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Abstract

The 26S proteasome is a highly complex 2.5 MDa molecular machine responsible for regulated 

protein degradation. Proteasome substrates are typically marked by ubiquitination for recognition 

at receptor sites contributed by Rpn1/S2/PSMD2, Rpn10/S5a, and Rpn13/Adrm1. Each receptor 

site can bind substrates directly by engaging conjugated ubiquitin chains or indirectly by binding 

to shuttle factors Rad23/HR23, Dsk2/PLIC/UBQLN, or Ddi1, which contain a ubiquitin-like 

domain (UBL) that adopts the ubiquitin fold. Previous structural studies have defined how each of 

the proteasome receptor sites bind to ubiquitin chains as well as some of the interactions that occur 

with the shuttle factors. Here, we define how hRpn10 binds to the UBQLN2 UBL domain, solving 

the structure of this complex by NMR, and determine affinities for each UIM region by a titration 

experiment. UBQLN2 UBL exhibits 25-fold stronger affinity for the N-terminal UIM-1 over 

UIM-2 of hRpn10. Moreover, we discover that UBQLN2 UBL is fine-tuned for the hRpn10 

UIM-1 site over the UIM-2 site by taking advantage of the additional contacts made available 

through the longer UIM-1 helix. We also test hRpn10 versatility for the various ubiquitin chains to 

find less specificity for any particular linkage type compared to hRpn1 and hRpn13, as expected 

from the flexible linker region that connects the two UIMs; nonetheless, hRpn10 does exhibit 

some preference for K48 and K11 linkages. Altogether, these results provide new insights into the 

highly complex and complementary roles of the proteasome receptor sites and shuttle factors.
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Introduction

Regulated protein degradation in eukaryotes is performed by the ubiquitin-proteasome 

pathway [1, 2]. Substrates are ubiquitinated by an enzymatic cascade and recognized by 

ubiquitin receptors Rpn10/S5a [3], Rpn13/Adrm1 [4, 5], and Rpn1/S2/PSMD2 [6] of the 

proteasome 19S regulatory particle (RP). The RP abuts either or both ends of the proteasome 

20S catalytic core particle (CP), a large cylindrical structure with a hollow interior where 

substrates are proteolyzed [7]. The three RP ubiquitin receptors have distinct modes of 

substrate recognition. A site in Rpn1 (toroid 1, T1) binds preferentially to K6 and K48 

ubiquitin chains [6]; hRpn10 binds ubiquitin at either of two helical ubiquitin-interacting 

motifs (UIMs) [8, 9]; and Rpn13 binds ubiquitin through loops of a pleckstrin-like receptor 

for ubiquitin (Pru) domain [4, 5]. Each receptor is proximal to one of the three 

deubiquitinating enzymes (DUBs) of the proteasome RP. Rpn11 is located near Rpn10 [10, 

11] and acts at the substrate end of ubiquitin chains to promote degradation [12, 13]. Ubp6/

Usp14 binds to a second toroid site in Rpn1 (toroid 2, T2) that is proximal to the T1 site [6, 

14] and prefers substrates with more than one attached ubiquitin chain [15]. Uch37/UCHL5 

[16] binds to a deubiquitinase adaptor domain (DEUBAD) [17] of Rpn13 [18, 19] that in the 

free protein, interacts intramolecularly with the Pru domain to restrict ubiquitin binding [20]; 

this intramolecular interaction is displaced by the docking of Rpn13 to the proteasome [20]. 

The DEUBAD domain splits to envelop a unique region in Uch37 that is C-terminal to its 

catalytic domain [21–23]. Ubp6/Usp14 acts within ubiquitin chains [15, 24], whereas Uch37 

deconjugates ubiquitin chains at a distal location relative to the substrate [16]; both can 

either promote or antagonize degradation [15, 16, 24–26]. As ubiquitin moieties are removed 

from substrates by the DUBs, a heterohexameric ring of AAA ATPase proteins (Rpt1- Rpt6) 

promotes substrate unfolding and transit into the CP [1, 2, 27–29]. Efforts to identify 

additional ubiquitin receptors in the proteasome have yielded ATPase Rpt5, which cross-

links to ubiquitin chains [30], intrinsically disordered protein Sem1/Dss1/Rpn15 [31], which 

functions in proteasome assembly [32, 33], and the VWA domain of Rpn10 [34]. In all cases 

however, the impact of these proposed ubiquitin-binding sites on proteasome activity has yet 

to be established; in particular, sem1Δ proteasomes did not show any defect in ubiquitin-

binding activity [6].

It is not yet clear whether ubiquitinated substrates first encounter the proteasome by direct 

binding to Rpn1, Rpn10, or Rpn13. The canonical model is that ubiquitinated substrates are 

shuttled to the proteasome by ubiquitin-like (UBL)-ubiquitin-associated (UBA) family 

members Rad23/HR23, Dsk2/PLIC/UBQLN, and Ddi1 [35, 36]. The UBA domains of such 

shuttle factors bind ubiquitin [37, 38], whereas their UBL domains bind to Rpn1, Rpn10, or 

Rpn13 [4–6, 39–47]. The shuttle factors can form heterodimers by UBA:UBL domain 

interactions [48, 49] and multiple shuttle factors are able to simultaneously engage a 

ubiquitin chain [48]. In the case of hHR23a, UBL:UBA interactions also occur 

intramolecularly [50]. These interactions are disrupted by UBA domain binding to ubiquitin 

[48] or UBL domain binding to hRpn10 [50], similar to the disruption of Rpn13 intradomain 

interaction upon binding to its proteasome docking site [20].

UBL-UBA proteins have different specificities for ubiquitin chains, which may be 

advantageous to their coordinated binding of substrates. hHR23a C-terminal UBA domain 
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preferentially binds K48-linked chains [51] by sandwiching between neighboring ubiquitin 

moieties [52], whereas UBQLN1 UBA domain also binds monoubiquitin and does not 

exhibit notable preference for K48 versus K63 ubiquitin chains [53]. Rpn13 and Rpn1 

exhibit preferential binding to UBQLN2 and Rad23 UBL domains respectively over K48 

diubiquitin [6, 45]. In a ternary complex of hHR23a, hRpn10 and K48 tetraubiquitin, the 

hHR23a C-terminal UBA domain and hRpn10 UIM-1 bind tetraubiquitin, while hRpn10 

UIM-2 binds to the hHR23a UBL domain [54]. These binding preferences likely play a role 

in how ubiquitinated substrates are oriented when bound to the proteasome.

