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Fig. S1. Generation of poly-ubiquitinated substrate and of substrate-engaged Cdc48
ATPase complex.

(A) Scheme for the generation of poly-ubiquitinated substrate. The substrate consists of a
His14-SUMO tag, a 43 amino acid degron sequence derived from the E. coli lac
repressor, the fluorescent protein Eos or sfGFP, a 3C-cleavage site, and a streptavidin
binding peptide (SBP) tag. The protein was purified on the basis of the N-terminal His14-
tag, and the SUMO tag was then cleaved off with SUMO protease (Ulp1). In some
experiments, a fluorescent dye was attached to Cys6. The protein was incubated with a
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mixture of ubiquitin-activating enzyme (Ubal), ubiquitin-conjugating enzyme (Ubc2),
ubiquitin ligase (Ubrl), ubiquitin, and ATP. The poly-ubiquitinated substrate was
purified on streptavidin beads via its C-terminal SBP tag, eluted from the resin with
biotin, and subjected to size-exclusion chromatography. Fractions were analyzed by SDS-
PAGE and Coomassie blue staining. The fractions indicated with a red box were pooled
and used to generate the substrate-engaged Cdc48 complex. (B) Substrate generated as in
(A) was bound to streptavidin beads, incubated with or without Ufd1/Npl4 complex, and
then with Cdc48 in the presence of the indicated nucleotides. Biotin was added and the
eluted (E) and bound (B) fractions were analyzed by SDS-PAGE and Coomassie blue
staining.
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Fig. S2. Cryo-EM analysis of the substrate-engaged Cdc48 complex in ATP.

(A) Image processing workflow for 3D classification and refinement. Shown are side
views of 3D reconstructions, with the number of particles used for further analysis
indicated. (B) Gold-standard Fourier shell correlation (GSFSC) was calculated during
refinement with different masks in Cryosparc2. The resolutions were determined at
FSC=0.143. The final corrected mask gave an overall resolution of 3.9A. (C) Direction
distribution over azimuth and elevation angles of particles used in CryoSPARC
refinement; (0,0) is a side view. (D) Side view of the map, with local resolution
calculated from the unfiltered half-maps, colored according to the scale. (E) As in (D),
but the density was cut to the central ATPase pore.
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Fig. S3. Comparison of the S. cerevisiae and C. thermophilum Npl4 towers and their
interaction with Cdc48.

(A) Three different side views of the superimposed models of the Npl4 towers of the
substrate-engaged S. cerevisiae (Sc; blue) Cdc48 complex and substrate-free C.
thermophilum Cdc48 complex (Ct; orange; PDB code 6CDD). The models are shown in
ribbon representation. The b-strand finger, Zn**-fingers 1 and 2 (ZF-1 and ZF-2), and N-
terminal bundle (NTB) are indicated. (B) Top view of the density map of the C.
thermophilum Cdc48 complex lacking substrate, cut close to the surface of the D1 ring.
Density for the Npl4 tower is shown in orange. (C) As in (B), but for the substrate-
engaged S. cerevisiae complex. Note that the b-strand finger has moved outwards from
the pore.
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Fig. S4. Interaction of Npl4 mutants with Ufd1 and of Npl4 groove residues with
unUb.

(A-B) Mutation of the Npl4 groove does not affect the interaction between Npl4 and
Ufd1. Wild-type Npl4 or the indicated Npl4 mutants, all carrying FLAG-tags at the C-
terminus, were co-expressed with His-SUMO Ufd1 in E. coli. The proteins were purified
on the basis of the His-tag on Ufd1 and the tag was removed with SUMO-protease. The
samples were analyzed by SDS-PAGE and Coomassie blue staining. (C) The conserved
Y461 residue of Npl4 (orange) interacts with V26 and 123 of unUb (yellow). The models
are shown in ribbon representation and the density as a blue mesh. (D) As in (C), but
showing the interaction of F349 with 130 and Q31. (E) As in (C), but showing interaction
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between K165 and E34. (F) As in (C), but showing interaction of R253 with the
backbone of A46 and of 1249 with F45.



