ubiquitinated, evidence we have collected in
Chapter 2 does not indicate that differential interactions alter Tull substrate selectivity. The
altered-specificity mutations we characterized fall around zinc-coordinating residues in the RING

domain 13,17,18

, which are involved in Ubc enzyme recruitment and engagement. We therefore favor
mechanisms for differential Tull substrate ubiquitination models that center on interactions with
ubiquitination machinery.

In our discussion of two ubiquitination-machinery based mechanisms for how Tull directs
substrate selectivity, we proposed that K48- and K63-chains are built on proteasomal and vacuolar
substrates, respectively (Figure 3.1A). However, we so far omitted other known characteristics of
polyubiquitin chains that can direct proteins to proteasomal or vacuolar pathways. First, we
simplified our model by implying substrates are conjugated with homotypic K48- or K63-linkages,
but it is important to recognize that heterotypic K48/K63 linkages are often associated with protein
degradation, perhaps even accounting for ~50% of all ubiquitin linkages associated with
proteasomal degradation *’. One mechanism that can build these heterotypic chains is through
sequential Ubc enzyme engagement, during which a ubiquitin ligase will first engage one Ubc
enzyme to place initial ubiquitin(s) onto a substrate, which then acts as a ‘seed’ for extending the
ubiquitin chain by engaging a different Ubc enzyme. Sequential Ubc enzyme activity is required

for the Doal0 ubiquitin ligase-centric ERAD system to proteasomally degrade substrates from the
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ER membrane, though this activity is also associated with many other cellular functions including

non-degradative pathways 384!

. Therefore, a combination of both proposed mechanisms is
interesting to consider, in which Tull might recruit the same Ubc enzyme for initial ubiquitination
of both classes of Tull substrate, but divergent sequential engagement of specific Ubc enzyme(s)
leads to different types of ubiquitin linkages that direct substrates to each degradation pathway.

Contributing to this theory is the discovery that Ubcl, Ubc4, and Ubc), all of which we
referenced in earlier mechanisms of this model, are considered to be in a Ubc enzyme family with
overlapping functions; haploid ubcIAubc4A cells are inviable and Ubc4 and Ubcl are found to act
sequentially on protein substrates to build different types of polyubiquitin chains **#2, Specifically,
the soluble ubiquitin ligase anaphase-promoting complex (APC) in yeast recruits Ubc4 to
monoubiquitinate substrate before engaging Ubc1 to build K48-ubiquitin chains for proteasomal
degradation *°. Ubcl also contains a ubiquitin-associating (UBA) domain, which was found to
specifically interact with K63-polyubiqutin to build K48/K63 chains on a target protein in yeast
43, With this in mind, one could speculate that all Tull substrates are first conjugated with a
monoubiquitin or short K63-ubiquitin chains by Ubc4. Tull might then selectively recruit Ubcl
to extend K48/K63 linkages on a proteasomal substrate, while Tull restricts ubiquitination of
vacuolar substrates by Ubcl, causing them to remain in a monoubiquitinated or K63-
polyubiquitianted state. As we observed in the AlphaFold-predicted interaction between Tull and
Ubc4, altered-substrate-selectivity Tull RING mutations do not seem to interfere with Ubc4
interactions, therefore perhaps allowing it to add the ‘seed’ K63-chains or monoubiquitin, but, as
suggested in previous mechanisms, perhaps these mutations only interrupt Ubcl interactions,
resulting in specific stabilization of the proteasomal substrate.

