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Summary

Rpn13/Adrm1l is recruited to the proteasome by PSMD1/Rpn2, where it serves as a substrate
receptor that binds preferentially to K48-linked ubiquitin chains, an established signal for protein
proteolysis. Here, we use NMR to solve the structure of hRpn13 Pru:hRpn2 (940-953):K48-
diubiquitin. Surprisingly, hRpn2-bound hRpn13 selects a dynamic, extended conformation of
K48-diubiquitin that is unique from previously determined structures. NMR experiments on free
K48-diubiquitin demonstrate the presence of the reported “closed’ conformation observed by
crystallography, but also this more extended state, in which the hRpn13-binding surface is
exposed. This extended K48-diubiquitin conformation is defined by interactions between L73
from G76-linked (distal) ubiquitin and a Y59-centered surface of K48-linked (proximal) ubiquitin.
Furthermore, hRpn13 exchanges between the two ubiquitins within 100 ms, although prefers the
proximal ubiquitin due to interactions with the K48 linker region. Altogether, these data lead to a
revised model of how ubiquitinated substrates interact with the proteasome.
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eTOC Blurb

hRpn13 is a ubiquitin receptor assembled into the proteasome by hRpn2. Lu et al. used NMR to
solve the structure of hRpn2-bound hRpn13 with K48-diubiquitin to discover the chemical basis of
hRpn13 preference for the K48 linkage and a dynamic and extended conformation for K48-
diubiquitin.

Introduction

The 26S proteasome, composed of a 20S catalytic core particle (CP) capped at either end
with a 19S regulatory particle (RP), performs regulated protein degradation in cells. The RP
binds and processes ubiquitinated substrates to ultimately passage them to the CP for
hydrolysis into short peptides, reviewed in (Ehlinger and Walters, 2013; Finley et al., 2016).
Substrate receptors Rpn1/S2/PSMD2, Rpn10/S5a/PSMD4 and Rpn13/Adrml in the RP
capture ubiquitinated substrates by recognition of ubiquitin and/or shuttle factors bound to
ubiquitinated substrates (Chen et al., 2019; Chen et al., 2016; Hiyama et al., 1999; Husnjak
et al., 2008; Schreiner et al., 2008; Shi et al., 2016; Walters et al., 2002; Young et al., 1998;
Zhang et al., 2009). These three receptors additionally contribute ubiquitin processing
enzymes to the proteasome, deubiquitinating enzymes Usp14 (Borodovsky et al., 2001;
Leggett et al., 2002; Verma et al., 2000) and Uch37 (Lam et al., 1997) for Rpn1 and Rpn13
respectively, and ubiquitin E3 ligase E6AP for Rpn10 (Buel et al., 2019).

hRpn13 has emerged as a therapeutic target (Anchoori et al., 2018; Anchoori et al., 2013;
Kisselev, 2013; Lu et al., 2017; Randles et al., 2016; Song et al., 2019; Song et al., 2016;
Trader et al., 2015) with synergy to current proteasome inhibitors of the CP that are used to
treat hematological cancers (Song et al., 2016; Trader et al., 2015). An N-terminal Pru
(pleckstrin-like receptor for ubiquitin) domain in hRpn13 binds ubiquitin (Husnjak et al.,
2008; Schreiner et al., 2008) and the proteasome (Hamazaki et al., 2006; Jorgensen et al.,
2006; Lu et al., 2015; Qiu et al., 2006; Yao et al., 2006) while a C-terminal DEUBAD
(DEUBIquitinase ADaptor) domain recruits and activates deubiquitinating enzyme (DUB)
Uch37 (Hamazaki et al., 2006; Qiu et al., 2006; Yao et al., 2006), one of three DUBs that
remove ubiquitin from substrates prior to entry into the CP catalytic chamber.
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To bind the proteasome, the hRpn13 Pru domain forms extensive hydrophobic interactions
with a 14-residue intrinsically disordered region at the extreme C-terminal end of hRpn2 (Lu
etal., 2015; Lu et al., 2017; VanderLinden et al., 2017). A model generated by using
HADDOCK and sparse NMR data as well as an experimental crystal structure have defined
three loops in the hRpn13 Pru domain to bind the L8-144-\VV70 hydrophobic patch of
monoubiquitin (Schreiner et al., 2008; VanderLinden et al., 2017). Recently, a structure of
hRpn13 Pru with K48-diubiquitin has also been reported based on NMR data, concluding
that hRpn13 selectively enriches a preexisting compact state of K48-diubiquitin (Liu et al.,
2019). Our data herein suggest an alternative interaction mechanism and structure for
hRpn13 binding to K48-diubiquitin. We use NMR to solve the structure of hRpn2 (940-
953)-bound hRpn13 Pru with K48-diubiquitin. We find hRpn13 to bind dynamically to each
ubiquitin of K48-diubiquitin, with preference for the ubiquitin linked by K48, named
proximal for its free G76, which could in principle be linked to a substrate. In contrast to the
earlier study, we find an extended conformation for K48-diubiquitin that is unique from
previously determined structures and is selected for binding by hRpn2-bound hRpn13.

Structure of hRpn2-bound hRpn13 complexed with K48-diubiquitin

We previously found hRpn13 to bind preferentially to K48-linked ubiquitin chains over all
other linkage types (Chen et al., 2016) and for the extreme C-terminal 14 amino acids of
hRpn2 to be sufficient for hRpn13 binding (Lu et al., 2015; Lu et al., 2017; VanderLinden et
al., 2017). In an effort to define mechanistically the binding interactions of hRpn2-bound
hRpn13 with K48-diubiquitin, we prepared two differentially labeled samples for NMR
experiments. Each sample contained 13C labeled hRpn13 Pru domain and unlabeled 14-
amino acid, hRpn13-binding hRpn2 (940-953). K48-diubiquitin was also present in each
sample with either the proximal (Ternary-13C-P) or distal (Ternary-13C-D) ubiquitin 13C
labeled (Figure 1A). In each case, 1.2-fold molar excess K48-diubiquitin was added to
premixed equimolar hRpn13 Pru and hRpn2 (940-953). For each sample, 13C-dispersed
NOESY spectra recorded intramolecular interactions for the 13C-labeled protein as well as
intermolecular interactions among all components and 13C-half-filtered NOESY spectra
(Chen and Walters, 2012; Lee et al., 1994; Walters et al., 2001; Wider et al., 1991) were used
to select for interactions between the 13C- and 12C-labeled components (Figures 1B and S1).
Similar intermolecular interactions were observed between hRpn13 and the proximal
(Figures 1B left panel and S1A) or distal (Figures 1B right panel and S1B) ubiquitin moiety,
indicating that hRpn13 binds to both ubiquitins and does so with a common binding
mechanism. The NOEs to distal ubiquitin were weaker compared to proximal ubiquitin
(compare right and left panels in Figure 1B and Figures SLA-S1B), indicating hRpn13
preference for the K48-linked proximal ubiquitin, as previously observed for experiments
performed without hRpn2 present (Schreiner et al., 2008). In total, we identified 72 or 56
intermolecular interactions between hRpn13 and the proximal or distal ubiquitin moieties,
respectively (Tables 1 and 2). 722 NOE interactions were observed within hRpn13 and 104
between hRpn13 and hRpn2 that were identical compared to data collected without K48-
diubiquitin present (Figures S2A-S2B) (Lu et al., 2017), indicating that the hRpn13
structure and interaction with hRpn2 was not altered by binding to K48-diubiquitin. We
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combined all experimental data as described in STAR Methods and listed in Tables 1 and 2
to calculate the structure of hRpn2-bound hRpn13 at either ubiquitin of K48-diubiquitin.

