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Abstract

The yeast ATPase Cdc48 and its mammalian homolog p97 are essential proteins that use
the energy of ATP hydrolysis to perform work on polypeptide substrates. Cdc4S8 is a critical
component of the ubiquitin-proteasome system and serves a general function as a “segregase,”
separating polyubiquitinated substrates from membranes or macromolecular complexes prior to
their degradation by the proteasome. Cdc48 is involved in diverse protein quality control
pathways operating at the endoplasmic reticulum, mitochondrion, ribosome, and chromatin, and
a wide variety of substrates have been shown to require Cdc48 for proper handling by the
proteasome. Despite this broad set of cellular roles, Cdc48’s basic molecular mechanism has
long been unclear. In this work, we use purified proteins to reconstitute Cdc48 substrate
processing in vitro and interrogate its mechanism. We show that Cdc48, in cooperation with its
essential cofactors Ufd1 and Npl4, recognizes and unfolds substrates that bear polyubiquitin
chains of appropriate length and linkage. This unfolding reaction is mediated by substrate
translocation through the central pore of the ATPase. Substrate release requires trimming of the
polyubiquitin chain by a Cdc48-bound deubiquitinating enzyme, with concurrent passage of a
portion of the chain through the central pore. Using cryo-electron microscopy and X-ray
crystallography, we also provide the first high-resolution structures of the Cdc48/Ufd1/Npl4
complex. Unlike all previously characterized Cdc48 cofactors, Npl4 contains a zinc finger
domain that anchors it to the top of Cdc48’s ATPase rings and positions the cofactor directly

over the central pore in an arrangement that is likely to facilitate substrate insertion. Together,



our results establish the essential structural and functional features of the Cdc48/Ufd1/Npl4
complex. These features are likely applicable to the handling of most or all of the

polyubiquitinated substrates that depend on this ATPase in various cellular contexts.
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Chapter 1: Introduction

1.1 Overview of the ubiquitin-proteasome system

All cells must cope with the fundamental problem of waste disposal. Quality control
systems that sense and eliminate a broad variety of unneeded or deleterious biomolecules are
essential for viability. These waste molecules may be created as byproducts of ongoing cellular
processes, generated by damaging effects of metabolic or environmental stress, or produced as
consequences of the occasional mistakes that occur even in the tightly controlled processes of
DNA replication, RNA transcription, and protein translation. It is now recognized that the failure
of proper cellular waste disposal plays a central role in the pathogenesis of many human
diseases.

In eukaryotic cells, protein quality control is managed by several systems with
overlapping functions. One of the most important and best-studied such pathways is the
ubiquitin-proteasome system (UPS). In its most general formulation, this system uses a set of
several enzymes to covalently attach a small protein called ubiquitin to a protein targeted for
disposal. Attachment of multiple ubiquitin moieties to the protein and to the originally appended
ubiquitin produces a polyubiquitin signal that is recognized by a large complex called the 26S
proteasome. The proteasome uses the energy of ATP hydrolysis to thread the target protein into a
central chamber containing proteolytic sites, resulting in the degradation of the substrate into
small peptides.

Since the discoveries of ubiquitin and the proteasome, this system has been shown to be
intimately involved in essentially all facets of eukaryotic cellular life. In this section, I will
describe the structure and function of the proteasome, the machinery required to conjugate

ubiquitin to target proteins, and the system of proteasome accessory factors that ensure proper



functioning of the UPS. Cdc48/p97, the subject of this dissertation, belongs to the latter category

and will subsequently be discussed in further detail.

1.1.1 The 26S proteasome

The existence of a non-lysosomal system for protein turnover was first appreciated in
rabbit reticulocyte lysates through experiments that demonstrated the existence of a soluble,
ATP-dependent protease that eliminates abnormal hemoglobin molecules'. Further work
demonstrated this system’s reliance on a small thermostable polypeptide, which was eventually
identified as ubiquitin®. Since these seminal studies, the structure and mechanism of the 26S
proteasome have been characterized in increasing detail.

The proteasome can be separated into two distinct assemblies, referred to as the 19S and
20S proteasomes®. Each of these components is itself a multisubunit complex (19 subunits in the
19S, and 28 subunits in the 20S)**. Generally, the 19S proteasome is responsible for recognition
of substrates, removal of the ubiquitin chain, and ATP-dependent unfolding of substrates, which
is accomplished by threading the polypeptides through a narrow central pore®. The 20S
proteasome, on the other hand, houses the proteolytic sites’. The two particles are coaxially
aligned such that the 19S central pore is contiguous with a central opening in the 20S and a
substrate exiting from the 19S pore passes directly into the proteolytic chamber °.

The 19S proteasome has several distinctive features that have been characterized in
detail. First, it has multiple binding sites for ubiquitin chains. In Saccharomyces cerevisiae, three
permanently incorporated (as opposed to transiently associated) 19S subunits - Rpnl, Rpn10, and
Rpn13 - can participate in the recruitment of polyubiquitinated substrates to the 19S particle’ ™.
Interestingly, these sites cluster on one face of the 19S particle, suggesting that long or multiple

polyubiquitin chains could be recognized cooperatively™. Second, the 19S particle contains a



heterohexameric set of ATPases (Rptl-6 in yeast) that form a ring assembly with a central
pore®™. These proteins use ATP hydrolysis to translocate polypeptide substrates from their
binding sites at the ubiquitin receptors through the central pore toward the 20S particle™'. This
translocation is dependent on aromatic residues on loops facing the central pore, which are
presumed to interact with the substrate and move in response to ATP hydrolysis, although the
mechanistic details of this process remain unclear®. Third, the 19S particle contains both
intrinsic and transiently associated deubiquitinating enzymes (in yeast, these are Rpnl1 and
Ubp6, respectively) that can remove the polyubiquitin chain from arriving substrates” . Rpn11
is an essential subunit that is required for full passage of substrates through the 19S pore, as the
tightly folded ubiquitin moieties cannot easily be passed through the pore and are instead
recycled®. Fourth, the 19S ATPases harbor conserved C-terminal sequences, several of which
include a hydrophobic-tyrosine-any residue (HbY X) motif at the extreme C terminus®'. These
motifs insert into grooves on the surface of the 20S core particle and mediate the interaction
between the 19S and 20S proteasomes®. Each of these features - ubiquitin binding, ATP-
mediated pore translocation, deubiquitination-dependent substrate release, and even the C-
terminal HbYX motif - is recapitulated by the Cdc48 complex, as will be discussed in detail in
this dissertation.

The 20S proteasome is a barrel-shaped peptidase consisting of four stacked
heteroheptameric rings®. The outer rings are composed of alpha subunits and regulate access to
the interior chamber, while the inner rings are composed of beta subunits, three of which (beta-1,
beta-2, and beta-5) contain proteolytic sites*. These proteolytic sites display caspase-like,
trypsin-like, and chymotrypsin-like specificities, respectively, resulting in an ability to cleave a

diverse array of substrates’. Indeed, it is generally assumed that any polypeptide substrate



entering the proteolytic chamber is committed to degradation, while ATP-dependent unfolding
and translocation into the chamber are the rate-limiting steps.

Together, these structural and functional features of the 19S and 20S proteasomes
produce an integrated molecular machine that efficiently recognizes substrates, unfolds them via
ATP hydrolysis, and degrades them. Over the last several decades, many substrates - both
individual proteins and classes of degradative targets - have been identified as proteasome
clients. The next section will describe the general mechanisms by which these clients are tagged
with the polyubiquitin chains that signal their degradation.

1.1.2 Ubiquitin and ubiquitin ligases

Ubiquitin is a highly conserved and abundant protein that is 76 amino acids in length. Its
stability and tightly folded nature render it an appropriate and recyclable tool for regulation of
shorter-lived proteins®. The cascade of enzymatic events leading to the covalent attachment of
ubiquitin to a substrate protein begins with an ATP-dependent activation step catalyzed by an E1
activating enzyme®. The E1 first adenylates the C-terminus of ubiquitin, resulting in a ubiquitin-
AMP intermediate and releasing inorganic pyrophosphate. The ubiquitin C-terminus is then
transferred to an active site cysteine in the E1, producing a thioester linkage and releasing
AMP?. In the next step, ubiquitin is transferred to the active site cysteine of an E2 ubiquitin-
conjugating enzyme, again forming a thioester through the carboxy terminus®. In the final step,
an E3 ubiquitin ligase promotes the transfer of ubiquitin from the E2 to the target substrate®. E3
enzymes may form a third ubiquitin thioester as an intermediate in this process (as is the case for
HECT domain E3 ligases) or may simply position the E2 and substrate in an appropriate manner
for ubiquitin transfer (as is the case for RING domain ligases)®. The product of ubiquitin ligation

is, in most cases, an isopeptide bond between the C-terminus of ubiquitin and a lysine side chain



of the target polypeptide, although conjugation to serine, threonine, cysteine, and the substrate
amino terminus have been described®*. The diversity and number of ubiquitination enzymes
increases with each step in the cascade. E1 enzymes facilitate a general activation reaction for
which only one such protein is necessary in the yeast genome. Yeast encode 11 E2 ubiquitin-
conjugating enzymes and dozens of E3 enzymes, which are often composed of multiple subunits
and recognize specific substrate sequences, biochemical characteristics, or post-translational
modifications®.

Ubiquitin’s sequence includes seven lysines at positions 6, 11, 27, 29, 33, 48, and 63.
These lysines are critical for the assembly of polyubiquitin chains*. Many E3 enzymes catalyze
both the attachment of the initial ubiquitin to the substrate and the addition of further ubiquitin
molecules to the growing chain. Isopeptide bond formation between the C terminus of a “distal”
ubiquitin moiety and one of the lysines in the “proximal” ubiquitin moiety produces a chain
defined by its linkage type. For example, K48-linked chains of at least 4 ubiquitin moieties
constitute the canonical proteasome degradation signal®. Other linkage types participate in a
variety of cellular processes such as vacuolar protein sorting or non-degradative histone
modification®*®.
1.1.3  Nuances of UPS substrate handling

The canonical ubiquitination and degradation reactions described above form an accurate
model for the processing of many UPS substrates. However, it is increasingly appreciated that
the proteasome is not capable of degrading all substrates that are conjugated to ubiquitin. To
cope with substrates that present certain types of difficulties, the UPS has evolved a set of

auxiliary factors, including the AAA ATPase Cdc4S8.



The 19S proteasome threads its substrates processively through its central pore. To
initiate this threading process, a target polypeptide must contain a loosely folded region that can
insert into the pore and be engaged by the ATPases®®*. Many proteins that undergo regulated
degradation by the UPS, such as cyclins, include such intrinsically disordered regions,
suggesting that these substrates have evolved to be easily processed by the proteasome®. The
flexible initiation segment must be positioned relative to the ubiquitination site such that
polyubiquitin binding to the 19S ubiquitin receptors places the initiation segment in spatial
proximity to the central pore*'. This geometric requirement poses relatively strict constraints on
the types of proteins that can be considered “natural” proteasome substrates. However, the
proteasome must be able to handle a broad variety of quality control substrates, including
misfolded or damaged polypeptides derived from genes that have not specifically evolved to
promote proteasome processing. Such polypeptides, when ubiquitinated, may not present an
appropriate initiation segment.

One set of proteins that may assist in the degradation of substrates that are not easily
processed by the 26S proteasome comprises the so-called “shuttling factors.” In yeast, three
proteins have been identified as members of this class: Rad23, Dsk2, and Ddil*. These proteins
each contain a UBL (ubiquitin-like) domain and at least one UBA (ubiquitin-associated) domain.
The UBL domain binds to the same sites on the 19S proteasome as polyubiquitin*’, while the
UBA domain binds to ubiquitin itself*. Thus, these shuttling factors can form bridges between
ubiquitinated substrates and the proteasome. However, as the proteasome already contains
multiple intrinsic ubiquitin receptors, the shuttling factors likely play some additional role
beyond simple delivery™. One possibility is that UBL-UBA proteins are required for substrates

in which the ubiquitin attachment site and any potential initiation regions are geometrically



related such that the flexible segment does not approach the central ATPase pore when the
ubiquitin chain is bound by the proteasome’s intrinsic ubiquitin receptors*. The addition of a
moderately flexible UBL-UBA protein as a bridge between the proteasome-binding site and the
ubiquitin chain might, for some substrates, allow access of initiation regions to the ATPases.
However, this mechanism would only apply to substrates that already include appropriate
flexible segments somewhere in their sequence.

A more difficult class of substrates comprises those that do not expose any flexible
segment that could be engaged by the 19S proteasome. Substrates of this type might be
membrane proteins without significant cytosolic flexible regions, constituents of tightly
associated complexes that are difficult to disassemble, or simply well-folded proteins lacking
disordered segments. In these cases, the action of the Cdc48 ATPase is often required*“.
Cdc48’s general function in the UPS is to preprocess substrates destined for proteasomal
degradation”’. Although several Cdc48 targets that do not proceed to degradation have been
identified®, it appears that the majority are eventual 26S proteasome clients, and that all require
modification with ubiquitin. Cdc48 is commonly described as a “segregase,” because it often
liberates target polypeptides from their original environments, in which they are not accessible to
the proteasome®. It has also been proposed that Cdc48 is an “unfoldase” that can generate
flexible segments in substrates that would otherwise be poor proteasome targets®. Cdc48 is
essential for viability®', confirming that these activities are central to proper functioning of the
ubiquitin-proteasome system. In the next section, I will describe several of Cdc48’s specific

functions and discuss general themes of its action.



1.2 Functions of Cdc48
1.2.1 Early work on Cdc48/p97

The gene encoding Cdc48 was first isolated in S. cerevisiae by a screen for mutants
defective in cell division cycle progression®. The gene was sequenced in the early 1990s, shown
to be essential, and identified as a homolog of mammalian p97/VCP, which was already known
to exhibit similarity to the N-ethylmaleimide-sensitive fusion protein (NSF; Sec18 in yeast) *'.
The basic structure of the ATPase was evident even in early studies, in which it was identified as
an abundant species migrating slightly more slowly than the 20S proteasome in cell fractionation
experiments®. Electron microscopy of these fractions revealed a ring-shaped hexameric
assembly that was shown to exhibit ATPase activity*. Higher resolution structural studies in the
early 2000s demonstrated that Cdc48 is a type II AAA ATPase, meaning that it contains two
stacked hexameric rings of ATPase domains, referred to as D1 and D2 (Figure 1.1)*. In addition
to the ATPase rings, Cdc48 also contains a conserved N-terminal domain (N domain) and a C-
terminal tail that is not visible in structures to date®.

In initial studies, Cdc48 was assumed to exert functions similar to those of NSF, which at
the time was a better characterized ATPase and was known to be involved in vesicle fusion®'.
However, subsequent work uncovered a role for Cdc48 in the UPS, a connection which was first
appreciated in the case of the ubiquitin-fusion degradation (UFD) pathway®. This system was
discovered through screens in S. cerevisiae for mutants defective in the degradation of model
substrates with in-frame, N-terminal fusions of ubiquitin®. Although Cdc48, an essential gene,
was not isolated in the original screen, it was soon shown that it interacts with multiple

components of the UFD pathway and is required for UFD substrate elimination®. From this point



Figure 1.1: Architecture of the Cdc48/p97 ATPase. (A) Cdc48 is a homohexamer, and each
monomer comprises an N-terminal (N) domain (red) and two AAA ATPase domains: D1 (blue)
and D2 (green). The N-terminal (D1) side of the central pore is referred to as the cis side, and the
C-terminal (D2) side as the trans side. (B) ATP binding produces an upward rotation of the N
domains into a so-called “up conformation”, in which they are positioned above the plane of the
D1 ring. Left, ADP-bound state (PDB code SFTK); right, ATPyS-bound state (PDB code SFTN).
PDB, Protein Data Bank. This figure has been previously published in: Bodnar NO and Rapoport
TA. “Toward an understanding of the Cdc48/p97 ATPase.” F1000Research 2017, 6(F1000

Faculty Rev):1318.



onward, identification of further cellular roles, binding partners, and structural aspects of Cdc48
have provided increasing insight and established this ATPase as a central node in the UPS.
1.2.2 Cdc48 cofactors

Before discussion of Cdc48’s diverse cellular roles, it is important to note that this
ATPase cooperates with a large number of cofactors that recruit substrates, regulate Cdc48’s
subcellular localization, modify client proteins’ post-translational modifications, and in some
cases - as will be described in this thesis - are essential for Cdc48’s basic biochemical activity®.
These proteins, which number around 30 for human p97, are usually classified as either
substrate-recruiting cofactors, substrate-processing cofactors, or regulatory cofactors. They can
also be classified according to the type of binding site they use to interact with Cdc48/p97 or
according to the cellular pathways in which they operate. I will not attempt an exhaustive review
here, but will instead highlight important themes of Cdc48 cofactor function.

All known Cdc48 cofactors bind either to the N domain or to the flexible C-terminal
tail*®. A hydrophobic cleft is found between the two subdomains of the N domain, and this cleft
is the binding site for most cofactors that interact with this part of the ATPase*. A variety of
motifs that interact with this site, including UBX (ubiquitin regulatory X), UBX-like, VIM
(valosin-interacting motif), and VBM (valosin-binding motif) have been identified®. Likewise,
several types of cofactor domain, including the PUB and PUL domains, can interact with the C-
terminal tail, although all appear to require the HbY X motif found in the final three residues of
the Cdc48 sequence®®'. The presence of six Cdc48 monomers per complex theoretically allows
for modular assembly of a wide variety of complexes containing multiple cofactors, and several

such complexes have indeed been demonstrated experimentally®.
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Perhaps the simplest role for Cdc48 cofactors is that of recruiting the ATPase to
particular cellular locations, such as the endoplasmic reticulum or mitochondrion®*®. This
function is accomplished in a variety of ways, as will be detailed below, but requires no
enzymatic activity and does not directly influence Cdc48’s action on its substrates. A slightly
more complex function is the recruitment of Cdc48 to a cellular location by a cofactor that also
binds substrates, which is likely the case for the multiple proteins that have both a UBX domain
and a UBA domain®. The presence of both of these domains in a single cofactor is partially
analogous to the presence of UBL and UBA domains in the shuttling factors discussed in section
1.1.3, as this domain structure would appear to facilitate bridging between the ATPase and its
substrates.

Some cofactors have direct effects on the ATPase itself, either modulating its ATP
hydrolysis activity or its structure. The first cofactor that was shown to modify the intrinsic
ATPase rate of Cdc48/p97 was p47 (Shpl in yeast), which reduces the activity of purified rat
p97 by 85%"%. A more exotic function has been ascribed to the mammalian UBX protein ASPL,
which disassembles p97 hexamers and sequesters the ATPase in inactive heterotetramers of 2
p97 molecules and 2 ASPL molecules®. Whether a protein with a similar function exists in yeast
is unclear.

Still other cofactors directly modify substrates. Cdc48/p97 associates with
deubiquitinases that can trim or remove the polyubiquitin chain attached to the substrate®; the
function of one such DUB, Otul, will be discussed in detail in chapter 2. It appears that, as with
the 19S proteasome, deubiquitination can either promote or inhibit substrate processing®. Other
cofactors are ubiquitin ligases, such as the UFD pathway member Ufd2. This protein has been

termed an “E4” ligase because it appends additional ubiquitin moieties to a pre-existing chain.
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The action of Ufd2 is required for efficient processing of only a subset of Cdc48 targets, but the
substrate characteristics that produce a requirement for Ufd2 are not clear®. Another form of
substrate modification is deglycosylation, which is particularly important in the context of
endoplasmic reticulum-associated degradation (see section 1.2.3)™.

Perhaps the most important individual Cdc48 cofactor is the heterodimer of Ufd1 and
Npl4 (referred to as UN in much of this dissertation). Like Cdc48, but unlike other cofactors,
both Ufd1 and Npl4 are essential for viability”. Both proteins can be considered substrate-
recruiting cofactors, as each contains binding sites for ubiquitin and for Cdc487. With isolated
exceptions, the two cofactors are found in complex with each other”. The UN complex and the
p47/Shpl cofactor bind to Cdc48 in a mutually exclusive manner™, but many Cdc48 cofactors
can associate with the ATPase in the presence of UN. Indeed, in some cases, UN binding is
required for recruitment of additional cofactors in a hierarchical manner®. UN appears to be
required in nearly all cases in which polyubiquitinated substrates must be handled by Cdc48.
Chapter 2 will detail the mechanistic role of UN in substrate processing by the ATPase, while
Chapter 3 will discuss the structure of the Cdc48/UN complex. These studies illuminate a
general mechanism of substrate handling that is likely applied in a substantially similar manner
in many of Cdc48’s diverse cellular functions, several of which will now be discussed.
1.2.3 Endoplasmic reticulum-associated degradation

Approximately one third of the cellular proteome is directed through the secretory
pathway, which handles proteins that are exported from the cell or embedded in membranes™.
The critical initial step in biogenesis of these proteins is either co-translational or post-
translational translocation into the endoplasmic reticulum (ER), a protein sorting and quality

control hub that ensures appropriate folding and modification of secretory cargo and membrane
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proteins and directs these clients to further steps in the pathway™. Many of the proteins handled
by the ER are naturally fastidious in their folding process; these include proteins with disulfide
bonds, multiple transmembrane segments that are prone to misincorporation, complex structures
that require the cooperation of several ER-luminal chaperones for proper folding, or obligate
post-translational modifications such as N-linked glycosylation or glycophosphatidylinositol
anchor addition™. Inevitably, some such proteins will terminally fail to fold appropriately, and
these waste molecules must be targeted for elimination in a process termed ER-associated
degradation (ERAD).

The mechanisms by which ERAD substrates are recognized are only partially
characterized. One well-studied such mechanism is the so-called “glycan timer””. This pathway
operates via the initial attachment of a Glc;MangGlcNAc; glycan to certain asparagine residues
on substrates that are entering the ER through the Sec61 protein translocation channel®. Removal
of two glucose residues by ER-resident glucosidases trims the glycan to a species that is
recognized by the luminal chaperones calnexin and calreticulin, which assist in client folding™.
Removal of the final glucose releases substrates from the chaperones, at which point they may
either have completed folding or be reglucosylated and pass through another folding attempt
cycle®. This cycle continues until the substrate is properly folded or until mannosidases trim the
glycan to a species that is no longer recognized by chaperones and becomes a signal for entry
into the ERAD pathway®'. A luminal lectin, Yos9 in yeast, is important for recognition of this
terminal glycan, but it appears that direct recognition of a misfolded conformation by ERAD
machinery can also be involved®®. The latter step awaits further characterization. Importantly,

the glycan timer mechanism does not apply to non-glycoprotein substrates, and there are

13



probably many other substrate characteristics, such as improper disulfide bonds or absence of
binding partners, that can trigger ERAD.

By contrast with substrate recognition mechanisms, substrate disposal mechanisms in
ERAD are relatively well characterized. In yeast, ERAD can be generally subdivided into three
pathways termed ERAD-L, ERAD-M, and ERAD-C, according to the luminal, membrane, or
cytosolic locations of their defects®. Typically, ERAD-C substrates are routed to an E3 ubiquitin
ligase called Doal0, while ERAD-L and ERAD-M substrates are routed to an analogous E3
called Hrd1*. Both ligases are ER membrane proteins with cytosolic RING domains. The
mechanism of Hrd1 action has been characterized in some detail. This ligase cooperates with
several additional ER membrane proteins to recognize substrates and maintain its own stability
in the membrane, but it is the only essential component for the basic reactions that remove
substrates from the ER®. Hrd1 can recognize misfolded substrate segments and functions as a
retrotranslocation channel, moving portions of ERAD-L and ERAD-M targets across the
membrane from the lumen to the cytosol®. This activity requires autoubiquitination of the
ligase®. Once substrates have emerged on the cytosolic face of the ER, they are modified with
K48-linked polyubiquitin chains by Hrd 1%,

Polyubiquitinated substrates on the cytosolic surface of the ER are recognized by Cdc48
in a manner that requires the UN cofactor®®. This recognition is aided by the concentration of a
population of Cdc48 at the membrane via binding to anchors such as the UBX-containing protein
Ubx2, an ER transmembrane protein®. Upon recognition of the target protein, Cdc48 extracts the
polypeptide from the membrane using the energy of ATP hydrolysis®. This serves to move the
substrate completely into the cytosol, where it is eventually degraded by the 26S proteasome.