Cdc48/UN/Substrate with ADP-BeFx

- Cdc48/UN with ADP-BeFx UN/Substrate - UN

87
88

Time (min) Time (min)
Start End 0.167 1 10 60 311 0.167 1 10 60 311

TRFRSKNGTHRVSCQE 3 18

MLIRFRSKNGTHRVSCQENDL 1 21

LIRFRSKNGTHRVSCQEND 2 20

RSKNGTHRVSCQENDL 6 21

FGTVIEKL 22 29

FGTVIEKLVGNLDPNADVDT 22 1 5.0

IEKLVGNLDPNAD 26 38

KLVGNLDPNA 28 37

IEKLVGNLDPNADVDT 26 4

KLVGNLDPNADVDT 28 4

VGNLDPNADVDT 30 41 25

FTVCEKPGQGIHA 42 54

TVCEKPGOGIHA 43 54

VCEKPGQGIHA 44 54

FTVCEKPGQGIHAVSE 42 57

FTVCEKPGQGIHAVSEL 42 58 0

LADRTVMDL 58 66 [ ]

ADRTVMD 59 65

ADRTVMDL 59 66

ADRTVMDLGLKHGDM 59 73 I

RTVMDLGLKHGDM 61 73 .25

DLGLKHGDM 65 73

GLKHGDM 67 73

ILNYSDKPANE 75 85

NYSDKPANE 77 85

LILNYSDKPANEKDGVN 74 90

ILNYSDKPANEKDGVN 75 90 -5.0

VEIGSVG 91 97

VEIGSVGIDSKGIRQHRYGPLRIKE 91 115

IGSVGIDSKGIRQHRYGPLRIKE 93 115

GSVGIDSKGIRQHRYGPLRIKE 94 115 No data

IDSKGIRQHRYGPLRIKE 98 115

LAVDEEL 16 122

ELEKEDGLIPRQKSKL 121 136

LEKEDGLIPRQKSKL 122 136

ELEKEDGLIPRQKSKLCKHGDRGMCE 121 146

LEKEDGLIPRQKSKLCKHGDRGMCE 122 146

EKEDGLIPRQKSKLCKHGDRGMCE 123 146

CKHGDRGMCE 137 146

YCSPLPPWDKE 147 157

YCSPLPPWDKEY 147 158

YCSPLPPWDKEYHEKNKIKHISF 147 169 I

PPWDKEYHEKNKIKHISF 152 169

PWDKEYHEKNKIKHISF 153 169

HSYLKKLNENA 170 180

HSYLKKLNENANKKENGSS 170 188

YISPLSEPDF 189 198

RINKRCHNGHEPWPRGICS 199 217

ITLQQQE 224 230

FRMVDHVEF 231 239

QKSEIINE 240 247

WRYTGMQRFGYM 252 263

YGSYSKYDNTPLGIKA 264 279

SKYDNTPLGIKA 268 279

IYEPPQHDEQ 284 293

ATIYEPPQHDEQDGLTM 283 298

IYEPPQHDEQDGLTM 284 298

DVEQVKNEM 299 307

DVEQVKNEML 299 308

DVEQVKNEMLQI DRQRQEMGL, 299 319

LQIDRQAQE 308 316

LQIDRQAQEMGL 308 319

SRIGLIF 320 326

TDLSDAGAGDGSV 327 339

TDLSDAGAGDGSVF 327 340

SDAGAGDGSVF 330 340

CKRHKDSF 341 348

CKRHKDSFF 341 349

AARHQTRHPNVSKYSEQGF 358 376

AARHQTRHPNVSKYSEQGFF 358 377

FSSKEVT 377 383

CVISGNL 384 390

VISGNLE 385 391

VISGNLEG 385 392

GEIDISS 392 398

SSYQVSTEAEA 397 407

SSYQVSTEAEAL 397 408

DMISGSTF 412 419

MISGSTFPSM 413 422

AYINDTTDE 423 431

ERYVPEIFY 431 439

RYVPEIF 432 438

RYVPEIFY 432 439

YGITVKE 445 451

YGITVKENAKPAF 445 457

VKENAKPAF 449 457

YGITVKENAKPAFPVDYL 445 462

KENAKPAF 450 457

(Continued on next page)
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YGITVKENAKPAFPVDYLL 445 463

VKENAKPAFPVD 449 460
VKENAKPAFPVDYL 449 462
VKENAKPAFPVDYLL 449 463
VTLTHGFPNTD 464 474
VTLTHGFPNTDTET 464 477
LVTLTHGFPNTDTETNSKE 463 481
VTLTHGFPNTDTETNSKF 464 481
LTHGFPNTDTETNSKF 466 481
PNTDTETNSKF 471 481
VSSTGFPWSNRQAMG 482 496
VSSTGFPWSNRQAMGQSQDY 482 501
VSSTGFPWSNRQAMGQSQDYQELKKYLF 482 509 [ ]
NVASSGDF 510 517
NVASSGDFNLLHEKISNF 510 527
NLLHEKISNF 518 527
NLLHEKISNFHLLL 518 531
LOILSPDE 536 543
LQILSPDEWKL 536 546
QILSPDEWKL 537 546
LIESAVKNEW 547 556
LIESAVKNEWEESL 547 560
SAVKNEWEESL 550 560
AVKNEWEESL 551 560
VKNEWEESL 552 560
LKLVSSAGHQTL 561 572
LKLVSSAGHWQTLVM 561 574
KLVSSAGWQTLVM 562 574
VSSAGHQTLVM 564 574

Fig. S5. Substrate protection of Npl4 from HDX in the absence or presence of
Cdc48.