Excluding the unbound ubiquitin moiety, the 15 lowest energy structures without violations
converged to a backbone root mean square deviation (RMSD) of 0.48 A or 0.59 A
respectively for the complex with hRpn13 at proximal (Ternary-P, Figure 1C) or distal
(Ternary-D, Figure 1D) ubiquitin. For clarity, a representative ribbon diagram for Ternary-P
(Figure 1E) or Ternary-D (Figure 1F) is included with a transparent view of the
conformational ensemble possible for the unbound ubiquitin. In both cases, hRpn2 (940-
953) extends across hRpn13 Pru where it interacts with B1, B2, B7, B8 and connecting loops
B1-p2, p6-p7, p8-al (Figures 1IE-1F), similar to the interactions observed without ubiquitin
present (Lu et al., 2017) (Figure S2C). In addition, the structure of each ubiquitin moiety is
unchanged compared to free monoubiquitin (PDB code 1UBQ) (Vijay-Kumar et al., 1987),
with an RMSD for the secondary structural elements of 0.60 + 0.14 A (Figure S2D).

hRpn2-bound hRpn13 interacts dynamically with ubiquitins of K48-diubiquitin

As described above, two distinct binding states were observed, differentiated by hRpn2-
bound hRpn13 interaction with either the proximal or distal ubiquitin of K48-diubiquitin
(Figure 1). Our NMR experiments further indicated that hRpn2-bound hRpn13 exchanges
dynamically between these two states. More specifically, the 13C-dispersed NOESY spectra
for the differentially labeled hRpn2:hRpn13:K48-diubiquitin samples (Figure 1A) were
recorded with a 100 ms mixing time, during which NOE interactions were transferred
between the two states. Characteristic of the hRpn13 being at either ubiquitin, we observed
two sets of proximal and distal ubiquitin signals for amino acids at the binding surface,
including the A46 Ha and methyl groups (Figure 2A). One set of signals was not shifted by
hRpn2:hRpn13 addition, indicating an unbound state — either due to hRpn13 binding at the
other ubiquitin or to the slight molar excess of K48-diubiquitin compared to hRpn2:hRpn13
(Figure 2B). Indicative of exchange between the two observed states, NOEs were detected
between the A46 unbound-state and bound-state methyl signals, as well as to and between
the A46 Ha signals. Furthermore, intermolecular NOEs involving hRpn13 F98 and K103
were transferred to the unbound states of A46 (Figure 2A). These transferred NOEs from the
bound to unbound state indicate that hRpn13 interacts dynamically with K48-diubiquitin
such that during 100 ms, an hRpn13-bound ubiquitin moiety is released.

Binding mechanisms of hRpn13 for K48-diubiquitin

Ubiquitin receptors commonly bind a hydrophaobic ubiquitin surface centered on L8, 144,
and V70 (Randles and Walters, 2012), which are located in ubiquitin loop p1-p2, 3, and
B5, respectively, and part of the hRpn13 recognition surface (Figures 3A-3B). hRpn13 binds
this ubiquitin surface at a location remote from where hRpn2 binds and formed by p4, B8
and loops connecting p3-p4, p5-p6, and p7-B8 (Figures 1IE-1F and 3A). Arginine
substitution of hRpn13 F76, located in the B5-B6 loop, abrogates hRpn13 binding to
ubiquitin (Schreiner et al., 2008) and we find this amino acid to interact with the distal and
proximal L8-144-V70 ubiquitin patch of K48-diubiquitin similarly (Figures 3A-3B), as
defined by our experimental data (Figure S3). At either side of F76, hRpn13 L56 and 174
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form hydrophobic contacts to ubiquitin R42, 144, Q49 and V70 (Figure 3B), as indicated by
NOE interactions (Figure S1).

In the region at ubiquitin A46, hRpn13 F98 also contributes to ubiquitin binding, interacting
with this residue, while further interactions are made by hRpn13 A100 to ubiquitin F45, S65
and T66 (Figure 3C). These contacts are indicated by NOEs (Figures 2A, 3D and S1), some
of which transferred to signals from unbound ubiquitin (Figures 3D and S1). As discussed
above, the presence of these transferred NOEs indicated dynamic exchange between the
hRpn13-bound and hRpn13-free states for the ubiquitin moieties of K48-diubiquitin.

Furthermore, hRpn13 L73, 175 and K103 form extensive interactions with ubiquitin G47 and
K48 (Figure 3C), which for the proximal ubiquitin is adjacent to or at the ubiquitin linker
region. Loss of the charge for the proximal ubiquitin K48 sidechain enables closer contacts
with surrounding hydrophobic groups from these hRpn13 amino acids (Figure 3C). In
addition, a hydrogen bond is formed between the hRpn13 K103 e-ammonium group and the
carbonyl oxygen of the isopeptide bonded ubiquitin G76 (Figure 3C). These interactions
provide a rationale for hRpn13 preference for K48-linked ubiquitin.

Unbound ubiquitin is only partially constrained in complex with hRpn2-bound hRpn13

24 NOEs were detected between the two ubiquitin moieties involving distal ubiquitin L73
and proximal ubiquitin amino acids, including Q49, E51, R54, D58, and Y59 (Figures 4A—
4B, Tables 1 and 2). These interactions were detected for both sample Ternary-13C-P and
Ternary-13C-D (Figures 1A, 4A-4B, S4A-S4B) and are derived by the sidechain of L73
from distal ubiquitin being buried by hydrophobic groups from proximal ubiquitin amino
acids at or near the linker region centered around Y59 (Figures 4C-4D). Only K48-linked
ubiquitin chains can form linkage-dependent interactions with the Y59-centered surface, as
it is spatially close to the K48 sidechain and remote from all other amino acids used to form
ubiquitin chains (Figure S4C). At either side of this surface are the sidechain y and & groups
of R54 and the linked K48 sidechain, thus placing L73 between K48 and R54, a location
ideal for interaction with the aromatic sidechain of Y59 (Figures 4B-4D).

