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SUMMARY

Ubiquitin (Ub) signaling is a diverse group of pro-
cesses controlled by covalent attachment of small
protein Ub and polyUb chains to a range of cellular
protein targets. The best documented Ub signaling
pathway is the one that delivers polyUb proteins
to the 26S proteasome for degradation. However,
studies of molecular interactions involved in this
process have been hampered by the transient and
hydrophobic nature of these interactions and the
lack of tools to study them. Here, we develop Ub-
phototrap (Ub"T), a synthetic Ub variant containing
a photoactivatable crosslinking side chain. Enzy-
matic polymerization into chains of defined lengths
and linkage types provided a set of reagents that
led to identification of Rpn1 as a third proteasome
ubiquitin-associating subunit that coordinates dock-
ing of substrate shuttles, unloading of substrates,
and anchoring of polyUb conjugates. Our work dem-
onstrates the value of UbP', and we expect that its
future uses will help define and investigate the ubig-
uitin interactome.

INTRODUCTION

Myriad intracellular processes in eukaryotes are directed
through ubiquitin (Ub) signaling (Glickman and Ciechanover,
2002; Hershko and Ciechanover, 1998). The versatility of Ub
signaling is largely due to the numerous ways in which individual
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Ub units can be assembled into polymers. Forming an isopep-
tide bond, the C terminus of one Ub module links the e-amine
residue of a lysine side chain of another in poly-ubiquitin (polyUb)
chains. Eight different linkages in polyUb chains include conju-
gation at the seven-lysine side chains on each Ub molecule
(K6, K11, K27, K29, K33, K48, and K63) and elongation through
the N terminus of Ub. In a similar manner, polyUb chains are
attached either to a lysine residue or to the N terminus of a target
protein. The linkage type and length of the polyUb signal deter-
mines the fate of the conjugated target; for example, K48 link-
ages are the canonical signal for degradation by proteasomes,
whereas K63-linked chains are involved in non-degradative
pathways (e.g., intracellular sorting, membrane-associated traf-
ficking, or DNA damage response). The outcome often requires
Ub-binding proteins that interpret each specific signal. Ub-bind-
ing domains (UBDs) span several distinct protein families and are
broadly distributed throughout the cell (Husnjak and Dikic, 2012;
Rahighi and Dikic, 2012; Scott et al., 2015). Most UBDs show a
marked preference for polyUb chains over monoUb, and in
some cases recognition is linkage specific (Fushman and Wilkin-
son, 2011; Hofmann, 2009; Hurley et al., 2006; Raasi et al., 2005;
Sims and Cohen, 2009). For instance, one important class of Ub-
binding proteins shuttles polyUb conjugates, primarily K48-
linked, from various cellular locations to proteasome complexes,
where they are degraded. As molecular mediators, association
of UBDs with polyUb tends to be transient in order to facilitate
relay of cargo at its final destination. Capturing these relatively in-
termediate-strength interactions is an experimental challenge.
The 26S proteasome, a 2.5 MDa multisubunit complex
composed of a proteolytic 20S core particle (CP) and a 19S
regulatory particle (RP), is the final destination for many
polyUb-tagged cellular proteins (Mayor et al., 2016). Two protea-
some subunits, Rpn10 and Rpn13 (recently joined by Rpnt;
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Shi et al.,, 2016), are established polyUb receptors and are
thought to serve as docking sites for polyUb conjugates. In
addition, a number of transiently proteasome-associated shuttle
proteins facilitate degradation by targeting Ub conjugates to pro-
teasomes. The bivalent shuttles capture polyUb by means of a
ubiquitin-associated (UBA) domain and simultaneously dock at
the 19S RP via a ubiquitin-like (UBL) domain. Although UBL do-
mains associate with Rpn1 at the proteasome, docking of these
shuttles may partially overlap with the site of direct polyUb bind-
ing since Rpn10 and Rpn13 display affinity for UBLs as well as for
polyUb (Elsasser et al., 2002, 2004; Fatimababy et al., 2010; Ha-
mazaki et al., 2015; Husnjak et al., 2008; Kim et al., 2004; Matiu-
hin et al., 2008; Rosenzweig et al., 2012; Sakata et al., 2012;
Schreiner et al., 2008; Zhang et al., 2009b). Once anchored,
the hexameric ring of AAA-ATPases resident in the 19S RP
(Rpt1-6) unfolds the substrate and promotes translocation into
the proteolytic core of the 20S CP (Schweitzer et al., 2016). In
parallel, proteasome-associated deubiquitinases (DUBs) re-
move the polyUb signal from the substrate (Finley, 2009; Glick-
man and Adir, 2004; Guterman and Glickman, 2004; Lee et al.,
2011; Mansour et al., 2015). DUB and ATPase activities are care-
fully coordinated in the 19S RP to allow for proteolytic efficiency
and recycling of Ub (Aufderheide et al., 2015; Matyskiela et al.,
2013; Peth et al., 2009, 2013a, 2013b; Singh et al., 2016; Verma
et al., 2000, 2002). These activities are coordinated, to a large
extent, by the two largest subunits in the 19S RP, Rpn1 and
Rpn2, that function as flexible scaffolds. Both proteins contain
a central domain of multiple alpha-turn-alpha proteasome/cy-
closome (PC) repeats that fold into structurally similar highly
curved toroids, extended by divergent flexible N- and C-terminal
regions (Effantin et al., 2009; He et al., 2012; Kajava, 2002; Rose-
nzweig et al., 2012). Although Rpn1 and Rpn2 share much in
common structurally (Effantin et al., 2009; He et al., 2012; Lander
et al., 2012; Unverdorben et al., 2014), their different positions
within the 19S RP and different binding partners make them
fascinating candidates for functional analysis.

Rpn1 associates with UBL domains found in auxiliary proteins
Rad23/hHR23, Dsk2/hPLIC/Ubiquilin, Ddi1, and Ubp6/USP14,
all of which also contain a domain with high affinity for polyUb
(Aufderheide et al., 2015; Elsasser et al., 2002; Kim et al.,
2004; Nowicka et al., 2015; Peth et al., 2009, 2013a; Rosenzweig
et al., 2012). The paralog subunit, Rpn2, has been shown to form
tight interactions with the polyUb receptor Rpn13/ADRM1, and
with the proteasome-associated DUB, UCH37/UCH-L5 (Aufder-
heide et al., 2015; Bashore et al., 2015; Hamazaki et al., 2006; He
et al., 2012; Sakata et al., 2012). Determining how proteasome
recognizes and processes substrates is the subject of intense
research efforts. Beyond K48-linked polyUb modifications that
have long been considered the primary proteasome targeting
signal, a diverse range of polyUb signals can apparently be
recognized by the proteasome (Lu et al., 2015; Mansour et al.,
2015; Meyer and Rape, 2014; Nathan et al., 2013; Saeki et al.,
2009). The limited binding capacity of Rpn10 and Rpn13,
and the fact that they are not essential for viability of Saccharo-
myces cerevisiae, indicate that additional proteasomal subunits
interact either directly with polyUb or with shuttle factors that aid
targeting. In fact, a report suggests that Ubp®6, as a rather slow-
acting DUB, is a principal proteasomal polyUb receptor (Peth
et al., 2009). Thus, Ubp®6, a transiently associating proteasomal
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subunit, has been reported to double up as an anchor for polyUb
conjugates (Aufderheide et al., 2015; Peth et al., 2009). In
contrast, Rpn11, a tightly incorporated proteasomal DUB, has
a weak binding affinity for polyUb, raising the possibility that
neighboring subunits bind and present polyUb to its catalytic
site (Mansour et al., 2015; Pathare et al., 2014; Unverdorben
et al., 2014; Worden et al., 2014; Yu et al., 2015). The relatively
transient nature of polyUb binding coupled with many potential
binding partners and ATP-dependent conformational changes
upon substrate engagement (Beckwith et al., 2013; Matyskiela
et al., 2013; Sledz et al., 2013b; Unverdorben et al., 2014) pose
experimental challenges to track the trajectory of polyUb at pro-
teasomes. The hydrophobic nature of most polyUb recognition
events restricts application of many crosslinking approaches,
typically modification of polar groups (i.e., crosslinking amine
residues and thiols).

In this study, we introduce Ub-phototrap (Ub""), a variant of
Ub in which native leucine residues at a position of choice are re-
placed by a photoactivatable crosslinking leucine mimic, photo-
leucine (pLeu). By using linear total chemical synthesis of the 76
amino acid Ub polypeptide, pLeu was introduced at position 8 or
73 in the Ub sequence with high efficiency. The resulting Ub"T is
recognized and activated by ubiquitination enzymes and is
smoothly incorporated into homogeneously linked polyUb
chains (i.e., K48 and K63) of desired length. Next, these con-
jugates prove to be specifically recognized by UBDs and to be
disassembled by DUBs. We validated the use of polyUb”" on
intact 26S proteasome complexes in trapping Rpn10 and
Rpn13. We then identified Rpn1 as a third proteasome Ub-asso-
ciating subunit by applying polyUb®T. With isolated Rpn1, the
binding region on Rpn1 was narrowed down to the first PC
repeat cluster. Nuclear magnetic resonance (NMR) experiments
demonstrated that monoUb and polyUb bind Rpn1 through the
canonical hydrophobic patch (formed by L8, 144, V70). Compe-
tition experiments demonstrated that binding of UBL domains
from shuttling factors partially overlaps with binding of polyUb
to Rpn1. We conclude that pLeu is a modular and versatile re-
agent with a unique ability to trap, irreversibly, protein-protein in-
teractions of a hydrophobic nature. Due to these properties,
polyUb®T is particularly useful for studying Ub-associating pro-
teins in complex or in isolation.

RESULTS

Chemical Synthesis of Ub®T and a Hybrid Approach

for the Generation of PolyUb”T Reagents

Ub-phototrap (Ub"") was prepared in a linear fashion by solid-
phase peptide synthesis as reported earlier (El Oualid et al.,
2010) (see Supplemental Information and Schemes S1-S10 for
the general protocol and details of the chemical synthesis).
Here, the stepwise elongation of the Ub polypeptide is facilitated
by the use of pseudoproline and dimethoxybenzyl dipeptides
(by preventing the formation of folded and/or aggregated inter-
mediates on resin). The required Fmoc protected photoleucine
building block (Janz et al., 2011) was prepared from commer-
cially available L-photoleucine (Figure 1A) and incorporated
into the Ub sequence (Zhou et al., 2016). After global deprotec-
tion of the synthetic Ub with 90% trifluoroacetic acid (TFA)
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followed reversed phase high-performance liquid chromatog-
raphy (HPLC), pure UbPT was obtained in 20%-25% over-
all yield.