The idea that perhaps proteasomal substrates are specifically conjugated with longer
polyubiquitin chains while vacuolar substrates are mono/multiubiquitinated or contain shorter
polyubiquitin chains introduces another important characteristic of the ubiquitin proteasome
system that we have yet to discuss in our Tull selective-substrate-ubiquitination model. In addition
to the type of linkages, the length of a polyubiquitin chain is also important for specifically
engaging the proteasome 7. This requirement is traditionally considered to be at least four K48-
linked ubiquitin chains, though other types of polyubiquitin chains containing greater than four
moieties, including K63-polyubiquitin, have been shown to sufficiently cause proteins to be

degraded by the proteasome in reconstitution experiments 2?7, Meanwhile, monoubiquitin is
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found to be sufficient for entry into ESCRT-mediated degradation in the vacuole, though short
chains containing up to four K63-linked ubiquitin increases affinity for ESCRT components
7232644

This introduces another model in which Tull selectively conjugates different lengths of
ubiquitin chains, not different linkage-types, onto each class of substrate (Figure 3.1B). Tull might
direct proteasomal substrates to be conjugated with long polyubiquitin chains, allowing for
recognition by the 26S proteasome, while vacuolar substrates are mono/multiubiquitinated or
contain short chains of ubiquitin that are not preferred by the proteasome, but can be engaged by
ESCRT. For example, perhaps proteasomal Tull substrates are conjugated with K63-pentamer
chains, which have been shown to result in protein degradation by the proteasome %7, while
vacuolar substrates contain K63-tetraubiquitin chains 2, allowing for recognition specifically by
ESCRT-0 and facilitating vacuolar degradation. The Tull RING mutations that altered substrate
specificity might be unable to build long chains of ubiquitin, which would specifically impair
degradation of a proteasomal substrate if the short linkages are not compatible with 19S
recognition. This is especially true if these mutants only facilitate monoubiquitination of substrates
by Ubc4/5. Monoubiquitin is sufficient for ESCRT-mediated degradation of proteins in the
vacuole, though previous studies observed that a Tull vacuolar substrate is less efficiently targeted
to the vacuole if restricted to monoubiquitination ’, which is a phenomenon observed with other
non-Tull vacuole-fated proteins due to reduced affinity for ESCRT-0 components 26, Restricted
functionality of the altered-specificity Tull RING mutants to only monoubiquitinate substrates
offers a clear explanation for why proteasomal substrate degradation was inhibited while vacuolar
substrates were degraded, though not at wild-type levels.

There are several mechanisms that could fall into our ubiquitin-length model for Tull
substrate selectivity. Previously introduced Ubc enzyme-based mechanisms, that could allow Tull
to selectively conjugate different types of ubiquitin linkages, also apply to this model that Tull
ubiquitinates each class of substrate with different chain lengths. For the sake of brevity, they will
not be repeated in the context of our ubiquitin-chain-length model, outside of stating that what Ubc
enzyme is recruited and how a Ubc enzyme engages with the ubiquitin ligase can modulate the
lengths of ubiquitin conjugated onto a substrate !7!8,

A new possible mechanism, that applies specifically to our ubiquitin-length model, posits

that the rates of proteasomal and vacuolar substrate ubiquitination by Tull differ, which could be
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regulated by intermolecular interactions between Tull and each class of substrate and/or the
recruited Ubc enzyme. The efficiency with which ubiquitin chains are built is proposed to play a
role in regulating substrate degradation, lending to the idea that a ‘ubiquitination threshold’ exists
in cells to prevent premature or mistaken degradation of proteins by the proteasome !”-1°. Tull
might rapidly ubiquitinate a proteasomal substrate to build sufficiently long polyubiquitin chains
upon entry in the early Golgi, allowing for 26S proteasome engagement (Figure 3.3A). Conversely,
a vacuolar substrate might be slowly ubiquitinated by Tull, resulting in monoubiquitin or short
polyubiquitin chains that are not recognized by the 19S regulatory cap for proteasomal
degradation, allowing it to traffic to endosomal compartments where the chains can be recognized
by ESCRT-0 (Figure 3.3A). If our altered-specificity RING mutants have generally impaired
substrate ubiquitination efficiency, this would explain why the proteasomal substrate Orm2 is
stabilized while there is some vacuolar substrate degradation. Specifically, if Orm2 is not degraded
by Tull at the Golgi membrane, it was found to cycle back to the ER membrane instead of
trafficking to endosomal compartments ©, where it might have been recognized by ESCRT and
degraded in the vacuole. Meanwhile, reduced ubiquitination efficiency might only slightly impair
recognition of the vacuolar substrates by ESCRT, resulting in the slight degradation of these
proteins.

