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1. Supplementary Figures and Table
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Figure S1. Selection process with Fab-phage libraries. (a) Workflow of phage display to isolate binders to p47-UBX domain
from Fab-phage libraries. (b) Titers of Fab-phage after 4 rounds of selection. Round 2~4 demonstrated enrichment for Fab-

phage binders to p47-UBX over SA-functionalized magnetic beads.
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Figure S2. Biolayer interferometry (BLI) dose response profiles of scFv binders to p47-UBX domain. Data represent N = 2

independent experiments.
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Figure S3. BLI results of selected scFv binders to the interacting domains of p97 adaptor proteins. Data represent N = 2

independent experiments.
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Figure $4. (a) Amino acid sequence alignment of human p37 (UBX2B) and p47 (NSFL1C) using the NITH COBALT
alignment tool. The p47-UBX domain is highly homologous to the p37-UBX domain (~64% sequence identity). (b)
Structure of a p97-N domain (shown in brown) with the associated rat p47-UBX domain (shown in cyan; reported crystal

structure®™"), human p47-UBX domain (shown in purple; generated with SWISS-MODEL), or p37-UBX domain (shown
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Figure SS. BLI dose response profiles of scFv-A06 and scFv-E04 to p37-UBX domain. The binding affinity of scFv-E04 for
p37-UBX based on BLI results is Kp = 3.72 + 0.26 nM. Standard deviations represent N =2 independent experiments. Data

represent N = 2 independent experiments.
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Figure $6. Surface plasmon resonance (SPR) sensorgrams for the scFv-binder/p47-UBX mixture binding to full-length

human p97 in the presence of either 100 uM ATP or 100 uM ADP. In the mixture, the concentration of p47-UBX was fixed

at 50 nM with an increasing concentration of scFv binders. Data represent N = 2 independent experiments.
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Figure S7. (a) Schematic illustration of p47 constructs in this study. (b~i) Surface plasmon resonance (SPR) sensorgrams
for the scFv-binder/p47-UBX or the scFv-binder/p47 mixture binding to full-length human p97 in the presence of either
100 uM ATP or 100 uM ADP. In the mixture, the concentration of p47-UBX or p47 was fixed at S0 nM with an increasing

concentration of scFv binders.
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Figure S8. Flow cytometry histograms of U20S cells transfected with EGFP-expressing plasmids using Xfect. Data

represent N = 3 independent experiments.
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Figure $9. (a) Workflow of the co-immunoprecipitation (co-IP) and western blot analysis for cells after plasmid transfection.
Western blots for HA-tag, p47, p97, and vinculin in U20S cells after 24-h transfection of plasmids that encode (b) scFvs and
(c) scFabs. For each group, input proteins in the lysates (IN) before the co-IP of p47 were compared with the unbound

proteins in the lysates (UNB). Ctrl, cell-only control group without Xfect-plasmid complexes added. Data represent N = 2

independent experiments.
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Figure S10. (a) Co-IP of p97 from U20S cells and (b) western blots for p97, p47, HA-tag, and vinculin in U20S cells after
24-h transfection of plasmids that encode scFvs. The interactions between p97 and its more than 30 adaptor proteins are
exceptionally dynamic,*™ resulting in unsuccessful capture of most p97/adaptor complexes in the co-IP experiments of p97.
Moreover, the formation of a trimeric complex was observed among p97, p47, and scFv-A06 upon the introduction of
antibody fragment inhibitors in U20S cells. For each group of western blots, input proteins in the lysates (IN) before the

co-IP of p97 were compared with the unbound proteins in the lysates (UNB). Ctr], cell-only control group without Xfect-

plasmid complexes added.
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Figure S11. Generation of p47-knockout (p47-KO) U20S cells. (a) Flow cytometry histograms of U20S cells transfected
with p47-KO plasmids (containing EGFP-encoding sequence). (b) Western blots for p47 and B-actin in U20S single cell
clones. (c) PCR amplification of the genomic DNA in wild-type (wt) U20S cells and selected p47-KO U20S clones. (d)

Knockout score of selected p47-KO U20S clones from Synthego ICE analysis on Sanger sequencing results.
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Figure $12. (a) NanoBRET assay results in wild-type U20S cells testing all possible PPI combinations when p97 or p47
have been tagged with NanoLuc (NLF1) donor or HaloTag (HT) acceptor at either N- or C-terminus. All the combinations
were transfected in a ratio of Wytasmid : Wplasmia = 1:1. (b) NanoBRET assay results in wild-type U20S cells testing varied ratios
between pHT C-p47 and pNLF1N-p97. Note that all the p97 and p47 constructs in (a) and (b) were tagged with a nuclear
export signal (NES). (c) NanoBRET assay results in p47-KO U20S cells demonstrate that overexpressed p47-FLAG
suppresses the BRET ratio when compared to empty vectors (EV), indicating the competition between p47-FLAG and
pHTC-p47 for pPNLFIN-p97 binding. (d) NanoBRET assay results in p47-KO U20S cells testing varied ratios between

pHTC-p47-UBX and pNLFIN-p97-N. N = 4 for all NanoBRET assays.
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Figure S14. (a) Co-IP of p47 from HeLa cells and (b) western blots for HA-tag, p47, p97, and vinculin in HeLa cells after

24-h transfection of plasmids that encode scFab-NLS-A06, scFab-NLS-E04, scFab-NLS-A06/E04 (Wpiasmid / Wplasmia = 1:1),

and EGFP-NLS. (c) Co-IP of p47 from Rat-1 or NRK cells and (d) western blots for HA-tag, p47, p97, and vinculin in Rat-

1 or NRK cells after 24-h transfection of plasmids that encode scFab-NLS-A06 and scFab-NLS-E04. For each group of

western blots, input proteins in the lysates (IN)) before the co-IP of p47 were compared with the unbound proteins in the

lysates (UNB). Ctrl/Control, cell-only control group without Xfect-plasmid complexes added. Data represent N = 2

independent experiments.
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2. Experimental Section

2.1. Plasmid construction

The plasmid constructs in this work were obtained by PCR amplifications of DNA fragments, followed by Gibson
assemblies of the DNA fragments. P97, p47, p47-UBX, NPL4-UBXL, FAF1-UBX, and p37-UBX were cloned on E. coli
expression vectors (pET) and expressed as biotinylated proteins as previously described.*** These constructs for
biotinylation contain a TEV (tobacco etch virus) protease cleavage site, an AviTag, and a His-tag (6 aa, HHHHHH) at
either the N-terminus or the C-terminus. All the scFvs were subcloned from the Fab-phagemid into an E. coli expression

vector pSYN1*® and a mammalian expression vector pcDNA3.1. All scFabs®**

were designed from the scFv constructs by
overlap-extension PCR*" and subcloned into a pcDNA3.1 vector. The scFab-NLS constructs were subcloned from their
corresponding scFab constructs with an N-terminal c-Myc NLS tag®™® (9 aa, PAAKRVKLD). All the constructs on

pcDNA3.1 vectors in this study contain a C-terminal HA (human influenza hemagglutinin) epitope tag (9 aa,

YPYDVPDYA). All constructs were sequence verified by Sanger sequencing.

2.2. Protein expression and purification

All the recombinant proteins were expressed in E. coli BL21(DE3) and purified as previously described.*** Briefly,
E. coli containing expression vectors of interest were grown in 2X YT media at 37 °C to an ODsoo of 0.4~0.8, followed by the
addition of 0.1 mM IPTG at 20 °C overnight. Bacterial cells were pelleted by centrifugation and lysed with either sonication
probe or B-PER lysis buffer. Next, His-tagged proteins were purified on a Ni-NTA column, followed by size-exclusion
chromatography (SEC) using a GE AKTA FPLC purification system equipped with a Superdex column. When the
biotinylated tag was not needed for specific experiments, the biotinylated proteins were cleaved by TEV protease (NEB,
Cat# P8112S), followed by dialysis and SEC purification. The purified fractions were identified by SDS-PAGE and
characterized by mass spectrometry on a Waters Xevo QT of mass spectrometer. Fractions containing the protein of interest

were concentrated by Amicon MWCO filters, flash frozen, and stored at -80 °C.
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2.3. Fab-phage selection

Phage display was carried out based on previously established protocols.*® Briefly, the antibody phage Library E or
X7X8 were used for selection against biotinylated p47-UBX domain (antigen). After incubating the phage library with the
antigen, streptavidin-functionalized magnetic beads were utilized to capture the bound phage, followed by the elution step
using TEV protease. Four rounds of selections were conducted with a decreasing concentration of the antigen (500 nM, 250
nM, 100 nM, and 10 nM). Note that during the third and fourth rounds, the overnight phage culture was pre-enriched using
Protein-L magnetic beads (ThermoFisher, Cat# 88849) before the antigen capture. The clones from the fourth round of

selection were collected for phage ELISA analysis.

