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Highlights 19 

• High resolution structures of the redox active cofactor TXNL1 in complex with the 20 

human 26S proteasome solved by time-resolved cryo-EM.  21 

• TXNL1 binds the catalytic groove of the main proteasomal deubiquitinase Rpn11 22 

and coordinates its active-site Zinc specifically in substrate-degrading states of the 23 

proteasome.  24 

• Visualizing a partially unfolded intermediate of the mEos model substrate during 25 

processing. 26 

• Structures of the actively degrading human proteasome reveal all spiral-staircase 27 

registers of the AAA+ ATPase hexamer with unexpected nucleotide occupancies 28 

that indicate asymmetric ATP hydrolysis mechanisms, conformational changes 29 

with burst phases, and thus new models for hand-over-hand substrate 30 

translocation.  31 
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Summary 32 

The 26S proteasome targets many cellular proteins for degradation during general 33 

homeostasis, protein quality control, and the regulation of vital processes. A broad range 34 

of proteasome-interacting cofactors thereby modulates these functions and aids in 35 

substrate degradation. Here, we solved several high-resolution structures of the redox 36 

active cofactor TXNL1 bound to the human 26S proteasome at saturating and sub-37 

stoichiometric concentrations by time resolved cryo-EM. We identified distinct binding 38 

modes of TXNL1 that depend on the proteasome conformational and ATPase motor 39 

states. Together with biophysical and biochemical experiments, our structural studies 40 

reveal that the resting-state proteasome prior to substrate engagement with the ATPase 41 

motor binds TXNL1 with low affinity and in variable positions on top of the Rpn11 42 

deubiquitinase. In contrast, the actively degrading proteasome shows additional  43 

interactions leading to high-affinity TXNL1 binding, whereby TXNL1’s C-terminal tail 44 

covers the catalytic groove of the Rpn11 deubiquitinase and coordinates the active-site 45 

Zn2+. Furthermore, these cryo-EM structures of the degrading proteasome capture the 46 

ATPase hexamer in all registers of spiral-staircase arrangements and thus visualize the 47 

complete ATP-hydrolysis cycle of the AAA+ motor, indicating temporally asymmetric 48 

hydrolysis and conformational changes in bursts during mechanical substrate unfolding 49 

and translocation. Remarkably, we catch the proteasome in the act of unfolding the beta-50 

barrel mEos3.2 substrate while the ATPase hexamer is in a particular spiral staircase 51 

register. Our findings challenge current models for protein translocation through 52 

hexameric AAA+ motors and reveal how the proteasome uses its distinct but broad range 53 

of conformational states to coordinate cofactor binding and substrate processing.  54 

 55 

 56 

  57 
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Introduction 58 

The 26S proteasome unfolds and degrades hundreds of cellular proteins with highly 59 

diverse structural and chemical features to maintain protein homeostasis, remove 60 

misfolded, damaged, or obsolete regulatory proteins, and generate peptides with second-61 

messenger functions 1,2. The proteasome consists of one or two 19S regulatory particles 62 

(RP) that bind to either end of the 20S core particle (CP), a barrel-shaped structure with 63 

an internal degradation chamber sequestering the proteolytic active sites of the 64 

proteasome 3. The RP includes the lid and base subcomplexes . The lid consists of the 65 

non-catalytic subunits Rpn3, 5-9, 12, and Sem1 (human PSMD3, 12, 11, 6, 7, 13, 8, and 66 

SEM1), as well as the Zn2+-dependent deubiquitinase (DUB) Rpn11 (human PSMD14). 67 

The base subcomplex contains the heterohexameric AAA+ motor with six distinct ATPase 68 

subunits in the order Rpt1, Rpt2, Rpt6, Rpt3, Rpt4, and Rpt5 4 (human PSMC2, 1, 5, 4, 69 

6, 3), the large scaffolding subunit Rpn2 (human PSMD1), and the three intrinsic ubiquitin 70 

receptors, Rpn1 (human PSMD2), Rpn10 (human PSMD4), and Rpn13 (hRpn13) 5-8. For 71 

simplicity we will use the yeast nomenclature of proteasomal subunits that is well 72 

established for structure-function studies in the field.  73 

Each Rpt subunit includes a N-terminal helix that in the assembled hexamer forms a 74 

coiled-coil with one of the neighboring Rpts, a small domain with 75 

oligonucleotide/oligosaccharide-binding (OB) fold that forms an N-terminal domain ring 76 

(N-ring), and a C-terminal ATPase domain with a large and a small AAA+ subdomain that 77 

constitute the ATPase motor ring 9. The majority of proteasomal substrates are targeted 78 

for degradation through the enzymatic attachment of poly-ubiquitin chains, which bind to 79 

a ubiquitin receptor of the proteasome and allow an unstructured initiation region of the 80 

substrate to enter the central channel of the ATPase motor 10-13. A conserved loop 81 

structure, the so-called pore-1 loop, protrudes from each Rpt subunit into the central 82 

channel and sterically engages the substrate polypeptide 14,15. ATP-hydrolysis-driven 83 

conformational changes in the ATPase hexamer then apply mechanical force for 84 

substrate unfolding and translocation into the 20S CP. Rpn11 sits above the central pore 85 

of the ATPase motor and cleaves ubiquitin chains en bloc from translocating substrates 86 
16.  87 
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 88 

Prior to substrate binding and engagement with the ATPase subunits, the 26S 89 

proteasome predominantly resides in a resting or engagement-competent state, in which 90 

Rpn11 is offset from a coaxial alignment with the N-ring, allowing substrates to enter the 91 

central channel 3,17. In this resting state, the N-ring, AAA+ motor ring, and the 20S CP are 92 

misaligned, and access to the degradation chamber is restricted by closed axial gates of 93 

the 20S CP. Pore-1 loop engagement with the substrate polypeptide induces major 94 

conformational changes of the 19S RP to processing states, which are characterized by 95 

a rotated lid subcomplex and a wider central channel with coaxially aligned N-ring, 96 

ATPase ring, and an open-gated 20S CP 17. Rpn11 shifts to a central position above the 97 

Rpt hexamer that facilitates substrate deubiquitination in a co-translational manner 11,16,17. 98 

Previous cryo-EM structural studies of the human and yeast 26S proteasomes in which 99 

substrate translocation was stalled either through addition of the non-hydrolysable ATP 100 

analog ATPgS or by inhibiting Rpn11-mediated deubiquitination, respectively, revealed 101 

the Rpt hexamer with different nucleotide occupancies and forming various right-handed 102 

spiral-staircase arrangements around the engaged substrate polypeptide 18-20.  103 

Most of these stalled proteasome states showed 3 - 5 ATP-bound Rpt subunits at the top 104 

of the staircase and 1 – 3 ADP-bound or nucleotide-free subunits toward the bottom. 4 – 105 

5 of the six subunits were engaged with the substrate polypeptide through their pore-1 106 

loop, while 1-2 subunits were in an off or “seam” position, with usually one subunit located 107 

between the bottom and top subunits of the staircase. These observations led to a “hand-108 

over-hand” translocation model, in which the second-to-last subunit in the spiral staircase 109 

hydrolyzes ATP and releases the phosphate, causing the neighboring ADP-bound bottom 110 

subunit to disengage from the substrate and move as the “seam” subunit to the top of the 111 

staircase. Subsequently this seam subunit exchanges ADP for ATP and re-engages the 112 

substrate, which pushes the other, already substrate-engaged subunits downward in the 113 

staircase by ~ 5 Å and leads to a corresponding substrate translocation step of ~ 2 amino 114 

acids 18. Hence, hydrolysis events appear to progress counterclockwise in the ATPase 115 

ring and phosphate release may drive the conformational changes that propel the 116 

substrate through the central channel.  117 

 118 
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Alternatively to ubiquitin modifications, substrates can be targeted to the proteasome 119 

through ubiquitin-like modifiers such as FAT10 (ubiquitin D, 21) and through interactions 120 

with proteasome-binding cofactors 22-25. FAT10 contains two ubiquitin-like (UBL) 121 

domains, one of which is bound in a partially unfolded state by the cofactor NUB1 that 122 

delivers it to the proteasome for motor engagement and subsequent degradation of 123 

FAT10 and any attached substrate moiety 25. In addition to these cofactors with substrate-124 

delivery and chaperone functions, there is a multitude of proteasome-binding cofactors 125 

with enzymatic activities, including the deubiquitinases USP14/Ubp6 and UCH37, the 126 

ubiquitin ligase Hul5/Ube3c, the phosphatase UBLCP1 and the thioredoxin-like protein 127 

TXNL1 26-30. Except for USP14/Ubp6, most of these enzymatic cofactors are only poorly 128 

understood regarding their proteasome interactions, mechanisms of substrate 129 

processing, and potential coordination with other proteasome functions. The redox-active 130 

TXNL1 is expressed in many cell-types and was previously proposed as a nearly 131 

stoichiometric component of the human 26S proteasome, whereby it uses its C-terminal 132 

PITH (proteasome interacting thioredoxin) domain (also known as DUF1000 domain) for 133 

binding, while potentially reducing disulfide bonds with its N-terminal thioredoxin (TRX) 134 

domain 29,31. However, the details of this interaction and its regulation remained elusive. 135 

 136 

Here we used cryo-EM and in vitro biochemical studies on a reconstituted system to 137 

characterize the interactions of TXNL1 with resting and actively degrading human 138 

proteasomes. We found that TXNL1’s PITH domain binds on top of Rpn11, making 139 

contacts with Rpn10 and Rpn2, such that its catalytic TRX domain is positioned near the 140 

substrate entrance to the ATPase motor. TXNL1 thereby forms low-affinity interactions 141 

with the resting-state proteasome, where it is observed in multiple conformations yet 142 

similar locations above Rpn11. On actively degrading proteasomes, however, TXNL1 143 

binds with high affinity through additional interactions of its C-terminal tail with the active-144 

site Zn2+ and the catalytic groove of Rpn11 in a potentially deubiquitination-incompetent 145 

conformation. Extensive 3D classification of the substrate-degrading proteasome 146 

revealed at least six distinct states of the ATPase motor with previously unknown 147 

conformations and nucleotide occupancies that shine new light on the mechanisms of 148 

mechanochemical coupling and substrate translocation by the 26S proteasome and 149 
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AAA+ motors in general. These states suggest burst-phase-like ATP hydrolysis that may 150 

aid in substrate unfolding and better explain existing discrepancies between single-151 

molecule experiments and structure-based models for hand-over-hand substrate 152 

translocation. In addition, differential interactions of these motor states with TXNL1 153 

indicate a sophisticated coordination of degradation steps, whereby TXNL1 does not 154 

interfere with initial or co-translocational substrate deubiquitination. 155 

 156 

Results 157 

High resolution structures of TXNL1 bound to the human 26S proteasome.  158 

We identified TXNL1 bound to endogenous proteasomes when we further processed a 159 

previously collected dataset of the human 26S proteasome during active degradation of 160 

a FAT10-fused Eos3.2 model substrate in the presence of the NUB1 cofactor 25. These 161 

affinity-purified proteasomes from HEK293 cells showed sub-stoichiometric amounts of 162 

TXNL1, whose binding is sensitive to the ionic strength the solution, such that 163 

proteasomes free of endogenous TXNL1 could be prepared by high-salt washes 164 

(Extended Figure 1A). To increase TXNL1 occupancy and the resolution of our cryo-EM 165 

structures, we saturated the human proteasomes with recombinant TXNL1 purified from 166 

E. coli (Extended Figure 1B). Robust redox activity of this recombinant TXNL1 was 167 

confirmed with an insulin reduction assay, in which resolving insulin’s disulfides leads to 168 

aggregation and a quantifiable increase in sample turbidity (Extended Figure 1C).  169 