The steps between Cdc48-mediated extraction and 26S-mediated degradation are poorly
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characterized, but can involve glycan removal by the Cdc48-associated deglycosylase Pngl,
recognition by UBL-UBA shuttling factors, or binding by “holdase” complexes such as Bago,
which recognize exposed hydrophobic segments and may serve to keep substrates soluble
between extraction and degradation®®. Although there are multiple upstream substrate
recognition pathways and potential downstream fates for Cdc48’s ERAD targets, the actual
extraction step requires the ATPase in all examples described so far.

1.2.4 Chromatin-associated and nuclear processes

The presence of a significant population of Cdc48 in the nucleus indicates that at least
some of its expected substrates are found in this compartment®. The UPS has a well-documented
role in the nucleus, but the requirement for Cdc48 in upstream processing of diverse nuclear UPS
targets has only been appreciated more recently®. Here, I will highlight several of these targets,
which correspond to fundamental activities including the initiation and termination of DNA
replication, the DNA damage response, and RNA transcription.

The licensing factor Cdtl plays a critical role in the initiation of DNA replication by
recruiting replisome components to origins of replication. Cdtl degradation is important for the
prevention of multiple initiation events at a single origin, and this degradation is effected by the
ubiquitination and proteasomal destruction of Cdt1 after a single replisome has fired from a
given origin®. Cdt] can be ubiquitinated but is not removed from chromatin or degraded in the
absence of functional Cdc48/p97 and UN®. This recognition is enhanced by a UBX domain-
containing cofactor, UBXN3/FAF-1, which binds to both Cdtl and Cdc48/p97°". The exact
reason for the requirement for Cdc48-mediated extraction is unclear in this case, but may derive
from the very strong affinity of the Cdtl PIP box for its chromatin-associated binding partner,

PCNA®*. Selective removal of the ubiquitinated component of this high-affinity complex, Cdtl1,
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may be dependent on the strong segregase activity of Cdc48. Alternatively, the relatively bulky
26S proteasome may be unable to access Cdtl efficiently when the target is embedded in a
complex with other replication factors, thus requiring the smaller Cdc48/UN complex to perform
an initial extraction step.

Cdc48 plays a similar role in the termination of replication in that it is essential for timely
removal of the replication helicase from DNA. The observation that blocking polyubiquitination
resulted in abnormal retention of helicases on chromatin was followed by identification of the
crucial polyubiquitinated component, Mcm?7}°"°". This subunit of the Mcm2-7 replicative
helicase is decorated with K48-linked polyubiquitin chains by an Skp1-Cull-Fbox (SCF) E3

ligase complex, SCFP*

, as replication is completed, although the exact events triggering this
ubiquitination remain to be dissected®. Disassembly of the helicase does not require proteolytic
activity of the 26S proteasome, but does require the action of Cdc48/p97. Mcm2-7 is itself a
complex of AAA ATPases that in its active form surrounds a single DNA strand'®'®®, and
removal of this stable complex may require an unfolding activity that only Cdc48/p97 is
equipped to provide.

A third critical chromatin-associated process coordinated in part by Cdc48/p97 is the
DNA damage response. Double-stranded DNA breaks are recognized by the Ku70/Ku80
heterodimer, which forms a ring structure and threads the broken DNA end through a central
channel™. Assembly of the Ku complex onto DNA forms a scaffold that recruits additional DNA
repair pathway components. After DNA repair, the Ku complex, like Mcm2-7, remains
topologically trapped on DNA'®. Subsequent ubiquitination of the Ku80 subunit by an SCF E3

ligase, SCF™™!"2, triggers Cdc48/p97- and UN-dependent extraction of Ku80 from DNA and

disassembly of the Ku heterodimer, allowing normal replication, transcription, and association of
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other DNA-binding proteins to occur at the former break site’'*”. Additional DSB repair
proteins including L3MBTL1 and KAP1 are also ubiquitination targets with evidence for direct
Cdc48/p97-mediated extraction'®'*. Overall, the emerging picture is that double-stranded breaks
result in a highly coordinated series of recruitment and disassembly events involving numerous
repair factors, and that a significant subset of these are ubiquitinated and removed from
chromatin through the action of Cdc48™°.

Surveillance of the RNA transcription process is yet another critical nuclear function for
the Cdc48 ATPase. During the transcription process, RNA polymerase II (Pol II) may stall as it
encounters a variety of obstacles, including other chromatin-associated proteins such as
nucleosomes, inhibitory secondary DNA structures, or sites of DNA damage'". The latter, in the
form of ultraviolet-induced lesions, is often used as a model for Pol II stalling'". Stalling
produces ubiquitination of the polymerase itself, which is subsequently extracted from chromatin
and degraded in a manner that requires the proteasome, Cdc48, UN, and two UBX-containing
proteins, Ubx4 and UbxS5 in yeast'. The chromatin remodeling protein INO80 has also been
implicated in Pol II extraction, likely because it is required to shift nucleosomes that are
sterically hindering access to the stalled polymerase'™.

Apart from the extraction of chromatin-bound proteins discussed above, a general role for
Cdc48 in the elimination of defective nuclear proteins is also emerging. The E3 ligase Sanl is a
general nuclear quality control factor that, like the Hrd1 ERAD ligase, directly recognizes a
variety of misfolded substrates, binding to exposed disordered regions'*""*. Although Cdc48
appears to be required for all Hrd1 substrates, potentially because the presence of the ER
membrane impedes proteasomal access to targets, this is not the case for Sanl substrates.

Instead, substrates’ dependence on Cdc48 correlates with their insolubility, with model

17



substrates that are more prone to aggregation exhibiting greater reliance on Cdc48"°. Cdc48 may
be required to disassemble nuclear inclusions of these model substrates, although these
experimental conditions of substrate overexpression do not necessarily mimic scenarios likely to
be encountered by Cdc48 in normally growing cells. However, certain disease states, most
prominently a subset of neurodegenerative disorders, are associated with the accumulation of
nuclear inclusions'’, and under these circumstances the putative aggregate disassembly activity
of Cdc48/p97 might be important for limiting nuclear damage.

The diverse clients of Cdc48 in the nucleus thus include both spontaneous quality control
substrates, i.e. damaged or misfolded polypeptides in the nuclear compartment, and substrates
that undergo a defined program of ubiquitination and extraction as part of their normal activities.
The unifying characteristic of all of these targets appears to be that the 26S proteasome is not
competent to unfold or degrade them on its own; rather, the specialized activity of Cdc48 is
required to remove them from inaccessible locations or to unfold them to an extent that renders
them appropriate 26S substrates.

1.2.5 Mitochondrion-associated degradation

A critical function of ubiquitination in mitochondrial quality control is the induction of
mitophagy, the autophagic engulfment and destruction of damaged mitochondria. This process is
orchestrated by the Parkinson’s disease-associated proteins PINK1, a serine/threonine kinase,
and Parkin, an E3 ubiquitin ligase with diverse functions'®. PINK1, which senses defects in
mitochondrial import and maintenance of membrane potential, accumulates on stressed or
damaged mitochondria and phosphorylates both Parkin and ubiquitin itself, both at residue
S65'°. These events lead to ubiquitination of a variety of mitochondrial surface proteins,

eventually triggering recognition by autophagy receptors.
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In addition to full engulfment of entire mitochondria in a ubiquitin-dependent manner,
recent studies have revealed a more precise degradation system anchored by Cdc48/p97 that
selectively eliminates individual polyubiquitinated mitochondrial proteins. One such degradation
reaction participates directly in mitophagy: the removal of two GTPases, Mfnl and Mfn2, which
promote mitochondrial fusion, is required for appropriate separation of damaged mitochondria
from the remainder of the mitochondrial network™ ™', After Parkin-mediated ubiquitination of
these GTPases, Cdc48/p97 extracts them for subsequent proteasomal degradation, thereby
preventing them from re-fusing damaged mitochondria.

Ubiquitin-dependent quality control operates on surface proteins even on mitochondria
that are not terminally damaged and en route to mitophagy. Several outer mitochondrial
membrane (OMM) proteins are naturally short-lived and proceed to degradation only after
Cdc48/p97-dependent extraction'. This appears to be a component of the normal functioning of
these proteins, as the wild-type proteins exhibit this behavior even in the absence of
mitochondrial stress'®. Cdc48/p97 also plays a role in the mitochondrial stress response distinct
from its role in mitophagy via the cofactor Vmsl1. Uniquely, Vms1 seems to replace Ufd1 as a
binding partner for Npl4, such that the relevant ATPase complex for the “mitochondrion-
associated degradation” pathway is Cdc48-Vms1-Npl4'. This complex is recruited to the OMM
via Vms|1 association with a unique lipid, ergosterol peroxide, which is formed upon
mitochondrial stress™. One possibility is that ubiquitination of OMM proteins produces a
Cdc48-dependent quality control response that, in conjunction with systems operating at the
inner membrane and matrix, can rescue mitochondria from full autophagic destruction if they are
not damaged beyond repair. This intermediate rescue response would be analogous to the various

levels of the unfolded protein response operating at the ER, which first attempts to relieve
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protein-folding stress through a variety of mechanisms including the induction of ERAD, and
only after failing to relieve severe stress proceeds to initiation of apoptosis'®.
1.2.6 Ribosomal quality control

The organelle-specific functions of Cdc48 discussed above are complemented by
activities operating at the level of individual proteins and protein complexes in the cytosol. One
such recently characterized pathway is the ribosomal quality control, or RQC, system. This
system complements surveillance mechanisms that ensure appropriate ribosome assembly'™ and
accurate mRNA sequences™ by handling the nascent protein products of translation. Translating
ribosomes may stall due to the absence of a stop codon or the presence of a premature stop
codon, inhibitory RNA secondary structure, or low levels of a particular aminoacylated tRNA,
among other potential causes'®. Stalled ribosomes are subject to a quality control system that
splits them into 60S and 40S subunits, with any nascent chain that has been translated remaining
in the ribosomal exit tunnel in the 60S subunit™. The “degron” in such cases is the exposed
peptidyl-tRNA, which is normally not accessible to the cytosol in the context of the fully
assembled ribosome™'. Recognition of this abnormal feature is accomplished by the Rqc2 and
Ltnl proteins in yeast'®. Ltnl is an E3 ubiquitin ligase that wraps from the underside of the 60S
subunit, where the tRNA is exposed, around to the exit tunnel, where the nascent chain to be
ubiquitinated is exposed™*'*. Ubiquitination of this chain results in recruitment of the Cdc48/UN
complex'* ', The pathway-specific Cdc48 cofactor Rqcl, which binds both to ribosomes and to
Cdc48, aids in this recruitment event™. A unique feature of this pathway is that the Rqc2 protein
specifically recruits alanyl and threonyl tRNAs to the 60S ribosome and appends C-terminal
alanine and threonine (CAT) tails to the nascent chain'®. This step may serve several purposes,

including extension of the nascent chain from the exit tunnel to expose additional lysines for
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ubiquitination and, more generally, induction of the heat shock response to augment cytosolic
protein quality control'.

The requirement for Cdc48 in this process may derive from several features of the
substrate. One possibility is that some nascent chains are not long enough to provide the ~20-
residue initiation sequence preferred by the proteasome. Another is that ubiquitin chains that are
too close to the exit tunnel of the ribosome are sterically inaccessible to the proteasome, as may
also be the case with certain chromatin-associated substrates. A third is that interactions between
the nascent chain and the exit tunnel are sufficient to counteract the potential extraction force
provided by the 19S proteasome, necessitating the action of Cdc48, which presumably can exert
more force. Finally, the presence of the tRNA at the end of the nascent chain may inhibit full
translocation of the nascent chain through the exit tunnel. Even with the action of Cdc48,
hydrolysis of the tRNA-nascent chain bond may be required for completion of extraction, and
this step is not yet well characterized™.

1.2.7 Other functions

Cdc48/p97 has been implicated in a large number of additional processes, many of which
are not as well characterized as the above described functions. Here, I will highlight several
additional activities that may be relevant to the construction of a general model for Cdc48/p97
substrate handling.

Stress granules are collections of tightly associated mRNAs and RNA binding proteins
that form under conditions of stalled or limited translation initiation'’. These granules contain
non-translating RNAs and some initiation factors, and their formation is reversible, suggesting
that they represent storage intermediates for RNAs that are intended to re-enter the active pool'.

Stress granules can be induced to form and disassemble by heat shock and subsequent cooling,
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respectively, and the disassembly process has been shown to require the action of Cdc48'.
Although a specific role for ubiquitination in this process has not yet been described, one
possibility is that the action of Cdc48 is needed to break apart intermolecular interactions
between ribonucleoproteins, which are mediated by “aggregation domains” and can be
extensive'®.

Cdc48 has many individual protein substrates that are not embedded in organelles or
aggregates; these include important signaling and metabolic proteins such as the NF«kB regulator
IxkBa', the transcription factor HIF10%, the enzyme glutamine synthetase™', and the cell cycle
commitment regulator Far1'*. Many of these are constituents of multi-protein complexes,
suggesting that efficient proteasomal degradation of this type of substrate often depends on
extraction of the individual target polypeptide, although the 26S proteasome can handle some
substrates of this class alone™. The accessibility of an initiation site or the thermodynamic
stability of the substrate protein may determine which multi-protein complexes require the
additional action of Cdc48. Consistent with this hypothesis, degradation of antibody-bound viral
capsids mediated by the intracellular IgG receptor and ubiquitin ligase TRIM21 requires p97,
while degradation of free intracellular IgG Fc does not, suggesting that the large and stable
capsid assembly produces a requirement for p97’s disassembly activity'*.

Systematic studies of the characteristics that render substrates Cdc48/p97-dependent will
be necessary to distinguish among the various possibilities discussed in the previous sections.
Such studies will be less straightforward in the context of membrane proteins or components of
protein complexes, but may be more feasible for free polypeptide substrates. Indeed, in vivo, the
addition of a putative initiator sequence to a UFD substrate allows it to bypass Cdc48 in a

manner that depends on the length of the unstructured region®. Further studies along these lines,
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incorporating in vitro work and substrates of varying folding stability, may shed light on this
question.
1.2.8 General principles

The various Cdc48 functions discussed above give rise to a set of principles of Cdc48
action that form a basis for further investigation of its mechanism. These are:

1) Cdc48 is selective for K48-linked polyubiquitin chains. In each case in which linkage
type has been evaluated, the extraction function of Cdc48 requires the same type of chains that
form the canonical proteasome degradation signal.

i1) Cdc48 exerts force on its substrates. The segregation activities of Cdc48 strongly
imply the existence of a force-generating mechanism. This force generation might also involve
substrate unfolding, but the in vivo studies described above do not directly demonstrate such
unfolding.

ii1) The UN complex is required for most Cdc48 activity. With the exception of Vms1-
dependent mitochondrial functions, Cdc48 requires UN when it is acting on polyubiquitinated
substrates. Other cofactors appear to have more specialized roles in one or a few pathways.

iv) Substrates are directed to downstream components of the UPS after Cdc48 action.
The fact that most substrates are eventually degraded by the 26S proteasome indicates that a
transfer mechanism or mechanisms from Cdc48 to the proteasome must exist; the first step
would be release of the substrate from Cdc48.

These principles suggest that successful mechanistic investigation of Cdc48 substrate
processing by in vitro reconstitution requires a model substrate with a K48-linked polyubiquitin
chain or chains, the presence of the UN cofactor, and assays to monitor substrate unfolding and

release. The development of this reconstitution is discussed in Chapter 2.
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1.3 Structure of Cdc48 and its cofactors
1.3.1 The AAA ATPase family

The AAA+ (ATPases associated with a variety of cellular activities) family is a large
group of ATP-hydrolyzing enzymes that form a subgroup of the larger P-loop NTPase family'*.
This family is very diverse, but contains a core fold of four or five beta strands (B1-4 or 1-5) that
are “sandwiched” between two sets of two alpha-helices (a1-4)"® (Figure 1.2). The eponymous
P-loop is a phosphate-binding motif anchored by a conserved lysine'”. Within the P-loop
NTPase group, the AAA+ proteins are part of the ASCE (additional strand, catalytic E) group'.
This group is named for an additional beta strand that is inserted in the core set of strands in the
P-loop NTPase fold, and for the conserved glutamate that is involved in nucleotide hydrolysis.

Several essential features characterize the AAA+ ATPase family. In most cases, AAA+
proteins associate to form hexameric ring structures with either a single ring (Type I) or two
stacked rings (Type II). Each individual AAA domain contains two subdomains. The N-terminal
subdomain contains the core P-loop NTPase fold, while the C-terminal subdomain is formed
from a group of four helices and is unique to the AAA+ family (Figure 1.2) . In the oligomeric
assembly, the N-terminal (large) subdomain of one monomer is in contact with the C-terminal
(small) subdomain of the neighboring monomer'®'*. Each unit of one large and one small

subdomain is thought to move as a rigid body during the course of the ATP hydrolysis cycle™.
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small subdomain

Figure 1.2: The AAA domain. Left, overall structure of the AAA domain, including the core
AAA fold and the C-terminal small subdomain. The boxed region is the nucleotide binding site,
and residues discussed in the text are highlighted in the closeup view at right. The AAA domain

shown is the human p97 D2 domain bound to ATPyS (PDB: 5FTN).

Each nucleotide-binding site in a AAA ring is found between two adjacent monomers,
and several individual binding and hydrolysis motifs have been investigated in detail. In the N-
terminal subdomain, two motifs termed Walker A and Walker B are located on either side of the
“additional strand” that is inserted in the P-loop NTPase core fold (Figure 1.2)"*. The Walker A
motif is located in the P loop, immediately after beta strand 1, and consists of the motif
GxxGxGK[S/T], where x is any amino acid. This motif recognizes the beta and gamma
phosphates of the bound ATP nucleotide, and mutation of the invariant lysine abolishes
nucleotide binding''. The Walker B motif is found at the apex of 3 and is thus separated in

sequence from the Walker A motif by al, f2, and a2, but is nearby in three-dimensional space.
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This motif has the consensus sequence hhhhDE, where h is a hydrophobic residue'. It is
responsible for coordinating a magnesium ion that assists in nucleotide binding (via the
aspartate) and for activating a water molecule for nucleophilic attack on the gamma phosphate
(via the glutamate, which is the “catalytic E”)'*. Mutation of the conserved E to Q or, more
drastically, to A, typically abolishes nucleotide hydrolysis, but not binding. Walker A and
Walker B mutations are thus often used to mimic the nucleotide-free and ATP-bound states,
respectively'.

An additional conserved motif in many AAA proteins is the second region of homology,
or SRH, which spans the C-terminal portion of B4, 04, and the loop between a4 and B5 (Figure
1.2)". At the N terminus of the SRH is a polar residue termed Sensor-1 (asparagine in both
domains of Cdc48) that has an additional role in contacting the gamma phosphate and promoting
hydrolysis. The SRH also contains a so-called arginine finger, which interacts with the gamma
phosphate of the nucleotide in a neighboring AAA subunit and may help to coordinate nucleotide
hydrolysis between subunits'*?. Although the Sensor-1 and arginine finger residues are well
conserved, their exact effects on ATPase function are not as obvious as those of the Walker
motifs™; in Chapter 2, only Walker mutations are used to evaluate the roles of the D1 and D2
ATPase domains of Cdc48 in in vitro experiments.

The assembly of AAA proteins into oligomeric assemblies produces a central pore. Each
AAA domain projects a “pore loop,” formed by the linker between B2 and a2 (Figure 1.2), into
this central channel. In most cases, the pore loop includes at least one aromatic residue. In cases
for which functional assays have been established, the aromatic residue has usually been found
to be required for substrate processing*'*°. The exact mechanism by which these residues might

move in response to ATP hydrolysis has not yet been determined, although their interaction with
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substrate proteins has been confirmed by structures of AAA ATPases actively translocating
polypeptides™®'*’. Interestingly, the D2 pore loop of Cdc48 has two aromatic residues, including
a bulky tryptophan that is rare among AAA proteins but conserved among Cdc48 orthologs,
while the D1 pore loop contains no aromatic residues. The implications of this contrast for
substrate processing will be further discussed in Chapter 2.

Cdc48 is a member of the “classical” clade of AAA ATPases, which also includes the
bacterial unfoldase and protease FtsH, the ATPases of the 19S proteasome, the peroxisomal
biogenesis complex Pex1/Pex6, and NSF'**. The AAA domains of these proteins cluster together
in evolutionary analysis by virtue of two distinguishing features: the replacement of a conserved
arginine with an aspartate at the so-called Sensor 2 position in the small subdomain, and an extra
helical insert between B2 and a2, immediately before the pore loop'*'**. Whether this helical
insert has any unique role in substrate processing has not been explored. As will be detailed
below, Cdc48’s additional N-terminal domain and binding partners differentiate it from its
relatives and produce its specific activity.

1.3.2 X-ray, cryo-EM, and NMR analyses of Cdc48 and selected cofactors

The ring structure observed in initial electron micrographs of the cellular fractions
containing Cdc48 was confirmed at higher resolution with the first crystal structure of p97 in
2000%. This structure, which was solved with the protein in the ADP-bound state, contained only
the N and D1 domains, but revealed several important features of the ATPase. Notably, the N
domains protrude from the D1 ATPase ring, forming an additional outer ring coplanar with the
ATPases, although individual N domains do not contact each other*. Two subdomains are
present in the N domain, with the N-terminal subdomain forming a double psi barrel fold and the

C-terminal subdomain forming a four-stranded beta barrel*. This subdomain architecture is also
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present in the N domain of NSF'®. In the crystallized form of p97, the N domains make contacts
with the alpha-helical C-terminal subdomains of the D1 AAA domains through an interface that
is fairly extensive and well-conserved, indicating that this interaction is biologically important.
Within a few years, crystal structures of the full-length human and mouse p97 proteins
were available, including structures in the presence of the ATP analog AMP-PNP, the transition
state mimic ADP-AIFx, and ADP'®"® The relatively low resolution of many of these structures

(between 4.7 and 3.5 A) limited their ability to explain how nucleotide binding, hydrolysis, and

release might be coupled to relative movements of the ATPase domains and the N domain to
generate force. Several of these structures could be re-refined and improved using a higher

resolution (3.0 A) model of the D2 ATPase'. The isolated D2 AAA domain crystallized as a

heptameric (rather than hexameric) ring, highlighting the plasticity of inter-domain contacts'®.
This flexibility might allow for relative motions of the domains during the hydrolysis cycle while
maintaining the overall hexameric arrangement.

Notably, regardless of the nucleotide included during crystallization, only ADP was
observed in the D1 ring in these structures'. In addition, only minor rearrangements of inter-
domain contacts and angles were observed, possibly because of the restrictions imposed by
crystal packing'®. A comparison of the AMP-PNP and ADP states revealed a rearrangement of
the aromatic residues of the D2 pore loop, which flip upward in the ATP analog state and
downward in the ADP states, suggesting motion of these residues as a potential mechanism for
transmission of force to the substrate'®. However, a zinc ion occluding the central pore in the D1
region led to the hypothesis that substrates do not pass through the pore and are instead

remodeled or unfolded through interactions with the exterior of p97'*®.

28



An advance in understanding nucleotide-induced rearrangements in p97 came with the
crystallization of disease mutant proteins. These mutants corresponded to several of those
observed in the human disease IBMPFD (inclusion body myopathy with Paget’s disease of bone
and frontotemporal dementia). This autosomal dominant multisystem degenerative syndrome
manifests with cytosolic protein aggregates in cells of the affected organs and is caused by
mutations in p97 that cluster at the N-D1 interface described above''*. Mutation of several of
these residues resulted in the ability to crystallize p97 with the ATP analog ATPyYS bound to
both the D1 and D2 domains'®. In this nucleotide state, the N domains undergo a significant
rearrangement, adopting a so-called “up conformation” above the plane of the D1 ring, as
opposed to the coplanar “down conformation” observed with D1 in the ADP state'. Presumably,
weakening of the N-D1 interface allows the N domains to transition to the up conformation with
a lower energetic cost. Although the significance of this conformational change for disease
pathogenesis was not immediately obvious, it did demonstrate that large-scale domain
rearrangements can occur in p97, and led to speculation that relative motions of the N domains
might be responsible for substrate manipulation.

