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Extended Data Fig. 2| Cryo-EM map and model quality. a, Fourier shell correlation (FSC) vs. resolution (1/A) curves for the indicated cryo-EM maps. b, The whole
(top) and focused (bottom) cryo-EM map colored by local resolution. Arrow denotes TXNL1. ¢, Model vs. map FSC curves.
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Extended Data Fig. 3| Characteristics of TXNLI. a, AlphaFold prediction of
TXNL1showing the N-terminal thioredoxin domain and C-terminal proteasome-
interacting thioredoxin (PITH) domain. b, A substantial portion of TXNL1

co-migrates with proteasomal components in size fractionations of HEK-293T
celllysates by sucrose gradient ultracentrifugation, assayed by SDS-PAGE and
immunoblotting, representative of 2independent experiments.
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Extended Data Fig. 4 | Characteristics of the TXNL1-bound proteasome.

a, Structure of the TXNL1-bound proteasome with TXNL1, PSMD14, and AAA-
ATPase subunits colored as in Fig. 1b b, Clipped side view of the AAA-ATPase
ring (top), colored by subunit, with the position of aromatic pore loop residues
shown in spheres and substrate density in blue. Scheme (bottom) depicting
the configuration and nucleotide (T - ATP, D - ADP)-bound states of the ATPase
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subunits relative to the substrate (blue). ¢, Superposition of the AAA-ATPase ring
with thatin the E, state of the human proteasome (PDB 6 MSK; transparent dark
blue; middle) or the 4D state of the yeast proteasome (PDB 6EF3; transparent
dark purple, right). d, Map density (mesh) and model of the nucleotide binding
sitein theindicated AAA-ATPase subunit (from top to bottom: PSMC2, PSMCI,
PSMCS5, PSMC4, PSMC6, and PSMC3).
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Extended Data Fig. 5| Common PITH domaininteraction interfaces. a, Cryo- assumes a f3-hairpin when bound to ubiquitinis colored green. The C-terminal
EM structure showing TXNL1PITH domain interactions with the proteasome. sequences of each factor that engage PSDM14/Rpnllare highlighted in yellow
b, Alphafold3 models of TXNLI (left) or PITHD1 (right) with PSMD1, PSMD4, and shown below. Note: ubiquitin and PITHD1, but not TXNL1, induce the
PSMD14, and the AAA-ATPase subunits show shared interaction interfaces. B-hairpin Insert-1conformation, and PITHDI1 contains a C-terminal extension
Note: PITHD1 has an extended C-terminal tail that may enter the central pore (purple) past the segment predicted to bind PSMD14. e, Same assay as in ¢, but
of the AAA-ATPase ring. ¢, Immunoblotting of anti-FLAG immunoprecipitates from cells expressing TXNL1 variants in which the C-terminal tail was either
(IP, top) and input lysates (bottom) of TXNL1 knockout (KO) HEK-293T cells extended (Tail-ext.) or replaced (Tail-repl.) with the PITHD1 C-terminal tail, as

transfected with 2xFLAG-tagged PITHD1and TXNL1variants, representative of 2 alignedind, representative of 2 independent experiments. Cells were pre-treated
independent experiments. WT, wild type. D73 and K142 of PITHD1 are equivalent with 10 uM MG-132 for 4 hrs. f, Immunoblotting of lysates of TXNL1 KO cells that

to D162 and R234 of TXNLL, respectively. d, Comparison of ubiquitin (red, left, were transduced with lentivirus to stably express wild-type or mutant variants
PDB 6EF3), TXNLI (teal, middle), and PITHD1 (purple, right, Alphafold3 model) of TXNL1and pre-treated with the indicated drugs for 4 hrs, representative of
engagement with PSMD14/Rpn11. The Insert-1region of PSMD14/Rpn1l that 2independent experiments. *, nonspecific band.
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Extended DataFig. 6 | In vitro assays of TXNLI. a, SDS-PAGE and Coomassie
staining of purified HA-tagged TXNL1 variants (left) and TXNL1-deficient
human proteasomes (right), representative of 2independent purifications.
b, Coomassie stain of samples from Fig. 2b, representative of 3 independent
experiments. IP,immunoprecipitation. ¢, Purified HA-TXNL1 variants were
immunoprecipitated in the presence of purified proteasomes pre-incubated
with 6 mM of the indicated compound for 30 min at room temperature
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beforeimmunoblotting, representative of 2 independent experiments.