 170 

We used time-resolved cryo-EM to investigate the conformational landscape of the 171 

substrate-processing 26S proteasome 2 min after its incubation with excess of FAT10-172 

Eos model substrate, NUB1 cofactor, and TXNL1 (Extended Figure 2). Particles were 173 

separated into two major groups, the resting state (RS, also known as the s1 state for 174 

yeast proteasomes) with ~ 414K particles, and the processing states (PS, also referred 175 

to as non-s1 states) with ~ 335K particles (Extended Figure 2). Deep 3D classification of 176 

the processing-state proteasomes resulted in at least 6 distinct conformations with global 177 

resolutions of 3 - 3.5 Å, showing the Rpt hexamer in distinct spiral-staircase registers 178 

(Extended Figure 2 and Extended Figure 3). We refer to these processing states based 179 

on the highest substrate-engaged Rpt subunit in the staircase as PSRpt1, PSRpt5, PSRpt4, 180 
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PSRpt3, PSRpt6 and PSRpt2, represented by ~19.3k, ~112.2k, ~29.5k, ~32.2k, ~24.2k and 181 

~73.1k particles, respectively (Extended Figure 2 and Extended Figure 3). All of them 182 

show the typical characteristics of the substrate-engaged proteasome, with a shifted and 183 

rotated lid subcomplex, the Rpt4/Rpt5 coil-coil positioned near Rpn10, a co-axial 184 

alignment of the ATPase ring with the open-gated 20S CP, and substrate polypeptide 185 

threaded through the central channel. We initially focus on the most abundant and highest 186 

resolution (~3 Å) state, PSRpt5 (Figure 1A, Extended Figure 3). In this state, all five 187 

subunits from Rtp5 at the top to Rpt3 at the bottom of the staircase are substrate-engaged 188 

through their pore-1 loop, while Rpt4 is the non-engaged seam subunit and at low 189 

resolution, likely due to a continuous motion from the bottom to the top position. Through 190 

3D classification focused on the ATPase hexamer of PSRpt5 we could resolve sub-states 191 

A and B that differ in the position of Rpt4 (Extended Figure 2), and we will concentrate 192 

our subsequent discussion of structural features on state A, PSRpt5A.  193 

  194 

The extra density above Rpn11 could be unambiguously assigned to the PITH domain of 195 

TXNL1 (Figure 1A,B). It contacts Rpn2 and the VWA (von Willebrand factor type A) 196 

domain of Rpn10 primarily through ionic interactions (Figure 1C), which explains the salt-197 

sensitivity of this interaction. The N-terminal catalytic TRX domain of TXNL1 could not be 198 

resolved (Figure 1A), likely due to its flexible linkage to the PITH domain and consequent 199 

high mobility. Aligning AlphaFold models for the full-length TXNL1 with our structures 200 

places the TRX domain near the substrate entrance of the N-ring (Extended Figure 4C), 201 

and its mobility may aid in the reductive processing of a structurally diverse array of 202 

substrates. We observed the C-terminal tail of TXNL1 draped over Rpn11’s hydrophobic 203 

catalytic groove and the Insert-1 (Ins-1) loop that plays important role in binding the C-204 

terminus of ubiquitin and regulating access to the deubiquitination active site (Figure 1D).  205 

 206 

TXNL1 coordinates the active site zinc of Rpn11 but does not inhibit 207 

deubiquitination 208 

TXNL1’s interaction with the catalytic groove of Rpn11 is supported by hydrophobic 209 

interactions of the tail residues F278 and M275 (Figure 1D). Interestingly, the C-terminus 210 

of this tail reaches into Rpn11’s active site, where a conserved terminal histidine 211 
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coordinates the catalytic Zn2+ (Figure 1D, Extended Figure 4A). The Ins-1 region of Rpn11 212 

is a critical regulatory segment that switches its conformation depending on the state of 213 

the proteasome and the presence of ubiquitin. At least three distinct Ins-1 states have 214 

been described: an ‘open’ loop conformation in the resting-state proteasome, an active 215 

β-hairpin conformation in which Ins-1 forms a small beta sheet with the C-terminus of 216 

ubiquitin to position it for isopeptide cleavage during substrate deubiquitination, and a 217 

curled up ‘closed’ or inhibitory conformation typically found in substrate-processing states 218 

of the proteasome (Extended Figure 4B) 16,18,19,32. The specific conformation and 219 

interactions of TXNL1’s C-terminal tail is compatible only with the closed state of Ins-1, 220 

whereas a ubiquitin-bound state would lead to steric clashes, and the open state would 221 

be unable to form the necessary contacts. TXNL1’s tail may thus bind the catalytic groove 222 

of Rpn11 only on substrate-processing proteasomes when there is no deubiquitination.   223 

Previous structural and functional studies suggested that polyubiquitinated substrates 224 

first use a more distally located moiety in their ubiquitin chain to interact with a 225 

proteasomal ubiquitin receptor, before the proximal ubiquitin binds to Rpn11, followed by 226 

insertion of the substrate’s flexible initiation region into the central channel for motor 227 

engagement 11,19,33. This engagement triggers the conformational switch of the 19S RP 228 

from the resting to processing states and allows subsequent co-translocational 229 

deubiquitination 11,34. To test whether TXNL1 inhibits deubiquitination, we prepared a 230 

model substrate (Eos-I27V15P-tail) in which Eos3.2 was fused to the titin I27 domain with 231 

a destabilizing V15P mutation. The titin domain also carried a flexible C-terminal tail that 232 

contained a single lysine residue for Rsp5-mediated polyubiquitination and was long 233 

enough to allow degradation initiation. Measurements of proteasomal substrate 234 

degradation under multiple-turnover conditions, monitored through the decay of intrinsic 235 

Eos fluorescence, showed identical rates (0.54 +/- 0.06 min-1) in the absence and 236 

presence of excess TXNL1 (Extended Figure 1D). Similarly, monitoring substrate 237 

deubiquitination and peptide-product formation by SDS-PAGE with a N-terminally 238 

fluorescein-labeled Eos-I27V15P-tail substrate revealed no effect of TXNL1 on ubiquitin-239 

dependent degradation (Extended Figure 1E), suggesting that TXNL1’s interaction with 240 

Rpn11 does not interfere with the removal of the affinity-conferring ubiquitin chain from a 241 

substrate upon motor engagement. All purified human proteasomes were treated with 242 
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ubiquitin-propargylamine (PRG), a selective inhibitor of cysteine-dependent 243 

deubiquitination, which ruled out that other human proteasome-associated DUBs 244 

substituted for Rpn11 during ubiquitin-dependent degradation in the presence of TXNL1. 245 

Importantly, there was no indication for any in vitro degradation of TXNL1 (Extended 246 

Figure 1E), despite its location above the motor entrance and previous findings about 247 

endogenous TXNL1 being degraded upon arsenic treatment of mammalian cells 31.  248 

 249 

TXNL1 forms low-affinity interactions with resting-state proteasomes  250 

Interestingly, although our cryo-EM data set showed a higher number of proteasome 251 

particles in the resting state, TXNL1’s tail was not detected interacting with Rpn11 in these 252 

proteasomes, where Rpn11’s Ins-1 loop is in the open conformation (Figure 2). Moreover, 253 

TXNL1’s PITH domain adopted an ensemble of orientations between Rpn2 and Rpn10 254 

(Figure 2, Extended Figure 5, and Extended Figure 6). We classified particles into RS.1 255 

and RS.2 states, which showed slight variations in the lid subcomplex, but no difference 256 

for the ATPase motor (Extended Figure 6). Local refinement of the PITH domain and 3D-257 

variability analyses for both RS.1 and RS.2 allowed us to separate two major PITH-258 

domain states that we term forward (49.8 % of particles) and backward (40.5% of 259 

particles) based on the PITH domain rotation (Figure 2A,B, Extended Figure 6), along 260 

with a smaller number of particles showing the PITH domain in intermediate positions. In 261 

the absence of C-terminal tail binding to Rpn11, the PITH domain thus appears to form 262 

‘blurry’ interactions with the resting-state proteasome, using just a few contact points on 263 

Rpn2 and Rpn10’s VWA domain to swivel between forward and backward positions by ~ 264 

91 °. The forward position resembled the TXNL1 conformation we observed in the 265 

processing-state proteasomes, except for the C-terminal tail that did not contact Rpn11 266 

and was therefore not resolved (Figure 2A, Figure 1A). Remarkably, the backward 267 

conformation utilizes overlapping, yet slightly different contact points on its PITH domain, 268 

Rpn2, and Rpn10, with again no involvement of the C-terminal tail (Figure 2C). These 269 

alternative orientations and their poorly resolved intermediate states thus provide an 270 

interesting example for “fuzzy” multi-mode interactions of a cofactor with a large protein 271 

complex that allow modulating affinity and function. 3D classification of a separate resting 272 
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state of particles where Rpn1 is mobile and at lower resolutions also highlighted that 273 

forward and backward conformations were populated (Extended Figure 5).   274 

The backward conformation thereby appears to avoid any interference with 275 

deubiquitination upon substrate engagement. Indeed, for proteasomes that adopted a 276 

conformation with similarities to the previously reported EA2 or EB states, which were 277 

proposed to reflect substrate deubiquitination 19,20, we observed TXNL1 in the backward 278 

conformation and, in addition, detected a low-resolution density bound to Rpn11 that 279 

resembles ubiquitin and could represent co-purified ubiquitin or a UBL domain of the 280 

FAT10 substrate (Extended Figure 5). Similar to the EB state, these proteasomes show 281 

Rpn1 at a kinked angle relative to the ATPase ring, yet the ATPase ring has no 282 

translocating polypeptide in the central channel and is in a true resting-state conformation, 283 

like EA2. However, in contrast to the EA2 state that unexpectedly showed two ADPs bound 284 

to Rpt6 and Rpt5 across from each other in the hexamer, we observed five subunits 285 

bound to ATP and only the seam subunit Rpt6 in an ADP-bound state (Extended Figure 286 

5). The backward conformation of TXNL1 is hence exclusively found in resting-state 287 

proteasomes, whereas the forward conformation is populated in both resting-state and 288 

actively degrading proteasomes, with the latter showing additional interactions of 289 

TXNL1’s C-terminal tail with Rpn11’s catalytic groove and active-site Zn2+.  290 

 291 

TXNL1 binds to actively degrading proteasomes with high affinity 292 

Considering the structural findings described above, we wondered whether TXNL1 had a 293 

binding preference and formed higher-affinity interactions with actively degrading 294 

proteasomes. We therefore N-terminally labeled TXNL1 with fluoresceine-amidite (FAM) 295 

and measured its fluorescence polarization after mixing with excess human proteasome 296 

in either the absence or presence of FAT10 substrate and NUB1 cofactor. While the 297 

substrate-free, resting-state proteasome sample showed only low fluorescence 298 

polarization, actively FAT10-substrate degrading proteasomes caused a strong 299 

polarization increase (Figure 3A). Remarkably, this signal decreased as the substrate 300 

was consumed and the proteasome conformational equilibrium shifted back to the resting 301 

state, indicating the dissociation of TXNL1. Performing these polarization experiment with 302 

a TRX-domain deletion (PITH) or PITH-domain deletion (TRX) confirmed that this 303 
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differential binding to human proteasomes is solely dictated by the Rpn11-interacting 304 

PITH domain (Extended Figure 7A). Furthermore, when using a 20S CP inhibitor to 305 

accumulate undigested FAT10 substrate in the degradation chamber and thereby stall 306 

substrate translocation through the 19S RP, we observed a constantly high polarization, 307 

indicative of TXNL1 tightly binding proteasomes that were trapped in the processing 308 

states (Extended Figure 7A). Titrating these stalled, substrate-engaged proteasomes 309 

allowed us to determine a KD of ~ 35 nM for TXNL1 binding (Extended Figure 7B). By 310 

contrast, the TXNL1 titrations we performed with resting-state proteasomes for the cryo-311 