2.4.Phage ELISA

Phage ELISA was performed based on previous reports.**® For each phage clone, three different conditions were
tested — Direct: biotinylated p47-UBX; Competition: biotinylated p47-UBX with an equal concentration of p47-UBX (w/o
biotinylation) in solution; Control: BSA (bovine serum albumin). A 384-well Nunc Maxisorp flat-bottom clear plate
(Thermo Scientific, Cat# 464718) was coated with 10 pg-mL" of NeutrAvidin (Thermo Scientific, Cat# 31000) in PBS
overnight at 4 °C and subsequently blocked with PBSTB (PBS buffer + 0.02% Tween-20 + 0.2% BSA) for 1 hourat room
temperature. Plates were washed three times with PBS containing 0.05% Tween-20 and were washed similarly between each
step. Next, 20 nM of biotinylated p47-UBX diluted in PBSTB was captured on the NeutrAvidin-coated wells (for Direct and
Competition wells; PBSTB for the Control wells) for 30 min, then blocked with PBSTB + 20 uM biotin for 10 min. After
washing the plate, phage supernatant diluted (S times) in PBSTB was added for 1 hour at 4 °C for the Direct and Control
groups. For the Competition groups, the phage supernatant was diluted into PBSTB with 20 nM soluble p47-UBX and
incubated for 1 hour at 4 °C. Bound phage was detected by incubating with anti-M13-horseradish peroxidase conjugate
(Sino Biologics, Cat#11973-MMO0S-H, 1:5000) for 30 min, followed by the addition of TMB substrate (VWR, Cat# 95059-

156) and incubation at room temperature until signal appeared. The reaction was quenched by the addition of 1 M
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phosphoric acid. The absorbance at 450 nm was measured using a SpectraMax plate reader. The ELISA data were analyzed
to refine hits with the two following features: (1) Specificity = ODasonm (Direct)/ODasoun (Control) > 4; (2) Competition

ratio = ODys0.um (Competition)/ODusoum (Direct) < 0.5.

2.5. Biophysical characterizations
2.5.1. Bio-layer interferometry experiments (BLI)

BLI measurements were conducted with a ForteBio Octet RED384 system. Biotinylated p97 adaptor proteins
(p47-UBX, NPL4-UBXL, FAF1-UBX, or p37-UBX) were immobilized to SA (streptavidin) biosensor tips (ForteBio).
Varied concentrations of scFvs in PBSTB were used as analytes in 96-well microplates (Greiner Bio-One, Cat# 655209).
Data were analyzed using the ForteBio Octet RED384 Data Analysis HT software and binding affinities (Kp) were

determined using a 1:1 monovalent binding model.

2.5.2. Surface plasmon resonance (SPR)

The SPR experiments were carried out on a GE Biacore 4000 instrument to measure the competition of antibodies
against p97/p47 interaction. Briefly, NeutrAvidin-coated sensor chips were prepared on CMS chips as previously
described.*** Biotinylated p97 proteins were immobilized to 500-900 RUs (response units) by injecting 4~6 pM.mL"
protein for 2 min using the immobilization buffer (10 mM HEPES, pH 7.5, 150 mM NaCl, 0.5 mM TCEP, and 0.05%
Tween-20). Binding of the p47-UBX (or p47) and antibody mixture was measured at 20 °C in duplicates. In the p47-UBX
(or p47) and antibody mixture, p47-UBX (or p47) was fixed at SO nM with varied scFv concentrations (S nM, 50 nM, and
500 nM; or 4 nM, 20 nM, 100 nM, and 500 nM). To measure binding in the presence of nucleotides, 100 yM ADP or ATP
was added to the assay buffer (25 mM Tris, pH 7.5, 150 mM NaCl, 10 mM MgCl,, 0.5 mM TCEP, 0.05% Tween-20, 10 yM

bovine gamma globulin). Sensorgrams were processed and data were fit to a 2-site equilibrium model in Scrubber2 as

described.S®+
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2.6. Cell culture

Allmammalian cells used in the study were cultured in a humidified atmosphere (5% CO,) at 37 °C. U20S cell line
was purchased from ATCC (Cat# HTB-96). HeLa cell line was purchased from ATCC (Cat# CCL-2). Rat-1 and NRK cell
lines were acquired from the UCSF Cell and Genome Engineering Core. Unless otherwise mentioned, cells were grown and
passaged in Dulbecco's modified eagle medium + GlutaMAX (DMEM, ThermoFisher, Cat# 10567014 ) supplemented with
10% fetal bovine serum (FBS) and 1X antibiotics (100 U-mL" penicillin and 100 pyg-mL" streptomycin). Cells were passaged

until reaching ~70% confluency, with the media replaced every 2~3 days.

2.7. Immunofluorescence (IF)

A total of 20 k U20S cells in 400 pL complete DMEM media (w/o antibiotics) were cultured in an 8-well
chambered cover glass (Cellvis, Cat# C8-1.SH-N) for 24 hours prior to the experiment. The complexes between 0.12 pL
Xfect transfection reagent (Takara Bio, Cat# 631318) and 0.4 pg plasmid (for the expression of scFv-A06, scFab-A06, or
scFab-NLS-A06) were mixed in 6 pL Xfect reaction buffer for 10 min. After replacing the media with 100 pL fresh complete
DMEM media (w/o antibiotics), the Xfect-plasmid mixture was spiked into the well and incubated at 37 °C. After 24 hours,
transfected cells were washed once with cold PBS and fixed/permeated with the BD Fixation/Permeablization Kit (BD
Biosciences, Cat# 554714 ). The cells were blocked with PBST (PBS + 0.1% Tween-20) that contains 1% BSA and 0.3 M
glycine for 30 min, followed by overnight incubation at 4 °C with diluted primary antibodies [Mouse anti-HA-tag (C-
terminus of antibody fragments) antibody: Cell Signaling Technology, Cat# 2367, 1:100 diluted; Rabbit anti-p47 antibody:
ThermoFisher, Cat# PAS-61429, 1:200 diluted]. After washing the cells with PBS once for 5 min, the cells were incubated
with diluted secondary antibodies (Goat anti-mouse antibody, Alexa Fluor 488: Abcam, Cat# ab150113, 1:1000 diluted;
Goat anti-rabbit antibody, Alexa Fluor 647: Abcam, Cat# ab150083, 1:1000 diluted) for 1 h at room temperature in the dark.
Note that all the primary and secondary antibodies for IF experiments were diluted in PSBT that contains 1% BSA. After

washing with PBS, the cells were imaged in PBS on a Nikon Ti confocal microscope equipped with a Yokagawa CSU22
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spinning disk unit. The intracellular distribution was measured with excitation wavelengths of 488 nm (Alexa Fluor 488)

and 561 nm (Alexa Fluor 647).

2.8. Co-immunoprecipitation (co-IP) and western blot

Transfection and lysate preparation. Mammalian cells (a total of 120 k for U20S and HeLa cells, 150 k for Rat-1 and NRK
cells) in complete DMEM media (w/o antibiotics) were cultured in a 6-well plate (Corning, Cat# 3516) for 24 hours prior
to the experiment. The complexes between 1.5 pL Xfect transfection reagent (Takara Bio, Cat# 631318) and S pg plasmids
(for the expression of antibody fragments) were mixed in 100 pL Xfect reaction buffer for 10 min. After replacing the media
with 900 pL fresh complete DMEM media (w/o antibiotics), the Xfect-plasmid mixture was added dropwise into the well
and incubated at 37 °C for 24 hours. Next, the complex-containing media was aspirated and the cells were washed once with
cold PBS. After aspirating the PBS, 300 pL of NP-40 lysis buffer [SO mM Tris-HCI pH 7.5, 150 mM NaCl, 0.5% NP-40
substitute (Sigma-Aldrich, Cat# 74385), 1 tablet of protease inhibitor (Sigma-Aldrich, Cat# 05892791001) per 10-mL
buffer] was added to the cells and the plate was placed on an orbital shaker at 4 °C for 5 min. Each well was then thoroughly
scraped with a 1-mL pipette tip. The lysate suspension in each well was collected and centrifuged at 14,000 rpm for 15 min
at 4 °C. The supernatant was collected as the cell lysates for co-IP and western blot analysis.

Co-IP and western blot. The cell lysates were mixed with 3 L rabbit anti-p47 antibodies (ThermoFisher, Cat# PAS-61429)
and incubated overnight at 4 °C. Meanwhile, 50 pL Protein-A magnetic beads (ThermoFisher, Cat# 88845) were pre-
washed with NP-40 lysis buffer. Next, 200 uL of the lysates were incubated with the pre-washed beads at room temperature
on an orbitron rotator, and the remaining lysates were labeled as the INPUT group. After an hour of incubation, the beads
were collected by a magnet (ThermoFisher, Cat# 12321D) and the lysates containing the unbound proteins were collected
(the UNBOUND group). The beads with p47-bound complexes were heated at 90 °C for S min in 1X LDS sample buffer
(ThermoFisher, Cat# B0007; diluted in NP-40 cell lysis buffer), resulting in the elution as the co-IP portion of the

corresponding group. For the co-IP of p97, mouse anti-p97 antibodies (SCBT, Cat# sc-57492) and Protein A/G magnetic
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beads (ThermoFisher, Cat# 88802) were used to capture the p97-containing complexes. During the elution step, the beads
containing p47-bound complexes were mixed at room temperature for 10 min in 1X LDS sample buffer.