d, Proteasomes were pre-incubated with TXNL1 or the PSMD14/Rpnl1linhibitor
1,10-phenanthroline for 30 min at room temperature before the addition
ofapolyubiquitylated (polyUb) sfGFP protein substrate for 10 min at 37 °C,
representative of 2independent experiments. Note: 1,10-phenanthroline inhibits
deubiquitylation and degradation of the polyUb-substrate (lane 3), but an excess
of TXNL1does not (lane 4).
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Extended Data Fig. 7| Requirements for stress-induced TXNL1 degradation.
a, TXNL1is rapidly degraded upon cellular exposure to arsenite but not hydrogen
peroxide. Immunoblotting of HEK-293T cells treated with the indicated
concentration of oxidative agents for 24 hrs, representative of 3 independent
experiments. b, Immunoblotting of HEK-293T cells treated with 100 pM
arsenite or 250 pM hydrogen peroxide over a time course, representative of
3independent experiments. ¢, Immunoblotting from TXNLI knockout (KO)
HEK-293T cells that were stably complemented with wild type (WT) and mutant
versions of TXNL1by lentiviral transduction, representative of 3independent
experiments. D162, R234, and M275 reside at the interaction interfaces
with PSMD1, PSMD4, and PSMD14, respectively. SxxS mutates the catalytic
cysteinesin the thioredoxin domain of TXNL1. Note: D162R TXNL1 does not
co-purify proteasomes (Fig. 2b) but only weakly impairs arsenite-induced

2hrs
degradation, indicating that it still has some affinity for proteasomes, likely
through the interface with PSMD1 that is disrupted by the R234D mutation.
d, Immunoblotting of anti-FLAG immunoprecipitates (IP, top) and input
lysates (bottom) of TXNLI KO HEK-293T cells transfected with 2xFLAG-tagged
TXNL1variants and treated with 100 pM arsenite and 10 utM MG132 for 3 hrs,
representative of 3independent experiments. Note: WT and SxxS TXNL1still
interact with proteasomes in the presence of arsenite. e, TXNL1 degradation
upon auranofin treatment requires proteasome binding and thioredoxin activity.
Assay as in Fig. 2c but with auranofin treatment in place of arsenite treatment,
representative of 3 independent experiments. f, Assay as in Fig. 2d but with
auranofin treatment in place of arsenite treatment, representative of
3independent experiments.
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Extended Data Fig. 8| Proteome changes upon arsenite exposure with
TXNL1 variants. Selective degradation of TXNL1 upon arsenite exposure
requires proteasome binding. Volcano plots of multiplexed proteomics data
showing the fold-change (Log,FC) of protein levels in TXNL1 KO HEK-293T cells
complemented with the indicated TXNL1 variant compared to KO cells without

(left) and with (right) arsenite treatment. Two-sided Student’s t-test p-values
were adjusted for multiple comparisons using the Benjamini and Hochberg
method. Note: arsenite treatment selectively lowers the level of WT but not
D162R/R234D TXNLI.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Brief Communication

https://doi.org/10.1038/s41594-025-01639-w

a

40+

@ TXNL1 407
60 © OTXNL1
TXNL1
30 30
40
20 20|
20
104 104
)
3 2 2 -, T/ ATEA
£ ol e UKMMRIES 0 g . : E4, 0 Y. —
@ 65 4 2 0 2 4 6 6 4 2 0 2 6 4 2 0 2 4
5
% 20 25+ 20
g
3 OTXNLA N OTXNL1
154 15 OTXNL1
15
100 uM
arsenite 104 104
10
5 5 54
6 -4 2 0 2 4 6 6 4 2 0 2 4 6 4 2 0 2 4
Log,FC (WT TXNL1/KO) Log,FC (D162R/R234D TXNL1 / KO) Log,FC (SxxS TXNL1/KO)
b TXNL1KO WT TXNL1 D162R/R234D TXNL1 SxxS TXNL1
300-] e 9% 300 02 MC e Los 300 020 e T9% 500 020
° .
=
[ EGR EGR
> = EC
& 200 200 200
=
8
c? FANI CCNLA1 ZEAND?2, ND2
g 1001 f 1004 S
TXNL :
5 Ou
-10 - - 5 10 -0 5 5 10 -10 5 10

Log,FC (100 yM arsenite / DMSO)
Extended DataFig. 9| Transcriptional changes upon cellular arsenite
exposure. a, Volcano plots of RNA sequencing data showing the fold-
change (Log,FC) of transcript levels in TXNLI knockout (KO) HEK-293T cells
complemented with wild type (WT) TXNLI1, D162R/R234D TXNL1deficientin
proteasome binding, or SxxS TXNL1 deficient in thioreductase activity compared
to KO cells without (top) or with (bottom) arsenite treatment. Two-sided Wald
test p-values were adjusted for multiple comparisons using the Benjamini

and Hochberg method. Note: TXNL1is the main transcript thatis significantly
changed in both conditions. b, Volcano plots of RNA sequencing dataasinabut
showing the fold-change (Log,FC) of transcript levels in TXNL1 KO cells without
(left) or with complementation with WT TXNL1 or the indicated TXNL1 mutants
upon arsenite treatment. Note: changes in stress-responsive transcript (purple)
levels are notimpacted by TXNL1 expression.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
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[] Clinical data
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Antibodies