EM structure determination let us estimate a KD in the tens of micromolar range, at least 312 

2 orders of magnitude higher than for the actively degrading states. Hence, TXNL1 313 

preferentially binds the substrate-processing human proteasomes with high affinity, 314 

whereas it switches to low-affinity “fuzzy” binding and dissociates when the proteasome 315 

is in the resting conformation.  316 

 317 

Time-resolved cryo-EM reveals conformation-specific TXNL1-binding preference  318 

We further processed a previously collected dataset for the human 26S proteasome 319 

prepared 30 s after initiating the NUB1-mediated degradation of a FAT10-mEos3.2 320 

substrate. Besides a large number of resting-state proteasome particles (77.3 %), we 321 

identified the substrate-degrading proteasome in the same six spiral-staircase ATPase 322 

states as observed for the 2 min time point (Extended Figure 8A). The resting-state 323 

proteasomes did not show PITH-domain density, consistent with the low concentration of 324 

the sub-stoichiometrically co-purified TXNL1 and its low-affinity binding to the resting 325 

state. For the processing-state proteasomes, we masked each Rpt subunit and used local 326 

refinements to improve the resolution of the ATPase hexamer for model building 327 

(Extended Figure 8A). The staircase states PSRpt1, PSRpt5, PSRpt4, PSRpt3, PSRpt6 and PSRpt2 328 

were represented by ~26.7k, ~66.8k, ~16.4k, ~15.6k, ~10.7k and ~31.2k particles, 329 

respectively, and refined to moderate global resolutions of 3 – 4.5 Å (Figure 3B; Extended 330 

Figure 8A). There were no complete TXNL1 occupancies in these states, but alignments 331 

focused on the PITH domain allowed us to achieve high resolution (~ 2.8 Å) and the 332 

unambiguous assignment of TXNL1 (Figure 3B; Extended Figure 8B,C). 3D classification 333 

of each PS conformation sorted particles into TXNL1-bound and TXNL1-unbound, and 334 
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we noted a clear bias of PSRpt2 for being TXNL1-free (Figure 3C, Extended Figure 8B). 335 

Interestingly, PSRpt2 differs from the other substrate-processing states by showing a larger 336 

gap between the N-terminal coiled coil of Rpt4/Rpt5 and Rpn11’s Ins-1 region (Extended 337 

Figure 4D). This larger gap allows an Ins-1 conformation with possibly higher dynamics 338 

that may destabilize its interactions with the C-terminal tail of TXNL1. TXNL1 therefore 339 

binds PSRpt2 similar to the resting-state proteasome, with low affinity and not involving its 340 

tail. It is tempting to speculate that the Ins-1 conformation in PSRpt2 is less inhibitory for 341 

deubiquitination and more readily transitions to the active hairpin state that forms a beta 342 

sheet with the C-terminus of ubiquitin. PSRpt2 may therefore represent a processing state 343 

that is suited for the removal of ubiquitin chains during substrate translocation or 344 

unfolding.  345 

Overall, the structures of the degrading human 26S proteasome in the presence of sub-346 

stoichiometric TXNL1 amounts further support our findings that TXNL1 forms high-affinity 347 

interactions only with the actively processing proteasome states, except for PSRpt2, in 348 

which low-affinity binding may prevent TXNL1’s interference with co-translocational 349 

deubiquitination. 350 

 351 

Capturing an unfolding intermediate of the Eos substrate  352 

Using the dataset for proteasomes with saturating TXNL1 at 2 min after initiating FAT10-353 

substrate degradation, we visualized the PSRpt2 conformation with an unfolding 354 

intermediate of the Eos substrate above the entrance to the ATPase channel and pulled 355 

against Rpn11 (Figure 4A). N-terminal of the Eos domain we were able to model the linker 356 

to FAT10’s C-terminus and continuously all amino acids up to FAT10’s residue 154, as 357 

they span through the N-ring and the ATPase spiral staircase (Figure 4A,B). The Eos 358 

domain is partially unfolded, with its FAT10-attached N-terminal b1 strand extracted from 359 

the beta barrel and the neighboring b2-b3 and b5-b6 hairpins strongly distorted (Figure 360 

4C). Interestingly, b5 and b6 appear to maintain their hydrogen bonds as a hairpin, 361 

despite being pulled against Rpn11 and bent to parallel the extracted b1 strand going into 362 

the ATPase pore (Figure 4E,F). We were also able to model the Eos chromophore, a 363 

cyclic imidazole group formed from residues His227, Try228, and Gly229 (Figure 4D). 364 

Due to the displacement of b1, b5, and b6 from the barrel, the environment of the 365 
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chromophore is strongly distorted (Figure 4E). It is therefore likely that Eos loses its 366 

fluorescence while forming this intermediate, whose subsequent further unfolding 367 

appears to be rate-limiting for the degradation of the FAT10-Eos substrate. Indeed, in 368 

previous biochemical studies we found that the Eos fluorescence during degradation 369 

under single-turnover conditions decayed with a time constant of τ = 18 s, whereas 370 

multiple-turnover degradation showed a time constant of τ = 50 s, likely determined by 371 

unfolding of the non-fluorescent intermediated 25. The Eos unfolding intermediate uses 372 

hydrophobic residues in b1, b5, and b6 that are normally part of the hydrophobic core to 373 

interact with the surface of Rpn11. In particular, M172, M274, and F279 engage in 374 

hydrophobic interactions with Rpn11’s Ins-1 region and V125 of the a3 helix (Figure 4F), 375 

thus stabilizing the intermediate in a particular position on Rpn11 that overlaps with the 376 

binding site of the TXNL1 C-terminal tail (Figure 4G). Future studies with other substrates 377 

will have to address whether this surface area of Rpn11 is specifically contacted only by 378 

Eos or more generally used to pull proteins against and potentially assist in their 379 

mechanical unfolding. Although PSRpt2 is not the most abundant conformation of the 380 

substrate-degrading proteasome in our datasets (Extended Figure 2), it is the only one 381 

where an unfolding intermediate of the FAT10-Eos substrate could be visualized. 382 

Furthermore, the spiral staircase state with Rpt2 at the top was observed in previous 383 

structural studies of the yeast and human proteasomes with stalled substrates 18,20, 384 

suggesting that this register of the ATPase motor may play important roles during 385 

substrate unfolding or deubiquitination. Importantly, even PSRpt2 proteasomes without the 386 

Eos unfolding intermediate showed a major reduction in TXNL1 binding (Figure 3C), 387 

indicating that high-affinity TXNL1 tail binding is disfavored by the PSRpt2 conformation 388 

itself and not simply prevented by steric hindrance with the Eos unfolding intermediate 389 

pulled against Rpn11. 390 

 391 

Asymmetric ATP hydrolysis in the Rpt hexamer 392 

For both datasets of the human proteasome at 30 s and 2 min after substrate addition we 393 

observed non-substrate-engaged proteasomes in the typical resting-state conformation, 394 

with Rpt3 at the top of the staircase, Rpt2 at the bottom, and Rpt6 as the seam subunit 395 

bound to ADP, while all other subunits were ATP-bound. The substrate-engaged 396 
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proteasomes in both datasets showed the six staircase conformations represented by 397 

vastly different particle populations (Figure 5, Extended Figure 9C). The resolutions were 398 

generally high enough to reliably determine the identities of the bound nucleotides and 399 

distinguish between ADP and ATP (Extended Figure 9B). For some of the more mobile 400 

seam subunits with lower resolution overall and for the nucleotide, we assumed ADP 401 

based on the subunit position in the staircase. PSRpt5 was clearly the dominant state with 402 

particle numbers in the data sets ~ 2 times higher than expected if all states were equally 403 

likely, and 4-5 times higher than three of the least populated motor states (Figure 5). 404 

Assuming that the numbers of particles in a particular conformation correlate with the 405 

lifetime of that state during ATP hydrolysis and the spiral-staircase progression in the Rpt 406 

hexamer, we postulate that the proteasomal ATPase motor functions by an asymmetric 407 

firing mechanism. This is further supported by varying distributions of nucleotide states, 408 

with processing states containing 4 ATPs and 2 ADPs, 3 ATPs and 3 ADPs, or only 2 409 

ATPs and 4 ADPs (Figure 5). Assuming a counterclockwise progression of ATP 410 

hydrolysis, conformational changes, and nucleotide exchange events around the Rpt 411 

hexamer, we discuss the processing states in the corresponding counterclockwise order 412 

by which they may transition into each other. Although we describe discrete 413 

conformations for an almost complete cycle of ATP hydrolysis, it should be noted that we 414 

are likely missing rarer conformations and cannot assess continuous motions or very 415 

short-lived intermediates at high enough resolution for modeling, especially for the seam 416 

subunits.  417 

The most common conformation PSRpt5 showed five subunits, Rpt5, Rpt1, Rpt2, Rpt6, 418 

and Rpt3, engaged with the substrate polypeptide, and Rpt4 as the disengaged seam 419 

subunit (Figure 5; Extended Figure 9A). At the top of the staircase Rpt5, Rpt1, and Rpt2 420 

are ATP-bound, whereas Rpt6, Rpt3, and Rpt4 at the bottom have ADP in their active 421 

sites. Like for the 4D state of the substrate-engaged yeast proteasome 18, this would 422 

indicate that Rpt4 is the next subunit to move to the top of the staircase and exchange 423 

ADP for ATP. However, the 4D state and the ED2.1 state of the human proteasome 20 both 424 

had 4 ATP and 2 ADP bound to their Rpt subunits, suggesting that in PSRpt5 an additional 425 

ATP-hydrolysis event had occurred in Rpt6 without being coupled to the movement or 426 

nucleotide exchange of Rpt4.  427 
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The PSRpt4 state has not been previously observed in structural studies of the substrate-428 

bound yeast or human 26S proteasomes. Interestingly, we detected only 2 ATPs, bound 429 

to Rpt4 and Rpt5, while the other 4 Rpt subunits were bound to ADP (Figure 5), which is 430 

a strong deviation from the conventional views of always having 4-5 ATP-bound and 1-2 431 

ADP-bound or empty subunits. Again, this suggests that ATP hydrolysis can occur further 432 

upwards in the spiral staircase and ahead of the large movements for translocation and 433 

nucleotide exchange of the substrate-disengaged seam subunit. These findings likely 434 

indicate a burst phase in ATP hydrolysis, whereby additional hydrolysis events occur 435 

faster than the movement of seam subunits toward the top of the staircase, possibly 436 

because substrate translocation and staircase progression are held up by a folded 437 

substrate domain at the entrance of the ATPase motor. ADPs thus accumulate in up to 4 438 

subunits, and their release may lead to several subunits moving from the bottom to the 439 

top of the staircase in rapid succession or even simultaneously. Our results challenge 440 

conventional models for hand-over-hand translocation that were based on structures of 441 

proteasomal or other AAA+ ATPase with stalled substrates and proposed a strict coupling 442 

of individual ATP-hydrolysis, subunit-movement, and nucleotide-exchange events 18. 443 

Interestingly, the preceding PSRpt5 is the most abundant and likely most long-lived 444 

conformation of the hexamer, and its transition to PSRpt4 is linked to two ATP hydrolysis 445 

events, suggesting that the movement, nucleotide exchange, and substrate engagement 446 

of Rpt4 are slow steps during substrate processing. Consistently, Rpt4 was previously 447 

identified as particularly important for substrate degradation 14, and our recent single-448 

molecule studies revealed major unfolding defects and increased substrate release when 449 

Rpt4’s pore-1 loop was mutated 35. We thus propose that Rpt4 plays a critical important 450 

role for mechanical unfolding, possibly mediating a power stroke of the Rpt hexamer.    451 