The interactions between distal ubiquitin L73 and the proximal ubiquitin Y59-centered
surface as well as the isopeptide bond that links the two ubiquitins partially constrain their
relative orientation. However, distal ubiquitin L73 is not rigidly constrained relative to
neighboring R72 (Figures 1C-1D). This feature, together with the lack of additional
interactions involving the unbound ubiquitin, enables conformational heterogeneity such that
relative to the linker region, distal ubiquitin can rotate about an angle of ~122° when
hRpn13 is present at proximal u biquitin (Figure 1C), and proximal ubiquitin rotates about
an angle of ~112° when hRpn 13 binds distal ubiquitin (Figure 1D). Thus, a striking
commonality between the two K48-diubiquitin binding states of hRpn2:hRpn13 is the
geometric freedom of the unbound ubiquitin, inducing flexibility for the ubiquitin moieties
neighboring that bound by hRpn13.

hRpn2-bound hRpn13 binds to an extended conformational state of K48-diubiquitin

Two distinct conformational states have been resolved for free K48-diubiquitin, a ‘closed’
form (Figure 5A) in which the ubiquitins pack against each other (Cook et al., 1992; Trempe
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etal., 2010) and an ‘opened’ form (Figure 5B) with the ubiquitins further apart (Hirano et
al., 2011; Lai et al., 2012). Distal ubiquitin L73 is spatially close to proximal ubiquitin K48
in the ‘closed’ but not ‘opened’ form. However, in both conformational states of K48-
diubiquitin, proximal ubiquitin Q49, E51, R54, D58 and Y59 are too far for the observed
NOE interactions with distal ubiquitin L73 (this study, Figure 5C). The detected inter-
ubiquitin NOEs thus suggest the presence of a K48-diubiquitin conformational state that is
unique from those previously discovered.

We tested whether these interactions exist in free K48-diubiquitin or alternatively, are
induced by binding to hRpn13 by recording a 13C-half-filtered NOESY spectrum on free
K48-diubiquitin with the proximal ubiquitin 13C-labeled (Figure 5D, left panel). Interactions
expected for the ‘closed’ K48-diubiquitin conformation were represented strongly in this
experiment. In particular, NOEs were detected between distal ubiquitin L71 and L73 and
proximal ubiquitin K48 as well as between distal ubiquitin L8, T9, V70 or R72 and proximal
ubiquitin G47 or Q49 (Figure 5D, right panel). This second set of NOE interactions are
exclusive to the ‘closed’ conformation (Figure 5A) and not present in the spectra recorded
with hRpn2-bound hRpn13 present (Figure 4B), suggesting that this conformational state is
not productive for binding to hRpn13. We were not able to find interactions between the two
ubiquitins characteristic of the “‘opened’ crystal structure, such as between proximal
ubiquitin K48 and distal ubiquitin R72 (Figures 5B and 5D), consistent with a previous
report (Lai et al., 2012).

Similar to the spectra recorded with hRpn2-bound hRpn13 present, we detected NOE
interactions between distal ubiquitin L73 and proximal ubiquitin R54 or Y59 for the free
K48-diubiquitin sample (Figure 5D, right panel). These NOEs were weaker compared to
when hRpn2-bound hRpn13 was present (Figure 5D, right panel versus 4B) and also
compared to the NOEs representative of the K48-diubiquitin ‘closed’ conformation (Figure
5D).

Altogether, our data indicate that free K48-diubiquitin exists in solution predominately in the
‘closed’ conformation, but also in an extended conformation that orients distal L73 towards
a proximal ubiquitin surface at R54 and Y59 and that this latter conformational state is
selected for by hRpn2-bound hRpn13 (Figure 5E); for simplicity, we henceforth refer to this
state as ‘extended’. The extended K48-diubiquitin state is dynamic but does not include the
‘open’ conformation observed by x-ray crystallography (Figure S4D), which does not orient
distal L73 towards the Y59-centered proximal ubiquitin surface.

Comparison with previous structures of hRpn13 complexes with ubiquitin

hRpn2-bound hRpn13 Pru complexed with monoubiquitin has been crystallized to have two
conformational states per asymmetric unit, which superimpose onto hRpn2-hRpn13 Pru
bound to the proximal ubiquitin with an RMSD of 0.968 A (Figure 6A, dark red) or 0.963 A
(Figure 6A, gray) (VanderLinden et al., 2017). Thus, the binding interactions in these
complexes are similar. Some subtle differences exist involving L8 and as expected, K48. In
the crystal structures, ubiquitin L8 is spatially close to hRpn13 F76 and P77 (for PDB
5V1Y-1) or F76, P77 and P131 (for PDB 5V1Y-2) (Figure 6B, red and gray). We detected
intermolecular NOE interactions from proximal or distal ubiquitin L8 to hRpn13 F76
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(Figure S3) but not to P77 or P131. Both proximal and distal ubiquitin 144 and V70 also
have NOEs to hRpn13 F76 (Figure S3). Thus, in Ternary-P and Ternary-D, proximal L8 is
close to hRpn13 F76, but further away from P77 and P131 than in the crystal structures with
monoubiquitin (Figure 6B).

In the crystal structures with monoubiquitin, K48 adopts multiple conformations (Figure 6C,
red, gray or black). When linked to G76 however K48 converges (Figure 1C) to interact with
hRpn13 L73 and K103 (Figure 6C). These interactions are indicated by myriad NOEs
between these residues (Figures 3D and S1). The isopeptide bonded K48 sidechain is closer
to hRpn13 L73 methyl groups compared to in the structures with monoubiquitin (Figure
6C), a conformational change likely favored by loss of the positive charge. In addition, the
aforementioned hydrogen bond between the hRpn13 K103 e-ammonium group and the
carbonyl oxygen of the isopeptide bonded ubiquitin G76 is enabled by the shifting of
proximal ubiquitin K48 towards hRpn13 K103 (Figure 6C).

Previously, a structure determined by NMR was reported for hRpn13 Pru complexed with
K48-diubiquitin (PDB-5YMY, (Liu et al., 2019)). In contrast to our structure, this structure
reports only one configuration for hRpn13 binding to K48-diubiquitin with both ubiquitins
binding to hRpn13 at the same time (Figure 6D, bottom panel). The differences between our
structure and 5YMY are not caused by hRpn2, as 13C-half-filtered NOESY spectra recorded
on a mixture of 0.25 mM 13C-labeled hRpn13 Pru with 1.2-fold molar excess unlabeled
monoubiquitin without and with hRpn2 (940-953) detected identical NOE interactions
(Figure 6E, top versus bottom panel). This finding is consistent with our previous
demonstration that hRpn2 has no effect on ubiquitin binding for the single domain hRpn13
Pru fragment; however, hRpn2 does activate ubiquitin binding for full length hRpn13 by
abolishing intramolecular interactions between the hRpn13 Pru and DEUBAD domains
(Chen et al., 2010).

