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Abstract

Illuminating degradation: The coordination and timing of substrate processing by the 26S
proteasome

by
Jared A Bard
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley
Professor Andreas Martin, Chair

Selective protein degradation is a constant and critical process in cells. It is essential for
maintaining tight control over protein abundance, which allows for finely tuned regulatory
responses in a variety of cellular pathways. The degradation of certain proteins is also an
important step in the regulation of many physiologically important cellular processes, such as
cell cycle progression and stress responses. In addition, misfolded proteins accumulated both
spontaneously and as a result of cellular stress must be degraded to prevent the formation of
cytotoxic protein aggregates, which have been implicated as the cause of several
neurodegenerative diseases. The 26S proteasome is the principal macromolecular machine
responsible for protein degradation in eukaryotes. To reliably process all the proteins presented
to it in the complex cellular environment, the proteasome must combine high promiscuity with
exceptional substrate selectivity. Recent structural and biochemical studies have shed light on
some of the steps involved in proteasomal substrate processing but have been mostly limited to
static views of the process with little information about the dynamics of substrate processing.
Hence, much remains to be learned about the detailed kinetics and coordination of the underlying
substrate-processing steps of the proteasome, and how they correlate with observed
conformational states.

The goal of my thesis work described here was to develop assays which would measure the
kinetics of proteasomal degradation and reveal important details of the processing mechanism. |
began by developing a method for the targeted incorporation and labeling of unnatural amino-
acids at specific residues in recombinantly expressed sub-complexes of the 26S proteasome. |
then designed a series of FRET and anisotropy-based assays to probe substrate-proteasome
interactions, the individual steps of the processing pathway, and the conformational state of the
proteasome itself. Using these assays, | developed a complete kinetic picture of proteasomal
degradation, which reveals that the engagement steps prior to substrate commitment are fast
relative to subsequent deubiquitination, translocation and unfolding. Furthermore, by modulating
the architecture of the substrate and then investigating the kinetics of its processing, I found that
non-ideal substrates are rapidly rejected by the proteasome, which thus employs a kinetic
proofreading mechanism to ensure degradation fidelity and substrate prioritization.
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Chapter 1: Introduction

The following chapter was adapted from Bard JAM*, Goodall EA*, Greene ER, Jonsson E,
Dong KC, & Martin A (2018) Structure and Function of the 26S Proteasome. Annu Rev
Biochem 87:697-724. The article was written collaboratively by all authors.

The 26S proteasome is the major protease in eukaryotic cells, responsible for protein degradation
in both the cytosol and the nucleus. Ubiquitin modifications target condemned proteins to the
proteasome. These modifications are covalently attached to lysine side chains by a large network
of ubiquitin ligases and conjugating enzymes, and they are removed at the proteasome prior to
substrate degradation (for more details, see (1). As a compartmental protease of the AAA+
(ATPases associated with various cellular activities) family, the proteasome uses ATP hydrolysis
to disrupt higher-order structures of its substrates and translocate the unfolded polypeptides into
an internal degradation chamber for proteolytic cleavage. This ability to unravel native structures
allows the proteasome to function as a modulator of the eukaryotic proteome and degrade
numerous regulatory proteins in addition to damaged or misfolded polypeptides. Therefore, the
26S proteasome not only is essential for general protein and amino acid homeostasis but also
controls a myriad of essential cellular processes, including the cell cycle, DNA replication,
transcription, signal transduction, and stress responses (2-5).

The high selectivity and tight control required for such promiscuous intracellular proteolysis are
accomplished, on the one hand, by the specific ubiquitin labeling of appropriate substrates for
degradation and, on the other hand, through the complex architecture of the 26S proteasome
holoenzyme (Figure 1.1a) (6). The holoenzyme's proteolytic active sites reside within the
chamber of the barrel-shaped 20S core particle and are accessible only through narrow axial
pores, which exclude folded and even large unfolded polypeptides. Gating of these pores is
controlled by the 19S regulatory particle (RP) (7-13), which caps one or both ends of the 20S
core peptidase and mechanically translocates appropriate substrates into the degradation
chamber. Many years of work have led to an extensive body of knowledge about the 20S core
peptidase (4, 14). However, only recently has detailed information about the structure, function,
and conformational dynamics of the 19S RP become available, and this review largely focuses
on these findings.
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Figure 1.1. Architecture of the 26S Proteasome.



Structure and conformational changes of the proteasome. (a) The 26S proteasome is composed of three
subcomplexes: the core (gray); the base (with Rpn2 and the motor subunits Rpt1-Rpt6 in light blue and
the ubiquitin-binding subunits Rpnl and Rpn13 in dark blue); and the lid (with Rpn3, Rpn5, Rpn6, Rpn7,
Rpn8, Rpn9, Rpn12, and Seml in yellow, and the DUB Rpn1l in orange). The ubiquitin receptor Rpn10
is shown together with the lid (dark blue). (Left) The three subcomplexes are depicted individually;
(center and right) the entire 26S proteasome structure is shown (EMDB: 3534) (40). The center
orientation allows a view of the entrance to the central pore and the Rpn11 active site, and the right
orientation, rotated by 120°, emphasizes the lid subcomplex with its hand-shaped structure of the PCI
(proteasome-CSN-initiation factor 3) domain-containing subunits. (b) Conformational switching of the
19S regulatory particle between the sl state (EMDB: 3534) and the s3 state (EMDB: 3536) (15), with the
core particles aligned. Shown are the views from the right and back of the proteasome relative to the
center orientation in panel a. In the s1 conformer, the Rpt ring and Rpn2 are depicted in light blue; Rpn1,
Rpn10, and Rpn13 in cyan; and the lid in yellow. In the s3 conformer, the Rpt ring and Rpn2 are depicted
in medium blue; Rpnl, Rpnl0, and Rpn13 in dark blue; and the lid in salmon. For both conformers, the
core is shown in gray. During the transition from sl to s3, the lid and Rpn10 rotate by ~30° relative to the
Rpts. (c) Cutaway representations of the proteasome in the conformations s1-s4, emphasizing differences
in the location of Rpn11; the width of the central processing channel; and the coaxial alignment of the N-
ring, the AAA+ (ATPases associated with various cellular activities) ring, and the 20S core. The central
channels through the N-ring and AAA+ ring are highlighted by a solid black line. The coaxial alignment
is most pronounced in the s3 and s4 conformers, leading to the formation of a wide continuous channel
for substrate translocation, with the Rpnl11 active site (red dot) located directly above the entrance. Also
shown are top-down views of the 20S core particle, emphasizing the changes in the 20S gate, which has
the most density in the sl state and the least in the s4 state.

The RP can be separated biochemically into the base and lid subcomplexes (Figure 1.1a) (16,
17). The base subcomplex includes three non-ATPase subunits, in Saccharomyces

cerevisiae called Rpnl, Rpn2, and Rpn13, with Rpnl and Rpn2 containing large alpha solenoids
that provide multiple binding sites for ubiquitin and ubiquitin-like proteins (UBLs) (on Rpnl)
and a binding site for the ubiquitin receptor Rpn13 (on Rpn2) (18-20). An additional ubiquitin-
receptor subunit, Rpn10, is not considered part of the base or lid per se, but instead bridges both
subcomplexes in the assembled RP (21, 22). At the center of the base are six distinct ATPase
subunits (Rpt1-Rpt6 in yeast), whose AAA+ domains form the ring-shaped heterohexameric
motor of the proteasome. Each Rpt also contains an N-terminal alpha helix and an OB
(oligonucleotide/oligosaccharide binding)-fold domain that in the hexamer assembles into a
distinct N-ring above the AAA+ domain ring. The Rpts use conserved loops projecting from
their AAA+ domains into the central pore of the motor to engage protein substrates, apply
mechanical pulling force for unfolding, and then translocate the unfolded polypeptide into the
associated 20S core (23-27).

The lid subcomplex acts as a scaffold that braces one side of the base (28, 29) and includes six
PCI (proteasome-CSN-initiation factor 3) domain—containing subunits (Rpn3, Rpn5, Rpné6,
Rpn7, Rpn9, Rpn12) as well as two subunits (Rpn8 and Rpn11) with an MPN (Mpr1-Padl N-
terminal) domain. Rpnll is a Znz-dependent deubiquitinase (DUB) of the JAMM/MPN family
and responsible for the removal of substrate-attached ubiquitin chains before they enter the
AAA+ ATPase (30-32). The proteasome also contains one or two additional stably associated
DUBSs, Ubp6 and Uch37. Ubp6 (Usp14 in mammals) is a ubiquitin-specific protease (USP) that



interacts with Rpnl of the base and uses an active site cysteine to cleave supernumerary
ubiquitin chains from substrates (33). The ubiquitin C-terminal hydrolase Uch37 (also called
UCHLY5) associates with the ubiquitin receptor Rpn13 and likely functions in cleaving or editing
distal ubiquitin chains on proteasome substrates (34-37).

The past few years have bestowed a major leap in our structural and functional understanding of
the RP, especially through cryo-electron microscopy (EM) studies that have identified several
new conformations (15, 38-45). The combination of newly available structural information with
a large body of biochemical studies has provided us with an intriguing molecular model for
substrate processing by the 19S RP (Figure 1.2). Substrates are targeted to the proteasome
through interactions between attached ubiquitin modifications and several ubiquitin receptors on
the proteasome (see the section titled Ubiquitin Recognition at the Proteasome). An unstructured
region of the substrate is then engaged by the AAA+ motor, which subsequently pulls on,
translocates, and unfolds the substrate (see the sections titled Substrate Requirements for
Proteasome Degradation, and The Proteasome AAA+ ATPase Motor) (46). Substrate
engagement is accompanied by a major conformational change that switches the RP into a state
ideally suited for processive substrate translocation and translocation-coupled deubiquitination
(see the sections titled Proteasome Conformational Changes, and Proteasomal Deubiquitinases)
(42). The proteasome's various conformational states thus appear to differentially facilitate and
coordinate the individual steps of substrate processing (15, 38-45, 47). On the basis of these
findings, it is now clear that proteasome function depends on complex conformational equilibria,
which are influenced by a range of factors, including the nucleotide state of the Rpt subunits, the
presence of protein substrate, and the occupancies of DUBs and ubiquitin receptors. In addition,
major advances in localizing and characterizing the various ubiquitin receptors and DUBSs have
provided a first glimpse into how the proteasome may differentially use them to recruit certain
substrates and fine-tune degradation activities. The following sections focus on the recent
progress in our understanding of the 19S RP, its fascinating dynamics, and versatile functions in
substrate selection and processing.
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Figure 1.2. Model for substrate engagement by the proteasome.

(Left) Proteasome is shown in the s1 state (EMDB: 3534) with a model substrate (red) tethered through a
tetraubiquitin chain (purple) near the presumed location of the Rpn10 ubiquitin-interacting motif. In this
s1 state, Rpnll (orange) is offset to the right, making the entrance to the central pore accessible for
insertion of a substrate’s unstructured initiation region. (Right) Substrate engagement shifts the
proteasome to the s3 or s4 state (s4 is shown; EMDB: 3537) (15) in which the N-ring and AAA+
(ATPases associated with various cellular activities) ring are coaxially aligned to facilitate substrate
translocation and the 20S gate is open for polypeptide transfer into the internal degradation chamber.
Rpnll is located directly above the entrance to the central pore, where it acts as a gatekeeper and removes
ubiquitin chains from substrates during translocation. The initiation region of the substrate must be long
enough to bridge the gap between the N-ring and the pore loops of the Rpts.

Conformational Changes of the Proteasome

Recent high-resolution cryo-EM work on the 26S proteasome has revealed that the 19S RP has a
complex conformational landscape. Two conformations were initially identified and assigned to
the substrate-free (s1) and the substrate-processing (s3) states. These two states predominate in in
vitro structural studies of purified proteasomes from S. cerevisiae (27, 29, 38-41, 48) and Homo
sapiens (44, 49-52), and they are also observed in situ by cryo-electron tomography of rat
hippocampal neurons (53). Recent rapid technological advancement in EM has allowed for
further subclassification of proteasome states, and now, up to seven different proteasome
conformations have been identified (15, 43-45). It is likely that further structural and
biochemical studies will continue to reveal additional conformational states. In the current
nomenclature, the main states of the yeast proteasome are referred to as s1, s2, s3, and s4 (15,
40), whereas the closely related conformations of the human proteasome are termed Sa, Sg, S,
and Soq. (44, 45). For clarity, we use the yeast nomenclature in this review.

The order of the four main states is suggested by their structural comparison, as there is a
progression of movement from the sl state through the s2, s3, and s4 states, with s4 being least



similar to s1. Throughout all conformations, the general structure of the core particle remains
virtually unchanged, whereas the orientation of the base and lid relative to each other and to the
core particle varies dramatically (Figure 1.1b,c). Between the s1 and s4 conformations, the lid
undergoes an ~30° rotation relative to the base, pivoting around the contact points between its
PCI domains and the AAA+ domains of the base. During the transition from sl to s2, this lid
rotation moves the essential DUB Rpn11 from an offset to a coaxially aligned position directly
above the central processing pore of the base. Even though this position seems ideal for
translocation-coupled deubiquitination, it likely restricts substrate access to the central pore,
leading to the proposal that only the s1 state is capable of efficiently engaging an incoming
polypeptide with its translocation machinery. The s1 state is therefore assumed to represent the
primary substrate-binding conformation (Figure 1.2) (15, 38, 40, 41, 44). This conformation is
also likely the resting state of the proteasome, as it is the major conformation observed for ATP-
bound proteasomes in the absence of added substrate or other factors. The other conformations
were induced by trapping the proteasome during substrate degradation or in the presence of ATP
analogs (Figure 1.3), which leaves some uncertainty about their physiological role (15, 38, 40,
41, 43-45).

Whereas the transition from sl to s2 involves mainly the lid subcomplex, the subsequent
transition to s3 is accompanied by major rearrangements in Rpt1-Rpt6, the ATPase subunits of
the base (40, 44). The N-ring of the Rpts shifts toward Rpn1, and the AAA+ domains move and
tilt in the same direction, creating a wider, continuous central channel that is aligned with the
axial pore of the core particle (Figure 1.1c) (15, 38, 40, 44). Concurrently, the interfaces between
the AAA+ domains of neighboring Rpts become more uniform and adopt a conformation more
similar to other AAA+ motors (15, 38).

Finally, during the transition from s3 to s4, the gates to the core particle appear to open up
(Figurel.lc) (40, 44), completing a substrate passage that extends from the N-ring through the
AAA+ motor domains into the core. Conformations with more open gates, such as s4, are
therefore assumed to reflect the actively translocating states of the RP. The variable opening of
the gates is likely induced by differential interactions between the C-terminal tails of Rpt
subunits and the 20S core particle (8, 9, 12, 13, 44, 54). The C termini of Rpt2, Rpt3, and Rpt5
contain conserved hydrophobic-Tyr-X (HbYX) motifs, whose docking into hydrophobic pockets
on the axial face of the core particle induces gate opening (8, 9, 12, 13, 55). In the s4 state, the C
terminus of Rpt6 makes additional contacts with the 20S core, which may trigger the more
complete gate opening observed for this state (15)).

Other important changes that are coupled with the conformational transitions involve the
intrinsic ubiquitin receptors Rpn10 and Rpnl, one of the most flexible subunits of the
proteasome complex. Between s1 and s3 or s4, Rpnl changes its interactions with the N-terminal
coiled coil of Rptl and Rpt2; thus, it rotates relative to the ATPase ring and the central pore (15,
38, 40, 43, 44). The rotation of Rpn1 brings its binding site for the UBL of Ubp6 closer to the
base ATPases, allowing Ubp6 to make stable contacts with the base ATPase site that is
responsible for stimulation of Ubp6 DUB activity in non-sl states. This dependence on the
rotation of Rpnl explains the ability of Ubp6 to sense the conformational state of the proteasome
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in its DUB activity (47, 56-58). During the same transitions, Rpn10 moves concomitant with
Rpnll and makes additional contacts with the N-terminal coiled coil of Rpt4 and Rpt5 (Figure
1.1b). Although the functional importance of these ubiquitin-receptor transitions has yet to be
determined, the different positions may influence the proteasome’s affinity for ubiquitin chains or
direct substrates to the central pore.

The functional models derived from the EM structural data are supported by biochemical
measurements of proteasomal peptide hydrolysis, ATP hydrolysis, and deubiquitination, which
suggests an intimate relationship between these activities. Studies using freely diffusible
fluorogenic peptides to read out gate opening have shown that the 19S RP finely controls the 20S
gates and that this activity is stimulated by multiple factors, including the engagement of a
protein substrate, the presence of Ubp6, and binding of nonhydrolyzable nucleotide analogs to
the base ATPases (26, 58-62). Thus, there is consistency between structural and biochemical
studies indicating these factors bias the proteasome toward the open-gate s3 and s4 states and
influence gate-opening activity.

Another major difference between conformations is the arrangement of the AAA+ domains, and
here too, biochemical and structural studies converge. Substrate engagement, for instance,
induces the transition from sl to s3 or s4 (38), where the contacts between neighboring AAA+
subdomains are more fully formed. Correspondingly, substrate engagement increases the ATPase
activity of the Rpt motor (26, 47, 58, 63). Similarly, Ubp6 stimulates proteasomal ATPase
activity, and it also shifts the conformational equilibrium of the RP away from the s1 state (47,
51, 56, 63). These data are consistent with a model where the s1 conformation is the ground state
of the proteasome in which the base hydrolyzes ATP slowly. Factors that stimulate ATPase
activity do so by biasing the proteasome toward different conformations that hydrolyze ATP
more quickly. This assumption is further corroborated by the fact that nonhydrolyzable
nucleotide analogs that likely stabilize uniform Rpt-subunit interfaces also bias the proteasome
conformational landscape away from the s1 conformer (15, 39).

Although much effort has been dedicated to defining different proteasome conformations, the
biochemical activities are only correlative at this point, and the relevance of any conformer to
on-pathway proteasome degradation has not yet been assessed. Moreover, posttranslational
modifications regulate proteasome function in vivo (64, 65), but their effects on the
conformational landscape and biochemical activities have not yet been studied.

The AAA+ Motor of the Proteasome

Unfolding and translocation of protein substrates into the proteolytic core is driven by the Rpt1-
Rpt6 heterohexameric motor, which functions as the engine of the proteasome, converting the
chemical energy of ATP binding and hydrolysis into mechanical work. The architecture of the
Rpt ring resembles a trimer of dimers, with the N-terminal helices forming coiled coils between
pairs of neighboring subunits (Rptl/Rpt2, Rpt6/Rpt3, and Rpt4/Rpt5) that contribute to proper
arrangement of subunits during assembly (66, 67) (Figure 1.3a,b). Downstream of the coiled
coils, the OB-fold domains of Rptl-Rpt6 form the N-ring, which is essential for the structural



stability of the hexamer and acts as a bottleneck against which the AAA+ motor likely pulls the
protein substrates during mechanical threading to induce their unfolding.

N-terminal coiled coils

AAA+ domains

b

N-terminal helix

OB fold

Nucleotide
binding pocket

HbYX motif
d
Spiral (s1) Planar (s3)
PProe® P OP D &
Core particle interface Core particle interface

Figure 1.3. AAA+ motor architecture, nucleotide binding, and conformational changes.

(a) Side (left) and top (right) views of the EM density for the Rpt1-Rpt6 hexamer in the s3 state (EMDB:
3536) (15). The small AAA+ subdomain of each Rpt forms a rigid body with the large AAA+ subdomain
of the clockwise-next neighboring subunit. The rigid body formed between Rpt3 (red) and Rpt6 (dark
blue) is shown with a dashed loop. In the top view (right), the EM densities for Rpt3 and Rpt6 are shown
in transparent grey, and the molecular models for both Rpts are fitted into the density, with the large
AAA+ subdomain of Rpt3 in red and the small AAA+ subdomain of Rpt6 in blue, to highlight the rigid-
body interaction. (b, left) Molecular model of Rpt3 (PDB: 5mpb) (15); (right) representation of the
relative positions of the large and small AAA+ subdomains as well as the pore loop responsible for
mechanical substrate translocation. (¢) Schematic of the Rpt1-Rpt6 hexamer, showing the reported
nucleotide occupancy of each AAA+ binding pocket for EM reconstructions in the presence of ATP (sl
state) (innermost circle in dark gray) or different ATP analogs (ADP-BeFx, ADP-AIFX, and two distinct
ATPyS structures): Black dots indicate the presence of nucleotide density, dots are absent from reported
empty sites, and outlined gray dots denote sites with lower probability occupancy or lower affinity. For



the sl state, all available data sets show nucleotide density in every pocket (white dots), although Rpt6
exhibits a smaller density and a lack of arginine-finger contacts, suggesting that the bound nucleotide is
ADP (white star) (15, 43, 44, 50, 51). The two ATPyS data sets reflect the higher-certainty assignments
from Zhu et al. (45), the results for ADP-AIF4-bound proteasomes were taken from Ding et al. (43), and
the ADP-BeFx data set reflects the assignments of the s4 state described in Wehmer et al. (15). (d)
Representations of the splayed-out Rpt subunits in the steep spiral arrangement of the s1 state and the
more planar staircase conformation in s3. All subunits are oriented with the channel-facing pore loops
pointing to the right. The dashed lines serve to highlight the apparent tilt of the AAA+ large domains.
Abbreviations: AAA+, ATPases associated with various cellular activities; EM, electron microscopy; OB,
oligonucleotide/oligosaccharide binding.