Provided that the photoleucine residue (pLeu) is in close prox-
imity to another protein, there are multiple ways for crosslinking to
occur, allowing it to be a potent crosslinker (Figure 1B). Following
photoactivation, the reactive singlet carbene on the alkyl side
chain of pLeu can bond covalently with a number of common
functional groups in proteins, thereby increasing the likelihood
of trapping binding partners. However, as hydroxyl groups are
also prevalent in aqueous environments, the effective chemical
half-life of the reactive singlet carbene on exposed or unattached
pLeuis short; the trap is essentially self-limiting due to quenching
by water. This property decreases crosslinking to spurious pro-
teins thereby increasing the specificity of pLeu embedded in a
protein to trap specific binding partners. To expand the use of
UbPT, monomeric Ub molecules in which leucine either at position
8 or 73 was replaced by pLeu, Ub”™® and UbPT", respectively,
were ligated enzymatically into homogeneous K48- or K63-linked
polyUb chains of defined length with efficiencies comparable
with unmodified Ub (Figures 1C and 1D). Here, we refer to poly-
Ub"T variants according to their linkage type, chain length, and
position of photoleucine: K48-Ub,"™®, K48-Ub,"""®, K4s-
Ub,,PT® K48-Ub,,FT7™ K63-Ub,"™®, K63-Ub,"T7), K63-
Ub,,FT®, and K63-Ub,,PT™®, Mixing Ub"T with natural, tagged,
or mutated Ub and careful choice of E2 Ub conjugation enzymes
allows polymerization of chains of modular compositions for use
as highly adaptable tools (e.g., for monitoring association with
distal versus proximal Ub units in a chain). For instance, by enzy-
matically polymerizing Ub"T onto a proximal Ub®H*® module, we
designed a scheme that allows the isolation of individual Ub-
binding subunits from multi-domain complexes after crosslinking
under denaturing conditions (Figure 1E).

PolyUb®T Traps PolyUb-Binding Proteins

Linkage-selective antibodies recognized homogeneous K48-
linked or K63-linked diUb polymerized from Ub”T® or Ub"T"3)
with similar efficiency to dimers from unmodified wild-type Ub
(Figure 1D). This encouraging observation indicated that
polyUb®T could be used to trap linkage-specific Ub-binding pro-
teins. We confirmed the ability of polyUb®T to crosslink protea-
some-associated polyUb shuttles and polyUb receptors. For
this purpose, we chose dual-function proteins known to function
both independently and at the proteasome: Rad23, Dsk2, and
Rpn10. The first two are representatives of the UBL-UBA family
of shuttle proteins (Diaz-Martinez et al., 2006; Hofmann and
Bucher, 1996; Lowe et al., 2006; Ohno et al., 2005; Raasi et al.,
2004; Wilkinson et al.,, 2001; Zhang et al., 2008), whereas
Rpn10 is a Ub-interacting motif (UIM)-containing receptor
(Matiuhin et al., 2008; Riedinger et al., 2010). Recombinant
Rad23, Dsk2, and Rpn10 crosslinked to both Ub,”™® and
Ub,"T™ of either K48 or K63 linkage type with varying effi-
ciencies, depending on the particular Ub-binding protein
(Figure 2A). This is a notable observation given that all three
aid proteasome function by shuttling Ub conjugates. Thus,
Dsk2 was able to crosslink with both K48- and K63-linked
polyUb chains in agreement with our earlier results that the hu-
man ortholog, ubiquilin-1, binds both linkage types comparably
(Raasietal., 2004; Sims et al., 2009; Zhang et al., 2008), although

in the current experiment it did display mildly higher efficiency
when pLeu was located at position 73 of the Ub signal (Fig-
ure 2A). Likewise, Rad23 showed a marked preference for
K48-Ub,"T"® over K63-linked diUb, consistent with published
reports of K48-linkage specificity of UBA1 and UBA2 polyUb-
binding domains of the mammalian ortholog hHR23 (Raasi
et al., 2004; Varadan et al., 2005). The molecular structure of
UBA2 in complex with K48-Ub, highlights the proximity of
leucine residues 73 and 8 to the UBA binding surface (Figure 2B).
In agreement with expectations based on earlier reports (Girod
et al.,, 1999; Matiuhin et al., 2008; Miller et al., 2004; Zhang
et al., 2009a, 2009b), Rpn10 also crosslinked to either linkage
type, albeit more efficiently to Ub,”T® than to Ub," ", alluding
to the residues they contact on the surface of Ub. This property
probably reflects the orientation of Ub in association with UBA or
UIM domains of binding proteins (Hurley et al., 2006). No cross-
linked product was detected with Rpn12, a proteasome subunit
that served as a negative control, supporting the specificity of
polyUbPT for trapping Ub-associating proteins (Figure 2A).

Through work with both ubiquitination enzymes and polyUb
shuttles, we demonstrated that alteration of the environment or
the nature of the interactions by this replacement is minimal
and readily recapitulates known behaviors of unmodified pro-
teins. Use of pLeu has proven successful to map intra-complex
interactions in cis, by demonstrating that pre-attached Ub on
histone H2B comes in contact with the N terminus of histone
H2A (Zhou et al., 2016). By replacing one of the leucine residues
involved in binding of Ub to many receptors or shuttles, we
show here that pLeu provides an unrivaled tool to study transient
hydrophobic associations typical of Ub and polyUb chains.

RAP80, an extensively studied UIM-containing protein, is a
polyUb-binding protein that participates in DNA repair presum-
ably unrelated to proteasome function (Wang et al., 2007).
Rap80 has been documented to associate selectively with
K63-linked polyUb (the binding affinity of the RAP80 tandem
ubiquitin interacting motif [tUIM] to K63-Ub, or K48-Ub, is re-
ported to be Kp =21.6 + 0.8 uM and Kp = 157 + 8 uM, respec-
tively; Sims and Cohen, 2009). Indeed, RAP80 retained its
K63-linkage specificity in crosslinking to Ub,"™® (Figure 2C).
The orientation of Rap80-tUIM (cyan) in complex with K63-Ub,
positions Leu8 on the distal Ub unit in close proximity to the
UIM of RAP80 (Figure 2D), explaining the efficiency of crosslink-
ing with K63-Ub,"™®. Crosslinking of RAP8O™ with K48-
Ub,"T® was negligible. These results highlight the importance
of optimizing the position of the photoleucine residue in Ub®T,
depending on targeted receptors. With validation of Ub"T on
established Ub receptors, we set out to capture Ub-binding
components of protein complexes.

PolyUb®T Identifies Rpn1 as a PolyUb-Binding Protein

Having confirmed that pLeu does not interfere with the hydro-
phobic nature of recognition by typical Ub-binding proteins
and that it can be useful to trap shuttles or stand-alone recep-
tors, we set out to evaluate its specificity in pinpointing Ub-
binding proteins within multi-subunit complexes. Proteasomes
are made up of some 35 subunits, at least six of which associate
with polyUb during the catalytic cycle. Applying our approach
to isolate Ub-binding components of a multi-subunit complex
specifically (Figure 1E), we found that polyUb®T trapped Rpn10
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Figure 2. Ub,"T Crosslink to polyUb-Binding Proteins

(A) K48-linked or K63-linked diUb"T was crosslinked to Dsk2, Rad23, Rpn10, or a control protein Rpn12 according to the protocol described in Figure 1B.

(B) Model of the Rad23-UBA2 molecular structure (cyan) in complex with K48-Ub,, distal Ub (green), and proximal Ub (orange) based on PDB: 1ZO86. In this
orientation, the proximity of Leu73 and of Leu8 (magenta sticks) of the distal Ub to the receptor are apparent.

(C) RAP80-tUIM selectively crosslinks to K63-Ub,""®. In this case, RAP80-tUIM efficiently crosslinked to K63-Ub,”"® but not to a dimer linked via Lys48,
demonstrating that Ub®" allows for trapping of K63-linkage selectivity.

(D) Crystal structure of RAP80-tUIM (cyan) in complex with K63-Ub, (distal Ub, green; proximal Ub, orange) from PDB: 3A1Q highlights that Leu8 (magenta stick)
on the distal Ub is in close proximity to the ligand.

and Rpni1 from intact and functional proteasome complexes,
without spuriously crosslinking to neighboring subunits (Fig-
ure 3A). Proteasome-bound Rpn10 crosslinked more efficiently
to polyUb”™®, maintaining its properties as a stand-alone protein
(Figure 2). In contrast, proteasome-incorporated Rpn1 was
trapped more efficiently by K48-polyUb™""™®, suggesting that
the orientation by which it binds Ub chains differs from Rpn10
(Figure 3A). It is important to point out that polyUb"T was specific
for polyUb-binding subunits, and despite being in close proximity
to other subunits in the same multi-subunit complex, other sub-
units did not crosslink to polyUb®T (Figure 3). Interestingly, a
proteasome-associated DUB, Ubp6, was trapped by polyUb™T
(Figure S1). Successful crosslinking of Ubp6° 8 with polyUb”T®
highlights the utility of UbPT to uncover a range of interaction
affinities, even transient enzyme-substrate interactions. Together,

these data establish that polyUb”" can pinpoint subunits that
directly associate with Ub within a multi-subunit, multi-tasking
complex.

PolyUb chains can anchor at proteasome complexes directly,
or may be tethered by auxiliary factors. In order to test the effect
of shuttle proteins on crosslinking of polyUb®T to Ub receptors at
proteasome, we incubated purified 26S proteasomes with K48-
Ub,, P77 with or without excess Rad23, to emulate the role of a
polyUb-substrate shuttle. We found that the presence of Rad23
had no effect on K48-Ub,”""® crosslinking to Rpn1 in the pro-
teasome (Figure 3B). Under these conditions, Rad23 did not alter
the ability of Rpn1 to recognize polyUb while retaining its own
ability to bind polyUb as evident by crosslinked product with
polyUbPT (Figure 3B). Thus far, polyUb”" has emerged as a
potent tool to accurately and rapidly pinpoint and isolate

Figure 1. PolyUb®T

, a Ubiquitin Variant Containing Photoactivatable Crosslinking Groups

(A) Synthesis of ubiquitin containing photoleucine. Intermediates shown in the diagram with reaction conditions for each step: (i) Fmoc-OSu, 10% aq Na,COs,
tetrahydrofuran, 96%; (i) solid-phase peptide synthesis; (i) 95% TFA, 2.5% triisopropylsilane, 2.5% H,0.

