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Supplementary Figure 1: Conservation of the ZUFSP/Mug105 family. Multiple alignment of the catalytic
domain of representative ZUFSP family members from all eukaryotic kingdoms. Sequences are denoted by their
Uniprot Accession numbers. Invariant and highly conserved positions are indicated by colors of different
intensities. The active site residues are indicated by black triangles above the alignment. A second conserved

ik Y S

EEEE

22225222
3

222

EEZE:

ERRERERERER R =2

ocLKoH IR

oCLROTTLIRS

waCTo SR

e

(1crmEC
raTmsee
rcTeac
rcrarec

xmxn
ASGAGe

EresTalrmssena)
Srerl

SVPEYPTFAKDINGAERS

CLPwse. vTSLEscESERS

‘
QepvROCOPRSECL R
e erTvan el
Rira

e APk

FEEE

Fedeaiaancs
PRI AL LT R I S A

R raaaa sy
CEEEEEEEEEEEREbEEEEREREE]

EEPLEVES

2372

EEEERE PR

R e

el e

1wy

FLRRESTRRES RS TARREN

BEEEoRzEL 22

B ang s - a0 Naaaaaaa - s aat
4 1 ¢ I3 19999

e CEi5
im-l!-lﬂllllHﬁlj)lllll-lllljll!ltll!ljfﬁﬁﬁf{m&fﬂmﬁﬁﬂff

f-f:‘:'

T B W O = O e S A A T

195535999959

ssececse.

b
Thig | bLiostC
LTETTRGS Sureaver:

REODIATVRG. ||| EGogR
o3

ssssuonDsssTsod
NPYTSSCATT 50

SANRDSTY
corTe)
SASTLTDNDY

GREEAGNENVH SKGHAR
S QS SYFNGTSVAS S ST

RSSS TSAQPANTHGASOGTS

TGS CaPPATATSAAL QUM

Acssssr
PHITQQPS TPVHOHLINSP]
PROAGEKPTIAFEFLKVS

ONRSToLN
FaASTSSG
CONRLDVS
ERPORNSSSAATEDQL#07)
ERENIAT SATSAFDRL A1)
RALGCSFC s
oo PP
snams;smmms
croLrEnen

ey ARGELRES

FASIT S
RRCARNGECIV CRAVIAGSHRNDRT]
G e

s

sqxsxznuwknsnlnnwwkst
R GRS
P

STegak
CPIMSPLSAPVSEGQGOGQUI ké'

e
oSk n
TTsD Eodn

™
SCTHLSTET50.
REAAQEAVAQQS ESTSERAT
eLronG.

R T
RSP spRCHSSsSPSLYS

S222552

by -gﬂg{(d:tl: i

FRITIIILELVEILETS

e

{8,

+r#ER

i3

$ee

+

p

EEpE

3

3

+

3

+

555550555 555253050500 00000002000
0922 EERvRalZgass

300

*

XXESXIATILLA

Rt EELEEE

EEEEE R R PR R TR

crsremQiLINQIER
GCPAGENIKLLKGNSDG
GCPSEENIRL LHGIO
S SR L

xusumsmsvmw
e
areet ot - o
vamkicncsmzx(uwlks?zss
OB PR TSRS 1 ki

TOSIEIOUAL
D ANTHLICLSFR
IFOATNITRF IGGSFAHS
IFHOASWVTVEVGGAF IR
eI G

;wuuxwuch(mvx
£

- i ‘

DA AR SDULACR
K SHELKARAAAAALAASLIY COVLIVVVMIEE
VIR AR ONA LIS LS TERVEI

SRS SHRLKKLSKS PVEN ASENKRIVGHTRITLNS (AL

T TEGLAL A TTSASFS AR RAATE M EDBANLL 655
WYL DLNTRANHS 26
REoARIRAGHEG LSS TBsSPTASKRIBFERVER
GKPERD 3
GTCLPKE LS LSASODNDKEN. Wi
;mummumvmmxmmmwnmmsm.zpz
)i LAAKS S SCESINCRDTRRVRTGEP GHPNOEVEL £000.
AR UREAAAAL K LEUALRCY QWS PN 2
AL SALACY S ITDSL A SO TSGR
BorGOURLA 23