Recently, high-resolution cryo-EM reconstructions of p97 in ADP (2.4-2.3 A) and
ATPyS (3.3-3.2 A) states have become available®. These structures avoid the caveats imposed
by crystal packing restrictions, and largely confirm the older ADP-bound structures, albeit with
notably improved resolution. 3D classification of the ATPyS particles allowed for separation into
three classes, which were differentiated according to nucleotide state: the first had ADP bound in
both domains, the second had ATPyS bound to D2 and ADP to D1, and the third had ATPyS
bound in both domains®. These structures allowed more accurate delineation of the effects of

ATP binding than the previous crystal structures, showing that ATP binding to D2 causes a 10 to
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15 degree relative rotation of the D1 and D2 rings, while ATP binding to D1 causes the same
upward rotation of the N domains that had previously been observed in the disease mutants®.
Thus, N domain motions are a bona fide feature of the wild type ATPase. Nevertheless, because
these cryo-EM structures were determined with six-fold symmetry imposed, it was not possible
to determine whether the true ATP hydrolysis cycle involves similar motions of all of the
monomers at once, or instead operates via a rotational mechanism or via stochastic firing of
subunits. Indeed, the latter appears to be the case for the related bacterial ATPase ClpX, in which
subunits are partially coordinated but do not execute the same hydrolysis phases
simultaneously'’. Furthermore, despite the new high-resolution information, the fundamental
mechanism of substrate processing remained elusive.

The mode of Cdc48 binding by several cofactors has been investigated in detail.
Particularly relevant to the proteins discussed in this dissertation are the binding mechanisms of
Ufd1, Npl4, and the DUB Otul. Each of these proteins interacts with the N domain of Cdc4S8;
Ufd1 binds via a pair of SHP motifs, and Npl4 and Otul via UBX-like domains™'®. However,
because each Cdc48 complex contains six N domains, the relative arrangement of binding sites
in a multi-cofactor complex is unknown.

The UBX-like (UBXL) domains of Npl4 and Otul share a common beta-grasp fold with
the larger UBX family and with ubiquitin itself, although the UBXL and UBX primary
sequences do not overlap extensively''®. The beta-grasp fold found in UBX proteins inserts a
conserved Phe-Pro-Arg (FPR) motif with a cis-proline into the hydrophobic cleft found between
the two subdomains of the Cdc48 N domain'. Although the FPR motif is not present in UBXL
proteins, the inter-subdomain interaction site is conserved, as both the Npl4 and Otul UBXL

domains insert loops into this cleft'®®'. Because the UBXL domain is roughly the size of a single
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subdomain of the N domain, the complex of the full N domain with a UBXL produces a tri-lobed
arrangement. The interdomain cleft faces outward from the D1 ring in both the down
conformation and the up conformation of the N domains, such that a UBXL domain could
conceivably bind to Cdc48 in both states.

The SHP motif, or SHP box, is a short sequence found both in the Cdc48 cofactor Shpl
(p47 in higher organisms) and in the unstructured C-terminal region of Ufd1, the UT6 domain®.
This motif has the consensus sequence FxGxGx,H, where x is any residue and h is hydrophobic.
It has recently been shown that this sequence, unlike other Cdc48 binding motifs, interacts with
the side of the C-terminal subdomain of the N domain'"'%. This binding site would position the
SHP box close to the body of the D1 ATPase in the down conformation of the N domains, and at
the tip of the N domain closest to the central pore axis in the up conformation. The UT6 domain
of Ufd1 has two SHP boxes separated by a relatively lengthy linker (54 residues in the S.
cerevisiae protein). Deletion mapping has shown that this linker contains the region of Ufd1
required for heterodimerization with Npl4™.
1.4 Summary of this work

The work described here addresses the biochemical mechanism and molecular structure
of the Cdc48/Ufd1/Npl4 complex. In Chapter 2, I describe our work with purified components to
elucidate the mechanism of polyubiquitinated substrate processing by Cdc48. Several newly
developed biochemical assays show that Cdc48 is an unfoldase that functions by passing its
substrates through its central pore. In Chapter 3, I describe a set of structural biology
experiments that have yielded the first high-resolution views of the Cdc48/UN complex.
Together, these data provide new insights into the fundamental mechanism of a critical protein

quality control factor.
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Chapter 2: Molecular Mechanism of Substrate Processing by the Cdc48 ATPase Complex

This chapter has been published previously as:

Bodnar NO, Rapoport TA. “Molecular mechanism of substrate processing by the Cdc48 ATPase
complex.” Cell 2017 May 4;169(4):722-735.e9.

2.1 Abstract

The Cdc48 ATPase and its cofactors Ufd1/Npl4 (UN) extract polyubiquitinated proteins
from membranes or macromolecular complexes, but how they perform these functions is unclear.
Cdc48 consists of an N-terminal domain that binds UN and two stacked hexameric ATPase rings
(D1 and D2) surrounding a central pore. Here, we use purified components to elucidate how the
Cdc48 complex processes substrates. After interaction of the polyubiquitin chain with UN, ATP
hydrolysis by the D2 ring moves the polypeptide completely through the double ring, generating
a pulling force on the substrate and causing its unfolding. ATP hydrolysis by the D1 ring is
important for subsequent substrate release from the Cdc48 complex. This release requires
cooperation of Cdc48 with a deubiquitinase, which trims polyubiquitin to an oligoubiquitin chain
that is then also translocated through the pore. Together, these results lead to a new paradigm for
the function of Cdc48 and its mammalian ortholog p97/VCP.
2.2 Introduction

The yeast Cdc48 ATPase and its metazoan ortholog p97 (or VCP) are critical
components of many ubiquitin-dependent cellular pathways that require the segregation of
individual proteins from binding partners or membranes (for review, see'’>'"*'”®). This ATPase
is present in all eukaryotic cells and is essential for their viability. The function of Cdc48/p97 is
best understood in endoplasmic reticulum (ER)-associated protein degradation (ERAD), in
which it extracts polyubiquitinated, misfolded proteins from the ER and transfers them to the

176

proteasome for degradation' . Cdc48/p97 also functions in mitochondrion-associated protein
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degradation'”’, ribosomal quality control'®, and the extraction of chromatin-bound proteins'’®'"°,

Consistent with this central role in protein quality control, mutations in human p97 cause several
neurodegenerative proteopathies'®®'®". Despite its biological significance, the mechanism of

Cdc48/p97 action is poorly understood.

Cdc48 belongs to the AAA+ family of ATPases (ATPases associated with various
cellular activities), whose members use ATP hydrolysis to exert force on macromolecules'®*'®,
Many of the AAA proteins form hexamers with either a single or double ring of ATPase domains
(type I and II ATPases, respectively). Cdc48 is a type Il ATPase consisting of an N-terminal (N)
domain, two tandem AAA domains (D1 and D2) separated by a short linker, and a flexible C-
terminal tail'®®. The AAA domains form two stacked rings surrounding a central pore. Both
ATPase rings hydrolyze ATP'®*"?, but their roles in substrate processing are unknown. ATP
hydrolysis in the D1 ring seems to move the N domains from a so-called “up-conformation” in
the ATP state to a position co-planar with the D1 ring in the ADP-bound state (“down-

”)55

conformation”)”. The function of this N domain movement is unclear.

Cdc48 cooperates with a large number of protein cofactors that provide pathway
selectivity and fine-tune substrate processing. One of the most important cofactors is the
Ufd1/Npl4 heterodimer (UN), an essential complex that participates in many Cdc48-dependent
processes, including ERAD® . UN binds to the N domain of Cdc48 and recruits
polyubiquitinated substrates to the ATPase’®. In a reconstituted in vitro system of partial ERAD
reactions, a polyubiquitinated, misfolded protein could be extracted from the membrane in a UN-
and Cdc48- dependent manner®. However, most experiments with the Cdc48/p97 complex have
been performed with intact cells, the complexity of which makes it impossible to obtain

mechanistic insight. Dissection of Cdc48 function has also been hampered by a lack of suitable
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in vitro substrates. The only reported experiments employed non-ubiquitinated proteins'®>%®,

which are not the principal substrates in vivo. Cdc48’s physiological substrates are generally
polypeptides modified with K48-linked polyubiquitin chains, which also serve as a major
targeting signal for the proteasome®. In vitro experiments with the proteasome have employed
polypeptides decorated with K63-linked polyubiquitin chains'®®, but these substrates are not

appropriate for the more specific Cdc48 ATPase complex’?.

One of the most important questions is how the Cdc48 ATPase can “pull” on a substrate,
thereby releasing it from a protein complex or membrane. Some AAA ATPases, including the
Clp ATPases in bacteria, the archaeal Cdc48 homologs, and the 19S proteasome, use a

'87). In these cases, central loops with conserved

translocation mechanism (for review, see
aromatic residues are thought to contact a polypeptide chain and move in response to ATP
hydrolysis, thereby dragging the substrate through the pore. Archaeal Cdc48 and some
mammalian p97 mutants can also translocate polypeptides into associated 20S proteasomes

188189 implying movement through the central pore. However, archaeal

under certain conditions
Cdc48 undergoes conformational changes that have never been observed with eukaryotic
homologs'®, and wild type yeast Cdc48 and mammalian p97 are thought not to use a
translocation process®'®'. A mechanism that does not involve translocation is also employed by
Cdc48’s closest relative, the NEM-sensitive fusion protein (NSF)'®'. NSF is thought to bind the
SNARE complex and the cofactor aSNAP with its N domains, and to use ATP hydrolysis to
unwind the supercoiled SNARE proteins without polypeptide passage through the central pore.
A major argument against a translocation mechanism for Cdc48/p97 is that its central pore is

very narrow or occluded in crystal or cryo-EM structures. These observations have led to the

proposal of several alternative mechanisms. In one model, a substrate transiently enters the D2
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ring or moves through the D2 ring, exiting between the D1 and D2 rings'®'. Other models
postulate that the polypeptide chain inserts only shallowly into the D1 ring (for review, see'’®).
Finally, it has been suggested that the large, nucleotide-dependent conformational changes of the
N domains are sufficient to move a polypeptide chain'®. In each of these cases, it is unclear how
a continuous pulling force could be generated, although such a force would likely be required to
extract a subunit from a tight multimeric complex or a multi-spanning protein from the ER

membrane. Clearly, experiments are needed to test whether a translocation mechanism or any of

the alternative models can explain the function of Cdc48.

Another important question concerns the mechanism by which a polyubiquitinated
substrate is released from the Cdc48 complex and passed on to downstream components, such as
the proteasome. There are at least three proposed models. In the first, a ubiquitinated substrate is
transferred by ubiquitin-binding shuttling factors to the proteasome'®®. In the second, the
substrate is completely deubiquitinated, processed by Cdc48, and then re-ubiquitinated to enable
shuttling factor and proteasome binding (for review, see®). In the third, substrate is only partially
deubiquitinated, leaving sufficient ubiquitin moieties for interaction with downstream
components. A candidate for a deubiquitinase involved in Cdc48-dependent reactions is Otul
(called YODI in mammals). Otul binds via its UBX-like domain to the N domain of Cdc48, an
interaction that stimulates its deubiquitination activity®®'®*, Expression of an enzymatically
inactive Otul mutant blocks Cdc48 function in vivo and leads to the accumulation of
polyubiquitinated proteins on the Cdc48/p97 complex. However, the precise role of Otul has yet
to be clarified. Specifically, it is unclear whether it deubiquitinates substrates before they are
processed by Cdc48 and thus acts as a negative regulator®®, or synergistically cooperates with

Cdc48.
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Here, we have elucidated the mechanism of Cdc48 from S. cerevisiae with purified
components that include Cdc4S8 itself, its UN cofactor, and model substrates bearing K48-linked
polyubiquitin chains. We demonstrate that polyubiquitinated substrate first binds to UN.
Following ATP binding to the D1 ring, Cdc48 unfolds the substrate by passing it through the
central pore, starting from the D1 side and moving it all the way through the D2 ring. This
translocation process relies on ATP hydrolysis by the D2 domain. We show that subsequent
substrate release from Cdc48 requires hydrolysis of ATP in D1 and partial trimming of the
ubiquitin chain by the deubiquitinase Otul. The remaining ubiquitin molecules follow the
substrate through the central pore and are released on the D2 side of the pore. Our results
establish a model for protein extraction and segregation that is broadly applicable to the various

Cdc48-dependent quality control systems.

2.3 Results

Generation of a purified Cdc48 substrate

Cdc48’s substrates in ERAD and other pathways commonly carry K48-linked
polyubiquitin chains. To obtain a well-defined substrate modified with a single ubiquitin chain of
this linkage, we employed a system based on the N-end rule pathway. This pathway degrades
proteins with certain N-terminal amino acids, such as arginines'®. The substrate used for our
studies is produced as a fusion protein (Figure 2.1A), consisting of an N-terminal SUMO tag, a
43 amino acid degron sequence that has been shown to be polyubiquitinated at a lysine
residue'®®, and superfolder GFP (sfGFP). The fusion protein was expressed in E. coli and
purified on the basis of an N-terminal His-tag. The SUMO tag was then cleaved off with the

SUMO-specific protease Ulpl.
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Figure 2.1: Cdc48/UN complex interacts with a polyubiquitinated substrate

(A)

(B)

Scheme for the synthesis and purification of polyubiquitinated superfolder GFP (stGFP)
a Cdc48 substrate containing an N-end degron; see text for details.
Dye-labeled sfGFP bearing the N-end degron was incubated with ubiquitination

machinery, ATP, and the indicated ubiquitin variant. Samples were analyzed by SDS-
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Figure 2.1 (Continued)

PAGE and fluorescence scanning. The unmodified substrate appears as two bands due to
incomplete denaturation in SDS.

(C)  The indicated proteins were immobilized through a SBP tag on streptavidin beads and
incubated with ubiquitinated sfGFP. Supernatants (S) and bound material (B) were
analyzed by SDS-PAGE and fluorescence scanning.

(D)  Asin (C), with Cdc48 and SBP-tagged UN used in each condition. The indicated
nucleotide was included in all steps following purification. Irrelevant lanes of the gel
have been removed for display (white spaces).

(E)  Asin (C), but with free fluorescently labeled K48-linked polyubiquitin chains instead of

polyubiquitinated sfGFP.

The cleavage product contains an N-terminal arginine, which renders it a substrate for
Ubrl, an E3 ubiquitin ligase of the N-end rule pathway'®. To facilitate detection of the substrate,
a fluorescent dye was attached to a cysteine close to the N-terminus. The labeled protein was
then incubated with a mixture of purified ubiquitin-activating enzyme (Ubal), ubiquitin-
conjugating enzyme (Ubc2), ubiquitin ligase (Ubrl; for purity of the proteins, see Figure 2.S1A),
ubiquitin, and ATP. The polyubiquitinated substrate was purified on streptavidin beads via a C-
terminal streptavidin binding peptide (SBP) tag and eluted from the resin by cleavage with 3C

protease.

The substrate contained ubiquitin chains of different lengths (Figure 2.1B; lanes 2-4).
Essentially all chains are composed of K48 linkages, as most high-molecular weight chains

failed to form when wild type ubiquitin was replaced with the ubiquitin mutant K48R (Figure
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2.1B; lane 5). Mass spectrometry suggested that the remaining modification is
monoubiquitination at several sites in the stGFP moiety (Figure 2.S1B). Analysis of tryptic
peptides derived from the polyubiquitinated substrate also suggested that K63-linked chains
occurred in only low abundance (three orders of magnitude lower than K48 linkages) and that
polyubiquitin chains were attached almost exclusively at a single lysine in the degron segment

preceding sfGFP (Figure 2.S1B).
Substrate binding to the Cdc48 complex

To test substrate binding to the Cdc48 complex, polyubiquitinated sfGFP substrate
(Ub(n)-GFP) was incubated with SBP-tagged S. cerevisiae Cdc48 ATPase, which was purified
after expression in E. coli and immobilized on streptavidin beads. The incubation was performed
in the presence or absence of the UN cofactor from S. cerevisiae, which was also expressed in E.
coli and purified as a heterodimer (Figure 2.S1A). Consistent with previous studies®, substrate
binding was only observed in the presence of the cofactor (Figure 2.1C). Substrate molecules
with chains of five or more ubiquitin moieties bound more efficiently than those with shorter
chains. The UN complex alone was capable of substrate binding, as shown by immobilizing the
cofactor on streptavidin beads through an SBP tag on Ufd1 (Figure 2.1C). The extent of substrate
binding was comparable in the presence of ATP, ATPyS, and ADP (Figure 2.1D). Similar results
were obtained when the binding of free K48-linked ubiquitin chains was tested (Figure 2.1E).
These chains were synthesized with purified Ubal, the ubiquitin-conjugating enzyme Ubc1'¥’,
and ubiquitin that was labeled with a fluorescent dye at a cysteine appended to the N-terminus.
Again, the UN complex was responsible for all interaction with the Cdc48 complex (Figure

2.1E). Taken together, these results indicate that substrate is recruited to the Cdc48 complex

through an interaction between the polyubiquitin chain and the UN cofactor.
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The effect of substrate on Cdc48 ATPase activity

To evaluate the effect of substrate binding on Cdc48 activity, we measured the rate of steady
state ATP hydrolysis. UN reduced the intrinsic ATPase rate of Cdc48 by a factor of about two
(Figure 2.2A). When saturating Ub(n)-sfGFP was added to the Cdc48/UN complex, the ATP
hydrolysis rate was stimulated approximately 5-fold. The substrate had no stimulatory effect in
the absence of the UN complex (Figure 2.2A), and no stimulation was seen with non-
ubiquitinated sfGFP (Figure 2.2B). Free K48-linked polyubiquitin chains stimulated ATP
hydrolysis to the same extent as polyubiquitinated sfGFP (Figure 2.2B). Stimulation was
dependent on the length of the ubiquitin chains, with mono- and di-ubiquitin having negligible
effects, and penta-ubiquitin producing the highest rate of hydrolysis (Figure 2.2C). K63-linked

penta-ubiquitin, by contrast, had no effect on ATP hydrolysis (Figure 2.S2A).

To test how substrate affects each of Cdc48’s two ATPase domains, we generated
mutations designed to prevent ATP hydrolysis, but not ATP binding, in either the D1 (E315A) or
D2 (E588A) domains (mutations in the Walker B motifs). A Cdc48 mutant in which D2 is the

only active ATPase (E315A) eliminated ATP hydrolysis in the absence or presence of the UN
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Figure 2.2: Ubiquitin stimulates Cdc48 ATPase activity for substrate unfolding

(A)  ATP hydrolysis rates were determined with the indicated combinations of purified
proteins and substrate (Cdc48; UN; Ub(n)-GFP). Substrate was included at 5-fold excess
over the cofactor to maximize occupancy. The rates were normalized with respect to that
of Cdc48 alone. Shown are the means and standard deviations of three experiments.

(B)  Asin (A), but also with free K48-linked polyubiquitin chains (Ub(n)), carrying up to ~15
ubiquitin moieties.

(C)  ATPase stimulation with free K48-linked ubiquitin chains of increasing length.
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Figure 2.2 (Continued)

(D)  Asin (B), but with Cdc48 Walker B mutations in D1 (E315A; green bars) or D2 (ES88A;
red bars). E315A and E588A can bind, but not hydrolyze, ATP in D1 and D2,
respectively (Walker B mutations).

(E)  Irradiated, fluorescent Eos, consisting of two polypeptide segments, was
polyubiquitinated, as described for stGFP (Figure 1A). This substrate (Ub(n)-Eos) was
incubated with an ATP-regenerating system and excess of the indicated proteins. After
addition of ATP, Eos fluorescence was followed over time.

(F)  Asin (E), but with Cdc48 and UN present in all conditions, and the nucleotide varied as
indicated.

(G)  Asin (F), but with UN and an ATP regenerating system present in all conditions. Cdc48
or its point mutants were included as indicated. K261A and K534A are defective in ATP
binding to the D1 and D2 ATPases, respectively (Walker A mutations), and E315A and
E588A can bind, but not hydrolyze, ATP in D1 and D2, respectively (Walker B

mutations).

complex (Figure 2.2D). However, the addition of both polyubiquitin and UN restored ATP
hydrolysis to about half the level seen with wild type Cdc48 alone. Thus, substrate stimulates

ATP hydrolysis in the D2 domain.

A mutant in which D1 is the only active ATPase (ES88A) had reduced baseline activity,

which was further suppressed by the addition of UN (Figure 2.2D). Interestingly, addition of
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polyubiquitin resulted in an even more pronounced decrease in ATP hydrolysis (Figure 2.2D).

Thus, substrate inhibits the ATPase activity of the D1 domain.

Similar results were obtained with more commonly used Walker B mutations, in which
E315 or E588 are replaced by Gln. The E315Q mutation in the D1 domain did not entirely
abolish ATP hydrolysis, but stimulation by the simultaneous presence of UN and polyubiquitin
was still observed (Figure 2.S2B). Likewise, the ES88Q mutation in the D2 domain resulted in a
high baseline ATP hydrolysis rate, which was suppressed by the presence of cofactor and
substrate. Thus, despite the fact that the conservative Gln mutations do not completely abolish
ATPase activity, substrate still stimulates the D2 domain and slows the D1 domain. The effect on
D2 is dominant, explaining why substrate stimulates the overall ATPase activity of the wild type

protein.

Cdc48 unfolds substrate

The stimulatory effect of substrate on ATPase activity raised the possibility that Cdc48
actively unfolds the polypeptide chain. To test this possibility, we replaced the sfGFP moiety of
the substrate (Figure 2.1A) with the monomeric fluorescent protein mEos3.2'%. This protein
undergoes a peptide backbone cleavage when irradiated with near-UV light, producing a
complex of two fragments. If Cdc48 unfolds this complex, the constituent polypeptides are
separated and fluorescence is lost; the two chains cannot re-associate, rendering any unfolding
irreversible'®. In contrast, the sfGFP substrate used initially has the ability to refold, which
counteracts unfolding by Cdc48 and therefore allows only a small decrease in fluorescence

(Figure 2.S2C).
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The Eos substrate was polyubiquitinated and subjected to gel filtration to enrich for
molecules carrying 5-10 ubiquitin moieties (Ub(n)-Eos). When incubated with Cdc48, UN, and
an ATP regenerating system, Ub(n)-Eos was indeed unfolded, as evidenced by a decrease in
fluorescence over time (Figure 2.2E). Unfolding did not occur when either Cdc48 or UN was
omitted. The reaction was dependent on ATP hydrolysis, as no decrease in fluorescence was

observed with ATPyS or ADP (Figure 2.2F).

Unfolding occurred with a Cdc48 molecule in which only the D2 ATPase is active
(Walker B mutation E315A), although the rate of unfolding was slower than with wild type
Cdc48 (Figure 2.2G). On the other hand, Cdc48 mutants in which only the D1 ATPase is active
(E588A mutation) or which cannot bind ATP in either the D1 or D2 domain (Walker A
mutations K261A or K534A) did not show any unfolding activity. The Walker B mutants E315Q
and E588Q both exhibited residual unfoldase activity (Figure 2.S2D), consistent with their
higher ATPase rates. Taken together, these data indicate that Cdc48 uses the energy of ATP
hydrolysis to unfold substrates. Unfolding requires the UN cofactor, as well as ATP binding, but

not hydrolysis, in the D1 domain, and both ATP binding and hydrolysis in the D2 domain.

Substrate passes through the central pore of Cdc48

One possible mechanism for the unfolding activity of Cdc48 is the translocation of the
substrate through the central pore; the ubiquitin chain on the substrate would be bound to the N-
domain associated UN cofactor, and the GFP moiety would be pulled through the D1 and D2
rings, from the “cis” to the “trans” side of the double ring. To test this idea, we used site-specific
photo-crosslinking. The photo-reactive amino acid p-benzoylphenylalanine (Bpa) was introduced

at several positions in the ATPase using amber codon suppression®® (Figure 2.3A). Upon UV
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irradiation, Bpa forms covalent crosslinks to targets located within a distance of ~3A from the

selected positions®’.

We first tested a position in the D1 pore loop, which is located at the cis side of the double ring,
at the entrance of the central pore (M288; Figure 2.3B). A SBP-tagged version of Cdc48 that
carries Bpa at this position was incubated with fluorescently labeled Ub(n)-sfGFP in the
presence or absence of the UN complex and various nucleotides. After irradiation, Cdc48-SBP
was recovered with streptavidin beads, which were then washed with high-salt buffer. The
remaining bound material was subjected to SDS-PAGE and analyzed with a fluorescence
scanner. Products of crosslinking between substrate and Cdc48 were only seen when the UN
complex was present and the samples were irradiated (Figure 2.3B, lanes 4-6 versus lanes 1-3,
7). The major product corresponds to one Ub(n)-sfGFP molecule crosslinked to one Cdc48
molecule. Higher molecular weight bands likely contain additional crosslinked Cdc48 molecules.
The crosslinks were most prominent in ATPyS and ADP (lanes 5, 6), but were also observed in
the presence of ATP (lane 4). These results indicate that, in the presence of UN, substrate binds
to the entrance of the D1 ring even without ATP hydrolysis. Crosslinking might be weaker in the
presence of ATP because, under these conditions, the D1 subunits are not all in the same
nucleotide state, which may result in only some pore loops being close to substrate, or because
substrate can enter the pore and might move the pore loops into an unfavorable position for

interaction.
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Figure 2.3: Substrate passes through the central pore of Cdc48
(A)  Cdc48 positions used for introduction of the Bpa crosslinker. Sections of the central pore

are highlighted in cyan, and a single Cdc48 monomer in the hexamer is shown in green.

