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For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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shift perturbation and relative signal intensities were calculated from the raw chemical shift data and peak intensities using Excel 2016
(Microsoft) and plotted with GraphPad Prism 5.0.

- Chromatograms were evaluated with BioRad ChromLab 6.0 (provided with the instrument) and plotted in GraphPad Prism 5.0.

- Structural models after homology modelling, docking & MD simulations were visualized with PyMol 1.3.

- Mass Spectrometry: Thermo Proteome Discoverer versions 2.2 and 2.4. & XlinkX 2.0 (commercially available from Thermo Scientific, PD
Reader for free); MetaMorpheus 0.0.320 (https://github.com/smith-chem-wisc/MetaMorpheus); StavroX 3.6.6 (http://stavrox.com/).

The mass spectrometry proteomics data for the cross-linking experiments of UBXD1/p97/Ub and UBXD1/HR23b generated in this study have been deposited to the
ProteomeXchange Consortium via the PRIDE58 partner repository (https://www.ebi.ac.uk/pride/archive/) under the accession codes PXD039606 (UBXD1/p97/Ub)
[https://www.ebi.ac.uk/pride/archive/projects/PXD039606] and PXD040984 (UBXD1/HR23b) [https://www.ebi.ac.uk/pride/archive/projects/PXD040984].

The atomic coordinates of the UBXD1-PUB-eUBX-C model generated in this study are provided as Supplementary Data file.

The published structures used in this study are available in the Protein Data Base under the following accession codes:

- ASPL:p9722 :pdb 5ifw [http://doi.org/10.2210/pdb5IFW/pdb].

- UBXD1-PUB14 : pdb 6sap [http://doi.org/10.2210/pdb6SAP/pdb].

- HR23b-UBL50 : pdb 1p1a [http://doi.org/10.2210/pdb1P1A/pdb].

- PNGase-PUB:p9751 : pdb 2hpl [http://doi.org/10.2210/pdb2HPL/pdb].

- p97 hexamer34 : pdb 3cf3 [http://doi.org/10.2210/pdb3CF3/pdb].

- Ubiquitin59 : pdb 1d3z [http://doi.org/10.2210/pdb1D3Z/pdb].

The AlphaFold model of UBXD1-fl used in this study is available in the AlphaFold Protein Structure Database under the accession code Q9BZV1 [https://
alphafold.ebi.ac.uk/entry/Q9BZV1].

Source data are provided as a Source Data file.
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Measures taken to verify reproducibility included to perform experiments at least three times (for exeptions, see below). Additionally, the
number of repetitions for all experiments is reported in the respective figure legend or methods section. Although no statistical analysis was
performed to predetermine sample size, but three biological replicates is considered standard practice for most biochemical assays.



3

n
atu

re
p

o
rtfo

lio
|

rep
o

rtin
g

su
m

m
ary

M
a

rch
2021

Data exclusions

Replication

Randomization

Blinding

Reporting for specific materials, systems and methods
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Materials & experimental systems
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ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used

Validation

As revealed in the source data file, no data was excluded from the analyses. However, experiments that have undoubtedly not been run
correctly due to e.g. technical issues were not included in the study (e.g. when a protein precipitates prior to measurements, or there are no
detectable bands at all in Western Blot analyses).

Measures taken to verify reproducibility included to perform every experiment at least three times. After initial establishment and technical
optimization of each method, all attempts at replication were successful. However, as we had to handle large proteins including mutants that
could not be easily expressed, replication of NMR and ITC experiments was not possible due to very low protein concentrations. Because such
large amounts of isotope-labelled proteins are needed, it is common for protein NMR experiments to not be replicated. Chemical Crosslinking
of the ternary protein complex was also only performed once due to the elaborate procedure.

The samples were not randomized in our study (not applicable here). Here, the main task was to biochemically characterize protein-protein
interactions, so it was not possible to rearrange sample orders randomly.

Blinding was not used in our study (not applicable here). Here, the main task was to biochemically characterize protein-protein interactions in
vitro. In contrast to medical studies with human subjects where placebo and nocebo effects are to be expected, these effects do not occur in
biochemical studies with isolated molecules. In contrast, blinding is not used in biochemical experiements because the handling conditions
and procedures for each protein construct are very specific, need to be optimized for each protein construct and need to be followed
precisely once established. The experimentator needs to know and be very famliar with these conditions and procedures and thus needs to
know the content of each sample to apply the correct protocol. Application of the wrong handling or conditions can cause false-negative
results due to protein unfolding or degradation. Therefore blinding is not possible in this type of study.

primary antibodies:

- anti-GST, mouse, Santa Cruz Biotechnology (sc-57753, clone 3D4, lot. F1509), 1:1,000 (WB).

- anti-UBXD1, mouse, Abcam, (ab81555, clone 2F8-24, lot GR3296146-1), 1:1000 (WB).

- anti-UBXD1 (= anti-UBXN6), mouse, Acris Antibodies (5C3-1, clone 5C3-1, no lot #), 1:500 (WB).

- anti-p97/VCP, mouse, Santa Cruz Biotechnology (sc-57492, clone VCP 5, lots L1416 and L3120), 1:1000 (WB).

- anti-poly-Ub proteins, mouse, Merck (04-263, clone FK2, lot. 3277133), 1:2000 (WB).

- anti-Ufd1, mouse, BD Transduction Laboratories (611642, clone 19/Ufd1L, lot 9182092), 1:1000 (WB).

- anti-Npl4 (=anti-NPLOC4), rabbit, Atlas (HPA021560, lot 000014025, polyclonal), 1:1000 (WB).

- anti-penta-His, mouse monoclonal, Qiagen (34660, lot 163038868, no cone #), 1:1000 (WB).

secondary antibodies:

- anti-mouse IgG-horseradish peroxidase (HRP), sheep, Cytiva Life Sciences (NXA931, lot 17205275, polyclonal), 1:10,000 (WB).

- anti-mouse IgG (H+L)-HRP Conjugate, goat, Biorad (1706516, batch 64487942, polyclonal), 1:10,000 (WB).

- anti-rabbit IgG (H+L)-HRP Conjugate, goat, Biorad (1706515, batch 64425247, polyclonal), 1:10,000 (WB).

Validation of antibodies (primary and secondary) according to the manufacturer’s website:

- anti-GST (Santa Cruz Biotechnology Inc., sc-57753) has been validated for use in western blotting to detect recombinant GST
protein, as stated on the suppliers product page.

- anti-UBXD1 (Abcam, ab81555) has been validated for use in WB, as stated on the suppliers product page.

- anti-UBXD1 (Acris Antibodies 5C3-1) has been validated for use in Western blotting, Immunoprecipitation and
Immunofluorescence), as stated on the suppliers product information sheet.

- anti-p97/VCP (Santa Cruz, sc-57492) has been validated for detection of VCP of mouse, rat, human and porcine origin by WB, IP, IF
and IHC(P), as stated on the suppliers product page.

- anti-poly-Ub proteins (Merck, 04-263) has been published and validated for use in ELISA, Immunofluorescence (IF),
Immunoprecipitation (IP) and Western Blotting (WB) for the detection of Ubiquitinylated proteins, as stated on the suppliers product
page.

- anti-Ufd1 (BD Transduction Laboratories, 611642) has been validated for Western blot (Routinely Tested), Immunofluorescence