In the s3 and s4 conformations of the base, the small AAA+ subdomain of every Rpt subunit
forms static contacts and thus a rigid body with the large AAA+ subdomain of the clockwise-
next neighboring subunit (Figure 1.3a). Therefore, the AAA+ hexamer can be thought of as six
rigid bodies that are connected by linkers between the large and small subdomains. They are
expected to move in response to ATP hydrolysis and change their vertical arrangement in a
topologically constrained fashion. The conserved pore loops that sterically interact with substrate
in the central pore (Figure 1.3b) originate from the large AAA+ subdomains and are linked to
movements of the rigid bodies, enabling the translation of nucleotide-dependent changes into
mechanical pulling for substrate translocation. The AAA+ domain interfaces that form rigid-
body contacts are similar to those seen for other polypeptide translocating AAA+ motors,
including the archaeal proteasome homolog PAN (proteasome-activating nucleotidase) and the
bacterial translocase ClpX (68-70). In addition, a number of structures have been recently solved
of AAA+ motors actively translocating substrates, and they all exhibited rigid-body movements
of their AAA+ domains as well (71-75).

An emergent feature common to these AAA+ motors is a spiral staircase (often termed
lockwasher) arrangement of their rigid bodies, in which neighboring large AAA+ subdomains tilt
progressively downward, with a break in the arrangement between the first and last units (Figure
1.3d) (76, 77). This staircase arrangement may be tied to the hydrolysis cycle of the motors, with
each position in the staircase corresponding to a particular hydrolysis event. For the proteasome,
cryo-EM studies have revealed that the Rpt ring is highly dynamic, with the most pronounced
structural rearrangement occurring between the s1 and s3 states. In the s1 state, rigid-body
interactions between neighboring Rpt subunits are largely absent; the large AAA+ domains are
differentially lifted out of the plane of the ring; and their pore loops are arranged in an extended
spiral, with Rpt3 in the highest position (Figure 1.3d). This arrangement is not typical of actively
translocating AAA+ hexamers and may represent an “off” state for other motors (71). In the
proteasome, this motor state may be stabilized in the s1 conformation by interactions between
the base, lid, and core. During the transition from the sl to the s3 and s4 states, the ring of
ATPases flattens out and adopts a shallower staircase arrangement analogous to that of other
active AAA+ translocases. In these conformations, a number of different Rpts have been
observed at the top of the staircase, but these different states have not yet been assigned to
particular steps in the hydrolysis or translocation cycle.



Mutational analyses of the base have shown that the Rpts are functionally nonredundant and may
have differential roles according to their vertical position in the spiral arrangement of the
hexamer. Active site mutations for each Rpt subunit in vivo showed that nucleotide binding by
Rptl or Rpt5 is not required for viability, and the effects of pore loop mutations in vivo were
similarly varied (27, 78). In a heterologous expression system that allows for detailed
biochemical investigation of otherwise-lethal mutations in the proteasome ATPases, eliminating
the ATP-hydrolysis activity in the Rpt subunits that adopt the top positions in the s1-state spiral
(Rpt3 and 4) leads to the most severe defects in substrate processing, but not necessarily the
strongest defect in ATP hydrolysis (26). These experiments suggest a particular role of those
subunits closest to the pore entrance in facilitating substrate engagement and the transition out of
the s1 state.

Another common feature of other related AAA+ motors is allosteric interactions that constrain
subunits to bind at most four nucleotides per hexamer at any one time (75, 79-82). Similar
allosteric networks have also been identified in the proteasome homolog PAN and in the 26S
proteasome (60, 83-85). Recent higher-resolution EM studies have now begun to reveal the
nucleotide occupancies of individual Rpt subunits in the proteasome, though in many cases the
limited resolution of the nucleotide prevented distinguishing between ADP and ATP (Figure
1.3c). Another challenge is that averaging large numbers of particles for cryo-EM
reconstructions may obscure the underlying heterogeneous arrangement of nucleotides. One
intriguing study used extensive subclassifications to show that a planar s4 conformation of the
Rpt ring has only four bound nucleotides, which is in agreement with scenarios observed for
other motors (Figure 1.3c) (45). Thus, even though AAA+ hexamers can explore a large
conformational landscape, they may share common mechanisms of translocation. In ClpX, for
instance, ATP hydrolysis in one subunit can drive the motion of all other subunits owing to their
rigid-body contacts and conformational coupling in the hexamer (84, 85). AAA+ motor subunits
arranged in a spiral staircase may thus advance in a coordinated fashion by one register after
each ATP hydrolysis event. The arrangements of Rpt pore loops in the s3, s4, and recently
reported ADP-AIF-bound states of the proteasome also suggest a downward-directed paddling
motion of individual subunits to propel substrate through the central pore (Figure 1.3d).

In addition, the substrate polypeptide seems to play a role in the allosteric control of AAA+
motor activity. For most AAA+ protein unfoldases, engagement and threading of a polypeptide
stimulate ATPase activity, likely because subunits exert force on each other through substrate-
mediated contacts between pore loops (84, 85). This bridging of pore loops by the substrate and
the reciprocal application of force between ATPase subunits may also be responsible for the
transition of the RP from the s1 to the s3 or s4 conformations upon substrate engagement.
Moreover, an intriguing consequence of the proteasome’s complexity and architecture is a novel
mode of long-range allosteric communication that is mediated by the ubiquitin-conjugated
substrate polypeptide. Through mechanical tension on the substrate, the proteasomal AAA+
motor appears to induce a conformational switch in the Rpn11 DUB located ~40 A away, above
the entrance to the central pore, thus stimulating cotranslocational deubiquitination (42).
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Substrate Requirements for Proteasome Degradation

Even though the proteasome processes a large variety of proteins in the cell (4), all of its
substrates must possess two essential parts: a targeting signal and an unstructured initiation
region (86, 87) (Figure 1.2). Various recent studies using different model substrates have
provided more clarity on the precise nature of both requirements. The predominant targeting
signals in vivo are polyubiquitin chains, which are formed by first covalently attaching the C
terminus of ubiquitin via an isopeptide bond to a substrate lysine and then repeatedly linking
additional moieties to lysines in ubiquitin (1). Depending on the lysine-linkage type, these chains
exhibit variable compactness and distinct conformations, which serve as a ubiquitin code to
control substrate targeting. Proteins modified with one or several K11-, K48-, K29-, and, at least
in vitro, also K63-linked chains are recruited to the proteasome by interacting with the intrinsic
ubiquitin receptors Rpnl, Rpn10, and Rpn13, or the transiently bound ubiquitin receptors Rad23
and Dsk2 (19, 88-97). A single tetraubiquitin chain is a more effective targeting signal than a
single monoubiquitin, but multiple short (mono- or di-) ubiquitin modifications can also lead to
efficient degradation (98, 99). Some natural substrates have intrinsic affinity for the proteasome
(100, 101), but proteins can also be targeted by artificial ubiquitin-independent tethering systems
or fusions to proteasome components such as Rad23 and Rpn10 (47, 87, 102-105). These
numerous delivery strategies imply sufficient flexibility provided by the ubiquitin chain, linkers
in ubiquitin receptors such as Rpn10 and Rad23, or flexible segments in artificial recruitment
systems to allow the substrate to properly orient itself for insertion of its initiation region into the
pore (Figure 1.4).

The presence of an unstructured region, either at the terminus or as an internal flexible loop, is a
strict prerequisite for degradation by the proteasome (106, 107). Intrinsic subunits of the
proteasome complex or transiently bound factors lack flexible segments suitable for engagement
and thus avoid degradation. As a proof of principle, the addition of a flexible initiation region at
the terminus of Rad23 leads to efficient degradation, whereas an internal unstructured region
inherent to Rad23 is not long enough to engage with the proteasomal motor (104). The minimum
length requirement for a terminal initiation region is ~20-30 amino acids (the requirements for
an internal initiation region are more strict), and its distance from the targeting signal, e.g., the
substrate-attached ubiquitin chain, influences the rate of proteasomal processing (46, 98, 104). It
remains unclear how the length requirement for the initiation region is affected by certain
characteristics of the ubiquitin chain, for instance, linkage type or branching, that may determine
which of the ubiquitin receptors on the proteasome is preferentially used for substrate delivery
(see the section titled Ubiquitin Recognition at the Proteasome and Figure 1.4).

The requirements for a sufficiently long handle on the substrate are not surprising, given the
structural features of the proteasome, with the static N-ring above the AAA+ domain hexamer
forming the only entrance to the central processing channel (Figure 1.2). Thus, there is a 30-40-
A gap between this constriction point at the entrance and the pore loops of the motor that must
engage the substrate polypeptide to drive translocation and unfolding. For proteasome substrates
that do not contain an intrinsic, flexible initiation region, another hexameric AAA+ unfoldase,
Cdc48 in yeast and p97 or VCP in higher eukaryotes, may completely or at least partially unfold
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them to create a handle for proteasomal processing (108, 109). Cdc48 does not depend on
extended flexible regions in its substrates, possibly because it lacks an N-ring above the AAA+
motor and the central channel with its translocating pore loops is more easily accessible even for
well-folded proteins (110). However, the detailed mechanisms for substrate recognition and
engagement by Cdc48 remain elusive.

An unstructured region not only is required for reaching the translocation machinery deep in the
proteasome central pore but also plays an important role in committing substrates to proteasomal
processing (111). This commitment step is critical for direct coupling between substrate
degradation and deubiquitination at the proteasome (42). The sequence composition of this
region has large effects on the rate at which a substrate is degraded both in vivo and in vitro
(112-115). Compared with diverse regions, those with lower sequence complexity and small side
chains (i.e., stretches of serines or glycines) lead to much less efficient degradation, and other
parameters such as flexibility, hydrophobicity, and charge further modulate such effects (114).
One explanation for sequence dependence could be that the AAA+ pore loops need a good grip
on the substrate polypeptide chain both to prevent backsliding and escape and to apply a high
enough unfolding force when the first folded domain of the substrate arrives at the entrance to
the pore. For instance, introducing a low complexity sequence in front of a stably folded domain
appears to compromise motor grip, thus encouraging slippage and subsequent release of partially
processed substrate (106, 112, 113, 115). Such degradation stop signals allow for partial
proteasomal degradation and consequent activation of transcription factors such as NFkB, Spt23,
and Mga2, which are engaged at an unstructured but slippery internal loop (116). The
biophysical basis for the sequence dependence of motor grip is still unclear, but it is conceivable
that the lack of large side chains weakens the steric interaction between the substrate polypeptide
and the pore loops of the AAA+ motor.

Although recent research has explored the minimum requirements for a substrate, a thorough
mechanistic and structural understanding of how the proteasome recognizes a substrate is still
lacking. The difficulty lies both in the complexity of substrate recognition by ubiquitin receptors
(discussed in the following section) and in the significant challenges of producing large
quantities of model substrates with defined ubiquitin modifications. Ideally, a structure with
visibly bound substrate would help to fully elucidate the proteasome's interactions with ubiquitin
and the substrate polypeptide.

Ubiquitin Recognition at the Proteasome

Before a flexible initiation region can engage with the AAA+ motor, the substrate needs to be
recruited to the proteasome through interactions of its ubiquitin modification with intrinsic or
extrinsic ubiquitin receptors. The proteasome contains at least three intrinsic receptors: the UIMs
(ubiquitin-interacting motifs) of Rpn10/S5a, the Pru (plextrin-like receptor for ubiquitin) domain
of Rpn13/ADRM1, and the T1 site of Rpn1/PSMD2 (Figure 1.4a) (19-22, 117).
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hPLIC2/Dsk2

Figure 1.4. Ubiquitin receptors and DUBs (deubiquitinases) at the proteasome.

(a) Cryo-electron microscopy (EM) reconstruction of the 26S proteasome in complex with ubiquitin-
bound Ubp6 (EM: 3034; PDB: 5a5b) (56), with EM density for the lid shown in yellow, the base in light
blue, the core particle in gray, Rpnl11 in orange, Ubp6 in lighter orange, and individual ubiquitin receptors
in darker blue. A schematic version highlighting the DUBSs and ubiquitin receptors labeled by figure panel
is shown in the inset (lower right). The essential DUB Rpn11 (orange) sits just above the N-ring pore with
its active site 35 A away from the active site of Ubp6 (lighter orange, with bound ubiquitin density in
pink). Bridging EM density links Ubp6’s ATPase-contacting ubiquitin-specific protease (USP) domain to
the UBL (ubiquitin-like) domain bound at the T2 site of Rpnl. The UBL domain of Mus musculus Ubp6
(PDB: 1wgg) (orange ribbon) is fit into the EM density seen at the T2 site of Rpnl, using Chimera’s Fit in
Map tool. The USP domain of Ubp6 (PDB: 5a5b) is also depicted as an orange ribbon within the EM
density. Each ubiquitin receptor on the proteasome is shown with the ribbon diagram of the EM-based
atomic model docked into the EM density. Proteasome-bound ubiquitin (pink ribbon) is modeled by
docking existing ubiquitin-receptor costructures into the EM density for each ubiquitin receptor. K48-
linked diubiquitin bound to the dual UIMs (ubiquitin-interacting motifs) of human S5a/PSMD4 (Rpn10)
is shown in a possible location on the proteasome, placed by confining the most N-terminal residue of the
UIM structure 17 A from the most C-terminal residue of the EM docked Rpn10 VWA (von Willebrand
factor type A) domain. This constraint is determined by the five amino acid linker unresolved between the
UIM and VWA domains in the available structures of the Homo sapiens Rpn10 homolog (PDB: 2kde)
(118). (b) The side view of the human S5a/PSMD4 (Rpn10) with bound diubiquitin highlights the gap
(dashed line) between the VWA domain and the UIMs. In organisms containing more than a single UIM
in Rpn10, UBLs such as hHR23 (dark green) can bind to the UIM2 site in a similar manner as ubiquitin,
as illustrated by overlaying the hHR23 Sba structure with the ubiquitin dimer-bound structure of Sba
(PDB: 1p9d) (119). Here, the C terminus of ubiquitin (pink sphere) is shown 76 A from the active site of
Rpn11, but this distance is only a single possibility owing to the flexibility in the linker between the UIMs
and the VWA domain anchoring Rpn10 to the proteasome. (c) The T1 site of Rpnl is shown bound to the
K48-linked ubiquitin dimer, with the free ubiquitin C terminus (pink sphere) sitting 93 A from the active
site of Rpn11 (distance indicated as green dashed line) (PDB: 2n3v) (19). Side view compares the
interaction of UBLs or ubiquitin with Rpnl. Rad23 (dark green) interacts with the portion of the T1 Rpnl
site that is bound by the distal ubiquitin (the ubiquitin without a free C terminus in the dimer) in the
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ubiquitin dimer-bound structure (PDB: 2nbw) (120). The free C terminus of ubiquitin is highlighted with
a pink sphere, whereas the most C-terminal residue of Rad23 is highlighted with a smaller green sphere.
The M. musculus Ubp6 UBL is placed at the T2 site, which is distinct from the T1 ubiquitin binding site.
The structure of the human Rpn13 homolog ADRML1 (dark blue) (PDB: 5v1z) (121) in complex with
ubiquitin and the respective Rpn2 peptide is placed into the EM density, using the orientation defined by
Wehmer et al. (15) (PDB: 5mpd). This orientation places the C terminus of ubiquitin 91 A from the active
site of Rpn1l. (d) The UBL of Dsk2 binds to Rpn13 in a similar manner as ubiquitin, highlighted by the
overlay of the ADRML1 bound to hPLIC2, a Dsk2 homolog (dark green) (PDB: 2nbv) (120), with the C-
terminal residues indicated by same-colored spheres.

Each ubiquitin receptor is placed approximately the length of a tetraubiquitin from the entrance
to the N-ring through which substrates are threaded into the motor (Figure 1.4a). Placement on
the periphery of the proteasomal complex provides these receptors with some flexibility, which
may allow the proteasome to accommodate substrates with diverse geometries of ubiquitin
chains and folded domains, not only during initial recruitment, but also for engagement,
unfolding, and deubiquitination. Accordingly, Rpn13 and Rpn1 consistently show the lowest
resolution in EM reconstructions of the proteasome, and even the ubiquitin receptor—containing
portion of Rpn10 has yet to be definitively localized. Rpn10 binds the proteasome via a VWA
(von Willebrand factor type A) domain, and, depending on the organism, one to three UIMs are
attached to this domain through flexible linkers (27, 122). This flexible attachment of UIMs
allows them to explore a wide radius around the RP, which may also explain some of the
previously observed unexpected crosslinking between ubiquitin and nonreceptor subunits

(27), (122-124).

In addition to the intrinsic receptors Rpnl, Rpnl10, and Rpn13, several extrinsic receptors can
deliver substrates through dynamic interactions with both the proteasome and ubiquitin chains.
These receptors act by combining ubiquitin-chain recognition through ubiquitin-associated
(UBA) domains with proteasome binding via a flexibly tethered, N-terminal UBL domain (125-
129). Whereas S. cerevisiae contains the shuttle receptors Rad23/hHR23 and
Dsk2/hPLIC2/ubiquilins, higher eukaryotes contain many more paralogs, along with other
UBL/UBA-containing proteins that have not been implicated in direct proteasome delivery.
Despite their similar domain architectures, different shuttle-receptor paralogs appear to have
distinct preferences for specific intrinsic ubiquitin receptors owing to differences in their
individual UBL interfaces (120). The dynamic nature of these interactions has complicated a
reliable determination of which intrinsic receptor is bound by individual shuttle receptors, and
some UBLSs can support proteasome delivery in vitro even if they are unlikely to act in that
capacity in vivo (105, 130, 131). Differences in the number of UIMs present in Rpn10 also
complicate the assignment of the preferential proteasomal binding site for UBLSs. In organisms
where Rpn10 contains multiple UIMs, the second UIM acts as a binding site for extrinsic
receptors such as the Rad23 homolog hHR23 (Figure 1.4b) (118). However, recent structural
studies on Rad23 and hPLIC2, a homolog of Dsk2, clearly define the molecular basis for their
preferences to bind the Rpnl T1 site and Rpn13/Adrml, respectively, in a manner similar to
ubiquitin binding to those sites (Figure 1.4c,d) (120).
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Utilizing extrinsic receptors with their flexible domain architecture may allow the proteasome to
accommodate an even wider variety of substrate geometries and ubiquitin modifications than
with the stably bound intrinsic receptors alone. Extrinsic receptors can also provide proteasomal
substrate selection upstream of ubiquitination by recognizing and binding disordered regions of
substrates, and using their UBL domains to interact directly with E3 ubiquitin ligases, which
allows them to shuttle condemned proteins from ubiquitination to proteasomal degradation (96,
132-135). As a result, misfolded or mistargeted proteins that would not be recognized by the
proteasome's intrinsic ubiquitin receptors due to the lack of a permanently unstructured region or
ubiquitin chains can still be directed to the proteasome (135).

The proteasomal ubiquitin receptors do not exhibit exclusive binding of certain ubiquitin-chain
linkages, in agreement with in vivo and in vitro findings that all linkage types can be recognized
as a signal for degradation at the proteasome (93, 136). However, each receptor provides unique
contributions to linkage-type preferences, with intrinsic receptors preferring K48-linked chains
over other linkage types, but the biological relevance of these overall preferences remains
unclear (120, 123, 137, 138). In vivo, specific recruitment of substrates with K48-linked
ubiquitin chains for proteasomal degradation may be largely determined by the linkage-type
specificity of Cdc48-dependent processes upstream of the proteasome, rather than the linkage-
type preferences of the proteasomal ubiquitin receptors (138)). Disruption of ubiquitin binding to
single or several ubiquitin receptors is well tolerated in S. cerevisiae but leads to accumulation of
polyubiquitinated species (139), speaking to the overlapping functions of ubiquitin receptors in
substrate recruitment. Similarly, known proteasome substrates are stabilized in a variety of
different receptor-knockout backgrounds, consistent with largely overlapping substrate pools for
individual receptors (138, 140). In higher eukaryotes, deletion of single proteasomal receptors
suggests incompletely overlapping roles in substrate recruitment. Deletion of Rpn10’s UIMs, for
instance, is embryonically lethal in Mus musculus, whereas deletion of Rpn13 produces viable
mice with tissue-specific proteasome defects that can be magnified by codisruption of Rpn10 in
those same tissues (141-143). So, even though receptor-specific essential substrates are
apparently not present in S. cerevisiae, they seem to exist in higher eukaryotes.