HDX was performed with Cdc48/UN complex and ADP/BeFy (left) or with UN alone
(right), in the absence or presence of substrate. The HDX reaction was quenched at
different time points, the protein was digested with pepsin and the peptides analyzed by
MS. Shown is the difference in HDX (with/without substrate) for peptides of Npl4.
Shown is the mean of two experiments. The peptides are listed from the N- to the C-
terminus, with their first and last residue indicated. The degree of HDX protection by
substrate is shown in shades of blue (protection) and green (de-protection) (in Daltons,
scale on the right).
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uT3

Cdc48/UN/Substrate with ADP-BeFx -
Cdc48/UN with ADP-BeFx

Time (min)
Sequence Start End 0.167 1 10 60 311
SSFGGGNG 6 13
SSFGGGNGF 6 14
FVNMPQTF 14 21 5.0
VNMPQTF 15 21
VNMPQTFEEF 15 24
FFRCYPIAM 24 32
FRCYPIAM 25 32
MNDRIRKDDANFGGKIFLPPSAL 33 55 2.5
RIRKDDANFGGKIFLPPSAL 36 55
FGGKIFLPPSAL 44 55
GGKIFLPPSAL 45 55
LNIRYPML 61 68
NIRYPML 62 68 0
FKLTANETGRVTHGGVL 69 85
FKLTANETGRVTHGGVLE 69 86
FKLTANETGRVTHGGVLEF 69 87 I
KLTANETGRVTHGGVLE 70 86
TANETGRVTHGGVLEF 72 87 .25
IAEEGRVYLPQWM 88 100
IAEEGRVYLPQWMM 88 101
EGRVYLPQW 91 99
EGRVYLPQWM 91 100
GRVYLPQWM 92 100
GRVYLPQWMM 92 101 -5.0
RVYLPQWM 93 100
RVYLPQWMM 93 101
METLGIQPGSL 101 111
GIQPGSL 105 111 No data
LQISSTDVPLGQ 112 123
LQISSTDVPLGQF 112 124
DVPLGQF 118 124
FVKLEPQSVDF 124 134
FVKLEPQSVDFL 124 135
VKLEPQSVDF 125 134
VKLEPQSVDFL 125 135
LDISDPKAVL 135 144
LDISDPKAVLENVLRNFSTL 135 154 @ @490 |
ENVLRNFSTL 145 154
VLRNFSTL 147 154
TVDDVIE 155 161
ISYNGKTF 162 169
ISYNGKTFKIKIL 162 174
SYNGKTFKIKILEVKPESSSKSIC 163 186
FKIKILEVKPESSSKSIC 169 186
FKIKILEVKPESSSKSICV 169 187
VTDFAPPVG 193 201
LVTDFAPPVGYVEPDY 192 207
VTDFAPPVGYVEPDY 193 207
DFAPPVGYVEPDY 195 207
LVTDFAPPVGYVEPDYKALKAQODKEKKNSFGKGQVLDPSVL 192 233 [ ]
VTDFAPPVGYVEPDYKALKAQQDKEKKNS FGKGQVLDPSVL 193 233
KALKAQQDKEKKNSFGKGQVLDPSVL 208 233
KALKAQQDKEKKNSFGKGQVLDPSVLGQGSM 208 238
GQGSMST 234 240
STRIDYAGIANSSRNKLSKF 239 258
RIDYAGIANSSRNKLSKE 241 258
VGQGQNISGKAPKAEPKQDIKD 259 280
GQGONISGKAPKAEPKQDIKD 260 280
ISGKAPKAEPKQDIKD 265 280
DGEPAKL 286 292
MKITFDGEPAKLDLPEGQL 281 299
MKITFDGEPAKLDLPEGQLF 281 300
EPAKLDLP 288 295 | ]
DGEPAKLDLPEGQL 286 299
DGEPAKLDLPEGQLF 286 300
DLPEGQL 293 299
FGFPMVL 301 307
PMVLPKEDEES 304 314
PMVLPKEDEESAAGSKSSEQNF 304 325
PMVLPKEDEESAAGSKSSEQNFQGQG 304 329
PKEDEESAAGSKSSEQNF 308 325
PKEDEESAAGSKSSEQNFQGQG 308 329
PKEDEESAAGSKSSEQNFQGQGISL 308 332
DEESAAGSKSSEQNFQGQGISL 311 332
QGQGISL 326 332
RKSNKRKTKSDHDSS 333 347
RKSNKRKTKSDHDSSKSKAPKSPEV 333 357
PKSPEVIE 352 359
APKSPEVIEID 351 361

10
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Fig. S6. Substrate protection from HDX determined for Ufd1 in the Cdc48/UN
complex.