The length of polyubiquitin on a substrate can also be modulated by the activity of
deubiquitinating enzymes (DUBs), which can selectively edit or trim polyubiquitinated proteins
based on length, and even linkage-type 7. The DUB Doa4 was found to be active in a Tull

14 and loss of Doa4 is

reconstituted system for non-protein substrate PE deubiquitination,
synthetic-lethal under heat stress conditions when deleted from the genome concurrently with Tull
15 Doa4 plays an important role in ubiquitin recycling at the endosome for proper MVB formation,
as well as in the ubiquitin proteasome system, though any linkage ‘editing’ function of this enzyme
has not been documented **4°, Overall, the mechanisms of DUB regulation in degradative
quality control systems are still quite unclear, which makes this a hard model to consider **~#7.
The altered-selectivity Tull mutants that we discovered in Chapter 2 resulted from
substitutions in RING domain residues and we therefore have focused our attention in this section
on considering the role of Tull in the ubiquitination cascade and how it might influence substrate
selectivity. The proposed models in this section highlight several mechanisms that allow Tull to

direct substrates to proteasomal or vacuolar degradation pathways by selectively conjugating
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different linkages and/or lengths of ubiquitin chains by differential engagement with Ubc enzymes.
However, while investigating the Tull system, it is hard to ignore the fact that proteasomal
substrates and vacuolar substrates localize to different organelles in the secretory pathway. As
explored in the next section, this observation invites other models that bring into consideration that

substrate localization might play a role in the Tull system’s selectivity (Figure 3.3).

3.2.2 Substrate localization plays a role in Golgi-localized Tull selectivity

The Golgi-localized Tull proteasomal substrate Orm2 is an ER resident protein that
dissociates from the SPOTS complex and traffics to the Golgi when it is phosphorylated under low
sphingolipid cellular environments . It is thought that Orm2 is rapidly ubiquitinated and degraded
at the Golgi membrane, suggesting that Tull ubiquitinates Orm2 in early Golgi compartments,
though whether Tull responsible for Orm?2 extraction from the Golgi membrane for proteasomal
degradation is not exactly clear, but is speculated on later in Section 3.3 6. Genetic deletion of Tull
results in Orm2 retrograde trafficking to the ER membrane, suggesting that it does not continue in
or engage with other components further on in the secretory pathway, including ESCRT, if not
degraded at the Golgi; Orm2 does not traffic through the VPS pathway to the vacuole for
degradation ©.

In contrast, all known vacuolar substrates of the Golgi-localized Tull system are mutant or
modified forms of proteins that normally localize to the Golgi and early or late endosomal
compartments 7116, For example, the work performed in Chapter 2 used previously characterized
Tull substrates Pep12* and Tlgl* to monitor Tull vacuolar degradation. Both of these SNARE
proteins are involved in vesicle fusion events across the VPS pathway; Pep12 cycles between late
endosomal and vacuolar compartments and TIgl cycles through late Golgi and early endosomal

compartments 02

. Genetic deletion of Tull results in Pep12* and TIgl* accumulation in late
endosomal/Class E compartments 7®. This indicates that these proteins fail to engage ESCRT in
the absence of Tull 733334 but equally reveals that these mutant SNAREs traverse the VPS
pathway, where they might continue to interact with Gld1-containing Tull complexes '* unlike
Orm2 which seemingly only interacts with Tull at the early Golgi °.