(B) Mechanism of photo-crosslinking. After UV irradiation at 355 nm, the diazirine moiety (left) is released as N, and forms a highly reactive singlet carbene on the
alkyl side chain of Ub (center). The carbene can then react with nearby protein residues or chemical functional groups forming a new covalent bond (right).
(C) Enzymatic polymerization of polyUb®". UbPT was polymerized into polyUb chains by incubating with E1, linkage-specific E2 (example shown for K63 chains),
and substoichiometric Ub-Hisg (left). Ni?*-NTA separation removed unpolymerized Ub monomers (center). Chains of homogeneous length separated by size

exclusion (right).

(D) Linkage-specific antibodies recognize diUb"" in which Leu8 or Leu73 was replaced with photoleucine, similar to cognate diUb.

(E) Scheme to detect linkage-specific polyUb-binding subunits using 6xHis tagged polyU

b"T initiated by photoactivation followed by denaturing isolation.
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bPT Crosslinks to Purified

Figure 3. PolyU
Yeast Proteasome

(A) In the proteasome, Rpn10 shows a preference
to bind polyUb”™® (top panel), while Rpn11 shows
no detectable interaction with polyUb®.

(B) K48-Ub,,”™" retains its ability to crosslink to
Rad23 (top panel); Rpn1 retains its ability to
recognize polyUb®T in the proteasome regardless
of Rad23 (middle panel); no crosslinking is detected
with Rpn2 (bottom panel).
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polyUb-binding proteins in mixed or complex environments.
With Rpn1 being the newest and least studied of the protea-
some-associated polyUb-binding proteins, our focus turned to
what additional information polyUb®™ can provide on Rpn1 as
a potential Ub receptor in the proteasome.

UBL-UBA proteins such as Rad23 constitute the main class of
shuttles for polyUb conjugates and dock at the proteasome
through their UBL domain to PC repeats situated in the central
region of the Rpn1 proteasome subunit. Structurally, Rpn1 can
be divided into three segments: a central toroid made up of
repetitive alpha-turn-alpha repeats termed PC repeat (Effantin
et al., 2009; Kajava, 2002; Lupas et al., 1997), flanked by flexible
N and C extensions (Figure 4A). In each PC repeat, the outer o
helix contains bulkier amino acid side chains, causing the repet-
itive structure to curve inward into a concave arc imaged as a
closed donut-shaped torroid in proteasomes (Aufderheide
et al., 2015; Effantin et al., 2009; Schweitzer et al., 2016). The
PC repeats cluster in two, which we term PC1 and PC2 (Fig-
ure 4B), interspersed with a highly charged segment for which
little structural information is available (Unverdorben et al.,
2014). As it happens, UBL (and most likely Ub) binding maps
to PC1 (Gomez et al., 2011; Shi et al., 2016). First, we confirmed
that polyUbPT was competent to trap full-length recombinant
Rpn1 as a stand-alone protein unassociated with 26S com-
plexes (Figure 4C). The relatively fast appearance of crosslinked
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-Rad23+K48-Ub,,PT(73)

FRpn1+K48-Ub,,PT(73)

Rpn17C), or even just the first set of PC1
repeats (aa 391-642; Rpn17°") were easily
purified as soluble monomeric proteins
and retained competence to crosslink
polyUb®T (Figures 4D, 4E, and S2).
Compared with the full-length Rpn1 pro-
tein, these smaller polypeptides were
more amenable for subsequent biophysi-
cal assays such as NMR experiments.
K48-linked polyUbFT efficiently trapped
Rpn1PC. Once again, the presence of
Rad23 had little effect on K48-Ub,"T7d
crosslinking to Rpn1PC, even though
Rad23 itself was also competent to bind
and crosslink to these K48-linked polyUb
chains (Figure 4D). This result may indicate either that multiple
sites on Rpn1 associate with Ub or UBLs or that, at stoichio-
metric ratios, neither ligand binds Rpn1 tightly enough to exclude
the other. Nevertheless, association of Rpn1”C with Ub was
significant enough that crosslinked products were detected
even with unanchored dimeric Ub (K48-Ub,"™"®; Figures 4E
and S2), indicating that Rpn1 is an inherent Ub binder.

PolyUb-Binding Region of Rpn1

As an integral subunit of the proteasome complex, Rpn1 associ-
ates with several neighboring subunits in the 19S. Does this
leave sufficient surface area exposed to bind its ligands such
as UBLs or polyUb? From current cryo-electron-microscopy-
derived proteasome models (PDB: 4CR2), Rpn1 is situated
peripherally on the 19S RP touching two AAA ATPase subunits,
Rpt1 and Rpt2 (Figure S3). Not surprisingly, most evolutionary
conserved residues on the surface of Rpn1 identified with the
ConSurf server contacted neighboring subunits Rpt1 and Rpt2
when incorporated into the proteasome, although a few exposed
residues that are not in direct contact with any other proteasome
subunit are also highly conserved between Rpn1 sequences
across eukaryotes (Figure S3). By focusing on Rpn1 (chain Z in
PDB: 4CR2) and its two nearest neighbors, it becomes apparent
that half of the PC toroid (see previous paragraph) is solvent
exposed and suitably positioned to serve as a docking station
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Figure 4. PolyUbPT Crosslinks to First PC
Repeat of Rpn1

(A) Rpn1 structure from PDB: 4CR2 (chain Z) with
PC repeats (green), N-terminal region (cyan), and
flexible linker (gold).

(B) Schematic dissection of Rpn1 domains used in
the study (PC repeats in green).

(C) Time course of crosslinking of K48-Ub,,
and full-length Rpn1.

(E) K48-linked diUb”™™ was crosslinked to
Rpn1PC (Rpn13%6-908),
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Rpn1 Pc (top). Unexpected crosslinking products of
K48-Ub,,”T™ and Rpn1”C are uncovered with
anti-Rpn1 (bottom).

(F) Molecular docking analysis using PDB: 4CR2 for
the Rpn1 structure and PDB: 1UBQ for ubiquitin.
The position of two nearest neighbors in the 19S,
Rpt1 and Rpt2, are shown in light blue and green,
respectively, according to the EM model.

(G) Rpn1 colored by normalized interface pro-
pensity values (see STAR Methods; higher values in
red) in the context of the proteasome with its in-
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for substrates or substrate shuttles, possibly explaining the pres-
ence of highly conserved exposed residues (Figures 4F and S3).
An in silico docking experiment with PyDock WEB server re-
vealed a surface on Rpn1 with low-energy docking poses for
complexes with free Ub (Figures 4F, 4G, and S3). The docking
experiment was performed on the Rpn1 structure and although
interactions were not restricted (e.g., free docking), the most
preferred Ub docking sites mapped to the exposed region of
the PC domain and to the hinge between the PC domain and
the N terminus (red; Figure 4F). When performing docking of
Ub onto the PC domain structure (Figure 4G), the 100 most
preferred docking results distribute along the exposed edge of
the PCring, particularly along the segment aa ~350-640 that en-
compasses the highly conserved hydrophobic residues in the
first PC repeat (PC1; Figure 4A). This is precisely the area that
has been shown before to come in contact with UBL domains
of substrate shuttles or with polyUb chains (Shi et al., 2016),
encouraging us to utilize Rpn1P°" for further studies.

Rpn1PC +
K48-Ub,PT(73)

teracting subunits: 26S protease regulatory subunit
7 homologs (Rpt1, chain H, colored cyan) and 26S
protease regulatory subunit 4 homolog (Rpt6, chain
I, colored green). Ub docking does not interfere
with binding of RPN1 to the proteasome.

Features of PolyUb Binding to the
First PC Region of Rpn1

The PC1 fragment of Rpn1 is small enough
to make it amenable for biophysical char-
acterization by NMR assays. Measure-
ments of the '°N transverse relaxation
time (T,) of backbone amides in monoUb
in complex with Rpn1 fragments narrowed
the region of association to the PC region,
and specifically to the first set of PC re-
peats, PC1 (Figure 5A, lane I). No binding
of polyUb was detected to truncated frag-
ments of Rpn1 that did not contain the
first PC region of Rpn1; we deduced that the first PC region
(~aa 356-625) is essential for association of Rpn1 with monoUb
through hydrophobic interactions typical of Ub recognition by
most receptors (Figure 5A; lanes |, Il). The combined results indi-
cate that PC1 is sufficient to bind free Ub (Figure 5A), although
we do not rule out that other segments of Rpn1 may participate
in binding or in anchoring ligands, as alluded to by the docking ex-
periments (Figures 4F, 4G, and S3). However, merely substituting
Leu8 or lle44 in Ub with alanine diminished its affinity for Rpn17C",
confirming that the hydrophobic patch on the surface of Ub is
central to association with Rpn1 (Figures 5A and S4). Interestingly,
using a similar experimental approach, the same PC1 segment
could associate with multiple ligands: K48-Ub,, K63-Ub,, or the
UBL domain of Dsk2 (Figure 5A, lanes IlI-VI). In order to observe
the corresponding changes in Rpn1 upon binding of Ub, we
selectively labeled methyl residues of lle, Leu, Val, and Met in
Rpn1PC" with ™®*CH; and measured chemical shift perturbations
(CSPs) upon titration with increasing concentrations of K48-Ub,
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Figure 5. Analysis of the Competition be-
tween Ub or Ub, and UBL Domains for
Binding to Rpn1

(A) "®N T, of backbone amides (averaged over
secondary structure residues) for the following
proteins (left to right): () monoUb alone and in the
presence of Rpn1391-842 or Rpn1416=487 o
Rpn1°95-998 4t 1:1 molar ratio; (Il) Ub mutant (L8A,
144A) alone and in the presence of Rpn13°1-642 gt
1:1 molar ratio; (Ill) distal Ub of K48-Ub, alone and
in the presence of Rpn13%'=%42 at 1:1 molar ratio;
(V) distal Ub of K63-Ub, alone and in the presence
of Rpn13%'=%42 at 1:1 molar ratio; (V) distal Ub of
K48-Ub3 alone and in the presence of Rpn13°1-642
at 1:1 molar ratio; (VI) Dsk2“B- alone and in the
presence of Rpn1391-642,