Our NOE data are not consistent with the 5YMY structure, and furthermore, only one
intermolecular NOE distance constraint between hRpn13 Pru and distal ubiquitin of K48-
diubiquitin was listed for 5YMY. This interaction was between hRpn13 Pru S102 Ha and
the distal ubiquitin L71 methyl groups (Figure 6D, bottom panel). We were unable to
observe an NOE corresponding to or supporting this interaction in our NMR spectra. In
addition, we were unable to find other intermolecular NOEs that would be expected from
PDB-5YMY, such as proximal ubiquitin K63 interaction with distal ubiquitin L71 methyl
groups (Figure 6D, bottom panel).

Discussion

Unexpectedly, we found an inherently dynamic, extended conformational state for free K48-
diubiquitin. We propose that only K48-linked ubiquitin chains are able to adopt this
conformational state, with distal ubiquitin L73 buried by proximal ubiquitin K48, R54 and
Y59, as these amino acids are remote from distal ubiquitin G76 for all other linkage types
(Figure S4C). As discussed above for free K48-diubiquitin, inspection of structures
deposited for free K48-tetraubiquitin (PDB: 1F9J (Phillips et al., 2001), 206V (Eddins et al.,
2007), 3ALB (Satoh et al., 2010), and 1TBE (Cook et al., 1994)) as well as other complexed
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structures available for K48-diubiquitin with other binding partners, including
deubiquitinase MINDY-1 MIU2 (PDB: 5MN9 (Kristariyanto et al., 2017)), ubiquitin
receptors Rpnl (PDB: 2N3V, 2N3W (Shi et al., 2016)) and Rpn10 (PDB: 2KDE, 2KDF
(Zhang et al., 2009)), E2 Ube2K (PDB: 61F1 (Lee et al., 2018)), and gp78 E3 ligase CUE
domain (PDB: 2LVP, 2LVQ (Liu et al., 2012)), revealed that this dynamic extended
conformational state that we discover herein was not observed in previous studies.

The hRpn13-binding surface is exposed in the extended configuration of K48-linked chains
and this surface is also used to bind many other ubiquitin receptors, including the other
proteasome substrate receptors Rpnl and Rpn10 (Shi et al., 2016; Wang et al., 2005; Zhang
et al., 2009). We also observed the ‘closed’ K48-diubiquitin conformation; this state buries
the L8-144-V70 binding surface of both ubiquitins (Cook et al., 1992; Trempe et al., 2010).
We propose that it is the dynamic, extended conformation of K48-linked chains, rather than
the “closed’ state, from which binding to receptors is most frequently initiated.

Even in our samples with excess K48-diubiquitin compared to hRpn2-bound hRpn13, the
‘closed’ state was not observed, suggesting that dynamic binding to hRpn13 is faster than
the time needed to reform the ‘closed’ state. Thus, the presence of hRpnl3 changes the time
scale for dynamic reorientation of two ubiquitin moieties, which in free K48-diubiquitin is
reported to occur on a time scale of 9-30 ns (Ryabov and Fushman, 2007). Substrates are
degraded at the proteasome in timescales of seconds with substrate unfolding being the rate
limiting step (Bard et al., 2019). We propose that the ability of hRpn13 to maintain ubiquitin
chains in the extended conformation with exposed receptor binding sites over hundreds of
milliseconds would aid binding to other ubiquitin receptors in the proteasome over the
required duration for substrate unfolding, especially weaker binding hRpn1 (Shi et al.,
2016).

Contribution of dynamic binding to ubiquitin chains at the proteasome

Substrates for the proteasome are diverse, as is the ubiquitin signal that directs them there,
which can be attached at multiple sites and/or with a variety of linkage configurations (Dikic
et al., 2009; Komander and Rape, 2012; Liu and Walters, 2010). How the proteasome
handles this multi-level diversity remains elusive. Following binding to the proteasome,
ubiquitin chains on substrates must be removed by deubiquitinating enzymes while the
substrates themselves engage the ATPase ring. Flexible, unstructured initiation sites within
the substrate, either naturally occurring or generated by interaction with Cdc48/p97
(Olszewski et al., 2019), promote proteolysis by productive interactions with the
translocation mechanisms of the proteasome ATPase ring (Bard et al., 2019; Fishbain et al.,
2015; Prakash et al., 2004). These events occur at fairly restrictive locations in the
proteasome RP (de la Pena et al., 2018; Dong et al., 2019), suggesting that substrate and
ubiquitin chain orientation would be important determinants of degradation efficiency.

The dynamic interactions between hRpn2-bound hRpn13 and K48-diubiquitin similarly
occur with the other major substrate receptors in the proteasome, Rpnl and Rpn10 (Shi et
al., 2016; Zhang et al., 2009). In our previous studies, we found each of these proteins to
interact dynamically with either ubiquitin of a K48-linked chain, in these cases through two
ubiquitin-binding sites (Shi et al., 2016; Zhang et al., 2009). We propose that the dynamic
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nature of receptor binding to the ubiquitin chains aids in orienting substrates at the
proteasome for downstream processing by the deubiquitinating enzymes and ATPase ring. In
this model (Figure 7), the receptors stochastically sample different locations of ubiquitin
chains to induce movement of the attached substrate until a binding configuration is obtained
that is conducive for processive deubiquitination and/or substrate interaction with the
proteasome ATPase ring.

Such dynamic interactions with ubiquitin chains may be used broadly by ubiquitin receptor
proteins in signaling pathways. For example, Rap80 contains two ubiquitin-binding regions
with spacing within a helix optimal for binding to neighboring ubiquitins of K63-linked
chains (Sato et al., 2009; Walters and Chen, 2009). When interacting with longer ubiquitin
chains, Rap80 similarly binds dynamically (Markin et al., 2010).

In summary, our findings highlight the dynamic interactions that occur between proteasome
receptors and K48-linked ubiquitin chains. We expect these dynamic interactions to also
occur with other ubiquitin chain linkage types and to be a natural necessity of the substrate
diversity at the proteasome.

STAR Methods

Lead Contact and Materials Availability

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Kylie J. Walters (kylie.walters@nih.gov). This study did not
generate new unique reagents.

Experimental Model and Subject Details

E. coli strains—£Escherichia coli BL21(DE3)pLysS or BL21 (DE3) cells (Invitrogen) were
grown in Fernbach flasks at 37°C in a shaker at 250 rpm unti | induction in either Luria-
Bertani broth or M9 minimal media with 13C glucose as the sole carbon source. In all cases,
antibiotic selection was used at 100 pg/mL ampicillin and 34 pg/mL chloramphenicol.
Following induction with isopropyl-p-D-thiogalactoside (0.4 mM), the temperature was
reduced to 17°C for hRpn13 Pru and ubiquitin.