With this in mind, we recall one of the mechanisms that we previously introduced in

Section 3.2.1, in which Tull substrate ubiquitination rates are different between vacuole- and

proteasome-fated proteins, resulting in different lengths of ubiquitin being conjugated for
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recognition by a specific pathway and driving substrate selectivity. As previously proposed,
perhaps all Tull substrates are recognized and ubiquitinated by Tull upon entry into the Golgi,
but that Tull affinity for vacuolar substrates is lower, resulting in reduced ubiquitination rates
(Figure 3.3A). Putting this mechanism in the context of known substrate localization
characteristics, it is logical to assume that Orm2 is rapidly ubiquitinated for proteasomal
degradation in the Golgi given it does not move beyond the Golgi in the secretory pathway ©.
Meanwhile, Pep12* and TIg1* continue to traverse the VPS pathway along with Gld1-containing

Tull complexes 7810

, which could allow continued ubiquitination events to occur and potentially
the eventual conjugation of sufficient polyubiquitin length(s) for efficient ESCRT engagement,
once localized to endosomal compartments (Figure 3.3A). Again, if our altered-specificity mutants
have reduced, but not disrupted, substrate ubiquitination rates, this would prevent rapid Orm2
ubiquitination at the Golgi which could fail to engage the proteasome and result in stabilization,
while still somewhat ubiquitinating the mutant SNAREs, allowing for some vacuolar substrate
degradation for reasons already discussed in Section 3.2.1.

Alternatively, moving away from a ubiquitin-based mechanism, perhaps endogenous
binding partners of vacuolar substrates prevent their extraction from the Golgi membrane,
therefore inhibiting proteasomal degradation and trapping them a ubiquitinated state for later
recognition by ESCRT in endosomal compartments (Figure 3.3B). Pep12 and Tlgl have several
known binding partners required for trafficking through the VPS pathway, for example GGA

adaptors are thought be involved with Pepl2 endosomal localization >3

and Ent5 with proper
localization of Tlg1 to endosomes *¢. Given that Pep12* and Tlgl* are still trafficked via the VPS
pathway 78, and that Pep12* is also still functional if not degraded by Tull 7, it is logical to think
that these clathrin adaptor proteins still interact with these mutant SNAREs and perhaps equally
prevent their extraction from the Golgi membrane and subsequent degradation by the cytosolic
proteasome (Figure 3.3B). ESCRT functions in late endosomes and these adaptors are likely
naturally recycled upon entry into late endosomes, and therefore should not impede ESCRT
participation. Even if these components are not recycled before ESCRT engagement,
internalization of proteins into multivesicular bodies does not require them to be extracted from
the membrane. Therefore, it is not unreasonable to propose that the trafficking factors involved

with sending mutant SNARESs to late endosomes make them natural candidates for specific entry

into the ESCRT pathway by preventing extraction for proteasomal degradation.
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Similarly, but returning to a ubiquitin-based mechanism, it is possible that Tull facilitates
vacuolar substrate entry into the ESCRT pathway by ubiquitinating PE at endosomes and the
vacuole, which is proposed to stimulate ESCRT and MVB formation (Figure 3.3C) !4, If certain
residues in Tull (or complex components, discussed next in Section 3.2.3) are required for PE
ubiquitination but not protein substrate ubiquitination, mutations in these regions could
specifically impair vacuolar but not proteasomal degradation. It should be noted that none of the
phenotypes of the Tull mutants we identified in Chapter 2 would support this model, but we also
did not test the identified Tull mutants for their ability to ubiquitinate PE. Further investigation of
the function(s) associated with of Tull PE ubiquitination, in general, are also required.

Another important difference between Orm2 and the mutant SNAREs that tangentially
relates to substrate localization is that Orm2 is exclusively degraded by Gld1-Tull complexes.
Though Pep12* and TIgl* are primarily degraded by Gld1-Tull complexes, we observed some
degradation by VIdI-Tull complexes, which were thought to only be functional at vacuolar
membrane !°. This observation might be due to the different trafficking pathways used by either
subcomplex from the Golgi; VId1-Tull complexes are trafficked to the vacuole via the AP3
pathway while Gld1-Tull complexes are trafficked to endosomal compartments via the VPS
pathway '°. Co-immunoprecipitation assays in Chapter 2 found that Pep12* and Tlgl* interact
with both VId1-Tull and, unsurprisingly, Gld1-Tull. Perhaps VId1-Tull is active before it is
localized to the vacuole, and therefore somewhat ubiquitinates Pep12* or Tlgl* while occupying
the same space in the Golgi membrane, resulting in the observed inefficient degradation of these
substrates in the absence of Gld1-Tull. Meanwhile, Gld1-Tull complexes traverse the same
trafficking pathway and cycle through the same organelles as Pepl12* and Tlgl* 7319 thus
increased access to substrates across the VPS pathway perhaps results in Gld1-Tull primary
degradation. However, the exclusivity of Gld1-Tull complexes to degrade the proteasomal
substrate Orm2 indicates a potential role for Gld1 in proteasome-specific Tull system function,