HDX was performed with a Cdc48/UN complex and ADP/BeF in the absence or
presence of substrate. The HDX reaction was quenched at different time points, the
protein was digested with pepsin and the peptides analyzed by MS. Shown is the
difference in HDX (with/without substrate) for peptides of Ufd1. Shown is the mean of
two experiments. The peptides are listed from the N- to the C-terminus, with their first
and last residue indicated. The degree of HDX protection by substrate is shown in shades
of blue (protection) and green (de-protection) (in Daltons, scale on the right). Peptides
belonging to the UT3 and UT6 domains of Ufd1 are indicated by the bars on the left.

11
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Fig. S7. Substrate binding to the UT3 domain of Ufd1 analyzed by HDX MS.

(A) HDX MS was performed with Cdc48/UN/ADP/BeF in the absence or presence of
poly-ubiquitinated substrate at different time points (fig. S6). Substrate-protected regions
in the UT3 domain are shown in blue in a ribbon representation of its NMR structure
(PDB code: 1ZC1). (B) Surface model of UT3 viewed as in (A). Residues are colored
according to the degree of their conservation. Regions in yellow had insufficient
sequences for calculation of their conservation (less than 10%). The conservation map
was generated by the ConSurf Server.
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Fig. S8. Identification of photo-crosslinks between Cdc48 and ubiquitin by mass
spectrometry.

(A) Cdc48-FLAG containing benzoylphenylalanine (Bpa) at position 602 was incubated
with UN and dye-labeled, poly-ubiquitinated sfGFP in the presence of ADP. The sample
was irradiated, and Cdc48-FLAG and crosslinked products were isolated with FLAG-
antibody beads. Nano LC-MS/MS analysis of tryptic digests resulted in detection of a
quadruply charged precursor ion at m/z 505.7545 consistent with the mass of
*TGGSLG(Bpa)AGGASDR®” (Cdc48) crosslinked to '"MQIFVK® (ubiquitin). (B)
MS/MS spectrum of the crosslinked peptide precursor described in (A). Cdc48 derived
ions of type b and y are marked with yellow and green glyphs, respectively, while y-type
ions derived from ubiquitin are marked with magenta glyphs. B, Bpa.
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Fig. S9. Crosslinking between Cdc48 and ubiquitin is dependent on the presence of
UN and irradiation.

Total ion chromatograms (TICs) and extracted ion chromatograms (XICs) obtained
during nano-LC-MS/MS of tryptic digests of crosslinking reactions. Crosslinking was
performed as described in fig. S8. Reaction 1 (left column) was not irradiated, reaction 2
(middle column) was performed without UN, and reaction 3 (right column) was
irradiated in the presence of UN. Reference peptides from Cdc48 (residues 578-594, blue
rectangle; residues 649-663, green rectangle) were detected at similar levels in each
reaction, while the peptide **’GGSLG(Bpa)AGGASDR®” (Cdc48) crosslinked to
'MQIFVK?® (ubiquitin) was detected only after UV irradiation and in the presence of UN
(reaction 3, right column, red rectangle). The peak area for each peptide is indicated
within each XIC.
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D1

D2

Fig. S10. Nucleotides bound to the substrate-engaged Cdc48 complex prepared in
ATP.

Nucleotide binding pockets of the ATPase subunits in the D1 and D2 rings. Density for
the nucleotide and neighboring protein segments are shown as a blue mesh. Models for
protein are shown in ribbon representation and the nucleotides as stick models. Arg
residues contacting the nucleotide from the neighboring ATPase subunits are indicated.
The assignment of ADP or ATP is based on comparing nucleotide densities and the
presence or absence of an Arg finger of the neighboring subunit in its vicinity. In the D2
ring, the nucleotide binding pockets of subunits A and F are wide open. These subunits
are probably in the nucleotide-free state.
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Fig. S11. The D1 and D2 domains of the Cdc48 monomers behave as rigid bodies.

(A) Superposition of D1 and D2 domains from ATP and ADP/ BeF -2 structures. (B)
The substrate-engaged Cdc48 monomers from the ATP structure were superimposed
using the D1 domains as reference. The D2 domains of monomers B-E move as rigid
bodies. The angles and distances of the D2 pore loop changes are indicated. (C) As in
(B), but for the ADP/BeFx-2 structure. Note that the relative positions of the D1 and D2
domains remains unchanged among the monomers. (D) Changes of the substrate engaged
monomers A-E in the ADP/BeF,-2 structure. D1 and D2 move together the indicated
distances.
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Fig. S12. Cryo-EM analysis of the substrate-engaged Cdc48 complex in ADP/BeF,.