Method Details

NMR sample preparation—hRpn13 Pru (1-150), hRpn2 (940-953), and K48-
diubiquitin were produced from Escherichia coli BL21(DE3)pLysS or BL21 (DES3) cells
(Invitrogen) as previously described (Cook et al., 1992; Lu et al., 2017). Affinity
chromatography was used for hRpn13 and hRpn2 respectively by using His and glutathione
S-transferase tags at the N-terminus followed by a PreScission protease cleavage site. K48-
diubiquitin was made by including additional amino acid D77 in the proximal ubiquitin (Ub-
D77) and substituting K48 with arginine (Ub-K48R) in the distal ubiquitin. Protein
expression was induced by isopropyl-p-D-thiogalactoside (0.4 mM) for 4 hat 37 °C or 20 h
at 17°C following growth at 37 °C to an OD g value of 0.6. The cells were collected by
centrifugation at 4,550g for 30 min, lysed by sonication and cell debris removed by
centrifugation at 31,0009 for 30 min. The lysates for hRpn2 (940-953) or hRpn13 Pru were
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incubated with Glutathione S-sepharose 4B (GE Healthcare Life Sciences) for 3 h or Talon
Metal Affinity resin (Clontech) for 1 h, respectively, and the resin washed extensively with
buffer A (20 mM sodium phosphate, 300 mM NacCl, 10 mM BME, pH 6.5). hRpn2 (940-
953) or hRpn13 Pru (1-150) was eluted from the resin by overnight incubation with 50 units
per mL PreScission protease (GE Healthcare Life Sciences) in buffer B (20 mM sodium
phosphate, 50 mM NaCl, 2 mM DTT, pH 6.5). The eluent was subjected to size exclusion
chromatography with a Superdex75 column on an FPLC system equilibrated with buffer B
for further purification. The lysates for Ub-D77 or Ub-K48R in buffer C (50 mM Tris, 1mM
PMSF, protease inhibitor cocktail, ImM DTT, pH 7.6) were titrated with 70% perchloric
acid to a final concentration of 2% (v/v) perchloric acid to precipitate impurities and
centrifugated at 31,0009 for 30 min. The supernatant was dialyzed into buffer D (50 mM
Ammonium Acetate, pH 4.5), applied to a cation exchange column (SP-Sepharose), and
eluted by a gradient of buffer D and E (50 mM Ammonium Acetate, 600 mM NaCl, pH
4.5).13C glucose was used for isotopic labelling.

0.88 mM 13C-labeled Ub-D77(proximal) or Ub-K48R (distal) with 1.2-fold molar excess
unlabeled Ub-K48R or Ub-D77 respectively were incubated at 37 °C for 4 h in reaction
buffer (50 mM Tris, 5 mM MgCl,, 10 mM creatine phosphate, 0.6 U/mL inorganic
pyrophosphatase, 0.6 U/mL creatine kinase, 2 mM ATP) with 20 uM E2-25K and 0.1 uM
E1. 10 uM E2-25K and 0.05 uM E1 was next added and incubation continued at 37 °C
overnight, after which the reaction was quenched by addition of 5 mM DTT and 1 mM
EDTA. The pH was lowered to 4.5 and the product purified by using a Mono S column. A
mixture of hRpn13 Pru with 1.2-fold molar excess hRpn2 (940-953) was prepared from the
separately purified proteins and then passed over the Superdex75 column equilibrated with
buffer B. The complex of hRpn13 Pru with hRpn2 (940-953) was added to 1.2-fold molar
excess K48-diubiquitin to assemble the ternary complexes in buffer B.

NMR experiments—AlIll NMR experiments were conducted at 25 °C and pH 6.5 on
Bruker Avance 850 or 900 MHz spectrometers equipped with cryogenically cooled probes.
Intramolecular or intermolecular NOE distance constraints for structure calculations were
obtained by using 13C-edited NOESY spectra (100 ms mixing time) or 13C-half-filtered
NOESY spectra (100 ms mixing time) on mixtures of 0.6 mM 13C-labeled hRpn13 Pru,
equimolar unlabeled hRpn2 (940-953) and 1.2-fold molar excess K48-diubiquitin with
either ubiquitin 13C-labeled. Intermolecular NOEs for hRpn13 with monoubiquitin were
determined by using a 13C-half-filtered NOESY spectrum recorded with 100 ms mixing
time on a mixture of 0.25 mM 13C-labeled hRpn13 Pru with 1.2-fold molar excess unlabeled
monoubiquitin or a mixture of 0.25 mM 13C-labeled hRpn13 Pru with 1.2-fold molar excess
unlabeled monoubiquitin and hRpn2 (940-953). Another 13C-half-filtered NOESY spectrum
was recorded with 100 ms mixing time on 0.3 mM K48-diubiquitin with 13C-labeled
proximal ubiquitin. The 13C-edited and 13C-half-filtered NOESY spectra were acquired on
samples dissolved in D,O or 75% D,0O. NMRPipe (Delaglio et al., 1995) was used to
process data and XEASY (Bartels et al., 1995) was used to visualize and analyze spectra.

Structure determination—Assignment of intramolecular NOE interactions in the 13C-
dispersed NOESY spectra was aided by previous spectra recorded on hRpn2-bound hRpn13
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(Lu et al., 2017). The NOE interactions observed within hRpn13 and between hRpn13 and
hRpn2 were preserved in the complexes with K48-diubiquitin, indicating that the hRpn13
structure and interaction with hRpn2 was not altered by binding to K48-diubiquitin. The
quality of 13C-dispersed NOESY spectra for hRpn2-bound hRpn13 with K48-diubiquitin
was poorer than that without K48-diubiquitin; therefore, intramolecular NOE-derived
distance constraints for hRpn13 were obtained from 1°N-dispersed NOESY spectra and 13C-
dispersed NOESY spectra recorded on 15N, 13C labeled hRpn13 with hRpn2. We also
obtained additional intermolecular NOE-derived distance constraints by using 13C-half-
filtered NOESY, 1°N NOESY, and 2D 1H, 1H NOESY experiments on the hRpn13:hRpn2
complex without K48-diubiquitin. Intramolecular backbone ¢ and  torsion angles as well
as hydrogen bonds were also derived from the data recorded without K48-diubiquitin. In
addition, we included intramolecular hRpn2 distances based on our experimental 1°N-
dispersed and 13C-dispersed NOESY spectra recorded on 1°N, 13C labeled hRpn2 with
hRpn13 (Lu et al., 2017). Experimental intramolecular NOE-derived distance constraints
were used for proximal and distal ubiquitin recorded on hRpn2-bound hRpn13 mixed with
K48-diubiquitin. In addition, intramolecular backbone ¢ and  torsion angles as well as
hydrogen bonds were included based on a previous structure of monoubiquitin (PDB 1D3Z2)
(Cornilescu et al., 1998). These constraints were all combined (Tables 1 and 2) to calculate
the structure of hRpn2-bound hRpn13 Pru at proximal or distal ubiquitin of K48-diubiquitin
by using simulated annealing algorithms in XPLOR-NIH 2.50 (http://nmr.cit.nih.gov/xplor-
nih/) (Schwieters et al., 2003). In the first iteration, 20 linear starting structures were
subjected to 19,400 simulated annealing and cooling steps of 0.005 ps. The lowest energy
structure was then used as the starting structure for a second iteration of simulated annealing
to generate 100 structures. The 15 lowest energy structures without violations for Ternary-P
were analyzed and a hydrogen bond between hRpn13 K103 e-ammonium group and the
carbonyl oxygen of isopeptide bonded ubiquitin G76 was found in 5 structures. This
hydrogen bond was therefore included in a new iteration of Ternary-P structure calculations.
The 15 lowest energy structures without violations were finally selected for visualization
and statistical analyses. Structure evaluation was performed with the program PROCHECK-
NMR (Laskowski et al., 1996); the percentage of residues for Ternary-P in the most favored,
additionally allowed, generously allowed and disallowed regions is 89.6, 9.9, 0.5 and 0.0,
respectively and for Ternary-D 89.2, 10.3, 0.6 and 0.0, respectively. Visualization was
performed with MOLMOL (Koradi et al., 1996) and PyMOL (PyMOL Molecular Graphics
System, http://www.pymol.org).