The transition to the subsequent PSRpt3 state involves Rpt3 moving to the top of the 452 

staircase and exchanging ADP for ATP. As there are no additional hydrolysis or exchange 453 

events, this leads to a hexamer with 3 ATPs and 3 ADPs (Figure 5). Due to the lower 454 

resolution (~3.5 - 4Å), we cannot interpret the side-chain orientations for Rpt3’s pore-1 455 

loop, yet the backbone appears positioned close to the substrate and ready to engage 456 

(Extended Figure 9A,D). Consequently, two subunits, Rpt6 and Rpt3, are disengaged, 457 

while the other four contact the substrate through their pore-1 loop. 458 
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The following PSRpt6 state also showed 3 ATPs and 3 ADPs bound to the ATPase 459 

hexamer, meaning that during the transition from PSRpt3 one hydrolysis event occurred in 460 

Rpt5, while Rpt6 exchanged ADP for ATP. Interestingly, there are visible gaps at all ADP-461 

bound subunit interfaces, Rpt5/Rpt1, Rpt1/Rpt2, and Rpt2/Rpt6, and Rpn1 is highly 462 

mobile, likely because its anchoring Rpt1 and Rpt2 subunits are at the staircase seam 463 

and simultaneously disengaged from the substrate (Extended Figure 9A,D).  464 

In the subsequent PSRpt2 state, Rpt2 and Rpt6 are ATP-bound, while the other four 465 

subunits are bound to ADP, meaning that two hydrolysis events and one nucleotide 466 

exchange occurred during the transition from PSRpt6. Rpt2, Rpt6, Rpt3, and Rpt4 are in 467 

contact with the substrate, whereas Rpt5 and Rpt1 are disengaged (Figure 5). 468 

Interestingly, Rpt1 is rotated up towards the top of the staircase (at level with Rpt2), with 469 

its pore-1 loop residue Y249 at ~ 20 Å distance from the substrate and potentially 470 

sequestered by interaction with Rpt2 (Extended Figure 9A,D). Hence, during the transition 471 

from PSRpt6, Rpt2 and Rpt1 moved together to the top, possibly due to their coupling by 472 

the associated Rpn1 subunit. Rpt5 at the bottom of the staircase is disengaged, yet very 473 

close to the substrate (~ 8 Å, Extended Figure 9A,D). A similar staircase conformation 474 

with disengaged Rpt5 and Rpt1, referred to as 1D*,  was observed for the yeast 475 

proteasome 18, yet assumed to be off pathway. Here we detected three states, PSRpt3, 476 

PSRpt6, and PSRpt2, with two disengaged subunits, and similar staircase states, like ED0 477 

and ED1 20, were previously reported for the human proteasome. Transitions with two 478 

disengaged seam subunits may therefore be common or even an important principle for 479 

substrate translocation that includes bursts of hydrolysis and Rpt-subunit movements.  480 

In PSRpt1, we again observed five subunits, Rpt1, Rpt2, Rpt6, Rpt3 and Rpt4, in contact 481 

with the substrate and Rpt5 as the seam subunit, albeit at the top of the spiral staircase, 482 

ATP-bound, and ready to engage (Figure 5, Extended Figure 9A,D). This state thus 483 

immediately precedes PSRpt5. There are four subunits, Rpt5, Rpt1, Rpt2, and Rpt6, bound 484 

to ATP, with Rpt3 and Rpt4 ADP-bound. PSRpt1 is therefore directly comparable to the 485 

previously reported human ED2.0 20 and yeast 5T 18 states. 486 

 487 

 488 
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Discussion  489 

Our cryo-EM structural and biochemical studies revealed how the redox-active TXNL1 490 

interacts with the human 26S proteasome in a highly conformation-specific manner, which 491 

provides exciting new insights not only into the coordination of proteasomal activities and 492 

cofactor functions, but also the operating principles of the AAA+ ATPase motor.  493 

Transient ionic interactions of TXNL1’s PITH domain with the Rpn2 and Rpn10 subunits 494 

of the resting-state proteasome lead to low-affinity binding in two orientations above the 495 

Rpn11 deubiquitinase and allow dynamic association and dissociation. By contrast, when 496 

the proteasome is in actively degrading conformational states, TXNL1’s PITH domain 497 

binds with high, nanomolar affinity through additional interactions of its C-terminal tail with 498 

Rpn11’s catalytic groove and a coordination of the active-site Zn2+. TXNL1 thereby takes 499 

advantage of the conformational switch in Rpn11’s Ins-1 region, which controls substrate 500 

deubiquitination and inversely coordinates it with TXNL1 binding to the proteasome. In 501 

the resting, substrate-free proteasome, the Ins-1 region is in an open loop state that 502 

facilitates ubiquitin binding and cleavage, yet disfavors the interaction with TXNL1’s C-503 

terminal tail. Upon substrate engagement and proteasome transition to actively degrading 504 

conformations, the Ins-1 region switches to a closed loop state that interferes with 505 

deubiquitination, but facilitates TXNL1 tail binding and Zn2+ coordination. Interestingly, 506 

this holds true for all degrading conformations and spiral-staircase registers of the AAA+ 507 

ATPase motor, except for PSRpt2, in which a slightly larger distance between Rpn11 and 508 

the neighboring Rpt4/Rpt5 coiled coil may allow an alternative, more relaxed Ins-1 loop 509 

conformation that disfavors TXNL1 tail binding and likely accommodates deubiquitination.  510 

We determined these TXNL1-bound proteasome structures during ubiquitin-independent, 511 

NUB1-mediated degradation of a FAT10 substrate, yet in combination with previous 512 

structural and functional studies of ubiquitin-dependent degradation our results suggest 513 

a compelling model for the coordinated proteasome binding of TXNL1 that does not 514 

interfere with deubiquitination, despite utilizing critical catalytic features of Rpn11 (Figure 515 

6). After substrate recruitment to the resting-state proteasome, a proximal ubiquitin moiety 516 

of the affinity-conferring ubiquitin chain appears to bind to Rpn11 19,33. TXNL1 does not 517 

interfere with this ubiquitin binding to Rpn11, as it only loosely interacts in this state and 518 

its tail does not contact the Ins-1 region. Insertion of the substrate’s flexible initiation 519 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 9, 2024. ; https://doi.org/10.1101/2024.11.08.622731doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.08.622731
http://creativecommons.org/licenses/by-nc-nd/4.0/


 19 

region and engagement by the ATPase motor triggers the proteasome conformational 520 

switch, the onset of translocation, and the immediately subsequent or even simultaneous 521 

ubiquitin cleavage 11,33,34, after which TXNL1 can bind Rpn11 with high affinity. In case a 522 

substrate contains additional ubiquitin chains, the proteasome would not have to switch 523 

back to the resting state for their removal, as the PSRpt2 spiral staircase would allow a co-524 

translocational deubiquitination while TXNL1 is dissociated or transiently shifted to a low-525 

affinity backward position on Rpn11 (Figure 6B). Thus, the conformationally selective 526 

binding of TXNL1 allows its presence near the motor entrance during mechanical 527 

substrate processing, yet prevents the interference with initial or co-translocational 528 

deubiquitination events, which is also supported by our ubiquitin-dependent degradation 529 

experiments that showed no inhibition by excess amounts of TXNL1.  530 

Although it cannot be ruled out that TXNL1 reduces proteasomal cysteines, it more likely 531 

reduces substrates during their unfolding and translocation, given the predicted position 532 

of the catalytic TRX domain near the entrance to the proteasomal central channel. Future 533 

studies will have to address the exact role of TXNL1 in the proteasome context under 534 

normal physiological or certain stress conditions. Severe oxidative stress that may lead 535 

to a prevalence of oxidized or crosslinked substrates was reported to cause the 536 

dissociation of the 26S proteasome, and the isolated 20S CP, rather than the 26S 537 

proteasome, is assumed to fulfil the task of damaged or aggregated protein degradation 538 
36. Furthermore, TXNL1 levels were observed to decrease after arsenic treatment of 539 

mammalian cells 31, suggesting that TXNL1 is less of a stress regulator, but playing roles 540 

under normal physiological conditions. Indeed, knockdown of TXNL1 leads to a moderate 541 

accumulation of polyubiquitinated substrates 29. Although the cytosol is an overall 542 

reducing environment, the release of oxidizing compounds from peroxisomes, 543 

mitochondria, or the endoplasmic reticulum may cause local differences in the redox state 544 

that require the action of a thioredoxin-like protein for efficient proteasomal degradation. 545 

It was previously shown that the 26S proteasome can process unstructured polypeptides 546 

that are linked by two or even three disulfide bonds 37. However, degradation may be 547 

inhibited if disulfides prevent mechanical substrate unfolding by stabilizing individual 548 

domains or crosslinking several proteins, and TXNL1 may help resolve these crosslinks 549 

in a co-degradational manner.   550 
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 551 

Our structures of the TXNL1-bound, substrate-degrading proteasome also gave 552 

important new insights into the mechanisms for ATP-dependent unfolding and 553 

translocation by the AAA+ ATPase motor. For the first time we were able to observe all 554 

spiral-staircase registers of the substrate-processing hexamer, likely because we did not 555 

inhibit ATP hydrolysis or stall translocation as in previous studies. Interestingly, these 556 

hexamer states show 2 to 4 ATP-bound subunits, with the others being ADP-bound. The 557 

substrate-disengaged seam subunits are never detected in an empty state, and the ADP-558 

to-ATP exchange therefore appears to occur rapidly after a seam subunit moved from the 559 

bottom to the top of the staircase. Individual transitions between staircase states involve 560 

single ATP hydrolysis and nucleotide-exchange events, but also double hydrolysis 561 

events, single hydrolysis without exchange, and single or double exchange events without 562 

hydrolysis, with either one or two seam subunits moving from the bottom to the top of the 563 

staircase (Figure 5). This significantly deviates from the existing hand-over-hand 564 

translocation model, which assumes that each translocation step depends on the coupled 565 

occurrence of one ATP hydrolysis event in a subunit near the bottom of the staircase, one 566 

seam subunit disengaging from the substrate and moving to the top, and one nucleotide 567 

exchange by that seam subunit before substrate re-engagement, leading to a downward 568 

movement of the polypeptide by ~ 5 Å or 2 amino acids 18. Our findings indicate that ATP 569 

hydrolysis and phosphate release do not immediately drive the seam subunit’s 570 

disengagement from substrate. Instead, they possibly built up strain in the hexamer, 571 

especially for the transitions from PSRpt5 to PSRpt4 or PSRpt6 to PSRpt2 that involve two ATP-572 

hydrolysis events. PSRpt5 appears to be 4 - 5 times longer lived than the subsequent 3 573 

states, and its seam subunit Rpt4 was shown in biochemical and single-molecule studies 574 

to be particularly important for efficient substrate unfolding 14,35, suggesting that the 575 

transition from PSRpt5 to PSRpt4 drives an unfolding power stroke of the motor. 576 

Interestingly, after the hexamer subsequently progresses rapidly through PSRpt4, PSRpt3, 577 

and PSRpt6, it spends more time in the PSRpt2 state, for which we observed a defined 578 

unfolding intermediate of the Eos3.2 model substrate, with a disordered fluorophore 579 

environment and the N-terminal beta strand extracted from the beta barrel. The 580 

progression through the entire ring cycle is thus highly asymmetric. 75 % of the time is 581 
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spent by the Rpt hexamer transitioning through PSRpt2, PSRpt1, and PSRpt5, which involves 582 

the movement of just two seam subunits, Rpt5 and Rpt4, to the top of the staircase (Figure 583 

5). The presence of bursts, with a more rapid progression through certain spiral-staircase 584 

states, two ATP-hydrolysis events occurring in succession, or two seam subunit moving 585 

together, may thereby facilitate the mechanical unfolding of substrate proteins. Despite 586 

this plasticity in hydrolysis, nucleotide exchange, and subunit movement, the fundamental 587 

translocation step size appears to be ~ 5 Å or 2 amino acids, driven by substrate 588 

engagement of one seam subunit at a time, which is linked, albeit not always directly, to 589 

one ATP-hydrolysis event in the ring.  590 

Based on single-molecule optical tweezers studies of the related, homo-hexameric ClpX 591 