which will be discussed in the next section.

3.2.3 Other Tull complex component(s) direct substrate fates

We have so far posited several Tull-dependent and Tull-independent mechanisms
describing how the Tull system might direct selective substrate degradation, focusing on models

operating within the ubiquitination cascade and substrate localization (Figures 3.1 & 3.3). Each of
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these models focused on potential roles of various cytosolic and lumenal soluble proteins, of which
most are mostly not proven interactors with the Tull system, aside from several Ubc enzymes and
obviously the Tull ubiquitin ligase itself. Golgi-localized Tull is in complex with four other
integral membrane proteins, Dsc2, Dsc3, Ubx3, and Gld1. The function(s) of each component
within the complex are unknown, despite the annotated domains, outlined in Chapter 1 and
summarized in Table 3.1. It is quite possible that these known integral membrane components of
the Tull complex play an important role in substrate selection, including playing a potential role
in positioning substrates for specific ubiquitination, but that such function(s) are overshadowed by
their necessity to correctly assemble the Tull complex.

Functional assays in Chapter 2 confirmed that Dsc2, Dsc3, and Ubx3 are indispensable for
the degradation of proteasomal and vacuolar substrates, though this is likely because full Tull
complex construction is required for trafficking from the ER to the Golgi membrane !%16,
Localization to the Golgi appears to be a prerequisite for complex function and therefore might
preclude additional function(s) of the known Tull complex components that could be specific to
proteasomal or vacuolar degradation %!%16, The role of other known Tull complex components in
selective degradation is worth exploring. For example, Dsc2 contains a UBA domain, which can
characteristically bind to ubiquitin chains. Therefore, Dsc2 could bind specifically to K63 linkages
on a vacuolar substrate, instead of ESCRT-0 components previously proposed to have this
function, to prevent their degradation by the proteasome and specifically allow vacuolar substrate
entry into ESCRT 28,

Importantly, outside the Tull RING mutants found in Chapter 2, Gld1 is only clear factor
in the known core complex that, when genetically deleted, resulted in altered Tull substrate
specificity. Outside of the requirement for trafficking Golgi-localized Tull complexes through the
VPS pathway !° our functional assays and work from other groups demonstrated that Gld1 is
absolutely required for degradation of the Tull proteasomal substrate Orm2 6. As mentioned, we
discovered in Chapter 2 that vacuolar substrates were still slightly degraded in a gldIA cell,
suggesting that vacuole-localized Tull complexes (containing V1d1 instead of Gld1) are also able
to inefficiently degrade Golgi-Tull vacuolar substrates. This potentially implicates a role for Gld1
specific to Tull proteasomal substrate degradation; studying Gld1 is an obvious next candidate to

dissect to understand why it is necessary for Tull proteasomal substrate degradation.
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There are no homologous domains within Gld1 that indicate how it could specifically direct
substrates for proteasomal degradation !°) but this component could play a role in orienting
proteasomal substrates for ubiquitin conjugation or chain building, reflecting back to the
differential ubiquitin-type models introduced in Section 3.2.1. GId1 could also have undefined
cytosolic domains that assist in interaction with proteasomal machinery, such as adaptors that help
recruit the proteasome to the Golgi membrane. There is a plethora of mechanisms that could be
speculated on due to a lack of annotated domains in the protein, however a good first step is to
determine whether specific residues and/or regions within Gld1 are essential to proteasomal versus
vacuolar substrate degradation. This, along with explorations of every other known complex
component, can be accomplished by performing deep mutational scanning experiments using the
pipeline and the functional assays established in this thesis. It is worth mentioning that perhaps
unknown components that are part of the core Tull complex also play a role in Tull substrate
selectivity but have yet to be discovered. Again, the tools established in this thesis can be adapted
to determine if novel undefined complex components are important to either or both classes of

Tull substrates.