The Cdc48 model was generated based on PDB ID 3CF1.
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Figure 2.3 (Continued)

(B)

©)
(D)
(E)

(F)

SBP-tagged Cdc48 (Cdc48-SBP) with Bpa at the M288 position (D1 pore loop) was
incubated with dye-labeled, polyubiquitinated sfGFP and the indicated combinations of
UN and nucleotide. After irradiation and pulldown with streptavidin beads, crosslinked
species were detected by SDS-PAGE and fluorescence scanning. The silver-stained band
of Cdc48-SBP serves as a loading control.

As in (B), but with Bpa at the D324 position in the interior of the central pore.

As in (B), but with Bpa at the D602 position in the D2 pore-2 loop.

As in (B), but with Bpa at an external position (D402). For comparison, crosslinking was
also performed with probes in the pore. UN and ATP were included in all conditions. It
should be noted that some non-crosslinked substrate remained associated with Cdc48. We
generally observed that in the presence of ATP, non-crosslinked material had a tendency
to stick to Cdc48 (brackets; see also Figure 3F), likely because it was present in an

unfolded conformation inside the pore.

As in (B), but with Cdc48 mutants that contain the crosslinker and Walker mutations at
the indicated positions. E315A, Walker B mutation in D1; ES88A, Walker B mutation in

D2. UN and ATP were included in all conditions.

Next, we incorporated Bpa at a position in the interior of the central pore (D324),

immediately below the D1 constriction that has been proposed to block substrate access to the

pore (Figures 2.3A, C). Crosslinks between substrate and Cdc48 were formed in the presence of

ATP, but not ATPyS or ADP (Figure 2.3C, lane 4 versus lanes 5, 6). No crosslinks were

observed in the absence of the UN complex or without irradiation (lanes 1-3, 7). These results
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show that Cdc48 uses the energy of ATP hydrolysis to move substrate molecules past the D1

opening of the pore.

Finally, we placed the photoreactive probe at the exit of the D2 ring (position D602), in
the pore-2 loop located at the trans side of the double ring (Figures 2.3A, D). The pore-2 loop is
positioned below the pore-1 loop, which contains the conserved aromatic residues responsible
for substrate movement in other AAA proteins. Crosslinks were again formed in the presence of
ATP, but not ATPyS or ADP, or when the UN complex or irradiation were omitted (Figure 3D).
As expected, no crosslinks were observed when Bpa was placed on the exterior of the hexamer
(position D402; Figures 2.3A, E). Crosslinking efficiency was higher for the M288 position
(~20%) than for the D324 and D602 positions (~5%) (Figure 2.S3), likely because only a
fraction of the substrate bound to the cis side was translocated through the pore. Taken together,
these data suggest that ATP hydrolysis allows the Cdc48 ATPase to pull the substrate all the way
from the entrance of the D1 ring (cis side), through the central pore, to the trans side of the

double-ring.

Consistent with its capacity to unfold Ub(n)-Eos, a Cdc48 mutant in which only the D2
ATPase is active (Walker B mutation E315A in the D1 ring) maintained its ability to form
substrate crosslinks to the cis side (M288), interior (D324), and trans side (D602) of the pore
(Figure 2.3F). In contrast, a mutant in which only the D1 ATPase is active (Walker B mutation
E588A in the D2 ring) eliminated crosslinking to the interior and trans side of the pore, while
maintaining crosslinking to the cis side (Figure 2.3F). Thus, ATP hydrolysis in D2 is required for
pore entry and passage, but not for the initial interaction with the D1 pore entrance. These results

confirm that the translocation and unfolding of substrates require only ATP binding, but not
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hydrolysis, in the D1 domain, whereas ATP hydrolysis in the D2 domain is obligatory for both

activities.

Substrate moves entirely through the double-ring of Cdc48

To test whether a substrate molecule moves all the way through the double-ring of the
Cdc48 ATPase, we attached a ring-shaped protease to the D2 ring; if a polypeptide chain
emerges from the D2 ring, it should be degraded. We took advantage of the fact that the bacterial
AAA protease FtsH contains tandem ATPase and protease domains, which form stacked
hexameric rings®®. The FtsH protease domain from Aquifex aeolicus, which forms a hexamer on
its own®®, was fused to the C-terminus of Cdc48, removing the last 10 residues of the flexible
native C-terminal tail but otherwise leaving the ATPase unaltered (Figure 2.4A). As with FtsH,
this hybrid construct (Cdc48-FtsH) is expected to degrade proteins that emerge from the trans
side of the ATPase ring. For these experiments, we used polyubiquitinated mEos3.2 that had not
been photo-converted, preserving an intact polypeptide. A single exposed cysteine near the C-
terminus of Eos (C195 of the native sequence) was used to label the protein with a maleimide-
conjugated dye. When this substrate was incubated with either UN or Cdc48-FtsH alone in the
presence of ATP, no degradation was seen over a period of 20 min (Figure 2.4B). Addition of a
large excess of the deubiquitinating enzyme Otul at the end of the incubation period generated
unmodified substrate, with a minority of the substrate retaining 1-3 ubiquitin moieties.
Importantly, when substrate was incubated with both UN and Cdc48-FtsH, it was degraded in a
time-dependent manner. A stable proteolytic fragment of ~13 kDa appeared over time (Figure
2.4B, arrow head), which contains Cys238, to which the fluorescent dye is attached. The
fragment likely corresponds to the C-terminus of the substrate, as shown by the identification of

a peptide by mass spectrometry (Figure 2.S4A), but the abundance of the fragment was too low

49



to unambiguously define its boundaries. A comparison of the intensity of bands after Otul

treatment indicated that this stable cleavage product accounts for approximately 60% of the total
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Figure 2.4: Substrate exits from the D2 side of the double ring ATPase

(A)  The proteolytic domain of FtsH (PDB ID 2DI4) was fused to the C-terminal tail of the

Cdc48 ATPase to produce a hybrid AAA protease (Cdc48-FtsH).
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Figure 2.4 (Continued)

(B)  Dye-labeled, polyubiquitinated Eos was incubated with an ATP regenerating system and
the indicated proteins. Aliquots were removed at the indicated time points and analyzed
by SDS-PAGE and fluorescence scanning. After the time course, a 50-fold excess of
Otul was added to remove ubiquitin chains. The red arrow head indicates a stable
fragment containing the fluorescent dye, which was generated when both Cdc48-FtsH
and UN are present. The dye is attached to C238, near the C-terminus of the 275-residue
substrate.

(C)  Asin(B), with Cdc48-FtsH and UN in all conditions, and the nucleotide varied as

indicated.

substrate signal, consistent with the efficiency of the unfolding reaction (Figure 2.2E). Mass
spectrometry analysis of the full reaction mixture without further proteolytic processing
identified peptides representative of the full substrate sequence (Figure 2.S4A). Thus, the entire
substrate polypeptide is moved through the D2 ring of Cdc48 into the FtsH ring. Consistent with
this conclusion, no substrate degradation was observed when ATP was replaced with ATPyS or
ADP (Figure 2.4C). Both substrate unfolding and positioning of the proteolytic sites at the D2
pore exit are required for this reaction, as no degradation was observed when wild type Cdc48

was incubated with the isolated FtsH protease domain (Figure 2.S4B).

Substrate release requires ubiquitin chain trimming

If substrate is pulled through the central pore from the cis to the trans side, but the
associated ubiquitin chain remains bound to the UN cofactor on the cis side, how is substrate

released from the Cdc48 complex? Indeed, we found that substrate does not spontaneously
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dissociate, as labeled substrate remained bound over a 20-minute time course even in the
presence of excess unlabeled substrate (Figure 2.S5A, compare lanes 1-4 and 5-8). These
experiments were performed in the presence of ATP, i.e. under conditions in which substrate
translocation and unfolding occur. Thus, an additional mechanism is required for substrate
release. Previous experiments have implicated the deubiquitinating (DUB) enzyme Otul in
Cdc48 function®®; indeed, addition of Otul rapidly reversed the sfGFP fluorescence loss
mediated by Cdc48 and UN, suggesting that deubiquitination liberates the substrate and allows it

to refold (Figure 2.S2C).

To further test the role of deubiquitination in substrate release, we immobilized
preformed complexes of Ub(n)-sfGFP, Cdc48, and SBP-tagged UN on streptavidin beads.
Addition of Otul resulted in the efficient release of substrate from the beads (Figure 2.5A, lanes
5-8 versus 1-4; Figure S5A, lanes 9-12 versus 1-4). Release was much slower with an Otul
mutant that lacked the Cdc48-interacting UBX-like domain (Figure 2.5A, lanes 9-12), and no
substrate dissociation was observed with a catalytically inactive Otul mutant (C120S) (Figure
2.5A, lanes 13-16).

Analysis of the supernatants from the Otul-mediated release reaction showed that only a
small percentage of the dissociating substrate molecules were completely deubiquitinated; the
majority contained short ubiquitin chains with up to about 10 ubiquitin moieties (Figure 2.5B,

lanes 8-10). Some portion of these released species probably rebind to the Cdc48 complex, as
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Figure 2.5: Substrate release from the Cdc48 complex requires deubiquitination

(A)  Complexes of Cdc48, SBP-tagged UN, and dye-labeled, polyubiquitinated stGFP were
immobilized on streptavidin beads in the presence of ATP. After washing, the indicated
Otul variants were added and samples of the bound material were analyzed at the
indicated time points by SDS-PAGE and fluorescence scanning. WT, wild type;
Otul AUBX, Otul lacking the UBX domain; Otul C120S, catalytically inactive Otul.

(B)  Asin (A), but with both bound and released material analyzed over time. Lane 1 shows
the input material before incubation with streptavidin beads, and lane 2 the fraction that
did not bind (flow-through; FT).

(C)  Asin(A), but with wild type Otul and the Walker B mutant E588Q in D2, which slowly

hydrolyzes ATP.
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Figure 2.5 (Continued)
(D)  Asin (C), but with other Walker mutations in D1 or D2. K261A, Walker A mutation in
D1; E315A, Walker B mutation in D1; K534A, Walker A mutation in D2; ES88A,

Walker B mutation in D2.

they bear chains long enough to interact with UN (lanes 5 and 6). Interestingly, a similar pattern
of oligoubiquitinated substrate molecules was retained by the Cdc48 complex when Cdc48
carried the Walker B mutation E588Q (Figure 2.5C), in contrast to the situation with wild type
Cdc48, where Otul incubation resulted in essentially complete release of all substrate molecules
(Figure 2.5B, lanes 3-6). Most of the ubiquitin chains retained by the mutant Cdc48 complex are
too short to mediate the initial interaction with the complex (Figure 2.5C; compare lanes 1 and 3-
5), suggesting that they represent pre-release intermediates. Thus, the slow ATPase rate in the
D2 ring of the E5S88Q mutant must have delayed the release of Otul-processed substrate

molecules from the Cdc48 complex.

We next tested whether Otul-mediated substrate release depends on the nucleotide bound
to the D1 and D2 domains. A mutant in the Walker A motif of the D1 domain (K261A) allowed
substrate release with similar kinetics as wild type Cdc48 (Figure 2.5D, lanes 5-8 versus 1-4). In
contrast, a mutant in the Walker B motif of the D1 domain (E315A) had markedly slowed
release kinetics (Figure 2.5D, lanes 9-12). This altered deubiquitination rate is not attributable to
impaired assembly of the Otul-Cdc48 complex, as Otul bound equivalently to wild-type Cdc48
and all Walker mutants (Figure 2.S5B). Instead, given that the D1 domain is in the ATP bound
state in the Walker B mutant and the N domains therefore adopt the "up-conformation", Otul
may not have full access to the ubiquitin chain. In the Walker A mutant, the N domain is likely

in the “down- conformation”, allowing efficient deubiquitination by Otul.
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Both ATP binding and hydrolysis in the D2 domain are required for efficient substrate
release by Otul, as mutations in the Walker A (K524A) or B (E588A) motifs resulted in slow
release kinetics (Figure 2.5D, lanes 13-16 and 17-20). These results suggest that a full cycle of
ATP hydrolysis has to occur before D1 can hydrolyze ATP and return the N domains to the

“down conformation”, in which the ubiquitin chains are accessible to Otul.

Ubiquitin molecules can pass through the central pore

The retention of one or more ubiquitin moieties on released substrate molecules raised
the possibility that not only an unmodified substrate segment, but also the oligoubiquitin chain,
can be translocated through the central pore. We therefore tested the path of free fluorescent

polyubiquitin chains through the Cdc48 ATPase with photo-crosslinking experiments.

As with Ub(n)-sfGFP, free polyubiquitin chains crosslinked to the cis side of the D1 ring
(position M288) in all nucleotide states (Figure 2.6A). Again, the interaction was dependent on
the presence of the UN complex. Crosslinking to the interior and trans positions (D324 and
D602, respectively) was observed with ATP, but not with ATPyS or ADP (Figures 2.6B and
2.6C). These results are comparable to those obtained with Ub(n)-sfGFP (Figure 2.3) and
indicate that Cdc48 can translocate at least one ubiquitin molecule, even in the absence of an
associated substrate or flexible peptide region. Interestingly, penta-ubiquitin crosslinked only
weakly to the position at the entrance of the D1 ring and not at all to positions inside the central

pore (Figure 2.6D), although it can maximally stimulate ATPase activity and must therefore be
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Figure 2.6: Ubiquitin passes through the central pore of Cdc48

(A)  SBP-tagged Cdc48 (Cdc48-SBP) with Bpa at the M288 position (D1 pore loop) was
incubated with dye-labeled free, K48-linked polyubiquitin chains and the indicated
combinations of UN and nucleotide. After irradiation and streptavidin pulldown,
crosslinked species were detected by SDS-PAGE and fluorescence scanning. The silver-
stained band of Cdc48-SBP serves as a loading control.

(B)  Asin(A), but with Bpa at the D324 position in the interior of the central pore.
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Figure 2.6 (Continued)

(C)  Asin (A), but with Bpa at the D602 position in the D2 pore-2 loop. Brackets, non-
crosslinked material.

(D)  Asin (A), but with Bpa at positions M288 or D324 and either penta-ubiquitin ((Ub(5)) or
polyubiquitin (Ub(n)). The arrowhead indicates a weak crosslink of Ub(5) to position

288. M, molecular weight markers.

able to bind to the Cdc48 complex (Figure 2.2C). Additional ubiquitin molecules in the chain

seem to be required to allow efficient insertion of a polypeptide into the central pore of Cdc48.

2.4 Discussion

Our results clarify major aspects of the molecular mechanism of the Cdc48 ATPase. They
lead to a model that can explain how Cdc48 and its mammalian ortholog p97/VCP function
together with the conserved UN cofactor to disassemble protein complexes and extract proteins
from membranes.

In the model, Cdc48 starts out with the D1 ATPases in the ADP-bound state (Figure 2.7,
stage 1). The N domains are in the “down-conformation”, co-planar with the D1 ring. When the
D1 domain binds ATP, the N domains move upwards (stage 2). The UN complex can bind to
either conformation, inhibiting the overall ATPase activity in the absence of substrate. Substrate
is initially bound to the Cdc48 complex exclusively through an interaction of the attached K48-
linked polyubiquitin chain with the UN cofactor (stage 3). Most of the UN cofactor in the cell is
probably bound to Cdc48, which is present at high concentrations, so free UN would not
compete for substrate. Substrate binding to the Cdc48 complex reduces ATPase activity in the

D1 domain, biasing it toward its ATP-bound state with the N domain in its “up-conformation”.
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The UN cofactor and D1 ring ATPases might form a composite binding surface that can locally
denature substrate without energy input, generating an unfolded polypeptide loop that can reach
into the central pore. Substrate binding also stimulates ATP hydrolysis in the D2 domain. This
activity allows pore loops in the D2 ring to move and drag the substrate polypeptide through the
central pore (stage 4). The pulling force exerted by the D2 ATPases results in the unfolding of
the substrate (stage 5). During translocation, most of the polyubiquitin moiety remains on the cis
side, bound to the UN cofactor. However, a portion of the ubiquitin chain can enter the central
pore along with the substrate (stage 5). The final step is substrate release. Once D1 has

hydrolyzed ATP, the N domains convert back to the “down-conformation”, allowing access of

BE BE

Figure 2.7: Stages of substrate processing by the Cdc48 complex. See text for details.

the polyubiquitin chain to the deubiquitinating enzyme Otul (stage 6). When the ubiquitin chain
has been shortened sufficiently, its affinity for the UN complex is reduced or lost, and the
remaining ubiquitin moieties are unfolded and pulled through the central pore (stage 7). The
ubiquitin probably refolds rapidly after translocation®®, although this needs to be tested by future
experimentation.

Our results argue against several alternative models proposed for Cdc48 function. We
show that Cdc48 is an unfoldase that pulls the polypeptide substrate through the central pore,
indicating that models of substrate segregation without unfolding are incorrect. Likewise, models

in which the substrate inserts shallowly into only the D1 or D2 side of the pore are inconsistent
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with the observed interactions along the full length of the pore. The crosslinking data also
invalidate models in which relative motions of the N domains displace substrates or substrates
interact with the exterior of the ATPase.

Our data indicate that the D1 domain only needs to hydrolyze ATP a few times, or
perhaps even just once, during the processing of a given substrate molecule, whereas the D2
domain hydrolyzes ATP many times. Consistent with this model, only D2 contains the canonical
aromatic pore loop residues implicated in substrate binding and translocation. However, the two
ATPase rings likely communicate with each other. ATP hydrolysis in D1 not only controls the
position of the N domains, but also affects D2 activity, as substrate binding at the cis side
stimulates the ATPase rate of D2. Inter-ring communication may also occur in the reverse
direction, as our substrate release data indicate that the nucleotide state of D2 influences the
activity of Otul, which is bound to the N domain. It is also likely that the ATPase subunits
influence one another within each ring when the subunits are in different nucleotide states.
Because all members of the ring are forced to be in the same state in the presence of ADP or
ATPyS, or when Walker motifs are mutated, our model is likely a simplification; in the presence
of ATP, only some of the six subunits of the D1 or D2 rings may undergo the described
nucleotide binding and hydrolysis events in a synchronous manner.

Several findings support the proposition that not only substrate but also some ubiquitin
moieties are translocated by Cdc48 and released from the D2 side of the central pore. First,
ubiquitin itself can serve as a translocation substrate, forming crosslinks to positions along the
full length of the pore. Thus, at least one ubiquitin molecule completely traverses the double-ring
ATPase. Second, a slowly hydrolyzing Cdc48 mutant retained oligoubiquitin chains, indicating

that these are slowly translocated through the ATPase and released with delay. Third, fully
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released substrates are primarily oligoubiquitinated, rather than fully deubiquitinated. The last
two points suggest that not only a single ubiquitin molecule, but also a short ubiquitin chain can
be translocated through the central pore. We attempted to confirm ubiquitin translocation by
incubating Ubn-Eos with Cdc48-FtsH but were unable to reproducibly detect ATP-dependent
peptides by mass spectrometry, perhaps because FtsH does not efficiently cleave ubiquitin. It
should be noted that the proteasome can also translocate ubiquitin under a variety of
circumstances®*.

A translocation mechanism for Cdc48/p97 had previously been dismissed because the
ATPase has a narrow central pore relative to other double-ring AAA ATPases of known

structure, and its D1 pore is even occluded by a Zn>" ion in a crystal structure'®’

. However, our
data now suggest that at least two polypeptide strands can be accommodated, as the ubiquitin
attachment site on the substrate is likely moved into the pore. Our results thus imply that the pore
diameter widens during translocation, although this has yet to be confirmed experimentally. A
hairpin structure inside the central pore has been demonstrated for other AAA ATPases, and
there is even evidence that three strands can be present®*®. This mechanism differs from that of
NSF, where the SNARE substrate is not translocated through the central pore, although the D1
ring has canonical pore residues'®’, and a single ATPase cycle disassembles the SNARE
complex®”’.

In our model, Cdc48 activity is coupled with substrate deubiquitination. Indeed, free
Otul has much lower deubiquitination activity than Otul bound to the Cdc48 complex®. This
stimulation is in part due to the UN cofactor, which may present bound K48-linked ubiquitin

molecules to Otul in an appropriate conformation. In addition, our data suggest that

deubiquitination is delayed until the substrate is at least partially translocated. The slow
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deubiquitination and substrate release exhibited by the D1 Walker B mutant indicate that Otul
may not have full access to the UN-associated ubiquitin chain while the D1 domains are in the
ATP-bound state and the N domains in the “up-conformation”. Movement of the N domain to
the “down-conformation” by ATP hydrolysis in D1 would relieve this inhibition and permit full
deubiquitination. Efficient deubiquitination also requires ATP binding and hydrolysis in D2,
ensuring that substrate translocation commences before Otul can act. Furthermore, the
repression of D1 ATP hydrolysis by substrate gives the D2 ring a chance to translocate a
substantial portion of the polypeptide before deubiquitination occurs. Taken together, these
mechanisms allow substrate binding, translocation, and release to occur in a defined order. Our
results show that Otul cooperates with Cdc48 and argue against an earlier model in which Otul
antagonizes Cdc48 function by preventing substrate recognition®.

The overall mechanism of the Cdc48 complex resembles that of the 19S regulatory
subunit of the proteasome, which also uses receptor proteins to bind polyubiquitin chains
attached to a substrate and employs a translocation mechanism (for review, see®®). As with
Cdc48, full substrate movement through the central pore requires deubiquitination, a reaction
performed by Rpnl1 of the 19S subunit. In contrast to Otul, which cleaves between ubiquitin
moieties and does not fully remove a substrate-associated ubiquitin chain, Rpnl1 cleaves off the
entire chain. However, in both cases, deubiquitination cooperates with, rather than antagonizes,
substrate processing by the ATPase complex. This is distinct from the function of other DUBsS,
such as the Ubp6 component of the 19S subunit, which serve as negative regulators.

In many cellular functions, such as ERAD, Cdc48 acts upstream of the proteasome.
Cdc48 may be required in cases where a substrate does not have a flexible segment, which is

needed to initiate translocation into the 19S proteasomal subunit®. Indeed, in our experiments,
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the Cdc48 complex can translocate a polyubiquitin chain, which does not expose extended
flexible segments. The exact reason why Cdc48, but not the proteasome, can deal with folded
substrates remains to be clarified. The mechanism of substrate transfer from Cdc48 to the
proteasome also needs further investigation. Most of the ubiquitin chains released by Cdc48
would be long enough to bind directly, or through the shuttling factors Rad23 or Dsk2, to the

proteasome °'?%°

, and chains that are too short could first be extended by the Cdc48-associated
“E4 ligase” Ufd2'%. Alternatively, some substrates may be transferred from Cdc48 into the 20S
proteasome without the involvement of the 19S subunit'®®'®°. Regardless of the downstream
events, our results show that Cdc48 pulls on substrate polypeptides and unfolds them, explaining
how the ATPase complex disassembles protein complexes and extracts proteins from
membranes.
2.5 Methods
Experimental models
Recombinant proteins, with the exception of Ubal and Ubrl, were expressed in Escherichia coli
BL21 (DE3) or BL21 (DE3) RIPL cells grown in Terrific Broth. Ubal was expressed in
Saccharomyces cerevisiae INVScl, and Ubrl was expressed in Saccharomyces cerevisiae
BY4741; both strains were grown in YPD medium.
Purification of proteins

Ubal was purified as described®. Ubrl was expressed in S. cerevisiae from the plasmid
pFlagUBR1SBX, a gift from Alexander Varshavsky. The protein was purified by FLAG affinity
chromatography from the yeast strain BY4741 according to a previously established protocol *'°.

Cdc48, Otul, and Ufd1/Npl4 were purified as described *. Point mutants, truncated

constructs, SBP-tagged variants, and the Cdc48-FtsH chimera were purified by the procedures
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for their parent constructs, with the exception of constructs incorporating Bpa (see below).