ATPase, we and others had previously proposed that these motors can take significantly 592 

larger steps 38-42, which seemed to contradict the structure-derived models with 2 amino 593 

acids per ATP. However, limitations in the spatio-temporal resolution of those 594 

measurements may have prevented the detection of smaller sub-steps. Indeed, recent 595 

single-molecule nanopore readings of polypeptide translocation by ClpX revealed a 2-596 

residue step size 43, with overall translocation velocities similar to those observed in 597 

previous optical tweezers experiments.  598 

In summary, our findings suggest that proteasomal ATPase subunits, and potentially 599 

other AAA+ motors, take a stochastic approach to substrate unfolding, using fast and 600 

slow ATP hydrolysis and exchange kinetics. Together with the slipping of pore loops that 601 

prevents motor seizing when encountering major obstacles 34,35, this mechanism allows 602 

repetitive unfolding attempts and likely higher probabilities in overcoming the diverse 603 

thermodynamic and kinetic barriers associated with the vast substrate pool of the 26S 604 

proteasome. The conformational asymmetries we detected in our study are overall 605 

consistent with those observed previously for the DUB-inhibited, substrate-engaged yeast 606 

proteasome 18 or the Usp14-bound human proteasome during ATPgS-inhibited Sic1-607 

substrate degradation 20, where the PSRpt5-equivalent states 5T and ED2 dominated the 608 

particle distributions. Apparent differences in these structures may have been caused by 609 

the type of substrate delivery or the processing step that proteasomes were primarily 610 

dealing with when captured. Hence, more proteasome structures in the presence of 611 

different substrates and cofactors will be necessary in the future to build a complete 612 
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repertoire of motor states, further advance our understanding of ATP-hydrolysis-driven 613 

degradation, and elucidate the sophisticated coordination with enzymatically active 614 

cofactors.   615 
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Methods 616 

Cloning  617 

TXNL1 (Trp32) was gene synthesized with the following amino acid sequence that was 618 

codon-optimized for E. coli expression. TXNL1 DNA was ligated into an expression vector 619 

with an N-terminal His-TEV-FLAG (MGSSHHHHHHSSGENLYFQGHMDYKDDDDK), so 620 

that a GHMDYKDDDDK overhang was left on the N-terminus of TXNL1. All TXNL1 621 

mutants and truncations were generated by site-directed mutagenesis with Q5 622 

polymerase, phosphorylation, and ligation.  623 

 624 

TXNL1 amino acid sequence 625 

MVGVKPVGSDPDFQPELSGAGSRLAVVKFTMRGCGPCLRIAPAFSSMSNKYPQAVFL626 

EVDVHQCQGTAATNNISATPTFLFFRNKVRIDQYQGADAVGLEEKIKQHLENDPGSNE627 

DTDIPKGYMDLMPFINKAGCECLNESDEHGFDNCLRKDTTFLESDCDEQLLITVAFNQP628 

VKLYSMKFQGPDNGQGPKYVKIFINLPRSMDFEEAERSEPTQALELTEDDIKEDGIVPL629 

RYVKFQNVNSVTIFVQSNQGEEETTRISYFTFIGTPVQATNMNDFKRVVGKKGESH 630 

 631 

The mEos3.2-titin-tail construct was generated by Gibson assembly of His-TEV mEos3.2 632 

before titin(V15P)-tail-intein-chitin binding domain (CBD). The titin-tail has one lysine 633 

followed by a PPPY motif for Rps5 ubiquitination. The P141C, C171A mEos-titin-tail 634 

construct was generated by site directed mutagenesis. 635 

 636 

Purification of TXNL1 637 

TXNL1 was expressed in E.coli  BL21* grown in TB medium by induction with IPTG (250 638 

µM) when cells reached OD600nm 0.6 - 0.8, followed by shaking (200 rpm) overnight at 16 639 

°C. E.coli cells (from ~2 L) were resuspended in 30 mL of lysis buffer (60 mM HEPES pH 640 

7.4, 500 mM NaCl, 5% glycerol, 0.5 mM TCEP, 20 mM imidazole) with freshly added 641 

benzonase, before sonication and clarification to remove insoluble matter. The 642 

supernatant was then passed through Ni-NTA resin (~2 mL) by gravity at room 643 

temperature (for ~ 20 mins), before extensive washing to remove contaminants (10 644 

column volumes, sequentially with lysis buffer). TXNL1 was eluted with lysis buffer 645 
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supplemented with 250 mM imidazole (~ 10 mL). Protease (His-TEV, 250 µg) was added 646 

and TXNL1 was dialyzed into 60 mM HEPES pH 7.4, 200 mM NaCl, 5% glycerol, 0.5 mM 647 

TCEP at room temperature for 2 hours, followed by overnight dialysis in fresh buffer at 648 

4°C. Dialyzed TXNL1 was flown over equilibrated Ni-NTA resin and the flow through 649 

containing cleaved TXNL1 is collected and concentrated for gel filtration using an SD75 650 

16/600 at 4°C. Protein is stored at -80°C in 60 mM HEPES pH7.4, 150 mM NaCl, 25 mM 651 

KCl, 10 mM MgCl, 0.5 mM TCEP as single use aliquots (typically ~350 µM). Protein 652 

concentration is estimated using 280 nm.  653 

 654 

hs26S proteasome purification 655 

As previously described, human 26S proteasome were purified from HTBH-Rpn11 tagged 656 

human HEK293 adapted to suspension culture 25,44. HEK293 cells were grown at 8 % 657 

CO2, 37 °C, and 120 rpm shaking in FreeStyle™ 293 Expression Medium with 2% (v/v) 658 

FBS. Cells were passaged twice a week at 5 × 105 and newly thawed cells were grown 659 

with puromycin. Cell pellets from 4 L of culture were resuspended in 60 mM HEPES pH 660 

7.4, 25 mM NaCl, 25 mM KCl, 5% glycerol, 10 mM MgCl2, 5 mM ATP, and 0.5 mM TCEP, 661 

supplemented with benzonase and EDTA-free proteasome inhibitor tablets. After lysis by 662 

a dounce homogenizer (usually 15X), lysate was sonicated on ice with low amplitude 663 

(20%), clarified for 60 min at 4°C, and flowed over pre-equilibrated Pierce™ High-664 

Capacity Streptavidin Agarose (3 mL of resin). For preparing low salt treated hs26S 665 

proteasomes, resin was sequentially washed with lysis buffer 5X, whereas for high salt 666 

treated hs26S, resin was washed 4X with lysis buffer supplemented with 300 mM NaCl 667 

and 1X with lysis buffer without extra NaCl. Protein was eluted by TEV protease cleavage 668 

for 60 mins at room temperature and gentle agitation followed by concentration of the 669 

elution to ~ 250 µL. Samples were clarified at 21,000 x g for 15 min before fractionation 670 

using an S6 increase 10/300 column in lysis buffer. Fractions containing 26S proteasome 671 

were concentrated, and concentrations were estimated in a Bradford assay with BSA as 672 

a standard and assuming a molecular weight of 2.6 MDa for the proteasome. Typically, 673 

10 µL ~ 4 µM aliquots were snap frozen in liquid N2 and stored at -80°C.  674 

 675 

Purification of Eos-Titin-tail substrate 676 
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Substrate and mutants were expressed as a His-TEV-Eos-titin I27(V15P)-tail-intein-CBD 677 

fusion in E. coli BL21* by growing cells at 37 °C to OD600nm of 0.6, before cooling cells to 678 

16 °C for ~1 hour and induction with IPTG at 0.25 µM. Cell were harvested after 18 hours 679 

of induction, followed by lysis with sonication (12 cycles of 70% amplitude, 10 s on and 680 

45 s off on ice) in 50 mM HEPES, 300 mM NaCl, 5% glycerol, 10 mM MgCl2, 20 mM 681 

imidazole with freshly added EDTA-free proteasome inhibitor tablets and benzonase. 682 

Lysate was clarified before flowing over Ni-NTA resin by gravity. Ni-NTA resin was 683 

washed extensively with lysis buffer without inhibitor tablets and benzonase. Protein was 684 

eluted with lysis buffer supplemented with 250 mM imidazole and bound to chitin resin, 685 

before washing with 5 column volumes of lysis buffer. Resin was suspended in lysis buffer 686 

overnight with the addition of 50 mM DTT and His-TEV protease. Columns were moved 687 

to room temperature for one hour, before collecting elution and flowing over freshly 688 

equilibrated Ni-NTA resin to remove uncleaved protein and His-TEV protease. The 689 

cleaned elution was concentrated using Amicon concentrator (30 kDa cutoff) before 690 

fractionation using an SD200 16/600 column in gel-filtration buffer (60 mM HEPES pH 691 

7.4, 25 mM NaCl, 25 mM KCl, 5% glycerol, 10 mM MgCl2, 0.5 mM TCEP). After 692 

concentrating to ~ 10 mg/mL, protein was snap frozen liquid N2 as single-use aliquots 693 

and stored at -80°C 694 

 695 

Additional proteins previously established 696 

Fat10, NUB1, Sortase, TEV protease, 3C protease, His-ULP1 protease, Ubiquitin, Rsp5, 697 

His-TEV-mE1, Ubch7 and Ub-intein were expressed and purified using previously 698 

established protocols 11,25. Ubiquitin-Propargylamide (Ub-prg) was purified as previously 699 

described 25. 700 

 701 

Western blot 702 

Samples were separated by SDS-PAGE and transferred to PVDF membranes (Thermo 703 

Scientific), before blocking in 5% milk TBS-T. TXNL1 primary antibodies (15289-1-AP, 704 

Thermo Scientific) were incubated at room temperature with the membranes for 90 min 705 

in 5% milk TBS-T, before 5x 5 min washing (~10 mL in TBS-T) and incubation with 706 
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secondary Rabbit-HRP antibodies (ab79773, Abcam) for 60 min. After more washes, 707 

blots were visualized using HRP after 2 min of incubation.  708 

 709 

Sortase labelling 710 

Fluoresceine-amidite (FAM)-labeled peptide (FAM-HHHHHHLPETG) was added N-711 

terminally to TXNL1 and the Eos-titin-tail substrate using Sortase ligation at room 712 

temperature for 30 min. Proteins (30-100 µM) were incubated in 50 mM HEPES, pH 7.4, 713 

100 mM NaCl, 10 mM CaCl2, 0.5 mM TCEP with 500 µM peptide and 25 µM Sortase in 714 

250-450 uL reaction volumes. Labelled proteins were bound to Ni-NTA, washed several 715 

times with 60 mM HEPES pH 7.4, 25 mM NaCl, 25 mM KCl, 5% glycerol, 10 mM MgCl2, 716 

20 mM imidazole, and eluted with the same buffer supplemented with 250 mM imidazole. 717 

Labelled proteins were concentrated and fractionated by gel filtration using an SD75 718 

increase 10/300 in 60 mM HEPES pH 7.4, 25 mM NaCl, 25 mM KCl, 5% glycerol, 10 mM 719 

MgCl2 to remove excess peptide. Labelled substrates were concentrated, snap frozen in 720 

liquid N2, and stored at -80°C as 10 µL single-use aliquots. For TXNL1 constructs, 0.5 721 

mM TCEP was included throughout the purification and in the storage buffer.  722 

 723 

Insulin reduction assay 724 

 725 

When reduced, the B chain of insulin will self-aggregate and precipitate, leading to 726 

increased turbidity as measured by absorbance at 650 nm. Insulin (I0516, Sigma Aldrich) 727 

at ~1.7 mM was diluted to 30 µM in reaction buffer (60 mM HEPES, pH 7.4, 150 mM 728 