3.2.4 Proposed Tull selective substrate degradation model

This section introduced several models that could direct how Golgi-localized Tull
substrates are designated for the proteasome versus the vacuole. Many of these models
incorporated observations from other ubiquitin ligases and their substrates in eukaryotic systems,
however the specific mechanisms and functions of these systems are also relatively unknown. As
such, further exploration into the selectivity of Golgi-localized Tull substrate degradation will
equally contribute to understanding the mechanisms of other ubiquitin ligase systems in the
eukaryotic secretory pathway. Based on data presented in Chapter 2, and in conversation with
published Tull studies from other groups, we favor that Tull conjugates different lengths of
ubiquitin chains onto vacuolar versus proteasomal substrates to direct proteins to specific
degradation pathways (Figure 3.3A). RING mutants with altered specificity are clustered at the
RING/Ubc4/ubiquitin interaction site, but do not likely prohibit Ubc4 engagement. These
mutations could alter intermolecular interactions by Tull and Ubc4 that build linkages differently
on proteasomal versus vacuolar substrates. Published work from the groups of Hugh Pelham

(Pep12 and Tlgl) and David Teis (Orm2) lend support to this model: Pep12* was successfully
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targeted to the vacuole when conjugated with monoubiquitin 7. Anti-ubiquitin immunoblotting of
un-palmitoylated Tlg1 (a consequence of the di-leucine mutation in TIg1*) seems to contain short
di-ubiquitin chains ¥, while Orm2 smearing in insoluble and soluble fractions indicates conjugation

with longer poly-ubiquitin chains ¢

. Before continuing to speculate on which potential
mechanism(s) we introduced earlier in this section might be involved, however, we should first
focus on determining if this model is correct by adapting the biochemical and cellular assays

established in Chapter 2.

3.3 Implications of the ERAD Hrd1 complex function on Tull complex function

While considering the function of the Tull system, it is hard to disregard the high levels of
similarity between components of Golgi-localized Tull and the Hrdl ERAD systems. These
complexes both center on integral membrane ubiquitin ligases, with other components sharing
many of the same conserved functional domains (Table 3.1), and both can degrade integral
membrane proteins via the ubiquitin-proteasome system. It is therefore tempting to propose that
Tull and Hrdl systems share similar degradation mechanics and functions. Though the work in
this thesis does not directly test any of these shared features, this section will explore the possible
implications that published studies of the Hrd1l system could have on our understanding of the
Golgi-localized Tull system and how they might direct future Tull studies.

6-9.16 while

All currently defined Tull protein substrates are integral membrane proteins
Hrdl degrades both integral membrane and soluble/lumenal proteins °’. The transient nature of
Golgi soluble/lumenal proteins likely impedes our ability to easily define if and how these proteins
are degraded by Golgi-localized protein quality control systems. However, analysis of published
quantitative proteomic data sets from previous studies suggest the existence of potential soluble
Tull substrates, though these proteins remain to be characterized as direct targets of Tull for
degradation from the Golgi lumen !5, Furthermore, the experiments that generated these data sets
used indirect methods to survey potential Tull substrates, defining candidates based on those with
reduced levels of ubiquitination 2? or increased protein stability © in fulIA cells. Work in Chapter
2 reveals many amino acids within the Tull lumenal domain that are tolerant to mutations, making

them candidates for substitution of an unnatural amino acid residue, which could be used for cross-

linking experiments and mass spectrometry %, This could lead to characterization of more Tull
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substrates with highly transient interactions, including potentially soluble/lumenal proteins, or
even new complex components given the role of the lumenal domain defined in Chapter 2.