Ubcl, Ubc2, sftGFP, mEos3.2, the FtsH proteolytic domain (residues 406-634 of the
Agquifex aeolicus sequence) and Cys-ubiquitin (S. cerevisiae ubiquitin with a cysteine introduced
at position 1) were expressed in E. coli BL21 DE3 RIPL cells with N-terminal His14-SUMO
fusion tags >''. Cells were grown in Terrific Broth to an OD600 of 1. Protein expression was
induced by the addition of 0.5 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) for 16 hrs at
18°C. Cells were harvested by centrifugation at 4,000 x g for 10 min and resuspended in lysis
buffer (50 mM Tris pH 8, 200 mM NaCl, 30 mM imidazole). Phenylmethylsulfonyl fluoride
(PMSF; 1 mM), a protease inhibitor cocktail, and DNase I (5 pg/mL) were added, and cells were
lysed by sonication. Lysates were cleared by ultracentrifugation in a Ti45 rotor (Beckman) at
40,000 rpm for 30 min at 4°C. Supernatants were incubated with Ni-NTA resin for 90 min at
4°C. The resin was washed three times with 20 column volumes of buffer (50 mM Tris pH 8, 200
mM NacCl, 30 mM imidazole). Proteins were eluted twice with 10 mL elution buffer (50 mM
Tris pH 8, 100 mM NaCl, 400 mM imidazole), and the eluates were combined and supplemented
with 1 mM tris(2-carboxyethyl)phosphine (TCEP). His14-SUMO tags were removed by
incubation with 2 uM Ulp1 (SUMO protease) for 2 hrs at 4°C. Ubc1, Ubc2, sfGFP, and the FtsH
protease were dialyzed against 50 mM Tris pH 8, 100 mM NaCl, and mEos3.2 was dialyzed
against 50 mM HEPES pH 7, 50 mM NaCl. Proteins were loaded onto ion exchange columns
(MonoQ 10/100 GL for Ubc1, Ubc2, sfGFP, and the FtsH protease; MonoS 10/100 GL for
mEo0s3.2) equilibrated in the respective dialysis buffers, and eluted by linear gradients to 500
mM NaCl over 10 column volumes. Peak fractions were pooled, concentrated to 2 mg/mL or
greater, snap frozen in liquid nitrogen, and stored at -80°C.

Cdc48 constructs for crosslinking experiments were expressed in E. coli BL21 DE3 cells
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harboring the plasmid pEVOL-pBpF, a gift from Peter Schultz (Addgene plasmid #31190) *'%.
Cells were grown in terrific broth without glycerol to an OD of 0.5. For induction, arabinose
(0.02%), IPTG (0.1 mM), and p-benzoylphenylalanine (Bpa; 1 mM) were added and expression
was carried out for 16 hrs at 18°C. Cell harvesting, lysis, and Ni-NTA purification was
performed as described above, with 5 mM MgCl, included in buffers throughout. After Ulpl
cleavage, proteins were diluted to an imidazole concentration of <200 mM and applied to Ultra
HBC streptavidin agarose resin (Gold Bio) for 2 hrs at 4°C. The resin was washed 3 times with
20 column volumes of buffer S (50 mM HEPES pH 7.5, 200 mM NaCl, 5 mM MgCI2). Proteins
were eluted with 5 column volumes of buffer S containing 5 mM biotin, then dialyzed overnight
(to remove biotin) against buffer S containing 0.5 mM TCEP. The protein solutions were
supplemented with 10% glycerol, concentrated to 2 mg/mL or greater, snap frozen in liquid
nitrogen, and stored at -80°C.

S. cerevisiae ubiquitin and H. sapiens ubiquitin chains of defined lengths were purchased
from Boston Biochem.

The sequence inserted at the N terminus of sfGFP or mEos3.2 to facilitate ubiquitination
by the N-end rule enzymes is as follows (note that the N-terminal arginine is exposed after
SUMO cleavage): RHGSG(C/S) GAWLLPVSLVKRKTTLAPNTQTASPPSYRALADSLMQ.
For labeling of Eos, which already contains an exposed cysteine, Cys6 was changed to Ser to
avoid dual labeling.

Labeling with fluorescent dyes

Prior to labeling, stGFP, Eos, Cys-ubiquitin, and penta-ubiquitin chains were exchanged

into buffer free of reducing agents (50 mM HEPES pH 7.5, 150 mM NaCl) by dialysis or PD-10

desalting columns. Proteins were incubated with a 5:1 molar excess of DyLight 800 maleimide,
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DyLight 680 maleimide, or Dylight 680 NHS ester for 1 hr at room temperature. Reactions were
quenched by addition of 1 mM DTT (for maleimides) or 100 mM Tris (for NHS esters). Samples
were then dialyzed or treated with dye-removal columns (Thermo Scientific).
Photoconversion of mEos3.2

The Eos protein (2 mg/mL) was placed in a 1.5 mL Eppendorf tube in an ice bath. A long-
wave UV lamp (Blak-Ray) was positioned 5 cm from the tube, and the sample was irradiated for
2 hrs, with occasional mixing. Any precipitated protein was removed by filtration.
Ubiquitination of substrates

Ubiquitination of sfGFP or mEos3.2 was carried out as follows. Substrates (500 nM) were
incubated with S. cerevisiae ubiquitin (100 uM), Ubal (100 nM), Ubc2 (12 uM), Ubr1 (300
nM), and ATP (5 mM) for 60 to 90 min at 30°C in ubiquitination buffer (50 mM HEPES pH 7.5,
150 mM NacCl, 10 mM MgCl,). Reaction mixtures were applied to Ultra HBC streptavidin
agarose beads for 30 min at room temperature. The resin was washed 3 times with 20 column
volumes of ubiquitination buffer, then resuspended in 5 column volumes of ubiquitination buffer
containing 1 mM TCEP. Substrates were cleaved from the resin by incubation with 2 uM 3C
protease for 2 hrs at room temperature. Substrates used for binding and release experiments,
ATPase stimulation assays, and crosslinking were collected and snap frozen at this point.

Substrates used for unfolding and degradation experiments were concentrated after 3C
protease cleavage to < 500 puL and applied to a gel filtration column (S200 10/300 GL) in
ubiquitination buffer. Fractions were collected, analyzed by SDS-PAGE, supplemented with
50% glycerol, and stored at -20°C.
Synthesis of free polyubiquitin chains

Yeast ubiquitin (200 uM) was incubated with Ubal (100 nM), Ubc1 (5 uM), and ATP (5
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mM) for 2 hrs at 30°C in ubiquitination buffer. To generate fluorescently labeled chains, DyLight
680-conjugated Cys-ubiquitin was included at 5 uM. ATP was removed by dialysis into
nucleotide-free ubiquitination buffer, and chains were snap frozen and stored at -80°C.

Binding and release assays

SBP-tagged Cdc48 or UN (200 nM) was applied to 10 pL. magnetic streptavidin beads
(Pierce) in a total of 250 puL buffer B (50 mM HEPES pH 7.5, 150 mM NaCl, 5 mM MgCl,, 0.5
mM TCEP, 0.5 mg/mL protease-free BSA, 2 mM nucleotide [ATP, ATPyS, or ADP]). When
applicable, untagged Cdc48, UN, or Otul was included at 500 nM. Binding was carried out for
30 min at room temperature, followed by three washes and resuspension in 250 pL buffer B.
Polyubiquitinated substrate or polyubiquitin chains (200 nM) were added and the binding
reaction continued for another 30 min. Supernatants were recovered, and beads were again
washed 3 times and eluted with BSA-free buffer B containing 5 mM biotin.

For Otul release assays, after the second set of washes, the beads with bound Cdc48, UN,
and substrate were resuspended in 250 puL buffer B with ATP. Otul or its variants were added at
400 nM at time 0, and 50 pL of the reaction mix, including beads, was removed for each time
point. Supernatants were recovered from the 50 pL samples, and beads were washed 3 times and
eluted with buffer B containing 5 mM biotin. Supernatants and eluates were subjected to SDS-
PAGE and scanned on an Odyssey imager (LI-COR).

The competition experiment with unlabeled substrate was performed as described for the
Otul release assays, except that instead of Otul, unlabeled substrate amounting to a 5-fold
excess (1 uM) over the original fluorescently labeled input was added.

ATPase assays

ATPase rates were measured using an absorbance-based phosphate release assay
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(EnzChek, Thermo Fisher). Assays were performed at 30°C in ATPase buffer (50 mM HEPES
pH 7.5, 50 mM NaCl, 10 mM MgCl,, 0.5 mM TCEP, 0.1 mg/mL protease-free BSA). As
appropriate, reaction components included Cdc48 or its mutants (150 nM), Ufd/Npl4 (500 nM),
and substrates, ubiquitin, or polyubiquitin (2.5 uM; the concentration of mixed polyubiquitin
chains was calculated on the basis of an average chain length of 12). Proteins were pre-incubated
for 10 min prior to the addition of 2 mM ATP. Absorbance (360 nm) was measured at 20 sec
intervals in an M5 plate reader (Spectramax). The slope of the initial, linear portion of the curve
was used to calculate the rate, and rates were normalized to that of wild type Cdc48. ATPase
rates are reported as the average of three replicates, and error bars show one standard deviation.
Unfolding assays

Unfolding experiments were performed at 30°C in reaction buffer (50 mM HEPES pH 7.5,
130 mM KCl, 10 mM MgCl,, 0.5 mM TCEP, 0.5 mg/mL protease-free BSA). As appropriate,
reaction components included Cdc48 or its mutants (200 nM), Ufd/Npl4 (500 nM), and
polyubiquitinated mEos3.2 or sftGFP (50 nM). Proteins were pre-incubated for 10 min prior to
the addition of an ATP regeneration system (2 mM ATP, 20 mM phosphocreatine, 100 pg/mL
creatine kinase), ATPyS (2 mM), or ADP (2 mM). Fluorescence (excitation: 485 nm for GFP,
540 nm for Eos; emission: 516 nm for GFP, 580 nm for Eos) was measured at 30 sec intervals in
an M5 plate reader (Spectramax) for 30 min. Fluorescence values were corrected by subtracting
the measured fluorescence of polyubiquitinated mEo0s3.2 or sfGFP denatured in 6M guanidine-
HCL
Homology modeling

A structural model of yeast Cdc48 was calculated based on the p97 crystal structure (PDB:

3CF1) using the program SWISS-MODEL *"°. The structure was displayed using PyMol
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(Schrodinger, LLC).
Crosslinking assays

Crosslinking was performed in reaction buffer (50 mM HEPES pH 7.5, 130 mM KCI, 10
mM MgCl,, 0.5 mM TCEP, 0.5 mg/mL protease-free BSA). As appropriate, reaction
components included Cdc48 or its mutants (200 nM), Ufd1/Npl4 (500 nM), and dye-labeled
polyubiquitinated sfGFP or free polyubiquitin (I uM). An ATP regeneration system (2 mM
ATP, 20 mM phosphocreatine, 100 ug/mL creatine kinase), ATPyS (2 mM), or ADP (2 mM)
were added. Reactions were assembled on ice, incubated at 30°C for 10 min, and transferred to
individual wells of a black polystyrene plate. A long-wave UV lamp (Blak-Ray) was positioned
5 cm from the plate, and the samples were irradiated for 30 min. To prevent overheating, an ice-
cold metal block was placed in contact with the bottom of the plate.

After irradiation, samples were diluted 10-fold in dissociation buffer (50 mM Tris pH 8,
800 mM KCl, 1% (v/v) Triton X-100, 1 mM EDTA, 0.5 mM TCEP) and incubated at room
temperature for 5 min. Samples were then applied to 5 pL. magnetic streptavidin beads (Pierce)
equilibrated in dissociation buffer for 30 min at room temperature. Beads were washed three
times, then eluted in 50 mM HEPES pH 7.5, 100 mM NacCl, 5 mM biotin. The eluted material
was subjected to SDS-PAGE and the gel scanned on an Odyssey imager (LI-COR). For the
experiment in Figure 2.S3, the dissociation and pulldown steps were omitted, and only 200 nM
substrate was used.
Degradation assays

Experiments were performed in reaction buffer plus zinc (50 mM HEPES pH 7.5, 130 mM
KCl, 10 mM MgCl,, 0.5 mM TCEP, 0.5 mg/mL protease-free BSA, 200 nM ZnCl,). As

appropriate, reaction components included the Cdc48-FtsH chimera (200 nM) or a mixture of
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wild-type Cdc48 and the free FtsH protease domain (200 nM each), Ufd1/Npl4 (500 nM), and
polyubiquitinated, dye-labeled Eos (50 nM) that had not been photoconverted. An ATP
regeneration system (2 mM ATP, 20 mM phosphocreatine, 100 pg/mL creatine kinase), ATPyS
(2 mM), or ADP (2 mM) were added. Reactions were assembled on ice, incubated for 10 min,
then transferred to 30°C. Aliquots were removed at appropriate time points, followed by addition
of Otul (2.5 uM) and further incubation for 20 min, after which the final aliquot was removed.
Samples were subjected to SDS-PAGE and scanned on an Odyssey imager (LI-COR). For mass
spectrometry analysis, the deubiquitination step was omitted. Instead, reactions were quenched
after 20 min by the addition of 50 mM EDTA and submitted for peptide identification without
further processing.
Quantification and statistical analysis

Bar graphs shown in Figure 2.2 and Figure 2.S2 display mean + standard deviation of three
experiments.
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Chapter 3: Structure of the Cdc48 ATPase with its ubiquitin-binding cofactor Ufd1/Npl4

Attributions: I was responsible for purifying the proteins used in this study, growing crystals,
collecting X-ray diffraction data, solving the crystal structure, and performing biochemical and
yeast experiments. Hyojin Kim, a postdoctoral fellow in the laboratory of Tom Walz, was
responsible for cryo-EM data collection and processing and for producing the cryo-EM
structures. Vladimir Svetlov, a scientist in the laboratory of Evgeny Nudler, collected
crosslinking mass spectrometry data, and Thomas Wales, a scientist in the laboratory of John
Engen, collected hydrogen-deuterium exchange mass spectrometry data. Zhejian Ji, a
postdoctoral fellow in the Rapoport lab, collected data relating to the Cdc48 triphenylalanine
mutants.

This chapter is in preparation for submission as:

Structure of the Cdc48 ATPase with its ubiquitin-binding cofactor Ufd1/Npl4
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3.1 Abstract

Many poly-ubiquitinated proteins cannot be directly degraded by the proteasome because they are

well folded or located in membranes, chromatin, or multimeric complexes. These proteins are

generally extracted from such assemblies and unfolded by an ATPase, called Cdc48 in yeast and

p97 or VCP in mammals, before being transferred to the proteasome®'*. Cdc48/p97 contains two

stacked hexameric ATPase rings (D1 and D2) and an N-terminal (N) domain that sits next to or

above the D1 ring®. Cdc48/p97 binds various cofactors, including a heterodimer of Ufd1 and Npl4

(UN complex), which engages the ATPase in many cellular processes’’. Npl4 is a target of the
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potential cancer drug disulfiram®'®. Here, we report cryo-electron microscopy (cryo-EM) and
crystal structures that clarify the interaction of the UN cofactor with the Cdc48 ATPase. Several
major contacts are mediated by Npl4, which interacts through its UBX-like domain with one of
the N domains of Cdc48, and through two Zn**-finger domains with the top of the D1 ATPase
ring. The Zn*'-fingers anchor the MPN domain of Npl4 above the central pore of the ATPase ring,
similarly to how the MPN domain of the de-ubiquitinase Rpn11 sits in the regulatory 19S subunit

of the proteasome®'®

. Our results indicate that Npl4 is unique among the Cdc48/p97 cofactors, and
suggest a mechanism for how poly-ubiquitinated substrates are bound to and moved into the
ATPase ring.
3.2 Results and discussion

Npl4 is an essential and conserved cofactor of Cdc48/p97". It contains an N-terminal
UBX-like domain and is predicted to have Zn**-finger (zf-Npl4) and MPN domains (Figure 1A).
MPN domains are found in several Zn*'-dependent isopeptidases, including AMSH/AMSH-LP,
the COP9 signalosome subunit CSN5, and the proteasomal de-ubiquitinase (DUB) Rpn112'2'?,
In many cellular functions, including ER-associated protein degradation (ERAD), Npl4
associates with Ufd1, a protein with a ubiquitin-binding UT3 domain that shares structural
homology with the N domain of Cdc48 (Figure 3.1a)°*°. Ufd1 interacts with Npl4 through its
UT6 domain, a short segment predicted to be unstructured®’. Alternatively, Cdc48 and Npl4 can
interact with Vms1, which then recruits the ATPase complex to mitochondria'®*.

All known cofactors of Cdc48 bind to either the N domain or the unstructured C-terminal
tail®®. Ufd1 and Npl4 bind to the N domain through two short SHP motifs and the UBX-like

domain, respectively (Figure 3.1a)”. These interactions do not explain how a substrate would

enter the central pore of the ATPase, raising the possibility that Ufd1 and Npl4 have additional

71



39 203 225 478 498 783
Cdc48 -NE— D1 —{ D2 J—s19

23 209 222
Ufd1 o uts__ J{l] ute J]sss

SHP  sHP

1 88 136 ______279 __________. 498 ___ 595

Npl4 @BXE—__z-Npl4 | MPN [ CTD }—659
129 - 602

Figure 3.1: Structure of the Cdc48/UN complex with ATPyS. a, Domain organization of
Cdc48 and its co-factors, Ufd1 and Npl4. The Npl4 region indicated with a red dashed box was

crystallized. b, Cryo-EM density map of the Cdc48/UN complex, colored as in a. The N domains
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Figure 3.1 (Continued)
were masked out in the final refinement step. ¢, The N domains of Cdc48 (dark red) from a map
refined without a mask are shown relative to the map obtained with masking. The contiguous

extra density next to one of the N domains (blue) is assigned to the UBX-like domain of Npl4.

binding sites on Cdc48/p97. Previous EM reconstructions of the ATPase complex showed
electron density for the UN cofactor near the N domains, but the resolution was insufficient to
derive molecular models®#%%°,

We first determined cryo-EM structures of Cdc48 alone. To this end, Cdc48 from the
thermophilic fungus Chaetomium thermophilum was expressed in E. coli and purified as a
hexamer (Figure 3.S1a,b). Structures of Cdc48 were determined in the presence of ADP or
ATPyS. After 3D classification and refinement, structures at 7.2 A and 8.2 A overall resolution
were obtained (Figure 3.S2, 3.S3, 3.6, 3.S7). As reported for mammalian p97°°, both structures
showed stacked D1 and D2 ATPase rings with the N domain in the down-conformation in the
ADP-bound state, and in the up-conformation in the ATPyS-bound state (Figure 3.S2, 3.S3).
ATP binding to the D1 ring likely triggers this conformational switch'®. It should be noted that
in these structures all subunits of the ATPase were forced into the same nucleotide state, whereas
during ATP hydrolysis, some N domains may be in the up- and others in the down-
conformation.

Next, we purified a complex of Cdc48 and UN. The UN complex from Chaetomium

thermophilum was again expressed in E. coli and had the expected 1:1 stoichiometry after

purification (Figure 3.S1c). A complex of hexameric Cdc48 and UN (Figure 3.S1d) was
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subjected to single-particle cryo-EM analysis in the presence of ADP or ATPYS (Figure 3.S4-7).
The refined structures had overall resolutions of 6.7 A and 4.3 A, respectively. The presence of
the cofactor had only a small effect on the structure of the ATPase rings (Figure 3.S4-7).
However, even in the ADP-bound state, a sizable population of the Cdc48 molecules had their N
domain in the up-conformation, although the percentage was lower than in ATPyS (58% versus
93%). Thus, ATP and cofactor binding act synergistically to move the N domains into the up-
conformation, a state likely required for initiation of substrate processing®*.

The most obvious density contributed by the cofactor complex is a central tower that lies
directly above the central pore (Figure 3.1b). In addition, some cryo-EM classes show density
close to one of the N domains, which can be attributed to the UBX-like domain of Npl4; this
domain is known to bind to this side of the N domain of Cdc48'® (Figure 3.1c). Deletion of the
UBX-like domain abolishes binding of Npl4 to Cdc48", indicating that the cofactor domains
constituting the tower density interact only weakly with the ATPase. The central location of the
tower excludes the binding of a second cofactor molecule, explaining why one Cdc48 hexamer
binds only one UN heterodimer. Although the tower occupies a large fraction of the space
immediately above the D1 ring, the central pore remains unobstructed (Figure 3.1b), thus
allowing substrate to move into it.

Although the density map of the Cdc48/cofactor complex permitted the visualization of
helices, the resolution was insufficient to build a molecular model for the cofactor. We therefore
first identified cofactor regions that are in close proximity to the D1 ATPase ring. The
Cdc48/UN complex was treated with a bifunctional lysine crosslinker, the sample was digested
with protease, and crosslinked peptides were identified by mass spectrometry. The data showed

that the N terminus of Ufd] interacts promiscuously with multiple locations in the ATPase and
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Npl4 (Figure 3.S8a-b), suggesting that the succeeding UT3 domain is flexible. On the other
hand, several lysines in the zf-Npl4 and MPN domains of Npl4 crosslinked specifically to
residues on the surface of the D1 ATPase ring (Figure 3.S8a-b). Thus, these domains were the
best candidates to form the central tower.

Using limited proteolysis, we found that the zf-Npl4 and MPN domains form a stable
fragment (Figure 3.S8c¢). A crystal structure of this construct was determined using the central
tower density of the cryo-EM map as a molecular replacement model (data collection and
refinement statistics in Table 3.S1). The crystal structure indeed fits well into the cryo-EM map
(Figure 3.2a-b), indicating that the Npl4 domains undergo only small changes
upon Cdc48 binding. The bottom of the tower is formed by the zf-Npl4 domain, the central
portion by the MPN domain, and the top portion by a C-terminal domain (CTD) of five a-helices
(Figure 3.2a,b). A small region of density remained unexplained and likely corresponds to a
segment of UT6 in Ufd1 (Figure 3.2a). Indeed, hydrogen/deuterium (H/D) exchange experiments
showed that several Npl4 peptides in this region were protected when Ufd1 was present (Figure
3.S8d). The Npl4-interacting region of UT6 is likely located between the two SHP motifs that
anchor Ufdl to the N domains of Cdc48”®. The UT3 domain of Ufd1 is not visible in the density
map, confirming that it is flexible. Interestingly, a domain with the same fold is also flexible in
the Pex1/Pex6 ATPase®®, suggesting that these domains might only be fixed when they bind

ubiquitinated substrate.
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Figure 3.2: Interactions between Cdc48 and its cofactor. a, A crystal structure of Npl4 (light

blue) and a homology model of Cdc48 (D1 in pink; D2 in yellow) were docked into the cryo-EM
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Figure 3.2 (Continued)

map. Unassigned density (orange) likely belongs to parts of the UT6 domain of Ufd1. b, Close-
up view of the Npl4 crystal structure docked into the cryo-EM map. The MPN domain is shown
in yellow and D1-interacting regions extending from it are highlighted: the two Zn**-fingers (ZF;
red), an N-terminal bundle (NTB; light green), and the ‘B-strand finger’ (blue). ¢, Top view of
D1-interacting regions, colored as in b, with the D1 ring shown as a white/gray surface. For
clarity, D2 was omitted. ATPase subunits of the Cdc48 hexamer are numbered. d, Close-up
views of the Zn>'-finger, with Zn>*-coordinating residues in stick representation. The interacting
tri-phenylalanine (FFF) sequence in Cdc48 is highlighted. e, Unfolding of poly-ubiquitinated Eos
by wildtype S. cerevisiae Cdc48 and the indicated UN variants. ZF1: H139A/C145A. ZF2:
H208A/C216A. ZF1/2: H139A/C145A/H208A/C216A. Data are shown as mean + SD of n=3

technical replicates. f, As in e, but with FFF variants of Cdc48 and n=4 technical replicates.

The MPN domain is anchored to the top of the D1 ATPase rings via the preceding Zn*'-
finger domains, which are both of the CHCC type, i.e. use His and Cys for coordination of the
Zn”" ion (Figure 3.2b-d). The Zn*"-fingers form two “stalks” that project into grooves between
the D1 ATPase subunits (Figure 3.2b,c). When numbered from the position of the N-terminal
Zn*"-finger, the interacting grooves are between ATPase subunits 1 and 2 and between subunits
3 and 4 (Figure 3.2¢). A third “stalk” is formed by segments preceding the first Zn>*-finger and
residues located between the Zn*-fingers. This domain makes only a few contacts with the
surface of ATPase subunit 3 and is less conserved than the Zn>*-fingers. Finally, a fourth “stalk”

is formed by two f-strands with a loop at their tip. This loop projects over the axial pore and
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faces ATPase subunit 6 (Figure 3.2c), but it makes no clear contact with the D1 ring. At the tip
of the “B-strand finger” is a highly conserved tyrosine residue.