(B) Overlay of 'H-'C heteronuclear multiple-
quantum correlation (HMQC) spectra of 'SCH,-
ILVM-labeled perdeuterated Rpn13°1-642 free
(purple) and at various points in titration with K48-
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is the spectral region containing CHs-lle d signals;
the Rpn1 signals are numbered arbitrarily; the
arrows show the directions of signal shifts.
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(C) Representative titration curves for select CHs-

lle & signals of Rpn13°'-42 a5 3 function of K48-
19 Ub, concentration for 'C (top) and 'H (bottom)
resonances. The solid lines represent the results of
a global fit to a 1:1 binding model. The Rpn1 sig-
nals are numbered arbitrarily. The average Kp
values are summarized in Table 1.
(D) Overlay of "H-"3C HMQC spectra of '*CHs-ILVM-
labeled perdeuterated Rpn13%'-%2 in the absence
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(E) Overlay of 'H-'C HMQC spectra of '*CHs-
ILVM-labeled perdeuterated Dsk2VEL alone (black),
in the presence of 2H-Rpn139'~%42 at 2:1 molar ratio
(red), and upon subsequent additions of unlabeled
K48-Ub, up to 16-fold excess (green). At the
endpoint of titration, the concentrations are:
[Rpn1] =300 pM, [Dsk2] = 300 uM, [Ub2] = 4.8 mM.
Shown is the spectral region containing CH3-lle
3 signals; the assignment of Dsk2"B signals is from
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(Figure 5B). Titration of '®CHs-labeled Rpn17°" (lle, Leu, Val, and
Met residues have a labeled methyl group; '*CHa-ILVM-Rpn17C7)
with diUb produced a Kp of 112 + 29 uM (Figure 5C and Table 1),
which makes it comparable with or slightly weaker than other
polyUb receptors such as Rpn10 (Rosenzweig et al., 2012). Select
CSPs of lle and Leu groups demonstrated that specific hydro-
phobic residues in the first PC repeat region of Rpn1 participate
in binding to Ub and to diUb (Figures 5B and 5C). In addition, these
same methyl residues displayed chemical shift changes upon
Rpn1 association with Rad23YB- (Figure 5D). A structure of
Rad23UBL bound to residues in the same region was observed
independently (Chen et al., 2016), confirming that Rpn17°" likely
contains overlapping (or partially overlapping) binding sites for
polyUb and for Rad23YEL,
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Chen et al. (2008). The red and green arrows
highlight the signal shifts upon addition of
Rpn1391-642 and Ub,, respectively.

Rpn17°" bound UBL domains of proteasome shuttles tighter
than Ub: Dsk2YBL with Kp = 22 + 12 uM and Ubp6YBL with
Kp = 40 + 31 uM (Table 1). Titration of Rpn1 with ®N-Rad23YE-
caused severe signal broadening in amide signals that precluded
accurate determination of signal shifts for Kp determination. The
observation of signal broadening indicates intermediate or slow
exchange likely due to slow off-rates, compatible with reported
tight affinity (Shi et al., 2016). Since signal broadening was not
observed for Dsk2 or for diUb at similar conditions, this signifies
fundamentally tighter Rpn1 binding to Rad23YE- compared with
the other two ligands. Rub1, the UBL protein most closely
resembling Ub (Singh et al., 2012), also bound the first PC stretch
of Rpn1 with a Kp =280 + 20 uM, an affinity comparable with that
of monoUb (Table 1). These results indicate that UBL domains of
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Table 1. Summary of Rpn1 Interactions

Analyte®  Ub (NH)  K48-Ub, (DistNH)  Rpn1 (CH3)  K63-Ub, DistNH)  Dsk2 UBL (NH)  Ubp6 UBL (NH)  Rubi (NH)
Ligand Rpn1Pc! Rpn1Fc? K48-Ub, Rpn1Pc! Rpn1Fc! Rpn1Fc! Rpn1F°!
Kp (M) 214 + 68 116 + 30 112+ 29 103 + 59 22 +12 40 + 31 280 + 20

aTitration of Rpn1 to '®N-Rad23 caused severe signal broadening in amide signals that precluded accurate determination of signal shifts for Kp deter-
mination. The observation of signal broadening indicates an intermediate or slow exchange regime, likely due to slow off-rates.

proteasome shuttles have a greater affinity for Rpn17°! com-
pared with reversible protein modifiers such as polyUb or Rub1
(Table 1).

Having mapped binding of both diUb and UBLs to the first PC
region of Rpn1, we wished to evaluate whether they compete for
the same site. Although binding of Rad23"B- and Ub have been
mapped to same site (Shi et al., 2016), competition assays have
not tested their relative affinities, and binding of similar UBLs
have not been mapped. We designed a competition experiment
to test whether prebound Dsk2VE" is displaced from Rpn17¢ by
excess diUb (Figure 5E). Initially, chemical shifts of methyl
groups in '®CHg-ILVM-labeled Dsk2YB- were recorded in the
free state (i.e., the ligand unbound to a receptor) and in
complex with Rpn1F°? (Figure 5E, black to red signals). Titration
of this pre-formed complex with increasing concentrations of
K48-Ub, resulted in partial displacement of Dsk2“B- from
Rpn1 at high ratios of diUb to UBL. Comparing the magnitudes
of Dsk2YB- signal shifts (average over several residues;
Figure 5E) before and after adding K48-Ub,, we estimate that
33.5% =+ 2.4% of Dsk2"B- molecules remain in complex with
Rpn17C" in the presence of 16x concentration of K48-Ubs,.
Using a mathematical model for competitive binding of two
different ligands to the same site on a protein (Wang, 1995)
and taking into account the respective experimental Kp values
for Dsk2YBL and for diUb (22 + 12 pM, 112 + 29 pM; Table 1),
we predicted that the fraction of Rpn17°"-bound Dsk2"B- should
drop from 76.3% + 5.7% of Dsk2"B" before the addition of diUb
t0 20.6% = 10.7% at the endpoint of our titration. Indeed, our
experimental results demonstrate a similar behavior to this pre-
diction, with a partial overlap of the respective statistical ranges.
The somewhat higher percentage of the Rpn1-bound Dsk2VB-
observed in this assay may be the result of errors in the protein
concentration measurements, but could also point to another
binding site on Rpn1 for Ub, molecules. Additional studies will
be required to verify this.

The uniqueness of pLeu as a crosslinking reagent is the ability
to capture interactions of a hydrophobic nature. Most docu-
mented receptors such as Rpn10, Rad23, Dsk2, and Rap80 (Fig-
ure 2) recognize Ub via the so-called hydrophobic patch on its
surface (centered on Leu8, lleu44, Val70; Pickart and Fushman,
2004), therefore embedding pLeu into a polyubiquitin chain to
generate a Ub”™ minimally perturbs hydrophobic residues on
its surface, offering the potential to study the “sphere of inter-
actions” revolving around Ub. Having used this approach to
pin down association of Ub to the PC stretch of Rpn1 on protea-
some complexes (Figures 3 and 4), we turned our attention to
the complementary binding surfaces on Ub. Upon titrating
"5N-labeled monoUb with Rpn17®!, the majority of significant
CSPs pointed to hydrophobic residues on the surface of Ub
centered on the canonical hydrophobic patch (Figures 6A and

6B). Binding affinities of Rpn1 for K48-linked diUb or for monoUb
were derived from a global fit of multiple CSP values upon titra-
tions with ligand and estimated to have a Kp of 116 + 30 uM or
214 + 68 puM, respectively (Figures 6C and 6D, Table 1). Even
K63-Ub, bound Rpn1PC! with a Kp of 103 + 59 uM (Figure S5),
suggesting that Rpn1 can interact with an array of polyUb signals
without being particularly discriminatory of linkage type. It is
important to clarify that these are apparent affinities that may
reflect a variation in interactions between multiple residues on
both receptor and ligand. A 2-fold increase in the binding affinity
of dimeric over monomeric Ub (Kp dropping from ~215 to
~115 uM) does not imply cooperative binding. Indeed, upon
binding of Rpn1, the CSPs from either amide ('°N) or methyl
(*®CHs-1ILVM) groups in either unit of K48-Ub, pointed out that
L8, 144, and V70 of both proximal and distal Ub units of K48-
Ub, were perturbed upon binding to Rpn1 (Figures 6E and 6F).
These observations suggest that a change in the interface be-
tween the two units of Ub occurs from the free to Rpn1-bound
K48-Ub, (Figure S5).

To summarize, Ub"T is a novel reagent to trap hydrophobic
interactions of a variety of polyUb modifications. The first ex-
perimental application of polyUb™" pinpointed PC repeats in
Rpn1 (Rpn17C") as the primary docking site of polyUb on pro-
teasomes. Monitoring reciprocal changes determined that this
association is coordinated by hydrophobic residues on the sur-
face of Ub (Figure 6). Beyond Ub recognition, incorporating
pLeu into proteins of interest should extend similar possibilities
to investigate hydrophobic associations of a plethora of signaling
molecules.

DISCUSSION

In this study, we show how polyUb"T can be used effectively to
selectively bind, trap, and even isolate the preferred binding
partner from a protein mixture, or to pinpoint a receptor on a
protein complex containing multiple subunits with diverse prop-
erties. By fixing interactions, followed by isolation and identifica-
tion of co-purifying subunits, crosslinking is a particularly power-
ful tool to identify the composition of complexes. Crosslinkers
can even narrow down recognition elements in each participant.
However, transient interactions pose an experimental hurdle for
traditional crosslinking approaches. Increasing the reactivity of
the functional group in the hope of stabilizing fleeting associa-
tions would only amplify the probability of trapping spurious or
non-specific interactions during the off time between the main
signaling partners. In the current study, we have introduced
Ub"T as a general tool for unbiased screening of binding partners
of Ub without prior knowledge of the binding partners in order to
trap weak transient binders without decreasing specificity, which
would render the results uninformative due to false positives.
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Figure 6. NMR Analysis of the Binding Interactions between Rpn13°'-%42 and MonoUb and DiUb
(A) Amide CSPs (black bars) in monoUb at the endpoint of titration with Rpn17®" (Rpn13°'~642) a5 a function of residue number. Residues exhibiting strong signal

attenuations (>75%) during the titration are marked with gray bars.

(B) Map of the perturbed residues (red, CSP >0.05 ppm and/or signal attenuations) on the surface of Ub. Some residues are indicated.

(C) Titration curves for several residues in monoUb (open symbols) or K48-Ub, (solid symbols) as a function of Rpn1 concentration. The lines (dashed or solid,
respectively) represent the results of a global fit of multiple CSP values upon titrations with ligand to a 1:1 binding model. The titrations started with 200 uM Ub or
Ub,, and went up to 4.1-fold molar excess of Rpn1 PCT for monoUb and 3.1 for Ubs. Binding affinities of Rpn1 for monoUb or for K48-linked diUb were derived from
a global fit (residues 7, 13, 14, 70, 72 in monoUb; 14, 44, 45, 49, 69 in diUb) and estimated to have a Kp of 214 + 68 and 116 + 30 uM, respectively, which was
identical within experimental error to the Kp, of 112 + 29 uM obtained from the reciprocal titration of "> CHz-ILVM-Rpn17¢" with unlabeled K48-Ub, (summarized in
Table 1).