NaCl, 5% glycerol with 1 mM DTT, unless otherwise stated) with TXNL1 protein. A650nm 729 

was measured every 30 seconds for at least 2 hours at 30°C.  730 

 731 

Substrate ubiquitination and degradation 732 

2X reactions of His-mE1 (1 µM), Ubch7 (10 µM), Rsp5 (6 µM) and Ubiquitin (200 µM) 733 

were incubated with Eos-titin-tail substrate (5 µM) for ~30 mins at room temperature in 734 

ubiquitination reaction buffer (60 mM HEPES, pH 7.4, 25 mM NaCl, 25 mM KCl, 10 mM 735 

MgCl, 0.5 mM TCEP, 5 mM ATP). Ubiquitinated Eos-titin-tail substrate was mixed with 736 

2X concentrated hs26S proteasome (which was treated before with 2.5 µM Ub-prg for 30 737 
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mins) in a pre-warmed 384-well plate, and degradation was measured in a BMG Labtech 738 

CLARIOstar plate reader at 30°C by monitoring the emission at 520 nm after excitation 739 

with at 500 nm. To monitor formation of peptide products by SDS-PAGE analysis, N-740 

terminally FAM-labelled ubiquitinated Eos-titin-tail substrate was used, and samples were 741 

boiled prior to gel loading to ensure Eos was fully unfolded and no longer fluorescence.  742 

 743 
FAMTXNL1 proteasome binding assay  744 

FAM-labeled TXNL1 and hs26S proteasome were incubated at 2X concentration, such 745 

that once diluted 1:1 with buffer or substrate, their final concentrations were at 50 nM for 746 

TXNL1 (unless otherwise stated) and 150 or 500 nM for hs26S proteasome. FAT10 747 

substrate was prepared for degradation by incubating the FAT10 with Nub1 at 1:1.2 ratio 748 

for at least 15 min at 2 X concentration. Reactions were initiated by adding buffer or the 749 

pre-incubated substrate to TXNL1 with or without hs26S proteasome, and fluorescence 750 

polarization was recorded by measuring the emission at 535 nm after excitation at 480 751 

nm in a preheated (30 °C) 384-well black plate (Costar) using a BMG Labtech 752 

CLARIOstar plate reader. 753 

 754 

Cryo-EM Sample preparation and data collection 755 

Human 26S proteasome (4 µM, high-salt washed, see proteasome purification method) 756 

with recombinant FLAG-TXNL1 (16 µM) was diluted 1:1 with preincubated FAT10-Eos 757 

(12 µM) and NUB1 (16 µM) for ~ 105 s before cryo-plunging. Sample buffer used was 20 758 

mM HEPES pH 7.4, 25 mM NaCl, 25 mM KCl, 5 mM MgCl2, 2 mM ATP, 2.5% glycerol 759 

and 0.02% NP-40. Final samples had 2 µM 26S proteasome, and 3.5 µL were applied to 760 

glow discharged (glow discharging: 25 mA, 25 seconds) UltrAufoil® R 2/2, 200 Mesh, Au 761 

grids (Q250AR2A, Electron Microscopy Sciences). Grids were plunge frozen in liquid 762 

ethane (cooled with liquid nitrogen) using a Vitrobot (ThermoFisher) at 12°C with 3 s of 763 

blot time. Data were collected as previously described 25, where briefly, clipped grids were 764 

transferred to a Titan Krios transmission electron microscope operated at 300 KeV 765 

(ThermoFisher) equipped with a Gatan K3 and an energy filter (GIF quantum). Images 766 

were taken using SerielEM at a nominal magnification of x81,000 (1.048 Å pixel size) in 767 

super resolution mode with a defocus ranging from −0.5 – 1.7 μm. We collected 50 frames 768 
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per shot with a total electron dose ~50 e− Å−2s−1. A total of 9,239 movies were collected 769 

for the high-salt washed proteasomes with excess TXNL1 and 2 min after addition of the 770 

NUB1/FAT10-substrate. The dataset for low-salt washed proteasomes with sub-771 

stoichiometric amounts of TXNL1 and at 30 s after substrate addition was previously 772 

collected 25. 773 

 774 

Cryo-EM data processing  775 

Data processing was performed using CryoSparc v4.4 45 and datasets were processed 776 

separately. Movies were corrected with patch motion and patch CTF, before blob picking 777 

and particle extraction with a box size of 600, but binned by 2x. Particles were sorted by 778 

multiple rounds of 2D classification before ab initio 3D reconstruction and heterogenous 779 

refinement with 10 classes and a refinement box size set to 128. Each class was refined 780 

by homogenous refinement and high-resolution classes of 26S and 30S proteasomes 781 

were selected, pooled, and extracted with a 600-box size and no binning. All particles 782 

were refined using non-uniform refinement in C2.Particles were symmetry expanded in 783 

C2 followed by recentering, such that the proteasome regulatory particle is in the center 784 

of the box, and subsequently extracted with a box size of 340. Particles were then 785 

subjected to 3D-reconstruction to ensure their correct position and subjected to 786 

heterogenous refinement with 10 classes. Classes were pooled based on the global 787 

conformation of the RP, either belonging to resting state (RS) or processing states (PS) 788 

and refined using non-uniform refinement. 789 

To separate processing-state proteasomes into individual states, a generous mask for 790 

the RP was generated for local refinement and aligned particles were subject to 791 

alignment-free 3D classification (10 classes, filtered at 6 Å), from which 4 dominant 792 

classes emerged. A mask for the ATPase domains was then generated for each class, 793 

followed by local refinement and another round of 3D classification (10 classes, filtered 794 

to 6 Å). Each of the 10 classes was refined with local refinement and similar states (no 795 

obvious differences) were combined, such that 6 ATPase motor conformations were 796 

achieved. ATPase 3D classification for PSRpt5 resulted in different classes with varying 797 

positions of the seam subunit Rpt4 and the PS Rpt1. For PSRpt6 multiple poor-quality 798 

particles were included likely due to lower resolution. Therefore, another round of 799 
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heterogenous refinement and local refinement of the ATPase was performed and resulted 800 

in a relatively high resolution PSRpt6 conformation, while the rest of the particles appears 801 

to be junk or low-resolution data. For each processing conformation an RP mask was 802 

generated, and local refinement was used to generate final unsharpened maps. An 803 

ATPase motor mask was used for processing maps from the 30 second dataset 25. While 804 

we describe distinct states of the 26S proteasome, it is important to note that alignments 805 

of particles and 3D reconstructions can be dominated by more rigid parts of a protein 806 

complex. In addition,within each discretestate, there is continuous motion present 807 

throughout the 26S proteasome complex, and this can vary depending on the defined 808 

conformational state described. For example, Rpn10 and Rpn1 can be at lower 809 

resolutions relative the AAA+ motor. It should be noted that due to current classification 810 

techniques particles are sorted based on their probability of belonging to each assigned 811 

state, and more discrete states might be observed when increasing particle numbers. 812 

Although several groups previously generated composite maps from individually locally 813 

refined maps 18,20, we did not use this approach. However, for guidance in model building 814 

and map representation and to aid with the anisotropy in map resolution, we used maps 815 

sharpened with deepEMhancer 46, but always validated model interpretations with 816 

unprocessed maps and locally refined maps.  817 

 818 

For the 30-second dataset with partial occupancy of TXNL1 on Rpn11, we also generated 819 

masks that encompassed TXNL1, Rpn2, Rpn11 and Rpn10 and used local refinement to 820 

improve resolution. Using these locally refined maps, alignment-free 3D classification was 821 

used followed by local refinement of each separate class based on the presence of 822 

absence of TXNL1. Particles were pooled into two groups, with and without TXNL1, and 823 

subjected to local refinement using the same mask for TXNL1. The particle numbers for 824 

the presence and absence of TXNL1 were used to roughly calculate the ratio of TXNL1 825 

binding to a particular processing-state conformation. However, it should be noted that 826 

numbers are estimates due to lower resolutions in certain classes and particles being 827 

sorted based on the probability of belonging to a certain class.  828 

 829 
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For the resting-state proteasome, RP-aligned particles were subjected to alignment-free 830 

3D classification, from which 4 major classes emerged. Each class was refined by non-831 

uniform refinement, whereby Class1 was considered junk due to broken RP, Class2 was 832 

characterized by a flexible Rpn1, and Class3 and Class4 were charactered as high resting 833 

state conformations with a shift in the position of the RP when compared. Class 2 was 834 

further processed by aligned local refinement with a mask encompassing Rpn10, Rpn2, 835 

Rpn11 and the density in between. Aligned particles were subject to alignment-free 3D 836 

classification, which generated 10 classes of varying resolutions. We chose 3 classes 837 

with interesting features to further refine. Two classes showed the PITH domain of TXNL1 838 

in forward and backward conformations and were refined through local refinement with a 839 

whole RP mask. One conformation appeared similar to so-called ‘deubiquitination states’ 840 

EA2 and EB 19 and showed density near Rpn11, which is likely a ubiquitin-like domain. 841 

After local refinement with a whole RP mask, we low-pass filtered the whole RP-refined 842 

map to 6 Å and docked the atomic model for the EB state (PDB ID 6MSE), using ChimeraX 843 
47. Local refinement with a mask encompassing Rpn11, the extra density, the coiled coil 844 

of Rpt4/5, Rpn10 and Rpn2, and subsequent 3D classification did not further improve the 845 

resolution. For Class 3 and Class4 with a slight shift in the RP, there was an ensemble of 846 

density where we would expect the PITH domain of TXNL1. We kept Class3 and Class4 847 

separate and used local refinement to align particles using a mask encompassing Rpn2, 848 

Rpn10, Rpn11 and the ensemble of density in between those subunits. CryoSparc 3D 849 

variability and cluster analysis 48 was used to separate out particles based on the position 850 

of the PITH domain. We could characterize two major conformations, a forward and 851 

backward conformation. Those states, named RS.1 TXNL1 state 1, RS.1 TXNL1 state 2, 852 

RS.2 TXNL1 state 1, and RS.2 TXNL1 state 2, were refined by local refinement with a 853 

whole RP mask, and maps sharpened with deepEMhancer 46 along with unprocessed 854 

maps were used for representing density.  855 

 856 

Cryo-EM model building and model visualization 857 

Previously built atomic models for human 26S proteasomes 25 were used as starting 858 

models for each proteasome structure. Atomic models were generated for resting-state 859 

proteasome maps: RS.1 TXNL1 state 1, RS.1 TXNL1 state 2, RS.2 TXNL1 state 1, and 860 
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RS.2 TXNL1 state 2. Briefly, models were fit using ChimeraX Fit to map and individual 861 

subunits were manually adjusted using the same function. TXNL1’s PITH domain was 862 

truncated from a model generated by AlphaFold 49. Phenix refine 50 with simulated 863 

annealing and morphing turned on for the first round was used to adjust models, followed 864 

by several rounds of iterative model building in Coot 51 and real space refinement in 865 

Phenix without simulated annealing and morphing. For atomic models of the processing-866 

state proteasomes, deepEMhancer maps were used to guide model building. For AAA+ 867 

domains, Rpts were separated into multiple parts and rigid bodies using ChimeraX Fit to 868 

map, followed by several rounds of manual adjustment in Coot. Once roughly assembled 869 

and fit, models were subjected to multiple rounds of manual adjustment in Coot and real 870 

space refinement with Phenix (refinement was typically done using unprocessed maps). 871 

The chromophore for Eos (code CR8 in Coot) was fit and adjusted in Coot, followed by 872 

Phenix real space refinement using a restraints cif file generated in Phenix. PyMol (The 873 

Molecular Graphics 981 System, Version 1.8, Schrödinger, LLC; http://www.pymol.org/), 874 