Antibodies used The following primary antibodies were used for immunoblotting, all at a 1:1000 dilution: rabbit anti-PSMD14 (CST, 4197S, RRID:
AB_11178935), rabbit anti-PSMD4 (CST, 12441S, RRID: AB_2797916), mouse anti-PSMD1 (Santa Cruz, sc-166038, RRID:
AB_2172797), rabbit anti-PSMD2 (CST, 25430, RRID: AB_2798903), rabbit anti-PSMA2 (CST, 2455, RRID: AB_2171400), rabbit anti-
PSMBS (CST, 12919, RRID: AB_2798061), rabbit anti-FLAG (CST, 14793, RRID: AB_2572291), rabbit anti-HA (CST, 3724S, RRID:
AB_1549585), rabbit anti-mTOR (CST, 2983, RRID: AB_2105622), rabbit anti-TXNL1 (Abcam, ab188328, RRID: AB_2687563), and
rabbit anti-Ubiquitin (CST, 43124S, RRID: AB_2799235). Secondary antibodies used at a 1:2000 dilution were: anti-rabbit 1gG, HRP-
linked (CST, 7074, RRID: AB_2099233) or anti-mouse IgG, HRP-linked (CST, 7076S, RRID: AB_330924).
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Validation Antibodies against proteasomal subunits (PSMD14 - https://www.cellsignal.com/products/primary-antibodies/psmd14-d18c7-rabbit-
mab/4197, PSMD4 - https://www.cellsignal.com/products/primary-antibodies/s5a-psmd4-d20b2-rabbit-mab/12441, PSMD1 -
https://www.scbt.com/p/psmd1-antibody-c-7, PSMD2 - https://www.cellsignal.com/products/primary-antibodies/psmd2-déw7g-
rabbit-mab/25430, PSMA2 - https://www.cellsignal.com/products/primary-antibodies/psma2-antibody/2455, and PSMBS5 - https://
www.cellsignal.com/products/primary-antibodies/psmb5-d1h6b-rabbit-mab/12919) were all validated by the manufacturer of each
antibody to detect an endogenous protein of the expected molecular weight in immunoblotting experiments of lysates from multiple
human cell lines. Each of the proteasomal protein antibodies was additionally validated in our study through immunoblotting of size
fractionations of human lysates to show that the detected protein displayed the expected molecular weight and exhibited native
molecular weights consistent with proteasomes, and that each primary antibody only cross reacted with the appropriate species-
specific secondary antibodies. Antibodies against the HA (https://www.cellsignal.com/products/primary-antibodies/ha-tag-c29f4-
rabbit-mab/3724) and FLAG (https://www.cellsignal.com/products/primary-antibodies/dykddddk-tag-déw5b-rabbit-mab-binds-to-
same-epitope-as-sigma-aldrich-anti-flag-m2-antibody/14793) epitopes were validated by the manufacturers and in our study by
immunoblotting lysates of cells that either express or do not express tagged proteins and confirmed specifically detect only the
appropriately tagged proteins of the expected molecular weights and to cross react with anti-rabbit but not anti-mouse secondary
antibodies. The mTor antibody (https://www.cellsignal.com/products/primary-antibodies/mtor-7c10-rabbit-mab/2983) was validated
by the manufacturer by immunoblotting to recognize a protein of the expected molecular weight in multiple human cell lysates as
well as in our and prior studies (PMID: 37616343 via the same metric. The TXNL1 (https://www.abcam.com/en-us/products/primary-
antibodies/txnl1-antibody-epr16061b-n-terminal-ab188328) antibody was validated by the manufacturer and in our study by the
immunoblotting of lysates of multiple human cell lines after genetic knockouts and re-expression of untagged and tagged versions of
the protein to detect a protein of the expected molecular weight and to cross react only with anti-rabbit secondary antibodies. The
ubiquitin antibody (https://www.cellsignal.com/products/primary-antibodies/ubiquitin-e4i2j-rabbit-mab/43124) was validated by the
manufacturer and this study to recognize polyubiquitin conjugates in multiple human cell lines, which decrease as expected when
cells are treated with a ubiquitylation inhibitor and increase as expected when cells are treated with proteasome inhibitors.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK-293T cells were obtained from ATCC (CRL-3216).
Authentication No additional authentication procedures were performed.
Mycoplasma contamination Cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  no commonly misidentified cell line was used in the study.
(See ICLAC register)
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