There appears to be a need and multiple mechanisms to regulate the level of shuttle factor at 

the proteasome. Dsk2 overexpression leads to accumulation of ubiquitinated substrates in S. 
cerevisiae [55], where it binds Rpn10 UIM more strongly than other UBL-UBA protein 

[56]; in turn, extra-proteasomal hRpn10 can restrict accessibility to the proteasome [55]. 

Severe developmental defects and lethality results from Dsk2 overexpression in Drosophila 
melanogaster, which can similarly be rescued by Rpn10 [57]. Depletion of UBQLN in 

Drosophila caused impaired proteostasis and locomotive and learning disabilities [58]. In 

humans, there are five distinct genes (UBQLN1, 2, 3, 4, and L) that encode UBQLN 

proteins [59], with overexpression of UBQLN1 and UBQLN2 leading to decreased 

proteasomal degradation of p53 and IκBα [60]. UBQLN proteins target to the proteasome 

mislocalized mitochondrial membrane proteins, mislocalized transmembrane domain 

proteins, and aggregation-prone proteins [61–63]. UBQLN1 is reported to prevent the 

accumulation of hydrophobic mitochondrial proteins in the cytosol [64], and UBQLN2 was 

found to colocalize with stress granules and undergo liquid-liquid phase separation that is 

dissolved by binding to ubiquitin; this phenomenon is proposed to enable extraction of 

ubiquitinated substrates from stress granules for delivery to the proteasome [65, 66].

UBQLN family members are associated with neurodegenerative diseases [67–70], 

cytoprotective activity during stress [71], aggresome formation [72], targeting of aggregated 

proteins to autophagosomes [73, 74], and clearance of expanded polyglutamine proteins [75, 

76]. Moreover, mutations in UBQLN2 and UBQLN4 have been identified in patients with 

familial amyotrophic lateral sclerosis (ALS) [69, 77, 78], and in vivo pooled loss-of-function 

genetic screens discovered that UBQLN1 sensitize tumors to immunotherapy [79].

To better understand how UBQLN proteins function mechanistically in targeted protein 

degradation, we used a combination of biochemical and structural biology experiments to 

define how UBQLN2 interacts with its proteasome binding site in hRpn10. We found each 

hRpn10 UIM is capable of binding to the UBQLN UBL domain, but with a marked 

preference for UBQLN binding to the N-terminal hRpn10 UIM. We also found that hRpn10 

prefers K11 and K48 linkages in ubiquitin chains, but with less discretion for a specific 

chain type compared to Rpn1 and Rpn13. Collectively, these findings provide insight into 

complementary relationships between receptor sites and shuttle factors that favor avidity 

effects in the proteasome. In addition, we used NMR spectroscopy to solve the structure of 

each hRpn10 UIM bound to an UBQLN2 UBL domain to reveal the molecular basis of 

UBQLN2 binding to hRpn10 at atomic level detail.
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RESULTS

hRpn10 prefers K48 and K11 linked ubiquitins

In a pull-down assay with the eight possible diubiquitin linkages, Rpn1 prefers K6 and K48 

linkage types, with the latter also preferred by Rpn13 [6, 45]. We used the same assay to test 

for linkage preferences in hRpn10. Diubiquitin with each of the eight ubiquitin linkage types 

(M1, K6, K11, K27, K29, K33, K48 and K63) was incubated with Ni-NTA resin containing 

pre-bound His-tagged hRpn10196–306 protein and interaction detected by immunoblotting 

with anti-ubiquitin antibody following the removal of unbound protein (Figure 1a). 

Intrinsically disordered protein SocB with a His-tag [80] was used as a negative control with 

K48 diubiquitin. Indeed, hRpn10196–306 interacted with all ubiquitin chain types, with 

strongest affinity for K48 linked diubiquitin (Figure 1a), the preferred chain type also for 

Rpn1 and Rpn13 [6, 45]. This experiment was repeated, quantified, and the results 

normalized to K48 diubiquitin binding for all three proteasome substrate receptors (Figure 

1b). With the exception of the K27 linkage, hRpn10 bound to each diubiquitin type within a 

2-fold difference of affinity, thus demonstrating greater versatility for the various linkage 

types compared to Rpn1 and Rpn13. Similar to hRpn13, K11 diubiquitin is the second 

preference for hRpn10 (Figure 1b). hRpn10 preference for the K48 and K11 linkage was 

also found in a pull-down assay with tetraubiquitin chains [81]. Rpn1, Rpn10, and Rpn13 all 

demonstrated weak affinity for K27 diubiquitin (Figure 1b). The structure of K27 

diubiquitin (Figure 1c) [82, 83] provides an explanation for this result, as compared to the 

other linkage types, K27 yields the lowest mobility and solvent accessibility for the 

canonical L8-I44-V70 binding surface [82], which is used by all three of the proteasome 

ubiquitin receptors [4–6, 8]. Thus, the weaker binding to this chain type is likely intrinsic to 

K27 diubiquitin itself.

Interaction of UBQLN proteins with hRpn10 in HCT116 cells

In HEK293 cells, UBQLN was found to be widely distributed in a glycerol gradient [84] 

designed to fractionate proteasome complexes [25]. To study further the abundance of 

UBQLN proteins at the proteasome, we subjected cell lysates from HCT116 cells to 

fractionation over a 10–40% linear glycerol gradient. The location of the 26S proteasome 

was identified by immunoblotting for RP component hRpn2 and CP component β5 (Figure 

2a). hRpn10 was present in both proteasome-containing and proteasome-free fractions, as 

expected from previous studies [39, 55, 84–86]. The presence of the UBQLN proteins was 

revealed by immunoblotting with an antibody that recognizes UBQLN1/2/4 [87]. This 

experiment revealed the bulk of UBQLN1/2/4 to co-fractionate with extra-proteasomal 

hRpn10 with little observable presence at the proteasome (Figure 2a). The UBQLN proteins 

also appeared in higher molecular weight complexes that did not contain hRpn10 (Figure 2a, 

fractions 5 and 6).