For western blots, protein levels of the INPUT and UNBOUND groups were quantified using Pierce Rapid Gold
BCA Protein Assay Kit (ThermoFisher, Cat# A53225) and lysates were diluted to approximately equal concentrations with
NP-40 lysis buffer, followed by heating in 1X LDS sample buffer (ThermoFisher, Cat# B0007) at 90 °C for S min. Equal
amounts of INPUT and UNBOUND samples (typically 8 pg total protein per lane) were loaded into lanes of a 12-, 15-, or
17-well Bolt 4~12% bis-tris gels (ThermoFisher, Cat# NW04122BOX, NW04125BOX, or NW04127BOX) and run at 90
V constant for 100 min. For co-IP samples, ~15 yL elution from each group was loaded in each lane. Next, protein was
transferred to a PVDF membrane within the iBlot 2 mini transfer stacks (ThermoFisher, Cat # IB24002) using the iBlot 2
gel transfer device (ThermoFisher, Cat# IB21001; Condition: 20 V, 7 min). The transferred PVDF membrane was blocked
with TBS blocking buffer (LI-COR Biosciences, Cat# 927-60001) for an hour at room temperature. The membrane was
probed with primary antibodies that were diluted in TBS blocking buffer (contains 0.1% Tween-20) overnight at 4°C. After
washing with 1X TBST (50 mM Tris-HCl, 150 mM NaCl, 0.1% Tween-20), the membrane was incubated in secondary
antibodies that were diluted in TBS blocking buffer (contains 0.1% Tween-20) for 1 h at room temperature. After washing
with 1X TBST, the membranes were imaged on an Odyssey CLx infrared imaging system (LI-COR Biosciences).
List of primary and secondary antibodies for co-IP and western blot.

Mouse anti-HA-tag antibody, CST, Cat# 23678, 1:1000 diluted;

Rabbit anti-HA-tag antibody, CST, Cat# 37248, 1:1000 diluted;

Mouse anti-p47 antibody, SCBT, Cat# sc-376614, 1:500 diluted;

Rabbit anti-p47 antibody, ThermoFisher, Cat# PAS-61429, 1:1000 diluted;

Mouse anti-p97 antibody, SCBT, Cat# sc-57492, 1:1000 diluted;

Rabbit anti-p97 antibody, Proteintech, Cat# 10736-1-AP, 1:1000 diluted;

Rabbit anti-UBXDS8 antibody, CST, Cat# 34945, 1:1000 diluted;

Rabbit anti-p37 antibody, ThermoFisher, Cat# PAS-60969, 1:1000 diluted;
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Rabbit anti-UBXD4 antibody, Origene, Cat# TA350624, 1:1000 diluted;

Rabbit anti-UBXDS antibody, Proteintech, Cat# 13109-1-AP, 1:1000 diluted;

Rabbit anti-UBXD9 antibody, CST, Cat# 2049, 1:1000 diluted;

Rabbit anti-FAF1 antibody, CST, Cat# 4932, 1:1000 diluted;

Rabbit anti-UFD1 antibody, CST, Cat# 13789, 1:1000 diluted;

Rabbit anti-NPL4 antibody, CST, Cat# 13489, 1:1000 diluted;

Rabbit anti-vinculin antibody, CST, Cat# 139018, 1:2000 diluted;

Mouse anti-B-actin antibody, CST, Cat# 37008, 1:1000 diluted.

Goat-anti-rabbit secondary antibody, AzureSpectra 700 conjugates, Azure Biosystems, Cat# AC2128, 1:5000
diluted;

Goat-anti-mouse secondary antibody, AzureSpectra 700 conjugates, Azure Biosystems, Cat# AC2129, 1:5000
diluted;

Goat-anti-rabbit secondary antibody, AzureSpectra 800 conjugates, Azure Biosystems, Cat# AC2134, 1:5000
diluted;

Goat-anti-mouse secondary antibody, AzureSpectra 800 conjugates, Azure Biosystems, Cat# AC2135, 1:5000

diluted.

2.9.NanoBRET p97/p47 PPI assay

2.9.1. Generation of p47-knockout (p47-KO) U20S cells

Plasmid transfection. A total of 65 k U20S cells in complete DMEM media (w/o antibiotics) were cultured in a 12-well plate
(Corning, Cat# 3513) for 24 hours prior to the experiment. The complexes between 0.75 pL Xfect transfection reagent
(Takara Bio, Cat# 631318) and 2.5 pg p47-KO plasmid (Santa Cruz Biotechnology, Cat# sc-402328) were mixed in 50 pL

Xfect reaction buffer for 10 min. After replacing the media with 450 pL fresh complete DMEM media (w/o antibiotics), the
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Xfect-plasmid mixture was added dropwise into the well and incubated at 37 °C. After 24 hours, the complex-containing
media was replaced with 1-mL fresh complete DMEM media. Transfected cells were allowed to grow for another 2 days.
Cell sorting and expansion. Next, trypsinized cells were suspended in sorting buffer (PBS containing 5% FBS). A selected
population of GFP-positive cells were sorted as single clones into 96-well plates (Corning, Cat# 3628) using a BD FACS
Aria IT sorter. The sorted single-cell clones were cultured in complete DMEM/F12 media (ThermoFisher, Cat# 10565018,
supplemented with 10% FBS) for 2 weeks, with fresh DMEM/F12 media replaced on Day S and every 3 days afterwards.
After 2 weeks, successfully expanded clones were detached from 96-well plates and further expanded in 6-well plates until at
least 80% confluency was reached.

Identification and characterization of p47-KO clones. Around 50 clones were successfully expanded to the 6-well plate stage.
These clones were subsequently harvested and analyzed by western blots. Five clones (C3, C4, C17, C34, and C45) without
p47 expression were selected for genomic analysis. The genomic DNA of these clones were collected by a Quick-DNA
miniprep plus kit (Zymo Research, Cat# D4069) and PCR amplified with QS polymerase (Figure S11). Note that the
primers for the PCR reaction were designed 500~600 bp upstream and downstream of the targeting site of p47-KO plasmid
(Santa Cruz Biotechnology, Cat# sc-402328). The PCR product of these five clones along with wild-type U20S was cleaned
up (QIAGEN, Cat# 28104) and assessed by Sanger sequencing, followed by the Synthego ICE Analysis
(https://ice.synthego.com/) to compare the knockout score. Clone 34 was labeled as the p47-KO U20S cells and used for

the NanoBRET assays.

2.9.2. Plasmid design for the NanoBRET assay

All the plasmids for the p97/p47 NanoBRET assays were constructed based on the vectors provided by the
NanoBRET PPI starter system (Promega, Cat# N1811). The initial test was to screen all the possible combinations of
p97/p47 pairs and find the pair that demonstrates the highest BRET signal. In this step, both p97 and p47 were tagged with
anuclear export signal (NES)$*'? at the C-terminus. The NanoLuc (NLF1) donor and HaloTag (HT) acceptor were tagged

on either the N-terminus or the C-terminus of p97-NES or p47-NES, forming eight different constructs: pHTN-p97,
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pHTC-p97, pNLFIN-p97, pNLF1C-p97, pHTN-p47, pHTC-p47, pNLFIN-p47, and pNLF1C-p47. Eight different
combinations from the above eight constructs were tested for NanoBRET assays. Among the combinations (Wplasmid/Wplasmid
= 1:1), the pair of pPNLFIN-p97 (donor) and pHTC-p47 (acceptor) generated the highest BRET ratio in wild-type U20S
cells. Next, varied ratios of plasmids for pHTC-p47/pNLF1N-p97 were tested (1:1, 10:1, 100:1, and 1000:1) for
NanoBRET assays, and 100:1 was selected as the ratio for the assay because of high BRET ratio and low standard deviation.
Another two pairs of p97/p47 constructs were also generated: (1) Full-length p97 and p47 without NES tag; (2) p97-N
domain with NLF1 tagged on the N-terminus (pNLF1N-p97-N) and p47-UBX domain with HT tagged on the C-terminus
(pHTC-p47-UBX). These two pairs generated similar BRET signals when compared to the full-length constructs with the

NES tag (Figure S12).

2.9.3. General procedures of the NanoBRET assay

A total of 120 k U20S cells (wild-type or p47-KO) in complete DMEM media (w/o antibiotics) were cultured in
a 6-well plate (Corning, Cat# 3516) for 24 hours prior to the experiment. The complexes between 1.5 pL Xfect transfection
reagent (Takara Bio, Cat# 631318) and S pg plasmids [S pg NanoBRET pair plasmids in total, or 2.5 pg NanoBRET pair
plasmids along with 2.5 pg plasmids for antibodies/empty vector (EV; ThermoFisher, Cat# V79020)/p47-FLAG] were
mixed in 100 pL Xfect reaction buffer for 10 min. After replacing the media with 900 pL fresh complete DMEM media (w/o
antibiotics), the Xfect-plasmid mixture was added dropwise into the well and incubated at 37 °C. After 24 hours, each group
of the transfected cells were detached and resuspended in FluoroBrite DMEM (ThermoFisher, Cat# A1896701;
supplemented with 10% FBS, 1X antibiotics, and 1X GlutaMAX). Next, ~24 k transfected cells in 100 pL FluoroBrite
DMEM were seeded in 96-well plates (Corning, Cat# 3610). In each well, the experimental samples were added with 0.1 pL
stock solution of the HaloTag NanoBRET 618 Ligand (the “+ligand” group), and the no-acceptor controls were added with
0.1 yL DMSO (the “-ligand” group). After incubating at 37 °C for 6 hours, 25 pL SX solution NanoBRET Nano-Glo

Substrate reagent in FluoroBrite DMEM was spiked into each well and immediately measured the luminescence on a
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SpectraMax iD$ plate reader (LUM; Endpoint; User filter, Lm1: 447 nm, Lm2: 610 nm; Integration time: 1000 ms; Read

height: 0.67 mm). The BRET ratio was calculated according to the manual of the NanoBRET PPI starter system.