D AALAGP A3 PR RS SLRRCES A
SRR AGPSTspssr i kv o KrroRsAsPi
ORGSR ARG

< PEoARAN THGTPSS KSR HQSORRERE

<L

SKHPLS SHRRAKIAGPSS || MEGSRTIRVLGTH

b
RUPSTQIRMAALSA R

L0 AL T4 15541577 OAEND
SKLPSIHLRSYALNTS TUSFSVRS 0G50, WKRRESISQTODN
<RUPSIALRKAR i
AL COCAR ATFANGATTS 4TS5 s s o000
SRLIPPLRE 26
Ao

N Racis Acois RGO 1

mszruAmlmuwmuwuslsxm m oAph 255

Sl L e
RRVPSDIRELALASTASE. ey e

. b

e}
s segeasein
T 355

e
BPTaEl
o ELIANIAE 7 LARF O MRS BRI T

3

SFONRLROAANSS rawvcs) 7
DR PESARRACTSELAPEKNAGTILSAFRVNLK S RIOBHRUEY PP LE

.mmmwmmwpmml PRFLEERTIZARK 26
RELH SODSTRSSSHES
QQUEHRCPPETS RUSSRETTIANSY
ToRrssSRsrararTsssau
QTROOOA ASPSLEACHSL55

bt
CANORVRLSSPI PIHERP IS TV
it

G
TIEALVMEEE
G OAPERPTRY. WFORTLCKLSSF
10F<GoVS CGRPRIRAW T

3
TSRS QTVQEPTEFPLPSSLL
G

CRAIERAFSSHTPSF o T T

ORALPESKAANDERGE rofoecoafaitcon
wstEnLkvassswﬂsEWqRLl.li e

LR el oo

AT G AsSURCRLTDY. RaPEGLLCYTGT

LOPHTCOTTTLARD FRIFRHSINGE KHFQUILVAVEAR

His residue, which could later be excluded as active site residue is indicated by a grey triangle.
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Supplementary Figure 2: Activity assays with fluorogenic substrates

a)

b)

c)

d)

e)

Specific activity of ZUFSP and Mugl105 against Ub-AMC was determined by using 100 nM DUB and 5 uM
Ub-AMC. Initial rate was derived from the displayed curves and used to calculate the specific activity. The
displayed RFU values are the means of triplicates.

Steady state kinetics using RLRGG-AMC as substrate at varying concentrations. Initial rates were plotted
against the substrate concentration and a Michaels-Menten curve was fitted to the experimental data. Error
bars represent the standard deviation of three independent measurements, each of them using 100 nM
DUB.

Fluorometric activity assay of ZUFSP and USP21%56% ysing RLRGG-AMC as substrate. Released fluorescence
(RFU) is measured over time. All RFU values are means of triplicates.

Fluorometric activity assay comparing active ZUFSP?3%°78 inactive ZUFSP?3%578 C360A, and a mutant of the
proposed catalytic histidine ZUFSP?32-578 H491A.,

Fluorometric activity assay comparing ZUFSP4-578 7UFSP148578 C360A, and the mutant versions
L240A/Q241A, E256A and E259A.

Fluorometric activity assay comparing ZUFSP48-578 with ZUFSP148-578, 4277-310,
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Supplementary Figure 3: UBDs of ZUFSP are important for activity but not for specificity.