Exploration of whether Golgi-localized Tull can degrade soluble/lumenal substrates from
the Golgi could potentially address a major open question in the field of ubiquitin-dependent
protein quality control in the secretory pathway. There are currently no clear eukaryotic quality
control system that recognizes and degrades soluble/lumenal proteins via the ubiquitin-proteasome
system outside of the Hrd1 complex, which operates at the ER. For a ubiquitin ligase system to
recognize and degrade soluble/lumenal proteins at the Golgi, it must 1) be able to access and
interact with proteins in the Golgi lumen and 2) have the capability to retrotranslocate and expose
substrates to the cytosol for ubiquitination and engagement with the 26S proteasome. The Golgi-
localized Tull complex is an interesting potential candidate for this question not only because it
bears striking similarities to the Hrd1 complex (Table 3.1), but because predicted Tull structures
suggested that it can meet these criteria.

Like Hrd3 in the Hrdl complex, Tull has a predicted large lumenal domain (which
composes half of the entire protein), meaning it could have access to these soluble/lumenal
proteins, and is known to ubiquitinate and degrade substrates in the secretory pathway. Another
structural/functional implication of Tull we can gather from studies of the Hrd1 complex is the
potential formation of a Tull retrotranslocon, therefore meeting the second requirement introduced
for Tull to be able to degrade soluble/lumenal proteins. Hrd1 forms a retrotranslocon channel to
move substrates through the ER membrane into the cytosol for ubiquitination and/or for
proteasomal degradation ¢!, Comparison of AlphaFold multimer models of the Golgi-localized
Tull complex ''!2 to the experimentally-determined cryoEM model of the ERAD complex !
would suggest that Tull and Gld1 might align to where the probable channel is formed by
Hrd1/Derl (data not shown) ''12; it is also possible Tull can homodimerize to serve as this
channel, like Hrd1 >62,

Continuing in speculation of a putative Tull retrotranslocon, it is important to note that the
Hrdl channel is regulated by the DUB Ubp1 . Perhaps DUB(s) also regulate Tull function and
this hypothetical Tull retrotranslocon. Outside of AlphaFold predictive modeling, there is
currently no experimental evidence indicating if or how Tull forms a channel for proteasomal
substrate extraction and degradation. That being said, if the altered-specificity RING mutations

impair the ability of a hypothetical retrotranslocon to form, or for a DUB to interact with and
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regulate this channel, it would most dramatically impair proteasomal substrate degradation, as
these proteins would fail to be extracted for degradation by the 26S proteasome. ESCRT-mediated
vacuolar degradation does not require substrates to be extracted from the membrane, but vacuolar
substrate degradation might be attenuated as loss of DUB regulation could lead to increased
turnover of Tull, like in the Hrd1 system . This would align to the functional phenotype of these
altered-specificity RING mutants, especially considering that we observed decreased stability for
one of these mutants. However, further investigation into the role(s) and regulation(s) of Tull
proteasomal substrate extraction first requires a better understanding of the Tull system, including
experimentally defining the hypothetical Tull retrotranslocon, outside of speculation invited by

the Hrd1 ERAD system.

3.4 Conclusion

Protein quality control in the eukaryotic secretory pathway requires continued studies to
understand the important mechanisms that maintain cellular proteostasis. The under-studied nature
of these pathways subject them to analysis based mostly on speculation, though the function(s) of
these systems have clear implications and future applications in human health and disease. The
work presented in this thesis contributes to our understanding of the Tull protein quality control
system that operates at the Golgi membrane in S. cerevisiae. It furthers our understanding of
domain functions within the integral membrane ubiquitin ligase Tull and introduces tools that can
be used to continue exploration of the mechanisms by which this system selectively designates a
substrate for degradation by the proteasome versus the vacuole. Future work, built on the results
and tools presented in this thesis, holds implications for our understanding of how ubiquitination
machinery plays a selective role in designating substrate degradation fate through eukaryotic

secretory pathway quality control.
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3.5 Figures
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Figure 3.1: The type of ubiquitin linkages specifically conjugated by Golgi-localized Tull
could direct substrates to the proteasome versus the vacuole.
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Figure 3.1: The type of ubiquitin linkages specifically conjugated by Golgi-localized Tull
could direct substrates to the proteasome versus the vacuole.