To test directly whether UBQLN1/2/4 binds hRpn10, we performed a crosslinking 

immunoprecipitation experiment with denaturing conditions. HCT116 cells were incubated 

with dithiobis(succinimidyl) propionate (DSP) for 30 minutes followed by lysis in 

radioimmunoprecipitation assay (RIPA) buffer. UBQLN1/2/4 was then immunoprecipitated 

from the whole cell lysate by anti-UBQLN1/2/4 antibodies and interaction with hRpn10 
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probed by anti-hRpn10 antibodies. Indeed, hRpn10 co-immunoprecipitated with 

UBQLN1/2/4 in HCT116 cells (Figure 2b).

UIM-1 exhibits 25-fold greater affinity for UBQLN2UBL compared to UIM-2

To identify the amino acids of hRpn10196–306 used to bind to UBQLN2UBL, we performed a 

titration experiment in which unlabeled UBQLN2UBL was added incrementally to 15N-

labeled hRpn10196–306 and monitored the effects at an amino acid scale by using 2D 1H, 15N 

HSQC experiments. We used previously published assignments for free hRpn10196–306 [88] 

and assigned its UBQLN2UBL-bound state by using 15N/13C NOESY experiments acquired 

on 15N/13C-labeled hRpn10196–306, as described in Materials and Methods. The HSQC 

experiments revealed shifting for amino acids in both UIM1 and UIM2 (Figure 3a). The 

effects at 2.3-fold molar excess UBQLN2UBL were quantified to yield a chemical shift 

perturbation (CSP) plot that demonstrated a greater magnitude of shifting and number of 

amino acids affected for UIM-1 as compared to UIM-2 (Figure 3b).

To obtain a binding affinity for each UIM, chemical shift changes of amide protons (ΔδH) 

for five residues in UIM-1 (D209, D213, L218, S223, and E225) and UIM-2 (E283, M291, 

M293, L295 and Q296) were plotted at varying molar ratio of UBQLN2UBL to 

hRpn10196–306 (Figure 3c). A global fit of the data to a two-site binding mode was 

performed as described in [89–91] to yield dissociation constants (KD). This analysis 

revealed a primary binding site (UIM-1) of 1.0 ± 0.5 μM and a secondary binding site 

(UIM-2) of 24.8 ± 3.1 μM (Figure 3c). The KD value of UIM-1 derived by using the NMR 

titration data is in agreement with an overall KD value of 1.1 μM measured by isothermal 

titration calorimetry (ITC) [84]. In addition, these results indicate a 25-fold binding 

preference for UBQLN2UBL binding to UIM-1, which is consistent with a previous report of 

hRpn10 binding to UBQLN1 through UIM-1 [92]. By contrast, ubiquitin and hHR23a/b 

UBL bind preferentially to UIM-2 [8, 39, 42, 43, 93].

Structure of hRpn10 UIM1 and UIM2 complexed with UBQLN2UBL

In an effort to solve the structure of hRpn10196–306 complexed with UBQLN2UBL, 13C half-

filtered NOESY experiments were used to record intermolecular nuclear Overhauser effect 

(NOE) interactions, as described for previous complexes [94, 95]. 13C-labeled UBQLN2UBL 

was mixed with unlabeled hRpn10196–306 and NOE interactions detected between 

UBQLN2UBL residues in β3, β4, β5 and the C-terminal region (V73, I75, I80, L96, V101 

and K103) and hRpn10 residues from both UIMs (Figure 4a, interactions with UIM-1 and 

UIM-2 indicated in blue and black respectively). NOE assignments were confirmed by 

analyzing a complementary 13C half-filtered NOESY spectrum recorded on a sample of 13C-

labeled hRpn10196–306 mixed with unlabeled UBQLN2UBL (Figure S1). NOE interactions 

were only observed between UBQLN2UBL and the hRpn10 UIMs; no intermolecular NOE 

was observed to hRpn10 residues intervening the two UIMs. A standard 15N-dispersed 

NOESY experiment was also recorded on a sample of 15N, 2H-labeled hRpn10196–306 mixed 

with unlabeled UBQLN2UBL to assign intermolecular NOE interactions between 

hRpn10196–306 amide groups and UBQLN2UBL side chain atoms [96]. This approach 

yielded nine intermolecular NOEs between the hRpn10 UIM-1 and UIM-2 amide groups 

and UBQLN2UBL I75 and V101 (Figure 4b).
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In total, 137 intermolecular NOE interactions were assigned from the three NOESY spectra 

(Figure 4a-b and S1) and used to derive distance restraints. These were combined with 

intramolecular distance restraints derived from 15N or 13C NOESY experiments acquired on 

either 15N or 13C-labeled hRpn10196–306 mixed with unlabeled UBQLN2UBL or 15N or 13C-

labeled UBQLN2UBL mixed with unlabeled hRpn10196–306. Hydrogen bond and dihedral 

angle restraints were also derived, as summarized in Table 1 and described in Materials and 

Methods, and the hRpn10196–306: UBQLN2UBL structure calculated by using Xplor-NIH 

2.47. As in free hRpn10 [8] and the hRpn10 complex with K48-linked diubiquitin [9], three 

helices span hRpn10 M196 – A306, including the two UIM helices and an intervening helix 

that extends from D257 to E269 (Figure 4c), that are not constrained relative to each other 

(Figure S2). All NOEs for these helical residues were assigned and no long-range NOE 

interaction was detected between the three helices (Figure S3).

Backbone traces of the ten lowest energy structures superimposed for UIM-1: UBQLN2UBL 

and UIM-2: UBQLN2UBL are displayed in Figure 4d and 4e respectively; for regions with 

secondary structure, the backbone root mean square deviation (r.m.s.d.) from the average 

structure in each case is below 0.6 Å (Table 1).

Role of the ‘LALAL’ motif in hRpn10 binding to UBQLN2

The conserved ‘LALAL’ UIM motif presents as 216LALAL220 in UIM-1 and 287IAYAM291 

in UIM-2 (Figure 5a); these amino acids have previously been found to be important for 

interaction with ubiquitin [8, 9]. In the complexes with UBQLN2UBL, L216, A219, and 

L220 from UIM-1 and I287, A290, and M291 from UIM-2 contribute compact hydrophobic 

interactions with UBQLN2UBL I75, I80 and V101 (Figure 5b-c). These interactions are 

dictated by the intermolecular NOEs (Figure 4a-b and S1) and supported by CSP data for 

hRpn10 (Figure 3b) and UBQLN2UBL (Figure S4). V101 is strictly conserved among human 

UBQLN proteins and in S. cerevisiae Dsk2, as are I75 and I80 with the exception of 

UBQLNL, in which they are conserved as valine and leucine respectively (Figure S5).