Linkage specificity analysis with ZUFSP truncations. A panel of ZUFSP truncations a) ZUFSP#8-578 b) ZUFSP23%578
and c) ZUFSP**-578 were tested against a panel of differently linked tetra-ubiquitin species for the indicated times.
Time course analysis of d) K63-linked Ub, chains and e) K63-linked Ub, chains cleaved by full length ZUFSP,
ZUFSP#578 and ZUFSP232578,
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Supplementary Figure 4: Structural similarity of ZUFSP with related protease families and additional close-
ups of key sites of ZUFSP

a)

b)

Structural comparison of the catalytic domain of ZUFSP with various related cysteine peptidases in two
perspectives. Structures are shown in cartoon representation with the catalytic triad shown as sticks. The
structures were superimposed using the CE algorithm of PyMOL. ZUFSP — Ufsp2 (over 200 residues with a
R.M.S distance (RMSD) of 3.65 A, ZUFSP — Ufspl (200 residues / RMSD: 3.98 A), ZUFSP — ATG4A (168
residues / RMSD: 5.76 A), ZUFSP — Staphopain (144 residues/ RMSD: 4.83 &), ZUFSP — Papain (112 residues
/ RMSD: 4.4 &). PDB IDs: 30QC, 2784, 2P82, 1CV8, 6PAD

Magnification of the substrate binding groove at the unprimed site. Ubiquitin is colored blue and residues
of the catalytic triad are in orange. ZUFSP residues required for recognition of ubiquitin at Arg-72, Leu-73
and Arg-73 recognition are colored green. Tyr-267, Trp-423, GIn-489 and Gly490 are colored purple and are
forming a narrow tunnel around the C-terminal propargyl moiety (PA) and Gly-75 of ubiquitin.

Stereo view on the active site. The catalytic triad is colored orange; PA is in blue; putative components of
the oxyanion hole in green. Remaining residues are in light grey. The experimental electron density map
(2mFo-DFc) is shown as blue mesh at a contour level of 1.50 (0.44 e/A3).
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Supplementary Figure 5: Ser-351 is not involved in oxyanion hole formation

a) Activity of S351 mutants (ZUFSP8-78 S351A, $351Q or S351Y) on K63-linked Ubs: chains, in
comparison to wildtype ZUFSP14-578,

b) Activity of S351 mutants (ZUFSP*®°78S5351A, $351Q or S351Y) on RLRGG-AMC, in comparison to
wildtype ZUFSP*8578 The displayed RFU values are the means of triplicates.
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Supplementary Figure 6: Clustering analysis of ZUFSP, UFSP and ATG4 family members

All sequences with significant sequence similarity to the ZUFSP family (see suppl. Figure 1), together
with members of the UFSP and ATG4 families, were subjected to clustering analysis with the CLANS
program [1]. Each dot represents one sequence. Distance between the dots is scaled by sequence
similarity, resulting in clusters of related sequences. The main families ZUFSP, UFSP and ATG4 are
clearly distinct, certain subfamilies are also visible and are labeled.
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Supplementary Figure 7: Domain architecture of representative ZUFSP family members
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The domain architecture of six representative ZUFSP family members is shown. UBZ-like Zn-fingers are
shown as orange circles, MIU domains as green boxes, zUBD domains as blue boxes. The a2/3 helix
region is specific to mammalian members and is shown as a red box. For human ZUFSP, the regions
responsible for binding the distal (outgoing) ubiquitin units S1 and S2, as well as the proximal
(substrate) ubiquitin unit S1’ are indicated.




primer name

sequence in 5'- 3'