Quantification and Statistical Analysis

The number of violations and values for average and one standard deviation (SD) from
average reported in Tables 1 and 2 were calculated by XPLOR-NIH. Values for average
pairwise root-mean-square deviation and one SD were calculated by MOLMOL.

Data and Code Availability

The structural coordinates and chemical shift data for Ternary-P and Ternary-D have been
deposited into the Protein Data Bank (PDB) and Biological Magnetic Resonance Data Bank
(BMRB) with accession codes 6UY 1 (Ternary-P), 6UYJ (Ternary-D) and 28042.
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Highlights
Chemical origin of Rpn13 preference for K48-linked Ub chains revealed

NMR demonstrates highly dynamic interactions between hRpn2:hRpn13 and
K48-diUb

K48-diUb adopts a dynamic, extended conformation that hRpn13 selects
Structure of hRpn2:Rpn13 bound to K48-diUb described
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Figure 1. Structure of hRpn2-bound hRpn13 with K48-diubiquitin
(A) Schematic representation of interactions (arrows) detected in 13C-edited NOESY spectra

recorded on two differentially labeled samples at 25°C and pH 6.5; Ternary- 13C-P (0.6 mM
13C-hRpn13 Pru (purple), 0.6 mM hRpn2 (940-953, orange) and 0.72 mM K48-diubiquitin
with 13C-proximal ubiquitin (yellow)) and Ternary-13C-D (0.6 mM 13C-hRpn13 Pru, 0.6
mM hRpn2 (940-953) and 0.72 mM K48-diubiquitin with 13C-distal ubiquitin (green)). The
ubiquitin linker region is displayed as a black connecting curve. 13C-labeled constituents are
indicated with “13C” in red.

(B) Selected regions highlighting intermolecular NOE interactions detected in 13C-half-
filtered NOESY experiments (100 ms mixing time) acquired on sample Ternary-13C-D (left)
or Ternary-13C-P (right), as indicated in (A). Breakthrough signals at the diagonal are
labeled by the letter D (red) while assignments for hRpn13 Pru (purple), hRpn2 (orange),
proximal ubiquitin (gray) or distal ubiquitin (green) are provided.

Structure. Author manuscript; available in PMC 2021 May 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Luetal.

Page 18

(C and D) Ribbon diagram representation for the 15 lowest energy structures without
violations for Ternary-P (C) or Ternary-D (D) colored as in (A) with hRpn13 Pru, hRpn2,
and the bound ubiquitin superimposed.

(E and F) Ribbon diagram of a representative structure for Ternary-P (E) or Ternary-D (F)
selected from the bundles shown in (C) or (D) respectively retaining for the unbound
ubiquitin the full conformational ensemble present in (C) and (D) respectively. Secondary
structural elements are labeled and the unbound ubiquitins are displayed in a transparent
view. See also Figures S1 and S2.
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Figure 2. hRpn2-bound hRpn13 interacts dynamically with ubiquitins of K48-diubiquitin
(A) Expanded regions for ubiquitin A46 from a 13C-edited NOESY spectrum (100 ms

mixing time) on sample Ternary-13C-P (Figure 1A, left panel) or Ternary-13C-D (Figure 1A,
right panel). NOEs between A46 signals from the free and bound states are labeled and
indicated with dashed black lines whereas intermolecular NOEs to hRpn13 are labeled and
indicated with a solid purple line. (B) Schematic representation of exchangeable states
presence in sample Ternary-13C-P or Ternary-13C-D with coloring as in Figure 1A.

Structure. Author manuscript; available in PMC 2021 May 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Luetal.

I
p2
hRpn13 \

Page 20

hRpn13 Pru___

P
s W?‘aa hRpn13 Pru
\ ( \ (1
[ Y) B,

{
T I

—
ru

Figure 3. Binding mechanisms of hRpn13 for K48-diubiquitin

(A) Superposition of Ternary-P (displayed as in Figure 1E) and Ternary-D (displayed as in
Figure 1F) overlaying the hRpn13-bound ubiquitin moieties. Key interacting amino acid
sidechains are shown, including hRpn13 F76 and ubiquitin 144 and A46.

(B and C) Enlarged view of the interactions between hRpn13 and proximal ubiquitin for
Ternary-P, shown as in (A). Black dashed lines represent intermolecular NOE interactions
involving hRpn13 L56, 174 or F76 and proximal ubiquitin L8, R42, 144, K48, Q49 or V70
(B) as well as hRpn13 L73, 175, F98, A100 or K103 and proximal ubiquitin F45-K48 or
S65-T66 (C). In (C), a hydrogen bond between the hRpn13 K103 e-ammonium group and
the carbonyl of isopeptide bonded ubiquitin G76 is represented by a red dashed line.
Nitrogen and oxygen atoms at the interaction surface are colored in blue and red,
respectively.

(D) Selected regions from a 13C-half-filtered NOESY experiment (100 ms mixing time)
acquired on sample Ternary-13C-D (Figure 1A) highlighting interactions displayed in (C)
between hRpn13 (labeled purple) and proximal ubiquitin (labeled gray) of K48-diubiquitin.
Two sets of signals are observed for ubiquitin A46 and labeled according to chemical shift
position overlapping with free ubiquitin (free) or shifted by hRpn13 binding (bound). See
also Figures S1 and S3.
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Figure 4. Unbound ubiquitin is only partially constrained in complex with hRpn2:hRpn13
(A) Schematic representation of interactions in Ternary-13C-P detectable by the 13C-half-

filtered NOESY experiment (indicated by arrows) with the coloring of Figure 1A.