A highly conserved serine residue proximal to the ‘LALAL’ motif (S223 in UIM1 and S294 

in UIM-2) forms a hydrogen bond with the backbone amide of G78 in UBQLN2UBL (Figure 

5b-c). The importance of this serine has been discussed in the context of hRpn10 interaction 

with ubiquitin and hHR23a/b UBL [8, 42, 43]. L216/A219/L220/S223 in UIM-1 and I287/

A290/M291/S294 in UIM-2 reside on the same side of the UIM α-helix and form the center 

of the contact surface. One helical turn from the ‘LALAL’ motif, van der Waals interactions 

are formed between UIM-1 M224 or UIM-2 L295 and UBQLN2UBL G78 backbone atoms 

(Figure 5b-c). At the other end of the ‘LALAL’ motif, acidic E215 from UIM-1 forms a 

hydrogen bond with UBQLN2UBL K103, which also interacts electrostatically with UIM-1 

D213 and UIM-2 E283 (Figure 5b-c). This lysine in UBQLN is strictly conserved (Figure 

S5).

The longer UIM-1 helix provides additional hydrogen bonds to UBQLN2UBL

A key difference between the two UIMs is the additional contacts provided by the longer 

UIM-1 helix. UIM-1 spans residues P214 to E245 and is comprised of nine helical turns, 

whereas UIM2 is shorter with only 3.5 helical turns; an addition 30 Å is provided by these 
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additional amino acids (Figure 6a). The UIM-2 α-helix ends two amino acids after S294, 

whereas UIM-1 contains 20 additional amino acids rich in glutamic acid, arginine and 

alanine amino acid type (Figure 5a) that contribute to the binding. A hydrogen bond between 

UIM-1 E226 and the UBQLN2UBL K38 side chain contributes to the increased UIM-1 

affinity, as do interactions with R230, a helical turn away from E226 (Figure 6b); R230 

forms one hydrogen bond with the UBQLN2UBL backbone oxygen atom of D94 and two 

additional hydrogen bonds with the D94 side chain (Figure 6b). K38 and D94 are both 

conserved in all human UBQLN proteins and Dsk2 (Figure S5).

Discussion

Between the two hRpn10 UIM helices is a flexible region that allows a wide geometric 

distribution for UIM-2 relative to UIM-1 [8]. This flexibility enables the two UIMs to 

simultaneously bind neighboring ubiquitins in a K48-linked diubiquitin chain [9]. The 

results of our pulldown assay suggest that with the exception of the more restricted K27 

linkage, the two UIMs can similarly engage neighboring ubiquitin moieties of the other 

ubiquitin chain types. Indeed, mass spectrometry studies have demonstrated that all 

ubiquitin chain types are capable of signaling for degradation by the proteasome [97–99]. 

We propose that hRpn10 in particular is well suited for this degree of versatility towards 

ubiquitin chains at the proteasome. Nonetheless, hRpn10 did show some preference for K11 

and K48 linkages, as does hRpn13 [45]. Our results suggest that hRpn10 and hRpn13 

provide the major binding sites in proteasome for these two chain types including K11/K48-

branched chains. Indeed, K11/K48-branched chains were proposed to be proteasome priority 

signals that allow cells to rapidly clear specific proteins, including mitotic regulators and 

misfolded nascent polypeptides [100]. Moreover, UBQLN proteins have been identified as 

effectors of K11/K48-specific quality control [100], perhaps aided by their interactions with 

hRpn10 and hRpn13.

Our structural study of hRpn10196–306 complexed with UBQLN2UBL demonstrates both 

UIMs as capable of binding to UBQLN2UBL. Nonetheless, the 25-fold higher affinity for 

UIM-1 indicates preferred occupancy at this site, thus leaving UIM-2 free to bind ubiquitin 

or hHR23 proteins. Indeed, ubiquitin and hHR23 proteins prefer the UIM-2 site [8, 39, 42, 

43, 93]. It is worth noting that Rpn10 is shorter in S. cerevisiae, ending before UIM-2 and 

retaining only the Dsk2 preferred binding site.

We find UBQLN1/2/4 to be largely outside of the proteasome in HCT116 cells, perhaps 

because interaction at the proteasome is transient and purposed for efficient delivery of 

substrates. In support of UBQLN interaction with hRpn10 being transient, we were unable 

to co-immunoprecipitate these proteins from cells without crosslinker. Mass spectrometry 

has proven sensitive to the presence of shuttle factors at the proteasome. UBQLN1 and 

hHR23b were both found at 26S proteasome from 293 cells under native conditions by mass 

spectrometry [101] and by using crosslinking assisted biomolecular tandem affinity 

purification combined with mass spectrometry, UBQLN2 and Ddi1 were also found at 

proteasomes [102].
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Comparison of hRpn10 binding to UBQLN2UBL and ubiquitin

UIM-1 and UIM-2 binding to UBQLN2UBL is similar to that of ubiquitin, involving a 

conserved I44-A46-V70 hydrophobic interface (I75, A77, V101; Figure 7a) that centers on 

the ‘LALAL’ motif (Figure 7b and S6). Ubiquitin G47 is conserved in UBQLN2UBL (G78) 

and forms an analogous hydrogen bond to UIM-1 S223 (Figure 7b) and UIM-2 S294 (Figure 

S6). UIM-1, but not the shorter UIM-2, can similarly place the side chain of UBQLN2UBL 

K38 to mimic the hydrogen bond to UIM-1 E226 formed by ubiquitin H68 (Figure 7c). 