pOPINS ZUFSP 1 fwd

GCGAACAGATCGGTGGTATGCTTTCCTGTAATATTTGTGGTGAAACAGTAACCTCAG
AACC

pOPINS ZUFSP 148 fwd

GCGAACAGATCGGTGGTGAAACAACATACAGTCCTCCTGAATGTCCATTCTGTGG

pOPINS ZUFSP 232 fwd

GCGAACAGATCGGTGGTGGTGATCTACAATTGGCTCACCAGCTTCAGCAAG

pOPINS ZUFSP 249 fwd

GCGAACAGATCGGTGGTAGATCTGAAGAATCAAGACAAGAAATAGAAGAATTTCAG
AAGCTGCAG

pOPINS ZUFSP 274 fwd

GCGAACAGATCGGTGGTGGATACAAACAACAACAACTACGAAATATGGAGATAGAA
GTAAATAGGG

pOPINS ZUFSP 310 fwd

GCGAACAGATCGGTGGTCTTGGTTTTGACGATGGAAAAACAAAAACTTCCGGAATTA
TTGAAGC

pOPINS ZUFSP 578 fwd

ATGGTCTAGAAAGCTTTAAGGAATCTTCTCGGCTGTAAAGACTTGAGAAGCTTGTC

pCDNAS FRT TO 3xFLAG-
ZUFSP 1 fwd

TACCGAGCTCGGATCATGGACTACAAAGACCATGACGGTGATTATAAAGATCATGAC
ATCGACTACAAGGATGACGATGACAAGATGCTTTCCTGTAATATTTGTGGTGAAACA
GTAACCTCAGAACC

pCDNAS FRT TO ZUFSP
578 rev

TAGACTCGAGCGGCCTTAAGGAATCTTCTCGGCTGTAAAGACTTGAGAAGCTTGTC

pOPINS Mug105 1 fwd

GCGAACAGATCGGTGGTATGTCAAAATGCTTGCAGCAGCTTAAACGACAACTTCAGC

pOPINS Mug105 244 rev

ATGGTCTAGAAAGCTTTAAAAGTCCGAAATTCTGGTAGAACGAACTTCCAGTTTTGA
ACTG

pTXB1 Ubiquitin 1 fwd

GGGGGGCATATGCAGATCTTCGTGAAGACCCTG

pTXB1 Ubiquitin 75 rev

GGTGGTTGCTCTTCCGCAACCTCTGAGACGGAGGACCAG

pTXB1 LC3B 1 fwd

GGGGGGCATATGCCGTCGGAGAAGACCTTCAAG

pTXB1 LC3B 119 rev

GGTGGTTGCTCTTCCGCAGAACGTCTCCTGGGAGGCATAG

ZUFSP C360A fwd

GGAAATTTCTGTAACCAGCACCCCAACCTTTGTCGCCTAAA

ZUFSP C360A rev

TTTAGGCGACAAAGGTTGGGGTGCTGGTTACAGAAATTTCC

ZUFSP D406A fwd

GAGGCCCCCTGAGGAGCAAAACCTTCCTTCC

ZUFSP D406A rev

GGAAGGAAGGTTTTGCTCCTCAGGGGGCCTC

ZUFSP E428A fwd

GTCAGGAGTATATATACTGCACATGCTCCAATCCAGG

ZUFSP E428A rev

CCTGGATTGGAGCATGTGCAGTATATATACTCCTGAC

ZUFSP H491A fwd

CAATTCCAATAACAGTTCGACTGGCACCTTGATGCTGAAGATAGATAG

ZUFSP H491A rev

CTATCTATCTTCAGCATCAAGGTGCCAGTCGAACTGTTATTGGAATTG

ZUFSP E256A fwd

GCAGCTTCTGAAATTCTTCTATTGCTTGTCTTGATTCTTCAGATCTC

ZUFSP E256A rev

GAGATCTGAAGAATCAAGACAAGCAATAGAAGAATTTCAGAAGCTGC

ZUFSP E259A fwd

GAATCAAGACAAGAAATAGAAGCATTTCAGAAGCTGCAGAGACAA

ZUFSP E259A rev

TTGTCTCTGCAGCTTCTGAAATGCTTCTATTTCTTGTCTTGATTC

ZUFSP L240A, Q241A fwd

TCCTCTTTCTGTCTTCTTCTTGCGCAGCCTGGTGAGCCAATTGTAGATCAC

ZUFSP L240A,Q241A rev

GTGATCTACAATTGGCTCACCAGGCTGCGCAAGAAGAAGACAGAAAGAGGA

Supplementary Tablel: Primers used in this study
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