Variations in the location and orientation of substrate when recruited through different binding
sites may have consequences for the efficiency of engagement and degradation. For example, the
geometries of substrate-attached ubiquitin chains relative to folded domains influences turnover
by the proteasome (46). Multiple ubiquitin receptors might also work in tandem on the same
substrate, not only to increase the substrate affinity through avidity, but also to funnel a substrate
toward the central pore of the base in an ideal orientation for engagement of the unstructured
initiation region. Because extrinsic receptors use the same sites on intrinsic receptors as
ubiquitin, simultaneous disruption of all intrinsic receptors should prevent ubiquitin-dependent
substrate delivery in general; however, current mutations are not lethal despite the essential
nature of the proteasome (19). It is possible that these mutations incompletely disrupt the binding
of ubiquitin and extrinsic receptors, but there may also be additional uncharacterized substrate-
delivery mechanisms, as hinted by ubiquitin crosslinking to sites beyond the currently
established receptors (124, 144).
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Finally, as each ubiquitin receptor is placed in a distinct location on the proteasome, substrates
recruited through them may have differential access to other proteasome-associated factors, such
as the E3 ligases Hul5/UBE3C and parkin. Parkin interacts with the ubiquitin receptor Rpn13,
whereas Hul5 binds to the proteasome through Rpn2 (145, 146), yet neither has been visualized
in high-resolution EM reconstructions of the proteasome. Hul5 is thought to act mainly in
extending substrate ubiquitin chains, and its location on Rpn2 may make Rpn13-bound chains,
for example, more accessible to this ligase. Similarly, the peripherally associated proteasome
DUBs Ubp6 and Uch37 are located adjacent to different ubiquitin receptors: Uch37 binds the
proteasome through Rpn13, whereas the UBL of Ubp6 is tethered to Rpnl at the T2 site that is
distinct from the T1 ubiquitin binding site (19, 147). Their proximity to ubiquitin receptors may
influence the extent to which ubiquitin chains bound to one receptor or another are susceptible to
deubiquitination by these proteasome-associated DUBS.

Deubiquitinases of the Proteasome

Because ubiquitin receptors guide substrates decorated with ubiquitin and ubiquitin chains to the
proteasome, it is not surprising that the proteasome contains DUBSs capable of removing or
editing the ubiquitin signal. In isolation, these DUBSs have fairly poor isopeptidase activity, but
their activities are increased upon interaction with the proteasome. This allosteric relationship
between the DUBSs and the proteasome works both ways: In turn, the various catalytic functions
of the proteasome such as ATPase activity, gate opening, and substrate degradation are activated
or repressed in the presence of DUBs. EM has identified these DUBSs in key locations within the
RP, either near ubiquitin receptors or, in the case of Rpnl11, directly above the N-ring and the
entrance to the central processing channel (Figure 1.4a). Recent studies have provided structural
insights into DUB activation by the proteasome, how these enzymes affect the proteasome
conformational states, and what potential role they play in substrate degradation.

Lentral pore
»

Figure 1.5. Crystal structures of proteasomal DUBSs.

(a) Crystal structure of Saccharomyces cerevisiae Rpnl11 (orange) bound to ubiquitin (green) (PDB: 5u4p)
(42) and docked into the electron microscopy density with Ubp6 removed for clarity (EM: 3034; PDB:
5a5b) (56). The central pore is highlighted by a red sphere. (b) Arrangement of the Ins-1 loop of Rpn11
(cyan) in (top) the unbound apo state (PDB: 408x) (155) and in (bottom) the ubiquitin-bound state (PDB:
5u4p) (42), with the C-terminal tail of ubiquitin in green. The catalytic zinc ion (gray sphere) is shown
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coordinated by the catalytic residues (stick representation). Abbreviations: DEUBAD, deubiquitinase
adaptor; DUB, deubiquitinase; Ins-1, Insert-1; Ub, ubiquitin.

The most important proteasomal DUB is Rpnl11, a JAMM metalloprotease closely related to the
NEDDS isopeptidase CSN5 of the COP9 signalosome (148). Rpn11 contains a catalytic zinc ion,
coordinated by an EX,HXHX10D metal-binding motif (31, 32), and is absolutely essential for
proteasome function and cell viability (149-151). The catalytic-site mutations His109Ala and
His111Ala (referred to as the AXA mutation) do not disrupt assembly of the proteasome or its
conformational states, but they do inhibit degradation and are lethal in yeast (31). Rpn11 resides
just above the N-ring of the AAA+ motor and adjacent to the ubiquitin receptor Rpn10, in a
location that is ideally suited for its key role in deubiquitination after the substrate is engaged,
but before the AAA+ ATPase would unfold ubiquitin (Figures 1.4 and 1.5a). Importantly,
Rpnl1’s proximity to the N-ring sterically precludes cleavage between folded ubiquitin moieties
and, thus, within ubiquitin chains (152). Instead, it removes ubiquitin modifications en bloc by
hydrolyzing the isopeptide bond at the very base of the chain between the substrate lysine and
the C terminus of the first ubiquitin moiety (32).

Rpn1l and the neighboring lid subunit Rpn8 form an obligate heterodimer that can be expressed
and purified in isolation. Crystal structures of this Rpn11/Rpn8 dimer elucidated that Rpn11 does
not interact with the substrate moiety on the proximal side (the site closest to the substrate) of the
scissile isopeptide bond (152, 153), explaining its high promiscuity and ability to remove
ubiquitin chains from the wide variety of proteasome substrates. Crystal structures also revealed
that the Insert-1 (Ins-1) region of Rpnl11 forms a loop that covers the catalytic groove, restricts
access to the active site, and inhibits DUB activity. Within the isolated lid, Rpn5 further
stabilizes this inhibited state of the Ins-1 loop, preventing Rpnl1 from acting as an efficient DUB
until it is incorporated into the proteasome (154). This is in contrast to related DUBSs, such as
Sst2 and AMSH-LP, that act in isolation and whose Ins-1 region adopts a beta-hairpin
conformation with an accessible active site (155-157). As shown by a recent ubiquitin-bound
structure of Rpn11/Rpn8, interaction with ubiquitin induces the conformational switch of
Rpnl1’s Ins-1 loop from the closed state to the active beta-hairpin structure (Figure 1.5b).
Biochemical studies also uncovered how this switch and a tight regulation of Rpn11’s DUB
activity are critical for efficient substrate degradation by the proteasome (42). Disrupting the
inhibitory closed state of Ins-1 increases DUB activity but leads to surprising degradation defects
and substrate escape from the proteasome owing to premature ubiquitin-chain removal prior to
engagement. The inhibitory closed state of Rpn11°’s Ins-1 loop enables the essential coupling
between degradation and deubiquitination in which substrate translocation by the AAA+ motor
accelerates the conformational switch of Rpnl11 and deubiquitination only for committed
substrates.

Ubp6 (Uspl4 in human) was first identified as a proteasomal DUB by using the inhibitor
ubiquitin-vinylsulfone, which specifically targets the catalytic cysteine of this USP (158).
Deleting Ubp6 from the proteasome accelerates the degradation of model substrates in vitro (57)
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and is not lethal in S. cerevisiae (150). However, this deletion leads to a growth defect owing to
increased degradation of proteasome substrates, aberrant ubiquitin turnover, and depletion of free
ubiquitin (147). Mouse embryonic fibroblasts with a Usp14 knockout show increased presence
of Rpn13 and Uch37 on the proteasome, suggesting overlapping roles for Usp14 and Uch37
(159).

Interaction with the proteasome activates Ubp6 ~300-fold (147), and shifting the RP
conformation toward s3 by trapping Rpts with the slowly hydrolyzed ATPyS leads to an
additional twofold increase in cleaving the ubiquitin-AMC model substrate (47). An N-terminal
UBL domain tethers Ubp6 to Rpnl, but contacts of its catalytic USP domain with the coaxially
aligned N-ring and the AAA+ ring of the base are required to displace inhibitory loops, expose
the active site, and stimulate DUB activity (19, 47, 147). Owing to this specific interaction with
the base in the engaged states, Ubp6’s DUB activity acts as a sensor of the proteasome
conformation (47, 57). At the same time, ubiquitin-bound Ubp6 stimulates the ATPase activity
and 20S gate opening and inhibits substrate engagement by destabilizing the s1 state or
preventing proteasome conformational switching back to s1 (47, 58). The interaction with the
base places the active sites of Ubp6 and Rpn11 just 35 A apart, allowing Ubp6 to also interfere
with ubiquitin binding to Rpn11 (Figure 1.4a). Taken together, these findings indicate that Ubp6
plays a key role in allosterically regulating the proteasome, in part depending on its own
occupancy with ubiquitin.

Interestingly, when the USP domain is docked against the base and thus fully activated, the N-
ring of the ATPase hexamer sterically overlaps with the proximal ubiquitin binding site of Ubp6,
similar to the N-ring clash that prevents binding of a proximal ubiquitin moiety to
Rpnll.Therefore, the biochemical behavior of Rpnll and Ubp6 is similar: With poor cleavage
of free ubiquitin chains and a preference for cleavage at the base of substrate-attached chains,
they release ubiquitin modifications en bloc (33). However, Ubp6 cleaves long, unanchored
K48-linked chains better than does Rpn11 (160), and it can cleave ubiquitin chains only when
more than one chain is attached to a substrate (33). Furthermore, it cannot substitute for Rpn1l in
complete deubiquitination of substrates. Ubp6 has thus been implicated in removing
supernumerary ubiquitin chains (33), but the underlying mechanisms remain unknown.

Future Directions

The past few years have provided us with a wealth of exciting new insights into the structure,
molecular mechanisms, and regulation of the 26S proteasome. Based on its architectural and
functional complexity, the proteasome can certainly be seen as the destructive counterpart of the
ribosome. Whereas the ribosome utilizes an intricate machinery to synthesize the entire
multifarious pool of cellular proteins with high fidelity, the proteasome combines strict substrate
selectivity with extreme promiscuity and nondiscriminative processing to degrade hundreds of
different proteins with various structural, chemical, and biophysical characteristics. This
balancing act is enabled by the complex architecture of the proteasome and a series of
degradation steps that are well coordinated, in part through significant conformational changes of
the RP.
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Since the first subnanometer reconstruction of the proteasome in 2010 (161), cryo-EM and other
structural techniques have yielded atomic-resolution models for most proteasomal subunits and
revealed a whole series of conformational states that represent a critical structural framework for
mechanistic studies of proteasome function and regulation. One of the important challenges lying
ahead of us now is to correlate these proteasome conformations with individual steps of substrate
processing and reconstruct the entire degradation pathway. Furthermore, we are just starting to
understand how the ubiquitin code contained in the position, length, and linkage type of ubiquitin
chains may affect substrate recognition and turnover. Recent progress in creating new model
substrates with defined ubiquitin chains and biophysical characteristics, combined with
advancing knowledge about proteasomal ubiquitin receptors and DUBs, will allow important
investigations into the proteasome’s selection of appropriate substrates and the fine-tuning of
degradation activities. Such fine-tuning and preferential protein degradation may be prerequisites
for the proteasome'’s ability to orchestrate many vital processes that depend on rapid turnover of
regulatory proteins, while also fulfilling critical housekeeping functions in protein homeostasis.
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Chapter 2: Recombinant expression, unnatural amino-acid
incorporation, and site-specific labeling of 26S proteasomal
subcomplexes

This chapter is a protocol for the incorporation and labeling of 4-azido-L-phenylalanine (AzF)
into the recombinantly expressed base and lid sub-complexes. It was adapted from Bard JAM,
Martin A. (2018) Recombinant expression, unnatural amino-acid incorporation, and site-specific
labeling of 26S proteasomal subcomplexes. Methods in Molecular Biology. In press.

The method presented below was chosen after extensive testing of other methods for the site-
specific labeling of the base which are not presented here. I relied on the help and expertise of a
number of people during this process, including Corey Dambacher, Alison Altman and Matt
Francis. The project started with the goal of introducing a fluorophore into the base which
would FRET with an incoming substrate. The original attempt at labeling was to introduce a
cysteine at Rpt1-1191, in the linker between the OB-fold and the AAA+ domain of Rptl. Analysis
of this labeled base by SDS-PAGE revealed extensive off-target labeling. This was unsurprising,
as an inspection of molecular models of the proteasome revealed many surface-exposed
cysteines. Rather than design a cysteine-lite version of the base, which would have required
extensive mutation, | decided to pursue the incorporation and labeling of an unnatural amino-
acid into the recombinantly expressed base. | originally received advice from Corey Dambacher,
who recommended incorporating p-acetylphenylalanine (162). The Schultz group provided me
with the appropriate plasmids for the expression of the tRNA synthetase. However, the labeling
efficiency of the acetyl group was low and I thus turned towards the incorporation of either
component of the “click” reaction between an azide and an alkyne. One option was to
incorporate the pyrrolysine analog (S)-2-Amino-6-((prop-2-ynyloxy)carbonylamino)hexanoic
acid, which contains a terminal alkyne group (163). The Chin group generously provided a
plasmid containing the pyrrolysine synthetase and Alison Altman helped me with the synthesis of
the pyrrolysine analog. However, | was unable to efficiently incorporate the unnatural amino
acid.

| was aided by the timely work of Amiram et al., who developed a highly efficient synthetase for
the incorporation of AzF (164). | successfully purified base with the incorporated AzF, but my
original attempts at labeling using the copper-catalyzed click reaction were not successful.
Recent high-resolution structures of the proteasome have revealed that the labeling location
(Rpt1-1191) is slightly recessed. Thus, one reason for the failure of the copper-catalyzed reaction
could be that the fluorophore and the required Cu(l) stabilizing catalyst
(tris(benzyltriazolylmethyl)amine) were unable to colocate with the incorporated azide. My next
attempt was to use dibenzocyclooctyne (DBCO)-linked fluorophores which do not require a
catalyst. Initial trials of this reaction revealed it to be insufficiently specific, most likely as a
result of off-target cysteine reactivity (165). Matt Francis suggested the use of a protecting
agent, which led to the use of the reversible Ellman’s reagent to protect cysteines. The final
protocol has been used to label both the base and lid subcomplexes in a number of locations. The
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efficiency of labeling is most likely limited by the reduction of the azide group in E. coli to an
amine.

Introduction

The 26S proteasome is the major protease in eukaryotic cells, where it is not only responsible for
protein quality control and homeostasis through the degradation of misfolded, damaged, and
obsolete polypeptides, but also controls a myriad of vital cellular processes by the specific
turnover of regulatory proteins (4, 5, 166). Due to this role as one of the most critical proteome
regulators, elucidating the proteasome’s structure, mechanisms of action, and regulation has been
of prime interest in the ubiquitin-proteasome field. However, the high complexity of this 2.5
MDa molecular machine with more than 34 different subunits, its compositional heterogeneity,
and the critical dependence of eukaryotic cell viability on fully functional proteasomes have
previously limited in vitro studies and mutational analyses. To circumvent these limitations of
working with endogenous proteasomes, we developed systems for the heterologous expression of
two proteasomal subcomplexes, the lid and the base, from Saccharomyces cerevisiae in
Escherichia coli and the incorporation of unnatural amino acids to allow specific fluorescence
labeling and advanced spectroscopic studies of proteasome function.

At the center of the 26S proteasome is the 20S core peptidase that is capped on one or both ends
by the 19S regulatory particle, which recognizes appropriate substrates by their covalently
attached ubiquitin modifications, mechanically unfolds them, and translocates the unfolded
polypeptides through a narrow axial pore into the 20S core for proteolytic cleavage (10, 12, 167).
This regulatory particle can be further subdivided into the base and lid subcomplexes (16, 17),
which also represent the intermediates of proteasome assembly in vivo (6) and thus can be used
as stable building blocks together with the 20S core peptidase to reconstitute the 26S
holoenzyme in vitro. The base contains six distinct AAA+ ATPases, Rpt1-Rpt6, that form a
heterohexameric ring and constitute the molecular motor of the proteasome. It also includes three
non-ATPases, in yeast called Rpnl, Rpn2, and Rpn13, with Rpnl and Rpn13 functioning as
ubiquitin receptors (19, 20). The assembly of the base proceeds through the initial formation of
modules containing pairs of Rpt subunits (6), which then associate to form the ATPase hexamer
in the order Rpt1-Rpt2-Rpt6-Rpt3-Rpt4-Rpt5 (66), with Rpnl bound to Rptl and Rpt2, and
Rpn2 plus Rpn13 associated with Rpt6 and Rpt3. Correct pairing of Rpt subunits in the three
modules as well as their proper assembly into the base subcomplex is controlled by four
assembly factors, Rpn14, Hsm3, Nas2 and Nas6 (168-170). While Nas2 is released during this
process (66), Nas6, Rpnl4, and Hsm3 remain bound to the C-terminal tails of Rpt subunits until
they are displaced by the base docking with the 20S core peptidase (54).

The lid subcomplex includes six PCI (Proteasome-CSN-Initiation factor 3) domain-containing
subunits, Rpn3, Rpn5, Rpn6, Rpn7, Rpn9, Rpn12, the small peptide Sem1, and two MPN (Mpr1-
Padl N-terminal) domain containing subunits, Rpn8 and Rpn11, with the latter representing the
essential Zn?*-dependent deubiquitinase of the proteasome (31, 32, 171). A helical bundle
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formed by the C-terminal helices of the eight globular lid subunits functions as a hub to control
the ordered lid assembly (172), which is independent of any additional factors (6). Another
ubiquitin-receptor subunit, Rpn10, is not stably associated with the isolated lid or base, but
interacts with both subcomplexes in the assembled regulatory particle.

Given this knowledge about the in vivo formation of lid and base, we created recombinant
expression systems in E. coli with three compatible plasmids coding for either the nine lid
subunits or the nine subunits of the base plus the four essential assembly factors, as described
below (3.1 and 3.2). While the lid subunits associate without additional chaperones, the base
subunits assemble efficiently only in the presence of the assembly factors. Subcomplexes are
isolated by tandem-affinity purification using tags on two subunits of the lid and the base
followed by size-exclusion chromatography. The use of affinity tags on two separate subunits
ensures that only fully assembled complexes are purified and thus corrects for differences in the
expression levels or stability of individual subunits.

One of the advantages of these heterologous expression systems is that they can be easily
combined with techniques for the incorporation of unnatural amino acids (UAASs) (173). By co-
expressing a synthetase/tRNA pair that has been evolved to recognize one of the
Amber/Ochre/Opal codons, an UAA can be placed anywhere within the expressed proteins.
These UAAs allow for the incorporation of a variety of useful chemical properties into proteins,
including reactive groups for cross-linking (173), photocaged amino acids such as lysine (174),
and handles for orthogonal labeling (173). The protocol below (3.3) describes how to incorporate
the UAA p-azido-L-phenylalanine (AzF) at a UAG codon that has been introduced at a specific
position in the base or lid subcomplex. The azide group of the AzF can then be conjugated to an
alkyne through a cycloaddition reaction, often referred to as “click” chemistry, allowing for the
site-specific modification of the complex. Incorporation of AzF into the base will be used as an
example below, though the protocol can be easily adapted to the lid or any other desired
recombinant protein.

The vector used for UAA incorporation, pAM87, was constructed based on a synthetase variant
(pPAzFRS.2.11) evolved by the Isaacs lab and a vector (pUltra) designed by the Schultz lab that
also encodes the UAG-recognizing tRNA (164, 175). Proteins with the UAG codon inserted in
the desired position are expressed in E. coli strains carrying pAM87 with AzF added to the
growth media. Once the protein is purified, the azide group of the incorporated AzF can be
modified with an alkyne-containing molecule using Cu-free click chemistry (176). In the
protocol below, the base is modified with a fluorophore linked to dibenzocyclooctyne (DBCO), a
strained cyclooctyne that allows for mild, copper-free conjugation (177). Though designed to be
bio-orthogonal, it is known that DBCO reacts with exposed cysteines (165). To suppress this
reaction, free thiols are protected with Ellman’s reagent before the labeling. Once the labeling
reaction is complete, the cysteines are restored to their native state through reduction with
dithiothreitol (DTT).

Materials
Reagents and equipment for base and lid expression and purification.
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10.
11.
12.

13.

14.

15.

16.
17.

18.

19.
20.
21.
22.
23.

24,
25.

26.
27.

Electrocompetent E. coli BL21 Star (DE3) cells (178).

Electroporation apparatus.

Expression plasmids (see Table 2.1).

1000X ampicillin: 300 mg/mL ampicillin sodium in 50% EtOH.

1000X kanamycin: 50 mg/mL kanamycin monosulfate in water.

1000X chloramphenicol: 25 mg/mL chloramphenicol in 100% EtOH.

LB-antibiotic plates: 1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl,
1.5% (w/v) agar. Autoclave, cool to 60 °C or lower in a water bath before adding
appropriate antibiotics to 1X from 1000X stocks.

dYT liquid media: 1.6% (w/v) tryptone, 1% (w/v) yeast extract, 0.5% (w/v) NaCl.
Autoclave.

Terrific Broth (TB): 47 g of Novagen terrific broth (Millipore) in 1 L of water + 4 mL
of glycerol. Autoclave.

2.5 L Ultra Yield baffled shaking flask (Thomson).

0.5 M IPTG: 0.5 M Isopropyl-beta-D-thiogalactoside in water.

100X PMSF: 0.2613 g phenylmethylsulfonyl fluoride in 15 mL ethanol (safety note:
protease inhibitors are hazardous and should only be handled after taking appropriate
safety precautions).

1000X aprotinin: 1 mg/mL aprotinin in 25% methanol/75% H0 (safety note: protease
inhibitors are hazardous and should only be handled after taking appropriate safety
precautions).

1000X pepstatin = 1 mg/mL pepstatin A in 90% methanol/10% acetic acid (safety
note: protease inhibitors are hazardous and should only be handled after taking
appropriate safety precautions).

1000X leupeptin = 1 mg/mL leupeptin hemisulfate in H20 (safety note: protease
inhibitors are hazardous and should only be handled after taking appropriate safety
precautions).