A) Tull recruits Ubc enzyme(s) to specifically conjugate proteasomal substrates with K48-linked
ubiquitin and vacuolar substrates with K63-linked ubiquitin.

B) Tull recruits Ubc enzyme(s) to specifically conjugate long ubiquitin chains onto proteasomal
substrates for degradation while vacuolar substrates are conjugated with shorter ubiquitin
chains.
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Figure 3.2: Ubc4 and UbcS are active in reconstituted Tull ubiquitination assays.
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Figure 3.2: Ubc4 and UbcS are active in reconstituted Tull ubiquitination assays.

A) Tull was purified and sortase-labeled with Dylight680. Purified Dylight680-Tull was

B)

incubated with purified ubiquitin, Ubal (E1 enzyme), Ubc4 or Ubc5 (E2 enzymes), FAM-
labeled CPY or FAM-labeled CPY* (potential substrates), and ATP to allow in vitro
ubiquitination (as described in *°). The reactions were separated by SDS-PAGE and Tull
autoubiquitination was visualized by in-gel fluorescence scanning. -ATP served as a negative
control for the reaction and -Tull served as negative control for ubiquitin ligase activity for
potential substrates.

As in (A) but with fluorescence scanning of the FAM-labeled CPY or CPY* in the
ubiquitination reactions. In these in vitro reactions, Ubc5 without Tull (-Tull) showed some
levels of CPY and CPY* ligase-independent ubiquitination, which are likely a phenomenon
associated with these reconstitution assays due to combining high concentrations of the
purified components.
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Figure 3.3: Substrate localization could play a role in Tull substrate specificity.

A) Ubiquitination of Tull proteasomal substrates could be more efficient, allowing for rapid
engagement and degradation by the 26S proteasome at the Golgi membrane. Ubiquitination of
Tull vacuolar substrates could less efficient, resulting in a slower building of chains, which
are not recognized by degradative machinery until they are trafficked to endosomal
compartments, where they are recognized by ESCRT components for vacuolar degradation.

B) Tull substrates might share the same ubiquitination profile, but proteins that interact with
vacuolar substrates could prevent their extraction from the Golgi membrane for proteasomal
degradation, which would leave them in a ubiquitinated state upon entry into endosomal
compartments where they would then be recognized by ESCRT machinery for vacuolar
degradation.

C) Polyubiquitination of PE in the endosomal lipid bilayer promotes ESCRT interaction and
degradation of substrates via ESCRT-mediated degradation in the vacuole.
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3.6 Tables

Table 3.1: Comparing features of Tull and Hrd1 complex components.

Tull' . Hrdl ERAD64 Shared Features
S. cerevisiae | S. cerevisiae
Tull 7 Hrdl Integral membrane RING-type E3 ligase 76463
Tull Hrd3 Large lumenal domain
Contains ubiquitin-associated (UBA) domain;
Dsc2 Derl resembles a rhomboid pseudoprotease 3646
Dsc2 Dfm1 Rhomboid pseudoprotease
Dsc3 13 Usal Contains ubiquitin-like (UBL) domain !%6465
Essential for complex function at the Golgi, though
Gld1'° - components lack notable homology; localizes Tull to
Golgi 106463
Essential for vacuole-Tull localization and function;
vidi 10 - considered related to Dsc4 though components lack
homology and localize to different organelles
Contains a ubiquitin regulatory X (UBX) domain,;
Ubx3 © Ubx2 facilitates Cdc48qassocia§on torgach(compiex 15,16,64,65
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