(D) Amide CSPs (black bars) in the distal Ub of K48-Ub; at the endpoint of titration with Rpn17C" as a function of residue number. Residues showing strong signal
attenuations (>75%) during the titration are marked with gray bars. Note that the residues exhibiting perturbations in K48-Ub, are essentially the same as in
monoUb (A and B). Similar residues in K63-Ub, showed perturbations upon titration with Rpn17C" (Figure S5).

(E) Overlay of 'H-"3C HMQC spectra of "*CHs-labeled ILVM residues in perdeuterated K48-Ub, in the absence (blue) or presence (red) of perdeuterated Rpn
Only methyl groups of lle, Leu, Val, and Met were selectively *CHg-labeled in an otherwise deuterated background (2H, '3CHz-ILVM). Strong CSPs were recorded
primarily in L8, 144, and V70 of both proximal and distal Ub units. Shown is the spectral region containing CHs-lle & signals.

(F) Residues on Ub that exhibited spectral perturbations upon addition of Rpn1 to K48-Ub,; amide data are colored red and on top of them methyl data are

1PC1

colored orange.

Design of modifications on side chains amenable for cross-
linking (or of fluorescent or paramagnetic tags for other biophys-
ical techniques) to map protein-protein interactions often re-
quires knowledge of protein sequence and structure to obtain
successful results. Chemical crosslinkers traditionally link be-
tween neighboring amine or thiol groups, which can be either
in cis on a single protein or in trans between binding partners.
This property may pose a hurdle for traditional crosslinkers to
capture Ub-binding proteins as recognition of Ub often utilizes
hydrophobic interactions. At the same time, the Ub molecule
is naturally suited for integration of photoleucine given that
hydrophobic residues partake in interactions with Ub-interacting
proteins such as receptors, DUBs, or conjugating enzymes.
Specifically, two key leucine residues on Ub, Leu8 and Leu73,
are solvent exposed and are known to participate in binding
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associations. Integration of photoleucine into Ub allowed for a
highly reactive crosslinking agent that could react with protein
backbones in close proximity, yet facilely quenched by solvent
to limit spurious interactions (Figure 1). Following photoactiva-
tion, the reactive singlet carbene on the alkyl side chain of
pLeu can bond covalently with a number of common functional
groups in proteins, guaranteeing that efficient crosslinking is
not restricted to precise positioning of a limited set of residues
(e.g., lysine, cysteine) thereby increasing the likelihood of trap-
ping binding partners. However, as hydroxyl groups are also
prevalent in aqueous environments, the effective chemical half-
life of the reactive singlet carbene on unattached “Trap” is short;
the trap is essentially self-limiting due to quenching by water.
This property decreases crosslinking to spurious non-specific
proteins ensuring that pLeu is specific for meaningful nearest
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neighbors, even of transient associations. As we demonstrated,
the reaction was rapid with detectable product within 5 min. The
added benefit of a photoactivatable group gives Ub"" users
complete control over when to initiate the crosslinking reaction.
Importantly, UbPT is a modular reagent that is easily incorporated
into polyUbP™ and can be used to differentiate between linkage-
specific UBDs.

Crosslinking approaches have been successful for determining
proteasome architecture (Bohn et al., 2010; Forster et al., 2009;
Hartmann-Petersen et al., 2001; Lasker et al., 2012; Sharon
et al., 2006), however they were not successful in detecting tran-
sient interactions of proteasome-interacting-proteins. Our
polyUb-based photo-crosslinking reagents, which we term
polyUb®T, were successfully applied to 26S proteasome com-
plexes, subunits, and associated receptors. Rpn1 emerged as
the highest capacity Ub-binding subunit of the proteasome, able
toform a complex with polyUb and UBL domains. By docking shut-
tles and associating with Ub, Rpn1 may aid unloading of ubiquiti-
nated cargo onto the proteasome for further treatment (Figure S6).
While this study was under preparation, the capacity of Rpn1 to
associate with Ub was substantiated independently (Shi et al.,
2016). Using a combination of techniques, the authors elegantly
demonstrated that Rpn1 harbors two binding sites: T1 for UBL do-
mains and for Ub, and T2 for the UBL domain of Ubp6. The specific
residues on the T1 site that bind Ub were identified by solving an
NMR structure of a segment of Rpn1 associated to Ub or diUb.
This site falls into the first PC repeat of Rpn1, the same region
that was found sufficient to be captured by polyUb"T. Moreover,
PolyUbPT was able to pinpoint and isolate Rpn1 out of the intact
26S proteasome complex, demonstrating that association with
Ub is retained in both free and proteassome-incorporated forms.
The same residues also associate with Rad23 and can be
competed out by excess Dsk2UBL, hinting at possible unloading
of ubiquitinated cargo from shuttle proteins to proteasome.

Rpn1 is the first Ub-binding protein associated with the pro-
teasome complex that is encoded by an essential gene in
S. cerevisiae. Typically, proteasome-associated polyUb-binding
proteins have been classified into two categories: (1) delivery
proteins or shuttles, whose association with the proteasome is
transient in nature (e.g., Rad23/hHR23, Dsk2/hPLIC/Ubiquilin,
Ddi1/DDIH) and (2) bona fide receptors (Rpn10/S5a, Rpn13/
ADRM-1). Yet, in S. cerevisiae, none of the Ub-associating pro-
teins are strictly essential (Finley et al., 2012). Two additional pro-
teasome subunits interact with polyUb, the DUB Ubp6/USP14
(Aufderheide et al., 2015; Mansour et al., 2015; Peth et al.,
2009) and an ancillary tethering component Sem1/Dss1 (Para-
skevopoulos et al., 2014), yet they are also non-essential. On a
tangential note, the metalloprotease Rpn11/PSMD14 (Aufder-
heide etal., 2015; Luan et al., 2016; Mansour et al., 2015; Pathare
et al., 2014) and the ATPase Rpt5 (Lam et al., 2002) have also
been suggested to interact with polyUb in some capacity and
are essential subunits, yet their contribution to recruitment or
anchoring of polyUb at proteasome complexes has not been
defined. Thus far, the prevailing view has been that these
subunits work in parallel as redundant receptors and no single
Ub-binding subunit serves as the primary docking site on the
proteasome. This view is being revised, now that independent
studies have demonstrated the propensity of Rpn1 to associate
with polyUb at the proteasome.

Through its sheer size (being the largest subunit in the 26S pro-
teasome complex) and its structural features, Rpn1 is naturally set
up to scaffold several adjacent subunits and provide a docking
site for proteasome-associating factors (Effantin et al., 2009; He
et al., 2012; Rosenzweig et al., 2012). Light-induced crosslinking
with engineered UbP™ narrowed down polyUb binding to the first
PC region of Rpn1, overlapping with binding sites reported for
UBL domains such as those found in proteasome shuttles
(Elsasser et al., 2002; Gomez et al., 2011; Rosenzweig et al.,
2012; Yun et al., 2013). Yet the functional relationship of Rpn1
to other polyUb-binding components on the proteasome is
unclear, given the convoluted network of interactions of polyUb
and UBLs (at comparable affinities) to multiple receptors at the
proteasome (Kang et al., 2006, 2007; Matiuhin et al., 2008; Mueller
and Feigon, 2003; Mueller et al., 2004; Zhang et al., 2009a, 2008,
2009b). While Rpn1 is capable of directly binding both K48- and
K63-linked polyUb, its affinity for the UBL domain of the UBL-
UBA family of shuttles is tighter than for unanchored chains. It
is, therefore, likely that shuttles direct and aid targeting of polyUb
conjugates to Rpn1. In this manner, a single proteasomal subunit,
Rpn1, coordinates docking of substrate shuttles, unloading of
substrates, and anchoring of polyUb conjugates, defining the first
mechanistic step of proteasome action.

PolyUb is a complex signal made up of repeating units that are
assembled in an almost endless number of possible configura-
tions (Nakasone et al., 2013). In order to achieve the desired
outcome, each configuration of polyUb should be recognized
precisely, deciphered, and conveyed to the proper pathway.
To this end, a multitude of proteins discriminate among the
plethora of polyUb signals by means of embedded UBDs.
Consequently, most interactions with Ub are transient, with inter-
mediate complexes serving to shuttle polyUb conjugates as
cargo while also protecting the signal from disassembly by
DUBs (Hartmann-Petersen et al., 2003; Wilkinson et al., 2001).
Moderate affinities (tens to hundreds of uM) for polyUb chains
(Fushman and Wilkinson, 2011; Winget and Mayor, 2011) often
reflect high off-rates from shuttles and hence the transient nature
of many polyUb signals. Even at a destination such as the pro-
teasome, recruitment and anchoring of polyUb is just the begin-
ning of a multi-step trajectory. As a substrate unfolds and is
translocated into the 20S CP, the polyUb signal is relayed be-
tween receptors and finally handed over to proteasome-associ-
ated DUBs for release (Aufderheide et al., 2015; Bhattacharyya
et al., 2014; Matyskiela et al., 2013; Peth et al., 2013b; Sledz
et al., 2013a; Sledz et al., 2013b; Unverdorben et al., 2014).
Although many proteins with affinity for Ub or polyUb have
been uncovered through a variety of experimental approaches
(Fushman and Wilkinson, 2011; Husnjak and Dikic, 2012; Scott
et al., 2015; Winget and Mayor, 2011), the transient nature of as-
sociation and fast exchange rates pose a hurdle to full mapping
of the associated Ub-interactome. The novel set of phototrap re-
agents based on the Ub polymer proved powerful in exposing
new insight on Ub-binding entities.