Benzonase nuclease.

NiA Buffer: 60 mM HEPES, pH 7.6, 100 mM NaCl, 100 mM KCI, 10 mM MgCly,
20 mM imidazole, 5% glycerol. Cool to 4 °C, adjust the pH, and then filter using a
0.22 um filter.

NiB Buffer: NiA Buffer + 250 mM imidazole. Add dry imidazole to NiA buffer, then
readjust pH to 7.6.

Ultrasonic homogenizer with horn attachment.

125 mL metal beaker (Polar Ware).

5 mL HisTrap FF crude (GE).

5 M NaOH.

0.5 M ATP: Dissolve 9.08 g ATP disodium trihydrate in 15 mL of water. Adjust pH
to 7.0 with 5 M NaOH, then add water to a final volume of 30 mL. Aliquot and store
at -20 °C.

Bradford reagent.

2X SDS Loading Buffer: 100 mM Tris-HCL, pH 6.8, 4% (w/v) sodium dodecyl
sulfate (SDS), 0.2% (w/v) bromophenol blue, 20% (w/v) glycerol. Add 10% (v/v)
dithiothreitol (DTT) just before using.

Anti-FLAG M2 agarose (Sigma).

Gravity drip column.
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28.
29.

30.
31.
32.
33.

34.

35.

36.
37.

38.
39.
40.
41.
42.

43.
44,

45

TBS: 50 mM Tris-HCI, pH 7.6, 150 mM NacCl.

3XFLAG peptide: Dissolve peptide in TBS. Adjust pH to 7.6 using 5 M NaOH. Then
adjust final concentration of FLAG peptide to 20 mg/mL using TBS.

100 kDa cutoff Ultra-15 and Ultra-0.5 centrifugal filter concentrator (Amicon).
Spin-X 0.22 um 0.5 mL cellulose acetate centrifuge filter (Corning).

Superose 6 Increase 10/300 GL size-exclusion column (GE).

GF Buffer: 30 mM HEPES, pH 7.6, 50 mM NaCl, 50 mM KCI, 10 mM MgClz, 5%
glycerol. Cool to 4 °C, adjust the pH, and then filter with a 0.22 um filter.

0.5 M TCEP: Add 5.73 g tris(2-carboxyethyl)phosphine-HCI to 30 mL of water.
Adjust pH to 7.0 with 5 M NaOH, then adjust final volume to 40 mL with water.
Aliquot and store at -20 °C.

1 mg/mL BSA: Add 10 mg of bovine serum albumin (fatty acid free) to 10 mL of GF
buffer. Adjust the concentration to 15 uM by measuring the Azgo and using an
extinction coefficient of 43,824 M cm™.

Amylose resin (NEB).

0.5 M Maltose: Add 18 g maltose monohydrate to water, adjust to 100 mL final
volume, then filter sterilize with a 0.22 um filter into a sterile bottle.

Human rhinovirus 3C protease (Thermofisher).

8% NUPAGE SDS-PAGE gels (Thermofisher).

10% NuPAGE SDS-PAGE gels (Thermofisher).

20X NUPAGE MOPS running buffer (Thermofisher).

Coomassie blue stain: 0.25% Coomassie blue R-250, 45% methanol, 45% water, 10%
glacial acetic acid. Filter before using.

Coomassie destain: 20% methanol, 10% glacial acetic acid.

UV-spectrophotometer.

Quartz cuvette, 20 pL sample volume (Hellma).

Reagents for expression and purification of multi-subunit complexes incorporating p-azido-L-
phenylalanine.

1.

2.
3.

o1

~

1000X Spectinomycin: 100 mg/mL spectinomycin dihydrochloride pentahydrate in
water.

Unnatural amino acid incorporation plasmid (see Table 1).

10X phosphate-buffer: 0.17 M KH2PO4, 0.72 M K2HPOa4. Autoclave.

UAA Media: Add 24 g yeast extract, 20 g of tryptone and 10 mL of glycerol to 880
mL of water. Autoclave. Prepare 1 L of UAA media by adding 100 mL of 10X
phosphate-buffer to 900 mL of media.

p-azido-L-phenylalanine (Amatek Chemical).

5 mM DTNB: Add 5 mg of 5,5'-dithiobis-(2-nitrobenzoic acid) to 5 mL of GF buffer.
Make fresh.

1 M DTT: Add 1.54 g dithiothreitol to 10 mL of water. Aliquot and store at -20 °C.
40 mM Fluorophore-DBCO: Dissolve fluorophore conjugated to
dibenzocyclooctyne (DBCO) in DMSO to 40 mM (Click Chemistry Tools).
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Methods

1 Expression and purification of the Base.

Figure 2.1. Reconstitution of the 26S proteasome.
(A) The 26S proteasome consists of three sub-complexes, the 20S core (grey), the base (blue, containing
the AAA+ motor), and the lid (yellow, containing the deubiquitinating enzyme Rpn11 shown in green).

(B,C) Maps of the plasmids used for expression of the base (B) and lid (C). Each plasmid was constructed
by insertion of the respective proteasome-subunit genes from Saccharomoyces cerevisiae S288C into a

duet vector (pETDuet, pCOLADuet, pACYCDuet). The majority of genes are expressed with their own

T7 promoter (indicated by an arrow at the beginning of the ORF), but there is only one T7 terminator per

plasmid.

Plasmid # Description Vector Backbone | Antibiotic marker

pAMS81 (26) Rpnl, Rpn2, Rpnl13 pETDuet ampicillin

pAMS82 (26) FLAG-Rptl, Rpt2, 6xHis- pCOLADuet kanamycin
Rpt3, Rpt5, Rpt6, Rptd

pAMBS83 (26) RIL rare tRNAs, Nas6, Nas2, | pACYCDuet chloramphenicol
Hsm3, Rpnl14

pAMS85 (modified Rpn9, Rpnll, Rpn8, MBP- pETDuet ampicillin

from (28) HRV-Rpn6, Rpn5

pAM86 (modified 6xHis-HRV-Rpn12, Rpn7, pCOLADuet kanamycin

from (28) Rpn3

pAMBS8O0 (28) Seml, Hsp90 pACYCDuet chloramphenicol

pAMS87 (constructed | pAzFRS.2.t1, UAG tRNA pCDF spectinomycin

from (164, 175)

pAM82* (modified pAM82 with the UAG codon | pPCOLADuet kanamycin

from (26)

inserted at the desired
location

Table 2.1. Expression plasmids used in this protocol.
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1.1 E. coli Transformation and Expression of the Base.

1. Prepare electrocompetent E. coli BL21 Star (DE3) cells, then transform them with 50
ng each of pAM81, pAM82, and pAMB83 (see Figure 1 and Table 1 for more
information on the plasmids). Plate on LB + ampicillin/kanamycin/chloramphenicol.
Grow at 37 °C overnight (see Note 1).

2. Select a single colony from the plate to inoculate 50 mL of dYT medium containing
ampicillin (300 pg/mL), chloramphenicol (25 pg/mL), and kanamycin (50 pg/mL).
Grow overnight at 30 °C, shaking at 180 rpm.

3. Pellet the overnight culture in a conical tube by centrifuging at 3000 rcf for 4 minutes,
pour off the supernatant, and resuspend the pellet of cells in 50 mL of fresh dYT.
Repeat this wash step once. Resuspend the pellet in 25 mL of dYT and divide evenly
between three 2.5 L baffled flasks, each containing 1 L of TB + ampicillin (300
pg/mL), chloramphenicol (25 pg/mL), and kanamycin (50 pg/mL) (see Notes 2 and
3).

4. Grow cells at 37 °C in a shaker at 180 rpm for 3-5 hours, until ODsgo reaches 0.7.
Turn down the temperature to 30 °C, wait 30 minutes, then induce protein expression
by adding 1 mL of 0.5 M IPTG (0.5 mM final concentration) to each flask.

5. Incubate cells for 5 hours at 30 °C, shaking at 180 rpm, and then change temperature
to 16 °C and let induce overnight.

6. Spin down the culture in three 1 L centrifuge bottles for 15 minutes at 3500 rcf, pour
off the supernatant and resuspend the cell pellets in cold NiA buffer + protease
inhibitors and benzonase (1 pg/mL aprotinin, 1 pg/mL pepstatin, 1 pg/mL leupeptin,
174 pg/mL PMSF, 50 units of benzonase). The final volume of the combined,
resuspended pellets should be 75 mL. The pellets can be transferred to 50 mL conical
tubes and stored at -80 °C or carried on directly to the purification.

1.2 Purification of the base.

1.

N

If using frozen pellets, thaw them in a water bath. All remaining purification steps
should be performed at 4 °C. Combine the lysate into one 125 mL metal beaker, and
use an ultrasonic homogenizer to sonicate the lysate on ice for 3 minutes at 75%
amplitude, using a cycle of 15 s on and 60 s off (see Note 4).

Centrifuge the lysate for 30 minutes at 26,000 rcf in a pre-chilled rotor at 4 °C.

Prepare a 5 mL HisTrap charged with Ni?* by washing the resin with 15 mL of NiA
buffer (see Note 5).

Flow the lysate supernatant at 1 mL/min over the HisTrap. Take 1 pl of lysate
supernatant and then take another 1 pl of HisTrap flowthrough for gel samples.

Wash the HisTrap with 50 mL of NiA + 1 mM ATP. All following buffers should
contain 1 mM ATP to ensure the stability of the complex (see Note 6).

Elute the protein from the HisTrap with 20 mL of NiB buffer + 1 mM ATP. Take 2 pL of
the eluate for a gel sample.

Prepare 5 mL of anti-FLAG M2 agarose in a gravity drip column by washing with NiA +
1 mM ATP (see Notes 7 and 8).
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8. Flow the nickel eluate over the anti-FLAG resin 4-5 times, exposing the protein to the
resin for at least 30 minutes. Take 2 pL of the flow-through for a gel sample to ensure
good depletion of FLAG-Rpt1.

9. Wash the anti-FLAG column 2x with 25 mL of NiA + 1 mM ATP.

10. Elute with 12 mL of NiA + 1 mM ATP + 0.15 mg/mL 3xFLAG peptide. Take 5 pL of
FLAG eluate for a gel sample (see Note 9).

11. Concentrate FLAG elution to 400 pL in a 15 mL 100kDa-cutoff spin concentrator by
spinning at 2000 rcf at 4 °C (see Note 10).

12. Spin filter the concentrated protein using a 0.22 um filter (see Note 11).

13. Load and run the protein on a pre-equilibrated Superose 6 Increase 10/300 GL size-
exclusion column using GF buffer + 0.5 mM TCEP and 0.5 mM ATP (see Figure 2 for an
example size-exclusion trace and a typical purification gel).

14. Collect the peak indicated in Figure 2, typically from 12 mL to 14 mL when run at a flow
rate of 0.4 mL/min at 4 °C. Concentrate the protein by successive spins in a 0.5 mL
100kDa-cutoff spin concentrator to a final volume of 100 pL. Take 1 pL of concentrated
protein for a gel sample.

15. As the presence of ATP masks the Azgo signal for the protein, the Bradford assay is used
to measure concentration of the complex with bovine serum albumin (BSA) as a
standard. Typical concentrations are 5 - 15 uM base (see Note 12).

16. Mix gel samples with 2X SDS loading buffer and confirm the purity of the final complex

by SDS-PAGE.
17. Aliquot the protein into 8 pL aliquots, flash freeze in liquid nitrogen and store at -80 °C.
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Figure 2.2. Purification of Assembled Base.

(A) The trace from a typical size-exclusion run of purified base is shown. The peak between the
void and the assembled base contains misassembled base and on a gel looks similar to properly
assembled base. (B) Gel samples from a typical base purification run on a 10% NuPAGE gel in
MOPS buffer and stained using Coomassie blue.

2 Expression and Purification of the Lid.

2.1 E. coli Transformation and Expression of the Lid.
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1. Prepare electrocompetent E. coli BL21 Star (DE3) cells, then transform with 50 ng of
pAMS85, pAM86, and pAMBSO (see Figure 1 and Table 1 for more information on the
plasmids). Plate on LB + ampicillin/kanamycin/chloramphenicol. Grow at 37 °C
overnight (see Note 1).

2. Select a single colony from the plate to inoculate 50 mL of dYT medium containing
ampicillin (300 pg/mL), chloramphenicol (25 pg/mL), and kanamycin (50 pg/mL).
Grow overnight at 30 °C, shaking at 180 rpm.

3. Pellet the 50 mL of culture in a conical tube by centrifuging at 3000 rcf for 4 minutes,
pour off the supernatant, and resuspend the pellet of cells in 50 mL of fresh dYT.
Repeat this wash step once. Resuspend the pellet in 25 mL of dYT and divide evenly
between three 2.5 L baffled flasks, each containing 1 L of TB + ampicillin (300
pg/mL), chloramphenicol (25 pg/mL), and kanamycin (50 pg/mL) (see Notes 2 and
3).

4. Grow cells at 37 °C in a shaker at 180 rpm for 3-5 hours, until ODeoo reaches 0.7.
Turn down the temperature to 18 °C, wait 30 minutes, then induce protein expression
by adding 1 mL of 0.5 M IPTG (0.5 mM final) to each flask. Let the cells induce
overnight.

5. Spin down the culture in three 1 L centrifuge bottles for 15 minutes at 3500 rcf, pour
off the supernatant and resuspend the pellets in cold NiA buffer + protease inhibitors
and benzonase (1 pg/mL aprotinin, 1 pg/mL pepstatin, 1 pg/mL leupeptin, 174
pg/mL PMSF, 50 units of benzonase). The final volume of the combined,
resuspended pellets should be 75 mL. The pellets can be transferred to 50 mL conical
tubes and stored at -80 °C or carried on directly to the purification.

2.2 Purification of the Lid.

1.

If using frozen pellets, thaw them in a water bath. All remaining purification steps
should be performed at 4 °C. Combine the lysate into one 125 mL metal beaker and use
an ultrasonic homogenizer to sonicate the lysate on ice for 3 minutes at 75% amplitude,
using a cycle of 15 s on and 60 s off (see Note 4).

Centrifuge the lysate for 30 minutes at 26,000 rcf in a pre-chilled rotor at 4 °C.

Prepare a 5 mL HisTrap charged with Ni?* by washing the resin with 15 mL of NiA
buffer (see Note 5).

Flow the lysate supernatant at 1 mL/min over the HisTrap. Take 1 pl of lysate
supernatant and then take another 1 pL of HisTrap flowthrough for gel samples.

Wash the HisTrap with 100 mL of NiA.

Elute the protein from the HisTrap with 20 mL of NiB buffer. Take 2 pL of the eluate for
a gel sample.

Prepare 7.5 mL of amylose resin in a gravity drip column by washing with 30 mL of
NiA.

Flow the nickel eluate over the amylose resin 4-5 times, exposing the protein to the resin
for at least 30 minutes. Take 2 pL of the flow-through for a gel sample to ensure good
depletion of MBP-Rpn6.

Wash the amylose column twice with 25 mL of NiA.

. Elute with 15 mL of NiA + 10 mM maltose. Take 5 puL of amylose eluate for a gel

sample.
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11.

12.
13.
14.

15.

16.

17.

To cleave off the MBP fusion from Rpn6 and the 6xHis tag from Rpn12, add 20 pL of 2
units/uL human rhinovirus 3C protease to the eluate. Incubate overnight at 4 °C or for 2-
3 hours at room temperature. After cleavage, take a 5 uL sample. Confirm complete
cleavage through SDS-PAGE analysis.

Concentrate protein to 400 pL in a 15 mL 100kDa-cutoff spin concentrator by spinning at
2000 rcf (see Note 10).

Spin filter the concentrated protein using a 0.22 um filter.

Load and run the protein on a pre-equilibrated Superose 6 Increase 10/300 GL size-
exclusion column using GF buffer + 0.5 mM TCEP (see Figure 3 for an example size-
exclusion trace and a typical purification gel).

Collect the peak indicated in Figure 3, typically from 13.5 mL to 15 mL when run at 0.4
mL/min at 4 °C. Concentrate the protein by successive spins in a 0.5 mL 100kDa-cutoff
spin concentrator to a final volume of 100-200 pL. Take 1 pL of concentrated protein for
a gel sample.

Quantify the concentration by measuring the Azgo. The extinction coefficient calculated
from the sequence is 349,000 M cm™* and the expected concentration is 10-50 uM (see
Note 13).

Mix gel samples with 2x SDS loading buffer and confirm the purity of the final complex
by SDS-PAGE.

18. Aliquot the protein into 8 pL aliquots, flash freeze in liquid nitrogen and store at -80 °C.
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Figure 2.3. Purification of Assembled Lid.

(A) The trace from a typical size-exclusion run of purified lid is shown. The peak after the assembled lid
contains mostly cleaved MBP. (B) Gel samples from a typical lid purification run on a 10% NuPAGE gel
in MOPS buffer and stained using Coomassie blue.

3 Expression and purification of multi-subunit complexes incorporating unnatural amino acids.

This protocol will be presented as an abbreviated version of the base protocol presented above,
focusing on the unnatural amino acid specific instructions. For more detail on the procedures see
protocol 3.1. The modifications should be transferable to the purification of other complexes.
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3.1 E. coli Transformation and Protein Expression.

1.

10.

Prepare electrocompetent E. coli BL21 Star (DE3) cells carrying pAM87, which
contains the synthetase and tRNA for incorporation of AzF at the UAG amber codon.
pAMB87 confers resistance to spectinomycin. Please see Note 1 for a protocol.

Use standard molecular cloning techniques to insert the UAG amber codon at the
desired location in the base subcomplex (see Notes 14, 15 and 16).

Transform pAM81, pAM82*, and pAM83 into the pAM87-containing
electrocompetent E. coli.

Inoculate 2 x 50 mL cultures of dYT + ampicillin (300 pg/mL), chloramphenicol (25
pg/mL), kanamycin (50 pg/mL) and spectinomycin (100 pg/mL), grow at 37 °C
overnight (see Note 17).

Wash the overnight cultures with fresh dYT twice, resuspend in 25 mL of dYT and
then divide the cells evenly between 6 L of dYT + 0.5X antibiotic (ampicillin (150
pg/mL), chloramphenicol (12.5 pg/mL), kanamycin (12.5 pg/mL) and spectinomycin
(50 pg/mL), in 2.5 L baffled flasks (see Notes 2 and 3).

Grow the cultures at 37 °C until ODego 0.7-1 is reached. Spin down the cultures in
clean 1 L centrifuge bottles for 15 minutes at 3500 rcf at room temperature.

Gently (without vortexing), resuspend the cultures in 1 L total of UAA media, leading
to a 6-fold concentration of cells. Divide into two 2.5 L baffled flasks to maximize
aeration (see Note 18).

Add 0.24 g of AzF to each 500 mL culture (2 mM final), then shake for 30 minutes at
30 °C at 180 rpm (see Note 19).

Add 1 mL of 0.5 M IPTG (1 mM final) to each flask to induce expression of both the
proteins of interest and the synthetase. Let induce at 30 °C for 5 hours and then 16 °C
overnight.

Spin down the culture in two 1 L centrifuge bottles for 15 minutes at 3500 rcf at 4 °C,
pour off the supernatant and resuspend the pellets in cold NiA buffer + protease
inhibitors and benzonase (1 pg/mL aprotinin, 1 pg/mL pepstatin, 1 pg/mL leupeptin,
174 pg/mL PMSF, 50 units of benzonase). The final volume of the combined,
resuspended pellets should be 75 mL. The pellets can be transferred to 50 mL conical
tubes and stored at -80 °C or carried on directly to the purification.

3.2 Purification of the base.

1.

2.

Follow steps 1-11 of 1.2. In brief, the protein should be purified using Ni?* affinity and
anti-FLAG affinity columns, then concentrated to 400 pL (see Note 20).

To protect surface exposed cysteines, add DTNB to 150 uM final concentration from a
freshly made 5 mM stock, incubate at 22 °C for 10 minutes (solution will turn yellow),
and then cool the protein back down to 4 °C (see Note 21).

Add the DBCO-fluorophore to a final concentration of 300 uM and incubate at 4 °C
overnight (see Note 22).

Add DTT to a final concentration of 5 mM from a 1 M stock to de-protect the cysteines
and resolve any inter-protein disulfide bonds.

Follow steps 12-16 of protocol 1.2 to run the protein over the size-exclusion column. See
Figure 4 for examples of labeling specificity. Typical yields are about half of the yield for

unlabeled complexes.
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Figure 2.4. Purified and labeled sub-complexes.

(A) Base with AzF incorporated at either Rptl or Rpt5 was labeled with Cy5-DBCO. Shown here are the
Cy5 fluorescence channel and Coomassie staining of those samples run on an 8% NuPAGE gel. (B) Lid
with AzF incorporated into Rpn9 was labeled with Cy5-DBCO. As in A, the Cy5 fluorescence channel
and Coomassie staining of those samples run on an 8% NuPAGE gel are shown.

Notes
1.

It is important to use properly prepared electrocompetent cells. The protocol from
Seidman et al. (2001) can be followed as a reference (178). Chemically competent cells
are not efficient at taking up the large plasmids used here. It is possible to make
electrocompetent cells from BL21 Star (DE3) E. coli already transformed with pAM83.
This is advantageous because the efficiency of a double transformation is much higher
than that of the triple transformation. For protocol 3.1 it is necessary to make
electrocompetent cells containing pAM87 or another plasmid because quadruple
transformations are not feasible.