Compared to ubiquitin however, UBQLN2UBL is rotated about the ‘LALAL’ contact 

surface. This change in orientation places the amino acid analogous to L8 (P40) further from 

the UIMs (Figure 7b and S6), but provides a greater number of contacts with UBQLN2UBL 

I80 (ubiquitin Q49) and UBQLN2UBL V73 (ubiquitin R42). UBQLN2UBL I80 forms close 

contacts with UIM-1 L216 and L220 (Figure 7b) and UIM-2 I287 and M291 (Figure S6), 

while UBQLN2UBL V73 interacts with UIM-2 I287 (Figure S6). I80 was similarly found to 

be important for UBQLN2UBL binding hRpn13Pru [45] and is also present in hHR23 

proteins (hHR23a I54 and hHR23b I52), where it interacts with UIM-2 M291 [42, 43]. The 

change in orientation also brought closer the N-terminal end of hRpn10 UIM1 and K103, 

which is R72 in ubiquitin. This proximity allows UBQLN2UBL K103 to form a hydrogen 

bond with UIM-1 E215, as well as an electrostatic interaction with UIM-1 D213 (Figure 7c). 

In the UIM1:ubiquitin complex, the R72 side chain is directed away from D213 and E215 

(Figure 7c).

R230 forms hydrogen bonds to the D94 side chain of UBQLN2UBL (K63 in ubiquitin) 

(Figure 7c), which is strictly conserved in yeast and human UBQLN proteins (Figure S5). 

Substitution of this aspartic acid with lysine yields a 10-fold reduction in affinity for 

scRpn10 [56]. Interestingly, ubiquitin is phosphorylated at S65 [103, 104], a post-

translational modification linked to the activation of the E3 ligase parkin [105–108]. 

Superposition of S65 phosphorylated ubiquitin (PDB 4WZP) onto the UIM-1:ubiquitin 

complex (PDB 1YX5) demonstrates placement of the S65 phosphate group within 4 Å of 

the UIM-1 R230 side chain (Figure S7). Thus, phosphorylated ubiquitin may bind hRpn10 

UIM-1 with higher affinity compared to unmodified ubiquitin. Indeed, ubiquitin modified by 

a S65 phosphomimetic caused decreased protein degradation and turnover in vivo [109], as 

has been observed by UBQLN over-expression [55]. Future experiments are needed to test 

this model.

The parkin UBL domain also interacts with hRpn10196–306 [110], and primarily through 

UIM-1 [111]. We generated a model structure for parkinUBL: hRpn10196–306 UIM-1, which 

suggested that similar interactions could be formed compared to UBQLN2UBL. For 

example, D62 from the parkin α2-β5 loop appears to engage UIM-1 R230 in a manner 

similar to D94 of UBQLN2UBL (Figure S8). An experimentally determined structure is 

needed however to validate this possibility.

Complementarity among the proteasome shuttle factors for receptor sites

It was previously demonstrated that loss of the Rpn1, Rpn10, and Rpn13 ubiquitin-binding 

sites in yeast leads to loss of Dsk2 and Rad23 interaction with the proteasome [6], 

suggesting that shuttle factors must compete with ubiquitin chains for access to the 
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proteasome. Rpn1 binds preferentially to Rad23 over Dsk2 and ubiquitin [6, 45] whereas 

Rpn13 prefers Dsk2 [4, 45]. In mice, liver-specific deletion of both Rpn10 and Rpn13 

caused severe liver injury accompanied by accumulation of ubiquitin conjugates [112]. 

hHR23b and UBQLN1/4 were unable to bind proteasome of these mice [112], suggesting 

that Rpn10 and Rpn13 are required for interaction of these shuttle factors with the 

proteasome.

The hRpn10 UIM-2 has long been known to bind to hHR23 [39] and here, we demonstrate 

complementary preference for UBQLN at hRpn10 UIM-1. Altogether, these findings 

indicate a binding hierarchy for UBL-UBA shuttle factors at the proteasome that would 

presumably dictate which receptors have accessible sites for interaction with ubiquitin. For 

example, our findings indicate that UBQLN proteins are more likely to bind to hRpn10 

UIM-1 leaving hRpn10 UIM-2 available for interaction with ubiquitin chains attached to 

shuttled substrates or shuttle factor hHR23a/b.

Materials and Methods

Protein sample preparation

hRpn10196–306 and UBQLN2UBL were expressed and purified as described previously [8, 

41, 45]. 15N ammonium chloride, 13C glucose, and 2H2O were used for isotope labeling. 
15N, 100% 2H-labeled hRpn10196–306 was prepared by following the method described in 

[96]. M1, K6, K11, K48 and K63 diubiquitin were produced as described [113–116]. K27, 

K29, and K33 diubiquitin were purchased (UBPBio). All NMR samples were validated by 

LC/mass spectrometry. All NMR experiments were performed at 25°C on Bruker Avance 

700, 800, or 850 MHz spectrometers equipped with cryogenically cooled probes.

His pull-down assays

His pull-down assays were performed as described in [6, 45]. Briefly, 500 pmol of purified 

Histagged hRpn10196–306 was added to 20 μL of pre-washed Ni-NTA agarose resin for one 

hour and washed once with Buffer 1 (50 mM HEPES, 50 mM NaCl, 5% (v/v) glycerol, and 

15 mM 2 mercaptoethanol at pH 6.7). The resin was then incubated with 500 pmol of M1, 

K6, K11, K27, K29, K33, K48, and K63 diubiquitin for one hour. Intrinsically disordered 

protein SocB with a C-terminal His-tag [80] was used as a negative control with K48 

diubiquitin. Unbound protein was removed by extensive washing in the above buffer. The 

resin-bound proteins were fractionated by electrophoresis and transferred to a PVDF 

membrane. The membrane was treated with denaturing Buffer 2 (20 mM Tris-HCl, 6 M 

guanidine hydrochloride, 1 mM PMSF, and 5 μM 2 -mercaptoethanol at pH 7.4) for 30 mins 

at 4°C, extensively washed with Trisbuffered saline +0.1% Tween, and analyzed by 

immunoblotting. Diubiquitin was detected with mouse anti-Ub antibody (Millipore Sigma 

MAB1510, 1:1000) followed by HRP-conjugated anti-mouse IgG (Millipore Sigma, 

1:5000). His-tagged hRpn10196–306 or SocB-His was detected with mouse anti-His antibody 

(Thermo Fisher Scientific MA1–21315, 1:1000) followed by HRP-conjugated anti-mouse 

IgG (Millipore Sigma, 1:5000).
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Glycerol gradient centrifugation and fractionation

A 10 – 40% glycerol gradient was made in a total volume of 10.5 mL, with layers of 

stepwise glycerol increment of 5%. Each layer was frozen in liquid nitrogen before adding 

the subsequent layer, as described previously [117]. The gradient was thawed overnight at 

4°C prior to use. Whole cell lysate from HCT116 cells prepared in Buffer 2 (50 mM Tris-

HCl, 1 mM DTT, 1 mM ATP, 5 mM MgCl2, pH 7.6) was added to the top of the gradient, 

which was then subjected to 131,569 g for 18 hours at 4°C. Gradient fractions were 

collected, resolved by SDS-PAGE (4–12% Bis-Tris gel), and immunoprobed with antibodies 

against UBQLN1/2/4 (Thermo Fisher Scientific 3D5E2, 1:1000), anti-hRpn10 (Cell 

Signaling Technology D20B2, 1:1000), anti-hRpn2 (Abcam ab2941, 1:1000), anti-β5 (Enzo 

Life Sciences, Inc. BML-PW 8895–0100, 1:1000) and β-actin (Cell Signaling Technology 

13E5, 1:3000).