PolyUbPT, as its name implies, was able to trap a specific tran-
sient interaction in a multi-subunit, multi-catalytic, molecular
machine. This study lays the foundation for the future use of
polyUb®T to discover interactions of Ub in new systems and
beyond to unrelated proteins. The lability of light-induced photo-
leucine as a crosslinking reagent, combined with the flexibility of
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enzymatic polymerization of Ub®T enables low-resolution sur-
face mapping of receptor-ligand interfaces. PolyUb"T demon-
strates that different UBDs such as the newly exposed PC repeat
stretch in Rpn1, UlMs, or UBA domains, contact different ele-
ments in the Ub ligand. The specificity of Ub chain recognition
is not limited to the linkage or to residues directly surrounding
the isopeptide linkage but involves additional residues. Hence,
the UIM of RAP80 meets different surface areas on the Ub chain
than the UIM of Rpn10. The properties of polyUb"T should allow
characterization of interactions with intermediate binding affin-
ities and even for unambiguous detection of elusive polyUb-
binding proteins. With Ub"" validated on a diverse set of estab-
lished Ub receptors, Ub™T emerges as a powerful tool to chart
the plethora of Ub-associating proteins found in the Ub signaling
system. From a qualitative point of view, the broad incorporation
of UbT into diverse polyUb chains highlights the non-invasive
nature of the photoleucine probe on Ub chain synthesis and,
most importantly, without altering the hydrophobic nature on
which many of its partners rely for proper recognition. We
conclude that Ub" is a modular reagent that provides advan-
tages over conventional crosslinking reagents for studying Ub-
associating proteins in extract, in complex, or in isolation.

SIGNIFICANCE

How shuttles, receptors, and multiple binding subunits on
the proteasome relay the polyUb signal between them has
not been deciphered. Through the application of novel UV
light-inducible crosslinking agents, Ub"" and Ub""-spiked
polyUb chains, we were successful in capturing protea-
some-associated Ub-binding subunits. The embedded pho-
toleucine crosslinker minimally interfered with recognition
of Ub moieties and thus enabled characterization of polyUb
association with an essential proteasome subunit, Rpn1. A
hydrophobic patch centered on L8, 144, and V70 on the sur-
face of Ub tethers to hydrophobic residues on the exposed
surface of proteasome-incorporated Rpn1i. Rpn1 binds Ub
chains polymerized through either K48 or K63 linkages,
and retains its Ub-binding properties as a free stand-alone
protein. The flexible a-helical PC repeat sequence on Rpn1
is sufficiently broad to anchor polyUb and UBL-containing
proteins simultaneously. This provides insight on how the
polyUb signal is transferred from shuttles to receptors and
expands our knowledge of Ub-binding subunits at the pro-
teasome. Hybrid synthesis (i.e., chemical and enzymatic) of
polyUb chains of well-defined linkage, combined with the
site of the photoactivatable crosslinker, is highly adaptable
for covalently trapping hydrophobic interactions in diverse
systems beyond the Ub system. To conclude, Ub"T is a
modular reagent that provides advantages over conven-
tional crosslinking reagents for studying Ub-associating
proteins in complex or in isolation.
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pET28b-SMT3-RPN1356-905 This work M1373

pPET28b-SMT3-RPN12 This work M1257

Ub plasmids, E1, E2 Nakasone et al., 2013 http://dx.doi.org/10.1016/j.str.2013.02.019
Structure 21(5)

DSK2 and RPN10 Zhang et al., 2009a. https://dx.doi.org/10.1016/j.molcel.2009.11.012
Mol.Cell 36(6)

RAP80 tUIM Nakasone et al., 2013 http://dx.doi.org/10.1016/j.str.2013.02.019
Structure 21(5)

pQE30-UBP6 C118A Mansour et al., 2015 DOI 10.1074/jbc.M114.568295
JBC 290(8)

Software and Algorithms

LCMS analysis - MassLynx 4.1 Waters NA

NMR analysis - Topspin 3.2 Bruker NA

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents can be directed to the leading author: Michael H. Glickman (glickman@tx.technion.
ac.il).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Proteasome was purified from widely used laboratory yeast strain, BY4741 obtained from EUROSCARF (MATa his3A1 leu2A0
met15A0 ura3A0), considered in this study as “wild-type” yeast.

All recombinant proteins were cloned from cDNA isolated from BY4741 yeast and expressed in E. coli (either M15, BL21(DE3) or
Rosetta (11).

METHOD DETAILS

Plasmid Construction and Protein Purification

Smt3 (SUMO) was ligated into the pET28b vector. Subsequently, the full-length Rpn1 DNA sequence was amplified from
yeast genomic DNA and ligated in the smt3-pET28b vector, downstream of smt3. Shorter fragments, Rpn1416487  Rpn1905-993
Rpn13°%%2 and Rpn13%6°% were created by applying the appropriate primer pair to the full length Rpn1 for ligation into the
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smt3-pET28b vector. All ligations were performed using T4 DNA fast ligase (Promega) according to the manufacturer’s protocol.
Ligation products were transformed into chemically competent E. coli DH5« (Life technologies) cells and selected against 50ug/mL
kanamycin. Plasmids were extracted and sequenced from the forward and reverse directions to confirm their integrity. Full length
Rpn12 was ligated into the same smt3-pET28b vector. Plasmids for other proteins used have been reported in previous studies;
Rpn10 and DSK2 variants (Zhang et al., 2009a), Rap80-tUIM (Nakasone et al., 2013), Rad23 constructs (Rosenzweig et al., 2012),
Rub1 (Singh et al., 2012), and Ubp6®''8A (Mansour et al., 2015).

Proteins in pQE30 vectors were expressed in E. coli M15 cells (Novagen), while those in pET28b were expressed in BL-21
(DE3) Rosetta Il cells (Novagen). 2 L cultures of LB media supplemented with the respective antibiotic (pQE30 100 pg/mL
ampicillin or pET28b 50 pg/mL kanamycin) were grown to ODggo~0.6 at 37°C, induced with 0.5 mM Isopropyl 3-D-1-thiogalac-
topyranoside (IPTG), and expression was carried out for 18 hrs at 16°C. Cells were harvested and stored at -80°C until purifi-
cation. Cells were resuspended in HisTrap buffer A (20 mM phosphate, 200 mM NaCl, 10 mM imidazole, pH 7.4) buffer and lysed
using French Press. The lysate was cleared with centrifugation, syringe filtered and loaded on to a pre-equilibrated 10 mL His-
Trap (GE Life Sciences) column in the same buffer. Proteins were eluted using steps of 5 column volumes 10% and 70% HisTrap
buffer B (20 mM phosphate, 200 mM NaCl, 280 mM imidazole, pH 7.4). Following elution, fractions containing proteins of
interest were pooled and dialyzed against PBS pH 7.4 buffer. To obtain the highest purity, gel filtration was performed using
a Superdex 200 16/60 (GE Life Sciences) in PBS pH 7.4 buffer. Purity was confirmed with SDS-PAGE and proteins were
aliquoted and stored at -80 °C.

Purification of Rpn1 and Rpn1 Fragments

Cell pellets expressing Hisg-Smt3-Rpn1 and fragments were suspended in HisTrap buffer A (50 mM HEPES pH 7.5, 400 mM KClI,
2.5% glycerol, 10 mM imidazole and 5 mM B-ME) and lysed using a French press. The cellular debris were cleared by centrifugation
and the supernatant was loaded onto a 10 mL HisTrap column in the same buffer. Elution was performed with HisTrap buffer B
(50 mM HEPES pH 7.5, 400 mM KCI, 2.5% glycerol, 280 mM imidazole and 5 mM B-ME) in two 5 cv steps, 10% then 70%.
3CH3-ILVM labeled Rpn1 constructs were obtained following (ref Kay — see section bellow) and purified in the same as above, except
that the HisTrap buffers were changed to HisTrap buffer A (50 mM Tris pH 8.0, 300 mM KCI, 10 mM imidazole) for loading, and
HisTrap buffer B (50 mM Tris pH 8.0, 500 mM KCI, 250 mM imidazole) for elution. Fractions containing Rpn1 were detected using
SDS-PAGE, pooled and dialyzed at 4°C against (40 mM HEPES pH8, 250 mM KCI and 5 mM B-ME) or 50 mM Hepes pH 7.6,
500 mM KCI, 5 mM DTT, 5% glycerol for "*CHa-ILVM-Rpn1. In the respective buffers, the Hisg-smt3 tag was removed from Rpn1
constructs using Hise-ULP1 and the desired Rpn1 constructs were isolated using Ni-NTA resin. To obtain the appropriated oligo-
meric state and purity, Rpn1 constructs were then injected on a Superdex S75 16/60 column in 20 mM HEPES pH 8.0, 100 mM
KCl and 2.5% glycerol or 50 mM Hepes pH 7.6, 500 mM KCI, 2 mM TCEP for ®CHs-ILVM-Rpn1.

Methyl Labelling Rpn1®°¢’

Cells were grown at 37°C in M9 D,O media supplemented with *NH,Cl and [2H,2C]-glucose as the sole nitrogen and carbon sour-
ces, respectively. Methyl labeling of the lle-31-['*CHs] and Val/Leu-['*CHj, '2CDj] variety (referred to as ILV-protein in what follows,
that is U-["®N,2H], lled1-['*CHj], Leu,Val-['3CHg,"'>CDj]-labeled) followed a published procedure (Tugarinov et al., 2006).

Assembly of K48- and K63-Linked polyUb”™® and polyUb®7738 Chains

Monomeric Ub mutants, E2 conjugating enzymes, and human E1 were obtained recombinantly as described (Nakasone et al., 2013;
Volk et al., 2005). Enzymatically synthesized K48-, and K63-linked Ub chains were assembled by combining a proximally blocked Ub
mutant (Ub-Hisg) in combination with pLeu8 or pLeu73 modified Ub (Castaneda et al., 2013; Nakasone et al., 2013). K48-linked Ub
chains were obtained from a reaction containing 1 mg of Ub-Hisg and 10 mg of each Ub™™® or Ub”T"® 80 nM E1 (UBA1), 40 uM E2-
25K, 4 mM TCEP, and 15 mM ATP in a volume of 1 mL with a 50 mM Tris pH 8.0 buffer incubated at 37 °C for 20 hours. In a similar
fashion, reactions to generate K63-linked Ub chains contained 30 uM of each Ubc13 and Uev1a with same monomers in addition to
50 ng of UbX®® to influence chain length. Following the completion of each reaction, Ub-Hisg chains were diluted into a volume of
40 mL HisTrap buffer A (20 mM phosphate, 200 mM NaCl, 10 mM imidazole, pH 7.4), and loaded onto a 5 mL HisTrap column. Side
products of the reaction flowed through the columns and polyUb"T chains with Ub-Hisg in the proximal position were eluted in
HisTrap buffer B (20 mM phosphate, 200 mM NaCl, 280 mM imidazole, pH 7.4). PolyUb"T reactions without Ub-Hisg were first passed
through a 1 mL GST column in PBS pH 7.4 buffer to remove E1 and E2 enzymes. Defined polymers of polyUb”T were resolved on a
Superdex 75 16/60 size exclusion column (GE Life Sciences) in PBS, pH 7.4. Fractions containing the desired chain lengths were
confirmed with SDS-PAGE and stored at -20°C until needed. We note that each step of polyUb”" was carried out in the dark to
preserve the crosslinking group.