The wash step is important to remove any secreted B-lactamase in the media, which
would diminish selection for the ampicillin resistance containing plasmid pAM8L.

The minimum recommended volume to prep is three liters, though the protocol can be
scaled up.

The proper sonication conditions will vary depending on the instrument used, and should
be optimized to maximize lysis without heating the sample. Other methods of cell lysis
such as using a French Press will also work.

The purification can also be performed using Ni-NTA agarose. Modify the procedure by
batch binding 5 mL of Ni-NTA beads with the cleared lysate for 45 minutes, then
transferring to a gravity drip column for the wash and elution.

The purification can be monitored using Bradford reagent. Aliquot 40 pL of Bradford
reagent into the wells of a 96-well plate. Then take 5 pL of column eluate and mix
thoroughly with the Bradford reagent. The presence of protein will be indicated by a
color change from brown to blue. After 50 mL of washing, the eluate from the HisTrap
may still react with Bradford but you should nevertheless continue to the elution step.
Excessive washing of the nickel column reduces yield of the final complex.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

FLAG agarose must be regenerated before the first use by following the manufacturer’s
recommended protocol. The resin can then be reused by regenerating after each
purification.

The amount of FLAG agarose used is often the limiting factor for the final yield of base.
Fresh FLAG agarose has higher binding capacity than used and regenerated resin. It is
recommended to confirm good depletion of FLAG-Rptl. If FLAG-Rptl is still visible in
the flow-through of the FLAG column, the FLAG binding, washing and eluting steps
(3.1.2 7-10) can be repeated with freshly regenerated FLAG agarose.

Be sure to use 3XFLAG peptide (MDYKDHDGDYKDHDIDYKDDDDK), as 1XFLAG
peptide does not effectively compete off the FLAG-Rpt1.

To prevent aggregation at the bottom of the concentrator, mix the sample by inverting the
concentrator every 5-10 minutes.

Occasionally not all of the protein solution will go through the spin filter. If the filter has
clogged, it may be necessary to switch to a fresh filter. Pool the filtered protein before
running on the size-exclusion column.

Using BSA as a standard may result in concentrations inaccurate by as much as 2-fold
due to the different reactivity of BSA with the Bradford reagent compared to the base
proteins. For a more accurate concentration, the sample can be submitted for amino acid
analysis. The molecular weight of the complex is 652,000 kDa, including Rpt1-6, Rpnl,
Rpn2, Rpnl3, Nas6, Hsm3, and Rpn14. Nas2 does not stay bound.

It is recommended not to use a nanodrop to measure the protein concentration as the high
viscosity of the solutions interferes with accurate readings. Instead, measurements are
typically taken in a 20 pL cuvette using a UV-Vis spectrophotometer.

The efficiency of incorporation seems to be dependent on the location of the Amber
codon within the protein, but this effect is difficult to predict (179). Therefore, it is
recommended to test out multiple locations within the protein to identify the ones that
give the highest protein yields.

Another challenge is that some locations also yield truncated products, so it is also
recommended to have a C-terminal tag or other means of selecting for full-length
products. In the case of the base, truncated products do not incorporate well into the
complex and are thus not purified with fully assembled base.

To ensure proper protein production, it is also necessary to replace any UAG codons that
are being used as stop codons with either the Ochre or Opal stop codons.

The cells grow slowly under quadruple antibiotic selection, so it may be necessary to first
inoculate a 5 mL culture, let that grow overnight, and then use it to inoculate the two 50
mL cultures at 1:500.

Concentrating the cells allows for a much higher cell density per liter of culture, allowing
for more protein production for each gram of unnatural amino acid used.

This step gives the cells time to take up the AzF.

As AzF is sensitive to reducing agents, they should be avoided if possible until after the
labeling step described in section 3.2 step 3. It has been reported that the azide group is
somewhat compatible with BME if reducing agent is required (180).

Enough DTNB should be added to be in excess of the estimated number of exposed
cysteines in solution, which varies between protein complexes.

The optimal concentration of fluorophores varies between proteins due to differences in
the accessibility of the AzF. It is recommended to optimize the concentration of DBCO-
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fluorophore. The efficiency of labeling can be calculated by the ratio of the concentration
of fluorophore in the final protein solution (as measured by absorbance) to the
concentration of protein. Specificity can be estimated by subjecting wild-type protein
with no AzF incorporated to the same labeling conditions. The labeling was found to be
significantly more specific at 4 °C than at room temperature.
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Chapter 3: Deconvolution of substrate processing by the 26S

proteasome reveals a selective kinetic gateway to degradation

The following chapter is adapted from Bard JAM, Bashore C, Dong KC, Martin A (2018)
Deconvolution of substrate processing by the 26S proteasome reveals a selective kinetic gateway
to degradation. Science. Submitted. The FRET-based deubiquitination assay was originally
designed and implemented by Charlene Bashore. Ken Dong prepared material including the
ubiquitination machinery and 20S core particle. All authors contributed to the manuscript.

The original impetus for this work was to investigate the timing of substrate engagement by the
proteasome. The first hurdle was to site-specifically label the proteasome, which was
accomplished using the protocol for unnatural amino acid labeling described above. The other
major challenge was to design a suitable substrate for which both the kinetics of degradation
and tail insertion could be measured. Many variants of a GFP-fusion substrate were tried, but
the substrate did not behave consistently during expression and purification. The lysine-less titin
and cyclin-based unstructured region were designed by Robyn Beckwith, Kris Nyquist and
Charlene Bashore. The use of the titin-127 domain alone as a substrate was facilitated by the
development of an anisotropy assay to track degradation, which was designed together with
Ellen Goodall and Evan Worden. One of the challenges was to dual-label the substrate, using
both a cysteine for maleimide chemistry and an N-terminally linked fluorophore. The original
attempt at N-terminal labeling used chemistry developed by Jim MacDonald in the group of Matt
Francis (181). The 2-pyridinecarboxaldehyde conjugated fluorophore was synthesized by Kristin
Wucherer, but the efficiency of labeling was insufficient. Kristin and the Francis group also
generously provided access to their mass spectrometer, which was used to optimize the labeling
conditions of the substrate. | was introduced to the sortase labeling method by Brooke Gardner
and | received the appropriate plasmid and enough protein for initial tests from Michael Vahey
in Dan Fletcher’s group.

Introduction

Specific protein degradation is essential for quality control, homeostasis, and the regulation of
diverse cellular processes, such as the cell cycle and stress response(182, 183). In eukaryotic
cells, this degradation is primarily catalyzed by the 26S proteasome, which recognizes, unfolds,
and degrades target proteins that have been modified with lysine-attached poly-ubiquitin
chains(184). To accomplish its dual roles in quality control and signaling, the proteasome must
be able to degrade certain proteins consistently and under tight kinetic constraints, while
maintaining a high promiscuity necessary to process thousands of polypeptides with diverse
characteristics, yet avoiding unregulated proteolysis of cellular proteins in general. This precise
regulation is accomplished by the proteasome’s complex molecular architecture and a bipartite
degradation signal for substrate recognition that consists of a suitable poly-ubiquitin chain and an
unstructured initiation region of sufficient length and appropriate sequence composition (46, 86,
87,104, 111, 112).

The proteolytic active sites of the proteasome are sequestered inside a barrel shaped
compartment termed the 20S core particle, which excludes folded proteins and even large
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unfolded polypeptides (167). Substrate access to these active sites is controlled by the 19S
regulatory particle that caps one or both ends of the 20S core, recruits ubiquitinated proteins,
unfolds them, and translocates the unstructured polypeptides through a central pore into the 20S
core for proteolytic cleavage. This regulatory particle can be further divided into two 9-subunit
subcomplexes, the base and lid (16). The base contains multiple ubiquitin receptors and a ring-
shaped AAA+ (ATPases Associated with diverse cellular Activities) motor formed by the six
distinct ATPases Rpt1-Rpt6 (19-22, 96). Each ATPase subunit consists of an N-terminal helix,
an OB-fold domain, and a C-terminal AAA+ motor domain. In the heterohexamer, the N-
terminal helices of neighboring Rpt-subunit pairs engage in coiled-coil interactions, while the six
OB-fold domains form a rigid N-ring that sits atop the ATPase ring. After ubiquitin binding, a
substrate’s flexible initiation region likely must reach through the N-ring before engaging with
conserved pore loops of the ATPase domains for mechanical pulling that is driven by ATP
binding and hydrolysis (26, 27). The lid subcomplex is bound to one side of the base and
contains the deubiquitinating enzyme Rpn11. In the proteasome holoenzyme, Rpnll is
positioned near the entrance to the AAA+ motor, allowing it to remove ubiquitin chains en bloc
from substrates during translocation (31, 32, 42, 152, 153).

Both in vivo and in vitro structural studies revealed that the 26S proteasome adopts multiple
conformations, which can be divided into a substrate-free apo (s1) state and substrate-processing
(s3-like) states (15, 28, 38, 39, 48, 185). In the s1 state, the primary conformation adopted by the
ATP-bound proteasome in the absence of protein substrate, the ATPase domains form a steep
spiral staircase, and Rpn11 is offset from the central pore of the motor, which itself is not aligned
with the entrance to the 20S core. The s3-like state, which can be stabilized by stalling a
substrate during translocation, appears more conducive to processive degradation, as the central
channel of the motor aligns with the N-ring and the entrance to the 20S core, and it contains a
more planar ATPase ring in which neighboring Rpt subunits form uniform interfaces (38). In
addition, during the transition from the s1 to s3 states, the lid rotates relative to the base, placing
Rpnll in a position directly above the pore entrance, where it is able to remove ubiquitin from a
substrate polypeptide as it translocates into the motor. Similar s3-like states have also been
observed by incubating the proteasome with nucleotide analogs such as ATPyS (39).

Based on the available structural and biochemical information, we can infer the processing steps
necessary for substrate degradation, which include the binding of ubiquitin to a proteasomal
receptor, insertion of the unstructured initiation region into the pore of the ATPase motor, the
removal of ubiquitin chains by Rpnl11, and the unfolding and translocation of the polypeptide
into the 20S core for proteolysis. However, very little is known about the relative timing and
coordination of these events, and the rate-limiting step of proteasomal degradation is still
unclear. It also remains elusive what induces the proteasome to switch from the s1 to the s3-like
states and how these distinct conformations are coordinated with the processing pathway.

Here we reveal the complete kinetic picture of substrate processing by the 26S proteasome. We
designed a series of fluorescence- and FRET-based assays to specifically measure the kinetics of
individual degradation steps in a fully reconstituted and thus well-controlled system, without
contamination by accessory proteins, like the non-essential deubiquitinase Ubp6 (186). These
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novel tools allowed us to track the interactions between a substrate’s initiation region and the
AAA+ motor, the conformational changes of the proteasome, substrate deubiquitination by
Rpnll, and cleavage into peptides. Our results reveal the rate-limiting step of degradation,
identify the trigger for the conformational switch from the s1 to the s3 state of the proteasome,
and elucidate the regulation of Rpnl1’s deubiquitination activity. Furthermore, we analyzed the
degradation effects of varying substrate characteristics, including the stability of the folded
domain, the number of ubiquitin chains, and the length and composition of the unstructured
initiation region, offering new insights into how the proteasome selects and prioritizes its
substrates in a complex cellular environment.

Unnatural amino-acid labeling of the proteasome

To deconvolute individual steps of substrate degradation and track the coupled conformational
changes of the proteasome, we sought to develop Forster resonance energy transfer (FRET)-
based assays sensitive to specific processing events. One requirement for these assays was the
ability to site-specifically attach fluorophores to the 19S regulatory particle with minimal
perturbation of its structure and function. Building on our previously established recombinant
expression systems for base and lid sub-complexes of the Saccharomyces cerevisiae 26S
proteasome and their purification from Escherichia coli (26, 28), we devised a method for the
site-specific incorporation and labeling of 4-azido-L-phenylalanine (AzF) (173). We introduced
a highly evolved AzF synthetase on an optimized plasmid into our base and lid expression
systems, allowing for the purification of unnatural amino acid-containing sub-complexes and the
covalent attachment of a fluorophore at specific sites within the 19S regulatory particle (Fig.
3.1A) (164, 175). To increase the labeling specificity, solvent-exposed cysteines of the lid and
base were reversibly protected before reacting the incorporated AzF with a dibenzocyclooctyne-
linked fluorophore (165). This procedure led to 50-80% labeling efficiency and minimal off-
target reactions (Fig. 3.1A). Importantly, proteasomes reconstituted with these fluorescently
labeled base and lid sub-complexes exhibited full activity in substrate degradation (Fig. 3.1B,
Fig. 3.51).
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Figure 3.1. Site-specific labeling of the 26S proteasome and a steady-state assay for its
conformations.

(A) SDS-PAGE analysis of base and lid subcomplexes with AzF incorporated into Rpn5 and Rpn9, and
then labeled with Cy5 and Cy3, respectively. Images of both, the Coomassie-stained gels and
fluorescence detection are shown. (B) Schematic for the in vitro reconstitution of the 26S proteasome
from lid subcomplex with Cy3-labeled-Rpn9, base with Cy5-labeled-Rpt5, and 20S core. (C) A
comparison of the substrate-free and substrate-engaged states, showing that the distance between Rpt5-
Q49 and Rpn9-S111 changes by 37 A during the conformational transition. The 26S proteasome is
depicted with the AAA+ ATPases in blue, Rpnl1l in green, and the rest of the regulatory particle as well
as the 20S core in grey. Models were generated from surface representations of atomic models (PDB:
5mp9, 5mpd, 5mpb). The red and purple spheres indicate the positions of the labeled residues on Rpt5
and Rpn9, respectively. (D) Steady-state FRET signals between Cy3-labeled lid (RpnS111AzF-Cy3) and
Cyb-labeled base (Rpt5Q49AzF-Cy5) under various conditions, normalized to the signal for proteasome
with ATP alone. Ubp6©!18A is catalytically inactive, Ub, represents a linearly fused tetra-ubiquitin, and the
ubiquitinated substrate is titin-127V5P with a 35-residue tail (titin-127V%"-35). Shown are the mean and
s.d. for N=3.

Tracking the conformational state of the proteasome
Published cryo-EM structures of the 26S proteasome revealed major conformational changes
between the substrate-free and substrate-processing states, yet it remains unclear how these
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transitions are coupled to specific steps of substrate degradation. We identified the lid subunit
Rpn9 and the N-terminal coiled-coil of the base subunits Rpt4 and Rpt5 as promising positions
for the placement of a donor-acceptor pair to directly monitor the proteasome conformational
dynamics through FRET (Fig. 3.1C). As the lid rotates relative to the base during the transition
to a substrate-engaged state, the distance between Rpn9 and the N-terminal helix of Rpt5
decreases by almost 40 A, and we predicted that the FRET efficiency for fluorophores at these
positions would increase accordingly.

Proteasomes were thus reconstituted using lid with donor-labeled Rpn9-S111AzF and base with
acceptor-labeled Rpt5-Q49AzF, and bulk FRET efficiencies were measured under steady-state
conditions (Fig. 3.1D). Incubation with the non-hydrolyzable nucleotide analog ATPyS has
previously been shown to induce the substrate engaged-like s3 state (39), and it correspondingly
caused a significant increase in FRET compared to proteasome in ATP alone (Fig. 3.1D).
Interaction with ubiquitin-bound Ubp6 has also been found to shift the conformational
equilibrium towards the substrate-engaged state (47, 56), which was confirmed by our assay
showing an increase in FRET efficiency when catalytically inactive Ubp6 was added together
with tetra-ubiquitin. There was no change in FRET, however, when 100 uM unanchored
ubiquitin chains were added, indicating that ubiquitin binding to proteasomal receptors does not
induce a conformational change.

We then measured the FRET signal of actively degrading proteasomes and observed an increase
in FRET similar to that of proteasomes trapped in the s3 state by ATPyS. The signal increased
further upon addition of ubiquitinated substrate in the presence of 1,10-phenanthroline (oPA), an
inhibitor of the deubiquitinating enzyme Rpn11 (31). Preventing Rpn11-mediated
deubiquitination inhibits degradation by stalling substrate translocation through the central
channel, most likely when the attached ubiquitin chain reaches the narrow entrance to the N-ring
pore, thus trapping and synchronizing the proteasomes in a substrate engaged state (Fig. 3.S1)
(42). We conclude that actively processing proteasomes spend most of the time in an s3-like
conformation.

Rapid substrate engagement induces the proteasome conformational switch
While the steady-state FRET-based assay confirmed that actively degrading proteasomes switch
away from the sl state, it provided no information about when this switch occurs. To determine
the relationship between the conformational change and specific processing steps, and to gain
insight into the overall coordination of substrate degradation, we developed a series of
fluorescence-based assays for measuring detailed kinetics (Fig. 3.2). The model substrate for
these assays consisted of a titin-127 domain that was destabilized by a VV15P mutation and fused
with a C-terminal unstructured initiation region (a 35 amino acid ‘tail’, see Table 3.S2) (47, 187).
This titin-127V1°P-35 substrate also contained a single lysine to enable the attachment of a poly-
ubiquitin chain in a defined position.
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Figure 3.2. Substrate engagement triggers the conformational switch of the proteasome.
39



(A) Schematic model for the substrate processing pathway. Ubiquitin chains (pink) target a substrate
(gold) to bind to the 26S proteasome, which resides in the substrate-free, s1 state. The unstructured tail of
a substrate is inserted into the pore of the AAA+ motor (blue), where it interacts with pore loops (red) that
drive translocation. After this substrate engagement, a major conformational change rearranges the AAA+
motor and shifts Rpnl1 (green) to a central position above the entrance to the pore, allowing
translocation-coupled deubiquitination. Ubiquitin-chain removal is followed by mechanical substrate
unfolding and threading of the polypeptide into the 20S core for proteolytic cleavage. (B) Single-turnover
degradation of ubiquitinated 5-FAM-titin-127V1%"-35 by reconstituted 26S proteasome is tracked by SDS-
PAGE and visualized by the fluorescence of the N-terminally attached 5-carboxyfluorescein (5-FAM,
green star). (C) Single-turnover degradation of ubiquitinated 5-FAM-titin-127VP-35 is tracked by
fluorescence anisotropy in the presence of ATP or ATPyS. The total time for degradation is derived from
the sum of the time constant t for the exponential decay of anisotropy and the time t, for the initial
anisotropy increase. (D) Substrate-tail insertion is tracked by FRET between the 26S proteasome
reconstituted with Cy3-labeled base (Rpt1-1191AzF-Cy3) and ubiquitinated titin-127V**"-35 modified with
Cy5 on its unstructured tail. At t=0, an excess of substrate was added to proteasomes with oPA-inhibited
Rpnll in the presence of either ATP or ATPyS. Shown is the Cy3 channel, normalized to initial
fluorescence. (E) Conformational state of the proteasome over time, tracked by FRET between Cy5-
labeled base (Rpt5Q49AzF-Cy5) and Cy3-labled lid (Rpn9S111AzF-Cy3). At t=0, an excess of
ubiquitinated titin-127V*°"-35 or buffer was added to double-labeled proteasomes with oPA-inhibited
Rpnll. Shown is the Cy5 channel, normalized to initial fluorescence. The total time for the
conformational change is derived from the sum of the time constant t for the exponential increase of
FRET and the time to for the initial delay. (F) Overlay of fluorescence traces for tail insertion and
conformational change from D and E reveal a delay of 400 ms. (G) Deubiquitination tracked by FRET
between Cy3-labeled ubiquitin and a Cy5 label attached adjacent to the single ubiquitinated lysine in titin-
127V15P-35, The substrate was ubiquitinated with Cy3-labeled ubiquitin, and at t=0 mixed with excess
proteasome in the presence of ATP or ATPyS. Shown is the Cy5 channel, normalized to initial
fluorescence. (H) Time constants of the substrate-processing steps as calculated from each assay
individually or after accounting for the preceding steps. All curves in C — G are representative traces, and
time constants are derived from averaging fits of independent experiments, shown with s.d. (N > 3).

The total time required for degradation of this substrate was determined by tracking the
anisotropy of a fluorophore attached to the N-terminus of the titin folded domain (188). Gel-
based assays confirmed the rapid degradation into peptides (Fig. 3.2B), and Michaelis-Menten
analyses established the substrate affinity (Km = 0.22 uM) and degradation rate (Kcat = 2.34 sub
enz! min) under multiple-turnover, steady-state conditions (Fig. 3.52). In subsequent single-
turnover degradation experiments with saturating concentrations of proteasome, we observed an
initial fast increase in anisotropy, followed by a second increase, and an exponential signal decay
(Fig. 3.2C, 3.S3, Table S3). When the substrate was mixed with proteasomes containing the
catalytically dead Rpn11*A mutant, the signal also rapidly increased, but did neither show the
second increase nor the exponential decay of anisotropy (Fig. 3.S3). Mixing of the substrate with
ATPyS-bound wild-type proteasomes led to no change in signal (Fig. 3.2C). The initial
anisotropy increase is thus likely a result of substrate engagement by the AAA+ motor, with a
further increase seen after the deubiquitination event, as the folded domain is pulled towards the
pore. The decay then reflects the mechanical unfolding, translocation, and cleavage of the
substrate into small peptides. This decay (and all kinetic traces later measured for the individual
substrate-processing steps) fit best to a double exponential curve, consisting of a dominant fast
phase and a low-amplitude slow phase. Since the slow-phase likely originates from a small
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population of partially aggregated or incompletely ubiquitinated substrate, we focused our
analyses on the fast phase, as done in previous studies (26, 42). Combining the time constant for
the exponential decay in anisotropy (t = 11 s) and the delay associated with the initial increase (to
=7 s) reveals that complete degradation of our titin model substrate occurs with a time constant
of 18 s.