2.10. Quantitative Golgi assays
2.10.1. IF for Golgi fragmentation

HelLa cells were seeded onto the poly-lysine-coated coverslips (ThermoFisher, Cat# 12-545-81). Cells at S0~60%
confluency were transfected with plasmids that express anti-p47-UBX antibody fragments using Lipofectamine 2000
Reagent (Invitrogen, Cat# 11668019). After 24 h, cells were fixed with 4% paraformaldehyde (ThermoFisher, Cat#
AC416780010) for 15 min, quenched with SO mM NH,Cl (ThermoFisher, Cat# A661-500) in PBS for 10 min, and
permeabilized with 0.2% Triton X-100 (ThermoFisher, Cat# AC215682500) for 10 min. Next, cells were blocked with
gelatin blocking buffer in PBS for 30 min at room temperature, incubated with primary antibodies (Rabbit anti-GRASPSS
antibody, ProteinTech Group, Cat# 10598-1-AP, 1:200 diluted; Mouse anti-HA antibody, Sigma-Aldrich, Cat# H96S8,
1:200 diluted) at 4 °C overnight and secondary antibodies [Fluorescein (FITC)-AffiniPure goat anti-mouse IgG (H+L),
Jackson ImmunoResearch, Cat# 115-095-003, 1:100 diluted; Rhodamine (TRITC) AffiniPure goat anti-rabbit IgG (H+L),
Jackson ImmunoResearch, Cat# 111-025-003, 1:500 diluted] at room temperature for 1 h. Hoechst 33258 (ThermoFisher,
Cat# 5117) was used to stain the nuclear DNA. Images were taken with a 60X oil objective on a Nikon ECLIPSE Ti2
Confocal microscope and processed with maximum projection (Figure 4a, S13). Quantifications were performed to
calculate Golgi items and area of selected ROIs using the Nikon analysis software. Cells with 15 or more Golgi items were

regarded as the ones with fragmented Golgi (Figure 4b~d).

2.10.2. Golgi reassembly assay
The Golgi reassembly assay was performed as previously described.*®""" Briefly, 100 pg rat liver Golgi membranes
were treated with S mg mitotic cytosol in the presence of ATP regeneration system at 37 °C for 20 min. Mitotic Golgi

fragments (MGFs) were isolated to remove the mitotic cytosol by centrifugation in 0.4 M sucrose (American Bioanalytical,
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Cat# AB01900-01000) using a TLASS rotor at 55,000 rpm for 20 min. For the reassembly process, 20 pg MGFs were
incubated with 400 pg interphase cytosol alone or interphase cytosol with 3.1 uM recombinant scFv-A04 or scFv-06 for 1 h
at 37 °C. Mitotic and interphase cytosols were prepared from HeLa S3 cells (AT CC, Cat# CCL-2.2). Golgi membranes were
fixed in 2% glutaraldehyde solution (Electron Microscopy Sciences, Cat# 16220), washed three times with 0.1 M sodium
cacodylate, and post-fixed on ice in 1% (wt./vol.) reduced osmium tetroxide, 0.1 M sodium cacodylate and 1.5% (wt./vol.)
cyanoferrate. Golgi membranes were rinsed and processed for successive dehydration and embedding as previously
described.** Resin blocks were cut to ultrathin (50~70 nm) sections with a diamond knife and mounted on Formvar-coated
copper grids. Grids were double contrasted with 2% uranyl acetate for 2 min and then with lead citrate for 2 min, followed
by an excessive wash with water. Images were captured at 8,000X magnification on a JEOL JEM-1400 transmission electron

microscope (Figure 4).
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3. Supplementary sequences

Full-length p97-C-AviTag: Full-length human p97 with AviTag on the C-terminus.***

Full-length human p47: Full-length human p47 with HisTag and AviTag on the N-terminus.***

pBirAcm: An IPTG inducible plasmid containing the BirA gene engineered into pACYC184; Avidity, Cat# AVB99.

p47-UBX: p47 (244-370)—TEV cleavage sequence—AviTag—HisTag (Vector backbone: pET)
MVKPKGAFKAFTGEGQKLGSTAPQVLSTSSPAQQAENEAKASSSILIDESEPTTNIQIRLADGGRLVQK
FNHSHRISDIRLEFIVDARPAMAATSEFILMTTFPNKELADESQTLKEANLLNAVIVQRLTTSENLYFOGG
GLNDIFEAQKIEWHEASHHHHHH

NPL4-UBXL: NPL4 (1-96)—TEV cleavage sequence—AviTag—HisTag (Vector backbone: pET)

MAESITIRVOSPDGVKRITATKRETAATFLKKVAKEFGFONNGESVYINRNKTGEITASSNKSLNLLKI
KHGDLLFLFPSSLAGPSSEMETSVPPGTSENLYFOGGGLNDIFEAQKIEWHEASHHHHHH

FAF1-UBX: FAF1 (571-650)—TEV cleavage sequence—AviTag—HisTag (Vector backbone: pET)

MSEPVSKLRIRTPSGEFLERRFLASNKLOQIVEDFVASKGFPWDEYKLLSTFPRRDVTQLDPNKSLLEVK
LFPOQETLFLEAKETSENLYFOGGGLNDIFEAQKIEWHEASHHHHHEH

p37-UBX: p37 (206-331)—TEV cleavage sequence—AviTag—HisTag (Vector backbone: pET)

MIKPRLRFKAFSGEGOKLGSLTPEIVSTPSSPEEEDKSILNAVVLIDDSVPTTKIQIRLADGSRLIQRF
NSTHRILDVRNFIVQSRPEFAALDFILVTSEFPNKELTDESLTLLEADILNTVLLQOLKTSENLYEFQOGGG
LNDIFEAQKTITEWHEASHHHHHH

scFv-A04: pelB signal sequence—Vy—24aa linker—V;—Myc-Tag—His-Tag (Vector backbone: pSYN1)

MKYLLPTAAAGLLLLAAQPAMA t QVOLVESGGGLVQPGGSLRLSCAASGENVYSSSIHWVROAPGKGLE
WVASIYPSYGSTYYADSVKGRFTISADTSKNTAYLOMNSLRAEDTAVYYCARSYEWKYSYYRGGEDYWG
OGTLVTVSSASSGGSTSGSGKPGSGEGSSGSARDIVMSDIQOMTOSPSSLSASVGDRVTITCRASQSVSS
AVAWYQQKPGKAPKLLIYSASSLYSGVPSRESGSRSGTDEFTLTISSLOPEDFATYYCQQGYYLPVTEGQ
GTKVEIKRAAAEQKLISEEDLNGAAHHHHHH
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scFv-A06: pelB signal sequence—Vy—24aa linker—Vi—Myc-Tag—His-Tag (for bacterial expression; Vector backbone:
pSYN1)

MKYLLPTAAAGLLLLAAQPAMA 1t QVQLVESGGGLVQPGGSLRLSCAASGENISSYSMHWVROAPGKGLE
WVASISSSYGSTYYADSVKGREFTISADTSKNTAYLOMNSLRAEDTAVYYCARSDWYYGDAWGVPYYAFED
YWGQGTLVTVSSASSGGSTSGSGKPGSGEGSSGSARDIVMSDIQOMTQOSPSSLSASVGDRVTITCRASQS
VGSALAWYQQKPGKAPKLLIYSASSLYSGVPSRESGSRSGTDEFTLTISSLOPEDFATYYCQQSWELITE
GQGTKVEIKRAAAFEOKLISEEDLNGAAHHHHHH

scFv-B01: pelB signal sequence—Vy—24aa linker—Vi—Myc-Tag—His-Tag (Vector backbone: pSYN1)

MKYLLPTAAAGLLLLAAQPAMA + QVOLVESGGGLVQPGGSLRLSCAASGENISSYYMHWVROAPGKGLE
WVASIYPSYSSTSYADSVKGRFTISADTSKNTAYLOMNSLRAEDTAVYYCARSSDYDRYWYWSYDAFDY
WGQGTLVTVSSASSGGSTSGSGKPGSGEGSSGSARDIVMSDIQOMTQSPSSLSASVGDRVTITCRASQSY
GSALAWYQOKPGKAPKLLIYSASSLYSGVPSRESGSRSGTDFTLTISSLOPEDFATYYCQQSWDLFETEG
QOGTKVEIKRAAAEOKLISEEDLNGAAHHHHHH

scFv-E04: pelB signal sequence—Vy—24aa linker—Vi—Myc-Tag—His-Tag (for bacterial expression; Vector backbone:
pSYN1)