Yeast Proteasome Purification

Highly pure yeast 26S proteasome obtained from yeast in stationary phase in a total of 6L YPD media, following established protocol
(Glickman and Coux, 2001). The activity and structure (RP,CP) of proteasomes was confirmed using the Suc-LLVY-AMC peptidase
activity assay. Proteasome concentration was determined by Bradford assay (Thermo Scientific). Proteasomes were flash frozen in
liquid nitrogen and stored at -80°C until use.
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Western Blot Analysis

Samples from UV crosslinking reactions were taken and the indicated time point and mixed with 5xPLD for SDS-PAGE. Gels were
transferred to nitrocellulose membranes (GE Life Sciences), blocked in 5% (w/v) non-fat milk for 1 hour at room temperature, washed
and incubated with the primary antibody for 1 hour at room temperature (see Key Resources Table). Membranes were then washed
and incubated with the respective secondary HRP conjugate antibody (Bio-Rad) for chemiluminescence analysis with an Image
Quant LAS 4000 (GE Healthcare).

Assembly of Ub, Chains for NMR Measurements

K48-linked and K63-linked diUb with "®N-enriched distal Ub were assembled using chain-termination mutations (K48R or K63R
on the distal Ub and D77 on the proximal) as described (Varadan et al., 2002, 2004). K48-linked diUb with heavy isotope labeling
13C-ILVM on both ubiquitin units were assembled using E1 and E2-25K enzymes and ILVM-labeled monoUb; the dimers were sepa-
rated from the rest of the reaction products using cation exchange chromatography followed by size exclusion.

NMR Measurements

NMR-based titration assays were performed by monitoring changes in NMR spectra of isotope-labeled component (protein) upon
addition of unlabeled binding partner (ligand). The Kp values were derived from a global fit model that provides errors based on
the fit calculated by a nonlinear least square fit to a single-site binding model using the equation:

Ply + Ly +Ko — / (1Pl + Ll +Ko)” — 4P [L]

A(S B A(;MAX 2[P}
T

where [P]r and [L]; are the total protein and ligand concentrations at each titration point, A is the change in peak position from the
apo state and Adyax is the chemical shift difference between apo and fully bound states of the protein (Varadan et al., 2004). For '3C
measurements, binding isotherms were quantified separately for 'H or '®C chemical shifts with A3 calculated from the following
relation:

2 2
Ad = (A—BH> + (A—&C> (Equation 2)
o B

where Ady g is the shift change between methyl group "H (*3C) nuclei in apo and fully saturated forms of the protein, « (B) is one stan-

dard deviation of the methyl 'H (*3*C) chemical shifts (separate values of « (B) are used for different methyl groups), as tabulated in the

Biological Magnetic Resonance Databank (www.bmrb.wisc.edu). For ®N measurements, combined chemical shift perturbations

were used, calculated as follows: Ad = v/Ad2 +0.04A6y°, where Ad, and Ady are shifts in 'H and '°N resonances, respectively.
5N relaxation rates were measured using standard methods as described (Hall and Fushman, 2003).

UbPT Crosslinking Conditions

The crosslink reaction was performed in 96 well-plates, allowing for a 30 minute preincubation at 30°C. Samples were placed 10 cm
from the light source and UV-irradiated for 30 min using 5X8W UV Bulbs 302/355 nm (Cleaver Scientific — UV Crosslinker). Rad23
competition reactions were conducted in PBS pH 7.4 buffer using 1 uM of Rpn17C, 5 uM K48-Ub,,”™"®, and 0.5 uM or 1 uM of
Rad23. Proteasome crosslinking was carried out in 25 mM Tris pH 7.4, 10 mM MgCI2, 10% glycerol, 2 mM ATP and 1 mM DTT buffer.
200 nM proteasome was first pre-incubated with 0.1 mM NEM for 30 minutes. UV Crosslinking occurred after addition of 400 nm
Rad23 and 2 uM of the indicated polyUb,,"".

Docking Simulations and Bioinformatics Analysis

pyDockWEB

Docking analysis were done with pyDockWeb (Jimenez-Garcia et al., 2013), a web tool for the structural prediction of protein-protein
interactions. Given the 3D coordinates of two interacting proteins (which can be modeled or experimental PDB structures),
pyDockWEB returns the best rigid-body docking orientations generated by FTDock (Gabb et al., 1997) and evaluated by pyDock
scoring function (Cheng et al., 2007), which includes electrostatics, desolvation and limited van der Waals contribution energy terms.
NIP Method

Normalized interface propensity (NIP) values derived from rigid body docking with electrostatics and desolvation scoring for the pre-
diction of interaction hotspots (Grosdidier et al., 2007). The ensembles of the rigid-body docking solutions generated by the simu-
lations were subsequently used to project the docking energy landscapes onto the protein surfaces. Highly populated low-energy
regions consistently correspond to actual binding sites. Most of the predicted hot-spot residues are above NIP values of 0.3.
ConSurf Server

The ConSurf server (Glaser et al., 2003) is a bioinformatics tool for estimating the evolutionary conservation of amino positions in a
protein molecule based on the phylogenetic relationships between homologous sequences. The degree to which an amino (or
nucleic) acid position is evolutionarily conserved is strongly dependent on its structural and functional importance; rapidly evolving
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positions are variable while slowly evolving positions are conserved. Thus, conservation analysis of positions among members from
the same family can often reveal the importance of each position for the protein structure or function.

UCSF Chimera

Molecular graphics and analyses were performed with the UCSF Chimera package. Chimera is developed by the Resource for Bio-
computing, Visualization, and Informatics at the University of California, San Francisco ((http://www.cgl.ucsf.edu/chimera) supported
by NIGMS P41-GM103311). (Pettersen et al., 2004)

Chemical Methods Synthesis of Monomeric Ub”T® and UbPT("3

All commercial materials (Aldrich, Fluka, Novabiochem, Biosolve, Thermo Scientific) were used without further purification. L-2-
amino-4,4-azi-pentanoic acid (L-photoleucine) was purchased from Thermo Scientific. Peptide synthesis reagents (standard amino
acid building blocks and PyBop) were purchased from Novabiochem. All solvents were reagent grade or HPLC grade. Unless stated
otherwise, reactions were performed under an inert atmosphere. NMR spectra ('H and '3C) were recorded on a Bruker Avance
300 spectrometer, referenced to TMS or residual solvent. LC-MS analysis was performed on a system equipped with a Waters
2795 separation Module (Alliance HT), Waters 2996 Photodiode Array Detector (190-750 nm), Phenomenex Kinetex™ C18 (100A,
100 x 21 mm, 2.6 um) reversed phase column or Phenomenex Kinetex™ XB-C18 100A (50 x 2 mm, 2.6 um) reversed phase column
and a Micromass LCT-TOF mass spectrometer. Samples were run at 0.40 mL/min using a gradient of two mobile phases, A: 0.1% aqg.
formic acid and B: 0.1% formic acid in acetonitrile. Data processing was performed using Waters MassLynx 4.1 software. Preparative
HPLC was performed on a Waters XBridge™ Prep C18 Column (30 x 150 mm, 5um OBD™) at a flow rate of 37.5 ml/min. The solvents
used were aq. 0.05% TFA (Solvent A) and acetonitrile containing 0.05% TFA (Solvent B) using gradient elution.

Compound Synthesis and Characterization

L-2-amino-4,4-azi-pentanoic acid (L-photoleucine, 100 mg, 0.7 mmol) was dissolved in 5 mL of 10% aq Na,COs. To this, a solution of
Fmoc N-hydroxysuccinimide ester (Fmoc-OSu, 1.2 eq, 0.84 mmol, 283 mg) in 5 mL THF was added (Scheme S1). The reaction
mixture was stirred overnight at RT. A sample from the reaction mixture was analyzed by LC-MS (LCT, micromass) to determine
the formation of Fmoc-photoleucine. LC-MS R; 7.03 min; MS ES+ calculated: 366.39; found 365.93. Phenomenex Kinetex™ C18
(100A, 100 x 21 mm, 2.6 um); solvents - 0.1% aq. formic acid (Solvent A) and acetonitrile containing 0.1% formic acid (Solvent
B), flow rate = 0.4 mL/min, runtime = 12 min, column T = 45°C. Gradient: 5% = 95% solvent B over 7.5 min.

The THF was removed by evaporation under reduced pressure and the remaining aqueous phase washed with ethyl acetate
(20 mL). The organic layer was separated and washed with water (20 mL). Both aqueous layers were combined and acidified with
1M ag HCI until the pH dropped between 1 and 2. The product was extracted two times with ethyl acetate. The combined organic
layers were dried over sodium sulphate, filtered and evaporated under reduced pressure. After purification by column chromatog-
raphy (1% — 5% MeOH/DCM), the product was obtained as a colourless oil (yield: 245 mg, 0.67 mmol, 96%, purity: 90 %, according
to NMR). This compound can be further purified to 99% by a preparative reversed phase HPLC. 1H NMR (300 MHz, CDCl3): 3 =11.23
(s, 1 H), 7.79 (d, J=7.6 Hz, 2 H), 7.67 (d, J=7.6 Hz, 2 H), 7.60 — 7.28 (m, 4 H), 5.66 (d, J=7.56 Hz, 1 H), 4.62 — 4.42 (m, 3 H), 4.29
(t, J=6.9 Hz, 1 H), 2.13 and 1.69 (m, 2H), 1.09 and 0.9 (2s, 3H). See Schemes S1-S10 for supporting information.

Solid Phase Peptide Synthesis of Ub Containing Photoleucine

The synthesis of ubiquitin by solid phase peptide synthesis was carried out according to the previously reported protocol (El Oualid
et al., 2010). Ubiquitin with photoleucine incorporated at positions 8 or 73 and ubiquitin containing photoleucine at positions 8 and 73
were synthesized by solid phase peptide synthesis on TentaGel Trt R resin. After acid (TFA) cleavage, the ubiquitin was precipitated in
ether, dried and lyophilized. See Schemes S1-S10 for supporting information.