Crosslinking, immunoprecipitation and immunoblotting

HCT116 cell line was purchased from the American Type Culture Collection (ATCC 

CCL-247). Cells were grown in McCoy’s 5A modified medium (ATCC), supplemented with 

10% fetal bovine serum (Atlanta Biologicals, Inc.) in a 37oC humidified atmosphere of 5% 

CO2. HCT116 cells were crosslinked using 1 mM DSP (Thermo Fisher Scientific) or DMSO 

as a control, and incubated at room temperature for 30 mins. The reaction was quenched for 

15 minutes with 20 mM Tris-HCl (pH 7.5). Cells were collected, washed with PBS, and 

lysed in RIPA buffer (Thermo Fisher Scientific) supplemented with protease inhibitor 

cocktail (Roche). Total protein concentration was determined by Pierce bicinchoninic acid 

(BCA) Protein Assay Kit (Thermo Fisher Scientific). Lysates were precleared with protein G 

sepharose (Millipore Sigma) for an hour, incubated with anti-UBQLN1/2/4 antibodies 

(Thermo Fisher Scientific 3D5E2, 1:100) overnight at 4 ° C, and then for 3 hours with 

protein G sepharose. After extensive washing, proteins bound to protein G sepharose were 

eluted and analyzed by immunoblotting against hRpn10 (Cell Signaling Technology D20B2, 

1:500), and UBQLN1/2/4 (Thermo Fisher Scientific 3D5E2, 1:500).

NMR titration experiments
1H, 15N HSQC experiments [118, 119] were recorded on 15N-labeled samples 

(hRpn10196–306 or UBQLN2UBL) with increasing molar ratios of unlabeled ligands 

(UBQLN2UBL or hRpn10196–306) as indicated. NMRPipe [120] was used for data 

processing and the resulting spectra visualized with XEASY [121]. The amide nitrogen and 

hydrogen chemical shift perturbations (CSP) were mapped for each amino acid according to 

Equation 1.

CSP = 0.2 Δ δN
2 + Δ δH

2 (Eq. 1)

ΔδH, change in amide proton value (in parts per million); ΔδN, change in amide nitrogen 

value (in parts per million).

KD values were determined by using 1H, 15N HSQC spectra recorded on 0.15 mM of 15N-

labeled hRpn10196–306 with increasing molar ratio of unlabeled UBQLN2UBL 
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(hRpn10196–306: UBQLN2UBL at 1:0, 1:0.056, 1:0.1125, 1:0.225, 1:0.45, 1:0.9, 1:1.35, 

1:1.8, 1:2.25 as indicated). ΔδH for UIM-1 residues (D209, D213, L218, S223, and E225) 

and UIM-2 residues (E283, M291, M293, L295 and Q296) were plotted against varying 

molar ratio of UBQLN2UBL to hRpn10196–306. These data were inputted into the Bindfit 

v0.5 software [90, 91] and fit to a two-site binding mode [89].

NOESY experiments for the hRpn10196–306:UBQLN2UBL complex

All spectra were conducted in Buffer 4 (20 mM NaPO4, 50 mM NaCl, 2 mM DTT, 0.1% 

NaN3, and 5% 2H2O / 95% 1H2O at pH 6.5), except for 2D 1H-13C HSQC, 3D HCCH-

TOCSY and 13Cedited NOESY experiments for which the sample was dissolved in 2H2O. 

Chemical shift assignments of hRpn10196–306 and UBQLN2UBL in free states were available 

from previous work [8, 41]. To solve the structure of the hRpn10196–306:UBQLN2UBL, 15N 

or 13C NOESY experiments [122, 123] were acquired on 15N or 13C-labeled hRpn10196–306 

mixed with 2.3-fold molar excess of unlabeled UBQLN2UBL to assign hRpn10196–306 in its 

bound state. Similarly, hRpn10196–306-bound UBQLN2UBL was assigned by 15N or 13C 

NOESY experiments acquired on 15N or 13C-labeled UBQLN2UBL mixed with unlabeled 

hRpn10196–306 at equimolar ratio. These spectra were also used to generate intramolecular 

NOE distance constraints for use in the structure calculations. Intermolecular distance 

constraints were determined by 13C-half-filtered 3D NOESY experiments (100 ms mixing 

time) performed on samples with 13C-labeled hRpn10196–306 mixed with 2.3-fold molar 

excess of unlabeled UBQLN2UBL and 13C-labeled UBQLN2UBL mixed with equimolar 

unlabeled hRpn10196–306. Additional intermolecular NOE interactions between 

hRpn10196–306 and UBQLN2UBL were obtained through a 15N-dispersed NOESY spectrum 

(200 ms mixing time) [123] recorded on a sample containing 15N, 100% 2H-labeled 

hRpn10196–306 mixed with 2.3-fold molar excess of unlabeled UBQLN2UBL [96]. Spin 

diffusion is greatly reduced in deuterated proteins, allowing for the longer NOESY mixing 

time and in turn, distance measurements greater than 5 Å [124, 125]. In this spectrum, all 

amide to aliphatic NOE crosspeaks are exclusively inter-molecular [94–96].

Structure determination of hRpn10196–306:UBQLN2UBL complex

The structure of hRpn10196–306 with two UBQLN2UBL molecules bound was determined 

with XPLOR-NIH 2.47 [126] on a Linux operating system by using NOE and hydrogen 

bond constraints as well as backbone ϕ and Ψ torsion angle constraints derived from TALOS

+ [127] (Table 1); the resulting TALOS+ plot is included for hRpn10196–306 (Figure S9). 