UCSF chimera 52 and ChimeraX 47 were used to generate figures. Local resolutions were 875 

calculated using CryoSparc local resolution estimation with 0.143 from FSC curves and 876 

displayed on locally filtered maps (using a B-factor obtained during refinement) and 877 

displayed using ChimeraX with color surface.  878 

  879 
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RESOURCE AVAILABILITY  880 

Lead contact 881 

Further information and requests for resources and reagents should be directed to and 882 

will be fulfilled by the lead contact, Andreas Martin (a.martin@berkeley.edu).  883 

 884 

Materials availability 885 

All constructs generated in this study are available from the lead contact upon request 886 

and completion of a Material Transfer Agreement. 887 

 888 

Data and Code Availability:  889 

• All data generated or analyzed during this study are included in this manuscript 890 

and the Supplementary materials. The cryo-EM density maps and corresponding 891 

atomic coordinates for human 26S proteasomes actively degrading FAT10 bound 892 

to TXNL1 can be found on the Electron Microscopy Data Bank (EMDB) under the 893 

following EMDB accession codes and under Protein Data Bank (PDB) accession 894 

codes: EMD-47719/PDB-9E8G (PSRpt5), EMD-47724/PDB-9E8L (PSRpt4), EMD-895 

47725 /PDB-9E8N (PSRpt3), EMD-47723/PDB-9E8K (PSRpt6), EMD-47726/PDB-896 

9E8O (PSRpt2+Eos), EMD-47722/PDB- 9E8J (PSRpt1), EMD- 47721/PDB- 9E8I 897 

(RS.1TXNL1 Forward) and EMD-47720/PDB- 9E8H (RS.2TXNL1 Backward), EMD-898 

47727/PDB-9E8Q (PSRpt2).  899 

• This paper does not report original code. 900 

• Any additional information required to reanalyze the data reported in this paper is 901 

available from the lead contact upon request.   902 
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Figures: 924 
 925 

 926 
 927 
Figure 1: TXNL1 interacts with the substrate degrading human 26S proteasomes 928 

and co-ordinates the active site zinc of Rpn11. A) Density of TXNL1’s PITH domain 929 

bound to the human 26S proteasome in the processing state PSRpt5 with Rpt5 at the top 930 

of the AAA+ ATPase spiral staircase and engaged with a translocating peptide during 931 

degradation of FAT10-Eos substrate delivered by NUB1. TXNL1’s PITH domain and C-932 

terminal tail are shown in orange, the DUB Rpn11 in petrol, Rpn2 in salmon, Rpn1 and 933 

Rpn10’s VWA domain in tomato, the AAA+ ATPase hexamer in alternating dark blue and 934 

cyan, lid subunits (except Rpn11) in light grey, and the 20S CP in dark grey. B) Top: 935 

Schematic of TXNL1’s domain organization. Bottom: AlphaFold model of full length 936 

TXNL1. The N-terminal TRX domain is flexibly attached to the C-terminal PITH domain 937 

and therefore not resolved in our EM maps. C) Atomic model of PSRpt5 with bound TXNL1. 938 

Zoom-in views on the right depict the interfaces of TXNL1 with Rpn2 and Rpn10, as well 939 
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as the Rpt pore-1 loops forming a spiral staircase around the translocating substrate 940 

polypeptide. D) Left: Density for the PITH domain and its C-terminal tail bound to Rpn11, 941 

with Rpn11’s Ins-1 region shown in purple. Right: Zoom-in view of TXNL1’s C-terminal 942 

tail, with hydrophobic residues (M275 and F278) pointing toward Rpn11’s catalytic groove 943 

and the C-terminal H289 coordinating the active-site Zn2+.   944 
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945 
Figure 2: TXNL1 binds the resting-state proteasome in multiple conformations 946 

through contacts with Rpn2 and Rpn10’s VWA domain. A) Densities of the resting-947 

state (RS.1) 26S proteasome bound to TXNL1’s PITH domain in the forward (left, PITH 948 

shown in orange) and backward (right, PITH shown in cyan) conformations. The forward 949 

position is identical to the location of the PITH domain on processing-state proteasomes, 950 

whereas the backward conformation is rotated by ~ 90 °. RS.1 refers to a particular class 951 

of resting state proteasomes that differ from RS.2 through a slight shift in the regulatory 952 

particle (see Extended Figure 6). B) Particle distribution of resting-state proteasomes with 953 

TXNL1 bound in the forward, backward, or mixed conformations. Mixed conformations 954 

represent intermediate states due to PITH domain motions or particles with ambiguous 955 

probabilities of belonging to either conformation. C) Top left: Atomic model of the RS.1 956 

proteasome with the PITH domain (cyan) is the backward conformation. Right and 957 

bottom: Zoom-in views of specific interactions between the PITH domain and Rpn2, 958 

Rpn10’s VWA domain, and Rpn8. The contacts with Rpn2 and Rpn10 strongly rely on ion 959 

pairs, while a polar-p interaction is at the center of the interface with Rpn8.  960 
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 961 
 962 
Figure 3: TXNL1 specifically interacts with processing-state 26S proteasomes. A) 963 

Proteasome binding and dissociation of N-terminally fluoresceine-amidite (FAM) labeled 964 

TXNL1 (50 nM) was measured by changes in fluorescence  polarization after incubation 965 

with human 26S proteasome (500 nM) in the absence or presence of FAT10 substrate 966 

(10 µM) and the NUB1 cofactor (12 µM). B) Time-resolved cryo-EM of actively degrading 967 

proteasomes with sub-stoichiometric amounts of TXNL1 reveals TXNL1’s binding 968 

preference for processing states. Left: EM density of the proteasome in the PSRpt5 969 

conformation shows partial occupancy with TXNL1’s PITH domain (orange). Middle: 970 

Zoom-in views of example density maps from particles that were sorted into TXNL1-971 

bound (top) and TXNL1-unbound (bottom) after local 3D classification and refinement of 972 

the PITH-domain density. C) Fractions of proteasome particles with and without bound 973 

TXNL1 as a function of the processing-state conformation.    974 
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 975 
Figure 4: Visualizing a partially unfolded Eos intermediate during active 976 

degradation by the 26S proteasome. A) Atomic model of the human proteasome in the 977 

PSRpt2 state during degradation of the FAT10-Eos model substrate. EM density (green) is 978 

shown for the substrate, with the partially unraveled beta-barrel of Eos pulled against 979 

Rpn11 and a translocating polypeptide spanning the central channel of the ATPase 980 

motor. B) Focus on the Rpt hexamer with the EM density and atomic model (green) shown 981 

for the translocating substrate, which is engaged by a staircase of ATPase domains. The 982 

substrate density is at high enough resolution to identify the C-terminal portion of FAT10 983 

inside the ATPase ring. C) Comparison between the partially unfolded Eos intermediate 984 

(left, green) and the crystal structure of folded Eos (right, cyan; PDB ID: 3S05), with the 985 

chromophore shown in yellow and dark blue, respectively. The intermediate has b1 as 986 

well as the b2-b3 and b5-b6 hairpins partially pulled off from the beta barrel.  987 
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D) EM density and atomic model for the chromophore in partially unfolded Eos. E) Overlay 988 

of the folded (cyan) and partially unfolded Eos (green) show the disruption of the 989 

chromophore environment that likely lead to a loss of fluorescence. F) Hydrophobic 990 

residues in b1 and the b5-b6 hairpin that normally face the Eos hydrophobic core interact 991 

with Rpn11 near the catalytic groove and the Ins-1 loop. G) EM density for proteasomes 992 

with bound TXNL1 and the Eos unfolding intermediate show an overlap of binding sites 993 

for Eos and TXNL1’s C-terminal tail on Rpn11.   994 
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 995 
Figure 5: Conformational landscape of the proteasomal AAA+ motor with six 996 

distinct spiral-staircase registers during asymmetric ATP hydrolysis and active 997 

substrate processing. Atomic models show the AAA+ ATPase domains in different 998 

colors with the engaged substrate in the central channel, bound ATP depicted in red, and 999 

ADP in green. States are arranged in a cycle based on plausible order of events and 1000 

transitions. The schematics depict the spiral-staircase arrangements and Rpt contacts 1001 

with the substrate. Calculated cryo-EM particle distributions (in %) demonstrate 1002 
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asymmetries in the lifetime of individual processing states and the kinetics of their 1003 

transitions, which is highlighted by different size arrows. For each transition the ATP-1004 

hydrolysis (H) and ADP-to-ATP exchange (E) events are indicated.  1005 
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 1006 
Figure 6: Model for the coordination of proteasome conformational changes, 1007 

deubiquitination, and TXNL1 binding. A) TXNL1 loosely interacts with Rpn2, Rpn10, 1008 

and Rpn11 of the resting-state proteasome and tightly binds processing states during 1009 

substrate unfolding and translocation through additional contacts of its C-terminal tail with 1010 

Rpn11’s catalytic groove, allowing a potential do-degradational reduction of oxidized 1011 

substrates. B) The conformationally selective binding of TXNL1 prevents interference with 1012 

deubiquitination during the turnover of ubiquitin-tagged substrates. After ubiquitin binding 1013 

to a receptor and Rpn11 in the resting-state proteasome, the insertion of the substrate’s 1014 

flexible initiation region into the ATPase motor induces the conformational switch to 1015 

processing states and subsequent or simultaneous cleavage of the affinity-conferring 1016 

ubiquitin chain by Rpn11. TXNL1 then binds with high affinity during substrate unfolding 1017 

and translocation, yet lower TXNL1 affinity and the exclusion of its C-terminal tail from 1018 

Rpn11 in the PSRpt2 state would allow a co-translocational removal of any additional 1019 

ubiquitin chains.   1020 
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Extended Figures:  1021 
 1022 

 1023 
Extended Figure 1: TXNL1 is redox active and co-purifies with human 26S 1024 

proteasomes. A) Purification of TXNL1-bound and TXNL1-free human 26S proteasomes 1025 

from HEK293 cells. Top: Western blots showing aliquots from the washing (W1-W4) and 1026 

elution (E) steps in low-salt or high-salt buffer for HTBH-tagged proteasomes that were 1027 

immobilized on streptavidin agarose. Bottom left: Coomassie-stained SDS-PAGE gel 1028 

showing the separation of 1 µg human 26S proteasomes purified by size-exclusion 1029 

chromatography after previous low salt or high salt washes and compared to specific 1030 
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concentrations of recombinant FLAG-tagged TXNL1 purified from E. coli. Bottom right: 1031 

Western blot of the SDS-PAGE samples on the left, showing TXNL1 levels that co-purified 1032 

with low-salt or high-salt washed proteasomes in comparison to recombinant His-FLAG-1033 

tagged TXNL1. Low-salt washed proteasomes contain sub-stoichiometric amounts of 1034 

TXNL1, whereas TXNL1 levels for high-salt washed proteasomes are almost 1035 

undetectable. B) Left: Elution profile for the size-exclusion chromatography (SD75 1036 

16/600) of recombinant human TXNL1 that was expressed in E. coli and Ni-NTA affinity 1037 

purified using its His-(TEV)-FLAG tag. Right: Coomassie-stained SDS-PAGE gel with 1038 

aliquots from individual stages of recombinant TXNL1 purification. C) Redox activity of 1039 

recombinant TXNL1 (15 µM) measured by the increase in turbidity (absorbance at 600 1040 

nm) that results from the reduction and consequent aggregation of insulin (30 µM). 1041 

Activities are compared to different concentrations of DTT (top) and TXNL1 mutants that 1042 

contained only the N-terminal catalytic TRX domain, the C-terminal PITH domain, or the 1043 

C34S mutation in the catalytic CXXC motif (bottom). D) Degradation of Eos-titinV15P-tail 1044 