(B) Selected regions from a 13C-half-filtered NOESY experiment (100 ms mixing time)
acquired on sample Ternary-13C-P (A) highlighting interactions between the two ubiquitin
moieties, with proximal ubiquitin assignments in gray and distal ubiquitin assignments in
green. Breakthrough signals at the diagonal are labeled by the letter D (red).

(C and D) Representative Ternary-P (C, displayed as in Figure 3C) and Ternary-D (D)
structures illustrating interactions between distal ubiquitin L73 and proximal ubiquitin K48,
Q49, E51, R54, D58 and Y59. The region expanded to the right in (C) is indicated by a
dashed rectangle. In (D), a representative structure is displayed for the superposition of
proximal ubiquitin when hRpn2 (940-953):hRpn13 Pru is bound to distal ubiquitin with the
conformational ensemble for the components not superimposed displayed in a transparent

view. See also Figure S4.

Structure. Author manuscript; available in PMC 2021 May 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Luetal. Page 22

A closed : PDB 1AAR proximal Ub | closed (A) | open (A)
| g1 | 32 127
p2 | 44 135
Kag | y 3 129
’ " 5 5 12
T ] o | ne
: Q49 | B 75 16.7
E51| vy | 113 159
- 13.1 18.3
s | 18 152
pss | g | 137 158
e 92 137
€ 8.4 136

> .
<
L4

‘op o

13C. 348 348 243 308 417 364 272 467 427 1184 453 453 ;
TH- 19 18 14 17 34 25 18 31 31 68 34 41 19

Pru
—_—
hRpn2 i 2
extended extended

Figure 5. hRpn2-bound hRpn13 binds to an extended conformational of K48-diubiquitin
(A and B) Ribbon diagram of free K48-diubiquitin structures solved by x-ray

crystallography with an expansion (dashed rectangles) in the lower panels. Two
conformational states have been reported and named ‘closed” (PDB 1AAR, A, proximal in
brown, distal in blue) or ‘open’ (PDB 3AUL, B, proximal in orange and distal in cyan).
Sidechains of interacting ubiquitin residues are displayed (bottom panels), with nitrogen and
oxygen in blue and red, respectively. Black dashed lines represent inter-ubiquitin NOE
interactions detected in the experiment of (D), involving proximal ubiquitin G47-Q49 and
distal ubiquitin L8-T9 or V70-L73 (A). Gray solid lines represent interactions close enough
for expected NOE interactions between proximal ubiquitin K48 and distal ubiquitin R72
(B); these were not detected in our 13C-half-filtered NOESY experiment.

(C) Measured distances between proximal ubiquitin residues and distal ubiquitin L73 for the
‘closed’ (Figure 5A) and ‘open’ (Figure 5B) crystal structures of free K48-diubiquitin.
Distances too large for NOE interactions are indicated in red.

(D) Selected regions from a 13C-half-filtered NOESY experiment (100 ms mixing time,
right panel) acquired on 0.3 mM K48-diubiquitin with 13C-labeled proximal (left panel,
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yellow) and unlabeled distal (left panel, green) ubiquitin at 25°C and pH 6.5 highlighting
NOE interactions between the two ubiquitin moieties. NOE interactions expected from the
‘closed’ conformation are labeled brown for proximal ubiquitin and blue for distal ubiquitin
whereas those consistent with the structure used to bind hRpn13 (Figures 1C-1F) are labeled
gray for proximal ubiquitin and green for distal ubiquitin. Breakthrough diagonal signals are
indicated with a red ‘D’.

(E) Cartoon depicting the dynamics of free K48-diubiquitin and following interaction with
hRpn2-bound hRpn13. When free, K48-diubiquitin exchanges between the ‘closed’
conformation resolved by x-ray crystallography (A) and an ensemble of extended
conformations, as detected in this study. The ‘closed’ conformation is dominant for free
K48-diubiquitin. The extended conformation is selected by hRpn2-bound hRpn13, which
binds either ubiquitin with preference for the proximal moiety. See also Figure S4.
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Figure 6. Comparison with previous structures of hRpn13 complexed with ubiquitin
(A, B and C) Superposition of hRpn13 Pru:hRpn2 (940-953):ubiquitin for the two available

crystal forms (PDB 5V1Y-1 in dark red and PDB 5V1Y-2 in gray) and our Ternary-P
structure presented as in Figure 1E. Expanded regions centered on ubiquitin L8-144-V70 (B)
and ubiquitin K48 (C) are included. Interactions to hRpn13 F76, P77, and P131 are
highlighted in (B) demonstrating similarity among the three structures for hRpn13 F76 but
divergence for ubiquitin L8 and hRpn13 P131. In the crystal structures with monoubiquitin,
K48 adopts two configurations (displayed in grey and black) for PDB 5V1Y-2 and one
conformation for PDB 5V1Y-1 (dark red). The isopeptide bonded ubiquitin K48 is directed
closer to L73 compared to in the structures with monoubiquitin (C). From this location, a
hydrogen bond (red dashed line) forms between the hRpn13 K103 e-ammonium group and
the carbonyl of isopeptide bonded ubiquitin G76. Nitrogen and oxygen atoms are displayed
in blue and red, respectively.
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(D) Structural comparison for Ternary-P (top panel, displayed as in A) and structure
PDB-5YMY of hRpn13 Pru (blue):K48-diubiquitin (bottom panel, proximal or distal
ubiquitin in brown or dark green, respectively) with identical orientation for hRpn13 Pru. In
PDB-5YMY, hRpn13 S102, proximal ubiquitin K63 and distal ubiquitin L71 are displayed
and labeled.

(E) Selected regions of a 13C-half-filtered NOESY experiment (mixing time 100 ms)
acquired on a mixture of 0.25 mM 13C-labeled hRpn13 Pru with 1.2-fold molar excess
unlabeled monoubiquitin without (top panel) or with 1.2-fold molar excess hRpn2 (940-
953) (bottom panel) at 25°C and pH 6.5. Diagonal br eakthrough signals are labeled by ‘D’
(red) and assignments for hRpn13 Pru (purple), ubiquitin (black) and hRpn2 (orange)
included. See also Figure S3.
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slide
hop

ATPase ring ATPase ring

Figure 7 . Model illustrating how dynamic interactions between ubiquitin chains and proteasome
receptors may stochastically drive substrate proteolysis

Based on our previous and current NMR data, we propose that the three substrate receptors
hRpn1 (blue), hRpn10 (dark blue) and hRpn13 (purple) bind dynamically to ubiquitin chains
(yellow) attached to substrate (black), sliding within a chain and hopping between chains,
causing motion for the substrate (left panel) until a productive orientation is formed whereby
the substrate engages the ATPase ring (pink, right panel).
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Structural statistics for the structure of hRpn2-bound hRpn13 at proximal ubiquitin of K48-diubiquitin

Table 1.