Hydrogen bonds were generated by using secondary structure assignments and NOE 

connectivities with defined distances from the acceptor oxygen to the donor hydrogen and 

nitrogen of 1.8–2.1 Å and 2.5– 2.9 Å, respectively. Hydrogen bonds restraints were not 

included in the initial calculation, but were in the final round of structure calculations. When 

calculating the structures of hRpn10196–306:UBQLN2UBL, intermolecular distance 

constraints determined from the 13C-half-filtered 3D NOESY experiments were used, in 

addition to intramolecular constraints for hRpn10196–306 and UBQLN2UBL that were 

generated from 15N or 13C NOESY spectra acquired on the complexes (Table 1). All 

complexed structures were calculated from 50 linear starting structures of hRpn10196–306 

and two UBQLN2UBL molecules, which were subjected to 2,000 steps of initial energy 

minimization to ensure full spatial sampling and appropriate coordinate geometry. The 
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structures were next confined according to the inputted data by subjecting them to 55,000 

simulated annealing steps of 0.005 ps at 3,000 K, followed by 5,000 cooling steps of 0.005 

ps. 5,000 steps of energy minimization were applied to produce the final structures, which 

were recorded as coordinate files. The resulting structures had no distance or dihedral angle 

violation greater than 0.3 Å or 5°, respectively. The ten lowest energy structures were chosen 

for visualization and statistical analyses.

Model structure of UIM-1 complexed with S65-phosphorylated ubiquitin or parkinUBL

To generate a model structure of hRpn10 UIM-1: S65-phosphorylated ubiquitin, the 

structure of S65-phosphorylated ubiquitin (PDB 4WZP) was superimposed onto ubiquitin of 

the UIM-1:ubiquitin complex (PDB 1YX5) in PyMOL. A model structure of hRpn10 

UIM-1:parkinUBL was similarly generated by superimposing the structure of parkinUBL 

(PDB 1IYF) onto UBQLN2UBL of the hRpn10196–306 UIM-1:UBQLN2UBL complex in 

PyMOL. These model structures were subsequently energy minimized by Shrödinger 

Maestro [128].

ACCESSION NUMBERS

Atomic coordinates for hRpn10196–306:UBQLN2UBL have been deposited in the Protein 

Data Bank (PDB) with accession number 6MUN. Chemical shift assignments have been 

deposited in the Biological Magnetic Resonance Data Bank (BMRB) with accession number 

30528.
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Highlights

• Although versatile for Ub chains, hRpn10 prefers K48 and K11 linkages

• UBQLN1/2/4 is largely extra-proteasomal in HCT116 cells but crosslinks to 

hRpn10

• UBQLN UBL has a 25-fold binding preference for hRpn10 UIM-1 over 

UIM-2

• Interactions beyond the ‘LALAL’ motif contribute to UBQLN2 UBL 

preference for UIM-1

• UBQLN UBL is rotated about the hRpn10 ‘LALAL’ compared to ubiquitin
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Figure 1. hRpn10196–306 preferentially binds to K48 and K11 ubiquitin linkages.
(a) Pulldown assay with His-hRpn10196–306 and M1-, K6-, K11-, K27-, K29-, K33-, K48-, 

and K63-diubiquitin, as indicated. Immunoblotting was done with antibody against ubiquitin 

(anti-ubiquitin) (top) or polyhistidine (anti-His) (middle). Intrinsically disordered protein 

SocB-His [80] was used as a negative control with K48 diubiquitin, as indicated. Direct 

loading for 15% of the diubiquitin input for each chain type with immunoblotting by 

ubiquitin-specific antibody is included (bottom). (b) The pull-down assay was repeated three 

times and the diubiquitin signal intensities separately normalized for each receptor to the 

strongest signal by using ImageJ [129] and the values plotted (dark blue). The plots from 

pull-down assays with GST-hRpn1404–617 (green) [6] or GST-hRpn13Pru (purple) [45] for 

the eight diubiquitin types are also included for comparison. (c) Ribbon diagram of K27 

diubiquitin (PDB 5J8P) [83] with hydrophobic amino acids L8-I44-V70 and linkage amino 

acids K27-G76 labeled and colored orange and pink respectively.
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Figure 2. UBQLN proteins interact with hRpn10 in HCT116 cells.
(a) A 10–40 % linear glycerol gradient was loaded with HCT116 cell lysate and subjected to 

ultracentrifugation. Gradient fractions were subjected to SDS-PAGE and immunoprobed for 

proteasome markers hRpn2 and β5 as well as β-actin. An antibody against UBQLN1/2/4 

was used to locate these UBQLN proteins while anti-hRpn10 antibody revealed the presence 

of hRpn10. (b) HCT116 cell was treated with crosslinker DSP or DMSO (as a control). Cell 

lysates were immunoprecipitated with anti-UBQLN1/2/4 antibody, subjected to SDS-PAGE, 

and immunoprobed with anti-hRpn10 or anti-UBQLN1/2/4 antibodies, as indicated (right 

panel). Immunoblots of the cell lysates prior to immunoprecipitation for the DSP- and 

DMSO-treated cells is also included (left panel).
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Figure 3. UBQLN2UBL exhibits 25-fold higher affinity for hRpn10 UIM-1.
(a) 1H, 15N HSQC spectra of 15N-labeled hRpn10196–306 (black) and with 2.3-fold molar 

excess unlabeled UBQLN2UBL (orange). hRpn10196–306 signals that shift following addition 

of UBQLN2UBL are labeled. The bound states of V222 and M291 are only observed at 

lower threshold and labeled with ‘x’. (b) CSP plot for the data depicted in (a) showing 

effects of 2.3-fold molar excess UBQLN2UBL addition to 15N-labeled hRpn10196–306. The 

orange line indicates one standard deviation above the average value and prolines are 

indicated with asterisks. CSP, chemical shift perturbation; p.p.m., part per million. (c) Global 

fit of chemical shift changes for amide protons (ΔδH) of residues in UIM-1 (D209, D213, 