Image processing workflow for 3D classification and refinement. Shown are side views
of 3D reconstructions, with the number of the particles used for further analysis
indicated. The two best classes (ADP/BeFy-1 and ADP/BeF4-2) had final overall
resolutions of 4.1A and 3.7A, respectively.
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Fig. S13. Refined cryo-EM maps of the substrate-engaged Cdc48 complex in
ADP/BeF.

(A) Cryo-EM map of the 3D class ADP/BeFx-1 in two different views. The domains of
Cdc48, cofactor, and ubiquitin molecules attached to substrate are shown in different

colors. The subunits in the hexameric ATPase ring are labeled. The refined, unsharpened

map is shown in transparent grey over the final map sharpened with a B-factor of -150.
(B) Gold-standard Fourier shell correlation (GSFSC) calculated during refinement with

different masks in Cryosparc2. The resolutions were determined at FSC=0.143. The final

corrected mask gave an overall resolution of 3.9A. (C) Direction distribution over

azimuth and elevation angles of particles used in CryoSPARC refinement; (0,0) is a side

view. (D) Local resolution was calculated from the unfiltered half-map and colored
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according to the scale on the side. (E)-(H) As in (A)-(D), but for the 3D class ADP/BeFx-
2. The ADP/BeF-2 map was sharpened with a B-factor of -100. The final corrected mask

gave an overall resolution of 3.6A.
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Fig. S14. Comparison of the Npl4 towers in the ATP and ADP/BeF,-1 structures.
(A) Side and top views of a sharpened map (B-factor = -150) of the substrate-engaged
Cdc48 complex in ATP. (B) As in (A), but for the ADP/BeFx-1 map. (C) Ribbon diagram
models for the Npl4 tower in the ATP (blue) and ADP/BeFx-1 (green) structures. Note
that no density for Zn**-finger 1 (ZF-1) and the N-terminal bundle (NTB) were seen in
the ADP/BeFx-1 map, likely because these domains are not associated with Cdc48.
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ATP ADP/BeF -1 ADP/BeF,-2

Fig. S15. Comparison of the maps for the D1 and D2 ATPase rings in the three cryo-
EM reconstructions.

(A) Top view of the density maps of the ATP, ADP/BeFy -1, and ADP/BeFy -2 structures,
cut to the surface of the D1 ring. Substrate density is shown in yellow. The D1 ATPases
are colored individually and labeled A-F. Density for bound nucleotides is shown in
green. (B) As in (A), but cut to the surface of the D2 ring. Note that the gaps in the D1
and D2 rings of the ADP/BeFx-1, and ADP/BeFx-2 structures, corresponding to flexible
ATPase subunits, are at the same positions.
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C

D1

Fig. S16. Nucleotides bound in the ADP/BeF,-2 structure.

Nucleotide binding pockets of the ATPase subunits in the D1 and D2 rings. Density for
ADP/BeFy and neighboring protein segments are shown as a blue mesh. Models for
protein are shown in ribbon representation and the nucleotides as stick models. Arg
residues contacting the nucleotide from the neighboring ATPase subunits are indicated.
The assignment of ADP or ADP-BeFx is based on comparing nucleotide densities and
the presence or absence of an Arg finger of the neighboring subunit in its vicinity.
Density for subunits F of both rings is weak and therefore not shown. These subunits are
probably in the nucleotide-free state.
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D1

D2

Fig. S17. Nucleotides bound in the ADP/BeFy-1 structure.

Nucleotide binding pockets of the ATPase subunits in the D1 and D2 rings. Density for
ADP/BeFx and neighboring protein segments are shown as a blue mesh. Models for
protein are shown in ribbon representation and the nucleotides as stick models. Arg
residues contacting the nucleotide from the neighboring ATPase subunits are indicated.
The assignment of ADP or ADP-BeFx is based on comparing nucleotide densities and
the presence or absence of an Arg finger of the neighboring subunit in its vicinity.
Density for subunits A and F of both rings is weak and therefore not shown. These
subunits are probably in the nucleotide-free state.
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260
261

N domain

Cdc48/UN/ADP/Substrate
— Cdc48/UNADP

Time (min)

Cdc48/UN/ADP-BeFx/Substrate
— Cdc48/UN/ADP-BeFx

Time (min)