Complex
NMR distance and dihedral constraints
Distance restraints
Total NOE 5,475
Intra-residue 1,591
Inter-residue 3,884
Sequential (Ji-j| = 1) 1,022
Non-sequential ([i-j| > 1) 2,542
Intermolecular NOEs 320
hRpn13:hRpn2 224
hRpn13:Proximal Ub 72
Proximal Ub:Distal Ub 24
Hydrogen bonds 100
Intramolecular 97
Intermolecular 3
hRpn13:hRpn2 2
hRpn13:Proximal Ub 1
Total dihedral angle restraints 604
Phi 302
Psi 302
Structure statistics
Violations (mean and SD)
Distance constraints (A) 0.051 + 0.001
Dihedral angle constraints (°) 0.370 £ 0.034
Max. dihedral angle violation (> 5 °) 0
Max. distance constraint violation (> 0.5 A) 0
Deviations from idealized geometry
Bond lengths (A) 0.003 + 0.000
Bond angles (°) 0.494 £ 0.014
Impropers (°) 0.350 £ 0.010
Average pairwise root-mean-square deviation - A)
Heavy atoms 1.00£0.13
Backbone 0.48 +0.09

Page 27

HAA
Statistics for 15 lowest energy structures without violations for hRpn13 Pru (K21-N130), bound proximal ubiquitin (M1-L71), and hRpn2 (942—

951).
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Table 2.

Structural statistics for the structure of hRpn2-bound hRpn13 at distal ubiquitin of K48-diubiquitin

complex
NMR distance and dihedral constraints
Distance restraints
Total NOE 5,459
Intra-residue 1,591
Inter-residue 3,868
Sequential (Ji-j| = 1) 1,022
Non-sequential ([i-j| > 1) 2,542
Intermolecular NOEs 304
hRpn13:hRpn2 224
hRpn13: Distal Ub 56
Proximal Ub:Distal Ub 24
Hydrogen bonds 99
Intramolecular 97
Intermolecular 2
Total dihedral angle restraints 604
Phi 302
Psi 302
Structure statistics
Violations (mean and SD)
Distance constraints (A) 0.051 + 0.001
Dihedral angle constraints (°) 0.371 £ 0.052
Max. dihedral angle violation (> 5 °) 0
Max. distance constraint violation (> 0.5 A) 0
Deviations from idealized geometry
Bond lengths (A) 0.003 + 0.000
Bond angles (°) 0.494 £ 0.013
Impropers (°) 0.348 + 0.007
Average pairwise root-mean-square deviation - A)
Heavy atoms 1.07£0.16
Backbone 0.59 +0.14
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HAA
Statistics for 15 lowest energy structures without violations for hRpn13 Pru (K21-N130), bound distal ubiquitin (M1-L71), and hRpn2 (942—
951).
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and Virus Strains

Escherichia coli BL21(DE3) Invitrogen C600003
Escherichia coli BL21(DE3)pLysS Invitrogen C606003
Chemicals, Peptides, and Recombinant Proteins

D,0 Sigma-Aldrich 191701

13¢C glucose Cambridge Isotope Laboratories, Inc. | CLM-1396-5

PreScission protease

GE Healthcare Life Sciences

GE27-0843-01

protease inhibitor cocktail Roche 04693159001
inorganic pyrophosphatase Sigma-Aldrich 11643-100UN
creatine kinase Sigma-Aldrich C3755-1KU
ATP Sigma-Aldrich A2383-5G
El Boston Biochem, Inc. E-306
Isopropyl- B-D-thiogalactoside UBPBIo P1010-10
Glutathione S-sepharose 4B GE Healthcare Life Sciences 17-0756-05
SP-Sepharose GE Healthcare Life Sciences 17-0729-10
Talon Metal Affinity resin Clontech Laboratories, Inc. 635502
E2-25K This paper N/A
hRpn13 Pru (1-150) This paper N/A

hRpn2 (940-953) This paper N/A
Ub-D77 This paper N/A
Ub-K48R This paper N/A
K48-diubiquitin This paper N/A
Deposited Data

Crystal structure of K48-tetraubiquitin (Phillips et al., 2001) PDB: 1F9J
Crystal structure of K48-tetraubiquitin (Eddins et al., 2007) PDB: 206V
Crystal structure of cyclic K48-tetraubiquitin (Satoh et al., 2010) PDB: 3ALB
Crystal structure of K48-tetraubiquitin (Cook et al., 1994) PDB: 1TBE
Crystal structure of Ube2K with K48-diubiquitin (Lee etal., 2018) PDB: 6IF1

NMR structure of gp78 E3 ligase CUE domain with K48-
diubiquitin

(Liuetal., 2012)

PDB: 2LVP, 2LVQ

Crystal structure of MINDY-1 tMIU with K48-diubiquitin

(Kristariyanto et al., 2017)

PDB: 5MN9

NMR structure of Rpnl with K48-diubiquitin

(Shi et al., 2016)

PDB: 2N3V, 2N3W

NMR structure of hRpn10 with K48-diubiquitin

(Zhang et al., 2009)

PDB: 2KDE, 2KDF

conformation

NMR solution structure of monoubiquitin (Cornilescu et al., 1998) PDB: 1D3Z
Crystal structure of monoubiquitin (Vijay-Kumar et al., 1987) PDB: 1UBQ
Crystal structure of K48-diubiquitin in the “closed” (Cook et al., 1992) PDB: 1AAR
conformation

Crystal structure of K48-diubiquitin in the “open” (Hirano et al., 2011) PDB: 3AUL
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REAGENT or RESOURCE SOURCE IDENTIFIER

NMR solution structure of hRpn13 Pru:hRpn2 (Luetal., 2017) PDB: 6CO4

Crystal structure of hRpn13 Pru:hRpn2:monoubiquitin (VanderLinden et al., 2017) PDB: 5V1Y

NMR solution structure of hRpn13 Pru:K48-diubiquitin (Liu etal., 2019) PDB: 5YMY

Chemical shift data for Ternary-P and Ternary-D This paper BMRB: 28042

NMR structure of Ternary-P This paper PDB: 6UYI

NMR structure of Ternary-D This paper PDB: 6UYJ

Software and Algorithms

XPLOR-NIH (Schwieters et al., 2003) http://nmr.cit.nih.gov/xplor-nih/
XEASY (Bartels et al., 1995) N/A
NMRPipe (Delaglio et al., 1995) https://www.ibbr.umd.edu/nmrpipe/

install.html

PROCHECK-NMR

(Laskowski et al., 1996)

https://www.ebi.ac.uk/thornton-srv/

software/PROCHECK/
PyMOL N/A http://www.pymol.org
MOLMOL (Koradi et al., 1996) https://sourceforge.net/projects/

molmol/
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