HPLC Purification of Ub Containing Photoleucine
Ubiquitin containing the photoleucine was first dissolved in DMSO. This solution was slowly added to MQ water containing 0.05%
TFA and filtered through a Gfx0/0.45um GHP membrane Acrodisc® Premium 25mm syringe filter. The sample was then injected
onto a Waters XBridge™ Prep C18 Column (30 x 150 mm, 5pum OBD™) at a flow rate of 37.5 ml/min. The protein was purified
with the gradient outlined Table 1 using ag. 0.05% TFA (Solvent A) and acetonitrile containing 0.05% TFA (Solvent B) as eluents.
The retention time for the ubiquitin mutants was approximately 10 minutes. All fractions containing the protein were confirmed by
checking the mass using a LC-MS: R; 2.8 min; Phenomenex Kinetex™ XB-C18 100A (50 x 2 x 10 mm, 2.6 um); solvents - MQ water
with 0.1% formic acid (Solvent A) and acetonitrile containing 0.1% formic acid (Solvent B), flow rate = 0.5 mL/min, runtime = 6 min,
column T =45°C. Gradient: 5% = 95% B over 3.5 min. All samples containing pure protein were pooled and lyophilized. See Schemes
S1-510 for supporting information. See Schemes S1-S10 for detailed information on gradient used in the HPLC purification of the
ubiquitin mutants.

Analysis of Purified Ubiquitin Incorporated with Photoleucine

The ubiquitin mutants were dissolved in DMSO to a concentration of 10 mg/mL. 0.2 pL of this sample was resuspended in 10 uL
MQ water. To this solution, 5 pL 3x SDS buffer (containing 7.5% 2-mercaptoethanol) was added and the samples were heated at
70°C for 10 minutes. Samples were then loaded on a Nova 12 % Bis-Tris gel and run at 190 V for 47 mins using MES buffer. See
Schemes S1-S10 for supporting information.
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LC-MS Analysis of the Purified Ubiquitin Containing Photo-Leucine

All purified proteins were confirmed by checking the mass using LC-MS. R; 4.45 min; Phenomenex Kinetex™ C18 (100A,
100 x 21 mm, 2.6 pm); solvents — aq. 0.1% formic acid (Solvent A) and acetonitrile containing 0.1% formic acid (Solvent B),
flow rate = 0.4 mL/min, runtime = 12 min, column T = 45°C. Gradient: 5% = 95% B over 7.5 min. (purity > 98%). See Schemes
S1-510 for supporting information.
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Supplemental Figures, Polyubiquitin-PhotoTrap Reagents (polyUb®T)
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Supplemental Figure S1. Ubp6¢'!8* binding to polyUb®’, related to Figure 3.
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K48-linked polyUb®T crosslinked to purified recombinant Ubp under similar conditions to those described in Figure

1B.



Supplemental Figures, Polyubiquitin-PhotoTrap Reagents (polyUb®T)
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Supplemental Figure S2. Rpn1l fragments associate with diUb. Related to Figure 4.

A. Truncated Rpn1 fragments, Rpn1%16-487 Rpn1%95933 Rpn1391%42 and Rpn13°¢-°%> were created by applying the
appropriate primer pair to the full length Rpn1 for ligation into the smt3-pET28b vector transformed and expressed in
BL-21 (DE3) Rosetta Il cells. 2 L cultures were grown to ODgoe™0.6 at 372C, induced with 0.5 mM Isopropyl B-D-1-
thiogalactopyranoside (IPTG), and expression was carried out for 18 hrs. at 162C. Cell lysate was fractionated first by His-
Trap. Following elution, fractions containing Rpn1 fragment were pooled and separated using a Superdex 200 16/60 in
PBS pH 7.4 buffer. Rpn1 eluted as sharp peak consistent with uniform behavior of a soluble monomer (top panel). Purity
was confirmed with SDS-PAGE (bottom panel). Moreover, Rpn1391%42 migrates at more or less similar position where
diUb dimer runs, supporting the conclusion that Rpn13°1%42 js soluble as well as monomeric.

B. Dimeric Ub®" cross-linking with Rpn13°69% fragment. K48-linked or K63-linked diUb®" was crosslinked to Rpn136-9%
fragment according to protocol described in Figure 1B.



Supplemental Figures, Polyubiquitin-PhotoTrap Reagents (polyUb®T)
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Supplemental Figure S3. Potential protein-protein interaction sites on Rpn1 surface. Related to Figure 4.

A. Alignment of Rpn1 and Rpn2. The structural information from Rpn2 (PDB-4ADY) was effective in locating electron density
assigned to Rpn1 in cryoEM-derived proteasome models (5A5B). Rpn1 (green) and Rpn2 (cyan, PDB-4ADY), RMSD=8.60A. B. Residue
conservation on Rpn1l surface based on current 3D structural Model of Rpn1 in 26S proteasomes. Evolutionary conservation of
amino acid positions on Rpn1 surface based on the phylogenetic relations between homologous sequences positioned on putative
3D conformation of Rpnl from yeast as it appears in EM models of the 26S proteasome (using the ConSurf program and PDB:5A5B).
Most highly conserved residues are painted dark red; least conserved positions are in light blue. The position of two nearest
neighbors in the 19S, Rptl and Rpt2, are shown in light blue and green respectively according to the EM model. Most evolutionary
conserved residues on the surface of Rpnl contacted neighboring subunits Rpt1 and Rpt2. However, patches of conservation were
identified on predicted solvent-exposed surfaces of the PC domain (e.g. residues painted dark red facing forward). C. Protein
interaction site on Rpn1 (NIPS). A docking experiment with PyDock WEB server (Jimenez-Garcia et al., 2013) revealed a surface on
Rpn1 with low-energy docking poses for complexes with monoUb. Normalized interface propensity (NIP) values derived from rigid
body docking with electrostatics and desolvation scoring for the prediction of interaction hotspots. Rigid-body docking solutions
generated by the simulations were subsequently used to project the docking energy landscapes onto full-length Rpn1 without any
restraints. Most of the predicted hot-spot residues are above NIP values of 0.3. Even though possible interactions were not
restricted to any region of Rpn1, the energetically preferred Ub docking poses mapped to the exposed region of the PC domain and
to the hinge between the PC domain and the N-terminal extension of Rpn1 (Red). D. Molecular docking analysis of ubiquitin
docking onto Rpn1 structure. Best 10 docking pyDockWEB results of Ub (PDB 1UBQ for ubiquitin ribbon, colored red) to Rpn1 (PDB
4CR2 for the Rpn1 structure, colored tan) suggested a specific association site on PC region covering residues ~350-640. Center of
mass (spheres) of 100 best Ub-Rpn1 pyDockWEB results. Ten lowest energy Ub results are colored red showing location of center of
mass and relative orientation to Rpn1 ribbon in tan. When performing docking of Ub on the PC domain structure, the 100 most
preferred docking results distribute along the exposed edge of the PC ring particularly along the segment aa ~350-640 that
encompasses the highly conserved hydrophobic resides (Figure 4G). Of these, the orientation of Ub docked at the ten most
preferred sites fall into two clusters wedged between the circular PC repeat region and the extended N-terminus, in a solvent-
exposed area of Rpn1.
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Supplemental Figure S4 - Rpn1 binds Ub via hydrophobic patch of Ub. Related to Figure 5.

A. Site-directed mutagenesis confirms that recognition by Rpn1 involved hydrophobic patch of Ub. Mutations of the hydrophobic-
patch residues L8 and 144 in Ub reduce Rpn1 binding. >N transverse relaxation time (T2) of backbone amides in WT Ub (black) and
mutant (Ub'¥*'*44) (blue) alone and in the presence of Rpn13°%42 at 1:1 molar ratio (red and green, respectively).

B. Predicted protein/protein interaction site on Ub and Rpn1¢, NIPS. Normalized interface propensity (NIP) values derived from
rigid body docking with electrostatics and desolvation scoring for the prediction of interaction hotspots. The ensembles of the rigid-
body docking solutions generated by the simulations were subsequently used to project the docking energy landscapes mapping
sites on Ub displaying preferable energy of interaction with Rpn1°¢. NIP values represent the frequency of a given residue to be
located at the interface among the lowest energy solutions of docking points to Helices 586-590, 540-552 on the surface of Rpn1°©
upon interaction with free Ub as highly populated (dark green; left). The reciprocal experiment mapped sites on Ub displaying
preferable energy of interaction with full-length Rpn1 picks out the hydrophobic patch of Ub and some neighboring residues(right).
NIP values greater than 0.3 point to the canonical hydrophobic patch centered on L8, 144, and V70 (dark green) extending to some
neighboring residues on one face of free Ub (light green, grey).



Supplemental Figures, Polyubiquitin-PhotoTrap Reagents (polyUb®T)
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Supplemental Figure S5. Nature of association between Rpn1l and diUb. Related to Figure 6.

A. NMR analysis of the binding interactions between Rpn1392-6%2 and K63-linked diUb. Amide CSPs (black bars) in the distal
Ub of K63-Ub; at the endpoint of titration with Rpn13°:-642, as a function of residue number. Residues showing strong signal
attenuations during the titration are marked with grey bars. Signal perturbations in K63-Ub2 upon titration with Rpn13°%%42 gre
similar to those in K48-Ub, (Figure 6).

B. Interaction of K48-linked Ubz with Rpn139:-642 by Methyl TROSY. Residues that shift upon addition of Rpn1 are colored
according to the magnitude of CSP (red to white).
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Supplemental Figure S6 — Model of how Rpn1l may position polyUb at 19S RP of proteasome for aiding substrate processing.
Related to Figure 6.

(A) CryoEM model of the proteasome (PDB 5A5B) highlighting position of Rpn1 (green), and Rpn2-Rpn13 (cyan-purple) on the Six
ATPases that make up the base of the 19S5 RP (Rpt1-6, as yellow surface). When incorporated into the proteasome, a wide swath of
Rpn1 (encompassing the majority of its first PC stretch, rich in hydrophobic and conserved residues) does not contact other 195
subunits and is exposed to solvent. This region is positioned perfectly to concentrate proteasome auxiliary factors, proteasome-
interaction proteins, and polyUb-conjugates at the entry point of proteasome entry (tan cloud). We suggest that through manifold
protein-protein interactions, Rpnl coordinates substrate recruitment and hand-over to proteasome-associated DUBs for chain
removal and the substrate to RPT ATPases for unfolding and translocation. (B) Model demonstrating possible orientation of
extended tetra-ubiquitin chain spanning Rpn1 (green) and Rpn11 (black) in the 26S proteasome. Proteasome EM model 5A5B was
stripped of most lid and base 19S subunits to expose USP domain of Ubp6 (violet) and Rpn1 (green) in relation to RPT ring of
ATPases (blue) situated on alpha (yellow) and beta (red) rings of 20S CP. Approximate size and orientation of extend tetra-ubiquitin
chain (cyan) is superimposed to demonstrate that chains of three or longer Ub units are sufficient to tether UBA domains of shuttles
or the USP domain of Ubp6/USP14 to Rpnl.
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