5.0

2.5

-25

-5.0

No data

Sequence Start  End 0.167 1 10 60 311 0.167 1 10 60 311
MGEEHKPLL T g
MGEEHKPLLD 1 10
GEEHKPLLDAS 2 12
DASGVDPRE 10 18
DASGVDPREED 10 20
DASGVDPREEDKTAT 10 24
DASGVDPREEDKTAT 10 25
DASGVDPREEDKTAT " 24
DASGVDPREEDKTAT 10 2
DASGVDPREEDKTAT 1" 25
DASGVDPREEDKTAT 12 24
DASGVDPREEDKTAT 10 27
DASGVDPREEDKTAT " 26
DASGVDPREEDKTAT 13 24
DASGVDPREEDKTAT 16 25
DASGVDPREEDKTAT 16 27
DASGVDPREEDKTAT 10 36
DASGVDPREEDKTAT 25 36
DASGVDPREEDKTAT 25 a7
DASGVDPREEDKTAT 26 36
DASGVDPREEDKTAT 27 36
DASGVDPREEDKTAT 28 36
DASGVDPREEDKTAT 28 37
DASGVDPREEDKTAT 37 a7
DASGVDPREEDKTAT a7 48
DASGVDPREEDKTAT 37 49
DASGVDPREEDKTAT 38 48
DASGVDPREEDKTAT 37 50
DASGVDPREEDKTA 38 50
DASGVDPREEDKTAT 40 48
DASGVDPREEDKTAT a1 48
DASGVDPREEDKTAT 37 61 I
DASGVDPREEDKTAT 48 55
DAS( PREEDKTA 49 55
DASGVDPREEDKTAT 49 56
DASGVDPREEDKTAT 49 57
DASGVDPREEDKTAT 47 61
DASGVDPREEDKTAT 49 59
DASGVDPREEDKTAT 48 61
DASGVDPREEDKTAT 50 61
DASGVDPREEDKTAT 51 61
DASGVDPREEDKTAT 54 61
DASGVDPREEDKTAT 62 68
DASGVDPREEDKTA' 62 79
DASGVDPREEDKTAT 68 79
DASGVDPREEDKTAT 69 79
DASGVDPREEDKTAT 8 91
DASGVDPREEDKTAT 8 %
DAS PREEDKTA 87 93
DASGVDPREEDKTAT 80 102
DASGVDPREEDKTAT 83 102
DASGVDPREEDKTAT 8 109
DASGVDPREEDKTAT 9 102
DASGVDPREEDKTAT 95 102
DASGVDPREEDKTAT 103 109
DASGVDPREEDKTAT 110 120
DASGVDPREEDKTAT 110 122
DASGVDPREEDKTAT 110 123
DASGVDPREEDKTA' m 122
DASGVDPREEDKTAT 110 124
DASGVDPREEDKTAT 114 120
DASGVDEREEDKTAT 109 127
DASGVDPREEDKTAT 110 127
DAS PREEDKTAT m 127
DASGVDPREEDKTAT 110 131
DASGVDPREEDKTAT 114 127
DASGVDPREEDKTAT 110 134
DASGVDPREEDKTAT 121 131
DASGVDPREEDKTAT 121 134
DASGVDPREEDKTAT 125 131
DASGVDPREEDKTAT 128 140
DASGVDPREEDKTAT 132 140
DASGVDPREEDKTAT 132 141
DASGVDPREEDKTAT 133 140
DASGVDPREEDKTAT 135 141
DASGVDPREEDKTAT 142 149
DASGVDPREEDKTAT 141 151
DASGVDPREEDKTAT 143 149
DAS PREEDKTAT 141 152
DASGVDPREEDKTAT 142 151
VFLKPYFVE! 142 152
VELKPYEVE 143 151
VFLKPYFVEA 143 152
FLKPYFVE 144 151
FLKPYFVEA 144 152
LKPYFVE 145 151
LKPYFVE, 145 152
EAYRPVRKGD! 151 161
AYRPVRKGDHF 152 162
YREVRKGDHE 153 162
PVRKGDHF 155 162
YREVRKGDHEVVRGGURQVEF 153 173
VVRGGMRQ 163 170
FVVRGGMRQVEF 162 173
FKVVDVEPEE 173 182
KVVDVEPEE 174 182
KVVDVEBEEY 174 183
KVVDVEPEEYA 174 184
KVVDVEPEEYAV 174 185
YAVVAQD 183 189
YAVVAQDT 183 190
avvagDT 184 190
WEGEPTN 19 200
HWEGEPINRE 189 202
TITHWEGEPINRE 190 202
IIHWEGEPINRE 191 202
THWEGEPINRE 192 202
AQDTITHWEGEPINREDEENNM 187 208
T IWEGEPINREDEE 190 205
TITHWEGEPINREDEEN 190 208
DTIIHWEGEPINREDEENNM 189 208
TITHAEGEPINREDEENN 19 207
T 190 208
189 210
191 208
TIIHWEGEPINREDEENNMNE 190 210
REDEENNM 201 208
REDEENNMNE 201 210
DEENNMNE 203 210
MNEVGYDDIGGCRKQMAQ 208 225 [ ]
NEVGYDDIGGCRKQMA 209 224
VGYDDIGGCREQUA 211 224
NEVGYDDIGGCRKQUAQIRE 200 226 NS [ EEEEEE
'YDDIGGCRKQMA 213 224
YDDIGGCRKQUAQ 213 225
VGYDDIGGCRKQMAQTRE 21 28 [— I
DDIGGCRKQUAQ 214 225
IGGCRKQMAQ 216 225
ELPLRHPQL 231 239
LPLRHP 22 239
FKAIGIKPERGVLM 240 253 I