(5 µM) substrate by human 26S proteasome (200 nM) in the absence or presence of 1045 

excess TXNL1 (15 µM), monitored by the loss of Eos fluorescence. E) FAM fluorescence 1046 

detection (top) and Coomassie staining (bottom) of the SDS-PAGE gel with samples from 1047 

the degradation of N-terminally FAM-labeled and ubiquitinated FAMEos-titinV15P-tail 1048 

substrate (2.5 µM) by human 26S proteasomes (200 nM) in the absence and presence 1049 

of excess TXNL1 (15 µM). The right 2 lanes show a negative control with non-1050 

ubiquitinated substrate (no E1, E2, E3 enzymes).  1051 
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 1052 
Extended Figure 2: Workflow for the cryoEM structure determination of human 26S  1053 

proteasomes. Shown are the sequential steps taken to process cryo-EM data from 1054 

movies to final maps for the human 26S proteasome at ~ 2 min after incubation with 1055 
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excess Txnl1, FAT10-Eos substrate, and the NUB1 cofactor. From step 13 the workflow 1056 

focuses on proteasomes in the processing states (PS), while the subsequent workflow  1057 

for proteasomes in the resting state (RS) is shown in Extended Figures 5 and 6.   1058 
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 1059 
Extended Figure 3: Local resolution maps for the 6 substrate-processing (PS) 1060 

conformations of the human 26S proteasome in the presence of excess TXNL1. 1061 

These maps resulted from the workflow shown in Extended figure 2. PS states are named 1062 

based on the Rpt subunit that resides at the top of the substrate-engaged spiral staircase. 1063 

Local resolutions were calculated with CryoSparc using a FSC cutoff of 0.143.   1064 
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 1065 
Extended Figure 4: TXNL1 interacts with Rpn11 in a conformation-specific manner 1066 

using its conserved C-terminal tail. A) B) Sequence alignment of TXNL1 from 1067 

uniport sequences using ENDscript at default settings: Homo sapiens (Q43396), Mus 1068 

musculus (Q8CDN6), Gallus gallus (A0A1D5NUH1), Xenopus tropicalis (F6RTD9), Danio 1069 

rerio (F6NTA0), Drosophila melanogaster (Q9VRP3), Caenorhabditis elegans (G5EES9) 1070 

and Schizosaccharomyces pombe (Q9USR1). Red underlay shows conserved residues 1071 
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and blue boxes indicate similarity in amino acid identity. Residues in the C-terminal tail 1072 

that mediate the interaction with Rpn11, including the terminal His, are highly conserved, 1073 

except for fission yeast. B) Atomic models of Rpn11 with the Insert-1 (Ins-1) region in 1074 

three conformations. The open loop conformation is found in resting-state proteasomes, 1075 

the deubiquitination conformation with a b-hairpin is adopted upon ubiquitin binding to 1076 

Rpn11, and the inhibitory, closed conformation is observed substrate-processing 1077 

proteasomes. The three models are derived from our structure for the resting state RS.1 1078 

with TXNL1 in the forward orientation, the crystal structure of ubiquitin-bound Rpn11-1079 

Rpn8 (PDB ID: 5U4P), and our structure of the substrate-processing state PSRpt5, 1080 

respectively. C) Space filling atomic model of PSRpt5 with the ribbon-represented PITH 1081 

domain of TXNL1 in orange. The AlphaFold model for full-length TXNL1 is aligned by its 1082 

PITH domain (light green) with the PITH domain in our structure and shows the TRX 1083 

domain (dark green) with its catalytic CXXC motif (yellow spheres) close to the entrance 1084 

of the ATPase motor. D) Overlay of the atomic models for PSRpt5 (Rpts in cyan) and PSRpt2 1085 

(Rpts in dark blue), aligned by Rpn11 (petrol), shows a movement of the Rpt4/Rpt5 coiled 1086 

coil that significantly increases the gap to the Ins-1 loop (pink for PSRpt5, red for PSRpt2).   1087 
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 1088 
Extended Figure 5: Further cryo-EM data processing of resting-state (RS) 1089 

proteasomes in continuation from extended Figure 2.  Classification leads to the 1090 

emergence of 4 classes. Two of these classes, called ‘Slight left’ and ‘Slight right’ based 1091 

on the position of the regulatory particle, show an ensemble of PITH domain densities 1092 
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and were further processed as described in Extended Figure 6. Further classification of 1093 

class 2 with variability in the Rpn1 subunit revealed 10 additional classes at moderate 1094 

resolution. Three of them, class 4, class 3, and class 6 are shown in more detail below. 1095 

Class 4 has TXNL1’s PITH domain in the forward conformation, whereas class 3 shows 1096 

the PITH domain oriented backwards. Class 6 represents a unique class with extra 1097 

density on Rpn11 that may originate from ubiquitin or a ubiquitin-like domain, for instance 1098 

of FAT10. A human proteasome structure (PDB: 6MSE) with ubiquitin-bound Rpn11 was 1099 

used for comparison, to color the class 6 map, and show similarities.   1100 
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 1101 
Extended Figure 6: Further cryo-EM data processing of resting-state (RS) 1102 

proteasomes with bound TXNL1 in continuation from extended Figure 5.  A) ‘Slight 1103 

left’ and ‘Slight right’ particles were processed separately. Particle stacks were aligned 1104 

(local refinement in CryoSparc) with a local mask surrounding the PITH domain, Rpn2, 1105 

Rpn10, Rpn11, and the N-ring of the Rpt hexamer. CryoSparc 3D variability analysis of 1106 

aligned particles with the local mask, followed by 3D cluster analysis, allowed grouping 1107 

of particles into two distinct conformations, forward and backward with respect to the PITH 1108 
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domain position. A third group of particles showed the PITH domain in variable positions 1109 

and could not be assigned to a particular state, suggesting that the PITH domain has 1110 

continuous motion between forward and backward orientations. B) Local refinement with 1111 

a mask surrounding the whole RP resulted in 4 distinct conformations defined by a slight 1112 

shift in the RP and the two orientations of the PITH domain: RS.1 TXNL1 Forward (RS.1 1113 

state 1), RS.1 TXNL1 Backward (RS.1 state 2), RS.2 TXNL1 Forward (RS.2 state 1), and 1114 

RS.2 TXNL1 Backward (RS.2 state 2). Each structure was resolved to high resolution, as 1115 

demonstrated by the maps colored according to estimations of local resolutions, 1116 

calculated with CryoSparc using a 0.143 FSC cutoff. C) Alignments of the atomic models 1117 

for RS.1 and RS.2, states 1 and 2, highlight the shift in the RP, in addition to variations in 1118 

Rpn1’s position. Right: Particle numbers for each conformational state that were used to 1119 

calculate the percentages of proteasomes with TXNL1 in the forward, backward, or mixed 1120 

orientations shown in Figure 2B.   1121 
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 1122 
Extended Figure 7: TXNL1 dissociates from proteasomes as they transition back 1123 

from processing to the resting state, but remains bound when degradation is 1124 

stalled. A) Left: TXNL1’s PITH domain is necessary and sufficient for the conformational 1125 

selective binding to actively degrading 26S proteasomes. Shown are representative 1126 

traces for the fluorescence polarization of FAM-labeled TRX domain (50 nM) or PITH 1127 

domain (50 nM) that was incubated in isolation or with human 26S proteasome (500 nM) 1128 

in the presence of 10 µM FAT10 substrate and 12 µM NUB1 cofactor. Right: Proteasomes 1129 

whose proteolytic cleavage of the FAT10 substrate was inhibited by MG132 and which 1130 

were therefore stalled during substrate translocation interact stably with TXNL1. Shown 1131 

are the fluorescence polarization time courses for N-terminally FAM-labeled full-length 1132 
FAMTXNL1 (50 nM) that was incubated with FAT10 (5 µM), NUB1 (6 µM), and human 26S 1133 

proteasome (500 nM) in the absence or presence of MG132 (20 µM), as indicated. B) 1134 
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Titration of proteasomes that were stalled during substrate degradation through MG132 1135 

inhibition of proteolysis reveals the TXNL1 binding affinity for processing-state 1136 

proteasomes. Left: Shown are the fluorescence polarization traces for FAMTXNL1 (50 nM) 1137 

incubated with human 26S proteasome at indicated concentrations in the presence of 1138 

FAT10 substrate (5 µM) and NUB1 cofactor (6 µM). Right: FAMTXNL1 binding curve 1139 

derived from the 900 s time points of the polarization traces shown on the left indicates 1140 

an affinity of KD ~ 35 nM.  1141 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 9, 2024. ; https://doi.org/10.1101/2024.11.08.622731doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.08.622731
http://creativecommons.org/licenses/by-nc-nd/4.0/


 56 

 1142 
Extended Figure 8: Cryo-EM data processing for the human 26S proteasomes 30 s after 1143 

incubation with FAT10 substrate and NUB1 cofactor. A) Data were processed as shown 1144 

in the workflow in Extended Figure 2. Top: Shown are the unsharpened maps and particle 1145 

numbers for each state. Bottom: To improve resolution of the AAA+ ATPase domains a 1146 

local mask was generated for the Rpt hexamer and Rpn11 and local refinement was used. 1147 

Maps show local resolutions of the Rpt subunits and Rpn11 for each processing state. B) 1148 

Human proteasomes used in this dataset were purified from HEK293 cells under low-salt 1149 
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conditions and therefore contain sub-stoichiometric amounts of bound TXNL1. Extensive 1150 

local 3D classification focused on TXNL1 for each processing state allowed separation of 1151 

particles with and without bound TXNL1. Briefly particles were locally aligned by a mask 1152 

surrounding TXNL1’s PITH domain and subjected to 3D classification with a filtered 1153 

resolution of 10 Å. Each class was reconstructed and refined to group particles based on 1154 

the presence or absence of PITH density, and the particles numbers for PITH-bound and 1155 

-unbound proteasomes are plotted for each processing state (right). C) Local resolution 1156 

of locally refined PSRpt5 after removing unbound TXNL1 particles.   1157 
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 1158 
Extended Figure 9: Comparisons of the six discrete substrate-processing states 1159 

for the human 26S proteasome regarding spiral-staircase arrangements, pore-loop 1160 

interactions with the substrate polypeptide, nucleotide occupancies, and 1161 
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asymmetric particle distributions. A) Top: Cryo-EM densities of the AAA+ motor for all 1162 

processing-state (PS) conformation, colored by Rpt subunit. Substrate-disengaged seam 1163 

subunits are at lower resolution likely due to higher mobility and various vertical positions 1164 

between the bottom and top of the spiral staircases. PSRpt3, PSRpt6, and PSRpt2 show larger 1165 

density gaps between subunits at the seam, likely because they contain two substrate-1166 

disengaged seam subunits with potentially high continuous motions. Bottom: Spiral 1167 

staircase arrangements of pore-1-loop Tyr residues (Phe for Rpt5) for each processing 1168 

state. Distances between the substrate backbone and the backbone Ca of the pore-1 1169 

loop aromatic residue are indicated for the disengaged seam subunits. Interestingly, 1170 

some seam subunits reside at the bottom, while others are observed toward the top of 1171 

the staircase. Positions of the pore-loop residues for these seam subunits are 1172 

approximate due to the higher mobility and consequently lower resolution. B) Cryo-EM 1173 

densities and atomic models, including the specific nucleotide (ATP or ADP) for all Rpts 1174 

of the six processing states. C) Particle numbers observed for each processing state in 1175 

the separate cryo-EM data sets for the 26S proteasome in the presence of sub-1176 

stoichiometric TXNL1, 30 s after incubations with the FAT10 substrate (left) or in the 1177 

presence of excess TXNL1, 2 min after incubation with FAT10 (right). D) Plotted distances 1178 

between the substrate backbone and the backbone  backbone pore loop interactions with 1179 

substrate backbone and the backbone Ca of the pore-1 loop aromatic residue for Rpt1-6 1180 

in each substrate-processing state of the proteasome.  1181 
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