MKYLLPTAAAGLLLLAAQPAMA t QVOLVESGGGLVQPGGSLRLSCAASGENEFSSYSITHWVROAPGKGLE
WVASISPYYGSTYYADSVKGREFTISADTSKNTAYLOMNSLRAEDTAVYYCARYKYYMSGRYTWALDYWG
QGTLVTVSSASSGGSTSGSGKPGSGEGSSGSARDIVMSDIQOMTOSPSSLSASVGDRVTITCRASQSVSS
AVAWYQOKPGKAPKLLIYSASSLYSGVPSRESGSRSGTDFTLTISSLOPEDFATYYCQOEFEFVPETEGO
GTKVEIKRAAAEQKLISEEDLNGAAHHHHHH

scFv-GO8: pelB signal sequence—Vy—24aa linker—Vi—Myc-Tag—His-Tag (Vector backbone: pSYN1)

MKYLLPTAAAGLLLLAAQPAMA 1t QVQLVESGGGLVQPGGSLRLSCAASGENISYSYIHWVROAPGKGLE
WVAYIYPYSGSTYYADSVKGRFTISADTSKNTAYLOMNSLRAEDTAVYYCARDPHWAMDYWGQGTLVTV
SSASSGGSTSGSGKPGSGEGSSGSARDIVMSDIOMTOSPSSLSASVGDRVTITCRASQSVGSALAWYQO
KPGKAPKLLIYSASSLYSGVPSRESGSRSGTDFTLTISSLOQPEDFATYYCQOSESSVPFTFGQGTKVET
KRAAAEOKLISEEDLNGAAHHHHHH

scFv-A06: Vy—24aa linker—Vi—Myc-Tag—HA-Tag (for mammalian expression; Vector backbone: pcDNA3.1)
MOVQLVESGGGLVQPGGSLRLSCAASGENISSYSMHWVRQAPGKGLEWVASISSSYGSTYYADSVKGRE

TISADTSKNTAYLOMNSLRAEDTAVYYCARSDWYYGDAWGVPYYAFDYWGQGTLVITVSSASSGGSTSGS
GKPGSGEGSSGSARDIVMSDIQOMTQSPSSLSASVGDRVTITCRASQSVGSALAWYQOKPGKAPKLLIYS
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ASSLYSGVPSRESGSRSGTDFTLTISSLOPEDFATYYCOQOSWELITEFGOGTKVEIKRAAAEOKLISEED
LYPYDVPDYA

scFv-E04: Vy—24aa linker—Vi—Myc-Tag—HA-Tag (for mammalian expression; Vector backbone: pcDNA3.1)

MOVQOLVESGGGLVQPGGSLRLSCAASGENEFSSYSIHWVROAPGKGLEWVASISPYYGSTYYADSVKGRE
TISADTSKNTAYLOMNSLRAEDTAVYYCARYKYYMSGRYTWALDYWGQGTLVTIVSSASSGGSTSGSGKP
GSGEGSSGSARDIVMSDIQOMTQSPSSLSASVGDRVTITCRASQSVSSAVAWYQQKPGKAPKLLIYSASS
LYSGVPSRESGSRSGTDFTLTISSLOQPEDFATYYCQQEFEFVPEFTEFGOGTKVEIKRAAAFOKLISEEDLY
PYDVPDYA

scFv-RNase A:*""* Vy—15aa linker—Vi—HA-Tag (Vector backbone: pcDNA3.1)

MAAQPADVQLQESGPGLVKPSQSLSLTCTVTGYSITSDYAWNWIRQFPGNKLEWMGYISHSGSTGYNPS
LKSRISITRDTSKNQFFLOLNSVTTEDTATYYCARGGKNWDAYWGQGLWSLSSGGGGSGGGGSGGGGSD
IKMTQSPSSMYAFLGERVTITCKASQDINSYLSWEFQQKPGKSPKTLIYRANRLVDGVPSRESGSGSGQOD
YSLTISSLEYEDMGIYYCLOYDELPFTEFGSGTKLEIKAAAINYPYDVPDYAS

scFab-A06: V,—60aa linker—V;;—HA-Tag (Vector backbone: pcDNA3.1)

MSDIOMTQSPSSLSASVGDRVTITCRASQSVGSALAWYQOKPGKAPKLLIYSASSLYSGVPSRESGSRS
GIDETLTISSLOPEDFATYYCOOSWELITEGCOCTKVEIKRTVAAPSVEIFPPSDSQLKSGTASVVCLLN
NEYPREAKVOWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVT
KSEFNRGECGGSSGSGSGSTGTSSSGTGTSAGTTGTSASTSGSGSGGGGGSGGGGSAGGTATAGASSGSE
VOLVESGGGLVQPGGSLRLSCAASGENISSYSMHWVROAPGKGLEWVASISSSYGSTYYADSVKGRETI
SADTSKNTAYLOMNSLRAEDTAVYYCARSDWYYGDAWGVPYYAFDYWGQGTLVTVSSASTKGPSVFPLA
PSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLOSSGLYSLSSVVTVPSSSLGTQTY
ICNVNHKPSNTKVDKKVEPKSCDKTHTGGSGSAGGLNDIFEAQKIEWHEETKRAAAEQKLISEEDLYPY
DVPDYA

scFab-E04: V;—60aa linker—V;;—HA-Tag (Vector backbone: pcDNA3.1)

MSDIQOMTQSPSSLSASVGDRVTITCRASQSVSSAVAWYQQKPGKAPKLLIYSASSLYSGVPSRESGSRS
GIDETLTISSLOPEDFATYYCOOEFEVPETFGOGCTKVEIKRTVAAPSVEFIFPPSDSQLKSGTASVVCLL
NNEFYPREAKVOQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPV
TKSEFNRGECGGSSGSGSGSTGTSSSGTGTSAGTTGTSASTSGSGSGGGGGSGGGGSAGGTATAGASSGS
EVOLVESGGGLVQOPGGSLRLSCAASGENEFSSYSTHWVROAPGKGLEWVASISPYYGSTYYADSVKGRET
ISADTSKNTAYLOMNSLRAEDTAVYYCARYKYYMSGRYTWALDYWGQGTLVTVSSASTKGPSVEFPLAPS
SKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLOSSGLYSLSSVVTVPSSSLGTQTYIC
NVNHKPSNTKVDKKVEPKSCDKTHTGGSGSAGGLNDIFEAQKIEWHEETKRAAAEQKLISEEDLYPYDV
TDYA
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scFab-RNase A: V;—C;—60aa linker—V;—Cy—HA-Tag (Vector backbone: pcDNA3.1)

MDIKMTQSPSSMYAFLGERVTITCKASODINSYLSWEFQQKPGKSPKTLIYRANRLVDGVPSRESGSGSG
ODYSLTISSLEYEDMGIYYCLOYDELPEFTEFGSGTKLE IKAAAETIKRTVAAPSVEIFPPSDSQLKSGTAS
VVCLLNNEFYPREAKVOWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHOQG
LSSPVTKSFNRGECGGSSGSGSGSTGTSSSGTGTSAGTTGTSASTSGSGSGGGGGSGGGGSAGGTATAG
ASSGSAAQPADVQLQESGPGLVKPSQSLSLTCTVTGYSITSDYAWNWIRQFPGNKLEWMGYISHSGSTG
YNPSLKSRISITRDTSKNQFFLOLNSVTTEDTATYYCARGGKNWDAYWGQGLWSLSSTVSSASTKGPSV
FPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTEFPAVLOSSGLYSLSSVVTVPSSSLG
TOTYICNVNHKPSNTKVDKKVEPKSCDKTHTGGSGSAGGLNDIFEAQKIEWHEINYPYDVPDYAS

scFab-A06-NLS: c-Myc-NLS—V,—C;—60aa linker—V;—Cy—HA-Tag (Vector backbone: pcDNA3.1)

MPAAKRVKLDLEMSDIQOMTQSPSSLSASVGDRVTITCRASQSVGSALAWYQQKPGKAPKLLIYSASSLY
SGVPSRESGSRSGTDFTLTISSLOPEDFATYYCQOSWELITEFGOGTKVEIKRTVAAPSVEIFPPSDSQL
KSGTASVVCLLNNEYPREAKVOWKVDNALQOSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYAC
EVTHQGLSSPVTKSENRGECGGSSGSGSGSTGTSSSGTGTSAGTTGTSASTSGSGSGGGEGESGGGEGSAG
GTATAGASSGSEVQLVESGGGLVQPGGSLRLSCAASGENISSYSMHWVRQAPGKGLEWVASISSSYGST
YYADSVKGRFTISADTSKNTAYLOMNSLRAEDTAVYYCARSDWYYGDAWGVPYYAFDYWGQGTLVTVSS
ASTKGPSVEFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTEFPAVLOSSGLYSLSSVV
TVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTGGSGSAGGLNDIFEAQKIEWHEETIKRAAAT
NYPYDVPDYAS

scFab-E04-NLS: c-Myc-NLS—V;,—C—60aa linker—Vy—Cy—HA-Tag (Vector backbone: pcDNA3.1)