(Continued on next page)
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262
263

D1

1 |'“|

KAIGIKPPRGVL
AIGIKPERGVL
IGIKPRRGV
IGIKPPRGVL

SKMAGESESNL

SKMAGESESNLRKAFEEAEKNAPAT

SKMAGESESNLRKAFEEAEKNAPATIE
AFEER

DEIDSIAPKRDKTNGEVERRVVSQL
IDSTAPKRDKTNGEVERRVVSQL
STAPKRDKTNGEVERRVVSQL

v

AAMQQIRE
CSEAAMQQTREKMDL
AAMQQTREKMDL

FRFALGNSNPSALRE
RETVVESVN

DDVGGLDE
SVNVTWDDVGGLDEIKEELKE
SVNVTWDDVGGLDEIKEELKETVEY
DEIKEEL

TVEYPVLHPDQYTKFGLSPSKGVLE
PVLHPDQYTKFGLSPSKGVLE

(Continued on next page)
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264
265

266

267
268
269
270
271
272
273
274

KARRAAPTVVE 575 585

LDELDSIAKARGGSLGDAGGASD 586 608
DELDSTAKARGGSLGDAGGASD 587 608
LDSIAKARGGSLGDAGGASD 589 608
DSTAKARGGSLGDAGGASD 590 608
IAKARGGSLGDAGGASD 592 608
LDELDSTAKARGGSLGDAGGASDRVVNQLL 586 615
DRVVNQL 608 614
DRVVNQLL 608 615
LTEMDGMN 615 622
TEMDGMN 616 622
LTEMDGMNAKKNVE 615 628
TEMDGMNAKKNVE 616 628
DGMNAKKNVE 619 628
VIGATNRPDQIDPAIL 629 644
N VIGATNRPDQIDPAILRPGRL 629 649
VIGATNRPDQIDPATLREGRLDQL 629 652
Q AILREGRL 642 649
TYVRLPDE 653 660
TYveLEDEN 653 661
TYVELEDENA 653 662
LIYVELPDENARL 652 664
IYVPLEDENARL 653 664
LEDENARL 657 664
STLNAQLRKTPLEPGLEL 665 682
NAQLRKTPLEPGL 668 680
NAQLRKTPLEPGLE 668 681
NAQLRKTPLEPGLEL 668 682
RKTPLEPGLE 672 681
TATAKATQGE 683 692
TATAKATQGFSG 683 694
TAKATQGF 685 692
TATARATQGFSGAD 683 696
TAKATQGFSG 685 694
TAIAKATQGFSGADL 683 697
TATAKATQGFSGADLL 683 698
TAKATQGFSGAD 685 696
TAKATQGFSGADLL 685 698
YIVORARKY 699 707
IVORARKY 700 707
YIVORARKYATKD 699 71
IVORAAKYATKDSTE 700 714
RAAKYATKD 703 711
RAAKYAIKDSIE 708 714
AIKDSIE 708 714
YTVORAAKYATKDSTEAHRQHEAEKE 699 724
RAAKYATKDS TEAHRQHEAEKE 703 724
YIVORAAKYATKDS EAHRQHEAEKEVKVEGED 699 731
TVORAAKYATKDSTEAHRQHEABKEVKVEGED 700 731
ATKDSTEAHRQHEAEKE 708 724
IKDSTEAHRQHEAEKE 709 724
RAAKYATKDS TEAHRQHEAEKEVKVEGED 708 731
KDSTEAHRQHEAEKE 710 724
STEAHRQHEAEKE 712 724
ATKDSTEAHRQHEAEKEVKVEGED 708 731
STEAHRQHEAEKEVKVEGED 712 731
AHRQHEAEKEVKVEGED 715 731
HRQHEAEKEVKVEGED 716 731
KEVKVEGED 723 731
KEVKVEGEDVE 723 733
VKVEGEDVE 725 733
KVEGEDV 726 732
VEMTDEGAKAEQEPEVDRVPYITKEHE 732 758
TDEGAKAEQEPEVDPVEYITKE 735 756
MTDEGAKAEQEPEVDEVEYTTKEHF 734 758
VEMTDEGAKAEQEPEVDPVPYITKERFAEA 732 761
TDEGAKAEQEPEVDPVPYITKEHF 735 758
MTDEGAKAEQEPEVDEVEYTTKEHFAEA 734 761
TDEGAKAEQEPEVDPVEY ITKEHFAEA 735 761
GAKAEQEPEVDBVRYITKEHE 738 758
GAKAEQEPEVDBVPYITKERFAEA 738 761
732 774 I
759 774
762 774
775 783
RRYEAYSQQMKASRGQFSNE 775 794
YSQOMKASRGQF 780 791
YSQQMKASRGQFSNE 780 794
MKASRGOF 784 791
KASRGOF 785 791
MKASRGQFSNF 784 794
KASRGQFSNF 785 794
NENDAPLGTTAT 795 806
NENDAPLGTTATDONANSNNSAPSGAGAA 795 822
NENDAPLGTTATDNANSNNSAPSGAGAAF 795 823 | ]
NENDAPLGTTATDNANSKNSAPSGAGAAFGSN 795 826
NDAPLGTTATDNANSNNSAPSGAGAAFGSN 797 826
TATDNANSNNSAPSGAGAAFGSN 804 826
DNANSNNSAPSGAGAAFGSN 807 826
NSNNSAPSGAGAAFGSN 810 826
AEEDDDL, 827 833