To test the functional role of the Zn2+-ﬁngers, we used S. cerevisiae Cdc48, Npl4, and
Ufdl1 in an in vitro unfolding assay. A fusion between a short degron sequence and the
fluorescent protein mEos3.2 was poly-ubiquitinated and incubated with the ATPase complex; the
loss of fluorescence is an indication of Eos unfolding®*. The results show that mutation of the
central His and Cys residues in either of the individual Zn>*-finger domains had little effect on
unfolding, but a defect was seen when both domains were mutated together (Figure 3.2¢).
Similarly, mutants in individual Zn**-fingers could rescue the temperature-sensitive growth
phenotype of an npl4-1 yeast strain, but a mutant in both Zn*"-fingers could not (Figure 3.S10a).
We also tested mutations in the Cdc48 ATPase in the unfolding assay. Both Zn**-finger domains
are in close proximity to a conserved tri-phenylalanine (FFF) sequence in the D1 domain.
Indeed, mutation of the first or third Phe reduced the unfolding activity of Cdc48 without
affecting hexamer formation (Figure 3.2f; Figure 3.S9). Mutation of the central Phe in the FFF
motif abolished unfolding completely, but also reduced hexamerization, consistent with the fact
that it faces a hydrophobic pocket in the ATPase domain. The importance of the Zn*-fingers of
Npl4 is supported by a recent report in which these domains were identified as a target of the
drug disulfiram #'°. The role of the “B -strand finger” of Npl4 remains unclear, as its mutation or
deletion did not alter unfoldase activity in vitro or affect the ability to complement a
temperature-sensitive npl4 mutant (Figure 3.S10b-c). It remains possible that a subclass of
Cdc48 substrates is dependent on the B-strand finger.

Like other members of this family, the MPN domain consists of a core MPN fold with

two inserts (insert-1 and -2) (Figure 3.3a). Npl4 is enzymatically inactive, as it lacks the Zn**-
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binding motif in the core, which is essential for the de-ubiquitination activity of other MPN

domains??®

. However, the position of Npl4’s MPN domain above the D1 ATPase ring (Figure
3.2a-c) is similar to that of MPN domains in the 19S regulatory subunit of the proteasome and
the COP9 signalosome, where an enzymatically active MPN domain (Rpnl1 or CSNY) is located
over a ring of six homologous subunits®'®??”. These MPN domains dimerize with enzymatically
inactive MPN domains (Rpn8 or CSN6, respectively), whereas Npl4’s MPN domain is a

monomer, with its C-terminal helical domain occupying the dimerization site in the other MPNs

(Figure 3.3b).

Figure 3.3: MPN domain of Npl4. a, Crystal structure of the MPN/CTD domains of Npl4. The

core MPN region is in tan, the insert-1 (Ins-1) region in magenta, the insert-2 (Ins-2) region in
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Figure 3.3 (Continued)

purple, and the CTD in orange. The dashed line indicates a 9-residue acidic loop unresolved in
the crystal structure. b, As in a, but with the Rpn11/Rpn8 structure overlaid (PDB: 5U4P).
Rpnl1 is in green and Rpn8 in gray. ¢, As in a,, with the Rpn11 MPN and its associated
ubiquitin overlaid (PDB: 5U4P). The conserved Tyr at the tip of Ins-2 is shown in stick
representation in red. H2: MPN helix 2. d, As in ¢, but in the context of the Cdc48/Npl4

structure. The D1 ATPases are shown in pink.

The MPN domains of Rpnl1 and AMSH-LP accommodate the C-terminal tail of
ubiquitin in a cleft between insert-1 and helix 2, positioning ubiquitin’s C-terminus next to the
active site (shown for Rpnl1 in Figure 3.3¢)**%*°, Insert-1 of Npl4 closely resembles the
structure assumed by the corresponding region of Rpnl1 in the presence of ubiquitin (Figure
3.3c¢), but it adopts this conformation even in the absence of ubiquitin, as observed for AMSH
and several other MPN family members®®’. Given the similarity with Rpn11 and AMSH, it is
likely that the cleft in Npl4’s MPN domain also accommodates the C-terminal tail of a ubiquitin
molecule, but in our structure the groove is covered by a segment of UT6 of Ufd1, suggesting
that the UT6/MPN interaction is broken to allow ubiquitin binding.

The clefts of MPN domains seem to have generally only weak affinity for ubiquitin, as
mutation of only one residue of Rpn11 affected ubiquitin binding®', and mutation of residues
near the cleft of Npl4 have no effect (Figure 3.S10). However, we found that the helical CTD
following the MPN domain of Npl4 is required for interaction with ubiquitin, as a construct

lacking the CTD was inactive (Figure 3.S10d,e). Thus, the poly-ubiquitin chain of a substrate is
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recognized both by the UT3 domain of Ufd1 and by Npl4, perhaps at the interface between the
MPN and CTD regions (Figure 3.4). As in the case of Rpn11'°, several ubiquitin receptors are
required to mediate the interaction with the MPN domain.

Although the MPN domains of Rpnl11 and Npl4 both position the polypeptide substrate
for entry into the ATPase ring, the putative ubiquitin binding groove and central pore are at an
approximately right angle in Cdc48/Npl4 (Figure 3.3d), whereas they are aligned in the
proteasome®. Furthermore, the catalytic site of Rpnl1 is located immediately above the central
ATPase pore, whereas in the Cdc48/UN complex, there is a ~40 A gap between the putative C-
terminus of ubiquitin and the pore (Figure 3.3d). A gap of this size is large enough to
accommodate an additional ubiquitin moiety. We therefore speculate that a ubiquitin molecule
serves as a universal initiating signal for translocation into the pore, regardless of the substrate to
which it is attached, which would explain why Cdc48 can deal with even folded substrates. The
poly-ubiquitin chain would bind to both the UT3 domain of Ufd1 and the CTD/MPN domains of
Npl4, and the polypeptide chain would then be inserted into the central pore of the Cdc48
ATPase (Figure 3.4). Although the details of pore insertion need to be clarified, our data show
that Npl4 is unique among the known Cdc48 cofactors, as it binds directly to the ATPase ring
and likely serves as a universal gatekeeper for all Cdc48-dependent reactions that require

translocation through the central pore.
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Figure 3.4: Model for Cdc48/UN function. a, Arrangement of the various domains of the UN
complex in the Cdc48 ATPase complex. The UBX-like and Zn*'-finger/MPN domains of Npl4
are shown in dark blue and cyan, respectively. The UT3 domain of Ufd1 (in red) is flexibly
attached to the complex. The Npl4-interacting region of UT6 is shown as a brown oval, and the
SHP boxes anchoring Ufd1 to the N domains of Cdc48 as red ovals. The intervening segments
are shown as dashed lines. b, Model for the path of a poly-ubiquitinated substrate (black:
ubiquitin; green: substrate protein) into the central pore of Cdc48. The three putative ubiquitin-
interaction sites — UT3, CTD, and MPN — position the substrate for insertion into the central

pore.
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3.3 Methods
Protein expression and purification

Full-length Chaetomium thermophilum and Saccharomyces cerevisiae Cdc48, Ufd1, and
Npl4, as well as the Npl4 Zn**-finger /MPN fragment (residues 129-602) and its tagged versions
and mutants, were overexpressed in E. coli BI121 DE3 RIPL cells as follows. Cdc48, Ufd1, and
the Zn>*-finger/MPN fragment were expressed with N-terminal His14-SUMO tags from the
K27SUMO vector *''. Full-length Npl4 was expressed untagged from the pET21b vector.
Buffers used for Cdc48 purifications contained 5 mM MgCl, throughout. Cells were grown to an
ODygoo of 0.6 to 0.8 in Terrific Broth and induced with 0.25 mM isopropyl -
thiogalactopyranoside (IPTG) for 16 hrs at 18°C. Cells were pelleted at 4000xg and resuspended
in lysis buffer (50 mM Tris pH 8, 300 mM NaCl, 30 mM imidazole, 5 mM MgCl,). For the UN
complex, Ufd1l and Npl4 pellets were mixed at this step. The suspension was supplemented with
protease inhibitors and DNAse I, and cells were lysed by sonication. Lysates were cleared by
centrifugation in a Ti45 rotor (Beckman) for 30 min at 40,000 rpm and applied to Ni-NTA
agarose for 1hr at 4°C. Beads were washed with lysis buffer, and His-tagged proteins were eluted
in 10-20 mL elution buffer (50 mM Tris pH 8, 100 mM NaCl, 400 mM imidazole). The eluates
were supplemented with 0.5 mM Tris(2-carboxyethyl)phosphine (TCEP) and 100-200 nM
SUMO protease (Ulplp), then incubated at 4°C for 1 hr to remove His14-SUMO tags. Protein
solutions were diluted to <200 mM imidazole with 50 mM Tris pH 8 and loaded onto a MonoQ
10/100 GL column (GE Healthcare) equilibrated in 50 mM Tris pH 8, then eluted by linear
gradients to 500 mM NacCl over 8 column volumes. Peak fractions were pooled and
concentrated. UN variants used for binding experiments and unfolding assays were stored at this

point. Other proteins were further purified by size exclusion chromatography as follows. For
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Cdc48 and Cdc48/UN complexes, proteins were incubated with 1 mM nucleotide (ADP or
ATPyS) for 45 min prior to gel filtration, and the gel filtration buffer (50 mM HEPES pH 7.5,
150 mM NaCl, 5 mM MgCl,, 0.5 mM TCEP) additionally contained 100 uM nucleotide. For
Cdc48/UN complexes, UN was added at a 3-5 fold molar excess of heterodimer to hexamer prior
to gel filtration. For the Zn>"-finger /MPN crystallization construct, the buffer was 25 mM
HEPES pH 7.5, 100 mM NaCl. All proteins were separated on S200 size exclusion columns (GE
Healthcare). Samples for cryo-EM analysis were used immediately after gel filtration, while
crystallization samples were supplemented with 5% vol/vol 1,2-propanediol and flash frozen in
liquid nitrogen.

EM Specimen Preparation and Data Collection

Sample homogeneity was first examined by negative-stain EM with 0.7% (wt/vol) uranyl
formate, as previously described®” . The images were recorded using a 1K x 1K CCD camera
(Gatan) on a Philips CM10 electron microscope (FEI) operated at an acceleration voltage of 100
kV and a nominal magnification of 52,000x.

Prior to preparing grids for cryo-EM, all samples were concentrated to 2-3 mg/mL and
centrifuged at 13,000 x g for 10 min to remove protein aggregates. NP-40 was added to the
samples to a final concentration of 0.05% immediately before vitrification to lower the
propensity of the particles to adopt preferred orientations in the ice layer.

The specimens for cryo-EM were frozen using a Cryoplunge 3 (Gatan). A 3.5-uL aliquot
of the sample was applied to a glow-discharged Quantifoil Cu 1.2/1.3 grid (Quantifoil). The grid
was blotted for 2.5-3.5 s and then plunge frozen in liquid ethane, which was maintained at a

temperature of —172°C.
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For analysis of Cdc48 alone in the presence of ADP or ATPyS, cryo-EM data collection
was carried out at Harvard Medical School (Boston, MA), using a Polara electron microscope
(FEI) operated at 300 kV and equipped with a K2 Summit direct electron detector (Gatan). All
images were recorded in super-resolution counting mode using the semi-automated data
collection software UCSFImage4 **at a nominal magnification of 31,000x (corresponding to a
calibrated super-resolution pixel size of 0.62 A). The defocus was set to range from —1.6 um to —
3.0 um. The total exposure time of 6 s was dose-fractionated into 30 frames (200 ms per frame),
with a dose rate of § electrons per pixel per second. A total of 1,628 and 569 image stacks were
collected for Cdc48(ADP) and Cdc48(ATPyS), respectively.

For Cdc48 in complex with the UN cofactor in the presence of ADP or ATPyS, all data
collection was performed in the Cryo-EM Resource Center at the Rockefeller University using

the automated data collection software SerialEM>**

. Using a Titan Krios electron microscope
(FEI) operated at 300 kV, 3,279 and 9,299 image stacks were collected for Cdc48-cofactor(ADP)
and Cdc48-cofactor(ATPyS), respectively. The image stacks were recorded at a nominal
magnification of 22,500x (yielding a calibrated super-resolution pixel size of 0.65 A) with a K2
Summit camera in super-resolution counting mode. The defocus was set to range from —1.2 pm
to —2.8 um. The total exposure time of 15 s was dose-fractionated into 50 frames (300 ms per
frame), with a dose rate of 10 electrons per pixel per second.

Image Processing

For the datasets of Cdc48 alone with ADP or ATPyS, the image stacks were motion-corrected
and binned over 2 x 2 pixels with MotionCor*>, yielding a pixel size of 1.23 A. The defocus

236
4

values were estimated by CTFFIND4""". Each image was then manually inspected and rejected if

considered of inadequate quality for further image processing (e.g., ice contamination, blurriness,
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bad CTF fit, etc.). Particles were manually picked from the remaining images using the
e2boxer.py command in EMAN2 >/,
For the Cdc48(ADP) dataset, 52,348 particles were manually picked from 1,440 images. The

28 A subset of these particles

particles were extracted into 256 x 256-pixel boxes in RELION
was used to generate 2D class averages using the iterative stable alignment and clustering
(ISAC) algorithm™”. These were then used to calculate an initial 3D map using the validation of

240 e
. Using

individual parameter reproducibility (VIPER) algorithm, both implemented in SPARX
the map obtained with VIPER as a reference, all the particles were subjected to RELION 3D
classification into 5 classes. One class containing 9,751 particles (~19% of the dataset) showed
the most detailed structural features with apparent six-fold symmetry. This class was subjected to
3D refinement and yielded a density map at 8.9 A resolution. When the same class was refined
with C6 symmetry imposed, an improved density map at 7.2 A resolution was obtained.

For the Cdc48(ATPyS) dataset, 29,313 particles were manually picked from 354 images and
extracted into 200 x 200-pixel boxes in RELION. The particles were used to calculate 2D class
averages with ISAC, and the resulting averages were used to calculate an initial 3D map with
VIPER. Using this map as reference, the particles were subjected to RELION 3D classification
into 10 classes. One class containing 3021 particles (~10% of the dataset) showed the most well-
defined structural features. This class was subjected to 3D refinement and yielded a density map
at 10.3 A resolution. Since the structure also exhibited apparent six-fold symmetry, the same
class was also refined with C6 symmetry imposed, which resulted in a map with an improved
resolution of 8.2 A.

For the Cdc48-cofactor complex in the presence of ADP or ATPyS, the image stacks were

motion-corrected, dose-weighted, and binned over 2 x 2 pixels (yielding a pixel size of 1.3 A)
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using MotionCor2**'. The defocus values were estimated with CTFFIND4. Each image was
manually inspected and imperfect images were excluded from further processing. The remaining
images were subjected to template-free particle auto-picking using Gautomatch

(www.mrclmb.cam.ac.uk/kzhang/Gautomatch/).

For the Cdc48-cofactor(ADP) complex, 145,947 auto-picked particles were extracted from
2,551 images into 256 x 256-pixel boxes in RELION. These particles were subjected to
reference-free 2D classification and classes showing poor averages were removed. To obtain an
initial 3D model, the remaining 141,422 particles were aligned to Cdc48(ADP) cryo-EM map
(obtained as described above and filtered to 40 A) using RELION 3D classification with the
number of classes set to one. The resulting map showed density not present in the reference map.
Using this map as reference, the particles were sorted into 6 classes by 3D classification. The
classes that showed strong cofactor density (class 2, 5 and 6; 82,249 particles; ~58% of the
dataset) were combined and subjected to 3D classification into 10 classes. The resulting classes
showed that the Cdc48-cofactor(ADP) complex also exhibits conformational variability, most
notably in the N domain and the cofactor region. Classes 2, 8, 9 and 10 showing the strongest
cofactor density and relatively well-ordered N domains were combined, and the resulting 52,178
particles were subjected to 3D refinement in RELION, yielding a map at 6.7 A resolution.

For the Cdc48-cofactor(ATPyS) complex, the 808,059 auto-picked particles were binned
over 4 x 4 pixels, resulting in a pixel size of 5.2 A, extracted into 64 x 64-pixel boxes in
RELION-2**, and subjected to reference-free 2D classification in RELION-2. After removing
classes giving poor averages, the remaining 616,772 particles were used as input for
Cryosparc>® to calculate an initial 3D map. Using this map as reference, the particles were

sorted into 8 classes by RELION-2 3D classification. Only one of the classes (containing 91,883
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particles; ~15% of the dataset) showed strong density for the cofactor bound to Cdc48 and
detailed structural features. Refinement of this class yielded a density map at 10.4 A resolution.
The refined particles were then re-extracted from the original micrographs as re-centered and
unbinned particles into 256 x 256-pixel boxes (pixel size of 1.3 A). 3D refinement of the newly
extracted particles was performed using the orientation parameters determined from the dataset
of 4x binned particles as the starting point for further optimization. The final density map had a
resolution of 4.6 A, according to the gold-standard Fourier shell correlation (FSC) curve and
using the FSC = 0.143 cutoff. Masking out the flexible N domains of Cdc48 and continuing the
refinement in RELION-2 improved the resolution of the remaining map region to 4.3 A.

Model Building and Refinement for the Cdc48-cofactor(ATPyS) Structure

The structure of human p97 bound to ATPyS (PDB: 5SFTN) was used to build a homology model
of C. thermophilum Cdc48 using SWISS-MODEL**. The homology model of Cdc48 and the
crystal structure of the zinc finger and MPN domains of Npl4 were docked into the cryo-EM

density map using UCSF Chimera®®

. The atomic model was optimized by cycles of real-space
refinement using phenix.real space refine **° against half-map 1 from RELION-2 and manual
re-building in Coot**’. FSC curves were calculated between the refined models and half-map 1
(work), half-map 2 (free), and the combined map.

Protease-protection experiments

Purified C. thermophilum UN was treated with increasing concentrations of trypsin (0, 2.4, 7.3,

22, and 66 ug/mL), incubated at room temperature for 30 min, and subjected to SDS-PAGE and

Coomassie staining. Bands were subjected to mass spectrometry.
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Crystallization

The Zn*'-finger /MPN fragment (57 mg/mL) was thawed immediately before
crystallization setup and centrifuged for 10 min at 20,000xg. Crystals were grown using the
hanging drop method at 4°C by mixing 2 uL of protein solution with 2 uL of well solution (0.2
M Na/K phosphate pH 7, 9.2% wt/vol poly-y-glutamic acid [Molecular Dimensions], 0.2 M
potassium thiocyanate, 5% propylene glycol). Crystals appeared in 1-2 days and were harvested,
incubated briefly in cryoprotection solution (0.2 M Na/K phosphate pH 7, 10% wt/vol poly-y-
glutamic acid, 0.2 M potassium thiocyanate, 30% propylene glycol), and flash frozen in liquid
nitrogen.
X-ray data collection and structure determination

Crystals were screened at NE-CAT beamline 24-ID-C at the Advanced Photon Source
(Argonne National Laboratory). An X-ray absorption scan showing a peak at 9665.7 eV
confirmed the presence of zinc, and data were accordingly collected at this energy. The dataset

used for structure determination (doi:10.15785/SBGRID/565) was gathered from a single crystal

248 249
S

at 100K. Data were processed with XDS™ and analyzed with Aimless™". The crystal belonged

to the P12,1 space group, diffracted to 2.58A (outer shell, 2.675-2.582 A: I/sigma = 0.49, CC1/2
=0.322) and contained two copies per asymmetric unit. To solve the structure, the cryo-EM
density corresponding to the cofactor central tower was used as a molecular replacement (MR)

1.2° | using the programs Chimera, Phaser,

model according to the protocol of Jackson et a
RESOLVE, and the CCP4i and Phenix crystallographic suites>******!**>?3 The MR solution
was passed to the MR-SAD module in Phenix. Initial phases were of sufficient quality for the
majority of the structure in the asymmetric unit to be assembled using the Autobuild function in

254

Phenix>*. The structure was completed by iterative rounds of manual adjustment in Coot**’ and
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refinement in Phenix, with TLS parameter refinement enabled and a riding hydrogen model.
Zinc fingers were refined with geometry restraints as suggested in>>". Figures were generated
using UCSF Chimera®*’ and PyMOL (Schrddinger, LLC). Crystallographic software was
maintained by SBGrid**°.

LC-MS/MS and cross-link mapping

Buffer components for cross-linking were BioUltra grade (Sigma Aldrich). LC-MS/MS
was carried out with Thermo Scientific LC-MS grade reagents and solvents. The cross-linkers
bis[sulfosuccinimidyl] suberate (BS3) and disuccinimidyl sebacate (DSSeb) were purchased
from Thermo Scientific and ProteoChem, respectively.

Purified protein complexes (0.5 mg/mL in 50 mM HEPES pH 7.5, 200 mM NacCl, 5 mM
MgCl, 0.5 mM TCEP, 0.1 mM ATPyS) were cross-linked with 100, 200, or 400 uM of either
BS3 (3.5 mM stock in water) or DSSeb (5 mM stock in dimethyl sulfoxide) for 30 min at room
temperature. The reactions were quenched by addition of Tris-HCI (pH 7.5) to a final
concentration of 10 mM. Samples were reduced with 50 mM TCEP at 60°C for 10 min and
alkylated with 50 mM iodoacetamide in the dark for 60 min at room temperature. Digestion was
carried out at 37°C overnight with 0.5 pg sequencing grade modified trypsin (Promega) in 100
mM ammonium bicarbonate. The resulting peptides were passed though C18 Spin Tips (Thermo
Scientific) before elution with 40 pL. of 80% acetonitrile (ACN) in 0.1% trifluoroacetic acid.
Eluted peptides were dehydrated in vacuum and resuspended in 20 pL. 0.1% formic acid for MS
analysis.

Peptides were analyzed in the Orbitrap Fusion Lumos mass spectrometer™’ (Thermo
Scientific) coupled to an EASY-nLC (Thermo Scientific) liquid chromatography system, with a

2 um, 500 mm EASY-Spray column. The peptides were eluted over a 120-min linear gradient

90



from 96% buffer A (water) to 40% buffer B (ACN), then continued to 98% buffer B over 20 min
with a flow rate of 250 nL/min. Each full MS scan (R = 60,000) was followed by 20 data-
dependent MS2 (R = 15,000) with high-energy collisional dissociation (HCD) and an isolation
window of 2.0 m/z. Normalized collision energy was set to 35. Precursors of charge state 4-6
were collected for MS2 scans; monoisotopic precursor selection was enabled and a dynamic
exclusion window was set to 30.0 s.

Raw LC-MS/MS data files were converted into mgf format using Proteome Discoverer
(Thermo Scientific) and searched using pLink>*** with default FDR<5%, maximum e-value set
at =0.001, trypsin digest with up to 3 missed cleavages, constant modification at
I=carbamidomethyl[C], variable modification at 1=oxidation[M]. Cross-linker was set to BS3
([K [K 138.068 138.068 156.079 156.079) or DSSeb ([K [K 166.099 166.099 181.11 181.11).
Mass tolerances for fragments and precursors were left unaltered. mgf files were searched
against a database comprising Fasta sequences of Cdc48, Ufdl, and Np14.

Substrate unfolding assays

mEos3.2 was purified and polyubiquitinated as described®**. Briefly, the protein was
expressed as an N-terminal His14-SUMO fusion. After SUMO cleavage, an N-terminal arginine
is exposed, facilitating ubiquitination by the purified S. cerevisiae enzymes Ubal, Ubc2, and
Ubrl. Eos was separated from ubiquitination machinery on the basis of a C-terminal
streptavidin-binding peptide tag, which was then removed by 3C protease. Finally, substrates
bearing ubiquitin chains of 5-10 moieties were isolated by gel filtration.