MPAAKRVKLDLEMSDIQOMTQSPSSLSASVGDRVTITCRASQSVSSAVAWYQQKPGKAPKLLIYSASSLY
SGVPSRESGSRSGTDEFTLTISSLOPEDFATYYCOQQEFEFVPEFTFGOGTKVEIKRTVAAPSVEFIFPPSDSQ
LKSGTASVVCLLNNEFYPREAKVOWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYA
CEVTHQGLSSPVTKSENRGECGGSSGSGSGSTGTSSSGTGTSAGTTGTSASTSGSGSGGGGEGESGGGEGSA
GGTATAGASSGSEVQLVESGGGLVQPGGSLRLSCAASGENEFSSYSTHWVROAPGKGLEWVASISPYYGS
TYYADSVKGRETISADTSKNTAYLOMNSLRAEDTAVYYCARYKYYMSGRYTWALDYWGQGTLVTVSSAS
TKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLOSSGLYSLSSVVTV
PSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTGGSGSAGGLNDIFEAQKIEWHEE IKRAAAINY
PYDVPDYAS

EGFP-NLS: c-Myc-NLS—EGFP (Vector backbone: pcDNA3.1)
MPAAKRVKLDLEMVSKGEELFTGVVPILVELDGDVNGHKESVSGEGEGDATYGKLTLKEFICTTGKLPVP
WPTLVTTLTYGVQCEFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIEL

KGIDFKEDGNILGHKLEYNYNSHNVYIMADKOKNGIKVNEFKIRHNIEDGSVQLADHYQONTPIGDGPVL
LPDNHYLSTQOSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYK

pHTN-p97-NES: HaloTag—p97—NES—HA-Tag (Vector backbone: pHTN HaloTag CMV-neo)
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MAEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLELHGNPTSSYVWRNIIPHVAPTHRCIAPDLIGM
GKSDKPDLGYFEFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFMEFTIRPIPTW
DEWPEFARETFOQAFRTTDVGRKLIIDONVEFIEGTLPMGVVRPLTEVEMDHYREPFLNPVDREPLWREPN
ELPIAGEPANIVALVEEYMDWLHOSPVPKLLEWGTPGVLIPPAEAARLAKSLPNCKAVDIGPGLNLLQOE
DNPDLIGSEIARWLSTLEISGEPTTEDLYFQSDNAIAMASGADSKGDDLSTAILKQKNRPNRLIVDEAT
NEDNSVVSLSQPKMDELQLFRGDTVLLKGKKRREAVCIVLSDDTCSDEKIRMNRVVRNNLRVRLGDVIS
IQPCPDVKYGKRIHVLPIDDTVEGITGNLFEVYLKPYFLEAYRPIRKGDIFLVRGGMRAVEFKVVETDP
SPYCIVAPDTVIHCEGEPIKREDEEESLNEVGYDDIGGCRKOLAQIKEMVELPLRHPALFKATIGVKPPR
GILLYGPPGTGKTLIARAVANETGAFFFLINGPEIMSKLAGESESNLRKAFEEAEKNAPATIIFIDELDA
IAPKREKTHGEVERRIVSQLLTLMDGLKQOQRAHVIVMAATNRPNSIDPALRREFGRFDREVDIGIPDATGR
LEILOIHTKNMKLADDVDLEQVANETHGHVGADLAALCSEAALQATIRKKMDLIDLEDETIDAEVMNSLA
VIMDDFRWALSQSNPSALRETVVEVPQVTWEDIGGLEDVKRELQELVQYPVEHPDKFLKEGMTPSKGVL
FYGPPGCGKTLLAKAIANECQANFISIKGPELLTMWEGESEANVREIFDKARQAAPCVLEFEFDELDSIAK
ARGGNIGDGGGAADRVINQILTEMDGMSTKKNVEIIGATNRPDIIDPAILRPGRLDQLIYIPLPDEKSR
VAILKANLRKSPVAKDVDLEFLAKMTNGEFSGADLTEICQRACKLAIRESTIESETIRRERERQTNPSAMEV
EEDDPVPEIRRDHFEEAMREFARRSVSDNDIRKYEMEFAQTLOOSRGEGSEREPSGNQGGAGPSQGSGGGT
GGSVYTEDNDDDLYGGSSELONKLEELDLDSYKINYPYDVPDYAS

pHTC-p97-NES: p97—NES—HA-Tag—HaloTag (Vector backbone: pHTC HaloTag CMV-neo)

MASGADSKGDDLSTATLKQKNRPNRLIVDEAINEDNSVVSLSQPKMDELQLEFRGDTVLLKGKKRREAVC
IVLSDDTCSDEKIRMNRVVRNNLRVRLGDVISIQPCPDVKYGKRIHVLPIDDTVEGITGNLFEVYLKPY
FLEAYRPIRKGDIFLVRGGMRAVEFKVVETDPSPYCIVAPDTVIHCEGEPIKREDEEESTLNEVGYDDIG
GCRKQLAQIKEMVELPLRHPALFKAIGVKPPRGILLYGPPGTGKTLIARAVANETGAFFFLINGPEIMS
KLAGESESNLRKAFEEAEKNAPAITIFIDELDATIAPKREKTHGEVERRIVSQLLTLMDGLKQOQRAHVIVMA
ATNRPNSIDPALRRFGREFDREVDIGIPDATGRLEILQTHTKNMKLADDVDLEQVANETHGHVGADLAAL
CSEAALQATIRKKMDLIDLEDETIDAEVMNSLAVTMDDFRWALSQSNPSALRETVVEVPOQVIWEDIGGLE
DVKRELOELVQYPVEHPDKFLKFGMTPSKGVLEYGPPGCGKTLLAKATANECQANFISTIKGPELLTMWE
GESEANVREIFDKARQAAPCVLEFFDELDSIAKARGGNIGDGGGAADRVINQILTEMDGMSTKKNVETIIG
ATNRPDIIDPAILRPGRLDQLIYIPLPDEKSRVAILKANLRKSPVAKDVDLEFLAKMTNGESGADLTET
CORACKLAIRESTESEIRRERERQTNPSAMEVEEDDPVPEIRRDHFEEAMRFARRSVSDNDIRKYEMEA
QTLOOSRGEFGSEFREFPSGNQGGAGPSQGSGGGTGGSVYTEDNDDDLYGGSSELONKLEELDLDSYKINYP
YDVPDYAEPTTEDLYFQSDNDGSEIGTGFPEFDPHYVEVLGERMHYVDVGPRDGTPVLELHGNPTSSYVW
RNITPHVAPTHRCIAPDLIGMGKSDKPDLGYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAK
RNPERVKGIAFMEFIRPIPTWDEWPEFARETEFQAFRTTDVGRKLIIDONVEFIEGTLPMGVVRPLTEVEM
DHYREPFLNPVDREPLWREFPNELPIAGEPANIVALVEEYMDWLHOSPVPKLLEWGTPGVLIPPAEAARL
AKSLPNCKAVDIGPGLNLLQEDNPDLIGSEIARWLSTLEISG

pNLF1IN-p97-NES: NanoLuc—p97—NES—HA-Tag (Vector backbone: pNLF1-N CMV/Hygro)

MVEFTLEDEVGDWROQTAGYNLDQVLEQGGVSSLEFONLGVSVTPIQRIVLSGENGLKIDIHVIIPYEGLSG
DOMGOIEKIFKVVYPVDDHHFKVILHYGTLVIDGVTPNMIDYFGRPYEGIAVEDGKKITVTGTLWNGNK
ITDERLINPDGSLLFRVTINGVTGWRLCERILAGSSGAIAMASGADSKGDDLSTAILKQKNRPNRLIVD
EAINEDNSVVSLSQPKMDELQLFRGDTVLLKGKKRREAVCIVLSDDTCSDEKIRMNRVVRNNLRVRLGD
VISIQPCPDVKYGKRIHVLPIDDTVEGITGNLFEVYLKPYFLEAYRPIRKGDIFLVRGGMRAVEFKVVE
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TDPSPYCIVAPDTVIHCEGEPIKREDEEESLNEVGYDDIGGCRKQLAQIKEMVELPLRHPALFKAIGVK
PPRGILLYGPPGTGKTLIARAVANETGAFFEFLINGPEIMSKLAGESESNLRKAFEEAEKNAPAITIFIDE
LDATAPKREKTHGEVERRIVSQLLTLMDGLKQRAHVIVMAATNRPNSIDPALRRFGREFDREVDIGIPDA
TGRLEILQIHTKNMKLADDVDLEQVANETHGHVGADLAALCSEAALQATIRKKMDLIDLEDETIDAEVMN
SLAVTMDDFRWALSQSNPSALRETVVEVPOQVTWEDIGGLEDVKRELOQELVQYPVEHPDKEFLKEFGMTPSK
GVLEFYGPPGCGKTLLAKATIANECQANFISIKGPELLTMWEFGESEANVREIFDKARQAAPCVLEFDELDS
IAKARGGNIGDGGGAADRVINQILTEMDGMSTKKNVEIIGATNRPDIIDPAILRPGRLDOLIYIPLPDE
KSRVAILKANLRKSPVAKDVDLEFLAKMTNGESGADLTEICQRACKLAIRESIESEIRRERERQTNPSA
MEVEEDDPVPEIRRDHFEEAMRFARRSVSDNDIRKYEMFAQTLOQSRGEFGSFREPSGNQGGAGPSQOGSG
GGTGGSVYTEDNDDDLYGGSSELONKLEELDLDSYKINYPYDVPDYAS

pNLF1C-p97-NES: p97—NES—HA-Tag—NanoLuc (Vector backbone: pNLF1-C CMV/Hygro)