Fig. S18. Substrate protection of Cdc48 from HDX.

HDX was performed with a substrate-engaged Cdc48/UN complex and with substrate-
lacking Cdc48/UN complex in the presence of ADP or ADP/BeFy. The HDX reaction
was quenched at different time points, the protein was digested with pepsin and the
peptides analyzed by MS. Shown is the difference in HDX (with/without substrate) for

peptides of Cdc48. Shown is the mean of two experiments. The peptides are listed from
the N- to the C-terminus. The degree of HDX protection by substrate is shown in shades

of blue (protection) and green (de-protection) (in Daltons, scale on the right). Peptides
belonging to the N-, D1, or D2 domains are indicated by the bars on the left.
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Table S1. Statistics for data collection and refinement

Structure

Data Accession
PDB
EMDB

Data Collection
Microscope
Voltage (kV)
Exposure navigation
Automation software

Detector

Energy filter

Pixel Size

Exposure time, frames

Dose rate (¢ pixel's™)

Electron exposure (e/A%)

Defocus range (um)

Micrographs collected

Reconstruction

Software

Micrographs used

Particles extracted

Particles used

Box Size (pixels)

Symmetry

Overall resolution (A)
FSC=0.5 (masked/unmasked, A)
FSC=0.143 (masked/unmasked, A)

Map sharpening B-factor (A%)

Local resolution range (A)

Model Refinement

Software

R.M.S. deviations

Bond length (A)

Bond angle (%)

Ramachandran statistics (%)
Outliers
Allowed
Favored

MolProbity score

All-atom clashscore

Poor rotamers (%)

B-factors (Protein/Ligand)

Map correlation coefficient

Model vs. Map FSC
FSC=0.5 (masked/unmasked, A)
FSC=0.143 (masked/unmasked, A)

ATP

60A9
EMD-0665

Titan Krios
300
Stage Movement
SerialEM
Gatan K2 Summit (Super
resolution)

20 eV
0.675 A
10.0 s, 50 frames
10.0
54.9
-1.0to-2.5
3037

Cryosparc2
2772
1,588,559
127,261
200
Cl

4.3/7.3
3.9/3.6
-150
3.0t09.7

Phenix

0.01
0.97

0.08

6.38
93.54

1.71

5.31

0.16

258.49/127.51

0.784

4.20/4.21
3.86/3.88

ADP/BeF;-1 ADP/BeF,-2
60AA 60AB
EMD-0666 EMD-20000

Talos Arctica
200
Stage Movement
SerialEM

Gatan K2 Summit (Counting)

N/A
1.15A
8.0 s, 40 frames
7.4
44.7
-1.0to -2.5
2523
Cryosparc2
1772
1,017,931
30,118 93,395
234
C1
4.1 3.6
4.9/11.6 3.9/6.8
4.1/6.6 3.6/4.5
-150 -100
3.0t0 10.0 2.5t09.0
Phenix
0.01 0.01
1.1 0.85
0.16 0.08
8.07 7.77
91.77 92.15
1.84 1.75
6.33 5.13
0.14 0.24
112.30/98.51 93.22/81.82
0.790 0.754
4.29/4.32 3.91/3.96
4.06/4.10 3.63/3.65
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