The first step of substrate processing after ubiquitin binding requires the insertion of the
unstructured initiation region into the pore of the proteasomal motor (111). We specifically
tracked the kinetics of this tail-insertion process using a FRET-based assay that relied on the
energy transfer between a donor fluorophore placed near the central channel of the motor, in the
linker between the N-domain and the ATPase domain of Rptl (Rtp1-1191AzF), and an acceptor
fluorophore attached to the initiation tail of the substrate (Fig. 3.2D, Table 3.54). To kinetically
isolate tail-insertion from subsequent steps of substrate processing, we treated the proteasome
with oPA, thereby preventing progression past the ubiquitin-modified lysine and trapping the
proteasome with the inserted substrate in a high-FRET state. After stopped-flow mixing of
acceptor-labeled substrate and donor-labeled, oPA-treated proteasome, we observed a rapid
increase in FRET as measured by the quenching of donor fluorescence. This was accompanied
by a reciprocal increase in acceptor fluorescence, confirming that the observed signal change was
caused by an energy transfer between the donor and acceptor (Fig. 3.5S4). Fitting of the FRET
change revealed a time constant of 1.6 s (Fig. 3.2D). Since ubiquitin binding to the proteasome
has previously been found to occur significantly faster (98), we can conclude that the 1.6 s time
constant is largely determined by substrate-tail insertion after ubiquitin interaction with a
proteasomal receptor. The tail insertion occurred on a time scale similar to the change in
substrate anisotropy seen upon mixing with Rpn11**A-containing proteasome (Fig. 3.54). No
signal change was observed when mixing proteasome with substrate lacking a ubiquitin chain,
and we also confirmed that the fluorophore on the unstructured initiation region had no major
effects on the rate of substrate degradation (Table 3.54).

Tail insertion could be prevented by the pre-incubation of the proteasome with ATPyS (Fig.
3.2D). In the ATPyS-induced s3 state of the proteasome, Rpnl1 is relocated to directly above the
central pore and therefore expected to sterically interfere with the insertion of a substrate’s
initiation region. The lack of a FRET signal when mixing substrate with ATPyS-bound
proteasomes hence confirms that initial binding to a ubiquitin receptors does not lead to FRET
and that substrate engagement by the AAA+ motor requires the s1 conformation of the
proteasome.

We next measured the kinetics of conformational switching after substrate addition to Rpn11-
inhibited proteasomes, using the above-mentioned FRET-based assay that tracks the relative
distance between the base and lid sub-complexes (Fig. 3.2E, Table 3.S5). Because binding of
unanchored ubiquitin chains alone had no effect on the conformational state of the proteasome,
we hypothesized that engagement of the substrate’s unstructured region with the pore loops of
the AAA+ motor is required to trigger the switch. Indeed, upon mixing proteasome with
substrate, the acceptor fluorescence increased with a time constant of 2.2 s, closely tracking with
the tail insertion event. A reciprocal signal change was observed in the donor channel,
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confirming the underlying FRET. Examination of early time points revealed that the FRET
signal for substrate tail insertion increased immediately after mixing, whereas the signal for the
conformational switch showed a 0.4 s delay (Fig. 3.2F). This delay indicates that pore-loop
contacts with a substrate must occur first, and that this interaction then leads to a rapid switch of
the proteasome from the s1 to a substrate-engaged, s3-like state. This model is also supported by
our previous studies showing that the pore-loops of Rpt subunits at the top of the s1-state spiral
staircase, which are thought to make first contact with a substrate polypeptide, are particularly
important for degradation (26).

After engagement of a substrate, the proteasome must remove attached ubiquitin chains before
proceeding to unfold and translocate the rest of the polypeptide. Therefore, a final FRET-based
assay was designed to selectively monitor the deubiquitination event, this time by tracking the
energy transfer between donor-labeled ubiquitin and an acceptor fluorophore attached to the
substrate adjacent to the ubiquitinated lysine. Co-translocational ubiquitin removal from the
substrate caused a loss in acceptor fluorescence, while pre-incubation of proteasomes with
ATPyS abolished the signal change (Fig. 3.2G, Fig. 3.54D). Stopped-flow measurements of the
FRET signal upon mixing substrate with saturating amounts of wild-type proteasome in the
presence of ATP revealed that deubiquitination occurs with a total time constant of 6.8 s (Table
3.56), which reflects the sum of the time required for binding, tail insertion, and
deubiquitination. Mixing of the substrate with Rpn11°*A-containing proteasome also led to a
signal change, but with more than 50% reduced amplitude. This deubiquitination-independent
change in FRET is likely caused by a change in fluorophore environment when ubiquitin binds
to the catalytically-dead Rpn1l (Fig. 3.S5).

By comparing the various time constants described above, we can derive the first complete
kinetic model of proteasomal substrate processing and estimate the time required for each sub-
step following substrate binding (Fig. 3.2H). Initial tail insertion proceeds with a time constant of
1.6 s, followed by a rapid conformational switch after 0.4 s. The removal of the ubiquitin chain
then happens within ~ 5 s, and mechanical substrate unfolding, translocation, and cleavage take
an additional 11 s.

The proteasome can quickly remove multiple ubiquitin chains, but is slowed
down by stable domains

Our kinetic characterization of proteasomal degradation revealed that most of the substrate
processing time is spent on deubiquitination and unfolding or translocation of the substrate. To
further probe the relative contributions of these steps to overall degradation time, we modified
our model substrate, either by changing the stability of the folded domain (Fig. 3.3A,B Fig. 3.56)
or by increasing the number of ubiquitin chains that need to be removed during degradation (Fig.
3.3C, Fig. 3.57).
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Figure 3.3. Increasing substrate stability slows degradation, but multiple ubiquitin chains
can be rapidly removed.

(A) Single-turnover degradations of substrates with mutations in the titin-127 folded domain tracked by
anisotropy of N-terminally attached 5-FAM in a stopped-flow fluorimeter. The stabilities of titin-
[27V13PIVISP_35 titin-127V1%P-35, and titin-127-35 were determined by denaturant-induced equilibrium
unfolding (see Fig. 3.S6). (B) Single-turnover degradations of the same substrates analyzed in A, but
tracked by SDS-PAGE and visualized by 5-FAM fluorescence. (C) Single-turnover degradations of
substrates with up to 3 lysine-attached ubiquitin chains in the unstructured tail tracked by anisotropy of 5-
FAM. All curves are representative traces, and time constants are derived from averaging fits of
independent experiments, shown with s.d. (N = 3).

A series of substrate variants was constructed based on previously reported mutations that
change the thermodynamic stability of the titin-127 domain (189). The experiments reported in
Fig. 2 were performed with titin-127V%P-35, which has a thermodynamic stability of AG = -19 kJ
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mol™? (Fig. 3.S6). In addition, we measured the degradation rates for a further destabilized variant
titin-127V13P/15P-35 (AG = -8 kJ mol™) and for the wild-type version, titin-127-35 (AG = -24 kJ
mol™?). Increasing the stability of the folded titin domain significantly increased the overall time
required for degradation, as seen for other substrates (62, 113, 190). Further analysis by SDS-
PAGE showed that the most stable titin variant is rapidly deubiquitinated and then slowly
unfolded and degraded (Fig. 3.3B), indicating that the substrate remains stably engaged after
ubiquitin-chain removal, while the proteasome attempts to overcome the tough unfolding barrier.
Thus, the unfolding event itself, as opposed to tail insertion, deubiquitination, or translocation, is
the rate-limiting step of degradation for this substrate. The less stable titin variants exhibit no
accumulation of the deubiquitinated species on the proteasome, indicating that unfolding and
deubiquitination occur on similar time scales.

The least stable titin-127V*3"25 varijant was degraded with a total time constant of 15 s.
Considering that all initial processing steps, including deubiquitination, take 6.8 seconds, and
assuming rapid subsequent unfolding of the destabilized titin domain, we can estimate a
minimum translocation rate of 15 residues s* for the 116 amino acids that remain to be threaded
after unfolding.

To test the effects of additional ubiquitin chains on substrate degradation, we added a second or
third lysine into the unstructured tail of our model substrate. The modification of all three lysine
was confirmed by SDS-PAGE after ubiquitination with methyl-ubiquitin (Fig. 3.S7A,B) or by
treating the poly-ubiquitinated substrate with the deubiquitinase AMSH (Fig. S7C), which trims
K63-linked chains, but does not remove the substrate-attached ubiquitin moiety (191).
Michaelis-Menten analyses showed that substrates with one, two, or three ubiquitin chains have
similar binding affinities and degradation rates (Fig. 3.S2). Importantly, all three substrates also
showed no difference in degradation rate under single-turnover conditions (Fig. 3.3C),
suggesting that while the removal of the first ubiquitin chain takes 5 seconds, subsequent chains
must be removed much more quickly. One model for this change in deubiquitination rate comes
from our previous findings that the rate-limiting step of isopeptide cleavage by Rpnll is a
ubiquitin-induced conformational switch of its Insert-1 region (192). We propose that after
Rpn11 removes the first ubiquitin chain, it does not immediately switch back to the inactive
conformation, but instead is poised to bind and promote fast cleavage of nearby ubiquitin chains
that rapidly approach Rpnl1l as the substrate is translocated into the central pore. Many essential
proteasome substrates, such as the cell-cycle regulators ubiquitinated by the anaphase-promoting
complex (APC), are known to be modified with multiple ubiquitin chains (193, 194). Our data
suggest that removal of ubiquitin chains is not rate-limiting for the degradation of these
substrates.

Substrates with poor initiation regions fail to engage with the proteasome

It has been established that substrates with short (< 25 residues) or low-complexity initiation
regions are not efficiently degraded in vitro and have extended in vivo half-lives (86, 104, 105,
112). To investigate the mechanisms behind this defect, we modified the initiation tail of our
model substrate, either by varying the length of the terminal unstructured region following the
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single ubiquitinated lysine or by replacing it with a low complexity, serine-rich sequence
previously shown to severely impair degradation (104, 114).

Tracking of proteasomal processing by SDS-PAGE revealed that substrates with 35 or 25 AA
tail were completely degraded into peptides, whereas the truncated tail variants with 11 or 1 AA
were primarily deubiquitinated and released (Fig 3.4A, Fig. 3.S8, Fig. 3.59). Deubiquitination
and release of the short-tail substrates could be monitored by the decrease in anisotropy, though
the magnitude of signal change was of course smaller than for complete proteolysis into peptides
(Fig. 3.510). Using this anisotropy readout in multiple turnover titrations revealed that the short
tails cause significant Ky defects for the titin-127VP-11 (Km = 1.2 uM) and titin-127V1P-1 (Km =
2.7 uM) substrates, compared to titin-127VP-35 (Km = 0.2 pM) (Fig. 3.52, 3.511).
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Figure 3.4. Substrates with poor initiation regions do not stably engage with the
proteasome.

(A) Single-turnover degradations of substrates with varied unstructured initiation regions
analyzed by SDS-PAGE and visualized by 5-FAM fluorescence. (B) Tail insertion kinetics of
substrate variants tracked by FRET between the substrate and the proteasome as in Fig. 3.2D.
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The corresponding time constants are listed in Table 1. (C) Conformational change of the
proteasome after substrate addition, tracked by FRET between the base and the lid as in Fig.
3.2E. (D) Competitive inhibition of titin-127V%"-35 degradation by substrates with varied tails
(same substrates as in C). The multiple-turnover degradation of 5-FAM-titin-127V*°P-35 at 500
nM was measured by anisotropy in the presence of varying concentrations of unlabeled
competitors. Shown is the percent inhibition as derived from the initial rates of degradation in the
presence and absence of competitor. All curves are representative traces (N > 3).

We then analyzed the kinetics of tail insertion through the increase of FRET between donor
labeled, Rpnll-inhibited proteasome and acceptor-labeled substrate, as in Fig. 3.2D (Fig. 3.4B,
Table 1). We found that shorter tails appear to enter the central pore more rapidly, yet their
FRET amplitude was severely reduced, with 11 and 1 AA tails showing only 25% and 16%,
respectively, of the signal change detected for the 35-residue tail. These low amplitudes are most
likely a consequence of the truncated tails being too short to reach from the narrow N-ring
entrance to the pore loops, thus preventing a stable engagement with the AAA+ motor. After
initial rapid insertion, these tails may therefore quickly escape again from the central channel,
which is consistent with the observed increase in the apparent rate constants for short tail
insertion, Kapp, that reflects the sum of both, on and off rates (Table 3.1). The elevated off rates
lead to an increase in Ky for the processing of short-tailed substrates under multiple-turnover
conditions, even though their ubiquitin targeting signal is unchanged (Fig. 3.511).

Substrate Tapp (S) Kapp (1/Tapp, 1) (Noﬁnn;ﬁlzlzgo,lcg 35)
titin-127V15P-35 1.61+0.32 0.62 +0.12 1+0.03
tin- V15P_
tn-127727-25 1 2 154100 | 0144002 051+ 004
(serine rich)
titin-127V15P_25 1.73+0.02 0.58 + 0.007 0.87 £ 0.05
titin-127V15P-11 0.7 £0.09 1.4+0.18 0.24 +0.01
titin-127V15P-1 0.46 £ 0.03 22+0.14 0.16 + 0.001

Table 3.1. Fast phase kinetics and amplitudes of substrate tail insertion as seen in Fig. 3.4A. Shown are
the mean and s.d. for N> 3.

Though short tails insert, at least briefly, into the pore of the motor, we found that substrates with
those truncated initiation regions fail to trigger the conformational change of the proteasome
(Fig. 3.4C). In contrast to the small amplitude and fast kinetics we observed for the tail-insertion
traces, the conformational change traces for the truncated tails exhibited almost no amplitude.
The inability of short-tailed substrates to induce a conformational change thus supports our
model that interactions between the substrate polypeptide and the motor’s pore loops drive the
switch in proteasome conformation.

Despite their failure to engage and trigger proteasome conformational switching, short-tailed
substrates are slowly deubiquitinated (Fig. 3.4A). The loss of anisotropy during the multiple-
turnover processing of the 1 AA tail substrate (Fig. 3.S11) reveals a time constant of 45 s for this
engagement-independent deubiquitination, which is significantly slower than the 6.8 s observed
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for translocation-coupled deubiquitination of the long-tailed substrate (Fig. 3.2G). The almost 7-
fold difference in deubiquitination rate agrees well with the previously revealed acceleration of
Rpnll-mediated ubiquitin cleavage by mechanical substrate translocation into the AAA+ motor
(42). Since short-tailed substrates fail to induce the conformational switch of the proteasome,
their slow deubiquitination likely occurs while the proteasome is in the s1 state or during brief,
spontaneous sampling of s3-like conformation. Despite not being coupled to translocation, this
engagement-independent ubiquitin cleavage still results in the accumulation of only fully
deubiquitinated substrate (Fig. 3.4A), as expected if steric hindrance by the subjacent N-ring of
the AAA+ motor forces Rpnll to cleave at the base of the ubiquitin chain, rather than between
ubiquitin moieties.

Like the short tails, the low complexity serine-rich tail also led to a significant Ky defect in
multiple-turnover processing and exhibited a decreased FRET amplitude for tail insertion (Fig.
3.511, Fig. 3.4B). In contrast to the short tails, however, it also showed slower tail-insertion
kinetics, with a Kapp four times lower than that of a complex tail of the same length. Thus, in
addition to having an elevated ratio of Kof/kon (and therefore Kw), the on-rate of the serine-rich
tail is decreased. The conformational change induced by this substrate was also slow and of a
low magnitude, with the defects again being amplified compared to those measured in tail
insertion. Both the tail-insertion and conformational change assays rely on a stalled state, with
the substrate’s initiation region stably engaged by the AAA+ motor. The small FRET-signal
amplitudes for the serine-rich tail thus indicate a rapid substrate escape from the proteasome pore
and a consequent low probability of commitment, explaining the observed slow degradation and
frequent release (Fig. 3.4A). Low-complexity regions thus hinder substrate processing in several
ways: by slowing the onset of tail insertion, inhibiting the conformational change, and likely by
reducing the motor grip required for unfolding and translocation.

How are proteasomes in vivo able to rapidly turn over high priority substrates, such as cell-cycle
regulators, while ubiquitinated proteins with poor initiation regions and therefore slow
processing kinetics compete for proteasomal ubiquitin receptors? To test this scenario in vitro,
we performed competition experiments, in which the degradation of a fluorescently labeled,
ubiquitinated titin-127V1%"-35 substrate was tracked in the presence of unlabeled ubiquitinated
substrates with varying tail architectures (Fig. 3.4D). While the unlabeled substrate with a 35
residue tail effectively inhibited degradation of its labeled counterpart, substrates with short or
serine-rich initiation regions were poor competitors, even at concentrations well above their
measured Kwm values. These results can be explained by the high off rates and poor engagement
of these tails with the ATPase motor. Their inability to compete also suggests that the ubiquitin-
chain interactions with receptors on the proteasome is short lived. The translocation-independent
deubiquitination we observed for substrates with poor initiation regions (Fig. 3.4A) must happen
during brief and presumably repetitive binding events. The proteasome thus has intrinsic
mechanisms for removing poor substrates from the pool of ubiquitinated proteins, while still
allowing the preferred and therefore rapid degradation of appropriate substrates. Accessory
factors such as Ubp6 and Hul5, both proposed to be important for substrate triage, may act in
concert with the proteasome’s intrinsic mechanisms described here (145).
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Conclusions

An intricate system of recognition and processing steps allows the 26S proteasome to select only
appropriate substrates that contain both the correct ubiquitin-targeting signal and an unstructured
initiation region, while maintaining the high promiscuity necessary to degrade hundreds of
cellular proteins with diverse characteristics. Using FRET-based assays to measure the kinetics
of individual substrate-processing events, we found that insertion and engagement of the
unstructured initiation tail is fast, whereas most of the degradation time is spent on mechanical
unfolding and translocation. We show that the proteasome rapidly transitions from the sl state to
a substrate-processing, s3-like state immediately after tail insertion, suggesting that substrate
interactions with the pore loops of the AAA+ motor drive this global conformational switch. In
the s1 state, the entrance to the central pore is well accessible for the substrate’s flexible
initiation region, and the ATPase domains of Rpt1-6 are arranged in a steep spiral staircase that
likely helps substrate entry (26, 28, 48). The transition to the s3-like processing state, right after
substrate engagement with the translocation machinery, is ideally timed to facilitate all
subsequent processing steps, as it brings the ATPase ring into a more planar, translocation-
competent conformation and moves Rpnl1 to directly above the central pore to enable efficient
coupling of translocation and deubiquitination (38, 42). Premature transition to this state,
however, prevents tail insertion and engagement, which highlights the importance of this
intricate coordination between substrate processing steps and conformational switching of the
proteasome.

We identified mechanical unfolding as the rate-determining step for degradation of our model
proteins and likely most proteasomal substrates in general. Consistent with previous studies, we
found that increasing the thermodynamic stability of a substrate’s structured domain extends the
time required for degradation. In contrast, the presence of additional ubiquitin chains had no
effect on the overall degradation rate. We propose that after the first ubiquitin-cleavage, which
takes about 5 s, subsequent deubiquitination events can be significantly accelerated, because
Rpnll remains in its active state at least long enough to remove closely spaced ubiquitin chains
from a translocating polypeptide. Multiple ubiquitin chains can thus confer additional affinity for
the proteasome without reducing the degradation rate, and it is not surprising that high-priority
substrates, such as those ubiquitinated by the APC, contain multiple, closely spaced ubiquitin
modifications (193, 194). While the removal of ubiquitin chains may not be limiting, their
orientation relative to a substrate’s unstructured initiation region has been found to potentially
affect the rate of degradation (46, 98). Future studies, utilizing the specific assays presented here,
will have to address whether those differences in turnover rates are due to altered engagement
kinetics or differential rates of deubiquitination depending on the spacing of ubiquitin chains
relative to each other or a folded domain.

When investigating the requirements for substrate recognition and engagement, we found that
ubiquitinated proteins with initiation regions of insufficient length or complexity were slowly
deubiquitinated and released, rather than degraded, which explains previous findings of poor in
vitro degradation or extended in vivo half-lives for those substrates (111, 112). Short or low-
complexity initiation regions still rapidly enter the central channel of the proteasome, but cannot
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stably engage with the AAA+ pore loops and quickly escape again, leading to a significant
increase of the substrate’s Km. Remodeling factors such as Cdc48/p97 may thus play a critical
role in preparing substrates for degradation by exposing unstructured initiation regions for
efficient proteasomal engagement (109, 110).
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Figure 3.5. Model for Kinetic proofreading by the proteasome.