MASGADSKGDDLSTAILKOKNRPNRLIVDEAINEDNSVVSLSQPKMDELQLEFRGDTVLLKGKKRREAVC
IVLSDDTCSDEKIRMNRVVRNNLRVRLGDVISIQPCPDVKYGKRIHVLPIDDTVEGITGNLFEVYLKPY
FLEAYRPIRKGDIFLVRGGMRAVEFKVVETDPSPYCIVAPDTVIHCEGEPIKREDEEESLNEVGYDDIG
GCRKOLAQIKEMVELPLRHPALFKAIGVKPPRGILLYGPPGTGKTLIARAVANETGAFFFLINGPEIMS
KLAGESESNLRKAFEEAEKNAPAITFIDELDATAPKREKTHGEVERRIVSQLLTLMDGLKORAHVIVMA
ATNRPNSIDPALRREFGRFDREVDIGIPDATGRLEILOIHTKNMKLADDVDLEQVANETHGHVGADLAAL
CSEAALQAIRKKMDLIDLEDETIDAEVMNSLAVTMDDEFRWALSQSNPSALRETVVEVPQVTWEDIGGLE
DVKRELOQELVQYPVEHPDKEFLKEGMTPSKGVLEYGPPGCGKTLLAKAIANECQANFISIKGPELLTMWE
GESEANVREIFDKARQAAPCVLEFFDELDSIAKARGGNIGDGGGAADRVINQILTEMDGMSTKKNVEIIG
ATNRPDITIDPATILRPGRLDQLIYIPLPDEKSRVAILKANLRKSPVAKDVDLEFLAKMTNGESGADLTET
CORACKLAIRESIESEIRRERERQTNPSAMEVEEDDPVPEIRRDHFEEAMRFARRSVSDNDIRKYEMEA
OTLOOSRGEFGSFREFPSGNQGGAGPSQGSGGGTGGSVYTEDNDDDLYGGSSELONKLEELDLDSYKINYP
YDVPDYAGSSGVETLEDEVGDWROTAGYNLDOVLEQGGVSSLEFONLGVSVTPIQRIVLSGENGLKIDIH
VIIPYEGLSGDOMGQIEKIFKVVYPVDDHHFKVILHYGTLVIDGVTPNMIDYFGRPYEGIAVEDGKKIT
VTGTLWNGNKIIDERLINPDGSLLEFRVTINGVTGWRLCERILA

pHTN-p47-NES: HaloTag—p47—NES—FLAG-Tag (Vector backbone: pHTN HaloTag CMV-neo)

MAEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLEFLHGNPTSSYVWRNITIPHVAPTHRCIAPDLIGM
GKSDKPDLGYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFMEFTIRPIPTW
DEWPEFARETFQAFRTTDVGRKLIIDONVEFIEGTLPMGVVRPLTEVEMDHYREPFLNPVDREPLWREPN
ELPIAGEPANIVALVEEYMDWLHQSPVPKLLEFWGTPGVLIPPAEAARLAKSLPNCKAVDIGPGLNLLQE
DNPDLIGSEIARWLSTLEISGEPTTEDLYFQSDNATAMAAERQEALREFVAVTGAEEDRARFFLESAGW
DLOIALASEFYEDGGDEDIVTISQATPSSVSRGTAPSDNRVTSFRDLIHDODEDEEEEEGOREFYAGGSER
SGOQIVGPPRKKSPNELVDDLEKGAKEHGAVAVERVTKSPGETSKPRPEFAGGGYRLGAAPEEESAYVAG
EKROHSSODVHVVLKLWKSGESLDNGELRSYQODPSNAQFLESIRRGEVPAELRRLAHGGQVNLDMEDHR
DEDEFVKPKGAFKAFTGEGOKLGSTAPQVLSTSSPAQOAENEAKASSSILIDESEPTTNIQIRLADGGRL
VOKEFNHSHRISDIRLFIVDARPAMAATSEFILMTTEFPNKELADESQTLKEANLLNAVIVQORLTGSSELON
KLEELDLDSYKINDYKDDDDK

pHTC-p47-NES: p47—NES—FLAG-Tag—HaloTag (Vector backbone: pHTC HaloTag CMV-neo)
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MAAERQEALREFVAVTGAEEDRARFFLESAGWDLOIALASEFYEDGGDEDIVTISQATPSSVSRGTAPSD
NRVTSFRDLIHDODEDEEEEEGOREFYAGGSERSGQQIVGPPRKKSPNELVDDLEFKGAKEHGAVAVERVT
KSPGETSKPRPFAGGGYRLGAAPEEESAYVAGEKRQHSSQODVHVVLKLWKSGESLDNGELRSYQDPSNA
QFLESIRRGEVPAELRRLAHGGQVNLDMEDHRDEDEFVKPKGAFKAFTGEGOQKLGSTAPQVLSTSSPAQQ
AENEAKASSSILIDESEPTTNIQIRLADGGRLVOKEFNHSHRISDIRLFIVDARPAMAATSEILMTTEPN
KELADESQTLKEANLLNAVIVORLTGSSELONKLEELDLDSYKINDYKDDDDKEPTTEDLYFQSDNDGS
EIGTGFPEFDPHYVEVLGERMHYVDVGPRDGTPVLELHGNPTSSYVWRNIIPHVAPTHRCIAPDLIGMGK
SDKPDLGYFFDDHVREFMDAFTEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFMEFIRPIPTWDE
WPEFARETFOAFRTTDVGRKLIIDONVEFIEGTLPMGVVRPLTEVEMDHYREPFLNPVDREPLWREPNEL
PIAGEPANIVALVEEYMDWLHQSPVPKLLEFWGTPGVLIPPAEAARLAKSLPNCKAVDIGPGLNLLQEDN
PDLIGSEIARWLSTLEISG

pNLF1N-p47-NES: NanoLuc—p47—NES—FLAG-Tag (Vector backbone: pNLF1-N CMV/Hygro)

MVEFTLEDEFVGDWROQTAGYNLDQVLEQGGVSSLEFONLGVSVTPIQRIVLSGENGLKIDIHVIIPYEGLSG
DOMGOIEKIFKVVYPVDDHHFKVILHYGTLVIDGVTPNMIDYFGRPYEGIAVEDGKKITVTGTLWNGNK
ITIDERLINPDGSLLERVTINGVTGWRLCERILAGSSGAIASEFRAQMAAERQEALREFVAVTGAEEDRA
REFLESAGWDLOIALASEYEDGGDEDIVTISQATPSSVSRGTAPSDNRVTSEFRDLIHDQDEDEEEEEGQ
REYAGGSERSGOQIVGPPRKKSPNELVDDLFKGAKEHGAVAVERVTKSPGETSKPRPFAGGGYRLGAAP
EEESAYVAGEKRQHSSQDVHVVLKLWKSGESLDNGELRSYQDPSNAQFLESIRRGEVPAELRRLAHGGQ
VNLDMEDHRDEDEVKPKGAFKAFTGEGQKLGSTAPQVLSTSSPAQQAENEAKASSSILIDESEPTTNIQ
IRLADGGRLVOKEFNHSHRISDIRLFIVDARPAMAATSEFILMTTEPNKELADESQTLKEANLLNAVIVQOR
LTGSSELONKLEELDLDSYKINDYKDDDDK

pNLF1C-p47-NES: p47—NES—FLAG-Tag—NanoLuc (Vector backbone: pNLF1-C CMV/Hygro)

MAAERQEALREFVAVTGAEEDRARFFLESAGWDLOQIALASEFYEDGGDEDIVTISQATPSSVSRGTAPSD
NRVTSFRDLIHDQDEDEEEEEGQREFYAGGSERSGQQOIVGPPRKKSPNELVDDLEFKGAKEHGAVAVERVT
KSPGETSKPRPFAGGGYRLGAAPEEESAYVAGEKROHSSODVHVVLKLWKSGESLDNGELRSYQDPSNA
QFLESIRRGEVPAELRRLAHGGQVNLDMEDHRDEDEFVKPKGAFKAFTGEGOQKLGSTAPQVLSTSSPAQQ
AENEAKASSSILIDESEPTTNIQIRLADGGRLVOKEFNHSHRISDIRLEFIVDARPAMAATSEILMTTEPN
KELADESQTLKEANLLNAVIVQORLTGSSELONKLEELDLDSYKINDYKDDDDKGSSGVEFTLEDEVGDWR
QTAGYNLDQVLEQGGVSSLEFONLGVSVTPIQRIVLSGENGLKIDIHVIIPYEGLSGDOMGQIEKIFKVV
YPVDDHHFKVILHYGTLVIDGVTPNMIDYFGRPYEGIAVEDGKKITVTGTLWNGNKIIDERLINPDGSL
LFRVTINGVTGWRLCERILA

pNLF1IN-p97: NanoLuc—p97—HA-Tag (Vector backbone: pNLF1-N CMV/Hygro)