Substrate unfolding was monitored as described***. Briefly, the substrate (200 nM) was
mixed with 300 nM UN variants and 400 nM Cdc48 variants in 50 mM HEPES pH 7.2, 100 mM

KCI, 10 mM MgCl,, 0.25 mg/mL protease-free bovine serum albumin. After 10 min incubation
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at 30°C, ATP (2 mM) was added, and fluorescence (excitation: 540 nm, emission; 580 nm) was
monitored in a Spectramax M5 plate reader for 30 min.
Substrate binding experiments

The Npl4 Zn*'-finger/MPN fragment (residues 129-602) with an N-terminal streptavidin-
binding peptide (SBP) tag was incubated with magnetic streptavidin agarose beads (Pierce) in
binding buffer (50 mM Tris pH 8.0, 150 mM NaCl) for 15 min at room temperature. The beads
were washed three times with binding buffer to remove excess bait protein. Next, DyLight 800-
labeled, polyubiquitinated GFP generated as described for the Eos substrate above was incubated
with the beads for 15 min at a concentration of 30 nM in 250 uL binding buffer. The beads were
again washed three times. Bound material was eluted with binding buffer plus 5 mM biotin and
subjected to SDS-PAGE and fluorescence scanning on an Odyssey CLx infrared scanner (Licor).
Yeast experiments

The npl4-1 strain (Mata npl4-1 ura3-52 leu2Al trp1 A63) was transformed with plasmids
derived from pPS402 (gift of Pedro Carvalho, originally generated by the lab of Pamela Silver
269) The original plasmid encodes wild-type Npl4 under its endogenous promoter and includes a
Ura3 cassette. Initial cultures were grown at room temperature, as the npl4-1 strain grows poorly
at 30°C. Yeast were spotted in 10-fold serial dilution on SD-Ura plates and incubated at room
temperature, 30°C, or 37°C for 2-3 days.
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Chapter 4: Conclusion

4.1 Overview

The studies described in this dissertation resolve several longstanding questions regarding
the Cdc48 ATPase, including its basic mechanism of substrate handling and its overall structure
in complex with its essential cofactors Ufd1 and Npl4. In this chapter, I will place these insights
in the broader context of Cdc48’s cellular roles. The chapter will discuss the implications of the
substrate processing model elucidated in chapter 2 for Cdc48’s function in in vivo pathways,
particularly ERAD. Outstanding questions regarding Cdc48’s integration into these pathways
and cooperation with downstream factors including the proteasome will be highlighted. The
chapter will also discuss Cdc48’s structural and functional similarities to the proteasome and
speculate on the nature of cooperation between these two critical machines. Future avenues of
experimentation will be outlined throughout. Finally, I will provide a short discussion of Cdc48’s
potential as a therapeutic target.
4.2 Substrate processing in context
This section is partly adapted from a previously published review article:

Bodnar NO and Rapoport TA. “Toward an understanding of the Cdc48/p97 ATPase.”
F1000Research 2017, 6(F1000 Faculty Rev):1318

The mechanistic studies described in Chapter 2 resulted in a model for a generic
Cdc48 substrate processing event, for which the minimal components are a polypeptide
conjugated to a K48-linked polyubiquitin chain, the cofactors Ufd1/Npl4, and the ATPase
itself. However, Cdc48 acts on a broad range of substrates with various biochemical
characteristics and subcellular locations. It also cooperates with a large number of accessory
cofactors beyond Ufd1/Npl4 and is integrated into a broader system of chaperones that funnel

substrates to the proteasome. An understanding of how the essential recognition, unfolding,
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and release mechanisms discussed in Chapter 2 might be differentially deployed or fine-tuned
in these various contexts will be an important target of future work.

Based on our work and other mechanistic studies of the ERAD process, we propose
one example of the integration of Cdc48’s unfoldase activity into a specific quality control
pathway. In ERAD, the Cdc48 complex extracts polyubiquitinated, misfolded proteins from the
ER membrane. This process can be reproduced with proteoliposomes and purified proteins **,
demonstrating that no other component is required. Our model for ERAD activity is as follows.
After retrotranslocation of a substrate segment across the ER membrane, a Lys48-linked
polyubiquitin chain is appended to the substrate by an ER-resident ubiquitin ligase (for example,
Hrd1) (step 1). Next, the polyubiquitin chain binds to the Cdc48 complex (step 2), which is
recruited to the ER membrane via an interaction of Cdc48’s N domain with the membrane
protein Ubx2 ¥, Cdc48 processively extracts the substrate from the ER membrane, passing the
entire polypeptide through its central pore (step 3). Once the substrate is fully removed from the
ER, Cdc48 dissociates from the Ubx2 anchor, diffusing away from the membrane with its
associated substrate (step 4). This dissociation step may be triggered or simply stochastic but
would be required to free an N domain binding site for a DUB, such as Otul (step 5), as these
proteins bind to the same site®®. Hydrolysis of ATP by the D1 domain exposes the ubiquitin
chain to the DUB, resulting in chain trimming and translocation of the remainder of the
oligoubiquitinated substrate through the Cdc48/p97 pore (step 6). Finally, the unfolded substrate
is retrieved by one of the accessory factors discussed above and passed on to the proteasome
(step 7). In the case of glycosylated ERAD substrates, the N glycans probably are moved through
the central pore and removed after translocation, as the cytosolic N-glycanase Pngl binds to the

C-terminus of Cdc48%61292,
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proteasome
Figure 4.1: Model for Cdc48 function in endoplasmic reticulum-associated protein
degradation.

In step 1, a segment of a misfolded luminal substrate is moved into the cytosol and
polyubiquitinated by Hrd1. In step 2, the Cdc48 complex is bound to the cytosolic face of the
endoplasmic reticulum via an interaction of its N domain with Ubx2. The complex recognizes
the polyubiquitin chain via Ufd1/Npl4 (UN). In step 3, Cdc48 uses ATP hydrolysis in the D2
domains to extract the substrate from the membrane, translocating the polypeptide through its
central pore. In step 4, Cdc48 completes translocation and eventually diffuses away from Ubx2,
together with the bound substrate. In step 5, a deubiquitinase (DUB) such as Otul (orange) binds
to the newly vacant N domain. In step 6, the D1 domains hydrolyze ATP, moving the N domains
to the “down conformation” and allowing trimming of the ubiquitin chain. The
oligoubiquitinated substrate then is released from the trans side of the pore. In step 7, the

substrate is transferred to downstream factors, eventually arriving at the proteasome.

Similar models might be proposed for Cdc48’s activities in analogous pathways such as
mitochondrion-associated degradation, ribosomal quality control, and chromatin-associated
degradation. In each of these cases, dedicated E3 ligases detect anomalous substrates and append

ubiquitin chains to them. In many of these pathways, accessory Cdc48 cofactors that serve to
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recruit the ATPase to particular locations have been identified. However, it is unclear whether
cofactors of this class are always required for appropriate substrate processing in vivo. For
example, the effect on ERAD of Ubx2 deletion is less pronounced than the effect of loss of
function of more central components such as the E3 ligases, Cdc48, or UN 263 However, Ubx2 is
not the only ER membrane anchor that can serve to recruit Cdc48 to this organelle, as other
proteins such as VIMP and Dfm1 have also been shown to perform this function®® **>. Although
additional recruiting cofactors are not required for reconstituted proteoliposome extraction and
substrate unfolding events in vitro, this may not hold true in the in vivo case. Future work will
need to carefully compare the relative efficiencies of Cdc48 substrate handling in the presence
and absence of localization cofactors. Precise definition of the roles of these proteins might allow
for detailed experimental manipulation of individual Cdc48-dependent pathways, rather than the
more common and deleterious suppression of most or all Cdc48 function through genetic or
pharmacologic inhibition.

An interesting caveat to the general concept of Ufd1/Npl4 as an obligate heterodimer and
essential component of the basic Cdc48 reaction comes from the Vms1 protein, which appears to
replace Ufdl in the context of mitochondrion-associated degradation'**. The existence of one
such exception should prompt a search for additional proteins of this class. One possibility
supported by our structural studies is that Npl4 is a unique cofactor that binds astride the central
ATPase pore and is critical for substrate positioning and pore insertion, while cofactors such as
Ufdl, Vmsl, and possibly others bind interchangeably to Npl4. These Npl4 heterodimerization
factors might serve to stabilize Npl4, recruit ubiquitin, or modulate the function of the MPN

domain, which appears to be the binding site for Ufd1. Future experiments probing the ability of
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Npl4 to support in vitro unfolding in the presence of Vmsl instead of Ufd1, or possibly even in
the absence of both, would be a first step toward characterizing the roles of these proteins.
4.3 Details of substrate recognition and pore insertion

Around the time of our work described in Chapter 2, the group of Ray Deshaies used
substantially similar polyubiquitinated fluorescent proteins to show that human p97 exhibits an
unfoldase activity similar to that of Cdc48, including requirements for Ufd1/Npl4, K48-linked
polyubiquitin chains, and predominant hydrolytic activity in the D2 ATPase ring”®. This group
also explored the role of branched polyubiquitin chains, finding that purified substrates with
more elaborate ubiquitin conjugates were better targets for p97 in vitro. A mechanistic
explanation for this observation is not immediately obvious. Multiple ubiquitin chains might
serve to increase substrate affinity for the UN complex, but this would be less likely to affect
processing efficiency in the setting of purified components at relatively high concentrations.
Assuming that single chain and branched-chain substrates are recruited to UN with similar
efficiency in vitro, another possible explanation is that the presence of multiple chains or
branchpoints somehow allows more efficient initiation of substrate unfolding. This possibility
raises the question of how substrate translocation is initiated. Specifically, which residues of any
given substrate polypeptide are the first to enter the central pore and interact with pore residues
of Cdc48?

Notably, p97 and Cdc48 lack conserved aromatic residues in the D1 ATPase pore loop.
These residues are present in the archaeal Cdc48 homolog VAT, which translocates substrates
through its central pore in the absence of additional cofactors®®’. Indeed, these residues have
been visualized in contact with polypeptide chains moving through the central channel of this

protein in cryo-EM structures'’. The absence of similar residues in eukaryotic Cdc48 and p97
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indicates that central pore insertion in these ATPases may proceed by a different mechanism.
Because Cdc48 does not require a flexible initiation region similar to that needed by the
proteasome, but does require polyubiquitination, one possibility is that substrate translocation is
actually initiated within the ubiquitin chain. The most likely mechanism in this scenario would
be that the Npl4 zinc finger/MPN domain positions the ubiquitin chain in a manner that allows
pore entry, and possibly also alters the D1 pore conformation to promote ubiquitin insertion. This
model would be consistent with Cdc48’s ability to translocate free ubiquitin chains and to release
substrates with oligoubiquitin chains still attached, but would require structural validation.

This structural validation would be best approached through cryo-EM, which in recent
years has yielded several structures of AAA ATPases with polypeptide substrates visible in the
central pore”**"*"_In the case of eukaryotic Cdc48, sample preparation will be a particular
challenge, as the UN cofactor complex will need to be included and substrates will need to bear
ubiquitin chains of appropriate length and linkage. Because ubiquitin is relatively hydrophobic
and prone to aggregation, these preparations may be difficult to handle as EM samples, which we
have indeed found to be the case in preliminary attempts. Furthermore, active ATP hydrolysis
would be required to obtain translocating complexes, which would further increase
conformational heterogeneity and hence the difficulty of particle classification.

We initially hypothesized that pore insertion might be accomplished by the conserved
aromatic residue at the tip of the Npl4 beta-strand finger (see Chapter 3). This aromatic residue
might function similarly to the one found in the ATPase SecA, which uses a two-helix finger to

1°® . In the absence of canonical D1

push substrates through the SecY protein-conducting channe
ATPase pore loops, this mechanism would have provided a tidy explanation for how substrates

are initially pushed into the central pore. However, we have not yet found a role for the beta-
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strand finger, as alteration or deletion of this portion of the cofactor had no obvious in vitro or in
vivo phenotype. Because this motif is highly conserved, it is nevertheless likely that it plays
some role in substrate processing. By analogy to the proteasome, one possibility is that it is
essential in cases for which no flexible initiation region is present. Our in vitro substrate contains
such a region, and it is possible that substrates responsible for Cdc48’s essentiality in vivo also
contain such regions. However, the beta-strand finger may be necessary for processing of a
particular class of substrates for which the initiation of translocation is particularly problematic.
Future experiments with in vitro substrates that do not contain any flexible loops or tails will be
the first steps toward evaluating this hypothesis. Interestingly, mutation of the D1 pore loop
residues in S. cerevisiae Cdc48 to conform to the aromatic residues found in archaeal variants is
toxic*®, suggesting that pore insertion mechanisms have diverged in the eukaryotic and archaeal
lineages.
4.4 Cdc48 cooperation with the proteasome
This section is partly adapted from a previously published review article:
Bodnar NO and Rapoport TA. “Toward an understanding of the Cdc48/p97 ATPase.”
F1000Research 2017, 6(F1000 Faculty Rev):1318

Cdc48 is generally thought to function upstream of the proteasome, handling substrates
that ultimately are destined for proteasomal degradation. Our in vitro experiments show that
many of the substrate molecules released from Cdc48 contain four or more ubiquitin molecules,
which would be a suitable targeting signal for the proteasome™, provided that ubiquitin
molecules emerging from the D2 ring rapidly refold. At least in the case of ERAD, substrates do
not directly bind to the proteasome but rather first interact with Rad23 or Dsk2”'?%_ These

proteins seem to serve as “shuttling factors” by harboring both ubiquitin- and proteasome-
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binding domains. However, the in vitro experiments show that some substrates released from
Cdc48 bear ubiquitin chains that are too short to directly bind to the proteasome or shuttling
factors, and in these cases the Cdc48-associated “E4” ubiquitin ligase Ufd2 might need to extend
the oligoubiquitin chains before handoff to the downstream components'**. Released substrates
that contain exposed hydrophobic segments may require the additional activity of a “holdase”
complex anchored by Bag6, which reduces aggregation of substrates destined for degradation®”.
Finally, some substrates may be transferred directly from Cdc48 into the 20S proteasome without

involvement of the 19S subunit!%1%-270

, although evidence for such an interaction in eukaryotes
is lacking®’". Interestingly, in the absence of Ufd3, a cofactor that binds to the C-terminal tail of
Cdc48, ubiquitin is degraded abnormally quickly by the proteasome in yeast cells’*"%. One
possibility is that Ufd3 antagonizes the Cdc48-20S interaction, preventing the degradation of
unfolded ubiquitin molecules emerging from the D2 ring of Cdc48. Alternatively, Ufd3 may
somehow facilitate the refolding of ubiquitin molecules that emerge from the D2 ring.

The direct reconstitution of a Cdc48-dependent proteasomal degradation reaction would
be a major step toward elucidating the mode or modes of cooperation between the two ATPases.
The substrates developed in this work have some characteristics that would make them useful for
such experiments. The presence of a fluorescent tag allows reproducible and relatively fast
binding and release experiments, which would need to be adapted to query substrate handling by
multiple downstream components such as the shuttling factors. The ability to follow the length of
the ubiquitin chain through deubiquitination and reubiquitination steps would allow dissection of
DUB and Ufd2 activity in a potential E4-mediated handoff reaction. Finally, the GFP or Eos

moieties can be used to follow unfolding, which is hypothesized to be the essential requirement

for Cdc48 in proteasomal reactions that cannot proceed through the 19S ATPases alone. The
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essential first step for any of these experiments, regardless of the specific downstream factors
used, will be to establish a purified substrate that cannot be degraded by purified 26S
proteasomes, but does exhibit unfolding when incubated with Cdc48 and UN. Most likely, such a
substrate will have minimal flexible regions. After this substrate is validated, experiments
incorporating purified Rad23, Dsk2, Ufd2, Ufd3, Bag6, or other potential intermediary
components can be initiated. The initial goal would be the identification of a set of components
that enables 26S substrate degradation when added in conjunction with Cdc48 and UN, followed
by mechanistic dissection of the resulting reaction.

Our biochemical and structural experiments reveal a striking set of similarities between
the Cdc48/UN complex and the 19S proteasome. Both complexes are AAA ATPases that unfold
polypeptide substrates by passage through the central pore. Both require initial recognition of a
K48-linked polyubiquitinated substrate by intimately associated ubiquitin receptors, a binding
event that causes the stimulation of ATP hydrolysis*. Both feature a ubiquitin-interacting MPN
domain poised over the central pore**®, and both require the function of deubiquitinating
enzymes to complete a substrate processing event. Despite these similarities, clear-cut
differences include the presence of two ATPase rings in Cdc48 (as opposed to one in the 19S),
the lack of catalytic activity of the Npl4 MPN domain (as opposed to the essential DUB activity
of Rpn11), the variant positioning of the two MPN domains relative to the pore opening (see
Chapter 3), the trimming function executed by Otul (as opposed to the en bloc removal of full
ubiquitin chains by Rpn11), and the apparent ability of Cdc48 to handle substrates that do not
expose enough of a flexible segment or loop for efficient processing by the 19S ATPases. The

188,189,270

fact that archaeal Cdc48 can cooperate with the 20S proteasome suggests that the
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ancestral functions of Cdc48 and the 19S were very similar, but that over time Cdc48’s role has
evolved to encompass pre-processing of particularly difficult or inaccessible substrates.
4.5 Connections to medicine (with apologies to Tom Rapoport)

The general role of Cdc48 in handling difficult polyubiquitinated substrates immediately
suggests several therapeutic avenues. The first is the use of Cdc48/p97 inhibitors to block
substrate processing in cells that are highly dependent on protein quality control. A similar
approach has been used successfully for many years in the context of multiple myeloma, a tumor
of plasma cells that, due to their high production of antibodies, are dependent on an intact
proteasome to degrade misfolded proteins®””. Proteasome inhibitors such as bortezomib and
carfilzomib are now a mainstay of treatment in this tumor type®’*. The specific type of
proteasomal degradation on which these cells are most dependent is likely to be ERAD, which
oversees quality control of antibodies proceeding through the secretory pathway””. This
provides a compelling rationale for trials of p97 inhibitors in myeloma, as these compounds
would presumably more directly target the particular substrates rendering these cells susceptible,

rather than all proteasomal substrates”’®

. However, as discussed above, the breadth of p97
functions indicates that these drugs will still have a wide variety of influences on pathways as
diverse as the DNA damage response, aggregate handling, amino acid metabolism, and the UPR,
making their effects and side effects in cancer difficult to predict. A more demanding challenge
is to find ways to target one or a few p97-dependent pathways without compromising all of them
at the same time.

Recently, the candidate chemotherapeutic drug disulfiram has been shown to form a

copper compound metabolite that binds and inactivates Npl4 via the zinc finger domain®". Our

structural study provides a rationale for the essential nature of this zinc finger domain and
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explains why inactivating it would compromise function of the entire Cdc48/UN complex.
Disulfiram, by analogy to p97 inhibitors, may thus be a good candidate for pharmacologic
targeting of tumors that are highly dependent on protein quality control. However, our data also
suggest that Npl4 is a unique p97 cofactor that, when compromised, might have effects nearly as
broad as direct inhibition of the ATPase. Nevertheless, resistance to p97 inhibitors is already a
known phenomenon®’’, and disulfiram, in targeting Npl4, might constitute a potential rescue or
adjunct therapy for resistant tumors.

Mutations in p97 are directly responsible for a set of neurodegenerative syndromes on the
frontotemporal dementia — amyotrophic lateral sclerosis (FTD-ALS) spectrum. Patients present
with a variety of phenotypes ranging from inclusion body myopathy to familial ALS to Paget’s
disease of bone*”®. Ubiquitin-positive cytosolic inclusions reminiscent of those found in other
neurodegenerative diseases are commonly present”” . Interestingly, recent in vitro work has
indicated that p97 harboring disease mutations is hyperactive in its activity, unfolding model
substrates more quickly than the wild type protein®*®. Consistent with this, p97 inhibitors were
found to rescue, rather than exacerbate, mitochondrial defects found in patient-derived

% Whether p97 inhibition will be a viable strategy for the

fibroblasts and fly disease models
treatment of diseases caused by these mutations remains to be seen.

It is clear that neurodegeneration can be directly caused by p97 mutation, but several
lines of evidence suggest that even the wild-type protein is involved in the complex pathogenesis
of these diseases. For example, p97 can be found in the hallmark aggregates associated with
various neurodegenerative syndromes, including dystrophic neurites (Alzheimer’s disease),

281-283
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Lewy bodies (Parkinson’s disease), and huntingtin inclusions (Huntington’s disease) n

several cases, it has been shown that overexpression of p97 and UN can ameliorate various
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phenotypes associated with accumulation of pathogenic proteins in cellular models
currently poorly understood why cytosolic accumulation of misfolded proteins appears to
correlate with ER stress, activation of the UPR, and mitochondrial dysfunction, all of which are
observed in neurodegeneration™. One hypothesis for the pleiotropic defects observed in many
of these diseases is that sufficient inactivation or sequestration of p97 by pathologic oligomers or
aggregates simultaneously produces dysfunction in the many quality control pathways that rely
on this ATPase. This model could be tested by producing animal models of neurodegeneration
that overexpress p97 or its cofactors and analyzing the course of disease progression. If p97 is
partially responsible for clearance of pathogenic aggregates, then enhancing this function might
constitute a disease-modifying therapy for multiple neurodegenerative diseases. Gene therapies
or small molecules that cause upregulation of this critical quality control factor might allow

neurons to survive longer even without modifying baseline production of pathogenic proteins,

thus altering the course of these diseases.
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Appendix A: Ddil, a ubiquitin-dependent protease

This appendix describes preliminary experiments investigating the mechanism of Ddil. I
would like to thank Fred Goldberg, Zhe Sha, and Galen Collins for bringing this protein to our
attention and for many helpful discussions.

Abstract

The yeast protein Ddil is part of a group of proteins known as proteasomal shuttling
factors. These proteins bind to polyubiquitin chains via a ubiquitin-associated (UBA) domain
and to the proteasome via a ubiquitin-like (UBL) domain, thus serving to recruit substrates to the
proteasome. As compared with the related UBA-UBL proteins Rad23 and Dsk2, Ddil has
several unique features, including a central retroviral protease (RVP) domain, which mediates
homodimerization, and an atypical UBL that binds ubiquitin. Here, we show that Ddil is an
active aspartyl protease that targets substrates bearing long polyubiquitin chains. Under
physiologic buffer conditions, purified Ddil cleaves a model fluorescent protein substrate in a
manner that requires substrate polyubiquitination. Efficient proteolysis is dependent on the UBL
domain and on the presence of very long ubiquitin chains of > 8 moieties. Together, our data
suggest that Ddil is a unique accessory factor in the ubiquitin-proteasome system that may
specialize in handling substrates with long polyubiquitin chains that are otherwise difficult to
process.

Introduction

The proteasomal shuttling factors Rad23, Dsk2, and Ddil exhibit a domain architecture
that qualifies them to serve as bridges between polyubiquitinated substrates and the 26S
proteasome™. Specifically, each of these proteins contains an N-terminal ubiquitin-like (UBL)

domain and a C-terminal ubiquitin-associated (UBA) domain. UBL domains have been shown to
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interact with the 19S proteasomal ubiquitin receptors, indicating that a proteasome-bound
shuttling factor would be positioned in the same location as a standard polyubiquitinated
substrate. UBA domains all share the property of binding to ubiquitin, although purified UBA
domains vary in their relative affinities for monoubiquitin and polyubiquitin with different lysine
linkages®®’. Thus, proteins containing both of these domains can provide an accessory pathway
of substrate recruitment to the proteasome. This pathway may be important in cases where the
standard mechanism of direct interaction between the 19S ubiquitin receptors and the substrate
does not result in efficient degradation, perhaps due to geometric constraints".

Rad23, Dsk2, and Ddil can be distinguished on the basis of their varying in vivo
phenotypes, which indicate that the three proteins are not functionally redundant™®. Furthermore,
the region between the UBA and UBL domains varies considerably among the three shuttling
factors. In Rad23, a second, central UBA domain is present, which might contribute to selectivity
for particular chain linkage types. In Dsk2, the central region consists of a methionine-rich set of
Stil-like repeats (STI), which may recognize misfolded polypeptide segments or transmembrane

1°. In Ddil, the central region consists of a unique “helical domain of

domains in the cytoso
Ddil” (HDD) and a retroviral protease (RVP) domain with homology to HIV protease®'. The
RVP domain mediates Ddil homodimerization™".