Ubiquitin binding and tail insertion constitute a dynamic gateway to proteasomal substrate processing,
with both fast on and off rates. If the substrate has the necessary requirements for degradation,
engagement with the AAA+ motor reduces Ko for tail insertion and accelerates the conformational switch
of the proteasome, thereby committing substrates to translocation-coupled deubiquitination, rate-limiting
unfolding, and degradation.

We propose that the initial ubiquitin-binding and tail-insertion events represent a dynamic
gateway that is characterized by both, fast on and off rates, and controls the selection of
appropriate substrates for proteasomal degradation (Fig. 3.5). If a substrate has the necessary
requirements for processing, then tail engagement with the AAA+ motor reduces the off rate and
induces the proteasome conformational switch that commits the substrate to unfolding,
translocation-coupled deubiquitination, and degradation. As a consequence of this rapid ubiquitin
sampling by the proteasome, binding of poor substrates does not considerably inhibit the
degradation of higher-priority substrates with proper initiation regions, as seen in our in vitro
competition experiments with short and long tailed proteins. This mechanism is thus similar to
the kinetic proofreading mechanism used by the ribosome to recognize cognate amino acyl-
tRNAs, in which rapid initial binding interactions are followed by an irreversible committed step
(195). In addition to this proofreading, the slow, translocation-independent deubiquitination of
engagement-incompetent proteins at the proteasome removes them from the pool of potential
substrates. Our studies thus provide exciting new insights into how the proteasome prioritizes its
substrates in the cell and coordinates its processing steps and conformational changes to ensure
efficient protein degradation.

49



Materials and Methods
All plasmids used for the purification of recombinant proteins are listed in Table 3.S1.

Purification of 20S core

S. cerevisiae 20S core was purified from the Prel-3xFLAG yeast strain yAM14 (RJD1144, from
Ray Deshaies, (196) as previously described (38). Briefly, yAM14 yeast were lysed and
resuspended in lysis buffer (60 mM HEPES, pH 7.6, 500 mM NaCl, 1 mM EDTA, 0.2% NP-40).
20S core was immobilized on M2 anti-FLAG resin (Sigma), washed with buffer containing 1 M
NaCl to remove bound regulatory particle, eluted from the resin using 3XFLAG peptide, and
further purified by size-exclusion chromatography with a Superose 6 Increase 10/300 column
(GE) equilibrated in GF buffer (30 mM HEPES, pH 7.6, 50 mM NaCl, 50 mM KCI, 10 mM
MgClz, 5% glycerol) with 0.5 mM TCEP. Peak fractions were concentrated in a 100K MWCO
Amicon Ultra concentrator (Millipore), aliquoted, flash frozen in liquid N2, and stored at -80 °C.
The concentration was determined by absorbance at 280 nm.

Purification of wild-type base

Recombinant yeast base was purified after heterologous expression in E. coli using a slight
modification of previously published methods (26). E. coli BL21 Star(DE3) (Invitrogen) was co-
transformed with the plasmids pAM81, pAM82, and pAM83 (derived from pETDuet,
pCOLADuet, and pACY CDuet, respectively), coding for Rptl - Rpt6, Rpnl, Rpn2, Rpnl3, the
four base-assembly chaperones Rpn14, Hsm3, Nas2, and Nas6, and rare tRNAs. Bacteria were
grown in 3 L of terrific broth (Novagen) to an ODego = 1.0, then induced with 0.5 mM IPTG at
30 °C for 5 hours, followed by an overnight induction at 16 °C. The cells were pelleted and
resuspended in NiA buffer (60 mM HEPES, pH 7.6, 100 mM NaCl, 100 mM KCI, 10 mM
MgCls, 5% glycerol, and 20 mM imidazole) supplemented with 2 mg ml lysozyme, benzonase
(Novagen), and protease inhibitors (aprotinin, pepstatin, leupeptin and PMSF). Cells were lysed
by sonication, the lysate was clarified by centrifugation, and the base subcomplex was purified
by a three-step procedure, with 0.5 mM ATP present in all buffers. First, the His-Rpt3 containing
complexes were purified using a 5 mL HisTrap FF crude (GE), then fully assembled complexes
containing Flag-Rpt1 were selected for by using anti-Flag M2 affinity resin (Sigma), and finally,
the complex was further purified using size-exclusion chromatography with a Superose 6
increase 10/300 column (GE) equilibrated in GF buffer with 0.5 mM ATP and 0.5 mM TCEP.
The concentration of the base was determined by Bradford assay using bovine serum albumin
(Sigma) as a standard.

Purification and labeling of unnatural amino acid-containing base

The base sub-complex containing 4-azido-L-phenylalanine (AzF) was expressed, purified, and
labeled using a similar procedure with the following modifications: In addition to pAM8L1,
PMA&83, and an amber-codon containing variant of pAM82, a fourth plasmid (pAM87)
containing the AzF tRNA synthetase/tRNA pair was used to co-transform BI21 Star(DE3) E.
coli. This plasmid was constructed by replacing the IPTG-inducible synthetase in the pULTRA-
CNF construct designed by the Schultz lab with the AzFRS.2.t1 synthetase evolved by the Isaacs
lab(164, 175). The pEvol-pAzFRS.2.t1 was a gift from Farren Isaacs (Addgene plasmid # 73546)
and the pULTRA-CNF was a gift from Peter Schultz (Addgene plasmid # 48215). The cells were
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grown in 3 L of dYT media to an ODeoo = 0.6, then pelleted, and resuspended in 0.5 L of terrific
broth (Novagen) with added 2mM AzF (Amatek Chemical). The cells were shaken for 30
minutes at 30 °C to allow for uptake of the AzF, followed by induction with 0.5 mM IPTG for 5
hours at 30 °C and then 16 °C overnight. Purification followed the same protocol as for AzF-free
base, except that after elution from the anti-Flag resin, the base was incubated with 150 uM 5,5'-
dithiobis-(2-nitrobenzoic acid) (DTNB) for 10 minutes at room temperature to temporarily block
any exposed cysteines. The base was then cooled back down to 4 °C and labeled overnight with
300 uM dibenzocyclooctyne (DBCO) conjugated fluorophore (Click Chemistry Tools). The
reaction was quenched using 1 mM free AzF, followed by 2 mM dithiothreitol (DTT), and
labeled base was then purified using size-exclusion chromatography as described above.
Labeling efficiencies were estimated by comparing the absorbance-based concentration of
fluorophore with the base concentration calculated by the Bradford assay.

Purification of lid

Recombinant yeast lid was also purified using a three step procedure. The plasmids pAM80,
pAMS85, and pAM86, coding for Rpn3, Rpn5 — Rpn9, Rpnll, Rpnl2, Sem1, and rare tRNAS,
were modified from previously published plasmids to replace the affinity tags(28). Human
rhinovirus (HRV) protease-cleavable maltose binding protein was inserted at the N-terminus of
Rpn6, and the N-terminus of Rpn12 was modified with a HRV-cleavable 6xHis tag. E. coli BL21
star(DE3) was co-transformed with these plasmids and then grown, induced, and lysed as
described above for the base. The fully assembled lid was purified using a HisTrap and amylose
resin (NEB), cleaved with HRV-protease, and purified on a Superose 6 Increase size-exclusion
column equilibrated in GF buffer with 0.5 mM TCEP. The concentration of the lid was
determined by absorbance at 280 nm. Unnatural amino acid-containing lid was expressed and
purified in a fashion similar to AzF-containing base, using the same DTNB blocking and DBCO-
fluorophore labeling procedures after elution from the amylose resin.

Purification of substrates

All substrates were purified using the IMPACT system (NEB). The substrate was inserted into a
T7-inducible plasmid derived from pET28a (Novagen) upstream of the intein and chitin binding
domain (CBD) taken from pTXB1 (NEB). E. coli BL21 star(DE3) was transformed with this
plasmid, grown in 3 L of dYT to an ODeoo = 0.6, and induced with 0.5 mM IPTG for 3 hours at
30 °C. The cells were then resuspended in chitin buffer (60 mM HEPES, pH 7.6, 150 mM NacCl,
1 mM EDTA, 5% glycerol) with protease inhibitors (AEBSF, aprotinin, leupeptin, and
pepstatin), and benzonase (Novagen). The cells were bound in batch to 10 mL of chitin resin
(NEB) for 1 hour at 4 °C, which was then washed with 100 mL of chitin buffer supplemented
with an additional 500 mM NacCl, 0.2% Triton X-100, and protease inhibitors. The substrate was
cleaved from the column by overnight incubation at 4 °C in a buffer containing 60 mM HEPES,
pH 8.5, 150 mM NaCl, 1 mM EDTA, 5% glycerol, and 50 mM DTT. The substrate was
collected from the column, run over 3 mL of fresh chitin resin to remove any uncleaved
substrate, and then purified on a S75 16/60 size-exclusion chromatography column (GE) in GF
buffer with 0.5 mM TCEP. The concentration of substrate was determined by the absorbance at
280 nm.
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Labeling of substrates

Fluorophores were covalently attached to a single engineered cysteine in the substrate by
maleimide chemistry. While there are two additional cysteines in the titin-127 domain used, they
are not solvent exposed. Where noted, the N-terminus of the substrate was labeled by sortase A
(SrtA)-mediated ligation of a peptide (197). For the sortase modification, peptide
(HHHHHHLPETGG) was purchased with 5-FAM conjugated to its N-terminus (Biomatik), and
then ligated to 100 uM substrate using 20 uM recombinant 6xHis-SrtA in GF buffer
supplemented with 10 mM CaCl,, and 0.5 mM peptide. The labeled substrate was selected for by
binding to a 1 mL HisTrap HP (GE), followed by size-exclusion chromatography on a Superdex
75 10/300 column (GE) equilibrated with GF buffer. The concentration of substrate was
determined by quantifying the absorbance of the attached fluorophore (5-FAM =492 nm, Cy5 =
646 nm).

Purification and labeling of ubiquitin

In order to label ubiquitin, a variant was expressed with an N-terminal cysteine inserted before
the first methionine (MC-ubiquitin). This variant was expressed and purified as described
previously (42). Briefly, Rosetta Il (DE3) pLysS E. coli cells were transformed with an IPTG-
inducible expression plasmid (pET28a) containing MC-ubiquitin. The cells were grown in
terrific broth (Novagen) at 37 °C until the ODeoo = 1.5, and ubiquitin expression was induced
with 0.5 mM IPTG overnight at 18 °C. After expression, the cells were resuspended in lysis
buffer (50 mM Tris-HCI, pH 7.6) containing 2 mg mL* lysozyme, benzonase, and protease
inhibitors (aprotinin, pepstatin, leupeptin and PMSF). The cells were lysed by sonication, and
contaminating proteins were precipitated by the addition of 60% perchloric acid to a final
concentration of 0.5%. The soluble fraction containing ubiquitin was dialyzed overnight into 50
mM Na-acetate, pH 4.5, and purified by cation exchange on a 5 mL HiTrap SP FF column (GE)
using a gradient of 0 - 0.5 M NaCl in 50 mM Na-acetate, pH 4.5. Peak fractions were
concentrated and further purified over a Superdex S75 16/60 column in storage buffer (20 mM
Tris-HCI, pH 7.6, 150 mM NaCl, 1 mM DTT). Ubiquitin was labeled by dialyzing into labeling
buffer (30 mM HEPES, pH 7.2, 150 mM NaCl, 1 mM EDTA) and reacted with an excess of
maleimide-fluorophore. The labeled ubiquitin was purified on a Superose 75 16/60 size
exclusion column equilibrated in GF buffer, and its concentration was measured by the Lowry
assay using non-labeled ubiquitin as a standard.

A pET15b plasmid containing linearly fused tetra-ubiquitin with an N-terminal fusion to 6xHis-
SUMO was generated by gene synthesis (Genscript). The protein was expressed in Rosetta Il
(DE3) pLysS E. coli, purified on a HisTrap, cleaved using SENP1 protease, then further purified
by cation exchange on an SP FF column (as described above) and size-exclusion
chromatography on a Superose 75 16/60 column equilibrated in GF buffer.

Purification of additional components

The plasmid used to express Usp2 was a gift from Cheryl Arrowsmith (Addgene plasmid #
36894). The plasmid used to express SENP2 protease was a gift from Guy Salvesen (Addgene
plasmid # 16357) (198). Both proteins were expressed in E. coli BL21 star(DE3) and purified
using a HisTrap, followed by size-exclusion chromatography on a Superose 75 16/60 column
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equilibrated in GF buffer. The plasmid used to express mouse E1 (pet28-mE1) was a gift from
Jorge Eduardo Azevedo (Addgene plasmid # 32534) (199). The plasmid used to express AMSH,
pOPINB-AMSH*, was a gift from David Komander (Addgene plasmid # 66712) and was
purified as described previously (191).

Additional recombinant proteins including Rpn10, ubiquitin, Rsp5, Ubcl, and E1 were purified
as previously described (42). Ubp6°8 was purified as previously described (47).

Substrate ubiquitination

All substrates contained a PPPY motif in the unstructured region, which allows them to be
ubiquitinated with long primarily K63-linked ubiquitin chains in vitro using the Rsp5 E3 ligase
(38, 187). Purified substrates (10 uM) were incubated for 3 hours at 25 °C in GF buffer with E1
(2.5 uM), Ubcl (2.5 uM), Rsp5 (2.5 uM), ubiquitin (400 uM), and 10 mM ATP. Substrates were
ubiquitinated fresh for each day of experiments and evaluated by gel to ensure reproducible
ubiquitination.

Enzymatic assays

All enzymatic assays were performed at 25 °C in GF buffer supplemented with 5 mM ATP, 0.5
mM TCEP, 0.5 mg mL? BSA, and an ATP regeneration system (0.03 mg mL™? creatine kinase
and 16 mM creatine phosphate) unless otherwise noted. Experiments were performed in at least
three technical replicates.

Data processing and analysis

All curve fitting was done using Origin (Originlab, Northampton, MA). The fits were performed
by least squares fitting, and evaluated by the distribution of the residuals to ensure there were no
significant deviations from zero. The initial rates from substrate degradation or deubiquitination
experiments were fit to the Michaelis-Menten equation to determine kcar and Km. Exponential
curves from single-turnover measurements were fit to either a double exponential increase/decay
(y=Yo + Ar*e™ + A*e*?) or a delayed double exponential increase/decay (y=yo + Ar*e -0/ +
Ax*e t102) \in which the delay was determined by visual inspection of the curves. In general,
the channel with the largest signal change was used for fitting and representative traces. Some
curves were smoothened by the Savitsky-Golay method for visualization, but all data analysis
was done on the raw traces. The plotted curves were normalized to the initial fluorescence value
for each trace.

The slow phase of the double exponential fit was not used in the analyses, because it is thought
to arise from a small population of partially aggregated or incompletely ubiquitinated substrate.
In support of this, the fast phase of the single-turnover degradation kinetics match well with the
kcat values measured in multiple turnover. The time constants for both phases and their relative

distribution of amplitudes are reported in Tables S3-S6.

Anisotropy assays

Multiple-turnover degradations were monitored by tracking fluorescence anisotropy of
fluorescein in a Synergy NEO2 multimode plate reader (Biotek). Reactions were initiated by
mixing 6.5 pL of 2x reconstituted holoenzyme with 6.5 pL of 2x ubiquitinated substrate, then
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transferring 10 pL of the reaction to a 384-well flat bottom, low volume microplate (Corning).
Final concentrations were 25 or 50 nM core, 400 nM base, 600 nM lid, 750 nM Rpn10, and
varying concentrations of substrate.

Initial rates of processing were calculated by using the measured anisotropy of ubiquitinated
substrate alone and that of substrate fully cleaved by chymotrypsin to normalize the measured
change in anisotropy during the reaction.

To determine the Michaelis-Menten constants for titin-127V1°P-1-FAM, the initial rate was
normalized using substrate that had been fully deubiquitinated by Usp2 rather than fully
degraded substrate. Because titin-127V1%"-11-FAM and titin-127V%"-serine rich-FAM exhibit
both degradation and deubiquitination, the chymotrypsin degraded value was used to normalize
the curves, but the Keat is most likely underestimated.

Final concentrations for all single-turnover degradations were 1.25 uM core, 2.5 UM base, 2.5
MM lid, 3 uM Rpn10, and 300 nM substrate. Single-turnover degradation measurements that
were performed in a plate reader used a similar procedure as described above, with a deadtime of
8-10 seconds between mixing and the first measurement. Degradation measurements were also
performed in an Auto SF120 stopped-flow fluorimeter (Kintek) with two photomultipliers to
measure fluorescein anisotropy. The stopped-flow was loaded with 140 pL of 2x reconstituted
holoenzyme and 140 L of 2x substrate, with the same final concentrations as those used in the
plate reader. After loading, four blank shots were fired, followed by three measurements. The
deadtime of mixing on the instrument is sub-millisecond.

The curves for degradations measured in the stopped-flow and those measured in the plate reader
were fit to a delayed exponential.

Single-turnover degradation measurements that were analyzed by gel were performed by mixing
2x reconstituted holoenzyme and 2x substrate, taking 2 pL aliquots at the indicated time,
quenching them in 2% SDS-containing buffer, and separating the reaction by SDS-PAGE on
12% NuPAGE gels (Invitrogen). The fluorescence was then measured on a Typhoon FLA 9500
variable mode scanner (GE) using a pixel density of 50 um per pixel.

Tail insertion assays

Tail insertion was measured by tracking Forster resonance energy transfer (FRET) between Cy5-
labeled base and Cy3-labeled substrate, while enforcing single-turnover conditions using 1,10-
phenanthroline (0PA), an inhibitor of Rpn11 that stalls the proteasome at the site of ubiquitin
linkage (42). Base containing Rpt1-1191AzF was labeled with Sulfo-Cy5-DBCO (Click
Chemistry Tools) as described above. A 30 mM oPA stock was made in GF buffer. Reactions
were performed in the Auto SF120 using 2x reconstituted holoenzyme and 2x Sulfo-Cy3 labeled
substrate. Final concentrations were 100 nM Cy5-Rpt1 base, 400 nM core, 600 nM lid, 750 nM
Rpnl10, 3 mM oPA, and 3 uM substrate. An excitation wavelength of 550 nm was used, and the
Cy3 and Cy5 emission channels were monitored simultaneously.

The kinetics of tail insertion were determined by fitting the quenching of the Cy3 signal. The
amplitudes listed in Table 1 were calculated by normalizing the amplitudes of the fast-phases to
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the initial fluorescence, and then comparing those to the normalized amplitude of titin-127V*°P-
35-Cy5. All measurements used in this calculation were from traces collected on the same day.

Conformational change assays

The conformational state of the proteasome was monitored using FRET between Cy3-labeled lid
and Cy5-labeled base. Lid containing Rpn9S111AzF was labeled with Sulfo-Cy3-DBCO, and
base containing Rpt5Q49AzF was labeled with Sulfo-Cy5-DBCO as described above. Steady-
state measurements were performed by mixing 2x reconstituted holoenzyme (150 nM Cy5-Rpt5
base, 400 nM core, 500 nM Cy3-Rpn9 lid, and 750 nM Rpn10) with 2x substrate or other
additive as indicated. Final concentrations of the reconstituted holoenzyme were 150 nM Cy5-
Rpt5 base, 400 nM core, 500 nM Cy3-Rpn9 lid, and 750 nM Rpn10. Final substrate
concentration was 3 uM. Final oPA concentration was 3 mM. Catalytically dead Ubp6(C188A)
was added at 250 nM, and linear tetra-ubiquitin was added at 100 uM. ATPyS was added at 5
mM in place of the ATP regeneration system. The reactions were then transferred to a 384-well
flat bottom, low volume microplate (Corning), and the fluorescence intensities were measured in
a Synergy NEO2 plate reader (Biotek). Single turnover measurements were performed in the
AutoSF 120 stopped-flow fluorimeter (Kintek) using 2x reconstituted holoenzyme with oPA (3
mM final) and 2x substrate, exciting at 550 nm and measuring Cy3 and Cy5 emission channels
simultaneously.

The steady-state levels of FRET were calculated by the following equation: lacceptor/(Idonort 1
acceptor). 1his value was calculated for each replicate and then averaged to determine the FRET
signal for the respective condition. The FRET levels were then all normalized to that of the
proteasome in ATP with no other additives. The kinetics of the conformational change were
determined by fitting the gain of FRET observed in the Cy5 channel.

Deubiquitination assays

Deubiquitination was tracked using FRET between Cy3-labeled ubiquitin and a Cy5-labeled
substrate. Sulfo-Cy3 labeled ubiquitin was used to ubiquitinate Sulfo-Cy5 labeled substrates in
the same ubiquitination conditions as described above. Single-turnover degradation reactions
were then performed as described above, but instead of tracking anisotropy, Cy3 was excited,
and Cy3 and Cy5 emission were monitored. The kinetics of deubiquitination were determined by
fitting the loss of FRET observed in the Cy5 channel.

Competition assays

The degradation competition experiments were performed similarly to the multiple-turnover
degradation assays described above. The 2x reconstituted holoenzyme was mixed with a 2x
solution containing both the labeled substrate and unlabeled competitor. The final
concentrations used were 50 nM core, 400 nM base, 600 nM lid, 750 nM Rpn10, 500 nM FAM-
titin-127V1%"-35, and varying competitor concentration. The extent of inhibition was then
calculated by comparison of the initial rates with and without the competitor.