MVEFTLEDEVGDWROQTAGYNLDQVLEQGGVSSLEFONLGVSVTPIQRIVLSGENGLKIDIHVIIPYEGLSG
DOMGQIEKIFKVVYPVDDHHFKVILHYGTLVIDGVTPNMIDYFGRPYEGIAVEDGKKITVTGTLWNGNK
ITDERLINPDGSLLFRVTINGVTGWRLCERILAGSSGAIAMASGADSKGDDLSTAILKQKNRPNRLIVD
EAINEDNSVVSLSQPKMDELQLFRGDTVLLKGKKRREAVCIVLSDDTCSDEKIRMNRVVRNNLRVRLGD
VISIQPCPDVKYGKRIHVLPIDDTVEGITGNLFEVYLKPYFLEAYRPIRKGDIFLVRGGMRAVEFKVVE
TDPSPYCIVAPDTVIHCEGEPIKREDEEESLNEVGYDDIGGCRKQLAQIKEMVELPLRHPALFKAIGVK
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PPRGILLYGPPGTGKTLIARAVANETGAFFEFLINGPEIMSKLAGESESNLRKAFEEAEKNAPAITIFIDE
LDATAPKREKTHGEVERRIVSQLLTLMDGLKQRAHVIVMAATNRPNSIDPALRRFGREFDREVDIGIPDA
TGRLEILOIHTKNMKLADDVDLEQVANETHGHVGADLAALCSEAALQATRKKMDLIDLEDETIDAEVMN
SLAVTMDDFRWALSQSNPSALRETVVEVPOQVIWEDIGGLEDVKRELQELVQYPVEHPDKEFLKFGMTPSK
GVLEFYGPPGCGKTLLAKATIANECQANFISIKGPELLTMWEFGESEANVREIFDKARQAAPCVLEFDELDS
IAKARGGNIGDGGGAADRVINQILTEMDGMSTKKNVEIIGATNRPDIIDPAILRPGRLDOLIYIPLPDE
KSRVAILKANLRKSPVAKDVDLEFLAKMTNGESGADLTEICQRACKLAIRESIESEIRRERERQTNPSA
MEVEEDDPVPEIRRDHFEEAMRFARRSVSDNDIRKYEMFAQTLOQSRGEFGSEFREPSGNQGGAGPSQGSG
GGTGGSVYTEDNDDDLYGINYPYDVPDYAS

pHTC-p47: p47—FLAG-Tag—HaloTag (Vector backbone: pHTC HaloTag CMV-neo)

MAAERQEALREFVAVTGAEEDRARFFLESAGWDLOIALASEFYEDGGDEDIVTISQATPSSVSRGTAPSD
NRVTSFRDLIHDQDEDEEEEEGQREFYAGGSERSGQQOIVGPPRKKSPNELVDDLEFKGAKEHGAVAVERVT
KSPGETSKPRPFAGGGYRLGAAPEEESAYVAGEKRQHSSQODVHVVLKLWKSGESLDNGELRSYQDPSNA
QFLESIRRGEVPAELRRLAHGGQVNLDMEDHRDEDEFVKPKGAFKAFTGEGOQKLGSTAPQVLSTSSPAQQ
AENEAKASSSILIDESEPTTNIQIRLADGGRLVOKENHSHRISDIRLFIVDARPAMAATSEILMTTEPN
KELADESQTLKEANLLNAVIVORLTINDYKDDDDKEPTTEDLYFQSDNDGSEIGTGEFPEFDPHYVEVLGE
RMHYVDVGPRDGTPVLEFLHGNPTSSYVWRNIIPHVAPTHRCIAPDLIGMGKSDKPDLGYFEFDDHVREMD
AFTEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFMEFIRPIPTWDEWPEFARETFQAFRTTDVG
RKLIIDONVFIEGTLPMGVVRPLTEVEMDHYREPFLNPVDREPLWREFPNELPIAGEPANIVALVEEYMD
WLHOSPVPKLLEFWGTPGVLIPPAEAARLAKSLPNCKAVDIGPGLNLLQEDNPDLIGSEIARWLSTLETIS
G

pNLF1IN-p97-N: NanoLuc—p97-N—HA-Tag (Vector backbone: pNLF1-N CMV/Hygro)

MVEFTLEDEVGDWROQTAGYNLDQVLEQGGVSSLEFONLGVSVTPIQRIVLSGENGLKIDIHVIIPYEGLSG
DOMGQIEKIFKVVYPVDDHHFKVILHYGTLVIDGVTPNMIDYFGRPYEGIAVFDGKKITVTGTLWNGNK
ITDERLINPDGSLLFRVTINGVTGWRLCERILAGSSGAIAMASGADSKGDDLSTAILKQKNRPNRLIVD
EAINEDNSVVSLSQPKMDELQLEFRGDTVLLKGKKRREAVCIVLSDDTCSDEKIRMNRVVRNNLRVRLGD
VISIQPCPDVKYGKRIHVLPIDDTVEGITGNLFEVYLKPYFLEAYRPIRKGDIFLVRGGMRAVEFKVVE
TDPSPYCIVAPDTVIHCEGEINYPYDVPDYAS

pHTC-p47-UBX: p47-UBX—FLAG-Tag—HaloTag (Vector backbone: pHTC HaloTag CMV-neo)

MVKPKGAFKAFTGEGOKLGSTAPQVLSTSSPAQOAENEAKASSSILIDESEPTTNIQIRLADGGRLVQOK
FNHSHRISDIRLFIVDARPAMAATSEFILMTTEFPNKELADESQTLKEANLLNAVIVORLTINDYKDDDDK
EPTTEDLYFOSDNDGSEIGTGEFPEFDPHYVEVLGERMHYVDVGPRDGTPVLEFLHGNPTSSYVWRNIIPHV
APTHRCIAPDLIGMGKSDKPDLGYFEFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVK
GIAFMEFIRPIPTWDEWPEFARETFQAFRTTDVGRKLIIDONVFIEGTLPMGVVRPLTEVEMDHYREPE
LNPVDREPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPVPKLLEFWGTPGVLIPPAEAARLAKSLPNC
KAVDIGPGLNLLQEDNPDLIGSEIARWLSTLEISG
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p47-FLAG: FLAG-Tag—p47 (Vector backbone: pcDNA3.1)

MDYKDDDDKGGMAAERQEALREFVAVTGAEEDRARFFLESAGWDLOIALASEYEDGGDEDIVTISQATP
SSVSRGTAPSDNRVTSEFRDLIHDOQDEDEEEEEGOQREYAGGSERSGQOIVGPPRKKSPNELVDDLEKGAK
EHGAVAVERVTKSPGETSKPRPFAGGGYRLGAAPEEESAYVAGEKRQHSSQDVHVVLKLWKSGESLDNG
ELRSYODPSNAQFLESIRRGEVPAELRRLAHGGQVNLDMEDHRDEDEFVKPKGAFKAFTGEGOKLGSTAP
QVLSTSSPAQQAENEAKASSSILIDESEPTTNIQIRLADGGRLVOKENHSHRISDIRLEIVDARPAMAA
TSFILMTTFPNKELADESQTLKEANLLNAVIVQRLT
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4. Spectral and characterization data
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Figure SP1. SDS-PAGE analysis and representative LC-MS spectrum of p47-UBX after biotinylation. Note that the minor

existence of unbiotinylated proteins does not affect the phage display process; the irrelevant lanes between the ladder lane

and the “Lysate” lane on the same gel were removed for clear visualizations.
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Figure SP2. SDS-PAGE analysis and representative LC-MS spectrum of NPL4-UBXL after biotinylation.

S37

™ Mmass



Fractions from SEC

o
250 - ©
=
150 - k%)
acC
100 -
e
75 - o
y—
(=
.S
50| 5
L
37 -
25 -
20 -
15 -
— - - -
10 -
(kDa)
100+ 13604.0000;59996068
* 13379.0000
26919560
13626.0000,14789732
13400.0000,7164281 13642.0000;7495649
12353.0000;3626034 \ 13577.0000;4852888 13670.0000;4200309
AN
! i
D""I"'I""I"'I""I"'I'"'jIL'-\_'J'lT“I_'J'L/‘/H"'I" leJL \J fﬂ\w/\“/ -‘""/\ﬂ‘_}L T
13000 13100 13200 13300 13400 13500 13800 3700 13800 13900

Figure SP3. SDS-PAGE analysis and representative LC-MS spectrum of FAF1-UBX after biotinylation.
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Figure SP4. SDS-PAGE analysis and representative LC-MS spectrum of p37-UBX after biotinylation.
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Figure SPS. Size-exclusion chromatography (SEC) curve and representative LC-MS spectrum of scFv-A04.
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Figure SP6. SEC curve and representative LC-MS spectrum of scFv-A06.
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Figure SP7. SEC curve and representative LC-MS spectrum of scFv-B01.
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Figure SP8. SEC curve and representative LC-MS spectrum of scFv-E04.
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Figure SP9. SEC curve and representative LC-MS spectrum of scFv-GO08.
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