Ddil has been shown to affect the stability of several individual substrates. These include
the Ho endonuclease, which is polyubiquitinated but not degraded in the absence of Ddi1**?, and
the F-box protein Ufo1*. Interestingly, Ufol is the F-box component of the Skp1-cullin-F-box

(SCF) E3 ubiquitin ligase that targets Ho for degradation, indicating that Ddil regulates at least

two components of this system. Ddil mutant and deletion strains also exhibit the unusual
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phenotype of secreting high amounts of protein into the medium , an observation that may

be related to Ddil’s interaction with certain SNARE proteins™®*”.
Recently, the human and worm orthologs of Ddil have been implicated in the processing
of the transcription factor Nrfl, which is a critical component of the cellular response to

: . 298,299,300
proteasomal stress in higher eukaryotes™ "

. Nrfl is an ER-resident single-pass
transmembrane protein that is constitutively retrotranslocated from the ER by p97 and degraded
by the 26S proteasome®”. However, when proteasome activity is pharmacologically
compromised, Nrfl is retrotranslocated but not fully degraded. Instead, it is deglycosylated and
processed to a shorter form that translocates to the nucleus and directs the transcription of

300-302
4

proteasome subunits, p97, Ufd1, and Npl . The partial proteolysis of Nrfl requires the

activity of Ddi2 (the human Ddil ortholog), and the most parsimonious explanation for this is

that Ddi2 is itself the protease that cleaves Nrf1>**~%

. The overall logic of this system serves to
upregulate critical ubiquitin-proteasome system (UPS) components when flux through the
proteasome pathway overwhelms its capacity at any given time.

The RVP domain of a Ddil ortholog from Leishmania major was found to have
proteolytic activity in vitro, but this activity was dependent on atypical buffer conditions (i.e. pH
4). Purified yeast and human Ddil orthologs have not been shown to have in vitro protease
activity, even in screens against peptide libraries derived from full proteomes of the respective

. 291,304
organisms— ~’

. These results raise the possibility that the Ddil RVP domain is somehow
degenerate, although structures of the yeast and human protease domains reveal no obvious

evidence for this*'%. Alternatively, Ddil might exhibit substrate specificity that is not captured

by screens done to date.
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Here, we use purified yeast Ddil and a model substrate with K48-linked polyubiquitin
chains to show that Ddil is indeed a competent aspartyl protease. To our knowledge, Ddil is the
first identified ubiquitin-dependent endoprotease other than the proteasome. Ddil’s preference
for substrates with long ubiquitin chains may position it to serve a unique function in the UPS
under conditions of proteasome compromise.

Results

Yeast Ddil was purified after overexpression in E. coli. Constructs with the native N
terminus were poor SUMO protease substrates and thus retain an N-terminal His-SUMO tag.
The model substrate used for these experiments was polyubiquitinated superfolder GFP (sfGFP),
which was generated as described in chapter 2. Ddil was incubated with the fluorescently
labeled substrate, and samples of the reaction were taken at various time points and analyzed by
SDS-PAGE and fluorescence scanning (Figure A.1A). We observed disappearance of the high
molecular weight fluorescent species and corresponding accumulation of a low molecular weight
fluorescent peptide. Because the fluorescent dye is attached at Cys6 of the substrate and the
ubiquitin chain is attached at K19, this result is consistent with proteolysis between these two
residues, which would liberate a short, dye-labeled N-terminal peptide.

To confirm that proteolysis was occurring in the C6-K19 region, we analyzed the
sequence of the substrate and compared it to the known cleavage site of Nrfl, which is between
W103 and L104 of the human protein™”. The substrate contained a similar WL sequence in the
region between the dye and the ubiquitin chain (Figure A.1B), which was mutated to GG. This
mutation abolished the appearance of the low molecular weight fluorescent peptide upon
incubation with Ddil, confirming that the WL sequence is important for this cleavage event

(Figure A.1C). Ddil’s exact tolerance for amino acid substitutions in the cleavage site is not
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known, but could readily be investigated with this system. Interestingly, an apparent decrease in
substrate molecular weight was still observed even with the diglycine cleavage site mutant

(Figure A.1C), suggesting that residual proteolysis might occur at another site in the substrate.

A Ddit Buffer

min: 0 1 102040 0 1 10 20 40

B
substrate ' RHGSGCGAWLLPVSLVKRK 1®
A

Nrf1 94QVPTTEVNAVXLVHRDPE11O

min: 0 15 30 60
kDa
250

150
100
75

50
37

25

15
10

Figure A.1: Ddil cleaves a polyubiquitinated model substrate at a WL motif. (A) Purified yeast
Ddil (1 uM dimer) or buffer was added to 1 uM polyubiquitinated sfGFP labeled with an
infrared fluorescent dye. Samples were taken at the indicated time points and subjected to SDS-

PAGE and fluorescence scanning. (B) Comparison of selected sequences from the model
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Figure A.1 (Continued)

substrate and human Nrfl. The arrows indicate the putative substrate cleavage site and confirmed
Nrfl cleavage site. For the substrate, the cysteine bearing the fluorescent dye is marked in green,
and the lysine bearing the polyubiquitin chain is marked in red. (C) Ddil was incubated with the
substrate and samples analyzed as in (A), except that the WL motif in the substrate was mutated
to GG.

Substrate cleavage by Ddil was dependent on the presence of the polyubiquitin chain, as
unmodified substrate was not proteolyzed (Figure A.2A). To further explore this dependence, we
used substrates with ubiquitin chains of varying lengths separated by size exclusion
chromatography. Ddil efficiently cleaved substrates with very long ubiquitin chains of 15-25
moieties, but was inactive against substrates with chains of 8 ubiquitin moieties or fewer (Figure
A.2B). This length requirement contrasts with that of the proteasome, for which the canonical
minimal degradation signal is only 4 ubiquitin moieties®.

A non-ub. poly-ub. B

minutes 0 15 30 60 O 15 30 60

minutes 0 60 0 60 0 600 60 0 60 0 60 O 60

Ub chain length

Figure A.2: Dependence of Ddil cleavage on chain length. (A) Ddil was incubated with either
non-ubiquitinated substrate (left) or polyubiquitinated substrate (right). Samples were taken at
the indicated time points and subjected to SDS-PAGE and fluorescence scanning. The red

asterisks indicate contaminants in the substrate sample that are removed by gel filtration of the
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Figure A.2 (Continued)
polyubiquitinated proteins. (B) As in (A), with various fractions of ubiquitinated substrate
separated by gel filtration. Note that cleavage efficiency decreases with decreasing chain length.
To determine the contributions of individual domains of Ddil to substrate cleavage, we
generated constructs with deletions of (1) the UBL domain (AUBL), (2) the UBA domain
(AUBA), (3) both the UBL and UBA domains (HDDRVP), and (4) the UBL, UBA, and HDD
domains (RVP). Each of these proteins migrated as a dimer on gel filtration. We incubated the
polyubiquitinated substrate with varying concentrations of each of the deletion mutants and
assayed degradation. In comparison to wild-type Ddil (Figure A.3A), a deletion of the UBL
domain had a more pronounced deleterious effect on substrate degradation than a deletion of the
UBA domain (Figures A.3B-C), consistent with in vivo results indicating that UBL deletion

294

compromises Ddil function while UBA deletion does not™". This result is also consistent with

data showing that the Ddil UBL domain, unlike other UBLs, binds not only the proteasome but

... 305
also ubiquitin

. The HDDRVP construct, despite lacking both ubiquitin-binding domains, was
still a competent protease, although higher concentrations were required to see activity (Figure
A.3D). In contrast, the RVP domain alone was not active even at a 10:1 enzyme:substrate ratio
(Figure A.3E), indicating that the HDD domain is required for catalytic activity. Interestingly, all
of the proteolytically competent constructs retained the requirement for long ubiquitin chains

(Figure A.3F). This result suggests that the HDD domain may mediate recognition of long chains

and license the RVP domain to cleave the substrate.
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Figure A.3: Contributions of Ddil domains to activity. (A-E) Ddil variants at the indicated
concentrations were incubated with polyubiquitinated, dye-labeled sfGFP (200 nM). Samples
were taken at the indicated time points and subjected to SDS-PAGE and fluorescence scanning.
M, molecular weight marker. The HDD-RVP construct is a deletion of both the UBL and UBA
domains, while the RVP construct is deletion of the UBL, UBA, and HDD domains. (F) As in
(A), except that substrates with both long and short chains were assayed (time points at 0 and 60

minutes for each type of chain). Substrates and Ddil variants were all at 100 nM.
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Discussion and future directions

The demonstration that Ddil is an active protease resolves previous uncertainty regarding
the role of the RVP domain and demonstrates that this protein likely has a role beyond simple,
canonical proteasome shuttling. Although direct reconstitution of Nrfl cleavage by Ddil would
be the best way to demonstrate that Ddil, rather than an unidentified intermediary protease, is
responsible for Nrfl processing in vivo, our data indicating that Ddil cleaves a polyubiquitinated
substrate with a sequence close to that of Nrfl constitute strong evidence that a similar process
occurs in cells.

The unexpected dependence of Ddil on very long polyubiquitin chains raises the
question of when such chains might be encountered in vivo. One possibility is that inhibition or
dysfunction of the proteasome results in increased half-lives of some or all proteasome
substrates, giving these polypeptides time to accumulate additional ubiquitin. Whereas a
substrate might normally be immediately degraded upon achieving a ubiquitin chain length of 4
or more, conditions that lead to compromised processing of polyubiquitinated proteins might
stabilize substrates and eventually produce a sizeable population with chains of 8 or more
ubiquitin moieties. The chain lengths accumulating on Nrfl in the presence of proteasome
inhibitors have not been characterized, and such experiments might shed light on this issue.

Although our experiments show that multiple ubiquitin moieties are required for Ddil
substrate recognition, they do not indicate which arrangements and combinations of ubiquitin
chains are permissible. There are at least four ubiquitin-binding modules (two UBAs and two
UBLSs) per Ddil dimer, and possibly up to six if the HDD domain also recognizes ubiquitin.
These might cooperatively recognize certain types of chains, but not others. In the most

permissive case, rather than recognizing a certain chain length or linkage, Ddil might instead
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recognize the presence of a certain number of ubiquitin molecules, regardless of their geometric
arrangement. Indeed, multiple mono-ubiquitination has been shown to be sufficient for

proteasome targeting for some substrates’

. Alternatively, Ddil might require a specific chain
linkage or subset of linkages (e.g., K48 and K11 linked chains), but discriminate against others
(e.g. K63 linked chains). Experiments with substrates conjugated to other chain types, e.g. by the
K63-selective E3 ligase Rsp5, might begin to address these questions.

Another source of substrate selectivity is the sequence surrounding the peptide bond to be
hydrolyzed. Mutation of the WL motif to GG in our substrate abolished Ddil cleavage, but the
data suggest that another, unidentified Ddil cleavage site might be present elsewhere in the
substrate sequence. Systematic mutation of the WL motif to various residues could define Ddil’s
stringency in selecting particular sequences for proteolysis, and positioning of the motif in
different locations could define the required relative geometry of the ubiquitinated lysine and the
cleavage site.

Whether Ddil cleaves only a few substrates with appropriate sequences or acts relatively
promiscuously on any substrate that bears the correct type of polyubiquitin chain remains to be
determined. To identify natural substrates of Ddil, a screening approach might be most
appropriate. One possibility would be to purify polyubiquitinated material from whole cell
lysates, bind it to ubiquitin affinity resin, and cleave it with the active recombinant Ddil
described here. Proteins appearing in the supernatant in this experiment would be candidate Ddil
substrates. Alternatively, a quantitative mass spectrometry approach could be used to compare
the relative abundance of proteins in wild-type and Ddil knockout yeast, with proteins enriched
in the latter forming another set of candidate substrates. The in vitro system described here

would yield a simple biochemical validation method for any identified candidates.
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Methods

Ddil and its variants were expressed from the K27 SUMO vector and purified by Ni-
NTA and ion exchange chromatography as described in Chapter 2 for other similarly purified
proteins. Polyubiquitinated substrates were generated as described in Chapter 2. Cleavage assays
were carried out in 50 mM HEPES pH 7.4, 150 mM NacCl, 0.5 mM TCEP at 30°C. Reactions
were quenched at various time points by addition of SDS sample buffer, then subjected to SDS-

PAGE and fluorescence scanning on an Odyssey CLx imager (Li-COR).
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Appendix B: Supplementary figures for Chapters 2 and 3
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Figure 2.S1: Purity of proteins used in this study

(A)

(B)

Purified proteins used in this study were subjected to SDS-PAGE and staining with
Coomassie blue. Black stars indicate contaminating proteins. Degron-sfGFP and degron-
Eos are substrates before being subjected to fluorescent labeling and ubiquitination.
Cdc48-FtsH was run on a different gel; an irrelevant lane was removed from the gel on
the left (white space). M, molecular weight markers.

Tryptic peptides of the polyubiquitinated sfGFP substrate were analyzed by mass
spectrometry, with a search for ubiquitin conjugation sites. Intensities of the peptides
corresponding to ubiquitin chain linkage and ubiquitin conjugation sites are shown. Note
that the predominant linkage is K48 and the predominant substrate ubiquitination site is

K19. The # sign indicates the position of the isopeptide bond.
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Figure 2.S2: ATPase activity and substrate unfolding
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ATP hydrolysis rates were determined with the indicated combinations of purified

proteins and substrate. K48 and K63 indicate penta-ubiquitin with different linkages. The

rates were normalized with respect to that of Cdc48 alone. Shown are the means and

standard deviations of three experiments.

As in (A), but with either wild type (WT) Cdc48 or Walker B glutamine mutants (Walker

B mutation in D1 (E315Q); green bars) or D2 (E588Q); red bars)).

Polyubiquitinated sfGFP (Ub(n)-sfGFP), generated as in Figure 1A, was incubated with

an ATP regenerating system and excess of either Cdc48 alone or Cdc48 plus UN. After

addition of ATP, GFP fluorescence was followed over time. One sample (yellow curve)

received an equimolar amount of Otul at the indicated time point (arrow).
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Figure 2.S2 (Continued)
(D)  Substrate unfolding assays with Ub(n)-Eos and Walker B glutamine mutants. Assays

were performed as in Figure 2F.
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Figure 2.S3: Efficiency of substrate crosslinking

SBP-tagged Cdc48 (Cdc48-SBP) with Bpa at the indicated positions was incubated with
dye-labeled, polyubiquitinated sftGFP (Ub(n)-sfGFP), UN, and an ATP regenerating system.
Where indicated, reactions were irradiated. The samples were then subjected to SDS-PAGE and
fluorescence scanning. The silver-stained band of Cdc48-SBP serves as a loading control. The
brackets indicate the positions of crosslinked products. Crosslinking efficiencies were estimated
by comparing the fluorescence intensities of non-crosslinked and crosslinked species (~20% for

M288, and ~5% for D324 and D602).
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Figure 2.S4: Substrate cleavage by the Cdc48-FtsH chimera

(A)

(B)

Dye-labeled, polyubiquitinated Eos (Ub(n)-Eos) was incubated with UN, the fusion of
Cdc48 and FtsH (Cdc48-FtsH), and ATP, ATPyS, or ADP. One sample was directly
analyzed by mass spectrometry. Sequences detected only in ATP are shown in red (15
unique peptides). Two unique peptides (shown in blue) were detected in all nucleotide
states and correspond to part of the degron preceding Eos (underlined in black), which is
likely flexible. Another sample was subjected to SDS-PAGE and the stable proteolytic
fragment of ~13 kDa was trypsinized and analyzed by mass spectrometry. The identified
peptide is underlined in green.

Dye-labeled Ub(n)-Eos was incubated with an ATP regenerating system, UN, and either
Cdc48-FtsH or a mixture of wild type Cdc48 and the isolated FtsH domain. Aliquots
were removed at the indicated time points and analyzed by SDS-PAGE and fluorescence
scanning. The arrow head indicates a stable fragment containing the fluorescent dye,

which was generated with the Cdc48-FtsH fusion.
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Figure 2.S5: Otul binding to the Cdc48 complex

(A)

Complexes of Cdc48, SBP-tagged UN, and dye-labeled, polyubiquitinated sfGFP
were immobilized on streptavidin beads in the presence of ATP. After washing, the
indicated proteins were added and samples of the bound material were analyzed at the
indicated time points by SDS-PAGE and fluorescence scanning. Where indicated,
unlabeled, polyubiquitinated stGFP was added in 5-fold excess over the original

fluorescently labeled input.
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Figure 2.S5 (Continued)

(B)  SBP-tagged UN and the indicated Cdc48 mutants were immobilized on streptavidin

beads, and wild-type Otul was added. After washing, the bound material was recovered

and subjected to SDS-PAGE and silver staining.
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Figure 3.S1: Purification of proteins. a, Gel filtration chromatograms for C. thermophilum
Cdc48 (blue), Ufd/Npl4 (UN; green), and Cdc48/Ufd1/Npl4 (Cdc48/UN; red). The elution
positions of molecular weight standards are shown in orange. b-d, Samples from the major peaks

of the gel filtration runs in a were subjected to SDS-PAGE and Coomassie blue staining.
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Figure 3.S2: Image processing of Cdc48 in the presence of ADP. a, An area of a cryo-EM
image of a vitrified sample is shown with some particles circled. Scale bar: 50 nm. b, Selected

2D class averages obtained with ISAC. Side length of individual averages: 32 nm. ¢, Initial 3D
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Figure 3.S2 (Continued)
map obtained with VIPER. d, Image-processing workflow for 3D classification and refinement
in RELION-1.4 that yielded density maps at resolutions of 8.9 A (with no symmetry imposed)

and 7.2 A (with C6 symmetry imposed). See Methods section for details.
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Figure 3.S3: Image processing of Cdc48 in the presence of ATPyS. a, An area of a cryo-EM
image of a vitrified sample is shown with some particles circled. Scale bar: 50 nm. b, Selected
2D class averages obtained with ISAC. Side length of individual averages: 25 nm. ¢, Initial 3D

map obtained with VIPER. d, Image-processing workflow for 3D classification and refinement
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Figure 3.S3 (Continued)
in RELION-1.4 that yielded density maps at resolutions of 10.3 A (with no symmetry imposed)

and 8.2 A (with C6 symmetry imposed). See Methods section for details.
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Figure 3.S4: Image processing of the Cdc48—cofactor complex in the presence of ADP. a,
An area of a cryo-EM image of a vitrified sample is shown with some particles circled. Scale

bar: 50 nm. b, Selected 2D class averages obtained with RELION-1.4. Side length of individual

127



Figure 3.S4 (Continued)
averages: 33 nm. ¢, Initial 3D map obtained with RELION-1.4. d, Image-processing workflow
for 3D classification and refinement in RELION-1.4 that yielded a density map at 6.7 A

resolution. See Methods section for details.
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Figure 3.S5: . Image processing of the Cdc48—cofactor complex in the presence of ATPyS.
a, An area of a cryo-EM image of a vitrified sample is shown with some particles circled. Scale
bar: 50 nm. b, Selected 2D class averages obtained with ISAC. Side length of individual

averages: 33 nm. ¢, Initial 3D map obtained with cryoSPARC. d, Image-processing workflow for
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Figure 3.S5 (Continued)
3D classification and refinement in RELION-2 that yielded a density map at 4.3 A. See Methods

section for details.
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Figure 3.S6: FSC curves and local densities. a, FSC curves calculated between independently

refined half maps for the density map of Cdc48 alone in the presence of ADP (blue) or ATPyS
(yellow), and the Cdc48—cofactor complex in the presence of ADP (green) or ATPyS (red). b,
Cross-validation FSC curves showing no significant overfitting. ¢, Local resolution map of the

Cdc48—cofactor complex structure obtained in the presence of ATPyS. Views are shown for a
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Figure 3.S6 (Continued)
complete map (left) and a map after removing the front half (right). d, Representative cryo-EM

densities with the fit models. ZF1, ZF2, Zn* -fingers.
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Figure 3.S7 :‘oml;arison of the Cdc48 and Cdc48/UN structures obtained in the presence
of ADP and ATPyS. a, The cryo-EM density maps of Cdc48 obtained in the presence of ADP
and ATPyS are shown separately (left and middle panels) as well as superimposed (right panel).
All maps were low pass-filtered to 8 A. b, As in a, but for the Cdc48-cofactor complex. All maps

were low pass-filtered to 7 A. ¢, The cryo-EM density map of the Cdc48—cofactor complexes
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Figure 3.S7 (Continued)
obtained in the presence of ATPyS (left) showed density (blue) for the UBX-like domain of
Npl4. An NMR structure of the complex of an N domain and the UBX-like domain (PDB: 2PJH)

was docked into this cryo-EM density (inset on the right).
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Figure 3.S8. Analysis of interactions in the Cdc48—cofactor complex. a, The C.
thermophilum Cdc48/UN complex was treated with bifunctional crosslinkers and crosslinks were
determined by mass spectrometry. b, Residues involved in crosslinks between Cdc48 and Npl4
are mapped onto the structure and shown as red and blue spheres, respectively. ¢, Purified C.
thermophilum UN was treated with increasing concentrations of trypsin and subjected to SDS-

PAGE and Coomassie staining. N, U: full-length Npl4 and Ufd1. F: a stable fragment, identified

135



Figure 3.S8 (Continued)

by mass spectrometry as Npl4 129-602. d, Hydrogen-deuterium (H/D) exchange was performed
with the Npl4 construct used for crystallization in the absence or presence of Ufd1. Npl4
backbone residues protected by Ufd1 are colored in turquoise (residues 262-274, 316-327, 360-
374, and 428-444) and mapped onto the structure of Npl4 in ribbon representation. The

unassigned density from the cryo-EM map (in orange) is predicted to belong to Ufd1.
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Figure 3.S9: Hexamerization of Cdc48 FFF mutants. The indicated Cdc48 variants were
subjected to gel filtration to analyze their oligomeric states. The position of hexamers is

indicated. Note that mutation of the central Phe residue (FAF and AAA mutants) affects the

migration of Cdc48 in gel filtration.
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Figure 3.S10: Functional analysis of Zn**-finger and MPN domain mutations. a, An npl4-1
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temperature-sensitive S. cerevisiae strain was transformed with a plasmid encoding wild type
Npl4 or the indicated Zn*'-finger mutants, spotted in serial dilution, and incubated at the
indicated temperatures for two days (30 and 37 °C) or three days (25 °C). ZF1: HI39A/C145A.
ZF2: H208A/C216A. ZF1/2: H139A/C145A/H208A/C216A. e.v., empty vector. b, Unfolding of
poly-ubiquitinated Eos with Cdc48 and the indicated UN variants. Data are shown as mean + SD
of n=3 technical replicates. ¢, As in a, with the indicated mutations in the Npl4 insert-2 beta
strand finger. d, Binding of polyubiquitinated substrate to SBP-tagged Npl4 (Zn*'-
finger/MPN/CTD domains, residues 129-602) and to the indicated variants (MPN only: residues

129-519, CTD only: residues 519-602). The bait proteins were bound to streptavidin beads. Dye-
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Figure 3.S10 (Continued)
labeled, polyubiquitinated superfolder GFP was added, and bound material was assessed by

SDS-PAGE, fluorescence scanning (top), and Coomassie staining (bottom). M, molecular weight

marker. e, Locations of the mutants tested in d.
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Table 3.S1. Data collection and refinement statistics.

Wavelength

Resolution range

Space group

Unit cell

Total reflections

Unique reflections
Multiplicity

Completeness (%)

Mean I/sigma(I)

Wilson B-factor

R-merge

R-meas

R-pim

CC1/2

CC*

Reflections used in refinement
Reflections used for R-free
R-work

R-free

CC(work)

CC(free)

Number of non-hydrogen atoms

macromolecules

Npl4 zf/MPN/CTD
1.283

96.11 -2.582 (2.675 -2.582)
P1211

58.86 72.22 193.54 90 96.71 90
279737 (24345)
96089 (7754)
2.9 (2.7)

95.15 (77.79)
9.82 (0.49)
81.66

0.064 (2.03)
0.078 (2.50)
0.044 (1.44)
0.998 (0.32)

1 (0.70)

94503 (7751)
4617 (394)
0.19 (0.43)

0.23 (0.46)
0.95 (0.67)
0.97 (0.58)
7515

7283
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Table 3.S1 (Continued)

ligands 4
solvent 228
Protein residues 915
RMS(bonds) 0.002
RMS(angles) 0.53

Ramachandran favored (%) 20-03
Ramachandran allowed (%) 3.86

Ramachandran outliers (%) 0.11

Rotamer outliers (%) 0.75
Clashscore 1.18
Average B-factor 96.95
macromolecules 97.44
ligands 120.87
solvent 80.87
Number of TLS groups 6

Statistics for the highest-resolution shell are shown in parentheses.
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