Stability measurement
The equilibrium stability of titin mutants was measured by monitoring the tryptophan
fluorescence of the substrate after equilibration at 25 °C with different concentrations of
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urea(189). The fluorescence (excitation = 280 nm, emission = 325 nm) was monitored in a plate
reader at 25 °C. The curves were fit to the following system of equations:

y=(A+B*k)/(1+k)

A=Aotma*[urea]

B=Bo+mg*[urea]

k:e(-AG/(RT)

AG= m*(cm-[urea])

All variables were fit globally across the three substrates, except for the cm values. The AGo was
then calculated using the equation AGo= m*Cm.

ATPase assays

The rate of ATP hydrolysis was measured using an NADH-coupled assay. Reconstituted
proteasome (150 nM base, 400 nM core, 600 nM lid, 750 nM Rpn10, 1 mM ATP) was combined
with ATPase mix (3 U mI pyruvate kinase, 3 U ml™ lactase dehydrogenase, 1 mM NADH, and
7.5 mM phosphoenolpyruvate), and the change of absorbance at 340 nm was monitored over
time in a plate reader.
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Supplementary Information
Table 3.S1. Plasmids used for protein purification generated for this study.

Pkaasrr:éd Plasmid Description Amino acid sequence after titin-127*
pAMSE1 Rpnl, Rpnl, Rpnl3
3XFLAG-Rptl, Rpt2, 6xHis-
PAMS2 Rpt3, Rpt4, Rpt5, Rpt6
Nas2, Nas6, Hsm3, Rpn14, rare
PAMB83 tRNASs
pAMS87 AZFRS.2.t1, UAG-tRNA
3XFLAG-Rpt1I191TAG, Rpt2,
PAMBESB | 6, His-Rpt3, Rptd, Rpt5, Rpt6
3XFLAG-Rptl, Rpt2, 6xHis-
pAMS9 | Rpt3, Rptd, Rpt5Q49TAG,
Rpt6
PAMS80 Sem1, Hsp90
Rpn5, MBP-HRV-Rpn6, Rpn8,
PAMBS Rpn9, Rpnll
Rpn3, Rpn7, 6xHis-HRV-
PAME86 Rpn12
Rpn5, MBP-HRV-Rpn6, Rpn8,
PAMS0 Rpn9S111TAG, Rpnll
AMO1L GGG- titin-127V*P-23-K-9-C- | GGAGPPPYSAANDENYALAAHGGKHTFNNE
P 25-intein-CBD NVSCRLGGAASIAVQAPAQHTFNNENVSY
... GGAGPPPYSAANDENYALAAHCGGKHTFEN
. _197VI5P_91 Ao k.
pAMg2 | GGG U277 -21-C-2-K- | \ENy /S ARL GGAASIAVQAPAQHTENNENVS
35-intein-CBD Y
AMo3 | GGGHitin-127-23-K-9-C-25- | GGAGPPPYSAANDENYALAAHGGKHTFNNE
P intein-CBD NVSCRLGGAASIAVQAPAQHTFNNENVSY
AMos | GGG titin-127V13PVISP_23.K-9- | GGAGPPPYSAANDENYALAAHGGKHTFNNE
P C-25-intein-CBD NVSCRLGGAASIAVQAPAQHTFNNENVSY
.. GGAGPPPYSAANDENYALAAHGGAHTFENNE
_ _197VI5P_g2_ K _a.C-
pAMY5 Bes tl2tl5r1il!l%e7in-Cé|?)K 8-C- | NVSAHTFNNENVSKHTENNENVCRLGGAAS
IAVOQAPAQHTFNNENVSY
N GGAGPPPYSAANDENYALAAHGGAHTFNNE
_ _ V15P_ 22 WK _O_K -
pAMgs = CCC-titin zla?z:-zs 33KSK-  NVSKHTFNNENVSKHTFNNENVCRLGGAAS
IAVQAPAQHTFNNENVSY
.. GGAGPPPYSAANDENYALAAHGGKHTFNNE
) _197VI5P_ 92 1K 0K -
pAMo7 | ©CC t'“g_l'g_c_zf K-9K NVSKHTFNNENVSKHTFNNENVCRLGGAAS
IAVQAPAQHTENNENVSY
N GGAGPPPYSAANDENYALAAHGGKHTFNNE
_197VI5P_92 1K 0.C.
pAM98 titin-127 23-K-9-C-15 NVSCRLGGAASIAVQAPAY
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GGAGPPPYSAANDENYALAAHGGKHTFNNE

PAMOO | titin-127VP-23K9C1  SUhl

pA'(\)"lo titin-127V5-21-C-2-K-1 | GGAGPPPYSAANDENYALAAHCGGKY

DAMI0 | titin-127V1%-23-K-9-C-15  GGAGPPPYSAANDENYALAAHGGKSSSSSS
1 serine rich ASSCSSGSSSSSSASSSSY

pA';"lo 6xHis-Sumo-Ub-Ub-Ub-Ub

pA';"lo MC-Ubiquitin

*The amino acid sequence of the lysine-less version of titin-127 used is as follows:
LIEVERPLYGVEVFVGETAHFEIELSEPDVHGQWRLRGQPLAASPDCEIIEDGRRHILILH
NCOQLGMTGEVSFQAANTRSAANLRVREL
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Table 3.52. Substrates used for each assay.

Plasmid N-terminal Tail
Origin Description modificatio | modificatio Figure
9 n n
» 1D, 2E-F, 4C-D, S4B
_ V15P_ _ _ y y 0 ;
PAGELL U2 £ S6, Table S5, Table S7
2B-C, 3A-B, 4D, S1-
PAMO1 | titin-127V15P-35 5-FAM - 3, S4D, S7C, S10,
Table S3
PpAMO1 | titin-127V15P-35 - 5-FAM 4A, S9
PAMO1 | titin-127V15P-35 5-FAM Cy5 Table S3
PAMOL | titin-127V15-35 : Cy5 2D} 412} giA’ ez
titin-127V15P-35
PAM92 (DUB) 5-FAM Cy5 2G, S4C, S5, Table S6
pPAM93 titin-127-35 - - S6, Table S7
pAM93 titin-127-35 5-FAM - 3A, 3B, Table S3
pAM93 titin-127-35 5-FAM Cy5 Table S3
it 197VI3P/VI5P_
pamos | 1T i i S6, Table S7
it 19=7VI3P/VI5P_
pAMgg | U '225 5-FAM i 3A, 3B, Table S3
PAMO95 | titin-127V5P-1K 5-FAM - 3C, S2, S7, Table S3
PAM96 | titin-127V15P-2K 5-FAM - 3C, S2, S7, Table S3
PAMO7 | titin-127V15P-3K 5-FAM - 3C, S2, S7, Table S3
pAM98 | titin-127V15P-25 - Cy5 4B, Table S4
pAMO98 | titin-127V15P-25 - 5-FAM Table S3, S8
PAM99 | titin-127V15P-11 - Cy5 4B, Table S4
PAM99 | titin-127V15P-11 - - 4C, 4D
PAM99 | titin-127V15P-11 - 5-FAM 4A, S9, S11
PAM100 | titin-127V25P -1 - Cy5 4B, Table S4
PAM100 | titin-127V*5P -1 - - 4C, 4D
PAM100 | titin-127V25P-1 - 5-FAM 4A, S2, S9, S11
itin-127V15P_cari
pAmgoy | HIIET. Eserine : Cy5 4B, Table S4
it 197VIBP_cari
0AM101 titin I27_ serine i ) 4C, 4D
rich
it 197VI5P_cari
pAM101 |t '27rich Sl i 5-FAM 4A, $8-9, S11
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Table 3.S3. Degradation fits.

Substrate Description | Ai/A2 T1+to (S) T2+10 (S) to (S)
FAM- titin-127-35 23+03  472+21 499 + 98 11.0
FAM-itin-127-35-Cy5 | 42+0.3 | 450+ 1.8 223 +18 11.5
FAM-titin-127V***-35 | 21402 | 18.1+0.4 89 + 10 7.4
FAM-titin-127V15P_35- .
Cy5 3.0+06 | 20.0+0.7 139 + 44 '
FAM-titin-127V1SPIVISP 6.0
35 1.7+01  147+03 77+5 :
titin-127V*"-25-FAM | 54+05 | 21.1+0.5 157 + 30 7.5
FAM-titin-127V**"-1k | 26+05 22.0+1.8 111 + 22 10.0
FAM-titin-127V""-2k | 31+0.7 | 21.0+0.8 108 + 14 10.0
FAM-titin-127V*"-3k | 32+08  21.4+0.2 126 + 12 10.0
Table 3.54. Tail insertion fits.
A1
Substrate .
- Al/A2 71(S) 72(S) (normalized
Description to 35)
e V15P_ _
i 'Zgys 8- 50£03 | 161+£032  173+£30 | 1.00+0.03
Hino V15P_ _
titin I2C37y5 S| 11401 | 745+1.00 | 315+43 | 051+0.04
o V15P_ _
LR IZC7y5 2 | 17401 | 173£002 @ 174409 | 0.87+005
. V15P_ _
titin '207y5 11- 1 96£02 | 070£009 @ 61.9+273 | 024001
titin-127V1%-1-Cy5 | 0.9+0.1 | 046003 @ 60.0+126 | 0.16+0.001
Table 3.S5. Conformational change fit.
Substrate
Description Al/A2 T1+to (S) T2+10 (S) to (S)
titin-127V15P-35 23402 2.22 +0.10 249+1.8 0.4




Table 3.S6. Deubiquitination fit.

DSel;(k??ltgilt;n Al/A2 71 (S) 72(S)
FAM-titin-
[27V15P. 09x0.1 6.83+0.17 35626
35(DUB)-Cy5

Table 3.57. ATPase rates.

ATPase rate (ATP st

Sample enzyme)

26S alone 0.73+£0.02

26S + ub’d titin-127V13PVIP_35 1.12+0.11
26S + ub’d titin-127V1*"-35 1.35+0.12
26S +ub’d titin-127-35 1.47 +0.11
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Figure 3.S1. Multiple-turnover degradations with labeled components.

Initial rates for multiple-turnover degradations of FAM-titin-127V%°P-35 by 26S proteasome,
tracked by anisotropy of 5-FAM covalently attached to the N-terminus of the substrate.
Proteasomes were reconstituted using the indicated lid and base components, limiting 20S core,
and Rpnl10. Degradation rates are normalized to that of proteasomes reconstituted with all wild-
type components. 1,10-phenanthroline (oPA) inhibits Rpn11 ubiquitin cleavage and thus
prevents degradation. Data shown are means and s.d. (N=3).
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Degradation Rate

Degradation Rate

Figure 3.S2. Michaelis Menten analysis of substrate variants.

The initial rates for multiple-turnover degradation of the indicated substrates at varying

(sub enz" min')

(sub enz' min“)

35 titin-127V1%F.35

3.0
25
2.0
15
1.0
0.5

0.0+ T T T

titin-127V1%P-1K

Substrate Km (uM) | ket (Sub enz! min-)
FAM-titin-127V15P-35 0.22 +0.03 2.34+0.08
FAM-itin-127V15P-1K 0.23 +£0.03 2.38+0.08
FAM-itin-127V15P-2K | 0.26 + 0.07 2.86+0.20
FAM-titin-127V15P-3K 0.24 + 0.06 2.41+0.16

titin-127V15P-2K

titin-127V1%F-3K

35 3.5 3.5
3.0 3.0 3.0
25 25 Py 2.5
20 ® 20 204 o (]
15 1.5 1.5
1.0 1.0 1.0
0.5 0.5 0.5
0.0+ T T T — 0.0+ T T T 0.0 T T T
[ 2 3 4 0o 1 2 3 0 2 3 4
[Substrate] (LLM) [Substrate] (LLM) [Substrate] (LLM)

concentrations were determined by tracking anisotropy of 5-FAM attached to the N-terminus of
the titin-127 domain. The curves were fit to the Michaelis-Menten equation, and Km and Keat are
reported with the standard error of the fits.
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Figure 3.S3 Comparison of AXA vs. WT 26S.
The anisotropy change of FAM-titin-127V1°P-35 after the addition of reconstituted 26S

proteasome in the presence of either ATP or ATPyS. The 26S proteasome was reconstituted with

either wild-type (WT) or catalytically-dead Rpn114*A (AXA) lid.
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Figure 3.54. Reciprocal relationship of Cy3 and Cy5 fluorescence during FRET
experiments.

Representative traces of each fluorescence channel from the FRET experiments in Fig. 2. Each
trace was normalized to both the initial fluorescence (0%) and the fluorescence after 30 s
(100%). (A) Ubiquitinated titin-127V°P-35-Cy5 was mixed with oPA-treated, Rpt1-1191AzF-
Cy3-containing proteasome in the presence of ATP, as in Fig. 2D. (B) Overlay of the Cy3
channel from A and the anisotropy of FAM-titin-127V1°P-35 after mixing with 26S proteasome
containing catalytically dead Rpn11**A (AXA), as in Fig. S3. Like the fluorescence channel, the
anisotropy trace was normalized to both the anisotropy at t=0 (0%) and the anisotropy after 30 s
(100%). (C) oPA-treated proteasome containing Rpn9S111AzF-Cy3 and RptbQ49AzF-Cy5, as
in Fig. 2E, were mixed with ubiquitinated titin-127V1%"-35 and ATP. (D) Titin-127V1*-35-Cy5
ubiquitinated with Cy3-ubiquitin as in Fig. 2G, was mixed with proteasome and ATP.
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Figure 3.S5. FRET between ubiquitin and substrate.

Titin-127V15P-35-Cy5 substrate modified with Cy3-labeled ubiquitin was mixed with wild-type
26S proteasome in the presence of ATP or ATPyS, or with proteasome reconstituted with
Rpn11”*Alid, and monitored by Cy5 fluorescence.
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Figure 3.S6. Determining the thermodynamic stability of titin variants.

Denaturant-induced equilibrium unfolding of substrates with different titin stabilities. The folded

state of titin-127 was monitored by tracking intrinsic tryptophan fluorescence. The curves were

fit to the following system of equations: y=(A+B*k)/(1+k), A=Ag+ma*[urea], B=Bo+mg*[urea],
k=eCAC/RT)  AG= m*(cm-[urea]). All variables were fit globally across the three substrates, except

for the cm values. The AGo was then calculated using the equation AGo= m*cm.

67



A 1 Lysine

2 Lysine

3 Lysine

Conc Ub (uM) 0 150 300 450 600

.‘f"

substrate—— .= e

B 1 Lysine

0 150 300 450 600

2 Lysine

0 150 300 450 600

200

120

85
70

50
40

30
25

FAM fluorescence 15

3 Lysine

Conc Methyl Ub (uM) 0 15 30 60 120

kDa
200

120

85

70
60

50

0 15 30 60 120

0 15 30 60 120

w - -
% s S - [P
25 P — — e— — —
-_— — - —
15
FAM fluorescence
(o] 1Llysine 2 Lysine 3 Lysine 35
AMSH - + - o+ - o+ +
WTub - ++ i-++ -+ + + +
Methyl Ub - + - + - +
: L ol

kDa E ::

200 : l i

120 \ ‘

85 !

70 :

50 : : --':

. AL B B

25 - - = o=

- ]

15
10

FAM fluorescence

Figure 3.S7. Ubiquitination state of multiple lysine substrates.

Substrates with 1, 2, or 3 lysines were ubiquitinated with varying concentrations of ubiquitin,
analyzed by SDS-PAGE and visualized by 5-FAM fluorescence. Wild-type ubiquitin is used in

3ub
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1ub

No Ub

(A), methyl ubiquitin, which is unable to form chains, is used in (B). In (C), the substrates were
modified with either 400 uM wild-type ubiquitin or 120 uM methyl ubiquitin. The sample with

wild-type ubiquitin was treated with the K63-specific deubiquitinase AMSH. Also in (C), the
FAM-titin-127V*°P-35 was ubiquitinated with 400 uM wild-type ubiquitin and treated with

AMSH.
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Figure 3.58. Comparison of substrates with 25 amino acid tails.

Single-turnover degradations of substrates with 25 amino acid tails, labeled with 5-FAM on the
C-terminal tail, analyzed by SDS-PAGE, and visualized by 5-FAM fluorescence. Also shown is
a control with the ubiquitinated substrate after addition of the non-specific deubiquitinase Usp2.
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Figure 3.59. Non-ubiquitinated substrate degradation.

Single-turnover degradations of non-ubiquitinated substrates, labeled with 5-FAM on the C-
terminal tail, using the same reconstituted proteasome conditions as those used in Fig. 4D. The
degradation observed may be a result of unbound 20S core particle directly proteolyzing
substrates and could account for the small accumulation of peptide products observed for titin-
127V15-11 in Fig. 4A.
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Figure 3.510. Anisotropy can be used to track deubiquitination.

(A) Anisotropy change of FAM-titin-127VP-35 after addition of reconstituted 26S proteasome
with ATP or addition of the non-specific deubiquitinase Usp2. The anisotropy change is greater
after addition of proteasome due to proteolytic cleavage of the substrate into small peptides. (B)
SDS-PAGE analysis of ubiquitinated FAM-titin-127V2°P-35 alone, after addition of Usp2 or 26S
proteasome.
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Figure 3.511. Michaelis-Menten analyses of substrate variants.

The initial rates of multiple-turnover processing of the indicated substrates at varying
concentrations were determined by tracking the anisotropy of 5-FAM attached to the C-terminal
unstructured region. The curves were fit to the Michaelis-Menten equation, and Kv and kcat are
reported with the standard error of the fits.
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Chapter 4: Conclusions

Summary

This work arose out of a simple question: what is the rate-limiting step of degradation by the 26S
proteasome? In order to answer this question, it was necessary to develop assays that would time
individual steps of the processing pathway. These assays in turn required tools to site-specifically
label the proteasome and a series of substrates whose degradation could be tracked. Just before
undertaking this work, cryo-EM studies revealed the structure of the 26S proteasome, allowing
for the precise design of fluorescent sensors (28, 48). In addition, the development of unnatural
amino acid technology and biorthogonal click chemistry were well timed to enable the extension
of these techniques to the complex reconstitution of the proteasome developed by previous
members of the Martin lab (26, 28).

The synthesis of these various techniques led to the protocol described in Chapter 2 (200). This
protocol allowed for the incorporation of 4-azido-L-phenylalanine at specific amino acid
positions in the base and lid sub-complex, and the subsequent covalent attachment of
fluorophores using bio-orthogonal chemistry targeting the azide group. This technique then
allowed for the development of a series of fluorescence-based assays for investigating substrate
processing, which are described in Chapter 3 (201). The kinetics of tail insertion,
deubiquitination, unfolding and degradation were measured and compared with the kinetics of
the conformational change of the proteasome using a model substrate. For this substrate,
unfolding was the rate-limiting step, and it was also shown that the fast substrate tail insertion is
the trigger for the proteasome to change into a substrate-processing conformation. Additional
experiments using substrate variants confirmed that unfolding is rate-limiting, and also revealed
that the proteasome uses a kinetic proofreading mechanism to ensure degradation fidelity.

Future Directions

The experiments discussed in Chapter 3 revealed many details of the mechanisms by which
substrates are processed by the 26S proteasome, but also laid the groundwork for many
important follow-up experiments. These include investigating the kinetics of processing for a
wider variety of substrates, examining the effects of mutating components of the proteasome and
extending the studies into cells.

While some variants of the base titin substrate were examined, many more remain which may be
interesting. For instance, it has been proposed that varying the placement, type and number of
ubiquitin chains on the substrate may affect processing kinetics (46, 98). This could be easily
tested using the assays described above. In addition, the titin domain could be replaced with a
variety of native substrates to determine if all proteasome substrates are processed with similar
kinetics or if the rate of engagement varies. In addition, a number of polypeptide sequences are
known to inhibit degradation (112). The mechanisms of this inhibition could also be investigated
and may reveal important principles of how the proteasome triages substrates in the cell.
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Mutations to a number of components of the 26S proteasome have been reported to have
deleterious effects, but it is unclear what aspect of processing they effect (26, 27, 78). It is been
proposed, for instance, that ATP hydrolysis by subunits near the top of the AAA+ spiral staircase
is particularly important for substrate engagement (26). This hypothesis could be easily tested
using the assays described above and would help further define the molecular mechanisms of
substrate processing. There are also a number of phosphorylation events proposed to affect
substrate processing, and it would be fascinating to determine which steps of processing are most
altered (64, 65). Finally, accessory proteins such as Ubp6 are also known to modulate
proteasome activity, but once again the mechanisms of their action need further investigation
(47).

Most of the FRET-based assays described here are mostly suitable for in vitro reconstituted
experiments, but the assay that tracks the conformational state of the proteasome is potentially
transferable to in vivo experiments (Figure 3.1). Technologies such as the SNAP, CLIP or Halo
tag allow for the covalent attachment of fluorophores in cells to specific locations (202, 203).
Using these tags to attach a donor and acceptor to Rpn9 and Rpt5 may thus allow for a FRET-
based readout of the conformational state of the proteasome in cells. This could potentially give a
dynamic readout of proteasome activity and localization, and allow for direct visualization of the
proteasomal response to a changing cellular environment.

Many experiments thus remain to uncover the details of how this fascinating molecular machine
works.
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