L218, S223, and E225) and UIM-2 (E283, M291, M293, L295, and Q296) as a function of 

molar ratio of UBQLN2UBL to hRpn10196–306. The data were fit to a two-site binding mode 

to yield dissociation constants (KD) for a primary binding site (UIM-1, 1.0 ± 0.5 μM) and a 

secondary binding site (UIM-2, 24.8 ± 3.1 μM).
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Figure 4. Structure of hRpn10196–306 complexed with UBQLN2UBL.
(a) Selected regions from a 1H, 13C half-filtered NOESY experiment acquired with 13C-

labeled UBQLN2UBL and equimolar unlabeled hRpn10196–306 highlighting intermolecular 

NOE interactions. Breakthrough diagonal peaks are labeled as ‘D’. NOE interactions 

between residues from hRpn10 UIM-1 or UIM-2 and UBQLN2UBL are distinguished with 

blue and black labels respectively. (b) Selected 15N planes from a 3D 15N-dispersed NOESY 

spectrum recorded on a sample of 0.5 mM 2H, 15N-labeled hRpn10196–306 and 2.3-fold 

molar excess unlabeled UBQLN2UBL. Labels inside (bold) and outside of the strips 

correspond to UBQLN2UBL and hRpn10196–306, respectively. (c) A representative structure 

of hRpn10196–306:UBQLN2UBL is provided with hRpn10196–306 and UBQLN2UBL colored 

in blue or orange. (d, e) Backbone trace diagrams for the ten lowest energy structures of 

hRpn10 UIM-1:UBQLN2UBL (d) or UIM-2:UBQLN2UBL (e) with the secondary structural 

elements superimposed.
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Figure 5. UBQLN2UBL interactions involving the hRpn10 ‘LALAL’ motif and neighboring 
amino acids.
(a) Amino acid sequence alignment of UIM-1 and UIM-2 in hRpn10. Acidic and basic 

amino acids are highlighted red and blue, respectively. The hydrophobic LALAL/IAYAM 

residues within each UIM are underlined. (b, c) Expanded structural region to display the 

contact surfaces for hRpn10 UIM-1:UBQLN2UBL (b) and UIM-2:UBQLN2UBL (c). Side 

chains of UBQLN2UBL I75, G78, I80, V101, and K103 (orange) are displayed and labeled, 

as are hRpn10 UIM-1 D213, E215, L216, A219, L220, S223, and M224 (blue), and UIM-2 

E283, I287, A290, M291, S294, and L295 (blue). Hydrogen bonds are displayed as grey 

dashed lines. Oxygen, nitrogen, and sulphur atoms are colored red, blue and yellow, 

respectively.

Chen et al. Page 25

J Mol Biol. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. UBQLN2UBL establishes additional interactions with the longer UIM-1 helix.
(a) hRpn10 UIM-1 and UIM-2 helices aligned based on their amino acid sequences as 

displayed in Figure 5a. A measurement is provided between the Cα atoms of UIM-1 E225 

and E245. UIM-1 S223, UIM-2 S294, and glutamic acid and arginine residues in extended 

UIM-1 region are displayed. (b) Enlarged view of the UIM-1:UBQLN2UBL structure 

encompassed by the boxed region in (a) to illustrate the additional hydrogen bonds and 

electrostatic interactions provided by the longer UIM-1 helix. Hydrogen bonds and 

electrostatic interactions are displayed as grey dashed lines.
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Figure 7. Comparison of hRpn10 UIM-1 binding to UBQLN2UBL and ubiquitin.
(a) Sequence alignment of UBQLN2UBL and ubiquitin by ClustalW2. Identical residues are 

highlighted in yellow, whereas UBQLN2UBL residues that interact uniquely with hRpn10 

compared to ubiquitin are highlighted orange. (b, c) Views of the hRpn10 UIM-1 

(blue):UBQLN2UBL (orange) and UIM-1(blue):ubiquitin (yellow) complexes to illustrate 

interactions at the contact surface. UIM1:UBQLN2UBL and UIM-1:ubiquitin are aligned by 

the UIM-1 helix spanning residues P214-E245. The orange arrows with dashed lines 

indicate rotation about the UIM-1 ‘LALAL’ contact surface relative to ubiquitin for the 

UBQLN2UBL β1-β2 or β3-β4 loop (b) or the α2-β5 loop (c). Key amino acids are displayed 

and labeled, with oxygen and nitrogen atoms colored red and blue respectively. Hydrogen 

bonds and electrostatic interactions are indicated with grey dashed lines.
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Table 1.

Structural statistics for hRpn10196–306:UBQLN2UBL

NOE-derived distance constraints (total) 5647

Intermolecular
UIM-1: UBQLN2UBL UIM-2: UBQLN2UBL

63 87

Intramolecular 5497

 hRpn10196–306 1441

  Intra-residue 547

  Inter-residue 894

   Sequential (|i − j| = 1) 419

   Medium-range (|i − j| ≤ 4) 439

   Long-range (|i − j| ≥ 5) 36

 UBQLN2UBL (per molecule) 2028

  Intra-residue 614

  Inter-residue 1414

   Sequential (|i − j| = 1) 402

   Medium-range (|i − j| ≤ 4) 344

   Long-range (|i − j| ≥ 5) 668

Hydrogen bond constraints (total) 121

 hRpn10196–306 47

 UBQLN2UBL (per molecule) 37

Dihedral angle constraints (total) 368

 hRpn10196–306 104

 UBQLN2UBL (per molecule) 132

Structure statistics
a

Ramachandran plot (%)

 Most-favorable region 97.8

 Additionally allowed region 2.2

 Generously allowed region 0

 Disallowed region 0

Deviations from idealized geometry

 Bond lengths (Å) 0.003 ± 0.000

 Bond angles (°) 0.448 ± 0.014

 Impropers (°) 0.340 ± 0.011

r.m.s.d from average structure (Å) UIM-1: UBQLN2UBL UIM-2: UBQLN2UBL

 Backbone atoms
0.54 ± 0.12

b
0.49 ± 0.16

c

 Heavy atoms
1.20 ± 0.19

b
1.03 ± 0.17

c

a
Statistics for II° structural elements of hRpn10196–306 and UBQLN2UBL from the 10 lowest energy structures.
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b
Superimposing hRpn10196–306 P214-E245 and UBQLN2UBL I32–I102.

c
Superimposing hRpn10196–306 E283-Q296 and UBQLN2UBL I32–I102.
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